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PREFACE TO THE NINTH EDITION.

NOVEMBER, 1915.

Since the eighth edition was published, five years ago, there have
been notable advances in many branches of engineering, rendering
obsolete portions of the book which at that time were in accord with
practice. In addition, many engineering standards have been changed
during the flve-year period, necessitating a thorough revision of many
sections of the work. The absolutely necessary revisions to bring the
book up to date have involved changes in over 400 pages of the eighth
edition, and the addition of over 150 pages of new matter. The
treatment of many subjects in the earUer edition has been condensed
into smaller space to enable the insertion of the new matter without
increasing the size of the book to unwieldy proportions. Extensive
revisions have been made in the subjects of materials, mechanics,
fans and blowers, heating and ventilation, fuel, steam-boilers and
engines, and steam-turbines. The chapter on machine-shop practice

has been rewritten and doubled in size, and now covers many subjects

which were omitted in earUer editions. The new matter includes

many data on planing, milling, drilUng and grinding, together with
an elaborate treatment of the subject of machine-tool driving. The
subject of electrical engineering has been completely rewritten and
brought into agreement with present practice. Of the new tables

added the following are considered of special importance. Square
roots of fifth powers; Four-place logarithms; Standard sizes of welded
steel pipe; Standard pipe flanges; Properties of wire rope; Fire brick

and other refractories; Properties of structural sections and columns;
Chemical standards for iron castings; Flow of air, water and steam;
Analyses and heating values of coals; Rankine eflQciency; Cooling
towers; Properties of ammonia; Power required for driving machine
tools of all types, both singly and in groups; Electric resistance and
conductivity of wires; Street railway installation; Electric lamp char-

acteristics; lUimiinating data.

NOTE TO SECOND PRINTING OF THE NINTH
EDITION.

In line with the policy of keeping the book up to date and elimi-

nating all obsolete matter, the section on hydraulic turbines has been
completely rewritten for the second printing of the ninth edition.

The presentation of the theory has been improved, new design con-
stants have been given, and the tables of capacity, etc., represent the
performance of the most recent types of turbines.

March, 1917.



PREFACE.

ABSTRACT FROM PREFACE TO THE
FIRST EDITION, 1895.

More than twenty years ago the author began to follow the advice

given by Nystrora: " Every engineer should make his own pocket-book,

as he proceeds in study and practice, to suit his particular business."

The manuscript pocket-book thus begun, however, soon gave place to

more modern means for disposing of the accumulation of engineering

facts and figures, viz., the index rerum, the scrap-book, the collection of

indexed envelopes, portfolios and boxes, the card catalogue, etc. Four
years ago, at the request of the publishers, the labor was begun of selecting

from this accumulated mass such matter as pertained to mechanical

engineering, and of condensing, digesting, and arranging it in form for

publication. In addition to this, a careful examination was made of the

transactions of engineering societies, and of the most important recent

works on mechanical engineering, in order to fill gaps that might be left

in the original collection, and insure that no important facts had been

overlooked.

Some ideas have been kept in mind during the preparation of the

Pocket-book that will, it is believed, cause it to differ from other works

of its class. In the first place it was considered that the field of mechani-

cal engineering was so great, and the literature of the subject so vast, that

as little space as possible should be given to subjects which especially

belong to civil engineering. While the mechanical engineer must con-

tinually deal with problems which belong properly to civil engineering,

this latter branch is so well covered by Trautwine's " Civil Engineer's

Pocket-book " that any attempt to treat it exhaustively would not only

fill no " long-felt want," but would occupy space which should be given

to mechanical engineering.

Another idea prominently kept in view by the author has been that he
would not assume the position of an " authority" in giving rules and
formulse for designing, but only that of compiler, giving not only the

name of the originator of the rule, where it was known, but also the volume
and page from which it was taken, so that its derivation may be traced

when desired. When different formulse for the same problem have been
found they have been given in contrast, and in many cases examples
have been calculated by each to show the difference between them. In
some cases these differences are quite remarkable, as will be seen under
Safety-valves and Crank-pins. Occasionally the study of these differences

has led to the author's devising a new formula, in which case the deriva-

tion of the formula is given.

Much attention has been paid to the abstracting of data of experiments
from recent periodical literature, and numerous references to other data
are given. In this respect the present work will be found to differ from
other Pocket-books.

The author desires to express his obligation to the many persons who
rave assisted him in the preparation of the work, to manufacturers who
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have furnished their catalogues and given permission for the use of their

tables, and to many engineers who have contributed original data and
tables. The names of these persons are mentioned in their proper places

in the text, and in all cases it has been endeavored to give credit to whom
credit is due.

William Kent.

PREFACE TO THE EIGHTH EDITION.

SEPTEMBER, 1910.

During the first ten years following the issue of the first edition of this

book, in 1895, the attempt was made to keep it up to date by the method
of cutting out pages and paragraphs, inserting new ones in their places, by
inserting new pages lettered a, b, c, etc., and by putting some new matter

in an appendix. In this way the book passed to its 7th edition in October,

1904. After 50,000 copies had been printed it was found that the electro-

typed plates were beginning to wear out, so that extensive resetting of type

would soon be necessary. The advances in engineering practice also had
been so great that it was evident that many chapters required to be entirely

rewritten. It was therefore determined to make a thorough revision of the

book, and to reset the type throughout. This has now been accomplished

after four years of hard labor. The size of the book has increased over 300

pages, in spite of all efforts to save space by condensation and elision of

much of the old matter and by resetting many of the tables and formulae

in shorter form. A new style of t3rpe for the tables has been designed for

the book, which is believed to be much more easily read than the old.

The thanks of the author are due to many manufacturers who have fur-

nished new tables of materials and machines, and to many engineers who
have made valuable contributions and helpful suggestions. H'e is especially

indebted to his son, Robert Thurston Kent, M.E., who has done the work
of revising manufacturers' tables of materials and has done practically all

of the revising of the subjects of Compressed Air, Fans and Blowers, Hoist-

ing and Conveying, and Machine Shop.
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Greek Letters.

i a Alpha
/3 Beta

ir y Gamma
A 6 Delta
!e € Epsilou
" C 2eta M

Eta
I Theta
Iota
Kappa
Lambda
Mu

H ^

Nu
Xi
Omicron
Pi
Itho

' Sigma

T Tan
V Upsilon
4> Phi
X Chi
\li Psi
CO Omega

Arithmetical and Algebraical Signs and Abbreviations.

15
16"

+ plus (addition).
+ positive.
- minus (subtraction).

.

- negative.
: ± plus or minus.
T minus or plus.
= equals.
X multiplied by.
ab or a.h = a X b.

-i- divided by.
/ divided by.

^ = a/& = a H- &. 15-1(

0^2=^:0.002 = ^^.
V square root.

^ cube root.

^ 4th root.

ris to, :: so is, : to (proportion).
2 : 4 :: 3 : 6, 2 is to 4 as 3 is to 6.

: ratio; divided by.
2 : 4, ratio of 2 to 4 = 2/4.
.". therefore.
> greater than.
< less than.

D square.

O round.
° degrees, arc or thermometer.
' minutes or feet.
" seconds or inches.
' " "' accents to distinguish letters,

as a', a", a"'

.

Ci, 02, 03, 06, ac, read a sub 1, a sub
h, etc.

[ ] 1 (

: parenthesis, bract -^is,

braces, vinculum; denoting
that the numbers enclosed are
to be taken together; as,

(a + &)c = 4 + 3 X 5 = 35.
a?, a3, a squared, a cubed.
aP', a raised to the nth power.

fl^ = -\Ja", aa = v'as.

a a2
109 = 10 to the 9th power =

1,000,000,000.
sin a = the sine of. a.
sin~i a = the arc whose sine is a.

sin a— 1 = -.

sm a
log = logarithm.
lege or hyp log = hyperbolic loga-

rithm.
% per cent.

A angle.

L right angle.

JL perpendicular to.

sin, sine.
cos, cosine,
tan, tangent,
sec, secant,
versin, versed sine,
cot, cotangent,
cosec, cosecant,
covers, co-versed sine.

In Algebra, the first letters of
the alphabet, a, b, c, d, etc., are
generally used to denote known
quantities, and the last letters,

w, X, y, z, etc., unknown quantities.

Abbreviations and Symbols com-
monly used.

d, differential (in calculus).

I
, integral (in calculus).

I '^.integral between hmits a and &.

A, delta, difference.
2, sigma, sign of summation.
TT, pi, ratio of circumference of

circle to diameter = 3.14159.

g, acceleration due to gravity =
32.16 ft. per second per second.

Abbreviations frequently used in
this Book.

L., 1., length in feet and inches.
B., b., breadth in feet and inches.
D., d., depth or diameter.
H., h., height, feet and inches.
T., t., thickness or temperature^
v., v., velocity.
F., force, or factor of safety,
f., coefficient of friction.

E., coefficient of elasticity.

R., r., radius.
W., w., weight.
P., p., pressure or load.
H.P., horse-power.
I.H.P., indicated horse-power.
B.H.P., brake horse-power,
h. p., high pressure.

p., intermediate pressure.
1. p., low pressure.
A.W.G., 'American Wire Gauge

(Brown & Sharpe).
B.W.G., Birmingham Wire Gauge.
r. p. m., or revs, per min.,, revolu-

tions per minute.
Q. = quantity, or volume.



ARITHMETIC.

ARITHMETIC.
The user of this book is supposed to have had a training in arithmetic

as well as in elementary algebra. Only those rules are given here which
are apt to be easily forgotten.

GREATEST COMMON MEASUBE, OR GREATEST
COMMON DIVISOR OF TWO NUMBERS.

Rule. — Divide the greater number by the less ; then divide the divisor
by the remainder, and so on, dividing always the last divisor by the last
remainder, until there is no remainder, and the last divisor is the greatest
common measure required.

LEAST COMMON MULTIPLE OF TWO OR MORE
NUMBERS.

Rule. — Divide the given numbers by any number that will divide the
greatest number of them without a remainder, and set the quotients with
the undivided numbers in a Hne beneath.

Divide the second line as before, and so on, until there are no two num-
bers that can be divided- then the continued product of the divisors, last
quotients, and undivided numbers will give the multiple required,

FRACTIONS.

To reduce a common fraction to its lowest terms. — Divide both
terms by their greatest common divisor: 39/52 = ^U.
To change an improper fraction to a mixed number. — Divide the

numerator by the denominator; the quotient is the whole number, and
the remainder placed over the denominator is the fraction: 39/4 = 93/4.

To change a mixed number to an improper fraction. — Multiply
the whole number by the denominator of the fraction; to the product add
the numerator; place the sum over the denominator: 17/g = i5/g.

To express a whole number in the form of a fraction with a given
denominator. — Multiply the whole number by the given denominator,
and place the product over that denominator: 13 = 39/3.

To reduce a compound to a simple fraction, also to multiply
fractions. — Multiply the numerators together for a new numerator and
the denominators together for a new denominator:

2 . 4 8 , 2 ,^ 4 8
-of - = ^. also 3X3 = 5.

To reduce a complex to a simple fraction. — The numerator and
denominator must each first be given the form of a simple fraction; then
multiply the numerator of the upper fraction by the denominator of the
lower for the new numerator, and the denominator of the upper by the
numerator of the lower for the new denominator:

7/8 _ "^/S _ 28 ^ 1

13/4 7/4 56 2

To divide fractions. — Reduce both to the form of simple fractions.
Invert the divisor, and proceed as in multiplication:

3 ,., 3_5_34_12_3
j

4 • ^V4 = 5 . 5 - 4X 5 - 20 - 5*

Cancellation of fractions. — In compound or multiplied fractions. I

divide any numerator and any denominator by any number which will '

divide them both without remainder, striking out the numbers thus
divided and setting down the quotients in their stead.
To reduce fractions to a conunon denominator. — Reduce each

fraction to the form of a simple fraction; then multiply each numerator I



DECIMALS.

1>y all the denominators except its own for the new numerator, and all
the denominators together for the common denominator:

42'

To add fractions. — Reduce them to a common denominator, then
add the numerators and place their sum over the common denominator:

1 + 1 + ^
42 42

To subtract fractions. — Reduce them to a common denominator,
subtract the numerators and place the difference over the common denom-
inator;

1 _ 3 7-6 J_
2 7

'^
14 "^ 14

DECIMAI.S.

To add decimals. — Set down the figures so that the decimal points
are one above the other, then proceed as in simple addition: 18.75' 4- 0.012
= 18.762.
To subtract decimals. — Set down the figures so that the decimal

points are one above the other, then proceed as in simple subtraction:
18.75 - 0.012 = 18.738.
To multiply decimals. — Multiply as in multiplication of whole num-

bers, then point off as many decimal places as there are in multiplier and
multiphcand taken together: 1.5 X 0.02 = .030 = 0.03.
To divide decimals.— Divide as in whole numbers, and point off in

the quotient as many decimal places as those in the dividend exceed those
in the divisor. Ciphers must be added to the dividend to make its decimal
places at least equal those in the divisor, and as many more as it is desired
to have in the quotient: 1.5 -^ 0.25 = 6. 0.1 ^ 0.3 = 0.10000 -J- 0.3
- 0.3333 +.

Decimal Equivalents of Fractions of One Inch.

1-64
1-32
3-64
1-16

.015625

.03125

.046875

.0625

17-64
9-32
19-64
5-16

.265625

.28125

.296875

.3125

33-64
17-32
35-64
9-16

.515625

.53125

.546875

.5625

49-64
25-32
51-64
13-16

.765625

.78125

.796875

.8125

5-64
3-32
7-64
1-8

.078125

.09375

.109375

.125

21-^4
11-32
23-64
3-8

.328125

.34375
.359375
.375

37-64
19-32
39-64
5-8

.578125

.59375
.609375
.625

53-64
27-32
55-64
7-8

.828125

.84375
.859375
.875

9-64
5-32
11-64
3-16

.140625

.15625

.171875

.1875

25-64
13-32
27-64
7-16

.390625

.40625

.421875

.4375

41-64
21-32
43-64
11-16

.640625

.65625

.671875

.6875

57-64
29-32
59-64
15-16

.890625

.90625

.921875

.9375

13-64
7-32
15-64
1-4

.203125

.21875

.234375

.25

29-64
15-32
31-64
1-3

.453125

.46873

.484375

.50

45-64
23-32
47-64
3-4

.703125

.71875

.734375

.75

61-64
31-32
63-64
1

.953125

.96875

.984375
1.

]

I

To convert a common fraction into a decimal. — Divide the nume-
rator by the denominator, adding to the numerator as many ciphers
prefixed by a decimal point as are necessary to give the number of decimal
places desired in the result: 1/3 = 1.0000 -^ 3 = 0.3333 +.
To convert a decimal into a common fraction. — Set down the

Qecimal as a numerator, and place as the denominator 1 with as many
ciphers annexed as there are decimal places in the numerator; erase the
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COMPOtlND NUMBERS.

decimal point in the numerator, and reduce the fraction thus formed to its
lowest terms:

0.25 =. i^ = i
; 0.3333 = ^^ = | . nearly.

100 10000

To reduce a recurring decimal to a common fraction. — Subtract
the decimal figures that do not recur from the whole decimal including
one set of recurring figures; set down the remainder as the numerator of
the fraction, and as many nines as there are recurring figures, followed by
as many ciphers as there are non-recurring figures, in the denominator.
Thus:

0.79054054, the recurring figures being 054.
Subtract 79

78975 , ^ , * .^ , ^ , X 117
:^= (reduced to Its lowest terms) -r-r^

99900

COMPOUND OR DENOMINATE NUMBERS.
Reduction descending. — To reduce a compound number to a lower

denomination. Multiply the number by as many units of the lower
denomination as makes one of the higher.

3 yards to inches: 3 X 36 = 108 inches.

0.04 square feet to square inches: .04 X 144 = 5.76 sq. in.

If the given number is in more than one denomination proceed in steps
from the highest denomination to the next lower, and so on to the lowest,
adding in the units of each denomination as the operation proceeds.

3 yds. 1 ft. 7 in. to inches: 3X3 = 9, +1 = 10, 10 X 12 = 120, +7 = 127 in.

Reduction ascending. — To express a number of a lower denomina-
tion in terras of a higher, divide the number by the number of units of
the lower denomination contained in one of the next higher; the quotient
is in the higher denomination, and the remainder, if any, in the lower. '

127 inches to higher denomination.

127 -^ 12 = 10 feet + 7 inches; 10 feet h- 3 = 3 yards + 1 foot.

Ans. 3 yds. 1 ft. 7 in.

To express the result in decimals of the higher denomination, divide the
given number by the number of units of the given denomination contained
in one of the required denomination, carrying the result to as many places
of decimals as may be desired.

127 inches to yards: 127 s- 36 = 319/36 = 3.5277 + yards.

Decimals of a Foot Equivalent to Inches and Fractions
of an Inch.

Inches Vs M Vs V2 H H Vs

.01042 .02083 .03125 .04167 .05208 .06250 .07292
1 .0833 .0938 .1042 .1146 .1250 .1354 .1458 .1563
2 .1667 .1771 .1875 .1979 .2083 .2188 .2292 .2396
3 .2500 .2604 .2708 .2813 .2917 .3021 .3125 .3229
4 .3333 .3438 .3542 .3646 .3750 .3854 ,3958 .4063
5 .4167 .4271 .4375 .4479 .4583 .4688 .4792 .4896
6 .5000 .5104 .5208 .5313 .5417 .5521 .5625 .5729
7 .5833 .5938 .6042 .6146 .6250 .6354 .6458 .6563
8 .6667 .6771 .6875 .6979 .7083 .7188 .7292 .7396
9 .7500 .7604 .7708 .7813 .7917 .8021 .8125 .8229
10 .8333 .8438 .8542 .8646 .8750 .8854 .8958 .9063
n .9167 .9271 .9375 .9479 .9583 .9688 .9792 .9896
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RATIO AND PROPORTION.

Ratio is the relation of one number to another, as obtained by dividing
the first number by the second. Synonymous with quotient.

Ratio of 2 to 4, or 2 : 4 = 2/4= 1/2.

Ratio of 4 to 2, or 4 : 2 = 2.

Proportion is the equality of two ratios. Ratio of 2 to 4 equals ratio
of 3 to 6, 2/4=3/6; expressed thus, 2 : 4 :: 3 : 6; read, 2 is to 4 as 3 is to 6.

The first and fourth terms are called the extremes or outer terms, the
second and third the means or inner terms.
The product of the means equals the product of the extremes:

2 : 4 : : 3 : 6; 2 X 6 = 12; 3 X 4 = 12.

Hence, given the first three terms to find the fourth, multiply the
second and third terms together and divide by the first.

4X3
2 : 4 : : 3 : what number? Ans. —^ = 6.

Algebraic expression of proportion. — a : b : : c : d; r == -^; arf —tftc;

* ... be , he , ad ad
from which a = -r ; d== — ; &= — ; c = -r- •

d a c h

From the above equations may also be derived the following:

b '. a'.:d : c a + b '.a::c + d : c a+b: a — b: : c+d', c — d
a :c::b :d a + b : b : :c + d : d a^ : fi'i : ^ c^ : rf^

a :b = c : d a — b :b : :c — d : d ^^a : a/6 : : ?/c a/5

a — b : a : :c — d : c

Mean proportional between two given numbers, 1st and 2d, is such
a number that the ratio which the first bears to it equals the ratio which it
bears to the second. Thus, 2:4::4:8;4isa mean proportional between
2 and 8. To find the mean proportional between two numbers, extract
the square root of their product.

Mean proportional of 2 and 8 = V2 x 8 = 4.

Single Rule of Three; or, finding the fourth term of a proportion
when three terms are given. — Rule, as above, when the terms are stated
in their proper order, multiply the second by the third and divide by the
first. The difficulty is to state the terms in their proper order. The
term which is of the same kind as the required or fourth term is made the
third; the first and second must be like each other in kind and denomina-
tion. To determine which is to be made second and which first requires
a little reasoning. If an inspection of the problem shows that the answer
should be greater than the third term, then the greater of the other two
given terms should be made the second term — otherwise the first. Thus,
3 men remove 54 cubic feet of rock in a day; how many men will remove
in the same time 10 cubic yards? The answer is to be men— make men
third term; the answer is to be more than three men, therefore make the
greater quantity, 10 cubic yards, the second term; but as it is not the same
denomination as the other term it must be reduced, = 270 cubic feet.
The proportion is then stated:

3 X 270
64 : 270 :: 3 :x (the required number) ; x = ——— = 15 men.

The problem is more complicated if we increase the number of given
terms. Thus, in the above question, substitute for the words " in the
same time" the words "in 3 days." First solve it as above, as if the work
were to be done in the same time; then make another proportion, stating
it tlius: If 15 men do it in the same time, it will take fewer men to do it in
3 days; make 1 day the second term and 3 days the first term. 3:1:;
16 men : 5 men.



POWEES OF NUMBERS.

Compoimd Proportion, or Double Rule of Three. — By this rule
are solved questions like the one just given, in which two or more statings
are required by the single rule of three. In it, as in the single rule, there
is one third 'term, which is of the same kind and denomination as the
fourth or required term, but there may be two or more first and second
terms. Set down the third term, take each pair of terms of the same kind
separately, and arrange them as first and second by the same reasoning as
is adopted in the single rule of three, making the greater of the pair the
second if this pair considered alone should require the answer to be-greater.

Set down all the first terms one under the other, and likewise all the
second terms. Multiply all the first terms together and all the second
terms together. Multiply the product of all the second terms by the third
term, and divide this product by the product of all the first terms.
Example: If 3 men remove 4 cubic? yards in one day, working 12 hours a
day, how many men working 10 hours a day will remove 20 cubic yards
in 3 days?

Yards 4 : 20]
Days 3 : 1 : : 3 men : x men.
Hours 10 : 12|

Products 120 : 240 : : 3 : 6 men. Ans.

To abbreviate by cancellation, any one of the first terms may. cancel
either the third or any of the second terms; thus, 3 in first cancels 3 in
third, making it 1, 10 cancels into 20 making the latter 2, which into 4
makes it 2, which into 12 makes it 6, and the figures remaining are only
1 : 6 : : 1 : 6.

INVOLUTION, OR POWERS OF NU3IBERS.

Involution is the continued multiplication of a number by itself a given
number of times. The number is called the root, or first power, and the
products are called powers. The second power is called the square and
the third power the cube. The operation may be indicated without being
performed by writing a small figure called the index or exponent to the
right of and a little above the root; thus, 3^ = cube of 3, = 27.
To multiply two or more powers of the same number, add their expo-

nents; thus, 22 X 23 = 25, or 4 X 8 = 32 = 2^.

To divide two powers of the same number, subtract their exponents;

thus, 23 -^ 22 = 21 = 2; 22 -^ 2* = 2*2 = ^ = | . The exponent may
thus be negative. 2^ -^ 2^ = 2'* = 1, whence the zero power of any
number == 1. The first power of a number is the number itself. The
exponent may be fractional, as 2^, 2^, which means that the root is to be
raised to a power whose exponent is the numerator of the fraction, and
the root whose sign is the denominator is to be extracted (see Evolution).
The exponent may be a decimal, as 2^'^, 2^'^\ read, two to the five-tenths
power, two to the one and five-tenths power. These powers are solved by
means of Logarithms (which see).

First Nine Powers of the First Nine Numbers.

ll ^1 S^
4th 5th 6th 7th 8th 9th

Power. Power. Power. Power. Power. Power.
^ Ph pu,

1

2
1

4
1

8
I

16
1

32
1

64
1

128
1

256 512
3 9 ?7 81 243 729 2187 6561 19683
4 16 64 256 1024 4096 16384 65536 262144
5 25 125 625 3125 15625 78125 390625 1953125

6 36 216 1296 7776 46656 279936 1679616 10077696
7 49 343 2401 16807 1 1 7649 823543 5764801 40353607

; 8 64 '>12 4096 32768 262144 2097152 16777216 134217728
9 81 729 6561 59049 531441 4782969 43046721 387420489
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The First Forty Powers of 3.

1
3

1 1
i

1

i
%

1 9 512 18 lbl\AA n
1 2 10 1024 19 bl^lU 28
-?. 4 11 2048 20 1048576 29
3 8 12 4096 21 2097152 30
4 16 13 8192 22 4\94304 31

5 3?. 14 16384 23 8388608 32
6 64 15 32768 24 16777216 33
7 128 16 65536 25 33554432 34
8 256 17 131072 26 67108864 35

134217728
268435456
536870912
1073741824
2147483648

4294967296
8589934592
17179869184
34359738368

68719476736
137438953472
274877906944
549755813888
1099511627776

EVOLUTION.

Evolution is the finding of the root (or extracting the root) of any
number the power of which is given.

^
The sign V indicates that the square root is to be extracted:

'v' 'v' V.
the cube root, 4th root, nth root.
A fractional exponent with 1 for the numerator of the fraction is also

used to indicate that the operation of extracting the root is to be per-

formed; thus, 2^, 2* = ^y2, '^2.

When the power of a number is indicated, the involution not being per-
formed, the extraction of any root of that power may also be indicated by
dividing the index of the power by the index of the root, indicating the
division by a fraction. Thus, extract the square root of the 6th power
of 2: _V26 = 2! = 2! = 23 = 8.

The 6th power of 2, as in the table above, is 64; v^ei = 8.
Difficult problems in evolution are performed by logarithms, but the

square root and the cube root may be extracted directly according to the
rules given below. The 4th root is the square root of the square root.
The 6th root is the cube root of the square root, or the square root of the
cube root; the 9th root is the cube root of the cube root; etc.

To Extract the Square Boot. — Point off the given number into
periods of two places each, beginning with units. If there are decimals,
point these off hkewise, beginning at the decimal point, and supplying
as many ciphers as may be needed. Find the greatest number whose

\

square is less than the first left-hand period, and place it as the first 1

figure in the quotient. Subtract its square from the left-hand period, i

and to the remainder annex the two figures of the second period for
a dividend. Double the first figure of the quotient for a partial divisor;
find how many times the latter is contained in the dividend exclusive
of the right-hand figure, and set the figure representing that number of
times as the second figure in the quotient, and annex it to the right of
the partial divisor, forming the complete divisor. Multiply this divisor
by the second figure in the quotient and subtract the product from the
dividend. To the remainder bring down the next period and proceed as
before, in each case doubling the figures in the root already found to obtain
the trial divisor. Should the product of the second figure in the root by
the completed divisor be greater than the dividend, erase the secona
figure botli from the quotient and from the divisor, and substitute the
next smaller figure, or one small enough to make the product of the second
figure bjr the divisor less than or equal to the (livi(ien4»



CUBE ROOT.

BQUARE ROOT.

3.1 415926538 1 1.77245 +
1

271214
|l89

34712515
12429

3542

CUBE ROOT.

8692
7084

160865
141776

054485 11908936
11772425

35444

1 . 881 .365.963.625

1

1 2345
1

300 X 12

30 X 1

300 X 122
30 X 12

300 X 1232 = 4538700
30 X 123 X 4 = 14760

42= 16

4553476

300 X 12342 =456826800
30X1234X5= 185100

52= 25

= 300 881
X2 = 60
22= 4

364 728

= 43200
153365

3 = 1080
32 = 9

44289 132867

457011925 2285059625

a decimal, '\^ = V.4444 + = O.e

To extract the square root of a fraction, extract the root of a numerator
/4 2

and denominator separately. V/q = o' or first convert the fraction into

+.

To Extract the Cube Root. — Point off the number into periods of 3
figures each, beginning at the right hand, or unit's place. Point off
decimals in periods of 3 figures from the decimal point. Find the greatest
cube that does not exceed the left-hand period; write its root as the first

figure in the required root. Subtract the cube from the left-hand period,
and to the remainder bring down the next period for a dividend.

Square the first figure of the root; multiply by 300, and divide the
product into the dividend for a trial divisor; write the quotient after
the first figure of the root as a trial second figure. - r ; -

Complete the divisor by adding to 300 times the square of the first

figure, 30 times the product of the first by the second' figure, and the
square of the second figure. Multiply this divisor by the second figure;
subtract the product from the remainder. (Should the product be greater
than the remainder, the last figure of the root and the complete divisor
are too large; substitute for the last figure the next smaller number, and
correct the trial divisor accordingly.)
To the remainder bring down the next period, and proceed as before to

find the third figure of the root — that is, square the two. figures of the
root already found; multiply by 300 for a trial divisor, etc.

If at any time the trial divisor is greater than the dividend, bring down
another period of 3 figures, and place in the root and proceed.
The cube root of a number will contain as many figures as there are

periods of 3 in the number.
To Extract a Higher Root than the Cube. — The fourth root is the

square root of the square root; the sixth root is the cube root of the square
root or the square root of the cube root. Other roots are most conve-
niently found by the use of logarithms.

AULIGATION.

shows the value of a mixture of different ingredients when the quantity
and value of each are known.

Let the ingredients be a, 6, c, cf, etc., and their respective' values per
unit w, X, y, g, etc.
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A = the sum of the quantities = a + 6 + c + d, etc
P = mean value or price per unit of A.

AP = aw + bx + cy + dz, etc.

p _ aw + bx + cy + dz

A .

'

PERMUTATION
shows in how many positions any number of things niay be arranged in a
row; thus, the letters a, b, c may be arranged in six positions, viz. abc, acb,
cab, cba, bac, bca.

Rule. — Multiply together all the numbers used in counting the things;
thus, permutations of 1, 2, and 3 = 1X2X3 = 6. In how many
positions can 9 things in a row be placed?

1X2X3X4X5X6X7X8X9 = 362880.

COMBINATION
shows how many arrangements of a few things may be made out of a
greater number. Rule: Set down that figure which indicates the greater
number, and after it a series of figuras diminishing by 1, until as many are
set down as the number of the few things to be taken in each combination.
Then beginning under the last one, set down said number of few things;
then going backward set down a series diminishing by 1 until arriving
under the first of the upper numbers. Multiply together all the upper
numbers to form one product, and all the lower numbers to form another;
divide the upper product by the lower one.
How many combinations of 9 things can be made, taking 3 in each com-

^^^^^^°"^ 9X8X7 504 ,.1X2X36*
ARITHMETICAI. PROGRESSION,

in a series of numbers, is a progressive increase or decrease in each succes-
sive number by the addition or subtraction of the same amount at each
step, as 1, 2, 3, 4, 5, etc., or 15, 12, 9, 6, etc. The numbers are called terms,
and the equal increase or decrease the difference. Examples in arithmeti-
cal progression may be solved by the following formulse:

Let a = first term, I = last term, d = common difference, n = number
of terms, s = sum of the terms;

Dd],

I _ a + (n - X)((.

- 2? - «.n

5==|n[2a+(n -

= .a+a)|.

a=^l - {n - \)d,

-h^sli'A

/2 - a2 .

" 2s - / - a
*

„-'-^ + .,

2s

""i +a*

H'-
n 2

2s _
n
2(s -- an)

2{nl

-1)
'

-s)
n{n — 1)

^

d - 2a ± V(2o - d)2 + Sds

2? + d ± -^{21 + rf)' -
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GEOMETRICAL PROGRESSION.

in a series of numbers, is a progressive increase or decrease in eacii suc-
cessive number by the same multiplier or divisor at each step, as 1, 2, 4, 8,
16, etc., or 243, 81, 27, 9, etc. The common multiplier is called the ratio.

Let a = first term, I = last term, r = ratio or constant multiplier, n =
number of terms, m = any term, as 1st, 2d, etc., s = sum of the terms:

/ == arn-i, _ a + (r -
r

llf, = ^- l)sr«-»

log I = log a + (n - 1) log r. l{s - l)n-i - a{s - a)n-i = 0,

m = arm-i logm = log a + (m - 1) log r.

a(rn -- ^>. rl - a
«-^p -n-^^

Irn - I

r - 1 r - I --^i - --r-
j-n —T-n—

1

a
I

- rn-i' -1
log a = log Z -- (n - 1) log r-

\'ll s — a
logr =

log Z - log a
'

y/a s — I
^ n-1

rn — -r +
s — a = 0. rn ^-r«--1 + _i_^ = 0.s- Z

n
log Z - log a

"~ logr
+ 1,

log [a -{- {r ~ l)s] — log a

logr
log I - log a

a. 1
log I — log [Ir - (r - l)s]

, ,

log (s - a) - log (s - I) logr

Population of the United States.

(A problem in geometrical progression.)

Year. Population. increase m lO
Years, per cent.

Annual inc
per cen

1860 31,443,321
1870 39,818,449* 26.63 2.39
1880 50,155,783 25.96 2.33
1890 62,622,250 24.86 2.25
1900 76,295,220 21.834 1.994
1910 91,972,267 20.53 1.886
1920 Est. 110,367,000 Est 20.0 Est. 1.840

Estimated Population in Each Year from 1880 to 1919.

(Based on the above rates of increase, in even thousands.)

1880 50,156 1890 62.622 1900.... 76.295 1910.... 91.972
1881 51,281 1891 63.871 1901.. .. 77.734 1911 93.665
1882 52.433 1892 65.145 1902.... 79.201 1912.... 95.388
1883 53.610 1893.... 66 444 1903 80.695 1913 97.143
1884 54.813 1894.... 67.770 1904.... 82.217 1914.... 98.930

1885 56.043 1895 69.122 1905.... 83.768 1915.. .. 100.750
1886 57.301 1896.... 70.500 1906.. .. 85.348 1916 102.604
1887..... 58.588 1897 71.906 1907.... 86.958 1917.... 104.492
1888 59.903 1898.. .. 73.341 1908 88,598 1918 106.414
1889 61.247 1899 74.803 1909.. .. 90.269 1919.... 108.373

* Corrected by addition of 1,260,078, estimated error Ot tbe Qeusus Qt
1870, Census BuUetia No. 18. Dec. 13, l§90.
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The preceding table has been calculated by logarithms as follows:

log r = log Z - log a -i- (n - 1), log w = log a + (w - 1) log f

Pop. 1900. . .76,295,220 log = 7.8824988 = log I
*' 1890. . .62,622,250 log = 7.7967285 = log a

diff. = .0857703
n = 11, n - 1 = 10; diff. -5- 10 = .00857703 = logr,

add log for 1890 7.7967285 = log a

log for 1891 = 7.80530553 No. = 63,871 . . .•

add again .00857703

log for 1892 7.81388256 No. = 65,145 . .

.

Compound interest is a form of geometrical progression; the ratio
being l plus the percentage.

PERCENTAGE: PROFIT AND LOSS: PER CENT
or EFFICIENCY.

Per cent means "by the hundred." A profit of 10 per cent means a
gain of $10 on every $100 expended. If a thing is bought for $1 and sold
for $2 the profit is 100 per cent; but if it is bought for $2 and sold for $1
the loss is not 100 per cent, but only 50 per cent.

Rule for percentage: Per cent gain or loss is the gain or loss divided by
the original cost, and the quotient multiphed by 100.

Eflaciency is defined in engineering as the quotient "output divided by
input," that is, the energy utilized divided by the energy expended. The
difference between the input and the output is the loss or waste of energy.
Expressed as a fraction, efficiency is nearly always less than unity. Ex-
pressedas a per cent, it is this fraction multiplied by 100. Thus we may
say that a motor has an efficiency of 0.9 or of 90 per cent.
The efficiency of a boiler is the ratio of the heat units absorbed by the

boiler in heating water and making steam to the heating value of the coal
burned. The saving in fuel due to increasing the efficiency of a boiler
from 60 to 75% is not 25%, but only 20%. The rule is: Divide the gain
in efficiency (15) by the greater figure (75). The amount of fuel used is

inversely proportional to the efficiency; that is, 60 lbs. of fuel with 75%
efficiency will do as much work as 75 lbs. with 60% efficiency. The
saving of fuel is 15 lbs,, which is 20% of 75 lbs.

INTEREST AND DISCOUNT.

Interest is money paid for the use of money for a given time; tho
factors are:

p, the sum loaned, or the principal;
t, the time in years;
r, the rate of interest

;

i, the amount of interest for the given rate and time;
a = p + i = the amount of the principal with interest
at the end of the time.

Formulae:

i = interest = principal X time X rate per cent =i = r-rg

:

a = amount = principal + interest =» p + j^ i

lOOi
r -=» rate =« ~-t- ,

—
pt

. . , lOOi ptr .p - prmcipal = -^ = a - ^;
. ^, lOOi
I -time-—.
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-fJL*?®^^*^ ^^ expressed decimaUy, — thus, 6 per cent = .06,— the
jTormjilae become

Pt' " pr' ^ tr 1 + rt

Rules for finding Interest. —Multiply the principal by the rate perannum divided by 100, and by the time in years and tractions of a year

If the time is given in days, interest = P^mcipal x rate X no. of days

TUT.. .
365 X 100

in banks interest, is sometimes calculated on the basis of 360 davs to a
year, or 12 months of 30 days each.

Short rules for interest at 6 per cent, when 360 days are taken as 1 year:
Multiply the principal by number of days and divide by 6000.
Mullaply the principal by number of months and divide by 200.
Theanterest of 1 dollar for one month is i cent.

Interest of 100 Dollars for Different Times and Rates.

Time 2% 3% 4% 5% 6% 8% 10%
lyear S2.00 $3.00 $4.00 $5.00 $6.00 $8.00 $10.00
1 month .16§ .25 .33J .41| .50 .66§ .834
lday=3k year .00551 .0083^ .0111^ .0138| .01661 .0222| .02771
1 day=3jg year .005479 .008219 .010959 .013699 .016438 .0219178 .0273973

Discount is interest deducted for payment of money before it is due.
True discount is the difference between the amount of a debt payable

at a future date without interest and its present worth. The present
worth is that sum which put at interest at the legal rate will amount to
the debt when it is due.
To find the present worth of an amount due at a future date, divide the

amount by the amount of $1 placed at interest for the given time. The
discount equals the amount minus the present worth.
What discount should be allowed on $103 paid six months before it is

due, interest being 6 per cent per annum?

103
$100 present worth, discount = 3.00.

1 + 1 X .06 X
I

Bank discount is the amount deducted by a bank as interest on money
loaned on promissory notes. It is interest calculated not on the actual
sum loaned, but on the gross amount of the note, from which the discount
is deducted in advance. It is also calculated on the basis of 360 days
in the year, and for 3 (in some banks 4) days more than the time specified
in the note. These are called days of grace, and the note is not payable
till the last of these days. In some States days of grace have been
abolished.
What discount will be deducted by a bank in discounting a note for $103

payable 6 months hence? Six months = 182 days, add 3 days grace= 18S

"-• ^'^%i<P^
= ««3.176.

Compound Interest. — In compound interest the interest is added to
the principal at the end of each year, (or shorter period if agreed upon).

Let p = the principal, r = the rate expressed decimally, n = no. of
years, and a the amount:

ni~

a =^ amount — p(l + r)«; r = rate = i/- - 1,

. . , a . log a — log pp - principal = ^^^p ; no. of years= n=
^og (i +y »
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Compound Interest Table.

(Value of one dollar at compound interest, compounded yearly, at
3, 4, 5, and 6 per cent, from 1 to 50 years.)

e
Per cent

^

Per cent

^ 3 4 5 6 3 4 5 6

1 1.03 1.04 1.05 1.06 16 1 .6047 1 .8730 2.1829 2.5403
2 1.0609 1.0816 1.1025 1.1236 17 1.6528 1 .9479 2.2920 2.6928
3 1.0927 1.1249 1.1576 1.1910 18 1.7024 2.0258 2.4066 2.8543
4 1.1255 1.1699 1.2155 1 .2625 19 1.7535 2.1068 2.5269 3.0256
5 1.1593 1.2166 1 .2763 4.3382 20 1.8061 2.1911 2.6533 3.2071

6 1.1941 1 .2653 1.3401 1.4185 21 1 .8603 2.2787 2.7859 3.3995
7 1.2299 1.3159 1.4071 1.5036 22 1.9161 2.3699 2.9252 3.6035
8 1 .2668 1 .3686 1.4774 1.5938 23 1.9736 2.4647 3.0715 3.8197
9 1.3048 1.4233 1.5513 1.6895 24 2.0328 2.5633 3.2251 4.0487
10 1.3439 1.4802 1.6289 1.7908 25 2.0937 2.6658 3.3863 4.2919

11 1.3842 1.5394 1.7103 1.8983 30 2.4272 3.2433 4.3219 5.7435
12 1 .4258 1.6010 1.7958 2.0122 35 2.8138 3.9460 5.5159 7.6862
13 1.4685 1.6651 1 .8856 2.1329 40 3.2620 4.8009 7.0398 10.2858
14 1.5126 1.7317 1.9799 2.2609 45 3.7815 5.8410 8.9847 13.7648
15 1.5580 1.8009 2.0789 2.3965 50 4.3838 7.1064 1 1 .4670 18.4204

At compound interest at 3 per cent money will double itself in 23 1/2 years,

at 4 per cent in I72/3 years, at 5 per cent in 14.2 years, and at 6 per cent in
11.9 years.

EQUATIOX OF PAYMENTS.

By equation of payments we find the equivalent or average time in
which one payment should be made to cancel a number of obligations due
at different dates; also the number of days upon which to calculate interest
or discount upon a gross sum which is composed of several smaller sums
payable at different dates.

Rule. — Multiply each item by the time of its maturity in days from a
fixed date, taken as a standard, and divide the sum of the products by
the sum of the items: the result is the average time in days from the stand-
ard date.
A owes B $100 due in 30 days, $200 due in 60 days, and $300 due in 90

days. In how many days may the whole be paid in one sum of $600?

100X30+200X60+300X90= 42,000; 42,000-^-600 = 70 days, ans.

A owes B $100, $200, and $300, which amounts are overdue respectively
30, 60, and 90 days. If he now pays the whole amount, $600, how many
days' interest should he pay on that sum? Ans. 70 days.

PABTIAL PAYMENTS.

To compute interest on notes and bonds when partial payments have
been made.
United States Rule. — Find the amount of the principal to the time

of the first payment, and, subtracting the payment from it, find the
amount of tUe remainder as a new principal to tbe time qI tbe next p»jr*
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If the payment is less than the interest, find the amount of the principal
to the time when the sum of the payments equals or exceeds the interest
due, and subtract the sum of the payments from this amount.

Proceed in this manner till the time of settlement.
Note. — The principles upon which the preceding rule is founded are:
1st. That payments must be appUed first to discharge accrued interest,

and then the remainder, if any, toward the discharge of the principal.
2d. That only unpaid principal can draw interest.
Mercantile 3Iethod. — When partial payments are made on short

notes or interest accounts, business men commonly employ the following
method:

Find the amount of the whole debt to the time of settlement; also find
the amount of each payment from the time it was made to the time of
settlement. Subtract the amount of payments from the amount of the
debt: the remainder will be the balance due.

ANNUITIES.

An Annuity is a fixed sum of money paid yearly, or at other eqi:al times
agreed upon. The values of annuities are calculated by the principles of
compound interest.

1. Let i denote interest on $ 1 for a year, then at the end of a year th^
amount will be 1 + i. At the end of n years it will be (1 + i)'"-.

2. The sum which in n years will amount to 1 is
._

— or (1 + i) —»,

or the present value of 1 due in n years. '

3. The amount of an annuity of 1 in any number of years n is f
•

4. The present value of an annuity of 1 for any number of years n is

1 - (1 + i) -n

5. The annuity which 1 will purchase for any number of years n Is

1 - (1 + i)-"

6. The annuity which would amount to 1 in n years i

(1 + i)^ - 1

Amounts, Present Values, etc., at 6% Interest.

(1) (3) (3) (4) (5) (6)

Years
(1 + xT (1 + r)-^ (1+1)^-1 l_(l+i)-« i i

i X l-(l + i)-« (l+iP~»

1 . .

2. .

3. .

4. .

5. .

1.05

1.1025
1.157625
1.215506
1.276282

.952381

.907029

.863838

.822702

.783526

1.00

2.05
3.1525
4.310125
5.525631

.952381
1.859410
2.723248
3.545951
4.329477

1.05
.537805
.367209
.282012
.230975

1.00
.487805
.317209
.232012
.180975

6. .

7. .

8. .

9. .

10. .

1.340096
1.407100
1.477455
1.551328
1.628895

.746215

.710681

.676839

.644609

.613913

6.801913
8.142008
9.549109

1 1 .026564
12.577893

5.075692
5.786373
6.463213
7.107822
7.721735

.197017

.172820

.154722

.140690

.129505

.147018

.122820

.104722

.090690

.079505
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© 485.43 314.10 228.60 177.39 143.36 119.13 101.03
87.02 75.87 66.79 59.28 52.96 47.58 42.96 38.95 35.44 32.36 29.62 27.18 18.23 12.65

8.97 6.46 4.70 3.44

tQ

486.62 315.63 230.29 179.13 145.18 120.96 102.86
88.83 77.67 68.57 61.03 54.68 49.28 44.62 40.58 37.04 33.92 31.15 28.68 19.55 13.80

9.97 7.32 5.43 4.06

•a
487.80 317.21 232.01 180.98 147.02 122.82 104.72

90.69 79.50 70.39 62.83 56.45 51.02 46.34 42.27 38.70 35.54 32.75 30.24 20.95 15.05 11.07
8.28 6.26 4.78

^
489.00 318.77 233.74 182.79 148.88 124.67 106.60

92.57 81.38 72.25 64.67 58.27 52.82 48.11 44.01 40.42 37.24 34.40 31.87 22.44 16.39 12.27
9.34 7.20 5.60

^ 490.20
320.36

235.50 184.63

•

150.79 126.61

J08.53

94.49 83.29 74.15 66.55 60.14 54.67 49.94 45.82 42.20 38.99 36.14 33.58 24.01 17.83 13.58 10.52
8.26 6.55

i
CO

490.80 321.13 236.38 185.56 151.73 127.59 109.50
95.46 84.26 75.12 67.51 61.10 55.62 50.88 46.75 43.12 39.90 37.04 34.47 24.84 18.60 14.29 11.17

8.85 7.09

1 M
491.40 321.94 237.26 186.49 152.67 128.57 110.48

96.44 85.24 76.09 68.48 62.06 56.57 51.82 47.68 44.04 40.82 37.94 35.36 25.67 19.37 15.00 11.83
9.45 7.63

CO

492.00 322.75 238.14 187.42 153,64 129.54

1
11
.47

97.44 86.24 77.08 69.47 63.05 57.55 52.79 48.64 44.99 41.76 38.87 36.29 26.55 20.19 15.77 12.54 10.12
8.25

CO
492.61 323.56 239.02 188.35 154.61 130.5! 112.46

98.44 87.24 78.07 70.46 64.03 58.53 53.77 49.61 45.95 42.71 39.81 37.22 27.43 21.02 16.54 13.26 10.78
8.87

w
493.22 324.35 239.93 189.30 155.58 131.50 113.46

99.45 88.24 79.09 71.47 65.04 59.53 54.77 50.60 46.94 43.69 40.78 38.18 28.35 21.90 17.37 14.05 11.52
9.56

w
493.83 325.14 240.84 190.24 156.56 132.49 114.47 100.46

89.25 80.11 72.49

66.0J

60.54 55.77 51.60 47.93 44.67 41.76 39.14 29.27 22.78 18.20 14.84 12.27 10.26

494.43 325.94 241.74 191.18 157.53 133.51 115.48 101.48
90.29 81.14 73.52 67.08 61.56 56.79 52.62 48.94 45.67 42.76 40.14 30.24 23.70 19.09 15.68 13.07 11.02

a 495.05 326.72 242.63 192.16 158.53 134.52 116.51 102.52
91.33 82.18 74.56 68.12 62.60 57.83 53.65 49.97 46.70 43.78 41.15 31.22 24.65 20.00 16.55 13.91 11.82

Js
'l^^d rqen-^mvo I>OOOvO- rj en 2^22 j::£2:sa mS-T^Qm
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TABLES FOR CALCULATING SINKING-FUNDS AND
PRESENT VALUES.

Engineers and others connected with municipal work and industrial
enterprises often find it necessary to calculate payments to sinking-funds
which will provide a sum of money sufficient to pay off a bond issue or
other debt at the end of a given period, or to determine the present value
of certain annual charges. The accompanying tables were computed by
Mr. John W. Hill, of Cincinnati, Eng'g News, Jan. 25, 1894.
Table I (opposite page) shows the annual sum at various rates of interest

required to net $1000 in from 2 to 50 years, and Table II shows the present
value at various rates of interest of an annual charge of $1000 for from 5
to 50 years, at five-year intervals, and for 100 years.

Table II. - Capitalization of Annuity of $1000 for
from 5 to 100 Years.

^
Rate of Ii terest, per cent.

31/2 3 31/2 4 41/2 5 61/2 6

5
10
15

20
25

30
35
40
45
50
00

4,645.88
8,752.17
12,381.41
15,589.215
18,424.67

20,930.59
23,145.31
25,103.53
26,833.15
28,362.48
36,614.21

4.579.60
8,530.13
11,937.80
14,877.27
17,413.01

19,600.21
21,487.04
23,114.36
24,518.49
25,729.58
31,598.81

4,514.92
8,316.45
11,517.23
14,212.12
16,481.28

18,391.85
20,000.43
21,354.83
22,495.23
23,455.21
27,655.36

4,451.68
8,110.74
11,118.06
13,590.21
15,621.93

17,291.86
18,664.37
19,792.65
20,719.89
21,482.08
24,504.96

4,389.91
7,912.67
10,739.42
13,007.88
14,828.12

16,288.77
17,460.89
18,401.49
19,156.24
19,761.93
21,949.21

4,329.45
7,721.73
10,379.53
12,462.13
14,093.86

15,372.36
16,374.36
17,159.01
17,773.99
18,255.86
19,847.90

4,268.09
7,537.54
10,037.48
11,950.26
13,413.82

14,533.63
15,390.48
16,044.92
16,547.65
16,931.97
18,095.83

4,212.40
7,360.19
9,712.30
11,469.96
12,783.38

13,764.85
14,488.65
15,046.31
15,455.85
15,761.87
16,612.64

WBiaHTS AND MEASURES.
Long Measure. — Measures of Length.

12 inches = 1 foot.-

3 feet = 1 yard.
1760 yards, or 5280 feet = 1 mile.

Additional measures of length in occasional use: 1000 mils = 1 inch;
4 inches = 1 hand; 9 inches = 1 span; 21/2 feet = 1 military pace; 2 jrards
= 1 fathom; 51/2 yards, or I6I/2 feet = 1 rod (formerly also called pole or
perch).
Old Land Measure. — 7.92 inches = 1 link; 100 links, or 66 feet, or 4

rods = 1 chain; 10 chains, or 220 yards = 1 furlong; 8 furlongs, or 80
chains = 1 mile; 10 square chains = 1 acre.

Nautical Measure.
6080.26 feet, or 1.15156 stat-1

ute miles
J

3 nautical miles
60 nautical miles, or 69.168

statute miles
;

360 degrees

= 1 nautical mile, or knot.*

= 1 league.

= 1 degree (at the equator).

= circumference of the earth at the equator.

* The British Admiralty takes the round figure of 6080 ft. which is the
length of the " measured mile" used in trials of vessels. The value varies
from 6080.26 to 6088.44 ft. according to different measures of the earth's
diameter. There is, a difference of opinion among writers as to the use
of the word " knot" to mean length or a distance — some holding that
it should be used only to denote a rate of speed. The length between
knots on the log line is 1/120 of a nautical mile, or 50.7 ft., when a half-
minute glass is used; so that a speed of 10 knots is equal to 10 nautical
miles per hour.
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Square Measure. — Measures of Surface.

144 square inches, or 183.35 circular I , ^„„„^^ <.„„
inches }

= 1 square foot.

9 square feet = 1 square yard.
30 1/4 square yards, or 2721/4 square feet = 1 square rod.
10 sq. chains, or 160 sq. rods, or 4840 sq. ) _ , ^^^^

yards, or 43560 sq. feet )
~ ^ ^^^^'

640 acres or 27 ,878 ,400 sq . ft

.

= 1 square mile.

An acre equals a square whose side is 208.71 feet.
Circular Inch ; Circular Mil. — A circular incti is the area of a circle

1 inch in diameter = 0.7854 square inch.
1 square inch = 1.2732 circular inches.
A circular mil is the area of a circle 1 mil, or 0.001 inch in diameter.

10002 or 1,000,000 circular mils = 1 circular inch.
1 square inch = 1,273,239 circular mils.
The mil and circular mil are used in electrical calculations involving

the diameter and area of wires.

Solid or Cubic Measure. — Measures of Volume.

1728 cubic inches = 1 cubic foot.
27 cubic feet = 1 cubic yard.

1 cord of wood == a pile, 4X4X8 feet = 128 cubic feet.
1 perch of masonry = I6I/2 X IV2 X 1 foot = 243/4 cubic feet.

Liquid Measure.
{

4 gills = 1 pint.
2 pints = 1 quart.

4 nnartq — 1 p-niion f U"- S. 231 cubic inches.
4 quarts - 1 gallon

J ^^^^ 277.274 cubic inches.

Old Liquid Measures. — 311/2 gallons = 1 barrel; 42 gallons ==1 tierce;
2 barrels, or 63 gallons = 1 hogshead; 84 gallons, or 2 tierces = 1 pun-
cheon; 2 hogsheads, or 126 gallons = 1 pipe or butt; 2 pipes, or 3 pun-
cheons == 1 tun,

Agallonof water at 62° F. weighs 8.33561b. (air free, weighed in vacuo).
The U. S. gallon contains 231 cubic inches; 7.4805 gallons = 1 cubic

foot. A cylinder 7 in. diam. and 6 in. high contains 1 gallon, very nearly,
or 230.9 cubic inches. The British Imperial gallon contains 277.274 cubic
inches = 1.20032 U. S. gahon, or 10 lbs. of water at 62° F.
The gallon is a very troublesome unit for engineers. Much labor might

be saved if it were abandoned and the cubic foot used instead. The
capacity of a tank or reservoir should be stated in cubic feet, and the
delivery of a pump in cubic feet per second or in millions of cubic feet in
24 hours. One cubic foot per second = 86,400 cu. ft. in 24 hours. One
miUion cu. ft. per 24 hours = 11.5741 cu. ft. per sec.
The Miner's Inch. — (Western U, S. for measuring flow of a stream

of water.) An act of the California legislature, May 23, 1901, makes the
standard miner's inch 1.5 cu. ft. per minute, measured through any aper-
ture or orifice.

The term Miner's Inch is more or less indefinite, for the reason that Cali-

fornia water companies do not all use the same head above the centre of

the aperture, and the inch varies from 1.36 to 1.73 cu. ft. per min., but
the most common measurement is through an aperture 2 ins. high and
whatever length is required, and through a plank II/4 ins. thick. The
lower edge of the aperture should be 2 ins. above the bottom of the meas-
uring-box, and the plank 5 ins. high above the aperture, thus making a 6-in.

head above the centre of the stream. Each square inch of this opening
represents a miner's inch, which is equal to a flow of 1 1/2 cu. ft. per min.

Apothecaries* Fluid Measure.

60 minims = 1 fluid drachm. 8 drachms = 1 fluid ounce.

In the U. S. a fluid ounce is the 128th part of a U, S. gallon, or 1.805
cu. ins. It contains 456.3 grains of water at 39° F. In Great Britain
the fluid ounce is 1.732 cu. ins. and contains 1 ounce avoirdupois, or 437.5
grains of water at 62° F.
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j

: Dry Measure, U. S.

;
2 pints = 1 quart. 8 quarts = 1 peck. 4 pecks = 1 bushel.

The standard U. S. bushel is the Winchester bushel, which is, in
3yUnder form, 18 1/2 inches diameter and 8 inches deep, and contains
2150.42 cubic inches.
A struck bushel contains 2150.42 cubic inches = 1.2445 cu. ft.; 1

mbic foot = 0.80356 struck bushel. A heaped bushel is a cylinder 18 1/2

nches diameter and 8 inches deep, with a heaped cone not less than
5 inches high. It is equal to 1 1/4 struck bushels. (When applied to
ipples and pears the bushel should be heaped so as to contain 2737.715
;u. in. = 1.2731 struck bushels.—Decision of U. S. Court of Customs
Vppeals, 1912.)
The British Imperial bushel = 8 imperial gallons or 2218.192 cu. in. =

L.2837 cu. ft. The British quarter = 8 imperial bushels.
Capacity of a cylinder in U. S. gallons = square of diameter, in inches

< height in inches X .0034. (Accurate within 1 part in 100,000.)
Capacity of a cyUnder in U. S. bushels = square of diameter in inches

< height in inches X 0.0003652.

Shipping Measure.

Register Ton.—For register tonnage or for measurement of the entire
nternal capacity of a vessel:

100 cubic feet = 1 register ton.

This number is arbitrarily assmned to facilitate computation.
Shipping Ton.—For the measurement of cargo:

40 cubic feet = 1 U. S. shipping ton = 32.143 U. S. bushels.
42 cubic feet = 1 British shipping ton = 32.719 imperial bushels.

Carpenter's Rule.—Weight a vessel will carry = length of keel X
)readth at main beam X depth of hold in feet -^ 95 (the cubic feet
illowed for a ton). The result will be the tonnage. For a double-
lecker instead of the depth of the hold take half the breadth of the
Jam.

Measures of Weight.—Avoirdupois or Commercial
Weight.

16 drachms, or 437.5 grains = 1 ounce, oz.
16 ounces, or 7000 grains = 1 pound, lb.

28 poimds = 1 quarter, qr.
4 quarters = 1 hundredweight, cwt. = 112 lb.

20 hundredweight = 1 ton of 2240 lb., gross or long ton.
2000 pounds = 1 net, or short ton.
2204.6 pounds = 1 metric ton.

1 stone = 14 pounds; 1 quintal = 100 pounds.

The drachm, quarter, hundredweight, stone, and quintal are now
eldom used in the United States.

Troy Weight

24 grains = 1 pennyweight, dwt.
20 pennyweights = 1 ounce, oz. = 480 grains.
12 ounces = 1 poimd, lb. = 5760 grains.

Troy weight is used for weighting gold and silver. The grain is the
ame in Avoirdupois, Troy, and Apothecaries' weights. A carat, for
weighing diamonds = 3.086 grains = 0.200 gramme. (International
tandard, 1913.)

Apothecaries' Weight.

t 20 grains = 1 scruple, 9
3 scruples = 1 drachm, 5 = 60 grains.

8 drachms = 1 ounce, § = 480 grains.

13 ounces ^ I pound, lb, = §760 grains.
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To determine whether a balance has unequal anns. — After weigh-
ing: an article and obtaining equilibrium, transpose the article and the
weights. If the balance is true, it will remain in equilibrium; if untrue,
the pan suspended from the loncer arm will descend.
To weigh correctly on an incorrect balance. — First, by substitu-

tion. Put the article to be weighed in one pan of the balance and counter-
poise it by any convenient heavy articles placed on the other pan.
Remove the article to be weighed and substitute for it standard weights
until equipoise is again established. The amount of these weights is the
weight of the article.

Second, by transposition. Determine the apparent weight of the
article as usual, then its apparent weight after transposing the article and
the weights. If the difference is small, add half the difference to the
smaller of the apparent weights to obtain the true weight. If the differ-

ence is 2 per cent the error of +his method is 1 part in 10,000. For larger
differences, or to obtain a perfectly accurate result, multiply the two
apparent weights together and extract the square root of the product.

Circular Measure.

60 seconds, " == 1 minute, '.

60 minutes, ' = 1 degree, °.

90 degrees = 1 quadrant.
S80 " = circumference.

Arc of angle of 57.3°, or 360** •$• 6.2832 = 1 radian = the arc whose length
is equal to the radius.

Time.

60 seconds = 1 minute.
60 minutes = 1 hour.
24 hours = 1 day.
7 days = 1 week.

365 days, 5 hours, 48 minutes, 48 seconds = 1 year.

By the Gregorian Calendar every year whose number is divisible by 4
is a leap year, and contains 366 days, the other years containing 365 days,
except that the centesimal years are leap years only when the number of
the year is divisible by 400.
The comparative values of mean solar and sidereal time are shown by

the following relations according to Bessel:

365.24222 mean solar days = 366.24222 sidereal days, whence
1 mean solar day = 1.00273791 sidereal days;

1 sidereal day = 0.99726957 mean solar day;
24 hours mean solar time = 24^ 3 56«.555 sidereal time;

24 hours sidereal time = 23^ 56w 4«.091 mean solar time,

whence 1 mean solar day is 3»» 559.91 longer than a sidereal day, reckoned
In mean solar time.

BOAKD Am) TIMBER MEASURE.
Board Measure.

In board measure boards are assumed to be one inch in thickness. To
obtain the number of feet board measure (B. M.) of a board or stick of
square timber, multiply together the length in feet, the breadtii in feet,
and the thickness in inches.
To compute the measure or surface in square feet. — When all

dimen.sions are in feet, multiply the length by the breadth, and the prod-
uct will give the surface required.

When either of the dimensions are in inches, multiply as above and
divide the product by 12.
When all dimensions are in inches, multiply as before and dMde product

by 144.

Timber Measure.

To compute the volume of round timber. -^ When al 1 dimensions
are in feet, multiply the length by one quarter of the produgt of the mean
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girth and diameter, and the product will give the measurement in cubic
feet. When length is given in feet, and girth and diameter in inches,
divide the product by 144; when all the dimensions are in inches, divide
by 1728.
To compute the volume of square timber. — When all dimensions

are in feet, multiply together the length, breadth, and depth; the product
will be the volume in cubic feet, When one dimension is given in inches,
divide by 12; when two dimensions are in inches, divide by 144; when all
three dimensions are in inches, divide by 1728.

Contents in Feet of Joists, Scantling, and Timber.

Length in Feet.

18 20 22 24 26 28

Feet Board Measure.

2X4 8 9 11 12 13 15 16 17 19 20
2X 6 12 14 16 18 20 22 24 26 28 30
2X8 16 19 21 24 27 29 32 35 37 40
2 X 10 20 23 27 30 33 37 40 43 47 50
2 X 12 24 28 32 36 40 44 48 52 56 60

2 X 14 28 33 37 42 47 51 56 61 65 70
3X8 24 28 32 36 40 44 48 52 56 60
3X10 30 35 40 45 50 55 60 65 70 75
3 X 12 36 42 48 54 60 66 72 78 84 90
3 X 14 42 49 56 63 70 77 84 91 98 105

4X4 16 19 21 24 27 29 32 35 37 40
4X6 24 28 32 36 40 44 48 52 56 60
4X8 32 37 43 43 53 59 64 69 75 80
4 X 10 40 47 53 60 67 73 80 87 93 100
4 X 12 48 56 64 72 80 83 96 104 112 120

4 X 14 56 65 75 84 93 103 112 121 131 140
6X6 36 42 48 54 60 66 72 78 84 90
6X8 48 56 64 72 80 88 96 104 112 120
6 X 10 60 70 80 90 100 110 120 130 140 150

6X 12 72 84 96 108 120 132 144 156 168 180

6X 14 84 98 112 126 140 154 168 182 196 210
8X8 64 75 85 96 107 117 128 139 149 160
8 X 10 80 93 107 120 133 147 160 173 187 200
8 X 12 96 112 128 144 160 176 192 208 224 240
8 X 14 112 131 149 168 187 205 224 243 261 280

10 X 10 100 117 133 150 167 183 200 217 233 250
10 X 12 120 140 160 180 200 220 240 260 280 300
10 X 14 140 163 187 210 233 257 280 303 327 350
12 X 12 144 168 192 216 240 264 288 312 336 360
12 X 14 168 196 224 252 280 303 336 364 392 420

14X14 196 229 261 294 327 359 392 425 457 490

FRENCH OB METRIC MEASURES.
The metric unit of length is the metre = 39.37 inches.
The metric unit of weight is the gram = 15.432 grains.
The following prefixes are used for -subdivisions and multiples: Milli =

Viooq, Centi = Vioo, Deci = i/io, Deca = 10, Hecto = 100, Kilo = 1000,
Myna = 10,000,
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FRENCH AND BRITISH (AND AMERICAN)
EQUIVALENT MEASURES.

Measures of Length.

French. British and U. S.

1 metre = 39.37 inches, or 3.28083 feet, or 1.09361 yards.
0.3048 metre = 1 foot.

1 centimetre = 0.3937 inch.
2.54 centimetres = 1 inch.

1 millimetre = 0.03937 inch, or 1/25 inch, nearly.
25.4 millimetres = 1 inch.

1 kilometre = 1093.61 yards, or 0.62137 mile.

Of Surface

French British and U. S.

1 square metre =] 'LlSfsSfyarlfs.
0.836 square metre = 1 square yard.

0.0929 square metre = 1 square foot.
1 square centimetre = 0. 15500 square inch.

>.452 square centimetres = 1 square inch.
1 square millimetre = 0.00155 sq. in. = 1973.5 circ. mils.

645.2 square milUmetres = 1 square Inch.
1 centiare = 1 sq. metre = 10.764 square feet.
1 are = 1 sq. decametre = 1076.41 "
1 hectare = 100 ares = 107641 " " = 2.4711 acres.
1 sq. kilometre = 0.386109 sq. miles = 247.11 "
1 sq. myriametre = 38.6109 "

Of Volume
French. British and U. S.

1 fuhip mPtrP - i
35.314 cubic feet,

1 cubic metre -
j ^ gQg ^^^^^ ^^^.^^

0.7645 cubic metre = 1 cubic yard.
0.02832 cubic metre = 1 cubic foot.

1 cubic flpcimetre - \ 61.0234 cubic inches.
1 cuDic aecimetre -

j 0.035314 cubic foot.
28.32 cubic decimetres = 1 cubic foot.

1 cubic centimetre = 0.061 cubic inch.
16.387 cubic centimetres = 1 cubic inch.

1 cubic centimetre = 1 miUUitre = 0.061 cubic inch.
1 deciUtre = 6.102
1 Utre = 1 cubic decimetre = 61.0234 " " = 1.05671

quarts, U. S.
1 hectolitre or decistere = 3.5314 cubic feet = 2.8375 bu., U.S.
1 stere, kilolitre, or cubic metre = 1.308 cubic yards = 28.37 bu..

Of Capacity
French. British and U. S.

{61.0234 cubic inches.

Siiti'gauSifSSerican),
2.202 potmds of water at 62° F.

28.317 litres = 1 cubic foot.
4.543 litres = 1 gallon (British).
3.785 litres = 1 gallon (American).

Of Weight.
French. British and U. S.

1 gramme = 15,432 grains.
0.0648 gramme = 1 grain.

1 kilogramme = 2.204622 pounds.
0.4536 kilogramme = 1 pound.

1 tonne or metric ton I = J 0.9842 ton of 2240 pounds.
1000 kilogrammes j

=
| 2204.6 pounds.

1.016 metric ton« - 1 ton of 2340 pounds.
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Mr. O. H. Titmann, ia Bulletin No. 9 of the U. S. Coast and Geodetic
Survey, discusses the work of various authorities who have compared the
yard and the metre, and by referring all the observations to a common
standard has succeeded in reconciling the discrepancies within very
narrow limits. The following are his results for the number of inches in a
metre according to the comparisons of the authorities named: 1817.

Hassler, 39.36994 in. 1818. Kater, 39.36990 in. 1835. Baily, 39.36973
in. 1866. Clarke. 39.36970 in. 1885. Comstock, 39.36984 in. The mean
of these is 39.36982 in.

The value of the m.etre is now defined in the U. S. laws as 39.37 inches.

French and British Equivalents of Compound Units.

French. British.

1 gramme per square millimetre
1 kilogramme per square " _

1
" " " centimetre = 14.223

1.0335 kg. per sq. cm. = 1 atmosphere = 14.7 ' **

0.070308 kilogramme per square centimetre = 1 lb. per square inch.

1 kilogrammetre = 7.2330 foot-pounds.
1 gramme per htre = 0.062428 lb. per cu. ft. = 58.349 grains per U. S gal.

of water at 62** F.
1 grain per U. S. gallon= l part in 58,349 = 1.7138 parts per 100.000
= 0.017138 grammes per litre.

= 1.422 lbs. per sq. in.
= 1422.32 " '* '^ "

METRIC CONVERSION TABLES.

The following tables, with the subjoined memoranda, were published
in 1890 by the United States Coast and Geodetic Survey, office of standard
weights and measures, T, C. Mendenhall, Superintendent.

Tables for Converting V. S. Weights and Measures —
Customary to Metric.

Inches to Milli-

metres.
Feet to Metres. Yards to Metres. Miles to Kilo-

metres.

1 =
2 =
3 =

tz

6 =
7 =
8 =
9 =

25.4001
50.8001 •

76.2002
101.6002
127.0003

152.4003
177.8004
203.2004
228.6005

0.304801
0.609601
0.914402
1.219202
1.524003

1.828804
2.133604
2.438405
2.743205

0.914402
1.828804
2.743205
3.657607
4.572009

5.486411
6.400813
7.315215
8.229616

1.60935
3.21869
4.82804
6.43739
8.04674

9.65608
11.26543
12.87478
14.48412

SQUARE.

Square i'eet to
Square Deci-

metres.

Square Inches to
Square Centi-

metres.

Square Yards to
Square Metres.

Acres to
Hectares.

1 =
2 =
3 =
4 =
5 =

6 =
7 =

6.452
12.903
19.355
25.807
32.258

38.710
45.161
51.613
58.065

9.290
18.581
27.871
37.161
46.452

55742
65.032
74.323
83.613

0.836
1.672
2.508
3.344
4.181

5.017
5.853
6.689
7.525

4047
0.8094
1.2141
1.6187
2.0234

2.4281
2.8328
3.2375
3.6422
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Cubic Inches to

Cubic Centi-
metres.

Cubic Feet to

Cubic Metres.
Cubic Yards to

Cubic Metres.
Bushels to
Hectolitres.

1 =
2^
3 =
4 =
5 =

6=*
7 =
8 =
9 =

16.387
32.774
49.16.1

65.549
81.936

98.323
114.710
131.097
147.484

0.02832
0.05663
0.08495
0.11327
0.14158

0.16990
0.19822
0.22654
0.25485

0.765
1.529
2.294
3.058
3.823

4.587
5.352
6.116
6.881

0.35242
0.70485
1.05727
1.40969
1.76211

2.11454
2.46696
2.81938
3.17181

CAPACITY.

Fluid Drachms
to Millilitres or
Cubic Centi-
metres.

Fluid Ounces to
Millilitres,

Quarts to Litres.
Gallons to

Litres.

1 =
2 =
3 =
4 =
5 =

6 =
7 =
8 =
9 =

3.70
7.39
11.09
14.79
18.48

22.18
25.88
29.57
33.28

29.57
59.15
88.72
118.30
147.87

177.44
207.02
236.59
266.16

0.94636
1 .89272
2.83908
3.78544
4.73180

5.67816
6.62452
7.57088
8.51724

3.78544
7.57088

. 11.35632
15.14176
18.92720

22.71264
26.49808
30.28352
34.06896

Grains to Milli-

grammes.

Avoirdupois
Ounces to
Grammes.

Avoirdupois
Pounds to Kilo-

grammes.

Troy Ounces to
Grammes.

2 =
3 =
4 =
5 =

6 =
7 =
8 =
9 =

64.7989
129.5978
194.3968
259.1957
323.9946

388.7935
453.5924
518.3914
583.1903

28.3495
56.6991
85.0486
113.3981
141.7476

170.0972
198.4467
226.79^2
255.1457

0.45359
0.90719
1.36078
1.81437
2.26796

2.72156
3.17515
3.62874
4.08233

31.10348
62.20696
93.31044
124.41392
155.51740

186.62089
217.72437
248.82785
279.93133

1 chain = 20. 1 1 69 metres.
1 square mile = 259 hectares.

1 fathom = 1 .829 metres.
I nautical mile = 1853.27 metres.

1 foot = 0.304801 metre.
1 avoir, pound = 453.5924277 gram.

15432.35639 grains = 1 kilogramme.
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Tables for Converting U. S. Weights and Measures—
Metric to Customary.

Metres to
Inches.

Metres to
Feet.

Metres to
Yards.

Kilometres to
Miles.

39.3700
78.7400
118.1100
157.4800
196.8500

236.2200
275.5900
314.9600
354.3300

3.28083
6.56167
9.84250
13.12333
16.40417

19.68500
22.96583
26.24667
29.52750

1.0936 II

2.187222
3.280833
4.374444
5.468056

6.561667
7.655278
8.748889
9.842500

0.62137
1 .24274
1.86411
2.48548
3.10685

3.72822
4.34959
4.97096
5.59233

SQUARE.

Square Centi-
metres to

Square Inches.

Square Metres
to Square Feet.

Square Metres
to Square Yards.

Hectares to
Acres.

0.1550
0.3100
0.4650
0.6200
0.7750

0.9300
1 .0850
1.2400
1.3950

10.764
21.528
32.292
43.055
53.819

64.583
75.347
86.111
96.874

1.196
2.392
3.588
4.784
5.980

7.176
8.372
9.568
10.764

2.471
4.942
7.413
9.884
12.355

14.826
17.297
19.768
22.239

CUBIC
Cubic Centi-

metres to Cubic
Inches.

Cubic Deci-
metres to Cubic

Inches.

Cubic Metres to
Cubic Feet.

Cubic Metres to
Cubic Yards.

2 =
3 =
4 =
5 =

6 =
7 =
8 =
9 =

0.0610
0.1220
0.1831
0.2441
0.3051

0.3661
0.4272
0.4882
0.5492

61.023
122.047
183.070
244.093
305.117

366.140
427.163
488.187
549.210

35.314
70.629
105.943
141.258
176.572

211.887
247.201
282.516
317.830

1.308
2.616
3.924
5.232
6.540

7.848
9.156
10.464
11.771

Millilitres or
Cubic Centi-

Centimetres
to Fluid

Litres to
Dekalitres

to

Hektolitres
to ^

metres toFluid Ounces

.

Gallons. Bushels.
Drachms.

I = 0.27 0.338 1.0567 2.6417 2.8375
2 = 0.54 0.676 2.1134 5.2834 5.6750
3 = 0.81 1.014 3.1700 7.9251 8.5125
4 = 1.08 1.352 4.2267 10.5668 11.3500
5 = 1.35 1.691 5.2834 13.2085 14.1875

6 = 1.62 2.029 6.3401 15.8502 17.0250
7 = 1.89 2.368 7.3968 18.4919 19.8625
8 = 2.16 2.706 8.4534 21.1336 22.7000
9 = 2.43 3.043 9.5101 23.7753 25.5375
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WEIGHT.

1 =
2 =
3 =
4 =
5 =

6 =
7 =

Milligrammes
to Grains.

0.01543
0.03086
0.04630
0.06173
0.07716

0.09259
0.10803
0.12346
0.13839

Kilogrammes
to Grains.

15432.36
30864.71
46297.07
61729.43
77161.78

92594.14
108026.49
123458.85
138891.21

Hectogrammes
( 1 00 grammes)
to Ounces Av.

3.5274
7.0548
10.3822
14.1096
17.6370

21.1644
24.6918
28.2192
31.7466

Kilogrammes
to Pounds
Avoirdupois.

2.20462
4.40924

. 6.61386
8.81849
11.02311

13.22773
15.43235
17.63697
19.84159

Quintals to
Pounds Av.

Milliers or Tonnes to
Pounds Av.

Grammes to Ounces.
Troy.

I = 220.46
440.92
661.38
881.84
1102.30

1322.76
1543.22
1763.68
1984.14

2204.6
4409.2
6613.8
8818.4
11023.0

13227.6
15432.2
17636.8
19841.4

0.03215
0.06430
0.09645
0.12860
0.16075

0.19290
0.22505
0.25721
0.28936

The British Avoirdupois pound was derived from the British standard
Troy pound of 1758 by direct comparison, and it contains 7000 grains Troy.
The grain Troy is therefore the same as the grain Avoirdupois, and the

pound Avoirdupois in use in the United States is equal to the British
pound Avoirdupois.
By the concurrent action of the principal governments of the world an

International Bureau of Weights and Measures has been established near
Paris.
The International Standard Metre is derived from the Mfetre des

Archives, and its length is defined by the distance between two lines at 0**

Centigrade, on a platinum-iridium bar deposited at the International
Bureau.
The International Standard Kilogramme is a mass of platinum-iridium

deposited at the same place, and its weight in vacuo is the same as that of
the Ivilogramme des Archives.

Copies of these international standard weights and measures are
deposited in the oflBce of the United States Bureau of Standards.

The-litre is equal to a cubic decimetre of water, and it is measured by
the quantity of distilled water which, at its maximum density, will
counterpoise the standard kilogramme in a vacuum; the volume of such
a quantity of water being, as nearly as has been ascertained, equal to a
cubic decimetre.
The metric system was legalized in the United States m 1866. Many

attempts were made during the 50 years following to have the U. S.
Congress pass laws to make the metric system the legal standard, but they
have all failed. Similar attempts in Great Britain have also failed. For
arguments for and against the metric system see the report of a committer
f)l the American Society of MecUarUqal Engineers, 19Qc5, Vol. 2i,
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COMPOUND UNITS.

Measures of Pressure and Weight.

One pound force (or pressiire) = the force exerted by gravity on 1 lb.

of matter at a place where the acceleration due to gravity is 32.1740
feet-per-second per second; that is (very nearly) the force of gravity on
1 lb. of matter at latitude 45° at the sea level.

il44

lb. per square foot.
2.0355 in. of mercury at 32" F.
2.0416 " " " "62°F.
2.309 ft. of water at 62° F.

27.71 ins. " " " 62° F.

1 mmcP npr sn in - i
O^^^S in. of mercury at 62° F.

1 ounce per sq. m. -
-j ^^^2 in. of water at 62° F.

52116.3 lb. per square foot.
33.947 ft. of water at 62° F.

29.921 in. of mercury at 32° F.
760 miUimetres of mercury at 32° F.

( 0.03609 lb. or .5774 oz. per sq. in.

1 inch of water at 62° F. = < 5.196 lb. per square foot.

( 0.0735 in. of mercury at 62° F.
1 f^^+ ^f ^„<^^^ „4^ «oo T31 _ J 0.433 lb. per square inch.
1 foot of water at 62° F. =

-j 62.355 lb. per square foot.
0.491 lb. or 7.86 oz. per sq. in.

1 inch of mercury at 62° F. = < 1.134 ft. of water at 62° F.
( 13.61 in. of water at 62° F.

Weight of One Cubic Foot of Pure Water.
At 32° F. (freezing-point) 62.418 lb.
" 39.1° F. (maximum density) 62.425 "
" 62° F. (standard temperature) in vacuo 62.355 "
" 212° F. (boihng-point, imder 1 atmosphere) 59.76
American gallon = 231 cubic ins. of water at 62° F. = 8.3356 lb.
British " = 277.274 " " " " " " = 10 lb.
Weight of 1 cu. ft. of air-free distiUed water at 62°, weighed in air at

62° with brass wights of 8.4 density = 62.287 lb. = 8.3267 lb. per U. S.
gallon.

Weight and Volume of Air.

1 cubic ft. of air at 32° F. and atmospheric pressure weighs 0.080728 lb.

1 ff in hpiffht of air at ^2° F - i
0.0005606 lb. per sq. in.

1 tt. in neight ot air at 32 * • - -j 0.015534 inches of water at 62° F.
For air at any other temperature T° Fahr. multiply by 492 -4- (460 + T).
1 lb. pressure per sq. ft. = 12.387 ft. of air at 32° F.
1 " " " sq. in. = 1784. " " " "
1 inch of water at 62° F. = 64.37 " " " "
For air at any other temperature multiply by (460 -1- T) -?- 492.
At any fixed temperature the weight of a given volume is proportional

to the absolute pressure.

Measures of Work, Power, and Duty.
Unit of worl£.—One foot-pound, i.e., a pressure of one pound exerted

through a space of one foot.

Horse-power.—The rate of work. Unit of horse-power = 33,000
ft.-lb. per minute, or 550 ft.-lb. per second = 1 ,980,000 ft.-lb. per hour.
Heat unit. = heat required to raise 1 lb. of water 1° F. (see page 560).oo nnn
Horse-power expressed in heat-units = ^

' = 42.442 heat-units pci'

minute = 0.7074 heat-unit per second = 2546.5 heat units per hour.
1 lb. of fuel per H.P. per hour = 1,980,000 ft.-lb. per lb. of fuel.
1,000,000 ft.-lb. per lb. of fuel = 1.98 lb. of fuel per H.P. per hour.

5280 "^2
Velocity.—Feet per second = -^qqq

""

fs
^ miles per hour.

Gross tons per mile = 2240 ^
14 ^^- P^r yard (single rail).
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•in gfoS
O . S^ M
few 'S-^ ^

•Si

inch.

0000000
000000
00000
0000 .454
000 .425
00 .38

.34

I .3

2 .284

3 .259
4 .238

5 .22

6 .203

7 .13

6 .165

9 .148
10 .134

n .12

12 .109

13 .095

14 .033

15 .072

16 .065

17 .058

16 .049

19 .042

20 .035

21 032
22 .023

23 .025

24 .022

25 .02

26 .018

27 .016

23 .014

29 .013

30 .012

31 .01

32 .009
33 .003

34 .007
3"^ .005

36 .004

37
3S
39
40
41
42
43
44
45
46
47
48
49
50

-o aJ

S c ^

l«l
inch. inch.

.49

.46

.43

.46 .393

.40964 .362

.3648 .331

.32486 .307

.2893 .283

.25763 .263

.22942 .244

.20431 .225

.18194 .207

.16202 .192

.14428 .177

.12849 .162

.11443 .148

.10189 .135

.09074 .12

.08081 .105

.07196 .092

.06403 .08

.05707 .072

.05032 .063

.04526 .054

.0403 .047

.03539 .041

.03196 .035

.02846 .032

.02535 .023

.02257 .025

.0201 .023

.0179 .02

01594 .CI8

.01419 .017

01264 016
.01126 .015
.01002 .014
.00393 .013
.00795 .013
.00703 .011

0063 .CI

.00561 .0095

.005 .009

.00445 .C035

.00396 .003

.00353 .0075

.00314 .007

III ."B.G."

?,

1914,

Dn

and
Sheets

[oops.

tandard

:e

for

nd

Plate

d

Steel.

)93.

Brit.St
Gaug(

for

In

Steel

and

H

inch. inch inch. inch.
.500 .6666 .5 7/0
464 .625 .469 6

.432 .5883 .438 5/0

.4 .5416 .406 f

.372 .500 .375 3,C

.348 .4452 344 2 n

.324 .3964 313 0°

.227 .3 .3532 .281 . I

.219 .276 .3147 266 2

.212 .252 .2804 25 3

.207 .232 .250 234 4

.204 .212 .2225 .219 5

.201 .192 .1981 .203 6

.199 .176 .1764 .188 7

.197 .16 .1570 .172 8

.194 .144 .1398 .156 9

.191 .128 .1250 .141 10

.188 .116 .1113 .125 11

.185 .104 .0991 .109 12

.182 .092 R§§i .094 13

.130 .03 .0785 078 14

.178 .072 .0699 07 15

.175 .064 .0625 .0625 16

.172 .056 .0556 0553 , 17

.168 .043 .0495 05 13
154 .04 .0440 .0438 19
161 .036 .0392 .0375 20
.157 .032 .0349 .0344 21
.155 .028 .03125 .0313 22
.153 .024 .02782 023! 23
.151 .022 .02476 .025 24
.148 .02 .02204 .0219 25
.146 .018 .01961 .0188 26
.143 .0164 .01745 .0172 27
.139 .0148 .015625 .0156 28
.134 .0136 .0139 .0141 29
.127 .0124 .0123 .0125 30
.120 .01 I.J .0110 .0109 31
.115 .0103 .0098 ,0101 32
.112 .01 .0037 ,0094 33
.110 .0092 .0077 .0086 34
.103 .0034 .0059 .0078 35
.106 .0076 .0061 .007 36
.103 .0068 .0054 ,0066 37
.101 .006 .0048 ,0063 38
.099 .0052 .0043 39
.097 .0043 .00386 40
.095 .0044 .00343 41
.092 .004 .00306 42
.088 .0036 .00272 43
.085 .0032 .00242 44
.081 .0028 .00215 45
.079 .0024 .00192 46
.077 .002 .00170 47
.075 .0016 .00152 48
.072 .0012 .00135 49
.065 .001 .00120 50
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THE EDISON OE CIRCULAR MIL WERE ^AtfGE.

(For table of copper wires by this gauge, giving weights, electrical

resistances, etc., see Copper Wire.)
Mr. C. J. Field {Stevens Indicator, July, 1887) thus describes the orlgia

of the Edison gauge:
The Edison company experienced inconvenience and loss by not having

a wide enough range nor sufficient number of sizes in the existing gauges*
This was felt more particularly in the central-station work in making'
electrical determinations for the street system. They were compelled to
make use of two of the existing gauges at least, thereby introducing a
complication that was liable to lead to mistakes by the contractors and
linemen.

In the incandescent system an even distribution throughout the entire
system and a uniform pressure at the point of delivery are obtained by
calculating for a given maximum percentage of loss from the potential as
deUvered from the dynamo. In carrying this out, on account of lack of
regular sizes, it was often necessary to use larger sizes than the occasioa
demanded, and even to assume new sizes for large underground conductors.
The engineering department of the Edison company, knowing the require-
ments, have designed a gauge that has the widest range obtainable and.
a large number of sizes which increase in a regular and uniform manner.
The basis of the graduation is the sectional area, and the number of the
wire corresponds. A wire of 100,000 circular mils area is No. 100; a wire
of one half the size will be No. 50; twice the size No. 200.

In the older gauges, as the number increased the size decreased. With
this gauge, however, the number increases with the wire, and the number
multiplied by 1000 will give the circular mils.
The weight per mil-foot, 0,00000302705 pounds, agrees with a specific

gravity of 8.889, which is the latest figure given for copper. The ampere
capacity which is given was deduced from experiments made in the com-
pany's laboratory, and is based on a rise of temperature of 50° F. in the
wire.

In 1893 Mr. Field v/rites, concerning gauges in use by electrical engineers:
: The B. and S. gauge seems to be in general use for the smaller sizes, up
to 100,000 cm., and in some cases a Uttle larger. From between one and

. two hundred thousand circular mils upwards, the Edison gauge or its

equivalent is practically in use, and there is a general tendency to desig-
nate all sizes above this in circular mils, specifying a wire as 200,000,
400,000, 500,000, or 1,000,000 CM.

In the electrical business there is a large use of copper wire and rod and
other materials of these large sizes, and in ordering them, speaking of
them, specifying, and in every other use, the general method is to simply
specify the circular milage. I think it is going to be the only system in
the future for the designation of wires, and the attaining of it means
practically the adoption of the Edison gauge or the method and basis of
this gauge as the correct one for wire sizes.

THE U. S. STANDARD GAUGE FOR SHEET AND
PLATE IRON AND STEEL, 1893.

There is in this country no uniform or standard gauge, and the same
numbers in different gauges represent different thicknesses of sheets or
plates. This has given rise to much misunderstanding and friction
between employers and workmen and mistakes and fraud between dealers
and consumers.
An Act of Congress in 1893 established the Standard Gauge, for sheet

iron and steel which is given on the next page. It is based on the fact that
a cubic foot of iron weighs 480 pounds.
A sheet of iron 1 foot square and 1 inch thick weighs 40 pounds, or 640-

ounces, and 1 ounce in weight should be 1/640 inch thick. The scale has:
been arranged so that each descriptive number represents a certain,
number of ounces in weight and an equal number of 640ths of an inch ini
thickness.
The law enacts that on and after July 1, 1893, the new gauge shall be

used in determining duties and taxes levied on sheet and plate iron and
[Continued on page 32.)
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Edison, or Circular MU Gauge for Electrical Wires.

Gauge
Num-
ber.

Circular
Mils.

Diam-
eter in
Mils.

Gauge
Num-
ber.

Circular
Mils.

Diam-
eter in
Mils.

Gauge
Num-
ber.

Circular
Mils.

Diam-
eter in
Mils.

3
5
8
12
15

20
25
30
35
40

45
50
55
60
65

3,000
5,000
8,000
12,000
15,000

20,000
25,000
30,000
35,000
40,000

45,000
50,000
55,000
60,000
65,000

54.78
70.72
89.45
109.55
122.48

141.43
158.12
73.21
87.09

200.00

212.14
223.61
234.53
244.95
254.96

70
75
80
85
90

95
100
110
120
130

140
150
160
170
180

70,000
75,000
80,000
85,000
90,000

95,000
100,000
110,000
120,000
130,000

140,000
150,000
160,000
170,000
180,000

264.58
273.87
282.85
291.55
300.00

308.23
316.23
331.67
346.42
360.56

374.17
387.30
400.00
412.32
424.27

190
200
220
240
260

280
300
320
340
360

190,000
200,000
220,000
240,000
260,000

280,000
300,000
320,000
340,000
360,000

435.89
447.22
469.05
489.90
509.91

529.16
547.73
565.69
583.10
600.00

Twist Drill and Steel Wire Gauge.

(Manufacturers Standard)

No. Size. No. Size. No. Size. No. Size. No. Size. No. Size.

inch. inch. inch. inch. inch. inch.
1 0.2280 0.1820 27 0.1440 40 0.0980 53 0.0595 67 0.0320
1 .2210 .1800 28 .1405 41 .0960 54 .0550 68 .0310
3 .2130 .1770 29 .1360 42 .0935 55 .0520 69 .0292

4 .2090 .1730 30 .1285 43 .0890 56 .0465 70 .0280
5 .2055 .1695 31 .1200 44 .0860 57 .0430 71 .0260

6 .2040 .1660 32 .1160 45 .0820 58 .0420 72 .0250
7 .2010 20 .1610 33 .1130 46 .0810 59 .0410 73 .0240
8 .1990 21 .1590 34 .1110 47 .0785 60 .0400 74 .0225
9 .1960 22 .1570 35 .1100 48 .0760 61 .0390 75 .0210
lU .1935 23 .1540 36 .1065 49 .0730 62 .0380 76 .0200
11 .1910 24 .1520 37 .1040 50 .0700 63 .0370 77 .0180
12 .1890 25 .1495 38 .1015 51 .0670 64 .0360 78 .0160
13 .1850 26 .1470 39 .0995 52 .0635 65

66
.0350
.0330

79
80

.0145

.0135

Stubs' Steel Wire Gauge.

(For Nos. 1 to 50 see table on page 31.)

No. Size. No. Size. No. Size. No. Size. No. Size. No. Size.

inch. inch. inch. inch. inch. inch.
7 .413 P .323 h' .257 51 .066 61 .038 71 .026

Y .404 f> .316 K, .250 52 .063 62 .037 72 .024
X .397 N .302 I) .246 53 .058 63 .036 73 .023

W .386 M .295 V, .242 54 .055 64 .035 74 .022

V .377 T, .290 B .238 55 .050 65 .033 75 .020
tT .368 K .281 A .234 56 .045 66 .032 76 .018
T .358 J .277 1 See 57 .042 67 .031 77 .016
R .348 T .272 to ir 58 .041 68 .030 78 .015

R, .339 H .266 50 59 .040 69 .029 79 .014

Q .332 G .261 60 .039 70 .027 80 .013

The Stubs' Steel Wire Gauge is used in measuring drawn £

drill rods of Stubs' make, and is also used by many makers c

drill rods.
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V. S. STANDARD GAUGE FOR SHEET AND PliATE
IRON AND STEEL, 1893.

Sill Approximate

Thickness

in

Decimal

Parts

of

an

Inch.

h 1

Weight

per

Square

Foot

in

Ounces

Avoirdupois.

Weight

per

Square

Foot

in

Pounds

Avoirdupois.

at ll
-Hi

4-1
&£§•

fs'l

0000000 1-2 0.5 12.7 320 20. 9.072 97.65 215.28
000000 15-32 0.46875 11.90625 300 18.75 8.505 91.55 201.82
00000 7-16 0.4375 11.1125 280 17.50 7.938 85.44 188.37
0000 13-32 0.40625 10.31875 260 16.25 7.371 79.33 174.91
000 3-8 0.375 9.525 240 15. 6.804 73.24 161.46

00 11-32 0.34375 8.73125 220 13.75 6.237 67.13 148.00
5-16 0.3125 7.9375 200 12.50 5.67 61.03 134.55
9-32 0.28125 7.14375 180 11.25 5.103 54.93 121.09

2 17-64 0.265623 6.746875 170 10.625 4.819 51.88 114.37
3 1-4 0.25 6.35 160 10. 4.536 48.82 107.64

4 15-64 0.234375 . 5.953125 150 9.375 4.252 45.77 100.91
5 7-32 0.21875 5.55625 140 8.75 3.969 42.72 94.18
6 13-64 0.203125 5.159375 130 8.125 3.685 39.67 87 45
7 3-16 0.1875 4.7625 120 7.5 3.402 36.62 80.72
6 11-64 0.171875 4.365625 110 6.875 3.118 33.57 74.00

9 5-32 0.15625 3.96875 100 6.25 2.835 30.52 67 27
10 9-64 0.140625 3.571875 90 5.625 2.552 27.46 60.55
11 1-8 0.125 3.175 80 5. 2.268 24.41 53.82
12 7-64 0.109375 2.778125 70 4.375 1.984 21.36 47.09
13 3-32 0.09375 2.38125 60 3.75 1.701 18.31 40.36

14 5-64 0.078125 1 .984375 50 3.125 1.417 15.26 33.64
15 9-128 0.0/03125 1 .7859375 45 2.8125 1.276 13.73 30.27
16 1-16 0.0625 1.5875 40 2.5 1.134 12.21 26.91
17 9-160 0.05625 1.42875 36 2.25 1.021 10.99 24 22
18 1-20 0.05 1.27 32 2. 0.9072 9.765 21.53

19 7-160 0.04375 1.11125 28 1.75 0.7938 8.544 18.84
20 3-^0 0.0375 0.9525 24 1.50 0.6804 7.324 16.15
21 1 1-320 0.034375 0.873125 22 1.375 0.6237 6 713 14 80
22 1-32 0.03125 0.793750 20 1.25 0.567 6.103 13.46
23 9-320 0.028125 0.714375 18 1.125 0.5103 5.49 12.11

24 1-40 0.025 0.635 16 1. 0.4536 4.882 10 76
25 7-320 0.021875 0.555625 14 0.875 0.3969 4.272 9.42
26 3-160 0.01875 0.47625 12 0.75 0.3402 3.662 8.07
27 1 1-640 0.0171875 0.4365625 11 0.6875 0.3119 3.357 7 40
28 1-64 0.015625 0.396875 10 0.625 0.2835 3.052 6.73

29 9-640 0.0140625 0.3571875 9 0.5625 0.2551 2 746 6.05
30 1-80 0.0125 0.3175 8 0.5 0.2268 2.441 5.38
31 7-640 0.0109375 0.2778125 7 0.4375 0.1984 2.136 4 71
32 13-1280 0.01015625 0.25796875 61/2 0.40625 0.1843 1.983 4.37
33 3-320 0.009375 0.238125 6 0.375 0.1701 1.831 4.04

34 11-1280 0.00859375 0.21828125 51/2 0.34375 0.1559 1.678 3 70
35 5-640 0.0078125 0.1984375 5 0.3125 0.1417 1.526 3.36
36 9-1280 0.00703125 0.17859375 41/2 0.28125 0.1276 1.373 3.03
37 17-2560 0.00664062 0.16867187 41/4 0.26562 0.1205 1.297 287
38 1-160 0.00625 0.15875 4 0.25 0.1134 1.221 2.69
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(continued from page 29) steel; and that in its application a variation of
2 1/2 per cent either way may be allowed.

The Decimal Gauge. — The legaUzation of the standard sheet-
metal gauge of 1893 and its adoption by some manufacturers of
sheet iron have only added to the existing confusion of gauges. A joint
committee of the American Society of Mechanical Engineers and the
American Railway Master Mechanics' Association in 1895 agreed to
recommend the use of the decimal gauge, that is, a gauge whose number
for each thickness is the number of thousandths of an inch in that thick-
ness, and also to recommend " the abandonment and disuse of the various
other gauges now in use, as tending to confusion and error." A notched
gauge of oval form, shown in the cut below, has come into use as a standard
form of the decimal gauge.

- In 1904 The Westinghouse Electric & Mfg. Co. abandoned the use of
gauge numbers in referring to wire, sheet metal, etc.
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0.002 Vsoo 0.05 0.08 0.082 0.060 1/16- 1.52 2.40 2.448
0.004 1/250 0.10 0.16 0.163 0.065 13/200 1.65 2.60 2.652
0.006 3/500 0.15 0.24 0.245 0,070 7/100 1.78 2.80 2.856

0.008 1/125 0.20 0.32 0.326 0.075 3/40 1.90 3.00 3.060
0.0 10 1/100 0.25 0.40 0.408 0.080 2/25 2.03 3.20 3.264
0.012 3/250 0.30 0.48 0.490 0.085 17/200 2.16 3.40 3.468
0.014 7/500 0.36 0.56 0.571 0.090 9/100 2.28 3.60 - 3.672

0.016 1/64+ 0.41 0.64 0.653 0.095 19/200 2.41 3.80 3.876
0.018 9/500 0.46 0.72 0.734 0.100 1/10 2.54 4.00 4.080
0.020 1/50 0.51 0.80 0.816 0.110 11/100 2.79 4.40 4.488
0.022 11/500 0.56 0.88 0.898 0.125 1/8 3.18 5.00 5.100
0.025 1/40 0.64 1.00 1.020 0.135 27/200 3.43 5.40 5.508
0.028 7/250 0.71 1.12 1.142 0.150 3/20 3.81 6.00 6.120
0.032 1/32+ 0.81 1.28 1.306 0.165 33/200 4.19 6.60 6.732
0.036 9/250 0.91 1.44 1.469 0.180 9/50 4.57 7.20 7.344
0.040 1/25 1.02 1.60 1.632 0.200 1/5 5.08 8.00 8.160
0.045 9/200 1.14 1.80 1.836 0.220 11/50 5.59 8.80 8.976
0.050 & 1.27 2.00 2.040 0.240 6/->5 6.10 9.60 9.792
0.055 1.40 2.20 2.244 0.250 1/4 6.35110.00 10.20c
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ALGEBRA.
Addition. — Add a, h, and — c. Ans. a + h — c.

Add 2a and — 3a. Ans. — a. Add 2ab, — 3a&, — c, — 3c. Ans,
— ah — 4c. Add a^ and 2a. Ans. a"^ + 2a.

Subtraction. — Subtract a from &, Ans. h — a. Subtract — a from
— b. Ans. — 6 + a.

Subtract b + c from a. Ans. a — 6 — c. Subtract 3a^b — 9c from
4a26 + c. Ans. a^ft + 10c. Rule: Change the signs of the subtrahend
and proceed as in addition.

Multiplication. — Multiply a by 6. Ans. ab. Multiply a& by a + b,

Ans. a^b + ab^.

Multiplya+6by a+&. Ans. (a+b) (a+b) = a^ + 2ab+b^.
Multiply — a by — b. Ans. ab. Multiply —a by b. Ans. — ab.

Like signs give plus, unlike signs minus.
Powers of numbers. — The product of two or more powers of any

number is the number with an exponent equal to the sum of the powers:
a2 Xa^ = a^: a^b^ X ab = a^b^\ - lab X 2ac = - 14a26c.
To multiply a polynomial by a monomial, multiply each term of the

polynomial by the monomial and add the partial products: (6a — 36)
X 3c = 18ac - 96c.
To multiply two polynomials, multiply each term of one factor by each

term of the other and add the partial products: (5a — 66) X (3a — 46)
= 15a2 - 38a6 4- 2462.

The square of the sum of two numbers = sura of their squares + twice
their product.
The square of the difference of two numbers = the sum of their squares

— twice their product.
The product of the sum and difference of two numbers = the difference

of their squares:

(a + 6)2 - a2 + 2a6 + 62; (a - 6)2 = aS - 2a6 + 62;

(a + 6) X (a - 6) = a2 - 62.

The square of half the sums of two quantities is equal to their product

plus the square of half their difference: i
—— \ = a6 + ( „ ]

•

The square of the sum of two quantities is equal to four times their
products, plus the square of their difference: (a + 6)2 = 4a6 + (a — 6)2.

The sum of the squares of two quantities equals twice their product,
plus the square of their difference: a2 + 62 = 2a6 + (a — 6)2.

The square of a trinomial = square of each term + twice the product
of each term by each of the terms that follow it: (a + 6 + c)2 = a2+ 62

+ c2 + 2a6 + 2ac + 26c; (a - 6 - cy= a2 + 62 + c* - 2a6- 2ac+ 26c.
The square of (any number + V2) = square of the number + the number

+ 1/4; = the number X (the number + 1) + 1/4: (a+ 1/2)2 = a2 + a + V4.
= a(a + 1) + 1/4. (41/2)2= 42 + 4 + 1/4= 4 X 5 + 1/4 = 20 1/4.

The product of any number + 1/2 by any other number + 1/2 = product
of the numbers + half their sum + 1/4. (a 4- 1/2) X (6 + 1/2) = a6 + i/2(a +6)
+ 1/4. 41/2 X 6I/2 = 4 X 6 + 1/2(4 + 6) + 1/4 = 24 + 5 + I/4 = 291/4.

Square, cube, 4th power, etc., of a binomial a + 6,

(a+ 6)2 = a2 + 2a6 + 62; (a + 6)3 = as + 3a26 + 3a62+ 6'

(a + 6)* = a*+ 4a36 + 6a262 + 4a63 + 6*.

In each case the number of terms is one greater than the exponent of
the power to which the binomial is raised.

2. In the first term the exponent of a is the same as the exponent of the
power to which the binomial is raised, and it decreases by 1 in each suc-
ceeding term.

3. 6 appears in the second term with the exponent 1, and its exponent
increases by 1 in each succeeding term.

4. The coefficient of the first term is 1.

5. The coefficient of tfie second term is the exponent of the power to
which the binomial is raised.
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6. The coefficient of each succeeding term is found from the next pre-
ceding term by multiplying its coefficient by the exponent of a, and
dividing the product by a number greater by 1 than the exponent of 6,

(See Binomial Theorem, below.)
Parentheses. — When a parenthesis is preceded by a plus sign it may

be removed without changing the value of the expression: a + b + (a +
6) = 2a + 2b. When a parenthesis is preceded by a minus sign it may
be removed if we change the signs of all the terms within the parenthesis:

I — {a — b — c) = l~a+b+c. When a parenthesis is within a

parenthesis remove the inner one first: a — [ft —
-J^c
— (d — e)}] = a — [ft —

{c — d+ej-]=a — [& — c+rf — e] = a — 6+c — d+e.
A multiphcation sign, X, has the effect of a parenthesis, in that the

operation indicated by it must be performed before the operations of
addition or subtraction. a+bXa+b = a+ab+b; while (a + 6)

X (a + 6) = a2 + 2ab + b^, and (a + b) X a + b = a^ + ab + b.

The absence of any sign between two parentheses, or between a quan-
tity and a parenthesis, indicates that the parenthesis is to be multiplied by
the quantity or parenthesis: a(a + b + c) = a^ + ab + ac.

Division. — The quotient is positive when the dividend and divisor
have like signs, and negative when they have unlike signs: abc -i- b = ac;
abc -i- — b = — ac.

To divide a monomial by a monomial, write the dividend over the
divisor with a hue between them. If the expressions have common factors,
remove the common factors:

„, , a^bx ax a* a^ 1 __,
a^bx -T- aby = -r— = — ;—, = a; -r = -5 = a \

aby y a^ a^ a^

To divide a polynomial by a monomial, divide each term of the poly-
nomial by the monomial: (Sab — 12ac) -^ 4a = 26 — 3c.

To divide a polynomial by a polynomial, arrange both dividend and
divisor in the order of the ascending or descending powers of some common
letter, and keep this arrangement throughout the operation.

Divide the first term of the dividend by the first term of the divisor, and
write the result as the first term of the quotient.

Multiply all the terms of the divisor by the first term of the quotient
and subtract the product from the dividend. If there be a remainder,
consider it as a new dividend and proceed as before: (a^ — b^) -^ (a + &).

a2 - 62
I a + b .

a2 + ab I a - 6.

- a6 - 62.

- a6 - 62.

The difference of two equal odd powers of any two numbers is divisible
by their difference but not by their sum:

(a3-63)-^(a-6)=a2+a6 + 62; (a3-63) -^(a + 6) = a2-a6-6'«+ • • • •

The difference of two equal even powers of two numbers is divisible by
their difference and also by their sum: (a^ — 62) -r- (a — 6) = a + 6.

The sum of two equal even powers of two numbers is not divisible by
either the difference or the sum of the numbers; but when the exponent
of each of the two equal powers is composed of an odd and an even factor,
the sum of the given power is divisible by the sum of the powers expressed
by the even factor. Thus x^ + y^ is not divisible by a; + y or by a; — 2/,

but is divisible by x'^ + y2_

Simple equations. — An equation is a statement of equahty between
two expressions; as, a + 6 = c + rf.

A simple equation, or equation of the first degree, is one which contains
only the first power of the unknown quantity. If equal changes be made
(by addition, subtraction, multiplication, or division) in both sides of an
equation, the results will be equal.
Any term may be changed from one side of an equation to another,

provided its sigu be changed: Q+b = c+4\ a-^c+d-b. To solve
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an equation having one unknown quantity, transpose all the terms involv-
ing the unknown quantity to one side of the equation, and all the other
terms to the other side; combine Uke terms, and divide both sides by the
coefficient of the unknown quantity.

Solve 8.r - 29 = 26 - 3x. 8x + 3a; = 29 + 26; llx = 55; x = 5, ans.
Simple algebraic problems containing one unknown quantity are solved

by making x = the unknown quantity, and stating the conditions of the
problem in the form of an algebraic equation, and then solving the equa-
tion. What two numbers are those whose sura is 48 and difference 14?
Let X = the smaller number, x + 14: the greater, x + x + 14 = 48.
2x == 34, x = 17; a; + 14 = 31, ans.

Find a number whose treble exceeds 50 as much as its double falls short
of 40. Let a; = the number. 3a; - 60 = 40 - 2a;;5.c = 90;a; = 18, ans.
Proving, 54 — 50 = 40 - 36.
Equations containing two unknown quantities. — If one equation

contains two unknown quantities, x and y, an indefinite number of pairs
of values of x and y may be found that will satisfy the equation, but if a
second equation be given only one pair of values can be found that will
satisfy both equations. Simultaneous equations, or those that may be
satisfied by the same values of the unknown quantities, are solved by
combining the equations so as to obtain a single equation containing only
one unknown quantity. This process is called ehmination.

Elimination by addition or subtraction. — Multiply the equation by
such numbers as will make the coefficients of one of the unknown quanti-
ties equal in the resulting equation. Add or subtract the resulting equa-
tions according as they have unlike or like signs.

«^nlvp i
2a? + 37/ = 7. Multiply by 2: 4a? + 6^/ =14^^^^^ \4x - 5y = 3. Subtract

:

4a; - 5y =3 lly - 11 ; y = 1.

Substituting value of y in first equation, 2a; + 3 = 7; .r = 2.

Elimination by substitution. — From one of the equations obtain the
value of one of the unknown quantities in terms of the other. Substi-
tute for this unknown quantity its value in the other equation and reduce
the resulting equations.

«,-,_ f 2a; + 3y = 8. (1). From (1) we find x = ^ ~ ^'^
-

^^^"^^ [3x +7y = 7. (2).
2

r-^)-Substitute this value in (2): 3 —;—^ +7y= 7; =24-92/ +142/= 14,

whence ?/ = - 2. Substitute this value in (1): 2a; — 6 = 8; a; = 7,

Elimination by comparison. — From each equation obtain the value of
one of the unknown quantities in terms of the other. Form an equation
from these equal values, and reduce this equation.

Solve 2a; - 9y = 11. (1) and 3x - 4y = 7. (2). From (1) we find

X = i^^. From (2) we find x = -^^.

Equating these values of x, ^—• = —^— ; 192/ = ~ 19; y = — 1.

Substitute this value of ?/ in (1): 2a? +9 = 11; a? = 1.

If three simultaneous equations are given containing three unknown
quantities, one of the unknown quantities must be eliminated between two
pairs of the equations; then a second between the two resulting equations.

Quadratic equations. — A quadratic equation contains the square of
the unknown quantity, but no higher power. A pure quadratic contains
the square only; an affected quadratic both the square and the first power.

To solve a pure quadratic, collect the unknown quantities on one side,

and the known quantities on the other; divide by the coefficient of the
unknown quantity and extract the square root of each side of the resulting
equation.

Solve 3a;2 -15 = 0. 3x^ = 15; a;' = 5; a? = V5.
A root like v^, which is indicated, but which can be found only approxi-

mately, is called a surd.
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Solve 3x2 + 15 = 0. 3x'= - 15; a;2 := - 5; rft « vCTs.
The square root of — 5 cannot be found even approximately, fo; thft

square of any number positive or negative is positive; therefore a root
which is indicated, but cannot be found even approximately, is called
imaginary.

To solve an affected quadratic, 1. Convert the equation into the form
a2x2 ± 2abx = c, multiplying or dividing the equation if necessary, so as
to make the coefficient of x^ a square number,
- 2. Complete the square of the first member of the equation, so as to
convert it to the form of aH^ ± 2abx + b\ which is the square of the

'

binomial ax±b, as follows: add to each side of the equation the square of
the quotient obtained by dividing the second term by twice the square
root of the first term.

3. Extract the square root of each side of the resulting equation.
Solve 3a;2 - 4x= 32. To make the coefficient of z^ a square number,

multiply by 3 : 9x2 _ 12a; = 96; 12x -J- (2 X 3x) = 2; 22 = 4.

Complete the square: 9x2 _ i2x + 4 = 100. Extract the root:
3x - 2 = ± 10, whence a; = 4 or — 22/3. The square root of 100 is

either + 10 or — 10, since the square of — 10 as well as + 102 = 100.
Every affected quadratic may be reduced to the form ax^+bx+c=^0,

^4^ \/l)2 _ 4(jc
The solution of this equation is x = ~ •

Problems involving quadratic equations have apparently two solutions,
as a quadratic has two roots. Sometimes both will be true solutions, but
generally one only will be a solution and the other be inconsistent with the
conditions of the problem.
The sum of the squares of two consecutive positive numbers is 481.

Find the numbers.
Let X = one number, x + 1 the other, x"^ + (x + 1)2 = 481. 2x^ +

2x + 1 = 481.
x2 + re = 240. Completing the square, x^ +x + 0.25 = 240.25.

Extracting the root we obtain x+ 0.5 = ± 15.5; x = 15 or — 16. The
negative root — 16 is inconsistent with the conditions of the problem.

Quadratic equations containing two unknown quantities require
different methods for their solution, according to the form of the equations.
For these methods reference must be made to works on algebra. -

Theory of exponents. — ^Va when n is a positive integer is one of n
ni-x^

equal factors of a. ya means a is to be raised to the mth power and the
nth root extracted.

I ya ) means that the nth root of a is to be taken and the result

raised to the mth power.

"ya^ = I .'Va j
= a «. When the exponent is a fraction, the numera-

tor indicates a power, and the denominator a root. a^/2=\/a6 = a';

(j3/2 _ Vas = ai.6.

To extract the root of a quantity raised to an indicated power, divide
the exponent by the index of the required root; as,

y^ = an; \/a^ ^ a^l^ = a\

Subtracting 1 from the exponent of a is equivalent to dividing by a:

o2-i= a» = a; a^-i = ao = -= 1; aO-» = a-» = -; a-i--»=o-2=-,.
a a a*

A number with a negative exponent denotes the reciprocal of the num-
ber with the corresponding positive exponent.
A factor under the radical sign whose root can be taken may, by having

the root taken, be removed from under the radical sign:
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A factor outside the radical sign may be raised to the corresponding
power and placed under it

:

Binomial Theorem. — To obtain any power, as the nth, of an expres-
sion of the form x + a

2 «, _8

(a + x)«= a^ + na^-^a;+ ^(^ - l)a
^, ^ nin-l)in-2)a ^,^

etc. 1.^.0.

The following laws hold for any term in the expansion of (a + x)''^.

The exponent of x is less by one than the number of terms.
The exponent of a is n minus the exponent of x.

The last factor of the numerator is greater by one than the exponent of a.

The last factor of the denominator is the same as the exponent of x.
In the rth term the exponent of x will be r — 1.

The exponent of a will be n - (r — 1), or 7i — r + 1.

The last factor of the numerator will be n — r + 2.

The last factor of the denominator will be = r — 1.
n{n - l)(n - 2) . . . (n - r + 2) n-r4-i ^r-i.Hence the rth term = -

1.2.3. . (r-1)

GEOMETRICAL PROBLEMS.
1. To bisect a straight line, or

an arc of a circle (Fig. 1). — From
the ends A, B, as centres, describe
arcs intersecting at C and D, and
draw a line through C and D which
will bisect the line at E or the arc
at F.

3. To draw a perpendicular to
a straight line, or a radial line to
a circular arc. — Same as in
Problem 1. C D is perpendicular to
the line A B, and also radial to the
arc.

3. To draw a perpendicular to
a straight line from a given point
in that line (Fig. 2). — With any
radius, from the given point A in the
line B C, cut the line at B and C.
With a longer radius describe arcs
from B and C, cutting each other at
D, and draw the perpendicular D A.

4. From the end A of a given
line A D to erect a- perpendicular
AE (Fig. 3). — From any centre F,
above A D, describe a circle passing
through the given point A , and cut-
ting the given line at D. Draw D F
and produce it to cut the circle at E,
and draw the perpendicular A E.

Second Method (Fig. 4). — From
the given point A set off a distance
A E equal to three parts, by any
scale; and on the centres A and £",

with radii of four and five parts
respectively, describe arcs intersect-
ing at C. Draw the perpendicular
A C.
Note. — This method is most

useful on very large scales, where
straight edges are inapplicable. Any
multiples of the numbers 3, 4, 5 may
be taken with the same effect, as 6, 8;
10, or 9, 12, 15.
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5. To draw a perpendicular to
a straight line from any point
without it (Fig, 5). — From the
point A, with a sufficient radius cut
the given line at F and G, and from
these points describe arcs cutting at
E. Draw the perpendicular A E.

6. To draw a straight line
parallel to a given line, at a given
distance apart (Fig. 6). — From
the centres A, B, in the given line,

with the given distance as radius,
describe arcs C, D, and draw the
parallel lines C D touching the arcs.

7. To divide a straight line into
a number of equal parts (Fig. 7).— To divide the line A B into, say,
five parts, draw the line A C at an
angle from A ; set off five equal parts;
draw B5 and draw parallels to it

from the other points of division in
A C. These parallels divide A B as
required.

Note. — By a similar process a
line may be divided into a number
of unequal parts; setting off divisions
on A C, proportional by a scale to the
required divisions, and drawing
parallels cutting A B. The triangles
All, A22, A33, etc., are similar
triangles.

8. Upon a straight line to draw
an angle equal to a given angle
(Fig. 8). — Let A be the given angle
and F G the line. From the point A
with any radius describe the arc D E.
From F with the same radius
describe / H. Set off the arc / H
equal to D E, and draw F H. The
angle F is equal to ^, as required.

9. To draw angles of 60° and
80° (Fig. 9). — From F, with any
radius F I, describe an arc / H; and
from I, with the same radius, cut
the arc at H and draw F H to form
the required angle I F H. Draw the
perpendicular H Kto the base line to
form the angle of 30° F H K.

10. To draw an angle of 45°
(Fig. 10). — Set off the distance F I;

draw the perpendicular / H equal to
/ F, and joinH Fto form the angle at
F, The angle at H is also 45°.

c D

1

1

A B

Fig. 6.

Fig. 10.
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Fig. 14.

Fig. 15.

11. To bisect an angle (Fig. 11).— Let ACB be the angle; with C as
a centre draw an arc cutting the
sides at A, B. From A and B as
centres, describe arcs cutting each
other at D. Draw C D, dividing the
angle into two equal parts.

12. Through two given points
to describe an arc of a circle with
a given radius (Fig. 12). — From
the points A and B as centres, with
the given radius, describe arcs cut-
ting at C; and from C witli tlie same
radius describe an arc A B.

13. To find the centre of a circle
or of an arc of a circle (Fig. 13). —
Select three points. A, B, C, in the
circumference, well apart; with the
same radius describe arcs from these
three points, cutting each other, and
draw the two lines, D E, F G,
through their intersections. The
point O, where they cut, is the centre
of the circle or arc.
To describe a circle passing

through three given points. —
Let A, B, C be the given points, and
proceed as in last problem to find the
centre O, from which the circle may
be described.

14. To describe an arc of a
circle passing through three
given points when the centre is

not available (Fig. 14). — From
the extreme points A, B, as

centres, describe arcs A H, B G.
Through the third point C draw
AE, BF, cutting the arcs.
Divide A F and B E into any
number of equal parts, and set
off a series of equal parts of the
same length on the upper por-
tions of the arcs beyond the
points EF. Draw straight
lines, B L, B M, etc., to the
divisions in A F, and AT, A K,
etc., to the divisions in E G.
The successive intersections N,
O, etc., of these lines are points
in the circle required between the
given points A and C, which may
be drawn in; similarly the remain-
ing part of the curve B C may
be described, (See also Problem
54.)

15. To draw a tangent to a
circle from a given point in the
circumference (Fig. 15).^— Through
the given point A, draw, the radial
line A C, and a perpendicular to it,

F G, which is the tangent required.
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16. To draw tangents to a
circle from a point without it (Fig.
16). — From A, with the radius
A C, describe an arc BCD, and
from C, with a radius equal to the
diameter of the circle, cut the arc at
BD. Join BC, CD, cutting the
circle at E F, and draw AE, AF,
the tangents.

Note. — When a tangent is

already drawn, the exact point of
contact may be found by drawing a
perpendicular to it from the centre.

17. Between two inclined lines
to draw a series of circles touching
these lines and touching each
other (Fig. 17).— Bisect the inclina-
tion of the given lines AB, CD, by
the line A'^ O. From a point P in this
line draw the perpendicular P5 to the
line A B, and on P describe the circle
B D, touching the lines and cutting
the centre line at E. From E draw
E F perpendicular to the centre Une,
cutting A B at F, and from F
describe an arc E G, cutting A B at
G. Draw GH parallel to BP,
giving H, the centre of the next
circle, to be described with the
radius HE, and so on for the next
circle IN.

Inversely, the largest circle may
be described first, and the smaller
ones in succession. This problem is

of frequent use in scroll-work.

18. Between two inclined lines
to draw a circular segment tan-
gent to the lines and passing
through a point F on the line F C
which bisects the angle of the
lines (Fig. 18). — Through F draw
DA at right angles to FC\ bisect
the angles A and D, as in Problem
11, by Unes cutting at C, and from
C with radius CF draw the arc HFG
required.

19. To draw a circular arc that
will be tangent to two given lines
AB and C D inclined to one another,
one tangential point E being given
(Fig. 19). — Draw the centre line
GF. From E draw E F at right
angles to AB; then F is the centre
of the circle required.

20. To describe a circular arc
joining two circles, and touching
one of them at a given point (Fig,
20). — To join the circles AB, FG,
by an arc- touchirjg one of them at
F, draw the radius E F, and produce
it both ways. Set ofi F H equal to
the radius A C of the other circle;

join CH and bisect it with the per-
pendicular L I, cutting E F at I.

On the centre /, with radius IF,
describe the arc FA&s required.
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31. To draw a circle with a
given radius R that will be tan-
gent to two given circles A and B
(Fig. 21). — From centre of circle
A with radius equal R plus radius
of A, and from centre of B with
radius equal to R + radius of B,
draw two arcs cutting each other in
C, which will be the centre of the
circle required.

33. To construct an equilateral
triangle, the sides being given
(Fig. 22). — On the ends of one side,
A, B, with A B 3iS radius, describe
arcs cutting at C, and draw AC,C B.

33. To construct a triangle of
unequal sides (Fig. 23). — On
either end of the base A D, with the
side B as radius, describe an arc;
and with the side C as radius, on the
other end of the base as a centre, cut
the arc at E. Join A E, D E.

34. To construct a square on«,
given straight line A B (Fig. 24),— With A ^ as radius and A and B
as centres, draw arcs A D and B C,
intersecting at E. Bisect E B at
F. With E as centre and E F a,s

radius, cut the arcs A D and B C
in D and C. Join A C, C D, and
D B to form the square.

35. To construct a rectangle
with given base E F and height EH
(Fig. 25). — On the base E F draw
the perpendiculars E H, F G equal
to the height, and join G H.

Fig. 26.

36. To describe a circle about
a triangle (Fig. 26). — Bisect two
sides A B, A C of the triangle at
E F, and from these points draw
perpendiculars cutting at K. On
the centre K, with the radius K A,
draw the circle ABC.

37. To inscribe a circle in a
triangle (Fig. 27). — Bisect two of
the angles A, C, of the triangle by



42 GEOMETRICAL t^itOBLEMS.

lines cutting at Z); from D draw a
perpendicular D E la any side, and
with D E as radius describe a circle.
When the tiiangle is equilateral,

draw a perpendicular from one of the
angles to the opposite side, and from
the side set otf one third of the
perpendicular.

38. To describe a circle about
a square, and to inscribe a square
in a circle (Fig. 28). — To describe
the circle, draw the diagonals A B,
C D of the square, cutting at E. On
the centre E, with the radius A E,
describe the circle.

To inscribe the square. — Draw
the two diameters, A B, C D, at right
angles, and join the points A, B,
C D, to form the square.

Note. — In the same way a circle
may be described about a rectangle.

39. To inscribe a circle in a
square (Fig. 29). — To inscribe the
circle, draw the diagonals A B, C D
of the square, cutting at E; draw the
perpendicular E F to one side, and
with the radius E F describe the
circle.

30. To describe a square about
a circle (Fig. 30). — Draw two
diameters A B, C D Sit right angles.
With the radius of the circle and
A, B, C and D as centres, draw the
four half circles which cross one
another in the corners of the square.

31. To inscribe a pentagon in
a circle (Fig. 31). ^— Draw diam-
eters A C, B D at right angles, cut-
ting at 0. Bisect ^ o at E, and from
E, with radius E B, cut A C at F;
from B, with radius B F. cut the
circumference at G, H, and with the
same radius step round the circle to
I and K; join the points so found to
form the pentagon.

O F B
Fig. 29.

33. To construct a pentagon
on a given line A B (Fig. 32).

—

From B erect a perpendicular B C
half the length oi A B; join A C and
prolong it to D, making C D = B C.
Then B D is the radius of the circle
circumscribing the pentagon. From
A and B as centres, with B D a,s

radius, draw arcs cutting each other
in O, which is the centre of the circle.
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33. To construct a hexagon
upon a given straight line (Fig.
33). — From A and B, the ends of
the given line, with radius A B,
describe arcs cutting at g; from g,
with the radius g A, describe a circle;
with the same radius set off the arcs
A G, G F, and B D, D E. Join the
points so found to form the hexagon.
The side of a hexagon = radius of its

circumscribed circle.

34. To inscribe a hexagon in a
circle (Fig. 34). — Draw a diam-
eter A C B. From A and B as
centres, with the radius of the circle
A C, cut the circumference, at D, E,
F, G, and draw A D, D E, etc., to
form the hexagon. The radius of
the circle is equal to the side of the
hexagon; therefore the points D, £/,

etc., may also be found by stepping
the radius six times round the circle.

The angle between the diameter and
the sides of a hexagon and also the
exterior angle between a side and an
adjacent side prolonged is 60 degrees;
therefore a hexagon may conven-
iently be drawn by the use of a 60-
degree triangle.

35. To describe a hexagon
about a circle (Fig. 35). — Draw a
diameter A D B, and with the radius
A D, on the centre A, cut the circum-
ference at C; join A C, and bisect it

with the radius D E; through E draw
FG, parallel to A C, cutting the diam-
eter at F, and with the radius D F
describe the circumscribing circle

F H. Within this circle describe a
hexagon by the preceding problem,
A more convenient method is by use
of a 60-degree triangle. Four of the
sides make angles of 60 degrees with
the diameter, and the other two are
parallel to the diameter.

36. To describe an octagon on
a given straight line (Fig. 36). —
Produce the given line A B both
ways, and draw perpendiculars A E,
B F; bisect the external angles A and
B by the lines AH, B C, which make
equal to A B. Draw C D and H G
parallel to A E, and equal to A B;
from the centres G, D, with the
radius A B, cut the perpendiculars at
E, F, and draw E F to complete the
octagon.

37. To convert a sqaare into
an octagon (Fig. 37). — Draw the
diagonals of the square cutting at e;

from the corners A, B, C, D, with
A e duS radius, describe arcs cutting
the sides at gyi, fk, hm, and ol, and
join the points so found to form the
octagon. Adjacent sides of an octa-
gon make an angle of 135 degrees.
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38. To Inscribe an octagon In
a circle (Fig. 38). — Draw two
diameters, A C, B D SlI right angles;
bisect the arcs A B, B C, etc., at ef,
etc., and join Ae,eB, etc., to forro

the octagon.

39. To describe an octagon
about a circle (Fig. 39). — P ascribe
a square about the given circle A B;
draw perpendiculars h k, etc., to the
diagonals, touching the circle to
form the octagon.

40. To describe a /Polygon of
any number of sides upon a given
straight line (Fig. 40). — Produce
the given line A B, and on A, with the
radiu? A B, describe a semicircle;
divide ihe semi-circumference into
as many equal parts as there are to
be sides in the polygon — say,, in
this example, five sides. Draw hnes
from A through the divisional points
D, b, and c, omitting one pomt a;
and on the centres B, D, with the
radius A B, cut Ab ait E and Aca,t F,
Draw D E, E F,FB to complete the
polygon.

41. To inscribe a circle within
a polygon (Figs. 41, 42). — When
the polygon has an even number of
sides (Fig. 41), bisect two opposite
sides at A and B; draw A B, and
bisect it at C by a diagonal D E, and
with the radius C A describe the
circle.

When the number of sides is odd
(Fig. 42), bisect two of the sides at A
and B, and draw lines A E, B Dto the
opposite angles, intersecting at C;
from C, with the radius C A, describe
the circle.

43. To describe a circle without
a polygon (Figs. 41^ 42). — Find
the centre C as before, and with the
radius C D describe the circle.

43. To inscribe a polygon of
any number of sides within a circle
(Fig. 43). — Draw the diameter A B
ftnd through the centre E draw the Fia. 42.
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perpendicular E C, cutting the circle
at F. Divide E F into four equal
parts, and set off three parts equal
to those from F to C. Divide the
diameter A B into as many equal
parts as the polygon is to have sides;
and from C draw C D, through the
second point of division, cutting the
circle at D. Then ^ D is equal to one
side of the polygon, and by stepping
round the circumference with the
length A D the polygon may be com-
pleted.

Table of Polygonal Angles.

Number Angle Number Angle Number Angle
of Sides. at Centre. of Sides. at Centre. of Sides. at Centre.

No. Degrees. No. Degrees. No. Degrees.
3 120 9 40 15 24
4 90 10 36 16 221/2
5 72 11 328/11 17 21 3/17

6 60 12 30 18 20
7 513/7 13 27 9/13 19 19

8 45 14 25 5/7 20 18

In this table the angle at the centre is found by dividing 360 degrees, the
number of degrees in a circle, by the number of sides in the polygon; and
by setting off round the centre of the circle a succession of angles by means
of the protractor, equal to the angle in the table due to a given number of
sides, the radii so drawn will divide the circumference into the same num-
ber of parts.

44, To describe an ellipse when
the length and breadth are given
(Fig. 44).

—

A B, transverse axis;
C D, conjugate axis; F G, foci. The
sum of the distances from C to F
and G, also the sum of the distances
from F and G to any other point in
the curve, is equal to the transverse
axis. From the centre C, with A E
as radius, cut the axis A B Sit F and
G, the foci; fix a couple of pins into
the axis at F and G, and loop on a
thread or cord upon them equal in
length to the axis A B, so as when
stretched to reach to the extremity
C of the conjugate axis, as shown in
dot-lining. Place a pencil inside the
cord as at H, and guiding the pencil
in this way, keeping the cord equally
in tension, carry the pencil round the
pins F, G, and so describe the
ellipse.

Note. — This method is employed
in setting off elliptical garden-plots,
walks, etc.

2d Method (Fig. 45). — Along the
straight edge of a slip of stiff paper
mark off a distance a c equal to A C,
half the transverse axis; and from
the same point a distance a b equal
to G D, haii ttie conjugate axis*110.45.
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Place the slip so as to bring the point 6 on the line A B of the transverse
axis, and the point c on the line D E\ and set off on the drawing the posi-
tion of the point a. Shifting the slip so that the point b travels on the
transverse axis, and the point c on the conjugate axis, any number of
points in the curve may be found, through which the curve may be
traced.

3d Method (Fig. 46). — The action
of the- preceding method may be
embodied so as to afford the means
of describing a large curve contin-
uously by means of a bar m k, with
steel points m, I, k, riveted into brass
slides adjusted to the length of the
semi-axis and fixed with set-screws.
A rectangular cross E G, with guiding-
slots is placed, coinciding with the
two axes of the ellipse A C and B H.
Bj sUding the points A;, / in the slots,

and carrying round the point m, the
curve may be continuously described.
A pen or pencil may be fixed at m.

4th Method (Fig. 47). — Bisect the
transverse axis at C, and through C
draw the perpendicular D E, making
C D and C E each equal to half the
conjugate axis. From D or E, with
the radius AC, cut the transverse
axis at F, F', for the foci. Divide
A C into a number of parts at the
points 1, 2, 3, etc. With the radius
A\ on F and F' as centres, describe
arcs, and with the radius 5 1 on the
same centres cut these arcs as shown.
Repeat the operation for the other
divisions of the transverse axis. The
series of intersections thus made are
points in the curve, through which
the curve may be traced.

5th Method (Fig. 48). — On the
two axes A B, D E a,s diameters, on
centre C, describe circles; from a
number of points a, b, etc., in the
circumference A F B, draw radii cut-
ting the inner circle at a', 6', etc.
From a, b, etc., draw perpendiculars
to AB; and from a', b', etc., draw
parallels to A B, cutting the respec-
tive perpendiculars at n, o, etc. The
intersections are points in the curve,
through which the curve may be
traced.

6th Method (Fig. 49). — When the
transverse and conjugate diameters
are given, AB,C D, draw the tangent
EF parallel to AB. Produce CD,
and on the centre G with the radius
of half A B, describe a semicircle
H D K; from the centre G draw any
number of straight fines to the points
E, r, etc., in the fine E F, cutting the
circumference at I, m, n, etc.; from
the centre O of the eUipse draw
straight fines to the points E, r, etc.;
and from the points I, m, n, etc.,

draw parallels to GC, cutting the *^

liues OE»0t, etc.. at L, M, N, etc. Fio. 49.
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These are points in the circumference of the ellipse, and the curve may be
traced through them. Points in the other hal±\ of the eUipse are formed
by extending the intersecting lines as indicated in the figure.

45. To describe an ellipse
approximately by means of cir-
cular arcs. — First. — With arcs
of two radii (Fig. 50). — Find the
difference of the semi-axes, and set
it off from the centre O to a and c on
O A and O C; draw ac, and set off

half acto d; draw d i parallel to a c;

set off O e equal to O d; join e i, and
draw the parallels em, dm. From
m, with radius m C, describe an arc
through C; and from i describe an
arc through D; from d and e describe
arcs through A and B. The four
arcs form the ellipse approximately.
Note. — This method does not

apply satisfactorily when the con-
jugate axis is less than two thirds of
the transverse axis.

2d Method (by Carl G. Barth, Fig.
51). — In Fig. 51 a & is the major and
c d the minor axis of the ellipse to be
approximated. Lay off 6 e equal to
the semi-minor axis c O, and use a e

as radius for the arc at each extrem-
ity of the minor axis. Bisect e o at /
and lay off eg' equal toef, and useg'&
as radius for the arc at each extrem-
ity of the major axis.

The method is not considered applicable for cases in which the minor
axis is less than two thirds of the major.

3d Method: With arcs of three radii
(Fig. 52). — On the transverse axis
A B draw the rectangle B G on the
height O C; to the diagonal A C
draw the perpendicular G H D; Ret
off O K equal to O C, and describe a
semicircle on A K, and produce O C
to L; set off O M equal to C L, and
from D describe an arc with radius
D M; from A, with radius O L, cut
A B z.i N; from H, with radius HN,
cut arc a 6 at a. Thus the five
centres D, a, h, II, H' are found,
from which the arcs are described to
form the eUipse.

This process works well for nearly
all proportions of ellipses. It is used
in striking out vaults and stone
bridges.

Ath Method (by F. R. Honey,
Figs. 53 and 54). — Three
radii are employed. With
the shortest radius describe
the two arcs which pass
through the vertices of the
major axis, with the longest
the two arcs which pass
through the vertices of the
minor axis, and with the third
radius the four arcs which
connect the former.

Fig. 52.
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A simple method of determining the radii of curvature is illustrated in
Fig. 63. Draw the straight Unes a f and a c, forming any angle at a. Witli
a as a centre, and with radii a b and a c, respectively, equal to the semi-
minor and semi-major axes, draw the arcs b e and c d. Join e d, and,
through b and c respectively draw 6 g and c f parallel to e d, intersecting
a c at g, and a f at f; a f is the radius of curvature at the vertex of
the minor axis; and a g the radius of curvature at the vertex of the
major axis.

liay oft dh (Fig. 53) equal to one eighth of 6 d. Join e h, and draw c k
and b I parallel to e h. Take a k for the longest radius (= R), a I for the
shortest radius (= r), and the arithmetical mean, or one half the sum of
the semi-axes, for the third radius (= p), and employ these radii for the
eight-centred oval as follows:

Let a b and c d (Fig. 54)
be the. major and minor
axes. Lay off a e equal
to r, and a f equal to p;
also lay oft c g equal to R,
and c h equal to p. With
9" as a centre and gh as a
radius, draw the arc h k;

with the centre e and
radius e f draw the arc / k,

intersecting h k at k.

Draw the line g k and
produce it, making g I

equal to R. Draw k e
and produce it, making
k m equal to p. With the
centre g and radius g c
(= i?) draw the arc c I;

with the centre k and
radius k I (= p) draw the
arc I m, and with the
centre e and radius e m
(= r) draw the arc m a.

The remainder of the work is symmetrical with respect to the
axes.

46. The Parabola. — A parabola (D A C, Fig. 55) is a curve such
that every point in the curve is equally distant from the directrix K L
and the focus F. The focus lies in the axis
A B drawn from the vertex or head of the
curve A, so as to divide the figure into two
equal parts. The vertex A is equidistant
from the directrix and the focus, orA e=A F.
Any line parallel to the axis is a diameter.
A straight line, as E G or DC, dr?,wn across
the figure at right angles to the axis is a
double ordinate, and either half of it is an
ordinp.te. The ordinate to the axis E F G,
drawn through the focus, is called the para-
meter of the axis. A segment of the axis,
reckoned from the vertex, is an abscissa of
the axis, and it is an abscissa of the ordinate
drawn from the base of the abscissa. Thus, ^' '"• ^

A i? is an abscissa of the ordinate B C.
Abscissae of a parabola are as the squares of their ordinates.

K L
A

E.^ \xG
n/ F \

r,/ \ \wJ o
\,

/
o Y

D B
b
^^-a, c

To describe a parabola when an abscissa and its ordinate are given
(Fig. 55). — Bisect the given ordinate B C at a, draw A a, and then a b
perpendicular to it, meeting the axis at b. Set off A e, A F, each equal to
B b\ and draw K eL perpendicular to the axis. Then K L is the directrix
and F is the focus. Through F and any number of points, o, o, etc., in the
axis, draw double ordinates, n o n, etc., and from the centre F, with the
radii F e, o e, etc., cut the respective ordinates at E, G, n, n, etc. The
curve may be traced through these points as shown.

2d Method: By means of a square and a cord (Fig. 56). — Place a
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straight-edge to the directrix E N,
and apply to it a square LEG.
Fasten to the end G one end of a
thread or cord equal in length to the
edge E G, and attach the other end
to the focus F: slide the square along
the straight-edge, holding the cord
taut against the edge of the square
by a pencil D, by which the curve is

described.
3d Method: When the height and

the base are given (Fig. 57). — Let
A B be the given axis, and CDs.
double ordinate or base; to describe
a parabola of which the vertex is at
A. Through A draw E F parallel to
C D, and through C and D draw C E
and D F parallel to the axis. Divide
B C and- B D into any number of
equal parts, say five, at a, h, etc., and
divide C E and D F into the same
number of parts. Through the
points a, h, c, d in the base CD on
each side of the axis draw perpen-
diculars, and through a, b, c, dinC E
and D F draw lines to the vertex A,
cutting the perpendiculars at e, f,g, h.

These are points in the parabcla, and
the curve CAD may be traced as
shown, passing through them.

47 The Hyperbola (Fig. 58). — A hyperbola is a plane curve, such

that the difference of the distances from any point of it to two fixed points
*'

is equal to a given distance. The
fixed points are called the foci.

To construct a hyperliola. —
Let F' and F be the foci, and F' F
the distance l-etween them. Take a
ruler longer than the distance F' F
and fasten one of its extren ities a'

the focus F'. At the other extrem
ity, H, attach a thread of such a
length that the length of the ruler
shall exceed the length of the thread
by a given distance A B. Attach
the other extremity of the thread at
the focus F.

Press a pencil, P, against the ruler,
and keep the thread constantly tense,
while the ruler is turned around F' as
a centre. The point of the pencil
will describe one branch of the curve.

2d Method: By points (Fig. 59). —
From the focus F' lay off a distance
F' N equal to the transverse axis, or
distance between the two branches of
the curve, and take any other dis-
tance, as F' //, greater than F' N.
With F' as a centre and F' H as a

radius describe the arc of a circle.

Then with F as a centre and N H s.sa. radius describe an arc intersecting
the arc before described at p and q. These will be points of the hyper-
bola, for F' q — F q is equal to the transverse axis A B.

If, with F as a centre and F' // as a radius, an arc be described, and a
second arc be described with F' as a centre and N H a,s& radius, two pointy
in the other branch of the curve will be determined. Hence, by changing
the centres, each pair of radii will determine two points in each branch.
The Equilateral Hyperbola. — The transverse axis of a hyperbola is

Fig. 58.

Fig. 59.
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the distance, on a line joining the foci, between the two branches of the
curve. The conjugate axis is a line perpendicular to the transverse axis,
drawn from its centre, and of such a length that the diagonal of the rect-
angle of the transverse and conjugate axes is equal to the distance between
the foci. The diagonals of tliis rectangle, indefuiitely prolonged, are the
asymptotes of the hyperbola, lines which the curve continually approaches,
but touches only at an infinite distance. If these asymptotes are perpen-
dicular to each other, the hyperbola is called a rectangular or equilateral
hyperbola. It is a property of this hyperbola that if the asymptotes are
taken as axes of a rectangular system of coordinates (see Analytical Geom-
etry), the product of the abscissa and ordinate of any point in the curve is

equal to the product of the abscissa and ordinate of any other point; or, if

p is the ordinate of any point and v its abscissa, and pi, and vi are the
ordinate and abscissa of any other point, pv = pivi; or pv = a constant.

48. The Cycloid (Fig.

60). — If a circle A d he g /
rolled along a straight ^—-r—c— ^—

—

.—
line A 6, any point of the
circumference as A will

describe a curve, which is

called a cycloid. The
circle is called the gene-
rating circle, and A the
generating point.
To dravr a cycloid. —

Divide the circumference
of the generating circle

into an even number of equal parts, as A 1, 12, etc., and set off these dis-
tances on the base. Through the points 1

draw horizontal lines, and on them
set off distances la= ^l, 2b = A2,3c=
A3, etc. The points A, a, b, c, etc.,

will be points in the cycloid, through
which draw the curve.

49. Tlie Epicycloid (Fig. 61) is

generated by a point D in one circle

D C rolling upon the circumference of
another circle A C B, instead of on a
fiat surface or line; the former being
the generating circle, and the latter
the fundamental circle. The generat-
ing circle is shown in four positions,
in which the generating point is

successively marked D, D', D'\ D'".
A D'" B is the epicycloid.

50. The Hypocycloid (Fig. 62)
is generated by a point in the gener-
ating circle rolling on the inside of
the fundamental circle.

When the generating circle =
-adius of the other circle, the hypo-
cycloid becomes a straight line.

'1. The Tractrix or Schiele's
anti-friction curve (Fig. 63). — i2

is the radius of the shaft, C, 1,2, etc.,

i,he axis. From O set oft on i2 a
''mall distance, oa; with radius i2 and
centre a cut the axis at 1, join a 1,

and set off a Uke small distance a b;

from b with ra'dius R cut axis at 2,

join b 2, and so on, thus finding
points 0, a, 6, c, d, etc., through which
the curve is to be drawn.

2, 3, etc, on the circle

d'"
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Fig. 65.

52, The SpiraL — The spiral is a curve described by a point which
moves along a straight line according to any given law, the line at the same
time having a uniform angular motion. The line is called the radius vector.

If the radius vector increases directly
as the measuring angle, the spires,
or parts described in each revolution,
thus gradually increasing their dis-

, tance from each other, the curve is

known as the spiral of Archimedes
(Fig. 64).

This curve is commonly used for
cams. To describe it draw the
radius vector in several different

^xv,. v,^.
directions around the centre, with
equal angles between them: set off

the distances 1, 2, 3, 4, etc., corresponding to the scale upon which the
curve is drawn, as shown in Fig. 64.

In the common spiral (Fig. 64) the
pitch is uniform; that is, the spires
are equidistant. Such a spiral is

made by roUing up a belt of uniform
thickness.
To construct a spiral with four

centres (Fig. 65). — Given the
pitch of the spiral, construct a square
about the centre, with the sum of
the four sides equal to the pitch.
Prolong the sides in one direction as
shown; the corners are the centres for
each arc of the external^ angles,
forming a quadrant of a spire-

63. To find the diameter of a circle into which a certain number ot
rings will fit on its inside (Fig. 66).— For instance, what is the diametei
of a circle into which twelve i/2«-inch rings will fit, as per sketch? Assume
that v/e have found the diameter of the required circle, and have drawn

the rings inside of it. Join the
centres of the rings by straight lines,

as shown: we then obtain a regular
polygon with 12 sides, each side
being equal to the diameter of a
given ring. We have now to find

the diameter of a circle circum-
scribed about this polygon, and add
the diameter of one ring to it; the
sum will be the diameter of the circle

into which the rings will fit.

Through the centres A and D of tv. o
adjacent rings draw the radii C A
and C D ; since the polygon has twelve
sides the angle A C D = 30° and
ACB = 15°. One half of the side
^ D is equal to A B. We now give
the following proportion: The sine
of the angle AC Bis to A 5 as 1 is to
the required radius. From this we

get the following rule: Divide A B hy the sine of the angle A C B; the
quotient will be the radius of the circumscribed circle; add to the corre-
sponding diameter the diameter of one ring; the sum will be the required
diameter F G.

54. To describe an arc of a circle which is too large to be drawn
bya beam compass, by means of points in the arc, radius being given.—Suppose the radius is 20 feet and it is desired to obtain five points in an
arc whose half chord is 4 feet. Draw a line equal to the half chord, l'i;l!

size, or on a smaller scale if more convenient, and erect a perpendicular at
one end, thus making rectangular axes of cocirdinates. Erect perpen-
diculars at points 1, 2, 3, and 4 feet from the first perpendicular. Find
values of y in the formula of the circle, a;^ + j/^ = W^^ by substituting lot
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X the values 0, 1, 2, 3, and 4, etc. , and for JE^ the square of the radius, or

400. The values will be y = ^R^ - z^ =- V400, V399, V396, V391,
V384;=20, 19.975, 19.90, 19.774, 19.596.

Subtract the smallest,
or 19.596, leaving 0.404, 0.379, . 0.304, 0.178, feet.

Lay off these distances on the five perpendiculars, as ordinates from the
half chord, and the positions of five points on the arc v\^ill be found.
Through these the curve may be
drawn. (See also Problem 14.)

65. The Catenary is the curve
assumed by a perfectly flexible cord
when its ends S-re fastened at two
goints, the weight of a unit length
eing constant.
The equation of the catenary is

/ 2 »5\
in which e is the

base of the Napierian system of log-

arithms.
To plot the catenary. — Let o

(Fig. 67) be the origin of coordinates.
Assigning to a any value as 3, the
equation becomes

-iG'-"')-
To find the lowest point of the

eurve.

Put X - 0; .-. y=|(e0 4-e-0)

Fig. 67.

I
(1+1) =3.

Then put

Put

'i. -')+ e ";=
2 (1-396 +0.717) =3.17.

2; .-. V=|(e^+eV=
I

(1-948 +0.513) =3.69.

Put a; = 3, 4, 5, etc., etc., and find the corresponding values of y. For
each value of y we obtain two symmetrical points, as for example p and p\

In this way", by making a successively equal to 2, 3, 4, 5, 6, 7, and 8, the
curves of Fig. 67 were plotted.

In each case the distance from the origin to
the lowest point of the curve is equal to a; for
putting a- = 0, the general equation reduces to
y = a.

For values of a = 6, 7, and 8 the catenary
closely approaches the parabola. For deriva-
tion of the equation of the catenary see Bow-
ser's Analytic Mechanics.

56. The Involute is a name given to the
curve which is formed by the end of a string
which is unwound from a cyhnder and kept
taut; consequently the string as it is unwound
will always lie in the direction of a tangent
to the cylinder. To describe the involute of
any given circle, Fig. 68, take any point A on
its circumference, draw a diameter A B, and
from B draw B b perpendicular to A B. Make'
B b equal in length to half the circumference
of the circle. Divide B b and the semi-circum-
ference into the same number of equal parts,
say six. From each point of division 1, 2,

3, etc., on the circumference draw lines to the centre C of the circle
Then draw lai perpendicular to CI; 2 a2 perpendicular to C2; and
soon. Make lai equal to b bu 2 02 equal to b 62; 3 03 equal to 6 63; and
so on. Join the points A, Cu az, 03, etc., by a curve; this curve will be
liie required involute.

Fig. 68.
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51. Method of plotting angles without using a protractor.— The
radius of a circle whose circumference Is 360 is 57.3 (more accurately
67.296). Striking a semicircle with a radius 57.3 by any scale, spacers
set to 10 by the same scale will divide the arc into 18 spaces of 10° each,
and intermediates can be measured indirectly at the rate of 1 by scale for
each 1°, or interpolated by eye according to the degree of accuracy required.
The following table shows the chords to the above-mentioned radius, for
every 10 degrees from 0° up to 110°. By means of one of these a lO"
point is fixed upon the paper next less than the required angle, and the
remainder is laid off at the rate of 1 by scale for each degrefe.

Angle. Chord. Angle. Chord. Angle. Chord.
1° 0.999 40° 39.192 80° 73.658

10° 9.98S 50° 48.429 90° 81.029
20° 19.899 60° 57.296 100° 87 782
30° 29.658 70° ....65.727 110° ....93.869

G-BOMBTRICAL PROPOSITIONS.

In a right-angled triangle the square on the hypothenuse is equal to the
sum of the squares on the other two sides.

If a triangle is equilateral, it is equiangular, and vice versa.

If a straight line from the vertex of an isosceles triangle bisects the base,
it bisects the vertical angle and is perpendicular to the base.

If one side of a triangle is produced, the exterior angle is equal to the
sum of the two interior and opposite angles.

If two triangles are mutually equiangular, they are similar and their
corresponding sides are proportional.

If the sides of a polygon are produced in the same order, the sum of the
exterior angles equals four right angles. (Not true if the polygon has
re-entering angles.)

In a quadrilateral, the sum of the interior angles equals four right
angles.

In a parallelogram, the opposite sides are equal; the opposite angles are
equal; it is bisected by its diagonal, and its diagonals bisect each other.

If three points are not in the same straight line, a circle may be passed
through them.

If two arcs are intercepted on the same circle, they are proportional to -

the corresponding angles at the centre.
If two arcs are similar, they are proportional to their radii.

The areas of two circles are proportional to the squares of their radii.

If a radius is perpendicular to a chord, it bisects the chord and it bisects
the arc subtended by the chord.
A straight line tangent to a circle meets it in only one point, and it is

perpendicular to the radius drawn to that point.
If from a point without a circle tangents are drawn to touch the circle,

there are but two; they are equal, and they make equal angles with the
chord joining the tangent points.

,'^ If two lines are parallel chords or a tangent and parallel chord, they
intercept equal arcs of a circle.

If an angle at the circumference of a circle, between two chords, is sub-
tended by the same arc as an angle at the centre, between two radii, the
angle at the circumference is equal to half the angle at the centre.

If a triangle is inscribed in a semicircle, it is right-angled.
If two chords intersect each other in a circle, the rectangle of the seg-

ments of the one equals the rectangle of the segments of the other.
And if one chord is a diameter and the other perpendicular to it, the

rectangle of the segments of the diameter is equal to the square on
half the other chord, and the half chord is a mean proportional between
the segments of the diameter.

If an angle is formed by a tangent and chord, it is measured by one half
of the arc intercepted by the chord; that is, it is equal to half the angle at
the centre subtended by the chord.
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Degree of a Railway Curve. — This last proposition is useful In staklne
out railway curves. A curve is designated as one of so many degrees, iana

the degree is the angle at the centre subtended by a chord of 100 ft. To
lay out a curve of n degrees the transit is set at its beginning or " point of

curve," pointed in the direction of the tangent, and turned through y^n
degrees; a point 100 ft. distant in the line of sight will be a point in the
curve. The transit is then swung 1/2^ degrees further and a 100 ft. chord
is measured from the point already found to a point in the new line of

sight, which is a second point or " station " in the curve.
The radius of a 1° curve is 5729.65 ft., and the radius of a curve of any

degree is 5729.65 ft. divided by the number of degrees.
Some authors use the angle subtended by an arc (instead of chord) of

100 ft. in defining the degree of a curve. For a statement of the relative

advantages of the two definitions, see Eng. News, Feb. 16, 1911.

MENSURATION.
PLANE SURFACES.

Quadrilaterah — A four-sided figure.
Parallelogram. — A quadrilateral with opposite Sides parallel.
Varieties. — Square: four sides equal, all angles right angles. Rect-

Angle: opposite sides equal, all angles right angles. Rhombus: four sides
equal, opposite angles equal, angles not right angles. Rhomboid: opposite
eides equal, opposite angles equal, angles not right angles.
Trapezium. — A quadrilateral with unequal sides.
Trapezoid. — A quadrilateral with only one pair of opposite sides

parallel.

Diagonal of a square = ^2 X side' = 1.4142 X side.

Diag. of a rectangle = v sum of squares of two adjacent sides.
Area of any parallelogram = base X altitude.
Area of rhombus or rhomboid = product of two adjacent sides X sine

of angle included between them.
Area of a trapezoid = product of half the sum of the two parallel sides

by the perpendicular distance between them.
To find the area of any quadrilateral figure. — Divide the quad-

rilateral into two triangles; the sum of the areas of the triangles is the
area.

Or, multipljr half the product of the two diagonals by the sine of the
angle at their intersection.
To find the area of a quadrilateral which may be inscribed In a

circle. — From half the sum of the four sides subtract each side severally;
multiply the four remainders together; the square root of the product la
the area.

Triangle. — A three-sided plane figure.
Varieties. — Right-angled, having one right angle; obtuse-angled, hav-

ing one obtuse angle; isosceles, having two equal angles and two equal
sides; equilateral, having three equal sides and equal angles.
The sum of the three angles of every triangle = 180°.
The sum of the two acute angles of a right-angled triangle = 90°.
Hypothenuge of a right-angled triangle, the side opposite the right

angle, = Vsum of the squares of the other two sides. If a and 6 are the
two sides and c the hypothenuse,c2=a2+ b^; a= '^c^ — 'b'^='^{c->rh){c — h).

If the two sides are equal, side = hyp •«- 1.4142; or hyp X.7071.
To find the area of a triangle:
Rule 1. Multiply the base by half the altitude.
Rule 2. Multiply half the product of two sides by the sine, of the

included angle.
Rule 3. From half the sum of the three sides subtract each side

severally; multiply together the half sum and the three remainders, and •

extract the square root of the product.
The area of an equilateral triangle is equal to one fourth _the square of

one of its sides multiplied by the square root of 3, » ^--r- 1 a being tb»

«ide; or a^X 0.433013^
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Area of a triangle given, to find base: Base = twice area -j- perpendicular
height.

Area of a triangle given, to find height: Height = twice area -^ base.
Two sides and base given, to find perpendicular height (in a triangle m

which both of the angles at the base are acute).
Rule. — As the base is to the sum of the sides, so is the difference of the

sides to the difference of the divisions of the base made by drawiiig the
Eerpendicular. Half this difference being added to or subtracted from
alf the base will give the two divisions thereof. As each side and its

opposite division of the base constitutes a right-angled triangle, the

perpendicular is ascertained by the rule: Perpendicular = v^hyp^ — base'*
Areas of similar figures are to each other as the squares of their

respective linear dimensions. If the area of an equilateral triangle of
side = 1 is 0.43.3013 and its height 0.86603, what is the area of a similai
triangle whose height = 1? 0.S66032 : 12 :: 0.433013 : 0..57735, Ans.
Polygon, — A plane figure having three or more sides. Regular or

irregular, according as the sides or angles are equal or unequal. Polygons
are named from the number of their sides and angles.
To find the area of an irregular polygon. — Draw diagonals dividing

the polygon into triangles, and find tne sum of the areas of these triangles.

To find the area of a regular polygon:

Rule. — Multiply the length of a side by the perpendicular distance tc
the centre; multiply the product by the number of sides, and divide it bj
2. Or, multiply half the perimeter by the perpendicular let fall from the
centre on one of the sides.

The perpendicular from the centre is equal to half of one of the sides of
the polygon multiplied by the cotangent of the angle subtended by the
half side.

The angle at the centre = 360° divided by the number of sides.

Table of Regular PolygonSo

11

Radius of Cir-
cumscribed ^ •

41
0* 3i

* Circle.
C

II

1
i

i

6 1 i

2

i Is -o

1^

.2-B M.2.§ 01

1

M

^ ^ < < M p^ ^ < <

3 Triangle 0.4330 0.5773 2.000 0.5773 0.2887 1.732 120° 60°
4 Square 1.0000 I . 0000 1.414 0.7071 0.5000 1.4142 90 90
5 Pentagon 1 . 7205 0.7265 1.236 0.8506 0.6882 1 . 1 756 72 108
6 Hexagon 2.5981 0.8660 1.155 1 . 0000 0.866 1 . 0000 60 120
7 Heptagon 3.6339 0.7572 1.11 1.1524 1.0383 0.8677 51 26' 1284-7

8 Octagon 4.8284 0.8284 1.082 1.3066 1.2071 0.7653 45 135
9 Nonagon 6.1818 0.7688 1.064 1.4619 1.3737 0.684 40 140
10 Decagon 7.6942 0.8123 1.051 1.618 1 . 5388 0.618 36 144
n Undecagon 9.3656 0.7744 1.042 1.7747 1 . 7028 0.5634 32 43' 1473-11
12 Dodecagon 11,1962 0.8038 1.035 1.9319 1.866 0.5176 30 150

* Short diameter, even number of sides, = diam. of inscribed circle:

short diam., odd number of sides, = rad. of inscribed circle + rad. of
circumscribekl circle.
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To find the area of a regular polygon, when the length of a side
only is given: , „ . .

Rule.—Multiply the square of the side by the figure for area, side —
1," opposite to the name of the polygon in the table.

Length of a side of a regular polygon inscribed in a circle = diam.
X sin (180° -J- no. of sides).

No. of sides sin (180°/n) No. sin (180° /n) No. sin (180°/n)

3 0.86603 9
4 .70711 10
5 .58778 11
6 .50000 12
7 .43388 13
8 .38268 14

To find the area of an irregular
figure (Fig. 69). — Draw ordinates
across its breadth at equal distances
apart, the first and the last ordinate
each being one half space from the
ends 6t the figure. Find the average
breadth by adding together the
lengths of these lines included be-
tween the boundaries of the figure,
and divide by the number of the lines
added; multiply this mean breadth
by the length. The greater the num-
ber of lines the nearer the approxi- Fig. 69.
mation.

In a figure of very irregular outline, as an indicator-diagram from a
high-speed steam-engine, mean lines may be substituted for the actual
lines of the figure, being so traced as to intersect the undulations, so that
the total area of the spaces cut off may be compensated by that of the
extra spaces inclosed.

2d Method: The Trapezoidal Rule. — Divide the figure into any
sufficient number of equal parts; add half the sum of the two end ordinates
to the sum of all the other ordinates; divide by the number of spaces
<that is, one less than the number of ordinates) to obtain the mean
ordinate, and multiply this by the length to obtain the area.

3d Method: Simpson's Rule. — Divide the length of the figure into any
even number of equal parts, at the common distance D apart, and draw
ordinates through the points of division to touch the boundary lines
Add together the first and last ordinates and call the sum A ; add together
the even ordinates and call the sum B; add together the odd ordinates,
except the first and last, and call the sum C. Then,

area of the figure = A + 4:B+ 2C
X D.

Ath Method: Durand's Rule, — Add together 4/io the sum of the first

and last ordinates, 1 i/io the sum of the second and the next to the last

(or the penultimates), and the sum of all the intermediate ordinates.
Multiply the sum thus gained by the common distance between the ordi-
nates to obtain the area, or divide this sum by the number of spaces to
obtain the mean ordinate.

Prof. Durand describes the method of obtaining his rule in Engineering
News, Jan. 18, 1894. He claims that it is more accurate than Simpson's
rule, and practically as simple as the trapezoidal rule. He thus describes
its application for approximate integration of differential equations. Any
definite integral may be represented graphically by an area. Thus, let

I

)= r« dz

be an integral in which u is some function of x, either known or admitting
of computation or measurement. Any curve plotted with x as abscissa
and u as ordinate will then represent the variation of u with x, and the
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area between such curve and the axis X will represent the integral in
question, no matter how simple or complex may be the real nature of the
function u.

Substituting in the rule as above given the word " volume" for " area"
and the word " section" for "ordinate," it becomes applicable to the
determination of volumes from equidistant sections as well as of areas
from equidistant ordinates.
Having approximately obtained an area by the trapezoidal rule, the

area by Durand's rule may be found by adding algebraically to the sum of
the ordinates used in the trapezoidal rule (that is, half the sum of the end
ordinates + sum of the other ordinates) Vio of (sum of penultimates
— sum of first and last) and multiplying by the common distance between
the ordinates.

5th Method. — Draw the figure on cross-section paper. Count the
number of squares that are entirely included within the boundary; then
estimate the fractional parts of squares that are cut by the boundary, add
together these fractions, and add the sum to the number of whole squares.
The result is the area in units of the dimensions of the squares. The finer
the ruling of the cross-section paper the more accurate the result.

<dth Method. — Use a planimeter.
7th Method. — With a chemical balance, sensitive to one milligram,

draw the figure on paper of uniform thickness and cut it out carefully;
weigh the piece cut out, and compare its weight with the weight per
square inch of the paper as tested by weigliing a piece of rectangular shape.

THE CIKCUE.

Circumference= diameter X 3.1416, nearly; more accurately, 3.14159265359,

Approximations, ~ = 3.143; ~~ = 3.1415929.

The ratio of circum. to diam. is represented by the symbol n (called Pi).
Area = 0.7854 X square of the diameter.

Multiples of n.

\i: = 3.14159265359
2n = 6.28318530718
Zn = 9.42477796077
^n = 12.56637061436
Stt = 15.70796326795
6ff = 18.84955592154
7n = 21.99114857513
8;r = 25.13274122872
Qtt = 28.27433388231

Multiples of -•

= 0.7853982
X 2 = 1.5707963
X 3 = 2.356194r
X 4 = 3.1415927
X 5 = 3.9269908
X 6 = 4.7123890
X 7 = 5.4977871
X 8 = 6.2831853
X 9 = 7.0685835

Ratio of diam. to circumference = reciprocal of ?

Reciprocal of 7r/4 =1.27324.
Multiples of I/tt.

l/ir = 0.31831
2/7r = 0.63662
3/ir = 0.95493
4/ir = 1.27324
5/V = 1.59155
6/7r= 1.90986
7/ir= 2.22817
S/tt = 2.54648
9/7r= 2.86479

10/ir =

12/ir =

7r/2 =

7r/3 =

7r/6 =

ir/12 =

ir/64 =

/360 =

360/7r =

3.18310
3.81972
1.570796
1.047197
0.523599
0.261799
0.049087
0.0087266

114.5915
9.86960

= 0.0795775

= 0.3183099.

l/,r2^=0.101321

Vx = 1.772453

VjV^ =0.564189

V^nTi =0.886226
Logx =0.49714987

Log 7r/4^= 1.895090

Log vV =0.248575

Log V^/4= 1.947545

Diam. in ins. = 13.5405 Varea in sq. ft.

Area in sq. ft. = (diam in inches) 2 x .0054542.

D = diameter, R = radius, C = circumference,
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C==nD'. =2nR', - ^ ; = 2V^; = 3.545VT;

1 n m
-^ ;

= 4222 X.7854 ; = ;ri22; ==:nD^; =il-
; = .07958(7*;= ^•

2 4 4;r 4

I> = ^
;
= 0.31831C; = 2 i/ - ; = 1.12838 V!J;

ij = ^ ;
= 0.159155C: = 4/^ ; = 0.564189 Va.

Areas of circles are to each other as the squares of their diameters.
To find the length of an arc of a circle

:

Rule 1. As 360 is to the number of degrees in the arc, so is the circum-
ference of the circle to the length of the arc.
Rule 2. Multiply the diameter of the circle by the number of degrees

in the arc, and this product by 0.0087266.

Relations of Axe, Chord, Chord of Half the Arc, etc.

Let R = radius, D = diameter, L = length of arc,

C = chord of the arc, c = chord of half the arc,

V = rise, or height of the arc.

Length of the arc=L= ^^ (very nearly), = qq^.I^Jv +2c. nearly.

15Cr2+33y2 + 2c. nearly.

Chord of the arc C, = 2^c^ - V^; = Vp ^ - (£) - 27)2; = 8c - 3L
= 2 Vfi2 - (jg - F)2; = 2 V(D - V)XV.

Chord of half the arc, c = 1/2 V^M^TF"; = Vdx V; = (3L + C) -i- 8.

c2 _ 1/4 (72 + F2
F •

C2
Rise of the arc, F = ^ = ^2 (O - ^D^ - C^).

(or if F is greater than radius 1/2 (D + >//)2 - C^) ;

: Vc2 1/4 C2.

Half the chord of the arc is a mean proportional between the rise and
the diameter minus the rise: 1/2 C = Vf X ( O — F).
Length of the Chord subtending an angle at the centre = twice the

sine of half the angle. (See Table of Sines.)
Ordinates to Circular Arcs. — C= chord, F= height of the arc, or

middle ordinate, x = abscissa, or distance measured on the chord from its

central point, y = ordinate, or distance from the arc to the chord at the

point X, V = K - ^R^ - 1/4 C'2; y = ^^R^ - xJ - {R - F).

Length of a Circular Arc. — Huyghens's Approximation.

Length of the arc, L = (8c — C) -h 3. Professor Williamson shows
that when the arc subtends an angle of 30°, the radius being 100,000 feet
(nearly 19 miles), the error by this formula is about two inches, or 1/600000
part of the radius. When the length of the arc is equal to the radius, i.e.,

when it subtends an angle of 57°. 3, the error is less than 1/7680 part of the
radius. Therefore, if the radius is 100,000 feet, the error is less than
100000/7680 = 13 feet. The error increases rapidly with the increase of
the angle subtended. For an arc of 1 20° the error is 1 part in 400; for an
arc of 180° the error is X.18%.
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In the measurement of an arc which is described mth a short radius the
error is so small that it may be neglected. Describing an arc with a radius
of 12 inches subtending an angle of 30°, the error is 1/50000 of an inch.
To measure an arc when it subtends a large angle, bisect it and measure

each half as before—in this case making 5 = length of the chord of half the
arc, and & =length of the chord of one fourth the arc; then L = (166 - 2B) -^ 3.

Formulas for a Circular Curve.

J. C. Locke, Eng. News, March 16, 1908.

= ^2Ra, = Va2 + b\

- = ^2R (R- V(i2 + 6) (72 _ b)

= 2^m (2R - m), = 222 sin 1/2/,

= 2T cos 1/21.

= R exsec 1/2^. = R tan 1/3/ tan 1/4/,

= r tan 1/4/.

^^^^5J^-V^(-i^)(^-^>
= R sin 7,

a2 + 62

V{2R + c) {2R

a cot 1/2 7.

^£Z. ^ IL ^ c^ + 4m«
~ 2a ' 2m '

8-m

"c)), = 272 sin 1/4/.

= R sin 1/2/ tan 1/4/, = V2C tan Vil. *

a = S^, = R -V{R +b) {R - b), = 2R (sin 1/2!)^ = R vers I,
2K

= 72 sin 7 tan 1/2/, = h tan 1/27, =- Tsin 7.

T = 72 tan 1/2 7. 7 = 1 X 57.295780°.

L =-= 772 X 0.01745329,
M - c

3 •

Area of Segment
L72 72 sin 7 L72

2 2 ' 2

Belation of the Circle to its Equal, Inscribed, and Circum-
scribed Squares.

Diameter of circle X 0.88623 )

Circumference of circle X 0.28209 j

Circumference of circle X 1.1284
Diameter of circle X 0.7071 )

Circumference of circle X 0.22508
[

Area of circle X 0.90031 -^ diameter 3

Area of circle X 1.2732
Area of circle X 0.63662
Side of square X 1.4142

X 4.4428
X 1.1284

41 •• y 3.5449
Perimeter of square X o'.88623

Square inches X 1.2732

= side of equal square.

= perimeter of equal square.

= side of inscribed square.

= area of circumscribed square.
= area of inscribed square.
= diam. of circumscribed circle.

= circum.
= diam. of equal circle.
»= circum. " "

= circular inches.
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Sectors and Segments. — To find the area of a sector of a circle.

Rule 1. Multiply the arc of the sector by half its radius.
Rule 2. As 360 is to the number of degrees in the arc, so is the area of

the circle to the area of the sector.
Rule 3. Multiply the number of degrees in the arc by the square of the

radius and by 0.008727.
To find the area of a segment of a circle: Find the area of the sector

which has the same arc, and also the area of the triangle formed by the
chord of the segment and the radii of the sector.
Then take the sura of these areas, if the segment is greater than a semi-

circle, but take their difference if it is less. (See Table of Segments.)
Another Method: Area of segment = 1/2^^ (arc— sin A), in which A is

the central angle, R the radius, and arc the length of arc to radius 1

.

To find the area of a segment of a circle wheii its chord and height only
are given. First find radius, as follows:

] fsquare of half the chord . , . , ,^ 1
= 2 L hdiht + ^^^^^*

J
•

2. Find the angle subtended by the arc, as follows: half chord -J-

radius = sine of half the angle. Take the corresponding angle from a
table of sines, and double it to get the angle of the arc.

3. Find area of the sector of which the segment is a part:

area of sector = area of circle X degreas of arc h- 360.

4. Subtract area of triangle under the segment:

Area of triangle = half chord X (radius — height of segment).

The remainder is the area of the segment.
When the chord, arc, and diameter are given, to find the area. From

the length of the arc subtract the length of the chord. Multiply the
remainder by the radius or one-half diameter; to the product add the
chord multiplied by the height, and divide the sum by 2.

Given diameter, d, and height of segment, h.

When h is from to i/id, area = h'^l.rGGdh - h^;

" " " " Vid to 1/2^, area = h^0.017d^+ -[.Idh - h^

<approx.). Greatest error 0.23%, when h = Vid.
To find the chord: From the diameter subtract the height; multiply

the remainder by four times the height and extract the square root.
When the chords of the arc and of half the arc and the rise are given:

To the chord of the arc add four thirds of the chord of half the arc; mul-
tiply the sum by the rise and the product by 0.40426 (approximate).

Circular Ring.— To find the area of a ring included between the cir^

cumferences of two concentric circles: Take the difference between the areas
of the two circles; or, subtract the square of the less radius from the square
of the greater, and multiply their difference by 3.14159.

The area of the greater circle is equal to ttR^;

and the area of the smaller, ttt^.

Tfieir difference, or the area of the ring, is 7:(R^ — r^).

The Ellipse. — Area of an ellipse= product of its semi-axes X3.14159
= product of its axes X 0.78.5398.

/ 7)2 J_ (JZ

The Ellipse. — Circumference (approximate) =3.1416 y — , D
and d being the two axes.
Trautwine gives the following as more accurate: When the longer axis

D is not more than five times the length of the shorter axis, d.

f'Circumference = 3.1416 J ^^-±-^ - ^-^ ^
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HTHen D is more than 5d, the divisor S.8 is to be replaced by the followingj

ForZ)/d = 6 7 8 9 10 12 14 16 18 20 30 40 50
Divisor = 9 9.2 9.3 9.35 9.4 9.5 9.6 9.68 9.75 9.8 9.92 9.98 10

/ A^ A^ 48 25>4 8 \An accurate formula is C= rr(a + &)
(^

1 + ^ + |^ +^ + ^^~ +. .. V

— Ingenieurs Taschenbuch, 1896. (a and &, semi-axes.)

Carl G. Barth (Machinery, Sept., 1900) gives as a very close approxi-
mation to this formula

^ - "^"-^-^64 - 16A2

Area of a segment of an ellipse the base of which is parallel to one of
the axes of the ellipse. Divide the height of the segment by the axis of
which it is part, and find the area of a circular segment, in a table of circu-
lar segments, of which the height is equal to the quotient; multiply the
area thus found by the product of the two axes of the eUipse.

Cycloid. — A curve generated by the rolling of a circle on a plane.

Length of a cycloidal curve = 4 X diameter of the generating circle.

Length of the baso= circumference of the generating circle.

Area of a cycloid = 3 X area of generating circle.

Helix (Screw). — A line generated by the progressive rotation of a
point around an axis and equidistant from its center.

Length of a helix. — To the square of the circumference described by the
generating point add the square of the distance advanced in one revolution,
and take the square root of their sum multiplied by the number of revolu-
tions of the generating point. Or,

n\/c2 4- /t2 = length, n being number of revolutions.

Spirals. — Lines generated by the progressive rotation of a point
around a fixed axis, with a constantly increasmg distance from the axis.
A plane spiral is made when the point rotates in one plane.
A conical spiral is made when the point rotates around an axis at a

progressing distance from its center, and advancing in the direction of the
axis, as around a cone.

Length of a plane spiral line. — When the distance between the coils is

uniform.
Rule. — Add together the greater and less diameters; divide their sum

by 2; multiply the quotient by 3.1416, and again by the number of revo-
lutions. Or, take the mean of the length of the greater and less circum-
ferences and multiply it by the number of revolutions. Or,

length = nn(R +r), R and r being the outer and inner radii. To find n,
R—r—t

let t = thickness of coil or band, s = space between the coUs, n —
t+s

Length of a conical spiral line. — Add together the greater and less

diameters; divide their sum by 2 and multiply the quotient by 3.1416.
To the square of the product of this circumference and the number of
revolutions of the spiral add the square of the height of its axis and take
the square root of the sum.

Or, length =

SOLID BODIES.

Surfaces and Volumes of Similar Solids. — The surfaces of two
similar solids are to each other as the squares of their linear dimensions;
the volumes are as the cubes of their linear dimensions. If L = the side
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of a cube or other solid, and I the side of a similar body of different size,
<Sf, .«, the surfaces and V, v, the volumes respectively, S : s :: L^ : /*;

V :v:: L^: R
The Prism. — To find the surface of a right prism: Multiply the perim-

eter of the base by the altitude for the convex surface. To this add the
areas of the two ends when the entire surface is required.

Volume of a prism = area of its base X its altitude.

The pyramid. — Convex surface of a regular pyramid = perimeter of
its base X half the slant height. To this add area of the base if the whole
surface is required.

Volume of a pyramid = area of base X one third of the altitude.

To find the surface of a frustum of a regular pyramid: Multiply half the
slant height by the sum of the perimeters of the two bases for the convex
surface. To this add the areas of the two bases when the entire surface is

required

.

To find the volume of a frustum of a pyramid: Add together the areas of
the two bases and a mean proportional between them, and multiply the
sum by one third of the altitude. (Mean proportional between two
numbers = square root of their product.)
Wedge. — A wedge is a solid bounded by five planes, viz.: a rectangular

base, two trapezoids, or two rectangles, meeting in an edge, and two
triangular ends. The altitude is the perpendicular drawn from any point
in the edge to the plane of the base.

To find the volume of a u-edge: Add the length of the edge to twice the
length of the base, and multiply the sum by one sixth of the product of
the height of the wedge and the breadth of the base.
Rectangular prismoid. — A rectangular prismoid is a solid bounded

by six planes, of which the two bases are rectangles, having their corre-
sponding sides parallel, and the four upright sides of the solid are trape-
zoids.

To find the volume of a rectangular prismoid: Add together the areas of
the two bases and four times the area of a parallel section equally distant
from the bases, and multiply the sum by one sixth of the altitude.

Cylinder. — Convex surface of a cylinder = perimeter of base X
altitude. To this add the areas, of the two ends when the entire surface is

required.
Volume of a cylinder = area of base X altitude.

Cone. — Convex surface of a cone = circumference of base X half the
slant height. To this add the area of the base when the entire surface is

required.

Volume of a cone = area of base X one third of the altitude.

To find the surface of a frustum of a cone: Multiply half the side by the
sum of the circumferences of the two bases for the convex surface; to this
add the areas of the two bases when the entire surface is required.

To find, the volume of a frustum of a cone: Add together the areas of
the two bases and a mean proportional between them, and multiply
the sum by one third of the altitude. Or, Vol. = 0.2618a(&2 + c^ + be)

;

a = altitude; h and c, diams. of the two bases.
• Sphere. — To find the surface of a sphere: Multiply the diameter by the
circumference of a great circle; or, multiply the square of the diameter by
3.14159.

Surface of sphere = 4 x area of its great circle.
*' ' " = couvex surface of its circumscribing cylinder.

Surfaces of spheres are to each other as the squares of their diameters.
To find the volume of a sphere: Multiply the surface by one third of the

radius; or, multiply the cube of the diameter by ;r/6; that is, by 0.5236,
Value of rt/6 to 10 decimal places = 0.5235987756.
The volume of a sphere = 2/3 the volume of its circumscribing cylinder.

Volumes of spheres are to each other as the cubes of their diameters.
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Spherical triangle. — To find the area of a spherical triangle: Compute
the surface of the quadrantal triangle, or one eighth of the surface of
the sphere. From the sum of the three angles subtract two right angles;
divide the remainder by 90, and multiply the quotient by the area of the
quadrantal triangle.

Spherical polygon. — To find the area of a spherical polygon: Compute
the surface of the quadrantal triangle. From the sum of all the angles
subtract the product of two right angles by the number of sides less two;
divide the remainder by 90 and multiply the quotient by the afea of the
quadrantal triangle.
The prlsmoid. — The prismoid is a solid having parallel end areas, and

may be composed of any combination of prisms, cylinders, wedges, pyra-
mids, or cones or frustums of the same, whose bases and apices lie in the
end areas.

Inasmuch as cylinders and cones are but special forms of prisms and
pyramids, and warped surface solids may be divided into elementary
forms of them, and since frustums may also be subdivided into the elemen-
tary forms, it is sufficient to say that all prismoids may be decomposed
into prisms, wedges, and pyramids. If a formula can be found which is

equally applicable to all of these forms, then it will apply to any combi-
nation of them. Such a formula is called

The Prismoidal Formula.

Let A = area of the bas^ of a prism, wedge, or pyramid^

ill, Ai, Ajn = the two end and the middle areas of a prismoid, or of any ol

its elementary solids; h = altitude of the prismoid or elementary solid*
V = its volume;

V =^iAi + 4Am+A2).

For a prism, Ai, Aj^ and A2 are equal, = A; V= -x X 6A = hA.

For a wedge with parallel ends, ^2= 0. A^= | Ai;F= | Ui +2A,) = —-

6^

The prismoidal formula is a rigid formula for all prismoids. The only
approximation involved in its use is in the assumption that the given solid
may be generated by a right line moving over the boundaries of the end
areas.

- The area of the middle section is never the mean of the two end areas if
the prismoid contains any pyramids or cones among its elementary forms.
When the three sections are similar in form the dimensions of the middle
area are always the means of the corresponding end dimensions. This
fact often enables the dimensions, and hence the area of the middle section,
to be computed from the end areas.

Polyedrons. — A polyedron is a solid bounded by plane polygons. A
regular polyedron is one whose sides are all equal regular polygons.

To find the surface of a regular polyedron. — Multiply the area of one of
the faces by the number of faces; or, multiply the square of one of the
edges by the surface of a similar solid whose edge is unity.

A Table OP thu Regular Polyedrons whose Edges are Unity.

Names. No. of Faces. Surface. Volume.
Tetraedron 4 1.7.320508 0.1178513
Hexaedron 6 6.0000000 1.0000000
Octaedron 8 3.4641016 0.4714045
Dodecaedron 12 20.6457288 7.6631189
Icosaedroa 20 8.6602540 2.1816950
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To find the volume of a regular polyedron. — Multiply the surface
by one third of the perpendicular let fall from the centre on one of the
faces; or, multiply the cube of one of the edges by the soUdity of a similar
polyedron whose edge is unity.

Solid of revolution. — The volume of any solid of revolution is equal
to the product of the area of its generating surface by the length of the
path of the centre of gravity of that surface.
The convex surface of any solid of revolution is equal to the product of

the perimeter of its generating surface by the length of path of its centre
of gravity.

Cylindrical ring. — Let d = outer diameter; d' = inner diameter:
1/2 (rf - d') = thickness = i; Vi^ti'^ = sectional area; i/2(d +d') = mean
diameter = M; m = circumference of section; -n M = mean circum-
ference of ring; surface ^ ntXT: M; =1/4 ?r2 (rf2 _ ^'2); = 9.86965 t M;
= 2.46741 (d2 - d'2). volume = 1/4 nf^ M n; = 2.467241 /2 m.
Spherical zone. — Surface of a spherical zone or segment of a sphere

= its altitude X the circumference of a great circle of the sphere. A
great circle is one \7h0se plane passes through the centre of the sphere.

Volume of a zone of a svhere. — To the sum of the squares of the radii
of the ends add one third of the square of the height; multiply the sum
by the height and by 1.5708.

Spherical segment. — Volume of a spherical segment with one base. —
Multiply half the height of the segment by the area of the base, and the
cube of the height by 0.5236 and add the two products. Or, from three
times the diameter of the sphere subtract twice the height of the segment;
multiply the difference by the square of the height and by 0.5236. Or, to
three times the square of the radius of the base of the segment add the
square of its height, and multiply the sum by the height and by 0.5236.

Spheroid or ellipsoid. — When the revolution of the generating sur-
face of the spheroid is about the transverse diameter the spheroid is

prolate, and when abo-at the conjugate it is oblate.

Convex surface of a segment of a spheroid. — Square the diameters of the
spheroid, and take the square root of half their sum; then, as the diameter
from which the segment is cut is to this root so is the height of the segment
to the proportionate height of the segm.ent to the mean diameter. Multiply
the product of the other diameter and 3.1416by the proportionate height.

Convex surface of a frustum or zone of a spheroid. — Proceed as by
Erevious rule for the surface of a segment, and obtain the proportionate
eight of the frustum. Multiply the product of the diameter parallel to

the base of the frustum and 3.1416 by the proportionate height of the
frustum.

Volume of a spheroid is equal to the product of the square of the revolv-
ing axis by the fixed axis and by 0.5236. The volume of a spheroid is two
thirds of that of the circumscribing cyhnder.

Volume of a segment of a sjjheroid. — 1 . When the base is parallel to the
revolving axis, multiply the difference between three times the fixed axis
and twice the height of the segment, by the square of the height and by
0.5236. Multiply the product by the square of the revolving axis, and
divide by the square of the fixed axis.

2. When the base is perpendicular to the revolving axis, multiply the
difference between three times the revolving axis and twice the height of
the segment by the square of the height and by 0.5236. Multiply the
product by the length of the fixed axis, and divide by the length of the
revolving axis.

Volume of the middle frustum of a spheroid. — 1. When the ends are
circular, or parallel to the revolving axis: To twice the square of the middle
diameter add the square of the diameter of one end; multiply the sum by
the length of the frustum and by 0.2618.

2. When the ends are elliptical, or perpendicular to the revolving axis:
To twice the product of the transverse and conjugate diameters of tbe
middle section add the product of the transverse and conjugate diameters
of one end; multiply the sum by the length of the frustum and by 0.2618.

Spindles. — Figures generated by the revolution of a plane area,
bounded by a curve other than a circle, when tt. ; curve is revolved about
a chord perpendicular to its axis, or about its double ordinate. They are
designated by the name of the arc or curve from whicti they aie generated,
as Circular, Elliptic, Parabolic, etc., etc.
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Convex surface of a circular spindle, zone, or segment of it. — Rule: Mul-
tiply the length by the radius of the revolving arc; multiply this arc by the
central distance, or distance between the centre of the spindle and centre
of the revolving arc; subtract this product from the former, double the
remainder, and multiply it by 3-1416.

Volume of a circular spindle. — Iilultiply the central distance by half
the area of the revolving segment; subtract the product from one third of
the cube of half the length, and multiply the remainder by 12.5664.

Volume of frustum or zone of a circtdar spindle. — From the square of
half the length of the whole spindle take one third of the square of half the
length of the frustum, and multiply the remainder by the said half length
of the frustum; multiply the central distance by the revolving area which
generates the frustum; subtract this product from the former, and multi-
ply the remainder by 6.2832.

Volume of a segment of a circidar spindle. — Subtract the length of the
segment from the half length of the spindle; double the remainder and
ascertain the volume of a middle frustum of this length; subtract the
result from the volume of the whole spindle and halve the remainder.

Volume of a cycloidal spindle= ilve eighths of the volume of the circum-
scribing cylinder. — Multiply the product of the square of twice the dia-
meter of the generating circle and 3.927 by its circumference, and divide
this product by 8.

Parabolic conoid. — Volume of a parabolic conoid (generated by the
revolution of a parabola on its axis). •— Multiply the area of the base by
half the height.
Or multiply the square of the diameter of the base by the height and by

0.3927.
Volume of a frustum of a parabolic conoid. — Multiply half the sum of

tne areas of the two ends by the height.
Volume of a parabolic spindle (generated by the revolution of a parabola

on its base). — Multiply the square of the middle diameter by the length
and by 0.4189. The volume of a parabolic spindle is to that of a cylinder
of the same height and diameter as 8 to 15.

Volume of the middle frusiura of a parabolic spindle. — Add together
8 times the square of the maximum diameter, 3 times the square of the
end diameter, and 4 times the product of the diameters. Multiply the
sum by the length of the frustum and by 0.05236. This rule is applicable
for calculating the content of casks of parabolic form.

Casks. —• To find the volume of a cask of any form. — Add together 39
times the square of the bung diameter, 25 times the square of the head
diameter, and 26 times the product of the diameters. Multiply the sum
by the length, and divide by 31,773 for the content in Imperial gallons, or
by 26,470 for U. S. gallons.

This rule was framed by Dr. Hutton, on the supposition that the middle
third of the length of the cask was a frustum of a parabolic spindle, and
each outer third was a frustum of a cone.

To find the ullage of a cask, thfe quantity of liquor in it when it is not full.

1. For a lying cask: Divide the number of wet or dry inches by the bung
diameter in inches. If the quotient is less than 0.5, deduct from it one
fourth part of what it wants of 0.5. If it exceeds 0.5, add to it one fourth
part of the excess above 0.5. Multiply the remainder or the sum by the
whole content of the cask. The product is the quantity of liquor in the
cask, in gallons, when the dividend is wet inches; or the empty space, if

dry inches.
2. For a standing cask: Divide the number of wet or dry inches by the

length of the cask. If the quotient exceeds 0.5, add to it one tenth of its

excess above 0.5; if less than 0.5, subtract from it one tenth of what it

wants of 0.5. Multiply the sum or the remainder by the whole content of
the cask. The product is the quantity of Uquor in the cask, when th^
dividend is wet inches; or the empty space, if dry inches.

Volume of cask (approximate) U. S. gallons = square of mean diam.
X length in inches X 0.0034. Mean diameter = half the sum of the
bung and head diameters.
Volume of an irregular solid. — Suppose it divided into parts, resem-

bling prisms or other bodies measurable by preceding rules. Find the con*
tent of each part; the sum of the contents is the cubic contents of the solid.
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The content of a small part is found nearly by multiplying half the sum
of the areas of each end by the perpendicular distance between them.
The contents of small irregular solids may sometimes be found by im-

mersing them under water in a prismatic or cylindrical vessel, and observ-
ing the amount by which the level of the water descends when the solid is

withdrawn. The sectional area of the vessel being multiplied by the
descent of the level gives the cubic contents.

Or, weigh the solid in air and in water; the difference is the weight of
water it displaces. Divide the weight in pounds by 62.4 to obtain volume
in cubic feet, or multiply it by 27.7 to obtain the volume in cubic inches.
When the solid is very large and a great degree of accuracy is not

requisite, measure its length, breadth, and depth in several different
places, and take the mean of the measurement for each dimension, and
multiply the three means together.
When the surface Of the solid is very extensive it is better to divide it

into triangles, to find the area of each triangle, and to multiply it by the
mean depth of the triangle for the contents of each triangular portion; the
contents of the triangular sections are to be added together.
The mean depth of a triangular section is obtained by measuring the

depth at each angle, adding together the three measurements, and taking
one third of the sum.

PLANE TRIGONOMETRY.

Trigonometrical Functions.

Every triangle has six parts — three angles and three sides. When any
three of these parts are given, provided one of them is a side, the other

Sarts may be determined. By the solution of a triangle is meant the
etermination of the unknown parts of a triangle when certain parts are

given.
The complement of an angle or arc is what remains after subtracting the

angle or arc from 90°.

In general, if we represent any arc by A, its complement is 90° — A.
Hence the complement of an arc that exceeds 90° is negative.
The supplement of an angle or arc is what remains after subtracting the

angle or arc from 180°. If A is an arc its supplement is 180° — A. The
supplement of an arc that exceeds 180° is negative.

The mm of the three angles of a triangle is equal to 180°. Either angle is

the supplement of the other two. In a right-angled triangle, the right
angle being equal to 90°, each of the acute angles is the complement of
the other.

In all right-angled triangles having the same acute angle, the sides have to

each other the same ratio. These ratios have received special names, as
follows:

If A is one of the acute angles, a the opposite side, 6 the adjacent side,

and c the hypothenuse.
The sine of the angle A is the quotient of the opposite side divided by the

hypothenuse. Sin A = —

The tangent of the angle A is the quotient of the opposite side divided by

the adjacent side. Tan A = j--

The secant of the angle A is the quotient of the hypothenuse divided by the

adjacent side. Sec A = -j-'

The cosine (cos), cotangent (cot), and cosecant (cosec) of an angle
are respectively the sine, tangent, and secant of the complement of that
angle. The terms sine, cosine, etc., are called trigonometrical functions.

In a circle whose radius is unity, the sine of an arc, or of the angle at the
centre measured by that arc, is the perpendicular let fall from one extremity of
the arc upon the diameter passing through the other extremity.
The tangent of an arc is the line which touches the circle at one extremity
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of the arc, and is limited by the diameter (produced) passing through the other
extremity.
The secant of an arc is that part of the produced diameter which is inter-

cepted between the centre and the tangent.
The versed sine of an arc is that part of the diameter intercepted between

the extremity of the arc and the foot of the sine.
In a circle whose radius is not unity, the trigonometric functions of an

arc will be equal to the lines here defined, divided by the radius of the
circle.

If ICA (Fig. 71) is an angle in the first quadrant, and CF = radius,
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-Fig. 71.

If radius is 1, then Rad in the denominator is

omitted, and sine = F G, etc.
The sine of an arc = half the chord of twice the

arc.

The sine of the supplement of the arc is the
same as that of the arc itself. Sine of arc B D F
= F G = sin arc F A.

The tangent of the supplement is equal to the tangent of the arc, but
with a contrary sign. Tan BDF = — BM.
The secant of the supplement is equal to the secant of the arc, but with

a contrary sign. Sec BDF = — CM.
Signs of the functions in the four quadrants. — If we divide a

circle into four quadrants by a vertical and a horizontal diameter, the
upper right-hand quadrant is called the first, the upper left the second,
the lower left the third, and the lower right the fourth. The signs of the
functions in the four quadrants are as follows:

First quad. Second quad. Third quad. Fourth quad.
Sine and cosecant, + + — —
Cosine and secant, + — — +
Tangent and cotangent, + — + —
The values of the functions are as follows for the angles specified:
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TRIGONOMETRICAL FORMTJLAE.

The following relations are deduced from the properties of similai
triangles (Radius = 1):

sin A
,

cos A '

cos A
^

' sin A

'

1
" cos A'

1
' sin A '

cos A : sin A : : 1 : tan A, whence tan A ==

sin A : cos A : : 1 : cot A, " cotan A

cos A : 1 : : 1 : sec A, " sec A

sin A : 1 : : 1 : cosec A, *' cosec A =

tan A : 1 : : 1 : cot A " tan A =
cot A

The sum of the square of the sine of an arc and the square of its cosine
equals unity. Sin^ A + cos^ A = 1.

Also, 1 + tan2 A = sec2 A\ 1 + cot^ A = cosec^ A.
Functions of the sum and difference of two angles:
Let the two angles be denoted by A and B, their sum A + B =^ C, and

their difference A — B by D.

sin (A + B) = sin A cos B + cos A sin S:
cos lA+ B) = cos A cos B — sin A sin B
sin (A — B) = sin A cos 5 — cos A sin 5;
cos (A — B) = cos A cos B + sin A sin B.

From these four formulae by addition and subtraction we obtai

sin (A + B)
sin (A + 5)

+ sin (A
sin (A •

2 sin A cos 5
= 2 COS A sin 5

cos (A + B) + cos (A — £) = 2 cos A cos B
cos (A cos (A + £) = 2 sin A sin 5.

(2)

(3)
(4)

. (5)

. (6>

. (7)

. (8)

If we put A+ B = C, and A
V2(C — D), and we have

B = D, then A = 1/2 (C + Z») and B =

sin C + sin D = 2 sin 1/2 (C + Z)) cos 1/2 (C - D)
sin C - sin D = 2 cos 1/2 (C + D) sin 1/2 (C - D)
cos C + cos Z) = 2 cos 1/2 (C + D) cos 1/2 (C - Z))

cosD - cosC = 2 sin 1/2 (C + D) sin 1/2 (C - £>),

(9)
(10)
(11)
(12)

Equation (9) may be enunciated thus: The sum of the sines of any two
angles is equal to twice the sine of half the sum of the angles multipUed by
the cosine of half their difference. These formulae enable us to transform
a sum or difference into a product.
The sum of the sines of two angles is to their difference as the tangent of

half the sum of those angles is to the tangent of half their difference.

sin A + sin g ^ 2 sin 1/2 (A + B) cos 1/3 (A -B) _

sin A - sin 5 2 cos 1/2 (A + B) sin 1/2 (A-B)^
tan 1/3 (A + B)
tan 1/2 (A - B)'

(13)

The sum of the cosines of two angles is to their difference as the cotan-
gent of half the sum of those angles is to the tangent of half their difference.

cos A + cos g ^ 2 cos 1/2 (A + B) cos 1/2 (A - B)
cos g — cos A 2 sin 1/2 (.A + B) sin 1/2 {A-B)'

cot 1/2 (A + B)
tan 1/2 (A - B)'

(14)

The sine of the sum of two angles is to the sine of their difference as the
sum of the tangents of those angles is to the difference of the tangents.

sin (A + B) _ tan A + tan B
.

Bin (A ~ jB) tan A — tan B * (15)



PLANE TRIGONOMETRY, 69

Sin U + B)
cos A cos B
sin (A - B)
cos A cos B
cos {A + ^)

= tan A + tan 5;

= tan A — tan i?;

= 1— tan A tan ^;

1 4- tan A tan £;

cos A cos i?

cos {A - B)

cos A cos B
Functions of twice an angle:

sin 2A = 2 sin A cos A\

^ . 2 tan A
tan 2A = —^—r ;

1 — tan2 ^
Functions of half an angle:

. / 1 — cos A
.sin 1/2^= ±

tan 1/2^ =± V J-^ cos A

tan (A + 5) =

tan (A - B) =

cot (A + 5) =

cot (A - B) =

cos 2 A =

cot 2A =

cos 1/2^ =

cot 1/2A = ±

tan A 4- tan B ,

1 —tan A tan J5
*

tan A — tan g ^

1 + tan A tan B '

cot A cot B — 1
.

cot £ + cot A '

cot A cot g + 1
^

cot B — cot A
'

cos.2 A
cot2 A

- sin2A;
- 1

2 cot A

- i^
L + cos A

± \ 2 •

,

./l + cos A
- cos A

For tables of Trigonometric Functions, see Mathematical Tables.

Solution of Plane Kight-angled Triangles.

Let A and B be the two acute angles and C the right angle, and a, h, and
c the sides opposite these angles, respectively, then we have

1. sin A = cos B = -
; 3. tan A = cot B -

2. cos A = sin B 4. cot A = tan B

1. In any plane right-angled triangle the sine of either of the acute
angles is equal to the quotient of the opposite leg divided by the hypothe-
nuse.

2. The cosine of either of the acute angles is equal to the quotient of
the adjacent leg divided by the hypothenuse.

3. The tangent of either of the acute angles is equal to the quotient of
the opposite leg divided by the adjacent leg.

4. The cotangent of either of the acute angles is equal to the quotient
of the adjacent leg divided by the opposite leg.

5. The square of the hypothenuse equals the sum of the squares of the
other two sides.

Solution of Oblique-angled Triangles.

The following propositions are proved in works on plane trigonometry.
In any plane triangle —

Theorem 1. The sines of the angles are proportional to the opposite
sides.

Theorem 2. The sum of any two sides is to their difference as the tan-
gent of half the sum of the opposite angles is to the tangent of half their
difference.

Theorem 3. If from any angle of a triangle a perpendicular be drawn to
the opposite side or base, the whole base will be to the sum of the other
two sides as the difference of those two sides is to the difference of the
segments of the base.
Case I. Given two angles and a side, to find the third angle and the

other two sides. 1. The third angle = 180° — sum of the two angles.
2. The sides may be found by the following proportion:
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The sine of the angle opposite the given side is to the sine of the angle
opposite the required side as the given side is to the required side.
Case II. Given two sides and an angle opposite one of them, to find

the third side and the remaining angles.
The side opposite the given angle is to the side opposite the required

angle as the sine of the given angle is to the sine of the required angle.
The third angle is found by subtracting the sum of the other two from

180°, and the third side is found as in Case I.

Case III. Given two sides and the included angle, to find the third
side and the remaining angles.
The sum of the required angles is found by subtracting the given angle

from 180°. The difference of the required angles is then found by Theorem
II. Half the difference added to half the sum gives the greater angle, and
half the difference subtracted from half the sum gives the less angle. The
tliird side is then found by Theorem I.

Another method:
Given the sides c, b, and the included angle A, to find the remaining side

a and the remaining angles B and C.
From either of the unknown angles, as B, draw a perpendicular Be to

the opposite side.
Then

Ae = c cos A, Be = c sin A, eC = b — Ae Be -^ eC = tan C.

Or, in other words, solve Be, Ae and BeC as right-angled triangles.
Case IV. Given the three sides, to find the angles.
Let fall a perpendicular upon the longest side from the opposite angle,

dividing the given triangle into two right-angled triangles. The two seg-
ments of the base may be found by Theorem III. There will then be
given the hypothenuse and one side of a right-angled triangle to find the
angles.

For areas of triangles, see Mensuration.

ANALYTICAL GEOMETRY,

Analytical geometry is that branch of Mathematics which has for its

object the determination of the forms and magnitudes of geometrical
magnitudes, by means of analysis.

Ordinates and abscissas. — In analytical geometry two intersecting
Unes YY', XX' are used as coordinate axes,
XX' being the axis of abscissas or axis of X,
and YY' the axis of ordinates or axis of Y.
A, the intersection, is called the origin of co-
ordinates. The distance of any point P
from the axis of Y measured parallel to the
axis of X is called the abscissa of the point,
as AD or CP, Fig. 72. Its distance from the
axis of X, measured parallel to the axis of
F, is called the ordinate, as AC or PD.
The abscissa and ordinate taken together
are called the coordinates of the point P.
The angle of intersection is usually taken as
a right angle, in which case the axes of X
and Y are called rectangular coordinates.
The abscissa of a point is designated by the letter x and the ordinate

oy ?/.

The equations of a point are the equations which express the distances
of the point from the axis. Thus x = a, y = b are the equations of the
point P.
Equations referred to rectangular coordinates. — The equation of

a line expresses the relation which exists between the coordinates of every
point of the line.

Equation of a straight line, y = ax ± b,in which a is the tangent of the
angle the fine makes with the axis of X, and b the distance above A in
which the line cuts the axis of F.
Every equation of the first degree between two variables is the equation
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of a straight line, as Ay + Bx + C ^^ 0, which can be reduced to the form
y = ax ± b.

Equation of the distance between two points:

D = ^{x" ~ x')2 + iy" - y')\

in which x'y', x"y'' are the coordinates of the two points.
Equation of a line passing through a given point:

y - y' == a(x - x'),

in which x'y' are the co'ordi nates of the given point, a, the tangent of the
angle the line makes vidth the axis of x, being undetermined, since any
number of lines may be drawn through a given point.

Equation of a line passing through two given points:

V - y

Equation of a line parallel to a given line and through a given point

:

y — y' = aix — x').

Equation of an angle V included between two given Unes:

tang V =

1 + a'

a

in which a and a' are the tangents of the angles the lines make with the
axis of abscissas.

If the lines are at right angles to each other tang F = oo , and

1 + a'a = 0.

Equations of ar intprsection of two lines, whose equations are

y = ax f &, and y = a'x + &',

Equation of a perpendicular from a given point to a given line:

y ~ y' = - - U- - ^ )•

Equation of the, length of the perpendicular Pi

„ y' — ax' — b

Vl + a2

The circle. — Equation of a circle, the origin of coordinates being at
the centre, and radius = R:

a;2 + 2/2 = ^2,

If the origin is at the left extremity of the diameter, on the axis of X;

t/2 = 2Rx - a;2.

If the origin is at any point, and the coordinates of the centre are x'y^

(x - x')i + (y - 2/')2 == R^.

Equation of a tangent to a circle, the coordinates of the point of tan-
gency being x"y" and the origin at the centre,

yy" + XX" = i22.

The ellipse. — Equation of an ellipse, referred to rectangular coordi-
nates with axis at the centre:

^2j^2 + £2^2 = ,4252,

in which A is half the transverse axis and B half the conjugate a^'s.
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Equation of the ellipse when the origin is at the vertex of the trans-t^^erse

axis:

2/2 = ~{2Ax ~ x^).

The eccentricity of an ellipse is the distance from the centre to either
focus, divided by the semi-transverse axis, or

,
Va2 •

The parameter of an ellipse is the double ordinate passing through the
focus. It is a third proportional to the transverse axis and its conjugate,
or

2A '. 2B i: 2B : parameter, or parameter = —* —

Any ordinate of a circle circumscribing an ellipse is to the corresponding
ordinate of the ellipse as the semi transverse axis to the semi-conjugate,

.

Any ordinate of a circle inscribed in an ellipse is to the corresponding
ordinate of the ellipse as the semi-conjugate axis to the semi-transverse.

Equation of the tangent to an ellipse, origin of axes at the centre:

A'^yy" + B"xx" = A^B'^,

y"x" being the coordinates of the point of tangency.
Equation of the normal, passing through the point of tangency, and

perpendicular to the tangent:
„ A^y'\

y - y =
B^x''^''

- ^^-

The normal bisects the angle of the two lines drawn from the point of
tangency to the foci.

The Unes drawn from the foci make equal angles with the tangent.
The parabola. — Equation of the parabola referred to rectangular

coordinates, the origin being at the vertex of its axis, y"^ = 2px, in which
2p is the parameter or double ordinate through the focus.
The parameter is a third proportional to any abscissa and its correspond-

ing ordinate, or
x : y :: y : 2p.

Equation of the tangent:

yy" = p(x + x"),

y"x" being coordinates of the point of tangency,.
Equation of the normal

:

y ~ y" ^ - yC-c - a/0.

The sub-normal, or projection of the normal on the axis, is constant, and
equal to half the parameter.
The tangent at any point makes equal angles with the axis and with the

line drawn from the pMnt of tangency to the focus.
The hyperbola. —-Equation of the ^hyperbola referred to rectangular

coordinates, origin at the centre:

A 2^/2 - B-^x"^ = - A2i?2,

in which A is the semi-transverse axis and B the semi-conjugate axis.
Equation when the origin is at the right vertex of the transverse axis:

y2 = ^ {2Ax + a:2).

Conjugate an^ equilateral hyperbolas. — If on the conjugate axis
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'AS a transverse, and a focal distance equal to ^A^ + B^, we construct
the two branches of a hyperbola, the two hyperbolas thus constructed are
called conjugate hyperbolas. If the transverse and conjugate axes are
equal, the hyperbolas are called equilateral, in which case y^~x^= — A^
when A is the transverse axis, and x^ — y^ = — B^ when B is the trans-
verse axis.
The parameter of the transverse axis is a third proportional to the trans-

verse axis and its conjugate.

2A : 2B :: 2B : parameter.

The tangent to a hyperbola bisects the angle of the two lines drawn from
the point of tangency to the foci.

The asymptotes of a hyperbola are. the diagonals of the rectangle
described on the axes, indefinitely produced in both directions.
The asymntotes continually approach the hyperbola, and become

tangent to it "at an infinite distance from the centre.
Equilateral hyperbola, — In an equilateral hyperbola the asymptotes

make equal angles with the transverse axis, and are at right angles to each
other. With the asymptotes as axes, and P = ordinate, V = abscissa,
PV = a constant. This equation is that of the expansion of a perfect
gas, in which P = absolute pressure, V = volume.

Curve of Expansion of Gases. — PV'^ = a constant, or PiFi^= P2F2^,
in which Vi and F? are the volumes at the pressures Pi and P2. When
these are given, the exponent n may be found from the formula

^ log Fi - log P-2

^ ~"
log V2 - log Vi'

Conic sections, — Every equation of the second degree between two
variables mil represent either a circle, an ellipse, a parabola or a hyperbola.

. These curves are those which are obtained by intersecting the surface of a
cone by planes, and for this reason they are called conic sections.
Logarithmic curve- — A logarithmic curve is one in which one of the

cocrdinates of any point is the logarithm of the other.
The cobrdmate axis to which the lines denoting the logarithms are

farallel is called the axis of logarithms, and the other the axis of numbers,
f y is the axis of logarithms and x the axis of numbers, the equation of the

curve is y = log x.

If the base of a system oflogarithms is a, we have a^ = x, in which y is

the logarithm of x.

Each system of logarithms will give a different logarithmic curve. If

1/ -^ 0, X = 1. Hence every logarithmic curve will intersect the axis of
numbers at a distance from the origin equal to 1.

DIFFERENTIAL CALCULUS.
The differential of a variable quantity is the difference between any two

of its consecutive values; hence it is indefinitely small. It is expressed by
writing d before the quantity, as dx, which is read differential of x.

The term ,| is called the differential coefficient of y regarded as a func-

tion of X. It is also called the first derived function or the derivative.
The differential of a function is equal to its differential coefficient mul-

tiplied by the differential of the independent variable; thus, -^dx = dy.

The limit of a variable quantity is that value to which it continually
approaches, so as at last to differ from it by less than any assignable
quantity.
The differential coefficient is the limit of the ratio of the increment of

the independent variable to the increment of the function.
The differential of a constant quantity is equal to 0.
The differential of a product of a constant by a variable is equal to the

I instant multiplied by the differential of the variable.

If w ^ Av, du = A dv.
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In any curve whose equation is y = f{x), the differential coefScient

-J- = tan a; lience. the rate of increase of the function, or the ascension of
ax
the curve at any point, is equal to the tangent of the angle which the
tangent line makes with the axis of abscissas.

All the operations of the Differential Calculus comprise but two objects:
1. To find the rate of change in a function when it passes from one state

of value to another, consecutive with it.

2. To find the actual change in the function: The rate of change is the
differential coefficient, and the actual change the differential.

Differentials of algebraic functions. -— The differential of the sum
or difference of any number of functions, dependent on the same variable,
is equal to the sum or difference of their differentials taken separately:

If u = y + z — w, du = dy + dz — dw.

The differential of a product of two functions dependent on the same
variable is equal to the sum of the products of each by the differential of
the other:

,, . 7 , J diuv) du
,
dv

d(uv) = vdu+ udv. — = \- —
uv u V

The differential of the product of any number of functions is equal to
the sum of the products which arise by multiplying the differential of each
function by the product of all the others:

d{uts) = tsdu + us dt + ut ds.

The differential of a fraction equals the denominator into the diffeiential
of the numerator minus the numerator into the differential of the denom-
inator, divided by the square of the denominator:

, , , (u\ v du— udv

If the denominator is constant, dv -

If the numerator is constant, du = (

The differential of the square root of a quantity is equal to the differen-
tial of the quantity divided by twice the square root of the quantity:

li V == M^/2, or v =^ v^i, dv = —;=; = - u-^IMu.
2V-U ^

The differential of any power of a function is equal to the exponent multi-
plied by the function raised to a powerless one, multiplied by the differen-

tial of the function, d{u^) = nu^'^du.

Formulas for diflferentiatlng algebraic functions.

{x\ _ ydx-xdy
^' "^ Vy)

"^
V^

7. d {x"^) = mx'^-Ux.

1. d (a) = 0.

2. d {ax) = a dx.

3. d(x + y) = dx + dy.

4. d (x — y) = dx — dy.

5. d (xy) = X dy + y dx.

2 va;

To find the differential of the form m = (a + bx'^)^:
Multiply the exponent of the parenthesis into the exponent of the vari-

»ble within the parenthesis, into the coefficient of the variable, into the
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binomial raised to a power less 1 , into the variable within the parenthesis
raised to a power less 1 , into the differential of the variable.

du = cKa + Ix"^)^ = mnKd + &a;^)"'~'a;^~' dx.

To find the rate of change for a given value of the variable:
Find the differential coefficient, and substitute the value of the variable

in the second member of the equation.

Example. — If a; is the side of a cube and u its volume, m = x^, -r- = 3x2.
dx

Hence the rate of change in the volume is three times the square of the
edge. If the edge is denoted by 1, the rate of change is 3.

Application. The coefficient of expansion by heat of the volume of a
body is three times the linear coefficient of expansion. Thus if the side
of a cube expands 0.001 inch, its volume expands 0.003 cubic inch. l.OOl^
= 1.003003001.
A partial differential coefHcient is the differential coefficient of a

function of two or more variables under the supposition that only one
of them has changed its value.
A partial differential is the differential of a function of two or more

variables under the supposition that only one of them has changed its
value.
The total differential of a function of any number of variables is equal

to the sum of the partial differentials.

If It = / (xy), the partial differentials are — dx, -r-dy.

If u ^ x^ + y^ — z, du = -r- dx + -^ dy + j- dz; = 2x dx + 3y2 dy — dz.

Integrals. — An integral is a functional 'expression derived from a
differential. Integration is the operation of finding the primitive func-

tion from the differential function. It is indicated by the sign /, which is

read "the integral of." T\\\xs Jlxdx = x^; read, the integral of 2xdx
equals x2.

To integrate an expression of the form mx"^~^dx or x^dx, add 1 to the
exponent of the variable, and divide by the new exponent and by the

differential of the variable: /Sx^dx = x^, (Applicable in all cases except

when m = — 1. For /x dx see formula 2, page 81.)

The integral of the product of a constant by the differential of a vari-
able is equal to the constant multiplied by the integral of the differential:

Cax"^ dx = a Cx'^dx = a -^-^ x^^+K
J J m+ 1

raic sum o
their integ

du = 2ax^dx — bydy— z^ dz; idu= ~ ax^

The integral of the algebraic sum of any number of differentials is
€qual to the algebraic sum of their integrals:

Since the differential of a constant is 0, a constant connected with a
variable by the sign + or — disappears in the differentiation; thus
d{a + x^) = dx^ = mx^ ^ dx. Hence in integrating a differential
expression we must annex to the integral obtained a constant represented
by C to compensate for the term which may have been lost in differen-

tiation. Thus if we have dy = adx^fdy = a/dx. Integrating,

y ^ ax ± 0,
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The constant C, which is added to the first integral, must have such a
value as to render the functional equation true for every possible value
that may be attributed to the variable. Hence, after having found the
first integral equation and added the constant C, if we then make
the variable equal to zero, the value which the function assumes will be
the true value of C.
An indefinite integral is the first integral obtained before the value of

the constant C is determined.
A particular integral is the integral after the value of C has been found.
A definite integral is the integral corresponding to a given value of the

t-ariable.

Integration between limits. — Having found the indefinite integral
and the particular integral, the next step is to find the definite integral
and then the definite integral between given limits of the variable.
The integral of a function, taken between two limits, indicated by given

values of x, is equal to the difference of the definite integrals correspond-
ing to those limits. The expression

/; dy

-.-.egrL. - „,

: the least Umit, or the limit corresponding to the subtractive integral,
being placed below.

Integrate du = 9.r2 dx between the limits x = 1 and x = ?>,u being equal

to 81 when x = Q. fdu = /9:c2 do; = 3a;3 + C;- C = 81 when x = 0, then

3

du = 3(3)3 + 81, minus 3(1)3 + si = 78.£
Integration of particular forms. _
To integrate a differential of the form du = (a+ 62;"')^x^ ^ dx.
1. If there is a constant factor, place it without the sign of the integral,

and omit the power of the variable without the parenthesis and the differ-

ential;
2. Augment the exponent of the parenthesis by 1, and then divide

this quantity, with the exponent so increased, by the exponent of the
parenthesis, into the exponent of the variable within the parenthesis,
into the coefficient of the variable. Whence

/^ (m+ l)nb
+ C.

The differential of an arc is the hypothenuse of a right-angle triangle of

which the base is dx and the perpendicular dy.

If z is an arc, dz =Vdx^ + dy^ z =f^dx^ + dy^.

Quadrature of a plane figure.

The differential of the area of a plane surface is equal to the ordinate int'^

the differential of the abscissa.
ds = y dx.

To apply the principle enunciated in the last equation, in finding the area

of any particular plane surface: ^., t, ,• ,-

Find the value of y in terms of x, from the equation of the boundmg Ime;

substitute this value in the differential equation, and then mtegrate

between the required Umits of .r.
x- * ^u

Area of the parabola. — Find the area of any portion of the com-
mon parabola whose equation is

2/2 = 2px\ whence y = '^2px,
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Substituting this value of y In the differential equation ds = v dx glve§

Jds =JV^ dx = VTpJx^^^dx = ?^x^/2 + a

or. s^^^Xx=.lxy+C.

If we estimate the area from the principal vertex, x = 0, y = 0, and

C = 0; and denoting the particular integral by s', s' = o ^2/-

That is, the area of any portion of the parabola, estimated from the
vertex, is equal to 2/3 of the rectangle of the abscissa and ordinate of the
extreme point. The curve is therefore quadrable.
Quadrature of surfaces of revolution. — The differential of a surface

of revolution is equal to the circumference of a circle perpendicular to the
axis into the differential of the arc of the meridian curve.

ds = 27:y\^dx^ + dy^\

in which y is the radius of a circle of the bounding surface in a plane per-
pendicular to the axis of revolution, and r is the abscissa, or distance of
the plane from the origin of coordinate axes.

Therefore, to find the volume of any surface of revolution:
Find the value of y and dy from the equation of the meridian curve in

terms of x and dx, then substitute these values in the differential equation,
and integrate between the proper limits of x.
By application of this rule we may find:
The curved surface of a cylinder equals the product of the circum-

ference of the base into the altitude.
The convex surface of a cone equals the product of the circumference of

the base into half the slant height.
The surface of a sphere is equal to the area of four great circles, or equal

to the curved surface of the circumscribing cylinder.
Cubature of volumes of revolution. — A volume of revolution is a

volume generated by the revolution of a plane figure about a fixed line
• called the axis.

If we denote the volume by F, dV = mj^ dx.
The area of a circle described by any ordinate y is nij^; hence the differ-

ential of a volume of revolution is equal to the area of a circle perpendicular
to the axis into the differential of the axis.
The differential of a volume generated by the revolution of a plane

figure about the axis of Y is nx^ dy.
To find the value of V for any given volume of revolution :

Find the value of y^ in terms of x from the equation of the meridian
curve, substitute this value in the differential equation, and then integrate
between the required limits of x.
By apphcation of this rule we may find:
The volume of a cylinder is equal to the area of the base multiplied

by the altitude.
The volume of a cone is equal to the area of the base into one third the,

altitude.
The volume of a prolate spheroid and of an oblate spheroid (formed by

the revolution of an ellipse around its transverse and its conjugate axis
respectively) are each equal to two thirds of the circumscribing cylinder.

If the axes are equal, the spheroid becomes a sphere and its volume ==

Tj TcR^ X D = - TtD^; R being radius and D diameter.
o o
The volume of a paraboloid is equal to half the cylinder having the same

base and altitude.
The volume of a pyramid equals the area of the base multiplied by one

third the altitude.
Second, third, etc., dififerentials. — The differential coefficient being

a function of the independent variable, it may be differentiated, and we
thus obtain the second differential coefficient:
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d(J-\ = -T— Dividing by dx, we have for the second differential

coefficient -r-g' which is read : second differential of u divided by the square

of the differential of x (or dx squared).

The third differential coeflacient ^ is read: third differential of v

divided by dx cubed.
The differentials of the different orders are obtained by multiplying

the differential coefficient by the corresponding powers of dx; thus

^ dx^ = third differential of u.
dx^

Sign of the first differential coefflcient. — If we have a curve
A^hose equation is y = fx, referred to rectangular coordinates, the curve

will recede from the axis of X when -r- is positive, and approach the

axis when it is negative, when the curve lies within the first angle of the
coordinate axes. For all angles and every relation of y and x the curve
will recede from the axis of X when the ordinate and first differential
coefficient have the same sign, and approach it when they have different
signs. If the tangent of the curve becomes parallel to the axis of X at any

point ~- = 0. If the tangent becomes perpendicular to the axis of X at

any point ^ = o°*

Sign of the second differential coeflflcient. — The second differential
coefficient has the same sign as the ordinate when the curve is convex
toward the axis of abscissa and a contrary sign when it is concave.
Maclaurin's Theorem. — For developing into a series any function

of a single variable a.s u = A + Bx + Cx^ + Dx^ + Ex*, etc, in which
A, B, C, etc., are independent of x:

In applying the formula, omit the expressions re = 0, although the
coefficients are always found under this hypothesis.
Examples:

1 2

m (m - 1) (m-2) «i-3^,

1 1 X , X^ X^ , X ^

a + X a a2 a^ a* a"+l

Taylor's Theorem. — For developing into a series any function of the
sum or difference of two independent variables, as u' = f(x ± y):

, . du , d^u y^ , dhi y^ , .^. „ ^ +_ y + __ __ + ^3-2^ + etc..

In which u is what u' becomes when y = 0, ^ is what -r- becomes when

y =» 0, etc.

Maxima and minima. — To find the maximum or minimum value
of a function of a single variable:

1. Find the first differential coefficient of the function, place it equal
to 0, and determine the roots of the equation.

2. Find the second differential coefhcient, and substitute each real root.
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In succession, for the variable in the second member of the equation.
Each root which gives a negative result will corresi^ond to a maximum
value of the function, and each which gives a positive result will corre-
spond to a minimum value.
Example. — To find the value of x which will render the function y a

maximum or minimum in the equation of the circle, y^ + x^ == R^;

~ =
; making — - = gives x = 0.

dx y ^ y

d^v x^ + y*
The sec<5nd differential coefficient is: — = ~—

dx^ y^

When X = 0, y = R; hence w^ = ~ »' which being negative, y is a.

maximum for R positive.
In applying the rule to practical examples we first find an expression for

the function which is to be made a maximum or minimum.
2. If in such expression a constant quantity is found as a factor, it may

be omitted in the operation; for the product will be a maximum or a mini-
mum when the variable factor is a maximum or a minimum.

3. Any value of the independent variable which renders a function a
maximum or a minimum will render any power or root of that function a
maximum or minimum; hence we may square both members of an equa-
tion to free it of radicals before differentiating.
By these rules we may find

:

The maximum rectangle which can be inscribed in a triangle is one
whose altitude is half the altitude of the triangle.
The altitude of the maximum cylinder which can be inscribed in a cone

is one third the altitude of the cone.
The surface of a cylindrical vessel of a given volume, open at the top,

is a minimum when the altitude equals half the diameter.
The altitude of a cylinder inscribed in a sphere when its convex surface is

a maximum is r v'2. r = radius.
The altitude of a cylinder inscribed in a sphere when the volume is a

maximum is 2r -r- v 3.

Maxima and Minima without the Calculus. — In the equation
y = a + bx + cx2, in which a, b, and c are constants, either positive or
negative, if c be positive y is a minimum when x = — b -^ 2c; if c he
negative y is a maximum when x = — b -i- 2c. In the equation y = a +
bx +c/x, y is a minimum when bx = c/x.

Application. — The cost of electrical transmission is made up (1) of
fixed charges, such as superintendence, repairs, cost of poles, etc., which
may be represented by a; (2) of interest on cost of the wire, which varies
with the sectional area, and may be represented by bx; and (3) of cost of
the energy wasted in transmission, which varies inversely with the area
of the wire, or c/x. The total cost, y == a + bx + c/x, is a minimum
when item 2 == item 3, or bx = c/x.
Differential of an exponential function.

If w = a^ (1)

then du = da^ = a^k dx (2)

in which fc is a constant dependent on a.
1

The relation between a and fc is a* = e; whence a = e* . . . . (3)
in which e = 2.7182818 . . . the base of the Naperian system of loga-
rithms.

Logarithms. — The logarithms in the Naperian system are denoted by
/, Nap» log or hyperbolic log, hyp. log, or logg ; and in the common system
always by log.

A; « Nap. log a; log a =kloge, . , . . r (4)
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The common logarithm of e, = log 2.7182818 . . . =0.4342945 . . . ;

is called the modulus of the common system, and is denoted by M.
Hence, if we have the Naperian logarithm of a number we can find the
common logarithm of the same number by multiplying by the modulus.
Reciprocally, Nap. log = com. log X 2.3025851.

If in equation (4) we make a = 10, we have

= log e = M.

That is, the modulus of the common system is equal to 1, divided by the
Naperian logarithm of the common base.
From equation (2) we have

du da^

u a^
'

If we make a — 10, the base of the common system, x = log u, and

J /I N J du ^, 1 du ^, ,

,

d (log u) ^dx =—Xj^ = -XM.

That is, the differential of a common logarithm of a quantity is equal to
the differential of the quantity divided by the quantity, into the modulus.

If we make a = e, the base of the Naperian system, x becomes the Nape-
rian logarithm of u, and k becomes 1 (see equation (3)); hence M = 1,
and

d (Nap. log u) == dx = -—', = —

•

a^ u

That is, the differential of a Naperian logarithm of a quantity is equal to
the differential of the quantity divided by the quantity; and in the
Naperian system the modulus is 1.

Since k is the Naperian logarithm of a, du = a^ I a dx. That is, the

differential of a function of the form a^ is equal to the function, into the
Naperian logarithm of the base a, into the differential of the exponent.

If we have a differential in a fractional form, in which the numerator is

the differential of the denominator, the integral is the Naperian logarithm
of the denominator. Integrals of fractional differentials of other forms
are given below:

Diflferential forms which have known integrals; exponential
functions. {I = Nap. log.)

1. la^ladx^a'^+Cx

2. r^ -=Cdx x-^ =^lx+C',

3. C(xy^''^dy + y^lyXdx) = y^-i-C;

C—M=. = l{x + Va;2 ± a2) + C:
J va;2 ± a2

/, ^^ =l(x ± a-{- Vx2 ± 2ax) + Cj
^x^ ± 2ax

/ 2a dx _ , /a±x\ «

a2 ^x2 -^ K^r^x)^^''
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• a2 ='e^)--=

/ 2a dx ^ fVa^ + x'^- a \

xVa^ + x^ \Va2 + x2+a/

r^dx_ ^ ^
/ a-Varz^ \ ^ ^.

J X V a2 - a;2 \a + v a2 - xy

/x~-dx _ . / 1 + Vl + a?x2\ , ^,

Circular functions.— Let z denote an arc in the first quadrant, y its

sine, X its cosine, v its versed sine, and t its tangent; and the following nota-
tion be employed to designate an arc by any one of its functions, viz.,

sin~i y denotes an arc of which y is the sine,

cos~ia; " " " '* " a; is the cosine,

tan~M " " " " " Ms the tangent,

(read "arc whose sine is ?/," etc.), — we have the following differential
forms which have known integrals (r = radius)

;

j cos z dz = sin z+ C',

I

— sin 3 dz = cos z+ C;

f-J^ =sin-i2/+C;
^ VI -2/2

/ - = cos—^x+C;
Vi -a;2

, = versin ^ v+ C;V 2v - i;2

J Vrz - y2

/— r dx
, . ^

, = cos —^x + C;
Vr2 _ a;2

I
sin z dz = versin 2+ C;

(-%- = tan 2+ (7;
J cos2 z

: = versin— I v+ C;
'^2rv + v^

Jfm^ =tan-M+C;

du

v^a2 - V

du

f

f
r du

J V2 au — 1^2

Ja du

= sin -1 - + C;
a

= cos-i - + C;
a

u
,versin

—
1 -+ C

The cycloid. — If a circle be rolled along a straight line, any point of
the circumference, as P, will describe a curve which is called a cycloid.
The circle is called the generating circle, and P the generating point.
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The transcendental equation of the cycloid is

and the differential equation is dx

The area of the cycloid is equal to three times the
area of the generating circle.

The surface described by the arc of a cycloid when
revolved about its base is equal to 64 thirds of the
generating circle.

The volume of the solid generated by revolving
a cycloid about its base is equal to five eighths of the
circumscribing cylinder.

Integral calculus. — In the integral calculus we
have to return from the differential to the function
from which it was derived. A number of differential
expressions are given above, each of which has a
known integral corresponding to it, which, being
differentiated, will produce the given differential.

In all classes of functions any differential expression
may be integrated when it is reduced to one of the
known forms; and the operations of the integral cal-
culus consist mainly in making such transformations
of given differential expressions as shall reduce them
to equivalent ones whose integrals are known.

For methods of making these transformations
reference must be made to the text-books on differen-
tial and integral calculus.

THE SLIDE RULE.

The slide rule is based on the principles that the
addition of logarithms multiplies the numbers which
they represent, and subtracting logarithms divides
the numbers. By its use the operations of multiplica-
tion, division, the finding of powers and the extraction
of roots, may be performed rapidly and with an ap-
proximation to accuracy which is sufficient for many
purposes. With a good 10-inch Mannheim rule the
results obtained are usually accurate to 1/4 of 1 per
cent. Much greater accuracy is obtained with cylin-
drical rules like the Thacher,
The rule (see Fig. 73) consists of a fixed and a

sliding part both of which are ruled with logarithmic
scales; that is, with consecutive divisions spaced not
equally, as in an ordinary scale, but in proportion
to the logarithms of a series of numbers from 1 to
10. By moving the slide to the right or left the loga-
rithms are added or subtracted, and multiplication
or division of the numbers thereby effected. The
scales on the fixed part of the rule are known as the
A and D scales, and those on the slide as the B and
C scales. A and B are the upper and C and D
are the lower scales. The A and B scales are each
divided into two, left hand and right hand, each
being a reproduction, one half the size, of the C and
D scales. A "runner," which consists of a framed
glass plate with a fine vertical line on it, is used to
facilitate some of the operations. The numbering on
each scale begins with the figure 1, which is called
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the "index" of the scale. In using the scale the figures 1, 2, 3, etc., are
to be taken either as representing these numbers, or as 10, 20, 30, etc.,

100, 200, 300, etc., 0.1, 0.2, 0.3, etc., that is, the numbers multiplied or
divided by 10, 100, etc., as may be most convenient for the solution of a
given problem.
The following examples will give an idea of the method of using the

elide rule.

Proportion. — Set the first term of a proportion on the C scale opposite
the second term on the D scale, then opposite the third term on the C
scale read the fourth term on the D scale.

Example.— Find the fourth term in the proportion 12 : 21 :: 30 : x.

Move the slide to the right until 12 on C coincides with 21 on D, then
opposite 30 on C read x on Z> = 52.5. The A and B scales may be used
instead of C and D.

Multiplication. — Set the index or figure 1 of the C scale to one of the
factors on Z).

Example. — 25 X 3. Move the slide to the right until the left index
of C coincides with 25 on the D scale. Under 3 on the C scale will be
found the product on the D scale, = 75.

Division. — Place the divisor on C opposite the dividend on D, and the
quotient will be found on D under the index of C.

Example. — 750 -r- 25. Move the slide to the right until 25 on C coin-
cides with 750 on D. Under the left index of C is found the quotient on
Z), = 30.

Combined Multiplication and Division. — Arrange the factors to be
multiplied and divided in the form of a fraction with one more factor in
the numerator than in the denominator, supplying the factor 1 if necessary.
Then perform alternate division and multiplication, using the runner to
Indicate the several partial results.

Example o ——owe =8.9 nearly. Set 3 on C over 4 on D, set

runner to 5 on C, then set 6 on C under the runner, and read under 8 on
C the result 8„9 - on D.

Involution and Evolution. — The numbers on scales A and B are the
squares of their coinciding numbers on the scales C and D, and also the
numbers on scales C and D are the square roots of their coinciding num-
bers on scales A and B.

Example^ — 4' = 16. Set the runner over 4 on scale D and read 16
oh A^__

^^16 = 4. Set the runner over 16 on^ and read 4 on D.
In extracting square roots, if the number of digits is odd, take the num-

ber on the left-hand scale of 4 ; if the number of digits is even, take the
number on the right-hand scale of A.
To cube a number; perform the operations of squaring and multiplica-

tion.

Example. — 2' = 8. Set the index of C over 2 on D, and above 2
on B read the result 8 on ^„

Extraction of the Cube Rootl — Set the runner over the number on A,
then move the slide until there is found under the runner on B, the same
number which is found under the index of C on D; this number is the
cube root desired.

Example. — ^8=2. Set the runner over 8 on .4, move the slide

along until the same number appears under the runner on B and under
the index of C on D ; this will be the number 2.

Trigonometrical Computations. — On the under side of the slide (which
is reversible) are placed three scales, a scale of natural sines marked S.
a scale of natural tangents marked T, and between these a scale of equal
parts. To use these scales, reverse the shde, bringing its under side to
the top. Coinciding with an angle on S its sine will be found on A, and
coinciding with an angle on T will be found the tangent on D. Sines ^nd
tangents can be multiplied qj: divided like Gumfeers.
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LOGARITHMIC RULED PAPER.

W. F. Durand {Eng. News, Sept. 28, 1893.)

As plotted on ordinarjr cross-section paper the lines which express
relations between two variables are usually curved, and must be plotted
point by point from a table previously computed. It is only where the
exponents involved in the relationship are unity that the Une becomes
straight and may be drawn immediately on the determination of two of
its points. It is the peculiar property of logarithmic section paper that
for all relationships which involve multiplication, division, raising to
powers, or extraction of roots, the lines representing them are straight.
Any such relationship may be represented by an equation of the form:

y = Bx"'. Taking logarithms we have: log y = log B + n log x.

Logarithmic section paper is a short and ready means of plotting such
logarithmic equations. The scales on each side are logarithmic instead
of uniform, as in ordinary cross-section paper. The numbers and divi-

sions marked are placed at such points that their distances from the origin
are r)roportional to the logarithms of such numbers instead of to the
numbers themselves. If we take any point, as 3, for example, on such a
scale, the real distance we are deahng with is log 3 to some particular
base, and not 3 itself. The number at the origin of such a scale is always
1 and not 0, because 1 is the number whose logarithm is 0. Tliis 1 may,
however, represent a unit of any order, so that quantities of any size
whatever may be dealt with.

If we have a series of values of x and of Bx , and plot on logarithmic

section paper x horizontally and Bx^ vertically, the actual distances

Involved will be log x and log {Bx'^), or log £ + w log x. But these dis-

tances wiU give a straight line as the locus. Hence all relationships
expressible in this form are represented on logarithmic section paper hy
straight lines. It follows that the entire locus may be determined from

any two points; that is, from any two values of Bx^\ or, again, by any one
point and the angle of inclination; that is, by one value of Bx^ and the
value of n, remembering that n is the tangent of the angle of inclination
to the horizontal.
A single square plotted on each edge with a logarithmic scale from 1

t)0 10 may be made to serve for any number whatever from to oo. Thus
to express graphically the locus of the equation: y = a-^/2. Let Fig. 74
denote a square cross-sectioned with logarithmic scales, as described.
Suppose that there were joined to it and to each other on the right and
above, an indefinite series of such squares similarly divided. Then, con-
sidering, in passing from one square to an adjacent one to the right or
above, that the unit becomes of next higher order, such a series of squares
would, witli the proper variation of the unit, represent all values of either
X or y between and oo.

Suppose the original square divided on the horizontal edge into 3 parts,
and on the vertical edge into 2 parts, the points of division being at A, i

B, D, F, G, I. Then hues joining these points, as shown, will be at an
inclination to the horizontal whose tangent is 3/2. Now, beginning at O,

OF will give the value of a;^/2 for values of x from 1 to that denoted by HE,
or OB, or about 4.6. For greater values of x the line would run into the

[

adjacent square above, but the location of this line, if continued, would
be exactly similar to that of BD in the square before us. Therefore the

!

line BD will give values of a;^/2 for x between B and C, or 4.6 and 10, the '\

corresponding values of y being of the order of tens, and ranging from 10
to 31.3. For larger values of x the unit of x is of the higher order, and
we run into an adjacent square to the right without change of unit for y.
In this square we should traverse a line similar to IG. Therefore, by a

:

proper choice of units we may make use of IG for the determination of i

values of x^l'^ where x Hes between 10 and the value at G, or about 21.5.
;We should then run into an adjacent square above, requiring the unit on
i

y to be of the next higher order, and traverse a line similar to AEt whicla
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takes us finally to the opposite corner and completes the cycle. Follow-
ing this, the same series of lines would result for numbers of succeeding
orders.
The value of x '2 for any value of x between 1 and oo may thus be read

from one or another of these Unes, and likewise for any value between
and 1, The location of the decimal point is readily found by a Httle

attention to the numbers involved. The limiting values of x for any
given line may be marked on it, thus enabling a proper choice to be readily
made. Thus, in Fig. 74 we mark Oi^ as - 4.6, BD as 4.6 - 10, IG as
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10 - 21.5, and AE as 21.5 - 100. If values of x less than 1 are to be
dealt with, AE will serve for values of x between 1 and 0.215, IG for
values between 0.215 and 0.1, BD for values between 0.1 and 0.046, and
OF for values between 0.046 and 0.001.
The principles involved in this case may be readily extended to any

other, and in general if the exponent be represented by m/n, the complete
set of hnes may be drawn by dividing one side of the square into m and
the other into n parts, and joining the points of division as in Fig. 74. In
all there will be (m + ?i — 1) lines, and opposite to any point on A^ there
will be n lines corresponding to the n different beginnings of the nth root
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of the mth power, while opposite to any point on Y will be m lines corre-
sponding to the different beginnings of the mth root of the nth power.
Where the complete number of lines would be quite large, it is usually-
unnecessary to draw them all, and the number may be limited to those
necessary to cover the needed range in the values of x.

If, instead of the equation y = z^, we have a constant term as a multi-

plier, giving an equation in the more general form y =Bx"', or Bz m/n,
there will be the same number of lines and at the same inclination, but
all shifted vertically through a distance equal to log B. If, therefore,
we start on the axis of Y at the point B, we may draw in the same series
of Unes and in a similar manner. In this way PQ represents the locus
giving the values of the areas of circles in terms of their diameters, being
the locus of the- equation A = i/au d^ ov y = 1/4 ir x^.

If in any case we have z in the denominator such that the equation is

in the form y =B/z^, this is equal to y = Bx~^, and the same general
rules hold. The lines in such case slant downward to the right instead of
upward. Logarithmic ruled paper, with directions for the use, may be
obtained from Keuffel & Esser Co., 127 Fulton St., New York.

MATHEMATICAL TABLES.

Formula for Interpolation.

n -n A.(r, 1 ^.7 4- ^-D (^ - 2) , ,
jn-l) (u - 2) (n-3) , ,a„ = Qi 4- (n - l)rfi + —— d2 + ^^3 ~—

' ^3 + • • •

at = the first terra of the series; n, number of the required term; a„, the I

required term; dt, d-i, dz, first terms of successive orders of differences
between ai, ai, as, a^, successive terms.

Example. — Required the log of 40.7, logs of 40, 41, 42, 43 being given as
below.

Terms ai, a2, as, 04,: 1.6021 1.6128 1.6232 1.6335

1st differences: 0.0107 0.0104 0.0103
2d " - 0.0003 - 0.0001
3d " + 0.0002

For log. 40, w = 1; log 41, n= 2; for log 40.7, n = 1.7; n - 1 = 0.7: n - 2= - 0.3; n - 3 =- 1.3.

Ur, =1.6021+0.7 (0.0107)
+(0-7)(-0-3)(-0.0003)

^

(0.7)(-0.3)(- 1.3)(0.0002a
2 6

= 1.6021 + 0.00749 + 0.000031 + 0.000009 = 1.6096 +.
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RECIPROCALS OF NUMBERS.

No.
Recipro-

cal.
No.

~64

Recipro-
cal.

No.
Recipro-

cal.
No.

Recipro-
cal.

No.
Recipro-

cal.

1 1.00000000 01562500 l27 •00/8/402 ^190 .00526316 ^53 .00395257

2 .50000000 5 01538461 8 •00781250 1 .00523560 4 .00393701

3 .33333333 6 01515151 9 00775194 2 .00520833 5 .00392157

4 .25000000 7 01492537 130 0076923! 3 .00518135 6 .00390625

5 .20000000 8 01470588 1 00763359 4 .00515464 7 .00389105

6 .16666667 9 01449275 2 G0757576 5 .00512820 8 .00387597

7 .14285714 70 01428571 3 00751880 6 .00510204 9 .00386100

8 .12500G00 1 01408451 4 00746269 7 .00507614 260 .00384615

9 .11111111 2 01388889 5 00740741 8 .00505051 1 .00383142

10 .10000000 3 •01369863 6 00735294 9 .00502513 2 .00381679

n .09090909 4 01351351 7 •00729927 200 .00500000 3 .00380228

12 .08333333 5 01333333 8 •00724638 1 .00497512 4 .00378786

13 .07692308 6 01315789 9 00719424 2 .00495049 5 .00377358

14 .07142857 7 01298701 140 .00714236 3 .0049261

1

6 .00375940

15 .06666667 8 01282051 1 .00709220 4 .00490196 7 .00374532

16 .06250000 9 01265823 2 .00704225 5 .00487805 8 .00373134

17 .05832353 80 01250000 3 .00699301 6 .00485437 9 .00371747

18 .05555556 1 01234568 4 00694444 7 .00483092 270 .00370370

19 .05263158 2 01219512 5 .006S9655 8 .00430769 1 .00369004

20 .05000000 3 01204819 6 .00684931 9 .00478469 2 .00367647

1 .04761905 4 01190476 7 .00630272 210 .00476190 3 .00366300

2 .04545455 5 0I17647I 8 .00675676 11 .00473934 4 .00364963

3 .04347826 6 01162791 9 00671141 12 .00471698 5 .00363636
4 .04166667 7 01149425 150 00666667 13 .00469484 6 .00362319

5 .04000000 8 01136364 1 .00662252 14 .00467290 7 .00361011

6 .03846154 9 01 123595 2 .00657895 15 .00465116 8 .00359712

7 .03703704 90 01111111 3 .00653595 16 .00462963 9 .00358423

8 .03571429 1 01098901 4 .00649351 17 .00460829 280 .00357143

9 .03448276 2 010S6956 5 .00645161 18 .00458716 1 .00355872
30 .03333333 3 01075269 6 .00641026 19 .00456621 2 .00354610

1 .03225806 4 01063830 7 .00636943 220 .00454545 3 .00353357

2 .03125000 5 01052632 6 .00632911 1 .00452489 4 .00352113

3 .03030303 6 01041667 9 .00628931 2 .00450450 5 .00350877

4 .02941176 7 01030928 160 .00625000 3 .00448430 6 .00349650

5 .02857143 8 01020403 1 •00621118 4 .00446429 7 .00348432
6 .027/7778 9 01010101 2 .00617284 5 ,00444444 8 .00347222

7 .02702703 100 01000000 3 .00613497 6 .00442478 9 .00346021

8 .02631579 I 00990099 4 .00609756 7 .00440529 290 .00344828
9 .02564103 2 00980392 5 .00606061 8 .00433596 1 .00343643

40 .02500000 3 •00970874 6 .00602410 9 .00436681 2 .00342466
.02439024 4 00961533 7 .00598802 230 .00434783 3 .00341297

i .02330952 5 •00952381 8 .00595238 1 .00432900 4 .00340136

3 .02325581 6 •00943396 9 00591716 2 .00431034 5 .00338983

4 .02272727 7 •00934579 170 .00588235 3 .00429184 6 .00337838

5 .02222222 8 .00925926 1 .00584795 4 .00427350 7 .00336700

6 .02173913 9 .00917431 2 .00581395 5 .00425532 8 .00335570

7 .02127660 110 .00909091 3 .00578035 6 .00423729 9 .00334448

8 .02083333 11 .00900901 4 .00574713 7 .00421941 300 .00333333
9 .02040816 12 .00892357 5 .00571429 8 .00420168 1 .00332226
50 .02000000 13 .00384956 6 .00563182 9 .00418410 2 .00331126

1 .01960784 14 .00877193 7 .00564972 240 .00416667 3 .00330033

2 .01923077 15 .00869565 8 .00561793 1 .00414938 4 .00328947

3 .01886792 16 .00862069 9 .00558659 2 .00413223 5 .00327869

4 .01851852 17 .00854701 180 .00555556 3 .00411523 6 .00326797

5 .01818182 18 .00847458 1 .00552486 4 .00409836 7 .00325733
6 .01785714 19 .00840336 2 .00549451 5 .00408163 8 .00324675

7 .01754386 120 .00333333 3 .00546448 6 .00406504 9 .00323625
8 .01724138 1 .00826446 4 .00543478 7 .00404858 310 .00322581
9 .01694915 2 .00819672 5 .00540540 8 .00403226 11 .00321543
60 .01666667 3 .00813008 6 .00537634 9 .00401606 12 .00320513

1 .01639344 4 .00806452 7 .00534759 250 .00400000 13 .00319489
2 .01612903 5 .00800000 8 .00531914 1 .00398406 14 .00318471
31 .01587302 6 .00793651 91.00529100 2 '.00396825 15i.00317460
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No.
Recipro-

cal.
No.

Recipro-
cal.

No.
Recipro-

cal.
No.

Recipro-
cal.

No. Recipro-
cal.

316 .00316456 'm .00262467 "446 .00224215 511 .00195695 "576 .00173611
17 .00315457 2 .00261780 7 .00223714 12 .00195312 7 .00173310
18 .00314465 3 .00261097 8 .00223214 13 .00194932 8 .00173010
19 .00313480 4 .00260417 9 .00222717 14 .00194552 9 .00172712

320 .00312500 5 .00259740 450 .00222222 15 .00194175 580 .00172414
1 .00311526 6 .00259067 1 .00221729 16 .00193798 1 .00172117
2 .00310559 7 .00258398 2 .00221239 17 .00193424 2 .00171821
3 .00309597 8 .00257732 3 .00220751 18 .00193050 3 .00171527
4 .00308642 9 .00257069 4 .00220264 19 .00192678 4 .00171233
5 .00307692 390 .00256410 5 .00219780 520 .00192308 5 .00170940
6 .00306748 1 .00255754 6 .00219298 1 .00191939 6 .00170648
7 .00305810 2 .00255102 7 .00218818 2 .00191571 7 .00170358
8 .00304878 3 .00254453 8 .00218341 3 .00191205 8 .00170068
9 .00303951 4 .00253807 9 .00217865 4 .00190840 9 .00169779

330 .00303030 5 .00253165 460 .00217391 5 .00190476 590 .00169491
1 .00302115 6 .00252525 1 .00216920 6 .00190114 1 .00169205

.2 .00301205 7 .00251889 2 .00216450 7 .00189753 2 .00168919
3 .00300300 8 .00251256 3 .00215983 8 .00189394 3 .00168634
4 .00299401 9 .00250627 4 .00215517 9 .00189036 4 .00168350
5 .00298507 400 .00250000 5 .00215054 530 .00188679 5 .00168067
6 .00297619 1 .00249377 6 .00214592 1 .00188324 6 .00167785
7 .00296736 2 .00248756 7 .00214133 2 .00187970 7 .00167504
8 .00295858 3 .00248139 8 .00213675 3 .00187617 8 .00167224
9 .00294985 • 4 .00247525 9 .00213220 4 .00187266 9 .00166945

340 .00294118 5 .00246914 470 .00212766 5 .00186916 600 .00166667
1 .00293255 6 .00246305 1 .00212314 6 .00186567 1 .00166389
2 .00292398 7 .00245700 2 .00211864 .7 .00186220 2 .001661 13

3 .00291545 8 .00245098 3 .00211416 8 .00185874 3 .00165837
4 .00290698 9 .00244499 4 .00210970 9 .00185528 4 .00165563
5 .00289855 410 .00243902 5 .00210526 540 .00)85185 5 .00165289
6 .00289017 11 .00243309 6 .00210084 1 .00184843 6 .00165016
7 .00288184 12 .00242718 7 .00209644 2 .00184502 7 .00164745
8 .00287356 13 .00242131 8 .00209205 3 .00184162 8 .00164474
9 .00286533 14 .00241546 9 .00208768 4 .00183823 9 .00164204

350 .00285714 15 .00240964 480 .00208333 5 .00183486 610 .00163934
1 .00284900 16 .00240385 1 .00207900 6 .00183150 11 .00163666
2 .00284091 17 .00239808 2 .00207469 7 .00182815 12 00163399
3 .00283286 18 .00239234 3 .00207039 8 .00182482 13 .00163132
4 .00282486 19 .00238663 4 .00206612 9 .00182149 14 .00162866
5 .00281690 420 .00238095 5 .00206186 550 .00181818 15 ,00162602
6 .00280899 1 .00237530 6 .00205761 1 .00181488 16 .00162338
7 .002801 12 2 .00236967 7 .00205339 2 .00181159 17 00162075
8 .00279330 3 .00236407 8 .00204918 3 .00180832 18 .00161812
9 .00278551 4 .00235849 9 .00204499 4 .00180505 19 .00161551

360 .00277778 5 .00235294 490 .00204082 5 .00180180 620 00161290
1 .00277008 6 .00234742 1 .00203666 6 .00179856 1 .00161031
2 .00276243 7 .00234192 2 .00203252 7 .00179533 2 00160772
3 .00275482 8 .00233645 3 .00202840 8 .00179211 3 .00160514
4 .00274725 9 .00233100 4 .00202429 9 .00178891 4 .00160256
5 .00273973 430 .00232558 5 .00202020 560 .00178571 5 00160000
6 .00273224 1 .00232019 6 .00201613 1 .00178253 6 .00159744
7 .00272480 2 00231481 7 .00201207 2 .00177936 7 00159490
8 .00271739 3 .00230947 8 .00200803 3 .00177620 8 00159236
9 .00271003 4 .00230415 9 .00200401 4 .00177305 9 .00158982

370 .00270270 5 .00229885 500 .00200000 5 .00176991 630 .00158730
1 .00269542 6 .00229358 1 .00199601 6 .00176678 1 .00158479
2 .00268817 7 .00228833 2 .00199203 7 .00176367 2 .00158228
3 .00268096 8 .00228310 3 .00198807 8 .00176056 3 .00157978
4 .00267380 9 .00227790 4 .00198413 9 .00175747 4 .00157729
5 .00266667 440 .00227273 5 .00198020 570 .00175439 5 .00157480
6 .00265957 1 .00226757 6 .00197628 1 .00175131 6 .00157233
7 .00265252 2 .00226244 7 .00197239 2 .00174825 7 .00156986
8 .00264550 3 .00225734 8 .00196850 3 .00174520 8 .00156740
9 .00263852 4 .00225225 9 .00196464 4 .00174216 9 .00156494

380 .00263158 5 .00224719 510 .00196078 5 .00173913 640 .00156250
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Recipro-

cal.
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Recipro-
cal.

No.
Recipro-

cal.
lYo.

Recipro-
cal.

No. Reciprc

641 .00156006 706 .00141643 ~77T .00129702 "S36 .00119617 ~90T .00110988
2 .00155763 7 .00141443 2 .00129534 7 .00119474 2 .00110865
3 .00155521 8 .00141243 3 .00129366 8 .00119332 3 .00110742
4 .00155279 9 .00141044 4 .00129199 9 .00119189 4 .00110619
5 .00155039 710 .00140345 5 .00129032 840 .00119048 5 .00110497
6 .00154799 11 .00140647 6 .00128866 1 .00118906 6 .00110375
7 .00154559 12 .00140449 7 .00128700 2 .00118765 7 .00110254
8 .0015432! 13 .00140252 8 .00128535 3 .00118624 8 .00110132
9 .001540S3 14 .00140056 9 .00128370 4 .00118483 9 .00110011

650 .00153846 15 .00139860 780 .00128205 5 .001 18343 910 .00109890
I .00153610 16 .00139665 1 .00128041 6 .001 18203 11 .00109769
2 .00153374 17 .00139470 2 .00127877 7 .001 18064 12 .00109649
3 .00153140 18 .00139276 3 .00127714 8 .00117924 13 .00109529
4 .00152905 19 .00139032 4 .00127551 9 .00117786 14 .00109409-

5 .00152672 •720 .00133389 5 .0012738J 850 .00117647 15 .00109290
6 .00152439 1 .00138696 6 .00127226 ! .00117509 16 .00109170
7 .00152207 2 .00133504 7 .00127065 2 .0011737! 17 .00109051
8 .00151975 3 .00138313 8 .00126904 3 .00117233 18 .00108932
9 .00151745 4 .00133121 9 .00126743 4 .00117096 19 00108814

. 660 .00151515 5 .0013793! 790 .00126582 5 .00116959 920 .00108696
1 .00151236 6 .0013774! 1 .00126422 6 .00116822 1 .00103578
2 .00151057 7 .00137552 2 .00126263 7 .00116686 2 .00108460
3 .00150330 8 .00137363 3 .00126103 8 .00116550 3 .00103342
4 .00150602 9 .00137174 4 .00125945 9 .00116414 4 .00108225
5 .00150376 730 .00136986 5 .00125786 860 .00116279 5 .00108108
6 .00150150 1 .00136799 6 .00125628 1 .00116144 6 .00107991
? .00149925 2 .00136612 7 .00125470 2 .00116009 7 .00107875
8 .00149701 3 .00136426 8 .00125313 3 .00115875 8 .00107759
9 .00149477 4 .00136240 9 .00125156 4 .00115741 9 .00107643

670 .00149254 5 .00136054 800 .00125000 5 .00115607 930 .00107527
1 .00149031 6 .00135870 1 .00124844 6 .00115473 1 .001074;!
2 00148809 7 .00135685 2 .00124688 7 .00115340 2 .00107296
3 .00148588 8 .00135501 3 .00124533 8 .00115207 3 .00107181
4 .00148368 9 .00135318 4 .00124378 9 .00115075 4 .00107066
5 .00148143 740 ,00135135 5 .00124224 870 .00114942 5 .00106952
6 .00147929 11 .00134953 6 .00124069 1 .00114811 6 .00106338
7 .00147710 2 .00134771 7 .00123916 2 .00114679 7 .00106724
8 .00147493 3 .00134589 8 .00123762 3 .00114547 8 .00106610
9 .00147275 4 .00134409 9 .00123609 4 .00114416 9 .00106496

680 .00147059 5 .00134228 810 .00123457 5 .00114286 940 .00106383
1 .00146843 6 .00134048 11 .00123305 6 .00114155 1 .00106270
2 .00146628 7 .00133869 12 .00123153 7 .00114025 2 .00106157
3 .00146413 8 .00133690 13 .00123001 8 .00113895 3 .00106044
4 .00146199 9 .00133511 14 .00122850 9 .00113766 4 .00105932
5 .00145985 750 .00133333 15 .00122699 880 .00113636 5 .00105820
6 .00145773 1 .00133156 16 .00122549 1 .00113507 6 00105708
7 .00145560 2 .00132979 17 .00122399 2 .00113379 7 .00105597
8 ,00145349 3 .00132302 18 .00122249 3 .00113250 8 .00105485
9 .00145137 4 .00132626 19 .00122100 4 .00113122 9 .00105374

690 .00144927 5 .00132450 820 .00121931 5 .00' 12994 950 .00105263
1 .00144718 6 .00132275 1 .00121303 6 .00 1 12867 1 .00105152

2 .00144509 7 .00132100 2 .00121654 7 .001 12740 2 .00105042

3 .00144300 8 .00131926 3 .00121507 8 .00112613 3 .00104932
4 .00144092 9 .00131752 4 .00121359 9 .00112486 4 .00104822
5 .00143885 760 .00131579 5 .00121212 890 .00112360 5 .00104712
6 .00143678 1 .00131406 6 .00121065 1 .00112233 6 .00104602

7 .00143472 2 .00131234 7 .00120919 2 .00112103 7 .00104493
8 .00143266 3 .00131062 8 .00120773 3 .00111982 8 .00104384
9 .00143061 4 .00130390 9 .00120627 4 .00111857 9 .00104275

700 .00142857 5 .00130719 830 .00120482 5 .00111732 960 .00104167
I .00142653 6 .00130548 1 .00120337 6 .00111607 1 .00104058

2 .00142450 7 .00130378 2 .00120192 7 .00111483 2 .00103950

3 .00142247 8 .00130208 3 .00120048 8 .00111359 3 .00103842

4 .00142045 9 .00130039 4 .00119904 9 .00111235 4 .00103734
5* .00141844 770 '.00 129870 5 .00119760 900.00111111 5 .00103627
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No.
^^fj^''^-

No.
Recipro-

cal.
^ Recipro- ^ Recipro- ^ Recipro-

cal. cal. cal.

.00103520

.00103413

.00103306

.00103199

.00103093

.00102987

.00102881

.00102775

.00102669

.00102564

.00102459

.00102354

.00102250

.00102145

.00102041

.00101937

.00101833

.00101729

.00101626

.00101523

.00101420

.00101317

.00101215

.00101112

.00101010

.00100908

.00100306

.00100705

.00100604

.00100502

.00100402

.00100301

.00100200

.00100100

.00100000

.000999001

.000998004

.000997009

.000996016

.000995025

.000994036

.000993049

.000992063

.000991080

.000990099

.000989120

.000988142

.000987167

.000986193

.000985222

.000984252

.000983284

.000982318

.000981354

.000980392

.000979432

.000978474

.000977517

.000976562

.000975610

.000974659

.000973710

.000972763

.000971817

.000970874

.000969932

.000968992

.000968054

.000967118

.000966184

.000965251

.000964320

.000963391

.000962464

.000961538

.000960615

.000959693

.000958774

.000957854

.000956938

.000956023

.000955110

.000954198

.000953289

.00095238:

.000951475

.000950570

.000949668

.000948767

.000947867

.000946970

.000946074
,000945180
.000944287
.000943396
.000942507
.000941620
.000940734
.000939850
.000938967
.000938086
.000937207
.000936330
.000935454
.000934579
.000933707
.000932836
.000931966
.000931099
.000930233
.000929368
.000928505
.000927644
.000926784
.000925926
.000925069
.000924214
.000923361
.000922509
.000921659
000920810
.000919963
.000919118
.000918274
.000917431
.000916590
.00091575
.000914913
.00091407
.000913242

.00091.2409

.000911577

.000910747

.000909918

.000909091
,000908265
.000907441
.000906618
.000905797
.000904977
.000904159
.000903342
.000902527
.000901713
.000900901
.000900090
.000899281
.000898473
.000897666
.000896861
.000896057
.000895255
.000894454
.000893655
.000892857
.000892061
.000891266
.000890472
.000889680
.000888889
.000888099
.000887311
.000886525
.000885740
.000884956
.000884173
.000883392
.000882612
.000881834
.000881057

.000879508

.000878735

.000877963

.000877193

.000876424

.000375657

.000874891

.000874126

.000873362

.000872600

.000871840

.000871080

.000870322

.000869565

.000868810

.000868056

.000867303

.000866551

.000865801

.000865052

.000864304

.000863558

.000862813

.000862069

.000861326

.000860585

.000859845

.000859106

.000858369

.000857633

.000856898

.000856164

.000855432

.000854701

.000853971

.000853242

.000852515

.000851789

.000851064

.000850340

.000849618

.000848896

.000848176

.000847457

.000846740

.000846024

.000845308

.000844595

.000843882

.000843170

.000842460

.000841751

.000841043

.000840336

.000839631

.000838926

.000838222

.000837521

.000836820

.000836120

.000835422

.000834724

.000834028

.000833333

.000832639

.000831947

.000831255

.000830565

.000829875

.000829187

.000828500

.000827815

.000827130

.000826446

.000825764

.000825082

.000824402
000823723
.000823045
.000822368
.000821693
.000821018
.000820344
.000819672
.000819001
.000818331
.000817661
.000816993
.000816326

.000815661

.000814996

.000814332

.000813670

.000813008

.000812348

.000811688

.00081 1030

.000810373

.000809717

.000809061

.000808407

.000807754

.000807102

.000806452

.000805802

.000805153

.000804505

.000803858

.000803213

.000802568

.000801925

.000801282

.000800640

.000800000

.000799360

.000798722

.000798085

.000797448

.000796813

.000796178

.000795545

.000794913

.000794281

.000793651

.000793021
000792393
.000791766
.000791139
.000790514
.000789889
.000789266
.000788643
.000788022
.000787402
.000786782
.000786163
.000785546
.000784929
000784314
.uUD70J)699

.000783085

.000782473

.000781861

.000781250

.000780640

.000780031

.000779423

.000778816

.000778210

.000777605

.000777001

.000776397

.000775795

.000775194
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No.
Recipro- No. Recipro-

No.
Recipro-

cal.
No.

Recipro-
No. Recipro-

cal.

1291 .000774593 T356 .000737463 "1421 .000703730 1486 .000672948 1551 .000644745
2 .000773994 7 .000736920 2 .000703235 7 .000672495 2 .000644330

3 .000773395 8 .000736377 3 .000702741 8 .000672043 3 .000643915
4 .000772797 9 .000735835 4 .000702247 9 .000671592 4 .000643501
5 .000772201 1360 .000735294 5 .000701754 1490 .000671141 5 .000643087
6 .000771605 1 .000734754 6 .000701262 1 .000670691 6 .000642673
7 .000771010 2 .000734214 7 .000700771 2 .000670241 7 .000642261
8 .000770416 3 .000733676 8 .000700280 3 .000669792 8 .000641848
9 .000769823 4 .000733138 9 .000699790 4 .000669344 9 .000641437

!300 .000769231 5 .000732601 1430 .000699301 5 .000668896 1560 .000641026
1 .000768639 6 .000732064 1 .000698812 6 .000668449 1 .000640615
2 .000768049 7 .000731529 2 .000698324 7 .000668003 2 .000640205
3 .000767459 8 .000730994 3 .000697837 8 .000667557 3 .000639795
4 .000766871 9 .000730460 4 .000697350 9 .000667111 4 .000639386
5 .000766283 1370 .000729927 5 .000696864 1500 .000666667 5 .000638978
6 .000765697 1 .000729395 6 .000696379 1 .000666223 6 .000638570

7 .000765111 2 .000728863 7 .000695894 2 .000665779 7 .000638162
8 .000764526 3 .000728332 8 .000695410 3 .000665336 8 .000637755
9 .000763942 4 .000727802 9 .000694927 4 .000664894 9 .000637349

1310 .000763359 5 .000727273 1440 .000694444 5 .000664452 1570 .000636943

n .000762776 6 .000726744 1 .000693962 6 .00066401

1

1 .000636537
12 .000762195 7 .000726216 2 .000693481 7 .000663570 2 .000636132
13 .000761615 8 .000725689 3 .000693001 8 .000663130 3 .000635728
14 .000761035 9 .000725163 4 .000692521 9 .000662691 4 .000635324
15 .000760456 1380 .000724638 5 .000692041 1510 .000662252 5 .000634921

16 .000759878 1 .000724113 6 .000691563 11 .000661813 6 .000634518
17 .000759301 2 .000723589 7 .000691085 12 .000661376 7 .000634115
18 .000758725 3 .000723066 8 .000690608 13 .000660939 8 .000633714
19 .000758150 4 .000722543 9 .000690131 14 .000660502 9 .000633312

1320 .000757576 5 .000722022 1450 .000689655 15 .000660066 1580 .00063291

1

1 .000757002 6 .000721501 1 .000689180 16 .000659631 1 .000632511
2 .000756430 7 .000720980 2 .000688705 17 .000659196 2 .000632111

3 .000755858 8 .000720461 3 .000688231 18 .000658761 3 .000631712
4 .000755287 9 .000719942 4 .000687758 19 .000658328 4 .000631313
5 .000754717 1390 .000719424 5 .000687285 1520 .000657895 5 .000630915
6 .000754148 1 .000718907 6 .000686813 1 .000657462 6 .000630517

7 .000753579 2 .000718391 7 .000686341 2 .000657030 7 .000630120
8 .000753012 3 .000717875 8 .000685871 3 .000656598 8 .000629723
9 .000752445 4 .00071736C 9 .000685401 A .000656168 9 .000629327

1330 .000751880 5 .000716846 1460 .000684932 5 .000655738 1590 .000628931
1 .000751315 6 .000716332 1 .000684463 6 .000655308 1 .000628536
2 .00075075C 7 .000715820 2 .000683994 7 .000654879 2 .000628141
3 .000750187 8 ,000715303 3 .000683527 8 .000654450 3 .000627746
4 .000749625 9 .000714796 4 .000683060 9 .000654022 4 .000627353
5 .000749064 HOC .000714286 5 .000682594 1530 .000653595 5 .000626959
6 .000748503 1 .000713776 6 .000682128 1 .000653168 6 .000626566
7 .000747943 2 .000713267 7 .000681663 2 ,000652742 7 .000626174
8 .000747384 3 .000712758 8 .000681199 3 .000652316 8 .000625782
9 .000746826 4 .000712251 9 .000680735 .000651890 9 .000625391

1340 .000746269 5 .000711744 1470 .000680272 5 .000651466 1600 .000625000
1 .000745712 6 .000711238 1 .000679810 6 .000651042 2 .000624219

2 .000745156 7 .000710732 2 .000679348 7 .000650618 4 .000623441

3 .000744602 8 .000710227 3 .000678887 8 .000650195 6 .000622665
4 .000744048 9 .000709723 4 .000678426 9 .000649773 8 .000621890
5 .000743494 1410 .000709220 5 .000677966 1540 .00064935! 1610 .000621118
6 .000742942 11 .000708717 6 .000677507 1 .000648929 12 .000620347
7 .000742390 12 .000708215 7 .000677048 2 .000648508 14 .000619578
8 .000741840 13 .000707714 8 .000676590 3 .000648088 16 .000618812
9 .000741290 14 .000707214 5 .000676132 4 .000647668 18 .000618047

1350 .000740741 15 .000706714 1480 .000575676 5 .000647249 1620 .000617284
1 .000740192 16 .000706215 1 .000675219 6 .000646830 2 .000616523

2 .000739645 17 .000705716 2 .000674764 7 .000646412 4 .000615763

3 .000739098 18 .000705219 3 .000674309 8 .000645995 6 .000615006
4 .000738552 19 .000704722 4 .000673854 9 .000645578 8 .000614250

5 .000738007 1420 .000704225 5 .000673401 1550.00064516111630 .000613497
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Reclpro-
^o.

.000612745

.00061 1995

.00061 1247

.000610500

.000609756

.000609013

.000608272

.000607533

.000606796

.000506061

.00060537.7

.000504595

.000603865

.000603136

.000602^10

.000601685

.000500962

.000600240

.000599520

.000598802

.000598086

.000597371

.000596658

.000595947

.000595238
000594530
.000593824
.000593120
.000592417
.000591716
.000591017
.000590319
.000589622
.000588928
.000588235
.000587544
.000586854

Recipro- j,„ Recijro- ^o

.000586166

.000585480

.000584795

.0005841 12

.000583430

.000582750

.000582072

.000581395

.000580720

.000580046

.000579374

.000578704

.000578035

.000577367

.000576701

.000576037

.000575374

.000574713

.000574053

.000573394

.000572737

.000572082

.000571429

.000570776

.000570125

.000569476

.000568828

.000568182

.000567537

.000566893

.000566251

.00056561

1

.000564972

.000564334

.000563698

.000563063

.000562430

.000561798

.000561167

.000560538

.000559910

.000559284

.000558659

.000558035

.000557413

.000556793

.000556174

.000555556

.000554939

.000554324

.000553710

.000553097

.000552486

.000551876

.000551268

.000550661

.000550055

.000549451

.000548848

.000548246

.000547645

.000547046
000546448
.00054585
.000545256
.000544662
.000544069
.000543478
.000542888
.000542299
.000541711
.000541125
.000540540
.000539957

Recipro-
fq

Recipro-
eal. cal.

.000539374

.000538793

.000538213

.000537634

.000537057

.000536480

.000535905

.000535332

.000534759

.000534188

.000533618

.000533049

.000532481

.000531915

.000531350

.000530785

.000530222

.000529661

.000529100

.000528541

.000527983

.000527426

.000526870

.000526316

.000525762

.000525210

.0^524659

.000524109

.000523560

.000523012

.000522466

.000521920

.000521376

.000520833

.000520291

.000519750

.000519211 2000

Use of reciprocals. — Reciprocals may be conveniently used to facili-
tate computations in long division. Instead of dividing as usual, multiply
the dividend by the reciprocal of the divisor. The method is especially
useful when many different dividends are required to be divided by the
same divisor. In this case find the reciprocal of the divisor, and make a
small table of its multiples up to 9 times, and use this as a multiplication-
table instead of actually performing the multiplication in each case.
Example.— 9871 and several other numbers are to be divided by 1638.

The reciprocal of 1638 is .000610500.
Multiples of the

reciprocal:
1„ .0006105 The table of multiples is made by continuous addi-
2. .0012210 tion of 6105. The tenth line is written to check the
3. .0018315 accuracy of the addition, but it is not afterwards used.
4. .0024420 Operation:
5. .0030525 Dividend 9871
6. .0036630 Take from table 1 . . .0006105
7. .0042735 7. 0.042735
8. .0048840 8...... 00.48840
9. .0054945 9 005.4945

10. .0061050
Quotient 6.0262455

Correct quotient by direct division 6.0262515
The result will generally be correct to as many figures as tnere are signi-

ficant figures in the reciprocal, less one, and the error of the next figure will
in general not exceed one. In the above example the reciprocal has six
Bignificant figures, 610500, and the result is correct to five places of figures.
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SQUARES, CUBES, SQUARE ROOTS AND CUBE ROOTS OF
NUMBERS FROM 0.1 TO 1600.

No. Square. Cube.
Sq.

Root.
Cube
Root. No. Square. Cube. •

Sq.
Root.

Cube
Root.

0.1 .01 .001 .3162 .4642 3.1 9.61 29.791 1.761 1.458

.15 .0225 .0034 .3873 .5313 .2 10.24 32.768 1.789 1.474

.2 .04 .008 .4472 .5848 .3 10.89 35.937 1.817 1.489

.25 .0625 .0156 .500 .6300 .4 11.56 39.304 1.844 1.504

.3 .09 .027 .5477 .6694 .5 12.25 42.875 1.871 1.518

.35 .1225 .0429 .5916 .7047 .6 12.96 46.656 1.897 1.533

,4 16 .064 .6325 .7368 .7 13.69 50.653 1.924 1.547

45 .2025 .0911 .6708 .7663 .8 14.44 54.872 1.949 1.560

.5 .25 .125 .7071 .7937 .9 15.21 59.319 1.975 1.574

.55 .3025 .1664 .7416 .8193 4. 16. 64. 2. 1.5874

.6 .36 .216 .7746 .8434 .1 16.81 68.921 2.025 1.601

.65 .4225 .2746 .8062 .8662 .2 17.64 74.088 2.049 1.613

.7 .49 .343 .8367 .8879 .3 18.49 79.507 2.074 1.626

.75 .5625 .4219 .8660 .9086 .4 19.36 85.184 2.098 1.639

.8 .64 .512 .8944 .9283 .5 20.25 91.125 2.121 1.651

.85 .7225 .6141 .9219 .9473 .6 21.16 97.336 2.145 1.663

.9 .81 .729 .9487 .9655 .7 22.09 103.823 2.168 1.675

.95 .9025 .8574 .9747 .9830 .8 23.04 110.592 2.191 1.687

1. 1. 1. 1. 1. .9 24.01 1 1 7.649 2.214 1.698

1.05 1.1025 1.158 1.025 1.016 5. 25. 125. 2.2361 1.7100

1.1 1.21 1.331 1.049 1.032 .1 26.01 132.651 2.258 1.721

1.15 1.3225 1.521 1.072 1.048 .2 27.04 140.608 2.280 1.732

1.2 1.44 1.728 1.095 1.063 .3 28.09 148,877 2.302 1.744

1.25 1.5625 1.953 1.118 1.077 .4 29.16 157.464 2.324 1.754

1.3 1.69 2.197 1.140 1.091 .5 30.25 166.375 2.345 1.765

1.35 1 .8225 2.460 1.162 1.105 .6 31.36 175.616 2.366 1.776

1.4 1.96 2.744 1.183 1.119 .7 32.49 185.193 2.387 1.786

1.45 2.1025 3.049 1.204 1.132 .8 33.64 195.112 2.408 1.797

1.5 2.25 3.375 1.2247 1.1447 .9 34.81 205.379 2.429 1.807

1.55 2.4025 3.724 1.245 1.157 6. 36. 216. 2.4495 1.8171

1.6 2.56 4.096 1.265 1.170 .1 37.21 226.981 2.470 1.827

1.65 2.7225 4.492 1.285 1.182 .2 38.44 238.328 2.490 1.837

1.7 2.89 4.913 1.304 1.193 .3 39.69 250.047 2.510 1.847

1.75 3.0625 5.359 1.323 1.205 .4 40.96 262.144 2.530 1.857

1.8 3.24 5.832 1.342 1.216 .5 42.25 274.625 2.550 1.866

1.85 3.4225 6.332 1.360 1.228 .6 43.56 287.496 2.569 1.876

1.9 3.61 6.859 1.378 1.239 .7 44.89 300.763 2.588 1.885

1.95 3.8025 7.415 1.396 1.249 .8 46.24 314.432 2.608 1.895

2. 4. 8. 1.4142 1 .2599 .9 47.61 328.509 2.627 1.904

.1 4.41 9.261 1.449 1.281 7. 49. 343. 2.6458 1.9129

.2 4.84 10.648 1.483 1.301 .1 50.41 357.911 2.665 1.922

.3 5.29 12.167 1.517 1.320 .2 51.84 373.248 2.683 1.931

.4 5.76 13.824 1.549 1.339 .3 53.29 389.017 2.702 1.940

.5 6.25 15.625 1.581 1.357 .4 54.76 405.224 2.720 1.949

,6 6.76 17.576 1.612 1.375 .5 56.25 421.875 2.739 1.957

.7 7.29 19.683 1.643 1.392 .6 57.76 438.976 2.757 1.966

.8 7.84 21.952 1.673 1.409 .7 59.29 456.533 2.775 1.975

.9 8.41 24.389 1.703 1 .426 .8 60.84 474.552 2.793 1.983

3. 9. 27. 1.7321 1.4422 .9 62.41 493.039 2.811 1.992
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No. Square. Cube.
Sq.

Root.
Cube
Root.

No. Square Cube.
Sq.

Root.
Cube
Root.

8^ 64. 512. 2.82841 2. 45 2025 91125 6.7082 3.5569
.1 65.61 531.441 2.846 2.008 46 2116 97336 6.7823 3.5830
.2 67.24 551.368 2.864 2.017 47 2209 103823 6.8555 3.6088
.3 68.89 571.787 2.881 2.025 48 2304 110592 6.9282 3.6342
.4 70.56 592.704 2.898 2.033 49 2401 117649 7. 3.6593

.5 72.25 614.125 2.915 2.041 50 2500 125000 7.0711 3.6840

.6 73.96 636.056 2.933 2.049 51 2601 132651 7.14H 3.7084

.7 75.69 658.503 2.950 2.057 52 2704 140608 7.2111 3.7325

.8 77.44 681.472 2.966 2.065 53 2809 148877 7.2801 3.7563

.9 79.21 704.969 2.983 2.072 54 2916 157464 7.3485 3.7798

9. 81. 729. 3. 2.0801 55 3025 166375 7.4162 3.8030
.1 82.81 753.571 3.017 2.088 56 3136 175616 7.4833 3.8259
.2 84.64 778.688 3.033 2.095 57 3249 185193 7.5498 3.8483
.3 86.49 804.357 3.050 2.103 58 3364 195112 7.6158 3.8709
.4 88.36 830.584 3.066 2.110 59 3481 205379 7.6811 3.8930

.5 90.25 857.375 3.082 2.118 60 3600 216000 7.7460 3.9149

.6 92.16 884.736 3.098 2.125 61 3721 226981 7.8102 3.9365

.7 94.09 912.673 3.114 2.133 62 3844 238328 7.8740 3.9579

.8 96.04 941.192 3.130 2.140 63 3969 250047 7.9373 3.9791

.9 98.01 970.299 3.146 2.147 64 4096 262144 8. 4.

10 100 1000 3.1623 2.1544 65 4225 274625 8.0623 4.0207
11 121 1331 3.3166 2.2240 66 4356 287496 8.1240 4.0412
12 144 1728 3.4641 2.2894 67 4489 300763 8.1854 4.0615
13 169 2197 3.6056 2.3513 68 4624 314432 8.2462 4.0817
14 196 2744 3.7417 2.4101 69 4761 328509 8.3066 4.1016

15 225 3375 3.8730 2.4662 70 4900 343000 8.3666 4.1213
16 256 4096 4. 2.5198 71 5041 357911 8.4261 4.1408
17 289 4913 4.1231 2.5713 72 5184 373248 8.4853 4.1602
18 324 5832 4.2426 2.6207 73 5329 389017 8.5440 4.1793
19 361 6859 4.3589 2.6684 74 5476 405224 8.6023 4.1983

20 400 8000 4.4721 2.7144 75 5625 421875 8.6603 4.2172
21 441 9261 4.5826 2.7589 76 5776 438976 8.7178 4.2358
22 484 10648 4.6904 2.8020 77 5929 456533 8.7750 4.2543
23 529 12167 4.7958 2.8439 78 6084 474552 8.8318 4.2727
24 576 13824 4.8990 2.8845 79 6241 493039 8.8882 4.2908

25 625 15625 5. 2.9240 80 6400 512000 8.9443 4.3089
26 676 17576 5.0990 2.9625 81 6561 531441 9. 4.3267
27 729 9683 5.1962 3. 82 6724 551368 9.0554 4.3445
28 784 21952 5.2915 3.0366 83 6889 571787 9.1104 4.3621
29 841 24389 5.3852 3.0723 84 7056 592704 9.1652 4.3795

30 900 27000 5.4772 3.1072 85 7225 614125 9.2195 4.3968
31 961 29791 5.5678 3.1414 86 7396 636056 9.2736 4.4140
32 1024 52768 5.6569 3.1748 87 7569 658503 9.3276 4.4310
33 1089 55937 5.7446 3.2075 88 7744 681472 9.3808 4.4480
34 1156 39304 5.8310 3.2396 89 7921 704969 9.4340 4.4647

35 1225 42875 5.9161 3.2711 90 8100 729000 9.4868 4.4814
36 1296 46656 6. 3.3019 91 8281 753571 9.5394 4.4979
37 1369 50653 6.0828 3.3322 92 8464 778688 9.5917 4.5144
38 1444 54872 6.1644 3.3620 93 8649 804357 9.6437 4.5307
39 1521 59319 6.2450 3.3912 94 8836 830584 9.6954 4.5468

40 1600 54000 6,3246 3.4200 95 9025 857375 9.7468 4.5629
41 1681 58921 6 4031 3.4482 96 9216 884736 9.7980 4.5789
42 1764 74088 6.4807 3.4760 97 9409 912673 9.8489 4.5947
43 1849 79507 6.5574 3.5034 98 9604 941192 9.8995 4.6104
44 1936 35184 6.6332 3.5303 99 9801 970299 9.9499 4.6261
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No. Sq. Cube.
' Sq.

Root.
Cube
Root.

No. Square. Cube. Sq.
Root.

Cube
Root.

Tor 10000 1000000 10. 4.6416 155 24025 3723875 12.4499 5.3717
101 10201 1030301 10.0499 4.6570 156 24336 3796416 12.4900 5.3832
102 10404 1061208 10.0995 4.6723 157 24649 3869893 12.5300 5.3947
103 10609 1092727 10.1489 4.6875 158 24964 3944312 12.5698 5.4061
104 10816 1 124864 10.1980 4.7027 159 25281 4019679 12.6095 5.4175

105 11025 1157625 10.2470 4.7177 160 25600 4096000 12.6491 5.4288
106 11236 1191016 10.2956 4.7326 161 25921 4173281 12.6886 5.4401
107 11449 1225043 10.3441 4.7475 162 26244 4251528 12.7279 5.4514
103 11664 1259712 10.3923 4.7622 163 26569 4330747 12.767! 5.4626
109 11881 1295029 10.4403 4.7769 164 26896 4410944 12.8062 5.4737

110 12100 1331000 10.4881 4.7914 165 27225 4492125 12.8452 5.4848
in 12321 1367631 10.5357 4.8059 166 27556 4574296 12.8841 5.4959
112 12544 1404928 10.5830 4.8203 167 27889 4657463 12.9228 5.5069
113 12769 1442897 10.6301 4.8346 168 28224 4741632 12.9615 5.5178
114 12996 1481544 10.6771 4.8488 169 28561 4826809 13.0000 5.5288

115 13225 1520875 10.7238 4.8629 170 28900 4913000 13.0384 5.5397
116 13456 1560896 10.7703 4.8770 171 29241 5000211 13.0767 5.5505
117 13689 1601613 10.8167 4.8910 172 29584 5088448 13.1149 5.5613
118 13924 1643032 10.8628 4.9049 173 29929 5177717 13.1529 5.5721
119 14161 1685159 10.9087 4.9187 174 30276 5268024 13.1909 5.5828

120 14400 1728000 10.9545 4.9324 175 30625 5359375 13.2288 5.5934
121 14641 1771561 11.0000 4.9461 176 30976 5451776 13.2665 5.6041
122 14884 1815848 1 1 .0454 4.9597 177 31329 5545233 13.3041 5.6147
123 15129 1860867 11.0905 4.9732 178 31684 5639752 13.3417 5.6252
124 15376 1906624 11.1355 4.9866 179 32041 5735339 13.3791 5.6357

125 15625 1953125 11.1803 5.0000 180 32400 5832000 13.4164 5.6462
126 15876 2000376 11.2250 5.0133 181 32761 5929741 13.4536 5.6567
127 16129 2048383 1 1 .2694 5.0265 182 33124 6028568 13.4907 5.6671
123 16384 2097152 11.313" 5.0397 183 33489 6128487 13.5277 5.6774
129 16641 2146639 11.357P 5.0528 184 33856 6229504 13.5647 5.687;

130 16900 2197000 11.4018 5.0658 185 34225 6331625 13.6015 5.6980
131 17161 2243091 11.4455 5.0788 186 34596 6434856 13.6382 5.7083
132 17424 2299963 11.4891 5.0916 187 34969 6539203 13.6748 5.7185
133 17689 2352637 11.5326 5.1045 188 35344 6644672 13.7113 5.7287
134 17956 2406104 11.5758 5.1172 189 35721 6751269 13.7477 5.7388

135 18225 2460375 11.6190 5.1299 190 36100 6859000 13.7840 5.7489
136 18496 2515456 11.6619 5.1426 191 36481 6967871 13.8203 5.7590
137 18769 2571353 11.7047 5.1551 192 36864 7077888 13.8564 5.7690
133 19044 2628072 11.7473 5.1676 193 37249 7189057 13.8924 5.7790
139 19321 2685619 11.7898 5.1801 194 37636 7301384 13.9284 5.7890

140 19600 2744000 11.8322 5.1925 195 38025 7414875 13.9642 5.7989
141 19331 2803221 11.8743 5.2048 196 38416 7529536 14.0000 5.8088
142 20164 2863288 11.9164 5.2171 197 38809 7645373 14.0357 5.8186
143 20449 2924207 11.9583 5.2293 198 39204 7762392 14.0712 5.8285
144 20736 2985984 12.0000 5.2415 199 39601 7880599 14.1067 5.8383

145 21025 3048625 12 0416 5.2536 200 40000 8000000 14.1421 5.8480
146 21316 3112136 12.0830 5.2656 201 40401 8120601 14.1774 5.8578
147 21609 3176523 12.1244 5.2776 202 40804 8242408 14.2127 5.8675
148 21904 3241792 12.1655 5.2896 203 41209 8365427 14.2478 5.8771
149 22201 3307949 12.2066 5.3015 204 41616 8489664 14.2829 5.8868

150 22500 3375000 12.2474 5.3133 205 42025 8615125 14.3178 5.8964
151 22801 3442951 12.2882 5.3251 206 42436 8741816 14.3527 5.9059
152 23104 3511808 12.3288 5.3368 207 42849 8869743 14.3875 5.9155
153 23409 3581577 12.3693 5.3485 208 43264 8998912 14.4222 5.9250
154 23716 3652264 12.4097 5.3601 209 43681 9129329 14.4568 5.9345
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No. Sq. Cube. Sq.
Root.

Cube
Root.

No. Square. Cube. Sq.
Root.

Cube
Root.

Jm 44100 9261000 14.4914 5.9439 ^265 70225 18609625 16.2788 6.4232
211 44521 9393931 14.5258 5.9533 266 70756 18821096 16.3095 6.4312
212 44944 9528128 14.5602 5.9627 267 71289 19034163 16.3401 6.4393
213 45369 9663597 14.5945 5.9721 268 71824 19248832 16.3707 6.4473
214 45796 9800344 14.6287 5.9814 269 72361 19465109 16.4C12 6.4553

215 46225 9938375 14.6629 5.9907 270 72900 19683000 16.4317 6.4633
216 46656 10077696 14.6969 6.0000 271 73441 19902511 16.4621 6.4713
217 47089 10218313 14.7309 6.0092 272 73984 20123648 16.4924 6.4792
218 47524 10360232 14.7648 6.0185 273 74529 20346417 16.5227 6.4872
219 47961 10503459 14.7986 6.0277 274 75076 20570824 16.5529 6.4951

220 48400 10648000 14.8324 6.0368 275 75625 20796875 16.5831 6.5030
221 48841 10793861 14.8661 6.0459 276 76176 21024576 16.6132 6.5108
222 49284 10941048 14.8997 6.0550 277 76729 21253933 16.6433 6.5187
223 49729 11089567 14.9332 6.0641 278 77284 21484952 16.6733 6.5265
224 50176 11239424 14.9666 6.0732 279 77841 21717639 16.7033 6.5343

225 50625 11390625 15.0000 6.0822 280 78400 21952000 16.7332 6.5421
226 51076 11543176 15.0333 6.0912 281 78961 22188041 16.7631 6.5499
227 51529 11697083 15.0665 6.1002 282 79524 22425768 16.7929 6.5577
228 51984 11852352 15.0997 6.1091 283 80089 22665187 16.8226 6.5654
229 52441 12008989 15.1327 6.1180 284 80656 22906304 16.8523 6.5731

230 52900 12167000 15.1658 6.1269 285 81225 23149125 16.8819 6.5808
231 53361 12326391 15.1987 6.1358 286 81796 23393656 16.9115 6.5885
232 53824 12487168 15.2315 6.1446 287 82369 23639903 16.9411 6.5962
233 54289 12649337 15.2643 6.1534 288 82944 23887872 16.9706 6.6039
234 54756 12812904 15.2971 6.1622 289 83521 24137569 1 7.0000 6.6115

235 55225 12977875 15.3297 6.1710 290 84100 24389000 1 7.0294 6.6J91
236 55696 13144256 15.3623 6.1797 291 84681 24642171 17.0587 6.6267
237 56169 13312053 153948 6.1885 292 85264 24897088 17.0880 6.6343
238 56644 13481272 15.4272 6.1972 293 85849 25153757 17.1172 6.6419
239 57121 13651919 15.4596 6.2058 294 86436 25412184 17.1464 6.6494

240 57600 13824000 15.4919 6.2145 295 87025 25672375 17.1756 6.6569
241 58081 13997521 15.5242 6.223

1

296 87616 25934336 17.2047 6.6644
242 58564 14172488 15.5563 6.2317 297 88209 26198073 17.2337 6.6719
243 59049 14348907 15.5885 6.2403 298 88804 26463592 17.2627 6.6794
244 59536 14526784 15.6205 6.2488 299 89401 26730899 17.2916 6.6869

245 60025 14706125 15.6525 6.2573 300 90000 27000000 17.3205 6.6943
246 60516 14886936 15.6844 6.2658 301 90601 27270901 17.3494 6.7018
247 61009 15069223 15.7162 6.2743 302 91204 27543608 17.3781 6.7092
248 61504 15252992 15.7480 6.2828 303 91809 27818127 17.4069 6.7166
249 62001 15438249 15.7797 6.2912 304 92416 28094464 17.4356 6.7240

250 62500 15625000 15.8114 6.2996 305 93025 28372625 1 7.4642 6.7313
251 63001 15813251 15.8430 6.3080 306 93636 28652616 17.4929 6.7387
252 63504 1600300S 15.8745 6.3164 307 94249 28934443 17.5214 6.7460
253 64009 16194277 15.9060 6.3247 308 94864 29218112 17.5499 6.7533
254 64516 16387064 15.9374 6.3330 309 95481 29503629 17.5784 6.7606

255 65025 16581375 15.9687 6.3413 310 96100 29791000 17.6068 6.7679
256 65536 16777216 16.0000 6.3496 311 96721 3008023

1

17.6352 6.7752
257 66049 16974593 16.0312 6.3579 312 97344 30371328 17.6635 6.7824
258 66564 17173512 16.0624 6.3661 313 97969 30664297 17.6918 6.7897
259 67081 17373979 16.0935 6.3743 314 98596 30959144 17.7200 6.7969

260 67600 1 7576000 16.1245 6.3825 315 99225 31255875 17.7482 6.8041
261 68121 17779581 16.1555 6.3907 316 99856 31554496 17.7764 6.8113
262 68644 17984723 16.1864 6.3988 317 100489 31855013 17.8045 6.8185
263 69169 18191447 16.2173 6.4070 318 101124 32157432 17.8326 6.8256

264 69696 18399744 16.2481 6.4151 319 101761 32461759 17.8606 6.8328
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No. Square. Cube.
Sq. Cube

Root. Root.
No. Square Cube. Sq.

Root.
Cube
Root.

320 102400 32768000 17.8885 6.8399 ^75 140625 52734375 19.3649 7.2112

321 103041 33076161 17.9165 6.8470 376 141376 53157376 19.3907 7.2177

322 103684 33386248 17.9444 6.8541 377 142129 53582633 19.4165 7.2240
323 104329 33698267 17.9722 6.8612 378 142884 5401,0152 19.4422 7.2304
324 104976 34012224 18.0000:6.8683 379 143641 54439939 19.4679 7.2368

325 105625 34328125 18.0278^6.8753 380 144400 54872000 19.4936 7.2432
326 106276 34645976! 18.0555 6.8824 | 381 145161 55306341 19.5192 72495
327 106929 34965 783! 18.0831 6.8894 3821145924 55 742968 19.5448 7.2558
328 107584 35287552 18.1108 6.8964 383 1 46689 56181887 19.5704 7.2622
329 108241 35611289 18.1384 6.9034 384 147456 56623104 19.5959 7.2685

330 108900 35937000 18.1659 6.9104 385 148225 57066625 19.6214 7.2748
331 109561 36264691 18.1934 6.9174 386 148996 57512456 1 9.6469 7.2811
332 110224 36594368 18.2209 6.9244 387 149769 57960603 19.6723 7.2874
333 110889 35926037 18.2483 6.9313 388 150544 58411072 19.6977 7.2936
334 111556 37259704 18.2757 6.9382 389 151321 58863869 19.7231 7.2999

335 112225 37595375 18.3030 6.9451 390 152100 593 1 9000 19.7484 7.3061
336 112896 37933056 18.3303 6.9521 391 152881 59776471 19.7737 7.3124
337 113569 38272753 18.3576 6.9589 392 153664 60236288 19.7990 7.3186
338 114244 38614472 18.3848 6.9658 393 154449 60698457 19.8242 7.3248
339 114921 38958219 18.4120 6.9727 394 155236 61162984 1 9.8494 7.3310

340 115600 39304000 18.4391 6.9795 395 156025 61629875 19.8746 7.3372
341 116281 39651821 18.4662 6.9864 396 156816 62099136 19.8997 7.3434
342 116964 40001688 18.4932 6.9932 397 157609 62570773 1 9.9249 7.3496
343 1 1 7649 40353607 18.5203 7.0000 398 1 58404 63044792 19.9499 7.35^8
344 118336 40707584 18.5472 7.0068 399 159201 63521199 19.9750 7.361?

345 119025 41063625 18.5742 7.0136 400 160000 64000000 20.CC00 7.3681
346 119716 41421736 18.6011 7.0203 401 160801 64481201 20.0250 7.3742
347 120409 41781923 18.6279 7.0271 402 161604 64964808 20.0499 7.3803
348 121104 42144192 18.6548 7.0338 403 162409 65450827 20.0749 7.3864
349 121801 42508549 18.6815 7.0406 404 163216 65939264 20.0998 7.3925

350 122500 42875000 18.7083 7.0473 405 164025 66430125 20.1246 7.3986
351 123201 43243551 18.7350 7.0540 406 164836 66923416 20.1494 7.4047
352 123904 43614208 18.7617 7.0607 407 165649 67419143 20.1742 7.4108
353 124609 43986977 18.7883 7.0674 408 166464 67917312 20.1990 7.4169
354 125316 44361864 18.8149 7.0740 409 167281 68417929 20.2237 7.4229

355 126025 44738875 18.8414 7.0807 410 168100 68921000 202485 7.4290
356 126736 45118016 18.8680 7.0873 411 168921 69426531 20,2731 7.4350
357 127449 45499293 18.8944 7.0940 412 169744 69934528 20.2978 7.4410
358 128164 45882712 18.9209 7.1006 413 170559 70444997 20.3224 7.4470
359 128881 46268279 18.9473 7.1072 414 171396 70957944 20.3470 7.4530

360 129600 46656000 18.9737 7.1138 415 172225 71473375 20.3715 7.4390
361 130321 47045881 19,0000 7.1204 4!6 173056 71991296 20,3961 7,4650
362 131044 47437928 19.0263 7.1269 417 173889 72511713 20.4206 7.4710
363 131769 47832147 19.0526 7.1335 418 174724 73034632 20.4450 7,4770
364 132496 48228544 19.0788 7.1400 419 175561 73560059 20.4695 7.4829

365 133225 48627125 19.1050 7.1466 420 1 76400 74088000 20,4939 7.4889
366 133956 49027896 19.1311 7.1531 421 177241 74618461 20.5183 7.4948
367 134689 49430863 19.1572 7.1596 422 1 78084 75151448 20.5426 7,5007
368 135424 49836032 19.1833 7.1661 423 1 78929 75686967 20.5670 7,5067
369 136161 50243409 19.2094 7.1726 424 179776 76225024 20.5913 7.5126

370 136900 50653000 19.2354 7.1791 425 180625 76765625 20.6155 7.5185
371 137641 51064811 19.2614!7.1855 426i 181476 77308776|20.6398 7.5244
372 138384 51478848 19.2873|7.1920 427i 182329 77854483 20.6640 7.5302
373 139129 51895117 19.313217. 1984 428 183184 78402752 20.6882 7,536!
374' 139876' 52313624^19.3391 7.2048 429' 184041 78953589'20.7123 7.5420
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No. Square Cube.

79507000

Sq.
Root.

Cube
Root. No. Square Cube. Sq.

Root.
Cube
Root.

430 184900 20.7364 7.5478 485 235225 114084125 22.0227 7.8568
431 185761 80062991 20.7605 7.5537 486 236196 114791256 22.0454 7.8622
432 186624 80621568 20.7846 7.5595 487 237169 115501303 22.0681 7.8676
433 187489 81182737 20.8087 7.5654 488 238144 116214272 22.0907 7.8730
434 188356 81746504 20,8327 7.5712 489 239121 116930169 22.1133 7.8784

435 189225 82312875 20.8567 7.5770 490 240100 117649000 22.1359 7.8837
436 190096 82881856 20.8806 7.5828 491 241081 11837G771 22.1585 7.8891
437 190969 83453453 20.9045 7.5886 492 242064 119095488 22.1811 7.8944
438 191844 84027672 20.9284 7.5944 493 243049 119823157 22.2036 7.8998
439 192721 84604519 20.9523 7.6001 494 244036 120553784 22.2261 7.9051

440 193600 85184000 20.9762 7.6059 495 245025 121287375 22.2486 7.9105
441 194481 85766121 21.0000 7.6117 496 246016 122023936 22.2711 7.9158
442 195364 86350888 21 .0238 7.6174 497 247009 122763473 22.2935 7.9211
443 196249 86938307 21.0476 7.6232 498 248004 123505992 22.3159 7.9264
444 197136 87528384 21.0713 7.6289 499 249001 124251499 22.3383 7.9317

445 198025 88121125 21.0950 7.6346 500 250000 125000000 22.3607 7.9370
446 198916 88716536 21.1187 7.6403 501 251001 125751501 22.3830 7.9423

7.9476447 199809 89314623 21.1424 7.6460 502 252004 126506008 22.4054
448 200704 89915392 21.1660 7.6517 503 253009 127263527 22.4277 7.9528
449 201601 90518849 21.1896 7.6574 504 254016 128024064 22.4499 7.9581

450 202500 91125000 21.2132 7.6631 505 255025 128787625 22.4722 7.9634
451 203401 91733851 21.2368 7.6688 506 256036 129554216 22.4944 7.9686
452 204304 92345408 21.2603 7.6744 507 257049 130323843 22.5167 7 9739
453 205209 92959677 21.2838 7.6800 508 258064 131096512 22.5389 7.9791
454 206116 93576664 21.3073 7.6857 509 259081 131872229 22.5610 7.9843

455 207025 94196375 21.3307 7.6914 510 260100 132651000 22.5832 7.9896
456 207936 94818816 21.3542 7.6970 511 261121 133432831 22.6053 7.9948
457 208849 95443993 21.3776 7.7026 512 262144 134217728 22.6274 8.0000
458 209764 96071912 21.4009 7.7082 513 263169 135005697 22.6495 8.0052
459 210681 96702579 21.4243 7.7138 514 264196 135796744 22.6716 8.0104

460 211600 97336000 21.4476 7.7194 515 265225 136590875 22.6936 8.0156
461 212521 97972181 21.4709 7.7250 516 266256 137388096 22.7156 8.0208
462 213444 98611128 21.4942 7.7306 517 267289 138188413 22.7376 8.0260
463 214369 99252847 21.5174 7.7362 518 268324 138991832 22.7596 8.0311
464 215296 99897344 21.5407 7.7418 519 269361 139798359 22.7816 8.0363

465 216225 100544625 21.5639 7.7473 520 270400 140608000 22.8035 8.0415
466 217156 101194696 21.5870 7.7529 521 271441 141420761 22.8254 8.0466
467 218089 101847563 21.6102 7.7584 522 272484 142236648 22.8473 8.0517
468 219024 102503232 21.6333 7.7639 523 273529 143055667 22.8692 8.0569
469 219961 103161709 21.6564 7.7695 524 274576 143877824 22.8910 8.0620

470 220900 103823000 21.6795 7.7750 525 275625 144703125 22.9129 8.0671
471 221841 104487111 21.7025 7.7805 526 276676 145531576 22.9347 8.0723
472 222784 105154048 21.7256 7.7860 527 277729 146363183 22.9565 8.0774
473 223729 105823817 21.7486 7.7915 528 278784 147197952 22.9783 8.0825
474 224676 106496424 21.7715 7.7970 529 279841 148035889 23.0000 8.0876

475 225625 107171875 21.7945 7.8025 530 280900 148877000 23.0217 8.0927
476 226576 107850176 21 8174 7.8079 531 281961 149721291 23.0434 8.0978
477 227529 108531333 21.8403 7.8134 532 283024 150568768 23.0651 8.1028
478 228484 109215352 21.8632 7.8188 533 284089 151419437 23.0868 8.1079
479 229441 109902239 21.8861 7.8243 534 285156 152273304 23.1084 8.1130

480 230400 1 1 0592000 21.9089 7.8297 535 286225 153130375 23.1301 8.1180
481 231361 111284641 21.9317 7.8352 536 287296 153990656 23.1517 8.1231

482 232324 1 1 1980168 21.9545 7.8406 537 288369 154854153 23.1733 8.1281

483 233289 112678587 21.9773 7.8460 538 289444 155720872 23.1948 8.1332

484 234256 113379904 22.0000'7.8514 539 290521 156590819123.2164 8.1382
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No. Square. Cube. Sq.
Root.

Cube
Root.

No. Square Cube. Sq.
Root.

Cube
Root.

540 291600 157464000 23.2379 8.1433 595 354025 210644875 24.3926 8.4108
541 292681 158340421 23.2594 8.1483 596 355216 211708736 24.4131 8.4155
542 293764 159220088 23.2809 8.1533 597 356409 212776173 24.4336 8.4202
543 294849 160103007 23.3024 8.1583 598 357604 213847192 24.4540 8.4249
544 295936 160989184 23.3238 8.1633 599 358801 214921799 24.4745 8.4296

545 297025 161878625 23.3452 8.1683 600 360000 216000000 24.4949 8.4343
546 298116 162771336 23.3666 8.1733 601 361201 217081801 24.5153 8.4390
547 299209 163667323 23.3880 8.1783 602 362404 218167208 24.5357 8.4437
548 300304 164566592 23.4094 8.1833 603 363609 219256227 24.5561 8.4484
549 30I40I 165469149 23.4307 8.1882 604 364816 220348864 24.5764 8.4530

550 302500 166375000 23.4521 8.1932 605 366025 221445125 24.5967 8.4577
551 303601 167284151 23.4734 8.1982 606 367236 222545016 24.6171 8.4623
552 304704 168196608 23.4947 8.203

1

607 36S449 223648543 24.6374 8.4670
553 305809 169112377 23.5160 8.2081 608 369664 224755712 24.6577 8.4716
554 306916 170031464 23.5372 8.2130 609 370881 225866529 24.6779 8.4763

555 308025 170953875 23.5534 8.2180 610 372100 226981000 24.6982 8.4809
556 309136 171879616'23.5797 8.2229 611 373321 228099131 24.7184 8.4856
557 310249 172808693 23.6308 8.2278 612 374544 229220928 24.7386 8.4902
558 311364 173741112 23.6220 8.2327 613 375769 230346397 24.7588 8.4948
559 312481 174676879 23.6432 8.2377 614 376996 231475544 24.7790 8.4994

560 313600 175616000 23.6643 8.2426 615 378225 232608375 24.7992 8.5040
561 314721 176558481 23.6854 8.2475 616 379456 233744896 24.8193 8.5086
562 315844 177504328 23.7065 8.2524 617 380689 234885113 24.8395 8.5132
563 316969 178453547 23.7276 8.2573 618 381924 236029032 24.8596 8.5178
564 318096 179406144 23.7487 8.2621 619 383161 237176659 24.8797 8.5224

565 319225 180362125 23.7697 8.2670 620 384400 238328000 24.8998 8.5270
566 320356 181321496 23.7908 8.2719 621 385641 239483061 24.9199 8.5316
;"j67 321489 182284263 23.8118 8.2768 622 386884 240641848 24.9399 8.5362
568 322624 183250432 23.8328 8.2816 623 388129 241804367 24.9600 8.5408
569 323761 584220009 23.8537 8.2865 624 389376 242970624 24.9800 8.5453

570 324900 185193000 23.8747 8.2913 625 390625 244140625 25.0000 8.5499
571 326041 186169411 23.8956 8.2962 626 391876 245314376 25.0200 8.5544
572 327184 187149248 23.9165 8.3010 627 393129 246491883 25.0400 8 5590
573 328329 188132517 23.9374 8.3059 628 394384 247673152 25.0599 8.5635
574 329476 189119224 23.9583 8.3107 629 395641 248858189 25.0799 8.5681

575 330625 190109375 23.9792 8.3155 630 396900 250047000 25.0998 8.5726
576 331776 191102976 24.0000 8.3203 631 398161 251239591 25.1197 8.5772
577 332929 192100033 24.0208 8.3251 632 399424 252435968 25.1396 8.5817
578 334084 193100552 24.0416 8.3300 633 400689 253636137 25.1595 8.5862
579 335245 194104539 24.0624 8.3348 634 401956 254840104 25.1794 8.5907

580 336400 195112000 24.0832 8.3396 635 403225 256047875 25.1992 8.5952
581 337561 196122941 24.1039 8.3443 636 404496 257259456 25.2190 8.5997
582 338724 197137368 24.1247 8.3491 637 405769 258474853 25.2389 8.6043
583 339889 198155287 24.1454 8.3539 638 407044 259694072 25.2587 8.6088
584 341056 199176704 24.1661 8.3587 639 408321 260917119 25.2784 8.6132

585 342225 200201625 24.1868 8.3634 640 409600 262144000 25.2982 8.6177
586 343396 201230056 24.2074 8.3682 641 410881 263374721 25.3180 8.6222
587 344569 202262003 24.2281 8.3730 642 412164 264609288 25.3377 8.6267
583 345744 203297472 24.2437 8.3777 643 413449 265847707 25.3574 8.6312
589 346921 204336469 24.2693 8.3825 644 414736 267089984 25.3772 8.6357

590 348100 205379000 24.2899 8.3872 645 416025 26S336125 25.3969 8.6401
591 349281 206425071 24.3105 8.3919 646 417316 269586136 25.4165 8.6446
592 350464 207474688 24.3311 8.3967 647 418609 270840Q23 25.4362 8.6490
593 351649 208527857 24.3516 8.4014 648 419904 272097792 25.455e 8.6535
594' 352836'209584584'24.3721 18.4061 649'42120l'273359449i25.4755l 8.6579
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Cube
Root.

650 422500 274625000 25.4951 8.6624 705 497025 350402625 8.9001
651 423801 275894451 25.5147 8.6668 706 498436 351895816 26.5707 8.9043
652 425104 277167808 25.5343 8.6713 707 499849 353393243 26.5895 8.9085
653 426409 278445077 25.5539 8.6757 708 501264 354894912 26.6083 8.9127
654 427716 279726264 25.5734 8.6801 709 502681 356400829 26.6271 8.9169

655 429025 281011375 25.5930 8.6845 710 504100 357911000 26.6453 8.9211
656 430336 282300416 25.6125 8.6890 711 505521 359425431 26.6646 8.9253
657 431649 283593393 25.6320 8.6934 712 506944 360944128 26:6333 8.9295
65S 432964 284890312 25.6515 8.6978 713 508369 362467097 26.7021 8.9337
659 434281 286191179 25.6710 8.7022 714 509796 363994344 26.7208 8.9378

660 435600 287496000 25.6905 8.7066 715 511225 365525875 26.7395 8.9420
661 436921 288804781 25 7099 8.7110 716 512656 367061696 26 7582 8.9462
662 438244 290117528 25.7294 8.7154 717 514089 368601813 26.7769 8.9503
663 439569 291434247 25.7488 8.7198 718 515524 370146232 26.7955 8.9545
664 440896 292754944 25.7682 8.7241 719 516961 371694959 26.8142 8.9587

665 442225 294079625 25.7376 8.7285 720 518400 373248000 26.8328 8.9628
066 443556 295408296 25.8070 8.7329 721 519841 374805361 26.8514 8.9670
657 444889 296740963 25,8263 8.7373 722 521284 37636704S 26.8701 8.9711
668 446224 298077632 25.8457 3.7<16 723 522729 377933067 26.8887 3.9752
669 447561 299418309 25.8650 8.7460 724 524176 379503424 26.9072 8.9794

670 448900 300763000 25.8844 8.7503 725 525625 381078125 26.9258 8.9835
671 450241 302111711 25.9037 8.7547 726 527076 332657176 26.9444 8.9876
672 451584 303464448 25.9230 8.7590 727 528529 384240583 26.9629 8.9918
673 452929 304821217 25.9422 8.7634 728 529984 335328352 26.9815 8.9959
674 454276 306182024 25.9615 8.7677 729 531441 387420489 27.0000 9.0000

675 455625 307546875 25.9808 8.7721 730 532900 389017000 27.0185 9.0041
676 456976 308915776 26.0000 8.7764 731 534361 390617891 27.0370 9.0082
67 7 458329 310288733 26.0192 3.7807 732 535824 392223168 27.0555 9.0123
673 459684 311665752 26.0384 8.7850 733 537239 393832837 27.0740 9.0164
679 461041 313046839 26.0576 8.7893 734 538756 395446904 27.0924 9.0205

680 462400 314432000 26.0763 8.7937 735 540225 397065375 27.1109 9.0246
631 463761 315821241 26.0960 8.7980 736 541696 3986SS256 27.1293 9.0287
682 465124 317214568 26.1151 8.8023 737 543169 400315553 27.1477 9.0328
683 466489 318611987 26.1343 8.8066 733 544644 401947272 27.1662 9.0369
684 467856 320013504 26.1534 8.8109 739 546121 403583419 27.1846 9.0410

685 469225 321419125 26.1725 8.8152 740 547600 405224000 27.2029 90450
686 470596 322828856 26.1916 3.8194 741 549081 406869021 27.2213 9.0491
687 471969 324242703 26.2107 8.8237 742 550564 408518488 27.2397 9.0532
688 473344 325660672 26.2298 8.8280 743 552049 410172407 27.2580 9.0572
689 474721 327082769 26.2488 8.8323 744 553536 411830784 27.2764 9.0613

690 476100 328509000 26.2679 8.8366 745 555025 413493625 27.2947 9.0654
691 477481 329939371 26.2869 8.8408 746 556516 415160936 27.3130 9.0694
692 478864 3313738S8 26.3059 8.3451 747 558009 416832723 27.3313 9.0735
693 480249 332812557 26.3249 8.8493 748 559504 418508992 27.3496 9.0775
694 481636 334255384 26.3439 8.8536 749 561001 420139749 27.3679 9.0816

695 433025 335702375 26.3629 3.8573 750 562500 421375000 27.3861 9.0856
696 484416 337153536 26.3818 8.8621 751 564001 423564751 27.4044 9.0896
697 485809 338608373 26.4008 8.8663 752 565504 425259003 27.4226 9.0937
698 487204 340068392 26.4197 8.8706 753 567009 426957777 27.4403 9.0977
699 48860

1

341532099 26.4386 8.8743 754 568516 428661061 27.4591 9.1017

700 490000 343000000 26.4575 8.8790 755 570025 430368875 27.4773 9.1057
701 491401 344472101 26.4764 8.8833 756 571536 432081216 27.4955 9.1098
702 492804 345948408 26.4953 8 8875 757 573049 433798093 27.5136 9.1138
703 494209 347428927 26.5141 3.8917 758 574564 435519512 27.5318 9.1178
704' 495616 348913664 26.5330 8.8959 759 576081 437245479 27.5500 9.121S
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Cube
Root. No Square Cube. Sq.

Root,
Cube
Root.

m) 577600 438976000 27.5681 9.1258 815 664225 541343375 28.5482 9.3408
76 57912! 440711081 27.5862 9.1298 816 665856 543338496 28.5657 9.3447
762 580644 442450728 27.6043 9.1338 817 667489 545338513 28.5832 9.3485
763 582169 444194947 27.6225 9.1378 8ie 66912-4 547343432 28.6007 9.3523
76^ 583696 44594374^ 27.6405 9.1418 819 670761 549353259 28.6182 9.3561

765 585225 447697125 27.6586 9.1458 82(] 67240C 55136800C 28.6356 9.3599
766 536756 449455096 27.6767 9.1498 821 674041 553387661 28.653! 9.3637
767 588289 451217663 27.6948 9.1537 822 675684 555412248 28.6705 9.3673
768 539324 452984832 27.7128 9.1577 823 677329 557441767 28.6880 9.3713
769 591361 454756609 27.7308 9.1617 824 678976 559476224 28.7054 9.3751

770 592900 456533000 27.7489 9.1657 825 680625 561515625 28.7228 9.3789
771 594441 458314011 27.7669 9.1696 826 682276 563559976 28.7402 9.3827
772 595984 460099648 27.7849 9.1736 827 683929 565609283 28.7576 9.3865
773 597529 461889917 27.8029 9.1775 828 685584 567663552 28.7750 9.3902
774 599076 463684824 27.8209 9.1815 829 687241 569722789 28.7924 9.3940

775 600625 465484375 27.8388 9.1855 830 688900 571787000 28.8097 9.3978
776 602176 467283576 27.8568 9.1894 831 690561 573856191 28.8271 9.4016
777 603729 469097433 27.8747 9.1-933 832 692224 575930368 28.8444 9.4053
778 605284 470910952 27.8927 9.1973 833 693889 578009537 28.8617 9.4091
779 606S41 472729139 27.9106 9.2012 834 695556 580093704 28.8791 9.4129

780 603400 474552000 27.9285 9.2052 835 697225 582182875 28.8964 9.4166
731 609961 476379541 27.9464 9.2091 836 698896 584277056 28.9131 9.4204
782 611524 478211768 27.9643 9.2130 837 700569 586376253 28.9310 9.4241
783 613089 480048687 27.9821 9.2170 838 702244 588480472 28.9482 9.4279
784 614656 481890304 28.0000 9.2209 839 703921 590589719 28.9655 9.4316

785 616225 483736625 28.0179 9.2248 840 705600 592704000 28.9828 9.4354
786 617796 485587656 28.0357 9.2287 841 707281 59482332! 29.0000 9.4391
787 619369 487443403 28.0535 9.2326 842 708964 596947688 29.0172 9.4429
788 620944 489303872 28.0713 9.2365 843 710649 599077107 29.0345 9.4466
789 622521 491169069 28.0891 9.2404 844 712336 601211584 29.0517 9.4503

790 624100 493039000 28.1069 9.2443 845 714025 603351125 29.0689 9.4541
791 625631 494913671 28.1247 9.2482 846 715716 605495736 29.0861 9.4578
792 627264 496793088 28.1425 9.2521 847 717409 607645423 29.1033 9.4615
793 628849 498677257 28.1603 9.2560 848 719104 609800192 29.1204 9.4652
794 630436 500566184 28.1780 9.2599 849 720801 611960049 29.1376 9.4690

795 632025 502459875 28.1957 9.2638 850 722500 614125000 29.1548 9.4727
796 633616 504358336 28.2135 9.2677 851 724201 616295051 29.1719 9.4764
797 635209 5062G1573 28.2312 9.2716 852 725904 618470208 29.1890 9.4801
798 636804 508169592 28.2489 9.2754 853 727609 620650477 29.2062 9.4838
799 638401 510082399 28.2666 9.2793 854 729316 622835864 29.2233 9.4875

800 640000 512000000 28.2843 9.2832 855 731025 625026375 29.2404 9.4912
801 641601 513922401 28.3019 9.2870 856 732736 627222016 29.2575 9.4949
802 643204 515849608 28.3196 9.2909 857 734449 629422793 29.2746 9.4986
803 644809 517781627 28.3373 9.2943 858 736164 631628712 29.2916 9.5023
804 646416 519718464 28.3549 9.2986 859 737881 633839779 29.3087 9.5060

S05 648025 521660125 28.3725 9.3025 860 739600 636056000 29.3258 9.5097
806 649636 523606616 28.3901 9.3063 861 741321 638277381 29.3428 9.5134
807 651249 525557943 28.4077 9.3102 862 743044 640503928 29.3598 9.5171
808 652864 527514112 28.4253 9.3140 863 744769 642735647 29.3769 9.5207
809 654481 529475129 28.4429 9.3179 864 746496 644972544 29.3939 9.5244

610 656100 531441000 28.4605 9.3217 865 748225 647214625 29.4109 9.52S1
811 657721 533411731 28.4781 9.3255 866 749956 649461896 29.4279 9.5317
812 659344 535387328 28.4956 9.3294 867 751689 651714363 29.4449 9.5354
813 660969 537367797 28.5132 9.3332 868 753424 653972032 .29.4618 9.5391
814 662596 539353144 28.5307 9.3370 869 7551611 556234909 .J9.4788 9.5427
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Square.

756900
758641
760384
762129
763876

765625
767376
769129
770884
772641

774400
776161
777924
779689
781456

Cube.

658503000
660776311
663054848
665338617
667627624

669921875
672221376
674526133
676836152
679151439

681472000
683797841
686128968
688465387
690807104

783275 693154125
784996
786769
788544
790321

792100
793881
795664
797449
799236

801025
802816
804609
806404
808201

810000
811801
813604
815409
817216

819025
820836
822649
824464
826281

828100
829921
831744
833569
835396

837225
839056
840889
842724
844561

846400
848241
850084
851929
853776

O95506456
697864103
700227072
702595369

704969000
707347971
709732288
712121957
714516984

716917375
719323136
721734273
724150792
726572699

729000000
731432701
733870808
736314327
738763264

741217625
743677416
746142643
748613312
751089429

753571000
756058031
758550528
761048497
763551944

766060875
768575296
771095213
773620632
776151559

778688000
781229961
783777448
786330467
788889024

Sq.
Root.

29.4958
29.5127
29.5296
29.5466
29.5635

29.5804
29.5973
29.6142
29.6311
29.6479

29.6648
29.6816
29.6985
29.7153
29.7321

29.7489
29.7658
29.7825
29.7993
29.8161

29.8329
29.8496
29.8664
29.8831
29.8998

29.9166
29.9333
29.9500
29.9666
29.9833

30.0000
30.0167
30.0333
30.0500
30.0666

30.0832
30.0998
30.1164
30.1330
30.1496

30.1662
30.1828
30.1993
30.2159
30.2324

30.2490
30.2655
30.2820
30.2985
30.3150

Cube
Root.

9.5464
9.5501
9.5537
9.5574
9.5610

9.5647
9.5683
9.5719
9.5756
9.5792

9.5828
9.5865
9.5901
9.5937
9.5973

9.6010
9.6046
9.6082
9.6118
9.6154

9.6190
9.6226
9.6262
9.6298
9.6334

9.6370
9.6406
9.6442
9.6477
9.6513

9.6549
9.6585
9.6620
9.6656
9.6692

9.6727
9.6763
9.6799
9.6834
9.6870

9.6905
9.6941
9.6976
9.7012
9.7047

9.7082
9.7118
9.7153
9.7188
9.7224

Square

30.3315 9.7259
30.3480 9.7294
30.3645 9.7329
30.3809 9.7364
30.397419.7400

925
926
927
928
929

930
931
932
933
934

935
936
937
938
939

940
941
942
943
944

945
946
947
948
949

950
951
952
953
954

955
956
957
958
959

960
961
962
963
964

965
966
967
968
969

970
971
972
973
974

975
976
977
978
979

855625
857476
859329
861184
863041

864900
866761
868624
870489
872356

874225
876096
877969
879844
881721

883600
885481
887364
889249
891136

893025
894916
896809
898704
900601

902500
904401
906304
908209
910116

912025
913936
915849
917764
919681

921600
923521
925444
927369
929296

931225
933156
935089
937024
938961

940900
942841
944784
946729
948676

950625
952576
954529
956484
958441

Cube. Sq.
Root.

791453125
794022776
796597983
799178752
801765089

804357000
806954491
809557568
812166237
814780504

817400375
820025856
822656953
825293672
827936019

830584000
833237621
835896888
838561807
841232384

843908625
846590536
849278123
851971392
854670349

857375000
86008535

1

862801408
865523177
868250664

870983875
873722816
876467493
879217912
881974079

884736000
887503681
890277128
893056347
895841344

898632125
901428696
904231063
907039232
909853209

912673000
915498611
918330048
921167317
924010424

926859375
929714176
932574833
935441352
938313739

30.4138
30.4302
30.4467
30.463

1

30.4795

30.4959
30.5123
30.5287
30.5450
30.561

30.5778
30.5941
30.6105
30.6268
30.6431

30.6594
30.6757
30.6920
30.7083
30.7246

30.7409
30.7571
30.7734
30.7896
30.8058

30.8221
30.8383
30.8545
30.8707
30.8869

30.9031
30.9192
30.9354
30.9516
30.9677

30.9839
31.0000
31.0161
31.0322
31.0483

3 1 .0644
31.0805
31.0966
31.1127
31.1288

31.1448
31.1609
31.1769
31.1929
31.2090

31.2250
31.2410
31.2570
31.2730
31.2890

9.8990
9.9024
9.9058
9.9092
9.9126

9.9160
9 9194
9.9227
9.9261
9.9295
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No. Square. Cube. Sq.
Root.

Cube
Root.

No. Square. Cube.
Sq.

Root.
Cube
Root.

^980 960400 941192000 31.3050 9.9329 ~1035 1071225 1108717875 32.1714 10.1153
'981 962361 944076141 31.3209 9.9363 1036 1073296 1111934656 32.1870 10.1186
982 964324 946966168 31.3369 9.9396 1037 1075369 1115157653 32.2025 10.1218
•983 966289 949862087 31.3528 9.9430 1038 1077444 1 1 18386872 32.2180 10.1251
•984 968256 952763904 31.3688 9.9464 1039 1079521 1121622319 32.2335 10.1283

985 970225 955671625 31.3847 9.9497 1040 1081600 1124864000 32.2490 10.1316
•986 972196 958585256 31.4006 9.9531 1041 1083681 1128111921 32.2645 10 1348
•987 974169 961504803 31.4166 9.9565 1042 1085764 1131366088 32.2800 10.1381
'988 976144 964430272 31.4325 9.9598 1043 1087849 1134626507 32.2955 10.1413
'989 978121 967361569 31.4484 9.9632 1044 1089936 1137893184 32.3110 10.1446

-990 980100 970299000 31.4643 9.9666 1045 1092025 1141166125 32.3265 10.1478
'991 982081 973242271 31.4802 9.9699 1046 10941 16 1144445336 32.3419 10.1510
'992 984064 976191488 31.4960 9.9733 1047 1096209 1147730323 32.3574 10.1543
•993 986049 979146657 31.5119 9.9766 1048 1098304 1151022592 32.3728 10.1575
994 988036 982107784 31.5278 9.9800 1049 1100401 1154320649 32.3883 10.1607

'995 990025 985074875 31.5436 9.9S33 1050 1 102500 1157625000 32.4037 10.1640
'996 992016 938047936 31.5595 9.9366 1051 1104601 1160935651 32.4191 10.1672
'997 994009 991026973 31.5753 9.9900 1032 1106704 1164252608 32.4345 10.1704
998 996004 994011992 31.5911 9.9933 1053 1 108809 1167575377 32.4500 10.1736
'999 998001 997002999 31.6070 9.9967 1054 1110916 1170905464 32.4654 10.1769

1000 1000000 lOOOOOOOOO 3I.622S 10.0000 1055 1113025 1174241375 32.4803 10.1801
1001 1002001 1003003001 31.6386 10.0033 1056 1115136 1177583616 32.4962 10.1833
1002 1004004 1006012003 31.6544 10.0067 1057 1117249 1 180932193 32.5115 10.1865
1003 1006009 1009027027 31.6702 10.0100 1058 1119364 1184287112 32.5269 10.1897
11004 1008016 1012048064 31.686C 10.0133 1059 1121481 1 187648379 32.5423 10.1929

1005 1010025 1015075125 31.7017 10.0166 1050 1123600 1191016000 32.5576 10.1961
1006 1012036 1018108216 31.7175 10.0200 1061 1125721 1194389981 32.5730 10.1993
1007 1014049 1021147343 31.7333 10.0233 1062 1 127844 1197770328 32.5383 10.2025
1008 1016064 1024192512 31.7490 10.0266 1063 1129969 1201157047 32.6036 10.2057
1009 I01808I 1027243729 31.7648 10.0299 1064 1132096 1204550144 32.6190 10.2089

1010 T020100 1030301000 31.7805 10.0332 1065 1134225 1207949625 32.6343 10.2121
1011 1022121 1033364331 31.7962 10.0365 1066 1 136356 1211355496 32.6497 10.2153
1012 1024144 1036433728 31.8119 10.0398 1067 1138489 1214767763 32.6650 10.2185
1013 1026169 1039509197 31.8277 10.0431 1053 1140624 1218186432 32.6803 10.2217
1014 1028196 1042590744 31.8434 10.0465 1069 1 142761 1221611509 32.6956 10.2249

1015 1030225 1045678375 31.8591 10.0498 1070 1144900 1225043000 32.7109 10.2281
1016 1032256 1048772096 31.8743 10.0531 1071 1147041 1228480911 32.7261 10.2313
1017 1034289 1051871913 31.8904 10.0563 1072 1149184 1231925248 32.7414 10.2345
1018 1036324 1054977832 31.9061 10.0596 1073 1151329 1235376017 32.7567 10.2376
1019 1033361 1058089859 31.9218 10.0629 1074 1153476 1238833224 32.7719 10.2408

1020 1040400 1061208000 31.9374 10.0662 1075 1155625 1242296875 32.7872 10.2440
1021 1042441 1064332261 31.9531 10.0695 1076 1157776 1245766976 32.8024 10.2472
1022 1044434 1067462648 31.9687 10.0728 1077 1159929 1249243533 32.8177 10.2503
1023 1046529 1070599167 31.9844 10.0761 1078 1162084 1252726552 32.8329 10.2535
1024 1048576 1073741824 32.0000 10.0794 1079 1 164241 1256216039 32.8481 10.2567

1025 1050625 1076890625 32.0156 10.0826 1030 1166400 1259712000 32.8634 10.2599
1026 1052676 1030045576 32.0312 10.0859 1081 1163561 1263214441 32.8786 10.2630
1027 1054729 1083206683 32.0468 10.0892 1032 1170724 1266723368 32.8938 10.2662
1028 1056784 1036373952 32.0624 10.0925 1033 1172889 1270238787 32.9090 10.2693
1029 1058841 1089547389 32.0780 10.0957 1034 1175056 1273760704 32.9242 10.2725

1030 1060900 1092727000 32.0936 10.0990 1035 1177225 1277289125 32.9393 10.2757
1031 1062961 1095912791 32.1092 10.1023 1036 1179396 1280824056 32.9545 10.2788
1032 1065024 1099104768 32.1248 10.1055 1037 1181569 1284365503 32.9697 10.2820
1033 1067089 1 102302937 32.1403 10.1088 1038 1 183744 1287913472 32.9848 10.2851

1034 1069156' 1105507304 32.1559 10.1121 1089 1 1 8592 1
1 1 29 1 467969 ' 33 .0000 '

1 0.28S3
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. Square. Cube.
Sq.
Root.

Cube
Root.

No. Square. Cube.
Sq,

Root.
Cube
Root.

1188100
1190281,
1192464
1194649
1196836

1199025
1201216
1203409
1205604
1207801

1295029000
1298596571
1302170688
1305751357
1309338584

1312932375
1316532736
1320139673
1323753192
1327373299

1210000 1331000000
1212201 1334633301
1214404 1338273208
1216609 1341919727
1218816 1345572864

1221025
1223236
1225449
1227664
.1229881

1232100
1234321
1236544
1238769
1240996

1243225
1245456
1247689
1249924
1252161

1254400
1256641
1258884
1261129
1263376

1265625
1267876
1270129
1272384
1274641

1276900
1279161
1281424
1283689
1285956

1288225
1290496
1292769
1295044
1297321

1299600
1301881
1304164
1306449
1308736

1349232625
1352899016
1356572043
13'S0751712

1363938029

1367631000
1371330631
1375036928
1378749897
1382469544

1386195875
1389928896
1393668613
1397415032
1401168159

1404928000
1408694561
1412467848
1416247867
1420034624

1423828125
1427628376
1431435383
1435249152
1439069689

1442897000
1446731091
1450571968
1454419637
1458274104

1462135375
1466003456
1469878353
1473760072
1477648619

33.0151
33.0303
33.0454
33.0606
33.0757

33.0908
33.1059
33.1210
33.1361

33.1512

33.1662
33.1813
33.1964
33.2114
33.2264

33.2415
33.2566
33.2716
33.2866
33.3017

33.3167
33.3317
33.3467
33.3617
33.3766

33.3916
33.4066
33.4215
33.4365
33.4515

33.4664
33.4813
33.4963
33.5112
33.5261

10.2914
10.2946

10.2977

10.3009

10.3040

10.307
10.3103

10.3134

10.3165

10.3197

10.3228

10.3259
10.3290
10.3322

10 3353

10.3384
10.3415

10.3447
10.3478

10.3509

10.3540

10.3571

10.3602

10.3633

10.3664

10.3695

10.3726
10.3757
10.3788

10.3819

10.3850

10.

10.3912

10.3943

10.3973

33.5410 10.4004
33.5559 10.4035

33.5708 10.4066
33.5857 10.4097
33.6006 10.4127

33.6155
33.6303
33.6452
33.6601

33.6749

33.6898
33.7046
33.7174
33.7342
33.7491

1481544000 33.7639
1485446221,33.7787
1489355288133.7935
1493271207133.8083
1497193984.33.8231

10.4158
10.4189
10.4219
10.4250

10.4281

10.4311

10.4342

10.4373
10.4404

10.4434

10.4464
10.4495

10.4525
10.4556
10.4586

1145
1146
1147
1148
1149

1150
1151

1152
1153

1154

1155
1156
1157
1158
1159

1160
1161

1162
1163

1164

1311025
1313316
1315609
1317904
1320201

1322500
1324801
1327104
1329409
1331716

1334025
1336336
1338649
1340964
1343281

1345600
1347921
1350244
1352569
1354896

1501123625 33.8378
1505060136 33.8526
1509003523 33.8674
1512953792 33.8821
1516910949 33.8969

1165 1357225
1166 1359556
1167 1361389
1168 1364224
1169 1366561

1170 1368900
1171 1371241
1172 1373584
1173 1375929
1174 1378276

1175 1380625
1176 1382976
1177 1385329
1178 1387684
1179 1390041

1180 1392400
1181 1394761
1182 1397124
1183 1399489
1184 1401856

1185 1404225
1186 1406596
1187 1408969
1188 1411344
1189 1413721

1190 1416100
1191 1418481
119?, 1420864
1193 1423249
1194 1425636

1195 1428025
1196 1430416
1197 1432809
1193 1435204
1199 1437601

1520875000
1524845951
1528823808
1532808577
1536800264

1540798875
1544804416
1548816893
1552836312
1556862679

1560896000
1564936281
568983528
1573037747
1577098944

1581167125
1585242296
589324463
1593413632

1601613000
1605723211
1609840448
1613964717
1618096024

1622234375
1626379776
1630532233
1634691752
1638858339

1643032000 34.3511
1647212741 34.3657
1651400568 34.3802
1655595487 34.3948
1659797504 34.4093

33.9116
33.9264
33.941

1

33.9559
33.9706

33.9853
34.0000
34.0147
34.0294
34.0441

34.0588
34.0735
34.0881
34.1028
34.1174

34.132
34.1467
34.1614
34.1760
34.1906

34.2053
34.2199
34.2345
34.2491
34.2637

34.2783
34.2929
34.3074
34.3220
34.3366

1664006625
1668222856
1672446203
1676676672
1680914269

1685159000
1689410871
1693669888
1697936057
1702209384

1706489875
1710777536
1715072373
1719374392
1723683599

34.4238
34.4384
34.4529
34.4674
34.4819

34.4964
34.5109
34.5254
34.5398
34.5543

34.5688
34.5832
34.5977
34.6121
34.6266

10.4617

10.4647
10.4678
10.4708
10.4739

10.4769
10.4799
10.4830
10.4860
10.4890

10.4921

10.4951

10.4981

10.5011

10.5042

10.5072
10.5102
10.5132
10.5162
10.5192

10.5223
10.5253
10.5283
10.5313

10.5343

10.5373
10.5403
10.5433

10.5463
10.5493

10.5523
10.5553

10.5583

10.5612
10.5642

10.5672
10.5702
10.5732
10.5762
10.5791

10.5821

10.5851

10.5881

10.5910
10.5940

10.5970
10.6000
10.6029
10.6059
10.6083

10.61 IS
10.6148
10.6177
10.6207
10.6236
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. Square. Cube.
Cube
Root.

10.6266
10.6295
10.6325
10.6354
10.6384

10.6413
10.6443
10.5472
1C.650

10.6530

10.6560
10.6590
10.6619
10.6648
10.6678

10.6707
10.6736
10.6765
10.6795

10.6324

10.6853
10.6882
10.691

10.6940

10.6970

10.6999
10.7028
10.7057
10.7086
10.7115

10.7144
10.7173
10.7202
10.7231

10.7260

10.7289
10.7318
10.7347
10.7376

10.7405

10.7434
10.7463
10.7491

10.7520
10.7549

10.7578
10.7607
10.7635
10.7664
10.7693

10.7722
10.7750
10.7779
10.7808
10.7837

Square. Cube. Sq.
Root.

35.4260
35.4401

35.4542
35.4683
35.4824

35.4965
35.5106
35.5246
35.5387
35.5528

35.5668
35.5809
35.5949
35.6090
35.6230

35.6371
35.6511
35.6651
35.6791
35.6931

35.7071
35.7211
35.7351
35.7491
35.7631

35.7771
35.791

1

35.8050
35.8190
35.8329

35.8469
35.8608
35.8748
35.8887
35.9026

35.9166
35.9305
35.9444
35.9583
35.9722

35.9861
36.0000
36.0139
36.0278
36.0416

36.0555
36.0694
36.0832
36.0971
36.1109

36.1248
36.1386
36.1525
36.1663
36.1801

10.7865
10.7894
10.7922
10.7951
10.7980

10.8008
10.8037
10.8065
10.8094
10.8122

10.8151

10.8179
10.8209
10.8236
10.8265

10.8293
10.8322
10.8350
10.8378
10.8407

10.8435
10.8463
i 0.8492
10.8520
10.8548

10.857;

10.8605
10.8633

10.8661

10.8690

10.8718
10.8746
10.8774
10.8802
10.8831

10.8859
10.8887
10.8915
10.8943
10.8971

10.8999
10.9027
10.9053
10.9083
10.9111

10.9139
10.9167
10.9195
10.9223
10.9251

10.9279
10.9307
10.9335
10.9363

10.9391
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Square.

1716100
1718721
1721344
1723969
1726596

1729225
1731856
1734489
1 737124

Cube.

1739761 2294744759

1742400
174504
1747684
1750329
1752976

1755625
1758276
1760929
1763584
1766241

1768900
1771561
1774224
1776889
1779556

1782225
1784896
1787569
1790244
1792921

1795600
1798281
1800964
1803649
1806336

1809025
1811716
1814409
1817104
1819801

1822500
1825201
1827904
1830609
1833316

1836025
1838736
1841449
1844164
1846881

1849600
1852321
1855044
1857769
1860496

2248091000
2253243231
2258403328
2263571297
2268747144

2273930875
2279122496
2284322013
2289529432

2299968000
2305199161
2310438248
2315685267
2320940224

2326203125
2331473976
2336752783
2342039552
2347334289

2352637000
2357947691
2363266368
2368593037
2373927704

2379270375
2384621056
2389979753
2395346472
2400721219

2406104000
2411494821
2416893688
2422300607

Sq.
Root.

2427715584 36.6606

2433138625
2438569736
2444008923
2449456192
2454911549

2460375000
2465846551
2471326208
24768139/7
2482309864

2487813875
2493326016
2498846293
2504374712
250991 1279

2515456000
2521008881
2526569928
2532139147
2537716544

36.1939
36.2077
36.2215
36.2353
36.2491

36.2629
36.2767
36.2905
36.3043
36.3180

36.3318
36.3456
36.3593
36.3731
36.3868

36.4005
36.4143
36.4280
36.4417
36.4555

36.4692
36.4829
36.4966
36.5103
36.5240

36.5377
36.5513
36.5650
36.5787
36.5923

36.6060
36.6197
36.6333
36.6469

Cube
Root.

36.6742
36.6879
36.7015
36.7151

36.7287

36.7423
36.7560
36.7696
36.7831

36.7967

36.8103
36.8239
36.8375
36.8511

36.8646

36.8782
36.8917
36.9053
36.9188
36.9324

10.9418
10.9446
10.9474
10.9502
10.9530

10.9557
10.9585
10.9613

10.9640
10.9668

10.9696
10.9724
10.9752

10.9779
10.9807

10.9834
10.9862
10.

10.9917

10.9945

10.9972

1 1 .0000

1 1 .0028

11.0055

1 1 .0083

11.0110
11.0138
11.0165

11.0193

1 1 .0220

1 1 .0247

1 1 .0275

1 1 .0302

1 1 .0330

11.0357

1 1 .0384

11.0412
1 1 .0439
1 1 .0466

11.0494

11.0521

1 1 .0548

1 1 .0575

1 1 .0603

1 1 .0630

11.0657
11.0684
11.0712

1 1 .0739

1 1 .0766

1 1 .0793

1

1 1 .0847
1 1 .0875

1 1 .0902

Square.

1365
1366
1367
1368
1369

1370
1371

1372
1373

1374

1375
1376
1377
1378
1379

1380
1381

1382
1383
1384

1385
1386
1387
1338
1389

1390
1391

1392
1393
1394

1395
1396
1397

1863225
1865956

1871424
1874161

1876900
1879641
1882384
1885129
1887876

1890625
1893376
1896129

1901641

1904400
1907161
1909924
1912689
1915456

1918225
1920996
1923769
1926544
1929321

1932100
193488
1937664
1940449
1943236

1946025
1948816
1951609
1954404
1957201

1960000
1962801
1965604
1968409
1971216

1974025
1976836
1979649
1982464

Cube.

2543302125
2548895896
2554497863
2560108032
2565726409

2571353000
257698781
2582630848
2588282117
2593941624

2599609375
2605285376
2610969633
2616662152
2622362939

2628072000
2633789341
2639514968
2645248887
2650991104

2656741625
2662500456
2668267603
2674043072
2679826869

2685619000
2691419471
2697228288
2703045457
2708870984

2714704875
2720547136
2726397773
2732256792
2738124199

2744000000
274988420;
2755776808
2761677827
2767587264

1988100
1990921
1993744
1996569
1999396

2002225
2005056
2007889
2010724
2013561

Sq.
Root.

2773505125
2779431416
2785366143
2791309312
2797260929

2803221000
2809189531

15166528
2821151997
2827145944

2833148375
2839159296
2845178713
2851206632
2857243059

36.9459
36.9594
36.9730
36.9865
37.0000

37.0135
37.0270
37.0405
37.0540
37.0675

37.0810
37.0945
37.1080
37.1214
37.1349

37.1484
37.1618
37.1753
37.1887
37.2021

37.2156
37.2290
37.2424
37.2559
37.2693

37.2827
37.2961

37.3095
37.3229
37.3363

37.3497
37.3631
37.3765
37.3898
37.4032

Cube
Root.

lT0929
1

1

.0956
1

1

.0983
11.1010
11.1037

11.1064
11.1091

11.1118
11.1145
11.1172

11.1199
11.1226
11.1253
11.1280
11.1307

11.1334
11.1361

11.1387
11.1414
11.1441

11.1466
11.1495
11.1522
11.1548
11.1575

11.1602
11.1629
11.1655
11.1682
11.1709

11.1736
11.1762
11.1789
11.1816

11.1842

37.4166 11.1869

37.4299 11.1896

37.4433 11.1922

37.4566 11.1949
37.4700 11.1975

37.4833
37.4967
37.5100
37.5233
37.5366

37.5500
37.5633
37.5766
37.5899
37.6032

37.6165
37.6298
37.6431
37.6563
37.6696

1 1 .2002
1 1 .2028
1 1 .2055
1 1 .2082
11.2108

11.2135
11.2161

11.2588

11.2214
11.2240

11.2267
11.2293

11.2320
1 1 2346
1 1 2373
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Square.

2016400
2019241
2022084
2024929

2030625
2033476
2036329
2039184
2042041

2044900
2047761
2050624
2053489
2056356

2059225
2062096
2064969
2067844
2070721

2073600
2076481
2079364
2082249
2085136

2090916
2093809
2096704
2099601

2102500
2105401
2108304
2111209
2114116

2117025
2119936
2122849
2125764
2128681

2131600
2134521
2137444
2140369
2143296

2146225
2149156
2152089
2155024
2157961

2160900
2163841
2166784
2169729
2172676

Cube.

2863288000
2869341461
2875403448
2881473967
2887553024

2893640625
2899736776
2905841483
2911954752
2918076589

2924207000
2930345991
2936493568
2942649737
2948814504

2954987875
2961 169856
2967360453
2973559672
2979767519

2985984000
2992209121
2998442838
3004685307
3010936384

3017196125
3023464536
3029741623
3036027392
3042321849

3048625000
3054936851
3061257408
3067586677
3073924664

3080271375
3086626816
3092990993
3099363912
3105745579

3112136000
3118535181
3124943128
3131359847
3137785344

3144219625
3150662696
3157114563
3163575232
3170044709

3176523000
3183010111
3189506048
3196010817
3202524424

Root.

37.6829
37.6962
37.7094
37.7227
37.7359

37.7492
37.7624
37.7757
37.7889
37.802'

37.8153
37.8286
37.8418
37.8550
37.8682

37.8814
37.8946
37.9078
37.9210
37.9342

37.9473
37.9605
37.9737
37.9868
38.0000

38.0132
38.0263
38.0395
38.0526
38.0657

38.0789
38.0920
38.1051
38.1182
38.1314

38.1445
38.1576
38.1707
38.1838
38.1969

38.2099
38.2230
38.2361
38.2492
38.2623

38.2753
38.2884
38.3014
38.3145
38.3275

38.3406
38.3536
33.3667
38.3797
38.3927

Cube
Root.

11.2399
1 1 .2425

1 1 .2452

11.2478
11.2505

11.2531

1 1 .2557
11.2583

11.2610
1 1 .2636

11.2662
11.2689
11.2715

11.2741

11.2767

11.2793
11.2820
1 1 .2846

11.2872
\\.r-'

11.2924
11.2950
1 1 .2977

11.3003

11.3029

11.3055

11.3081

11.3107
11.3133

11.3159

11.3185
11.3211

1 1 .3237

11.3263

11.3289

11.3315
11.3341

1 1 .3367

11.3393

11.3419

n.3445
11.3471

1 1 .3496

1 1 .3522

11.3548

11.3574
1 1 .3600
11.3626
1 1 .3652

1 1 .3677

1 1 .3703

1 1 .3729

11.3755

1 1 .3780

11.3806

1475
1476
1477
1478
1479

1480
1481

1482
1483
1484

1485
1436
1487
1483

1490
1491

1492
1493
1494

1495
1496
1497
1498
1499

1500
150
1502
1503

1504

1505
1506
1507
1508
1509

1510
1511

1512
1513

1514

1515
1516
1517
151
1519

1520
152
1522
1523
1524

1525

1526
1527
1528
1529

Square.

2175625
2178576
2181529
2184484
2187441

2190400
2193361
2196324
2199289
2202256

2205225
2203196
2211169
2214144
2217121

2220100
222303
2226064
2229049
2232036

2235025
2238016
2241009
2244004
2247001

2250000
2253001
2256004
2259009
2262016

2265025
2263036
2271049
2274064
2277081

2280100
2283121
2286144
2289169
2292196

2295225
2298256
2301289
2304324
2307361

2310400
2313441
2316484
2319529
2322576

2325625
2328676
2331729
2334784
2337841

Cube.

3209046875
3215578176
3222118333
3228667352
3235225239

3241792000
3248367641
3254952168
3261545587
3268147904

3274759125
3281379256
3288008303
3294646272
3301293169

3307949000
3314613771
3321287438
3327970157
3334661784

3341362375
3348071936
3354790473
3361517992
3368254499

3375000000
3381754501
3388518008
3395290527
3402072064

3408862625
3415662216
3422470843
3429288512
3436115229

3442951000
3449795831
3456649728
3463512697
3470384744

3477265875
3484156096
3491055413
3497963832
3504881359

3511808000
3518743761
3525688648
3532642667
3539605824

3546578125
3553559576
3560550183
356/549952
3574558889

Sq.
Root.

38.4057
38.4187
38.431"

38.4448
38.4578

38.4708
38.4838
38.4968
38.5097
38.5227

38.5357
38.5487
38.5616
38.5746
38.5876

38.6005
38.6135
38.6264
38.6394
38.6523

38.6652
38.6782
38.691

38.7040
38.7169

38.7298
38.7427
38.7556
38.7685
38.7814

38.7943
38.8072
38.8201

38.8330
38.8458

38.8587
38.8716
38.8844
38.8973
38.9102

38.9230
38.9358
38.9487
38.9615
38.9744

38.9872
39.0000
39.0128
39.0256
39.0384

39.0512
39.0640
39.0768
39.0896
39.1024

11.4471

11.4497
1 1 .4522
1 1 .4548

11.4573

11.4598
11.4624
11.4649
11.4675
11.4700

11.4725
11.4751

IK4776
1 1 .4801

11.4826

11.4852
11.4877
1 1 .4902
11.4927
11.4953

11.4978
11.5003
11.5028
11.5054
11.5079
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No.

T530
1531

1532
1533
1534

1535
1536
1537
1538
1539

1540
1541

1542
1543
1544

1545
1546
1547
1548
1540

1550
1551

1552
1553
1554

1555

J556
1557
1558
1559

1560
1561

1562
1563
1564

Square. Cube.
Sq.

Root.

39.1152
39.1280
39.1408
39.1535
39.1663

39.1791

39.1918
39.2046
39.2173
39.2301

39.2428
39.2556
39.2683
39.2810
39.2938

39.3065
39.3192
39.3319
39.3446
39.3573

39.3700
39.3827
39.3954
39.4081

39.4208

39.4335
39.4462
39.4588
39.4715
39.4842

39.4968
39.5095
39.5221
39.5348
39.5474

Square.

2449225
2452356
2455489
2458624
2461761

2464900
2468041
2471184
2474329
2477476

2480625
2483776
2486929
2490084
2493241

2496400
2499561
2502724
2505889
2509056

2512225
2515396
2518569
2521744
2524921

2528100
2531281
2534464
2537649
2540836

2544025
2547216
2550409
2553604
2556801

2560000

Cube.

3833037125
3840389496
3847751263
3855123432
3862503009

3869893000
387729241

1

3884701248
3892119517
3899547224

3906984375
3914430976
3921887033
3929352552
3936827539

3944312000
3951805941
3959309368
3966822287
3974344704

3981876625
3989418056
39%969003
4004529472
4012099469

4019679000
4027268071
4034866688
4042474857
4050092584

4057719875
4065356736
4073003173
4080659192
4088324799

4096000000

Sq.
Eoot.

39.5601
39.5727
39.5854
39.5980
39.6106

39.6232
39.6358
39.6485
39.661

1

39.6737

39.6863
39.6989
39.7115
39.7240
39.7366

39.7492
39.7618
39.7744
39.7869
39.7995

39.8121
39.8246
39.8372
39.8497
39.8623

39.8748
39.8873
39.8999
39.9124
39.9249

39.9375
39.9500
39.%25
39.9750
39.9875

40.0000

Cube
Root.

11.6102
11.6126
11.6151

11.6176
11.6200

11.6225
11.6250
11.6274
11.6299
11.6324

1 1 .6348
1 1 .6373
11.6398
11.6422
11.6447

11.6471

11.6496
11.6520-

11.6545
11.6570

11.6594
11.6619
11.6643
11.6668
11.6692

11.6717
1 1 .6741

1 1 .6765

1 1 .6790
11.6814

11.6839
11.6863
11.6888
11.6912
11.6936

11.6961

SQUARES AND CUBES OF DECIMALS.

No. Square Cube. No. Square Cube. No. Square. Cube.

1 .01 .001 01 .0001 .000 091 .001 .00 00 01 .000 000 001
7 .04 .008 ,02 .0004 .000 008 .002 .00 00 04 .000 000 008
3 .09 .027 03 .0009 .000 027 .003 .00 00 09 .000 000 027
4 .16 .064 04 .0016 .000 064 .004 .00 00 16 .000 000 064
5 .25 .125 05 .0025 .000 125 .005 .00 00 25 .000 000 125
6 .36 .216 06 .0036 .000 216 .006 .00 00 36 .000 000 216
7 .49 .343 07 .0049 .000 343 .007 .00 00 49 .000 000 343
8 .64 .512 08 .0064 .000 512 .008 .00 00 64 .000 000 512
9 .81 .729 09 .0081 .000 729 .009 .00 00 81 .000 000 729

1 1.00 1.000 10 .0100 .001 000 .010 .00 01 00 .000 001 000
1.2 1.44 1.728 .12 .0144 .001 728 .012 .00 01 44 .000 001 728

Note that the square has twice as many decimal places, and the cub^
three times as many decimal places, as the root.
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FIFTH ROOTS AND FIFTH POWERS.
(Abridged from Tbautwinb.)

g» 0"S O-g O -g °1^

is
Power.

i^
Power.

i^
Power. ° 5ZM

Power.
ik

Power.

JO .000010 3.7 693.440 9.8 90392 21.8 4923597 40 102400000
.15 .000075 3.8 792.352 9.9 95099 22.0 5153632 41 115856201
.20 .000320 3.9 902.242 10.0 100000 22.2 5392186 42 130691232
.25 .000977 4.0 1024.00 10.2 110408 22.4 5639493 43 147008443
130 .002430 4.1 1158.56 10.4 121665 22.6 5895793 44 164916224
.35 .005252 4.2 1306.91 10.6 133823 22.8 6161327 45 184528125
.40 .010240 4.3 1470.08 10.8 146933 23.0 6436343 46 205962976
.45 .018453 4.4 1649.16 11.0 161051 23.2 6721093 47 229345007
.50 .031250 4.5 1845.28 11.2 176234 23.4 7015834 48 254803963
.55 .050328 4.6 2059.63 11.4 192541 23.6 7320825 49 282475249
.60 .077760 4.7 2293.45 11.6 210034 23.8 7636332 50 312500000
.65 .116029 • 4.8 2548.04 11.8 228776 24.0 7962624 51 345025251
.70 .168070 4.9 2824.75 12.0 248832 24.2 8299976 52 380204032
.75 .237305 5.0 3125.00 12.2 270271 24.4 8648666 53 418195493
.80 .327680 5.1 3450.25 12.4 293163 24.6 9008978 54 459165024
.85 .443705 5.2 3802.04 12.6 317580 24.8 9381200 55 503284375
.90 .590490 5.3 4181.95 12.8 343597 25.0 9765625 56 550731776
.95 .773781 5.4 4591.65 13.0 371293 25.2 10162550 57 601692057

1.00 1.00000 5.5 5032.84 13.2 400746 25.4 10572278 58 656356763
1.05 1.27628 5.6 5507.32 13.4 432040 25.6 10995116 59 714924299
1.10 1.61051 5.7 6016.92 13.6 465259 25.8 11431377 60 777600000
1.15 2.01135 5.8 6563.57 13.8 500490 26.0 11881376 61 844596301
1.20 2.43332 5.9 7149.24 14.0 537824 26.2 12345437 62 916132832
1.25 3.05176 6.0 7776.00 14.2 577353 26.4 12823886 63 992436543
1.30 3.71293 6.1 8445.96 14.4 619174 26.6 13317055 64 1073741824
1.35 4.48403 6.2 9161.33 14.6 663383 26.8 13825281 65 1160290625
1.40 5.37824 6.3 9924.37 14.8 710082 27.0 14348907 66 1252332576
1.45 6.40973 6.4 10737 15.0 759375 27.2 14888280 67 1350125107
1.50 7.59375 6.5 11603 15.2 811368 27.4 15443752 68 1453933568
1.55 8.94661 6.6 12523 15.4 866171 27.6 16015681 69 1564031349
1.60 10.4858 6.7 13501 15.6 923896 27.8 16604430 70 1680700000
1.65 12.2298 6.8 14539 15.8 984658 28.0 17210368 71 1804229351
1.70 14.1986 6.9 15640 16.0 1048576 28.2 17833868 72 1934917632
1.75 16.4131 7.0 16807 16.2 1115771 28.4 18475309 73 2073071593
1.80 18.8957 7.1 18042 16.4 1186367 28.6 19135075 74 2219006624
1.85 21.6700 7.2 19349 16.6 1260493 28.8 19813557 75 2373046875
1.90 24.7610 7.3 20731 16.8 1338278 29.0 20511149 76 2535525376
1.95 28.1951 7.4 22190 17.0 1419857 29.2 21228253 77 2706784157
2.00 32.0000 7.5 23730 17.2 1 505366 29.4 21965275 78 2887174368
2.05 36.2051 7.6 25355 17.4 1 594947 29.6 22722628 79 3077056399
2.10 40.8410 7.7 27068 17.6 1688742 29.8 23500728 80 3276800009
2.15 45.9401 7.8 28872 17.8 1 786899 30.0 24300000 81 3486784401
2.20 51.5363 7.9 30771 18.0 1889568 30.5 26393634 82 3707398432
2.25 57.6650 8.0 32768 18.2 1996903 31.0 28629151 83 3939040643
2.30 64.3634 8.1 34868 18.4 2109061 31.5 31013642 84 4182119424
2.35 71.6703 8.2 37074 18.6 2226203 32.0 33554432 85 4437053125
2.40 79.6262 8.3 39390 18.8 2348493 32.5 36259082 86 4704270176
2.45 88.2735 8.4 41821 19.0 2476099 33.0 39135393 87 4984209207
2.50 97.6562 8.5 44371 19.2 2609193 33.5 42191410 88 5277319168
2.55 107.820 8.6 47043 19.4 2747949 34.0 45435424 89 5584059449
2.60 118.814 8.7 49842 19.6 2892547 34.5 48875980 90 5904900000
2.70 143.489 8.8 52773 19.8 3043168 35.0 52521875 91 6240321451
2.80 172.104 8.9 55841 20.0 3200000 35.5 56382167 92 6590815232
2.90 205.111 9.0 59049 20.2 3363232 36.0 60466176 93 6956883693
3.00 243.000 9.1 62403 20.4 3533059 36.5 64783487 94 7339040224
3.10 286.292 9.2 65908 20.6 3709677 37.0 69343957 95 7737809375
3.20 335.544 9.3 69569 20.8 3893289 37.5 74157715 96 8153726976
3.30 391.354 9.4 73390 21.0 4084101 38.0 79235168 97 8587340257
3.40 454.354 9.5 77378 21.2 4282322 38.5 84587005 98 9039207968
3.50 525.219 9.6 81537 21.4 4483166 39.0 90224199 99 9509900499
3.60 604.662 9.7 85873 ' 21.6 47018501 39.5 961580121
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CIRCUMFERENCES AND AREAS OF CIRCLES.

CIRCUMFERENCES AND AREAS OF CIRCLES.

Ill

Diani. Circum. Area. Diam. Circum. Area. Diam. Circum. Area.

1/64 . 04909 .00019 33/8 7.4613 4.4301 61/8 19.242 29.465
1/32 .09818 .00077 7/16 7.6576 4.6664 1/4 19.635 30.680
3/64 .14726 .00173 1/2 7.8540 4.9087 3/8 20.028 31 919
1/16 .19635 .00307 9/16 8.0503 5.1572 1/2 20.420 33.183
3/32 .29452 . 00690 5/8 8.2467 5.4119 5/8 20.813 34 472
1/8 .39270 .01227 11/16 8.4430 5.6727 3/4 21.206 35.785
5/32 .49087 .01917 3/4 8.6394 5.9396 7/8 21.598 37.122
3/16 .58905 .02761 13/16 8.8357 6.2126 7. 21.991 38.485
7/32 .68722 .03758 7/8 9.0321 6.4918 1/8 22.384 39.871

15/16 9.2284 6.7771 I4 22.776 41.282
1/4 .78540 . 04909 3/8 23 . 1 69 42.718
9/32 .88357 . 062 1

3

3. 9.4248 7.0686 1/2 23.562 44.179
5/16 .98175 .07670 1/16 9.6211 7.3662 5/8 23.955 45 . 664
11/32 1.0799 .09281 1/8 9.8175 7 . 6699 3/4 24.347 47.173
3/8 1.1781 .11045 3/16 10.014 7.9798 7/8 24.740 48.707
13/32 1.2763 .12962 1/4 10.210 8.2958 8. 25.133 50.265
7/16 1.3744 .15033 5/16 10.407 8.6179 1/8 25.525 51.849
15/32 1.4726 .17257 3/8 10.603 8.9462 1/4 25.918 53.456

7/16 10.799 9.2806 3/8 26.311 55.088
1/2 1.5708 .19635 1/2 10.996 9.6211 1/2 26.704 56.745
17/32 1 . 6690 .22166 9/16 11.192 9.9678 5/i 27 . 096 58.426
9/16 1.7671 .24850 5/8 11.388 10.321 3/4 27.489 60, 132
19/32 1.8653 .27688 11/16 11.585 10.680 7/8 27.882 61.86?
5,8 1.9635 . 30680 3/4 11.781 11.045 9. 28.274 63.61?
21,32 2.0617 .33824 13/16 11.977 11.416 1/8 28.667 65.397
11/16 2.1598 .37122 7/8 12.174 I 1 . 793 1/4 29.060 67.201
23/32 2.2580 .40574 15/16 12.370 12.177 3/8 29.452 69.029

4. 12.566 12.566 1/2 29.845 70.882
3/4 2.3562 .44179 1/16 12.763 12.962 5/8 30.238 72.760

2^/32 2.4544 .47937 1/8 12.959 13.364 3/4 30.631 74.662
1^/16 2.5525 .51849 3/16 13.155 13.772 78 31.023 76.589
27/32 2.6507 .55914 1/4 13.352 14.186 10. 31.416 78.540
7/8 2.7489 .60132 5/16 13.548 14.607 1/8 3 1 . 809 80.516

29,32 2.8471 .64504 3/8 13.744 15.033 1/4 32.201 82.516
15,16 2.9452 . 69029 7/16 13.941 15.466 3/8 32.594 84.541
31,32 3.0434 .73708 1/2 14.137 1 5 . 904 1/2 32.987 86.590

9/16 14.334 16.349 5/8 33.379 88.664
1. 3.1416 .7854 5/8 14.530 16.800 3/4 33.772 90.763

1/16 3.3379 .8866 11/16 14.726 17.257 7/8 34.165 92.886
1,'8 3.5343 .9940 3/4 14.923 17.721 11. 34.558 95.033
3/16 3.7306 1.1075 13/16 15.119 18.190 1/8 34.950 97.205
1/4 3.9270 1.2272 7/8 15.315 18.665 1/4 35.343 99.402
5/16 4.1233 1.3530 15/16 15.512 19.147 3/8 35.736 101.62
3,'8 4.3197 1.4849 5. 15.708 19.635 1/2 36.128 103.87
7/16 4.5160 1.6230 1/16 15.904 20.129 5/8 36.521 106.14
1/2 4.7124 1.7671 1/8 16.101 20.629 3/4 36.914 108.43
9/16 4.9087 1.9175 3/16 16.297 21.135 7/8 37.306 110.75
5/8 5.1051 2.0739 1/4 16.493 21.648 13. 37.699 113.10
11/16 5.3014 2.2365 5/16 16.690 22.166 1/8 38.092 115.47
3/4 5.4978, 2.4053 3/8 16.886 22.691 1/4 38.485 117.86
13,16 5.6941 2.5802 7/16 17.082 23.221 3/8 38.877 120.28
7/8 5.8905 2.7612 1/2 17.279 23.758 1/2 39.270 122.72
15/16 6.0868 2.9483 9/16 17.475 24.301 5/8 39.663 125.19

5/8 17.671 24.850 3/4 40.055 127.68
2. 6.2832 3.1416 11/16 17.868 25.406 7/8 40.448 130.19

1/16 6.4795 3.3410 3/4 18.064 25.967 13. 40.841 132.73
1/8 6.6759 3.5466 13/16 18.261 26.535 1/8 41.233 135 30
3/16 6.8722 3.7583 7/8 18.457 27.109 1/4 41.626 137.89
1/4 7 . 0686 3.9761 15/16 18.653 27.688 3/8 42.019 140.50
5/16 7.2649 4.2000 6. 18.850 28.274 1/2 42.412 143.14
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Diam. Circura. Area, Diam. Circum. Area. Diam. Circum. Area.

13-5/8 42.804 145.80 317/8 68.722 375.83 30 V8 94.640 712.76
3/^ 43.197 148.49 33. 69.115 380.13 1/4 95.033 718.69
7/8 43.590 1 5 1 . 20 1/8 69.508 384.46 3/8 95.426 724.64

14. 43.982 153.94 1/4 69.900 388.82 1/2 95.819 730.62
1/8 44.375 156.70 3/8 70.293 393.20 5/8 96.21! 736.62
1/^ 44.768 159.48 1/2 70.686 397.61 3/4 96.604 742.64
3/8 45.160 162.30 5/8 71.079 402.04 7/8 96.997 748.69
1/2 45.553 165.13 34 71.471 406.49 31. 97.389 754.77
5/8 45.946 167.99 7/8 71.864 410.97 1/8 97.782 760.87
3/4 46.338 170.87 33. 72.257 415.48 1/4 98.175 766.99
7/8 46.731 173.78 1/8 72.649 420.00 3/8 98.567 773.14

15. 47.124 176.7! 1/4 73.042 424.56 1/2 98.960 779.31
1/8 47.517 179.67 3/8 73.435 429.13 5/8 99.353 785.51
1/4 47.909 182.65 1/2 73.827 433.74 3/4 99.746 791 73
S/8 48.302 185.66 5/8 74.220 438.36 7/8 100.138 797.98
1/2 48.695 188.69 3/4 74.613 443.01 33. 100.531 804.25
5/3 49.087 191.75 7/8 75.006 447.69 1/8 100.924 810.54
3/4 49.480 194.83 34. 75.398 452.39 1/4 101.316 816.86
7/8 49.873 197.93 1/8 75.791 457.11 3/8 101.709 823.21

16. 50.265 201.06 1/4 76.184 461.86 1/2 102.102 829.58
1/8 50.658 204.22 3/8 76.576 466.64 5/8 102.494 835.97
1/4 51.051 207.39 1/2 76.969 471.44 3/4 102.887 842.39
3/8 51.444 210.60 5/8 77.362 476.26 7/8 103.280 848.83
1/2 51.836 213.82 3/4 77.754 481.11 33. 103.673 855.30
5/8 52.229 217.08 7/8 78.147 485.98 1/8 104.065 861.79
3/4 52.622 220.35 35. 78.540 490.87 1/4 104.458 868.31
7/8 53.014 223.65 1/8 78.933 495.79 3/8 104.851 874.85

17. 53.407 226.98 1/4 79.325 500.74 1/2 105.243 881.41
Vs 53.800 230.33 3/8 79.718 505.71 5/8 105.636 888.00
1/4 54.192 233.71 1/2 80.111 510.71 3/4 106.029 894.62
3/8 54.535 237.10 5/8 80.503 515.72 7/8 106.421 901.26
1/2 54.978 240.53 3/4 80.896 520.77 34. 106.814 907.92
5/8 55.371 243.98 7/s 81.289 525.84 1/8 107.207 914.61
3/4 55.763 247.45 36. 81.681 539.93 1/4 107.600 921.32
7/8 56.156 250.95 1/8 82.074 536.05 3/8 107.992 928.06

18. 56.549 254.47 1/4 82.467 541 . 19 1/2 108.385 934.82
1/8 56.941 258.02 3/8 82.860 546.35 5/8 108.778 941.61
1/4 57.334 261.59 1/2 83.252 551.55 3/4 109.170 948.42
3/8 57.727 265.18 5/8 83.645 556.76 7/8 109.563 955.25
1/2 58.119 268.80 3/4 84.038 562.00 35. 109.956 962.11
5/8 58.512 272.45 7/8 84.430 567.27 1/8 110.348 969.00
3/4 58.905 276.12 84.823 572.56 1/4 110.741 975.91
7/8 59.298 279.81 " i/8 85.216 577.87 3/8 111.134 932.84

19. 59.690 283.53 1/4 85.608 583.21 1/2 111.527 989.80
1/8 60.083 287.27 3/8 86.001 588.57 5/8 111.919 996.78
1/4 60.476 291.04 1/2 86.394 593.96 3/4 112.312 1003.8
3/8 60.868 294.83 5/8 86.786 599.37 7,8 112.705 1010.8
1/2 61.261 298.65 3/4 87.179 604.81 36. 113.097 1017.9
5/8 61.654 302.49 7/8 87.572 610.27 1/8 I 1 3 . 490 1025.0
3/4 62.046 306.35 38. 87.965 615.75 1/4 1 1 3 . 883 1032.1
7/8 62.439 310.24 1/8 88,357 621.26 3/8 114.275 1039.2

20. 62.832 314.16 1/4 88.750 626.80 1/2 114.668 1046.3
1/8 63.225 318.10 3/8 89.143 632.36 5/8 115.061 1053.5
1/4 63.617 322.06 1/2 89.535 637.94 3/4 115.454 1060.7
3/8 64.010 326.05 5/8 89.928 643.55 7/8 115.846 1068.0
1/2 64.403 330.06 3/4 90.321 649.18 37. 116.239 1075.2
5/8 64.795 334.10 7/8 90.713 654.84 1/8 116.632 1082.5
3/4 65.188 338.16 39. 91.106 660.52 1/4 117.024 1089.8
7/8 65.581 342.25 1/8 91.499 666.23 3/8 117.417 1097.1

31. 65.973 346.36 1/4 91.892 671.96 1/2 117.810 1104.5
1/8 66.366 350.50 3/8 92.284 677.71 5/8 118.202 1111.8
1/4 66.759 354.66 1/2 92.677 683 . 49 3/4 118.596 1119.2
3/8 6/. 152 358.84 5/8 93.070 639.30 7/8 118.988 1126.7
1/2 67.5^14 363.05 3/4 93.462 695.13 38. 119.381 1134.1
5/8 67.937 367.28 7/8 93.855 700.98 1/8 119.773 1141.6
3/4 68.330 371.54 30. 94.248

1
706.86 1/4 120.166 1149.^
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Mam Circuin. Area.

1156.6

Diam. Circum. Area. Diam. Circum. Area.

383/8 120.559 465/8 146.477 1707.4 547/8 172.395 2365.0
1/2 120.931 1164.2 3/4 146.869 1716.5 55. 172.788 2375 8
5/8 121.344 1171.7 7/8 147.262 1725.7 1/8 173.180 2386.6
3/4 121.737 1179.3 47. 147.655 1734.9 1/4 173.573 2397.5
7/8 122.129 1186.9 Vs 148.048 1744.2 3/8 173.966 2408.3

39. 122.522 1194.6 1/4 148.440 1753.5 1/2 174.358 2419.2
1/8 122.915 1202.3 3/8 148.833 1762.7 5/8 174.751 2430.1
1/4 123.308 1210.0 1/2 149.226 1772.1 3/4 175.144 2441.1
3/8 123.700 1217.7 5/8 149.618 1781.4 7/8 175.536 2452.0
1/2 124.093 1225.4 3/4 150.011 1790.8 56. 175.929 2463.0
5/8 124.486 1233.2 7/8 150.404 1800.1 1/8 176.322 2474.0

• 3/4 124.878 1241.0 48. 150.796 1809.6 1/4 176.715 2485.0
7/8 125.271 1248.8 1/8 151.189 1819.0 3/8 177.107 2496.1

40. 125.664 1256.6 1/4 151.582 1828.5 I2 177.500 2507.2
V8 126.056 1264.5 3/8 151.975 1837.9 5/8 177.893 2518 3

1/4 126.449 1272.4 1/2 152.367 1847.5 3/4 178.285 2529.4
3/8 126.842 1280.3 5/8 152.760 1857.0 7/8 178.678 2540.6
1/2 127.235 1288.2 3/4 153.153 1866.5 57. 179.071 2551.8
5/8 127.627 1296.2 7/8 153.545 1876.1 1/8 179.463 2563.0
3/4 128.020 1304.2 49. 153.938 1885.7 1/4 179.856 2574.2
7/8 128.413 1312.2 1/8 154.331 1895.4 3/8 180.249 2585.4

41. 128.805 1320.3 1/4 154.723 1905.0 1/2 180.642 2596.7
1/8 129.198 1328.3 3/8 155.116 1914.7 5/8 181.034 2608.0
1/4 129.591 1336.4 1/2 155.509 1924.4 3/4 181.427 2619.4
3/8 129.983 1344.5 5/8 155.902 1934.2 7/8 181.820 2630.7

•1/2 130.376 1352.7 3/4 156.294 1943.9 58, 182.212 2642.

1

5/8 130.769 1360.8 7/8 156.687 1953.7 1/8 182.605 2653.5
3/4 131.161 1369.0 50. 157,080 1963.5 1/4 182.998 2664.9
7/8 131.554 1377.2 1/8 157.472 1973.3 3/8 183.390 2676.4

43. 131.947 1385.4 1/4 157.865 1983.2 1/2 183.783 2687.8
Vs 132.340 1393.7 3/j5 158.258 1993.1 5/8 184.176. 2699.3
1/4 132.732 1402.0 1/9 158.650 2003.0 3/4 184.569 2710.9
3/8 133.125 1410.3 5/8 159.043 2012.9 7/8 184.961 2722.4
1/2 133.518 1418.6 3/4 159.436 2022.8 59. 185.354 2734.0
5/8 133.910 1427.0 7/8 159.829 2032.8 1/8 185.747 2745.6
3/4 134.303 1435.4 51. 160.221 2042.8 1/4 186.139 2757.2
7/8 134.696 1443.8 1/8 160.614 2052.8 3/8 186.532 2768.8

43. 135.088 1452.2 1/4 161.007 2062.9 1/2 186.925 2780.5
1/8 135.481 1460.7 3/8 161.399 2073.0 5/8 187.317 2792.2
1/4 135.874 1469.1 1/2 161.792 2083.1 3/4 187.710 2803.9
3/8 136.267 1477.6 5/8 162.185 2093 .

2

7/8 188.103 2815.7
1/2 136.659 1486.2 3/4 162.577 2103.3 60. 188.496 2827.4
5/8 137.052 1494.7 7/8 162.970 2113.5 1/8 188.888 2839.2
3/4 137.445 1503.3 53. 163.363 2123.7 1/4 189.281 2851.0
7/8 137.837 1511.9 1/8 163.756 2133.9 3/8 189.674 2862.9

44. 138.230 1520.5 1/4 164.148 2144.2 1/2 190.066 2874.8
1/8 138.623 1529.2 3/8 164.541 2154.5 5/8 190.459 2886.6
1/4 139.015 1537.9 1/2 164.934 2164.8 3/4 190.852 2898.6
3/8 139.408 1546.6 5/8 165.326 2175.1 7/8 191.244 2910.5
1/2 139.801 1555.3 3/4 165.719 2185.4 61. 191.637 2922.5
5/8 140.194 1564.0 7/8 166.112 2195.8 1/8 192.030 2934.5
3/4 140.586 1572.8 53. 166.504 2206.2 1/4 192.423 2946.5
7/8 140.979 1581.6 1/8 166.897 2216.6 3/8 192.815 2958.5

45. 141.372 1590.4 1/4 167.290 2227.0 1/2 193.208 2970.6
1/8 141.764 1599.3 3/8 167.683 2237.5 5/8 193,601 2982.7
1/4 142.157 1608.2 1/2 168.075 2248.0 3/4 193.993 2994.8
3/8 142.550 1617.0 5/8 168.468 2258.5 7/8 194.386 3006.9
1/2 142.942 1626.0 3/4 168.861 2269.1 63. 194.779 . 3019.1
5/8 143.335 1634.9 7/8 169.253 2279.6 1/8 195.171 3031.3
3/4 143.728 1643.9 54. 169.646 2290.2 1/4 195.564 3043.5
7/8 144.121 1652.9 1/8 170.039 2300.8 3/8 195.957 3055.7

46. 144.513 1661.9 I4 170.431 2311.5 1/2 196.350 3068.0
1/8 144.906 1670.9 3/8 170.824 2322.1 5/8 196.742 3080.3
1/4 145.299 1680.0 1/2 171.217 2332.8 3/4 197.135 3092.6
3/8 145.691 1689.1 5/8 171.609 2343.5 7/8 197.528 3104.9
1/2 146.084 1698,2 3/4 172.002 2354.3 63. 197.920

1
3117.2
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Diana. Circum. Area. Diam. Circum. Area. DiamJ Circum. Area.

63Vs 198.313 3129.6 713/8 224.231 4001.1 795/8 250.149 4979.5
1/4 198.706 3142.0 1/2 224.624 4015.2 3/4 250.542 4995 .

2

3/8 199.098 3154.5 5/8 225.017 4029.2 7/8 250.935 5010.9
1/2 199.491 3166.9 3/4 225.409 4043.3 80. 251.327 5026.5
5/8 199.884 3179.4 7/8 225.802 4057.4 1/8 251.720 5042.3
3/4 200.277 3191.9 73. 226.195 4071.5 1/4 252.113 5058.0
7/8 200.669 3204.4 1/8 226.587 4085 .

7

3/8 252.506 5073.8
64. 201.062 3217.0 1/4 226.980 4099.8 1/2 252.898 5089.6

1/8 201.455 3229.6 3/8 227.373 4114.0 5/8 253.291 5105.4
1/4 201.847 3242.2 1/2 227.765 4128.2 3/4 253.684 5121.2
3/8 202.240 3254.8 5/8 228.158 4142.5 7/8 254.076 5137.1
1/2 202.633 3267.5 3/4 228.551 4156.8 81. 254.469 5153.0
5/8 203 . 025 3280.1 7/8 228.944 4171.1 1/8 254.862 5168.9
3/4 203.418 3292.8 73. 229.336 4185.4 1/4 255.254 5184.9
7/8 203.811 3305.6 1/8 229.729 4199.7 3/8 255.647 5200.8

65. 204.204 3318.3 1/4 230.122 4214.1 1/2 256.040 5216.8
1/8 204.596 3331.1 3/8 230.514 4228.5 5/8 256.433 5232.8
1/4 204.989 3343.9 1/2 230.907 4242.9 3/4 256.825 5248.9
3/8 205.382 3356.7 5/8 231.300 4257.4 7/8 257.218 5264.9
1/2 205.774 3369.6 3/4 231.692 4271.8 83. 257.611 5281.0
5/8 206.167 3382.4 7/8 232.085 4286.3 1/8 258.003 5297.1
3/4 206.560 3395.3 74. 232.478 4300.8 1/4 258.396 5313.3
7/8 206.952 3408.2 1/8 232.871 4315.4 3/8 258.789 5329.4

66. 207.345 3421.2 1/4 233.263 4329.9 l/'> 259.181 5345.6
1/8 207.738 3434.2 3/8 233.656 4344.5 5/8 259.574 5361.8
1/4 208.131 3447.2 1/2 234.049 4359.2 3/4 259.967 5378.1
3/8 208.523 3460.2 5/8 234.441 4373.8 78 260.359 5394.3
1/2 208.916 3473.2 3/4 234.834 4388.5 83. 260.752 5410.6
5/8 209.309 3486.3 7/8 235.227 4403 .

1

1/8 261.145 5426.9
3/4 209.701 3499.4 75. 235.619 4417.9 1/4 261.538 5443.3
7/8 210.094 3512.5 1/8 236.012 4432.6 3/8 261.930 5459.6

67. 210.487 3525.7 1/4 236.405 4447.4 1/2 262.323 5476.0
1/8 210.879 3538.8 3/8 236.798 4462.2 5/8 262.716 5492.4
1/4 211.272 3552.0 1/2 237.190 4477.0 3/4 263.108 5508.8
3/8 211.665 3565.2 5/8 237.583 4491.8 7/8 263.501 5525.3
V2 212.058 3578.5 3/4 237.976 4506.7 84. 263.894 5541.8
5/8 212.450 3591.7 7/8 238.368 4521.5 1/8 264.286 5558.3
3/4 212.843 3605.0 76. 238.761 4536.5 1/4 264.679 5574.8
7/8 213.236 3618.3 1/8 239.154 4551.4 3/8 265.072 5591.4

68. 213.628 3631.7 1/4 239.546 4566.4 1/2 265.465 5607.9
1/8 214.021 3645.0 3/8 239.939 4581.3 5/8 265.857 5624.5
1/4 214.414 3658.4 1/2 240.332 4596.3 3/4 266.250 5641.2
3/8 214.806 3671.8 5/8 240.725 4611.4 7/8 266.643 5657.8
1/2 215.199 3685.3 3/4 241.117 4626.4 85. 267.035 5674.5
5/8 215.592 3698.7 7/8 241.510 4641.5 1/8 267.428 5691.2
3/4 215.984 3712.2 77. 241.903 4656.6 1/4 267.821 5707.9
7/8 216.377 3725.7 1/8 242.295 4671.8 3/8 268.213 5724.7

69. 216.770 3739.3 1/4 242.688 4686.9 1/2 268.606 5741.5
1/8 217.163 3752.8 3/8 243.081 4702.1 5/8 268.999 5758.3
1/4 217.555 3766.4 1/2 243.473 4717.3 3/4 269.392 5775.1
3/8 217.948 3780.0 5/8 243.866 4732.5 7/8 269.784 5791.9
1/2 218.341 3793.7 3/4 244.259 4747.8 86. 270.177 5808.8
5/8 218.733 3807.3 7/8 244.652 4763.1 1/8 270.570 5825.7
3/4 219.126 3821.0 78. 245.044 4778.4 1/4 270.962 5842.6
7/8 219.519 3834.7 1/8 245.437 4793.7 3/8 271.355 5859.6

70. 219.911 3848.5 1/4 245.830 4809.0 1/2 271.748 5876.5
1/8 220.304 3862.2 3/8 246.222 4824.4 5/8 272.140 5893.5
1/4 220.697 3876.0 1/2 246.615 4839.8 3/4 272.533 5910.6
3/^ 221.090 3889.8 5/8 247.008 4855.2 7/8 272.926 5927.6
1/2 221.482 3903.6 3/4 247 400 4870.7 87. 273.319 5944.7
5/, 221.875 3917.5 7/8 247.793 4886.2 1/8 273.711 5961.8
3 4 222.268 3931.4 79. 248.186 4901.7 1/4 274.104 5978.9
7/8 222.660 3945 3 1/8 248.579 4917.2 3/8 274.497 5996.0

71. 223.053 3959 2 1/4 248.971 4932.7 1/2 274.889 6013.2
1/8 223.446 3973 1 3/8 249.364 4948.3 5/8 275.282 6030.^

,
1/4 223.838 3987.1 1/2' 249.757 4963.9 3/4 275.675 6047.6
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Diam Circum. Area. Diam Circum. Area. Diam Circum. Area.

877/8 276.067 6064.9 957/8 301.200 7219.4 130 408.41 13273.23
88. 276.460 6082.1 96. 301.593 7238.2 131 411.55 13478.22

1/8 276.853 6099.4 1/8 301.986 7257.1 132 414.69 13684.78
1/4 277.246 6116.7 1/4 302.378 7276.0 133 417.83 13892.91
3/8 277.638 6134.1 3/8 302.771 7294.9 134 420.97 14102.61
1/2 278.031 6151.4 1/2 303.164 7313.8 135 424.12 14313.88
5/8 278.424 6168.8 5/8 303.556 7332.8 136 427.26 14526.72
34 278.816 6186.2 3/4 303.949 7351.8 137 430.40 !4741 . 14

7/8 279.209 6203.7 7/8 304.342 7370.8 138 433.54 14957.12
89. 279.602 6221.1 97. 304.734 7389.8 139 436.68 15174.68

1/8 279.994 6238.6 1/8 305.127 7408.9 140 439.82 15393.80
1/4 280.387 6256.1 1/4 305.520 7428.0 141 442.96 15614.50
3/8 280.780 6273.7 3/8 305.913 7447.1 142 446.11 15836.77
1/2 231.173 6291.2 1/2 306.305 7466.2 143 449.25 16060.61
5/8 281.565 6308.8 5/8 306.698 7485 .

3

144 452.39 16286.02
3/4 281.958 6326.4 3/4 307.091 7504.5 145 455.53 16513.00
7/8 282.351 6344.1 7/8 307.-183 7523.7 146 458.67 16741.55

90. 282.743 6361.7 98. 307.376 7543.0 147 461.81 16971.67
1/8 283.136 6379.4 1/8 308.269 7562.2 148 464.96 17203.36
1/4 283.529 6397.1 1/4 308.661 7581.5 149 468.10 17436.62
3/8 283.921 6414.9 3/8 309.054 7600.8 150 471.24 17671.46
1/9 284.314 6432.6 1/2 309.447 7620.

1

151 474.38 17907.86

4 284.707 6450.4 5/8 309.840 7639.5 152 477.52 18145.84
3/4 285.100 6468.2 3/4 310.232 7658.9 153 480.66 18385.39
7/8 285.492 6486.0 7/8 310.625 7678.3 154 483.81 18626.50

91. 285.885 6503.9 99. 311.018 7697.7 155 486.95 18869. 19

1/8 286.278 6521.8 1/8 311.410 7717.1 156 490.09 19113.45
1/4 286.670 6539.7 1/4 3 1 1 . 803 7736.6 157 493 . 23 19359.28
3/8 287.063 6557.6 3/8 312.196 7756.1 158 496.37 19606. 6f

1/2 287.456 6575.5 1/2 312.588 7775.6 159 499.51 19855.65
5/8 287.848 6593.5 5/8 312.981 7795.2 160 502.65 20106.19
3/4 288.241 6611.5 3/4 313.374 7814.8 161 505.80 20358.31
7/8 288.634 6629.6 7/8 313.767 7834.4 162 508.94 20611.99

93. 289.027 6647.6 100 314.159 7854.0 163 512.08 20867.24
1/8 289.419 6665.7 101 317.30 8011.85 164 515.22 21124.07
1/4 289.812 6683.8 102 320.44 8171.28 165 518.36 21382.46
3/8 290.205 6701.9 103 323.58 8332.29 166 521.50 21642.43
1/2 290.597 6720.

1

104 326.73 8494.87 167 524.65 21903.97
5/8 290.990 6738.2 105 329.87 8659.01 168 527.79 22167.08
3/4 291.383 6756.4 106 333.01 8824.73 169 530.93 22431.76
7/8 291.775 6774.7 107 336.15 8992.02 170 534.07 22698.01

93. 292.168 6792.9 108 339.29 9160.88 171 537.21 22965.83
1/8 292.561 6811.2 109 342.43 9331.32 172 540.35 23235.22
1/4 292.954 6829.5 110 345.58 9503 . 32 173 543.50 23506.16
3/8 293.346 6847.8 111 348.72 9676.89 174 546.64 23778.71
1/2 293.739 6866.1 112 351.86 9852.03 175 549.78 24052.82
5/8 294.132 6884.5 113 355.00 10028.75 176 552.92 24328.49
3/4 294.524 6902 .

9

114 358.14 10207.03 177 556.06 24605.74
7/8 294.9^7 6921.3 115 361.28 10386.89 178 559.20 24884.56

94. 295.310 6939.8 116 364.42 10568.32 179 562.35 25164.94
1/8 295.702 6958.2 117 367.57 10751.32 180 565.49 25446. 9G
1/4 296.095 6976.7 118 370.71 10935.88 181 568.63 25730.43
3/s 296.488 6995.3 119 373.85 11122.02 182 571.77 26015.53
1/2 296.881 7013.8 130 376.99 11309.73 183 574.91 26302.20
5/8 297.273 7032.4 121 380.13 11499.01 184 578.05 26590.44
3/4 297.666 7051.0 122 383.27 11689.87 185 581.19 26880.25
7/8 298.059 7069.6 123 386.42 11882.29 186 584.34 27171.63

95. 298.451 7088.2 124 389.56 12076.28 187 587.48 27464. 5^

1/8 298.844 7106.9 125 392.70 12271.85 188 590.62 27759.11
1/4 299.237 7125.6 126 395.84 12468.98 189 593.76 28055.21
3/8 299.629 7144.3 127 398.98 12667.69 190 596.90 28352.87
1/: 300.022 7163.0 128 402.12 12867.96 191 600.04 28652 M
5/8 300.415 7181.8 129 405.27 13069.81 192 603.19 28952.92
3/4 300.807 7200.6
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Diam. Circum. Area. Diam. Circum. Area. Diam. Clrcum. Area.

606.33
609.47
612.61
615.75
618.89
622.04
625.18
623.32
63 1 . 46
634.60
637.74
640.88
644.03
647. 17
650.3
653.45
656.59
659.73
662.88
666.02
669.16
672.30
675.44
678.58
681.73
684.87
688.01
691.15
694.29
697.43
700.58
703.72
706.86
710.00
713.14
716.28
719.42
722.57
725.71
728.85
73 1 . 99
735.13
738.27
741.42
744.56
747.70
750.84
753.98
757.12
760.27
763.41
766.55
769
772.83
775.97
779.11
782.26
785.40
783.54
791.68
794.82
797.96
801. 11

804.25
807.39
810.53
813.67

29255.30
29559.25
29864.77
30171.86
30480.52
30790.75
31102.55
31415.93
31730.8;-
32047.39
32365
32685. 13

33006.36
33329.16
33653.53
33979.47
34306.98
34636.06
34966.71
35298.94
35632.73
35968.09
36305.03
36643.54
36983.61
37325.26
37668.48
38013.27
38359.63
38707.56
39057.07
39408. 14
39760. 78
40115.00
40470.78
40828.14
41187.07
41547.56
41909.63
42273.27
42638.48
43005.26
43373.61
43743.54
44115.03
44488.09
44862.73
45238.93
45616.71
45996.06
46376.98
46759.47
47143.52
47529. 16
47916.36
48305. 13

48695.47
49037.39
49480.87
49875.92
50272.55
50670.75
51070.52
51471.85
51874.76
52279.24
52685 . 29

260
261
262
263
264
265
266
267
268
269
370
271
272
273
274
275
276
277
278
279
380
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326 ,

816.81
819.96
823.10
826.24
829.38
832.52
835.66
838.81
841.95
845.09
848.23
851.37
854.51
857.65
860.80
863 . 94
867.08
870.22
873.36
876.50
879.65
832.79
835.93
889.07
892.21
895.35
898.50
901.64
904.78
907.92
911.06
914.20
917.35
920.49
923.63
926.77
929.91
933.05
936. 19
939.34
942.48
945.62
948.76
951.90
955.04
958.19
961.33
964.47
967.61
970.75
973.89
977.04
930. 1

983.32
986.46
989.60
992.74
995.88
999.03
1002.17
1005.31
1008.45
1011.59
1014.73
1017.88
1021.02
1024.16

53092.92
53502.

1

53912.87
54325.21
54739.11
55154.59
55571.63
55990.25
56410.44
56832.20
57255.53
57680.43
58106.90
58534.94
58964.55
59395.74
59828.49
60262.82
60698.71
61136.18
61575.22
62015.82
62458.00
62901.75
63347.07
63793.97
64242.43
64692.46
65144.07
65597.24
66051.99
66508.30
66966.19
67425.65
67886.68
68349.28
68813.45
69279. 19
69746.50
70215.38
70685.83
71157.86
71631.45
72106.62
725C3.36
73061.66
73541.54
74022
74506.01
74990.60
75476.76
75964.50
76453.80
76944.67
77437.12
77931. 13

78426.72
78923
79422.60
79922 . 90
80424.77
«0928.21
81433.22
81939.80
82447.96
82957.68
83468.98

327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393

1027.30
1030.44
1033.58
1036.73
1039.87
1043.01
1046.15
1049.29
1052.43
1055.58
1058.72
1061.86
1065.00
1068. 14
1071.28
1074.42
1077.57
1080.71
1083.85
1086.99
1090.13
1093.27
1096.42
1099.56
1102.70
1105.84
1108.98
1112.12
1115.27
1118.41
1121.55
1124.69
1127.83
1130.97
1134.11
1137.26
1140.40
1143.54
1146.68
1149.82
1152.96
1156.11
1159.25
1162.39
1165.
1168.67
1171
1174.96
1178. 10
1181.24
1184.33
1187.52
1190.66
1193.81
1196.95
1200.09
1203.23
1206.37
1209.51
1212.65
1215.80
1218.94
1222.08
1225.22
1228.36
1231.50
1234.65

83981.84
84496.28
85012.28
85529.86
86049.01
86569.73
87092.02
87615.88
88141.31
88668.31
89196.88
89727.03
90258.74
90792.03
91326.88
91863.31
92401.31
92940.88
93482.02
94024.73
94569.01
95114.86
95662.28
96211.28
96761.84
97313.97
97867.68
98422 . 96
98979.80
99538.22
100098.21
100659.77
01222.90
101787.60
102353.87
102921.72
103491.13
104062.12
104634.67
105208.80
105784.49
106361.76
106940.60
107521.01
108102.99
108686.54
109271.66
109858.35
110446.62
111036.45
111627.86
112220.83
112815.38
113411.49
114009. 18
114608.44
115209.27
115811.67
116415.64
117021.18
117628.30
118236.98
118847.24
119459.06
120072.46
120687.46
121303.96
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Diam. CIrcum Area, Diam. Circum. Area, Diam. Circum. Area.

461 1-,-.,

462 145
463 1

''

464 !

465 I

466 1

467 1

468 1

469 ]

470 1

471 1

472 1

473 1

474 I

475 I

476 1

477 1

478 1

479 1

480 1

481 1

482 1

483 •

484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506

1658.76
1661.90
1665.04
1668.19
1671.33
i 674.47
1677.61
1680.75
1683.89
1687.04
1690.18
1 693 . 32
1696,46
1699.60
1702.74
1705.88
1709.03
1712.17
1715,31
1718.45
1721.59
1724.73
1727.88
1731.02
1734.16
1737.30
1740.44
1743,58
1746.73
1749.87
1753.01
1756.15
1759.29
1762.43
1765.58
1768.72
1771.86
1775.00
1778.14
1781.28
1784.42
1787.57
1790.71
1793.85
1796.99
1800.13
1803.27
1806.42
1809.56
1812.70

15.84
1818.98
1822. 12

1825.27
1828.41
1831.55
1834.69
1837.83
1840.97
1844.11
1847.26
1850.40
1853.54
1856.68
1859.82
1862.96
1866.11

1237
1240
1244
1247
1250
1253
1256
1259
1262
1266
1269
1272
1275
1278
1281
1284
1288
1291
1294
1297
1300
1303
1306
1310
1313
1316
1319
1322
1325
1328
1332
1335
1338
1341
1344.
1347
1350.
1354
1357
1360
1363.
1366.
1369
1372.
1376.
1379.
1382.
1385.
1388
1391.
394
1398.
1401
1404
1407.
1410
1413.
1416
1420.
1423.
1426
1429.
1432.
1435.
1438
1441
1445

121922.07
122541.75
123163,00
123785.82
124410,21
125036.17
125663.71
126292.81
1 26923 . 48
127555.73
128189.55
128824.93
129461.89
130100.42
130740.52
131382.19
132025.43
132670.24
133316.63
133964.58
134614.10
135265.20
135917.86
136572.10
137227.91
137885.29
138544.24
139204.76
139866.85
140530.51
141195.74
141862.54
142530.92
143200.86
143872.38
144545.46
145220.12
145896.35
146574.15
147253.52
147934.46
148616.97
149301.05
149986.70
150673.93
151362.72
152053.08
152745.02
153438.53
154133.60
154830.25
155528.47
156228.26
156929.62
157632.55
158337.06
159043.13
159750.77
160459.99
161170.77
161883.13
162597.05
163312.55
164029.62
164748.26
165468.47
166190.25

1463.98
12
27
41
55
69
83
97

1492
1495.
1498.
1501.
1504.
1507.
1511.
1514.
1517.
1520.
1523.
1526.
1529.
1533.
1536.
1539.
1542
1545
1548
1551
1555
1558
1561
1564.
1567.
1570.
1573.
1577
1580.
1583.

) 1586.
3 1589.

1592
1595
1599

^^ 1602.
11 1605.
12 1 608

.

i13 1611.
)14 1614.
i15 1617.
) 1 6 1 62 1 .

i17 1624
1627

)19 1630
120 1633
J21 1636
522 1639
523 1643
524 1646
525 1649
526 1652
527 1655

507
508
509
510
511
512
513
514
515
516
51

51

51

52.
521

467
470
1473
476,
479,
482,
485.,.
489.11

26
40
54
68
82
96
11

25
39
53
67
81
96
10
24
38
52
66
81
95
09
23
37
51

65
80
94
08
22
36
50
65
79
93
07
21
35
50
64
78
92
06
20
34
49
63
77

166913.60
167638.53
168365.02
1 69093 . 08
169822.72
170553.92
171286.70
172021.05
172756.97
173494.45
174233.51
174974.14
175716.35
176460.12
177205.46
177952.37
178700.86
179450.91
180202.54
180955.74
181710.50
182466.84
183224.75
183984.23
184745.28
185507.90
186272.10
187037.86
187805.19
188574.10
189344.5
190116.62
190890.2
191665.43
192442.18
193220.51
194000.41
194781.89
195564.93
196349.54
197135.72
197923.48
198712.80
199503.70
200296.1
201090.20
201885.8
202682.99
203481.74
204282.06
205083.95
205887.42
206692.45
207499.05
208307.23
209116.97
209928.29
210741.18
211555.63
212371.66
213189.26
214008.43
214829.17
215651.49
216475.37
217300.82
218127.85

528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588
589
590
591
592
593
594

218956.44
219786.61
220618.34
221451.65
222286.53
223122.98
223961.00
224800,59
225641.75
226484.48
227328,79
228174.66
229022.10
229871.12
230721.71
231573.86
232427.59
233282.89
234139.76
234998.20
235858.21
236719.79
237582.94
238447.67
239313,96
240181.83
241051.26
241922.27
242794.85
243668.99
244544.71
245422.00
246300.86
247181.30
248063.30
248946.87
249832.01
250718.73
251607.01
252496.87
253388.30
254281.29
255175,86
256072.00
256969.71
257868.99
258769.85
259672.27
260576.26
261481.83
262388.96
263297.67
264207.94
265119.79
266033.21
266948.20
267864.76
268782.89
269702.59
270623.86
271546.70
272471.12
273397.10
274324.66
275253.78
276184.48
277116.73
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Diam. Oircum.

1869
1872
1875
1878
1881
1884
1888
1891
1894
1897
1900
1903
1906
1910
1913
1916
1919
1922
1925
1928
1932
1935
1938
1941
1944
1947
1950
1954
1957
1960
1963
1966
1969
1972
1976
1979
1982
1985
1988
1991
1994
1998
2001
2004
2007
2010
2013
2016
2020
2023,
2026,
2029,
2032,
2035.
2038,
2042.
2045
2048,
2051
2054.
2057
2060.
2064
2067.
2070
2073.
2076
2079.

Area.

278050.58
278985.99
279922.97
280861.52
281801.65
282743.34
283686.60
284631.44
285577.84
286525.82
287475.36
288426.48
289379.17
290333.43
291289.26
292246.66
293205.63
294166.17
295128.28
296091.97
297057.22
298024.05
298992.44
299962.41
300933.95
301907.05
302881.73
303857.98
304835.80
305815.20
306796.16
307778.69
308762.79
309748.47
310735.71
311724.53
312714.92
313706.
314700.40
315695.50
316692.17
317690.42
318690.23
319691,61
320694.56
321699.09
322705.18
323712.85
324722.09
325732

"'

326745.27
327759.22
328774.74
329791.83
330810.49
331830.72
332852.53
333875.90
334900.85
335927.36
336955.45
337985.10
339016.33
340049.13
341083.50
342119.44
343156.95

J 344196.03

Diam. Circum.

663
664
665
666
667
668
669
670
671
672
673
674
675
676
677
678
679
680
681
682
683
684
685
686
687
688
689
690
691
692
693
694
695
696
697
698
699
700
701
702
703
704
705
706
707
708
709
710
711
712
713
714
715
716
717
718
719
730
721
722
723
724
725
726
727
728
729
730

2082
2086
2089
2092
2095
2098
2101
2104
2108
2111
2114
2117
2120
2123
2126
2130
2133
2136
2139
2142
2145
2148
2151
2155
2158
2161
2164
2167
2170
2173
2177
2180
2183
2186
2189
2192
2195
2199
2202
2205
2208
2211
2214
2217
2221
2224
2227
2230,
2233
2236
2239
2243
2246.
2249
2252
2255.
2258
2261.
2265
2268.
2271
2274.
2277
2280
2283.
2287
2290.
2293

Area.

345236.69
346278.91
347322.70
348368.07
349415.00
350463.51
351513.59
352565.24
353618.45
354673.24
355729.60
356787.54
357847.04
358908.11
359970.75
361034.97
362100.75
363168.11
364237.04
365307.54
366379.60
367453.24
368528.45
369605.23
370683.59
371763.51
372845.00
373928.07
375012.70
376098.91
377186.68
378276.03
379366.95
380459.44
381553.50
382649.13
383746.33
384845.10
385945.44
387047.36
388150.84
389255.90
390362.52
391470.72
392580.49
393691.82
394804.73
395919.21
397035.26
398152.89
399272.08
400392.84
401515.18
402639.08
403764.56
404891.60
406020.22
407150.41
408282.17
409415.50
410550.40
411686.87
412824.91
413964.52
415105.71
416248.46
417392.79
418538.68

Diam. Circum.

731
732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751
752
753
754
755
756
757
758
759
760
761
762
763
764
765
766
767
768
769
770
771
772
773
774
775
776
777
778
779
780
781
782
783
784
785
786
787
788
789
790
791
792
793
794
795
796
797
798

2296
2299
2302,
2305,
2309,
2312,
2315,
2318,
2321
2324
2327
233
2334
2337
2340
2343
2346
2349,
2353,
2356,
2359,
2362,
2365,
2368,
2371.
2375,
2378,
2381,
2384.
2387.
2390.
2393
2397
2400,
2403
2406,
2409,
2412,
2415,
2419,
2422,
2425,
2428.
2431.
2434.
2437.
2441
2444.
2447,
2450,
2453,
2456,
2459,
2463.
2466.
2469
2472
2475
2478
2481
2485
2488
249K
2494.
2497
2500
2503
2506

Area.

419686.15
420835.19
421985.79
423137.97
424291.72
425447.04
426603 . 94

^^ 427762.40
.64 428922.43
L 78 430084.03
'.92 431247.21
.06 432411.95
.20 433578.27
.34 434746.16
.49 435915.62
.63 437086.64
.77 438259.24
.91 439433.41
.05 440609.16
.19 441786.47
.34 442965.35
,48 444145.80
.62 445327.83
.76 446511.42
.90 447696.59
.04 448883.32
.19 45W7 1.63
.33 451261.51
.47 452452.96
.61 453645.98
.75 454840.57
.89 456036.73
.04 457234.46
,18 458433.77
.32 459634.64
.46 460837.08
.60 462041.10
.74 463246.69
.88 464453.84
.03 465662.57
.17 466872.87
.31 468084.74
45 469298.18
59 4705-13.19
73 471729.77
,88 472947.92
,02 474167.65
16 475388.94
30 476611.81
44 477836.24
,58 479062.25
73 480289.83
87 481518.97
01 482749.69
.15 483981.98
.29 485215.84
.43 486451.28
,58 487688.28
,72 488926.85
,86 490166.99
00 491408.71
14 492651.99
28 493896.85
42 495143.28
,57 496391.27
,71 497640.84
85 498891.98
99 500144.69



CIRCUMFERENCES AND AREAS OF CIRCLES. Il9

Diam Circum. Area. Diam. Circum. Area, Diam. Circum. Area.

686614.71
688084. 19
689555.24
691027.86
692502.05
693977.82
695455.15
696934.06
698414.53
699896.58
701380.19
702865.38
704352.14
705840.47
707330.37
708821.84
^10314.88
'11809.50
'13305.68
'14803.43
'16302.76
'17803.66
.19306.12
720810.16
722315.77
723822.95
725331.70
726842.02
728353.91
729867.37
731382.40
732899.01
734417.18
735936.93
737458.24
738981.13
740505.59
742031.62
743559.22
745088.39
746619.13
748151.44
749685.32
751220.78
752757.80
754296.40
755836.56
757378.30
758921.61
760466.48
762012.93
763560.95
765110.54
766661.70
768214.44
769768.74
771324.61
772882.06
774441.07
776001.66

^777563.82
13 779127.54
7 780692.84
1 782259.71
5 783828.15
9 785398.16

2510.13
2513.27
2516.42
2519.56
2522.70
2525.84
2528.98
2532.12
2535.27
2538.41
2541.55
2544.69
2547.83
2550.97
2554.11
2557.26
2560.40
2563.54
2566.68
2569.82
2572,96
2576.11
2579.25
2582.39
2585.53
2588.67
2591.81
2594.96
2598.10
2601.24
2604.38
2607.52
2610.66
2613.81
2616.95
2620.09
2623.23
2626.37
2029.51
2632.65
2635.80
2638.94
2642.08
2645.22
2648.36
2651.50
2654.65
2657.79
2660.93
2664.07
2667.21
2670.35
2673.50
2676.64
2679.78
2682.92
2686.06
2689.20
2692.34
2695.49
2698.63
2701.77
2704.9
2708.05
2711.19
2714.34
2717.48
12720.62

501398
502654
503912
505171
50643

1

507693
508957
510222
511489,
512758,
514028,
515299,
516572,
517847,
519123.
520401.
521681.
522962.
524244.
525528.
526814.
528101.
529390.
530680.
531972.
533266.
534561.
535858.
537156.
538456.
539757.
541060.
542365.
543671.
544979.
546288.
547599.
548911.
550225.
551541.
552858.
554176.
555497.
556819.
558142.
559467.
560793,
562122,
563451,
564782,
566115,
567450,
568786,
570123
571462,
572803
574145
575489
576834
578181
579530
580880
582232
583585
584940
586296
587654
589014

867
868
869
870
871
872
873
874
875
876
877
878
879
880
881
882
883
884
885
886
887
888
889
890
891
892
893
894
895
896
897
898
899
900
901
902
903
904
905
906
907
908
909
910
911
912
913
914
915
916
917
918
919
920
921
922
923
924
925
926
927
928
929
930

.20 931
59 932

2723
2726
2730
2733
2736
2739,
2742,
2745

,

2748,
2752,
2755.
2758.
2761.
2764.
2767.
2770.
2774.
2777.
2780.
2783.
2786.
2789.
2792.
2796.
2799.
2802.
2805.
2808.
2811,
2814.
2818.
2821.
2824.
2827,
2830.
2833
2836.
2840.
2843.
2846.
2849.
2852.
2855.
2858,
2861,
2865,
2868.
2871.
2874.
2877.
2880.
2883.
2887.
2890.
2893.
2896.
2899,
2902,
2905,
2909,
2912,
2915
2918,
2921
2924
2927
2931
2934

590375
591737
593102
594467
595835
597204
598574,
599946,
601320,
602695

,

604072,
605450.
606830.
608212.
609595.
610980.
612366.
613754.
615143.
616534.
617926.
619321.
620716.
622113.
623512.
624913.
626314.
627718.
629123.
630530
631938.
633348.
634759
636172.
637587
639003

.

640420
641839.
643260
644683.
646107.
647532.
648959.
650388.
651818.
653250.
654683.
656118.
657554.
658993.
660432.
661873.
663316.
664761

.

666206,
667654.
669103
670554,
672006.
673460,
674915,
676372,
677830,
679290
680752,
682215,
683680,
685146

935
936
937
938
939
940
941
942
943
944
945
946
947
948
949
950
951
952
953
954
955
956
957
958
959
960
961
962
963
964
965
966
967
968
969
970
971
972
973
974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000

2937
2940
2943
2946
2949
2953
2956
2959
2962
2965
2968
2971,
2975,
2978,
2981,
2984.
2987.
2990
2993.
2997
3000.
3003
3006.
3009
3012.
3015
3019.
3022.
3025.
3028
3031.
3034
3037
304 K
3044.
3047.
3050
3053.
3056
3059.
3063
3066.
3069
3072.
3075
3078.
3081
3085.
3088
3091.
3094
3097.
3100
3103.
3107
3110.
3113
3116
3119
3122
3125
3129
3132
3135
3138
3141
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AREAS OF THE SEGMENTS OF A CIRCLE. 121

AREAS OF THE SEGMENTS OF A CIRCLE.
(DIaineter=l; Rise or Height in parts of Diamefcer being given.)

Rule for Use of the Table.—Divide the rise or lieight of the segment
by the diameter. Multiply the area in the table corresponding to the
quotient thus found by the square of tlie diameter.

// the segment exceeds a semicircle its area is area of circle— area of seg-
ment whose rise is (diam. of circle— rise of given segment).
Given chord and rise, to find diameter. Diam. = (square of half chord -^

rise) + rise. The half chord is a mean proportional between the two parts
into which the chord divides the diameter which is perpendicular to it.

Rise Rise Rise Rise Rise
-1- Area. _i- Area. ^ Area. -^ Area. ^ Area.

Diam. Diam. D iam. Diam. Diam.

.001 .00004 .054 •01646 107 .04514 .16 .08111 .213 .12235

.002 .00012 .055 .01691 108 .04576 .161 .08185 .214 .12317

.003 .00022 .056 .01737 109 .04638 .162 .08258 .215 .12399

.004 .00034 .057 .01783 11 .04701 .163 .08332 .216 .12481

.005 .00047 .058 .01830 111 .04763 .164 .08406 .217 .12563

.006 .00062 .059 .01877 112 .04826 .165 .08480 .218 .12646

.007 .00078 .06 .01924 113 .04889 .166 .08554 .219 .12729

.008 .00095 .061 .01972 114 .04953 .167 .08629 .22 .12811

.009 .00113 .062 .02020 115 .05016 .168 .08704 .221 .12894

.01 .00133 .063 .02068 116 .05080 .169 .08779 .222 .12977

.011 .00153 .064 .02117 117 .05145 .17 .08854 .223 .13060
012 .00175 .065 .02166 118 .05209 .171 .08929 .224 .13144
.013 .00197 .066 .02215 119 .05274 .172 .09004 .225 .13227
.014 .0022 .067 .02265 12 .05338 .173 .09080 .226 .13311
.015 .00244 .068 .02315 121 .05404 .174 .09155 .227 .13395
.016 .00268 .069 .02366 122 .05469 .175 .0923

1

.228 .13478
.017 .00294 .07 .02417 123 .05535 .176 .09307 .229 .13562
.018 .0032 .071 .02468 124 .05600 .177 .09384 .23 .13646
.019 .00347 .072 .02520 125 .05666 .178 .09460 .231 .13731
.02 .00375 .073 .02571 126 .05733 .179 .09j37 .232 .13815
.021 .00403 .074 .02624 127 .05799 .18 .09613 .233 .13900
.022 00432 .075 .02676 128 .05866 .181 .09690 .234 .13984
.023 .00462 .076 .02729 129 .05933 .182 .09767 .235 .14069
.024 .00492 .077 .02782 13 .06000 .183 .09845 .236 .14154
.025 .00523 .078 .02836 131 .06067 .184 .09922 .237 .14239
.026 .00555 .079 .02889 132 .06135 .185 .10000 .238 .14324
.027 .00587 .08 .02943 133 .06203 .186 .10077 .239 .14409
.028 .00619 .081 .02998 134 .06271 .187 .10155 .24 .14494
.029 .00653 .082 .03053 135 .06339 .188 .10233 .241 .14580
.03 .00687 .083 .03108 136 .06407 .189 .10312 .242 .14666
.031 .00721 .084 .03163 137 .06476 .19 .10390 .243 .14751
.032 .00756 .085 .03219 138 .06545 .19! .10469 .244 .14837
.033 .00791 .086 .03275 139 .06614 .152 .10547 .245 .14923
.034 .00827 .087 .03331 14 .06683 .193 .10626 .246 .15009
.035 .00864 .083 .03387 141 .06753 .194 .10705 .247 .15095
.036 .00901 .089 .03444 142 .06822 .195 .10784 .248 .15182
.037 .00938 .09 .03501 143 .06892 .196 .10864 .249 .15263
.038 .00976 091 .03559 144 .06963 .197 .10943 .25 .15355
.039 .01015 .092 .03616 145 .07033 .198 .11023 .251 .15441
.04 .01054 .093 .03674 146 .07103 .199 .11102 .252 .15528
.041 .01093 .094 .03732 147 .07174 .2 .11182 .253 .15615
.042 .01133 .095 .03791 148 .07245 .201 ,11262 .254 .15702
.043 .01173 .096 .03850 149 .07316 .202 .11343 .255 .15789
.044 .01214 .097 .03909 15 .07387 .203 .11423 .256 .15876
,045 .01255 .098 .03968 151 .07459 .204 .11504 .257 .15964
.046 .01297 .099 .04028 152 .07531 .205 .11584 .258 .16051
.047 .01339 .1 .04087 153 .07603 .206 .11665 .259 .16139
.048 .01382 .101 .04148 154 .07675 .207 .11746 .26 J 6226
.049 .01425 .102 .04208 155 .07747 .208 .11827 .261 .16314
.05 .01468 .103 .04269 156 .07819 .209 .11908 .262 .16402
.051 .01512 .104 .04330 157 .07892 .21 .11990 .263 .16490
.052 .01556 .105 .04391 158 .07965 .211 .12071 .264 .16578
.053 .01601 .106 .04452 159 .08038 .212 .12153 .265 .16666
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»

Rise Rise Rise Rise Rise
-*- Area. -> Area. + Area. •+ Area. •- Area.

Diam Diam. Diam. Diam. Diam.

.266 .16755 .313 .21015 .36 .25455 .407 .30024 .454 .34676

.267 .16843 .314 .21108 .361 .25551 .408 .30122 .455 .34776

.268 .16932 .315 .21201 .362 .25647 .409 .30220 .456 .34876

.269 17020 316 .21294 .363 .25743 .41 .30319 .457 .34975

.27 .17109 .317 .21387 .364 .25839 .411 .30417 .458 .35075

.271 .17198 .318 .21480 .365 .25936 .412 .30516 .459 .35175

.272 .17287 .319 .21573 .366 .26032 .413 .30614 .46 .35274

.273 .17376 .32 .21667 .367 .26128 .414 .30712 .461 .35374

.274 .17465 .321 .21760 .368 .26225 .415 .30811 .462 .35474

.275 .17554 .322 .21853 .369 .26321 .416 .30910 .463 .35573

.276 .17644 .323 .21947 .37 .26418 .417 .31008 .464 .35673

.277 .17733 .324 .22040 .371 .26514 .418 .31107 .465 .35773

.278 .17823 .325 .22134 .372 .26611 .419 .31205 .466 .35873

.279 .17912 .326 .22228 .373 .26708 .42 .31304 .467 .35972

.28 .18002 .327 .22322 .374 .26805 .421 .31403 .468 .36072

.281 .18092 .328 .22415 .375 .26901 .422 .31502 .469 .36172

.282 .18182 .329 .22509 .376 .26998 .423 .31600 .47 .36272

.283 .18272 .33 .22603 .377 .27095 .424 .31699 .471 .36372

.284 .18362 .331 .22697 .378 .27192 .425 .31798 .472 .36471

.285 .18452 .332 .22792 .379 .27289 .426 .31897 .473 .36-571

.286 .18542 .333 .22886 .38 .27386 .427 .31996 .474 .36671

.287 .18633 .334 .22980 .381 .27483 .428 .32095 .475 .36771

.288 .18723 .335 .23074 .382 .27580 .429 .32194 .476 .36871

.289 .18814 .336 .23169 .383 .27678 .43 .32293 .477 .36971

.29 .18905 .337 .23263 .384 .27775 .431 .32392 .478 .37071

.291 .18996 .338 .23358 .385 .27872 .432 .32491 .479 .37171

.292 .19086 .339 .23453 .386 .27969 .433 .32590 .48 .37270
293 .19177 .34 .23547 .387 .28067 .434 .32689 .481 .37370
r;94 .19268 .341 .23642 .388 .28164 .435 .32788 .482 .37470
.295 .19360 .342 .23737 .389 .28262 .436 .32887 .483 .37570
.296 .19451 .343 .23832 .39 .28359 .437 .32987 .484 .37670
.297 .19542 .344 .23927 .391 .28457 .438 .33086 .485 .37770
.298 .19634 .345 .24022 .392 .28554 .439 .33185 .486 .37870
.299 .19725 .346 .24117 .393 .28652 .44 .33284 .487 .37970
.3 .19817 .347 .24212 .394 .28750 .441 .33384 .488 .38070
.301 .19908 .348 .24307 .395 .28848 .442 .33483 .489 .38170
.302 .20000 .349 .24403 .396 .28945 .443 .33582 .49 .38270
.303 .20092 .35 .24498 .397 .29043 .444 .33682 .491 .38370
.304 .20184 .351 .24593 .398 .29141 .445 .33781 .492 .38470
.305 .20276 .352 .24689 .399 .29239 .446 .33880 .493 .38570
.306 .20368 .353 .24784 .4 .29337 .447 .33980 .494 .38670
.307 .20460 .354 .24880 .401 .29435 .448 .34079 .495 .38770
.308 .20553 .355 .24976 .402 .29533 .449 .34179 .496 .38870
.309 .20645 .356 .25071 .403 .29631 .45 .34278 .497 .38970
.31 .20738 .357 .25167 .404 .29729 .451 .34378 .498 .39070
.311 .20830 .358 .25263 .405 .29827 .452 .34477 .499 .39170
.312 .20923 .359 .25359 .406 .29926 .453 .34577 .5 .39270

For rules for finding the area of a segment see Mensuration, page 60,

LENGTHS OF CIRCULAR ARCS.
(Degrees being given. Radius of Circle = 1.)

Formula.— Length of arc = ^„ X radius X number of degrees.

Rule. — Multiply the factor in the table (see next page) for any given
number of degrees by the radius.
Example.— Given a curve of a radius of 55 feet and an angle of 78* 20',

Factor from table for 78° 1 .3613568
Factor from table for 20' .0058178

Factor , , 1.367174Q
1,3671746X55=^ '''^-IQ feet.
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Factors for Lengths of Circular Arcs,

Degrees. Minutes.

t .0174533 61 1 .0646508 121 2.1118484 1 .0002909
2 .0349066 62 1.0821041 122 2.1293017 2 .0005818
3 .0523599 63 1.0995574 123 2.1467550 3 .0008727
4 .0698132 64 1.1170107 124 2. 1 642083 4 .0011636
5 .0872665 65 1.1344640 125 2.1816616 5 .0014544
6 .1047198 66 1.1519173 126 2.1991149 6 .0017453
7 .1221730 67 1.1693706 127 2.2165682 7 .0020362
8 .1396263 68 1.1868239 128 2.2340214 8 .0023271
9 .1570796 69 1.2042772 129 2.2514747 9 .0026 ILO
10 .1745329 70 1.2217305 130 2.2689280 10 .0029089
11 .1919862 71 1.2391838 131 2.2863813 11 .0031998
12 .2094395 72 1.2566371 132 2.3038346 12 .0034907
13 .2268928 73 1.2740904 133 2.3212879 13 .0037815
14 .2443461 74 1.2915436 134 2.3387412 14 .0040724
15 .2617994 75 1.3089969 135 2.3561945 15 .0043633
16 .2792527 76 1.3264502 136 2.3736478 16 .0046542
17 .2967060 77 1.3439035 137 2.3911011 17 .0049451
18 .3141593 78 1.3613568 138 2.4085544 18 .0052360
19 .3316126 79 1.3788101 139 2.4260077 19 .0055269
20 .3490659 80 1 .3962634 140 2.4434610 20 .0058178
21 .3665191 81 1.4137167 141 2.4609142 21 .0061087
22 .3839724 82 1.4311700 142 2.4783675 22 .0063995
23 .4014257 83 1 .4486233 143 2.4958208 23 .0066904
24 .4188790 84 1.4660766 144 2.5132741 24 .0069813
25 .4363323 85 1.4835299 145 2.5307274 25 .0072722
26 .4537856 86 1.5009832 146 2.5481807 26 .0075631
27 .4712389 87 1.5184364 147 2.5656340 27 .007854a
28 .4886922 88 1.5358897 148 2.5830873 28 .0081449
29 .5061455 89 1.5533430 149 2.6005406 29 .0084358
30 .5235988 90 1.5707963 150 2.6179939 30 .003726(1
31 .5410521 91 1 .5882496 151 2.6354472 31 .0090175
32 .5585054 92 1.6057029 152 2.6529005 32 .0093084
33 .5759587 93 1.6231562 153 2.6703538 33 .0095993
34 .5934119 94 1.6406095 154 2.6878070 34 .0098902
35 .6108652 95 1.6580628 155 2.7052603 35 .0101811
36 .6283185 96 1.6755161 156 2.7227136 36 .0104720
37 .6457718 97 1 .6929694 157 2.7401669 37 .0107629
38 .6632251 98 1.7104227 158 2.7576202 38 .0110538
39 .6806784 99 1.7278760 159 2.7750735 39 .0113446
40 .6981317 100 1.7453293 160 2.7925268 40 .0116355
41 .7155850 101 1.7627825 161 2.8099801 41 .0119264
42 .7330383 102 1.7802358 162 2.8274334 42 .0122173
43 .7504916 103 1.7976891 163 2.8448867 43 .0125082
44 .7679449 104 1.8151424 164 2.8623400 44 .0127991
45 .7853982 105 1.8325957 165 2.8797933 45 .0130900
46 .8028515 106 1.8500490 16^6 2.8972466 46 .0133809
47 .8203047 107 1.8675023 167 2.9146999 47 .0136717
48 .8377580 108 1.8849556 168 2.9321531 48 .0139626
49 .8552113 109 1.9024089 169 2.9496064 49 .0142535
50 .8726646 110 1.9198622 170 2.9670597 50 .0145444
51 .8901179 111 1.9373155 171 2.9845130 51 .0148353
52 .9075712 112 1.9547688 172 3.0019663 52 .0151262
53 .9250245 113 1.9722221 173 3.0194196 53 .0154171
54 .9424778 114 1.9896753 174 3.0368729 54 .0157080
55 .9599311 115 2.0071286 175 3.0543262 55 .0159989
56 .9773844 116 2.0245819 176 3.0717795 56 .0162897
57 .9948377 117 2.0420352 177 3.0892328 57 .0165806
58 1.0122910 118 2.0594885 178 3.1066861 58 .0168715
59 1.0297443 119 2.0769418 179 3.1241394 59 .0171624
60 1.0471976 120 2.0943951 180 3.1415927 60 .0174533
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I.ENGTHS OF CIRCULAR ARCS.

CDiameter = 1. Given the Chord and Height of the Are.)

Rule for Use of the Table. — Divide the height by the chord. Find
in the column of heights the number equal to this quotient. Take out the
corresponding number from the column of lengths. Multiply this last

number by the length of the given chord; the product will be length of the

arc.

// the arc is greater than a semicircle, first find the diameter from the
formula, Diam. = (square of half chord -^ rise) + rise; the formula is true

whether the arc exceeds a semicircle or not. Then find the circumference.
F;om the diameter subtract the given height of arc, the remainder will be
b 'ight of the smaller arc of the circle; find its length according to the rule,

: .J subtract it from the circumference.

Hgts. Lgths. Hgts. Lgths. Hgts. Lgths. Hgts. Lgths. Hgts. Lgths.

0.00! 1.00032 0.15 1.05896 0,238 1.14480 0.326 1.26288 0.414 1.40788
.005 1.00007 .152 1.06051 .24 1.14714 .328 1.26588 .416 1.41145
.01 1.00027 .154 1.06209 .242 1.14951 .33 1.26892 .418 1.41503
,015 1.00061 .156 1.06368 .244 1.15189 .332 1.27196 .42 1.41861
.02 1. 00107 .158 1.06530 .246 1.15428 .33^ 1.27502 .422 1.42221
.025 1.00167 .16 1.06693 .248 1.15670 .336 1.27810 .424 1.42583
.03 1.00240 .162 1.06858 .25 1.15912 .338 1.28118 .426 1.42945
.035 1.00327 .164 1.07025 .252 1.16156 .34 .1,28428 .428 1.43309
.04 1.00426 .166 1.07194 .254 1.16402 .342 1.28739 .43 1.43673
.045 1.00539 .168 1.07365 .256 1.16650 .344 1.29052 .432 1.44039
.05 1.00665 .17 1.07537 .258 1.16899 .346 1.29366 .434 1.44405
.055 1.00805 .172 1.07711 .26 1.17150 .348 1.29681 .436 1.44773
.06 1.00957 .174 1.07888 .262 1.17403 .35 1.29997 .438 1.45142
.0S5 1. 01123 .176 1.03066 .264 1.17657 .352 1.30315 .44 1.45512
.07 1.01302 .178 1.08246 .266 1.17912 .354 1.30634 .442 1.45883
.075 1. 01493 .18 1.08428 .268 1.18169 .356 1.30954 .444 1.46255
.08 1. 01 693 .182 1.08611 .27 1.18429 .358 1.31276 .446 1.46628
.085 1.01916 .184 1.08797 .272 1.18689 .36 1.31599 .448 1.47002
.09 1.02146 .186 1.08984 .274 1.18951 .362 1.31923 .45 1.47377
.095 1.02339 .188 1.09174 .276 1.19214 .364 1.32249 .452 1.47753
.10 1.02646 .19 1.09365 .278 1.19479 .366 1.32577 .454 1.48131
.102 1.02752 .192 1.09557 .28 1.19746 .368 1.32905 .456 1.48509
.104 1.02860 .194 1.09752 .282 1.20014 .37 1.33234 .458 1.48889
.106 1.02970 .196 1.09949 .284 1.20284 .372 1.33564 .46 i. 49269
.108 1.03032 .198 1.10147 .286 1.20555 .374 1.33896 .462 1.49651
.11 1.03196 .20 1.10347 .288 i. 20827 .376 1.34229 .464 1.50033
.112 1.03312 .202 1.10548 .29 1.21102 .378 1.34563 .466 1.50416
.114 (.03430 .204 1.10752 .292 1.21377 .38 1.34899 .468 1.50800
.1)6 1.03551 .206 1.10958 .294 1.21654 .382 1.35237 .47 1.51185
.118 1.03672 .208 1.1 1165 .295 1.21933 .384 1.35575 .472 1.51571
.12 1.03797 .21 1.11374 .293 1.22213 .386 1.35914 .474 1.51958
.122 1.03923 .212 1.11584 .30 1.22495 .388 1.36254 .476 1.52346
.124 1.04051 .214 1.11796 .302 1.22778 .39 1.36596 .478 1.52736
.126 1.04181 .216 1.12011 .304 1.23063 .392 1.36939 .48 1.53126
.128 1.04313 .218 1.12225 .306 1.23349 .394 1.37283 .482 1.53518
.13 1.04447 .22 1.12444 .308 1.23636 .395 1.37628 .484 1.53910
.132 1 .04584 .222 1.12664 .31 1.23926 .393 1.37974 .486 1.54302
.134 1.04722 .224 1.12885 .312 1.24216 .40 1.38322 .488 1.54696
.136 1.04862 .226 1.13108 .314 1.24507 .402 1.38671 .49 1.55091
.138 1.05003 .228 1.13331 .316 1.24801 .404 1.39021 .492 1.55487
.14 1.05147 .23 1.13557 .318. 1.25095 .406 1.39372 .494 1.55854
.142 1.05293 .232 1.13785 .32 1.25391 .408 1.39724 .496 1.56282
.144 1.05441 .234 1.14015 .322 1.25689 .41 1.40077 .498 1.56681
.146 1.05591 .236 1.14247 .324 1.25988 .412 1.40432 .50 1.57080
.148 1.05743
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Diameters of Circles and Sides of Squares of Same Area.

Diameter of circle = 1.128379 X side of square of same area.

Side of square = 0.886227 X diameter of circle of same area.

s|i Side of Diam. of s|i Side of Diam. ofhn Side of Diam. of
Square Circle o^l Square Circle o^^l Square Circle
Equiva- Equiva- A^m Equiva- Equiva- A^m Equiva- Equiva-

ii^- lent to. lent to 6 0) lent to lent to 6 xZ lent to lent toS.o Circle. Square. .2 « o
Q Circle. Square. Circle. Square.

1 0.886 1.128 34 30.132 38.365 67 59.377 75.601
2 1.772 2.257 35 31.018 39.493 68 60.263 76.730
3 2.659 3.385 36 31.904 40.622 69 61.150 77.858
4 3.545 4.514 37 32.790 41.750 70 62 . 036 78.987
5 4.431 5.642 38 33.677 42.878 71 62.922 80.115
6 5.317 6.770 39 34.563 44.007 72 63.808 81.243
7 6.204 7.899 40 35.449 45.135 73 64.695 82.372
8 7.090 9.027 41 36.335 46.264 74 65.581 83.500
9 7.976 10.155 42 37.222 47.392 75 66.467 84.628
10 8.862 11.284 43 38.108 48.520 76 67.353 85.757

9.748 12.412 44 38.994 49.649 77 68.239 86.885
12 10.635 13.541 45 39.880 50.777 78 69.126 bd 1

4

13 11.521 14.669 46 40.766 51.905 79 70.012 89.142
14 12.407 1 5 . 797 47 41 .653 53.034 80 70.898 90.270
15 13.293 16.926 48 42.539 54.162 81 71.784 91.399
16 14.180 18.054 49 43.425 55.291 82 72.671 92.527
17 15.066 19.182 50 44.311 56.419 83 73.557 93.655
18 15.952 20.311 51 45.198 57.547 84 74.443 94.784
19 16.838 21.439 52 46.084 58.676 85 75.330 95.912
20 17.725 22.568 53 46.970 59.804 86 76.216 97.041
21 18.611 23.696 54 47.856 60.932 87 77.102 98.169
22 19.497 24.824 55 48.742 62.061 88 77.988 99.297
23 20.383 25.953 56 49.62^ 63.189 89 /8.874 100.426
24 21.269 27.081 57 50.515 64.318 90 79.760 101.554
25 22.156 28.209 58 51.401 65.446 91 80.647 102.682
26 23.042 29.338 59 52.287 66.574 92 81.533 103.811
27 23.928 30.466 60 53.174 67 . 703 93 82.419 104.939
28 24.814 31 .595 61 54.060 68.831 94 83.305 106.068
29 25.701 32.723 62 54.946 69.959 95 84.192 107.196
30 26.587 33.851 63 55.832 71.088 96 85.078 108.324
31 27.473 34.980 64 56.719 72.216 97 85.964 109.453
32 28.359 36.108 65 57.605 73.345 98 86.850 110.581
33 29.245 37.237 66 58.491 74.473 99 87.736 111.710

Number of Circles tliat can be Inscribed witliin a Larger Circle.

N = Nimiber of circles; D - diam. of enclosing circle; d = diam. of
inscribed circles.

Obtain the ratio ofD-^d and find the value nearest to it in the
table. Opposite this value under N, find the number of circles of
diameter d that can be inscribed in a circle of diameter D.

N D/d N D/d N D/d A^ D/d A^ D/d N D/d N D/d

2 7 00 13 4.23 24 5.72 35 6.86 46 7.81 85 10.46 140 13.26
3 2.15 14 4.41 75 5 81 36 7.00 47 7 97 90 10 73 145 13.49

4 7, 41 15 4.55 76 5.92 37 7.00 48. 8.00 9S 11.15 150 13.72
5 ?, 70 16 4 70 77 6 00 38 7.08 49 8 03 100 11 34 155 13.95

6 3.00 17 4 86 78 6 n 39 7.18 50 8.13 105 11.60 160 14.17

7 3 00 18 5 00 79 6.23 40 7 31 55 8 71 110 11.85 165 14.39

8 3.31 19 5.00 30 6.40 41 7.39 60 8.94 115 12.10 170 14.60
9 3 61 70 5 18 31 6.44 47 7 43 65 9.25 170 12.34 175 14.81

10 3,80 7,1 5.31 37 6.55 43 7.61 70 9.61 125 12.57 180 15.01

11 3.92 22 5.49 33 6.70 44 7.70 75 9.93 130 12.80 185 15.20
12 4.05 23 5.61 34 6.76 45 7.72 80 10.20 135 13.06 190 15.39
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SPHERES.

(Some errors of 1 in the last figure only. From Trautwine.)

Diaxn.
Sur-
face.

Vol-
ume. Diam. Sur-

face.

Vol-
ume. Diam. Sur-

face.
Vol-
ume,

1/32 .00307 .00002 31/4 33.183 17.974 97/8 306.36 504.21

Vl6 .01227 .00013 5/16 34.472 19.031 10, 314.16 523.60
3/32 .02761 . .00043 3/8 35.784 20.129 1/8 322.06 543.48
1/8 .04909 .00102 7/16 37.122 21.268 1/4 330.06 563.86
5/32 .07670 .0020C 1/2 38.484 22.449 3/8 338.16 584.74
3/16 .11045 .00345 9/16 39.872 23.674 1/2 346.36 606.13
7/32 .15033 .00546 5/8 41.283 24.942 5/8 354.66 628.04
1/4 .19635 .00818 11/16 42.719 26.254 3/4 363.05 650.46
9/32 .24851 .01165 3/4 44.179 27.611 7/8 371.54 673.42
5/16 .30680 .01598 13/16 45.664 29.016 11. 380.13 696.91
11/32 ..37123 .02127 7/8 47.173 30.466 1/8 388.83 720.95
3/8 \44179 .02761 15/16 48.708 31.965 1/4 397.61 745.51

13/32 .51848 .03511 4. 50.265 33.510 3/8 406.49 770.64
7/16 .60132 .04385 1/8 53.456 36.751 1/2 415.48 796.33
15/32 .69028 .05393 1/4 56.745 40.195 5/8 424.50 822.58
1/2 .78540 .06545 3/8 60.133 43.847 3/4 433.73 849.40
9/16 .99403 .09319 1/2 63.617 47.713 7/8 443.01 876.79
5/8 1.2272 .12783 5/8 67.201 51.801 13. 452.39 904.78

11/16 1.4849 .17014 3/4 70.883 56.116 1/4 471.44 962.52
3/4 1.7671 .22089 7/8 74.663 60.663 1/2 490.87 1 022.7

13/16 2.0739 .28084 5. 78.540 65.450 3/4 510.71 1085.3
7/8 2.4053 .35077 1/8 82.516 70.482 13. 530.93 1150.3

15/16 2.7611 .43143 1/4 86.591 75.767 1/4 551.55 1218.0
X 3.1416 .52360 3/8 90.763 81 .308 1/2 572.55 1288.3

1/16 3.5466 .62804 1/2 95.033 87.113 3/4 593.95 1361.2
1/8 3.9761 .74551 5/8 99.401 93.189 14. 615.75 1436.8
3/16 4.4301 .87681 3/4 103.87 99.541 1/4 637.95 1515.1
1/4 4.9088 1 .0227 7/8 108.44 106.18 1/2 660.52 1596.3
5/16 5.4119 1.1839 6. 113.10 113.10 3/4 683.49 1680.3
3/8 5.9396 1.3611 1/8 117.87 120.31 15. 706.85 1767.2
7/16 6.4919 1.5553 1/4 122.72 127.83 1/4 730.63 1857.0
1/2 7.0686 1.7671 3/8 127.68 135.66 1/2^ 754.77 1949.8
9/16 7.6699 1 .9974 l2 132.73 143.79 3/4 779.32 2045.7
5/8 8.2957 2.2468 5/8 137.89 152.25 16. 804.25 2144.7

11/16 8.9461 2.5161 3/4 143.14 161.03 1/4 829.57 2246.8
3/4 9.6211 2.8062 7/8 148.49 170.14 1/2 855.29 2352.1

13/16 10.321 3.1177 7. 153.94 179.59 3/4 881.42 2460.6
7/8 1 1 .044 3.4514 1/8 159.49 189.39 17. 907.93 2572.4

15/16 1 1 .793 3.8083 l4 165.13 199.53 1/4 934.83 2687.6
2. 12.566 4.1888 3/8 170.87 210.03 1/2 962.12 2806.2

1/16 13.364 4.5939 1/2 176.71 220.89 3/4 989.80 2928.2
1/8 14.186 5.0243 5/8 182.66 232.13 18. 1017.9 3053.6
3/16 15.033 5.4809 3/4 188.69 243.73 1/4 1046.4 3182.6
1/4 15.904 5.9641 7/8 194.83 255.72 1/2 1075.2 3315.3
5/16 16.800 6.4751 8. 201.06 268.08 3/4 1104.5 3451.5
3/8 17.721 7.0144 1/8 207.39 280.85 19. 1134.1 3591.4
V/16 18.666 7.5829 1/4 213.82 294.01 1/4 1164.2 3735.0
1/2 19.635 8.1813 3/8 220.36 307.53 1/2 1194.6 3882.5
9/16 20.629 8.8103 1/2 226.98 321.56 3/4 1225.4 4033.7
5/8 21.648 9.4708 5/8 233.71 335.95 30. 1256.7 4188.8

11/16 22.691 10.134 3/4 240.53 350.77 1/4 1288.3 4347.8
3/4 23.758 10.889 7/8 247.45 366.02 1/2 1320.3 4510.9

13/16 24.850 11.649 9. 254.47 381.70 3/4 1352.7 4677.9
7/8 25.967 12.443 1/8 261.59 397.83 31. 1385.5 4849.1

15/16 27.109 13.272 1/4 268.81 414.41 1/4 1418.6 5024.3
3. 28.274 14.137 3/8 270.12 431.44 1/2 5452.2 5203.7

1/16 29.465 15.039 v? 283.53 448.92 3/4 1486.2 5387.4
1/8 30.680 15.979 5/8 291.04 466.87 33. 1520.5 5575.3
3/16 J1.919 16.957 1 3/4 289.65 485.31 1 1/4 : 555.3 15767.6
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SPHERES— Continued.

Diam.
Sur-
face.

Vol-
ume. Diam Sur-

face,

Vol-
ume Diam Sur-

face.
Vol-
ume.

22 1/2 1590.4 5964.1 40 1/2 5153.1 34/83 70 1/2 15615 183471
3/4 1626.0 6165.2 41. 5281.1 36087 71. 15837 187402

S3. 1661.9 6370.6 1/2 5410.7 37423 1/2 16061 191389
1/4 1698.2 6580.6 43. 5541.9 38792 73. 16286 195433
1/3 1735.0 6795.2 1/2 5674.5 40194 1/2 16513 199532
3/4 1772.1 7014.3 43. 5808.8 41630 73. 16742 203689

24. 1809.6 7238.2 1/2 5944.7 43099 1/2 16972 207903
1/4 1847.5 7466.7 44. 6082.1 44602 74. 17204 212175
1/2 1885.8 7700.1 1/2 6221.2 46141 1/2 17437 216505
3/4 1924.4 7938.3 45. 6361.7 47713 75. (7672 220894

35. 1963.5 8181.3 1/2 6503.9 49321 1/2 17908 225341
1/4 2002.9 8429.2 46. 6647.6 50965 76. 18146 229848
1/2 2042.6 8682.0 1/2 6792.9 52645 1/2 18386 234414
3/4 2083.0 8939.9 47. 6939.9 54362 77. 18626 239041

36. 2123.7 9202.8 1/2 7088.3 56115 1/2 18869 243728
1/4 2164.7 9470.8 48. 7238.3 57906 78. 19114 248475
1/2 2206.2 9744.0 1/2 7389.9 59734 1/2 19360 253284
3/4 2248.0 10022 49. 7543.1 61601 79. 19607 258155

37. 2290.2 10306 1/2 7697.7 63506 1/2 19856 263088
1/4 2332.8 10595 50. 7854.0 65450 80. 20106 268083
1/2 2375.8 10889 1/2 8011.8 67433 1/2 20358 273141
3/4 2419.2 11189 51. 8171.2 69456 81. 20612 278263

38. 2463.0 11494 1/2 8332.3 71519 1/2 20867 283447
1/4 2507.2 11805 53. 8494.8 73622 83. 21124 288696
1/2 2551.8 12121 1/2 8658.9 75767 1/2 21382 294010
3/4 2596.7 12443 53. 8824.8 77952 83. 21642 299388

39. 2642.1 12770 1/2 8992.0 80178 1/2 21904 304P31
1/4 26S7.8 13103 54. 9160.8 82448 84. 22167 310>4G
1/2 2734.0 13442 1/2 9331.2 84760 1/2 22432 315915
3/4 2780.5 13787 55. 9503.2 87114 85. 22698 321556

30. 2827.4 14137 1/2 9676.8 89511 1/2 22966 327264
1/4 2874.8 14494 56. 9852.0 91953 86. 23235 333039
1/2 2922.5 14856 1/2 10029 94438 1/2 23506 338882
3/4 2970.6 15224 57. 10207 96967 87. 23779 344792

31c 3019.1 15599 1/2 10387 99541 1/2 24053 350771
1/4 3068.0 15979 58. 10568 102161 88. 24328 356819
1/2 3117.3 16366 1/2 10751 104826 1/2 24606 -962935

3/4 3166.9 16758 59. 10936 107536 89. 24885 369122
32. 3217.0 17157 1/2 11122 110294 1/2 25165 375378

1/4 3267.4 17563 60. 11310 113098 90. 25447 381704
1/2 3318.3 17974 1/2 11499 115949 1/2 25730 388102
3/4 3369.6 18392 61. 11690 118847 91. 26016 394570

33. 3421.2 18817 1/2 11882 121794 1/2 26302 401109
1/4 3473.3 19248 63. 12076 124789 93. 26590 407721
1/2 3525.7 19685 1/2 12272 127832 1/2 26880 414405
3/4 3578.5 20129 63. 12469 130925 93. 27172 421161

34. 3631.7 20580 1/2 12668 134067 1/2 27464 427991
1/4 3685.3 21037 64. 12868 137259 94. 27759 434894
1/2 3730.3 21501 1/2 13070 140501 1/2 28055 441871

35. 3848.5 22449 65. 13273 143794 95. 28353 448920
1/2 3959.2 23425 1/2 13478 147138 1/2 28652 456047

36. 4071.5 24429 66. 13685 150533 98. 28953 463248
1/2 4185.5 25461 1/2 13893 153980 1/2 29255 470524

37. 4300.9 26522 67. 14103 157480 97. 29559 477874
1/2 4417.9 27612 1/2 14314 161032 1/2 29865 485302

38. 4536.5 28731 68. 14527 164637 98. 30172 492808
1/2 4656.7 29880 1/2 14741 168295 1/2 30481 500388

39. 4778.4 31059 69. 14957 172007 99. 30791 508047
1/2 4901.7 32270 1/2 15175 175774 1/2 31103 515785

40. 5026.5 33510 70. 15394 179595 100. 31416 523598
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NUMBER OF SQUARE FEET IN PLATES 3 TO 33 FEET
LONG, AND 1 INCH WIDE.

For other widths,multiply by the width in inches. 1 sq. in. = 0.00694/9 sq.ft.

Ft. and
Ins. Square Ft. and

Ins.
Long.

Ins. Square
Feet.

Ft. and
Ins.

Long.

Ins. Square
Ins.

Long.
Long. Feet. Long. Long. Feet.

3. 36 .25 7, 10 94 .6528 13. 8 152 1.056

1 37 .2569 11 95 .6597 9 153 1.063
2 38 .2639 8. 96 .6667 10 154 1 069
3 39 .2708 1 97 .6736 11 155 1,076
4 40 .2778 2 98 .6806 13. 156 1,083
5 41 .2847 3 99 .6875 1 157 1.09

6 42 .2917 4 100 .6944 2 158 1.^)97

7 43 .2986 5 101 .7014 3 159 1.104
8 44 .3056 6 102 .7083 4 160 1.114
9 45 .3125 7 103 .7153 5 161 1.!^8
10 46 .3194 8 104 .7222 6 162 1.125
n 47 .3264 9 105 .7292 7 163 1.13.?

4. 48 .3333 10 106 .7361 8 164 ]A39
1 49 .3403

•

11 107 .7431 9 165 1.146
2 50 .3472 ' 9. 108 .75 10 166 1.153
3 51 .3542 1 109 .7569 11 167 1.159
4 52 .3611 2 110 .7639 14. 168 1.167

5 53 .3681 3 111 .7708 1 169 1.174
6 54 .375 4 112 .7778 2 170 1.181

7 55 .3819 5 113 .7847 3 171 1.188
8 56 .3889 6 114 .7917 4 172 1.194
9 57 .3958 7 115 .7986 5 173 1.201

10 58 .4028 8 116 .8056 6 174 1.208
11 59 .4097 9 117 .8125 7 175 1.215

6. 60 .4167 10 118 .8194 8 176 1.222
1 61 .4236 11 119 .8264 9 177 1.229
2 62 ,4306 10. 120 .8333 10 178 1.236
3 63 .4375 1 121 .8403 11 179 1.243
4 64 .4444 2 122 .8472 15. 180 1.25

5 65 .4514 3 123 .8542 1 181 1.257
6 66 .4583 4 124 .8611 2 182 1.264

7 67 .4653 5 125 .8681 3 183 1.271

8 68 .4722 6 126 .875 4 184 1.278
9 69 .4792 7 127 .8819 5 185 1.285
10 . 70 .4861 8 128 .8889 6 186 1.292
11 71 .4931 9 129 .8958 7 187 1.299

6. 72 .5 10 130 .9028 8 188 1.306
1 73 .5069 11 131 .9097 9 189 1.313

2 74 .5139 11. 132 .9167 10 190 1.319

3 75 .5208 1 133 .9236 11 191 1.326
4 76 .5278 2 134 .9306 16. 192 1.333
5 77 .5347 3 135 .9375 1 193 1.34

6 78 .5417 4 136 .9444 2 194 1.347

7 79 .5486 5 137 .9514 3 195 1.354
8 80 .5556 6 138 .9583 4 196 1.361

9 81 .5625 7 139 .9653 5 197 1.368
10 82 .5694 8 140 .9722 6 198 1.375

n 83 .5764 9 141 .9792 7 199 1.382

7. 84 .5834 10 142 .9861 8 200 1.389

85 .5903 11 143 .9931 9 201 1.396

2 86 .5972 13. 144 1.000 10 202 1.403

3 87 .6042 1 145 1.007 11 203 1.41

4 88 .6111 2 146 1.014 17. 204 1.417

5 89 .6181 3 147 1.021 1 205 1.424

6 90 .625 4 148 1.028 2 206 1.431

7 91 .6319 5 149 1.035 3 207 1.438

8 92 .6389 6 150 1.042 4 208 1.444

9 93 ' .6458 7 151 1.049 5 209 1.451
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SQUARE FEET IN PLATES.— Continued.

Ft.and
Ins.

Long.

Ins. Square Ft. and
Ins.
Long.

Ins. Square Ft. and
Ins.
Long.

Ins. Square
Long. Feet. Long. Feet. Long Feet.

17. 6 210 1 .458 23. 5 269 . 1.868 27« 4 328 2.278
7 211 1.465 6 270 1.875 5 329 2.285
8 212 1.472 7 271 1.882 6 330 2.292
9 213 1.479 8 272 1.889 7 331 2.299

10 214 1.486 9 273 1.896 8 332 2.306
11 215 1.493 10 274 1.903 9 333 2.313

18. 216 1.5 11 275 1.91 10 334 2.319
1 217 1.507 23. 276 1.917 11 335 2.326
2 218 I.5I4 1 277 1.924 28. 336 2.333
3 219 1.521 2 278 1.931 1 337 2.34
4 220 1.528 3 279 1.938 2 338 2.347
5 221 1.535 4 280 1.944 3 339 2.354
6 222 1.542 5 281 1.951 4 340 2.361
7 223 1.549 6 282 1.958 5 341 2.368
8 224 1.556 7 283 1.965 6 342 2.375
9 225 1.563 8 284 1.972 7 343 2.382
10 226 1.569 9 285 1.979 8 344 2.389
11 227 1.576 10 286 1.986 9 345 2.396

19. 228 1.583 11 287 1.993 10 346 2.403
1 229 1.59 24. 288 2. 11 347 2.41
2 230 1.597 1 289 2.007 29. 348 2.417
3 231 1.604 2 290 2.014 1 349 2.424
4 232 1.611 3 291 2.021 2 350 2.431
5 233 1.618 4 292 2.028 3 351 2.438
6 234 1.625 5 293 2.035 4 352 2.444
7 235 1.632 6 294 2.042 5 353 2.45J
8 236 1.639 7 295 2.049 6 354 2.458
9 237 1.645 8 296 2.056 7 355 2.465
10 238 1.653 9 297 2.063 8 356 2.472
11 239 1 .659 10 298 2.069 9 357 2.479

30. 240 1.667 11 299 2.076 10 358 2.486
1 241 1.674 25. 300 2.083 11 359 2.493
2 242 1.681 1 301 2.09 30. 360 2.5
3 243 1.688 2 302 2.097 1 361 2.507
4 244 1.694 3 303 2.104 2 362 2.514
5 245 1.701 4 304 2.111 3 363 2.521
6 246 1.708 5 305 2.118 4 364 2.528
7 247 1.715 6 306 2.125 5 365 2.535
8 248 1.722 7 307 2.132 6 366 2.542
9 249 1.729 8 308 2.139 7 367 2.549
10 250 1.736 9 309 2.146 8 368 2.556
I] 251 1.743 10 310 2.153 9 369 2.563

21. 252 1.75 11 311 2.16 10 370 2.569
1 253 1.757 26. 312 2.167 11 371 2.576
2 254 1.764 1 313 2.174 31. 372 2.583
3 255 1.771 2 314 2.181 1 373 2.59
4 256 1.778 3 313 2.188 2 374 2.597
5 257 1.785 4 316 2.194 3 375 2.604
6 258 1.792 5 317 2.201 4 376 2.611
7 259 1.799 6 318 2.208 5 377 2.618
8 260 1.806 7 319 2.213 6 378 2.625
9 261 1.813 8 320 2.222 7 379 2.632
10 262 1.819 9 321 2.229 8 380 2.639
11 263 1.826 10 322 2.236 9 381 2.646

22,0 264 1.833 11 323 2.243 10 382 2.653
1 265 1.84 27. 324 2.25 383 2.66
2 266 1.847 1 325 2.257 32. 384 2.667
3 267 1.854 2 326 2.264 385 2.674
4 268 1.861 3 327 2.271 2 386 2.681
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GALLONS AND CUBIC FEET,

United States Gallons in a given Number of Cubic Feet. t|

1 cubic foot = 7.480519 U.S. gallons; 1 ganon = 231cu.ir,.= 0.13368056cu.ft. -^

Cubic Ft. Gallons. Cubic Ft. Gallons. Cubic Ft. Gallons.

0.1

0.2
0.3
0.4
0.5

0.75
1.50
2.24
2.99
3.74

50
60
70
80
90

374.0
448.8
523.6
598.4
673.2

8,000
9,000
10,000
20,000
30,000

59,844.2
67,324.7
74,805.2

149.610.4
224,415.6

0.6
0.7
0.8
0.9
I

4.49
5.24
5.98
6.73
7.48

100
200
300
400
500

748.0
1,496.1

2,244.2
2,992.2
3,740.3

40,000
50,000
60,000
70,000
80,000

299,220.8
374,025.9
448,831.1
523,636.3
598.441.5

2
3
4
5
6

14.96
22.44
29.92
37.40
44.88

600
700
800
900

1,000

4,488.3
5,236.4
5,984.4
6,732.5
7,480.5

90,000
100,000
200,000
300,000
400,000

673,246.
748,051.9

1.496,103.8
2,244,155.7
2.992;207.6

7
8
9
10
20

52.36
59.84
67.32
74.80
149.6

2,000
3,000
4,000
5,000
6,000

14,961.0
22,441.6
29,922.1
37,402.6
44,883,1

500,000
600,000
700,000
800,000
900,000

3,740,259.5
4,488,311.4
5,236,363.3
5 984 415.2
6.732,467.1

30
40

224.4
299.2

7.000 52,363.6 1,000,000 7,480,519.0

Cubic Feet in a given Number of Gallons.

Gallons. Cubic Ft. Gallons. Cubic Ft. Gallons. Cubic Ft.

I

2
3
4
5

6
7
8
9
10

.134

.267

.401

.535

.668

.802

.936
1.069
1.203
1.337

1,000
2,000
3,000
4,000
5,000

6,000
7,000
8,000
9,000
10,000

133.681
267.361
401.042
534.722
668.403

802.083
935.764

1,069.444
1,203.125
1,336.806

1,000,000
2,000,000
3,000,000
4,000,000
5,000,000

6,000,000
7,000,000
8,000,000
9,000,000
10,000,000

133,680.6
267,361.1
401,041.7
534,722.2
668,402.8

802,083.3
935,763.9

1,069,444.4
1,203,125.0
1,336.805.6

Cubic Feet per Second, Gallons in 24 hours, etc.

2.2800
133.681

1,000.
1,440,000

8335.65

If taydraulic

I
60
448.83
646,317

Cu. ft. per sec. Veo
Cu. ft. per min. 1

U. S. Gals, per min. 7.480519
*' 24hrs. 10,771.95

Pounds of water > ro -iKK
(at 62° F.) per min. f

^^.355

Tlie gallon is a troublesome and unnecessary measure,
engineers and pump manufacturers would stop using it, ^nd use pubi^
Zeet instead, many tedious calculations would be sayed

3741.3

1.5472
92.834

694.444
1,000,000

5788.66



CAPACITY OF CYLINDRICAL VESSELS. 131

CONTENTS IN CUBIC FEET AND U. S. GALLONS OF PIPES
AND CYLINDERS OF VARIOUS DIAMETERS AND ONE

FOOT IN LENGTH.
1 gallon = 231 cubic inches. 1 cubic foot = 7.4805 gallons.

For 1 Foot in
.3

For 1 Foot in For I Foot in
"

.
Length. Length. •S Length.

fc 2 s i si

II
Cu.Ft. U.S.

i|
Cu.Ft. U.S. (U.g Cu.Ft. U.S.

also Gals.. also Gals., also Gals..
Area in 231 5 Area in 231 q"^ Area in 231
Sq.Ft. Cu.In. Sq.Ft. Cu.In. Sq.Ft. Cu. In.

1/4 .0003 .0025 63/4 .2485 1.859 19 1.969 14.73
6/16 .0005 .004 7 .2673 1.999 191/2 2 074 15.51
3/8 .0008 .0057 71/4 .2867 2.145 20 2.182 16.32
7/16 .001 .0078 71/2 .3068 2.295 201/2 2.292 17.15

1/2 .0014 .0102 73/4 .3276 2.45 21 2.405 17.99

«/l6 .0017 .0129 8 .3491 2.611 211/2 2.521 18.86
6/8 .0021 .0159 81/4 .3712 2.777 22 2.640 19.75
11/16 .0026 .0193 81/2 .3941 2.948 221/2 2.761 20.66
3/4 .0031 .0230 83/4 .4176 3.125 23 2.885 21.58
13/16 .0036 .0269 9 .4418 3.305 231/2 3.012 22.53

7/8 .0042 .0312 91/4 .4667 3.491 24 3.142 23.50
15/16 .0048 .0359 91/2 .4922 3.682 25 3.409 25.50
1 .0055 .0408 93/4 .5185 3.879 26 3.687 27.58
11/4 .0085 .0638 10 .5454 4.08 27 3.976 29.74
11/2 .0123 .0918 101/4 .5730 4.286 28 4.276 31.99

13/4 .0167 .1249 101/2 .6013 4.498 29 4.587 34.31
2 .0218 .1632 103/4 .6303 4.715 30 4.909 36.72
21/4 .0276 .2066 11 .66 4.937 31 5.241 39.21
21/2 .0341 .2550 111/4 .6903 5.164 32 5.585 41.78
23/4 .0412 .3085 111/2 .7213 5.396 33 5.940 44.43

3 .0491 .3672 113/4 .7530 5.633 34 6.305 47.16
31/4 .0576 .4309 12 .7854 5.875 35 6.681 49.98
31/2 .0668 .4998 121/2 .8522 6.375 36 7.069 52.88
33/4 .0767 .5738 13 .9218 6.895 37 7.467 55.86
4 .0873 .6528 131/2 .994 7.436 38 7.876 58.92

41/4 .0985 .7369 14 1.069 7.997 39 8.296 62.06
41/2 .1104 .8263 141/2 1.147 8.578 40 8.727 65.28
43/4 .1231 .9206 15 1.227 9.180 41 9.168 68.58
5 .1364 1.020 151/2 1.310 9.801 42 9.621 71.97
51/4 .1503 1.125 16 1.396 10.44 43 10.085 75.44

51/2 .1650 1.234 161/2 1.485 11.11 44 10.559 78.99
53/4 .1803 1.349 17 1.576 11.79 45 11.045 82.62
6 .1963 1.469 171/2 1.670 12.49 46 11.541 86.33
61/4 .2131 1.594 18 1.768 13.22 47 12.048 90.10
61/2 .2304 1.724 181/2 1.867 13.96 48 12.566 94.00

To find the capacity of pipes greater than the largest given in the table,
look in the table for a pipe of one-half the given size, and multiply its capa-
city by 4; or one of one-third its size, and multiply its capacity by 9, etc.

To find the weight of water in any of the given sizes, multiply the capacity
In cubic feet by 621/4 or the gallons by 8 1/3, or, if a closer approximation is

required, by the weight of a cubic foot of water at the actual temperature
in the pipe.

Given the dimensions of a cylinder in inches, to find its capacity in U. S.
gallons: Square the diameter, multiply by the length and by 0.0034. If d=

diameter. I = length. gallons=
^' ^ Yo?^ ^

^
=0.0034 dH.JlD and L are

In feet, gallons - 5.875 LfiL.
231
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CYLINDRICAL VESSELS, TANKS, CISTERNS, ETd
Diameter in Feet and Inches, Area in Square Feet, and U.

Gallons Capacity for One Foot in Deptli.

1 gallon =231 cubic inches = - = 0.13368 cubic feet.

Diam. Area. Gals. Diam. Area. Gals. Diam. Area. Galg.

Ft. In. Sq.ft.
Ifoot
depth.

5.87

Ft. In. Sq. ft.
1 foot
depth.
188.66

Ft. In. Sq.ft.
1 foot
depth.

1 .785 5 8 25.22 19 283 .53 2120.9
1 1 .922 6.89 5 9 25.97 194.25 19 3 291.04 2177.1
1 2 1.069 8.00 510 26.73 199.92 19 6 298.65 2234.0
I 3 1.227 9.18 5 11 27.49 205.67 19 9 306.35 2291.7
1 4 1.396 10.44 6 28.27 211.51 20 314.16 2350.1
1 5 1.576 11.79 6 3 30.68 229.50 20 3 322.06 2409.2
1 6 1.767 13.22 6 6 33.18 248.23 20 6 330.C6 2469.1
1 7 1.969 14.73 6 9 35.78 267.69 20 9 338.16 2529.6
1 8 2.182 16.32 7 38.48 287.88 21 346.36 2591.0
1 9 2.405 17.99 7 3 41.28 308.81 21 3 354.66 2653.0
1 10 2.640 19.75 7 6 44.18 330.48 21 6 363.05 2715.8
1 11 2.885 21.58 7 9 47.17 352.88 21 9 371.54 2779.3
2 3.142 23.50 8 50.27 376.01 22 380.13 2843.6
2 1 3.409 25.50 8 3 53.46 399.88 22 3 388.82 2908.6
2 2 3.687 27.58 8 6 56.75 424.48 22 6 397.61 2974.3
2 3 3.976 29.74 8 9 60.13 449.82 22 9 406.49 3040.8
2 4 4.276 31.99 9 63.62 475.89 23 415.48 3108.0
2 5 4.587 34.31 9 3 67.20 502.70 23 3 424.56 3175.9
2 6 4.909 36.72 9 6 70.88 530.24 23 6 433.74 3244.6
2 7 5.241 39.21 9 9 74.66 558.51 23 9 443.01 3314.0
2 8 5.585 41.78 10 78.54 587.52 24 452.39 3384.1
2 9 5.940 44.43 10 3 82.52 617.26 24 3 461.86 3455.0
2 10 6.305 47.16 10 6 86.59 647.74 24 6 471.44 3526.6
2 11 6.681 49.98 10 9 90.76 678.95 24 9 481.11 3598.9
3 7.069 52.88 11 95.03 710.90 25 490.87 3672.0
3 1 7.467 55.86 11 3 99.40 743.58 25 3 500.74 3745.8
3 2 7.876 58.92 11 6 103.87 776.99 25 6 510.71 3820.3
3 3 8.296 62.06 11 9 108.43 811.14 25 9 520.77 3895.6
3 4 8.727 65.28 13 113.10 846.03 26 530.93 3971.6
3 5 9.168 68.58 12 3 117.86 881.65 26 3 541.19 4048.4
3 6 9.621 71.97 12 6 122.72 918.00 26 6 551.55 4125.9
3 7 10.085 75.44 12 9 127.68 955.09 26 9 562.00 4204.1
3 8 10.559 78.99 13 132.73 992.91 27 572.56 4283.0
3 9 1 1 .045 82.62 13 3 137.89 1031.5 27 3 583.21 4362.7
3 10 11.541 86.33 13 6 143.14 1070.8 27 6 593.96 4443.1
3 11 12.048 90.13 13 9 148.49 1110.8 27 9 604.81 4524.3
4 12.566 94.00 14 153.94 1151.5 28 615.75 4606.2
4 1 13.095 97.96 14 3 159.48 1193.0 28" 3 626.80 4688.8
4 2 13.635 102.00 14 6 165.13 1235.3 28 6 637.94 4772.1
4 3 14.186 106.12 14 9 170.87 1278.2 28 9 649.18 4856.2
4 4 14.748 110.32 15 176.71 1321.9 29 660.52 4941.0
4 5 15.321 114.61 15 3 182.65 1366.4 29 3 671.96 5026.6
4 6 15.90 118.97 15 6 188.69 1411.5 29 6 683.49 5112.9
4 7 16.50 123.42 15 9 194.83 1457.4 29 9 695.13 5199.9
4 8 17.10 127.95 18 201.06 1504.1 30 706.86 5287.7
4 9 17.72 132.56 16 3 207.39 1551.4 30 3 718.69 5376.2
4 10 18.35 137.25 16 6 213.82 1599.5 30 6 730.62 5465.4
4 11 18.99 142.02 16 9 220.35 1648.4 30 9 742.64 5555.4
6 19.63 146.88 17 226.98 1697.9 31 754.77 5646.1
5 1 20.29 151.82 17 3 233.71 1748.2 31 3 766.99 5737.5
5 2 20.97 156.83 17 6 240.53 1799.3 31 6 779.31 5829.7
5 3 21.65 161.93 17 9 247.45 1851.1 31 9 791.73 5922.6
5 4 22.34 167.12 18 254.47 1903.6 32 804.25 6016.2
5 5 23.04 172.38 18 3 261.59 1956.8 32 3 816.86 6110.6
5 6 23.76 177.72 18 6 268.80 2010.8 32 6 829.58 6205.7
5 7 24.48 183.15 18 9 276.12 2065.5 32 9 842.39 6301.5



Capacities of R:feCT'ANGULAR tanks. 1S3

CAPACITIES OF RECTANGULAR TANKS IN U S.

GALLONS, FOR EACH FOOT IN DEPTH.

I cubic foot = 7.4805 U. S. gallons.

Length of Tank.
Width

of
Tank. feet. ft. in. feet ft. in. feet. ft. in. feet. ft. in. feet. ft. in feet.

3 2 6 3 3 6 4 4 6 5 5 6 6 6 6 7

ft. in.

2 29.92 37.40 44.8fJ 52.36 59.84 67.32 74.81 82.29 89.77 97.25 104.73
2 6 46.75 56.1() 65.45 74.80 84.16 93.51 102.86 112.21 121.56 130.91

3 67.3;. 78.54 89.77 1 00.99 112.21 123.43 134.65 145.87 157.09
3 6 91.64 104.73 117.82 130.91 144.00 157.09 170.18 183.27

4 119.69 134.65 149.61 164.57 179.53 194.49 209.45

4 6 151.48 168.31 185.14 201.97 218.80 235.62
5 187.01 205.71 224.41 243.11 261.82
5 6 226.28 246.86 267.43 288.00
6 269.30 291.74 314.18
6 6 316.05 340.36

7 366.54

Length of Tank.
Width

of
Tank. ft. in feet. ft. in feet. ft. in. feet. ft. in. feet. ft. in. feet.

7 6 8 8 6 9 9 6 10 10 6 11 11 6 12

ft. in
2 112.21 119.69 127.17 134.65 142.13 149.61 157.09 164.57 172.05 179.53
2 6 140.26 149.61 158.96 168.31 177.66 187.01 196.36 205.71 215.06 224.41
3 168.31 179.53 190.75 202.97 213.19 224.41 235.63 246.86 258.07 269.30
3 6 196.36 209.45 222.54 235.63 248.73 261.82 274.90 288.00 301.09 314.18
4 224.41 239.37 254.34 269.30 284.26 299.22 314.18 329.14 344.10 359.06

4 6 252.47 269.30 286.13 302.96 319.79 336.62 353.45 370.28 387.11 403.94
5 280.52 299.22 317.92 336.62 355.32 374.03 392.72 411.43 430.13 448.83
5 6 308.57 329.14 349.71 370.28 390.85 411.43 432.00 452.57 473.14 493.71
6 336.62 359.06 381.50 403.94 426.39 448.83 471.27 493.71 516.15 538.59
6 6 364.67 388.98 413.30 437.60 461.92 486.23 510.54 534.85 559.16 583.47

7 392.72 418.91 445.09 471.27 497.45 523.64 549.81 575.99 602.18 628.36
7 6 420.78 448.83 476.88 504.93 532.98 561.04 589.08 617.14 645.19 673.24
8 478.75 508.67 538.59 568.51 598.44 628.36 658.28 688.20 718.12
8 6 540.46 572.25 604.05 635.84 667.63 699.42 731.21 763.00
9 605.92 639.58 673.25 706.90 740.56 774.23 807.69

9 6 675.11 710.65 746.17 781.71 817.24 852.77
10 748.05 785.45 322.86 860.26 897.66
10 6 824.73 864.00 903.26 942.56
11 905.14 946.27 987.43
11 6 989.29 1032.3

12 1077.2



134 MATHEMATICAL TABLES.

NUMBER OF BARRELS (31 1-3 GALLONS) IN
CISTERNS AND TANKS.

I barrel= 31 Ji gallons = ^^
']^q^^ =4.21094 cu. ft. Reciprocal=0.2 37 477

Depth
Diameter in Feet

Fe"et.
5 6 7 8 9 10 11 13 13 14

1 4.663 6.714 9.139 11.937 15.108 18.652 22.569 26.859 31.522 36.557
5 23.3 33.6 45.7 59.7 75.5 93.3 112.8 134.3 157.6 182.8
6 28.0 40.3 54.8 71.6 90.6 111.9 135.4 161.2 189.1 219.3
7 32.6 47.0 64.0 83.6 105.8 130.6 158.0 188.0 220.7 255.9
8 37.3 53.7 73.1 95.5 120.9 149.2 180.6 214.9 252.2 292.5

9 42.0 60.4 82.3 107.4 136.0 167.9 203.1 241.7 283.7 329.0
10 46.6 67.1 91.4 119.4 151.1 186.5 225.7 268.6 315.2 365.6
11 51.3 73.9 100.5 131.3 166.2 205.2 248.3 295.4 346.7 402.1
12 56.0 80.6 109.7 143.2 181.3 223.8 270.8 322.3 378.3 438.7
13 60.6 87.3 118.8 155.2 196.4 242.5 293.4 349.2 409.8 475.2

14 65.3 94.0 127.9 167.1 211.5 261.1 316.0 376.0 441.3 511.8
15 69.9 100.7 137.1 179.1 226.6 279.8 338.5 402.9 472.8 548.4
16 74.6 107.4 146.2 191.0 241.7 298.4 361.1 429.7 504.4 584.9
17 79.3 114.1 155.4 202.9 256.8 317.1 383.7 456.6 535.9 621.5
18 83.9 120.9 164.5 214.9 271.9 335.7 406.2 483.5 567.4 658.0

19 88.6 127.6 173.6 226.8 287.1 354.4 428.8 510.3 598.9 694.6
20 93.3 134.3 182.8 238.7 302.2 373.0 451.4 537.2 630.4 731.1

Depth Diameter in Feet.

Feet.
xs 16 17 18 19 30 31 33

1

5
6
7
8

41.966
209.8
251.8
293.8
335.7

47.748
238.7
286.5
334.2
382.0

53.903
269.5
323.4
377.3
431.2

60.431
302.2
362.6
423.0
483.4

67.332
336.7
404.0
471.3
538.7

74.606
373.0
447.6
522.2
596.8

82.253
411.3
493.5
575.8
658.0

90.273
451.4
541.6
631.9
722.2

9
10
11

12
13

377.7
419.7
461.6
503.6
545.6

429.7
477.5
525.2
573.0
620.7

485.1
539.0
592.9
646.8
700.7

543.9
604.3
664.7
725.2
785.6

606.0
673.3
740.7
808.0
875.3

671.5
746.1
820.7
895.3
969.9

740.3
822.5
904.8
987.0
1069.3

812.5
902.7
993.0
1083.3
1173.5

14
15
16
17
18

587.5
629.5
671.5
713.4
755.4

668.5
716.2
764.0
811.7
859.5

754.6
808.5
862.4
916.4
970.3

846.0
906.5
966.9
1027.3
1087.8

942.6
1010.0
1077.3
1144.6
1212.0

1044.5
1119.1
1193.7
1268.3
1342.9

1151.5
1233.8
1316.0
1398.3
1480.6

1263.8
1354.1
1444.4
1534.5
1624.9

19
20

797.4
839.3

907.2
955.0

1024.2
1078.1

1148.2
1208.6

1279.3
1346.6

1417.5
1492.1

1562.8
1645.1

1715.2
1805.5
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NUMBER OF BARRELS (31 1-3 GALLONS) IN CISTERNS
AND TAN-KS.— Continued.

Depth
Diameter in Feet

Feet.
33 34 35 36 37 38 39 30

I

5
6
7
8

98.666
493.3
592.0
690.7
789.3

107.432
537.2
644.6
752.0
859.5

116.571
582.9
699.4
816.0
932.6

126.083
630.4
756.5
882.6
1008.7

135.968
679.8
815.8
951.8
1087.7

146.226
731.1
877.4
1023.6
1*169.8

156.858
784.3
941.1
1098.0
1254.9

167.863
839.3
1007.2
1175.0
1342.9

9
10
11

12
13

888.0
986.7
1085.3
1184.0
1282.7

966.9
1074.3
1181.8
1289.2
1396.6

1049.1
1165.7
1282.3
1398.8
1515.4

1134.7
1260.8
1386.9
1513.0
1639.1

1223.7
1359.7
1495.6
1631.6
1767.6

1316.0
1462.2
1608.5
1754.7
1900.9

1411.7
1568.6
1725.4
1882.3
2039.2

1510.8
1678.6
1846.5
2014.4
2182.2

14
15
16
17
18

1381.3
1480.0
1578.7
1677.3
1776.0

1504.0
1611.5
1718.9
1826.3
1933.8

1632.0
1748.6
1865.1
1981.7
2098.3

1765.2
1891.2
2017.3
2143.4
2269.5

1903.6
2039.5
2175.5
2311.5
2447.4

2047.2
2193.4
2339.6
2485.8
2632.0

2196.0
2352.9
2509.7
2666.6
2823.4

2350.1
2517.9
2685.8
2853.7
3021.5

19
20

1874.7
1973.3

2041.2
2148.6

2214.8
2321.4

2395.6
2521.7

2583.4
2719.4

2778.3
2924.5

2980.3
3137.2

3189.4
3357.3

LOGARITHMS.
Logarithms (abbreviation log). — The log of a number is the exponent

of the power to which it is necessary to raise a fixed number to produce
the given number. The fixed number is called the base. Thus if the
base is 10, the log of 1000 is 3, for lO^ = 1000. There are two systems
of logs in general use, the common, in which the base is 10, and the Naperian,
or /iyperbo^ic, in which the base is 2.718281828 .... The Naperian base

is commonly denoted by e, as in the equation e^ = x, in which y is the
Nap. log of X. The abbreviation logg is commonly used to denote the

Nap log.
In any system of logs, the log of 1 is 0; the log of the base, taken in that

system, is 1 . In any system the base of which is greater than 1 , the logs of
all numbers greater than 1 are positive and the logs of all numbers less

than 1 are negative.
The modulus of any system is equal to the reciprocal of the Naperian log

of the base of that system. The modulus of the Naperian system is 1, that
of the common system is 0.4342945.
The log of a number in any system equals the modulus of that system X

the Naperian log of the number.
The hyperbolic or Naperian log of any number equals the common

log X 2.3025851.
Every log consists of two parts, an entire part called the characteristic,

or index, and the decimal part, or mantissa. The mantissa only is given
in the usual tables of common logs, with the decimal point omitted. The
characteristic is found by a simple rule, viz., it is one less than the number
of figures to the left of the decimal point in the number whose log is to be
found. Thus the characteristic of numbers from 1 to 9.99 + is 0, from
10 to 99.99 4- is 1, from 100 to 999 + is 2, from 0.1 to 0.99 + is - 1, from
0.01 to 0.099+ is -2, etc. Thus

log of 2000 is 3.30103; log of 0.2
" " 200 " 2.30103; " " 0.02
** " 20 " 1.30103;
« " 2 " 0.30103;

1.30103, or 9.30103 - 10
2.30103, " 8.30103 - 10

0.002 " - 3.30103, " 7.30103 - 10
0.0002 " - 4.30103, " 6.30103 - ^Q
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The minus sign is frequently written above the characteristic thuss

log 0.002 = 3.30103. The characteristic only is negative, the decimal partj
or mantissa, being always positive.
When a log consists of a negative index and a positive mantissa, it is

usual to write the negative sign over the index, or else to add 10 to the
index, and to indicate the subtraction of 10 from the resulting logarithm.

Thus log 0.2 = 1.30103, and this may be written 9.30103 — 10.
In tables of logarithmic sines, etc., the — 10 is generally omitted, as

being understood.
Rules for use of the table of logarithms. — To find the log of any

whole number, ~ For 1 to 100 inclusive the log is given complete in the
small table on page 137.

For 100 to 999 inclusive the decimal part of the log is given opposite the
given number in the column headed in the table (including the two
figures to the left, 'making six figures). Prefix the characteristic, or
index, 2.

For 1000 to 9999 inclusive: The last four figures of the log are found
opposite the first three figures of the given number and in the vertical
column headed with the fourth figure of the given number; prefix the two
figures under column 0, and the index, which is 3.

For numbers over 10,000 having five or more digits: Find the decimal
part of the log for the first four digits as above, multiply the difference
figure in the last column by the remaining digit or digits, and divide by 10
if there be only one digit more, by 100 if there be two more, and so on;
add the quotient to the log of the first four digits and prefix the index,
which is 4 if there are five digits, 5 if there are six digits, and so on. The
table of proportional parts may be used, as shown below.
To And the log of a decimal fraction or of a whole number and a

decimal. — First find the log of the quantity as if there were no decimal
point, then prefix the index according to rule; the index is one less than

,
the number of figures to the left of the decimal point.

Example, log of 3.14159. log of 3.141 = 0.497068. Diff. = 138
From proportional parts 5 = 690

09= 1242

log 3.14159 0.4971494

If the number is a decimal less than unity, the index is negative
and is one more than the^ number of zeros to the right of the decimal
point. Log of 0.0682 = 3.833784 = 8.833784 - 10.
To find Ihe number corresponding to a given log.— Find in the

table the log nearest to tne decimal part of the given log and take the
first four digits of the required number from the column N and the top or
foot of the column containing the logwhich is the next less thanthegiven
log. To find the 5th and 6th digits subtract the log in the table from the
given log, multiply the difference by 100, and divide by the figure in the
Diff. column opposite the log; annex the quotient to the four digits
already found, and place the decimal point according to the rule; the
number of figures to the left of the decimal point is one greater than the
index. The number corresponding to a log is called the anti-logarithm.

Find the anti-log of 0.497150
Next lowest log in table corresponds to 3141 0.497068 Diff.= 82

Tabular diff. = 138; 82 -^ 138 = 0.59 +
The index being 0, the number is therefore 3.14159 +.

To multiply two numbers by the use of logarithms. — Add together
the logs of the two numbers, and find the number whose log is the sum.
To divide two numbers. — Subtract the log of the divisor from the

log of tlae dividend, and find the number whose log is the difference.
Log of a fraction. Log of a/6 = log a — log b.

To raise a number to any given power. — Multiply the log of the
number by the exponent of the power, and find the number whose log
Is the product.
To find any root of a given number. — Divide the log of the numbly

by the index of the root. The quotient is the log of the root.
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To find the reciprocal of a number. ^— Subtract the decimal pait
of the log of the number from 0, add 1 to the index and change the sign of
the index. The result is the log of the reciprocal.

Required the reciprocal of 3.141593.
Log of 3.141593, as found above 0.4971498
Subtract decimal part from gives _0.5028502

Add 1 to the index, and changing sign of the index gives. . 1.5028502
which is the log of 0.31831.
To find the fourth term of a proportion by logarithms. — Add

the logarithms of the second and tliird terms, and from their sum subtract
the logarithm of the first term.
When one logaithm is to be subtracted from another, it may be more

convenient to convert the subtraction into an addition, which may be
done by first subtracting the given logarithm from 10, adding the difference
to the other logarithm, and afterwards rejecting the 10.
The difference between a given logarithm and 10 is called its arithmetical

complement, or cologarithm.
To subtract one logarithm from another is the same as to add its com-

plement and then reject 10 from the result. For a — b = 10 —b+ a — 10.
To work a proportion, then, by logarithms, add the complement of the

logarithm of the first term to the logarithms of the second and third terms.
The characteristic must afterwards be diminished by 10.
Example in logarithms with a negative index. — Solve by

(590 \2.45
"

j , which means divide 526 by 1011 and raise the

quotient to the 2.45 power.
log 526 = 2.720986

log 1011 = 3.004751

log of quotient = 9.716235 - 10
Multiply by 2.45

.48581175
3.8864940
19.432470

23. 80477575 - (10 X 2.45) = 1.30477575 = 0.20173, Ans.

Logarithms op Numbers from 1 to 100.

N. Log. N. Log. N. Log. N. Log. N. Log.

1
' 0.000000 21 1.322219 41 1.612784 61 1 .785330 81 1 .908485

2 0.301030 22 1.342423 42 1.623249 62 1.792392 82 1.913814
3 0.477121 23 1.361728 43 1 .633468 63 1.799341 83 1.919078
4 0.602060 24 1.380211 44 1.643453 64 1.806180 84 1 .924279
5 0.698970 25 1.397940 45 1.653213 65 1.812913 85 1.929419

6 0.778151 26 1.414973 46 1 .662758 66 1.819544 86 1 .934498
7 0.845098 27 1.431364 47 1 .672098 67 1 .826075 87 1.939519
8 0.903090 28 1.447158 48 1.631241 68 1 .832509 88 1 .944483
9 0.954243 29 1 .462398 49 1.690196 69 1 .838849 89 1 .949390
30 1 .000000 30 1.477121 50 1 .698970 70 1 .845098 90 1.954243

11 1.041393 31 1.491362 51 1.707570 71 1.851258 91 1.959041

12 1.079181 32 1.505150 52 1.716003 72 1.857332 92 1.963788
13 1. 113943 33 1.518514 53 1.724276 73 1.863323 93 1 .968483
14 1.146128 34 1.531479 54 1.732394 74 1 .869232 94 1.973128
15 1.176091 35 1.544068 55 1.740363 75 1.875061 95 1 977724

16 1.204120 36 1.556303 56 1.748188 76 1.880814 96 1.982271

17 1 .230449 37 1.568202 57 1.755875 77 1.886491 97 1.966772
18 1 .255273 38 1.579784 58 1.763428 78 1 .892095 98 1.991226
19 1 .278754 39 1.591065 59 1.770852 79 1.897627 99 1.995635

20 1.301030 40 1 .602060 60 1.778151 80 1.903090 100 2.000000

For four-place logarithms see page 168.
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No. 100 L. OOO.J INo. 109 L .040.

N. 1 2

0868
5181
9451

3 4 5 6 7 8

3461
7748

9

3891
8174

Diff.

100
1

2

000000
4321
8600

0434
4751
9026

1301
5609
9876

1734
6038

2166
6466

2598
6894

3029
7321

432
428

0300
4521
8700

0724
4940
9116

1147
5360
9532

1570
5779
9947

1993
6197

2415
6616

424
4203

4
012837

7033
3259
7451

3680
7868

4100
8284

0361
4486
8571

0775
4896
8978

416
412
408

5
6
7

021189
5306
9384

1603
5715
9789

2016
6125

2428
6533

2841
6942

3252
7350

3664
7757

4075
8164

0195
4227
8223

0600
4628
8620

1004
5029
9017

1408
5430
9414

1812
5830
9811

2216
6230

2619
6629

3021
7028

404
4008

9
033424

7426
04

3826
7825

0207 0602 0998 397

Proportional Parts.

Difif. 1 2 3 4 5 6 7 8 9

434 43.4 86.8 130.2 173.6 217.0 260.4 303.8 347.2 390.6
433 43.3 86.6 129.9 173.2 216.5 259.8 303.1 346.4 389.7
432 43.2 86.4 129.6 172.8 216.0 259.2 302.4 345.6 388.8
431 43.1 86.2 129.3 172.4 215.5 258.6 301.7 344.8 387.9
430 43.0 86.0 129.0 172.0 215.0 258.0 301.0 344.0 387.0
429 42.9 85.8 128.7 171.6 214.5 257.4 300.3 343.2 386.1
428 42.8 85.6 128.4 171.2 214.0 256.8 299.6 342.4 385.2
427 42.7 85.4 128.1 170.8 213.5 256.2 298.9 341.6 384.3
426 42.6 85.2 127.8 170.4 213.0 255.6 298.2 340.8 383.4
425 42.5 85.0 127.5 170.0 212.5 255.0 297.5 340.0 382.5

424 42.4 84.8 127.2 169.6 212.0 254.4 296.8 339.2 381.6
423 42.3 84.6 126.9 169.2 211.5 253.8 296.1 338.4 380.7
422 42.2 84.4 126.6 168.8 211.0 253.2 295.4 337.6 379.8
421 42.1 84.2 126.3 168.4 210.5 252.6 294.7 336.8 378.9
420 42.0 84.0 126.0 168.0 210.0 252.0 294.0 336.0 373.0
419 41.9 83.8 125.7 167.6 209.5 251.4 293.3 335.2 377.1
418 41.8 83.6 125.4 167.2 209.0 250.8 292.6 334.4 376.2
417 41.7 83.4 125.1 166.8 208.5 250.2 291.9 333.6 375.3
416 41.6 83.2 124.8 166.4 208.0 249.6 291.2 332.8 374.4
415 41.5 83.0 124.5 166.0 207.5 249.0 290.5 332.0 373.5.

414 41.4 82.8 124.2 165.6 207.0 248.4 289.8 331.2 372.6
413 41.3 82.6 123.9 165.2 206.5 247.8 289.1 330.4 371.7
412 41.2 82.4 123.6 164.8 206.0 247.2 288.4 329.6 370.8
>11 41.1 82.2 123.3 164.4 205.5 246.6 287.7 328.8 369.9
410 41.0 82.0 123.0 164.0 205.0 246.0 287.0 328.0 369.0
409 40.9 81.8 122.7 163.6 204.5 245.4 286.3 327.2 368.1
408 40.8 81.6 122.4 163.2 204.0 244.8 285.6 326.4 367.2
407 40.7 81.4 122.1 162.8 203.5 244.2 284.9 325.6 366.3
406 40.6 81.2 121.8 162.4 203.0 243.6 284.2 324.8 365.4
405 40.5 81.0 121.5 162.0 202.5 243.0 283.5 324.0 364.5

404 40.4 80.8 121.2 161.6 202.0 242.4 282.8 323.2 363.6
403 40.3 80.6 120.9 161.2 201.5 241.8 282.1 322.4 362.7
402 40.2 80.4 120.6 160.8 201.0 241.2 281.4 321.6 361.8
401 40.1 80.2 120.3 160.4 200.5 240.6 280.7 320.8 360.9
400 40.0 80.0 120.0 160.0 200.0 240.0 280.0 320.0 360.0
399 39.9 79.8 119.7 159.6 199.5 239.4 279.3 319.2 359.1
398 39.8 79.6 119.4 159.2 199.0 238.8 278.6 318.4 358.2
397 39.7 79.4 119.1 158.8 z' 198.5 238.2 277.9 317.6 357.3
396 39.6 79.2 118.8 158.4 198.0 237.6 277.2 316.8 356.4
395 39.5 79.0 118.5 158.0 197.5 237.0 276.5 316.0 355.5
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No. 110 L. 041.1 [No 119 L. 078.

N. 1 2 3 4

2969
6885

5 6 7 8 9 Diff.

no
1

2

041393
5323
9218

1787
5714
9606

2182
6105
9993

2576
6495

3362
7275

3755
7664

4148
8053

4540
8442

4932
8830

393
390

0380
4230
8046

0766
4613
8426

1153
4996
8805

1538
5378
9185

1924
5760
9563

2309
6142
.9942

2694
6524

386
3833

4
053078

6905
3463
7286

3846
7666

0320
4083
7815

379
376
373

5
6
7

060698
4458
8186

1075
4832
8557

1452
5206
8928

1829
5580
9298

2206
5953
9668

2582
6326

2958
6699

3333
7071

3709
7443

0038
3718
7368

G-tO/

4035
7731

0776
4451
8094

1145
4816
8457

1514
5182
8819

370
366
363

8
9

071882
5547

2250
5912

2617
6276

2985
6640

3352
7004

Proportional Parts.

Difif. 1 2 3 4 5 6 7 8 9
395" 39.5 79.0 118.5 158.0 197.5 237.0 276.5 316.0 355.5
394 39.4 78.8 118.2 157.6 197.0 236.4 275.8 315.2 354.6
393 39.3 78.6 117.9 157.2 196.5 235.8 275.1 314.4 353.7
392 39.2 78.4 117.6 156.8 196.0 235.2 274.4 313.6 352.8
391 39.1 78.2 117.3 156.4 195.5 234.6 273.7 312.8 351.9
390 39.0 78.0 117.0 156.0 195.0 234.0 273.0 312.0 351.0
389 38.9 77.8 116.7 155.6 194.5 233.4 272.3 311.2 350.1
388 38.8 77.6 116.4 155.2 194.0 232.8 271.6 310.4 349.2
387 38.7 77.4 116.1 154.8 193.5 232.2 270.9 309.6 348.3
386 38.6 77.2 115.8 154.4 193.0 231.6 270.2 308.8 347.4
385 38.5 77.0 115.5 154.0 192.5 231.0 269.5 308.0 346.5

384 38.4 76.8 115.2 153.6 192.0 230.4 268.8 307.2 345.6
383 38.3 76.6 114.9 153.2 191.5 229.8 268.1 306.4 344.7
382 38.2 76.4 114.6 152.8 191.0 229.2 267.4 305.6 343.8
381 38.1 76.2 114.3 152.4 190.5 228.6 266.7 304.8 342.9
380 38.0 76.0 114.0 152.0 190.0 228.0 266.0 304.0 342.0
379 37.9 75.8 113.7 151.6 189.5 227.4 265.3 303.2 341.1
378 37.8 75.6 113.4 151.2 189.0 226.8 264.6 302.4 340.2
377 37.7 75.4 113.1 150.8 188.5 226.2 263.9 301.6 339.3
376 37.6 75.2 112.8 150.4 188.0 225.6 263.2 300.8 338.4
375 37.5 75.0 112.5 150.0 187.5 225.0 262.5 300.0 337.5

374 37.4 74.8 112.2 149.6 187.0 224.4 261.8 299.2 336.6
373 37.3 74.6 111.9 149.2 186.5 223.8 261.1 298.4 335.7
372 37.2 74.4 111.6 148.8 186.0 223.2 260.4 297.6 334.8
371 37.1 74.2 111.3 148.4 185.5 222.6 259.7 296.8 333.9
370 37.0 74.0 111.0 148.0 185.0 222.0 259.0 296.0 333.0
369 36.9 73.8 110.7 147.6 184.5 221.4 258.3 295.2 332.1
368 36.8 73.6 110.4 147.2 184.0 220.8 257.6 294.4 331.2
367 36.7 73.4 110.1 146.8 183.5 220.2 256.9 293.6 330.3
366 36.6 73.2 109.8 146.4 183.0 219.6 256.2 292.8 329.4
365 36.5 73.0 109.5 146.0 182.5 219.0 255.5 292.0 328.5

364 36.4 72.8 109.2 145.6 182.0 218.4 254.8 291.2 327.6
363 36.3 72.6 108.9 145.2 181.5 217.8 254.1 290.4 3267
362 36.2 72.4 108.6 144.8 181.0 217.2 253.4 289.6 325.8
361 36.1 72.2 108.3 144.4 180.5 216.6 252.7 288.8 324.9
360 36.0 72.0 108.0 144.0 180.0 216.0 252.0 288.0 324.0
359 35.9 71.8 107.7 143.6 179.5 215.4 251.3 287.2 323.1
358 35.8 71.6 107.4 143.2 179.0 214.8 250.6 286.4 322.2
357 35.7 71.4 107.1 142.8 178.5 214.2 249.9 285.6 32!.

3

356 35.6 71.2 I 106.8 142.4 178.0 213.6 249.2 284.8 320.4



140 LOGARITHMS OF NUMBERS.

No. 120 L. 079.] [No. 134 L .130.

N. 1 2 3 4 5 6 7 S 9 Diff.

120 079181 9543 9904
2067
5647
9198

0266
3861
7426

0626
4219
7781

0987
4576
8136

1347
4934
8490

1707
5291
8845

2426
6004
9552

3071
6562

360
357
355

1

2
3

082785
6360
9905

3144
6716

3503
7071

0258
3772
7257

0611
4122
7604

0963
4471
7951

1315
4820
8298

1667
5169
8644

2018
5518
8990

2370
5866
9335

2721
6215
9681

352
3494

5

093422
6910

0026
3462
6871

346
343
341

6
7
8

100371
3804
7210

0715
4146
7549

1059
4487
7888

1403
4828
8227

1747
• 5169
8.565

2091
5510
8903

2434
5851
9241

2777
6191
9579

3119
6531
9916

0253
3609

6940

338
335

333

9

130

110590

3943
7271

0926

4277
7603

1263

4611
7934

1599

4944
8265

1934

5278
8595

2270

5611
8926

2605

5943
9256

2940

6276
9586

3275

6608
9915

0245
3525
6781

330
328
325

2
3
4

120574
3852
7105

13

0903
4178
7429

1231
4504
7753

1560
4830
8076

1888
5156
8399

2216
5481
8722

2544
5806
9045

2871
6131
9368

3198
6456
9690

0012 323

Proportional Parts.

Diff. 1 3 3 4 5 6 7 8 9

355 35.5 71.0 106.5 142.0 177.5 213.0 248.5 284.0 319.5
354 35.4 70.8 106.2 141.6 177.0 212.4 247.8 283.2 318.6
353 35.3 70.6 105.9 141.2 176.5 211.8 247.1 282.4 317.7
352 35.2 70.4 105.6 140.8 176.0 211.2 246.4 281.6 316.8
351 35.1 70.2 105.3 140.4 175.5 210.6 245.7 280.8 315.9
350 35.0 70.0 105.0 140.0 175.0 210.0 245.0 280.0 315.0
349 34.9 69.8 104.7 139.6 174.5 209.4 244.3

243.6
279.2 314.1

348 34.8 69.6 104.4 139.2 174.0 208.8 278.4 313.2
347 34.7 69.4 104.1 138.8 173.5 208.2 242.9 277.6 312.3
346 34.6 69.2 103.8 138.4 173.0 207.6 242.2 276.8 311 4

345 34.5 69.0 103.5 138.0 172.5 207.0 241.5 276.0 310.5
344 34.4 68.8 103.2 137.6 172.0 206.4 240.8 275.2 309.6
343 34.3 68.6 102.9 137.2 171.5 205.8 240^1 274.4 308.7
342 34.2 68.4 102.6 136.8 171.0 205.2 239.4 273.6 307.8
341 34.1 68.2 102.3 136.4 170.5 204.6 238.7 272.8 306.9
340 34.0 68.0 102.0 136.0 170.0 204.0 238.0 272.0 306.0
339 33,9 67.8 101.7 135.6 169.5 203.4 237.3 271.2 305.1
338 33.8 67.6 101.4 135.2 169.0 202.8 236.6 270.4 304.2
337 33.7 67.4 101.1 134.8 168.5 202.2 235.9 269.6 303.3
336 33.6 67.2 100.8 134.4 168.0 201.6 235.2 268.8 302.4

335 33.5 67.0 100.5 134.0 167.5 201.0 234.5 268.0 301.5
334 33.4 66.8 100.2 133.6 167.0 2G0.4 233.8 267.2 300.6
333 33.3 66.6 99.9 133.2 166.5 199.8 233.1 . 266.4 299.7
332 33.2 66.4 99.6 132.8 166.0 199.2 232.4 265.6 298.8
331 33.1 66.2 99.3 132.4 165.5 198.6 231.7 264.8 297.9
330 33.0 66.0 99.0 132.0 165.0 198.0 231.0 264.0 297.0
329 32.9 65.8 98.7 131.6 164.5 197.4 230.3 263.2 296.1
3?,8 32.8 65.6 98.4 131.2 164.0 196.8 229.6 262.4 295.2
37.7 32.7 65.4 98.1 130.8 163.5 196.2 228.9 261.6 294.3
326 32.6 65.2 97.8 130.4 163.0 195.6 228.2 260.8 293.4

325 32.5 65.0 97.5 130.0 162.5 195.0 227.5 260.0 292.5
324 32.4 64.8 97.2 129.6 162.0 194.4 226.8 259.2 291.6
323 32.3 64.6 ^6.9 129.2 161.5 193.8 226.1 258.4 290.7
322 32.2 64.4 96.6 128.8 161.0 193.2 225.4 257.6 289.8



LOGARITHMS OP NUMBERS. 141

No. 135 L. 130.1 [No . 149 L. 175.

N. 1 2 3 4 5 6 7 8 9 Diflf.

J35
6
7
8

130334
3539
6721
9879

0655
3858
7037

0977
4177
7354

1298
4496
7671

1619
4814
7987

1939
5133
8303

2260
5451
8618

2580
5769
8934

2900
6086
9249

3219
6403
9564

321
318
316

0194
3327

6438
9527

0508
3639

6748
9835

0822
3951

7058

1136
4263

7367

1450
4574

7676

1763
4885

7985

2076
5196

8294

2389
5507

8603

2702
5818

8911

314
311

309

9

340

143015

6128
9219

0142
3205
6246
9266

0449
3510
6549
9567

0756
3815
6852
9868

1063
4120
7154

0168
3161
6134
9086

1370
4424
7457

1676
4728
7759

1982
5032
8061

307
305
303

2
3
4

152288
5336
8362

2594
5640
8664

2900
5943
,8965

0469
3460
6430
9380

0769
3758
6726
9674

1068
4055
7022
9968

301
299
297
295

5
6
7,

161368
4353
7317

1667
4650
7613

1967
4947
7908

'2266
5244
8203

2564
5541
8497

2863
5838
8792

8
9

170262
3186

0555
3478

0848
3769

1141
4060

1434
4351

1726
4641

2019
4932

2311
5222

2603
5512

2895
5802

293
291

Proportional Parts.

Diff. 1 3 3 4 5 6 7 8 9

321 32.1 64.2 96.3 128.4 160.5 192.6 224.7 256.8 288.9
'^20 32.0 64.0 96.0 128.0 160.0 192.0 224.0 256.0 288
319 31.9 63.8 95.7 127.6 159.5 191.4 223.3 255.2 287.1
318 -31.8 63.6 95.4 127.2 159.0 190.8 222.6 254.4 286.2
317 31.7 63.4 95.1 126.8 158.5 190.2 221.9 253.6 285.3
316 31.6 63.2 94.8 126.4 158.0 189.6 221.2 252.8 284.4
315 31.5 63.0 94.5 126.0 157.5 189.0 220.5 252.0 283.5
314 31.4 62.8 94.2 125.6 157.0 188.4 219.8 251.2 282.6
.313 31.3 62.6. 93.9 125.2 156.5 187.8 219.1 250.4 281.7
312 31.2 62.4 93.6 124.8 156.0 187.2 218.4 249.6 280.8

311 31.1 62.2 93.3 124.4 155.5 186.6 217.7 248.8 279.9
310 31.0 62.0 93.0 124.0 155.0 186.0 217.0 248.0 279.0
309 30.9 61.8 92.7 123.6 154.5 185.4 216.3 247.2 278.1
303 30.8 61.6 92.4 123.2 154.0 184.8 215.6 246.4 277.2
307 30.7 61.4 92.1 122.8 153.5 184.2 214.9 245.6 276.3
306 30.6 61.2 91.8 122.4 153.0 183.6 214.2 244.8 275.4
305 30.5 61.0 91.5 122.0 152.5 183.0 213.5 244.0 274.5
304 30.4 60.8 91.2 121.6 152.0 182.4 212.8 243.2 273.6
303 30.3 60.6 90.9 121.2 151.5 181.8 212.1 242.4 272.7
302 30.2 60.4 90.6 120.8 151.0 181.2 211.4 241.6 271.8

301 30.1 60.2 90.3 120.4 150.5 180 6 210.7 240.8 270.9
300 30.0 60.0 90.0 120.0 150.0 180.0 210.0 240.0 270.0
299 29.9 59.8 89.7 119.6 149.5 179.4 209.3 239.2 269.1
.298 29.8 59.6 89.4 119.2 149.0 178.8 208.6 238.4 268.2
297 29.7 59.4 89.1 118.8 148.5 178.2 207.9 237.6 267.3
296 29.6 59.2 88.8 118.4 148.0 177.6 207.2 236.8 266.4
295 29.5 59.0 88.5 118.0 147.5 177.0 206.5 236.0 265.5
294 29.4 58.8 88.2 117.6 147.0 176.4 205.8 235.2 264.6
293 29.3 58.6 87.9 117.2 146.5 175.8 205.1 234.4 263.7
292 29.2 58.4 87.6 116.8 146.0 175.2 204.4 233.6 262.8

291 29.1 58.2 87.3 116.4 145.5 174.6 203.7 232.8 261.9
290 29.0 58.0 87.0 116.0 145.0 174.0 203.0 232.0 261..
289 28.9 57.8 86.7 115.6 144.5 173.4 202.3 231.2 260.1
288 28.8 57.6 86.4 115.2 144.0 172.5 201.6 230.4 259.2
287 28.7 57.4 86.1 114.8 143.5 172.2 200.9 229.6 258.3
286 28.6 57.2 85.8 114.4 143.0 171.6 200.2 228.8 257.4



142 LOGARITHMS OF NUMBERS,

No. 150 L. 176.] [No. 109 L. 230

N. 1 3 3 4 5 6 7 -8 9 Diff.

150 176091
8977

6381
9264

6670
9552

6959
9839

7248 7536 7825 8113 8401 8689 289
'

0126
2985
5825
8647

0413
3270
6108
8928

0699
3555
6391
9209

0986
3839
6674
9490

1272
4123
6956
9771

1558
4407
7239

287
285
283

2
3
4

181844
4691
7521

2129
4975
7803

2415
5259
8084

2700
5542
8366

0051
2846
5623
8382

281
279
278
276

5

6
7
8

190332
3125
5900
8657

0612
3403
6176
8932

0892
3681
6453
9206

1171
3959
6729
9481,

1451
4237
7005
9755

1730
4514
7281

2010
4792
7556

2289
5069
7832

2567
5346
8107

0029
2761

5475
8173

0303
3033

5746
8441

0577
3305

6016
8710

0850
3577

6286
8979

1124
3848

6556
9247

274
272

271
269

9

160

2

201397

4120
6826
9515

1670

4391
7096
9783

1943

4663
7365

2216

4934
7634

2488

5204
7904

0051
2720
5373
8010

0319
2986
5638
8273

0586
3252
5902
8536

0853
3518
6166
8798

1121
3783
6430
9060

1388
4049
6694
9323

1654
4314
6957
9585

1921
4579
7221
9846

267
266
264
262

3
4
5

212188
4844
7484

2454
5109
7747

6
7
8
9

220108
2716
5309
7887

23

0370
2976
5568
8144

0631
3236
5826
8400

0892
3496
6084
8657

1153
3755
6342
8913

1414
4015
6600
9170

1675
4274
6858
9426

1936
4533
7115
9682

2196
4792
7372
9938

2456
5051
7630

261
259
258

0193 256

Proportional Parts.

Diff. 1 3 3 4 5 6 7 8 9

285 28.5 57.0 85.5 114.0 142.5 171.0 199.5 228.0 256.5
,784 28.4 56.8 85.2 113.6 142.0 170.4 198.8 227.2 255.6
283 28.3 56.6 84.9 113.2 141.5 169.8 198.1 226.4 254.7
282 28.2 56.4 84.6 112.8 141.0 169.2 197.4 225.6 253.8
281 28.1 56.2 84.3 112.4 140.5 168.6 196.7 224.8 252.9
280 28.0 56.0 84.0 112.0 140.0 168.0 196.0 224.0 252.0
279 27.9 55.8 83.7 111.6 139.5 167.4 195.3 223.2 251.1
278 27.8 55.6 83.4 111.2 139.0 166.8 194.6 222.4 250.2
277 27.7 55.4 83.1 110.8 138.5 166.2 193.9 221.6 249.3
276 27.6 55.2 82.8 110.4 138.0 165.6 193.2 220.8 248.4

275 27.5 55.0 82.5 110.0 137.5 165.0 192.5 220.0 247.5
274 27.4 54.8 82.2 109.6 137.0 164.4 191.8 219.2 246.6
273 27.3 54.6 81.9 109.2 136.5 163.8 191.1 218.4 245.7
272 27.2 54.4 81.6 108.8 136.0 163.2 190.4 217.6 244.8
271 27.1 54.2 81.3 108.4 135.5 162.6 189.7 216.8 243.9
270 27.0 54.0 81.0 108.0 135.0 162.0 189.0 216.0 243.0
269 26.9 53.8 80.7 107.6 134.5 161.4 188.3 215.2 242.1
268 26.8 53.6 80.4 107.2 134.0 160.8 187.6 214.4 241.2
267 26.7 53.4 80.1 106.8 133.5 160.2 186.9 213.6 240.3
266 26.6 53.2 79.8 106.4 133.0 159.6 186.2 212.8 239.4

265 26.5 53 79 5 106.0 132.5 159.0 185.5 212.0 238.5
264 26.4 52.8 79.2 105.6 132.0 158.4 184.8 211.2 237.6
263 26.3 52.6 78,9 105.2 131.5 157.8 184.1 210.4 236.7
262 26.2 52.4 78.6 104.8 131.0 157.2 183.4 209.6 235.8
261 26.1 52.2 78.3 104.4 130.5 156.6 182.7 208.8 234.9
260 26.0 52,0 78 104.0 130.0 156.0 182.0 208.0 234.0
259 25.9 51.8 77.7 103.6 129.5 155.4 181.3 207.2 233.1
258 25.8 51.6 77.4 103.2 129.0 154.8 180.6 206.4 232.2
257 25.7 51.4 77.1 102.8 128.5 154.2 179.9 205.6 231.3
256 25.6 51.2 76.8 102.4 128.0 153.6 179.2 204.8 230.4
255 25.5 51.0 76.5 102.0 127.5 153.0 178.5 204.0 229.S



LOGARITHMS OF NUMBERS. 143

No.irOL.230. [No . 189 L. 278.

N. 1 2 3 4 5 6 7 8 9 Diff.

170
I

2
3

230449
2996
5528
8046

0704
3250
5781
8297

0960
3504
6033
8548

1215
3757
6285
8799

1470
4011
6537
9049

1724
4264
6789
9299

1979
4517
7041
9550

2234
4770
7292
9800

2488
5023
7544

2742
5276
7795

255
253
252

0050
2541
5019
7482
9932

0300
2790
5266
7728

250
249
248
246

4
5
6
7

240549
3038
5513
7973

0799
3286
5759
8219

1048
3534
6006
8464

1297
3782
6252
8709

1546
4030
6499
8954

1795
4277
6745
9198

2044
4525
6991
9443

2293
4772
7237
9687

0176
2610
5031

7439
9833

245
243
242

241
239

8
9

180
1

250420
2853

5273
7679

0664
3096

5514
7918

0908
3338

5755
8158

1151
3580

5996
8398

1395
3822

6237
8637

1638
4064

6477
8877

1881
4306

6718
9116

2125
4548

6958
9355

2368
4790

7198
9594

2
3
4
5

6

260071
2451
4818
7172
9513

0310
2688
5054
7406
9746

0548
2925
5290
7641
9980

0787
3162
5525
7875

1025
3399
5761
8110

1263
3636
5996
8344

1501
3873
6232
8578

1739
4109
6467
8812

1976
4346
6702
9046

2214
4582
6937
9279

238
237
235
234

0213
2538
4850
7151

0446
2770
5081
7380

0679
3001
5311
7609

0912
3233
5542
7838

1144
3464
5772
8067

1377
3696
6002
8296

1609
3927
6232
8525

233
232
230
229

7
8
9

271842
4158
6462

2074
4389
6692

2306
4620
6921

Proportional Parts.

Diflf. 1 3 3 4 5 6 7 8 9

255 25.5 51.0 76,5 102.0 127.5 153.0 178.5 204.0 229.5
254 25.4 50.8 76.2 101.6 127.0 152.4 177.8 203.2 228.6
253 25.3 50.6 75.9 101.2 126.5 151.8 177.1 202.4 227.7
252 25.2 50.4 75.6 100.8 126.0 151.2 176.4 201.6 226.8
251 25.1 50.2 75.3 100.4 125.5 150.6 175.7 200.8 225.9
250 25.0 50.0 75.0 100.0 125.0 150.0 175.0 200.0 225.0
249 24.9 49.8 74.7 99.6 124.5 149.4 174.3 199.2 224.1
248 24.8 49.6 74.4 99.2 124.0 148.8 173.6 198.4 223.2
247 24.7 49.4 74.1 98.8 123.5 148.2 172.9 197.6 222.3
246 24.6 49.2 73.8 98.4 123.0 147.6 172.2 196.8 221.4
245 24.5 49.0 73.5 98.0 122.5 147.0 171.5 196.0 220.5

244 24.4 48.8 73.2 97.6 122.0 146.4 170.8 195.2 219.6
243 24.3 48.6 72.9 97.2 121.5 145.8 170.1 194.4 218.7
242 24.2 48.4 72.6 96.8 121.0 145.2 169.4 193.6 217.8
241 24.1 48.2 72.3 96.4 120.5 144.6 168.7 192.8 216.9
240 24.0 48.0 72.0 96.0 120.0 144.0 168.0 192.0 216.0
239 23.9 47.8 71.7 95.6 119.5 143.4 167.3 191.2 215.1
238 23.8 47.6 71.4 95.2 119.0 142.8 166.6 190.4 214.2
237 23.7 47.4 71.1 94.8 118.5 142.2 165.9 189.6 213.3
236 23.6 47.2 70.8 94.4 118.0 141.6 165.2 188.8 212.4
235 23.5 47.0 70.5 94.0 117.5 141.0 164.5 188.0 211.5

234 23.4 46.8 70.2 93.6 117.0 140.4 163.8 187.2 210.6
233 23.3 46.6 69.9 93.2 116.5 139.8 163.1 186.4 209.7
232 23.2 46.4 69.6 92.8 116.0 139.2 162.4 185.6 208.8
231 23.1 46.2 69.3 92.4 115.5 138.6 161.7 184.8 207.9
230 23.0 46.0 69.0 92.0 115.0 138.0 161.0 184.0 207.0
229 22.9 45.8 68.7 91.6 114.5 137.4 160.3 183.2 206.1
228 22.8 45.6 68.4 91.2 114.0 136.8 159.6 182.4 205.2
227 22.7 45.4 68.1 90.8 113.5 136.2 158.9 181.6 204.3
226 22.6 45.2 67.8 90.4 113.0 135.6 158.2 180.8 203.4



144 LOGARITHMS Of NUMBEHS.

No. 190 L. 278 1 [No. 214 L ,332.

N. 1 2
1

3 4 5 6 7 8 9

0806
3075
5332
7578
9812

JDiff.

190 278754 8982 9211 9439 9667 9895
0123
2396
4656
6905
9143

0351
2622
4882
7130
9366

0578
2849
5107
7354
9589

228
227
226
225
223

1

2
3
4

281033
3301
5557
7802

1261
3527
5782
8026

1488
3753
6007
8249

1715
3979
6232
8473

1942
4205
6456
8696

2169
4431
6681
8920

5
6
7
8
9

290035
2256
4466
6665
8853

0257
2478
4687
6884
9071

0480
2699
4907
7104
9289

0702
2920
5127
7323
9507

0925
3141
5347
7542
9725

1147
3363
5567
7761
9943

1369
3584
5787
7979

1591
3804
6007
8198

1813
4025
6226
8416

2034
4246
6446
8635

222
221
220
219

0161

2331
4491
6639
8778

0378

2547
4706
6854
8991

0595

2764
4921
7068
9204

0813

2980
5136
7282
9417

218

217
216
215
213

200
1

2
3
4

301030
3196
5351
7496
9630

1247
3412
5566
7710
9843

1464
3628
5781
7924

1681
3844
5996
8137

1898
4059
6211
8351

2114
4275
6425
8564

0056
2177
4289
6390
8481

0268
2389
4499
6599
8689

0481
2600
4710
6809
8898

0693
2812
4920
7018
9106

0906
3023
5130
7227
9314

1118
3234
5340
7436
9522

1330
3445
5551
7646
9730

1542
3656
5760
7854
9938

212
211
210
209
208

5
6
7
8

311754
3867
5970
8063

1966
4078
6180
8272

9

210
1

2
3

320146

2219
4282
6336
8380

0354

2426
4488
6541
8583

0562

2633
4694
6745
8787

0769

2839
4899
6950
8991

0977

3046
5105
7155
9194

1184

3252
5310
7359
9398

1391

3458
5516
7563
9601

1598

3665
5721
7767
Ofifie:

1805

3871
5926
7972

2012

4077
6131
8176

207

206
205
204

203
2024 330414 0617 0819 1022 1225 1427 1630 1832 2034 2236

Proportional Parts.

Diff. 1 2 3 4 5 6 7 8 9

225 22.5 45.0 67.5 90.0 112.5 135.0 157.5 180.0 202.5
224 22.4 44.8 67.2 89.6 112.0 134.4 156.8 179.2 201.6
223 22.3 44.6 66.9 89.2 111.5 133.8 156.1 178.4 200.7
222 22.2 44.4 66.6 88.8 111.0 133.2 155.4 177,6 199.8
221 22.1 44.2 66.3 88.4 110.5 132.6 154.7 176.8 198.9
220 22.0 44.0 66.0 88.0 110.0 132.0 154.0 176.0 198.0
219 21.9 43.8 65.7 87.6 109.5 131.4 153.3 175.2 197.1
218 21.8, 43.6 65.4 87.2 109.0 130.8 152.6 174.4 196.2

217 21.7 43.4 65.1 86.8 108.5 130.2 151.9 173.6 195.3
216 21.6 43.2 64.8 86.4 108.0 129.6 151.2 172.8 194.4
215 21.5 43.0 64.5 86.0 107.5 129.0 150.5 172.0 193.5
214 21.4 42.8 64.2 85.6 107.0 128.4 149.8 171.2 192.6
213 21.3 42.6 63.9 85.2 106.5 127.8 149.1 170.4 191.7
212 21.2 42.4 63.6 84.8 106.0 127.2 148.4 169.6 190.8
211 21.1 42.2 63.3 84.4 105.5 126.6 147.7 168.8 189.9
210 21.0 42.0 63.0 84.0 105.0 126.0 147.0 168.0 189.0

209 20.9 41.8 62.7 83.6 104.5 125.4 146.3 167.2 188.1
208 20.8 41.6 62.4 83.2 104.0 124.8 145.6 166.4 187.2
207 20.7 41.4 62.1 82.8 103.5 124.2 144.9 165.6 186.3
206 20.6 41.2 61.8 82.4 103.0 123.6 144.2 164.8 185.4
205 20.5 41.0 61.5 82.0 102.5 123.0 143.5 164.0 184.5
204 20.4 40.8 61.2 81.6 102.0 122.4 142.8 163.2 183.6
203 20.3 40.6 60.9 81.2 101.5, 121.8 142.1 162.4 182.7
202 20.2 40.4 60.6 80.8 101.0 121.2 141.4 161.6 181.8



LOGARITHMS OF NUMBERS. 145

No. 215 L. 332 .1 [No. 239 L. 380.

N.

332438
4454
6460
8456

1 3 3 4 5 6 7 8 9

"4253
6260
8257

Diff.

215
6
7
8

2640
4655
6660
8656

2842
4856
6860
8855

3044
5057
7060
9054

3246
5257
7260
9253

3447
5458
7459
945!

3649
5658
7659
9650

3850
5859
7858
9849

4051
6059
8058

202
201
200

0047
2028

3999
5962
7915
9860

0246
2225

4195
6157
8110

199
198

197
196
195

9

220
1

2
3

340444

2423
4392
6353
8305

0642

2620
4589
6549
8500

0841

2817
4785
6744
8694

1039

3014
4981
6939
8889

1237

3212
5178
7135
9083

1435

3409
5374
7330
9278

1632

3606
5570
7525
9472

1830

3802
5766
7720
9666

0054
1989
3916
5834
7744
9646

194
193
193
192
191

190

4
5
6
7
8
9

350248
2183
4108
6026
7935
9835

0442
2375
4301
6217
8125

0636
2568
4493
6408
8316

0215

2105
3988
5862
7729
9587

0829
2761
4685
6599
8506

1023
2954
4876
6790
8696

1216
3147
5068
6981
8886

1410
3339
5260
7172
9076

1603
3532
5452
7363
9266

1796
3724
5643
7554
9456

0025

1917
3800
5675
7542
9401

0404

2294
4176
6049
7915
9772

0593

2482
4363
6236
8101
9958

0783

2671
4551
6423
8287

0972

2859
4739
6610
8473

1161

3048
4926
6796
8659

1350

3236
5113
6983
8845

1539

3424
5301
7169
9030

189

188
188
187
186

230
I

2
3
4

361728
3612
548S
7356
9216

0143
1991
3831
5664
7488
9306

0328
2175
4015
5846
7670
9487

0513
2360
4198
6029
7852
9668

0698
2544
4382
6212
8034
9849

0883
2728
4565
6394
8216

185
184
184
183
182

5
6
7
8
9

37106S
2912
4748
6577
8398

38

1253
3096
4932
6759
8580

1437
3280
5115
6942
8761

1622
3464
5298
7124
8943

1806
3647
5481
7306
9124

0030 181

Pkoportional Parts.

DifF. 1 2 3 4 5 6 7 8 9

202 20.2 40.4 60.6 80.8 101.0 121.2 141.4 161.6 181.8
201 20.1 40.2 60.3 80.4 100.5 120.6 140.7 160.8 180.9
200 20.0 40.0 60.0 80.0 100.0 120.0 140.0 160.0 180.0
199 19.9 39.8 59.7 79.6 99.5 119.4 139.3 159.2 179.1

178.2198 19.8 39.6 59.4 79.2 99.0 118.8 138.6 158.4
197 19.7 39.4 59.1 78.8 98.5 118.2 137.9 157.6 177.3
196 19.6 39.2 58.8 78.4 98.0 117.6 137.2 156.8 176.4
195 19.5 39.0 58.5 78.0 97.5 117.0 136.5 156.0 175.5
194 19.4 ,38.8 58.2 77.6 97.0 116.4 135.8 155.2 174.6

193 19.3 38.6 57.9 77.2 96.5 115.8 135.1 154.4 173.7
19?. 19.2 38.4 57.6 76.8 96.0 115.2 134.4 153.6 172.8
191 19.1 38.2 57.3 76.4 95.5 114.6 133.7 152.8 171.9
190 19.0 38.0 57.0 76.0 95.0 114.0 133.0 152.0 171.0
189 18.9 37.8 56.7 75.6 94.5 113.4 132.3 151.2 170.1

188 18.8 37.6 56.4 75.2 94 112.8 131.6 150.4 169.2
187 18.7 37.4 56.1 74,8 93.5 112.2 130.9 149.6 168.3
186 18.6 37.2 55.3 74.4 93.0 111.6 130.2 148.8 167.4

185 18.5 37.0 55 5 74.0 92.5 111.0 129.5 148.0 166.5
184 18.4 36.8 55.2 73.6 92.0 110.4 128.8 147.2 165.6
183 18.3 36.6 54.9 73.2 91.5 109.8 128.1 146.4 164.7
182 18.2 36.4 54.6 72.8 91.0 109.2 127.4 145.6 163.8
181 18.1 36.2 54.3 72.4 90.5 108.6 126.7 144.8 162.9
180 18.0 36.0 54.0 72.0 90.0 108.0 126.0 144.0 162.0
179 17.9 35.8 53.7 71.6 89.5 107.4 125.3 143.2 161.1



146 LOGARITHMS OF NUMBERS.

No. 240 L. 380.1 INo . 269 L 431,

N. » 1 3 3 4 6 6

1296
3097
4891
6677
8456

7 8

T6r6
3456
5249
7034
8811

9 Diff.

240
I

2
3
4
5

380211
2017
3815
5606
7390
9166

0392
2197
3995
5785
7568
9343

0573
2377
4174
5964
7746
9520

0754
2557
4353
6142
7924
9698

0934
2737
4533
6321
8101
9875

1115
2917
4712
6499
8279

1476
3277
5070
6856
8634

1837
3636
5428
7212
8989

0759
2521
4277
6025
7766

9501

181
180
179
178
178

0051
1817
3575
5326
7071

8808

0228
1993
3751
5501
7245

8981

0405
2169
3926
5676
7419

9154

0582
2345
4101
5850
7592

9328

177
176
176
175
174

173

6
7
8
9

250

390935
2697
4452
6199

7940
9674

1112
2873
4627
6374

8114
9847

1288
3048
4802
6548

8287

1464
3224
4977
6722

8461

1641
3400
5152
6896

8634

0020
1745
3464
5176
6881
8579

0192
1917
3635
5346
7051
8749

0365
2089
3807
5517
7221
8918

0538
2261
3978
5688
7391
9087

0711
2433
4149
5858
7561
9257

0883
2605
4320
6029
7731
9426

1056
2777
4492
6199
7901
9595

1228
2949
4663
6370
8070
9764

173
172
171
17!
170
169

2
3
4
5
6
7

8
9

260
1

2
3

401401
3121
4834
6540
8240
9933

411620
3300

4973
6641
8301
9956

1573
3292
5005
6710
8410

0102
1788
3467

5140
6807
8467

0271
1956
3635

5307
6973
8633

0440
2124
3803

5474
7139
8798

0609
2293
3970

5641
7306
8964

0777
2461
4137

5808
7472
9129

0946
2629
4305

5974
7638
9295

1114
2796
4472

6141
7804
9460

1283
2964
4639

6308
7970
9625

1451
3132
4806

6474
8135
9791

169
168
167

167
166
165

0121
1768
3410
5045
6674
8297
9914

0286
1933
3574
5208
6836
8459

0451
2097
3737
5371
6999
8621

0616
2261
3901
5534
7161
8783

0781
2426
4065
5697
7324
8944

0945
2590
4228
5860
7486
9106

1110
2754
4392
6023
7648
9268

1275
2918
4555
6186
7811
9429

1439
3082
4718
6349
7973
9591

165
164
164
163
162
162

4
5
6
7
8
9

421604
3246
4882
6511
8135
9752

43 0075 0236 0398 0559 0720 0881 1042 1203 161

Proportional Parts.

Diff. 1 2 3 4 5 6 7 8 9

178 178 35 6 53.4 71.2 89.0 106.8 124.6 142.4 160.2
177 17.7 35.4 53.1 70.8 88 5 106.2 i23.9 141.6 159.3
176 17.6 35,2 52.8 70.4 88.0 105.6 123.2 140.8 158.4
175 17.5 35.0 52.5- 70.0 87.5 105.0 122.5 140.0 157.5
174 17.4 34.8 52.2 69.6 87.0 104.4 121.8 139.2 156.6
173 173 34 6 51.9 69.2 86.5 103.8 121.1 138.4 155.7
172 17.2 34.4 51.6 68.8 86.0 103.2 120.4 137.6 154.9
171 17.1 34.2 51.3 68.4 85.5 102.6 119.7 136.8 153.t>

170 17.0 34.0 51.0 68.0 85.0 102.0 119.0 136.0 153.0

169 16.9 33.8 50.7 67.6 84.5 101.4 118.3 135.2 152.1
168 16.8 33.6 50.4 67.2 84.0 100.8 117.6 134.4 151.2
167 16.7 33.4 50.1 66.8 83.5 100.2 116.9 133.6 150.3
166 16.6 33.2 49.8 66.4 83.0 99.6 116.2 132.8 149.4
165 16.5 33.0 49.5 66.0 82.5 99.0 115.5 132.0 148.5
164 16.4 32.8 49.2 65.6 82.0 98.4 114.8 131.2 147.6
163 16.3 32.6 48.9 65.2 81.5 97.8 114.1 130.4 146.7
162 16.2 32.4 48.5 64.8 81.0 . 97.2 113.4 129.6 145.8
161 16.1 32.2 48.3 64.4 80.5 96.6 112.7 128.8 144.9



LOGARITHMS OP NUMBERS. 147

No. 270 L. 431.3 INo. 299 L. 476.

N. 1 » 3 4 5 6 7 ' 8

2649
4249
5844
7433
9017

9 Diff.

270
I

2
3
4
5

431364
2969
4569
6163
7751
9333

1525
3130
4729

» 6322
7909
9491

1685
3290
4888
6481
8067
9648

1846
3450
5048
6640
8226
9806

2007
3610
5207
6799
8384
9964

2167
3770
5367
6957
8542

2328
3930
5526
7116
8701

2488
4090
5685
7275
8859

2809
4409
6004
7592
9175

161
160
159
159
158

0122
1695
3263
4825
6382

7933
9478

0279
1852
3419
4981
6537

8088
9633

0437
2009
3576
5137
6692

8242
9787

0594
2166
3732
5293
6848

8397
9941

0752
2323
3889
5449
7003

8552

158
157
157
156
155

155

6
7
8
9

280
1

440909
2480
4045
5604

7158
8706

1066
2637
4201
5760

7313
8861

1224
2793
4357
5915

7468
9015

1381
2950
4513
6071

7623
9170

1538
3106
4669
6226

7778
9324

0095
1633
3165
4692
6214
7731
9242

154
154
153
153
152
152
151

2
3
4
5

6

450249
1786
3318
4845
6366
7882
9392

0403
1940
3471
4997
6518
8033
9543

0557
2093
3624
5150
6670
8184
9694

0711
2247
3777
5302
6821
8336
9845

0865
2400
3930
5454
6973
8487
9995

1018
2553
4082
5606
7125
8638

1172
2706
4235
5758
7276
8789

1326
2859
4387
5910
7428
8940

1479
3012
4540
6062
7579
9091

0597
2098

3594
5085
6571
8052
9527

0146
1649

3146
4639
6126
7608
9085

0296
1799

3296
4788
6274
7756
9233

0447
1948

3445
4936
6423
7904
9380

0748
2248

3744
5234
6719
8200
9675

151
150

150
149
149
148
148

9

290
I

2
3
4
5

460898

2398
3893
5383
6868
8347
9822

1048

2548
4042
5532
7016
8495
9969

1198

2697
4191
5680
7164
8643

1348

2847
4340
5829
7312
8790

1499

2997
4490
5977
7460
8938

0116
1585
3049
4508
5962

0263
1732
3195
4653
6107

0410
1878
3341
4799
6232

0557
2025
3487
4944
6397

0704
2171
3633
5090
6542

0851
2318
3779
5235
6687

0998
2464
3925
5381
6832

1145
2610
4071
5526
6976

147
146
146
146
145

6
7
8
9

471292
2756
4216
5671

1433
2903
4362
5816

Proportional Parts.

Diff. 1 3 3 4 5 6 7 8 9

161 16.1 32.2 48.3 64.4 80.5 96.6 112.7 128.8 144.9
160 16.0 32.0 48.0 64.0 80.0 96.0 112.0 128.0 144.0
159 15.9 31.8 47.7 63.6 79.5 95.4 111.3 127.2 143.

1

158 15.8 31.6 47.4 63.2 79.0 94.8 110.6 126.4 142.2

157 15.7 31.4 47.1 62.8 78.5 94.2 109.9 125.6 141.3
156 15.6 31.2 46.8 62.4 78.0 93.6 109.2 124.8 140.4
155 15.5 31.0 46.5 62.0 77.5 93.0 108.5 124.0 139.5
154 15.4 30.8 46.2 61.6 77.0 92.4 107.8 123.2 138.6
153 15.3 30.6 45.9 61.2 76.5 91.8 107.1 122.4 137.7
152 15.2 30.4 45.6 60.8 76.0 91.2 106.4 121.6 136.8
151 15.1 30.2 45.3 60.4 75.5 90.6 105.7 120.8 135.9

150 15.0 30.0 45.0 60.0 75.0 90.0 105.0 120.0 135.0
149 14.9 29.8 44.7 59.6 74.5 89.4 104.3 119.2 134.1

148 14.8 29.6 44.4 59.2 74.0 88.8 103.6 118.4 133.2
147 14.7 29.4 44.1 58.8 73.5 88.2 102.9 117.6 132.3

146 14.6 29.2 43.8 58.4 73.0 87.6 102.2 116.8 131.4

145 14.5 29.0 43.5 58.0 72.5 87.0 101.5 1160 130.5

144 14.4 28.8 43.2 57.6 72.0 86.4 100.8 115.2 129.6
143 14.3 28.6 42.9 57.2 71.5 85.8 1 00.1 114.4 128.7

142 14.2 28.4 42.6 56.8 71.0 85.2 99.4 113.6 127.8
141 14.1 28.2 42.3 56.4 70.5 84.6 98.7 112.8 126.9

140 14.0 28.0 42.0 56.0 70,0 84.0 98.0 112.0 126.0



148 LOGAEITHMS OF NUMBEBS.

No. 300 L. 477.1 (No. 339 L. 531.

N. 1 2 3 4 5 6 7 8 9 Diff.

300 477121 7266 7411 7555 770C 7844 7989 8133 8?.78 8422 145'

1 8566 8711 8855 8999 9143 9287 9431 9575 9719 9863 144

2 480007 0151 029^ 0438 0582 0725 0369 1012 1156 1299 144
3 1443 1586 1729 1872 2016 2159 2302 2445 2388 2731 143
4 2874 3016 3159 3302 3445 3587 3730 3872 4015 4157 143
5 4300 4442 4585 4727 4869 5011 5153 5295 5437 5579 142
6 5721 5863 6005 6147 6289 6430 6572 6714 6855 6997 142
7 7138 7280 7421 7563 /704 7845 7986 8127 8269 8410 141
8 8551

9958
8692

0099

1502

8833 8974 9114 9255 9396 9537 9677

1081

2481

9818 141
9 0239

1642

0380

1782

0520

1922

0661

2062

0801

2201

0941

2341

1222

2621

140

310 491362 140
1 2760 2900 3040 3179 3319 3458 3597 3737 3876 4015 139
2 4155 4294 4433 4572 4711 4850 4989 5128 5267 5406 139
3 5544 5683 5822 5960 6099 6238 6376 6515 6653 6791 139
4 6930 7068 7206 7344 7483 7621 7759 7897 8035 8173 138
5 8311 8448 8586 8724 8862 8999 9137 9275 9412 9550 138
6 9687

501059

9824 9962 0099
1470

0236
1607

0374
1744

0511
1880

0648
2017

0785
2154

0922
2291

137
1377 1196 1333

8 2427 2564 2700 2837 2973 3109 3246 3382 3518 3655 136
9 . 3791 3927 4063 4199 4335 4471 4607 4743 4878 5014 136

320 5150 5286 5421 5557 5693 5828 5964 6099 6234 6370 136
1 6505 6640 6776 6911 7046 7181 7316 7451 7586 7721 135
2 7856 7991 8126 8260 8395 8530 8664 8799 8934 9068 135
3 0009

1349
0143
1482

0277
1616

0411
1750

134
1344 510545 0679 0813 0947 1081 1215

5 1883 2017 2151 2284 2418 2551 2684 2818 2951 3084 133
6 3218 3351 3484 3617 375C 3883 4016 4149 4282 4415 133
7 4548 4681 4813 4946 5079 5211 5344 5476 5609 5741 133
8 5874 6006 6139 6271 6403 6535 6668 6800 6932 7064 132
9 7196 7328 7460 7592 7724 7855 7987 8119 8251 8382 132

330 8514 8646 8777 8909 9040 9171 9303 9434 9566 9697 131
1 9828

521138
0090
1400

0221
1530

0353
1661

0484
1792

0615
1922

0745
2053

0876
2183

1007
2314

131
1317 1?^9

3 2444 2575 2705 2835 2966 3096 3226 3356 3486 3616 130
4 3746 3876 4006 4136 4266 4396 4526 4656 4785 4915 130
5 5045 5174 5-04 5434 5563 5693 582;^ 5951 6081 6210 129
6 6339 6469 6598 6727 6856 6985 7114 7243 7372 7501 129
7 7630 7759 7888 8016 8145 8274 8402 8531 8660 8788 129

0072
1351

128
1289 530200 0328 0456 0584 0712 0840 0968 1096 1223

Proportional Parts.

13.9
13.8

13.7
13.6
13.5

13.4
13.3
13.2

13.1

13.0
12.9
12.8
12.7

27.8
27.6
27.4
27.2
27.0
26.8
26.6
26.4
26.2
26.0
25.8
25.6
25.4

41.7
41.4
41.1
40.8
40.5
40.2
39.9
39.6
39.3
39.0
38.7
38.4
38.1

55.6
55.2
54.8
54.4
54.0
53.6
53.2
52.8
52.4
52.0
51.6
51.2
50.8

69.5
69.0
68.5
68.0
67.5
67.0
66.5
66.0
65.5
65.0
64.5
64.0
63.5

83.4
82.8
82.2
81.6
81.0
80.4
79.8
79.2
78:6
78.0
77.4
76.8
76.2

97.3
96.6
95.9
95.2
94.5
93.8
93.1

92.4
91.7
91.0
90.3
89.6
88.9



LOGARITHMS OF NUMBERS. 149

No. 340 L. 531.1 INo. 379 L. 579.

N. 1 3 3 4 5 6 7 8 9 Diff.

340

\
3
4
5
6

531479
2754
4026
5294
6558
7819
9076

1607
2882
4153
5421
6685
7945
9202

1734
3009
4280
5547
6811
8071
9327

1862
3136
4407
5674
6937
8197
9452

1990
3264
4534
5800
7063
8322
9578

2117
3391
4661
5927
7189
8448
9703

2245
3518
4787
6053
7315
8574
9829

2372
3645
4914
6180
7441
8699
9954

2500
3772
5041
6306
7567
8825

2627
3899
5167
6432
7693
8951

128
127
127
126
126
126

0079
1330
2576
3820

5060
6296
7529
8758
9984

0204
1454
2701
3944

5183
6419
7652
8881

125
125
125
124

124
124
123
123

7
8
9

350

2
3
4

540329
1579
2825

4068
5307
6543
7775
9003

0455
1704
2950

4192
5431
6666
7898
9126

0580
1829
3074

4316
5555
6} 89
8021
9249

0705
1953
3199

4440
5678
6913
8144
9371

0830
2078
3323

4564
5802
7036
8267
9494

0955
2203
3447

4688
5925
7159
83S9
9616

1080
2327
3571

4812
6049
7282

• 8512
9739

1205
2452
3696

4936
6172
7405
8635
9861

0106
1328
2547
3762
4973
6182

7387
8589
9787

123
122
122
121
121

121

120
120
120

5
6
7
8
9

360
1

2
3

550228
1450
2668
3883
5094

6303.
7507
8709
9907

0351
1572
2790
4004
5215

6423
7627
8829

0473
1694
2911
4126
5336

6544
7748
8948

0595
1816
3033
4247
5457

6664
7868
9068

0717
1938
3155
4368
5578

6785
7988
9188

0840
2060
3276
4489
5699

6905
8108
9308

0962
2181
3398
4610
5820

7026
8228
9428

1084
2303
3519
4731
5940

7146
8349
9548

1206
2425
3640
4852
6061

7267
8469
9667

0026
1221
2412
3600
4784
5966
7144

8319
9491

0146
1340
2531
3718
4903
6084
7262

8436
9608

0265
1459
2650
3837
5021
6202
7379

8554
9725

0385
1578
2769
3955
5139
6320
7497

8671
9842

0504
1698
2887
4074
5257
6437
7614

8788
9959

0624
1817
3006
4192
5376
6555
7732

8905

0743
1936
3125
4311
5494
6673
7849

9023

0863
2053
3244
4429
5612
6791
7967

9140

0982
2174
3362
4548
5730
6909
8084

9257

119
119
119
1
1«>

118
118
118

117

4
5
6
7
8
9

370
1

561101
2293
3481
4666
5848
7026

8202
9374

0076
1243
2407
3568
4726
5880
7032
8181
9326

0193
1359
2523
3684
4841
5996
7147
8295
9441

0309
1476
2639
3800
4957
61 11

7262
8410
9555

0426
1592
2755
3915
5072
6226
7377
8525
9669

117
117
116
116
116
115
115
115
114

2
3
4
5
6
7
8
9

570543
1709
2872
4031
5188
6341
7492
8639

0660
1825
2988
4147
5303
6457
7607
8754

0776
1942
3104
4263
5419
6572
7722
8868

0893
2058
3220
4379
5534
6687
7836
8983

1010
2174
3336
4494
5650
6802
7951
9097

1126
2291
3452
4610
5765
6917
8066
9212

Proportional Parts.

Diff. 1 3 3 4 5 6 7 8 9

128 12.8 25.6 38.4 51.2 64.0 76.8 89.6 102.4 115.2
127 12.7 25.4 38.1 50.8 63.5 76.2 88.9 101.6 1 14.3
126 12.6 25.2 37.8 50.4 63.0 75.6 88.2 100.8 113.4
125 12.5 25.0 37.5 50.0- 62.5 75.0 87.5 100.0 112.5
124 12.4 24.8 3 7.2 49.6 62.0 74.4 86.8 99.2 111.6
123 12.3 24.6 36.9 49.2 61.5 ,73.8 86.1 98.4 110.7
122 12.2 24.4 36.6 48.8 61.0 73.2 85.4 97.6 109.8
121 12.1 24.2 36.3 48.4 60.5 72.6 84.7 96.8 108^9
120 12.0 24.0 36.0 48.0 60.0 72.0 84.0 96.0 108.0
119 11.9 23.8 35.7 47.6 59.5 71.4 83.3 95.2 107.i



150 LOGARITHMS OF NUMBERS.

No. 380 L. 579.1 [No. 414 L.617.

N. 1 2 3 4 5 6 7 8 9 Diff.

3»0 579784 9898
0012
1153
2291
3426
4557
5686
6812
7935
9056

0126
1267
2404
3539
4670
5799
6925
8047
9167

0241
1381
2518
3652
4783
5912
7037
8160
9279

0355
1495
2631
3765
4896
6024
7149
8272
9391

0469
1608
2745
3879
5009
6137
7262
8384
9503

0583
1722
2858
3992
5122
6250
7374
8496
9615

0697
1836
2972
4105
5235
6362
7486
8608
9726

0811
1950
3085
4218
5348
6475
7599
8720
9838

114

113

112

1

2
3
4
5
6
7
8
9

580925
2063
3199
4331
5461
6587
7711
8832
9950

1039
2177
3312
4444
5574
6700
7823
8944

0061

1176
2288
3397
4503
5606
6707
7805
8900
9992

0173

1287
2399
3508
4614
5717
6817
7914
9009

0284

1399
2510
3^18
4724
5827
6927
8024
9119

0396

1510
2621
3729

•4834
5937
7037
8134
9228

0507

1621
2732
3840
4945
6047
7146
8243
9337

0619

1732
2843
3950
5055
6157
7256
8353
9446

0730

1843
2954
4061
5165
6267
7366
8462
9556

0842

1955
3064
4171
5276
6377
7476
8572
9665

0953

2066
3175
4282
5386
6487
7586
8681
9774

0864
1951

3036
4118
5197
6274
7348
8419
9488

390
1

2
3
4
5
6
7
8

591065
2177
3286
4393
5496
6597
7695
8791
9883

111

110

109
0101
1191

2277
3361
4442
5521
6596
7669
8740
9808

0210
1299

2386
3469
4550
5628
6704
7777
8847
9914

0319
1408

2494
3577
4658
5736
6811
7884
8954

0428
1517

2603
3686
4766
5844
6919
7991
9061

0537
1625

2711
3794
4874
5951
7026
8098
9167

0646
1734

2819
3902
4982
6059
7133
8205
9274

0755
1843

2928
4010
5089
6166
7241
8312
9381

9

400
1

2
3
4
5
6
7

600973

2060
3144
4226
5305
6381
7455
8526
9594

1082

2169
3253
4334
5413
64S9
7562
8633
9701

108

107

0021
1086
2148

3207
4264
5319
6370
7420

0128
1192
2254

3313
4370
5424
6476
7525

0234
1298
2360

3419
4475
5529
6581
7629

0341
1405
2466

3525
4581
5634
6686
7734

0447
1511
2572

3630
4686
5740
6790
7839

0554
1617
2678

3736
4792
5845
6895
7943

8
9

410
1

2
3
4

610660
1723

2784
3842
4897
5950
7000

0767
1829

2890
3947
5003
6055
7105

0873
1936

2996
4053
5108
6160
7210

0979
2042

3102
4159
5213
6265
7315

106

105

Proportional Parts.

Diff. 1 3 3 4 5 6 7 8 9

118 11,8 23,6 35.4 47.2 59.0 70.8 82.6 94.4 106.2
117 11.7 23.4 35.1 46.8 58.5 70.2 81.9 93.6 105.3
116 11.6 23.2 34.8 46.4 58.0 69.6 81.2 92.8 104.4
115 11.5 23.0 34.5 46.0 57.5 69.0 80.5 92.0 103.5
114 11.4 22.8 34.2 45.6 57.0 68.4 79.8 9' 2 102.6
113 11.3 22.6 33.9 45.2 56.5 67.8 79.1 90.4 101.7
112 11.2 22.4 33.6 44.8 56.0 67.2 78.4 89.6 100.8

111 11.1 22.2 33.3 44.4 55.5 66.6 77.7 88.8 99.9
110 no 22.0 33.0 44.0 55.0

•

66.0 77.0 88.0 99.0
109 lo.9 21.8 32.7 43.6 54.5 65.4 76.3 87.2 98.1
108 10.8 21.6 32.4 43.2 54.0 64.8 75.6 86.4 97.2
107 10.7 21.4 32.1 42.8 53.5 64.2 74.9 85.6 96.3
106 10.6 21.2 31.8 42.4 53.0 63.6 74.2 84.8 95.4
105 10.5 21.0 31.5 42.0 52.5 63.0 73.5 84.0 94.5
104 10.4 20.8 31.2 41.6 52.0 62.4 72.8 83.2 93.6



LOGARITHMS OF NtTMBERS. 151

No. 415 L. 618.] [No. 459 L.662.

N. 1 3 3 4 5 6 7 8 9 Diff.

415 618048 8153 8257 8362 8466 8571 8676 8780 8884 8989 105
6 9093

620136

9198

0240

9302 9406 9511 9615 9719 9824 9928 0032
10777 0344 0448 0552 0656 0760 0864 0968 104

8 1176 1280 1384 1438 1592 1695 1799 1903 2007 2110
9 2214 2318 2421 2525 2628 2732 2335 2939 3042 3146

420 3249 3353 3456 3559 3663 3766 3869 3973 4076 4179
1 4282 4335 4438 4591 4695 4798 4901 5004 5107 5210 103
2 5312 5415 5513 5621 5724 5827 5929 6032 6135 6238
3 6340 6443 6546 6648 6751 6853 6956 7058 7161 7263
4 7366 7463 7571 7673 7775 7878 7980 8082 8185 8787
5 8389 8491 8593 8695 8797 8900 9002 9104 9206 9308 102

0021
1038

0123
1139

0224
1241

0326
13427 630428 0530 0631 0733 0335 0936

8 1444 1545 1647 1748 1849 1951 7,057 2153 2255 7356
9 2457 2559 2660 2761 2362 2963 3064 3165 3266 3367

430 ' 346S 3569 3670 3771 3877 3973 4074 4175 4276 4376 101

1 4477 4578 4679 4779 4880 4981 5081 5182 5283 5383
2 5484 5534 5685 5785 5386 5936 6087 6187 6287 6388
3 6483 6533 6638 6789 6889 6989 7089 7189 7290 7390
4 7490 7590 7690 7790 7890 7990 8090 8190 8290 8389 100
5 8489 8589 8639 8789 8833 8983 9083 9188 9287 9387

0581 0978
0084
1077

0183
1177

0283
1276

0382
13757 640431 0680 0779 0379

8 1474 1573 1677, 1771 1871 1970 2069 2168 2267 2366
9 2465 2563 2662 2761 2860 2959 3058 3156 3255 3354 99

440 3453 3551 3650 3749 3847 3946 4044 4143 4242 4340
1 4439 4537 4636 4734 4332 4931 5029 5127 5226 5324
2 5422 5521 5619 5717 5815 5913 6011 6110 6208 6306
3 6404 6502 6600 6698 6796 6894 6992 7089 7187 7285 98
4 7333 7481 7579 7676 7774 7877 7969 8067 8165 8262
5 8360 8458 8555 8653 8750 8848 8945 9043 9140 9237

650303 0793
0016
0987

0113
1084

0210
11817 0405 0502 '0599 0696 0890

8 1278 1375 1477. 1569 1666 1767 1859 1956 7.053 2150 97
9 2246 2343 2440 2536 2633 2730 2826 2923 3019 3116

450 3213 3309 3405 3507 3598 3695 3791 3888 3984 4080
1 . 4177 4273 4369 4465 4562 4658 4754 4850 4946 5042
2 5138 5235 5331 5477 5573 5619 5715 5810 5906 6002 96
3 6098 6194 6290 6386 6482 6577 6673 6769 6864 6960
4 7056 7152 7247 7343 7438 7534 7629 7775 7820 7916
5 8011 8107 8207. 8298 8393 8488 8584 8679 8774 8870
6 8965 9060 9155 9250 9346 9441 9536 9631 9726 9821

0011
0960

0106
1055

0201
1150

0296
1245

0391
1339

0486
1434

0581
1529

0676
1623

0771
1718

95
8 660865
9 1813 1907 2002 2096 2191 2286 2380 2475 2569 2663

Peopobtional Parts.

DifE. 1 3 3 4 5 6 7 8 9

105 10.5 21.0 31.5 42.0 52.5 63.0 73.5 84.0 94.5
104 10.4 20.8 31.2 41.6 52.0 62.4 72.8 83.2 93.6
103 10.3 20.'^ 30.9 41.2 51.5 61.8 72.1 82.4 92.7
102 10.2 20.4 30.6 40.8 51.0 61.2 71.4 81.6 91.8
101 10.1 20.2 30.3 40.4 50.5 60.6 70.7 80.8 90.9
100 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0
99 9.9 19.8 29.7 39.6 49.5 59.4 69.3 79.2 89.1



i52 LOGARITHMS OF NUMBERS.

No. 460 L. 662.] [No 499 L. 698

N.

662758
3701
4642
5581
6518
7453
8386
9317

1 2 3 4 5 6

3324
4266
5206
6143
7079
8013
8945
9875

7 8 9 Diff.

460 2852
3795
4736
5675
6612
7546
8479
9410

2947
3889
4830
5769
6705
7640
8572
9503

3041
3983
4924
5862
6799
7733
8665
9596

3135
4078
5018
5956
6892
7826
8759
9689

3230
4172
5112
6050
69S6
7920
8852
9782

3418
4360
5299
6237
7173
8106
9038
9967

3512
4454
5393
6331
7266
8199
9131

3607
4548
5487
6424
7360
8293
9224

94

0060
0988
1913

2836
3758
4677
5595
6511
7424
8336
9246

0153
1080
2005

2929
3850
4769
5687
6602
7516
8427
9337

93

92

91

8
9

470
1

2
3
4
5
6
7

8

670246
1173

2098
3021
3942
4861
5778
6694
7607
8518
9428

0339
1265

2190
3113
4034
4953
5870
6785
7698
8609
9319

0431
1358

2283
3205
4126
5045
5962
6876
7789
8700
9610

0524
1451

2375
3297
4218
5137
6053
6968
7881
8791
9700

0617
1543

2467
3390
4310
5228
6145
7059
7972
8882
9791

0710
1636

2560
3482
4402
5320
6236
7151
8063
8973
9882

0802
1728

2652
3574
4494
5412
6328
7242
8154
9064
9973

0895
1821

2744
3666
4586
5503
6419
7333
8245
9155

0063
0970

1874
2777
3677
4576
5473
6368
7261
8153
9042
9930

0154
1060

1964
2867
3767
4666
5563
6458
7351
8242
9131

0245
1151

2055
2957
3857
4756
5652
6547
7440
8331
9220

9

480
1

2
3
4
5
6
7
8
9

680336

1241
2145
3047
3947
4845
5742
6636
7529
8420
9309

0426

1332
2235
3137
4037
4935
5831
6726
7618
8509
9398

0517

1422
2326
3227
4127
5025
5921
6815
7707
8598
9486

0607

1513
2416
3317
4217
5114
6010
6904
7796
8687
9575

0698

1603
2506
3407
4307
5204
6100
6994
7886
8776
9664

0789

1693
2596
3497
4396
5294
6189
7083
7975
8865
9753

0879

1784
2686
3587
4486
5383
6279
7172
8064
8953
9841

90

89

0019

0905
1789
2671
3551
4430
5307
6182
7055
7926
8796'

0107

0993
1877
2759
3639
4517
5394
6269
7142
8014
8883

490
1

2
3
4
5

6
7
8
9

690196
1081
1965
2847
3727
4605
5482
6356
7229
8100

0285
1170
2053
2935
3815
4693
5569
6444
7317
8188

0373
1258
2142
3023
3903
4781
5657
6531
7404
8275

0462
1347
2230
3111
399!
4868
5744
6618
7491
8362

0550
1435
2318
3199
4078
4956
5832
6706
7578
8449

0639
1524
2406
3287
4166
5044
5919
6793
7665
8535

0728
1612
2494
3375
4254
5131
6007
6880
7752
8622

0816
1700
2583
3463
4342
5219
6094
6968
7839
8709

88

87

Proportional Parts.

Diff. 1 2 3 4 5 6 7 8 9

98 9.8 19.6 29.4 39.2 49.0 58.8 68.6 78.4 88.2
97 9.7 19.4 29.1 38.8 48.5 58.2 67.9 77.6 87.3
96 9.6 19.2 28.8 38.4 48.0 57.6 67.2 76.8 86.4
95 9.5 19.0 28.5 38.0 47.5 57.0 66.5 76.0 85.3
94 9.4 18.8 28.2 37.6 47.0 56.4 65.8 75.2 84.6
93 9.3 18.6 27.9 37.2 46.5 55.8 65.1 74.4 83.7
92 9.2 18.4 27.6 36.8 46.0 55.2 64.4 73.6 82.8
91 9.1 18.2 27.3 36.4 45.5 54.6 63.7 72.8 81.9
90 9.0 18.0 27.0 36.0 45.0 54.0 63.0 72.0 81.0
89 8.9 17.8 26.7 35.6 44.5 53.4 62.3 71.2 80.1
88 8.8 17.6 26.4 35.2 44.0 52.8 61.6 70.4 79.2
87 8.7 17.4 26.1 34.8 43.5 52.2 60.9 69.6 78.3
86 8.6 17.2 25.8 34.4 43.0 51.6 60.2 68.8 77.4



LOGARITHMS OF NUMBERS. 153

No. 500 L. 698.] [No. 544 L. 736,

N. 1 2 3 4 5 6 7

9578

8 ,
9 Diff.

loo" 698970 9057 9144 9231 9317 9404 9491 9664 9751
9838 9924'

0011
0877

0098
0963

0184
1050

0271
1136

0358
1222

0444
1309

0531
1395

0617
14822 700704 0790

3 1568 1654 1741 1827 1913 1999 2086 2172 2258 2344
4 2431 2517 2603 2689 2775 2861 2947 3033 3119 3205
5 3291 3377 3463 3549 3635 3721 3807 3893 3979 4065 86
6 4151 4236 4322 4408 4494 4579 4665 4751 4837 4922
7 5008 5094 5179 5265 5350 5436 5522 5607 5693 5778
8 5864 5949 6035 6120 6206 6291 6376 6462 6547 6632
9 6718 6803 6888 6974 7059 7144 7229 7315 7400 7485

510 7570 7655 7740 7826 791! 7996 8081 8166 8251 8336
8421 8506 8591 8676 8761 8846 8931 9015 9100 9185 85

2 9270 9355 9440 9524 9609 9694 9779 9863 9948
0033
08793 7I01I7 0202 0287 0371 0456 0540 0625 0710 0794

4 0963 1048 1132 1217 1301 1385 1470 1554 1639 1723
5 1807 1892 1976 2060 2144 2229 2313 2397 2481 2566
6 2650 2734 2818 2902 2986 3070 3154 3238 3323 3407
7 3491 3575 3659 3742 3826 3910 3994 4078 4162 4246 84
8 4330 4414 4497 4581 4665 4749 4833 4916 5000 5084
9 5167 5251 5335 5418 5502 5586 5669 5753 5836 5920

520 6003 6087 6170 6254 6337 6421 6504 6588 6671 6754
6838 6921 7004 7038 7171 7254 7338 7421 7504 7587

2 7671 7754 7837 7920 8003 8086 8169 8253 8336 8419 83
3 8502 8585 8668 8751 8834 8917 9000 9083 9165 9248
4 9331 94H 9497 9580 9663 9745 9828 9911 9994

0077
09035 720159 0242 0325 0407 0490 0573 0655 0738 0821

6 0986 1068 1151 1233 1316 1398 1481 1563 1646 1728
7 1811 1893 1975 2058 2140 2222 2305 2387 2469 2552
8 2634 2716 2798 2881 2963 3045 3127 3209 3291 3374
9 3456 3538 3620 3702 3784 3866 3948 4030 4112 4194 82

530 4276 4358 4440 4522 4604 4685 4767 4849 4931 5013
1 5095 5176 5258 5340 5422 5503 5585 5667 5748 5830
2 5912 5993 6075 6156 6238 6320 6401 6483 6564 6646
3 6727 6809 6890 6972 7053 7134 7216 7297 7379 7460
4 7541 7623 7704 7785 7866 7948 8029 8110 8191 8273
5 8354 8435 8516 8597 8678 8759 8841 8922 9003 9084
6 9165 9246 9327 9408 9489 9570 9651 9732 9813 9893 81
7 9974

0055
0863

0136
0944

0217
1024

0298
1105

0378
1186

0459
1266

0540
1347

0621
1428

0702
15088 730782

9 1589 1669 1750 1830 1911 1991 2072 2152 2233 2313

540 2394 2474 2555 2635 2715 2796 2876 2956 3037 3117
] 3197 3278 3358 3438 3518 3598 3679 3759 3839 3919
2 3999 4079 4160 4240 4320 4400 4480 4560 4640 4720 80
3 4800 4880 4960 5040 5120 5200 5279 5359 5439 5519
4 5599 56791 5759 5838 5918 5998 6078 6157 6237 63171

Proportional Parts.

Diflf. 1 2 3 4 5 6 7 8 9

87
86
85
84

8.7
8.6
8.5
8.4

17.2
17.0
16.8

26.1
25.8
25.5
25.2

34.8
34.4
34.0
33.6

43.5
43.0
42.5
42.0

52.2
51.6
51.0
50.4

60.9
60.2
59.5
58.8

69.6
68.8
68.0
67.2

78.3
77.4
76.5
75.6



154 LOGARITHMS OF NUMBERS.

No. S45L. 736.1 [No 584 L. 767.

N. . 1 2 3 4 5 6 7 8 9 Diff.

545
6
7
8
9

736397
7193
7987
8781
9572

6476
7272
8067
8860
9651

6556
7352
8146
8939
9731

6635
7431
8225
9018
9810

6715
7511
8305
9097
9889

6795
7590
8384
9177
9968

6874
7670
8463
9256

6954
7749
8543
9335

7034
7829
8622
9414

7113
7908
8701
9493

0047

0836
1624
2411
3196
3980
4762
5543
6323
7101
7878

8653
9427

0126

0915
1703
2489
3275
4058
4840
5621
6401
7179
7955

8731
9504

0205

0994
1782
2568
3353
4136
4919
5699
6479
7256
8033

8808
9582

0284

1073
I860
2647
3431
4215
4997
5777
6556
7334
8110

8885
9659

79

78

550
1

2
3
4
5
6
7
8
9

560
I

2

740363
1 152
1939
2725
3510
4293
5075
5855
6634
7412

8188
8963
9736

0442
1230
2018
2804
3588
4371
5153
5933
6712
7489

8266
9040
9814

0521
1309
2096
2882
3667
4449
5231
6011
6790
7567

8343
9118
9891

0600
1388
2175
2961
3745
4528
5309
6089
6868
7645

8421
9195
9968

0678
1467
2254
3039
3823
4606
5387
6167
6945
7722

8498
9272

0757
1546
2332
3118
3902
4684
5465
6245
7023
7800

8576
9350

0045
0817
1587
2356
3123
3889
4654
5417

6180
6940
7700
8458
9214
9970

0123
0894
1664
2433
3200
3966
4730
5494

6256
7016
7775
8533
9290

0045
0799
1552
2303
3053

3802
4550
5296
6041
6785

0200
0971
1741
2509
3277
4042
4807
5570

6332
7092
7851
8609
9366

0277
1048
1818
2586
3353
4119
4883
5646

6408
7168
7927
8685
9441

0354
1125
1895
2663
3430
4195
4960
5722

6484
7244
8003
8761
9517

0431
1202
1972
2740
3506
4272
5036
5799

6560
7320
8079
8836
9592

3
4
5
6
7
8
9

570
1

2
3
4
5

750508
1279
2048
2816
3583
4348
5112

5875
6636
7396
8155
8912
9668

0586
1356
2125
2893
3660
4425
5189

5951
6712
7472
8230
8988
9743

0663
1433
2202
2970
3736
4501
5265

6027
67S8
7548
8306
9063
9819

0740
1510
2279
3047
3813
4578
5341

6103
6864
7624
8382
9139
9894

77

76

0121
0875
1627
2378
3128

3877
4624
5370
6115
6859

0196
0950
1702
2453
3203

3952
4699
5445
6190
6933

0272
1025
1778
2529
3278

4027
4774
5520
6264
7007

0347
1101
1853
2604
3353

4101
4848
5594
6338
7082

6
7
8
9

580
1

2
3
4

760422
1176
1928
2679

3428
4176
4923
5669
6413

0498
1251
2003
2754

3503
4251
4998
5743
6487

0573
1326
2078
2829

3578
4326
5072
5818
6562

0649
1402
2153
2904

3653
4400
5147
5892
6636

0724
1477
2228
2978

3727
4475
5221
5966
6710

75

Proportional Parts.

Diff. 1 2 3 4 5 6 7 8 9

83 8.3 16.6 24 9 33.2 41.5 49.8 58.1 66.4 74.7"

82 8.2 16.4 24.6 32.8 41.0 49.2 57.4 . 65.6 73.8
81 8.1 16.2 24.3 32.4 40.5 48.6 56.7 64.8 72.9
80 8.0 16.0 24.0 32.0 40.0 48.0 56.0 64.0 72.0
79 7.9 15.8 23.7 31.6 39.5 47.4 55.3 63.2 71.1
78 7.8 15.6 23.4 31.2 39.0 46.8 54.6 62.4 70.2
77 77 15.4 23.1 30.8 38.5 46.2 53.9 61.6 69.3
76 7.6 15.2 22.8 30.4 38.0 45.6 53.2 60.8 68.4
75 7.5 15.0 22.5 30.0 37.5 45.0 52.5 60.0 67.5

74 7.4 14.8 22.2 29.6 37.0 44.4 51.8 5U 66,^,



LOGARITHMS OF NUMBERS. 155

No. 585 L. 767.1 [No . 629 L. 79ft

N. 1 2

7304
8046
8786
9525

3 4 5 6

7601
8342
9082
9820

7 8 9 Diff.

'585

6
7
8

767156
7898
8638
9377

7230
7972
8712
9451

7379
8120
8860
9599

7453
8194
8934
9673

7527
8268
9008
9746

7675
8416
9156
9894

7749
8490
9230
9968

7823
8564
9303

74

0042
0778

1514
2248
2981
3713
4444
5173
5902
6629
7354
8079

8802
9524

9

590
1

2
3
4
5
6
7
8
9

600
1

2

770115

0852
1587
2322
3055
3786
4517
5246
5974
6701
7427

8151
8874
9596

0189

0926
1661
2395
3128
3860
4590
5319
6047
6774
7499

8224
8947
9669

0263

0999
1734
2468
3201
3933
4663
5392
6120
6846
7572

8296
9019
9741

0336

1073
1808
2542
3274
4006
4736
5465
6193
6919
7644

8368
9091
9813

0410

1146
1881
2615
3348
4079
4809
5538
6265
6992
7717

8441
9163
9885

0484

1220
1955
2688
3421
4152
4882
5610
6338
7064
7789

8513
9236
9957

0557

1293
2028
2762
3494
4225
4955
5683
6411
7137
7862

8585
9308

0631

1367
2102
2835
3567
4298
5028
5756
6483
7209
7934

8658
9380

0101
0821
1540
2258
2974
3689
4403
5116

5828
6538
7248
7956
8663
9369

0705

1440
2175
2908
3640
4371
5100
5829
6556
7282
8006

8730
9452

73

0029
0749
1468
2186
2902
3618
4332
5045

5737
6467
7177
7885
8593
9299

0173
0893
1612
2329
3046
3761
4475
5187

5899
6609
7319
8027
8734
9440

0245
0965
1684
2401
3117
3832
4546
5259

5970
6680
7390
809S
8804
9510

3
4
5
6
7
8
9

610
1

2
3
4
5
6

780317
1037
1755
2473
3189
3904
4617

5330
6041
6751
7460
8168
8875
9581

0389
1109
1827
2544
3260
3975
4689

5401
6112
6822
7531
8239
8946
9651

0461
1181
1899
2616
3332
4046
4760

5472
6183
6893
7602
8310
9016
9722

0533
1253
1971
2683
3403
4118
4831

5543
6254
6964
7673
8381
9087
9792

0605
1324
2042
2759
3475
4189
4902

5615
6325
7035
7744
8451
9157
9863

0677
1396
2114
2831
3546
4261
4974

5686
6396
7106
7815
8522
9228
9933

72

71

0004
0707
1410
2111

2812
3511
4209
4906
5602
6297
6990
7683
8374
9065

0074
0778
1480
2181

2882
3581
4279
4976
5672
6366
7060
7752
8443
9134

0144
0848
1550
2252

2952
3651
4349
5045
5741
6436
7129
7821
8513
9203

0215
0918
1620
2322

3022
3721
4418
5115
5811
6505
7198
7890
8582
9272

7
8
9

620

2
3
4
5
6
7
8
9

790285
0988
1691

2392
3092
3790
4488
5185
5880
6574
7268
7960
8651

0356
1059
1761

2462
3162
3860
4558
5254
5949
6644
7337
8029
8720

0426
1129
1831

2532
3231
3930
4627
5324
6019
6713
7406
8098
8789

0496
1199
1901

2602
3301
4000
4697
5393
6038
6782
7475
8167
8858

0567
1269
1971

2672
3371
4070
4767
5463
6158
6852
7545
8236
8927

0637
1340
2041

2742
344!
4139
4836
5532
6227
6921
7614
8305
8996

70

69

Proportional, Parts.

DifE. 1 2 3 4 5 6 7 8 9

75 7.5 15.0 22.5 30.0 37.5 45.0 52.5 60.0 67.5
74 7.4 14.8 22.2 29.6 37.0 44.4 51.8 59.2 66.6
71 7 3 14.6 21.9 29.2 36.5 43.8 51.1 58.4 65.7
72 7,2 14.4 21.6 28.8 36.0 43.2 50.4 57.6 64.8
71 7.1 14.2 21.3 28.4 35.5 42.6 49,7 56.8 63.9
70

(
7.0 14.0 21.0 28.0 35.0 42.0 49.0 56.0 63.0

69 6.9 13.8 20.7 27.6 34.5 41.4 48.3 55.2 62.1



156 tOGARiTHMS OP NtTMBERS,

No. 630 L. 799.1 tN6.6?4L.Sgft

N. 1 2 3 4 5 6 7 8 9 Diff.

630 799341 9409 9478 9547 9616 9685 9754 9823 9892 9961

I

2
3
4
5

6
7
8
9

640
1

2
3
4
5

800029
0717
1404
2089
2774
3457
4139
4821
5501

806180
6858
7535
8211
8836
9560

0098
0786
1472
2158
2842
3525
4208
4889
5569

6248
6926
7603
8279
8953
9627

0167
0854
1541
2226
2910
3594
4276
4957
5637

6316
6994
7670
8346
9021
9694

0236
0923
1609
2295
2979
3662
4344
5025
5705

6384
7061
7738
8414
9088
9762

0305
0992
1678
2363
3047
3730
4412
5093
5773

6451
7129
7806
8481
9156
9829

0373
1061
1747
2432
3116
3798
4480
5161
5841

6519
7197
7873
8549
9223
9896

0442
1129
1815
2500
3134
3867
4548
5229
5908

6587
7264
7941
8616
9290
9964

0511
1198
1884
2568
3252
3935
4616
5297
5976

6655
7332
8008
8684
9358

0580
1266
1952
2637
3321
4003
4685
5365
6044

6723
7400
8076
8751
9425

0648
1335
2021
2705
3389
4071
4753
5433
6112

6790
7467
8143
8818
9492

68

0031
0703
1374
2044
2713

3381
4048
4714
5378
6042
6705
7367
8028
8688
9346

0098
0770
1441
2111
2780

3448
4114
4780
5445
6109
6771
7433
8094
8754
9412

0070
0727
1382
2037
2691
3344
3996
4646
5296
5945

6593
7240
7886
8531
9175

0165
0837
1508
2178
2847

3514
4181
4847
5511
6175
6838
7499
8160
8820
9478

6
7
8
9

650
1

2
3

4
5
6
7
8
9

660

810233
0904
1575
2245

2913
3581
4248
4913
5578
6241
6904
7565
8226
8885

9544

0300
0971
1642
2312

2980
3648
4314
4980
5644
6308
6970
7631
8292
8951

9610

0367
1039
1709
2379

3047
3714
4381
5046
5711
6374
7036
7698
8358
9017

9676

0434
1106
1776
2445

3114
3781
4447
5113
5777
6440
7102
7764
8424
9083

9741

0501
1173
1843
2512

3181
3848
4514
5179
5843
6506
7169
7830
8490
9149

9807

0569
1240
1910
2579

3247
3914
4581
5246
5910
6573
7235
7896
8556
9215

9873

0636
1307
1977
2646

3314
3981
4647
5312
5976
6639
7301
7962
8622
9281

9939

67

66

0004
0661
1317
1972
2626
3279
3930
4581
5231
5880

6528
7175
7821
8467
9111

0136
0792
1448
2103
2756
3409
4061
4711
5361
6010

6658
7305
7951
8595
9239

1

2
3

4
5

6
7
8
9

670
1

2
3
4

820201
0858
1514
2168
2822
3474
4126
4776
5426

6075
6723
7369
8015
8660

0267
0924
1579
2233
2887
3539
4191
4841
5491

6140
6787
7434
8080
8724

0333
0989
1645
2299
2952
3605
4256
4906
5556

6204
6852
7499
8144
8789

0399
1055
1710
2364
3018
3670
4321
4971
5621

6269
6917
7563
8209
8853

0464
1120
1775
2430
3083
3735
4386
5036
5686

6334
6981
7628
8273
8918

0530
1186
1841
2495
3148
3800
4451
5101
5751

6399
7046
7692
8338
8982

0595
1251
1906
2560
3213
3865
4516
5166
5815

6464
7111
7757
8402
9046

65

ProportionAii Paets.

Diff. 1 2 3 4 5 6 7 8 9

68 6.8 13.6 20.4 27.2 34.0 40.8 47.6 54.4 61.2
67 6.7 13.4 20.1 26.8 33.5 40.2 46.9 53.6 60.3
66 6.6 13.2 19.8 26.4 33.0 39.6 46.2 52.8 59.4
65 6.5 13.0 19.5 26.0 32.5 39.0 45.5 52.0 58.5
64 6.4 12.8 19.2 25.6 32.0 38.4 44.8 51.2 57.6



LOQARll^HMS Of NUMBERS. IS?

i?6.6?5L.82§.l [No. 719 L. 857.

N. 1 2

9432

3 4

9561

5 6 1

"9754

8

9818

9 Diff.

"tif 829304
9947

9368 9497 9625 9690 9882
6

0011 0075 0139 0204 0268 0332 0396 0460 0525
7 830589 0653 0717 0781 0845 0909 0973 1037 1102 1166

8 1230 1294 1358 1422 1486 1550 1614 1678 1742 1806 64
9 1870 1934 1998 2062 2126 2189 2253 2317 2331 2445

680 2509 2573 2637 2700 2764 2828 2892 2956 3020 3083
i

3147 3211 3275 3338 3402 3466 3530 3593 3657 3721

2 3784 3848 3912 3975 4039 4103 4166 4230 4294 4357
3 4421 4484 4548 4611 4675 4739 4802 4866 4929 4993
4 5056 5120 5183 5247 5310 5373 5437 5500 5564 5627
5 5691 5754 5817 5881 5944 6007 6071 6134 6197 6261

6 6324 6387 6451 6514 6577 6641 6704 6767 6830 6894
7 6957 7020 7083 7146 7210 7273 7336 7399 7462 7525

8 7583 7652 7715 7778 7841 7904 7967 8030 8093 8156 63
9 8219 8282 8345 8408 8471 8534 8597 8660 8723 8786

690 8849 8912 8975 9038 9101 9164 9227 9289 9352 9415
94/8 9541 9604 9667 9729 9792 9855 9918 99811

0043
06712 840106 0169 0232 0294 0357 0420 0482 0545 0608

3 0733 0796 0859 0921 0984 1046 1109 1172 1234 1297

4 .1359 1422 1485 1547 1610 1672 1735 1797 1860 1922

5 1985 2047 2110 2172 2235 2297 2360 2422 2484 2547
6 2609 2672 2734 2796 2859 2921 2983 3046 3108 3170
7 3233 3295 3357 3420 3482 3544 3606 3669 3731 3793
8 3855 3918 3980 4042 4104 4166 4229 4291 4353 4415
9 4477 4539 4601 4664 4726 4788 4850 4912 4974 5036

700 5093 5160 5222 5284 5346 5408 5470 5532 5594 5656 62
\ 5718 5780 5842 5904 5966 6028 6090 6151 6213 6275
2 6337 6399 6461 6523 6585 6646 6708 6770 6832 6894
3 6955 7017 7079 7141 7202 7264 7326 .7388 7449 7511
4 7573 7634 7696 7758 7819 7881 7943 8004 8066 8128
5 8189 8251 8312 8374 8435 8497 8559 8620 8682 8743
6 8305 8866 8928 8989 9051 9112 9174 9235 9297 9358
7 9419 9481 9542 9604 9665 9726 9788 9849 9911 9972

8 850033 0095 0156 0217 0279 0340 0401 0462 0524 0585
9 0646 0707 0769 0830 0891 0952 1014 1075 1136 1197

710 1258 1320 1381 1442 1503 1564 1625 1686 1747 1809
1 1870 1931 1992 2053 2114 2175 2236 2297 2358 2419 61
2 2480 2541 2602 2663 2724 2785 2846 2907 2968 3029
3 3090 3150 3211 3272 3333 3394 3455 3516 3577 3637
4 3698 3759 3820 3881 3941 4002 4063 4124 4185 4245
5 4306 4367 4428 4488 4549 4610 4670 4731 4792 4852
6 4913 4974 5034 5095 5156 5216 5277 5337 5398 5459
7 5519 5580 5640 5701 5761 5822 5882 5943 6003 6064
8 6124 6185 6245 6306 6366 6427 6487 6548 6608 6668
9 6729 6789 6850 6910 6970 7031 7091 7152 7212 7272

Proportional Parts.

Diff. 1 2 3 4 5 6 7 8 9

65 6.5 13.0 19.5 26.0 32.5 39.0 45.5 52.0 58.5'

64 6,4 12.8 19.2 25.6 32.0 38.4 44.8 51.2 57.6
63 6.3 12.6 18.9 25.2 31.5 37.8 44.1 50.4 56.7
67 6? 12.4 18.6 24.8 31.0 37.2 43.4 49.6 55.8

61 6 1 12.2 18.3 24.4 30.5 36.6 42.7 48.8 54.9

60 6.0 12.0 18.0 24.0 30.0 36.0 42.0 48.0 54.0



168 LOGARITHMS OF NUMBERS.

Ho. 720 L. 857.1 [No. 764 L. 8^

N. 1 2 3 4 5 6 7 8 9 Diflf.

720
1

2
3
4

857332
7935
8537
9138
9739

7393
7995
8597
9198
9799

7453
8056
8657
9258
9859

7513
8116
8718
9318
9918

7574
S176
8778
9379
9978

7634
8236
8838
9439

7694
8297
8898
9499

7755
8357
8958
9559

7815
8417
9018
9619

7875
8477
9078
9679 60

0038
0637
1236
1833
2430
3025

3620
4214
4808
5400
5992
6583
7173
7762
8350
8938

9525

0098
0697
1295
1893
2489
3085

3680
4274
4867
5459
6051
6642
7232
7821
8409
8997

9584

0158
0757
1355
1952
2549
3144

3739
4333
4926
5519
6110
6701
7291
7880
8468
9056

9642

0228
0813
1398
1981
2564
3146
3727
4308
4888

5466
6045
6622
7199
7774
8349
8924
9497

0218
0817
1415
2012
2608
3204

3799
4392
4985
5578
6169
6760
7350
7939
8527
9114

9701

0278
0877
1475
2072
2668
3263

3858
4452
5045
5637
6228
6819
7409
7998
8586
9173

9760

5
6
7
8
9

730
1

2
3
4
5
6
7
8
9

740

860338
0937
1534
2131
2728

3323
3917
4511
5104
5696
6287
6878
7467
8056
8644

9232
9818

0398
0996
1594
2191
2787

3382
3977
4570
5163
5755
6346
6937
7526
8115
8703

9290
9877

0458
1056
1654
2251
2847

3442
4036
4630
5222
5814
6405
6996
7585
8174
8762

9349
9935

0518
1116
1714
2310
2906

3501
4096
4689
5282
5874
6465
7055
7644
8233
8821

9408
9994

0578
1176
1773
2370
2966

3561
4155
4748
5341
5933
6524
7114
7703
8292
8879

9466

59

0053
0638
1223
1806
2389
2972
3553
4134
4714

5293
5871
6449
7026
7602
8177
8752
9325
9898

0111
0696
1281
1865
2448
3030
3611
4192
4772

5351
5929
6507
7083
7659
8234
8809
9383
9956

0170
0755
1339
1923
2506
3088
3669
4250
4830

5409
5987
6564
7141
7717
8292
8866
9440

0287
0872
1456
2040
2622
3204
3785
4366
4945

5524
6102
6680
7256
7832
8407
8981
9555

0345
0930
1515
2098
2681
3262
3844
4424
5003

5582
6160
6737
7314
7889
8464
9039
9612

2
3
4
5

6
7
8
9

750
1

2
3
4
5

6
7
8

870404
0989
1573
2156
2739
3321
3902
4482

5061
5640
6218
6795
7371
7947
8522
9096
9669

0462
1047
1631
2215
2797
3379
3960
4540

5119
5698
6276
6853
7429
8004
8579
9153
9726

0521
1106
1690
2273
2855
3437
4018
4598

5177
5756
6333
6910
7487
8062
8637
9211
9784

0579
1164
1748
2331
2913
3495
4076
4656

5235
5813
6391
6968
7544
8119
8694
9268
9841

58

0013
0585

1156
1727
2297
2866
3434

0070
0642

1213
1784
2354
2923
3491

0127
0699

1271
1841
2411
2980
3548

0185
0756

1328
1898
2468
3037
3605

9

760
1

2
3
4

880242

0814
1385
1955
2525
3093

0299

0871
1442
2012
2581
3150

0356

0928
1499
2069
2638
3207

0413

0985
1556
2126
2695
3264

0471

1042
1613
2183
2752
3321

0528

1099
1670
2240
2809
3377

57

Proportional Parts.

Di£f. 1 2 3 4 5 6 7 8 9

59
58
57
56

5.9
5.8

5.7

5.6

11.8
11.6
11.4

11.2

17.7
17.4
17.1

16.8

23.6
23.2
22.8
22.4

29.5
29.0
28.5
28.0

35.4
34.8
34.2
33.6

41.3
40.6
39.9
39.2

47.2
46.4
45.6
44.8

53.1
52.2
51.3
50.4



LOGARITHMS OF NUMBERS. 159

No. 765 L. 883.) [No. 809 L. 908.

N. 1 2 3 4 5 6 7 8 9 Difif.

765
6
7
8
9

770
1

2
3,
4
5
6

883661
4229
4795
5361
5926

6491
7054
7617
8179
8741
9302
9862

3718
4285
4852
5418
5983

6547
7111
7674
8236
8797
9358
9918

3775
4342
4909
5474
6039

6604
7167
7730
8292
8853
9414
9974

3832
4399
4965
5531
6096

6660
7223
7786
8348
8909
9470

3888
4455
5022
5587
6152

6716
7280
7842
8404
8965
9526

3945
4512
5078
5644
6209

6773
7336
7898
8460
9021
9582

4002
4569
5135
5700
6265

6829
7392
7955
8516
9077
9638

4059
4625
5192
5757
6321

6885
7449
8011
8573
9134
9694

4115
4682
5248
5813
6378

6942
7505
8067
8629
9190
9750

4172
4739
5305
5870
6434

6998
7561
8123
8685
9246
9806

0365
0924
1482
2039

2595
3151
3706
4261
4814
5367
5920
6471
7022
7572

8122
8670
9218
9766

56

0030
0589
1147
1705

2262
2818
3373
3928
4482
5036
5588
6140
6692
7242

7792
8341
8890
9437
9985

0086
0645
1203
1760

2317
2873
3429
3984
4538
5091
5644
6195
6747
7297

7847
8396
8944
9492

0141
0700
1259
1816

2373
2929
3484
4039
4593
5146
5699
6251
6802
7352

7902

8l99
9547

0197
0756
1314
1872

2429
2985
3540
4094
4648
5201
5754
6306
6857
7407

7957
8506
9054
9602

0253
0812
1370
1928

2484
3040
3595
4150
4704
5257
5809
6361
6912
7462

8012
8561
9109
9656

0309
0868
1426
1983

2540
3096
3651
4205
4759
5312
5864
6416
6967
7517

8067
8615
9164
9711

7
8
9

780
1

2
3
A
5
6
7
8
9

790
I

2
3
4

890421
0980
1537

2095
2651
3207
3762
4316
4870
5423
5975
6526
7077

7627
8176
8725
9273
9821

0477
1035
1593

2150
2707
3262
3817
4371
4925
5478
6030
6581
7132

7682
8231
8780
9328
9875

0533
1091
1649

2206
2762
3318
3873
4427
4980
5533
6085
6636
7187

7737
8286
8835
9383
9930

55

0039
0586
1131
1676
2221
2764

3307
3849
4391
4932
5472
6012
6551
7089
7626
8163

0094
0640
1186
1731
2275
2818

3361
3904
4445
4986
5526
6066
6604
7143
7680
8217

0149
0695
1240
1785
2329
2873

3416
3958
4499
5040
5580
6119
6658
7196
7734
8270

0203
0749
1295
•1840
2384
2927

3470
4012
4553
5094
5634
6173
6712
7250
7787
8324

0258
0804
1349
1894
2438
2981

3524
4066
4607
5148
5688
6227
6766
7304
7841
8378

0312
0859
1404
1948
2492
3036

3578
4120
4661
5202
5742
6281
6820
73?8
7895
8431

5
6
7
8
9

800

2
3
4
5
6
7
8
9

900367
0913
1458
2003
2547

3090
3633
4174
4716
5256
5796
6335
6874
7411
7949

0422
0968
1513
2057
2601

3144
3687
4229
4770
5310
5850
6389
6927
7465
8002

0476
1022
1567
2112
2655

3199
3741
4283
4824
5364
5904
6443
6981
7519
8056

0531
1077
1622
2166
2710

3253
3795
4337
4878
5418
5958
6497
7035
7573
8110

54

Proportional Parts.

Difif. 1 2 3 4 5 6 7 8 9

57
56
55
54

5.7
5.6
5.5

5.4

11.4
11.2
11.0
10.8

17.1

16.8
16.5

16.2

22.8
22.4
22.0
21.6

28.5
28.0
27.5
27.0

34.2
33.6
33.0
32.4

39.9
39.2
38.5
37.8

45.6
44.8
44.0
43.2

51.3
50.4
49.5
48.6



160 LOGARITHMS OF NUMBERS.

No. 810 L. 908.) INo . 854 L, 931

N. 1 2 3 4 6 6 7 8 9 DifE,

810. 908485 8539 8592 8646 8699 8753 8807 8860 8914 8967
9021 9074 9128 9181 9235 9289 9342 9396 9449 9503

2 9556 9610 9663 9716 9770 9823 9877 9930 9984
0037
05713 910091 0144 0197 0251 0304 0358 0411 0464 0518

4 0624 0678 0731 0784 0838 0891 0944 0998 1051 1104
5 1158 1211 1264 1317 1371 1424 1477 1530 1584 1637
6 1690 1743 1797 1850 1903 1956 2009 2063 2116 2169
7 2222 2275 2328 2381 2435 2488 2541 2594 2647 2700
8 2753 2806 2859 2913 2966 3019 3072 3125 3178 3231
9 3284 3337 3390 3443 3496 3549 3602 3655 3708 3761 5S

820 3814 3867 3920 3973 4026 4079 4132 4184 4237 4290
\ 4343 4396 4449 4502 4555 4608 4660 47!3 4766 4819
2 4872 4925 4977 5030 5083 5136 5189 5241 5294 5347
3 5400 5453 5505 5558 5611 5664 5716 5769 5822 5875
4 5927 5980 6033 6085 6138 6191 6243 6296 6349 6401
5 6454 6507 6559 6612 6664 6717 6770 6822 6875 6927
6 6980 7033 7085 7138 7190 7243 7295 7348 7400 7453
7 7506 7558 7611 7663 7716 7768 7820 7873 7925 7978
8 8030 8083 8135 8188 8240 8293 8345 8397 8450 8502
9 8555 8607 8659 8712 8764 8816 8869 8921 8973 9026

830 9078 9130 9183 9235 9287 9340 9392 9444 9496 9549
1 9601 9653 9706 9758 9810 9862 9914 9967

0019
0541

0071
05932 920123 0176 0228 0280 0332 0384 0436 0489

3 0645 0697 0749 0801 0853 0906 0958 1010 1062 1114 5',

4 1166 1218 1270 1322 1374 1426 1478 1530 1582 1634
5 1686 1738 1790 1842 1894 1946 1998 2050 2102 2154
6 2206 2258 2310 2362 2414 2466 2518 2570 2622 2674
7 2725 2777 2829 2881 2933 2985 3037 3089 3140 3192
8 3244 3296 3348 3399 3451 3503 3555 3607 3658 3710
9 3762 3814 3865 3917 3969 4021 4072 4124 4176 4228

S'^O 4279 4331 4383 4434 4486 4538 4589 4641 4693 4744
1 4796 4348 4899 4951 5003 5054 5106 5157 5209 5261
2 5312 5364 5415 5467 5518 5570 5621 5673 5725 5776
3 5828 5879 5931 5982 6034 6085 6137 6188 6240 6291
4 6342 6394 6445 6497 6548 6600 6651 6702 6754 6805
5 6857 6908 6959 7011 7062 7114 7165 7216 7268 7319
6 7370 7422 7473 7524 7576 7627 7678 7730 7781 7i332

7 7883 7935 7986 8037 8088 8140 8191 8242 8293 8345
8 8396 8447 8498 8549 8601 8652 8703 8754 8805 8857
9 8908 8959 9010 9061 9112 9163 9215 9266 9317 9368

850
1

9419
9930

9470
9981

9521 9572 9623 9674 9725 9776 9827 9879
51

0032
0542

0083
0592

0134
0643

0185
0694

0236
0745

0287
0796

0338
0847

0389
08982 930440 0491

3 0949 1000 1051 1102 1153 1204 1254 1305 1356 1407
4 1458 1509 1560 1610 1661 1712 1763 1814 1865 1915

Proportional Parts.

5.3
5.2
5.1

5.0

10.6
10.4
10.2
10.0

15.9
15.6
15.3
15.0

21.2
20.8
20.4
20.0

26.5
26.0
25.5
25.0

31.8
31.2
30.6
30.0

37.1
36.4
35.7
35.0

8

42.4
41.6
40.8
40.0



LOGARITHMS OF NUMBERS. 161

No. 855 L. 931.1 [No. 899 L. 954

1 3 3 4 5 6 7 8 9

931966 2017 2068 2118 2169 2220 2271 2322 2372 2423
2474 2524 2575 2626 2677 2727 2778 2829 2879 2930
2981 3031 3082 3133 3183 3234 3285 3335 3386 3437
3487 3538 3589 3639 3690 3740 3791 3841 3892 3943
3993 4044 4094 4145 4195 4246 4296 4347 4397 4448

4498 4549 4599 4650 4700 4751 4801 4852 4902 4953
5003 5054 5104 5154 5205 5255 5306 5356 5406 5457
5507 5558 5608 5658 5709 5759 5809 5860 5910 5960
6011 6061 6111 6162 6212 6262 6313 6363 6413 6463
6514 6564 6614 6665 6715 6765 6315 6865 6916 6966
7016 7066 7116 7167 7217 7267 7317 7367 7418 7468
7518 7568 7618 7668 7718 7769 7819 7869 7919 7969
8019 8069 8119 8169 8219 8269 8320 8370 8420 8470
8520 8570 8620 8670 8720 8770 8820 8870 8920 8970
9020 9070 9120 9170 9220 9270 9320 9369 9419 9469

9519 9569 9619 9669 9719 9769 9819 9869 9918 9968

940018 0068 0118 0168 0218 0267 0317 0367 0417 0467
0516 0566 0616 0666 0716 0765 0815 0865 0915 0964
1014 1064 1114 1163 1213 1263 1313 1362 1412 1462
1511 1561 1611 1660 1710 1760 1809 1859 1909 1958
2008 2058 2107 2157 2207 2256 2306 2355 2405 2455
2504 2554 2603 2653 2702 2752 2801 2851 2901 2950
3000 3049 3099 3148 3198 3247 3297 3346 3396 3445
3495 3544 3593 3643 3692 3742 3791 3841 3890 3939
3989 4038 4088 4137 4186 4236 4285 4335 4384 4433

4483 4532 4581 4631 4680 4729 4779 4828 4877 4927
4976 5025 5074 5124 5173 5222 5272 5321 5370 5419
5469 5518 5567 5616 5665 5715 5764 5813 5862 5912
5961 6010 6059 6108 6157 6207 6256 6305 6354 6403
6452 6501 6551 6600 6649 6698 6747 6796 6845 6894
6943 6992 7041 7090 7139 7189 7238 7287 7336 7385
7434 7483 7532 7581 7630 7679 7728 7777 7826 7875
7924 7973 8022 8070 8119 8168 8217 8266 8315 8364
8413 8462 8511 8560 8608 8657 8706 8755 8804 8853
8902 8951 8999 9048 9097 9146 9195 9244 9292 9341

9390 9439 9488 9536 9585 9634 9683 9731 9780 9829
9878 9926 9975

0024
0511

0073
0560

0121
0608

0170
0657

0219
0706

0267
0754

0316
0303950365 0414 0462

0851 0900 0949 0997 1046 1095 1143 1192 1240 1289
1338 1386 1435 1483 1532 1580 1629 1677 1726 1775
1823 1872 1920 1969 2017 2066 2114 2163 2211 2260
2308 2356 2405 2453 2502 2550 2599 2647 2696 2744
2792 2841 2889 2938 2986 3034 3083 3131 3180 3228
3276 3325 3373 3421 3470 3518 3566 3615 3663 3711
3760 3808 3856 3905 3953 4001 4049 4098 4146 4194

Proportional. Parts.

Diff. 1 2 3 4 5 6 7 8 9

51

50
49
48

5.1

5.0
4.9
48

10.2
lO.O
9.8
9.6

15.3
15.0
14.7
14.4

20.4
20.0
19.6
19.2

25.5
25.0
24.5
24.0

30.6
30.0
29.4
28.8

35.7
35.0
34.3
33.6

40.8
40.0
39.2
38.4

45.9
45.0
44.1

43.2



162 LOGARITHMS OF NUMBERS.

Ko. 900 L. 954.1

N. 1 2 3 4 5 6 7 8 9 Diflf.

900
i

2
3
4
5
6
7
8
9

910
I

2

954243
4725
5207
5688
6168
6649
7128
7607
8086
8564

9041
9518
9995

4291
4773
5255
5736
6216
6697
7176
7655
8134
8612

9089
9566

4339
4821
5303
5784
6265
6745
7224
7703
8181
8659

9137
9614

4387
4869
5351
5832
6313
6793
7272
7751
8229
8707

9185
9661

4435
4918
5399
5880
6361
6840
7320
7799
8277
8755

9232
9709

4484
4966
5447
5928
6409
6888
7368
7847
8325
8803

9280
9757

4532
5014
5495
5976
6457
6936
7416
7894
8373
8850

9328
9804

4580
5062
5543
6024
6505
6984
7464
7942
8421
6898

9375
9852

4628
5110
5592
6072
6553
7032
7512
7990
8468
8946

9423
9900

4677
5158
5640
6120
6601
7080
7559
8038
8516
8994

9471
9947

48

0042
0518
0994
1469
1943
2417
2890
3363

3835
4307
4778
5249
5719
6189
6658
7127
7595
8062

8530
8996
9463
9928

0090
0566
1041
1516
1990
2464
2937
3410

3882
4354
4825
5296
5766
6236
6705
7173
7642
6109

8576
9043
9509
9975

0138
0613
1089
1563
2038
2511
2985
3457

3929
4401
4872
5343
5813
6283
6752
7220
7688
8156

8623
9090
9556

0185
0661
1136
1611
2085
2559
3032
3504

3977
4448
4919
5390
5860
6329
6799
7267
7735
8203

8670
9136
9602

0233
0709
1184
1658
2132
2606
3079
3552

4024
4495
4966
5437
5907
6376
6845
7314
7782
8249

8716
9183
9649

0280
0756
1231
1706
2180
2653
3126
3599

4071
4542
5013
5484
5954
6423
6892
7361
7829
8296

8763
9229
9695

0328
0804
1279
1753
2227
2701
3174
3646

4118
4590
5061
5531
6001
6470
6939
7408
7875
8343

8810
9276
9742

0376
0851
1326
1801
2275
2748
3221
3693

4165
4637
5108
5578
6048
6517
6986
7454
7922
8390

8856
9323
9789

0423
0899
1374
1848
2322
2795
3268
3741

4212
4684
5155
5625
6095
6564
7033
7501
7969
8436

8903
9369
9835

0300
0765
1229
1693
2157
2619
3082

3543
4005
4466
4926
5386

3
4
5
6
7
8
9

920
1

2
3
4
5
6
7
8
9

930
1

2
3

960471
0946
1421
1895
2369
2843
3316

3788
4260
4731
5202
5672
6142
6611
7080
7548
8016

8483
8950
9416
9882

47

0021
0486
0951
1415
1879
2342
2804

3266
3728
4189
4650
5110

0058
0533
0997
1461
1925
2388
2851

3313
3774
4235
4696
5156

0114
0579
1044
1508
1971
2434
2897

3359
3820
4281
4742
5202

0161
0626
1090
1554
2018
2481
2943

3405
3866
4327
4788
5248

0207
0672
1137
1601
2064
2527
2989

3451
3913
4374
4834
5294

0254
0719
1183
1647
2110
2573
3035

3497
3959
4420
4880
5340

4
5
6
7
8
9

940
I

2
3
4

970347
0812
1276
1740
2203
2666

3128
3590
4051
4512
4972

0393
0858
1322
1786
2249
2712

3174
3636
4097
4558
5018

0440
0904
1369
1832
2295
2758

3220
3682
4143
4604
5064 46

Pkoportional Parts.

Diff. 1 2 3 4 5 6 7 8 9

47
46

4.7
4.6

9.4
9.2

14.1

13.8
18.8
18.4

23.5
23.0

28.2
27.6

32.9
32.2

37.6
36.8

42.3
41.4



LOGARITHMS OF NUMBERS. 163

No. 945 L. 975.1 [No. 989 L. 995.

N. 1 3 3 4 5 6 7 8 9 Diff.

945
6
7
8
9

950
1

2
3
4

975432
5891
6350
6808
7266

7724
8181
8637
9093
9548

5478
5937
6396
6854
7312

7769
8226
8683
9138
9594

5524
5983
6442
6900
7358

7815
8272
8728
9184
9639

5570
6029
6488
6946
7403

7861
8317
8774
9230
9685

5616
6075
6533
6992
7449

7906
8363
8819
9275
9730

5662
6121
6579
7037
7495

7952
8409
8865
9321
9776

5707
6167
6625
7083
7541

7998
8454
8911
9366
9821

5753
6212
6671
7129
7586

8043
8500
8956
9412
9867

5799
6258
6717
7175
7632

8089
8546
9002
9457
9912

5845
6304
6763
7220
7678

8135
8591
9047
9503
9958

5
6
7
8
9

960
1

2

8
9

970
1

2
3
4
5
6
7

980003
0458
0912
1366
1819

2271
2723
3175
3626
4077
4527
4977
5426
5375
6324

6772
7219
7666
8113
8559
9005
9450
9895

0049
0503
0957
1411
1864

2316
2769
3220
3671
4122
4572
5022
5471
5920
6369

6817
7264
7711
8157
8604
9049
9494
9939

0094
0549
1003
1456
1909

2362
2814
3265
3716
4167
4617
5067
5516
5965
6413

6861
7309
7756
8202
8648
9094
9539
9983

0140
0594
1048
1501
1954

2407
2859
3310
3762
4212
4662
5112
5561
6010
6453

6906
7353
7800
8247
8693
9138
9583

0185
0640
1093
1547
2000

2452
2904
3356
3807
4257
4707
5157
5606
6055
6503

6951
7398
7845
8291
8737
9183
9628

0072
0516
0960

1403
1846
2288
2730
3172
3613
4053
4493
4933
5372

0231
0685
1139
1592
2045

2497
2949
3401
3852
4302
4752
5202
5651
6100
6548

6996
7443
7890
8336
8782
9227
9672

0117
0561
1004

1448
1890
2333
2774
3216
3657
4097
4537
4977
5416

0276
0730
1184
1637
2090

2543
2994
3446
3897
4347
4797
5247
5696
6144
6593

7040
7488
7934
8381
8826
9272
9717

0322
0776
1229
1683
2135

2588
3040
3491
3942
4392
4842
5292
5741
6189
6637

7085
7532
7979
8425
8871
9316
9761

0367
0821
1275
1728
2181

2633
3085
3536
3987
4437
4887
5337
5786
6234
6682

7130
7577
8024
8470
8916
9361
9806

0412
0867
1320
1773
2226

2678
3130
3581
4032
4482
4932
5382
5830
6279
6727

7175
7622
8068
8514
8960
9405
9850

43

0028
0472
0916

1359
1802
2244
2686
3127
3568
4009
4449
4889
5328

0161
0605
1049

1492
1935
2377
2819
3260
3701
4141
4581
5021
5460

0206
0650
1093

1536
1979
2421
2863
3304
3745
4185
4625
5065
5504

0250
0694
1137

1580
2023
2465
2907
3348
3789
4229
4669
5108
5547

0294
0738
1182

1625
2067
2509
2951
3392
3833
4273
4713
5152
5591

8
9

980
1

2
3
4
5
6
7
8
9

990339
0783

1226
1669
2111
2554
2995
3436
3877
4317
4757
5196

0383
0827

1270
1713
2156
2598
3039
3430
3921
4361
4801
5240

0428
0871

1315
1758
2200
2642
3083
3524
3965
4405
4845
5284

44

PKOPORTioNAii Parts.

Diff. 1 3 3 4 5 6 7 8 9

46
45
44
43

4.6
4.5

4.4
4.3

9.2
9.0
8.8
8.6

13.8
13.5
13.2
12.9

18.4
18.0
17.6
17.2

23.0
22.5
22.0
21.5

27.6
27.0
26.4
25.8

32.2
31.5
30.8
30.1

36.8
36.0
35.2
34.4

41.4
40.5
39.6
38.7



164 HYPERBOLIC LOGARITHMS.

No. 990 L. 995.1 |No.999L.9S«.

N. 1 3 3 4 6 6 7 8 9

6030

Diff.

990 995635 5679 5723 5767 5811 5854 5898 5942 5986
6074 6117 6161 6205 6249 6293 6337 6380 6424 6468 44

2 6512 6555 6599 6643 6687 6731 6774 6818 6862 6906
3 6949 6993 7037 7080 7124 7168 7212 7255 7299 7343
4 7386 7430 7474 7517 7561 7605 7648 7692 7736 7779
5 7823 7867 7910 7954 7998 8041 8085 8129 8172 8216
6 8259 8303 8347 8390 8434 8477 8521 8564 8608 8652
7 8695 8739 8782 8826 8869 8913 8956 9000 9043 9087
A 9131 9174 9218 9261 9305 9348 9392 9435 9479 9522
9 9565 9609 9652 9696 9739 9783 9826 9870 9913 9957

43

HYPERBOLIC LOGARITHMS.

No. Log. No. Log. No. Log. No. Log. No. Log.

1.01 .0099 1.45 .3716 1.89 .6366 2.33 .8458 2.77 1.0188
1.02 .0198 1.46 .3784 1.90 .6419 2.34 .8502 2.78 1 .0225
1.03 .0296 1.47 .3853 1.91 .6471 2.35 .8544 2.79 1.0260
1.04 .0392 1.48 .3920 1.92 .6523 2.36 .8587 2.80 1 .0296
1.05 .0488 1.49 .3988 1.93 .6575 2.37 .8629 2.81 1 .0332
1.06 .0583 1.50 .4055 1.94 .6627 2.38 .8671 2.82 1.0367
1.07 .0677 1.51 .4121 1.95 .6678 2.39 .8713 2.83 1 .0403
1.08 .0770 1.52 .4187 1.96 .6729 2.40 .8755 2.84 1.0438
1.09 .0862 1.53 .4253 1.97 .6780 2.41 .8796 2.85 1 .0473
1.10 .0953 1.54 .4318 1.98 .6831 2.42 .8838 2.86 1 .0508
1.11 .1044 1.55 .4383 1.99 .6881 2.43 .8879 2.87 1.0543
1.12 .1133 1.56 .4447 2.00 .6931 2.44 .8920 2.88 1.0578
1.13 .1222 1.57 .4511 2.01 .6981 2.45 .8961 2.89 1.0613
1.14 .1310 1.58 .4574 2.02 .7031 2.46 .9002 2.90 1.0647
1.15 .1398 1.59 .4637 2.03 .7080 2.47 .9042 2.91 1.0682
1.16 .1484 1.60 .4700 2.04 .7129 2.48 .9083 2.92 1.0716
1.17 .1570 1.61 .4762 2.05 .7178 2.49 .9123 2.93 1.0750
1.18 ,1655 1.62 .4824 2.06 .7227 2.50 .9163 2.94 1 .0784
1.19 .1740 1.63 .4886 2.07 .7275 2.51 .9203 2.95 1.0818
1.20 .1823 1.64 .4947 2.08 .7324 2.52 .9243 2.96 1 .0852
1.21 .1906 1.65 .5008 2.09 .7372 2.53 .9282 2.97 1 .0886
1.22 .1988 1.66 .5068 2.10 .7419 2.54 .9322 2.98 1.0919
1.23 .2070 1.67 .5128 2.11 .7467 2.55 .9361 2.99 1.0953
1.24 .2151 1.68 .5188 2.12 .7514 2.56 .9400 3.00 1.0986
1.25 .2231. 1.69 .5247 2.13 .7561 2.57 .9439 3.01 1.1019
1.26 .2311 1.70 .5306 2.14 .7608 2.58 .9478 3.02 1.1056
1.27 .2390 1.71 .5365 2.15 .7655 2.59 .9517 3.03 1.1081
1.28 .2469 1.72 .5423 2.16 .7701 2.60 .9555 3.04 1.1113
1.29 .2546 1.73 .5481 2.17 .7747 2.61 .9594 3.05 1.1154
1.30 .2624 1.74 .5539 2.18 .7793 2.62 .9632 3.06 1.1187
1.31 .2700 1.75 .5596 2.19 .7839 2.63 .9670 3.07 1.1219
1.32 .2776 1.76 .5653 2.20 .7885 2.64 .9708 3.08 1.1246
1.33 .2852 1.77 .5710 2.21 .7930 2.65 .9746 3.09 1.1284
1.34 .2927 1.78 .5766 2.22 .7975 2.66 .9783 3.10 1.1312
1.35 .3001 1.79 .5822 2.23 .8020 2.67 .9821 3.11 1.1349
1.36 .3075 1.80 .5878 2.24 .8065 2.68 .9858 3.12 1.1378
1.37 .3148 1.81 .5933 2.25 .8109 2.69 .9895 3.13 1.1410
1.38 .3221 1.82 .5988 2.26 .8154 2.70 .9933 3.14 1.1442
1.39 .3293 1.83 .6043 2.27 .8198 2.71 .9969 3.15 1.1474
1.40 .3365 1.84 .6098 2.28 .8242 2.72 1 .0006 3.16 1.1506
1.41 .3436 1.85 .6152 2.29 .8286 2.73 1 .0043 3.17 1.1537
1.42 .3507 1.86 .6206 2.30 .8329 2.74 1 .0080 3.18 1.1569
1.43 .3577 1.87 .6259 2.31 ^8372 2.75 1.0116 3.19 1.1600
1.44 .3646 1.88 .6313 2.32 8416 2.76 1.0152 3.20 1.1632



HYPERBOLIC LOGARITHMS. 165

No. Log. No. Log. No. Log. No. Log. No. Log.

3.21 1.1663 3.87 1.3533 4.53 1.5107 5.19 1 .6467 5.85 1.7664
3.22 1.1694 3.88 1.3558 4.54 1.5129 5.20 1 .6487 5.86 1.7681
3.23 1.1725 3.89 1.3584 4.55 1.5151 5.21 1.6506 5.87 1 .7699
3.24 1.1756 3.90 1.3610 4.56 1.5173 5.22 1.6525 5.88 1.7716
3.25 1.1787 3.91 1.3635 4.57 1.5195 5.23 1.6544 5.89 1.7733
3.26 1.1817 3.92 1.3661 4.58 1.5217 5.24 1.6563 5.90 1.7750
3.27 1.1848 3.93 1.3686 4.59 1.5239 5.25 1.6582 5.91 1.7766
3.28 1.1878 3.94 1.3712 4.60 1.5261 5.26 1.6601 5.92 1.7783
3.29 1.1909 3.95 1.3737 4.61 1.5282 5.27 1 .6620 5.93 1 .7800
3.30 1.1939 3.96 1.3762 4.62 1.5304 5.28 1.6639 5.94 1.7817
3.31 1.1969 3.97 1.3788 4.63 1.5326 5.29 1.6658 5.95 1.7834
3.32 1.1999 3.98 1.3813 4.64 1.5347 5.30 1.6677 5.96 1.7851
3.33 1 .2030 3.99 1.3838 4.65 1.5369 5.31 1 .6696 5.97 1 .7867
3.34 1 .2060 4.00 1.3863 4.66 1.5390 5.32 1.6715 5.98 1.7S84
3.35 1 .2090 4.01 1.3888 4.67 1.5412 5.33 1.6734 5.99 1.7901
3.36 1.2119 4.02 1.3913 4.68 1.5433 5.34 1.6752 6.00 1.7918
3.37 1.2149 4.03 1.3938 4.69 1.5454 5.35 1.6771 6.01 1.7934
3.38 1.2179 4.04 1 .3962 4.70 1.5476 5.36 1 .6790 6.02 1.7951
3.39 1 .2208 4.05 1.3987 4.71 1.5497 5.37 1 .6808 6.03 1.7967
3.40 1.2238 4.06 1.4012 4.72 1.5518 5.38 1.6827 6.04 1.7984
3.41 1 .2267 4.07 1 .4036 4.73 1.5539 5.39 1 .6845 6.05 1.8001
3.42 1 .2296 4.08 1.4061 4.74 1.5560 5.40 1 .6864 6 06 1.8017
3.43 1.2326 4.09 1 .4085 4.75 1.5581 5.41 1 .6882 6.07 1 .8034
3.44 1.2355 4.10 1.4110 4.76 1.5602 5.42 1.6901 6.08 1 .8050
3.45 1 .2384 4.11 1.4134 4.77 1.5623 5.43 1.6919 6.09 1 .8066
3.46 1.2413 4.12 1.4159 4.78 1.5644 5.44 1 .6938 6.10 1 .8083
3.47 1 .2442 4.13 1.4183 4.79 1.5665 5.45 1 .6956 6.11 1.8099
3.48 1 .2470 4.14 1 .4207 4.80 1.5686 5.46 1 .6974 6.12 1.8116
3.49 1.2499 4.15 1.4231 4.81 1.5707 5.47 1.6993 6.13 1.8132
3.50 1.2528 4.16 1.4255 4.82 1.5728 5.48 1.7011 6.14 1.8148
3.51 1.2556 4.17 1.4279 4.83 1.5748 5.49 1 .7029 6.15 1.8165
3.52 1.2585 4.18 1.4303 4.84 1.5769 5.50 1.7047 6.16 1.8181
3.53 1.2613 4.19 1.4327 4.85 1.5790 5.51 1.7066 6.17 1.8197
3.54 1.2641 4.20 1.4351 4.86 1.5810 5.52 1.7084 6.18 1.8213
3.55 1 .2669 4.21 1.4375 4.87 1.5831 5.53 1.7102 6.19 1 .8229
3.56 1.2698 4.22 1.4398 4.88 1.5851 5.54 1.7120 6.20 1 .8245
3.57 1.2726 4.23 1.4422 4.89 1.5872 5.55 1.7138 6.21 1 .8262
3.58 1.2754 4.24 1 .4446 4.90 1.5892 5.56 1.7156 6.22 1.8278
3.59 1.2782 4.25 1 .4469 4.91 1.5913 5.57 1.7174 6.13 1 .8294
3.60 1 .2809 4.26 1 .4493 4.92 1.5933 5.58 1.7192 6.24 1.8310
3.61 1.2837 4.27 1.4516 4.93 1.5953 5.59 1.7210 6.25 1.8326
3.62 1 .2865 4.28 1.4540 4.94 1.5974 5.60 1.7228 6.26 1.8342
3.63 1 .2892 4.29 1.4563 4.95 1.5994 5.61 1.7246 6.27 1.8358
3.64 1 .2920 4.30 1.4586 4.96 1.6014 5.62 1.7263 6.28 1.8374
3 65 1.2947 .4.31 1 .4609 4.97 1 .6034 5.63 1.7281 6.29 1.8390
3.66 1.2975 4.32 1.4633 4.98 1.6054 5.64 1.7299 6.30 1.8405
3.67 1.3002 4.33 1.4656 4.99 1.6074 5.65 1.7317 6.31 1.8421
3.68 1 .3029 4.34 1 .4679 5.00 1 .6094 5.66 1.7334 6.32 1.8437
3.69 1.3056 4.35 1 .4702 5.01 1.6114 5.67 1.7352 6.33 1 .8453
3.70 1.3083 4.36 1.4725 5.02 1.6134 5.68 1.7370 6.34 1 .8469
3.71 1.3110 4.37 1 .4748 5.03 1.6154 5.69 1.7387 6.35 1 .8485
3.72 1.3137 4.38 1.4770 5.04 1.6174 5.70 1.7405 6.36 1.8500
3.73 1.3164 4.39 1.4793 5.05 1.6194 5.71 1 .7422 6.37 1.8516
3.74 1.3191 4.40 1.4816 5.06 1.6214 5.72 1.7440 6.38 1.8532
3.75 1.3218 4.41 1.4839 5.07 1.6233 5.73 1.7457 6.39 1.8547
3.76 1.3244 4.42 1.4861 5.08 1.6253 5.74 1.7475 6.40 1.8563
3.77 1.3271 4.43 1 .4884 5.09 1.6273 5.75 1 .7492 6.41 1.8579
3.78 1.3297 4.44 1.4907 5.10 1.6292 5.76 1.7509 6.42 1 .8594
3.79 1.3324 4.45 1 .4929 5.11 1.6312 5.77 1.7527 6.43 1.8610
3.80 1.3350 4.46 1.4951 5.12 1.6332 5.78 1.7544 6.44 1 .8625
3.8\ 1.3376 4.47 1.4974 5.13 1.6351 5.79 1.7561 6.45 1.8641
3.82 1 .3403 4.48 1 .4996 5.14 1.6371 5.80 1.7579 6.46 1 .8656
3.83 1 .3429 4.49 1.5019 5.15 1.6390 5.81 1.7596 6.47 1.8672
3.84 1.3455 4.50 1.5041 5.16 1.6409 5.82 1.7613 6.48 1.8687
3.85 1.3481 4.51 1.5063 5.17 1 .6429 5.83 1.7630 6.49 1.8703
3.86 1.3507 4.52 1 .5085 5.18 1 .6448 5.84 1.7647 6.50 1.8718
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No. Log. No. Log. No. Log. No. Log. No, Log.

6.51 1.8733 7.15 1.9671 7.79 2.0528 8.66 2.1587 9.94 2.2966
6.52 1.8749 7.16 1 .9685 7.80 2.0541 8.68 2.1610 9.96 2.2986
6.53 1.8764 7.17 1 .9699 7.81 2.0554 8.70 2.1633 9.98 2.3006
6.54 1.8779 7.18 1.9713 7.82 2.0567 8.72 2.1656 10.00 2.3026
6.55 1.8795 7.19 1.9727 7.83 2.0580 8.74 2.1679 10.25 2.3279
6.56 1.8810 7.20 1.9741 7.84 2.0592 8.76 2.1702 10.50 2.3513
6.57 1.8825 7.21 1.9754 7.85 2.0605 8.78 2.1725 10.75 2.3749
6.58 1.8840 7.22 1 .9769 7.86 2.0618 8.80 2.1748 11.00 2.3979
6.59 1.8856 7.23 1.9782 7.87 2.0631 8.82 2.1770 11.25 2.4201
6.60 1.8871 7.24 1.9796 7.88 2.0643 8.84 2.1793 11.50 2.4430
6.61 1 .8886 7.25 1.9810 7.89 2.0656 8.86 2.1815 11.75 2.4636
6.62 1.8901 7.26 1 .9824 7.90 2.0669 8.88 2.1838 12.00 2.4849
6.63 1.8916 7.27 1 .9838 7.91 2.0681 8.90 2.1861 12.25 2.5052
6.64 1.8931 7.28 1.9851 7.92 2.0694 8.92 2.1883 12.50 2.5262
6.65 1.8946 7.29 1 .9865 7.93 2.0707 8.94 2.1905 12.75 2.5455
6.66 1 8961 7.30 1 .9879 7.94 2.0719 8.96 2.1928 13.00 2.5649
6.67 1 .8976 7.31 1 .9892 7.95 2.0732 8.98 2.1950 13.25 2.5840
6.68 1.8991 7.32 1 .9906 7.96 2.0744 9.00 2.1972 13.50 2.6027
6.69 1 .9006 7.33 1 .9920 7.97 2.0757 9.02 2.1994 13.75 2.6211
6.70 1.9021 7.34 1 .9933 7.98 2.0769 9.04 2.2017 14.00 2.6391
6.71 1 .9036 7.35 1 .9947 7.99 2.0782 9.06 2.2039 14.25 2.6567
6.72 1.9051 7.36 1.9961 8.00 2.0794 9.03 2.2061 14.50 2.6740
6.73 1 .9066 7.37 1.9974 8.01 2.0807 9.10 2.2083 14.75 2.6913
6.74 1.9081 7.38 1.9988 8.02 2.0819 9.12 2.2105 15.00 2.7081
6.75 1.9095 7.39 2.0001 8.03 2.0832 9.14 2.2127 15.50 2.7408
6.76 1.9110 7.40 2.0015 8.04 2.0844 9.16 2.2148 16.00 2.7726
6.77 1.9125 7.41 2.0028 8.05 2.0857 9.18 2.2170 16.50 2.8034
.6.78 1.9140 7.42 2.0041 8.06 2.0869 9.20 2.2192 17.00 2.8332
6.79 1.9155 7.43 2.0055 8.07 2.0882 9.22 2.2214 17.50 2.8621
6.80 1.9169 7.44 2.0069 8.08 2.0894 9.24 2.2235 18.00 2.8904
6.81 1.9184 7.45 2.0082 8.09 2.0906 9.26 2.2257 18.50 2.9178
6.82 1.9199 7.46 2.0096 8.10 2.0919 9.28 2.2279 19.00 2.9444
6.83 1.9213 7.47 2.0108 8.11 2.0931 9.30 2.2300 19.50 2.9703
6.84 1 .9228 7.48 2.0122 8.12 2.0943 9.32 2.2322 20.00 2.9957
6.85 1 .9242 7.49 2.0136 8.13 2.0956 9.34 2.2343 21 3.0445
6.86 1.9257 7.50 2.0149 8.14 2.0968 9.36 2.2364 22 3.0910
6.87 1 .9272 7.51 2.0162 8.15 2.0980 9.38 2.2386 23 3.1355
6.88 1.9286 7.52 2.0176 8.16 2.0992 9.40 2.2407 24 3.1781
6.89 1.9301 7.53 2.0189 8.17 2.1005 9.42 2.2428 25 3.2189
6.90 1.9315 7.54 2.0202 8.18 2.1017 9.44 2.2450 26 3.2581
6.91 1.9330 7.55 2.0215 8.19 2.1029 9.46 2.2471 27 3.2958
6.92 1.9344 7.56 2.0229 8.20 2.1041 9.48 2.2492 28 3.3322
6.93 1.9359 7.57 2.0242 8.22 2.1066 9.50 2.2513 29 3.3673
6.94 1.9373 7.58 2.0255 8.24 2.1090 9.52 2.2534 30 3.4012
6.95 1.9387 7.59 2.0268 8.26 2.1114 9.54 2.2555 31 3.4340
6.96 1.9402 7.60 2.0281 8.28 2.1138 9.56 2.2576 32 3.4657
6.97 1.9416 7.61 2.0295 8.30 2.1163 9.58 2.2597 33 3.4965
6.98 1.9430 7.62 2.0308 8.32 2.1187 9.60 2.2618 34 3.5263
6.99 1.9445 7.63 2.0321 8.34 2.1211 9.62 2.2638 35 3.5553
7.00 1 .9459 7.64 2.0334 8.36 2.1235 9.64 2.2659 36 3.5835
7.01 1 .9473 7.65 2.0347 8.38 2.1258 9.66 2.2680 37 3.6109
7.02 1 .9488 7.66 2.0360 8.40 2.1282 9.68 2.2701 38 3.6376
7.03 1.9502 7.67 2.0373 8.42 2.1306 9.70 2.2721 39 3.6636
7.04 1.9516 7.68 2.0386 8.44 2.1330 9.72 2.2742 40 3.6889
7.05 1.9530 7.69 2.0399 8.46 2.1353 9.74 2.2762 41 3.7136
7.06 1 .9544 7.70 2.0412 8.48 2.1377 9.76 2.2783 42 3.7377
7.07 1.9559 7.71 2.0425 8.50 2.1401 9.78 2.2803 43 3.7612
7.08 1.9573 7.72 2.0438 8.52 2.1424 9.80 2.2824 44 3.7842
7.09 1.9587 7.73 2.0451 8.54 2.1448 9.82 2.2844 45 3.8067
7.10 1.9601 7.74 2.0464 8.56 2.1471 9.84 2.2865 46 3.8286
7.11 1.9615 7.75 2.0477 8.58 2.1494 9.86 2.2885 47 3.8501
7.12 1 .9629 7.76 2.0490 8.60 2.1518 9.88 2.2905 48 3.8712
7.13 1.9643 7.77 2.0503 8.62 2.1541 9.90 2.2925 49 3.8918
7.14 1.9657 7.78 2.0516 8.64 2.1564 9.92 2.2946 50 3.9120
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LOGARITHMIC SINES, ETC.

In.Neg.
8.24186
8.54282
8.71880
8.84358

8.94030
9.01923
9.08589
9.14356
9.19433

9.23967
9.28060
9.31788
9.35209
9.38368

9.41300
9.44034
9.46594
9.48998
9.51264

9.53405
9.55433
9.57358
9.59188
9.6093

1

9.62595
9.64184
9.65705
9.67161
9.68557

9.69897
9.71184
9.72421
9.73611
9.74756

9.75859
9.76922
9.77946
9.78934
9.79887

9.80807
9.81694
9.82551
9.83378
9.84177

Tangent

Infinite.
1.75814

11.45718
11.28120
n. 15642

11.05970
10.98077
10.91411
10.85644
10.80567

10.76033
10.71940
10.68212
10.64791
10.61632

10.58700
10.55966
10.53406
10.51002
10.48736

10.46595
10.44567
10.42642
10.40812
10.39069

10.37405
10.35816
10.34295
10.32839
10.31443

10.30103
10.28816
10.27579
10.26389
10.25244

10.24141
10.23078
10.22054
10.21066
10.20113

10.19193
10.18306
10.17449
10.16622
10.15823

9.84949 10.15052

In.Neg.
6.18271
6.78474
7.13687
7.38667

7.58039
7.73863
7.87238
7.98820
8.09032

8.18162
8.26418
8.33950
8.40875
8.47282

.53243

.58814

.64043
8.68969
8.73625

8.78037
8.82230
8.86223
,90034

8.93679

8.97170
9.00521
9.03740
9.06838
9.09823

9.12702
9.15483
9.18171
9.20771
9.23290

9.25731
9.28099
9.30398
9.32631
9.34802

9.36913
9.38968
9.40969
9.42018
9.44818

9.46671

In.Neg.
8.24192
8.54308
8.71940
8.84464

8.94195
9.02162
9.08914
9.14780
9.19971

9.24632
9.28865
9.32747
9.36336
9.39677

9.42805
9.45750
9.48534
9.51178
9.53697

9.56107
9.58418
9.60641
9.62785
9.64858

9.66867
9.68818
9.70717
9.72567
9.74375

9.76144
9.77877
9.79579
9.81252
9.82899

9.84523
9.86126
9.87711
9.89281
9.90837

9.92381
9.93916
9.95444
9.96966
9.98484

Infinite.
11.75808
1 1 .45692

1 .28060
11.15536

11.05805
10.97838
10.91086
10.85220
10.80029

10.75363
10.71135
0.67253
10.63664
10.60323

10.57195
10.54250
10.51466
10.48822
10.46303

10.43893
10.41582
10.39359
10.37215
10.35142

10.33133
10.31182
10.29283
10.27433
10.25625

10.23856
10.22123
10.20421
10.18748
10.17.101

10.15477
10.13874
10.12289
10.10719
10.09163

10.07619
10.06084
10.04556
10.03034
10.01516

10.00000 10.00000

Secant. Covers. Cotan. Tangent Versin. Cosec. Sine.

I 0.00000
9.99235
9.98457
9.97665
9.96860

9.96040
9.95205
9.94356
9.93492
9.92612

9.91717
9.90805
9.89877
9.88933
9.8797

9.86992
9.85996
9.84981
9.83947
9.82894

9.81821
9.80729
9.79615
9.78481
9.77325

9.76146
9.74945
9.73720
9.72471
9.71197

9.69897
9.68571
9.67217
9.65836
9.64425

9.62984
9.61512
9.60008
9.58471
9.56900

9.55293
9.53648
9.51966
9.50243
9.48479

9.46671

1 0.00000
10.00007
10.00026
10.00060
10.00106

10.00166
10.00239
10.00325
10.00425
0.00538

10.00665
10.00805
10.00960
10.01128
10.01310

10.01506
10.01716
10.01940
10.02179
10.02433

10.02701
10.02985
10.03283
10.03597
10.03927

10.04272
10.04634
10.05012
10.0540^
10.0581J

10.06247
10.06693
10.07158
10.07641
10.08143

10.08664
10.09204
10.09765
10.10347
10.10950

10.11575
10.12222
10.12893
10.13587
10.14307

10.15052

10.00000 90
9.99993

I 89
9.99974
9.99940
9.99894

9.99834
9 99761
9.99675
9.99575
9.99462

9.99335
9.99195
9.99040
9.98872
9.98690

9.98494
9.98284
9.98060
9.97821
9.97567

9.97299
9.97015
9.96717
9.96403
9.96073

9.95728
9.95366
9.94988
9.94593
9.94182

9.93753
9.93307
9.92842
9.92359
9.91857

9.91336
9.90796
9.90235
9.89653
9.89050

9.88425
9.87778
9.87107
9.86413
9.85693

9.84949

From 45° to 90° read from bottom of table upwardi.
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Four-place Logarithms of Numbers to 1000.

For six-place logarithms of numbers to 10,000, see pp. 137 to 164.

No. 1 3 3 4 5 6 7 8 9 No.

0000 3010 4771 6021 6990 7782 8451 9031 9542

2
3

0000
3010
4771

0414
3222
4914

0792
3424
5052

1139
3617
5185

1461
3802
5315

1761
3979
5441

2041
4150
5563

2304
4314
5682

2553
4472
5798

2788
4624
5911

1

2
3

4
5
6

6021
6990
7782

6128
7076
7853

6232
7160
7924

6335
7243
7993

6435
7324
8062

6532
7404
8129

6628
7482
8195

6721
7559
8261

6812
7634
8325

6902
7709
8388

4
5
6

7

8
9

8451
9031
9542

8513
9085
9590

8573
9138
9638

8633
9191
9685

8692
9243
9731

8751
9294
9777

8808
9345
9823

8865
9395
9868

8921
9445
9912

8976
9494
9956

7
8
9

10 0000 0043 0086 0128 0170 0212 0253 0294 0334 0374 10

n
12
13

0414
0792
1139

0453
0828
1173

0492
0864
1206

0531
0899
1239

0569
0934
1271

0607
0969
1303

0645
1004
1335

0682
1038
1367

0719
1072
1399

0755
1106
1430

11

12
13

14
15
16

1461
1761
2041

1492
1790
2068

1523
1818
2095

1553
1847
2122

1584
1875
2148

1614
1903
2175

1644
1931
2201

1673
1959
2227

1703
1987
2253

1732
2014
2279

14
15
16

17
18
19

2304
2553
2788

2330
2577
2810

2355
2601
2833

2380
2625
2856

2405
2648
2878

2430
2672
2900

2455
2695
2923

2480
2718
2945

2504
2742
2967

2529
2765
1989

17
18
19

20 3010 3032 3054 3075 3096 3118 3139 3160 3181 3201 20

21
22
23

3222
3424
3617

3243
3444
3636

3263
3464
3655

3284
3483
3674

3304
3502
3692

3324
3522
3711

3345 3365 3385 3404
3541 3560 3579 3598
3729 3747 3766 3784

21
22
23

24
25
26

3802
3979
4150

3820
3997
4166

3838
4014
4183

3856
4031
4200

3874
4048
4216

3892
4065
4232

3909 3927
4082 4099
4249 4265

3945
4116
4281

3962
4133
4298

24
25
26

27
28
29

4314
4472
4624

4330
4487
4639

4346
4502
4654

4362
4518
4669

4378
4533
4683

4393
4548
4698

4409 4425
4564 4579
4713 4728

4440 4456
4594 4609
4742 4757

27
28
29

30 4771 4786 4800 4814 4829 4843 4857 4871 4886 4900 30

31
32
33

4914
5052
5185

4928
5065
5198

4942
5079
5211

4955
5092
5224

4969
5105
5237

4983
5119
5250

4997
5132
5263

5011
5145
5276

5024 5038
5159 5172
5289 5302

31
32
33

34
35
36

5315
5441
5563

5328
5453
5575

5340
5465
5587

5353
5478
5599

5366
5490
5611

5378
5502
5623

5391
5515
5635

5403
5527
5647

5416
5539
5658

5428
5551
5670

34
35
36

37
38
39

5682
5798
5911

5694
5809
5922

5705
5821
5933

5717
5832
5944

5729
5843
5955

5740
5855
5966

5752
5866
5977

5763
5877
5988

5775
5888
5999

5786
5899
6010

37
38
39

40 6021 6031 6042 6053 6064 6075 6085 6096 6107 6117 40

41
42
43

6128
6232
6335

6138
6243
6345

6149
6253
6355

6160
6263
6365

6170
6274
6375

6180
6284
6385

6191
6294
6395

6201
6304
6405

6212
6314
6415

6222
6325
6425

41
42
43

44
45
46

6435
6532
6628

6444
6542
6637

6454
6551
6646

6464
6561
6656

6474
6571
6665

6484
6580
6675

6493
6590
6684

6503
6599
6693

6513
6609
6702

6522
6618
6712

44
45
46

47
48
49

6721
6812
6902

6730
6821
6911

6739
6830
6920

6749
6839
6928

6758
6848
6937

6767
6857
6946

6776 6785
6866 6875
6955 6964

6794
6884
6972

6803
6893
6981

47
48
49

50 6990 6998 7007 7016 7024 7033 7042 7050 7059 7067 50
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Four-place Logarithms of Numbers fo 1000.

For six-place logarithms of numbers to 10,000, see pp. 137 to 164.

No. 1 2 3 4 5 6 7 8 9 No.

50 6990 6998 7007 7016 7024 7033 7042 7050 7059 7067 50

51
52
53

7076
7160
7243

7084
7168
7251

7093
7177
7259

7101
7185
7267

7110
7193
7275

7118
7202
7284

7126 7135 7143
7210 7218 7226
7292 7300 7308

7152
7235
7316

51

52
53

54
55
56

7324
7404
7482

7332
7412
7490

7340
7419
7497

7348
7427
7505

7356
7435
7513

7364
7443
7520

7372 7380 7388
7451 7459 7466
7528 7536 7543

7396
7474
7551

54
55
56

57
58
59

7559
7634
7709

7566
7642
7716

7574
7649
7723

7582
7657
7731

7589
7664
7738

7597
7672
7745

7604 7612 7619
7679 7686 7694
7752 7760 7767

7627
7701
7774

57
58
59

60 7782 7789 7796 7803 7810 7818 7825 7832 7839 7846 60

61
62
63

.7853
7924
7993

7860
7931
8000

7868
7938
8007

7875
7945
8014

7882
7952
8021

7889
7959
8028

7896 7903 7910
7966 7973 7980
8035 8041 8048

7917
7987
8055

61
62
63

64
65
66

8062
8129
8195

8069
8136
8202

8075
8142
8209

8082
8149
8215

8089
8156
8222

8096
8162
8228

8102 8109 8116
8169 8176 8182
8235 8241 8248

8122
8189
8254

64
65
66

67
68
69

8261
8325
8388

8267
8331
8395

8274
8338
8401

8280
8344
8407

8287
8351
8414

8293
8357
8420

8299 8306 8312 8319
8363 8370 8376 8382
8426 8432 8439 8445

67
68
69

70 8451 8457 8463 8470 8476 8482 8488 8494 8500 8506 70

71

72
73

8513
8573
8633

8519
8579
8639

8525
8585
8645

8531
8591
8651

8537
8597
8657

8543
8603
8663

8549 8555 8561
8609 8615 8621
8669 8675 8681

8567
8627
8686

71

72
73

74
75
76

8692
8751
8808

8698
8756
8814

8704
8762
8820

8710
8768
8825

8716
8774
8831

8722
8779
8837

8727 8733 8739 8745
8785 8791 8797 8802
8842 8848 8854 8859

74
75
76

77
78
79

8865
8921
8976

8871
8927
8982

8876
8932
8987

8882
8938
8993

8887
8943
8998

8893
8949
9004

8899 8904 8910 8915
8954 8960 8965 8971
9009 9015 9020 9025

77
78
79

80 9031 9036 9042 9047 9053 9058 9063 9069 9074 9079 80

81
82
83

9085
9138
9191

9090
9143
9196

9096
9149
9201

9101
9154
9206

9106
9159
9212

9112
9165
9217

9117 9122 9128
9170 9175 9180
9222 9227 9232

9133
9186
9238

81
82
83

84
85
86

9243
9294
9345

9248
9299
9350

9253
9304
9355

9258
9309
9360

9263
9315
9365

9269
9320
9370

9274 9279 9284
9325 9330 9335
9375 9380 9385

9289
9340
9390

84
85
86

87
88
89

9395
9445
9494

9400
9450
9499

9405
9455
9504

9410
9460
9509

9415
9465
9513

9420
9469
9518

9425 9430 9435
9474 9479 9484
9523 9528 9533

9440
9489
9538

87
88
89

90 9542 9547 9552 9557 9562 9566 9571 9576 9581 9586 90

91
92
93

9590
9638
9685

9595
9643
9689

9600
9647
9694

9605
9652
9699

9609
9657
9703

9614
9661
9708

9619 9624 9628 9633
9666 9671 9675 9680
9713 9717 9722 9727

91
92
93

94
95
96

9731
9777
9823

9736
9782
9827

9741
9786
9832

9745
9791
9836

9750
9795
9841

9754
9800
9845

9759 9764 9768
9805 9809 9814
9850 9854 9859

9773
9818
9863

94
95
96

97
98
99

9868
9912
9956

9872
9917
9961

9877
9921
9965

9881
9926
9969

9885
9930
9974

9890
9934
9978

9894 9899 9903
9939 9943 9948
9983 9987 9991

9908
9952
9996

97
98
99

100 0000 0004 0009 0013 0017 0022 0026 0030 0035 0039 100
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NATURAL, TRIGONOMETRICAL. FUNCTIONS.

• M.
~0

Sine.
Co-

vers.
Cosec. Tang. Cotan. Se-

cant.
Ver.
Sin.

Cosine.

90"o" .00000 1 .0000 Infinite .00000 Infinite 1 .0000 .00000 1.0000 -0
15 .00436 .99564 229.18 .00436 229.18 1.0000 .00001 .99999 45
30 .00873 .99127 114.59 .00873 114.59 1 .0000 .00004 .99996 30
45 .01309 .98691 76.397 .01309 76.390 1.0001 .00009 .99991 15

1 .01745 .98255 57.299 .01745 57.290 1.0001 .00015 .99985 89
15 .02181 .97819 45.840 .02182 45.829 1.0002 .00024 .99976 45
30 .02618 .97382 38.202 .02618 38.188 1 .0003 .00034 .99966 30
45 .03054 .96946 32.746 .03055 32.730 1 .0005 .00047 .99953 15

2 .03490 .96510 28.654 .03492 28.636 1.0006 .00061 .99939 88
15 .03926 .96074 25.471 .03929 25.452 1.0008 .00077 .99923 45
30 .04362 .95638 22.926 .04366 22.904 1.0009 .00095 .99905 30

1 45 .04798 .95202 20.843 .04803 20.819 1.0011 .00115 .99885 15

3 .05234 .94766 19.107 .05241 19.081 1.0014 .00137 .99863 87
i 15 .05669 .94331 17.639 .05678 17.611 1.0016 .00161 .99839 45

30 .06105 .93895 16.380 .06116 16.350 1.0019 .00187 .99813 30
45 .06540 .93460 15.290 .06554 15.257 1.0021 .00214 .99786 15

/ 4 .06976 .93024 14.336 .06993 14.301 1 .0024 .00244 .99756 86
/ 15 .07411 .92589 13.494 .0743

1

13.457 1 .0028 .00275 .99725 45
30 .07846 .92154 12.745 .07870 12.706 1.0031 .00308 .99692 30
45 .08281 .91719 12.076 .08309 12.035 1 .0034 .00343 .99656 15

6 .08716 .91284 11.474 .08749 11.430 1.0038 .00381 .99619 85
15 .09150 .90850 10.929 .09189 10.883 1 .0042 .00420 .99580 45
30 .09585 .90415 10.433 .09629 10.385 1 .0046 .00460 .99540 30
45 .10019 .89981 9.9812 .10069 9.9310 1.0051 .00503 .99497 15

6 .10453 .89547 9.5668 .10510 9.5144 1.0055 .00548 .99452 84
15 .10887 .89113 9.1855 .10952 9.1309 1 .0060 .00594 .99406 45
30 .11320 .88680 8.8337 .11393 8.7769 1.0065 .00643 .99357 30
45 .11754 .88246 8.5079 .11836 8.4490 1 .0070 .00693 .99307 15

7 .12187 .87813 8.2055 .12278 8.1443 1.0075 .00745 .99255 83
15 .12620 .87380 7.9240 .12722 7.8606 1.0081 .00800 .99200 45
30 .13053 .86947 7.6613 .13165 7.5958 1.0086 .00856 .99144 30
45 .13485 .86515 7.4156 .13609 7.3479 1 .0092 .00913 .99086 15

8 .13917 .86083 7.1853 .14054 7.1154 1.0098 .00973 .99027 82
15 .14349 .85651 6.9690 .14499 6.8969 1.0105 .01035 .98965 45
30 .14781 .85219 6.7655 .14945 6.6912 1.0111 .01098 .98902 30
45 .15212 .84788 6.5736 .15391 6.4971 1.0118 .01164 .98836 15

9 .15643 .84357 6.3924 .15838 6.3138 1.0125 .01231 .98769 81
15 .16074 .83926 6.2211 .16286 6.1402 1.0132 .01300 .98700 45
30 .16505 .83495 6.0589 .16734 5.9758 1.0139 .01371 .98629 30
45 .16935 .83065 5.9049 .17183 5.8197 1.0147 .01444 .98556 15

10 .17365 .82635 5.7588 .17633 5.6713 1.0154 .01519 .98481 80
15 .17794 .82206 5.6198 .18083 5.5301 1.0162 .01596 .98404 45
30 .18224 .81776 5.4874 .18534 5.3955 1.0170 .01675 .98325 30
45 .18652 .81348 5.3612 .18986 5.2672 1.0179 .01755 .98245 15

11 .19081 .80919 5.2408 .19438 5.1446 1.0187 .01837 .98163 79
15 .19509 .80491 5.1258 .19891 5.0273 1.0196 .01921 .98079 45
30 .19937 .80063 5.0158 .20345 4.9152 1.0205 .02008 .97992 30
45 .20364 .79636 4.9106 .20800 4.8077 1.0214 .02095 .97905 15

13 .20791 .79209 4.8097 .21256 4.7046 1.0223 .02185 .97815 78
15 .21218 .78782 4.7130 .21712 4.6057 1.0233 .02277 .97723 45
30 .21644 .78356 4.6202 .22169 4.5107 1 .0243 .02370 .97630 30
45 .22070 .77930 4.5311 .22628 4.4194 1.0253 .02466 .97534 15

13 .22495 .77505 4.4454 .23087 4.3315 1 .0263 .02563 .97437 77
15 .22920 .77080 4.3630 .23547 4.2468 1.0273 .02662 .97338 43
30 .23345 .76655 4.2837 .24008 4.1653 1 .0284 .02763 .97237 30
45 .23769 .76231 4.2072 .24470 4.0867 1.0295 .02866 .97134 15

14 24192 .75808 4.1336 .24933 4.0108 1 .0306 .02970 .97030 76
15 .24615 .75385 4.0625 .25397 3.9375 1.0317 .03077 .96923 45
30 .25038 .74962 3.9939 .25862 3.8667 1 .0329 .03185 .96815 30
45 .25460 .74540 3.9277 .26328 3.7983 1.0341 .03295 .96705 15

15 .25882 .74118 3.8637 .26795 3.7320 1.0353 03407 .96593 75
Co-
sine.

Ver.
Sin.

Secant. Cotan Tang. Cosec.
Co-
vers.

Sine. M.

From 75° to 90° read from bottom of table upwards.
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• M. Sine.
Co-

vers.
Cosec. Tang. Cotan. Secant.

Ver.
Sin.

Cosine.

15" ~o' .25882 .74118 3.8637 .26795 3.7320 1.0353 .03407 .96593 75 ~c
15 .26303 .73697 3.8018 .27263 3.6680 1.0365 .03521 .96479 45
30 .26724 .73276 3.7420 .27732 3.6059 1.0377 .03637 .96363 30
45 .27144 .72856 3.6840 .28203 3.5457 1.C390 .03754 .96246 15

16 .27564 .72436 3.6280 .28674 3.4874 1.0403 .03874 .96126 74
15 .27983 .72017 3.5736 .29147 3.4308 1.0416 .03995 .96005 45
30 .28402 .71598 3.5209 .29621 3.3759 1.0429 .04118 .95882 30
45 .28820 .71180 3.4699 .30096 3.3226 1 .0443 .04243 .95757 15

17 .29237 .70763 3.4203 .30573 3.2709 1.0457 .04370 .95630 73
15 .29654 .70346 3.3722 .31051 3.2205 1.0471 .04498 .95502 45
30 .30070 .69929 3.3255 .31530 3.1716 1 .0485 .04628 .95372 30
45 .30486 .69514 3.2801 .32010 3.1240 1 .0500 .04760 .95240 15

18 .30902 .69098 3.2361 .32492 3.0777 1 .05 1

5

.04894 .95106 73
15 .31316 .68684 3.1932 .32975 3.0326 1.0530 .05030 .94970 45
30 .31730 .68270 3.1515 .33459 2.9887 1.0545 .05 1 68 .94832 30
45 .32144 .67856 3.1110 .33945 2.9459 1.0560 .05307 .94693 15

19 .32557 .67443 3.0715 .34433 2.9042 1.0576 .05448 .94552 71
15 .32969 .67031 3.0331 .34921 2.8636 1 .0592 .05591 .94409 45
30 .33381 .66619 2.9957 35412 2.8239 1 .0608 .05736 .94264 30
45 .33792 .66208 2.9593 .35904 2.7852 1 .0625 .05882 .94118 J5

20 .34202 .65798 2.9238 36397 2.7475 1 .0642 .0603

1

.93969 70
15 .34612 .65388 2.8892 36892 2.7106 1 .0659 .06181 .93819 45
30 .35021 .64979 2.8554 37388 2.6746 1.0676 .06333 .93667 30
45 .35429 .64571 2.8225 37887 2.6395 1 .0694 .06486 .93514 15

91. .35837 .64163 2.7904 38386 2.6051 1.0711 .06642 .93358 69
15 .36244 .63756 2.7591 38883 2.5715 1.0729 .06799 .93201 45
30 .36650 .63350 2.7285 39391 2.5386 1.0743 .06958 .93042 30
45 .37056 .62944 2.6986 39896 2.5065 1.0766 .07119 .92881 15

22 .37461 .62539 2.6695 40403 2.4751 1.0785 .07282 .92718 68
15 .37865 .62135 2.6410 40911 2.4443 1 .0804 .07446 .92554 45
30 .38268 .61732 2.6131 41421 2.4142 1.0824 .07612 .92388 30
45 .38671 .61329 2.5859 41933 2.3847 1 .0844 .07780 .92220 15

ZS .39073 .60927 2.5593 42447 2.3559 1.0864 .07950 .92050 67
15 .39474 .60526 2.5333 42963 2.3276 1 .0884 .08121 .91879 45
30 .39875 .60125 2.5078 43481 2.2998 1 .0904 .08294 .91706 30
45 .40275 .59725 2.4829 44001 2.2727 1.0925 .08469 .91531 13

24 .40674 .59326 2.4586 44523 2.2460 1.0946 .08645 .91355 66
15 .41072 .58928 2.4348 45047 2.2199 1.0968 .08824 .91176 45
30 .41469 .58531 2.4114 45573 2.1943 1.0989 .09004 .90996 30
45 .41866 .58134 2.3886 46101 2.1692 1.1011 .09186 .90814 15

25 .42262 .57738 2.3662 46631 2.1445 1.1034 .09369 .90631 65
15 .42657 .57343 2.3443 47163 2.1203 1.1056 .09554 .90446 43
30 .43051 .56949 2.3228 47697 2.0965 M079 .09741 .90259 30
45 .43445 .56555 2.3018 48234 2.0732 1.1102 .09930 .90070 15

26 .43837 .56163 2.2812 48773 2.0503 1.1126 .10121 .89879 64
15 .44229 .55771 2.2610 49314 2.0278 1.1150 .10313 .89687 45
30 .44620 .55380 2.2412 49858 2.0057 1.1174 .10507 .89493 30
45 .45010 .54990 2.2217 50404 1 .9840 1.1198 .10702 .89298 15

27 .45399 .54601 2.2027 50952 1 .9626 1.1223 .10899 .89101 63
15 .45787 .54213 2.1840 51503 1.9416 1.1248 .11098 88902 45
30 .46175 .53825 2.1657 52057 1.9210 1.1274 .11299 .88701 30
45 .46561 .53439 2.1477 52612 1 .9007 1.1300 .11501 .88499 15

28 .46947 .53053 2.1300 53171 1.8807 1.1326 .11705 .88295 63
15 .47332 .52668 2.1127 53732 1.8611 1.1352 .11911 .88089 43
30 .47716 .52284 2.0957 54295 1.8418 1.1379 .12118 .87882 30
45 .48099 .51901 2.0790 54862 1.8228 1.1406 .12327 .87673 15

29 .48481 .51519 2.0627 55431 1 .8040 1.1433 .12538 .87462 61
15 .48862 .51138 2.0466 56Cf03 1.7856 1.1461 .12750 .87250 45
30 .49242 .50758 2.0308 56577 1.7675 1.1490 ,12964 .87036 30
45 .49622 .50378 2.0152 57155 1.7496 1.1518 .13180 .86820 15

§o_ .50000 .50000 2.0000 .57735 1.7320 1.1547 .13397 .86603 60 _J
Co-
sine.

Ver.
Sin.

Se-
cant.

Cotan. Tang. Cosec.
Co-
vers.

Sine. « M.

FvQm 60° to 15° read from bottom of table upwards.
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M. Sine.
Co-
Vers.

Cosec. Tang. Cotan. Secant.
Ver.
Sin.

Cosine

80 750000 .50000 2.0000 .57735 1.7320 1.1547 .13397 .86603 60
—

15 .50377 .49623 1.9850 .58318 1.7147 1.1576 .13616 .86384 45
30 .50754 .49246 1 .9703 .58904 1.6977 1.1606 .13837 .86163 30
45 .51129 .48871 1.9558 .59494 1 .6808 1.1636 .14059 .85941 15

81 .51504 .48496 1.9416 .60086 1.6643 1.1666 .14283 .85717 59
15 .51877 .48123 1 .9276 .60681 1.6479 1.1697 .14509 .85491 43
30 .52250 .47750 1.9139 .61280 1.6319 1.1728 .14736 .85264 30
45 .52621 .47379 1.9004 .61882 1.6160 1.1760 .14965 .85035 15

83 .52992 .47008 1.8871 .62437 1 .6003 1.1792 .15195 .84805 58
15 .53361 .46639 1 .8740 .63095 1.5849 1.1824 .15427 .84573 45
30 .53730 .46270 1.8612 .63707 1.5697 1.1857 .15661 .84339 30
45 .54097 .45903 1 .8485 .64322 1.5547 1.1890 .15896 .84104 15

83 .54464 .45536 1.8361 .64941 1 5399 1.1924 .16133 .83867 57
15 .54829 .45171 1.8238 :65563 1.5253. 1.1958 .16371 .83629 45
30 .55194 .44806 1.8118 .66188 1.5108 1.1992 .16611 .83389 30
45 .55557 .44443 1 .7999 .66818 1 .4966 1 .2027 .16853 .83147 15

34 .55919 .44081 1.7883 .67451 1 .4826 1.2062 .17096 .82904 56
15 .56280 .43720 1.7768 .68087 1 .4687 1 .2098 .17341 .82659 45
30 .56641 .43359 1.7655 .68728 1.4550 1.2134 .17587 .82413 30
45 .57000 .43000 1.7544 .69372 1.4415 1.2171 .17835 .82165 15

85 .57358 .42642 1.7434 .70021 1.4281 1 .2208 .18085 .81915 55
15 .57715 .42285 1.7327 .70673 1.4150 1.2245 .18336 .81664 45
30 .58070 .41930 1.7220 .71329 1.4019 1.2283 .18588 .81412 30
45 .58425 .41575 1.7116 .71990 1.3891 1.2322 .18843 .81157 15

86 .58779 .41221 1.7013 .72654 1.3764 1.2361 .19098 .80902 54
15 .59131 .40869 1.6912 .73323 1.3638 1 .2400 .19356 .80644 45
30 .59482 .40518 1.6812 .73996 1.3514 1 .2440 .19614 .80386 30
45 .59832 .40168 1.6713 .74673 1.3392 1 .2480 .19875 .80125 15

87 .60181 .39819 1.6616 .75355 1.3270 1.2521 .20136 .79864 53
15 .60529 .39471 1.6521 .76042 1.3151 1 .2563 .20400 .79600 45
30 .60876 .39124 1.6427 .76733 1.3032 1.2605 .20665 .79335 30
45 .61222 .38778 1.6334 .77428 1.2915 1.2647 .2093

1

.79069 15

38 .61566 .38434 1.6243 .78129 1.2799 1 .2690 .21199 .78801 53
15 .61909 .38091 1.6153 .78834 1.2685 1.2734 .21468 .78532 45
30 .62251 .37749 1.6064 .79543 1.2572 1.2778 .21739 .78261 30
45 .62592 .37408 1.5976 .80258 1 .2460 1 2822 .22012 .77988 15

89 .62932 .37068 1.5890 .80978 1.2349 1 .2868 .22285 .77715 51
15 .63271 .36729 1.5805 .81703 1.2239 1.2913 .22561 .77439 45
30 .63608 .36392 1.5721 .82434 1.2131 1 .2960 .22833 .77162 30
45 .63944 .36056 1.5639 .83169 1.2024 1.3007 .23116 .76884 15

40 .64279 .35721 1.5557 .83910 1.1918 1.3054 .23396 .76604 50
15 .64612 .35388 1.5477 .84656 1.1812 1.3102 .23677 .76323 45
30 .64945 .35055 1.539S .85408 1.1708 1.3151 .23959 .76041 30
45 .65276 .34724 1.5320 .86165 1.1606 1.3200 .24244 .75756 15

41 .65606 .34394 1.5242 .86929 1.1504 1.3250 .24529 .75471 49
15 .65935 .34065 1.5166 .87698 1.1403 1.3301 .24816 .75184 45
30 .66262 .33738 1.5092 .88472 1.1303 1.3352 .25104 .74896 30
45 .66588 .33412 1.5018 .89253 1.1204 1.3404 .25394 .74606 15

43 .66913 .33087 1.4945 .90040 1.1106 1.3456 .25686 .74314 48
15 -.67237 .32763 1.4873 .90834 1.1009 1.3509 .25978 .74022 45
30 .67559 .32441 1 .4802 .91633 1.0913 1.3563 .26272 .73728 30
45 .67880 .32120 1.4732 .92439 1.0818 1.3618 .26568 .73432 15

43 .68200 .31800 1.4663 .93251 1.0724 1.3673 .26865 .73135 47
15 .68518 .31482 1.4595 .94071 1.0630 1.3729 .27163 .72837 45
30 .68835 .31165 1.4527 .94896 1.0538 1.3786 .27463 .72537 30
45 .69151 .30849 1.4461 .95729 1 .0446 1.3843 .27764 .72236 15

44 .69466 .30534 1 .4396 .96569 1.0355 1 .3902 .28066 .71934 46
15 .69779 .30221 1.4331 .97416 1 .0265 1.3961 .28370 .71630 45
30 .70091 .29909 1.4267 .98270 1.0176 1 .4020 .28675 .71325 30
45 .70401 .29599 1 .4204 .99131 1 .0088 1.4081 .28981 .71019 15

45 .70711 .29289 1.4142 1 .0000 1 .0000 1.4142 .29289 .70711 45 Q

Cosine
Ver.
Sin.

Se-
cant.

Cotan. Tang. Cosec.
Co-
vers.

Sine. • M.

From 45° to 60° read from bottom of table upwards.
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MATERIALS.

THE CHEMICAL ELEMENTS.

Common Elements (43).

a Name. 'a
'^

11
6^

Name.

4i

1-

6^
Name.

Al Aluminum 27.1 F Fluorine 19. pd Palladium 106.7

Sb Antimony 120.2 Au Gold 197.2 p Phosphorus 31.

As Arsenic 75.0 H Hydrogen 1.01 pt Platinum 195.2

Ba Barium 137.4 I Iodine 126.9 K Potassium 39.1

Bi Bismuth 208.0 Ir Iridium 193.1 Si Silicon 28.3

B Boron 11.0 Fe Iron 55.84 Ag Silver 107.9

Br Bromine 79.9 Fb Lead 207.2 Na Sodium 23.

Cd Cadmium 112.4 Li Lithium 6.94 Sr Strontium 87.6

Ca Calcium 40.1 Mg Magnesium 24.34 S Sulphur 32.1

C Carbon 12. Mn Manganese 54.9 Sn Tin 119.

CI Chlorine 35.5 Hg Mercury 200.6 Ti Titanium 48.1

Cr Chromium 52.0 Ni Nickel 58.7 W Tungsten 184.0

Co Cobalt 59. N Nitrogen 14.01 Va Vanadium 51.0

Cu Copper 63.6 O Oxygen 16. Zn Zinc 65.4

The atomic weights of many of the elements vary in the decimal
place as given by different authorities. The above are the most recent
values referred to O = 16 and H = 1.008. "When H is taken as 1,

O = 15.879, and the other figures are diminished proportionately.

Eare Elements (21).

Indium, In. Ruthenium, Ru.
Lanthanum, La. Samarium, Sm.
Molybdenum, Mo. Scandium, Sc.
Niobium, Nb. Selenium, Se.
Osmium, Os. Tantalum, Ta.
Rhodium, R. Tellurium, Te.
Rubidium, Rb. Terbium, Tb.

Thallium, Tl.
Thorixim, Th.
Uranium, U.
Ytterbium, Yr.
yttrium, Y.
Zirconium, Zr.

BerylUimi, Be.
Caesiiun, Cs.
Cerium, Ce.
Erbium, Er.
Galliimi, Ga.
Germanium, Ge.
Glucimmi, G.

Elements recently discovered (1895-1900) : Argon, A, 39.9; Krypton
Kr, 81.8; Neon, Ne, 20.0; Xenon, X, 128.0; constituents of the atmos-
phere, which contains about 1 per cent by volume of Argon, and very
small quantities of the others. Hehum, He, 4.0; Radium, Ra, 225.0;
Gadolinium, Gd, 156.0; Neodymium. Nd, 143.6; Prsesodymium, Pr,
140.5; Thidium, Tm, 171.0.

SPECIFIC GEAVITT.
The specific gravity of a substance is its weight as compared with the

weight of an equal bulk of pure water. In the metric system it is the
weight in grammes per cubic centimeter.
To find the specific gravity of a substance.W = weight of body in air ; m; = weight of body submerged in water.

Specific gravity =
W

W -

If the substance be hghter than the water, sink it by means of a
heavier substance, and deduct the weight of the heavier substance.

Specific gravity determinations are usually referred to the standard of
the weight of water at 62° F., 62.355 lb. per cubic foot. Some experi-
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menters have used 60° F. as the standard, and others 32° and 39.1° F.
There is no general agreement.

Given sp. gr. referred to water at 39.1° F., to reduce it to the standard
of 62° F. multiply it by 1.00112.

Given sp. gr. referred to water at 62° F., to find weight per cubic foot
multiply by 62.355. Given weight per cubic foot, to find sp. gr. multiply
by 0.016037. Given sp. gr., to find weight per cubic inch multiply by
0.036085.

Weight and Speciflc Gravity of Metals.

Specific Gravity.
Range accord-

ing to
several

Authorities.

Specific Grav-
ity. Approx.
Mean Value,

used in
Calculation
of Weight.

Weight

Cubic
Foot,
lbs.

Weight

Cubic
Inch,
lbs.

,

2.56 to 2.71
6.66 to 6.86
9.74 . to 9.90

7.8 to 8.6

8.52 to 8.96

8.6 to 8.7
1.58
5.0

8.5 to 8.6
19.245 to 19.361
8.69 to 8.92

22.38 to 23.
6.85 to 7.48
7.4 to 7.9

11.07 to 11.44
7. to 8.

1.69 to 1.75
13.61
13.58

13.37 to 13.38
8.279 to 8.93

20.33 to 22.07
0.865

10.474 to 10.511
0.97

7.69* to 7.932t
7.291 to 7.409

5.3

17. to 17.6
6.86 to 7.20

2.67
6.76
9.82

(8.60
18.40
18.36
18.20

8.853

8.65
1.58
5.0
8.55

19.258
8.853

22.38
7.218
7.70
11.38
8.

1.75
13.61
13.58
13.38
8.8

21.5
0.865
10.505
0.97
7.854
7.350
5.3

17.3

7.00

166.5
421.6
612.4

536.3
523.8
521.3
511.4

552.

539.
98.5

311.8
533.1
1200.9
552.
1396.
450.
480.
709.7
499.
109.

848.6
846.8
834.4
548.7
1347.0

53.9
655.1
60.5

489.6
458.3
330.5
1078.7
436.5

0.0963
0.2439

Bismuth 0.3544
Brass: Cbpper+ Zinc-.

80 20l
70 3oy

.

60 40
50 50

T>,„„,JCop.. 95 to 801
BronzeJTij^^ 5 to 20/
Cadmium

0.3103
0.3031
0.3017
0.2959

0.3195

03121
0570

0.1804
Cobalt 3085

0.6949
3195
8076

0.2604
Iron, Wrought
Lead

0.2779
0.4106
0.2887
0.0641^^""^''"^

32°

Mercury • 60°

l2I2°
Nickel

0.4908
0.49 1

1

0.4828
0.3175
7758

0.0312
Silver 0.3791

0.0350
Steel 0.2834
Tin 2652

1913
0.6243

Zinc 0.2526

* Hard and burned.

t Very pure and soft. The sp. gr. decreases as the carbon is increased.
In the first column of figures the lowest are usually those of cast metals,

which are more or less porous; the highest are of metals finely rolled or
drawn into wire.

The weight of 1 cu. cm. of mercury at 0° C. is 13.59545 grams (Thiessen).

Taking atmosphere = 29.92 hi. of merciiry at 32° F. = 14.6963 lb. per
sq. in., 1 cu. in. of mercury = 0.49117 lb. Taking water at 0.036085 lb.

per cu. in. at 62° F., the speciflc gravity of merciu-y is at 32° F. 13.611.



SfECiFiC GRAVITY. 175

Specific Gravity of Liquids at 60° F.

Acid, Muriatic L200
" Nitric 1.54
" Sulphuric 1.849

Alcohol, pute 0.794
95 per cent . . 0.816

" 50 per cent . .

Ammonia, 27.9 per ct.

0.934
0.891

Bromine 2.97
Carbon disulphide. . . . 1.26

Ether, Sulphuric 0.72
Gasoline 0.660 to 0.670
Kerosene . . . . : 0.753 to 0.864

Naphtha 0.670 to 0.737
Oil, Linseed 0.93
" Olive 0.92
" Palm 0.97
" Petroleum, crude. 0,78 to 1.00
" Rape 0.92
" Turpentine 0.86
" Whale 0.92
Tar 1.0

Vinegar 1.08

Water 1.0

Water, Sea 1.026 to 1.03

Compression of tlie following Fluids under a Pressure of 15 lb.
per Square Inch.

Water 0.00004663 I Ether 0.00006158
Alcohol 0.0000216 | Mercury 0.00000265

The Hydrometer.

The hydrometer is an instrument for determining the density of
liquids. It is usually made of glass, and consists of three parts: (1)
the upper part, a graduated stem or fine tube of uniform diameter;
(2) a bulb, or enlargement of the tube, containing air, and (3) a small
bulb at the bottom, containing shot or mercury which causes the in-
strument to float in a vertical position. The graduations are figures
representing either specific gravities, or the numbers of an arbitrary scale,
as in Baume's, Twaddell's, Beck's, and other hydrometers.
There is a tendency to discard all hydrometers with arbitrary scales

and to use only those which read in terms of the specific gravity
directly.

Baume's Hydrometer and Specific Gravities Compared.

Formula 5 Heavy liquids, Sp. gr. =

( Light liquids, Sp. gr. =

= 145 -^

= 140 -r-

(145 -deg.Be.)
(130 + deg.Be.)

Degrees
Laum^

Liquids
Heavier
than
Water,
Sp. Gr.

Liquids
Lighter
than

Water,

.

Sp. Gr.

Degrees
Baumd

Liquids
Heavier
than

Water,
Sp. Gr

Liquids
Lighter
than
Water,
Sp. Gr.

Degrees
Baum^

38.0
39.0
40.0
41
42.0
44.0
46.0
48.0
50.0
52.0
54.0
56.0
58.0
60.0
65.0
70.0
75.0

Liquids
Heavier
•than
Water,
Sp. Gr.

Liquids
Lighter
than

Water.
Sp. Gr.

0.0
1.0

2.0
3.0
4.0
5.0
6.0
7.0
8.0
9.0
10.0
1 1.0

12.0
13.0
14.0
15.0
16.0
17.0

1.000
1.007
1.014
1 021
1.028
1.036
1.043
1.051

1.058
1.066
1.074
1.082
1.090
1.099
1.107
1.115
1.124
1.133
1 142

1.666'

0.993
0.986
0.979
0.972
0.966
0.959
0.952
0.946

19.0
20.0
21.0
22.0
23.0
24.0
25.0
26.0
27.0
28.0
29.0
30.0
31.0
32.0
33
34.0
35.0
36.0
37.0

1.151

1.160
1.169
1.179
1.189
1.198
1.208
1.219
1.229
1.239
1.250
1.261

1.272
1.283
1.295^
1 .306*

1.318
1.330
1.343

0.940
0.933
0.927
0.921
0.915
0.909
0.903
0.897
0.892
0.886
0.881
0.875
0.870
0.864
0859
0.854
0.849
0.843
0.838

1.355
1.368
1.381

1 394
1.403
1.436
1.465
1.495
1.526
1.559
1.593
1.629
1.667
1.706
1.813
1.933
2.071

0.833
0.828
0.824
0.819
0.814
0.805
0.796
0.787
0.778
0.769

761
0.753
0.745
0.737
0.718
0.700
0.683

18.0
*
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Specific Gravity and Weight of Gases at Atmospheric Pressure
and 33" F,

(For other temperatures and pressures see Physical Properties of Gases.)

Density, Density, Grammes Lbs. per Cubic Ft.
Air = 1. H = 1. per Litre. Cu. Ft. per Lb.

Air 1.0000
1.1052
0.0692
0.9701
0.9671

1 4.444
15.963
1.000

14.012
13.968

1.2931
1.4291
0.0895
1.2544
1.2505

0.080728
0.08921
0.00559
0.07831
0.07807

12 388
11 209

Hydrogen, H 1 78 93 1

12 770
Carbon monoxide, CO . 12.810
Carbon dioxide, CO2 . . 1.5197 21.950 1 .9650 0.12267 8.152
Methane,marsh-gas,CH4 0.5530 7.987 0.7150 0.04464 22.429
Ethylene, C2H4 0.9674 13.973 1.2510 0.07809 12.805
Acetylene, C2H2 0.8982 12.973 1.1614 0.07251 13.792
Ammonia, NHs 0.5889 8.506 0.7615 0.04754 21.036
Water vapor, H2O . . . .

Sulphur dioxide, SO2 .

.

0.6218 8.981 0.8041 0.05020 19.922
2.213 31.965 2.862 0.1787 5.597

Specific Gravity and Weight of Wood.

^

Specific Specific
II.

Gravity Gravity ^oi
•So.Oh <»OPM

^ '^

Avge. Avge.

Alder. 0.56 to 0.80 0.68 42 Hornbeam.

.

0.76 0.76 47
Apple 0.73 to 0.79 0.76 47 Juniper .... 0.56 0.56 35
Ash 0.60 to 0.84 0,72 45 Larch 0.56 0.56 35
Bamboo .... 0.31 to 0.40 0.35 22 Lignum vitse 0.65 to 1.33 1 .00 62
Beech 0.62 to 0.85 73 46 Linden . .

.

0.604 37
Birch 0.56 to 0.74 65 41 Locust 0.728 46
Box 0.91 to 1.33 1 12 70 Mahogany. . 0.56 to 1 .06 0.81 51

Cedar. ...... 0.49 to 0.75 62 39 Maple
Mulberry. . .

0.57 to 0.79 0.68 42
Cherry 0.61 to 0.72 0,66 41 0.56 to 0.90 0.73 46
Chestnut 0.46 to 0.66 0.56 35 Oak, Live .

.

0.96 to 1 .26 1.11 69
Cork 0.24 24 15 Oak, White. 0.69 to 0.86 0.77 48
Cypress ..... 0.41 to 0.66 0.53 33 Oak, Red . . 0.73 to 0.75 0.74 46
Dogwood . . . 0.76 0.76 47 Pine, White 0.35 to 0.55 0.45 28
Ebony 1.13 to 1.33 1.23 76 " Yellow 0.46 to 0.76 0.61 38
Elm 0.55 to 0.78 0,61 38 Poplar 0.38 to 0.58 0.48 30
Fir 0.48 to 0.70

0.84 to 1 .00

0.59
0.92

37
57

Spruce
Sycamore . .

0.40 to 0.50
0.59 to 0.62

0.45
0.60

28
Gum 37
Hackmatack 0.59 59 37 Teak 0.66 to 0.98 82 51

Hemlock. .. . 0.36 to 0.41 38 24 Walnut 0.50 to 0.67 0,58 36
Hickory . 0.69 to 0.94 0.77 48 Willow .... 0.49 to 0.59 0.54 34
Holly 0.76 0.76 47
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Weight and Specific Gravity of Stones, Brick, Cement, etc. (Pure
Water = 1,00.)

Lb. per Cu. Ft. Sp. Gr.

43
87
100
112
125
135
140 to 150
136
100
112

"92

1 15

120 to 150
120 to 155
11 to 80
90 to 110

250
156 to 172
180 to 196

160 to 170

100 to 120
130 to 150
200 to 220
55 to 57
50 to 60
140 to 185
150
160 to 180
140 to 160
140 to 180
175
90 to 100
104 to 120
72
93 to 113
165
90 to 110
118 to 129
140 to 150
170 to 180
166 to 175
135 to 200
100
110 to 120
1 70 to 200

Asphaltum
Brick, Soft

1.39
1.6
1.79

" Hard 2.0
" Pressed 2.16
" Fire. 2.24 to 2.4

2 18
Brickwork in mortar

" " cement
Cement, American, natural

Portland

1 .6
1.79
2.8 to 3.2
3.05 to 3. 15

" " ill barrel
Clay
Concrete
Earth, loose .

" rammed
Emery
Glass
" flint

Gneiss f

1. 92 to 2.

4

1.92 to 2. 48
1.15 to 1 .28
1.44 to 1.76
4.
2.5 to 2.75
2.88 to 3. 14

2.56 to 2.72Granite f

Gravel
Gypsum
Hornblende
Ice
Lime, quick, in bulk
Limestone
Magnesia, Carbonate
Marble
Masonry, dry rubble

1.6 to 1 .92
2.08 to 2.4
3.2 to 3.52
0.88 to 0.92
0.8 to 0.96
2.30 to 2.90
2.4
2.56 to 2.88
2.24 to 2.56
2.24 to 2.88

Mica 2.80
1.44 to 1.6
1 .67 to 1 .92

Pitch
Plaster of Paris

1.15
1 .50 to 1.81

Quartz
Sand

" wet
Sandstone
Slate
Soapstone

2.64
1.44 to 1.76
1.89 to 2. 07
2.24 to 2.4
2.72 to 2.88
2.65 to 2.8
2.16to3.4

" crushed . .

Tile
Trap Rock

1.76 to 1.92
2.72 to 3.4

PROPERTIES OF THE USEFUL METALS.
Aluminum, Al.— Atomic weight 27.1. Specific gravity 2.6 to 2.7.

The Ughtest of all the useful metals except miagnesium. A soft, ductile,
malleable metal, of a white color, approaching silver, but with a bluish
cast. Very non-corrosive. Tenacity about one-third that of wrought
iron. Formerly a rare metal, but since 1890 its production and use
have greatly increased on account of the discovery of cheap processes
for reducing it from the ore. Melts at 1215° F. For further description
see Aluminum, imder Strength of Materials, page 380.
Antimony (Stibium), Sb.—At. wt. 120.2 Sp. gr. 6.7 to 6.8. A

brittle metal of a bluish-white color and highly crystaline or laminated
structure. Melts at 842° F. Heated in the open air it bums with a
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bluish-white flame. Its chief use is for the manufacture of certain alloys,

as type-metal (antimony 1, lead 4), britannia (antimony 1, tin 9), and
various anti-friction metals (see Alloys). Cubical expansion by heat
from 32° to 212° F., 0.0070. Specific heat 0.050.

Bismuth, Bi. — At. wt. 208.5. Bismuth is of a peculiar light reddish
color, highly crystaUine, and so brittle that it can readily be pulverized.
It melts at 510° F., and boils at about 2300° F. Sp. gr. 9.823 at 54° F.,

and 10.055 just above the melting-point. Specific heat about 0.0301 at
ordinary temperatures. • Coefficient of cubical expansion from 32° to
212°, 0.0040. Conductivity for heat about i/56 and for electricity only
about 1/80 of that of silver. Its tensile strength is about 6400 lbs. per
square inch. Bismuth expands in cooHng, and Tribe has shown that
this expansion does not take place until after solidification. Bismuth is

the most diamagnetic element known, a sphere of it being repelled by a
strong magnet.
Cadmium, Cd. — At. wt. 112.4. Sp. gr. 8.6 to 8.7. A bluish-white

metal, lustrous, with a fibrous fracture. Melts below 500° F. and vola-
tilizes at about 680° F. It is used as an ingredient in some fusible alloys
with lead, tin, and bismuth. Cubical expansion from 32° to 212° F.,

0.0094.

Copper, Cu. — At. wt. 63.6. Sp. gr. 8.81 to 8.95. Fuses at about
1930° F. Distinguished from all other metals by its reddish color. Very
ductile and malleable, and its tenacity is next to iron. Tensile strength
20,000 to 30,000 lbs. per square inch. Heat conductivity 73.6% of that
of silver, and superior to that of other metals. Electric conductivity
equal to that of gold and silver. Expansion by heat from 32° to 212° F.,
0.0051 of its volume. Specific heat 0.093. (See Copper under Strength
of Materials; also Alloys.)

Gold (Aurum), Au. — At. wt. 197.2. Sp. gr., when pure and pressed
in a die, 19.34. Melts at about 1915° F. The most malleable and duc-
tile of all metals. One ounce Troy may be beaten so as to cover 160 sq.
ft. of surface. The average thickness of gold-leaf is 1/282000 of an inch,
or 100 sq. ft. per ounce. One grain may be drawn into a wire 500 ft. in
length. The ductility is destroyed by the presence of 1/2000 part of lead,
bismuth, or antimony. Gold is hardened by the addition of silver or of
copper. U. S. gold coin is 90 parts gold and 10 parts alloy, which is

chiefly copper with a little silver. By jewelers the fineness of gold is

expressed in carats, pure gold being 24 carats, three-fourths fine 18
carats, etc.

Iridium, Ir. — Iridium is one of the rarer metals. It has a white
lustre, resembUng that of steel; its hardness is about equal to that of the
ruby; in the cold it is quite brittle, but at white heat it is somewhat
malleable. It is one of the heaviest of metals, having a specific gravity
of 22.38. It is extremely infusible and almost absolutely inoxidizable.

For uses of iridium, methods of manufacturing it, etc., see paper by
W. L. Dudley on the "Iridium Industry," Trans. A. I. M. E., 1884.

Iron (Ferrum), Fe'.— At. wt. 55.9. Sp. gr.: Cast, 6.85 to 7.48; Wrought,
7.4 to 7.9. Pure iron is extremely infusible, its melting point being above
3000° F., but its fusibihty increases with the addition of carbon, cast
iron fusing about 2500° F. Conductivity for heat 11.9, and for electricity
12 to 14.8, silver being 100. Expansion in bulk by heat: cast iron
0.0033, and wrought iron 0.0035, from 32° to 212° F. Specific heat:
cast iron 0.1298, wrought iron 0.1138, steel 0.1165. Cast iron exposed
to continued heat becomes permanently expanded 1 1/2 to 3 per cent of its

length. Grate-bars should therefore be allowed about 4 per cent play.
(For other properties see Iron and Steel under Strength of Materials.)

Lead (Plumbum), Pb. — At. wt 206.9. Sp. gr. -11.07 to 11.44 by dif-
ferent authorities. Melts at abouc 625° F., softens and becomes pasty
at about 617° F. If broken by a sudden blow when just below the
melting-point it is quite brittle and the fracture appears crystalline.
Lead is very malleable and ductile, but its tenacity is such that it can
be drawn into wire with great difficulty. Tensile strength, 1600 to
2400 lbs. per square inch. Its elasticity is very low, and the metal
flows under very slight strain. Lead dissolves to some extent in pure
water, but water containing carbonates or sulphates forms over \t %
film of insoluble salt which prevents further action.
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Magnesium, Mg. — At, wt. 24.36. Sp. gr. 1.69 to 1.75. Silver-white,
brilliant, malleable, and ductile. It is one of the lightest of metals,
weigliing only about two thirds as much as aluminum. In the form of
fiUngs, wire, or thin ribbons it is highly combustible, burning with a
light of dazzling brilliancy, useful for signal-Ughts and for flash-lights
for photographers. It is nearly non-corrosive, a thin film of carbonate
of magnesia forming on exposure to damp air, which protects it from
further corrosion. It may be aUoyed v/ith aluminum, 5 per cent Mg
added to Al giving about as much increase of strength and hardness as
10 per cent of copper. Cubical expansion by heat 0.0083, from 32° to
212° F. Melts at 1200° F. Specific heat 0.25.

3Ianganese, Mn. — At. wt. 55. Sp. gr. 7 to 8. The pure metal is not
used in the arts, but alloys of manganese and iron, called spiegeleisen
when containing below 25 per cent of manganese, and ferro-manganese
when containing from 25 to 90 per cent, are used in the manufacture of
steel. Metallic manganese, when alloyed with iron, oxidizes rapidly in
the air, and its function in steel manufacture is to remove the oxygen
from the bath of steel whether it exists as oxide of iron or as occluded
gas.

Mercury (Hydrargyrum), Hg. — At. wt. 199.8. A silver-white metal,
liquid at temperatures above — 39° F., and boils at 680° F. Unchange-
able as gold, silver, and platinum in the atmosphere at ordinary tem-
peratures, but oxidizes to the red oxide when near its boiling-point.
Sp. gr.: when liquid 13.58 to 13.59, when frozen 14.4 to 14.5. Easily
tarnished by sulphur fumes, also by dust, from which it may be freed
by straining through a cloth. No metal except iron or platinum should
be allowed to touch mercury. The smallest portions of tin, lead, zinc,
and even copper to a less extent, cause it to tarnish and lose its perfect
liquidity. Coefficient of cubical expansion from 32° to 212° F. 0.0182;
per deg. 0.000101.

Nickel, Nl. — At. wt. 58.7. Sp. gr. 8.27 to 8.93. A silvery-white
metal with a strong lustre, not tarnishing on exposure to the air. Duc-
tile, hard, and as tenacious as iron. It is attracted to the magnet and
may be made magnetic like iron. Nickel is very difficult of fusion, melt-
ing at about 3000° F. Chiefly used in alloys with copper, as german-
silver, nickel-silver, etc., and also in the manufacture of steel to increase
its hardness and strength, also for nickel-plating. Cubical expansion
from 32° to 212° F., 0.0038. Specific heat 0.109.

Platinum, Pt. — At. wt. 194.8. A whitish steel-gray metal, malleable,
very ductile, and as unalterable by ordinary agencies as gold. When
fused and refined it is as soft as copper. Sp. gr. 21.15. It is fusible only
by the oxyhydrogen blowpipe or in strong electric currents. When com-
bined with iridium it forms an alloy of great hardness, which has been
used for gun-vents and for standard weights and measures. The most
important uses of platinum in the arts are for vessels for chemical labo-
ratories and manufactories, and for the connecting wires in incandescent
electric lamps and for electrical contact points. Cubical expansion from
32° to 212° F., 0.0027, less than that of any other metal except the rare
metals, and almost the same as glass.

Silver (Argentum), Ag. — At. wt. 107.9. Sp. gr. 10.1 to 11.1, accord-
ing to condition and purity. It is the whitest of the metals, very malle-
able and ductile, and in hardness intermediate between gold and copper.
Melts at about 1750° F. Specific heat 0.056. Cubical expansion from
32° to 212° F., 0.0058. As a conductor of electricity it is equal to copper.
As a conductor of heat it is superior to all other metals.

Tin (Stannum), Sn. — At. wt. 119. Sp. gr. 7.293. White, lustrous,

soft, malleable, of little strength, tenacity about 3500 lbs. per square
inch. Fuses at 442° F. Not sensibly volatile when melted at ordinary
heats. Heat conductivity 14.5, electric conductivity 12.4; silver being
100 in each case. Expansion of volume bv heat 0.0069 from 32° to 21 2° F.

Specific heat 0.055. Its chief uses are for coating of sheet-iron (called

tin plate) and for making alloys with copper and other metals.

Zinc, Zn.—At. wt. 65.4. Sp. gr. 7.14. Melts at 780° F. Vclatiljz-s

and bums in the air when melted, with bluish-white fumes of zinc oxide.

It is ductile and malleable, but to a much less extent than copper, and
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its tenacity, cbout 5000 to 6000 lbs. per square inch, is about one tenth
that of wrought iron. It is practically non-corrosive in the atmosphere,
a thin film of carbonate of zinc forming upon it. Cubical expansion
between 32° and 212° F., 0.0088. Specific heat 0.096. Electric conduc-
tivity 29, heat conductivity 36, silver being 100. Its principal uses are
for coating iron surfaces, called "galvanizing," and for making brass and
other alloys.

Table Showing the Order of

Malleability . Ductility. Tenacity. Infusibility.

Gold Platinum Iron Platinum
Silver Silver Copper Iron
Aluminum Iron Aluminum

H°„?rCopper
8°o?r

Platinum
Tin Silver Silver
Lead Aluminum Zinc Aluminum
Zinc Zinc Gold- Zinc
Platinum Tin Tin Lead

MEASURES AND WEIGHTS OF VARIOUS MATERIALS
(APPROXIMATE).

Brickwork. — Brickwork is estimated by the thousand, and for
various thicknesses of wall runs as follows:

81/4-in. wall, or 1 brick in thickness, 14 bricks per superficial foot.
123/4

' 11/2' 21 "
17 " " " 2 " " " 28 "
211/2 " " •' 21/2" " "

35 "

An ordinary brick measures about 81/4X4 X 2 inches, which is equal
to 66 cubic inches, or 26.2 bricks to a cubic foot. The average weight is
4 1/2 lbs.

Fuel. — A bushel of bituminous coal weighs 76 pounds and contains
2688 cubic inches = 1.554 cubic feet. 29.47 bushels == 1 gross ton.
One acre of bituminous coal contains 1600 tons of 2240 pounds per

foot of thickness of coal worked. 15 to 25 per cent must be deducted for
waste in mining,

41 to 45 cubic feet bituminous coal when broken down = 1 ton, 2240 lbs.
34 to 41 " " anthracite prepared for market ... ==1 ton, 2240 lbs.
123 ' " of charcoal =1 ton, 2240 lbs.

70.9 " " " coke =1 ton, 2240 lbs.
1 cubic foot of anthracite coal = 55 to 66 lbs.

1 " " " bituminous coal = 50 to 55 lbs.
1 " " Cumberland (semi-bituminous) coal = 53 lbs.

1 " " Cannel coal = 50.3 lbs.
1 " " Charcoal (hardwood) = 18.5 lbs.
1 " " " (pine) =18 lbs.

A bushel of coke weighs 40 pounds (35 to 42 pounds).
A bushel of charcoal. — In 1881 the American Charcoal-Iron Work-

ers' Association adopted for use in its official publications for the stand*
ard bushel of charcoal 2748 cubic inches, or 20 pounds. A ton of rhar-
coal is to be taken at 2000 pounds. This figure of 20 pounds to the
bushel was taken as a fair average of different bushels used throughout
the country, and it has since been established by law in some States.

Cement.—Portland, per bbl. net, 376 lbs., per bag, net 94 lbs.

Natural, per bbl. net, 282 lbs., per bag net 94 lbs.

Lime.—A struck biishel ' 72 to 75 lbs.

Grain.—A struck bushel of wheat = 60 lbs.; of corn = 56 lbs.; of
oats = 30 lbs.

Salt.—A struck bushel of salt, coarse, Syracuse, N. Y. = 56 lbs.;
Turk's Island = 76 to 80 lbs.
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Ores, Earths, etc.

13 cubic feet of ordinary gold or silver ore, in mine = 1 ton = 2000 lbs.

20 •' " " broken guartz « 1 ton = 2000 lbs.

18 feet of gravel in bank =1 ton.
27 cubic feet of gravel when dry =1 ton.
25 " " " sand =1 ton.
18 " " " earth in bank =1 ton.
27 " " " earth when dry =1 ton.
17 " *' " clay =1 ton.

Except where otherwise stated, a ton = 2240 lbs.

,
WEIGHTS OF LOGS, LUMBER, ETC.

Weight of Green Logs to Scale 1000 Feet, Board Measure.
Yellow pine (Southern) 8,000 to lO.OOOlbs.
Norway pine (Michigan) 7,000 to 8,000 "

WhItP ninP rMiVhijTfln^ i
O^ of stump 7,000 tO 7,000 "

White pjne (Michigan)
| ^^^ ^^ ^^^^j. 7 q^q ^^ ^ qqq ..

White pine (Pennsylvania), bark off. . 5,000 to 6,000 "

Hemlock (Pennsylvania), bark off 6,000 to 7,000 "

Four acres of water are required to store 1,000,000 feet of logs.

Weight of 1000 Feet of Lumber, Board Measure.
Yellow or Norway pine Dry, 3,000 lbs. Green, 5,000 lbs.

White pine " 2,500 " " 4,000 "

Weight of 1 Cord of Seasoned Wood, 138 Cu. Ft. per Cord, lbs.

Hickory or sugar maple. . . . 4,500 f Poplar, chestnut or elm. . . 2,350
White oak 3,850 Pine (white or Norway). . . 2,000
Beech, red oak or black oak . 3,250 J Hemlock bark, dry. 2,200

WEIGHT OF RODS, BARS, PLATES, TUBES, AND SPHERES
OF DIFFERENT MATERIALS.

Notation: b = breadth, t = thickness, s = side of square, D = ex-
ternal diameter, d = internal diameter, all in inches.
. Sectional areas: of square bars = s^; of flat bars = bt;of round rods
= 0.7854 Z)2; of tubes = 0.7854 (Z)2 _ rf2) = 3.1416 {Dt -P).
Volume of 1 foot in length: of square bars = 12s2; of flat bars = 126^;

of roimd bars = 9.4248I>2; of tubes = 9.4248 (£)2 - rfs) = 37.699
{Dt -P) , in cu. in.
Weight per foot length = volume + weight per cubic inch of mate-

rial. Weight of a sphere = diam.^ x 0.5236 X weight per cubic inch.

Material.

>> in
3

+3 o fl
||3

Cast iron 7.218

7.854

8.855

8.393

8.95

11.38

2.67
2.62

0.481

450.

480.

489.6

552.

523.2

558.

709.6
166.5

163.4

30.0

37.5
40.

40.8

46.

43.6

46.5

59.1

13.9

13.6

2.5

S2X
3 1/8

3 1/3

3.4

3.833

3.633

3.87

4.93
1.16

1.13

0.21

btx
3 1/8

3 1/3

3.4

3.833

3.633

3.87

4.93

1.16

1.13

0.21

0.2604
.2779
.2833

.3195

.3029

.323

.4106

.0963

.0945

.0174

15-16
1.

1.02

1.15

1.09

1.16

1.48

0.347
0.34
1-16

2.454
2.618
2.670

3.011

2.854

3.043
3.870
0.908
0.891

0.164

0.1363
Wrought iron
Steel

.1455

.1484
Copper & Bronze "1

(copper and tin) |

Monel metal, rolled
Lead

.1673

.1586

.1691

.2150
Aluminum
Glass

.0504

.0495

Pine wood, dry .0091

Weight per cylindrical in., 1 in, long, = coeflQcient of D^ in next to
last column -i- 12.
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For tubes use the coefficient of D^ in next to last column, as for rods,
and multiply it into (D2 - d^) ; or multiply it by 4 {Dt -P).
For hollow spheres use the coefficient of D^ in the last column and

multiply it into (.D^ — d'^).

For hexagons multiply the weight of square bars by 0.866 (short
diam. of hexagon = side of square). For octagons multiply by 0.8284.

COMMERCIAL SIZES OF MERCHANT IRON AND STEEL
BARS.

Steel Bars.

Flats, Square Edge.—3/8 to 3 in. wide, by any thickness from
1/8 in. up to width; 3 to 5 in. wide by any thickness i/4 to 3 in.

inclusive; 5 to 7 in. wide, by any thickness, 1/4 to 2 in. inclusive.

Flats, Band Edge.—Thicknesses are in B. W. G., s/g in. wide by
No. 18 to No. 4. 7/16 in. by No. 19 to No. 4. 1/2 in. by No. 22 to No.
4. 9/16 to 1 in. by No. 23 to No. 4. H/ie to 2 in. by No. 22 to No. 4.

21/16 to 3 in. by No. 21 to No. 1. 39/i6 to 4 in. by No. 19 to No. 1.

41/16 to 41/2 in. by No. 18 to No. 1. 49/i6to 5 1/16 in. by No. 17 to No. 1.

51/8 to 63/4 in. by No. 16 to No. 1. 7 in., 7 1/4 in., 7 1/2 in., 7 5/8 in., 7.3/4 in.,

77/8 in., 8 in., 8I/4 in., 8I/2 in., 85/8 in., each by No. 14 to No. 1. 95/8
in. by No. 12 to No. 1.

Squares.—Widths across faces: 3/i6 to 2 in., advancing by 1/64 in.;

21/32 to 3 1/2 in., advancing by 1/32 in.; 3 9/i6 to 51/2 in., advancing by
1/16 in.

Round-cornered Squares.—1/4 to 3/4 in., across faces, advancing
by 1/64 in.

Rounds.—Diameters: 7/32 to 13/4 in., inclusive, advancing by 1/64

fn.; 125/32 in. to 3 I/2 in. inclusive, advancing by 1/32; 3 9/i6 to 7 in.,

inclusive, advancing by 1/16 in.

Half Rounds.—Diameters: 5/i6 to 7/8 in., inclusive, advancing by
1/64 in. ; 15/16 to 1 3/4 in ., advancing by 1/16 in. ; 2 in. ; 2 1/2 in. ; 3 in.

Hexagons.—Width across faces: 1/4 to 13/i6 in., inclusive, advanc-
ing by 1/32 in.; 1 1/4 in. to 3 Vie in., advancing by 1/16 in.

Iron Bars.

Bound.—3/jg to 1 7/8 in., advancing by V32 in.; 1 is/ie to 2 V4 in., advancing
by Vie in.; 2 ^/g to 3 V4 in., advancing by Vs in.; 4 to 5 in., advancing by
1/4 in.

Squares.—Vie to s/g in., advancing by 1/32 in.; n/ie in. to 1 in., advancing
by 1/16 in.; 1 Vs in. to 2 1/2 in., advancing by Vs in.; 2 3/4 in. to 4 V2 in., ad-
vancing by 1/4 in.

Half Bounds.—3/8, Vu, V2, Vs. "/le. V4, Vs. 1, 1 Vs. 1 V4. 1 Vs. 1 V2.
1 3/4, 2 in.

Ovals.—1/2 X 1/4, 5/8 X 5/16, 3/4 X 3/8 and 7/8 X 7/16 in.

Half Ovals.—1/2 X Vie. Vs X Vie. V4 X Vie. Vs X Vie. 1 X Vie,
V4 X V4. Vs X V4. 1 X V4, 1 Vs X V4. 1 X Vie. 1 Vs X Vie. 1 V4 X Vie,
1 X Vs. 1 Vs X Vs. 1 V4 X Vs, 1 V2 X Vs. 1 V4 X V2, 2 X Vs in.

Flats.—V2 X Vie to Vs in.; Vs X Vie to V2 in.; V4 X Vie to Vs in.;

Vs X Vie to V4 in.; 1 X Vie to Vs in.; 1 Vie X V4 to Vs in.; 1 Vs X Vie to
1 in.; 1 V4 X Vie to 1 in.; 1 Vs X Vie to 1 Vs in.; 1 V2 X Vie to 1 V4 in.;

1 Vs X V4 to 1 V2 in.; 1 V4 X Vie to 1 V2 in.; 1 Vs X V4 to 1 V2 in.; 2 X Vie
to 1 V4 in.; 2 Vs X V4 to 1 V4 in.; 2 V4 X Vie to 2 in.; 2 s/g x V4 to 1 V4 in.;

2 V2 X Vie to 2 V4 in.; 2 Vs X V4 to 2 V4 in.; 2 V4 X Vie to 2 1/2 in.;

2 7/8 X Vs to V2 in.; 2 Vs X Vs to 2 V4 in.; 3 X Vie to 2 V4 in.; 3 Vs X 1 V2
to 2 Vs in.; 3 V4 X V4 to 2 V4 in.; 3 V2 X Vie to 2 V^ in.; 3 3/4 x V4 to 3 in.;

4 X V4 to 3 in.; 4 V4 X V4 to 2 in.; 4 V2 X V4 to 2 V2 in.; 4 3/4 x V4 to 2
in.; 5 X V4 to 2 3/4 in.; 5 V2 X V4 to 2 in.; 6 X V4 to 2 in.; 6 V2 X V4 to
1 in.; 7 X V4 to 2 in.; 7 V2 X V4 to 1 in.; 8 X V4 to 2 in.

Bound Edge Flats.—1 to 2 in. wide by 1/4 to 1 V4 in. thick; 2 1/4 to
4 V2 in. wide by s/g to 1 1/4 in. thick.
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WEIGHT OF IKON AND STEEI. SHEETS.
Weights in Pounds per Square Foot.

(For weights by the Decimal Gauge, see page 33.)

Thickness by Birmingham Gauge.

No. of
Gauge.

0000
000
00

1

2
3

4
5

6

7
8
9
10

11

12

13

14

15

16

17

18

19

20
21

22
23
24
25
26
27
28
29
30
31

32
33
34
35
36

Thick-
ness in
Inches.

0.454
.425

.38

.34

.3

.284

.259

.238
-.22

.203

.18

.165

.148

.134

.12

.109

.095

.083

.072

.065

.058

.049

.042

.035

.032

.028

.025

.022

.02

.018

.016

.014

.013

.012

.01

.009

.008

.007

.005

.004

18.16
17.00
15.20
13.60
12.00
11.36
10.36
9.52
8.80
8.12
7.20
6.60
5.92
5.36
4.80
4.36
3.80
3.32
2.88
2.60
2.32
1.96

1.68
1.40

1.28
1.12
1.00

.88

.80

.72

.64

.56

.52

.48

.40

.36

.32

.28

.20

.16

18.52
17.34
15.50
13.87
12.24
11.59
10.57
9.71
8.98
8.28
7.34
6.73
6.04
5.47
4.90
4.45
3.88
3.39
2.94
2.65
2.37
2.00
1.71

1.43
1.31

1.14
1.02
.898

.816

.734

.653

.571

.530

.490

.408

.367

.326

.286

.204

.163

U. S. Standard Gauge, 1893.

p. 32.)

No. of
Gauge.

Thick-
ness, In.
(Approx.)

Iron. Steel.

0000000 0.5 20. 20.40
000000 0.4688 18.75 19.125
00000 0.4375 17.50 17.85
0000 0.4063 16.25 16.575
000 0.375 15. 15.30
00 0.3438 13.75 14.025

0.3125 12.50 12.75
1 0.2813 11.25 11.475
2 0.2656 10.625 10.837
3 0.25 10. 10.20
4 0.2344 9.375 9.562
5 0.2188 8.75 8.925
6 0.203! 8.125 8.287
7 0.1875 7.5 7.65
8 0.1719 6.875 7.012
9 0.1563 6.25 6.375
10 0.140& 5.625 5.737
11 0.125 5. 5.10
12 0.1094 4.375 4.462
13 0.0938 3.75 3.825
14 0.0781 3.125 3.187
15 0.0703 2.8125 2.869
16 0.0625 2.5 2.55
17 0.0563 2.25 2.295
18 0.05 2. 2.04
19 0.0438 1.75 1.785
20 0.0375 1.50 1.53
21 0.0344 1.375 1.402
22 0.0312 1.25 1.275-

23 0.0281 1.125 1.147
24 0.025 1. 1.02
25 0.0219 0.875 0.892
26 0.0188 0.75 0.765
27 0.0172 0.6875 0.701
28 0.0156 0.625 0.637
29 0.0141 0.5625 0.574
30 0.0125 0.5 0.51
31 0.0109 0.4375 0.446
32 0.0102 0.40625 0.414
33 0.0094 0.375 0.382
34 0.0086 0.34375 0.351
35 0.0078 0.3125 0.319
36 0.0070 0.28125 0.287
37 0.0066 0.26562 0.271
38 0.0063 0.25 0.255

Specific gravity 7.7
Weight per cubic foot 480.
Weight per cubic inch 0.2778

Steel.

7.854
489.6

0.2833

As there are many gauges in use differing from each other, and even the
thicknesses of a certain specified gauge, as the Birmingham, are not assumed
the same by all manufacturers, orders for sheets and wires should always
state the weight per square foot, or the thickness in thousandths of an inch.
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WEIGHTS OF SQUARE AND ROUND BARS OF WROUGHT
IRON IN POUNDS PER LINEAL FOOT.

Iron weighing 480 lb. per cubic foot. For steel add 2 per cent.

°M^ '^^^ •*::; cS W) °'-^ ^ c3 M "s ^ ^5) ° tH ^ •s^^ "H 53 M
ill °pqj °«§ ill °W§ °ffl§ ill |mj °«§

III
^15

III
I5.S tM

11/16 24.03 18.91 3/8 96.30 75.64
1/16 0.013 0.010 3/4 25.21 19.80 7/16 98.55 77.40
1/8 .052 .041 i3/i6 26.37 20.71 1/2 100.8 79.19
3/16 .117 .092 7/8 27.55 21.64 /I6 103.1 81.00
1/4 .208 .164 15/16 28.76 22.59 5/8 105.5 82.83
5/16 .326 .256 3 30.00 23.56 11/16 107.8 84.69
3/8 .469 .368 1/16 31.26 24.55 3/4 110.2 86.56
7/16 .638 .501 1/8 32.55 25.57 13/16 112.6 88.45

V2 .833 .654 3/16 33.87 26.60 7/8 115.1 90.36
9/16 1.055 .828 1/4 35.21 27.65 15/16 117.5 92.29
5/8 1.302 1.023 5/16 36.58 28.73 6 120.0 94.25
11/16 1 .576 1.237 3/8 37.97 29.82 1/8 125.1 98.22
3/4 1.875 1.473 7/16 39.39 30.94 I4 130.2 102.3

• 13/16 2.201 1.728 1/3 40.83 32.07 3/8 135.5 106.4
7/8 2.552 2.004 9/16 42.30 33.23 1/3 140.8 110.6

15/16 2.930 2.301 5/8 43.80 34.40 5/8 146.3 114.9

1 3.333 2.618 11/16 45.33 35.60 3/4 151.9 119.3

1/16 3.763 2.955 3/4 46.88 36.82 7/8 157.6 123.7
1/8 4.219 3.313 13/16 48.45 38.05 7 163.3 128.3

3/16 4.701 3.692 7/8 50.05 39.31 1/8 169.2 132.9
1/4 5.208 4.091 15/16 51.63 40.59 1/4 175.2 137.6
5/16 5.742 4.510 4 53.33 41.89 3/8 181.3 142.4
3/8 6.302 4.950 1/16 55.01 43.21 1/2 187.5 147.3

7/16 6.888 5.410 1/8 56.72 44.55 5/s 193.8 152.2
1/3 7.500 5.890 3/16 58.45 45.91 3/4 200.2 157.2
9/16 8.138 6.392 1/4 60.21 47.29 7/8 206.7 162.4

• 5/8 8.802 6.913 5/16 61.99 48.69 8 213.3 167.6
11/16 9.492 7.455 3/8 63.80 50.11 1/4 226.9 178.2
3/4 10.21 8.018 7/16 65.64 51.55 1/3 240.8 189.2

13/16 10.95 8.601 1/3 67.50 53.01 3/4 255.2 200.4
7/8 11.72 9.204 .9/16 69.39 54.50 9 270.0 212.1

15/16 12.51 9.828 5/8 71.30 56.00 1/4 285.2 224.0
2 13.33 10.47 11/16 73.24 57.52 1/3 300.8 236.3

1/16 14.18 11.14 3/4 75.21 59.07 3/4 316.9 248.9
1/8 15.05 11.82 13/16 77.20 60.63 10 333.3 261.8
3/16 15.95 12.53 7/8 79.22 62.22 1/4 350.2 275.1
1/4 16.88 13.25 15/16 81.26 63.82 1/3 367.5 288.6
5/16 17.83 14.00 5 83.33 65.45 3/4 385.2 302.5
3/8 18.80 14.77 1/16 85.43 67.10 11 403.3 3168
7/16 19.80 15.55 1/8 87.55 68.76 1/4 421.9 331.3
1/2 20.83 16.36 3/16 89.70 70.45 12 440.8 346.2
9/16 21.89 17.19 1/4 91.88 72.16 3/4 460.2 361.4
5/8 22.97 18.04 5/16 94.08 73.89 13 480. 377.
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WEIGHT OF SQUAEE AND ROUND STEEI BARS PEE LEVEAL
FOOT. (Steel Weighing 489.6 lb. per cu. ft.)

oca M "o c3 ii

m
III
|5.S m

CO—
Mi
m

11/16 24.56 19.29 3/8 98.23 77.15
1/16 0.013 0.010 3/4 25.71 20.20 7/16 100.5 78.95
1/8 .053 .042 13/16 26.90 21.12 1/2 102.8 80.77
3/16 .119 .094 7/8 28.10 22.07 9/16 105.2 82.62
V4 .212 .167 15/16 29.34 23.03 5/8 107.6 84.49
5/16 .333 .261 3 30.60 24.03 11/16 110.0 86.38
3/8 .478 .375 1/16 31.89 25.04 3/4 112.4 88.29
7/16 .651 .511 1/8 33.20 26.08 13/16 114.9 90.22
1/2 .850 .667 3/16 34.55 27.13 7/8 117.4 92.17
9/16 1.076 .845 1/4 35.91 28.20 15/16 119.9 94.14
5/8 1.328 1.043 5/l6 37.31 29.30 6 122.4 96.14
11/16 1.608 1.262 3/8 38.73 30.42 1/8 127.6 100.2
3/4 1.913 1.502 7/16 40.18 31.56 1/4 132.8 104.3
13/16 2.245 1.763 1/2 41 .65 32.71 3/8 138.2 108.5
7/8 2.603 2.044 9/16 43.15 33.89 1/2 143.6 112.8
15/16 2.989 2.347 5/8 44.68 35.09 5/8 149.2 117.2

1 3.400 2.670 11/16 46.24 36.31 3/4 154.9 121.7
1/16 3.838 3.014 3/4 47.82 37.56 7/8 160.8 126.2
1/8 4.303 3.379 13/16 49.42 38.81 7 166.6 130.9
3/16 4.795 3.766 7/8 51.05 40.10 1/8 172.6 135.6
1/4 5.312 4.173 15/16 52.71 41 .40 1/4 178.7 140.<

5/16 5.857 4.600 4 54.40 42.73 3/8 184.9 145.1
3/8 6.428 5.049 1/16 56.11 44.07 1/2 191.3 150.2
7/16 7.026 5.518 1/8 57.85 45.44 5/8 197.7 155.2
1/2 7.650 6.008 3/16 59.62 46.83 3/4 204.2 159.3
9/16 8.301 6.520 1/4 61.41 48.24 7/8 210.8 165.6
5/8 8.978 7.051 5/16 63.23 49.66 8 217.6 171.0
11/16 9.682 7.604 3/8 65.08 51.11 1/4 231.4 181.8
3/4 10.41 8.178 7/16 66.95 52.58 1/2 245.6 193.0
13/16 11.17 8.773 1/2 68.85 54.07 3/4 260.3 204.4
7/8 11.95 9.388 9/16 70.78 55.59 9 275.4 216.3
15/16 12.76 10.02 5/8 72.73 57.12 1/4 290.9 228.5

2 13.60 10.68 11/16 74.70 58.67 1/2 306.8 241.0
1/16 14.46 11.36 3/4 76.71 60.25 3/4 323.2 253.9
1/8 15.35 12.06 13/16 78.74 61.84 10 340.0 267.0
3/16 16.27 12.78 7/8 80.80 63.46 1/4 357.2 280.6
1/4 17.22 13.52 15/16 82.89 65.10 1/2 374.9 294.4
5/16 18.19 14.28 5 85.00 66.76 3/4 392.9 308.6
3/8 19.18 15.07 l/l6 87.14 68.44 11 411.4 323.1
7/16 20.20 15.86 1/8 89.30 70.14 1/4 430.3 337.9
1/2 21.25 16.69 3/l6 91.49 71.86 1/2 449.6 353.1
9/16 22.33 17.53 1/4 93 72 73.60 3/4 469.4 368.6
5/8 23.43 18.40 5/16 95.96 75.37 12 489.6 384.5

Weight of Fillets.

Ra-
Area,
Sq. In.

Weight per In., Lb. Ra-
dius,

In.

Area,
Sq. In.

Weight per In., Lb.

dius,

In.
Cast
Iron.

Steel. Brass.
Cast
Iron.

Steel. Brass.

1/4

5/16

3/8

7/16

1/2

V}'
5/8

11/16

8/4

0.0134
.0209
.0302

.0411

.0536

.0679

.0834

.1014

.1207

0.0035
.0054
.0078
.0107
.0140
.0177
.0218
.0264
.0315

0.0038
.0059
.0085

.0116

.0152

.0192

.0237

.0287

.0342

0.0040
.0061

.0088

.0120

.0157

.0200

.0244

.0300

.0352

13/16

7/8

15/16

11/8
1 1/4

13/8
11/2
15/8

0.1416
.1634
.1886
.2146
.2716
.3353
.4057
.4828
.5668

0.0369
.0428
.0491

.0559

.0709

.0874

.0920

.1259

.1479

0.0401

.0465

.0534

.0608

.0771

.0950

.1000

.1368

.1608

0.0414
.0479
.0550

.0626

.0794

.0979

.1030

.1410

.1657

Continued on next page.



186 MATEBIALS.

Weights per Lineal lucli of Bound, Square and Hexagon Steel.

Weight of 1 cu. in. = 0.2836 lb. Weight of 1 cu. ft. = 490 lb.

Thick- Thick-
ness or
Diam- Round. Square. Hexagon

ness or
Diam- Round. Square. Hexagon.

eter. eter.

V32 0.0002 0.0003 0.0002 17/8 0.7831 0.9970 0.8635
1/16 .0009 .0011 .0010 115/ .8361 1 .0646 .9220
3/32 .0020 .0025 .0022 2 .8910 1.1342 .9825
V8 .0035 .0044 .0038 2 1/16 .9475 1 .2064 1 .0448
5/32 .0054 .0069 .0060 21/8 1 .0058 1 .2806 1.1091
3/16 .0078 .0101 .0086 2 3/16 1.0658 1.3570 1.1753
7/32 .0107 .0136 .0118 21/4 1.1276 1.4357 1 .2434
1/4 .0139 .0177 .0154 2 5/16 1.1911 1.5165 1.3135
9/32 .0176 .0224 .0194 2 3/8 1 .2564 1 .6569 1 .3854
6/16 .0218 .0277 .0240 2 7/16 1 .3234 1 .6849 I .4593
11/32 .0263 .0335 .0290 21/2 1.3921 1.7724 1.5351
3/8 .0313 .0405 .0345 2 5/8 1 .5348 1 .9541 1 .6924
13/32 .0368 .0466 .0405 2 3/4 1 .6845 2.1446 1 .8574
7/16 .0426 .0543 .0470 2 7/8 1.8411 2.3441 2.0304
15/32 .0489 .0623 .0540 3 2.0046 2.5548 2.2105
1/2 .0557 .0709 .0614 3 1/8 2.1752 2.7719 2.3986
17/32 .0629 .0800 .0693 3 1/4 2.3527 2.9954 2.5918
9/16 .0705 .0897 .0777 3 3/8 2.5371 3.2303 2.7977
19/32 .0785 .1036 .0866 3 1/2 2.7286 3.4740 3.0083
5/8 .0870 .1108 .0959 3 5/8 2.9269 3.7265 3.2275
21/32 .0959 .1221 .1058 3 3/4 3.1323 3.9880 3.4539
11/16 .1053 .1340 .1161 3 7/8 3.3446 4.2582 3.6880
23/32 .1151 .1465 .1270 4 3.5638 4.5374 3.9298
3/4 .1253 .1622 .1382 41/8 3.7900 4.8254 4.1792
25/32 .1359 .1732 .1499 41/4 4.0232 5.1223 4.4364
13/16 .1470 .1872 .1620 4 3/8 4.2634 5.4280 4.7011
27/32 .1586 .2019 .1749 41/2 4.5105 5.7426 4.9736
7/8 .1705 .2171 .1880 4 5/8 4.7645 6.0662 5.2538
29/32 .1829 .2329 .2015 4 3/4 5.0255 6.6276 5.5416
15/16 .1958 .2492 .2159 4 7/8 5.2935 6.7397 5.8371
31/32 .2090 .2661 .2305 5 5.5685 7.0897 6.1403

9 .2227 .2836 .2456 51/8 5 .8504 7.4496 6.4511
11/16 .2515 .3201 .2773 51/4 6.1392 7.8164 6.7697
11/8 .2819 .3589 .3109 5 3/8 6.4351 8.1930 7.0959
13/16 .3141 .4142 .3464 5 1/2 6.7379 8.5786 7.4298
11/4 .3480 .4431 .3838 5 5/8 7.0476 8.9729 7.7713
15/16 .3837 .4885 .4231 5 3/4 7.3643 9.3762 8.1214
1 378 .4211 .5362 .4643 5 7/8 7.6880 9.7883 8.4774
17/16 .4603 .5860 .5076 6 8.0186 10.2192 8.8420
11/2 .5012 .6487 .5526 61/4 8.7007 11.0877 9.5943
19/16 .5438 .6930 .5996 61/2 9.4107 11.9817 10.3673
15/8 .5882 .7489 .6480 6 3/4 10.1485 12.9211 11.1908

\T .6343 .8076 .6994 7 10.9142 13.8960 12.0351
.6821 .8685 .7521 71/2 12.5291 15.9520 13.8158

1 13/16 .7317 .9316 .8069 8 14.2553 18.1497 15.7192

Weight of mWeis.—Continued from page 185.

Ra-
Area,
Sq. In.

Weight per In., Lb. Ra-
dius,
In.

Area,
Sq. In.

Weight per In., Lb.

dius,
In.

Cast
Iron.

Steel. Brass.
Cast
Iron.

Steel. Brass.

13/4
n/s

21/8
21/q
2 3/8

21/2
2 5/8

2 3/4

0.6572
.7545
.8585
.9692
1.086

1.210

1.341

1.478

1.623

0.1713
.1970
.2237

.2502

.2832

.3155

.3496

.3857

.4222

0.1862
.2137
.2431

.2743

.3079

.3429

.3800

.4192

.4589

0.1920
.2202
.2504
.2826
.3172
.3532

.3914

.4317

.4727

2 7/a

41/4
41/2
4 3/4

1.774

1.931

2.267
2.629
3.018
3.434
3.876
4.346
4.842

0.4621
.4950
.5903
.6926
.7873
.8933
1.008
1.132

1.261

0.5022
.5471

.6417

.7438

.8523

.9709
1.096

1.231

1.371

0.5017
.5635
.6609
.7661

.8817
1.000

1.130

1.270

1.421
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1

1

T-l

g§S8S§S8S8S8S§S§§§§S§§8§

^
2.29 4.58 6.88 9.17

11.46 13.75 16.04 18.33 20.63 22.92 25.21 27.50 29.79 32.08 34.38 36.67 41.25 45.83 50.42 55.00 59.58 64.17 68.75 73.33

h
2.08 4.17 6.25 8.33

10.42 12.50 14.58 16.67 18.75 20.83 22.92 25.00 27.08 29.17 31.25 33.33 37.50 41.67 45.83 50.00 54.17 58.33 62.50 66.67

h
1.88 3.75 5.63 7.50 9.38

11.25 13.13 15.00 16.88 18.75 20.63 22.50 24.38 26.25 28.13 30.00 33.75 37.50 41.25 45.00 48.75 52.50 56.25 60.00

CD

1.77 3.54 5.31 7.08 8.85
10.63 12.40 14.17 15.94 17.71 19.48 21.25 23.02 24.79 26.56 28.33 31.88 35.42 33.96 42.50 46.04 49.58 53.13 56.67

So*

1.67 3.33 5.00 6.67 8.33
10.00 11.67 13.33 15.00 16.67 18.33 20.00 21.67 23.33 25.00 26.67 30.00 33.33 36.67 40.00 43.33 46.67 50.00 53.33

^
r*

1.56 3.13 4.69 6.25 7.81 9.38
10.94 12.50 14.06 15.63 17.19 18.75 20.31 21.88 23.44 25.00 28.13 31.25 34.38 37.50 40.63 43.75 46.88 50.00

^
1.46 2.92 4.38 5.83 7.29 8.75

10.21 11.67 13.13 14.58 16.04 17.50 18.96 20.42 21.88 23.33 26.25 29.17 32.08 35.00 37.92 40.83 43.75 46.67

CO

1.41 2.81 4.22 5.63 7.03 8.44 9.84
11.25 12.66 14.06 15.47 16.88 18.28 19.69 21.09 22.50 25.31 28.13 30.94 33.75 36.56 39.38 42.19 45.00

^
s

1.35 2.71 4.06 5.42 6.77 8.13 9.48
10.83 12.19 13.54 14.90 16.25 17.60 18.96 20.31 21.67 24.38 27.08 29.79 32.50 35.21 37.92 40.63 43.33

CO

1.30 2.60 3.91 5.21 6.51 7.81 9.11
10.42 11.72 13.02 14.32 15.63 16.93 18.23 19.53 20.83 23.44 26.04 28.65 31.25 33.85 36.46 39.06 41.67

CO

fS in r>.o «S in t->O fvi in r>. o cvjin r>>Oino>noinoino—
" ri en in vd r>.- od O-— e^- en m" vd !< od o" rq" m" r>.' o" es" m" t< o*— —— — — — — — (NCSlNeSenenenenT

1.20 2.40 3.59 4.79 5.99 7.19 8.39 9.58
10.78 11.98 13.18 14.38 15.57 16.77 17.97 19.17 21.56 23.96 26.35 28.75 31.15 33.54 35.94 38.33

s
1.15 2.29
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3.44
4.58 5.73 6.88 8.02 9.17

10.31 11.46 12.60 13.75 14.90 16.04 17.19 18.33 20.63 22.92 25.21 27.50 29.79 32.08 34.38 36.67

»0

1.09 2.19 3.28 4.38 5.47 6.56 7.66 8.75 9.84
10.94 12.03 13.13 14.22 15.31 16.41 17.50 19.69 21.88 24.06 26.25 28.44 30.63 32.81 35.00

«5
1.04 2.08 3.13 4.17 5.21 6.25 7.29 8.33 9.38

10.42 11.46 12.50 13.54 14.58 15.63 16.67 18.75 20.83 22.92 25.00 27.08 29.17 31.25 33.33
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WEIGHTS OF STEEL BLOOMS.

Soft steel. lcubicinch = 0.284 lb . 1 cubic foot = 490.75 lbs.

Lengths.

Size,

Inches
1" 6" 13' 18" 34" 30" 36" 43" 48' 54" 60" 66"

12 X6 20.45 123 245 368 491 "613 736 859 982 1104 122? 1350
X5 17.04 102 204 307 409 511 613 716 818 920 1022 1125

X4 13.63 82 164 245 327 409 491 573 654 736 818 900
n x6 18.75 113 225 338 450 563 675 788 900 1013 1125 1238

X5 15.62 94 188 281 375 469 562 656 750 843 937 1031

X4 12.50 75 150 225 300 375 450 525 600 675 750 825

10 X8 22.72 136 273 409 545 682 818 954 1091 1227 1363 1500
X7 19.88 120 239 358 477 596 715 835 955 1074 1193 1312
X6 17.04 102 204 307 409 511 613 716 818 920 1022 1125
X5 14.20 85 170 256 341 426 511 596 682 767 852 937
X4 1 1 .36 68 136 205 273 341 409 477 546 614 682 750
K3 8.52 51 102 153 204 255 306 358 409 460 511 562

9 X8 20.45 123 245 368 491 613 736 859 982 1104 1227 1350
X7 17.89 107 215 322 430 537 644 751 859 966 1073 1181

X6 15.34 92 184 276 368 460 552 644 736 828 920 1012
X5 12.78 77 153 230 307 383 460 537 614 690 767 844
X4 10.22 61 123 184 245 307 368 429 490 552 613 674
X3 7.66 46 92 138 184 230 276 322 368 414 -460 506

8 X8 18.18 109 218 327 436 545 655 764 873 982 1091 1200
X7 15.9 95 191 286 382 477 572 668 763 859 954 1049
X6 13.63 82 164 245 327 409 491 573 654 736 818 900
X5 11.36 68 136 205 273 341 409 477 546 614 682 750
X4 9.09 55 109 164 218 273 327 382 436 491 545 600
X3 6.82 41 82 123 164 204 245 286 327 368 409 450

7 X7 13.92 83 167 251 334 418 501 585 668 752 835 919
X6 11.93 72 143 215 286 358 430 501 573 644 716 788
X5 9.94 60 119 179 7,38 298 358 417 477 536 596 656
X4 7.95 48 96 143 191 239 286 334 382 429 477 525
X3 5.96 36 72 107 143 179 214 250 286 322 35S 393

61/2 X 61/2 12. 72 144 216 288 360 432 504 576 648 720 792
X4 7.38 44 89 133 177 221 266 310 354 399 443 487

6 X6 10.22 61 123 184 245 307 368 429 490 551 613 674
X5 8.52 51 102 153 204 255 307 358 409 460 511 562
X4 6.82 41 82 123 164 204 245 286 327 368 409 450
X3 5.11 31 61 92 123 153 184 214 245 276 307 337

51/2X51/2 8.59 52 103 155 206 258 309 361 412 464 515 567
X4 6.25 37 75 112 150 188 225 262 300 337 375 412

5 X5 7.10 43 85 128 170 213 256 298 341 383 426 469
X4 5.68 34 68 102 136 170 205 239 273 307 341 375

41/2X41/2 5.75 35 69 104 138 173 207 242 276 311 345 380
X4'' 5.11 31 61 92 123 153 184 215 246 276 307 338

4 X4 4.54 27 55 82 109 136 164 191 218 246 272 300
X31/2 3.97 24 48 72 96 119 143 167 131 215 238 262
X3 3.40 20 41 61 82 102 122 143 163 184 204 224

31/2X31/2 3.48 21 42 63 84 104 125 146 167 188 209 230
X3 2.98 18 36 54 72 89 107 125 143 161 179 197

3 y3 2.56 15 31 46 61 77 92 108 123 138 154 169
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ROOFING MATERIALS AND ROOF CONSTRUCTION.

Approximate Weight of Roofing Materials.

(American Sheet & Tin Plate Co.)

Material. Lb. per
sq. ft.

Corrugated galvanized iron, No. 20, unboarded
Copper, 1 6 oz. standing seam
Felt and asphalt, without sheathing
Glass, 1/8 in. thick
Hemlock sheathing, 1 in. thick
Lead, about l/g in. thick
Lath and plaster ceiling (ordinary)
Mackite, I in. thick, with plaster
Neponset roofing, felt, 2 layers
Spruce sheathing, 1 in. thick
Slate, 3/i6 in. thick, 3 in. double lap
Slate, 1/8 in. thick, 3 in. double lap
Shingles, 6 in. X 18 in., I/3 to weather. .

Skylight of glass, 3/i6 to I/2 in., including frame
Slag roof, 4-ply
Terne plate, IC, without sheathing
Terne plate, IX, without sheathing
Tiles (plain), 10 I/2 in. X 6 I/4 in. X Vs in. — 5 1/4 in. to weather
Tiles (Spanish), 14 I/2 in. X 10 I/2 in.— 7 I/4 in. to weather
White pine sheathing, 1 in. thick
Yellow pine sheathing, 1 in. thick

21/4
11/4
2

13/4
2

6 to 8
6 to 8
10

1/2

21/2
6 3/4

41/2
2

4 to 10

4
1/2

5/8

18

8 1/2

21/2
4

10 20 30 40 50 60 80 100
t 0.4 1.6 3.6 6.4 10.0 14.4 25.6 40.0

Snow and Wind Loads on Roofs.

In designing roofs, in addition to the weight of roofing material to
be supported, recognition must be given to possible snow and wind loads.

In snowy localities the minimum snow load per horizontal sq. ft; of
roof should be considered as 25 lb. for slopes up to 20 degrees. For
each degree increase in slope up to 45 degrees, this load may be reduced
1 lb. Above 4.5-degree slope no snow load need be considered. In
especially severe climates these allowances should be increased in ac-
cordance with actual conditions.
The wind load is the pressure normal to the surface of the roof pro-

duced by a wind blowing horizontally. The wind pressure against a
vertical plane as determined by the U. S. Signal Service at Mt. Wash-
ington, N. H., is for various velocities of wind:

Velocity, miles per hr
Pressure, lb. per sq. ft.

The pressure on a flat surface is twice that on a cylindrical surface
of the same projected area. For further information regarding wind
pressure, see page 626. As the slope of the roof increases, the greater
becomes the wind pressure on it. The pressure normal to the surface
of roofs of different slopes exerted by a wind velocity of 100 miles per
hour (40 lb. per sq. ft. on a vertical plane) is

Rise, in. per ft. . 4 6 8 12 16 18 24
Angle with

horizontal. . . 18° 26' 26° 34' 33° 41' 45° 0' 53° 8' 56° 19' 63° 26'
Pitch (Rise -~

Span) 1/6 1/4 1/3 1/2 2/3 3/4 1

Wind pressure. . 16.8 23.7 29.1 36.1 38.7 39.3 40.0

Roof Construction. (N. G. Taylor Co., Philadelphia.)—Roofs with
less than 1/3 pitch are made with fiat seams, and should preferably be
covered with 14 X 20 in. sheets, rather than with 20 X 28-in. sheets, as
the larger number of seams tend to stiffen the surface and prevent
buckles. For a flat seam roof the edges of the sheets are turned 1/2 in.,

iQCfeed together and soldered. The sheets are fastened to the sheath-
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ing boards by cleats 8 in. apart and locked in the seams. Two 1-in.
barbed and tinned nails are driven in each cleat. Steep tin roofs
should be made with standing seams and from 28 X 20-in. sheets. The
sheets are first single or double seamed and soldered together in a long
strip reacliing from eave to ridge. The sloping seams are composed
of two "upstands" interlocked at the upper edge and held to the sheath-
ing boards by cleats. No solder is used in standing seams as a rule
In soldering tin roofs, only a good rosin flux should be used. The use
of acid must be carefully avoided.

lioof Paints.—The American Sheet and Tin Plate Co. recommends
for painting metal work and tin roofs metallic brown, Venetian red, or
red oxide paint, ground in pure linseed oil. The paint should be
rubbed well in, and should not be spread thin. See also Preservative
Coatings, page 471.
Tin Plates are made of soft sheet steel coated with tin, and are

called in the trade "coke" or "charcoal" plates according to the weight
of coating. These terms have survived from the time when the highest
quality of plate was made from charcoal-iron, while the lower grades
were made from coke-iron. Consequently, plates to-day with the
lighter coatings are known as coke-plates, and are used for tin cans, etc.
The various grades of charcoal-plates are designated by the letters A to
AAAAA, the latter having the heaviest coating and the highest polish.
There is one other brand made with a heavier coating than 5A, which is

especially adapted for nickel-plating. The unit of value and measure-
ment of tin plates is the "base-box," which will hold 112 sheets of
14 X 20 in. plate, or 31360 sq. in. of any size. Plates lighter than 65 lb.

per base box (No. 36 gage) are known as taggers tin.

Weights of Standard Galvanized Sheets.

(American Sheet & Tin Plate Co.)

. 1^
S)

1^ l^
S)

l« l^
Si

l« l^

o iS 4^ o SS d- s S^ A^ 6 ss d-
8 112.5 7.031 15 47 5 2.969 22 77.5 1.406 29 11.5 0.719
9 10?,, 5 6.406 16 47 5 2,656 73 70,5 1.281 30 10.5 .656

10 92.5 5.781 17 38,5 2.406 24 18,5 1 . 1 56 31 9.5 .594
11 82.5 5.156 18 34.5 2.156 25 16.5 1,031 32 9.0 .563
12 72.5 4.531 19 30.5 1.906 26 14.5 0.906 33 8.5 .531

13 67,5 3.906 70 76 5 1 656 77 13 5 844 34 8 .500
14 52.5 3.281 21 24.5 1.531 28 12.5 .781

Standard Weights and Gages of Tin Plate.

(American Sheet & Tin Plate Co., Pittsburgh.)

6 00 ^« 6
6" Sd 6 ? gc

4. ^
S-^ ^?, Vn ^ m-;; « ^ -;;

QJ S SSS) a'^ °X £ 6 2 £ M a-: o^^ s| ££& $r. •s^

^^ 1^^ ^£ F^ 1^ 1^^ g^ pa 1^ 1^^ ^- F^
55 1b. 38 0.252 55 lOOlb. 30 1/9 0,459 100 3XL 26 0.771 168
60

"
37 .275 60 1(^ 30 .491 107 DX 76 .826 180

65
"

36 .298 65 1181b. 29 .547 118 4X 25 .895 195
70 "

35 .321 70 IX 28 .619 135 4XL 75 863 188
75

"
34 .344 75 IXL 28 .588 128 D2X 24 .964 210

80
"

33 .36/ 80 \X) 28 .638 139 D3X 73 1 107 240
85

"
32 .390 85 2X 27 .711 155 D4X 22 1.239 270

90
"

31

31

.413

.436
90
95

2XL
3X

27
26

.679

.803
148
17595

"
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Sizes and Net Weight per Box of 100 lb.
Tin Plates.

(0.459 lb. per sq. ft.)

Size of

Sheets.

Sheets

Box.

Weight

Box.

Size of

Sheets.

Sheets

Box.

Weight

Box.

Size of
Sheets.

Sheets

Box.

Weight

Box.

10 X14 225 100 15X15 225 161 14 X31 112 155

14 X20 112 100 16X16 225 183 111/4X223/4 112 91

20 X28 112 200 17X17 225 206 131/4X173/4 112 84
10 X20 225 143 18X18 112 116 131/4X191/4 112 91

11 X22 225 172 19X19 112 129 131/2X191/2 112 94
1

1

1/2 X23 225 189 20X20 112 143 131/2X193/4 112 95
12 X12 225 103 21X21 112 158 14 X183/4 124 103

12 X24 112 103 22X22 112 172 14 XI91/4 120 103

13 XI3 225 121 23X23 112 189 14 X21 112 105

13 X26 112 121 24X24 112 204 14 X22 112 110
14 X14 225 140 26X26 112 241 14 X221/4 112 111

14 X28 112 140 16X20 112 114 151/2X23 112 127

For weight per box of other than 100-lb. plates multiply by the
figures in the column "Weight per Box" in the preceding table, and
divide by 100. Thus for IX plates 20 X 28 in., 200 X 135 4- 100 = 270.

Sheets Required for Tin Roofing.

(American Sheet & Tin Plate Co., 1914.)

Sheets Sheets Sheets Sheets Sheets

K
Required.

£
Required ^ Required. Required.

^
Required.

d- ss Is
1-4

a* ss 5? CM & ss ss \t SS It
<*-i So ^00 Oi !i1o C^.OO xn

%<=> ^.00 ^00 m ^Ho "°2

nX -^x -Sx "o 2x '?]x
"o -X -^x ^X ^X

o3-<r

s- ZQ :? P4- m "A s~ &'^
"A E- ^'^ % ^^'- m

inn 59 31 780 164 86 460 769 141 640 374 197 870 479 1^1

no 65 34 7,90 170 89 470 275 144 650 379 200 830 484 255

17,0 70 37 300 175 9? 480 280 148 660 385 203 840 490 258
no 76 40 310 181 95 490 286 151 670 391 206 850 496 261

140 87 43 370 187 ^9 500 292 154 680 397 209 860 502 264

150 88 46 330 193 107 510 298 157 690 403 212 870 508 267

160 94 50 340 199 105 520 304 160 700 409 215 880 514 270

170 100 53 350 705 108 530 309 163 71(1 414 218 89(1 519 273

180 105 56 360 710 111 540 315 166 72t 420 221 900 525 276
190 11) 59 370 716 114 550 371 169 73(: 426 224 91( 531 279
7on 117 67 380 777 117 560 327 172 74(: 432 227 92(: 537 282
7,10 173 65 390 778 170 570 333 175 75(: 438 230 93( 543 283
720 129 68 400 734 173 580 339 178 76(: 444 233 940 549 288

230 135 71 410 740 176 59(1 344 181 77( 449 236 95( 554 29!

240 140 74 470 745 179 600 350 184 78C 455 239 96( 560 295

250 146 77 430 751 137 610 356 187 79t 461 243 97(: 566 298
760 157 80 44(1 757 135 67(! 362 190 80( 467 246 98( 572 301

270 158 83 450 263 138 630 368 [ 194 810 473 249 990 578 304

Terne Plates, or Roofing Tin, are coated with an alloy of tin and lead.
In the "U. S. Eagle, N.M." brand the alloy is 32% tin, 68% lead.
The weight per 112 sheets of this brand before and after coating is as
follows:

IC 14 X 20 IC 20 X 28 IX 14 X 20 IX 20 X 28

Black plates ... 95 to 100 lb. 190 to 200 lb. 125 to 130 lb. 250 to 260 lb.

After coating. . . 1 15 to 120 230 to 240 145 to 150 290 to 300

Terne plates are made in two thicknesses: IC, in which the iron body
weighs about 50 lb. per 100 sq. ft., and IX, in which it weighs 62 1/2 lb.

per 100 sq. ft. The IC grade is preferred for roofing, while the iX
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grade is used for spouts, valleys, gutters, and flashings. The standard
weight of 14 X 20 in. IC plates is 107 lb. per base-box, and of 14 X 20-
in. IX plate 135 lb.

Long terne sheets are made in gages, Nos. 14 to 32, from 10 to 40 in.
wide and up to 120 in. long. They are made in five grades with coat-
mgs of 8, 12, 15, 20, and 25 lb.

A box of 112 sheets 14 X 20 in. will cover approximately 192 sq. ft.

of roof, flat seam, or 583 sheets 1000 sq. ft. For standing seam rooflng
a sheet 20 X 28 in. wiU cover 475 sq. in., or 303 sheets 1000 sq. ft. A
box of 112 sheets 20 X 28 in. wiU cover approximately 366 sq. ft.

The common sizes of tin plates are 10 X 14 in. and multiples of that
measure. The sizes most generaUy used are 14 X 20 and 20 X 28 in.

Specifications for Tin and Terne Plate. Penna. R.R., 1903.)

Material Desired. Rejected if less than

Tin
Plate.

No. 1

Terne.
No. 2
Terne.

Tin
Plate.

No. 1

Terne.
No. 2
Terne.

Coating:
100

0.023

0.496
.625

.716

.808

.900

26
74

0.046

0.519
.648
.739
.831

.923

16

84
0.023

0.496
.625

.716

.808

.900

.: .::::::::::

:

Amount per sq. ft., lb. .

Weight, lb. per sq. ft. of
Grade IC . .

.

0.0183

0.468
.590
.676
.763
.850

0.0413

0.490
.612
.699
.787
.874

0.083

0.468
Grade IX .590
Grade IXX..

.

.676
Grade IXXX .763
Grade IXXXX .850

Each sheet in a shipment of tin or terne plate must (1) be cut as
nearly exact to size ordered as possible; (2) must be rectangular, flat,

and free from flaws; (3) must double seam successfully under reason-
able treatment; (4) must show a smooth edge with no sign of fracture
when bent through an angle of 180 degrees and flattened down with a
wooden mallet; (5) must be so nearly Uke every other sheet in the ship-
ment, both in thickness and in uniformity and amount of coating, that
no difiiculty will arise in the shops due to varying thickness of sheets.

Corrugated Sheets.—Weight per 100 Sq. Ft.

(American Sheet & Tin Plate Co., Pittsburgh,

Lb.

1914.)

Corruga-
tions.

5/8 in. 1 1/4 in. 2 in.
2 1/2 in.*

26 in.

2 1/2 in.t

27 1/2 in. 3 in. Sin.
wide. wide.

U. S. Std. -^ a v> i -^ i -^ i ^ i ^ i 1
*3

s
Sheet
Metal ^ ll '3 11 11 3 ll 1 ll ll '•'S

Gage. Ph O A^ PM flH 6 PL, Ph 6 dH 0"

29 81 81 77 77 78 77 77
28 71 m 71 88 68 84 68 84 69 85 68 84 68 84
27 78 95 78 95 75 91 75 91 76 92 75 91 75 91

26 85 102 85 102 82 98 82 98 83 99 82 98 81 97
25 99 116 99 116 95 111 95 111 97 113 95 111 95 111

24 113 130 113 130 109 125 109 125 110 126 109 125 108 124
23 127 144 122 138 172 138 124 140 122 138 122 137

22 141 158 136 151 136 151 137 153 136 151 135 151

21 155 172 149 165 149 165 151 167 149 165 148 164
20 169 186 163 178 163 178 165 181 163 178 162 178

18 216
270

232
286

216
270
338
472
607

232
286
353
488
623

219
274
342
478
615

235
290
358
494
631

216
270
338
472

232
286
353
488

215
269
336
470

7S1

16 785
' 14 35?

12 486
10

* siding. )• Roofing,
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Covering width of plates, lapped one corrugation, 24 in. Standard
lengths, 5, 6, 7, 8, 9, and 10 ft.; maximum length, 12 ft.

Ordinary corrugated sheets should have a lap of 1 1/2 or 2 corrugations
side-lap for roofing in order to secure water-tight side seams ; if the roof
is rather steep 1 1/2 corrugations will answer. Some manufacturers
make a special high-edge corrugation on sides of sheets, and thereby are
enabled to secure a water-proof side-lap with one corrugation only, thus
saving from 6% to 12% of material to cover a given area.
No. 28 gage corrugated iron is generally used for applying to wooden

buildings; but for applying to iron framework No. 24 gage or heavier
should be adopted.

Galvanizing sheet iron adds about 21/2 oz. to its weight per square
foot.

Slate.

Slate in roofs is measured by the square, 1 square being equal to 100
superficial square feet. In measuring, the width of the eaves is allowed
at the widest part. Hips, valleys, and cuttings are measured Uneally
and 6 in. extra is allowed. The thickness of slate for roofing varies
usually from i/g to s/iq in. The weight varies, when lapped, from
41/2 to 6 3/4 lb. per sq. ft. The laps range from 2 to 4 in., 3 in. being
the standard. As slate is usually laid, the number of square feet of roof
covered by one slate is w (I — 3) ^ 288, w and I being the width and
length respectively of the slate in inches.

Number and Superficial Area of Slate for One Square of Roof,

Size,

In.

No. Area,

1?;

Size,

In.

No.
per
Sq.

Area,
Sq.
Ft.

Size,

In.

No.
per
Sq.

Area,
Sq.
Ft.

Size,

In.

No. Area,
Sq.
Ft.

6X12
7X12
8X12
9X12
7X14
8X14

533
457
400
355
374
327
291

267

254'

10X14
8X16
9X16
10X16
9X18
10X18
12X18

261

277
246
221

213
192
160

246'

246'

246'

10X20
11X20
12X20
14X20
16X20
12X22
14X22

169
154

141

121

137
126
108

235

'

23i
'

12X24
14X24
16X24
14X26
16X26

114
98
86
89
78

228

'225"

9X14

Weight of Slate, in Pounds, for One Square of Roof.

(1 cu. ft. slate = 175 lb.)

Length

Slate, In.

Thickness of Slate, Inch.

Vs V16 V4 Vs V2 5/8 V4 1

12 483 724 967 1450 1936 2419 2902 3872
14 460 688 920 1379 1842 2301 2760 3683
16 445 667 890 1336 1784 2229 2670 3567
18 434 650 869 1303 1740 2174 2607 3480
20 425 637 851 1276 1704 2129 2553 3408
22 418 626 836 1254 1675 2093 2508 3350
24 412 617 825 1238 1653 2066 2478 3306
26 407 610 815 1222 1631 2039 2445 3263

Corrugated Arches.

For corrugated curved sheets for floor and ceiling construction in
fireproof buildings. No. 16, 18, or 20 gage iron is commonly used, and
sheets may be curved from 4 to 10 in. rise—the higher the rise the
•stronger the arch. By a series of tests it has been demonstrated that
corrugated arches give the most satisfactory results with a base length
not exceeding 6 ft., and 5 ft. or even less is preferable where great
strength is required. These corrugated arches are made with 1 1/4 X 3/8,
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2 1/2 X 1/2, 3 X 3/4, and 5 X Vs in. corrugations, and in the same width
of sheet as above mentioned.

Terra-Cotta.

Porous terra-cotta roofing 3 in. thick weighs 16 lb. per square foot and
2 in. thick 12 lb. per square foot.

Ceiling made of the same material 2 in. thick weighs 11 lb. per square
foot.

Tiles.

Flat tiles 6 1/4 X 10 1/2 X 5/8 in. weigh from 1480 to 1850 lb. per square
of roof (100 square feet), the lap being one-half the length of the tile.

Tiles with grooves and fillets weigh from 740 to 925 lb. per square of
roof.

Pan-tiles 14 1/2 X 10 1/2 laid 10 in. to the weather weigh 850 lb. per
square.

Pine Shingles.

The figures below give the weight of shingles required to cover one
square of a common gable roof. For hip roofs add 5 per cent.

Inches exposed to weather 4 41/2 5 51/2 6
No. of shingles per square of roof 900 800 720 655 600
Weight of shingles per square, lb 216 192 173 157 144

Skylight Glass Required for One Square of Roof.

Dimensions, in 12 X 48 15 X 60 20 X 100 94 X 156
Thickness, in 3/ig 1/4 z/g 1/2
Area, sq. ft 3.997 6.246 13.880 101.768
Weight per square, lb 250 350 500 700

No allowance has been made in the above figures for lap. If ordinary
window-glass is used, single thick glass (about 1/16 inch) wiU weigh about
82 lb. per square, and double thick glass (about i/g inch) will weigh
about 164 lb. per square, no allowance being made for lap. A box of
ordinary window-glass contains as nearly 50 square feet as the size of
the panes will admit. Panes of any size are made to order by the
manufacturers, but a great variety of sizes are usually kept in stock,
ranging from 6X8 inches to 36 X 60 inches.

THICKNESS OF CAST-IRON WATER-PIPES.
P. H. Baermann, in a paper read before the Engineers' Club of Phila-

delphia in 1882, gave twenty different formulse for determining the .

thickness of cast-iron pipes imder pressure. The formulae are of three

1. Depending upon the diameter only.
2. Those depending upon the diameter and head and which add a

constant.
3. Those depending upon the diameter and head contain an additive

or subtractive term depending upon the diameter, and add a constant.
The more modern formulse are of the third class, and are as follows:

t = 0.00008M+ 0.01d+ 0.36 Shedd, No. 1.

f = O.OOOOQhd + 0.0133d + 0.296 Warren Foimdry, No. 2.

t = 0.000058/id + 0.0152d + 0.312 Francis, No. 3.

t = O.OOOVt^Shd -+- 0.013d + 0.32 Dupuit, No. 4.

t = 0.00004hd + 0.1 ^jJ+ 0.15 Box, No. 5.

t = 0.000135/id + 0.4 - 0.001 Id Whitman, No. 6.

t = 0.00006 (/i + 230) d + 0.333 - 0.0033d Fanning, No. 7.

t = 0.00015M + 0.25 - 0.0052d Meggs, No. 8.

In which t = thickness in inches, h = head in feet, d = diameter in
inches. For h = 100 ft., and d = 10 in., formulae Nos. 1 to 7 inclusive
give to from 0.49 to 0.54 in., but No. 8 gives only 0.35 in. Fanning's
formula, now (1908) in most common use, gives 0.50 in.

Rankine (Civil Engineering), p. 721, says: "Cast-iron pipes should be
made of a soft and tough quaUty of iron. Great attention should be paid



THICKNESS OF CAST-IRON WATER-PIPES. 197

to molding them correctly, so that the thickness may be exactly imiform
all round. Each pipe should be tested for air-bubbles and flaws by ring-
ing it with a hammer, and for strength by exposing it to double the
intended greatest working pressure." The rule for computing the thick-
ness of a pipe to resist a given working pressure is t = rp/f, where r is

the radius in inches, p the pressure in pounds per square inch, and /the
tensile strength of the iron per square inch. When / = 18,000, and a
factor of safety of 5 is used, the above expressed in terms of d and h
becomes t=0.5dx 0.433/i -^ 3600 = 0.00006d^.

"There are hmitations, however, arising from difficulties in casting,
and by the strain produced by shocks, which cause the thickness to be
made greater than that given by the above formula." (See also Burst-
ing Strength of Cast-Iron Cylinders, imder " Cast Iron.")
The most common defect of cast-iron pipes is due to the "shifting of

the core," which causes one side of the pipe to be thinner than the other.
Unless the pipe is made of very soft iron the thin side is apt to be chilled
in casting, causing it to become brittle and it may contain blow-holes
and " cold-shots." This defect should be guarded against by inspection
of every pipe for uniformity of thicliness.

Standard Thicknesses and Weights of Cast-iron Pipe.

(U. S. Cast Iron Pipe & Foundry Co., 1915.)

^ Class A. Class B . Class C Class D.

'ti 100 Ft. Head. 200 Ft. Head. 300 Ft. Head. 400 Ft. Head.
Ch S 43 Lb. Pressure. 86 Lb. Pressure. 130 Lb. Pressure. 1 73 Lb. Pressure

1l

H
Pounds per 1 d Pounds per

•^4
Pounds per Pounds per

Is Ft. L'gth. Ft. L'gth. Ft. L'gth. Ft. Lgth.

3 0.39 14.5 175 0.42 16.2 194 0.45 17.1 ~l05 0.48 18.0 216
4 .42 20.0 240 .45 21.7 260 .48 23.3 280 .52 25.0 300
6 .44 30.8 370 .48 33.3 400 .51 35.8 430 .55 38.3 460
8 .46 42.9 515 .51 47.5 570 .56 52.1 625 .60 55.8 670
10 .50 57.1 685 .57 63.8 765 .62 70.8 850 .68 76.7 920
12 .54 72.5 870 .62 82.1 985 .68 91.7 1100 .75 100.0 1200

14 .57 89.6 1075 .66 102.5 1230 .74 116.7 1400 .82 129.2 1550
16 .60 108.3 1300 .70 125.0 1500 .80 143.8 1725 .89 158.3 1900
18 .64 129.2 1550 .75 150.0 1800 .87 175.0 2100 .96 191.7 2300
20 .67 150.0 1800 .80 175.0 2100 .92 208.3 2500 1.03 229.2 2750
24 .76 204.2 2450 .89 233.3 2800 1.04 279.2 3350 1.16 306.7 3680
30 .88 291.7 3500 1.03 333.3 4000 1.20 400.0 4800 1.37 450.0 5400
36 .99 391.7 4700 1.15 454.2 5450 1.36 545.8 6550 1.58 625.0 7500
42 1.10 512.5 6150 1.28 591.7 7100 1.54 716.7 8600 1.78 825.0 9900
48 1.26 665.7 8000 1.42 750.0 9000 1.71 908.3 10900 1.96 1050.0 12600
54 1.35 800.0 9600 1.55 933.3 11200 1.90 1141.7 13700 2.23 1341.7 16100
60 1.39 916.7 11000 1.67 1104.2 13250 2.00 1341.7 16100 2.38 1583.3 19000
72 1.62 1281.9 15380 1.95 1547.3 18570 2.39 1904.3 22850
84 1.72 1635.8 19630 2.22 2104.1 25250

The above weights are per length to lay 12 feet, including standard
sockets; proportionate allowance to be made for any variation.

Weight of Underground Pipes. (Adopted by the Natl. Fire Pro-
tection Association, 1913.) Weights are not to be less than those
specified when the normal pressures do not exceed 125 lb. per sq. in.

When the normal pressures are in excess of 125 lb. heavier pipes should
be used. The weights given include sockets.

Pipe, in 4 6 8 10 12 14 16
Weights per foot, lb.... 23 35.8 52.1 70.8 91.7 116.7 143.8
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Standard Thicknesses and Weights of Cast Iron Pipe.

For Fire Lines and High-Pressure Service.

(U. S. Cast Iron Pipe & Foundry Co., 1915.)

'm fl

Class E. Class F. Class G. Class H.
500 ft. Head. 600 ft. Head. 700 ft. Head. 800 ft. Head.

217-lb. Pressure. 260-lb. Pressure. 304-lb. Pressure. 347-lb. Pressure.

li ^A Lb. per Lb. per ^A Lb. per ^A Lb. per

BQ U '-2 S -Sffi H
"A Hg Ft. Lgth. H S Ft. Lgth. HS Ft. Lgth. Hg Ft. Lgth.

6 58 4?.. 5 510 61 44.3 531 65 48.1 577 69 50.5 606
8 66 60,9 731 71 66.8 802 75 72.3 868 80 76.1 913
10 74 86.9 1043 80 92.8 1114 86 101.4 1217 97 107.3 1288
12 87, 114.6 1375 ,89 122.8 1474 97 136.2 1634 1 04 144.4 1733

14 90 145.6 1747 .99 158.8 1905 1 07 175.1 2101 1 16 187.5 2250
16 ,98 180.7 2168 1.08 196.5 2358 1.18 218.0 2616 1,7.7 233.8 2805
18 1,07 221.8 2662 1. 17 239.3 2872 1,78 268.2 3218 1.39 287.8 3453
20 1,15 265.8 3190 1.27 287.3 3448 1.39 321.8 3862 1.51 345.8 4149
24 1.31 359.1 4309 1.45 392.3 4707 1.75 479.8 5758 1.88 510.6 6127
30 1.55

1.80
530.9
738.1

6371
8857

1.73
7 07

588.8
821.0

7065
985236

All lengths to lay 12 ft. Weights are approximate; those per foot
include allowance for bell; those per length include bell. Propor-
tionate allowance is to be made for variations from standard length.

Standard and Heavy Cast Iron Bell and Spigot Gas Pipe.

Weights and Dimensions.

(U. S. Cast Iron Pipe & Foundry Co., 1914.)

Actual Out- Thickness, Dia. of Sock- fl Weight per Weight per

Tji^
side Dia., In. In. ets, In.

•Si
Foot, Lb. Length, Lb.

•Si 'O .

>. T3 . ^ 'O .

>. 1

^ -h
>>

Ct3 St)

11" |s B M ss K Q^ ^^ M ss

4 4.80 5.00 40 47 5.80 5.80 4.00 19.33 70 232 740
6 6 90 7.10 43 ,47 7.90 7.90 4,00 30.25 37 8 363 394
8 9.05 9.05 45 .49 10.05 9.85 4.00 42.08 45.3 505 544
10 11.10 11 .10 .49 .51 12.10 11.90 4.00 55.91 58 7 671 703
12 13 70 13.20 .54 57 14.20 14.00 4 50 73.83 76 1 H«6 913
16 17.40 17.40 6? 65 18.40 18.40 4.50 li2.58 117 7 1351 1406
20 21 .60 21.60 6r, ,75 22.85 22.60 4,50 153.83 166.7 1846 2000
24 25.80 25.80 .76 .82 27.05 26. 8C 5.00 206.41 224. C UTl 2688
30 31.74 32.00 .85 1 .00 32.99 33. OC 5.00 284.00 323.9 3408 3887
36 37.96 38.30 .95 1 .05 39.21 39. 3C 5 00 379.25 442 7 4551 5312
42 44.20 44.50 1 07 1 .26 45.45 45.50 5.00 497.66 581.3 5972 6975
48 50.50 50.80 1.26 1.38 51.75 51 .80 5.00 663.50 739.6 7962 8875

The Standard pipe listed above conforms to the standard adopted by
the American Gas Institute in 1911. The heavy pipe given is not in-
cluded in the A. G. I. standards but is used by many gas engineers for
service under paved streets with heavy traffic, or where subsoil condi-
tions make the heavier pipe desirable. Pipes are made to lay 12 ft.

length. Weights per foot include bell and bead. Length of bead =
0.75 in. for 4- and 6-in. pipe; 1.00 in. for 8- to 48-in. pipe. Thickness of
bead = 0.19 in. for 4- and 6-in. pipe; 0.25-in. for 8- to 48-in. pipe.
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Standard Flanged Cast Iron Pipe for Gas.

(United Cast Iron Pipe & Foundry Co., 1914, Am. Gas. Inst. Std., 1913.)

Nomi-
nal

Diam.,
In.

Thick-
ness,

Flange
Diam.,

Flange
Thick-

Bolt
Circle
Diam.,
In.

Bolts Wgt.
Single
Flange,
Lb.

Approx. Wgt.,
Lb.

In. In.
In.' No. Size,

In.
Foot. Lgth.

4 0.40 9.00 0.72 7.125 4 0.625 8.19 18.62 223
6 .43 11.00 .72 9.125 4 .625 10.46 29.01 348
8 .45 13.00 .75 11.125 8 .625 12.65 40.05 481

.10 .49 16.00 .86 13.75 8 .625 22.53 54.71 656
12 .54 18.00 .875 15.75 8 .625 25.96 71.34 856
16 .62 22.50 1.00 20.00 12 .75 39.68 108.61 1303
20 .68 27.00 1 .00 24.50 16 .75 51 .10 147.95 1775
24 .76 31.00 1.125 28.50 16 .75 65.00 197.38 2369
30 .85 37.50 1.25 35.00 20 875 96.70 273.45 3281
36 .95 44.00 1.375 41 .25 24 .875 132.26 366.67 4400
42 1.07 50.75 1.56 47.75 28 1 .00 186.83 483.48 5802
48 1.26 57.00 1.75 54.00 32 1 .00 235.23 647.36 7768

Pipe is made in 12-ft. lengths, and faced i/ie in. short for gaskets.
Weight per foot includes flanges. Flanges are Am. Gas. Inst., and are
different from the "American 1914" standard for water and steam pipe.
Pipes heavier than above may be made by reducing internal diameters.

Threaded Cast Iron Pipe.

(U. S. Cast Iron Pipe & Foundry Co., 1914.)

Nominal diam., in
Actual outside diam., in.
Thickness, in.. Class B .

.

Wt. per foot. Class B . . .

Thickness, in.. Class D . .

Wt. per foot. Class D . . .

3 4 6 8 10
3.96 5.00 7.10 9.30 11.40
0.42 0.45 0.48 0.51 0.57
14.6 20.1 31.2 43.9 60.5
0.48 0.52 0.55 0.60 0.68
16.4 22.8 35.3 51.2 71.4

12
13.50
0.62

78.9
0.75

93.7

Quantity of Lead Required for Cast Iron Pipe Bell and Spigot Joints.

(U. S. Cast Iron Pipe & Foundry Co., 1914.)

2 In.
1

2 1/4 In.
I

2 1/2 In.
I

Solid.

Approx. Weight of Lead in Joint.—Lb.

Depth of Joint Depth of Joint

2 In. 2V4ln.|2i/2ln. Solid.

Approx. Weight of Lead ia Joint.—Lb.

6.00 6.50 7.00
7.50 8.00 8.75
10.25 11.25 12.25
13.25 14.50 15.75
16.00 17.50 19.00
19.00 20.50 22.50
22.00 24.00 26.00
30.00 33.00 35.75
33.80 36.90 40.00
37.00 40.50 44.00

10.25
13.00
18.00
23.00
31 .00
36.50
38.50
64.75
72.00
80.00

44.00
54.25
64.75
75.25
85.50
97.60
108.30
128.00
147.00

48.00 52.50
59.50 64.75
71.00 77.25
78.75 85.50
94.00 102.25
107.10 116.60
118.80 129.50
140.50 153.00
161 .50 175.60

95.00
117.50
140.25
155.25
202.25
238.60
255.50
302.50
348.00

The above table gives the calculated weight of lead required for pipe
joints both with and without gasket. Weight of lead taken at 0.41
lb. per cu. in. Allowance has been made for lead to project beyond the
face of the bell for calking. Pipe specifications allow lead space to vary
from those given in tables, hence the weights of lead may vary ap-^

proximately 11 to 16 per cent from those given above.
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Cast-iron Pipe Columns, Weight and Safe Loads, Pounds.

(U.S. Cast Iron Pipe and Foundry Co., 1914.)

Length.

4-Inch Pipe. 6-Inch Pipe. 8-Inch Pipe. 10-Inch Pipe.

Wgt Load. Wgt. Load. Wgt. Load. Wgt. Load.

6 ft Oin. 160 56070 245 100100 359 164410 428 224200
6 6 171 54130 262 98310 385 162400 464 222300
7 183 52190 280 96270 410 160350 500 220300
7 6 194 50250 298 94100 436 158200 535 218300
8 206 48320 316 92040 462 156000 571 216200
8 6 217 46440 333 89820 487 1 53600 607 213900
9 229 44590 351 87620 513 151200 643 211600
9 6 240 42800 368 85450 539 148760 678 209300
10 251 41050 386 83260 564 146260 714 206900
10 6 262 39360 404 81040 590 143700 750 204500
11 274 37730 421 78840 615 141160 785 202200
n 6 285 36160 439 76700 642 138570 821 199800,
12 297 34670 457 74580 667 135920 857 197400
12 6 308 33220 474 71600 692 133340 893 195000

Base and Top Casti ngs.

Ins, square 10 12 14 16
Wt., lbs. 65 100 145 200

AddI weiglIt of I)ase and top castings fo r complete weight of column.
Loads arebiised n Gordon's formula, with a factor of safety of 8.

Weight of Open End Cast-iron Cylinders.

Cast iron = 450 lbs. per cubic foot.

Pounds per Lineal Foot.

Thick. Wgt. Thick. Wgt. Thick. Wgt. Thick. Wgt.
Bore. of per Bore. of per Bore. of per Bore. of per

Metal. Foot. Metal. Foot. Metal. Foot. Metal. Foot.

In. In. Lb. In. In. Lb. In. In. Lb. In. In. Lb."
4 3/8 16.1 1/2 56.5 17 7/8 153.6 24 7/8 213.7

V2 22.1 5/8 71.3 18 5/8 114.3 1 245.4
5/8 28.4 3/4 86.5 3/4 138.1 26 3/4 197.0

5 3/8 19,8 1/2 61.4 7/8 162.1 7/8 230.9
1/2 27.0 5/8 77.5 19 5/8 120.4 1 265.1
5/8 34.4 3/4 93.9 3/4 145.4 28 3/4 211.7

6 3/8 23.5 1/2 66.3 7/8 170.7 7/8 248.1

1/2 31.9 5/8 83.6 20 5/8 126.6 1 284.7
5/8 40.7 3/4 101.2 3/4 152.8 30 7/8 265.2

7 3/8 27.2 1/2 71.2 7/8 179.3 1 304.3
1/2 36.8 5/8 89.7 21 5/8 132.7 11/8 343.7
5/8 46.8 3/4 108.6 3/4 160.1 32 7/8 282.4

8 3/8 30.8 5/8 95.9 7/8 187.9 1 324.0
1/2 41.7 3/4 116.0 22 5/8 138.8 11/8 365.8

5/8 52.9 7/8 136.4 3/4 167.5 34 7/8 299.6
9 1/2 46.6 16 5/8 102.0 7/8 196.5 1 343.7

5/8 59.1 3/4 123.3 23 3/4 174.9 11/8 388.0
3/4 71.8 7/8 145.0 7/8 205.1 36 7/8 316.6

10 1/2 51.5 17 5/8 108.2 1 235.6 1 363.1

5/8 65.2 3/4 130.7 24 3/4 182.2 11/8 410.0
3/4 79.2

The weight of two flanges may be reckoned = weight of one foot.
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WROUGHT-IRON (OR STEEL) WELDED PIPE.

For discussion of the Briggs Standard of Wrought-iron Pipe Dimen-
sions, see Report of the Committee of the A. S. M. E. in "Standard
Pipe and Pipe Threads," 1886. Trans., Vol, VIII, p. 29. The diameter
of the bottom of the thread is derived from the formula D —

(0.05D+ 1.9) X -. in which D = outside diameter of the tubes, and n
n

the number of threads to the inch. The diameter of the top of the

thread is derived from the formula 0.8 - X 2 + d, or 1.6 - + cf, in which

d is the diameter at the bottom of the thread at the end of the pipe.
The sizes for the diameters at the bottom and top of the thread at the
end of the pipe are as follows:

Standard Pipe Threads.

Nom- ^ Diam. Diam. Nom- rn-^ Diam. Diam.
inal -S c of Pipe of Pipe inal ia of Pipe of Pipe

Size. Ex- Ct3|-H at Root at Top Size. Ex- at Root at Top
ternal 1^ of of ternal li of of

Diam. H^ Thread Thread. Diam. ^^ Thread. Thread.

1/8 0.405 27 0.3339 0.3931 5 5.563 8 5.2907 5.4907
V4 .540 58 .4329 .5218 6 6.625 8 6.3460 6.5460
3/8 .675 18 .5676 .6565 7 7.625 8 7.3398 7.5398
1/2 .840 14 .7013 .8156 8 8.625 8 8.3336 8.5336
3/4 1.050 14 .9105 1 .0248 9 9.625 8 9.3273 9.5273

1 1.315 111/2 1.1440 1.2832 10 10.750 8 10.4453 10.6453
11/4 1.660 111/2 1 .4876 1 .6267 11 11.750 8 11.4390 1 1 .6390
U/2 1.900 111/2 1.7265 1 .8657 12 12.750 8 12.4328 12.6328
2 2.375 111/2 2.1995 2.3386 13 14.000 8 13.6750 13.8750
21/2 2.875 8 2.6195 2.8195 14 15.000 8 14.6688 14.8688
3 3.500i 8 3.2406 3.4406 15 16.000 8 15.6625 15.8625
31/2 4.000 8 3.7375 3.9375 17 0.D. 17.000 8 16.6563 16.8563
4 4.500 8 4.2343 4.4343 18 0.D. 18.000 8 17.6500 17.850Q
41/2 5.000 8 4.7313 4.9313 20 O.D. 20.000 8 19.6375 19.8375

Tap Drills for Pipe T aps (Briggs' Standard .

Size of Size of Size of Size of Size of Size of s ze of Size of
Tap, Drill, Tap, Drill, Tap, Drill, rap. Drill,

In. In. In. In. In. In. In. In.

1/8 21/64 3/4 15/16 2 2 3/16 4 4 3/16
1/4 29/64 1 1 3/16 21/2 211/16 41/2 411/16
3/8 19/32 1 1/4 1 15/32 3 3 5/16 5 5 1/4

1/2 23/32 1 1/2 1 23/32 31/2 313/16 6 6 6/16

Having the taper, length of full-threaded portion, and the sizes at
bottom and top of thread at the end of the pipe, as given in the table,
taps and dies can be made to secure these points correctly, the length
of the imperfect threaded portions on the pipe, and the length the tap
is run into the fittings beyond the point at which the size is as given, or,
in other words, beyond the end of the pipe, having no effect upon the
standard. The angle of the thread is 60°, and it is slightly rounded off
at top and bottom, so that, instead of its depth being 0.866 its pitch, as
Is the case with a fuU V-thread, it is 4/5 the pitch, or equal to 0.8 -i- n,n
being the number of threads per inch.
Taper of conical tube ends, 1 in 32 to axis of tube = ^ inch to the

foot total taper.
The thread is perfect for a distance (L) from the end of the pipe, ex-

pressed by the rule, L = (0.8 D + 4.8) -i-n; where D = outside diameter
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in inches. Then come two threads, perfect at the root or bottom,
but imperfect at the top, and then come three or four threads imperfect
at both top and bottom. These last do not enter into the joint at all,

but are incident to the process of cutting the threads. The thickness
of the pipe under the root of the thread at the end of the pipe = 0.0175
D + 0.025 in,

Briggs' standard gages are made by Pratt & Whitney Co., Hartford,
Conn.
Standard Welded Pipe.—The permissible variation in weights is 5%

above and 5% below those given in the table on the opposite page.
Pipe is furnished with tlireads and coupUngs, and in random lengths
unless otherwise ordered. Weights are figured on the basis of one
cubic inch of steel weighing 0.2833 lb., and the weight per foot with
threads and couplings is based on a length of 20 fept, including the
coupling, but shipping lengths of small sizes will usually average less
than 20 feet. Taper of threads is M inch diameter per foot length for
all sizes. The weight of water contained in one lineal foot is based
on a weight of 62.425 pounds per cubic foot, which is the weight at its
maximum density (39.1° F.)

The steel used for lap-welded pipe has the following average analysis
and physical properties:

C
0.07

Open-hearth 0.09

Mn
0.30
0.40

S
0.045
0.035

P
0.100
0.025

El.
Lim.
36,000
33,000

Tens. Elong.
Str. in 8 in.

58,000 22%
53,000 25%

Extra Strong Pipe. (National Tube Companjr, 1915)

Diameter.

i
ii

Circum-
ference.

Transverse Area.
Length of
Pipe per
Sq. Foot.

1
H -| il 1

h|

In. In. In. Lb. In. In. Sq.In. Sq. In. Sq.In Ft. Ft. Ft.

Vs 0.405 0.215 .095 0.314 1.272 0.675 0.129 0.036 0.093 9.431 17.766 3966.393

1/4 .540 .302 .119 .535 1.696 .949 .229 .072 .157 7.073 12.648 2010.290

3/8 .675 .423 .126 .738 2.121 1.329 .358 .141 .217 5.658 9.030 1024.689

1/2 .840 .546 .147 1.087 2.639 1.715 .554 .234 .320 4.547 6.995 615.017

3/4 1.050 .742 .154 1.473 3.299 2.331 .866 .433 .433 3.637 5.147 333.016

1 1.315 .957 .179 2.171 4.131 3.007 1.358 .719 .639 2.904 3.991 200.193

11/4 1.660 1.278 .191 2.996 5.215 4.015 2.164 1.283 .881 2.301 2.988 112.256

11/2 1.900 1 500 .200 3.631 5.969 4.712 2.835 1.767 1.068 2.010 2.546 81.487

2 2.375 1.939 .218 5.022 7.461 6.092 4.430 2.953 1.477 1.608 1.969 48.766

21/2 2.875 2.323 .276 7.661 9.032 7.298 6.492 4.238 2.254 1.328 1.644 33.976

3 3.500 2.900 .300 10.252 10.996 9.111 9.621 6.605 3.016 1.091 1.317 21.801

31/2 4.000 3.364 .318 12.505 12.566 10.568 12.566 8.888 3.678 0.954 1.135 16.202

4 4.500 3.826 .337 14.983 14.137 12.020 15.904 11.497 4.407 .848 0.998 12.525

41/2 5.000 4.290 .355 17.611 15.708 13.477 19.635 14.455 5.180 .763 .890 9.962

5 5.563 4.813 .375 20.778 17.477 15.120 24.306 18.194 6.112 .686 .793 7.915

6 6.625 5.761 .432 28.573 20.813 18.099 34.472 26.067 8.405 .576 .663 5.524

7 7.625 6.625 .500 38.043 23.955 20.813 45.664 34.472 11.192 .500 .576 4.177

8 8.625 7.625 .500 43.388 27.096 23.955 58.426 45.663 12.763 .442 .500 3.154

9 9.625 8.625 .500 48.728 30.238 27.096 72.760 58.426 14.334 .396 .442 2.465

10 10.750 9.750 .500 54.735 33.772 30.631 90.763 74.662 16.101 .355 .391 1.929

11 11.750 10.750 .500 60.075 36.914 33.772 108.434 90.763 17.671 .325 .355 1.587

12 12.750 11.7^0 .500 65.415 40.055 36.914 127.676 108.434 19.242 .299 .325 1.328

13 14.000 13.000 .500 72.091 43.982 40.841,153.938 132.732 21 .206 .272 .293 1.085

14 15.000 14.000 .500 77.431 47.124 43 .982! 176.7 15 153.938 22.777 .254 .272 0.935
15 16.000 15.000 .500 82.771 50.265 47.124:201.062 176.7 15124.347 .238 .254 .813

The permissible variation in weight is 5% above and 5% below.

Furnished with plain ends and in random lengths imless otherwise
ordered.
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Double Extra Strong Pipe.Z (National Tube Company, 191 5.)

Diameter.

1

Circum-
ference.

Transverse Area.
Length of

Pipe per
Sq. Foot.

•Silo
.CSV

fi1 it || it |1
1^ k4

t-l 1
.1 +543

Tn. Tn. In. Lb. In. In. Sq.ln Sq.ln Sq.ln ¥t. J^'t. Feet.
IVo 0.840 0.252 0.294 1.714 2.639 0.792 0.534 0.050 0.504 AMI 15.157 2887.165

3/i 1 050 .434 .3l)H 2.440 3.299 1 .363 .866 .148 .718 3.637 8.801 973.404

1 Ml") .599 .358 3.659 4.131 1.882 1.358 .282 1.076 2.904 6.376 510.998

IWl 1 660 .896 .382 5.214 5.215 2.815 2.164 .630 1.534 2.301 4.263 228.379

iVo 1900 1.100 .400, 6.408 5.969 3.456 2.835 .950 1.885 2.010 3.472 151.526

? 7 375 1.503 .436 9.029 7.46! 4.722 4.430 1.774 2.656 1 .608 2.541 81.162

?!/') ?„875 1.771 .552 13.695 9.032 5.564 6.492 2.464 4.028 1.328 2.156 58.457

^ 3, 500 2.30(1 .600 18.583 10.996 7.226 9.621 4.155 5.466 1.091 1 .66(1 34.659
^l/o 4,000 2.728 .636 22.85C 12.5h6 8.570 12.566 5.845 6.721 0.954 1.400 24.637

4 4,500 3.152 .674 27.541 14.137 9.902 15.904 7.803 8.101 .848 1.211 18.454

41/'> 5.000 3.58(: .710 32.53C 15.70? 1 1 .247 19.635 10.066 9.569 .763 1 .066 14.308

5 5,563 4.06^ .750 38.552 17.477 12.764 24.306 12.966 11.341 .686 0.94(] 11.107

6 6.67.5 4.897 .864 53.16C 20 .811 15.384 34.472 18.835 15.637 .576 .78(J 7.646

7 7.625 5.875 .875 63.079 23.955 18.457 45.664 27.109 18.555 .50C .65(1 5.312

8 8.625 6.875 .875 72.424 27.096 21.598'58.426 37.122 21.304' .4421 .555 3.879

The permissible variation in weight is 10% above and 10% below.
Furnished with plain ends and in random lengths unless otherwise,

ordered.

Standard Boiler Tubes and Flues—Lap-Welded.

(National Tube Company, 1915.)

Diaineter.

1 ip

Circum-
ference.

Transverse Area.
Length ofTube
per Sq. Foot.

pi\i P |1
lis

1 ^1
J n

In. In. In. Lb. In. In. Sq.ln. Sq. In. Sq.ln Ft.- Ft. Ft. Ft.
ia/4 1.56C 0.095 1.679 3.498 4.901 2.405 1.911 .494 2.187 2.448 2.315 75.340
2 I.81U .095 1.932 6.283 5.686 3.142 2.573 .569 1.909 2.110 2.010 55.965
21/4 2.O0O .095 2.186 7.0o9 6.472 3.976 3.333 .643 1 697 1 854 1 775 43.205
21/^ 2.232 .109 2.783 y.854 7.169 4.909 4.090 .819 1,577 1 673 1 600 35.208
23/4 2.532 .109 3.074 8.639 7.955 5.940 5.036 .904 1,388 1,508 1 448 28.599
3 2.782 .109 3.365 9.425 8.y40 7.0t)9 6.079 .990 1 .773 1.373 1 373 23.690
31/4 3.010 .120 4.011 10.210 9.456 8.296 7.116 1.180 1.175 1.769 1 .777 20.237
31/^ 3.260 .120 4.331 10.996 10.242 9.621 8.347 1.274 1.091 1.171 1.131 17.252
33/4 3.510 .120 4.652 11.781 1 1 .027 11.045 9.677 1.368 1.018 1.088 1.053 14.882
4 3.732 .134 5.532 12.5o6 1 1 .y24 12.5ob 10.939 1.627 0.954 1.073 0.989 13.164
41/^ 4.232 .134 6.2t8 14.137 13.295 15.904 I4.O06 1838 848 907 875 10.237
5 4.704 .148 7.6o9 15.708 14.778 19.635 17.379 2.256 763 817 787 8.286
6 5.670 .165 10.282 18.850 17.813 28.274 25.249 3 07,5 ,636 ,673 655 5.703
7 6.670 .165 12.044 21 .991 20.954 38.485 34.942 3.543 .545 .577 .559 4.121
8 7.670 165 13.807 25.133 24.096 50.265 46.204 4.061 .477 .498 .487 3,117
9 8.640 .180 16.955 28.274 77 143 63.617 58.629 4 988 474 447 433 2.456
lU 9.594 .203 21 .240 31.416 30.140 78.540 72.292 6.248 ,381 ,398 390 1.992
II 10.560 .220 25.329 34.5^8 33.175 95.033 87.582 7.451 ,347 ,361 ,354 1.644
12 1 1 .542 .229 28.788 37.699 36.2n0 113.097 104.629 8.468 .318 .330 .374 1.376
13 12.524 .238 32.439 40.841 39.3h5 132.732 123.190 9.542 7,93 304 799 1.169
14 13.504 .2^8 36.424 43.982 42.424 153.938 143.224 10,714 .777 .787 ,777 1.005
15 14.482 .259 40.775 47.124 45.497 176.715 164.721 1 1 .994 .254 .263 .259 0.874
16 15.460 .270 45.359 50.265 48.5b9 201 .062 187.719 13.343 .238 .247 .242 .767
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Weights and Bursting Strength of Lap-Welded Steel Pipe.

(American Spiral Pipe Works, Chicago, 1911.)

20-Ft. Lengths, Plain Ends without Connections. Thicknesses fn
U. S. Standard Gage or Inches. Bursting Strength in Lb. per Sq. In.
Internal Pressure.

s

r
Ij p

5

T r r
rt

5^

r
i

12 lOG 19.3 1172 28 3/4 244 2678 42 1/4 119 595
"

3/16 25.8 1562 1 329 3570 1/2 239 1190"
1/4 34.6 2083 11/4 416 4462 "

3/4 362 1784
14 lOG 22.4 1005 30 3/16 64 625 "

1 486 2380"
1/4 40.2 1785 1/4 85 833 "

1 1/4 612 2976
"

3/8 61.0 2678 1/2 172 1666 44 1/4 124 568"
1/2 82.0 3568 3/4 261 2500 "

1/2 250 1136
16 lOG 25.6 879 1 352 3328 "

3/4 378 1705
"

1/4 45.8 1562 11/4 444 4160 "
1 508 2277"

3/8 69.4 2344 32 3/16 68 586 *•
11/4 640 2840

"
1/2 93.5 3124 1/4 91 781 48 1/4 135 520"
5/8 118.0 3904 1/2 183 1562 1/2 273 1040

18 lOG 28.7 781 3/4 278 2344 "
3/4 412 1562"

1/4 51.4 1388 1 374 3125 " 553 2080
"

3/8 77.8 2082 11/4 472 3906 "
11/4 696 2604

"
1/2 104.7 2776 34 3/16 72 551 50 1/4 141 500

"
5/8 132.0 3472 1/4 96 735 "

1/2 284 1000
20 lOG 31.9 703 1/2 194 1470 3/4 429 1500"

1/4 57.0 1250 3/4 294 2206 "
1 576 2000"

1/2 116.2 2500 1 396 2942 " 11/4 724 2500
"

3/4 177.0 3736 11/4 500 3678 54 1/4 152 463
22 lOG 35.0 639 36 3/16 76 520 1/2 306 926
"

1/4 62.6 1136 1/4 102 694 "
3/4 462 1390

"
1/2 127.0 2272 1/2 206 1388 "

1 620 1852"
3/4 194.0 3410 3/4 311 2080 "

11/4 780 2315
" 262.0 4555 1 419 2776 60 1/4 169 416
24 lOG 38.0 586 11/4 528 3472 1/2 340 832"

1/4 68.0 1041 38 3/16 80 493 «
3/4 513 1250"

1/2 138.0 2082 1/4 107 658 «
1 688 1664

"
3/4 210.0 3124 1/2 217 1316 (t

11/4 864 2080
"

1 284.0 4160 3/4 328 1972 66 1/4 186 379
26 3/16 55.0 721 1 441 2632 "

1/2 374 758
"

1/4 74.0 961 11/4 556 3288 "
3/4 563 1132

"
1/2 150.0 1922 40 3/16 84 467 "

1 755 1516
"

3/4 227.0 2885 1/4 113 625 "
11/4 948 1892

"
1 307.0 3847 1/2 228 1250 72 V4 203 347

"
11/4 388.0 4809 3/4 345 1868 "

1/2 407 694
28 3/16 60.0 669 1 464 2500 "

3/4 614 1040
"

1/4 80.0 892 11/4 584 3124 "
1 822 1388

"
1/2 161.0 1784 42 3/16 89 446 "

11/4 1032 1736

For dimensions of extra heavy roUed steel flanges for above pipe,
see table page 211.
Square Pipe, external size, 7/8, 1, 11/4, 11/2, in/ie, 2, 21/2, 3 in.
Rectangular Pipe, external size, 1 1/4 X 1, 1 1/2 X 1 1/4, 2X1 1/4,

2X 11/2, 21/2 X 11/2, 3X2.
Two or more thicknesses of each size.
Pipe Specialties.—Hand railings and their fittings; ladders with flat

or round pipe bars and runners; seamless cylinders, with flat, domed,
disked, or necked ends; special shapes for automobiles, to replace drop
forgings; tapered tubes, and other specialties are illustrated in National
Tube Co.'s Book of Standards.
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Special Sizes of Lap-welded Pipe—^Boston Casing. (National Tube Co.) |

1^ §,^ |5 fi
2 21/4 0.100 41/2 4 3/4 0.145 5 5/8 6 0.224 81/4 85/8 0.217
21/4 21/2 .108 41/2 43/4 .193 5 5/8 6 .275 81/4 85/8 .264

21/2 2 3/4 .113 43/4 5 .152 61/4 6 5/8 .169 8 5/8 9 .196

2 3/4 3 .116 5 . 51/4 .153 61/4 6 5/8 .185 9 5/8 10 .209

3 31/4 .120 5 51/4 .182 6 5/8 7 .174 10 5/8 11 .224

31/4 31/2 .125 5 51/4 .182 6 5/8 7 .231 115/8 12 .243

31/2 33/4 .129 5 51/4 .241 71/4 7 5/8 .181 121/2 13 .259

33/4 4 .134 5 51/4 .301 7 5/8 8 .186 131/2 14 .276
4 41/4 .138 53/16 51/2 .154 7 5/8 8 .236 141/2 15 .291

41/4 41/2 .142 5 5/8 6 .164 81/4 85/8 .188 151/2 16 .302

41/4 41/2 .205 5 5/8 6 .190

Other sizes of lap-welded pipe: Inserted Joint Casing, external
diameters same as Boston Casing, with the least thickness. The 5 5/8

casing is made 0.164 and 0.190 in. thick. California Diamond X Casing,
sizes 5 5/8 to 15 1/2, all heavier than Boston.' Oil Well Tubing, II/4 to 4 in.

;

Bedstead Tubing, 3/8 to 3 in. ; Flush Joint Tubing, 3 to 18 in. ; AUison
Vanishing Thread Tubing, 2 to 8 in., ends upset, II/4 to 8 in., ends not
upset; Special Rotary Pipe, 21/2 to 6 in.; South Penn Casing, 5 3/i6 to
12 1/2 in. ; Reamed and Drifted Pipe, 2 to 6 in. ; Air-line Pipe, 1 1/2 to 6 in.

;

Drill Pipe, 4 to 6 in. ;• Dry-kiln Pipe, 1 and II/4 in.; Tuyere Pipe, 1 and
11/4 in.

TUBULAR ELECTRIC LINE POLES.

For railway work the poles most used are 30 ft. long, and are com-
posed of 7-in., 6-in., and 5-in. pipe. Anchor poles are usually 8-in.,
7-in., and 6-in., but often they are made of larger pipe. Full directions
for designing such poles are given in the National Tube Co.'s Book of
Standards, which contains 38 pages of tables of dimensions, load, de-
flection, etc., of poles of different sizes and weights.

PROTECTIVE COATINGS FOR PIPE.

(1) Galvanizing—The pipe cleaned from scale and rust by pickling
in warm dilute sulphuric acid, washed, immersed in an alkaUne bath,
dried and immersed, in molten zinc. (2) Bituminous Coating—The
cleaned, dried and warmed pipe is dipped in a bath of refined coal tar
pitch, free from water and the lighter oils, at a temperatm-e not below
212°, and then baked. (3) ''National Coating."—The bituminous
-coated pipe, after baking is wrapped with a strip of fabric saturated
with the hot compound, the edges of the fabric overlapping.

VALVES AND FITTINGS.

(From Information Furnished by National Tube Co., 1915.)

Wrought pipe is usually connected in one of three ways, screwed,
flanged or leaded joints.

Screwed.—Pipe in sizes from i/s in. to 15 in. inclusive is regularly
threaded on the ends, and is connected by means of threaded couplings.

Flanged.—Pipe in sizes II/4 inches and larger is frequently connected
by drilled flanges bolted together, the joint being made by a gasket
between the flange faces.

Flanges are attached to the pipe in a variety of ways. The most
common method for sizes of pipe from II/4 in. to 15 in. inclusive
is by screwing them on the pipe. Many prefer peened flanges for
pipe larger than 6 in. The peened flange is shrunk on the end of
the pipe, and the latter is then peened over or expanded into a recess
in the flange face. Steel flanges are also welded to pipe and loose
flanges are used by flanging over the pipe ends. When no method
of attaching is stated, screwed flanges are always furnished,
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Working Pressures.—All valves and fittings are classified, as a rule,

under five general headings, representing the working pressures for
which they are suitable, as follows: Low Presstu-e, up to 25 pounds
per square inch. Standard, up to 125 pounds per square inch. Medium
Pressure, from 125 pounds to 175 pounds per square inch. Extra
Heavy, from 175 pounds to 250 pounds per square inch. HydrauUc,
for high pressure water up to 800 pounds per square inch.
The following table gives the names of different valves and fittings,

the material of which they are made, and the regular sizes manu-
factured for the different pressures {L, low; S, standard; M, medium;
E, extra heavy; H, hydraulic):

SCREWED FITTINGS.

Malleable Iron S, E, H, sizes l/s to 8 in.

Cast Iron S, E, " 1/4 to 12 in.

FLANGED FITTINGS.

Cast Iron L, S, E, H, sizes 2 in. and larger.

GATE VALVES.
Brass L S M E il up to 3 in.

Iron Body, sizes.. 12 to 48 2 to 30 2 to 18 li/4to24 1 1/2 to 12 in.

GLOBE AND ANGLE VALVES.
Brass. S, i/s to 4; M, 1/4 to 3; S, 1/2 to 3; H, 1/2 to 2
Iron Body S, 2 to 12; E,2to 12

CHECK VALVES.
Brass S, M, E, H, sizes i/s to 3 in.

Iron Body L, S, M, E, H, " 2 to 12 in.

COCKS, STEAM AND GAS.

Brass sizes 1/4 to 3 in.

Iron Body " 1/2 to 3 in.

Nipples.— Nipples are made in all sizes from 1/8 in. to 12 in. in-
clusive, in all lengths, either black or galvanized, and regular right-
hand or right- and left-hand threads. (For table of nipples see National
Tube Co.'s Book of Standards.) Long screws or tank nipples are made
of extra heavy pipe because there is less danger of crushing or spUtting
them when screwing up.

Screwed Fittings—Malleable Iron.—Standard Malleable Iron Fittings
are made both plain and beaded. The former are generally used for
low pressure gas and water, as in house pliimbing and railing work. The
beaded is the standard steam, air, gas, or oil fitting. Beaded fittings,
in sizes 4 in. and smaller, are made in nearly every useful combination of
openings. Sizes larger than 4 in. are not usually made reducing except
by means of bushing. Extra heavy and hydrauhc malleable iron
fittings are flat bead, or banded.

Screwed Fittings— Cast Iron.—It is not considered good practice to
use screwed cast-iron fittings of any kind in sizes larger than 6 in.

Flanged Fittings.—The flanges of the low pressure and standard are
the sarne with the exception of the flange thickness, which is less on the
low pressure. These flanges are known as the American Standard.
(See pp. 209, 210.)
There is no recognized standard for flanges in hydraulic work.
Unions.—Unions are usually classified under two headings. Nut unions

and Flange imions. Nut unions are commonly used in sizes 2 in. and
smaller, and flange unions in sizes larger than 2 in. However, many
manufacturers make nut unions as large as 4 in. and flange unions
smaller than 2 in.

Nut unions are made in malleable iron, brass, and malleable iron,
and all brass. The all malleable iron union (lip union) is the standard
malleable iron union of the trade and requires a gasket. The brass
and malleable iron union is a better union, because no gasket is re-
quired and there is no possibility of the parts rusting together. The
pipe end of this union which carries an external thread, called the
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thread end, upon which the nut or ring screws, is made of brass, and the
other pipe end (called the bottom) and nut ring are made of malleable
iron. The seat formed by the brass and iron pipe ends, when brought
together, is truly spherical and the harder iron is sure to make a perfect
joint with the softer brass.

All-brass unions are made with a spherical or conical seat, no gaskets
being required. The finished all-brass miion is often used where showy
work is desired, such as oil piping for engines, etc.

Flange unions are made of malleable iron, malleable iron and brass,
cast iron, and cast iron and brass.
The type of flange union recommended for standard work is made

with a brass to iron non-corrosive baU joint seat which requires no
gasket to make a tight joint even when the pipe alignment is imperfect.
The flange is loose on the coUar, so that the bolts match the holes in
any position.

Valves and Cocks.—The most common means for regulating the flow
of fluids in pipes is by means of valves and cocks, valves being pre-
ferred because of the easier operation and greater rehability. The
common types of valves are straightway or gate, globe, and angle. A
globe valve offers more resistance to the flow of any fluid than the
straightway valve.

Globe and Angle Valves.—Many manufacturers make a globe and
angle valve known as light standard or competition valve, but it is

not recommended for any work except the lowest pressures, or where
the valve will not be often opened or closed.

Cocks.—Among the modern types of cocks is one made with iron
body and brass plug. Tliis cock has an inverted plug with a spring
at the" bottom constantly pressing the plug against the seat, which
reseats the plug if it should stick. These cocks are tested to 250 lb.

cold-water pressure, and 125 lb. compressed-air pressure imder water,
and are recommended for 125 lb. working pressure.

Blast Furnace Fittings.—Tuyere cocks and tuyere unions used in
blast furnace piping are alv/ays made of brass on accoimt of ease in
disconnecting, greater reliability of metal and resistance to corrosion
from the impurities in the water, such as sulphuric acid.

STANDARD PIPE FLANGES (CAST IRON).

The following tables showing dimensions of standard pipe flanges
were adopted by the American Society of Mechanical Engineers, the
Master Steam and Hot Water Fitters' Association, and a committee
representing the manufacturers of pipe fittings. They represent a
compromise between the standards adopted by the American Society of
Mechanical Engineers and the Master Steam and Hot Water Fitters'
Association in 1912, known as the 1912 U. S. Standard, and the stand-
ards adopted by a conference of manufacturers in July, 3 912, known
as the Manufacturers' standard. The new standards, given in the
tables, are called the American Standard, and became effective Jan. 1,

1914. The table of flanges for extra heavy fittings is for working
pressures up to 250 lb. per sq. in. The table for ordinary fittings is for
working pressures up to 125 lb. per sq. in. In the tables, the values of

stresses in pipe walls were calculated from the formula S = —t— '

where p = working pressure, lb. per sq. in., t = thickness of pipe,
in., and r = radius of pipe, in. The highest stress was found to be
2000 lb. per sq. in. on the 250-lb., 46- and 48-in. pipe walls, giving a
factor of safety of about 10. The desirable thickness of pipe (Col. 2)

is calculated from the formula T =
p/"J^^ J) -1- 0.3331 1 - j^)

|l-2.

where p = pressure, lb., per sq. in., S = 1800, and d = diameter
of pipe. The minimum thickness in even fractions of an inch is given
in Col. 3. The following approximate formulae were also used for
ordinary fittings: Diam. of bolt circles = 1.10 d +3. Flange thick-
ness (for pipe diameters 26 to 100 in. inclusive) = 0.0315 d + 1.25.
For extra heavy fittings the formulae are: Bolt circle = 1.171 d +3.75;
Flange thickness = 0.0546 d -\- 1.375 (for sizes 10 to 48 in. inclusive).



American Standard Cast Iron Pipe Flanges for Pressures up to^
;ui»

125 Lb. per Sq. In. (AU Dimensions in Inches.)

Pipe id\ Flanges.
|

Bolts.
1

1

1

Thickness

l43

1

Q Eh

ii

11/2

1

1
1

1

1

Q
~yi6

> 6"

0.093

ii

164 9/16

See Fig. 75,

p. 210

43

.AS

1 A B

2T2 0L9i

C

1 7/16 4 7/16 3 ~2]

11/4 0.44 7/16 178 41/2 1/2 15/8 33/8 7/16 0.093 412 9/16 '2.38 0.91 1.47

11/2 0.45 7/16 214 5 9/16 13/4 3 7/8 1/2'0.126 438 5/8 2.73,1.00 1.73

2 0.46 7/16 286 6 5/8 2 4 3/4 5/80.202^ 486 3/43.35 1.21 2.14

21/2 0.48 7/16 357 7 11/16 21/4 51/2 5/8 0.202 750 3/4:3.88 .21 2.67

3 0.50 7/16 428 71/2 3/4 21/4 6 5/8 0.202 1093 3/414.23 .21 3.02

31/2 0.52 7/16 500 81/2 13/16 21/2 7 5/8 0.202 1488 3/44.94 1.21 3.73

4 0.53 1/2 500 9 15/16 21/2 71/2 8 5/8 0.202| 972 3/4 2.87 1.21 1.56

41/2 0.55 1/2 562 91/4 15/16 23/8 7 3/4 8 3/4 0.302 823 7/8 2.96 1.44 1.52

5 0.56 1/2 625 10 15/16 21/2 81/2 8 3/4*0.302 1016 7/8 '3.25 1.44 1.81

6 0.60 9/16 667 11 1 21/2 91/2 8 3/4:0.302 1463 7/8 3.63 1.44 2.19

7 0.63 5/8 700 121/2 1 1/16 23/4 103/4 8 3/4 0.302 1991 7/8 4.11 1.44 2.67

8 0.66 5/8 800 131/2 1 1/8 2 3/4 113/4 8 3/4 0.302 2600 7/8 4.50 1.44 3.06

9 0.70 11/16 818 15 1 1/8 3 131/4 12 3/4 0.302 2194 7/8 3.43] 1.44 1.99

10 0.73 3/4 833 16 1 3/16 3 141/4 12 7/8 0.420 1948 1 ,3.69 1.66 2.03

12 0.80 13/16 923 19 1 1/4 31/2 17 12 7/8 0.420 2805 1 4.40 1.66 2.74

14 0.86 7/8 1000 21 1 3/8 31/2 18 3/4 12 1 0.550 2915 1 1/8' 4.86 1.88 2.98

15 0.90 7/8 1072 221/4 1 3/8 3 5/8 20 16 1 0.550 2510 1 1/8 3.90 1.88 2.02

16 0.93 I 1000 231/2 1 7/16 3 3/4 211/4 16 1 0.550 2856 11/8 4.14 1.88 2.26

18 1.00 1 1/16 1059 25 1 9/16 31/2 22 3/4 16 1 1/8 0.694 2865 1 1/4 4.4412.09 2.35

20 1.07 1 1/8 nil 271/2 1 11/16 33/4 25 20 1 1/8 0.694 2829 1 1/4 3.91 i2.09 1.82

22 1.13 1 3/16 1158 291/2 1 13/16 3 3/4 27 1/4 20 1 1/4 0.893 2660 13/8 4.26 2.31 1.95

24 1.20 1 1/4 1200 32 1 7/8 4 291/2 20 1 1/1 0.893 3166 1 3/8 4.62'2.31 2.31

26 1.27 I 5/16 1238 341/4 2 41/8 313/4 24 1 1/4 0.893 3096 13/8 4.14:2.31 1.83

28 1.33 13/8 1273 361/2 2 1/16 41/1 34 28 1 1/4 0.893 3078 13/8 3.81 2.31 1.50

30 1.40 1 7/16 1304 38 3/4 2 1/8 4 3/8 36 28 1 3/8 1.057 2985 1 1/2 4.03! 2.53 1.50

32 1.47 1 1/2 1333 413/4 2 1/4 4 7/8 381/2 28 1 1/2
j

1.294 2775 15/8 4.3112.75 1.56

34 1.54 1 9/16 1360 433/4 2 5/16 4 7/8 401/2 32 1 1/2 1-294 2741 15/8 3.97 2.75 1.22

36 1.60 15/8 1385 46 2 3/8 5 42 3/4 32 11/2 1.294 3073 15/8 4 19 2.75 1.44

38 1.67 111/16 1407 48 3/4 2 3/8 5 3/8 451/4 32 15/8 1.515 2924 1
3/4 '4.43 2.96 1.47

40 1.73 13/4 1428 503/4 2 1/2 5 3/8 471/4 36 15/8 1.515 2880 13/44.11 2.96 1.15

42 1.82 113/16 1448 53 2 5/8 51/2 491/2 36 15/8: 1.515 3175 1 3/4 4.31 2.96 1.35

44 1.87 1 7/8 1467 551/4 2 5/8 5 5/8 513/4 40 16/8; 1.515 3136 1 3/4,4.06 2.96 1.10

46 1.94 115/16 1484 571/4 211/16 5 5/8 53 3/4 40 |5/8| 1.515 3428 1 3/4 4.22 2.96 1.26

48 2.00 2 1500 591/2 2 3/4 5 3/4 56 44 15/8 1.515 3393 1 3/4 3.98 2.96 1.02

50 2.07 2 1/16 1515 613/4 2 3/4 5 7/8 581/4 44 13/411.746 3195 1 7/8:4.14 3.19 0.95

52 2.14 2 1/8 1530 64 2 7/8 6 601/2 44 13/411.746 3456 1 7/8 4.30 3.19 1.11

54 2.20 2 3/16 1543 661/4 3 61/8 62 3/4 44 13/411.746 3726 1 7/8*4.45 3.19 1.26

56 2.27 2 1/4 1555 68 3/4 3 6 3/8 65 48 13/411.746 3674 1 7/8,4.26 3.19 1.07

58 2.34 2 5/16 1567 71 3 1/8 61/2 671/4 48 1 3/4 1.746 3941 1 7/8 4.40 3.19 1.21

60 2.41 2 7/16 1538 73 3 1/8 61/2 691/4 52 1 3/4 1 .746 3892 1 7/8i4.19 3.19 1.00

62 2.47 2 1/2 1550 75 3/4 3 1/4 6 7/8 713/4 52 1 7/8 2.051 3538 2 4.34 3.41 0.93

64 2.54 2 9/16 1561 78 3 1/4 7 74 52 1 7/8 2.051 3770 2 4.48 3.41 1.07

66 2.61 2 5/8 1572 80 3 3/8 7 76 52 1 7/8 2.051 4010 2 4.60 3.41 1.19

68 2.68 211/16 1582 821/4 3 3/8 71/8 781/4 56 1 7/8 2.051 3952 2 4.38 3.41 0.97

70 2.74 2 3/4 1591 841/2 3 1/2 71/4 801/2 56 1 7/8 2.051 4188 2 4.51 3.41 1.10

72 2.81 213/16 1600 861/2 3 1/2 71/4 821/2 60 1 7/8 2.051 4136 2 4.33 3.41 0.92

74 2.88 2 7/8 1609 881/2 3 5/8 71/4 841/2 60 1 7/8'2.051 4368 2 4.44 3.41 1.03

76 2.94 215/16 1617 90 3/4 3 5/8 7 3/8 861/2 60 I 7/8 2.051 4608 2 4.54 3.41 1.13

78 3.01 3 1625 93 3 3/4 71/2 88 3/4 60 2 2.302 4325 2 1/8 '4.66 3.63 1.03

80 3.08 3 1/16 16331 951/4 3 3/4 7 5/8 91 60 2 2.302 4549 21/8,4.78 3.63 1.15

82 3.15 3 1/8 1640: 97 1/2 3 7/8 7 3/4 931/4 60 2 2.302 4779 21/8' 4.90 3.62 1.27

84 3.21 3 3/16 1647i 99 3/4 3 7/8 7 7/8 951/2 64 2 2.302 4702 2 1/8 4.68 3.63 1.05

86 3.28 3 1/4 1653 102 4 8 97 3/4 64 2 2.302 4928 2 1/8 4.79 3.63 1.16

88 3.35 3 5/16 1660 1041/4 4 81/8 100 68 2 2.302 4857 21/8 4.60 3.63 0.97

90 3.41 3 3/8 1667 1061/2 4 1/8 81/4 1021/4 68 21/8^2.648 4416 21/4:4.71 3.83 0.88

92 3.48 3 1/2 1643 108 3/4 4 1/8 8 3/8 1041/2 68121/8 2.648 4615 21/4(4.81

21/4 4.89

3.83 0.98

94 3.55 3 9/16 1649 111 4 1/4 81/2 1061/4 ^6812 1/8 2.648 4817 3.83 1.06

96 3.62 3 5/8 1655 1131/4 4 1/4 8 5/8 1081/2 168121/4 3.023 4401 2 3/8 4.99 4M 0.93

98 3.68 311/16 1661
:
115 1/2 4 3/8 8 3/4 1103/4 63 21/413.023 4587 2 3/8 5.09 4.0i 1.03

100 3.75 3 3/4 16671117 3/4 4 3/8 8 7/8 113 I68I21/4I3.O23 4776 2 3/8 5.201 4.Ot 1.14



210 MATERIALS.

The last three columns of the table refer to the sketch Fig. 75, and show
the distances between bolt holes, the maximum
space occupied by the nuts and the minimum
space between adjacent nuts, all measured on
the chord. Bolt holes are to straddle the center

/-
i

\—Z._j_\L line, and are to be 1/8 in. larger in diameter than
\ /j-c.-rv. / *^^ bolts, standard weight fittings and flanges

l

~
Y^ 7; are to be plain faced, but extra heavy fittings and

r^ '^ n fianges are to have a raised surface i/ie in. high
(On Chord) inside of bolt holes for gaskets. Square head bolts

with hexagonal nuts are recommended, but for
Fig. 75. bolts 15/8 in. diameter and larger, studs with a nut

on each end may be substituted. Flanges are to
be spot bored for nuts for sizes 32 in. to 100 in. inclusive. For super-
heated steam, steel flanges, flttings and valves are recommended.

American Standard Extra Heavy Cast Iron Pipe Flanges

For Pressures up to 350 Lb. per Sq. In. (All Dimensions in Inches.)

Pipe

it

Flanges.

1

Bolts.

1

|5

1

Thickness

1
IS

"3

1
1

1-
5^ W<3

II

See Fig. 75,
p. 210.

d

fl

..IS

Q A B C
1 0.45 V2 "150 41/2 H/13 13/4 Tv4 1/2 0.126 189 5/8 229 KOO U9
11/4 0.47 1/2 312 5 3/4 17/8 33/4 1/2 0.126

5/8 '0.202

609 5/8 2.65 1.00 1.65

IV2 0.49 1/2 375 6 IV13 21/4 41/2 547 3/4 3.17 1.21 1.96

2 0.51 1/2 500 6 1/2 7/8 21/4 5 5/80.202 972 3/4 3.53 1.21 2.32

21/2 0.53 9/16 555 71/2 1 21/2 5 7/8 4 3/4j0.302 1016 7/8 4.15 1.44 2.71

3 0.56 9/16 667 81/4 1 1/8 2 5/8 6 5/8 8 3/4!o.302 731 7/8 2.53 1.44 1.09

31/2 0.59 9/16 778 9 13/16 2 3/4 71/4 8 3/410.302 995 7/812.77 1.44 1.33

4 0.61 5/8 800 10 11/4 3 77/8 8 3/4 0.302 1300 7/83.01 1.44 1.57

41/2 0.64 5/8 900 101/2 1 VI6 3 81/2 8 3/40.302 1646 7/8 3.25 1.44 1.81

5 0.67 11/16 909: 1

1

13/8 3 91/4 8 3/4j0.302 2032 7/8 3.53 1.44 2.09

6 0.72 3/4 1000121/2 1 7/16 31/4 10 5/8 12 3/4 '0.302 1950 7/8 2.75 1.44 1.31

7 0.78 13/ifi 10/7 14 1 1/2 31/2 117/8 12 7/8:0.420 1909 1 3.07 1.66 1.41

8 0.83 13/16 1230' 15 15/8 31/2 13 12 7/8:0.420 2493 1 3.36 1.66 1.70

9 0.89 7/8 12851161/4 13/4 35/8 14 12 1 0.550 2410 1 1/8 3.62 1.88 1.74

10 0.94 15/13 1333 171/2 17/8 33/4 15 1/4 16 1 0.550 2231 I 1/8 2.97 1.88 1.09

12 1.05 1 1500 201/2 2 41/4 17 3/4 16 1 1/8 0.694 2546 1 1/4 3.46 2.09 1.37

14 1.16 11/8 1555 23 21/8 41/2 20 1/4 20 1 1/8 0.694 2773 1 1/4 3.17 2.09 1.08

15 1.21 13/16 1579 241/2 2 3/16 43/4 211/2 20 1 1/4 0.893 2473 1 3/813.36 2.31 1.05

16 1.27 11/i 1600 25 1/2 21/4 43/4 221/2 20 1 1/4 0.893 2814 1 3/8'3.52 2.31 1.21

18 1.37 13/8 1636 28 2 3/8 5 24 V4 24 1 1/4:0.893 2968 1 3/8|3.23 2.31 0.92

20
\i^

11/2 1666' 30 1/2 21/2 51/4 27 24 13/8 '1.057 3096 1 I/2I3.52 2.53 0.99

22 1.59 19/16 176033 2 5/8 51/4 291/4 24 1 1/2 1 .295 3058 1 5/8 3.81 2.75 1.06

24 1.70 15/8 184636 2 3/4 53/4 32 24 1 5/8 1.515 3110 1
3/4I4.I8 2 96 1.22

26 1.81
! iV^*^

1793 381/4 213/16 61/8 341/2 28 15/8 1.515 3126 1 3/4 3.86 2.96 0.93

28 1.91 17/8 1 8661 40 3/4 215/16 6 3/8 37 28 1 5/8:1.515 3629 1 3/44.14 2.96 1.18

30 2.02 2 1875' 43 3 6 1/2 391/4 28 13/4h.745 3615 1 7/8^4.38 3.19 1.19

32 2.13 21/8 1882 45 1/4 31/8 6 5/8 41 1/2 28 1 7/8 2.051 3501 2 4.64 3 41 1.26

34 2.24 21/4 1889 47 1/2 31/4 6 3/4 431/2 28 1 7/8 2.051 3952 2 4.87 3.41 1.46

36 2.35 2 3/8 1894 50 33/8 7 46 32 17/8 2.051 3877 2 4.50 3.41 1.09

38 2.46 2 7/16 1948 521/4 3 7/16 71/8 48 32 1 7/8 2.051 4320 2 4.70 3.41 1.29

40 2.56 2 9/16 1953^54 1/2 3 9/i6'71/4 501/4 36 1 7/8*2.051 4255 2 4.38 3.41 0.97

42 2.67 211/16 1953 57 3 11/16 7 1/2 52 3/4 36 1 7/8 2.051 4691 2 4.59 3.41 1.18

44 2.78 2 13/16 1955591/4 33/4 75/8 55 36 2 2.302 4587 2 1/8 4.79 3.63 1.16

46 2.89 2 7/8 2000 61 1/2 37/8 73/4 571/4 40 2 2.302 4512 21/8 4.49 3.63 0.86

48 3.00 3 2000 65 4 81/2 60 3/4 40 2 12.302 4913 21/814.76 3.63 1.13

* Thickness of flange given in table includes raised face.
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Forged Steel Flangeslfor Riveted Pipe.

Riveted Pipe Manufacturers' Standard.*

* •
*. ,

.

SS i» "S-ts cSS 11 "o.fc!

8'^ go
•Si oi

Ml 11

.2 n
HO

So

3 6 5/16 .... 4 7/16 4 3/4 16 21V4 5/8 3/4 12 1/3 191/4
4 / 5/16 9/16 8 V/I6 5 15/16 18 23Vd 5/8 3/4 16 5/8 211/4
5 8 5/16 e/16 8 7/16 6 15/16 20 251/4 5/8 7/8 16 5/8 231/8
6 9 3/8 9/16 8 l/5t 7 7/8 22 281/4 11/16 7/8 16 5/8 26
7 10 3/8 9/16 8 1/3 9 24 30 11/16 7/8 16 5/8 273/4
8 3/8 5/8 8 1/3 10 26 32 1 24 3/4 293/4
9 3/8 5/8 8 .1/3 11 1/4 28 34 1 28 3/4 313/4
10 3/8 11/16 8 1/3 12 1/4 30 36 1 28 3/4 333/4
II 7/16 .... 12 1/3 13 3/8 32 38 28 3/4 353/4
12 7/16 3/4 12 1/3 14 1/4 34 40 28 3/4 37 3/4

13 7/16 .... 12 1/3 15 1/4 36 42 11/8 32 3/4 393/4
14 18 7/16 3/4 12 1/3 16 1/4 40 46 11/8 32 3/4 433/4
15 19 9/16 3/4 12 1/2 1 7 7/16 42 48 11/8 36 3/4 453/4

* Flanges for riveted pipe are also made with the outside diameter and
the drilling dimensions the same as those of the A. S. M. E. standard
(page 209) , and with the thickness as given in the second column of fig-

ures under "Thickness of Flange" in the above table.
Curved Forged Steel Flanges are also made for boilers and tanks.

See catalogue of American Spiral Pipe Works, Chicago.

Forged aud Boiled Steel Flanges.

Dimensions in Inches. (American Spiral Pipe Works, 1913.)

Standard Companion Flanges. Standard Shrink Flanges.

um 8^ |l
4i

is

1J
P PQ Eh

^ Ji

A B c D E A B c D E

2 6 2 1/8 5/8 31/8 4 9 43/8 15/16 2 3/16 53/4
21/2 7 21/2 11/16 11/16 35/8 41/3 91/4 47/8 15/16 2 1/4 61/8
3 71/2 31/8 3/4 11/8 4 6/16 5 10 5 7/16 15/16 2 5/16 6 7/8
31/2 «l/2 3 5/8 13/16 13/16 47/8 6 11 6 1/3 1 2 V/16 7 7/8

9 41/8 15/16 13/16 53/8 7 121/3 71/3 1 I/I6 2 1/3 9
41/2 91/4 4 5/8 15/16 1 1/4 5 13/16 8 13 1/3 8 1/3 1 1/8 2 5/8 10

1,0 51/8 15/16 15/16 6 V/,6 9 15 91/3 1 1/8 2 3/4 n 1/8
11 6 3/16 1 1 V/ifi 7 9/16 10 16 10 5/8 13/16 3 121/4
12 1/2 7 3/16 1 1/16 1 1/2 8 5/8 12 19 12 5/8 11/4 33/8 14 1/2

8 13 1/2 8 3/16 11/8 15/8 9 11/16 14 2! 13Y/S 13/8 33/8 15 7/8
9 15 9 3/16 11/8 13/4 10 5/8 15 221/4 I4V/8 13/8 31/3 16 7/8
10 lb 10 5/16 1 3/16 iV/8 1115/16 16 23 1/3 15 7/8 17/16 35/8 18
12 19 12 5/16 11/4 2 1/16 14 1/8 18 25 17 7/8 19/16 3 7/8 201/8
14 2! 13 1/2 13/8 2 3/16 15 7/16 20 27 1/2 19 V/8

1 11/16 41/8 22 1/4
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Forged and Rolled Steel Flanges.—Continued.

Extra Heavy Companion Flanges.

li Is
a

II 1^*

a
ii il

is o M H Q Q '^^ o pq &H

z^ A B C D E A B c D E

61/2 21/8 7/8 3/8 3 3/8 7 14 73/16 15/16 2 1/16 91/8
21/2 7 1/2 21/2 1 7/1"^ 4 1/16 8 13 8 3/16 13/8 2 3/16 101/8

81/4 3i/« 19/16 4 11/16 9 16 9 3/16 1
V/16 2 1/4 1 1 3/16

3V? 9 3V8 I 1/8 1 5/8 5 5/ifi 10 iyi/2 lUb/ifi 1 1/2 2 3/8 12 9/16
10 41/8 1 Vs 13/4 5 13/1,3 12 2a 12 6/16 15/8 2 9/16 14 5/8

41/ft 101/^ 4 5/s 1 1V16 61/4 14 221/0 131/2 13/4 2 11/16 15 13/16

11 51/8 1 1/4 17/8 6 13/13 lb 231/2 141/2 1 13/16 213/16 17 3/16
121/2 tyn 1 1/4 2 7 7/8 16 25 bl/2 17/8 31/16 181/4

Extra Heavy High Hub Flanges.

Size. A

10

B C D E Size. A B C D E

4 4 3/8 11/8 31/8 5 3/4 18 27 17 7/8 2 5 203/4
41/!^ iOl/2 4V/S 11/4 31/4 6 1/4 20 291/2 I9V/8 21/4 5 1/2 221/2
5 II 5 v/16 11/4 31/4 7 22 31 1/2 21/4 5V2 24 3/4
6 121/2 61/2 11/4 31/4 7 15/16 24 34 2 7/16 61/4 27
7 14 71/2 15/16 3 3/8 91/8 30 40 2 7/16 61/4 33
8 15 81/2 |3/S 31/2 10 5/16 36 46 2 7/16 61/4 39
9 16 91/2 1 7/16 3 5/8 113/8 42 52 2 V/ifi 61/4 45
10 17 1/, 10 5/8 11/2 3 3/4. 12 5/8 4i 581/4 2 7/16 61/2 511/4
11 183/4 115/8 19/16 3 7/8 13 5/8 54 641/? 2 7/16 61/2 571/4
12 20 12 5/8 15/8 4 14 3/4 60 70 3/8 2 7/16 61/2 633/8
14 221/2 I3V/8 13/4 4 3/8 16 3/16 66 77 2 V/16 71/2 691/2
15 231/2 I4V/8 1 13/16 41/2 17 1/4 72 831/8 2 7/16 71/2 75 5/8
16 25 I5V/8

1 7/8 4 3/4 181/2

The Rockwood Pipe Joint. — The system of flanged joints now in
common use for high pressures, made by fciipping a tlange over the pipe,
expanding the end of the pipe by rolling or peening, and then facing it in
a lathe, so that when the llanges of two pipes are bolted together the
bearing of the joint is on the ends of the pipes themselves and not on the
flanges, was patented by George I. Rockwood, April 5, 1897, No. 580,058,
and first described in Eng. Rec, July 20, 1895. The joint as made by
different manufacturers is known by various trade names, as Walmanco,
Van Stone, etc.

Matheson Joint and Converse Lock-joint Pipe.—Sizes, external
diameters 2 to 20 in., 22, 24, 26, 28, and 3J in. Kimberley Joint Pipe,
6 to 30 in. These pipes are considerably lighter than standard pipe.
The Converse and Kimberley joints are made with special forms of ex-
ternal hubs, filled and calked with lead. The Matheson joint is also
a lead-packed joint, but the bell or socket is made by expanding one of
the pipes, the end being reinforced by a steel band. The lead required
per joint is less than for other lead-joint pipes of the same diameter.

PIPE FITTINGS.

Dimensions of Standard Cast-Iron Flanged Pipe Fittings, for Pres-
sures up to 135 Lb. per Sq. In. (Adopted March 20, 1914, by a
joint committee of manufacturers and of the Am. Soc. M. E.)
Dimensions in the tables, pages 213 and 214, refer to corresponding
letters on the sketches on page 215. For dimensions of flanges
and bolts see Table of Standard Flanges, pages 209 and 210.
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Standard Cast Iron Flanged Pipe Fittings for Pressures up to 135 lb.

per Sq. in. (see sketches p. 215.)

Size.
Tees, Crosses
and EUs.

Long
Radius
Ells.

45
degree
Ells.

Laterals.
Re-

ducers.

Min.""
Thick-
ness of

Metal.

A-A A B C D E F G
1 7 3 1/2 5 13/4 71/2 53/4 13/4 V16
n/4 71/2 3 3/4 5 1/2 2 8 61/4 13/4 7/16
n/2 8 4 6 21/4 9 7 2 7/16

2 9 4 1/2 61/2 21/2 101/2 8 21/2 7/16

21/2 to 5 7 3 12 91/2 21/2 7/I6
n 51/2 7 3/4 3 13 10 3 "e" 7/16

31/2 12 6 81/2 31/2 141/2 111/2 3 6 1/2 7/I6
4 13 61/2 9 4 15 12 3 7 1/2

41/2 14 7 91/2 4 15 1/2 121/2 3 71/2 1/2

5 15 71/2 101/4 41/2 17 13 1/2 31/2 8 1/2

6 16 8 111/2 5 18 141/2 31/2 9 VI6
7 17 81/2 12 3/4 51/2 201/2 16 1/2 4 10 5/8

8 18 9 14 51/2 22 171/2 41/2 11 5/8

9 20 10 15 1/4 6 24 191/2 41/2 111/2 11/16

10 22 1

1

161/2 61/2 25 1/2 201/2 5 12 3/4

12 24 12 19 71/2 30 241/2 51/2 14 13/16

14 28 14 211/2 71/2 33 27 6 16 7/8

15 29 141/2 22 3/4 8 341/2 281/2 6 17 7/8

16 30 15 24 8 361/2 30 6 1/2 18 I

18 33 161/2 261/2 8 1/2 39 32 7 19 11/16
20 36 18 29 91/2 43 35 8 20 11/8
22 40 20 311/2 10 46 371/2 8 1/2 22 13/16
24 44 22 34 11 491/2 401/2 9 24 11/4
26 46 23 361/2 13 53 44 9 26 1 5/16

28 48 24 39 14 56 461/2 91/2 28 13/8
30 50 25 411/2 15 59 49 10 30 17/16
32 52 26 44 16 32 11/2
34 54 27 461/2 17 34 19/16
36 56 28 49 18 36 15/8
38 58 29 511/2 19 38 1 11/16

40 60 30 54 20 40 13/4
42 62 31 561/2 21 42 1 13/16

44 64 32 59 22 44 17/8
46 66 33 61 1/2 23 46 1 15/16

48 68 34 64 24 48 2
50 70 35 661/2 25 50 21/16
52 74 37 69 26 52 2 1/8

54 78 39 711/2 27 54 2 3/16

56 82 41 74 28 56 21/4
58 84 42 761/2 29 58 2 5/16

60 88 44 79 30 60 2 7/16

62 90 45 81 1/2 31 62 21/2
64 94 47 84 32 64 2 9/16

66 96 48 861/2 33 66 2 5/8

68 100 50 89 34 68 2 11/16

2 3/470 102 51 91 1/2 35 70
72 106 53 94 36 72 2 13/16

74 108 54 961/2 37 74 2 7/8

76 112 56 99 38 76 2 15/16

78 116 58 101 1/2 39 78 3
80 118 59 104 40 80 3 1/16

82 120 60 1061/2 41 82 31/8
84 124 62 109 42 84 3 3/16
86 126 63 1111/2 43 86 31/4
88 130 65 114 44 88 3 5/16

90 134 67 1161/2 45 90 33/8
92 136 68 119 46 92 31/2
94 138 69 121 1/2 47 94 3 9/16

96 142 71 124 48 96 35/8
98 146 73 1261/2 49 98 3 11/16

100 148 74 129 50 100 3 3/4
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Dimensions of American Standard Flanged Reducing Fittings. Short
Body Pattern. (All Dimensions in Inches.)

Long body patterns are used when outlets are larger than those in
table, and have the same dimensions as straight size fittings. All re-
ducing fittings from 1 to 16 in. inclusive have same dimensions as
straight size fittings. The dimensions of reducing fittings are always
regulated by the reduction of the outlet.

Tees, Ells, Crosses. Laterals.
Tees, Ells,

and Crosses.

^i N "S m
rn-S ra^ w-p

• 3

^ ^o «o a ^o
w §-s AA A B ^'S 1) E F H m §•3 AA A B

18 12 26 13 15 1/2 9 26 25 1 27 1/2 60 40 66 33 41
20 14 28 14 17 10 28 27 1 29 1/2 62 40 66 33 42
22 15 28 14 18 10 29 28 1/2 1/9 311/. 64 42 68 34 44
24 16 30 15 19 12 . i2 31 1/2 V2 34 1/0 66 44 70 35 45
26 18 32 16 20 12 . 5 35 38 68 44 70 35 46
28 18 37 16 21 14 .7 37 40 70 46 74 37 47
30 20 36 18 23 15 . 9 39 42 72 48 80 40 48
32 20 36 18 24 74 48 80 40 49
34 22 38

40
19 25 76 50 84 42 50

24 20 26 78 52 86 43 52
38 24 40 20 1 28 80 52 86 43 53
40 26 44 22 29 82 54 88 44 54
4?. 28 ' ^46 23 30 84 56 94 47 56
44 28 46 23 31 86 56 94 47 57
46 30 48 24 33 88 58 96 48 58
48 32 52 26 34 90 60 100 50 61
50 32 52 26 35 92 60 100 50 62
52 34 54 27 36 94 62 104 52 63
54 36 58 29 37 96 64 106 53 64
56 36 58 29 39 98 64 106 53 65
58 38 62 31 40 100 66 110 55 67

Extra Heavy American Standard Flanged Reducing Fittings.
Body Pattern. (All Dimensions in Inches.)

Tees, Ells and Crosses. Laterals. Tees, Ells and Crosses.

m J-g .m
m:^ mr^

1

. 3

f,
io

S'S AA A K ^•3 D E F H ra ^'S AA A K
18 12 28 14 17 9 34 31 3 32 1/0 34 22 44 22 28
20 14 31 15 1/2 18 1/2 10 37 34 3 36 36 24 47 23 1/^ 291/2
22 15 33 161/2 20 10 40 37 3 39 38 24 4/ 23 1/2 301/2
24 16 34 17 21 l/o 12 44 41 3 43 40 26 50 25 311/2
26 18 38 19 23 42 28 53 261/2 33 1/2

28 18 38 19 24 44 28 53 261/2 34.1/2
30 20 41 201/2 25 1/2 46 30 55 27 1/2 35 1/2

32 20 41 201/2 26 1/2 48 32 58 29 37 1/2

Standard Brass Flanges as adopted Sept. 17, 1913, by the Committee
of manufacturers on the standardization of Valves and Fittings, to be-
come effective Jan. 1, 1914 are hsted on page 215. The bolt holes for
these flanges are to be drilled i/ie in. greater than the bolt diameter for
sizes 2 in. and smaller, and Vs in. greater than the bolt diameter for
sizes 2 1/2 in. and larger. The flanges have smooth, plain faces, and when
coupled to extra heavy iron flanges, the latter should have the raised
surface faced off.
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STRAIGHT SIZE FITTINGS.

^?-

REDUCING FITTINGS.

The dimensions on these sketches refer to the corresponding letters
in the tables of flanged fittings, pages 213 and 214, and also to the
reference letters in the tables of screwed fittings, page 216.

Standard Brass Flanges.

Standard—For Pressures up Extra Heavy—For Pressures
to 125 Lb up to 250 Lb. V

Size,

In. Diam.,
In.

Thick-
ness,
In.

Bolt
Circle

,

In.

No.
of

Bolts.

Size
of

Bolts,
In;

Diam.,
In.

Thick-
ness,
In.

Bolt
Circle

,

In.

No.
of

Bolts.

Size
of

Bolts,
In.

V4&V8 2V'^ V32 1 11/16 3/8 3 3/8 2 V16
V. 3 Vifi 2 1/8 3/,S 31/2 13/32 2 3/« Vifi
3/4 3Vi^ 11/32 21/2 -^/r 4 V16 2V8 4 1/9

1 4 3/8 3 Vlfi 41/2 1/2 31/^ 1/9

I V4 4V? 13/32 33/8 Vk. 5 11/32 33/, V.
1 V2 5 V16 37/8 V. 6 V16 41/, Vs
2 6 V. 43/4 Vs 6 1/2 V8 5 Vs
21/2 7 V16 51/2 Vs 71/2 11/16 5V/« V4
3 >V. Vr 6 Vr 8 1/4 3/4 6Vh 8 3/^

31/2 8V? 11/16 7 V8 9 13/16 71/4 8 V^
4 9 11/16 71/2 8 V8 10 V8 7V8 8 3/4

41/2 9V4 23/32 73/4 8 -^/4 10 1/2 Vs 8V. 8 V4
5 10 3/4 8 1/2 8 3/4 11 1V16 91/4 8 V^
6 n 13/16 91/9 8 3/4 121/2 1 10 5/8 12

%7 12 V. Vs 10 3/4 8 3/4 14 I1/16 n V8 12

8 13 V^ IV16 113/4 8 3/4 15 11/8 13 12 V8
9 15 IV16 131/4 12 3/4 16 1/4 11/8 14 12

10 16 1 141/4 12 V8 171/2 13/16 151/4 16 I

12 19 IV16 17 12 Vs 20 1/2 )l/4 173/4 16 iVs
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Dimensions of Screwed Cast Iron and Malleable Pipe Fittings, For
Steam and Water. (Crane Co., Chicago, 1914.)

R = regular fitting; E.H. = extra heavy fitting. For meaning of

dimensions see sketcties p. 215. Dimensions in inches.

t^ig.
Tee, Cross, Ell.

Long
Rad.
Ell.

45 Deg. Ell. Lateral. Reducer.*

Dimension. A B C D E G

Size,

Ins.
Cast Iron. Mall. Mali. Cast Iron. Mall. C. 1. C. L C. L MaU.

V4
3/8

1/2

3/4

1

1 1/4

1 1/2

2

2 1/2

3

6
7
8

9

10

12

R.
13/16

15/16

11/8
15/16
17/16
13/4
1 15/16

21/4
2 11/16

31/8
3 7/16

3 3/4

41/16
4 7/16

51/8
5 13/16

61/2
7 3/16
7 7/8

91/4

E.H.

2

21/4
2 9/16

3

31/2
41/8
411/16
51/8
51/2
61/8
71/4
81/8
91/8

13 3/8

E.H.
11/16
11/4
11/2
13/4

21/4

|./.

31/2
41/8
4 5/8

51/8
5 5/8
61/4
71/4

E.H.

21/2
3

31/2
4
4 3/4

51/2
61/4
7

7 3/4

81/2
91/2

R.
3/4.

13/16

^7/8

11/8
15/16
17/16
1 11/16

1 15/18

2 3/16

2 3/8
2 5/8

213/16
3 1/16

3 7/16

37/8
41/4
4 11/16

5 3/16
6

E.H.

13/8"

11/2
15/8
1 15/16

21/4
21/2
2 9/16
2 3/4

3

3 5/16

33/4
4

43/4

4'778
'

51/2

E.H.
3/4

,Vs

11/8
1.5/16

11/2
111/16

21/4
21/2
2 5/8
2 13/16

R.

31/2
41/4
47/8
53/4
61/4
77/8
8 7/8
93/4
115/8
115/8
13 7/16

151/4
1615/16
2011/16
2011/16
241/8

R.

i 778

21/4
2 3/4
31/4
313/16
41/2
5 3/16
61/8
6 7/8

75/8
91/4
9 1/4

10 3/4

121/4
13 5/8

16 3/4

16 3/4
19 5/8

R.

2'l78

21/4
2 7/16

2 11/16

2 15/16

31/8
33/8
35/8
37/8
43/8
4 13/16

51/4
5 11/16

6 3/16

71/8

E.H.

Ul/16

23/8
2 11/16

23/16

* The reducers are for reducing from the size of pipe given to the
next smaller size. In addition, malleable reducers are listed for 1 J4 X
Vi, iy2 X 1, 1 >^ X 3^, 2 X 1, 2 X V2- The dimension G given in the
table is the same for these special fittings as for the regular fittings'
given above.

Strengtii of Pipe Fittings.—To determine the actual bursting strength
of cast iron fittings, and also to determine the influence of form upon
the strength, Crane Co. conducted experiments in which flanged
fittings of different sizes and forms were tested to destruction by inter-
nal pressure. The experiments showed that the strength of ells is

practically the same, regardless of degree, or whether the ell is straight
or reducing sizes. Fittings of the same general shape as the tee or
cross are of nearly the same strength, and relatively of about two-thirds
the strength of an ell. The straight lateral has about one-third the
strength of the ell. The following average figures of bursting strength
of extra heavy tees and ells are condensed from the company's 1914
catalogue:

Sizeof fitting, ins., 6 8
Thickness of metal, in. 3/4 13/15

Tees Ferro-steel *

Burst at, lb. per sq. in.2733 2250 2160 2033 1825 1700 1450 1275 1300

Burstat,lb.persq.in.l687 1350 1306 1380 1100 1025 600 750 700
Ells, Ferro-steel:

Burstat,lb.persq.in.3266 2725 2350 2133

Burst at, lb. per sq'. in.2275 1625 1541 1275 1075 1250

10 12 14 16 IS 20 24
15/16 1 11/8 13/16 •11/4 15/16 11/2
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Length of Thread on Pipe that should be screwed into fittings to
make a tight joint is given by Crane Co. as follows:

Size of pipe, in l/g I/4 S/g I/2 3/4 1 II/4 II/2 2 21/2 3
Length of thread, in.1/4 3/8 3/8 I/2 I/2 9/i6 5/8 S/s II/16 15/i6 1

Size of pipe, in 3I/2 4 41/2 5 6 7 8 9 10 12
Lengthofthread, in. 11/16 11/16 11/8 Wie II/4 11/4 IVie 13/8 1 1/2 IVs

VALVES.

Dimensions of Standard Globe, Angle and Cross Valves.

(Crane Co., 1914.)

Iron Body, Brass Trimmings, with Yoke.
Dimensions in Inches: B, face to face, flanged; B/2, center to face,

flanged (Angle and Cross Valves) ; C, diameter of flanges; D, thickness
of flanges; S, center to top of stem, open; O, diameter of wheel.

Size. B B/2 C D s Size. B B/2 C D S

2 8 4- 6 5/8 10 3/4 6 1/2 7 16 8 121/2 li/lfi 201/2 14

ly?. Sl/o. 41/4 7 11/16 ill/4 61/2 8 17 8 1/2 131/2 1
1/8- 23 3/4 16

3 9^/9. 43/4 71/? 3/4 123/4 71/2 10 20 10 16 13/16 28 18

a/?. 101/2 31/4 81/2 13/16 13 71/2 12 24 12 19 11/4 34 20
4 tl 31/2 9 15/16 bl/4 y 14 28 14 21 13/8 381/2 24
4i/9. 12 6 91/4 15/16 151/4 9 15 30 15 221/4 13/8 381/2 24

5 13 6 1/2 10 16/lfi 171/4 10 16 32 16 231/2 1 V/lfi 411/2 27

6 14 7 11 1 \9 12

Standard Straight-Way Gate Valves. (Crane Co., 1914.)

Iron Body. Brass Trimmings. Wedge Gate.

Dimensions in Inches: A, nominal size; B, face to face, flanged; C,
diam. of flanges; D, thickness of flanges; K, end to end, screwed; iV,

center to top of non-rising stem; O, diam. of wheel; S, center to top of
rising stem, open; Y, center to outside of by-pass; P, size of by-pass;
X, nmnber of turns to open.

A B C D K N S Y P X

2 7 6 5/8 5 7/16 113/4 61/2 141/2 7

21/2 71/2 7 11/16 57/8 12 3/4 6 1/2 16 8

3 8 71/2 3/4 61/8 141/4 71/2 19 101/4
31/2 8 1/2 8 1/2 13/16 6 1/2 151/4 71/2 211/4 101/8
4 9 9 15/16 6 7/s 161/i 9 24 8 3/4

41/2 91/2 91/4 15/16 71/8 175/8 9 251/2 9
5 10 10 15/16 73/8 19 10 281/2 11

6 101/2 11 1 73/4 20 3/4 12 313/4 12 5/8

7 11 121/2 11/16 81/4 23 12 371/4 151/4
8 111/2 13 1/2 11/8 8 3/4 26 14 41 16

9 12 15 11/8 91/4 28 14 443/4 18 3/4

10 13 16 13/16 97/8 301/4 16 50 201/2
12 14 19 11/4 115/8 351/4 18 571/4 241/8
14 15 21 13/8 391/4 20 66 3/4 191/2 2 281/4
15 15 221/4 13/8 411/8 20 69 3/4 21 2 311/2
16 16 231/2 17/16 441/4 22 75 1/4 23 3/4 3 331/4
18 17 25 1 9/16 48 3/i 24 86 24 3/4 3 351/2
20 18 271/2 1 11/10 521/2 24 91 27 3/4 4 421/4
22 19 291/2 1 13/16 551/2 27 100 29 4 46
24 20 32 1 7/8 62 30 109 301/2 4 50
26 23 341/4 2 65 7/8 30 1171/2 32 4 65
28 26 361/2 2 1/16 70 36 125 33 4 80
30 30 38 3/4 2 1/8 751/2 36 133 34 4 921/2
36 36 453/4 2 3/8 83 158 1/2 39 6 108



218 MATERIALS.

Extra Heavy Straight-Way Gate Valves.

Ferro-steel. Hard Metal Seats. Wedge Gate. (For meaning of letters, see p, 217.)

A B K C D N s o P Y X

11/4 61/3 51/3 5 3/4 8 3/4 10 5/8 5 12
11/2 71/3 61/4 6 13/16 9 5/8 121/4 51/2 11

2 81/3 7 61/3 7/8 101/2 13 3/4 61/2 14
21/^ 91/3 8 yi/3 1 12 7/8 16 71/2 15
3 111/8 9 81/4 11/8 14 5/8 191/2 9 14
31/^ 1 1 V/8 10 9 13/13 151/2 22 10 16
4 12 11 10 11/4 17 3/4 241/3 12 18
41/3 I3l/i 121/4 101/3 15/16 18 3/4 27 12 21

5 15 131/2 11 13/8 201/4 29 3/4 14 23
6 15 7/8 15 7/8 121/2 1 Vu 23 341/8 16 11/4 13 28
7 161/4 161/4 14 11/2 24 3/4 38 18 11/4 141/8 30
8 161/2 161/3 15 15/8 28 3/4 42 3/4 20 11/3 b v/s 34
9 17 17 161/4 13/4 301/2 47 20. 11/2 163/8 40
10 18 18 171/2 17/8 33 3/4 52 3/4 22 11/2 16 7/8 39
12 193/4 201/3 2 . 37 1/4 60 24 2 I9V/8 46
14 221/2 23 21/8 42 3/4 67 3/4 24 2 20 5/8 52
15 221/3 241/2 2 3/16 42 3/4 67 3/4 24 2 20 6/8 52
16 24 251/3 21/4 y5l/4 27 3 251/4 60
18 26 28 2 3/8 821/4 30 3 261/3 67
20 28 301/3 21/2 911/3 30 4 301/3 74
22 291/2 33 2 5/8 101 36 4 321/4 82
24 31 36 2 3/4 109 36 4 33 88

For dimensions of Medium Valves and Extra Heavy Hydraulic
Valves, see Crane Company's catalogue.

NATIONAL STANDARD HOSE COUPLINGS
Adopted by the National Board of Fire Underwriters, American

Waterworks Association, New England Waterworks Association, Na-
tional Firemen's Association, National Fire Protection Association.

Dimensions in Inches.

A 21/2

V4
31/16

2.8715

1

71/2

Vs
3.0925

3

V4
35/8

3.3763

IVs

3.6550

31/2

V4
41/4

4.0013

IVs
6

1

4.28

41/2

V4
53/4

5.3970

IVs
4

IV4
5.80

B
C
D
E
N
F
G

The threads to be of the 60° V. pattern with 0.01 in. cut off the top
of thread and 0.01 in. left in the bottom of the 2 34-in., 3-in., and 3 M-in.
couplings, and 0.02 in. in like manner for the 4 K-in. couplings.
A = inside diameter of hose couplings, N = number of threads per

inch.
WOODEN STAVE PIPE.

Pipes made of wooden staves, banded with steel hpops, are made by
the Excelsior Wooden Pipe Co., San Francisco, in sizes from 10 inches to
10 feet in diameter, and are extensively used for long-distance piping,

especially in the Western States. The hoops are made of steel rods with
upset and threaded ends. When buried below the hydrauUc grade line

and kept full of water, these pipes are practically indestructible. For
the economic design and use of stave pipe see paper by A. L. Adams,
Trans. A. S, C. E., vol. xli.



RIVETED HYDRAULIC PIPE. 219

Weight and Strength of Riveted Hydraulic Pipe.

(Pelton Water Wheel, San Francisco, 1915.)

Thickness.
4-in. 5-in. 6-in. 7-m. 8-in.

Gauge. In.

»S' W S W .S W ;S IV S W
18 0.050 bbb 2.8 444 3.5 370 4.1 317 4.7 •7.77 5 3

16 .062 693 3.7 555 4.4 462 5.2 396 5.9 346 6 7

]4 .078 866 4.4 693 5.5 578 6.4 495 7.3 433 8 2
12 .109

.140
.808. 8.8 693 10. 606

777

11 5

10 14.5

9..in. 10-in. 11 -in. 12-in. 1 4-in.

16 0,062 308 7.5 277 8.3 252 9.0 231 9.9 198 11.4
14 .078 385 9.2 346 10.2 314 11.0 289 12.2 248 14

J2 .109 539 12.6 485 14.2 439 15.2 404 16.7 346 19,2
10 .140 693 16.4 67.3 18.0 565 19.3 519 21.0 445 74 2
8 .171

3/16

761

832
21.5
23.5

693
757

23.5
25.5

635
693

25.6
27.7

543
594

29.5
31 9

15-in. 16-m. I8-in. 20-in. 22-in.

16 0.062 185 12 173 12.8 154 14.5 139 16.0 126 17-
14 .078 231 14.0 217 16.0 193 17.8 173 19.6 157 21.
12 .109 323 20.3 303 21.5 270 24.4 242 27.3 220 29 ^
10 .140 415 25.7 388 27.3 346 30.7 311 34.5 283 37.1
8 .171 507 30.4 475 33.3 422 38.4 380 41.5 346 45 2

3/16 555 34.0 520 36.0 462 40.5 416 45.0 378 49.

C

1/4 739 45.5 693 48.2 616 54.1 555 59.6 505 65.3
5/16
3/8

7/16

866 60.6 770

924
67.7
81.3

693
831

970

74.6
89.5
105.0

631

757
883

81.5
98.0
114.5

1

24-in. 26-in. 30-in. 36-in. 42-in.

14 0.078 144 23.7 133 25.5
12 .109 202 32.5 186 34.5 162 39.5 134 47.7
10 .140 259 40.5 239 43.7 7,08 50.3 173 60.0 148 69 "i

8 .171 317 49.2 293 53.0 754 60.5 211 75.0 181 84.7

3/16 346 53.0 320 57.5 277 65.5 231 79.0 198 91.5

V4 462 71.0 427 76.5 370 87.5 308 105.5 264 122.0

5/16 578 88.5 533 95.5 462 109.0 385 130.0 330 151.0

3/8 693 106.0 640 114.5 555 130.5 462 156.0 396 180.5

7/16 808 124.5 747 134.0 647 151.5 539 182.5 462 211.0
1/2 924 142.0 854 153.0 739 174.5 616 207.0 528 240 5

5/8

3/4

7/8

1066 191.0 924
1108

220.0
264.0

770
924
1078

260.0
312.5
366.0

660
792
924

302.0
361.5
424.0

48-in. ! 54-in. 60-in. 66-in. 72-in.

8 0.171 158 98.0 141 110.0 17,7 121.0

3/16 173 106.0 154 119.0 139 131.0 17.7 144.5 115 158.0

1/4 231 142.0 205 159.0 185 175.0 168 193.0 154 211.0

5/16 289 177.0 256 198.0 23! 218.0 210 239.0 193 260.0

3/8 346 212.0 308 237.0 277 261.0 252 286.5 231 312.0

7/16 404 249.0 359 277.5 323 303.0 294 334.0 270 365.0

1/2 462 284.0 411 316.5 370 349.0 336 382.0 3U8 414.0

5/8 578 354.0 513 399.5 462 440.0 420 480.0 385 520.0

3/4 693 430.0 616 479.5 555 528.0 504 577.5 462 624.0

7/8 808 505.0 719 563.5 647 620.0 588 677.0 539 732.0
1 924 582.0 822 647.5 739 712.0 672 777.5 616 840.0

Pipe made of sheet steel plate, ultimate tensile strength 55,000 lbs. per
sq.in., double-riveted longitudinal joints and single-riveted circular joints.

Strength of longitudinal joints, 70%. Strain by safe pressure, 1/4 of ulti-

mate strength.
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Riveted Iron Pipe.

(Abendroth & Root Mfg. Co.)

Sheets punched and rolled, ready for riveting, are packed in con-
venient form for shipment. The following table shows the iron and
rivets required for punched and formed sheets.

Number Square Feet of

Iron Required to Make
100 Lineal Feet Punched
and Formed Sheets
when put Together.

Approximate

No.

of

Rivets

1

Inch

apart

Required

for

100

Lineal

Feet

Punched

and

Formed

Sheets.

Number Square Feet of
Iron Required to Make
100 Lineal Feet Punched
and Formed Sheets
when put Together.

Approximate

No.

of

Rivets

1
Inch

apart

Required

for

100

Lineal

Feet

Punched

and

Formed

Sheets.

Diam-
eter in

Inches.

Width
of Lap

in
Inches.

Square
Feet.

Diam-
eter in
Inches.

Width
of Lap

in
Inches.

Square
Feet.

3
4
5

6

7

8

9

10

11

12

13

1

1

11/2

11/2
11/2
11/2

11/2
11/2
11/2
11/2

90
116
150

178
206
234
258
289
314
343
369

1600
1700
1800
1900
2000
2200
2300
2400
2500
2600
2700

14

15

16

18

20
22
24
26
28
30
36

11/2

11/2
11/2
11/2
11/2
11/2
11/2

11/2
11/2
11/2
11/2

397
423
452
506
562
617
670
725
779
836
998

2800
2900
3000
3200
3500
3700
3900
4100
4400
4600
5200

Spiral Riveted Pipe.

Approximate Bursting Strength. Pounds per Square Inch.
(American Spiral Pipe Works, Chicago, 1915.)

Inside
Thickness. —U. S. Standard Gauge.

Diam.
Inches.

No.20. No. 18. No. 16. No. 14. No. 12. No. 10. No. 8. No. 6.
No. 3

(1/4").

1500 2000
1125 1500 1875

900 1200 1500

1000 1250 1560 2170
860 1070 1340 1860

8 750 935 1170 1640

9 835 1045 1460

10 750 935 1310

11 680 850 1200

12 625 780 1080 1410

13 575 720 1010 1295

14 535 670 940 1210

15 625 875 1125

16 585 820 1050 1290 1520 1880
18 520 730 940 1140 1360 1660
20 470 660 840 1030 1220 1500
22 425 595 765 940 1108 1364
24 390 540 705 820 1015 1250
26 505 650 795 935 1154
28 470 605 735 870 1071

30 435 560 685 810 1000
32 410 525 645 760 940
34 380 490 600 715 880
36 365 470 570 680 830
40 330 420 515 610 750
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Weight per Sq. Ft. of Sheet Steel for Riveted Pipe.

(American Spiral Pipe Works, Chicago, 1915.)

Thick-
ness

B.W.G.

Thick- -

ness.
In.

Weight
in Lb.,
Black.

Weight
in Lb.,
Galvan-
ized.

Thickness
B.W.G-

Thick-
ness,
In.

Weight
in Lb.,
Black.

Weight
in Lb.,
Galvan-
ized.

26
24
22
20

0.018
.022
.028

.035

0.7344
0.8976
1.1424
1.428

0.8844
1.0476
1.2924
1.578

18

16

14

12

0.049
.055

.083

.109

1.9992
2.652
3.3864
4.4472

2.1492
2.802
3.5364
4.5972

Weights based on steel of 489.6 lb. per cu. ft. Weights of galvanized
sheets based on an addition of 0.075 lb. per sq. ft. of surface.

BENT AND COILED PIPES.

(National Pipe Bending Co., New Haven, Conn.)

Coils and Bends of Iron and Steel Pipe.

Size of pipe Inches
Least outside diameter
of coil Inches

1/4

2

3/8 1/2

31/2

3/4

41/2

1

6

11/4

8

11/2

12

2

16

21/2

24

3

32

Size of pipe Inches
Least outside diameter

of coil Inches

31/2

40

4

48

41/2

52

5

58

6

66

7

80

8

92

9

105

10

130

12

156

Lengths continuous welded up to 3-in. pipe or coupled as desired.

90® Bends in Iron or Steel Pipe.

(Whitlock Coil Pipe Co., Hartford, Conn.)

3
12

3

15

31/2
161/2

4
15

31/2
181/2

4
21

5

20
4

24

6
23
4

27

7 8
30
5

35

9
36
5

41

10

42
6

48

17
Radius of bend 26

5

31

48
End 6

54

Size pipe, O.D., 14

60
7

67

16

70
7

77

18

80
7

87

20
90
8

98

22
100

8
108

24
no
8

118

26
120

10

130

28
140
10

150

30
Radius of bend 160
End 10

Center to face 170

1

The radii given are for the center of the pipe. "End" means the
length of straight pipe, in addition to the 90° bend, at each end of the
pipe.

'

' Center to face
'

' means the perpendicular distance from the
center of one end of the bent pipe to a plane passing across the other end.
The dimensions given are the minimums recommended. Larger radii
than are shown are recommended for flexibility and lesser friction.

Flexibility of Pipe Bends. (Valve World, Feb., 1906.)—So far as
can be ascertained, no thorough attempt has ever been made to de-
termine the maximum amount of expansion which a U-loop, or quarter
bend, would take up in a straight run of pipe having both ends anchored.
The Crane Company has adopted five diameters of the pipe as a stand-
ard radius, which comes nearer than any other to suiting average re-
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Qiiirements, and at the same time produces a symmetrical article. Bends
shorter than this can be made, but they are extremely stiff, tend to
buckle in bending, and the metal in the outer wall is stretched beyond
a desirable point.

In 1905 the Crane Company made a few experiments with 8-inch U
and quarter bends to ascertain the amoimt of expansion they would take
up. The U-bend was made of steel pipe 0.32 inch thick, weighing 28
lbs. per foot, with extra heavy cast-iron flanges screwed on and refaced.
It was connected by elbows to two straight pipes, N, 67 ft., S. 82 ft.,

which were firmly anchored at their outer ends. Steam was then let
into the pipes with results as follows:

80 lb. Expansion, Total 1 7/8 in. Flange broke.
50 1b. Expansion, iV, 7/8,5,11/8. Total 2 in.

1001b. Expansion, N, 1S/\q, S, II/2 . Total 2li/i6in.
150 lb. Expansion, N, H/s , S, 17/8 . Total 3 in.

200 lb. Expansion, N, II/2 . S, 17/8 . Total 3 3/8 in. Flange broke
at 208 lbs.

Quarter bend, full weight pipe. Straight pipe 148 ft., one end. 80
lbs. Total expansion, 1 3/8. Flange leaked.

Quarter bend, extra heavy pipe. Expanded 7/8 in. when a flange
broke. Replaced with a new flange, which broke when the expansion
was 1% in-

wrought Pipe Bends. (National Tube Co.).— The following are
given as the advisable (R) and the least allowable (Ri) radii in inches
to which pipe should be bent:

Size. R. Ri. Size. R. Ri. Size. R. Ri. Size. R. Ri. Size. R. Ri.

2V? 15 10 41/9 27 18 8 48 32 12 72 48 180.D. 125 90
3 18 12 5 30 20 9 54 36 13 «4 60 20 0. D. 150 120
3 V'. 21 14 6 36 7.4 10 60 40 14 90 68 22 0.D. 165 132
4 24 16 7 42 28 11 66 44 15 100 76 24 0.D. 180 144

Bends of 12-in. pipe and smaller to be of full weight pipe; 14 to 16
in. outside diameter, not less than 3/8 in. thick; 18 in. and larger, not
less than 7/15 to 1/2 in. thick. With welded flanges there must be a
short straight length of pipe, preferably equal to two diameters of the
pipe, between the flange and the bend.

Coils and Bends of Drawn Brass and Copper Tubing.

Size of tube, outside diameter. .Inches
Least outside diameter of coil.. Inches

,v. 3/8

11/2
.- 5/8

21/2 ,^M 11/4

6
n/s

Size of tube, outside diameter. .Inches
Least outside diameter of coil.. Inches

.1/2 15/8
9

,1'"
2
12

21/4
14 ,f'' ,r'^ r*

Lengths continuous brazed, soldered, or coupled as desired.

SEAMLESS TUBES.
Locomotive Boiler Tubes, Seamless.—Diameters, external, 1 1/2, 1 V4,

17/8, 2, 21/4, 21/2, and 3 m.

.

each size, inch.. .0.095 .109 .110 .120 .125 .134 .135 .148 .150
Birmingham wire

gage 13 12 ... 11 ... 10 ... 9 ...

Shelby Seamless Steel Tubes are made of three classes of open-
hearth steel: 0.17 C (0.14 to 0.19%); 0.35 C (0.30 to 0.40%); and
31/2% nickel (0.20 to 0.30 C, 3 to 4% nickel). In ah, manganese is

from 0.40 to 0.60%; sulphur, 0.015 to 0.040; phosphorus, 0.010 to

0.035%. Hot finished tubes are not given any heat treatment after
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leaving the hot mills. Cold-drawn tubes are annealed before and heat-
treated after drawing. The physical properties of finished material are
as follows:

Temper Tensil* Elastic Elong. in
Strength. Limit. 8 In., %.

S, unannealed . .

.

65.000 to 80.000 60.000 to 70.000 3 to 7

0.17 C T, finish anneal .

.

60.000 to 75.000 50.000 to 65.000 10 to 16

1 W, soft anneal . .

.

47.000 to 55.000 27.000 to 35.000 28 to 33
Y, retort anneal

.

45.000 to 52.000 22.000 to 28.000 30 to 40
( S, unannealed. .

.

85.000 to 100,000 75.000 to 90.000 Low
0.35 C T, finish anneal .

.

80.000 to 95.000 70.000 to 85.000 12 to 18

U, med. anneal .

.

65.000 to 80.000 50.000 to 60.000 20 to 30

( S, unannealed . .

.

95.000 to 110.000 85.000 to 100.000 10 to 18 in 2"
3l/2%Ni. W, finish anneal .

.

85.000 to 105.000 75.000 to 90.000 15 to 25 in 2"
U, med. anneal .

.

70.000 to 85.000 45.000 to 60.000 40 to 50 in 2"

The 0.17 C tube is also fiirnished in intermediate tempers. U, V,
and X, between T and Y, and special treatments are given to order.

In estimating the effective steam-heating or boiler surface of tubes,
the surface in contact with air or gases of combustion (whether internal
or external to the tubes) is to be taken.

For heating liquids by steam, superheating steam, or transferring heat
from one liquid or gas to another, the mean surface of the tubes is to be
taken.

Outside Area of Tubes.

To find the square feet of surface, S, in a tube of a given length, L, in-

fect, and diameter, d, in inches, multiply the length in feet by the diam-

eter in inches and by 0.2618. Or, S = ^'^^^^^^ =0.2618 dL. For the

diameters in the table below, multiply the length in feet by the figures
given opposite the diameter.

Area of Tubes per Lineal Foot.

Diam.
In.

Area,
Sq. Ft.

Area.
Sq. Ft.

Area,
Sq. Ft,

Area,
Sq. Ft,

|Dia.

In.
Area,
Sq. Ft.

Area,
Sq. Ft.

1/4

1/2

3/4

0.0654
.1309
.1963
.2618

0.3272
3927
4581
5236

0.5890
.6545
.7199

0.8508
.9163
.9817

I .0472

1 .3090
1.5708
1 .8326
2.0944

2.3562
2.6180
2.8798
3.1416

Seamless Brass and Copper Tube, Iron Pipe Sizes.

Nominal
Diam., In. Wt. per Ft.,

Nominal
Size,

In.

Diam., In.
Wt. per Ft.,

Size,

In.
Out-
side.

In-
side.

Brass Cop-
per.

Out-
side.

In-
side.

Brass Cop- •

per.

1/8

11/4
11/.

21/2

0.405
.540
.675
.840

1.050
1.315
1.660
1.900
2.375
2.875

0.281
.375
.494
.625
.822

1.062
1.368
1.600
2.062
2.500

0.246
.437
.612
.911

1.235
1.740
2.557
3.037
4.017
5.830

0.259
.459
.644
.958

1.298
1.829
2.698
3.193
4.224
6.130

3

6
7
8
9
10

3.500
4.000
4.500
5.000
5.563
6.625
7.625
8.625
9.625
10.750

3.062
3.500
4.000
4.500
5.062
6.125
7.062
8.000
8.937
10.019

8.314
10.85
12.29
13.74
15.40
18.44
23.92
30.05
36.94
43.91

8.741
11.41
12.93
14.44
16.19
19.39
25.15
31.60
38.84
46.17
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Weight per Foot of Seamless Brass Tubes.

(Condensed from Manufacturers' Standard Tables, 1915.)'

A.W.G. 2 4 6 8 10 12 14 16 18 20 22 24

Wall.* 0.2576 0.2043 0.1620 0.1285 0.1019 .0808 .0641 .0508 .0403 .0320 .0253 .0201

Diam.t
1/8 0.044 0.039 0.034 0.029 0.024

3/16 0:692 .080 .069 .058 .048 .03^

1/4 6:i75 0:i58 .138 .117 .098 .081 .066 .053

5/16 .248 .217 .184 .154 .127 .104 .084 .068

3/8 6:376 .322 .275 .231 .191 .156 .127 .103 .083

1/2 6! 634 .562 .469 .392 .323 .264 .214 .173 .139 .112

5/8 ijo 6:994 .868 .748 .617 .509 .416 .338 .273 .219 .176 .141

3/4 1.47 1.29 1.10 .934 .764 .626 .509 .411 .331 .266 .213 .170

7/8 1.84 1.59 1.34 1.12 .911 .743 .601 .485 .389 .312 .249 .199

1 2.21 1.88 1.57 1.31 1.0& .859 .694 .558 .448 .358 .286 .228

11/8 2.59 2.18 1.81 1.49 1.21 .976 .787 .632 .506 .404 .322 .257

11/4 2.96 2.47 2.04 1.68 1.35 1.09 .879 .705 .564 .450 .359 .286

13/8 3.33 2.77 2.27 1.86 1.50 1.21 .972 .779 .622 .497 .396 .315

1 1/2 3.70 3.06 2.51 2.05 1.65 1.33 1.06 .852 .681 .543 .432 .344

13/4 4.45 3.65 2.98 2.42 1.94 1.56 1.25 .999 .797 .635 .506 .402

2 5.19 4.24 3.45 2.79 2.24 1.79 1.44 1.15 .914 .728 .579 .460

21/4 5.94 4.84 3.91 3.16 2.53 2.03 1.62 1.29 1.03 .820 .652 .519

21/2 6.68 5.43 4.38 3.54 2.83 2.26 1.81 1.44 1.15 .913 .722 .577

2 3/4 7.43 6.02 4.85 3.91 3.12 2.50 1.99 1.59 1.26 1.01 .799 .635

3 8.17 6.61 5.32 4.23 3.42 2.73 2.18 1.73 1.38 1.10 .872 .693

31/4 8.92 7.20 5.79 4.65 3.71 2.96 2.36 1.88 1.50 1.19 .946 .751

31/2 9.66 7.79 6.26 5.02 4.01 3.20 2.55 2.03 1.61 1.28 1.02 .809

33/4 10.4 8.38 6.73 5.39 4.30 3.43 2.73 2.18 1.73 1.37 1.09 .867

4 11.2 8.97 7.19 5.77 4.60 3.66 2.92 2.32 1.85 1.47 1.17 .926

41/4 11.9 9.56 7.66 6.14 4.89 3.9a 3.10 2.47 1.96 1.56 1.24 .984

41/2 12.6 10.2 8.13 6.51 5.19 4.13 3.29 2.62 2.08 1.65 1.31 1.04

4 3/4 13.4 10.7 8.60 6.83 5.48 4.37 3.47 2.76 2.20 1.74 1.39 1.10

5 14.1 11.3 9.07 7.25 5.78 4.60 3.66 2.91 2.31 1.84 1.46 1.16

51/4 14.9 11.9 9.54 7.62 6.07 4.83 3.85 3.06 2.43 1.93

51/2 15.6 12.5 10.0 8.00 6.36 5.07 4.03 3.20 2.55 2.02
5 3/4 16.4 13.1 10.5 8.37 6.66 5.30 4.22 3.35 2.66 2.1

6 17.1 13.7 10.9 8.74 6.95 5.53 4.40 3.50 2.78 2.2
61/4 17.9 14.3 11.4 9.11 7.25 5.77 4.59 3.65 2.90
61/2 18.6 14.9 11.9 9.48 7.54 6.00 4.77 3.79 3.01
63/4 19.4 15.5 12.3 9.85 7.84 6.24 4.96 3.94
7 20,1 16.1 12.8 10.2 8.13 6.47 5.14 4.09
71/4 20.8 15.7 13.3 10.6 8.43 6.70 5.33 4.23
71/2 21.6 17.2 13.8 11.0 8.72 6.94 5.51 4.38
7 3/4 22.3 17.8 14.2 11.3 9.02 7.17 5.70 4.53
8 23.1 18.4 14.7 11.7 9.31 7.40 5.88 4.67
81/4 23.8 19.0 15.2 12.1 9.61 7.64 6.07 4.82
81/2 24.6 19.6 15.6 12.5 9.90 7.87 6.25 4.97
8 3/4 25.3 20.2 16.1 12.8 10.2 8.11 6.44 5.12
9 26.1 20.8 16.6 13.2 10.5 8.34 6.63 5.26
91/4 26.8 21.4 17.0 13.6 10.8 8.57 6.81 5.41
91/2 27.6 22.0 17.5 13.9 11.1 8.81 7.00 5.56
9 3/4 28.3 22.6 18.0 14.3 11.4 9.04 7.18 5.70
10 J 29.0 23.2 18.4 14.7 11.7 9.27 7.37 5.85

* Thickness in inches. t Outside diameter, inches.
Seamless brass tubes are made from }4 in. to 1 in. outside diameter,

varying by i/ie in. , and from 1 3^ s in . to 10 in. outside diameter, varying by
H in., and in all gages from No. 2 to No. 24 A. W. G. witnm the hmits
of the above table. To determine the weight per foot of a tube of a
given inside diameter, add to the weights given above the weights given
below, under the corresponding gage numbers.
A.W.G. 2 4 6 8 10 12 14 16 18 20 22 24 26
Lb. per ft. 1.54 .966 .607 .382 .240 .151 .095 .060 .038 .024 .015 .009 .0059

For copper tubing add 5% to the weights given above.
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Aluminum Tubing is made in sizes from }i to 2 in. diam., advanc-
ing by 1/8 inch, and from 2 to 6 in. diam., advancing by K in., in
practically all thicknesses from No. 24 to No. 1 B.W.G. Aluminum
pipe is made in sizes to correspond with iron-pipe fittings, ranging in
diameter from i/g to 4 in. Aluminum pipe fittings are made in prac-
tically all standard pipe sizes. Details of sizes, weights, strength,
etc., of these tubes, pipes, and fittings are given in the pamphlets of
the Aluminum Co. of America, Pittsburgh.

Lead and Tin-Lined Lead Pipe.

(United Lead Company, New York, 1915.)

In- ih5 In- i^ In- i ^

side Let- Weight
per Ft.

-S § side Let- Weight lg side Let- Weight ^s
Dia.,

In.

ter. Dia.,

In.

ter. per Ft.

If
Dia.,

In.

ter. per Ft. o 2

3/8 D 10 oz. 9 5/8 AA ^4 lb. 21
1 1/4 AA 5 3/4 lb. 25

3/8 c 12 10 5/8 AAA 3 1/2 " 26
1 1/4 AAA 6 3/4

"
28

3/8 B 1 lb. 13 3/4 E 1 8 11/2 E 3 12

3/8 A 1 1/4 " 15 3/4 D 1 1/4 " 9 11/2 D 3 1/2 " 14

3/8 AA 1 1/2 " 17 3/4 c I 3/4 " 13
1 1/2 C 4 1/4 " 16

3/8 AAA 1 3/4 " 20 3/4 Spec'l 2 " 14 1 1/2 B 5 19

7/16 13 oz. 10 3/4 B 21/4
"

16 11/2 A 6 1/2 " 24

7/16 1 lb. 12 3/4 A 3 " 20 1 1/2 AA 7 1/2
"

27

1/2 E 9 oz. 6 3/4 AA 31/2 " 23 1 1/2 AAA 8 1/2 " 30
1/2 D 12 8 3/4 AAA 4 3/4 " 29 13/4 D 4 14

1/2 c 1 lb. 11 1 E I 1/2 " 9 13/4 c 5 17

1/2 B 1 1/4 " 13 1 D 2 " 12 13/4 B 6 20

1/2 Spec'l 1 1/2 " 15 1 C 21/2 " 14 13/4 A 7 23

1/2 A 1 3/4 " 17 1 B 3 1/4 " 18 13/4 AA 8 1/2 " 27

1/2 AA 2 19 1 A 4 " 21 13/4 AAA 10 31

1/2 Spec'l 21/2 " 22 AA 4 3/4 " 25 2 D 4 3/4 " 14

1/2 AAA 3 26 1 AAA 6 " 30 2 c 6 18

5/8 E 3/4
"

7 1 1/4 E 2 10 2 B 7 21

6/8 D 1 9 11/4 D 21/2 " 12 2 A 8 23

5/8 C 1 1/2 " 13 11/4 C 3 " 14 2 AA 9 26

5/8 B 2 16 1 1/4 B 3 3/4 " 17 2 AAA 113/4
"

33

5/8 A 21/2 " 20 11/4 A 4 3/4 " 21

Weight of lead is taken 0.4106 lb. per cu. in. The safe working
strength of lead is about 34 the elastic limit, or 22.5 lb. per sq. in.

To find the thickness of lead pipe required when the head of
water is given. (Chadwick Lead Works.)

Rule.—Multiply the head in feet by size of pipe wanted, expressed
decimally, and divide by 750; the quotient will be the thickness re-
quired, in one-himdredths of an inch. Thus the thickness of a half-inch
pipe for a head of 25 feet will be 25X0.50^750 = 0.016 inch.

This rule corresponds to a safe working stress of 165 lbs. per sq.in.
It gives thicknesses of small diameter pipes that are much less than
those given in the table below.

Weight of Lead Pipe Which Should Be Used for a Given
Head of Water (United Lead Co., New York, 1915.)

Head or
Number

Pres-
sure

per sq.

inch.

Caliber and Weight per Foot.

of Feet
Fall. Letter. 3/8 in- 1/2 in. Vs in. 3/4 in. I in. 11/4 in.

30 ft.

50 ft.

75 ft.

100 ft.

150 ft.

200 ft.

13 lb.

221b.
321b.
44 1b.

651b.
871b.

D
C
B
A
AA
AAA

10 oz.

12 oz.

1 lb.

11/4 lb.

1 1/2 lb.

13/4 lb.

3/4 lb.

1 lb.

1 1/4 lb.

1 3/4 lb.

2 lb.

3 lb.

1 lb.

1 1/2 lb.

2 lb.

2 1/2 !b.

2 3/4 lb.

3 1/2 lb.

1 1/4 lb.

1 3/4 lb.

2 1/4 lb

3 lb.

3 1/2 lb.

4 3/4 lb.

2 lb.

2 1/2 lb.

3 1/4 lb.

4 lb.

4 3/4 lb.

6 IbJ

2 1/2 lb.

3 lb.

3 3/4 lb.

4 3/4 b.

5 3/4 lb.

6 3/4 lb.
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1 1/2 in., 2 and 3 pounds per foot.

2 "3 and 4 pounds per foot.

3 "3 1/2. 5, and 6 pounds per foot.

3 1/2 " 4 pounds per foot.

Lead Waste-Pipe.

4 in., 5, 6, and 8 pounds per foot.

41/2

6

6 and 8 pounds per foot.

8, 10, and 12 pounds per foot.
12 pounds per foot.

Tin-Lined and Lead-Lined Iron Pipe.

(United Lead Co., New York, 1915.)

Size,

In.

Wt. per ft., lb.

Size,

In.

Wt. per ft., lb. Wt. per ft., lb.

Size,

In.

Wt. per
ft., lb.

Lead
Lined.

Lead
Lined.

Tin
Lined.

Lead
Lined.

Tin
Lined.

In. Lead
Lined.

Tin
Lined.

1/2

1 1/4

11/2

13/8
15/8

31/2
43/8

1

13/8

33/4

2

31/2
4

61/8
8 1/2

11 1/2

141/2
15 2/3

51/4
71/2
101/6
12 8/10

141/6

41/2

6
7

8

18
211/2
2,3/,

47

16
26 1/10

191/6

9
10
12

66
75
88

Block Tin Pipe and Tubing.

Diam., In. Thick- Wt. Diam., In. Thick- Wt. Diam., In.
Thick- Wt.

In- Out-
ness,

ft., In- Out-
ness,

In- Out- ness, r
side. side. oz. side. side. oz. side. side. oz.

Tubing. Pipe. Pipe.
(

1/8 0.25 0.062 1.9 3/s 0.495 0.06 4 5/8 0.800 0.037 10 \

1/s .202 .0385 1 3/s .503 .064 41/2 5/8 .831 .103 ]?.

3/16 .292 .053 2 3/8 .515 .07 5 3/4 .901 .076 10
3/16 .331 .072 3 3/8 .539 .082 6 3/4 .928 .089 17
3/16 .367 .09 4 3/8 .561 .093 7 1 1.172 .086 15
1/4 .388 .069 3 1/?, 3/8 .584 .104 8 1 1.204 .102 18

Pipe.
1/^ .632 .066 6 i 1/4 1.436 .093 20
h9. .670 .085 8 11/4 1.471 .110 24

1/4 .400 .075 4 1/. .707 .103 10 1 1/9 1.746 .123 37
1/4 .433 .091 5 1/^ .741 .120 12 1 1/2 1.802 .151 40
5/16 .444 .066 4 5/8 .735 .055 6 2 2.236 .118 40
7/16 .562 .065 5 5/8 .768 .071 8 2 2.280 .140 48

Weight of tin taken as 0.2652 lb. per cubic Inch.

Weight Per Foot of Brass- and Copper-Lined Iron Pipe.

(United Lead Co., New York, 1915.)

fl

^1

1

^1 fi

1
a

£^

1

^1
c 4

1

4
^6

4i C«

$8
+2 1

^6 ^0

1/2 1 1 11/4 2 2/.

31A
22/3 2 1/^ 6 7/10 6 3/4 5 191/^ 19 3/4

6/i 13/8 13/8 11/2 31/4 3 8 3/4 88/10 6 251/4 25 6/10
I ' 2 2 41/3 43/8 4 12 6/10 12 7/10 8 38 381/2
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Lead-Lined pipe is particularly adapted for use in contact with acids,
mine water, salt water, or any liquid which has a corrosive action on
iron pipe.

Lead Covered iron pipe for use in bleacheries, etc., where steam
passes through the pipe and the exterior is in contact with acid or cor-
rosive solutions is made in commercial sizes of 3^, %, 1, 1 K. 1 H. 2
and 3 inches.

Brass and Copper Pipes, Lined with Tin or Lead, are made in com-
mercial sizes of 3^, %, 1, IM. 13^. and 2 inches.

Slieet Lead is rolled to any weight per sq. ft. from 1 to 7 lb. in any
width up to 11 ft. 6 in., and from 8 lb. up, 12 ft. wide. A square foot of
rolled sheet lead 1 in. thick weighs approximately 59 3^ lb.

Approximate Weight of Sheet Zinc.

(Aluminum Co. of America, 1914.)

6 ii ^ d in"; d u h d li ^,1
J? ^"^ ^^ "^ ^ w

a3 . % ,6-B nj jz; ^"^ s .

fi
•^^ -JPh SB

ii^ ;0M ^^ .2 c z^
N &H ^ N H ^ N H ^ N E-t ^

1 0,002 075 8 0.016 0.60 15 040 1 50 22 090 3.37
2 ,004 .15 9 ,018 .67 16 .045 1.68 23 .100 3 75
3 .006 225 10 020 .75 17 050 1 87 24 1?,5 4.70
4 .008 .30 11 .024 .90 18 055 2.06 25 .250 9.40
5 .010 37 12 028 1.05 19 .060 ?, 25 26 375 14.10
6 .012 ,45 13 032 1.20 70 .070 2.62 27 .500 18.80
7 .014 .52 14 .034 1.35 21 .080 3.00 28 1.000 37.60

Weight of Sheet or Bar Brass.

(Compiled from Manufacturers' Standard Tables.)
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In. Lb. Lb. In. Lb. Lb. In. Lb. Lb.
1/16 in 0.014 01

1

3/4 33 71 2 075 1 630 1 7/16 63 6b 7.623 5.987
V8 5.54 .058 ,045 13/lfi S5 98 2.435 1.913 11/2 66.42 8 300 6.519
3/16 8.30 .130 .102 V/8 38 75 2 824 2 218 19/16 69 19 9.006 7.073

V4 11.07 .231 .181 15/ifi 41.51 3.242 2.546 15/8 71.96 9.741 7.651

5/16 13,84 .360 .283 1 44 7« 3.689 2.897 1 11/16 74 73 10.50 8.250
3/8 16.61 ,519 407 ll/ifi 47 05 4 164 3 771 13/4 n 49 11 30 8.873
V/lfi 19.37 .706 .555 11/8 49.82 4.669 3.667 1 13/16 80.26 12.12 9.518
1/2 22.14 .922 .724 13/,fi 52 59 5.202 4.086 17/8 83.03 12.97 10.19
9/16 24.91 1.167 917 n/4 55 35 5.764 4 527 1 15/16 85.80 13.85 10.88

6/s 27.68 1.441 1.132 15/lfi 58,12 6.355 4.991 2 88.56 14.76 11.59
11/16 30.44 1.744 1.369 13/8 60.89 6.974 5.478

1
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Weight of Aluminum Plates. (Brown & Sharpe Gage.)
(Aluminum Co. of America, 1914.)

Thick- Thick- Thick-
Gage. ness,

In. *lI!-
Gage. ness,

In. It Gage. ness,
In. It-

0000 0.46000 6.406 12 0.080808 1.126 27 0.014195 0.1976
000 .40964 5.704 13 .071961 1.002 28 .012641 .1760
00 .36480 5.080 14 .064084 .8924 29 .011257 .1567

.32486 4.524 15 .057068 .7946 30 .010025 .1396
1 .28930 4.029 16 .050820 .7078 31 .008928 .1244
2 .25763 3.588 17 .045257 .6302 32 .007950 .1107
3 .22942 3.195 18 .040303 .5612 33

. .007080 .09854
4 .20431 2.845 19 .035890 .4998 34 .006304 .08778
5 .18194 2.534 20 .031961 .4450 35 .005614 .07817
6 .16202 2.256 21 .028462 .3964 36 .005000 .06962
7 .14428 2.009 22 .025347 .3530 37 .004453 .06201
8 .12849 1.789 23 .022571 .3143 38 .003965 .05521
9 .11443 1.594 24 .020100 .2798 39 .003531 .04917
10 .101-89 1.418 25 .017900 .2492 40 .003144 .04378
11 .090742 1.264 26 .015940 .2219

Weight of Sheet or Bar Aluminum (Sp. Gr. 2.68).

(Aluminum Co. of America, 1914.)

r«-S -°r^
^ t^ m-Q ^&^ ^ Is .oi M ew
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In. Lb. Lb. In. Lb. Lb. In. Lb. Lb.
1/16 0.869 0.004 0.003 8/4 10 436 0.652 0516 17/16 20 002 2 396 1.882
1/8 1.739 .018 .014 13/16 11. 30&

7/8 [12.175

.766 .601 11/2 20.872 2.609 2.049
3/16 2.609 .041 .032 .888 .697 19/16 21 741 2 831 2.223
1/4 3.479 .072 .057 15/16 13. 045! 1.019 .800 15/8 22.611 3.062 2.405

5/16 4.348| .114 .089 1 13.9151.159 .911 1 11/16 23 481 3.302 2.593
3/8 5.218 .163 .128 11/16 14. 784! 1.309 1.028 13/4 24.350 3.550 2.789

7/16 6.088 .222 .174 1/8 15.65411.467 1.152 1 13/16 25.250 3.810 2.992
1/2 6.958 .290 .227 3/16 16. 524' 1.635 1.284 17/8 26 090 4 075 3.202

9/16 7.827 .367 .288 i/i 17.934 1.812 1.423 1 15/16 26.960 4.352 3.417

5/8 8.697 .453 .356 15/16 18.263 1.997 1.569 2 27.829 4.638 3.642
11/16 9.5671 .548 .430 13/8 19. 13312. 192 1.722 1

For further particulars regarding aluminum see pp. 380-383; 396-401.

Weight Per Foot of Copper Rods, Pounds.
(From tables of manufactxu:"ers, 1914.)

In. Round. : Square. In. Round. Square. In. Round. Square.

V, 0.04735 0.06028 1 1/8 3.835 4.882 21/8 13.68 17.41
1/4 .1894 .2411 11/4 4.735 6.02f 21/4 15.34 19.53
3/8 .4261 .5424 1 3/8 5.729 7.293 2 3/8 17.09 21.76
1/2 .7576 .9644 1 1/2 6.818 8.679 2 1/2 18.94 24.11
5/8 1.184 1.507 1 5/8 8.002 10.19 2 5/8 20.88 26.58
3/4 1.705 2.170 13/4 9.281 11.81 2 3/4 22.92 29.18
7/8 2.320 2.953 1 7/8 10.65 13.56 2 7/8 25.05 31.89

1 3.030 3.857 2 12.12 15.53 3 27.27 34.71

For weight of octagon rod, multiply the weight of round rod by 1.084.
For weight of hexagon rod, multiply the weight of roimd rod by 1.12.
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SCREW THREADS.
Sellers or U. S. Standard.

The system of screw threads devised by Wilham Sellers and recom-
mended for adoption by a committee of the Franklin Institute in 1864
is now in general use in the United States and is known as the U. S.

standard. The angle of the thread is 60 deg. The thread is flat-

tened at the top, the width of flat being one-eighth the pitch. The
bottom of the thread is filled in, the width of flat at the bottom also
being one-eighth the pitch. The wearing surface of the thread is thus
three-quarters the pitch.
Diam. at root of thread = diam. of bolt — (1.299 -i- No. of threads

per in.). Depth of thread = 0.6495 X pitch.
For a sharp V thread, with an angle of 60 deg. the formula is

Diam. at root of thread = diam. of bolt — (1.733 -^ No. of threads per in.).

The rules for dimensioning nuts and heads given in the Franklin
Institute report are:

Let d = diameter of bolt, D = short diameter of rough nut or head,
{Continued on page 232.)

Dimensions of Screw-Threads, Sellers or U. S . Standard.

Bolts and Threads. Nuts and Bolt
Heads.

3
-d

^ +j ^ a" -^^ fl r • t
o
pq I l-i
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1^ °l "o
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gH "5 03-^0 rt^ § V,
'^ Mg tog ^ .M
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!!£ i« H Eh

In. In. In. In. In. ~l^~ In. In.

1/4 20 0.185 0.0062 0.049 0.027 1/2 0.578 0.707 1/4 V4
5/16 18 .240 .0069 .077 .045 19/32 .686 .840 5/16 1V64
3/8 16 .294 .0078 .110 .068 11/16 .794 .972 3/8 11/32

7/16 14 .345 .0089 .150 .093 25/32 .902 1.105 7/16 2V4
1/2 13 .400 .0096 .196 .126 7/8 1.011 1.237 1/2 V16
9/16 12 .454 .0104 .249 .162 31/32 1.119 1.370 9/16 31/4
5/8 11 .507 .0113 .307 .202 1 1/16 1.227 1.502 5/8 IV32
3/4 10 .620 .0125 .442 .302 11/4 1.444 1.768 3/1 S/8

7/8 9 .731 .0139 .601 .420 1 7/16 1.660 2.033 7/8 2V32
1 8 .837 .0156 .785 .550 1 5/8 1,877 2.298 1 13/16

11/8 7 .939 .0178 .994 .694 1 W16 2.093 2.563 1 1/8 29/32

11/4 7 1.065 .0178 1.227 .891 2 2.310 2.828 1 1/4 1

13/8 6 1.160 .0208 1.485 1.057 2 3/16 2.527 3.093 13/8 1 V32
11/2 6 1.284 .0208 1.767 1.295 2 3/8 2.743 3.358 1 1/2 1 V16
15/8 51/2 1.389 .0227 2.074 1.515 2 9/16 2.960 3.623 1 5/8 1 V32
13/4 5 1.491 .0250 2.405 1.746 2 3/4 3.176 3.889 ,13/4 IVs
17/8 5 1.616 .0250 2.761 2.051 2 15/16 3.393 4.154 17/8 I 15/32

2 41/2 1.712 .0278 3.142 2.302 31/s 3.609 4.419 2 1 V16
21/4 41/2 1.962 .0278 3.976 3.023 31/2 4.043 4.949 21/4 1 v\
21/2 4 2.176 .0312 4.909 3.719 37/8 4.476 5.479 21/2 1 1V16
23/4 4 2.426 .0312 5.940 4.622 41/4 4.909 6.010 2 3/4 21/8
3 31/2 2.629 .0357 7.069 5.428 4 5/8 5.342 6.540 3 2 5/16
31/4 31/2 2.879 .0357 8.296 6.510 5 5.775 7.070 31/4 21/2
31/2 31/4 3.100 .0384 9.621 7.548 53/8 6.208 7.600 31/2 211/16
3 3/4 3 3.317 .0417 11.045 8.641 53/4 6.641 8.131 33/4 2 7/8

4 3 3.567 .0417 12.566 9.993 6 1/8 7.074 8.661 4 3Vl6
41/4 2 7/8 3.798 .0435 14.186 11.328 6 1/2 7.508 9.191 41/4 31/4
41/2 23/4 .4.028 .0454 15.904 12.743 6 7/8 7.941 9.721 41/2 3 7/, 6

43/4 2 5/8 4.256 .0476 17.721 14.250 71/4 8.374 10.252 43/4 35/8
5 21/2 4.480 .0500 19.635 15.763 7 5/8 8.807 10.782 5 3 13/16

51/4 21/2 4.730 .0500 21.648 17.572 8 9.240 11.312 51/4 4
51/2 23/8 4.953 .0526 23.758 19.267 8 3/8 9.673 11.842 51/5 43/16
5 3/4 2 3/8 5.203 .0526 25,967 21.262 8 3/4 10.106 12.373 53/4 43/8
6 21/4 5.423 .0555 28.274 23.098 9 1/8 10.539 12.903 6 49/16
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Di= short diameter of finished nut or head; T = thickness of rough
nut; Ti = thickness of finished nut; t = thickness of rough head, h
thickness of finished head; D = 1.5 rf + i/s; £>i = 1.5 d+ i/ie; T = d;
Ti = d- 1/16 ; t = ji D, k = 1/2 d - i/ie.

The dimensions given by the above formulae for nuts and heads are
not generally accepted by the makers of nuts and bolts. The general
practice is to make the rough and finished nuts of the same dimensions,
otherwise different wrenches would be required for the same size of
nut. The dimensions of nuts and bolt heads given in the above table
are those adopted by the Upson Nut Co., Hoopes and Townsend, and
the U. S. Navy, and agree with the formulae D = 1.5 d-\- i/s, T = Ti =
d,t = ti = 1/2 D.

Screw-Threads, Whitworth (English) Standard.

i i i i i i i 1 i 4
Q (U s s Q K Q s Q s

1/4 20 5/8 11 1 8 13/4 5 3 3V?
B/Je 18 11/16 11 11/8 7 17/8 41/2 31/4 31/4
3/8 16 3/4 10 11/4 J 2 41/2 3i/2 31/4
7/16 14 13/16 10 13/8 6 21/4 4 33/4 3

1/2 12 7/8 9 11/2 6 21/2 4 4 3

»/l6 .2 15/16 9 15/8 5 23/4 31/2

In the Whitworth or English system the angle of the thread is 55
degrees, and the point and root of the thread are rounded to a radius of
5.1373 X pitch. The depth of the thread is 0.6403 X pitch.

International Standard Thread (Metric System).
The form of thread is the same as the U. S. Standard. P = pitch,

in millimetres = 25.4 -r- no. of threads per in. No. of threads per in.=
25.4 -^ P.

Diam., mm. 6 7 8 9 10 11 12 14 16 18 20 22 24 27
Pitch, mm. 1.0 1.0 1.25 1.25 1.5 1.5 1.75 2. 2. 2.5 2.5 2.5 3. 3.

Diam., mm. 30 33 36 39 42 45 48 52 56 60 64 68 72 76 80
Pitch, mm. 3.5 3.5 4. 4. 4.5 4.5 5. 5. 5.5 5.5 6. 6. 6.5 6.5 7.

British Association Standard Thread.

The angle between the threads is 47 3^°. The depth of the thread is

0.6 X the pitch. The tops and bottoms of the threads are rounded with
a radius of 2/11 of the pitch.

Number 12 4 5 5 6
Diameter, mm 6.0 5.3 4.7 4.1 3.64 3.2 2.8
Pitch, mm 1.00 0.90 0.81 0.73 0.66 0.59 0.53

Number 7 8 9 10 12 14 19
Diameter, mm 2.5 2.2 1.9 1.7 1.3 1.0 0.79
Pitch, mm 0.48 0.43 0.39 0.35 0.28 0.23 0.19

Limit Gages for Iron for Screw-Threads.

In adopting the Sellers, or Franklin Institute, or United States Stand-
ard, as it is variously called, a difficulty arose from the fact that it is

the habit of iron manufacturers to make iron over-size, and as there are
no over-size screws in the Sellers system, if iron is too large it is necessary
to cut it away with the dies. So great is this difficulty, that the practice
of making taps and dies over-size has become very general. If the
Sellers system is adopted it is essential that iron should be obtained of
the correct size, or very nearly so. Of course no high degree of precision
is possible in rolling iron, and when exact sizes were demanded, the ques-
tion arose how much allowable variation there should be from the true
size. It was proposed to make limit-gages for inspecting iron with two
openings, one larger and the other smaller than the standard size, and
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then specify that the iron should enter the large end and not enter the
small one. The following table of dimensions for the limit-gages was
adopted by the Master Car-Builders' Association in 1883.

i 11 11 i o
1—

1

g i II II 8

o .

1^ i

o .

j; go 50

s

a;0

1° 1
1/4 0.2550 0.2450 o.oTq 5/8 0.6330 0.6170 0.016 13/8 1 .3860 1 .3640 0.022
6/lfi 0.3180 0.3070 0.011 3/4 0.7585 0.7415 0.017 U/o 1.5115 1 .4885 0.023
3/8 0.3810 0.3690 0.012 'i'/S 0.8840 0.8660 o.oie 15/8 1 .6370 1.6130 0.024
V/lfi 0.4440 0.4310 0.013 ! I .0095 0.9905 O.OIS 13/4,1.7625 1.7375 0.025
1/? 0.5070 0.4930 014 11/8 1.135C 1.1150 0.020

0.021
17/8 1.8880 1.8620 0.026

y/16 0.5700 0.5550 0.015 11/4 1 .2605 1 .2395
1

Caliper gages with the above dimensions, and standard reference
gages for testing them, are made by the Pratt & Whitney Co., Hartford.

Automobile Screws and Nuts.—The Society of Automobile Engi-
neers (1912) adopted standard specifications for hexagon head screws,
castle and plain nuts, known as the S.A.E. standard. Material to be
steel, elastic limit not less than 60,000 lb. per sq. in., tensile strength
not less than 100,000 lb. per sq. in. U. S. Standard thread is used, the
threaded portion of screws being 1 li, times the diameter. The castle
nut has a bo^s on the upper surface with six slots for a locking pin
through the bolt.

Standard Automobile Screws, Castle and Plain Nuts.

All dimensions in inches. P =pitch, or number of threads per inch.
d = diam. of cotter pin. P -f- 8 = flat top of thread. The body
diam. of screws is 0.001 in. less than nominal diam., with a plus
tolerance of zero and a minus tolerance of 0.002 in. The tap shall be
between 0.002 in. and 0.003 in. large.

D P B Ai H K I A c E d

1/4 28 Vlo 7/32 3/16 1/16 3/32 9/32 Vr2 5/64 1/16

5/lfi 24 1/2 17/64 15/64 1/16 V/64 21/64 3/,32 5/64 1/16

3/8 24 9/13 21/64 9/32 3/32 1/8 13/32 1/8 1/8 3/32
V/16 20 5/8 3/8 21/64 3/32 1/8 29/64 1/8 1/8 3/32

1/9 20 3/4 7/16 3/8 3/32 1/8 9/16 3/16 1/8 3/32

y/ifi 18 7/8 31/64 27/64 3/32 1/8 39/04 3/16 5/32 1/8

5/8 18 15/16 35/64 15/32 3/32 l/« 23/32 1/4 5/32 1/8

11/16 16 1 19/3^ 33/64 3/32 1/8 49/64 1/4 5/32 1/8

'^/4 16 11/16 21/32 9/16 3/32 1/8 13/16 1/4 5/32 1/8

7/8 14 11/4 40/64 21/32 3/32 1/8 29/32 1/4 5/32 1/8

1 14 17/16 7/8 3/4 3/32 1/8 1 1/4 5/32 1/S

11/8 12 15/8 63/64 27/32 5/32 7/.32 15/32 Vl6 V/.32 11/64

11/4 12 1 13/16 13/32 15/16 5/32 V/33 11/4 5/16 V/32 11/64

13/8 12 2 1 13/64 il/32 3/16 1/4 1 13/32 3/8 1/4 13/04

11/2 12 23/16 15/16 11/8 3/16 1/4 11/2 3/8 1/4 13/64
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The Acme Screw Thread.

The Acme Thread is an adaptation of the commonly used style of worm
thread and is intended to take the place of the square thread. It is a
little shallower than the worm thread, but the same depth as the square
thread and much stronger than the latter. The angle of the thread is 29°.
The various parts of the Acme Thread are obtained as follows:
Width of point of tool for screw or tap thread ==

(0.3707 ^ No. of Threads per in.) - 0.0052.
Width of screw or nut thread = 0.3707 -i- No. of Threads per in.
Diam, of Tap = Diam. of Screw + 0.020,

"sTrewlTK }
- Warn, of Screw-

^„. „t Thrlads perln.
-"O^^

Depth of Thread =
-j 1 -^ (2 X No. of Threads per in.) j- + 0.010.

The angle of the thread is29 deg.

MACHINE SCREWS.— A.S.M.E. Standard.

The American Society of Mechanical Engineers (1907) received a report
on standard machine screws from its committee on that subject. The
included angle of the thread is 60 degrees and a flat is made at the top
and bottom of the thread of one-eighth of the pitch for the basic diameter.
A uniform increment of 0.013 inch exists between all sizes from to 10
and 0.026 inch in the remaining sizes. The pitches are a function of the
diameter as expressed by the formula

Threads per inch = j)^'qq2
'

The minimum tap conforms to the basic standard in all respects except
diameter. The difference between the minimum tap and the maximum
screw provides an allowance for error in pitch and for wear of the tap in
service.

A. S. M. E. Standard Machine Screws.
(Corbin Screw Corporation.)

Size. Outside Diameters. Pitch Diameters. Root Diameters.

No.

Out.
Dia.
and
Thds.
per In.

Mini-
mum.

Maxi-
mum.

Dif-
fer-
ence.

Mini-
mum.

Maxi-
mum.

Dif-
fer-

ence.

Mini-
mum,

Maxi-
mum.

Dif.
fer-
ence.

1

2
3
4
5

6
7

8
9
10

12

14

16

18

20

,.22
24
26
28
30

0.060-80
.073-72
.086-64
.099-56
.112-48
.125-44
.138-40
.151-36
.164-36
.177-32
.190-30
.216-28
.242-24
.268-22
.294-20
.320-20
.346-18
.372-16
.398-16

.424-14

.450-14

0.0572
.070

.0828

.0955

.1082

.1210

.1338

.1466

.1596

.1723

.1852

.2111

.2368

.2626

.2884

.3144

.3402

.366

.392

,4178

.4438

0.060
.073

.086

.099

.112

.125

.138

.151

.164

.177

.190

.216

.242

.268

.294

.320

.346

.372

.398

.424

.450

0.0028
.003

.0032

.0035

.0038

.0040

.0042

.0044

.0044

.0047

.0048

.0049

.0052

.0054

.0056

.0056

.0058

.0060

.0060

.0062

,0062

0.0505
.0625

.0743

.0857

.0966

.1082

.1197

.1308

.1438

.1544

.166

.1904

.2123

.2358

.2587

,2847

,3070

.3284

.3544

.3745

.4005

0.0519
.064

.0759

.0874

.0985

.1102

.1218

.1330

.146

,1567

.1684

.1928

.2149

.2385

.2615

.2875

.3099

,3314

.3574

.3776

.4036

0.0014
.0015

.0016

.0017

.0019

.0020

.0021

.0022

.0022

.0023

.0024

.0024

.0026

.0027

.0028

.0028

.0029

.0030

.0030

.0031

.0031

0.0410
.052

.0624

.0721

.0807

.0910

.1007

.1097

,1227

.1307

,1407
,1633

,1808

,2014
,2208

.2468

.2649

.281

.307

.3204

.3464

0.0438
.055

.0657

.0758

,0849

,0955

,1055
,1'49

,1279

.1364

.1467

.1696

.1879

.209

.229

.255

.2738

.2908

.3168

.3312

,3572

0.0028
.0030

.0033

.0037

.0042

.0045

.0048

.0052

.0052

.0057

.0060

.0063

.C071

.0076

.0082

.0082

.0089

.0098

.0098

.0108

.0108
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A. S. M. E Special Screws.

(All Dimensions in Inches.)

New. Outside Diameters. Pitch Diameters. Root Diameters.

Old
No.

Outside
Diam. and Mini- Maxi- Dif-

fer-
Mini- Maxi- Dif-

fer-
Mini- Maxi- Dif-

fer-
Threads mum. mum. mum. mum. mum. mum.
per In.

1 0.073-64 0.0698 0.073 0.0032 0.0613 0.0629 0.0016 0.0494 0.0527 0.0033
1 .086-56 .0825 .086 .0035 .0727 .0744 .0017 .059i .0628 .0037
3 .099-48 .0952 .099 .0038 .0836 .0855 .0019 .0677 .0719 .0042

4 .112-40 .1078 .112 .0042 .0937 .0958 .0021 .0747 .0795 .0043
36 .1076 .112 .0044 .0918 .0940 .0022 .0707 .0759 .0052

5 .125-40 .1208 .125 .0042 .1067 .1088 .0021 .0877 .0925 .0048
36 .1206 .125 .0044 .1048 .1070 .0022 .0837 .0889 .0052

6 .138-36 .1336 .138 .0044 .1178 .1200 .0022 .0967 .1019 .0052
32 .1333 .138 .0047 .1154 .1177 .0023 .0917 .0974 .0057

7 .151-32 .1463 .151 .0047 .1284 .1307 .0023 .1047 .1104 .0057
30 .1462 .151 .0048 .1270 .1294 .0024 .1017 .1077 .0060

8 .164-32 .1593 .164 .0047 .1414 .1437 .0023 .1177 .1234 .0057
30 .1592 .164 .0048 .1400 .1424 .0024 .1147 .1207 .0060

9 .177-30 .1722 .177 .0048 .1529 .1553 .0024 .1277 .1337 .0060
24 .1718 .177 .0052 .1473 .1499 .0026 .1158 .1229 .0071

10 .190-32 .1853 .190 .0047 .1674 .1697 .0023 .1437 .1494 .0057
24 .f848 .190 .0052 .1603 .1629 .0026 .1288 .1359 .0071

\7. .216-24 .2108 .216 .0052 .1863 .1889 .0026 .1548 .1619 .0071
14 .242-20 .2364 .242 .0056 .2067 .2095 .0028 .1688 .1770 .0082
16 .268-20 .2624 .268 .0056 .2327 .2355 .0028 .1948 .2030 .0082
18 .294-18 .2882 .294 .0058 .2550 .2579 .0029 .2129 .2218 .0089
20 .320-18 .3142 .320 .0053 .2310 .2839 .0029 .2389 .2478 .0089
22 .346-16 .3400 .346 .0060 .3024 .3054 .0030 .2550 .2648 .0098
74 .372-18 .3662 .372 .0058 .3330 .3359 .0029 .2909 .2998 .0089
76 .398-14 .3918 .398 .0062 .3485 .3516 .0031 .2944 .3052 .0108
28 .424-16 .4180 .424 .0060 .3804 .3834 .0030 .3330 .3428 .0098
30 .450-16 .4440 .450 .0060 .4064 .4094 .0030 .3590 .3688 .0098

A. S. M E. Standard Taps.
(Corbin Screw Corporation.)

Size. Outside Diameters. Pitch Diameters. Root Diameters. A
Out. Dia.

and
Thds.
per In.

Mini- Maxi- Dif- Mini- Maxi- Dif- Mini- Maxi- Dif- Qg
No. mum, mum, fer- mum, mum, fer- mum, mum, fer- %•%

In. In. ence. In. In. ence. In. In. ence. ^M

n 0.060-80 0.0609 0632 0023 0528 0538 0010 0.0447 0.0466 0.0019 0.0465
.073-72 .0740 .0765 .0025 .0650 0660 .0010 0560 0580 0020 .0595

2 .086-64 .0871 .0898 0027 .0770 0781 0011 .0668 .0o89 0021 .0700
3 .099-56 .1002 .1033 .0031 .0886 .0897 .0011 0770 0793 .0023 .0785
4 .112-48 .1133 .1168 ,0035 .0998 .1010 ,0012 0862 .0887 0025 .0890
5 .125-44 .1263 .1301 .0038 .1116 .1129 .0013 .0968 .0995 .0027 .0995
6 .138-40 .1394 .1435 .0041 .1232 .1246 0014 1069 ,1097 0028 .1100
7 .151-36 .1525 .1569 .0044 .1345 .1359 .0014 .1164 .1193 .0029 .1200
8 .164-36 .1655 .1699 .0044 1475 1489 0014 1294 .1323 .0029 .1360
9 .177-32 .1786 .1835 .0049 .1583 .1598 .0015 .1380 .1411 .0031 .1405
10 . 190-30 .1916 .1968 .0052 .1700 .1716 0016 1483 .1515 .0032 .1520
12 .216-28 .2176 ';.23-;. 0056 .1944 .1961 .0017 .1712 .1745 0033 .1730
14 .242-24 .2438 .2500 .0062 7,167 2184 0017 1896 .1931 .0035 .1935
16 .268-22 .2698 ,2765 0067 7403 .2421 .0018 .2108 .2144 0036 .2130
18 .294-20 .2959 .3031 .0072 .2634 .2652 .0018 .2309 .2346 .0037 .2340
20 .320-20 .3219 .3291 0072 2894 2912 0018 7569 2606 0037 .2610
22 .346-18 .3479 3559 0080 .3118 .3138 .0020 .2757 .2796 .0039 .2810
24 .372-16 .374 .3828 .0088 .3334 3354 0020 7,928 2968 0040 .2968
26 .398-16 .400 .4088 0088 3594 3614 0020 .3188 3228 0040 .3230
28 .424-14 .4261 4359 .0098 .3797 .3818 .0021 .3333 .3374 .00*1 .3390
3U .450-14 .4521 .4619 .0098 .4057 .4078 .0021 .3593 .3634 .0041 .3680
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A. S. M. E. Special Taps.

(Corbin Screw Corporation.)

Size. Outside Diameters. Pitch Diameters. Root Diameters. s|
Out. Dia.

and Min., Max.,
Dif-
fer-

ence.

Min., Max.,
Dif-
fer-

ence.

Min., Max., Dif.
fer-

ence.

^i
No. Thds.

per In.

In. In. In. in. In. In.
H^'S

1 0.073-64 0741 0.0768 0.0027 0.0640 0.0651 0.0011 0.0538 0.0559 0071 0.0550
2 .086-56 .0872 .0903 .0031 .0756 .0767 .0011 .064(1 0663 0023 .0670
3 .099-48 . 1003 .1038 .0035 .0868 .088C .0012 .0732 .0757 .0025 .0760
4 .112-40 .1134 .1175 .0041 .0972 .0986 .0014 .0809 ,0837 ,0028 .0820

36 .1135 .1179 .0044 .0955 .0969 .0014 .0774 0803 .0029 .0810
5 .125-40 .1264 .1305 .0041 .1102 .1116 .0014 .0939 0967 .0028 .0980

36 ,12o5 , 13(19 (1044 . 1085 . I()9<, 0014 0904 0933 .0029 .0935
6 .138-36 .139!) .14:)y .Ou44 .1215 .122C .0014 .1034 10h3 0079 .1065

32 139(1 .14^5 .0Uf9 .1193 .121(8 0015 0990 .1021 .0031 .1015
7 .151-32 .1526 .1575 .0049 .1323 .1338 .0015 .1120 .1151 .0031 .1160

30 .1526 .1578 .0052 .131(; .1326 .0016 . 1093 .1125 .0032 .1130
8 .164-32 .1656 .1705 .0049 , 1453 .146^ .0015 .]2M .1281 .0031 .1285

30 .1656 . 1708 .0052 .144C .1456 .0016 .1223 .1255 .(H)32 .1285
9 .177-30 .1786 .1838 .0052 .1569 .1585 .0016 .1353 .1385 .0032 .1405

24 ,1788 .1850 .0062 .1517 1534 .0017 .1247 .1282 .0035 .1285
10 . 190-32 1916 1965 .0049 1713 177f .0015 .1510 .1541 .0031 .1540

24 .1918 1980 ,0067 1647 .1664 0017 1377 1412 0035 .1405
12 .216-24 7178 7740 .0002 .1907 .1924 0017 .1637 .1672 .0035 .1660
14 .242-20 .2439 7511 ,0077 7114 .2132 .0018 1789 1826 0037 .1820
16 .268-20 .2699 7771 .0072 7374 7397 .0018 .2049 .2086 .0037 .2090
18 .294-18 7,959 3039 0080 7598 .2618 0070 7737 2276 0039 .2280
20 .320-18 37l9 .3299 .0080 .2858 7878 0070 .2497 .2536 ,0039 .2570
22 .346-16 3480 3568 ,0088 .3074 3094 0070 2668 ,2708 .0040 .2720
24 .372-18 .3739 .3819 .0080 .3378 .3398 .0020 .3017 .3056 .0039 .3125
26 .398-14 4u01 .4099 .01)98 .3537 ,3558 0021 3073 .3114 .0041 .3125
28 .424-16 .42o0 .4348 0088 3854 .3874 .0020 .3448 3488 0040 .3480

30 .450-16 .4520 .4(d0o .00»8 .4114 .4134 .0020 .3708 .3748 .0040 .3770

Wood Screws.

Two systems of wood screw threads are in common use, that of the
American Screw Co. and that of the Asa I. Cook Co. They are alilte

as to diameters but differ in the number of threads per inch.

Diam.,
In.

Threads
per In.

No. Diam.,
In.

Threads
per In.

No.
Diam.,

In.

Threads
per In.

No.
if6

ip <m^

1

2
3

4
5

6
7

8
9

0.058
.071

.084

.097

.110

.124

.137

.150

.163

.176

.189

32
28
26
24
22
20
18

16

15

14

13

30
28
26
24
22
20
18

17

15

14

13

11

12

13

14

15

16

17

18

19

20
21

0.203
.216
.229
.242
.255
.268
.282
.295
.308
.321

.334

12

11

11

10

10

9
9
8

8
8
8

12.5
12

11

10

9.5
9
8.5
8

7.

5'

22
23
24
25
26
27
28
29
30

0.347
.361

.374

.387

.400

.413

.426

.439

.453

7

7

7

7

6
6
6
6
6

7.5

• y •

'6.5"

6;5'

10
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Dimensions of Machine Screw Heads, A. S. M. E. Standard

miT

, FLAT HEAD,
(1)

ROUND HEAD.* OVAL FILLISTER FLAT FILLIS-
(2) HEAD. TER HEAD.

(3) (4)

* Form of head is semi-elliptical in axial cross section.

A = Diam. of Body. D
B = Diam. of) (1)

Head and rad. >-2A -0.008
of oval (3). )

C = Height of ) A -0.008
Head or Side v 1.739
of Head (3).i

E = Depth of Slot. M C
F = Height of

»

Head (3). I

Width of Slot = 0.173 A + 0.015.
(4)

1.64A -0.009
(2)

1.85A -0.005

0.7A

KC +0.01

(3)
1.64A -0.009

0.66A -0.002

J^F

0.134B +C

0.66A -0.002

A B B B c c c D E E E E F
(1) (2) (3,4) (1) (2) (3,4) (1) (2) (3) (4) (3)

060 0.112 0.106 0.0894 0.030 0.042 0.0376 075 010 031 075 019 0.0496
073 138 130 1107 037 051 0461 078 017 035 030 023 .0o09

086 .164 .154 .1320 045 .060 .0548 030 015 040 036 027 .0725

099 ,190 .178 1530 ,052 069 0633 032 ,017 044 042 032 .0838

.112 .216 .202 .1747 .060 .078 .0719 .034 .020 .049 .048 .036 .0953

125 .242 .226 .1960 ,067 ,087 ,0805 ,037 022 053 053 ,040 .1068
138 .268 ,250 2170 ,075 .097 .0890 ,039 025 058 059 ,044 .1180

,151 .294 .274 .2386 .082 .106 .0976 .041 ,027 063 065 .049 .1296
.164 .320 .298 .2599 .090 .115 .1062 .043 ,030 067 071 ,053 .1410

.177 .346 . 322 . 2813 .097 .124 .1148 .046 .032 .072 .076 .057 .1524

,190 .372 ,346 3076 ,105 .133 1234 048 035 076 082 062 .1639

.216 ,424 394 .3452 120 151 1405 052 040 085 093 070 .1868

,242 .476 .443 3879 .135 .169 1577 057 045 m ,105 ,079 .2097

.268 .528 491 .4305 150 188 1748 061 050 104 .116 ,087 .2325

.294 .580 .539 .4731 .164 .206 .1920 .066 .055 .113 .128 .096 .2554

.320 .632 587 .5158 .179 .224 .2092 070 060 .122 .140 .104 .2783
346 684 635 5584 194 24?, 7763 075 065 131 150 ,113 .3011

,372 736 683 .6010 .209 .260 7435 079 070 140 162 .122 .3240
.398 .788 731 6437 ?.?A 279 .2606 084 075 .149 .173 .130 .3469

.424 .840 ,779 6863 239 297 2778 088 .080 .158 .185 .139 .3698

.450 .892 .827 .7290 .254 .315 .2950 .093 .085 .167 .196 .147 .3927

Standard Studs.—The Upson Nut Co., Cleveland, gives (1914) the
following formulae for the dimensions of standard stud bolts with
either V or U. S. Standard threads: A = diam. of stud; B =
length of short thread; C = length of imthreaded portion; D = length
of long thread; E = total length of stud, all in inches. B = A + ^$1
C = A; D = E- {B+ C).
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Dimensions of Standard Set and Cap-Screws.

Compiled from tables of leading manufacturers. All dimensions
in inches. D = short diam. of head, square and hex. heads, or diam.
of round head; L = maximum l^mgth, I = minimum length under head;
L', V, maximum and minimum length over all; H = length of head.

Diam. of Screws . .

.

Threads per In 40

Vl6

24

V4
20

Vl6

18

3/8

16

V16

14
or 13

V16

12

Vs
11

V4
10

Vs
9

1

8

li/s

7

11/4

7

C XT J D
V2 V2 V2 3/4

Vs
41/2
V4

V4
4.,

11/4

1

5

11/2

IVs

13/4 2
S tt

^ ^

D

3/4 V4

V2

V4 3/4

Vs
1/2

4

3/4

V16

1

V4

1

Vs

4%
11/4

IVs
Vs

11/2

11/4

1

5

13/4

I?:

2

11/2

I.A

2

Sq. Head 1 H
Cap-Screws,

j
L

TI D

V4

V2

V4 3/4

Vs
V16
4

3/4

3/4

V2
4

3/4

13/16

V16
4
1

Vs
Vs
41/2

1

1

V4
43/4

IV4

IVs
V^s

11/2

11/4

5

13/4

IVs
IVs

2

11/2Hexagon
jj

Cap-Screws, f 2

Round and D
Filister H
Head 1 L
Cap-Screws. [ I

1=

V4

V4

V4 1
Vl6
Vl6
33/4
3/4

V16
3A

3/4

V16

"3/4

V2
6

3/4

13/16

V16
6

1

6

11/4

1

V4
6

IV2

li/s

13/4

11/4

1

6

2

Flat Head j P,
Cap-Screws. "•

^

V4
1V4
V4 V4

1V32 Vs
23/4
3/4

3/4

3

3/4

13/16

3

1

Vs

IV4

1

3

11/2

IVs

13/4

IV,

2

Button-Head if V32
1V4
V4

Vl6

V4 V4

V16
2V2
3/4 3/4 3/4

13/16 IV16

I 11/4

1

3
11/2 13/4

Cap-Screws. ,

Socket Set-Screws,

Length. 11/32 V16 V2 Vie ^/° 1V16 Vs 1 IV4

Threads are U. S. Standard. On all cap-screws of 1 in. and less in
diam. and 4 in. long and under, threads are cut % of the length of body;
longer than 4 in. threads are cut 3^ of the length of body. Lengths
advance by M iii- from minimum to maximum.

Oval Head Rivets—^Approximate Number in One Pound
(Garland Nut & Rivet Co., Pittsburgh.)

Diam. V16 3/8 V16 1/4 3/16 V8 Diam. 7/16 3/8 V16 1/4 3/16 Vs

Length Leng:th

V4 123 262 630 IVs IOV2 16 23 40 71 166

3/8 56 102 210 500 13/8 10 21 36 68 160

^/9. 34 49 90 177 415 IVs 9V2 14 V2 20 35 62 145

V8 30 4") 78 150 350 2 9 18 32 60 140
3/4 27 39 70 132 300 2V4 8V2 16 29 55
v/s 24 35 62 no 280 2V2 8 15 27 48

22 33 56 100 250 2 3/4 7V2 14 25 44
n/8 21 31 50 96 3 7 10 13 23 42
U/4 20 27 46 88 205 3V2 6 9 12 20
13/8 18 26 44 80 4 8 18

IV2 17 24 42 77 178

Small rivets are made to fit holes of their rated size; the actual diameter
may vary slightly from the decimals given below:
Size 3/32 7/64 1/8 9/54

Approx. diam 094 .109 125 .140
Size 7/32 V4 9/32

Approx. diam 215 . 245 , 275

5/3?, 1V64 3/lfl

155 .170 ,1S5
Vi« 3/8 7/l«
'405 ,365 .425
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Weight of 100 Cone Head Rivets.

(Hoopes & Townsend, Philadelphia, 1914.)

L'gth
Under

Scant Diameter, In.

Head
In. 1/2 Vl6 5/8 11/16 V4 lVl6 7/8 I 11/8* 11/4*

3/4 8.6 11.9 15.5
7/8 9.3 12.7 16.5

1 9.9 13.6 17.6 22.4 28.1 34.5
11/8 10.6 14.4 18.6 23.6 29.6 36.3
11/4 11.2 15.2 19.6 24.9 31.1 38.1 46 65
13/8 11 .9 16.1 20.7 26.1 32.6 39.8 48 68 93
11/2 12.5 16.9 21 .7 27.4 34.1 41.6 50 70 96 i27
15/8 13.2 17.7 22.7 28.6 35.6 43.4 52 73 100 132
13/4 13.8 18.6 23.8 29.9 37.1 45.1 54 76 103 136
17/8 14.5 19.4 24.8 31.1 38.6 46.9 56 78 107 140

2 15.1 20.2 25.8 32.4 40.1 48.7 58 81 110 145
21/8 15.8 21.0 26.9 33.7 41 .6 50.5 60 84 114 149
21/4 16.4 21.9 27.9 34.9^ 43.1 52.2 62 87 117 153
2 3/8 17.1 22.7 28.9 36.2 44.6 54.0 64 89 121 158
21/2 17.8 23.5 30.0 37.4 46.1 55.8 66 92 124 162
2 5/8 18.4 24.4 31 .0 38.7 47.6 57.5 68 95 128 166
2 3/4 19.1 25.2 32.0 39.9 49.1 59.3 70 97 132 171
2 7/8 19.7 26.0 33.1 41.2 50.6 61.1 72 100 135 175

3 20.4 26.9 34.1 42.5 52.1 62.8 74 103 139 179
31/4 21.7 28.5 36.2 45.0 55.1 66.4 78 108 146 188
31/2 22.9 30.2 38.2 47.5 58.1 69.9 83 114 153 197
33/4 24.3 31.9 40.3 50.0 61.1 73.4 87 119 160 205

4 25.6 33.5 42.4 52.5 64.1 77.0 91 124 167 214
41/4 26.9 35.2 44.4 55.0 67.1 80.5 95 130 174 223
41/2 28.2 36.9 46.5 57.5 70.1 84.0 99 135 181 232
4 3/4 29.5 38.5 48.6 60.0 73.1 87.6 103 141 188 240

5 30.8 40.2 50.6 62.6 76.1 91.1 107 146 195 249
51/4 32.1 41 .9 52.7 65.1 79.1 94.6 111 151 202 258
51/2 33.4 43.5 54.8 67.6 82.1 98.2 115 157 209 266
5 3/4 34.7 45.2 56.8 70.1 85.1 101.7 120 162 216 275

6 36.0 46.8 58.9 72.6 88.1 105.2 124 167 223 284
61/2 38.7 50.2 63.0 77.6 94.1 112.3 132 178 237 301

7 41.3 53.5 67.2 82.7 100.2 119.4 140 189 251 319

Wgt.
of 4.7 6.9 9.3 12.3 16.1 20.4 26 38 54 75

Hds.

* All Rivets larger than one inch are made to exact diameter.

Tinners' Rivets. Flat Heads. (Garland Nut & Rivet Co.)

id ¥ S-
id h is

0.070 1/8 4 oz. 0.115 13/64 1 lb. 0.160 5/l6 3 IKs. 0.225 7/lfi 8
.080 9/64 6 .120 7/32 1 1/4 .163 i21/64 3 1/? .230 29/64 9
.090 5/32 8 .125 15/64 1 1/2 .173 11/8? 4 .233 15/3? lU
.094 11/64 10 .133 1/4 13/4 .185 3/8 5 .253 1/2 12

.101 3/16 12 .140 17/64 2 .200 ii5/64 6 .275 33/64 14

.109 3/16 14 .147 9/32 21/2 .215 13/32 7 .293 17/32 16
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Shearing Value, Area of Rivets, and Bearing Value of Riveted Plates.

Shearing Value = Area of Rivet X Allowable Shearing Stress Per Sq. In.
Bearing Value = Diameter of Rivet X Thickness of Plate X Allowable
Bearing Stress Per Square Inch.

Di-
am.
of

Area,
Sq.
In.

Single
Shear
6,000
Lbs.
Sq.In.

Double
Shear
6,000
Lbs.
Sq.In.

Bearing Value for Different Thicknesses of Plate
in Inches at 1 2,000 Lb. per Square Inch.

Riv-
et.

In. In. iC:'
Vs
In.

Vie
In. 1l

3000

3750

Vs
In.

3/4
In.

Vs
In.

9188

10500

'

1

In.

1/2 0.1964

0.3068

0.4418

0.6013

0.7854

1178

1841

2651

3608

4712

2356

3682

5301

7216

9425

1500

1875

2250

2625

3000

1875

2344

2813

2250

2813

3375

3938

12625

4688

5625 6750

7875

5/8 3281

3938

4594

5250

3/4 4500

5250

6000

7/8 3281 6563

1 3750|4500 7500 9OO01 12000

Di-
am.
of

Area,
Sq.
In.

Single
Shear
7,500
Lbs.

Double
Shear
7,500
Lbs.

Bearing Value for Different Thicknesses of Plate
in Inches at 1 5,000 Lbs. per Square Inch.

Riv-
et,

In. In.
Vl6
In. 't 't

1/2
In.

Vs
In. 't

7/8
In.

1

In.

1/2 0.1964

0.3068

0.4418

0.6013

0.7854

1473

2301

3313

4510

5891

2945

4602

6627

9020

11781

1875

2344

2344

2930

3516

2813

3516

4219

4922

3281 3750

4688 5859

7031 8438

9844 11484

13125

5/8 4102

4922

5742

6563

3/4 2813 5625

6563

7500

7/8 3281 4102 8203

9375I 3750 4688 5625 11250 15000

Di-
am.
of

Area,
Sq.
In.

Single
Shear
10,000
Lbs.
Sq.
In.

Double
Shear
10,000
Lbs.
Sq.
In.

Bearing Value for Different Thicknesses of Plate
in Inches at 20,000 Lbs. per Square Inch.

Riv-
et,

In. iit
Vl6
In.

3/g

In.
Vie
In.

1/2

In.
Vs
In. In.

7/8
In.

1

In.

1/2 0.1964

0.3068

0.4418

0.6013

0.7854

1964

3068

4418

6013

7854

3927

6136

8836

12026

15708

2500

3125

3125

3906

4688

3750

4688

5625

6563

4375 5000

6250 7813

9375 11250

13125 15313

17500

5/8 5469

6563

7656

8750

3/4 3750

4375

5000

7500

8750

10000

7/8 5469 10938

125001 6250 7500 15000 20000

Dia.
of

Riv-
et.

371?

1/4

5/16

11/32

3/8

7/16

Square
Inches.

0.0274

0.0491
0.0764

0.0924
0.1104

0.1499

6,000 Lbs.
per Sq. In.

Single
Shear

Double
Shear.

164 328

295
458

589
917

554
662

1109
1325

899 1799

Bearing Value for Different Thicknesses of Plate
in Inches at 1 2,000 Lb. per Square Inch.

1l
Vl6
In. In. 't

11/32

In.
Vs
In.

7/16
In.

281

375
468

422

563
703

773
844

984

750
938 \\Yi

1289
1406

....

1418
1547

1804

i687

1969

515
563

1031
1125

1313656 1640 2297

All bearing values above or to right of zigzag lines are greater than
double shear. Values between upper and lower zigzag lines are less

than double and greater than single shear. Values below and to left

of lower zigzag lines are less than single shear.
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LENGTH OF EIVETS REQUIEED FOE VARIOUS GEIPS
(American Bridge Co. Standard—Dimensions in Inches.)

<Grip,-aj>[ r j.<^P-^' i<,-Grip, 6^^ i<-Grip, b-^

«:] 0=bd a=4q
j<—Length—*rij^<-Leiigtli-5^

Grip Diameter, In. Grip Diameter, In.

a 1/2 5/8 3/4 7/8 1
h

1/2 5/8 3/4 7/8 I

1/2 1 ^h. 1 3/4 1 7/8 2 2 1/s 1/2 1 1/8 1 1/4 11/4 1 3/8 13/8
5/8 1 5/8 !7/s 2 2 1/8 2 1/4 5/8 11/4 13/8 13/8 11/? 11/?,

3/4 1 3/4 2 2 1/8 2 1/4 2 3/8 3/4 1 3/8 11/? 11/? 1 5/8 1 5/8

7/8 lV/8 2 1/8 2 1/4 2 3/8 2 1/? 7/8 11/? 15/8 15/8 13/4 13/4
I 2 2 1/4 2 3/8 2 1/? 2 6/8 1 1 5/8 13/4 13/4 1 V/8 r//8
1/4 2 1/4 2 1/-^ 2 6/8 2 3/4 2V/8

i/4 17/8 2 2 2 1/8 21/8
1/2 2 6/8 2V/S 3 3 1/8 3 1/4 •^/2 2 1/8 21/4 2 3/8 2 3/8 21/^
3/4 3 3 1/4 3 3/8 3 1/? 3 6/8 3/4 21/2 2 5/8 2 3/4 2 3/4 2 7/8

2 3 1/4 3 1/^ 3 6/8 3 3/4 3V/R 2 2 3/4 2 7/8 3 3 31/a
1/4 3 1/1^ 3 3/4 3V/8 4 4 1/8 1/4 3 3 1/s 31/4 31/4 33/8
1/2 3 3/4 4 4 1/8 4 1/4 4 3/8 1/2 31/4 3a/R 31/? 3 1/? 35/8
3/4 4 4 1/4 4 3/8 4 1/2 4 6/8 3/4 3 1/^ 3 6/8 33/4 33/4 37/8

3 4 3/8 4 5/8 4 3/4 4V/8 3 3 3V/8 4 4 41/8 41/4
1/4 4 5/8 4//8 5 3 1/8 3 1/4 1/4 41/8 41/4 41/4 4 3/8 41/2
1/2 4V/8 b 1/8 3 1/4 3 3/8 3 1/? 1/2 4 3/8 41/? 4 1/? 4 6/8 43/4
3/4 3 1/8 3 3/8 3 1/?, 3 6/8 3 3/4 3/4 4 5/8 43/4 43/4 4 7/8 3

4 3 3/8 3 6/8 5 3/4 3V/8 6 4 4V/8 3 3 31/8 31/4
1/4 5 3/4 6 6 1/8 61/4 6 3/8 1/4 31/4 3 3/8 53/8 51/9 5 5/,

1/2 61/8 6 3/8 61/. 6 5/8 6 3/4 1/9 3 5/s 33/4 5 3/4 53/4 5 7/8

3/4 6 3/8 6 5/8 6 3/4 6 7/8 7 3/4 3 7/8 6 6 6 61/8
5 6 5/8 6 7/8 7 ^1/8 yi/4 5 6 1/8 6 1/4 6 1/4 6 1/4 6 3/8

Weight of 100 Lag Screws.
(Hoopes & Townsend, Philadelphia, 1914.)

Diameter, Inches.

5/16 Vs V16 1/2 V16 5/8 3/4 7/8 I IVs 11/4

in.

IV2
lb.

4.2
4.7
5.2
5.7
6.2
7.2
8.2
9.2
10.2

n.3
12.4
13.5

lb.

6.5
7.1

7.7
8.4
9.2
10.6

12.0
13.5
15.0
16.5
18.0
19.5

lb.

9.2
10.0
10.9
11.8
12.7
14.6
16.6
18.8
20.7
22.8
24.9
27.0
31.1
35.2

lb.

13.0
13.8
14.9
16.1

17.4
19.0
21.5
24.0
26.5
29.0
31.5
34.0
39.0
44.0
49.0
54.0

lb. lb. lb. lb. lb. lb. lb.

IV4->'
23.0
24.5
26.0
29.2
32.5
35.9
39.3
42.7
46.1

49.5
56.3
63.1
69.9
76.7
83.5
90.5

24.8
27.3
29.0
32.9
36.9
41.0
44.9
48.8
52.7
56.6
64.5
72.5
80.5
88.5
96.5
104.5
112.5
121.0
129.5
138.0

^^ 21/4
a 71/i 43.0

48.3
53.8
59.6
65.5
71.5
77.5
83.5
95.5
107.6
119.8
131.0
143.1
155.4
167.6
179.8
192.0
204.0

(2 3 75.0
78.5
82.0
86.0
90.0
98.0
106.0
122.5
139.0
155.5
172.0
188.5
205.0
221.5
238.0
255.0
272.0

2^/^ 90
99
108

118
128

138

158

178
198
219
240
261

282
304
326
348

rt
41/2

M 51/2

1^

150

163
176

203
230
257
284
311

338
365
393
421

449

'246'

270

11?

300
332
365
395

ni? 425
13 459
14 493
15 527
16 562

Thds.
per in.

10 7 7 6 5 5 41/2 41/2 3 3 3
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Approximate Weight of Machine Bolts per 100, Square Heads and
Square Nuts. (Hoopes & Townsend, Philadelphia, 1914.)

Length Under
Head to

Pomt, In.

Diameter.

1/4 3/8 7/16 1/i^ 9/16 V8 3/4 7/8 1 11/4 ll/!> 13/4 2
In. in. In. In. In. In. In. In. In. In. In. In. In.

11/4
U/.

3.1

3.4

4.1

4.8

5.5

6.2

69

8.4

9.2

10.8

12.3

13.8

15.3

16 9

12.5

13.6

15.7

17.8

19.9

21.8

7,4

17.7

19.1

21.8

24.6

27.4

29.8

37,6

24.3

26.0
29.5

33.0

36.5

40.0

43.5

30.7

32.8

37.1

41.4
45.7

50.0

54.4

50.4
53.5

59.7

65.9

72.1

78.3
84.5

89.4

97.3

105.7

114.2

122.6

125.7

136.8

147.8

158.9

169.9

21/2 246.3

263.5

280.8
798 1

^' 470
495
570

31/2
4

'

770
41/2 75 18 4 76 1 35 4 46.7 58.3 90.3 130.5 179.4 314,1 545 753

5 «? 19 9 78 7 38 1 50.2 62.6 96.5 138.9 190.4 331.4 570 786 1180

51/2 8Q 71,5 30 3 40,9 53.7 66.9 102.7 147.^ 201.5 348.6 595 870 1775

6 96 73.0 37 4 43,7 57.2 71.3 108.9 155.f 212.5 365 .S 670 854 1770

61/2 10 3 74.6 34 5 46,4 60.7 75.6 115.1 164.3 223.6 383.1 645 888 1315

7 11 n 76,1 36.6 49.7 64.2 79.9 121.3 172.7 234.6 400.4 67f 97,7 1360

71/2 11,7 77.7 38,8 51.9 67.6 84.2 127.6 181.2 245.6 417.7 695 956 1405

8 MA 29.2 40.9 54.7 71.1 88.5 133.8 189.6 256.7 434.9 725 99C 1450

9 n.7 32.4 44.9 60.(1 77.8 96.8 145.7 205.9 278.1 468.2 775 1058 1540

10 15.1 35.5 49.1 65.5 84.8 105.4 158.2 222.8 300.1 502.7 825 1126 1630

11 16.5 38.6 53.4 71.0 91.8 114.1 170.6 239.8 322.2 537.3 875 1194 1720

12 17.9 41.7 57.6 76.5 98.8 122.7 183 .(J 256.7 344 .i 571.? 925 1262 1810

13 19.3 44.8 61.8 82.0 105.5 131.0 195.4 273.6 366.3 6()6.i 975 133(] 1900

14 20.6 47.9 66.0 87.6 112.5 139.6 207 .9 290.5 388.4 640.? 1025 139?1 1990

15 7.7, .(1 51.0 70,3 93.1 119.5 148.7 770.3 307.^ 410.5 675.-1 1075 1468 2080
16 23.4 54.1 74.5 98.6 126.4 156.9 737.7 374.3 432.6 709.? 1125 1536 7170
17 24.P 57.2 78.7 104.1 133.4 165.5 745.1 341.7 454.7 744.^ 1175 1604 2260
18 26.2 60.3 82.9,109.7 140.4 174.1 757.6 358.1 476.? 778.9 1225 1672 2350
20 28.9 66.5 91.4 120.7 154.4 191.4 787.4 392 .( 521.( 847.9 1325 1808 2530
22 31.7 72.7 99.9 131.7 16H.4 208.6 307.3 425.

J

565.1 916.9 1425 1944 2710
24 34.4 78.9 108.3 142.8 182.4 225.9 332.1 459.6 609.-^ 986.( 1525 208(1 2890
26 37.2 85.2 116.8 153.8 196.3 243.1 357 .(; 493.^ 653.5 1055.( 1625 2216 3070
28 40.0 91.4 125.2,164.9 210.3 760.4 381.?' 527.3 697.7 1124.C 1775 7357 3750
30 42.7I97.6 133.71175.9 224.3 277.7 406.7 561.1 741.9 1193.0 1825 2488 3450

Weight per 100 Nuts.

Square 0.7 2.5 3.9 5.7 8.1 9.9 16.8 26.9 40.1 77.8 162 257 381

Hexagon 0.6 2.1 3.2 4.8 6.7 8.3 14.0 22.3 33.4 64.0 134 207 307

Diff. 0.1 0.4 0.7 0.9 1.4 1.6 2.8 4.6 6.7 13.8 28 50 74

Weight of 100 Heads.

Square 0.8 2.4 4.0 5.9 8.8 11.4 7,0,0 31.4 44.9 90.9 144 231 345
Hexagon 0.7 2.2 3.5 5.3 7.9 10.3 17.0 28.2 39.4 83.9 132 215 302

Diff. 0.1 0.2 0.5 0.6 0.9 I.l 3.0 3.2 5.5 7.0 12 16 43

For Weight of Bolts with Hex. Heads and Hex. Nuts.

Subtract 0.2
1 0.6| 1.2| 1.5! 2.31 2.7| 5.81 7.8| 12.2| 20.8| 40| 66|I17

Sizes of Cast Washers. (Upson Nut Co., Cleveland, 1914.)

Diam. Hole . Thick. Bolt.
Weight
Lbs.

• Diam. Hole. Thick. Bolt.
Weight.
Lbl

Tn. Tn. In. In. In. In. In. In.
21/4 5/8 11/16 V'>. 1/2 4 11/8 15/16 1 15/8

23/4 3/4 3/4 V8 5/8 41/2 11/4 1 11/8 21/4
3 V/8 13/16 3/4 3/4 5 13/8 11/8 11/4 3

31/2 1 7/8 7/8 11/4 6 13/4 11/4 11/3 5
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Weight and Dimensions of Hanger Bolts.

(Hoopes & Townsend, Philadelphia, 1914.)

One end cut wifch deep wood screw thread, the other fitted with a
standard cold punched, chamfered and trimmed square nut.

Diameter, In. V2 5/8 V4 1 Vs 1
1 1 11/8

1

I 1/4 13/8 |ll/2

Length Over All, In. Approximate Weight per 100.

4 24
34
44
54

6 53
67
81

95

80
97
114
134
154

J 06
^38
166
196
226
256

8 174

217
259
295
329

257
299
332
374
417

301

351
401

451

501

10

12

14

456
511
566
621

532
597
677

16 747

Threads per inch:
Nut end
Screw end

13

6
11

5

10

4 1/2

9
41/2

8
3

7

3
7

3

6
21/2

6
2 1/2

Turnbuckles.

(Cleveland City Forge and Iron Co.)

Standard sizes made with right and left threads. D = outside diametei

of screw. A = length in clear between heads = 6 ins. for all sizes,

B = length of tapped heads = 1 1/2 D nearly. C = 6 ins. + 3 D nearly.

Wrought Washers, Manufacturers' Standard.

(Upson Nut Co., Cleveland, 1914.)

^6 ^ IS -0 %i

^ oJ
l&

+J M S .ti

h1

•Sr 1%

Q r ^
— r S r ^ .

6- r
In. In. No, in. In. In. No In.

9/16 1/4 18 3/16 39400 2.53 21/2 1 1/16 8 1 568 176

3/4 5/16 16 1/4 15600 6.4 2 3/4 11/4 8 u/s 473 211

7/8 3/8 16 5/16 11250 8.8 3 13/8 8 il/4 364 261

1 7/16 14 3/8 6800 14.7 31/4 11/2 13/8 275 364

11/4 1/2 14 7/16 4300 21. 31/2 15/8 iV? 256 390

13/8 9/16 12 1/? 2600 38 4 33/4 13/4 15/8 220 454

11/2 5/8 12 9/16 2250 44.4 4 17/8 13/4 197 508

13/4 11/16 10 5/8 1300 77. 41/4 2 IV/8 174 575

.2 13/16 9 3/4 900 111. 41/2 21/8 2 160 625

21/4 15/16 8 7/8 782 153. 43/4
5

2 3/8
2 5/8

21/4
21/2

122

106

820
943
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Track Bolts and U. s. standard Hexagon Nuts Sizes and Weights for
Different Weights of Rail. (Upson Nut Co., Cleveland, 1914.)

d i J2 ^n a m ja ^^ !:! i ^ A^
n ?^ °

.

^•S ^ "A S . ^•N A z R ^i
<N M u^ o o (N4 M J-I-,

%
S

O 1^

s

.1 S
d

o

Q 1 1^

Rails 70 to 1001b. per Yard. Rails 45 to 85 lb. per Yard. Rails 20to 301b. per Yard.

1 X5 15/s no 13.0 {Continued) 5/8 X 2 1/4 1 i/ifi 495 2.8

1 X 4 3/4 15/S 115 12.3 3/4 X 5 1/2 11/4 205 6.8 5/8X2 ll/lfi 525 2.7

1 X 4 1/2 15/8 120 II. t 3/4 X 5 1/4 11/4 210 6.7 1/2X3 V8 715 2.

1 X 4 1/4 15/8 12^ 11.2 3/4X5 11/4 215 6.6 1/2X2 3/4 Vs 737 1.9

1 X4 15/8 130 10.8 3/4 X 4 3/4 11/4 220 6.4 1/2 X 2 1/2 7/8 760 1.9

1 X33/4 15/8 135 10.

<

3/4 X 4 1/2 11/4 225 6.3 1/2 X 2 1/4 V/8 800 1.8

1 X 3 1/2 15/8 140 10.

1

3/4 X 4 1/4 11/4 230 6.2 1/2X2 'V8 820 1.7

1 X 3 1/4 15/8 145 9.7 3/4 X 4 1/8 1 1/4 23b 6.1

1 X3 15/8 150 9.4 3/4X4 il/4 240 6.0 Rails 12 to 161b. per Yd.
7/8 X 5 1/2 1 7/13 143 9.!: 3/4 X 3 7/8 11/4 247 5.8

7/8 X 5 1/4 1 7/1,^ 148 9.5 3/4X3 3/4 11/4 254 5.7 1/2 X I 3/4 V/8 890 1.6

7/8X5 1 V/15 153 9.2 3/4 X 3 5/8 11/4 2b7 b.6 1/2 X I 1/2 V/8 980 1.4

7/8 X 4 3/4 1 V/lfi m 8.9 3/4 X 3 1/2 11/4 260 5.5 1/2 X 1 3/8 V/8 1070 1.2

7/8 X 4 1/2 1 7/lR 163 8.6 3/4 X 3 1/4 11/4 266 5.3 1/2 X 1 1/4 v/s 1160 1.2

7/8 X 4 1/4 1 V/lfi 168 8.4 3/4X3 11/4 283 5.0 3/8X2 ll/lfi 1590 1.0

7/8X4 1 V/,fi 1/3 8.1 3/8 X 1 3/4 ll/lfi 1710 1.0

Rails 30 to 40 lb. per Yard. 3/8 X 1 1/2 11/16 1830 1.0

Rails 45 to 85 lb. per Yard.
3/4 X 2 3/4 11/4 300 4.7 Rails Sto 121b. per Yard.

7/8X3 7/8 1 V/ifi 1/8 7.9 3/4 X 2 1/2 11/4 317 4.4

7/8X3 3/4 1 V/lfi 183 7.7 5/8 X 3 1/2 Il/lfi 375 3.8 3/8 X i V4| Il/l6|2010| 1.0

7/8 X 3 1/2 1 V/lfi 188 7.5 5/8 X 3 1/4 1 1/lfi 392 3.6

7/8 X 3 1/4 1 7/ifi 193 7.3 5/8X3 1 l/lfi 410 3.4

7/8X3 1 7/ifi 198 7.1 5/8 X 2 3/4 ll/lfi 43b 3.2

3/4X5 3/4 11/4 200 7.0 5/8 X 2 1/2 11/16 465 3.0

Length and Number of Cut Naiis to the Pound

Size.

1
6

i

.1

s g
E m

1
u

1

i

1

3/4

7/8

3/4 in. 800
500
376
224
180

31/2
4

5V.

2d 800
480
288
200
168

124
88
70
58
44
34
23
18

14

10

8

1100
720
523
410
268
188

146
130

102
76
62
54

1000

760
368

3d
4d 398
5d 130

96
82
68

6d 95
74
62
53
46
42
38
33
20

84
64
48
36
30
24
20
16

224 126
98
75
65
55
40
27

7d
8d 128

110
91

71

54
40
33
27

9d
lOd 28
12d
16d 22
20d 141/2
30d 121/2

9 v.-40d
50d
60d 6
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Total Weight
perMile of Single Track,

Gross
Tons.
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246 NUMBER OF WIRE NAILS PER POUND.

-
1

^^^
;?

These

approximate

numbers

are

an

average

only,

and

the

figures

given

may

be

varied

either

way

by

changes

in

the

dimensions

of

the

heads

or

points

Brads

and

no-head

nails

will

run

more

to

the

pound

than

the

table

shows,

and

large

or

thick-headed

nails

will

run

less.

:=
1
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WROUGHT SPIKES.
Number of Nails in Keg of 150 Pounds.

Length,
Inches.

1/4 in. 5/16 in. 3/8 in.
Length,
Inches.

1/4 in. 5/16 in. 3/8 in. 7/i6in. 1/2 in.

3 2250
1890

1650

1464
1380
1292

7

8
9
10

11

12

1161 662
635
573

482
455
424
391

445
384
300
270
249
236

306

3V.

41/9

1208
1135

1064
930
868

742'

570

256
240
222

5
'

203
6 180

For sizes and weights of wire spikes see Steel Wire Nails, page 235.

BOAT SPIKES.
Number in Keg of 200 Pounds.

Length. 1/4 5/16 3/8 1/2

2375
2050
1825

"

5 " 1230
1175
990
880

940
800
650
600
525
475

6 •• 450
7 " 375
8 "

. 335
9 " 300
10 •• 275

WIRES OF DIFFERENT METALS AND ALLOYS.
(J. Bucknall Smith's Treatise on Wire.)

Brass Wire is commonly composed of an alloy of 1 M to 2 parts of
copper to one part of zinc. The tensile strength ranges from 20 to 40
tons per square inch, increasing with the percentage of zinc in the alloy.
German or Nickel Silver, an alloy of copper, zinc, and nickel, Is

practically brass whitened by the addition of nickel. It has been
drawn into wire as flne as 0.002 inch diameter.

Platinum wire may be drawn into the finest sizes. On account of its
high price its use is practically confined to special scientific instruments
and electrical appliances in which resistances to high temperature,
oxygen, and acids are essential. It expands less than other metals
when heated. Its coefiicient of expansion being almost the same as
that of glass permits its being sealed in glass without fear of cracking
the latter. It is therefore used in incandescent electric lamps.

Phosphor-bronze Wire contains from 2 to 6 per cent of tin and
from 1/20 to 1/8 per cent of phosphorus. The presence of phosphorus
is detrimental to electric conductivity.

"Delta-metal" wire is made from an alloy of copper, iron, and zinc.
Its strength ranges from 45 to 62 tons per square inch. It is used for
some kinds of wire rope, also for wire gauze. It is not subject to
deposits of verdigris. It has great toughness, even when its tensile
strength is over 60 tons per square inch.
Aluminum Wire,— Specific gravity 2.68. Tensile strength between

10 and 15 tons per square inch. It has been drawn as flne as 11,400
yards to the ounce, or 0.042 grain per yard.
Aluminum Bronze, 90 copper, 10 aluminum, has high strength and

ductility; is inoxidizable, sonorous. Its electric conductivity is 12.6
per cent. See page 396.
- Silicon Bronze, patented in 1882 by L. Weiler of Paris, is made as
follows: Fluosilicate of potash, pounded glass, chloride of sodium and
calcium, carbonate of soda and lime, are heated in a plumbago crucible,
and after the reaction takes place the contents are thrown into the
molten bronze to be treated. Silicon-bronze wire has a conductivity
of from 40 to 98 per cent of that of copper wire and four times more
than that of iron, while its tensile strength is nearly that of steel, or

(Continued on page 250.)
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PROPERTIES OF STEEL WIRE.

(John A. Roebling's.Sons Co., 1908.)

No.,
Roebling
Gauge.

Diam.,
in.

Area,
square
inches.

Breaking
strain, 100,

000 lb. per
sq. inch.

Weight in pounds.
Feet in
2000 !b.Per

1000ft.

Per
mile.

000000 0.460 0.166191 16,619 558.4 2,948 3,582

00000 0.430 0.145221 14,522 487.9 2,576 4,099

0000 0.393 0.121304 12,130 407.6 • 2,152 4,907

000 0.362 0.102922 10,292 345,8 1,826 5,783
00 0.331 0.086049 8,605 289.1 1,527 6,917

0.307 0.074023 7,402 248.7 1,313 8,041

1 0.283 0.062902 6,290 211.4 1,116 9,463

2 0.263 0.054325 5,433 182.5 964 10,957

3 0.244 0.046760 4,676 157.1 830 12,730

4 0.225 0.039761 3,976 133.6 705 14,970

5 0.207 0,033654 3,365 113.1 597 17,687

6 0.192 0.028953 2,895 97.3 514 20,559

7 0.177 0.024606 2,461 82.7 437 24,191

8 0.162 0.020612 2,061 69.3 366 28,878
9 148 0.017203 1,720 57.8 305 34,600
10 0.135 0.014314 1,431 48.1 254 41,584
11 0.120 0.C11310 1,131 38.0 201 52,631

12 0.105 0.008659 866 29.1 154 68,752
13 0.092 0.006648 665 22.3 118 89,525
14 0.080 0.005027 503 16.9 89.2 118,413

15 0.072 0.004071 407 13.7 72.2 146,198
16 0.063 0.003117 312 10.5 55.3 191,022

17 0.054 0.002290 229 7.70 40.6 259,909
18 0.047 0.001735 174 5.83 30.8 343,112
19 0.041 0.001320 132 4.44 23.4 450,856
20 0.035 0.000962 96 3.23 17.1 618,620
21 0.032 0. 000804 80 2.70 14.3 740,193
22 0.028 0.000616 62 2.07 10.9 966,651
23 0.025 0.000491 49 1.65 8.71
24 0.023 0.000415 42 1.40 7.37 i.t

25 0.020 0.000314 31 1.06 5.58
26 0.018 0.000254 25 0.855 4.51
27 0.017 0.000227 23 .763 4.03
28 0.016 0.000201 20 .676 3.57
29 0.015 0.000177 18 .594 3.14
30 0.014 0.000154 15 .517 2.73
31 0.0135 0.000143 14 .481 2.54
32 0.013 0.000133 13 .446 2,36
33 0.011 0.000095 9.5 .319 1.69
34 0.010 0.000079 7.9 .264 1.39
35 0.0095 0.000071 7.1 .238 1.26
36 0.009 0.000064 6.4 .214 1.13

The above table was calculated on a basis of 483.84 lb. per cu. ft. for steel
wire. Iron wire is a trifle lighter. The breaking strains are calculated for
100,000 lb. per sq. in. throughout, simply for convenience, so that the
breaking strains of wires of any strength per sq. in. may be quickly deter-
mined by multiplying the values given in the tables by the ratio between
the strength per square inch and 100,000. Thus, a No. 15 wire, with a

strength per sq. in. of 150,000 lb., has a breaking strain of 407 X Jq^q^^

= 610.5 lb.
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28 to 55 tons per square inch of section. The conductivity decreases
as the tensile strength increases. Wire whose conductivity equals 95
per cent of that of pure copper gives a tensile strength of 28 tons per
square inch, but when its conductivity is 34 per cent of pure copper,
its strength is 50 tons per square inch. It is being largely used for

telegraph wires. It has great resistance to oxidation.
Ordinary Drawn and Annealed Copper Wire has a strength of from

15 to 20 tons per square inch.

" PLOW "-STEEL WIBE.
Experiments by Dr. Percy on the English plow-steel (so-called)

gave the following results: Specific gravity, 7.814; carbon, 0.828 per
cent; manganese, 0.587 per cent; silicon, 0.143 per cent; sulphvir, 0.009
per cent; phosphorus, nil; copper, 0.030 per cent. No traces of chro-
mium, titanium, or tungsten were found. The breaking strains of the
wire were as follows:

Diameter, inch 0.093 0.132 0.159 0.191
Pounds per sq. inch. 344,960 257,600 224,000 201,600

The elongation was only from 0.75 to 1.1 per cent.

STRENGTH OF PIANO-WIRE.
The average strength of English piano-wire is given as follows by

Webster, Horsfals & Lean:

Size,

Music-wire
Gauge.

Equivalent
Diameters,

Inch.

Ultimate
Tensile
Strength,
Pounds.

Size,

Music-wire
Gauge.

Equivalent
Diameters,

Inch.

Ultimate
Tensile

Strength,
Pounds.

12
13
14
15
16
17

0.029
.031
.033
.035
.037
.039

225
250
285
305
340
360

18
19
20
21
22

0.041
.043
.045
.047
.052

395
425
500
540
650

These strength range from 300,000 to 340,000 lbs. per sq. In. The
composition of this wire is as follows: Carbon, 0.570; silicon, 0.090;
sulphur, 0.011; phosphorus, 0.018; manganese, 0.425.

GALVANIZED IRON WIRE FOR TELEGRAPH AND
TELEPHONE LINES,

(Trenton Iron Co.)
Weight per Mile-Ohm. — This term is to be understood as dis-

tinguishing the resistance of material only, and means the weight of such
material required per mile to give the resistance of one ohm. To ascer-
tain the mileage resistance of any wire, divide the " weight per mile-
ohm" by the weight of the wire per mile. Thus in a grade of Extra
Best Best, of which the weight per mile-ohm is 5000, the mileage resist-
ance of No. 6 (weight per mile 525 lbs.) would be about 91/2 ohms; and
No. 14 steel wire, 6500 lbs. weight per mile-ohm (95 lbs. weight per mile),
would show about 69 ohms.

Sizes of Wire used in Telegraph and Telephone Lines.
No. 4. Has not been much used until recently; is now used on

important lines where the multiplex systems are applied.
No. 5. Little used in the United States.
No. 6. Used for important circuits between cities.
No. 8. Medium size for circuits of 400 miles or less.

No. 9. For similar locations to No. 8, but on somewhat shorter cir-
cuits; until lately was the size most largely used in this country.

Nos. 10, 11. For shorter circuits, railway telegraphs, private lines,
police and fire-alarm lines, etc.

No. 12. For telephone lines police and fire-9,larm lines, etc.
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Nos. 13, 14. For telephone lines and short private lines; steel wire ia

used most generally in these sizes.

The coating of telegraph wire with zinc as a protection against oxida-
tion is now generally admitted to be the most efficacious method.

^

The grades of line wire are generally known to the trade as "Extra
Best Best' (E. B. B.), "Best Best" (B. B.), and "Steel."

"Extra Best Best" is- made of the very best iron, as nearly pure as
any commercial iron, soft, tough, uniform, and of very high conduc-
tivity, its weight per mile-ohm being about 5000 lbs.

The "Best Best" is of iron, showing in mechanical tests almost as
good results as the E. B. B., but is not quite as soft, and somewhat lower
in conductivity; weight per mile-ohm about 5700 lbs.

The "Steel" mre is well suited for telephone or short telegraph lines,

and the weight per mile-ohm is about 6500 lbs.

The follomng are (approximately) the weights per mile of various
sizes of galvanized telegraph wire, drawn by Trenton Iron Co.'s gauge:

No. 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14.

Lbs. 720. 610, 525, 450, 375, 310, 250, 200, 160, 125. 95.

Tests of Telegraph Wire.

The following data are taken from a table given by Mr. Prescott relat-
ing to tests of E. B. B. galvanized wire furnished the Western Union
Telegraph Co.

Weight. Resistance. Ratio of
Size Diam.,

Inch.

Length.
Feet
per

pound.

Temp. 75.8° Fahr. Breaking
of

Grains Pounds
Weight to

Wire Feet Ohms Weight
per foot. per mile. per ohm per mile. per mile.

4 0.238 1043.2 886.6 6.00 958 5.51
5 .220 891.3 673.0 7.85 727 7.26
6 .203 758.9 572.2 9.20 618 8.54 3.05
7 .180 595.7 • 449.9 11.70 578 10.86 3.40
8 .165 501.4 378.1 14.00 409 12.92 3.07
9 .148 403.4 304.2 17.4 328 16.10 3.38
10 .134 330.7 249.4 21.2 269 19.60 3.37
11 .120 265.2 200.0 26.4 216 24.42 2.97
12 .109 218.8 165.0 32.0 179 29.60 3.43
14 ,083 126.9 95.7 55.2 104 51.00 3.05

Sizes, Weights and Strengths of Hard-Copper Telegraph and
Telephone Wire.

(J. A. Roebling's Sons Co., 1908.)

s

a

1

a
Resistance,

In-

ternational

ohms

per

mile

at

75°

F.

02

M

a

1

g
Resistance,

In-

ternational

_

ohms

per

mile

at

75°

F.

0.114 208 653 4.39 2 13 0.072 83 274 11.01
0.102 166 540 5.49 3 14 0.064 65 27.0 13.94
0.091 132 426 6.90 4 13 0.057 52 174 17.57
0.081 103 334 8.70 6 16 0.051 42 139 21.95

ll§1
"" M" S* oj

61/2

9
10

In handling this wire the greatest care should be observed to avoid
kinks, bends, scratches or cuts. Joints should be made only with
Mclntire connectors. On account of its conductivity being about five
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1

times that of E. B. B. iron wire, and its breaking strength over three
times its weight per mile, copper may be used of which the section is

smaller and the weight less than an equivalent iron wire, allowing a
greater number of wires to be strung on the poles. Besides this advan-
tage, the reduction of section materially decreases the electrostatic
capacity, while its non-magnetic character lessens the self-induction of
the line, both of which features tend to increase the possible speed of
signaling in telegraphing, and to give greater clearness of enunciation
over telephone lines, especially those of great length.

Weight of Bare and Insulated Copper Wire* Pounds.

(John A. RoebUng's Sons Co., 1908.)

Weight per 1000 Feet, Solid. Weight per Mile, Solid

• Weather- Weather-

»8 si

£

^

proof. proof.

.§|l

bb

Il 11
2:2

II

0000 641 723 767 862 925 3384 3817 4050 4550 4890
000 509 5H7 629 710 760 2687 3098 3320 3750 4020
00 403 467 502 562 600 2127 2467 2650 2970 3170

320 377 407 462 495 1689 1989 2150 2440 2610
1 253 294 316 340 365 1335 1553 1670 1800 1930

2 202 239 260 280 300 1066 1264 1370 1480 1585

3 159 185 199 230 270 840 977 1050 1220 1425

4 126 151 164 190 ?.?.o 665 795 865 1000 1160
5 100 122 135 155 190 528 646 710 820 1000
6 79 100 112 127 160 417 529 590 670 840
6 50 66 75 85 110 264 349 395 450 580
9 39 54 62 206 283 325
10 32 46 53 60 80 169 241 280 315 420
12 20 30 35 42 55 106 158 185 220 290
14 12.4 20 25 30 40 66 107 130 160 210
16 7.9 16 20 24 30 42 83 105 130 160

,
'8 4.8 12 16 19 24 25 64 85 100 130
20 3.1 9 12 16 48 65

Specifications for Hard-Drawn Copper Wire.

The British Post Office authorities require that hard-drawn copper
wire supplied to them shall be of the lengths, sizes, weights, strengths,
and conductivities as set forth in the annexed table.

Weight per Statute Approximate Equiv- a 'SS ^o^,, 5 o
Mile, lb. alent Diameter, mils. :3 .^c;

£;2 ^^ (^ico ^1

it
B
a
Q

OS 1

i

s
1

1
s

li
S-gJ

100 971/^ 1021/2 79 78 80 330 30 9.10 50
150 1461/4 1533/4 97 951/2 98 490 25 6.05 50
200 195 205 112 1101/2 1131/4 650 20 4.53 50
400 m 410 b« 1551/2 1601/4 1300 10 ,2.27 50
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stranded Copper Feed Wire, Weight in Pounds.

(John A. Roebling's Sons Co., 1908.)

Weight per 1000 Feet. Weight per Mile.

Weather- Weather- t
proof proof

'S u bD Ti fr"

1 So§-

33
II

11

a

1
11

i

2,000,000 6100 6690 7008 7540 32208 35323 37000 39800
1,750,000 5358 5894 6593 6700 28184 31119 32700 35400

1,500,000 4575 5098 5380 5830 24156 26915 28400 30800

1,250,000 3813 4264 4508 4940 20132 22516 23800 20000
1,000,00c 3050 3456 3674 3860 3980 16104 18246 19400 20400 26100

900,000 2745 3127 3332 3520 3640 14493 16513 17600 18600 11000

800,000 2440 2799 2992 3180 3280 12883 14779 15800 16800 19200

750,000 2288 2635 2822 3000 3100 12080 13913 14900 15850 1730o

700,000 2135 2471 2650 2820 2920 11272 13045 14000 14900 16300

600,000 1830 2093 2235 2350 2450 9662 11052 11800 12400 15400

500,000 1525 1765 1894 1990 2080 8052 9318 10000 10500 13100

450,000 1373 1601 1724 1820 1900 7249 8452 9100 9600 10000

400,000 1220 1436 1553 1650 1700 6441 7584 8200 8700 9000
350,000 1058 1248 1345 1440 1500 5639 6589 7100 7600 7900

300.000 915 1083 1174 1270 1310 4831 5721 6200 6700 6900
250,000 762 907 985 1060 1120 4023 4788 5200 5600 5900

B.&S.
Gauge.

0000 645 745 800 900 960 3405 3935 4220 4750 5070
000 513 604 653 735 785 2708 3190 3450 3880 4150
00 406 482 522 583 625 2143 2544 2760 3080 3300

322 388 424 480 510 1700 2051 2240 2530 2700
255 303 328 355 380 1346 1599 1735 1870 2000

2 203 246 270 290 335 1071 1301 1425 1540 1770

3 160 190 206 240 280 844 1004 1090 1270 1480

4 127 155 170 195 230 670 820 900 1030 1220

S 101 126 140 160 195 533 668 740 845 1030

6 80 103 115 132 165 422 544 610 695 870
8 50 68 78 87 105 264 359 410 460 555

WERE EOPE.

The following notes and tables are compiled from data furnished
by the American Steel & Wire Co., Cleveland, 1915.

Wire ropes, which have almost entirely superseded chains and
manila rope for haulage and hoisting purposes, are made with a vary-
ing number of wires to the strand, and a varying number of strands
to the rope, according to the service in which they are to be used and
the degree of flexibihty required. Five grades of rope are usually
manufactured, as regards the material used, viz.: Iron, crucible
cast steel, extra strong crucible cast steel, "plow-steel, '

' and an improved
grade of plow-steel called "Monitor." Haulage rope, for mines,
docks, etc., usually consists of 6 strands of 7 wires each laid around a
hemp core. Hoisting rope, for elevators, mines, coal and ore hoists,
conveyors, derricks, steam shovels, dredges, logging, etc., consists of
6 strands of 19 wires each, with a single hemp core. A more flexible
rope, for crane service, etc., consists of 6 37-wire strands wound around
a single hemp core. In general, the flexibility of the rope is increased
by increasing the number of wires in- the strands. The most flexible



254 MATEEIALS.

standard rope made consists of 6 61-wire strands and one hemp core.
Other varieties comprise flattened strand ropes for haulage, hoisting,
and transmission, non-spinning rope for the suspension of loads at the
end of a single line, steel clad rope for severe conditions of service,
guy and rigging ropes, and hawsers for towing or mooring.

Breaking Strength of Wire Rope.—-The various manufacturers
have adopted standard figures for the strength of all sizes and qualities
of wire rope. Formerly, it was the custom to test the individual wires
and to consider their combined strength as the strength of the rope
as a whole. These strengths were greater than the actual strength
obtained by breaking the finished rope. The figures given in the
tables herewith represent actual breaks of the various ropes, and range
from 95 to 80 per cent or less of the combined strength of the single
wires, depending on the construction. The figures, which were
adopted May 1, 1910, are considerably lower than those given in
earlier tables. In general, a factor of safety of five is allowed in giving
the working loads.
Lay of Wire Rope.—^Lang Lay.—The regular lay of wire rope com-

prises wires in the strands laid to the left, the strands being laid to
the right, known as right-hand rope; or wires laid to the right, and
strands laid to the left, known as left-hand rope. In Lang lay rope
the wires in the strands and the strands themselves are laid in the
rope in the same direction, either right or left. Lang lay rope is some-
what more flexible than ordinary rope, and as the wires are laid more
axially in the rope, longer surfaces are exposed to wear, and the en-
durance is thereby increased.

Sheaves and Drums.—-Drums and sheaves of the largest practicable
diameter are recommended in all wire rope installations. If possible,
drums should be lagged, and where feasible, a grooved drum on hoists
is more desirable than a flat drum. The grooves should give ample
clearance between successive windings ; thus a driun for %-inch rope
should have the grooves at least 7/8-inch apart on centers. The
grooves should be made smooth in order not to cut the rope, and they
should be of slightly larger radius than the rope in order to avoid wedg-
ing or pinching it. Overwinding, that is, the winding, of the rope in
more than one layer, is to be avoided if possible, by making the drum
large enough to take all the rope in a single layer. Overwinding will
rapidly destroy the rope, and the extra cost of the larger driun will be
more than compensated by the greater hfe of the rope. The best
possible alignment of sheaves and drums should be made to avoid
undue wear on the sides of the sheaves and the rope. In general, the
lead sheaves over which the rope runs from the drum should be aligned
with the center of the drum, or if the drum is not entirely filled, with
the center. of the portion on which the rope is woimd. The distance
between the drum and lead sheave should be such as to cause an angle
not exceeding 1° 30' between the Upe from the center of the sheave to
the center of the drum, and the lio^'from the center of the sheave to the
outer side of the drum. When the sheaves become worn, they should
be replaced or the grooves turned before they are used with a new
wire rope, otherwise the rope will not work properly. For many
purposes, particularly mine service, the grooves can advantageously
be fined with well-seasoned, hardwood blocks set on end, which can
be renewed when worn. J^a,Tge sheaves, running at high velocity,
should be lined with leather set on end, or with india-rubber. This
is the practice for power transmission between distant points, where
the rope frequently runs at a velocity of 4,000 feet per mJnute.

Reversed Bending.—Reverse bending, that is, bending the wire
rope first in one direction over sheaves and then in the opposite direc-
tion, is to be avoided wherever possible. This practice will wear out
a rope more quickly than any other known method. A little care in
design will usually eliminate all situations which call for reversed
bending, and it is even desirable to change existing constructions if

necessary to remove this condition. The expense of rope renewals
will more than equal the cost of change as a rule.
Handling Wire Rope.—Wire rope must not be coiled or uncoiled

like hemp rope. When received in a coil it should be rolled on the
ground like a hoop and straightened out before being put on the
sheaves. If on a reel, it should be moimted on a spindle or a flat
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Galvanized Iron and Steel Wire Rope.

For Ship and Yacht Rigging, Guys, etc.

6 Strands, 7 or 12 Wires per Strand, 1 Hemp Core; 6 Strands,
19 Wires per Strand, 1 Hemp Core.

7 or 12-Wire 19-Wire 7 or 12-Wire 19-Wire

4
Strand, Iron Strand, Steel

d
Strand, Iron. Strand, Steel

rC A ^^ rfl-"^
^13 -Q-^ .^1 ^^ rs 2

n rO M-^ ^3- rr3 ^S- fcj ^ t,.6 § ^ V,x^ c 5.

d 8
h-l ghJ S^£

11
i^^ d

H-l C^
Po

§w^
^^i

u o pq '^S o-s^- 'o'^^
S?

O S ^° ©"ox rao ©.£3'

1
g ^ oj c a; s

3 ao) ss 3 ao)
s a 03 R»

ftO

5 < S ^^ gPii^ r g«^ S
a
<1 ^ ^^ 5«^ ^^ 5^^

1 3/4 51/. 4.85 42 11 13/l6'21/2 1.03 9.4 5 19.0 8.0
Ul/ifi bl/4 4.42 38 10.5 3/4 21/4 0.89 7.8 4 75 16.8 7.0
1 5/s i 4.15 •35 10.0 5/8 2 0.62 5.7 4 5 11.7 6.0
1 1/-^ 4V4 3.55 30 9.5 9/1 fi 13/4 50 4.46 3.75 9.0 5.25
1 7/ifi 41/9 3.24 28.0 9.0 1/?, 11/9 0.39 3.39 3 7.0 4.75
1 3/s 41/4 3.01 26.0 8.5 7/lfi 11/4 0.30 2.35 2.5 5.0 4.25
11/4 4 2.45 23.0 8.0 42.0 13 3/8 ll/8'0.22 1.95 2.25 4.2 3.75

13/lfi 33/4 2.21 19.0 7.5 38.0 12 5/lfi 1 10.15 1.42 2 3.2 3.0
11/8 31/92M 18.0 6.5 34.0 11 y/8? 7/8 0.125 1.20 1.75

1 l/lfi 31/4 1 yy 16.1 6.0 31.0 10 1/4 3/4|0.09 0.99 1 5

1 3 1,58 14 1 5 75 28 9 7/39 5/80.063 79 1,25

7/8 23/4]M 11.1 5.25 22.0 8.5 3/16 I/2IO.O4 0.61 1.125

Galvanized Steel Wire Strand.

7 or 19 Wires Twisted into a Single Strand.

Q ra- Q i
. Q 03

ja X! .a .a
Pi <=> xh 1-^ fl c J

5

r,
1

S
11

S

11
11 i

5

^1

1 2100 32000 9/lfi 650 11000 5/16 210 3800 5/32 55 900
7/8 1610 24000 1/9 510 8500 1/4 125 2300 1/8 32 500

3/4 1200 18000 7/lfi 415 6500 7/3'^ 95 1800 3/32 20 400
5/8 800 14000 3/8 295 5000 3/16 75 1400

19-wire strand is made only from 1 to K in. diam., 7-wire strand is

made only from % to 3/32 in. diam.

Galvanized Steel Cables for Suspension Bridges.

Composed of 6 Strands—with Wire Center.

Diam.,
In.

Wt. per
Foot,
Lb.

Approx.
Breaking
Strain,
Tons

(2000 Lb.).

Diam.,
In.

Wt. per
Foot,
Lb.

Appro.
Break-
ing

Strain,
Tons.

Diam.,
In.

Wt. per
Foot,
Lb.

Approx.
Break-
ing

Strain,
Tons.

2 3/4
2 5/8

21/2
2 3/8

12.7

11.6
10.5
9.50

310
283
256
232

21/4
2 1/8

2

1 7/8

8.52
7.60
6.73
5 90

208
185

164

144

13/4
1 5/8

11/2
13/8

5.10
4.34
3.70
3.10

124

106
90
75
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turntable and properly unwound. Kinking or imtwisting must be
avoided.

Protection of Wire Kope.—Wire rope should be protected by a
suitable lubricant, 'both internally and externally, to prevent rust and
to keep it pliable. If this is omitted rust will set in and stiffen the
rope, resulting in poor service. Raw Unseed oil, applied with a piece
of sheepskin, the wool inside, is a good preservative; the oil also may
be mixed with Spanish brown or lamp-black. Wire rope running
under water should be treated with mineral or vegetable tar, one
bushel of fresh slacked lime being added to each barrel of tar to
neutralize the acid. The tar is well boiled and the rope saturated
with it. Wire rope manufacturers furnish special compounds for the
treatment of wire ropes.

Exposure to Heat.—Where wire rope is exposed to intense heat, as
in foundry or steel mill service, a soft iron core is often substituted for
the hemp core. Asbestos also is sometimes used, but it rapidly dis-
integrates and is not recommended. The use of the iron core adds
from 7 to 10 per cent to the strength of the rope, but the wear on the
center is as great as on the outside strands, and the hemp center
is to be preferred wherever possible.

VABIETIES AND USES OF WIRE ROPE.
Transmission, Haulage or Standing Rope.—Usually made of 6

7-wire strands and one hemp core, in all five grades noted above. Iron
rope is comparatively little used except in the smaller sizes. It is

composed of very soft wires of low tensile strength. Crucible cast
steel rope is particularly adapted to mine haulage work, including tail
rope and endless haulage systems, gravity hoists, and coal and ore duck
haulage, roads operating small grip cars. The sizes, s/g to s/g inch
inclusive, are used for sand lines in oil wells, and from s/g to 1 inch for
oil-well drilUng. In general it can be used for severe service, and
where the flexibility required is a minimum. Extra strong crucible
cast steel rope has practically the same applications as the preceding
rope, except that being stronger a smaller rope can be used for the
same service. The plow-steel rope is advised for situations similar
to those for which the cast steel ropes are used, but where it is neces-
sary to secure increased strength, without altering the working con-
ditions. The wires are harder and capable of standing greater wear
than any of the foregoing ropes. Monitor plow-steel rope is the
strongest and stiffest of all and is used for work demanding the greatest
strength and lightest rope possible. Sheaves for this rope should, if
possible, be somewhat larger than for other grades. For working loads,
strength, etc., of these ropes, see table, page 257.

Standard Hoisting Rope.—Composed of 6 19-wire strands and a
hemp core; made in the following grades: Iron, mild steel, crucible
cast steel, extra strong crucible cast steel, plow-steel, and Monitor
plow-steel. The wires are smaller than those in transmission ropes of
the same size, and it is more flexible. It will not stand as much
abrasion as transmission rope. The iron rope is used for elevator
hoisting, where the strength is sufficient, and is almost universally
employed for counterweights, except on traction elevators. Where
the pulleys are comparatively small it is sometimes used for power
transmission. The mild steel rope is made especially for traction
elevators, where quick starting and stopping is required. The cru-
cible cast steel rope is adapted to mine hoisting, logging, elevators,
derricks, hay presses, dredges, cableways, inclined planes, coal hoists,
conveyors, ballast unloaders, ship hoists, and similar applications.
The extra strong crucible cast steel rope is adapted to the same pur-
poses and may be used for heavier loads than the former rope. It is

extensively used for oil-well drilling and tubing lines. Plow-steel rope
is used for heavy mine work, inclined planes, dredges, cableways, for
heavy logging, etc. It is especially desirable for deep mine shafts
and long inclines on account of its great strength per unit of weight.
It is the most economical rope where the weight of the rope is to be
considered or the capacity of the machinery is to be increased without
changing sheaves or drums. Monitor plow-steel rope is somewhat



JUANSMISSION, HAULAGE AND HOISTING ROPE. 257

1 Transmission, Haulage , or Standing Rope
i 6 Strands, 7 Wires per Strand, 1 Hemp Core.

I d Approximate Breaking
Strength, Tons

(2000 lbs.)

Allowable Working
Load, Tons (2000 lbs.)

Min. Dia.
Drum or

Sheave.In.

•2 1 M
1 1 M

o
.

•> O ^ .
u Po, i!{ "S (^ u ,°0. ^

1

1

Pl; i a

<1 Id 1 11

!i5

It 1 1^
11

1

m

IV? 4 3/4 3.55 32.0 63.0 73.0 82.o'90.0 6.4 12.6 14 6 16 4 18 16,0 II.

13/8 41/4 3.00 28.0 53.0 63.0 72.079.0 5.6 10,6 12.6 14 4 16 15.0 10.0
11/4 4 2 45 23 (1 46 54.0 60 67 4 6 9 2 10 8 17 13 13 9.0
11/8 31/9 2 00 19 37 43 47 52 3 8 7 4 8.6 9 4 10 1 70 8

3 1 58 15 31 35.0 38 42 3 6 7 7 7 6 8 4 10 5 7

'7/S 2 3/4 1 20 12 24 28 31 33 7. 4 4 8 5 6 6 7 6 6 9 6
3/4 21/4 0,89 8 8 18 6 21.0 ?^ 7,5 1 7 3 7 4 7 4 6 5 7 5 5

^/s 21/8 0,75 7,3 15 4 16 7 18 70 1 5 3 1 3 3 3 6 4 7 25 4,75

^«/lfi 2 0,62 6 13 14.5 16 17 5 1 2 2 6 7 9 3 7 3 5 7,0 4.50
ii/ifi 13/4 0.50 4.8 10 11,0 12 13 96 2 7 7 2 4 2 6 6,0 4.00

V? 11/? 0.39 3.7 7.7 8.35 10 11 74 1 5 1 8 2 2,2 5.5 3.50
7/16 11/4 0.30 2.6 5.5 6.25 7 7 75 57 1 1 1 75 I 4 1.5 4.5 3.00

3/s 11/8 0.22 2.2 4.6 5.25 5,9 6.5 44 97 1.05 1 2 1.3 4.0 2.7i>

5/1^ 1 0,15 1 7 3 5 3.95 4 4 34 70 79 88 3 5 2,25

¥32 7/8 0.125 1.2 2.5 2.95 3.4 0.24 0.50 0.59 0.68 3.0 1.75

Standard Hoisting Rope.
6 Strands, 19 Wires per Strand, 1 Hemp Core.

Approximate Breaking AllowableWorking Loads,
Min. Dia.
Sheave or
Drum, Ft.

4

i

1
Strength, Tons (2000 Lbs). Tons (2000 Lbs).

1
o

3 —

g
1

1 1
o

21
"is

1 1
t

s
1 1^ 1

11
E

II i 1^ 1 II 1

28A 8 5/8 11.95 1110 711,0 243.0 775 3150 22.2 42.2 48.6 55.0 63.0 17,0 11

2V? 7 7/8 9.85 97 170.0 200.0 229.0 263.0 18.4 34.0 40.0 46.0 53.0 15.0 10.0

21/4 71/8 8.00 77 133.0 160.0 186 710 14.4 26.6 32.0 37.0 42.0 14.0 9.0

2 61/4 6.30 55 106 173 140.0 166.0 II.O 21.2 74.6 28.0 33.0 17 8

17/8 5 3/4 5.55 50.0 96.0 112.0 177 150 10.0 19.0 22.4 25.0 30.0 12.0 8.0

13/4 51/9 4.85 44.0 85.0 99.0 117.0 133 8.8 17.0 19.8 22.0 27.0 11.0 7.0

15/8 5 4.15 38 77 83.0 94.0 IIO.O 7.6 14.4 16.6 19.0 22.0 10 6.5

11/9 4 3/4 3.55 33 64 73 87 98 6.6 12.8 14.6 16.0 20.0 9,0 6.0

13/8 41/4 3.00 78 56 64.0 72.0 84.0 3.6 11.2 12.8 14.0 17.0 8.5 5.5

11/4 4 2.45 77 8 47,0 53 58 69.0 4.56 9.4 10.6 12.0 14.0 7.5 5.0

11/8 31/9 2.00 186 38,0 430 47 56 3.72 7.6 8.6 9.4 11.0 7.0 4.5

1 3 1.58 14.5 30.0 34.0 38 45 2.90 6.0 6.80 7.6 9.0 6.0 4.0

7/8 2 3/4 1.20 11,8 23.0 26.0 79 35 2.36 4.6 5.20 5.8 7.0 5.5 3.5

8/4 21/4 0.89 8.5 17.5 20.2 73,0 76 3 1.70 3.5 4.04 4.6 5.3 4.5 3.0

6/8 2 0.62 6.0 12.5 14.0 15.5 19,0 1.20 2.5 2.80 3.1 3.8 4.0 2.5

S/lfi 13/4 0.50 47 10 11.2 12.3 14.5 94 2 2.74 2.4 2.9 3.5 2.25
1/9 11/9 0.39 39 8,4 97 100 17 1 78 1 68 1.84 2.0 2.4 3,0 2.0

7/ifi 11/4 0.30 7 9 6,5 7 75 80 9.4 58 1 30 1.45 1.6 1.9 2.75 1.75

i 3/8 11/8 0.22 2.4 48 5.30 5.75 6.75 48 96 1.06 1.15 1.35 2.25 1.50

6/lfi 1 0.15 1.5 3.1 3.50 3.80 4,5f 0,30 0.62 0.70 0.76 0.9 2.0 1.25

1/4 3/4 0.10 1.1 2.2 2.43 2.65 3.15 0.22 0.44 0.49 0.53 0.63 1.5 1.00
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stiffer than the same diameter of crucible and plow-steel ropes, but
strength for strength, it is equally flexible. A smaller rope of this
grade than any of the others can be used for a given service. It is

particularly adapted to derricks, dredges, skidders, and stimap pullers.
The sheaves should be somewhat larger, if possible, than for the other
grades. See tables, page 257.

Extra Flexible Hoisting Rope.—Consists of 8 19-wire strands and
one hemp core. The greater flexibility permits its use on smaller
sheaves and drums, such as are usually found on derricks. It is not
advisable to use it where there is much overwinding, as it will flatten
much more quickly than the 6 X 19 standard rope. It is made in
the five grades of iron, crucible cast steel, extra strong crucible cast
steel, plow-steel, and Monitor plow-steel. Its uses are the same as
those of standard hoisting rope, noted above. See tables, page 259.

Special Flexible Hoisting Hope.—Consists of 6 37-wire strands and
one hemp core. It is extremely flexible, and is especially adapted
to service on cranes where the sheaves are rather small. It is made
in the grades crucible cast steel, extra strong crucible cast steel, plow-
steel, and Monitor plow-steel. It will not stand as much abrasion
as the 6 19-wire strand rope, but it is particularly efficient, as over
50 per cent of the wires are in the inner layers and are protected from
abrasion. The crucible steel ropes are used for general hoisting work
where the sheaves are small, while the plow-steel varieties are recom-
mended for crane service. The Monitor plow-steel rope is largely
used on dredges for both main and spud ropes. See table, page 259.

Flattened Strand Rope.—Flattened strand ropes are used where an
increased wearing surface is desired above that obtained with a roxmd
strand rope. They are made both for haulage and transmission,
and for hoisting, and are always made Lang lay.
The haulage rope is made in three types, each of which has one

hemp core. The first has 5 9-wire strands, the center wire being
of elliptical section; the second has 6 8-wire strands, the center wire
being of triangular section; the third has 5 11-wire strands, the three
center wires being of smaller diameter than the others and laid along-
side of each other in the same plane. These ropes are made in the
iron, crucible cast steel, extra strong crucible cast steel, and Monitor
plow-steel grades. They are made in diameters ranging from 1 J^
inch, down to s/s inch. The 1-inch 6 8-wire strand rope weighs
1.80 lb. per ft. and has an approximate strength of 34 tons, in the
crucible cast steel grade. Monitor plow-steel rope of the same diam-
eter and weight has an approximate breaking strength of 36 tons.
The similar figures for }/2-inch rope, weighing 0.45 lb. per ft., are:
Crucible cast steel, 9.6 tons; Monitor plow-steel, 11.9 tons.

Flattened strand hoisting rope is made in two types, each with
one hemp core: (A) 5 28-wire strands, the center wire being of ellip-
tical section; and (B) 6 25-wire strands, the center wire being of
triangular section, and the 12 wires immediately sm-rounding it being
of smaller diameter than the outer wires. These ropes compare in
flexibility with the standard hoisting ropes, but have about 150 per
cent greater wearing surface. Type A is made in the grades of iron,
crucible cast steel, extra strong crucible cast steel, and Monitor plow
steel. Type B is made in the grades of crucible cast steel, extra strong
crucible cast steel, and Monitor plow steel. They are made in sizes
ranging from 2i/4 in. diam. down to s/g inch. Type B rope, 2 in.

diam., weigliing 7.25 lb. per ft., has the following breaking strength:
Crucible cast steel, 117 tons; Monitor plow steel, 183 tons. The
similar figures for V2-inch rope of the same type, weighing 0.45 lb.

per ft., are: Crucible cast steel, 9.3 tons; Monitor plow steel, 13.3
tons.
Non-Spinning Hoisting Rope.—Comprises 18 7-wire strands and

one hemp core, 6 strands, long lay, being laid around the core to the
left, and 12 strands, regular lay being laid to the right around them.
A free object suspended from the end of a rope of this character will
not rotate and endanger the lives of persons below it. Furthermore,
the attention required to handle and guide the load is decreased.
This rope is recommended for back haul or single-line derricks, and
for shaft sinking and mine hoisting, where the bucket swings without
guides. This rope works best where it does not overwind ou th«
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Extra Flexible Steel Hoisting Bope.

8 Strands, 19 Wires per Strand, 1 Hemp Core.

c; Approximate Strength, Allowable Working

Q,?'^
]rons (2000 Lbs.). Load Tons (2000 Lbs.).

fj tM[£4

a g h5 ^a- tc^A. ?i- to aJ
b.!(< . "3

1
1
<1

II 111
la

II
11 |g|

Got

11/2 4 3/4 3.19 58 66.0 74.0 80.0 11 6 13 14.8 16.0 3.75

13/8 41/4 2 /() bl 57.0 64.0 68.0 10 2 11 12 8 13 3 50

11/4 4 2.20 42 47.0 52.0 56.0 8 4 9.4 10.4 11 3 20

11/8 31/^ 1.80 34.0 38.0 43.0 46.0 6.8 7.6 8.6 9.2 2.83
1 3 1 42 26.0 29.7 33.0 36.0 5 2 5 9 6.6 7 2 2.50

^ 7/8 23/4 1 OR 20 23.0 26.0 28.0 4 4 6 5 2 5,6 2.16

3/4 21/4 80 15.3 17.6 20.0 22.0 3.06 3.5 4 4.4 1.83

5/8 2 56 10 9 12.4 14.0 15.0 2 18 2 5 2,8 3.0 1.75

9/16 13/4 45 8.7 10.1 11.6 12.0 1 74 2.0 2.32 2.4 1.50

y?. 1 1/9 35 7 3 8.0 8.7 9.5 1,46 1,6 1.74 1.9 1.33

7/lfi 11/4 0.27 5 7 6.30 6.90 1.14 1.26 1.38 1.16

3/8 11/8 0.20 4.2 4.66 5.12 0.84 0.93 1.02 1.00

5/lfi 1 13 2 75 3.05 3.35 55 61 67 83

1/4 3/4 0.09 1.80 2.02 2.25 0.36 0.40 0.45 0.75

Special Flexible Steel Hoisting Rope.

6 Strands, 37 Wires per Strand, 1 Hemp Core.

d J Breaking Strength, Allowable Working Load, a

r
\^ Tons (2000 Lbs.). Tons (2000 Lbs.).

^s
d 3 ft +? mS . g . % . hrf^ f .

.«fM

»H

^i o% g6|U Qi O 'S
r% ai %^ Qi O

-3 K& s >

1 l« ^a^ .2
-o^ S3P5 W aJ R^ Q^^

1 1
ft

<5 6^ 6^ II P 1°

23/4 8 5/s 11.95 200.0 233.0 265.0 278.0 40 47 53.0 55

21/?, 7 7/8 9.85 160,0 187.0 214.0 225.0 32.0 37.0 43 45.0
21/4 7 1/8 8.00 125.0 150.0 175.0 184.0 25 30 35.0 37
2 61/4 6 3(1 105 117.0 130.0 137.0 71 73 26 27

17/8 5 3/4 5 55 94.0 106.0 119.0 125.0 18 8 71 7 23.8 75

13/4 5 1/^ 4,85 84 95.0 108.0 113.0 17 19 27 73
15/8 5 > 4 15 71 79.0 90.0 95.0 14 16.0 18.0 19.0
11/2 4 3/4 3.55 63 71.0 80.0 84.0 17, 14 16 17 3 75
13/8 41/4 3.00 55 61.0 68.0 71.0 11.0 12.0 14.0 14.0 3 5(1

11/4 4 2.45 45.0 50.0 55.0 58.0 9 10 11 11 3 2C

11/8 31/? 2.00 34.0 39.0 44.0 46.0 7 8.0 9.0 9 2 2 83
3 1 58 29.0 32.0 35.0 37.0 6 64 7 74 7 5(1

j

7/8 2 3/4 1.20 23.0 25.0 27.0 29.0 5.0 5.0 5.0 5.8 2.16
3/4 21/4 0.89 17.5 19.0 21.0 23.0 3 5 3 8 4.0 4 6 1

8'^

5/8 2 0.62 11.2 12.6 14.0 16.0 2 2 2 5 3 3 7 1 75
9/16 13/4 0.50 9.5 10.5 11.5 12.5 1.9 2.1 2.3 2 5 1 5(1

1/2 1 1/9 0.39 7.25 8.25 9.25 9.75 1 45 1 65 1 85 1 9 1 33
7/16 1 1/4 0.30 5.5 6.35 7.2 7.50 1.1 1 27 1.4 1 5 I 15

3/8 11/8 0.22 4.2 4.65 5.1 5.30 0.84 0.93 1.0 1.06 1.00

;
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drum. The best fastening is an open or closed socket, but the wird
rope makers recommend that fastenings be attached at the factory.
This rope should not be as heavily loaded as ordinary hoisting rope.
It is made in the grades of iron, crucible cast steel, extra strong crucible
cast steel, plow steel, and Monitor plow steel. See table, page 261.

Extra Flexible Iron Hoisting Rope.

8 Strands, 19 Wires per Strand, 1 Hemp C6i*e*

Diam. In 1 Vs 3/4 s/g g/ig 1/2

Approx. Circum., in 3 2 M 2 M 2 1% II/2

Weight per ft., lb 1.42 1.08 0.80 0.56 0.45 0.35
Approximate Strength, tons

(2000 lbs.) 16.0 13.0 9.5 7.0 6,0 5.0
WorkingLoad,tons (2000 lbs.) 3.1 2.6 1.9 1.4 1.2 1.0
Min. Diam of Drum, ft 6.0 5.5 4.5 4.0 3.5 3.0

Steel-Clad Hoisting Rope.—The regular grades of hoisting ropes,
as well as the special flexible and extra flexible, are furnished, if de-
sired, with a flat strip of steel wound spirally around each strand.
These give additional wearing surface without sacrificing the flexibiUty.
When the flat winding is worn through, a complete rope remains with
unimpaired strength. These ropes are designed for severe conditions
of service, and an additional service of 50 to 100 per cent over that of
the unprotected rope is frequently obtained. The hoisting rope
tables on pages 257 and 259 may be used for the strength of steel-
clad rope, by referring to the diameter of the rope, as it would be were
no wrapping applied. The steel wrapping is not considered as adding
any strength to the rope, but merely serving to increase its hfe.

Flat Rope.—Flat rope consists of a number of "flat-rope" strands,
twisted alternately right and left, placed side by side and served with
soft Swedish iron or steel wire, to form a flat rope of the desired width
and thickness. The soft sewing wires wear much quicker than the
rope wire, and have to be replaced from time to time, at which time
worn strands can also be renewed. Flat rope is used principally for
hoisting heavy loads out of deep shafts, it requiring a reel but little

larger than the width of the rope, whereas round rope necessitates
the use of a large drum. Its use is recommended where saving of
machinery space is an object. It does not twist or spin in the shaft.
It is also used for operating spouts on coal and ore docks, and for raising
and lowering emergency gates on canals and similar machinery. For
details of methods of fastening it to drums, the manufacturers should
be consulted. Drums and sheaves should be as large as possible. A
rule for the diameter of the drum is D = c t, where D is diameter of
drum at bottom; ft., t = thickness of rope; in. and c = 100 for drum§
and 160 for sheaves. Sheaves should be crowned at the center and
have deep flanges to guide the rope. See table, page 261.

Track Cable for Aerial Tramways.—Composed of several successive
layers of wires wrapped around a single wire core, the number of
wires varying with the diameter of the cable. The cable is made in
plow steel and crucible steel grades

Track Cable for Aerial Tramways,

Breaking Breaking Breaking
ni Stress Tons ni Stress Tons ^ St'ssTons

fl ^ V
(2000 Lbs.). d ^ •

(2000 Lbs.).
,«

(2000 Lbs.)

1

•3

6 ill ^1
1^ 1

6 i.|l
|1 s

d 11 ll

21/? 91 1310 285.0 335.0 13/4 61 659 145.8 171.0 11/8 37 770 60 70
21/4 91 1036 233.0 266.0 15/s 61 563 124 146 1 19 220 49 7 58 7
21/8 91 93!) 204.0 240 U/o 37 488 108.4 127.5 7/s 19 169 37 6 44 4
2 61 «40 185.0 218.0 13/8 37 401 88.8 105.0 3/4 19 174 27 6 37 ^
IV/8 61 728 161.0 189.0 11/4 37 323 71.8 84.6 5/8 19 86 19.2 ll.-i
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Non-Spinning Hoisting Rope.

18 Strands, 7 Wires per Strand, 1 Hemp Core.

d Approximate Breaking Allowable Working Load,
r"M

-Q

Strength, Tons (2000 Lb.). Tons (2000 Lb.).
n <"-

^j

' e J Kr^ .
15 Vn . hr^ . &

5 S
fe 1

3^ a
1
GO QJ

.2S

^1 i "J 1
GO <y

il
i 1 +3

5.50

§ 1^ II |l g el xOzn p i«
13/4

<
51/0

h5

85 90

A Ph M u

17 1

W

22 245 80 01 on 111 in 122 9.1 20.2 24 04 7 00

15/8 5 4 90 39 80 74.40 87,60 96. 3( 7.9 14 8 17.5 19,2 6 50

11/2 4 3/^ 4 37, M 00 63 80 75.00 82 5( 90 7 6 8 12 7 15.0 16 5 18 1 6 00

13/8 41/1 3 6f 28 20 52.00 62.40 68. 6( 75,5 5.6 10.4 12.4 13 7 15.1 5 50

U/4 4 2 8f 23.40 43 80 51,60 56. 8( 62 5 4.6 8.7 10.3 11.3 12.5 5 00
11/8 31/0 2 34 19,60 36 80 43.20 47. 5( 52,2 : 3.9 7.3 8.6 9.5 10.4 4.50

1 3 1 73 14 95 28,00 33.00 36. 3C 39. ( : 2.9 5.6 6.6 7.2 7.8 4.00
7/8 23/4 1.44 11 95 22.50 26.50 31. 8( 35. ( 2.3 4.5 5.3 6.3 7.0 3.50

3/4 21/4 1 02 8 85 16.70 19.60 24. 6C 27.

(

I 1.7 3.3 3.9 4.9 5.4 3.00

5/8 7. 0.7C 5 9(1 11 10 13 Id 15 7' 17 3 I 1 1 2 2 2 6 3 1 3 4 2 50

9/16 13/^ 57 4 85 9.10 10 7(1 12.81 97 1 8 2.1 2 5 2 25

1/2 1 1/' 47 3 65 6.90 8.10 9 7' 10 7 ( 73 1 3 16 1 9 2 1 2 00

7/16 11/4 0.31 2 63 4.90 5.8(1 6.8f 0,52 0.98 1.1 1 3 1 75

I

3/8 11/ 0.25 2.10 3.90 4.60 5.55 6.i(] 0.42 0.78 0.92 1.1 1.2 1.50

Steel Flat Rope.

Allow- Allow- Allow-
able able able

Working Working Working
. Load, Load, . Load,

'A Tons d Tons t^ Tons
d K-1 (2000 c (2000 d J (2000

e
Lbs.).

c
J Lbs.). 1—

1

Lbs.).

S »H <iJ-J m 0)^ ?R (D •

E-t

t̂s

^ 5

S

r
1 T3

^
-̂S

^
1^

1^

1/4 U/? 0.65 2.6 3.10 3/8 41/? 2.85 12.6 6.6 5/8 41/? 4.55 18.2 21.0
1/4 ?. ) H2 3 4 4 01) 3/8 5 3,10 13.6 16.2 5/8 5 5.10 20.4 23,8
1/4 21/9 1.06 4.4 5 30 3/8 51/? 3.50 15.4 18.4 5/8 51/9 5.65 22.8 26.4

1/4 3 1.23 5.2 6.20 3/8 6 3.73 16.2 19.4 5/8 6 6.15 25.0 29.0
5/8 7 7.30 29 6 34 2

5/16 1 1/9 \79 3 6 4 4 1/9 21/9 2 20 9.0 10,8 5/8 8 8.40 34 39 4

5/16

5/16

2
21/9

1.10

1 35

4.6
6

5.6
7

1/2
1/9

3

31/?
2.50
2.80

10.4

12.0
12.6
14.4 3/4 5 6.85 27.0 31.4

5/16 3 1.60 7.2 8 6 1/9 4 3.15 13.8 16.4 3/4 6 7.50 30.2 35.0

5/16 31/^ 1.88 8.2 10.0 1/9 41/? 3.85 16.6 19.8 3/4 7 8.25 33.6 38.8

5/16 4 2.15 9.6 11.4 1/9 5 4.20 18.0 21.6 3/4 8 9.75 40.4 46.8
1/9

1/9
51/2
6

4.55
4.90

19.6
21

23.6
25 23/8 2 1,30 5 4 6 6 7/8 5 7.50 31.0 34.4

3/8 21/^ 1.70 7.2 8 6 1/9 7 5,90 25.6 30.6 7/8 6 8.53 36.0 41.8
3/8
3/8

3

31/9
1.89
2 30

8.2
10

9.8
12

7/8
7/8

7

8

9.56
10.60

40.6
45.0

46.6
51.65/8 31/9 3 50 13 6 15 8

3/8 4 2.43 10.8 13.0 5/8 4 4.00 15.8 18.4

The allowable working load in the above table is 1/5 of the approxi-
mat B breakiiIg si;re.sS Of the rope.
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Locked Wire Cable.—Locked wire cable and locked coil-track
cable, of the general form shown in Fig. 77, are used as track cables
for aerial tramways. They differ only in the number and size of

Fig. 77.

wires used, and both are made of crucible cast steel. The locked
wire cable is the more flexible of the two. These cables are smoother
than the track cable described on page 260.

Locked Coil and Locked Wire Ca ble.

Break- Break- Break-
ing ing ing

Wt. per Stress, Wt. per Stress, Wt. per Stress
Ft., Lb. Tons

(2000
Ft., Lb. Tons

(2000
Ft., Lbs. Tons

(2000

fl*
Lbs.).

fl
Lbs.).

,i

Lbs.).

., T3 '^
^? T3 TJ .

'"1
T) t3 . t3 T) . T) '^

,,;
t3 ts .

g ^^ M^ M4 ^h g Sd ^S ^d ^i g .S^ Sd ^i

5 ,6 ^^ ^" ^^ s 8d a^ ^-F 5
86 3^ ^- o^

21/^ 15 60 240 11/9 5.30 5 70 89 89 7/8 1.80 1.88 30 30
21/4 12.50 190 13/8 4.40 4 75 75 75 3/4 1.30 22
2 10 00 160 11/4 3 7(1 3 8(1 62 67, 5/8 90 15.5

13/4 7 65 120 11/8 3.0(1 3 15 50 50 9/16 0.72 12.5

15/8 6.30 6.60 103 103 1 2.35 2.50 40 40 V2 0.57 10

Galvanized Steel Hawser.

For Lake and Deep Sea Towing and Mooring Lines.

Six 3 7-Wire Six 24-Wire Six37-Wire Six 24-Wire
Strands, 1 Strands, 7 Strands, 1 Strands, 7
Hemp Core Hemp Cores. Hemp Core. Hemp Cores

§ S3 § a
o o , o .

d
r

a

^4
13 fl§

d

llo
n4i

a o ^-J «^^- ^^ M-- Q O ^^ W^^^ ^^ w«^^

23/8 7 1/:^ 8.82 188 li/r 4 3/4 3.55 76 3 10 63
25/16 n/4 8.36 182 17/16 41/?, 3.24 72 2 92 55
21/4 7 1/8 8.00 171 13/8 41/4 3.00 66 7, 62 50
21/8 6 3/4 7.06 155 11/4 4 2.45 54 7 15 42
21/18 6 1/0 6.65 140 5.8i 113 13/16 3 3/4 2.21 47 1 93 38
2 6 1/4 6.30 132 5.51 106 11/8 31/. 2.00 42 1 75 34
1 15/16 6 5.84 125 5.09 98 11/16 31/4 1 77 38 1 54 27
1 13/16 5 3/4 5 13 112 4.48 88 1 3 1 58 31 5 1 38 25
13/4 5 1/9, 4.85 104 4.24 82 7/8 2 3/4 1.20 26 1 05 20
\ 11/16 5 1/4 4.42 97 3.86 76 13/16 21/9 1.03 22 90 17

15/8 5 4.15 87 3.63 74 3/4 21/4 0.89 20 0.78 14
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To Splice a Wire Rope. — The tools required will be a small marline
spike, nipping cutters, and either clamps or a small hemp-rope sling with
wnich to wrap around and untwist the rope. If a bench-vise is acces-
sible it will be found convenient.

In splicing rope, a certain length is used up in making the splice. An
allowance of not less than 16 feet for 1/2-inch rope, and proportionately-
longer for larger sizes, must be added to the length of an endless rope in
ordering.
Having measured, carefully, the length the rope should be alter splicing,

and marked the points M and M\ Fig. 78, unlay the strands from each
end E and E' to M and M' and cut off the center at M and M', and then:

(1). Interlock the six unlaid strands of each end alternately and draw
them together so that the points M and M' meet, as in Fig. 79.

(2). Unlay a strand from one end, and following the unlay closely, lay
into the seam or groove it opens, the strand opposite it belonging to the
other end of the rope, until within a length equal to three or four times
the length of one lay of the rope, and cut the other strand to about the
same length from the. point of meeting as at A, Fig. 80.

(3). Unlay the adjacent strand in the opposite direction, and following
the unlay closely, lay in its place the corresponding opposite strand, cut-
ting the ends as described before at B, Fig. 80.
There are now four strands laid in place terminating at A and B, with

the eight remaining at MM', as in Fig. 80.
It will be well after laying each pair of strands to tie them temporarily

at the points A and B.

M E'

Fig. 81. Splicing Wire Eope. Fig. 82.

Pursue the same course with the remaining four pairs of opposite
strands, stopping each pair about eight or ten turns of the rope short of
the preceding pair, and cutting the ends as before.
We now have all the strands laid in their proper places with their re-

spective ends passing each other, as in Fig. 81.
All methods of rope-splicing are identical to this point: their variety

consists in the method of tucking the ends. The one given below is the
one most generally practiced.
Clamp the rope either in a vise at a point to the left of A, Fig. gl, and

by a hand-clamp api)hed near A, open up the rope by untwisting suffi-

ciently to cut the core at A, and seizing it with the nippers, let an assis-

tant draw it out slowly, you following it closely, crowding the strand in
its place until it is all laid in. Cut the core where the strand ends, and
push the end back into its place. Remove the clamps and let the rope
close together around it. Draw out the core in the opposite direction
and lay the other strand in the center of the rope, in the same manner.
Repeat the operation at the five remaining points, and hammer the rope
lightly at the points where the ends pass each other at A, A, B, B, etc.,

with small wooden mallets, and the sphce is complete, as shown in Fig. 82.
If a clamp and vise are not obtainable, two rope slings and short

wooden levers may be used to untwist and open up the rope.
A rope spUced as above will be nearly as strong as the original rope

and smooth everywhere. After running a few days, the splice, if well
made, cannot be ifound except by close examination.
The above instructions have been adopted by the leading rope manu-

facturers of America.
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CHAINS.
Weight per Foot, Proof Test and Breaking Weight.

(Pennsylvania Railroad Specifications, 1903.)

Description.

Twisted ctiain .

,

Perfection twisted chain
Straight-linli chain. .

Crane chain
Straight-iinlc chain . .

Crane chain
Straight-link chain . .

Crane chain
Straight-link chain . .

Crane chain
Straight-link chain . .

Crane chain

Straight-link chain.
Crane chain

Maximum
Length of
100 Links.
Inches.

1031/8
961/4
1511/4
102
1143/4
1143/4
1135/8
1271/2
1261/4
153
1511/2
1781/2
1763/4
204
202
2521/2
277 ?/4

2801/2
303
353 1/2

4165/8
4793/4
5551/2

Weight
per

Foot.
Lbs.

0.20
0.35
0.27
0.70
1.10
1.60
1.60
2.07
2.07
2.50
2.60
4.08
4.18
5.65
5.75
7.70
9.80
9.80
12.65
15.50
22.50
30.00
39 00

Proof Breaking
Test. Weight.
Lbs. Lbs.

1,600 3,200
2,500 5,000
3,600 7,200
4,140 8,280
4,900 9,800
5,635 11,270
6,400 12,800
7,360 14,720
10,000 20,000
11,500 23,000
14,400 28,800
16,560 33,120
22,540 45,080
29,440 58,880
25,600 51,200
38,260 76,520
46,000 92,000
66,240 132,480
90, 1 60 180,320
117.760 235,520

Elongation of all sizes, 10 per cent. All chain must stand the proof
test without deformation. A piece 2 ft. long out of each 200 ft. is

tested to destruction.
British Admiralty Proving Tests of Chain Cables. — Stud-links.

Minimum size in inches and 16ths. Proving test m tons of 2240 lbs.

Min. Size: H | U i H 1 It's H i i% H li's 1|
Test, tons: 8i 10.1 11.9 13f 1.5f 18 20.3 22f 205^5 28.1 31 34
Min. Size: ]/« U Its 1| Iri U IH If Irl 2 2|
Test, tons: 37/0 40^ 43 9 47^ 51i 55.1 59.1 631 G7ih "72 8H

Wroxight-iron Chain Cables. — The strength of a chain link is less

than twice that of a straight bar of a sectional area equal to that of one
side of the link. A weld exists at one end and a bend at the other, each
requiring at least one heat, which produces a decrease in the strength.
The report of the committee of the U. S. Testing Board (1879), on tests
of wrought-iron and chain cables, contains the following conclusions.
That beyond doubt, when made of American bar iron, with cast-iron
studs, the studded link is inferior in strength to the unstudded one.

"That when proper care is exercised in the selection of material, a varia-
tion of 5 to 17 per cent of the strongest may be expected in the resistance
of cables. Without this care, the variation may rise to 25 per cent.

"That with proper material and construction the ultimate resistance of
the chain may be expected to vary from 155 to 170 per cent of that of the
bar used in making the links, and show an average of about 163 per cent.
"That the proof test of a chain cable should be about 50 per cent of

the ultimate resistance of the weakest link."
The decrease of the resistance of the studded below the unstudded

cable is probably due to the fact that in the former the sides of the link
do not remain parallel to each other up to failure, as they do in the latter.

The result is an increase of stress in the studded link over the unstudded
in the proportion of unity, to the secant of half the inclination of the
sides of the former to each other.
From a great number of tests of bars and unfinished cables, the commit-

tee considered that the average ultimate resistance, and proof tests of
chain cables made of the bars, whose diameters are given, should be,

^uctj as 9.re shown ixi \he accompanying table,



CHAINS. 265

ULTIMATE RESISTANCE AND PROOF TESTS OF CHAIN CABLES.

Diam.
of
Bar.

Average resist.
= 163% of Bar.

Proof Test.
Diam.

of
Bar.

Average resist.
= 163% of Bar.

Proof Test

Inches. Pounds. Pounds. Inches. Pounds. Pounds.
I 71,172 33,840 '9/16 162,283 77,159
11/16 79,544 37,820 15/8 174,475 82,956
11/8 88,445 42,053 1 11/16 187,075 88,947
13/16 97,731 4'!,468 13/4 200,074 95,128
11/4 107,440 51,084 1 13/16 213,475 101,499
15/16 117,577 55,903 17/8 227,271 108,058
13/8 128,129 60,920 1 15/16 241,463 114,806
17/16 139,103 66,138 2 256,040 121,737
11/2 150.485 7), 550

Pitch, Breaking, Proof and Working Strains of Chains.
(Bradlee & Co., Philadelphia.)

.2

D. E.G. Special Crane. Crane.

.2
a S;5 ^i a

s (=1

-*3

?
*i> ^1 ^1 w"

^'}
O

'1 i
a

<0

19.

o

am
bD '5 o ^

H

i K < s
> a 6-^s ^

> C
o^^

1/4 25/32 3/4 15/16 1,932 3,864 1,288 1,680 3,360 1,120
5/16 27/32 1 11/8 2,898 5,796 1.932 2,520 5,040 1,680
3/3 31/32 11/2 15/16 4,186 8,372 2,790 3,640 7,280 2,427
7/16 15/32 2 11/2 5,796 11,592 3,864 5,040 10,080 3,360
1/2 1 11/32 21/2 1 13/16 7,728 15,456 5,152 6,720 13,440 4,480
9/16 1 15/32 33/10 2 9,660 19,320 6,440 8,400 16,800 5,600
5/8 1 23/32 41/10 23/16 11,914 23,828 7,942 10,360 20,720 6,907
11/16 1 13/16 5 23/8 14,490 28,980 9,660 12,600 25,200 8,400
8/4 I 15/16 62/10 29/16 17,388 34,776 11,592 15,120 30,240 10,080
13/16 21/16 67/10 23/4 20,286 40,572 13,524 17,640 35,280 11,760
7/8 23/16 83/8 215/16 22,484 44,968 14,989 20,440 40,880 13,627
15/16 27/16 9 33/16 25,872 51,744 17,248 23,520 47,040 15,680

1 21/2 101/2 33/8 29,568 59,136 19,712 26,880 53,760 17,920
11/16 25/8 12 39/16 33,264 66,538 22,176 30,240 60,480 20,160
11/8 23/4 135/8 313/16 37,576 75,152 25,050 34,160 68,320 22,773
13/16 31/16 137/10 4 41,888 83,776 27,925 38,080 76,160 25,387
11/4 31/8 16 43/16 46,200 92,400 30,800 42,000 84,000 28,000
15/16 33/8 161/2 43/8 50,512 101,024 33,674 45,920 91,840 30,613
13/8 39/16 191/4 49/16 55,748 111,496 37,165 50,680 101,360 33,787
17/16 311/16 197/10 43/4 60,368 120,736 40,245 54,880 109,760 36,587
11/2 37/8 23 51/8 66,528 133,056 44,352 60,480 120,960 40,320
19/16 4 25 55/16 70,762 141,524 47,174 65,520 131,140 43,180
13/4 43/4 31 57/8 82,320 164,640 54,880
2 53/4 40 63/4 107,520 215,040 71,680
21/4 63/4 52-3/4 75/8 136,080 272,160 90,720
21/2 7 641/2 83/8 168,000 336,000 112,000

23/4 71/4 73 91/8 193,088 386,176 128,725
3 73/4 86 97/8 217,728 435,456 145,152

The distance from center of one link to center of next is equal to the
inside length of link, but in practice 1/32 in. is allowed for weld. This is

approximate, and where exactness is required, chain should be made so.
For Chain Sheaves. — The diameter, if possible, should be not less

than thirty times the diameter of chain used.
Example. — For 1-inch chain use 30-inch sheaves.
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CIRCLE AND
CUPOLA BLOCK

SHAPES AND SIZES OF FIBE-BBICK.
(Stowe-Fuller Co., Cleveland, 1914.)

Name of
Brick

Length,
Inches.

Width,
Inches.

^6

Straight Brick.
9-inch
Large 9-inch .

Small 9- " ,

Checker
Soap
No. 1 Split. ..

No. 2 " ...

Checker Tile

.

Mill

Mill Block .. /.

No. 1 Bridgewall
No.2

9
9
9
9
9
9
9

18,20,
24

18,20,
24
18
13

13

Wedge Shape and Taper Bricks.
Large 9-in. No.

1 Wedge ....
Large 9-in. No.
2 Wedge . .

No. 1 Wedge
No. 2
No. 1 Key*

.

No. 2 " *
.

No. 3 " *.
No. 4 " * .

No. 1 Archf.
No. 2 "

t-
Side Skew . .

End Skew . .

Skew Back. .

No. 1 Neck .

No.2 "
.

No. 3 "
.

Feather Edge
Jamb ....
Bullhead .

Edge Arch

21/2

21/2
21/2
21/2
21/2
21/2
21/2

21/2
21/2

21/2
21/2

21/2
21/2

21/2

21/2
21/2
21/2
21/2

21/2

17/8

11/2

11/2

h

102

63
102
63
112
65
41
26
72
42

60

30
60
30
144
72
36
18
48
24

5/8

Vs

2 36

Circle Brick, Curved Edges.

No.
No.
No.
No.
No. 5

Cupola Blocks.

81/2 51/4 41/9 21/9 .... 9
9 69/1,. 41/9 21/9 .... 11

9 /3/lfi 41/9 21/9 .... 14
9 >y/ifi 41/9 21/9 .... 20
9 75/8 41/2 21/2 ....I 24

No. 1 9 63 /r 6 4 15 30
No. 2 9 63/4 6 4 17 36
No. 3 9 71 /s 6 4 21 48
No. 4 9 71/2 6 4 52 60

* Tapers lengthwise, t Tapers breadthwise.

Other special shapes of brick and tile manufactured are: Locomo-
tive tile, 32, 34, and 40 in. X 10 in. X 3 in. ; 34 and 36 in. X 8 in. X 3 in.
Blast Furnace Shapes, 13^ X 6 X 23^ in. straight; No. 1, 12 ft. Key
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133^X6X5X2K in- thick, 91 brick to circle; No. 2, 6 ft. Key
13 H X 6 X 43/8 X 2K in. thick, 53 brick to circle; bottom blocks,
18 X 9 X 4}^ in. straight. Standard Block Linings, 9X9, 12 x 9,

15 X 9, 18 X 9, all 4 J^ in. thick, made straight, and as key-brick
for use with straight brick to Une any diameter of furnace ; the key-
bricks are made for radii of 5, 7>2, and 10 ft. Pottery Kiln Brick,
flat back, 9X6 X 2 i.^ in. ; flat back arch, 9X6X3MX2H in.;

56 brick to a 32-inch inside diam. circle, No. 2 flat back arch, 9x6
X 3 M X 2 in., 31 brick to a 22-inch inside diam. circle.

A straight 9-inch flre-brick weighs 7 lbs., a silica brick, 6.2 lbs.; a
magnesia brick, 9 lbs.; a chrome brick, 10 lbs. A silica brick expands
about 1/8 inch per foot when heated to 2,500° F.

Clay brick expand or shrink, dependent upon the proportion of
silica to alumina contained in the brick; but most fire clay brick
contain alumina sufficient to show some shrinkage.
One cubic foot of wall requires 17, 9-inch bricks; one cubic yard,

requires 460. Where keys, wedges, and other "shapes" are used, add
10 per cent, in estimating the number required.
To secure the best results, flre-brick should be laid in the same clay

from which they are manufactured. One ton of ground clay should
be sufficient to lay 3,000 ordinary bricks. It should be used as a
thin paste and not as mortar. The thinner the joint the better the
furnace wall. In ordering bricks, the service for which they are to be
used should be stated.

Silica brick should be laid in silica cement and with the smallest
joint possible.
Ground flre-brick or old cupola blocks mixed with fire-clay make

the best cupola daub known.

NUMBEE OF FIBE-BBICK REQUIRED FOR
CIRCLES.

VARIOUS

Key Bricks. Arch Bricl.3. Wedge Brieks.
Diam.

of
Circle.

d 6 6 d d d
<5 1

d d
5 1

ft. in.

1 6 25
17

9

25
30
34
38
42
46
51

55
59
63
67
71

76
80
84
88
92
97
101

105

109

113

117

2 13

25

38
32
25
19

13

6

42
31

21

10

....

42
49
57
64
72
80
87
95
102

110
117

125

132

140
147

!55

162

170

177

185

193

2 6 18

36
54
72
72

72

72
72
72
72

72
72

72
72

72
72

72

72

72

72

......

'"s"
15

23
30
38
45
53
60
68
75
83
90
98
105

113

121

60
48
36
24
12

60
3 20

40
59
79
98
98
98
98
98
98
98
98
98
98
98
98
98
98
98

"s"
15

23
30
38
46
53
61

68
76
83
91

98
106

68
3 6
4
4 6
5
5 6_

6

10

21

32
42
53
63
58
52
47
42
37
31

26
21

16

11

5

•••9-

19

29
38
47
57
66
76
85
94
104
113

113

76
83
91

98
106

113
6 6 121

7 128
7 6 136
8 144
8 6 151

9 159
9 6 166
10 174
10 6 181

11 189

11 6 196

12 204
12 6

For larger circles than 12 feet use 113 No. 1 Key, and as many 9-inch
brick as may be needed in addition.
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Refractoriness of Some American Fire-BriclJ.— (R. P. Weber,
A. I. M. E., 1904.) Prof. Heinrich Ries notes that the fusibility of New
Jersey brick is influenced largely by its percentage of silica, but also in
part by the texture of the clay. It was found that the fustion-point of

'

almost any of the New Jersey fire-bricks could be reduced four or five
Seger cones by grinding the brick suflaciently flue to pass through a
700-mesh sieve.
Mr. Weber draws the conclusion from his tests of 44 bricks that it is

evident that the refractoriness of a fire-brick depends on the total quan-
tity of fluxes present, the silica percentage and the coarseness of grain;
moreover, chemical analysis alone cannot be used as an index of the
refractoriness except within rather wide limits. The following table
shows the composition, fusion-point, and physical properties of six
most refractory and of five least refractory of the 44 bricks.

Locality. Si02. AI2O3. FesOg. TiOa.

-73

III
<

6^^

1... Missouri . .

,

Per
cent.
51.59
54.90
53.05
93.57
44.77
68.70
61.28
74.83
67.19
60.76
60.58

Per
c«nt.
38.26
38.19
41.16
2.53
43.03
20.73
27.13
16.40
25.05
31.66
32.49

Per
cent.
1.84
2.18
2.65
0.62
2.78
1.20
2.90
3.25
2.83
5.67
2.25

Per
cent.
1.97

1.55
1.80
0.27
2.54
5.54
1.37
0.77
0.71
1.58
1.69

Per
cent.
6.34
3.18
1.34
3.01
6.83
3.81

7.31

4.74
4.22
0.33
2.99

Per
cent.
10.25
6.91
5.79
3.90
12.15
10.55
11.58
8.77
7.76
7.58
6.93

No.

32 to 33
2... 32 to 33
3...
4...

Pennsylvania 32 to 33
32 to 33

5... Kentucky 31 to 32
6... New York 31 to 32

40...
41...
42...

Pennsylvania
Pennsylvania

26
26
26

43... 26
44... Kentucky 26

1 Fairly uniform, angular flint-clay particles, constituting body of
brick. Largest pieces 5 to 6 mm. in diameter. White.

2 Coarse-grained : angular pieces of flint-clay as large as 9 mm. Aver-
age 4 to 5 mm. Light buff.

3 Coarse, angular flint-clay particles, varying from 1 to 5 mm. in
diameter. Average 4 to 5 mm. Buff.

* Fine-grained quartz particles. Largest 2 to 3 mm. in diameter.
White.

6 Medium grain; flint-clay particles, fairly uniform in size, 3 to 4 mm.
Light buff.

<^ Coarse grain; quartz particles, 4 to 5 mm. in diameter, forming
about 50 per cent of brick. White.

<o Fine grain; small, white flint-clay particles, not over 2 mm. in
diameter and not abundant. Buff.

*i Medium grain; pieces of quartz with pinkish color and angular flint-
clay particles. About 3 mm. in diameter. Buff.

^2 Fine grain; even texture. Few coarse particles. Brown.
^3 Fine grain; some particles as large as 1 to 2 mm. in diameter. Buff.
4< Angular, dark-colored, flinty-clay particles. Maximum size 5 mm.

Throughout a reddish-brown matrix.

SI.AG BRICKS AND SI.AG BLOCKS.
Slag bricks are made by mixing granulated basic slag and slaked lime,

molding the mixture in a brick press or by hand, and drying. The silica
in the slag ranges from 22.5% to 35%; the alumina andiron oxide together,
from 16.1% to 21%; the hme, from 40% to 51.5%,. The granulated slag
IS dried and pulverized. Powdered slaked lime is added in sufficient auan-
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*ity to bring the total calcium oxide in the mixture up to about 55%.
tJsually a small amount of water is added. The mixture is then molded
into shape, and the bricks are then dried for six to ten days in the open
:air. Slag bricks weigh less than clay bricks of equal size, require less

mortar in laying up, and are at least equal to them in crushing strength.
Slag blocks are made by running molten slag direct from the furnaces

dnto molds. If properly made, they are stronger than slag bricks. They
•are, however, impervious to air and moisture; and on that account
^dwellings constructed of them are apt to be damp. Their chief uses are
for foundations or for paving blocks. The properties required in a slag
paving block, viz: density, resistance to abrasion, toughness, and rough-
ness of surface, vary with the chemical composition of the slag, the
rapidity of cooling, and the character of the molds used. Blocks cast in
sand molds, and heavily covered with loose sand, cool slowly, and give
much better results than those cast in iron molds. — E. C. Eckel, Eng,
News, April 30, 1903.
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0.40

oiis
3.01
0.07
0.20

0.23
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0.07
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0.80
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0.29
2.30
2.24

2.52
1.74
1.26
1.07

Tr.
0.90

6."55'
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1 Mass. Inst, of Technology, 1871. 2 Report on Clays of New Jersey.
Prof. G. H. Cook, 1877. s Second Geological Survey of Penna., 1878.
4 Dr. Otto Wuth (2 samples), 1885. s Flint clay from Clearfield and
Cambria counties, Pa., average of hundreds of analyses by Harbison-
Walker Refractories Co., Pittsburg, Pa. ^ Same material calcined.
All other analyses from catalogue of Stowe-FuUer Co., 1914.

MAGNESLl BRICKS.
"Foreign Abstracts" of the Institution of Civil Engineers, 1893, gives a

paper by C. Bischof on the production of magnesia bricks. The material
most in favor at present is the magnesite of Styria, which, although less

pure considered as a source of magnesia than the Greek, has the property
of fritting at a high temperature without melting.

At a red heat magnesium carbonate is decomposed into carbonic acid
and caustic magnesia, which resembles lime in becoming hydrated and
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recarbonated when exposed to the air, and possesses a certain plasticity;
so that it can be moulded when subjected to a heavy pressure. By long-
continued or stronger heating the material becomes dead-burnt, giving a
form of magnesia of high density, sp. gr. 3.8, as compared with 3.0 in the
plastic form, which is unalterable in the air but devoid of plasticity, A
mixture of two volumes of dead-burnt with one of plastic magnesia can
be moulded into bricks which contract but little in firing. Other binding
materials that have been used are: clay up to 10 or 15 per cent; gas-tar,
perfectly freed from water, soda, silica, vinegar as a solution of magnesium
acetate which is readily decomposed by heat, and carbolates of alkalies
or Ume. Among magnesium compounds a weak solution of magnesium
chloride may also be used. For setting the bricks lightly burnt, caustic
magnesia, with a small proportion of silica to render it less refractory, is

recommended. The strength of the bricks may be increased by adding
iron, either as oxide or siUcate. If a porous product is required, sawdust
or starch may be added to the mixture. When dead-burnt magnesia is

used alone, soda is said to be the best binding material. See also papers
by A. E. Hunt, Trans. A. I. M. E., xvi, 720, and by T. Egleston, Trans.
A. I. M.E., xiv, 458.
The average composition of magnesite, crude and calcined, is given as

follows by the Harbison-Walker Refractories Co., Pittsburg (1907).

Grecian. Styrian.
Crude. Calcined. Crude. Calcined.

Carbonate of magnesia 97.00% 92.50%
Magnesia 94.00% 85.50%
Silica 1.25 2.75 1.50 3.00
Alumina 0.40 .0.70 0.50 1.00
Iron Oxide 0.40 0.80 3.90 8.00
Lime 0.75 1.50 1.25 2.50
Loss 0.40 0.50

100.05 100.15 99.65 100.50

With the calcined Styrian magnesite of the above analysis it is not
necessary to use a binder either for making brick or for forming the
bottom of an open-hearth furnace.

ZmCONIA.
Zirconiaore (84.1 ZrO?; 7.74 Si02; 3.10Fe2O3; 1.21 Ti02; O.66AI2O3:

loss on ignition 2.72) vitrifies slightly at 1830° C. (3326° F) . Mixed with
different percentages of clay and molded into cones it vitrifies at some-
what lower temperatures. A zirconia brick containing 5% clay be-
came plastic on its face at 1800° C. (3272°F.). (H. Conrad Meyer.
Met. & Chem. Enq., Vol. xii. No. 12, 1914, Vol. xiii. No. 4, 1915;
Circular of Foote Mineral Co., Philadelphia.)

ASBESTOS.
The following analyses of asbestos are given by J. T. Donald, Eng. and

iU.JoMr., June 27,. 1891.
Canadian.

Italian. Broughton. Templeton.
Silica 40.30% 40.57% 40.52%
Magnesia 43.37 41.50 42.05
Ferrous oxide 87 2.81 1.97
Alumina 2.27 .90 2.10
Water 13.72 13.55 13.46

100.53 99.33 100.10

Chemical analysis throws light upon an important point in connection
with asbestos, i.e., the cause of the harshness of the fibre of some varieties.
Asbestos is principally a hydrous silicate of magnesia, i.e., sihcate of mag-
nesia combined with water. When harsh fibre i.^ analyzed it is found to
contain less water than the soft fibre. In fibre of very fine quality from
Black Lake analysis showed 14.38% of water, while a harsh-fibred sa-mple
gave only 11.70%. If soft fibre be heated to a temperature that will drive
off a portion of the combined water, there results a substance so brittle
that it may be crumbled between thumb and finger. There is evidently
some connection between the consistency of the fibre and the amount of
water in its composition.
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Babbitt or

White Metal
Copper, Brass

or Composition

Rubber, Vulcanite

or Insulation

1il

Wrought Steel Nickel Steel Chrome Steel Vanadium Steel

:ii:^

Concrete
H

Os

Concrete Blocks
msiim
Cyclopean Expanded Wire or

Concrete ,, .
^^*^' ^ o^^' xKeinforced Concrete
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STRENGTH Of MATBEIALS.

stress and Strain^ — Thete is much confusion among writers on.
strength of materials a,s to the definition of these terms. An external
force apphed to a body, so as to puU it apart, is resisted by an internal
force, or resistance, and the action of these forces causes a displacement
of the molecules, or deformation. By some writers the external force is

caUed a stress, and the internal force a strain; others call the external
force a strain, and the internal force a stress; this confusion of terms is

not of importance, as the words stress and strain are quite commonly
used synonymously, but the use of the word strain to mean molecular'
displacement, deformation, or distortion, as is the custom of some, is a-
corruption of the language. See Engineering News, June" 23, 1892..
Some authors in order to avoid confusion never use the word strain im
their writings. Definitions by leading authorities are given below.

Stress. —• A stress is a force which acts in the interior of a body, and'
resists the external forces which tend to change its shape. A deformation'.
is the amount of change of shape of a body caused by the stress. The:
word strain is often used as synonymous with stress, and sometimes it is;

also used to designate the deformation. (Merriman.)
The force by which the molecules of a body resist a strain at any point",

is called the stress at that point.
The summation of the displacements of the molecules of a body for a-,

given point is called the distortion or strain at the point considered,.
(Burr.)

Stresses are the forces which are applied to bodies to bring into actiom
their elastic and cohesive properties. These forces cause alterations of.'

the forms of the bodies upon which they act. Strain is a name given toi

the kind of alteration produced by the stresses. The distinction betweeni
stress and strain is not always observed, one being used for the other„
(Wood.)
The use of the word stress as synonymous with " stress per square inch,'''

or with "strength per square inch," should be condemned as lacking ia
precision.

Stresses are of different kinds, viz.: tensile, compressive, transverse, tor-
sional, and shearing stresses.
A tensile stress, or pull, is a force tending to elongate a piece. A com-

pressive stress, or push, is a force tending to shorten it. A transverse siress
tends to bend it. A torsional stress tends to twist it. A shearing stress

tends to force one part of it to slide over the adjacent part.
Tensile, compressive, and shearing stresses are called simple stresses.

Transverse stress is compounded of tensile and compressive stresses, and
torsional of tensile and shearing stresses.
To these five varieties of stresses might be added teariyig stress', which is

either tensile or shearing, but in which the resistance of different portions
of the material are brought into play in detail, or one after the other,
instead of simultaneously, as in the simple stresses.

Effects of Stresses. — The following general laws for cases of simple
tension or compression have been established by experiment (Merriman)

:

1. When a small stress is applied to a body, a small deformation is pro-
duced, and on the removal of the stress the body springs back to its original
form. For small stresses, then, materials may be regarded as perfectly
elastic.

2. Under small stresses the deformations are approximately proportional
to the forces or stresses which produce them, and also approximately pro-
portional to the length of the bar or body.

3. When the stress is great enough a deformation is produced which is

partly permanent, that is, the body does not spring back entirely to its;

original form on removal of the stress. This permanent part is termed a.
set. In such cases the deformations are not proportional to the stress.

4. When the stress is greater still the deformation rapidly increases and',

the body finally ruptures.
5. A sudden stress, or shock, is more injurious than a steady stress or*

than a stress gradually applied.
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Elastic Limit. — The elastic limit is defined as that load at which
the deformations cease to be proportional to the stresses, or at which
the rate of stretch (or other deformation) begins to increase. It is also
defined as the load at which a permanent set first becomes visible. The
last definition is not considered as good as the first, as it is found that with
some materials a set occurs with any load, no matter how small, and that
with others a set which might be caUed permanent vanishes with lapse of
time, and as it is impossible to get the point of first set without removing
the whole load after each increase of load, which is frequently inconven-
ient. The elastic limit, defined, however, as that stress at which the
extensions begin to increase at a higher rate than the applied stresses,
usually corresponds very nearly with the point of first measurable per-
manent set.

Apparent Elastic Eimit. — Prof. J. B. Johnson (Materials of Con-
struction, p. 19) defines the " apparent elastic limit " as " the point on the
stress diagram [a plotted diagram in which the ordinates represent loads
and the abscissas the corresponding elongations] at which the rate of
deformation is 50% greater than it is at the origin," [the minimum rate].
An equivalent definition, proposed by the author, is that point at which
the modulus of extension (length X increment of load per unit of section
H- increment of elongation) is two thirds of the maximum. For steel,

with a modulus of elasticity of 30,000,000, this is equivalent to that
point at which the increase of elongation in an 8-inch specimen for 1000
lbs. per sq. in. increase of load is 0.0004 in.

Yield-point. — The term yield-point has recently been introduced into
the literature of the strength of materials. It is defined as that point at
which the rate of stretch suddenly increases rapidly with no increase of
the load. The difference between the elastic Umit, strictly defined as
the point at which the rate of stretch begins to increase, and the yield-
point, may in some cases be considerable. This difference, however, will
not be discovered in short test-pieces unless the readings of elongations
are made by an exceedingly fine instrument, as a micrometer reading to
0.0001 inch. In using a coarser instrument, such as calipers reading to
1/100 of an inch, the elastic limit and the yield-point will appear to be
simultaneous. Unfortunately for precision of language, the term yield-
point was not introduced until long after the term elastic limit had been
almost universally adopted to signify the same physical fact which is now
defined by the terra yield-point, that is, not the point at which the first

change in rate, observable only by a microscope, occurs, but that later
point (more or less indefinite as to its precise position) at which the
increase is great enough to be seen by the naked eye. A most convenient
method of determining the point at which a sudden increase of rate of
stretch occurs in short specimens, when a testing-machine in which the
puUing is done by screws is used, is to note the weight on the beam at
the instant that the beam "drops." During the earlier portion of the
test, as the extension is steadily increased by the uniform but slow rota-
tion of the screws, the poise is moved steadily along the beam to keep it

in equipoise; suddenly a point is reached at which the beam drops, and
will not rise until the elongation has been considerably increased by the
further rotation of the screws, the advancing of the poise meanwhile
being suspended. This point corresponds practically to the point at which
the rate of elongation suddenly increases, and to the point at which
an appreciable permanent set is first found. It is also the point
which has hitherto been called in practice and in text-books the elastic
limit, and it will probably continue to be so called, although the use of
the newer term " yield-point " for it, and the restriction of the terra elastic
limit to mean the earlier point at which the rate of stretch begins to
increase, as determinable only by microraetric measurements, is more
precise and scientific. In order to obtain the yield-point by the drop of
the beam with approximate accuracy, the screws of the testing machine
must be run very slowly as the yield-point is approached, so as to cause
an elongation of not more than, say, 0.005 in. per minute.

In tables of strength of materials hereafter given, the term elastic limit
is used in its customary meaning, the point at which the rate of stress has
begun to increase as observable by ordinary instruments or by the drop of
the beam. With this definition it is practically synonymous with yield-
point.



274 STRENGTH OF MATERIALS.

Coefficient (or Modulus) of Elasticity. — This is a term express-
ing the relation between the amount of extension or compression of a mate-
rial and the load producing that extension or compression.

It is defined as the load per unit of section divided by the extension per
unit of length.

Let P be the applied load, k the sectional area of the piece, I the length
of the part extended, A the amount of the extension, and E the coeflBcient
of elasticity. Then P -i- k = the load on a unit of section; A -r- Z = the
elongation of a unit of length.

P ^ A _ PZ.

k ' I k\

The coefficient of elasticity is sometimes defined as the figure express-
ing the load which would be necessary to elongate a piece of one square
inch section to double its original length, provided the piece would not
break, and the ratio of extension to the force producing it remained con-
stant. This definition follows from the formula above given, thus:
li k = one square inch, I and A each = one inch, then E = P.

Within the elastic limit, when the deformations are proportional to the
stresses, the coefficient of elasticity is constant, but beyond the elastic
iimit it decreases rapidly.

In cast iron there is generally no apparent limit of elasticity, the defor-
mations increasing at a faster rate than the stresses, and a permanent
set being produced by small loads. The coefficient of elasticity therefore
is not constant during any portion of a test, but grows smaller as the load
increases. The same is true in the case of timber. In wrought iron and
steel, however, there is a well-defined elastic limit, and the coefficient of
elasticity within that limit is nearly constant.

Resilience, or Worli of Resistance of a MateriaL — Within the
elastic limit, the resistance increasing uniformly from zero stress to the
stress at the elastic limit, the work done by a load applied gradually is

equal to one half the product of the final stress by the extension or other
deformation. Beyond the elastic limit, the extensions increasing more
rapidly than the loads, and the strain diagram (a plotted diagram showing
the relation of extensions to stresses) approximating a parabolic form, the
work is approximately equal to two thirds the product of the maximum
stress by the extension.
The amount of work required to break a bar, measured usually in inch-

pounds, is called its resilience; the work required to strain it to the elastic
limit is called its elastic resilience. (See below.)

Under a load applied suddenly the momentary elastic distortion is

equal to twice that' caused by the same load applied gradually.
When a solid material is exposed to percussive stress, as when a weight

falls upon a beam transversely, the work of resistance is measured by the
product of the weight into the total fall.

Elastic Resilience. — In a rectangular beam tested by transverse
stress, supported at the ends and loaded in the middle,

3 /
(2)

in which, if P is the load in pounds at the elastic limit, R = the modulus of
transverse strength, or the stress on the extreme fibre, at the elastic limit,
E = modulus of elasticity, A = deflection, I, b, and d = length, breadth,
and depth in inches. Substituting for P in (2) its value in (1), A= 1/6 Rl^
^Ed.
The elastic resilience = half the product of the load and deflection =

1/2 P A, and the elastic resilience per cubic inch = 1/2 PA -r- Ihd.

Substituting the values of P and A, this reduces to elastic resilience per
1 ^2

cubic inch = To eT . which is independent of the dimensions; and therefore

the elastic resilience per cubic inch for transverse strain may be used as a
modulus expressing one valuable quality of a material.
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Similarly for tension: Let P = tensile stress in pounds per square inch
at the elastic Umit; e = elongation per unit of length at the elastic limit:

E = modulus of elasticity = P ^ e; whence e = P -h B.
\ P^

Then elastic resilience per cubic inch = 1/2 fe = --^

Elevation of Ultimate Resistance and Elastic Limit. — It was
first observed by Prof. R. H. Thurston, and Commander L. A. Beardslee.
U. S, N., independently, in 1873, that if wrought iron be subjected to a
stress beyond its elastic Umit, but not beyond its ultimate resistance, and
then allowed to "rest" for a definite interval of time, a considerable
increase of elastic hmit and ultimate resistance may be experienced. In
other words, the application of stress and subsequent " rest " increases
the resistance of wrought iron. This "rest" may be an entire release
from stress or a simple holding the test-piece at a given intensity of
stress.
Commander Beardslee prepared twelve specimens and subjected them

to a stress equal to the ultimate resistance of the materia], without
breaking the specimens. These were then allowed to rest, entirely free
from stress, from 24 to 30 hours, after which they were again stressed
until broken. The gain in ultimate resistance by the rest was lound to
vary from 4.4 to 17 per cent.

This elevation of elastic and ultimate resistance appears to be peculiar
to iron and steel; it has not been found in other metals.

Relation of the Elastic Limit to Endurance under Repeated
Stresses (condensed from Engineering, August 7, 1891). — When engi-
neers first began to test materials, it was soon recognized that if a speci-
men was loaded beyond a certain point it did not recover its oiiginal
dimensions on removing the load, but took a permanent set; this point
was called the elastic limit. Since below this point a bar appeared to
recover completely its original form and dimensions on removing the
load, it appeared obvious that it had not been injured by the load, and
hence the working load might be deduced from the elastic limit by using
a small factor of safety.

Experience showed, however, that in many cases a bar would not carry
safely a stress anywhere near the elastic limit of the material as deter-
mined by these experiments, and the whole theory of any connection
between the elastic limit of a bar and its working load became almost
discredited, and engineers employed the ultimate strength only in deduc-
ing the safe working load to which their structures might be subjected.
Still, as experience accumulated it was observed that a higher factor of
safety was required for a Uve load than for a dead one.

In 1871 Wohler pubUshed the results of a number of experiments on
bars of iron and steel subjected to live loads. In these experiments the
stresses were put on and removed from the specimens without impact,
but it was, nevertheless, found that the breaking stress of the materials
was in every case much below the statical breaking load. Thus, a bar
of Krupp's axle steel having a tenacity of 49 tons per square inch broke
with a stress of 28.6 tons per square inch, when the load was completely
removed and replaced without impact 170,000 times. These experiments
v;ere made on a large number of different brands of iron and steel, and
the results were concordant in showing that a bar would break \\ith an
alternating stress of only, say, one third the statical breaking strength of
the material, if the repetitions of stress were sufficiently numerous. At
the same time, however, it appeared from the general trend of the experi-
ments that a bar would stand an indefinite number of alternations of
stress, provided the stress was kept below the limit.

Prof. Bauschinger defines the elastic limit as the point at which stress
ceases to be sensibly proportional to extension, the latter being measured
with a mirror apparatus reading to 1/5000 of a millimetre, or about
1/100000 in. This hmit is always below the yield-point, and may on
occasion be zero. On loading a bar above the yield-point, this point
rises with the stress, and the rise continues for weeks, months, and
possibly for years if the bar is left at rest under its load. On the other
hand, when a bar is loaded beyond its true elastic limit, but below its
yield-point, this limit rises, but reaches a maximum as the yield-point is

approached, and then falls rapidly, reaching even to zero. On leaving
the bar at rest under a stress exceeding th£it of its primitive breaking-
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down point the elastic limit begins to rise again, and may, if left a suffl.

cient time, rise to a point much exceeding its previous value.
A bar has two Hmits of elasticity, one for tension and one for com-

pression. Bauschinger loaded a number of bars in tension until stress
'Ceased to be sensibly proportional to deformation. The load was then
removed and the bar tested in compression until the elastic limit in this
direction had been exceeded. This process raises the elastic limit in
compression, as would be found on testing the bar in compression a second
time. In place of this, however, it was now again tested in tension, when
it was found that the artificial raising of the limit in compression had
lowered that in tension below its previous value. By repeating the
process of alternately testing in tension and compression, the two limits
took up points at equal distances from the line of no load, both in tension
and compression. These limits Bauschinger calls natural elastic limits
of the bar, which for wrought iron correspond to a stress of about 8I/2 tons
per square inch, but this is practically the Umiting load to which a bar
of the same material can be strained alternately in tension and com-
pression, without breaking when the loading is repeated sufficiently often,
as determined by Wohler's method.

As received from the rolls the elastic limit of the bar in tension is above
the natural elastic Hmit of the bar as defined by Bauschinger, having been
artificially raised by the deformations to which it has been subjected in
the process of manufacture. Hence, when subjected to alternating
stresses, the limit in tension is immediately lowered, while that in com-
pression is raised until they both correspond to equal loads. Hence, in
Wohler's experiments, in which the bars broke at loads nomina-lly below
the elastic limits of the material, there is every reason for concluding that
the loads were really greater than true elastic limits of the material.
This is confirmed by tests on the connecting-rods of engines, which work
under alternating stresses of equal intensity. Careful experiments on
old rods show that the elastic limit in compression is the same as that in
tension, and that both are far below the tension elastic limit of the
material as received from the rolls.

The common opinion that straining a metal beyond its elastic limit
injures it appears to be untrue. It is not the mere straining of a metal
beyond one elastic limit that injures it, but the straining, many times
repeated, beyond its two elastic limits. Sir Benjamin Baker has shown
that in bending a shell plate for a boiler the metal is of necessity strained
ibeyond its elastic limit, so that stresses of as much as 7 tons to 15 tons
per square inch may obtain in it as it comes from the rolls, and unless the
plate is annealed, these stresses will stiU exist after it has been built into
the boiler. In such a case, however, when exposed to the additional
stress due to the pressure inside the boiler, the overstrained portions of
the plate will relieve themselves by stretching and taking a permanent
set, so that probably after a year's working very little difference could be
detected in the stresses in a plate built into the boiler as it came from the
bending rolls, and in one which had been annealed, before riveting into
{)lace, and the first, in spite of its having been strained beyond its elastic
imits, and not subsequently annealed, would be as strong as the other.

Resistance of Metals to Repeated Shocks.

More than twelve years were spent by Wohler at the instance of the
Prussian Government in experimenting upon the resistance of iron and
steel to repeated stresses. The results of his experiments are expressed
in what is known as Wohler's law, which is given in the following words
in Dubois's translation of Weyrauch:

" Rupture may be caused not only by a steady load which exceeds the
carrying strength, but also by repeated applications of stresses, none of
which are equal to the carrying strength. The differences of these stresses
are measures of the disturbance of continuity, in so far as by their increase
the minimum stress which is still necessary for rupture diminishes."
A practical illustration of the meaning of the first portion of this law

may be given thus: If 50,000 pounds once applied wiM just break a bar
of iron or steel, a stress very much less than 50^QQ0t pounds will break it

if repeated sufficiently often.



EFFECT OF VIBEATION AND LOAD. 277

This is fully confirmed by the experiments of Fairbairn and Spangenberg,
as well as those of Wohler; and, as is remarked by Weyrauch, it may be
considered as a long-known result of common experience. It partially
accounts for what Mr. Holley has called the "intrinsically ridiculous
factor of safety of six."
^ Another "long-known result of experience" is the fact that rupture may
be caused by a succession of shocks or impacts, none of which alone would
be sufficient to cause it. Iron axles, the piston-rods of steam hammers,
and other pieces of metal subject to continuously repeated shocks,
invariably break after a certain length of service. They have a "life"
which is limited.

Several years ago Fairbairn wrote: " We know that in some cases
wrought iron subjected to continuous vibration assumes a crystalline
structure, and that the cohesive powers are much deteriorated, but we
are ignorant of the causes of this change." We are still ignorant, not
only of the causes of this change, but of the conditions under which it

takes place. Who knows whether wrought iron subjected to very slight
continuous vibration wiU endure forever? or whether to insure final
rupture each of the continuous small shocks must amount at least to a
certain percentage of single heavy shock (both measured in foot-pounds),
which would cause rupture with one application? Wohler found in test-
ing iron by repeated stresses (not impacts) that in one case 400,000
applications of a stress of 500 centners to the square inch caused rupture,
while a similar bar remained sound after 48,000,000 applications of a
stress of 300 centners to the square inch (1 centner = 110.2 lbs.).

Who knows whether or not a similar law holds true in regard to repeated
shocks? Suppose that a bar of iron would break under a single impact of
1000 foot-pounds, how many times would it be likely to bear the repetition
of 100 foot-pounds, or would it be safe to allow it to remain for fifty years
subjected to a continual succession of blows of even 10 foot-pounds each?

Mr. WiUiam Metcalf published in the Metallurgical Review, Dec, 1877,
the results of some tests of the life of steel of different percentages of
carbon under impact. Some small steel pitmans were made, the specifi-
cations for which required that the unloaded machine should run 43^
hours at the rate of 1200 revolutions per minute before breaking.
The steel was all of uniform quaUty, except as to carbon. Here are the

results. The

0.30 C. ran 1 h. 21 m. Heated and bent before breaking.
0.49 C. " 1 h. 28 m. " '

0.53 C. " 4 h. 57 m. Broke without heating.
0.65 C. " 3 h. 50 m. Broke at weld where imperfect.
0.80 C. " 5 h. 40 m.
0.84 C. " 18 h.

0.87 C. Broke in weld near the end.
0.96 C. Ran 4.55 m., and the macnine broke down.

Some other experiments by Mr. Metcalf confirmed his conclusion, vi^:.

that high-carbon steel was better adapted to resist repeated shocks and
vibrations than low-carbon steel.

These results, however, would scarcely be sufficient to induce any
engineer to use 0.84 carbon steel in a car-axle or a bridge-rod. Further
experiments are needed to confirm or overthrow them.

(See description of proposed apparatus for such an investigation in the
author's paper in Trans. A. L M. E., vol. vih, p. 76, from which the above
extract is taken.)

Effect of Vibration and Load on Steel. (Prof. P. R. Alger, U. S.
Navy, U. S. Naval Inst. Proc, Dec, 1910.)—In 1883, or thereabouts,
a test of the theory that guns are weakened by the shock and vibration
of repeated firing was made at the Washington Navy Yard as follows

:

Heavy weights, sufficient to strain the wire nearly to its elastic hmit,
were suspended by pieces of wire, and small hammers were arranged
so that, actuated by the machinery of the shop, they struck the taut
wires at regular and frequent intervals. After months of constant
vibration, all the time under severe strain, the wires, when tested,
showed unchanged physical qualities. Moreover, every gun, army
and navy, that has suffered accident, since we first began to build
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steel guns, has had the metal of the part that failed tested, and never
has there been a case when any material difference was found between
the physical quahties shown by the last tests and those shown by the
original tests for acceptance. One of these guns, a 12-in., had been
fired 481 rounds when its muzzle was blown off. (The fact stated in
the last sentence tends to confirm the "theory" that gims are weakened
by repeated firing, although the weakening may not be discovered by
physical tests.)

Stresses Produced by Suddenly Applied Forces and Shocks.

(Mansfield Merriman, R. R. & Eng. Jour., Dec, 1889.)

Let P be the weight which is dropped from a height h upon the end of a
bar, and let y be the maximum elongation which is produced. The work
performed by the falling weight, then, is TF = P{h + y), and this must
equal the internal work of the resisting molecular stresses. The stress in
the bar, which is at first 0, increases up to a certain limit Q, which is

greater than P; and if the elastic limit be not exceeded the elongation
increases uniformly with the stress, so that the internal work is equal to

the mean stress 1/2 Q multiplied by the total elongation y, or W=y2Qy.
Whence, neglecting the work that may be dissipated in heat,

1/2 Qy == Ph + Py.

If e be the elongation due to the static load P, within the elastic limit

V = pe; whence Q = P \l + y 1 + 2 -Y which gives the momentary

maximum stress. Substituting this value of Q, there results y = e

fl + y 1 + 2-j, which Is the value of the momentary maximum elon-

gation.
A shock results when the force P, before its action on the bar, is moving

*vith velocity, as is the case when a weight P falls from a height h. The
above formulas show that this height h may be small if e is a small quan-
tity, and yet very great stresses and deformations be produced. For
Instance, let li == 4e, then Q = 4P and y = 4e; also let h = 12e, then
Q = 6P and y = 6e. Or take a wrought-iron bar 1 in. square and 5 ft.

long: under a steady load of 5000 lbs. this will be compressed about 0.012
in., supposing that no lateral flexure occurs; but if a weight of 5000 lbs.
drops upon its end from the small height of 0.048 in. there will be produced
the stress of 20,000 lbs.

A suddenly applied force is one which acts with the uniform intensity P
upon the end of the bar, but which has no velocity before acting upon it.

This corresponds to the case of /i = in the above formulas, and gives
Q = 2P and ?/ = 2e for the maximum stress and maximum deforma-
tion. Probably the action of a rapidly moving train upon a bridge
produces stresses of this character. Far a further discussion of this

subject, in which the inertia of the bar is considered, see Merriman's
Mechanics of Materials, 10th ed., 1908.

TENSILE STRENGTH.

The following data are usually obtained in testing by tension in a testing-
machine a sample of a material of construction:
The load and the amount of extension at the elastic limit.
The maximum load applied before rupture.
The elongation of the piece, measured between gauge-marks placed a

stated distance apart before the test; and the reduction of area at the
point of fracture.
The load at the elastic limit and the maximum load are recorded in

pounds per square inch of the original area. The elongation is recorded
as a percentage of the stated length between the gauge-marks, and the
reduction of area as a percentage of the original area. The coefficient of
elasticity is calculated from the ratio the extension within the elastic
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limit per inch of length bears to the load per square inch producing that
extension.
On account of the diflftculty of making accurate measurements of the

fractured area of a test-piece, and of the fact that elongation is more
valuable than reduction of area as a measure of ductility and of resilience
or work of resistance before rupture, modern experimenters are abandoning
the custom of reporting reduction of area. The data now calculated
from th? results of a tensile test for commercial purposes are: 1. Tensile
strength in pounds per square inch of original area. 2. Elongation per
cent of a stated length between gauge-marks, usually 8 inches. 3. Elastic
limit in pounds per square inch of original area.
The short or grooved test specimen gives with most metals, especially

with wrought iron and steel, an apparent tensile strength much higher
than the real strength. This form of test-piece is now almost entirely
abandoned. Pieces 2 in. in length between marks are used for forgings.
The following results of the tests of six specimens from the same 1/4-in.

steel bar illustrate the apparent elevation of elastic limit and the changes
in other properties due to change in length of stems which were turned
down in each specimen to 0.798 in. diameter. (Jas. E. Howard, Eng.
Congress 1893, Section G.)

Description of Stem.

1 .00 in. long
0.50 in. long
0.25 in. long
Semicircular groove, 0.4

in. radius
Semicircular groove, 1/8

in. radius
V-shaped groove

Elastic Limit,
Lbs. per Sq. In.

Tensile Strength,
Lbs. per Sq. In.

64,900
65,320
68,000

86,000, about
90,000, about

94,400
97,800
102,420

134,960
117,000

Contraction of
Area, per cent.

49.0
43.4
39.6

31.6

23.0
Indeterminate.

Test plates made by the author in 1879 of straight and grooved test-
pieces of boiler-plate steel cut- from the same gave the following results:

5 straight pieces, 56,605 to 59,012 lbs. T. S. Aver. 57,566 lbs.

4 grooved " 64,341 to 67,400 " " " 65,452 "

Excess of the short or grooved specimen, 21 per cent, or 12,114 lbs.

Measurement of Elongation. — In order to be able to compare
records of elongation, it is necessary not only to have a uniform length of
section between gauge-marks (saj^ 8 inches), but to adopt a uniform
method of measuring the elongation to compensate for the difference
between the apparent elongation when the piece breaks near one of the
gauge-marks, and when it breaks midway between them. The following
method is recommended {Trans. A. S. M. E., vol. xi, p. 622):
Mark on the specimen divisions of 1/2 inch each. After fracture measure

from the point of fracture the length of 8 of the marked spaces on each
fractured portion (or 7 + on one side and 8 + on the other if the fracture
is not at one of the marks). The sum of these measurements, less 8
inches, is the elongation of 8 inches of the original length. If the fracture
is so near one end of the specimen that 7 + spaces are not left on the
shorter portion, then take the measurement of as many spaces (with the
fractional part next to the fracture) as are left, and for the spaces lacking
add the measurement of as many corresponding spaces of the longer
portion as are necessary to make the 7 "f spaces.

Precautions Required in making Tensile Tests. — The testing-
machine itself should be tested, to determine whether its weighing
apparatus is accurate, and whether it is so made and adjusted that
in the test of a properly made specimen the line of strain of the testing-
macliine is absolutely in line with the axis of the specimen.
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The specimen should be so shaped that it will not give an incorrect

record of strength.
. , ^ , ^, . , ^ . ^

It should be of uniform minimum section for not less than eight inches

of its length. Eight inches is the standard length for bars. For forgings

and castings and in special cases shorter lengths are used; these show-

greater percentages of elongation, and the length between gauge marks
should therefore always be stated in the record. •

Regard must be had to the time occupied in making tests of certain .

materials Wrought iron and soft steel can be made to show a higher v

than their actual apparent strength by keeping them under strain for 8i
•

great length of time.
. . ^ ,, ,., i,- u n ^

In testing soft alloys, copper, tin, zinc, and the hke, which flow under
constant strain, their highest apparent strength is obtained by testing

,

them rapidly. In recording tests of such materials the length of time
;

occupied in the test should be stated.
. j. . .

For very accurate measurements of elongation, corresponding to incre-

ments of load during the tests, the electric contact micrometer, described

in Trans. A. S. M. E., vol. vi. p. 479, will be found convenient. When
readings of elongation are then taken during the test, a strain diagram

may be plotted from the reading, which is useful in comparing the quali-

ties of different specimens. Such strain diagrams are made automatically

by the new Olsen testing-machine, described in Jour. Frank. Inst. 1891.

The coefficient of elasticity should be deduced from measurement
observed between fixed increments of load per unit section, say between
2000 and 12,000 pounds per square inch or between 1000 and 11,000

pounds instead of between and 10,000 pounds.

Shapes of Specimens for Tensile Tests. — The shapes shown be-

low were recommended by the author in 1882 when he was connected
with the Pittsburgh Testing Laboratory. They are now in most general
use; the earlier forms, with 5 inches or less in length between shoulders,

being almost entirely abandoned.

H —-le-'to-so'--™~--^"
1 1

r-
" — 16^'to-20^ 1

16-to20-- '/

^
^--'--

-—8"—--

16-'to-20-'-

No. 1. Square or flat bar, as
rolled.

No. 2. Round bar, as rolled.

No. 3. Standard shape for
flats or squares. Fillets

1/2 inch radius.

No. 4. Standard shape for
1 rounds. Fillets 1/2 inch
' radius.

No. 5. Government shape
formerly used for marine
boiler-plates of iron. Not
recommended, as results
are generally in error.

Increasing the Tensile Strength of Iron Bars by Twisting them.— Ernest L. Ransome of San Francisco obtained a patent, in 1888, for

an "improvement in strengthening and testing wrought metal and steel

rods or bars, consisting in tvy^isting the same in a cold state. . . . Any
defect in the lamination of the metal which would otherwise be concealed
is revealed by twisting, and imperfections are shown at once. The
treatment may be applied to bolts, suspension-rods or bars subjected to

tensile strength of any description." , . *
Jesse J. Shuman (Am. Soc. Test. Mat., 1907) descnbes several senesor
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experiments on the effect of twisting square steel bars. Following are
some of the results

:

Soft Bessemer steel bars 1/2 in. square. Tens. Strength, plain bar, 60,400.

No. of turns per foot 3 43/4 5 53/4 57/3
Yield point, lbs. per sq. in 65,600 72,400 84,800 84,000 80,800
Ult. strength " " " " 83,200 89,600 92,000 90,000 88,800
Elongation in 8 in., % 10 5.75 6.25 7.5 3.75

Bessemer, 0.25 carbon, l/2in. sq. Tens, strength, plain bar, 75,000.

No. of turns per foot 3 41/2 47/8 5 51/2
Yield point, lbs. per sq. in 83,600 83,200 88,800 84,200 84,200
Ult. strength " " " " 99,600 99,200 104,000 102,000 100,800
Elongation in 8 in., % 8 4.5 4 5.75 6
Bars of each grade twisted off when given more turns than stated.

Soft Bessemer, square bars, different sizes.

Size, in. sq 1/4 3/8 1/2 s/g 3/4 7/3 1 1 l/g 1 1/4
No. of turns per ft 4 3 1/2 3 21/4 1 V2 1 Vi 1 7/8 3/4
Yield point, increase %* 11182 64 83 85.5 77 82 64 59
Ult. strength !' %* 37 38.6 41 33.5 34.3 29.7 22.8 20.1 28.9

*Average of two tests each.

Mr. Schuman recommends that in twisting bars for reinforced concrete,

in order not to be in danger of approaching the breaking point, the num-
ber of turns should be about half the number at which the steel is at its

maximum strength, which for Bessemer of about 60,000 lbs. tensile

strength means one complete twist in 8 to 10 times the size of the bar.

Steel bars strengthened by twisting are largely used in reinforced

concrete,

COMPRESSIVE STRENGTH.

What is meant by the term "compressive strength" has not yet been
settled by the authorities, and there exists more confusion in regard to
this term than in regard to any other used by writers on strength of
materials. The reason of this may be easily explained. The effect of a
compressive stress upon a material varies with the nature of the material,
and with the shape and size of the specimen tested. While the effect of a
tensile stress is to produce rupture or separation of particles in the direc-
tion of the line of strain, the effect of a compressive stress on a piece of
material may be either to cause it to fly into splinters, to separate into
two or more wedge-shaped pieces and fly apart, to bulge, buckle, or bend,
or to flatten out and utterly resist rupture or separation of particles. A
piece of speculum metal (copper 2, tin 1) under compressive stress will
exhibit no change of appearance until rupture takes place, and then it

will fly to pieces as suddenly as if blown apart by gunpowder. A piece
of cast iron or of stone will generally split into wedge-shaped fragments.
A piece of wrought iron wiU buckle or bend. A piece of wood or zinc
may bulge, but its action will depend upon its shape and size. A piece
of lead will flatten out and resist compression till the last degree; that is,

the more it is compressed the greater becomes its resistance.

Air and other gaseous bodies are compressible to any extent as long as
they retain the gaseous condition. Water not confined in a vessel is com-
pressed by its own weight to the thickness of a mere film, while when
confined in a vessel it is almost incompressible.

It is probable, although it has not been determined experimentally,
that solid bodies when confined are at least as incompressible as water.
When they are not confined, the effect of a compressive stress is not only
to shorten them, but also to increase their lateral dimensions or bulge
them. Lateral stresses are therefore induced by compressive stresses.

The weight per square inch of original section required to produce any
given amount or percentage of shortening of any material is not a constant
quantity, but varies with both the length and the sectional area, with the
shape of the sectional area, and with the relation of the area to the length.
The "compressive strength" of a material, if this term be supposed to
mean the weight in pounds per square inch necessary to cause runture,

piay vary yfitlL every size and. shape of specimen experimented upon.
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Still more difficult would it be to state what is the "compressive strength"
of a material which does not rupture at all, but flattens out. Suppose we
are testing a cylinder of a soft metal like lead, two inches in length and
one inch in diameter, a certain weight will shorten it one per cent, another
weight ten per cent, another fifty per cent, but no weight that we can
place upon it will rupture it, for it will flatten out to a thin sheet. What,
then, is its compressive strength? Again, a similar cylinder of soft

wrought iron would probably compress a few per cent, bulging evenly
all around; it would then commence to bend, but at first the bend would
be imperceptilbe to the eye and too smaU to be measured. Soon this
bend would be great enough to be noticed, and finally the piece might be
bent nearly double, or otherwise distorted. What is the "compressive
strength" of this piece of iron? Is it the weight per square inch which
compresses the piece one per cent or five per cent, that which causes the
first bending (impossible to be discovered), or that which causes a per-
ceptible bend?

As showing the confusion concerning the definitions of compressive
strength, the foUowing statements from different authorities on the
Btrength of wrought iron are of interest.

Wood's Resistance of Materials states, " Comparatively few experiments
have been made to determine how much wrought iron will sustain at the
point of crushing. Hodgkinson gives 65,000, Rondulet 70,800, Weisbach
72,000. Rankine 30,000 to 40,000. It is generally assumed that wrought
iron will resist about two thirds as much crushing as to tension, but the
experiments fail to give a very definite ratio."
The following values, said to be deduced from the experiments of Major

Wade, Hodgkinson, and Capt. Meigs, are given by Haswell:

American wrought iron 127,720 lbs.
" (mean) 85,500

"

English •• •
{ ig;oTo::

Stoney states that the strength of short pillars of any given material,
all having the same diameter, does not vary much, provided the length of
the piece is not less than one and does not exceed four or five diameters,
and that the weight which will just crush a short prism whose base equals
one square inch, and whose height is not less than 1 to li^ and does not
exceed 4 or' 5 diameters, is called the crushing strength of the material.
It would be well if experimenters would all agree upon some such defi-
nition of the term "crushing strength," and insist that all experiments
which are made for the purpose of testing the relative values of different
materials in compression be made on specimens of exactly the same
shape and size. An arbitrary size and shape should be assumed and
agreed upon for this purpose. The size mentioned by Stoney is definite
as regards area of section, viz., one square inch, but is indefinite as re-
gards length, viz., from one to five diameters. In some metals a speci-
men five diameters long would bend, and give a much lower apparent
strength than a specimen having a length of one diameter. The words
"will just crush" are also indefinite for ductile materials, in which the
resistance increases withoTit limit if the piece tested does not bend. In
such cases the weight which causes a certain percentage of compreasion,
as five, ten, or fifty per cent, should be assumed as the crushing strength.

For future experiments on crushing strength three things are desir-
able: First, an arbitrary standard shape and size of test specimen for
comparison of all materials. Secondly, a standard limit of compression
for ductile materials, which shall be considered equivalent to fracture
in brittle materials. Thirdly, an accurate loiowledge of the relation
of the crusliing strength of a specimen' of standard shape and size to
the crushing strength of specimens of all other shapes and sizes. The
latter can only be secured by a very extensive and accurate series of
experiments upon all kinds of materials, and on specimens of a great
nvunber of different shapes and sizes.

The author proposes, as a standard shape and size, for a compressive
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test specimen for all metals, a cylinder one inch in length, and one half
square inch in sectional area, or 0.798 inch diameter; and for the limit

of compression equivalent to fracture, ten per cent of the original length.
The term "compressive strength," or "compressive strength of standard
specimen," would then mean the weight per square inch required to
fracture by compressive stress a cylinder one inch long and 0.798 inch
diameter, or to reduce its length to 0.9 inch if fracture does not take
place before that reduction in length is reached. If such a standard, or
any standard size whatever, had been used by the earlier authorities on
the strength of materials, we never would have had such discrepancies
in their statements in regard Co the compressive strength of wrought
iron as those given above.
The reasons why this particular size is recommended are: that the

sectional area, one-half square inch, is as large as can be taken in the
ordinary testing-machines of 100,000 poimds capacity, to include all

the ordinary metals of construction, cast and wrought iron, and the
softer steels; and that the length, one inch, is convenient for calcula-
tion of percentage of compression. If the length were made twp inches,
many materials would bend in testing, and give incorrect results. Even
in cast iron Hodgkinson found as the mean of several experiments on
various grades, tested in specimens % inch in height, a compressive
strength per square inch of 94,730 poimds, while the mean of the same
number of specimens of the same irons tested in pieces li^ inches in
height was only 88,800 pounds. The best size and shape of standard
specimen should, however, be settled upon only after consultation and
agreement among several authorities.
The Committee on Standard Tests of the American Society of Me-

chanical Engineers say (vol. xi, p. 624):
"Although compression tests have heretofore been made on diminu-

tive sample pieces, it is highly desirable that tests be also made on long
pieces from 10 to 20 diameters in length, corresponding more nearly with
actual practice, in order that elastic strain and change of shape may be
determined by using proper measuring apparatus.
"The elastic limit, modulus or coefficient of elasticity, maximum and

ultimate resistances, should be determined, as well as the increase of
section at various points, viz., at bearing surfaces and at crippling point.

" The use of long compression-test pieces is recommended, because the
investigation of short cubes or cylmders has led to no direct application
of the constants obtained by their use in computation of actual struc-
tures, which have always been and are now designed according to em-
pirical formulae obtained from a few tests of long columns."

COLUMNS, PILLARS, OR STRUTS.

Notation. — P = crushing weight in pounds; cZ = exterior diameter
in inches; a = area in square inches; L = length in feet; I = length in
inches; *S = compressive stress, lbs. per sq. in.; E = modulus of elasticity
in tension or compression; r= least radius of gyration; (^, an experimental
coefficient.

For a short column centrally loaded S = P/a, but lor a long column
which tends to bend under load , the stress on the concave side Js greatefs
and on the convex side less than P/a.

Hodgkinson's Formula for Columns.

Both ends rounded, the Both ends flat, the length

xr; A ^t r<^i. ^„ length of the column of the column exceed-Kmd of Column. exceeding 15 times its ing 30 times its diam-
diameter. eter.

Solid cylindrical col- \

umns of cast iron . . . )

Solid cylindrical col- i p _ oc ocq <^^'^°

imms of wrought iron J
' L^

,
These formulae apply only in cases in which the length is so great that

/f3-55
= 98,920 —J

= 299,600^
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the column breaks by bending and not by simple crushing. Etodgkinson's
tests were made on small columns, and his results are not now con-
sidered reliable.

Euler's Formula for Long Columns.
pja = ir^ E (r/l)'^ for columns with round or hinged ends. For columns

with fixed ends, multiply by 4; with one end round and the other fixed,
hiultiply by 21/4; for one end fixed and the other free, as a post set in the
ground, divide by 4. P is the load Which causes a slight deflection; a
load greater than P will cause an increase of deflection until the column
fails by bending. The formula is now httle used.

Christie's Tests {Trans. A. S. C. E. 1884; Merriman's Mechanics
Of Materials). — About 300 tests of wrought-iron struts were made, the
onality of the iron being about as follows: tensile strength per sq. in.,

49,600 lbs., elastic Mmit 32,000 lbs., elongation 18% in 8 ins.

The following table gives the average results.

Ratio l/r
Length to

Ultimate Load, P/a, in Pounds per Square Inch.

Least Ra-
_ dius of

'

Gyration. Fixed Ends. Flat Ends. Plinged Ends. Round Ends.

20 46,000 46,000 46,000 44,000
40 40,000 40,000 40,000 36,500
60 ' 36,000 36.000 36,000 30.500
80 32,000 32.000 31,500 25,000
100 30,000 29,800 28,000 20,500
120 28,000 26,300 24.300 16,500
140 25,500 23.500 21,000 - 12,800
160 23,000 20,000 16.500 9,500
180 20,000 16.800 12,800 7,500
200 17,500 14,500 10,800 6,000
220 15.000 12,700 8.800 5,000
240 13,000 11,200 7,500 4,300
260 11,000 9,800 6,500 3,800
280 10,000 8.500 5,700 3,200
300 9,000 7,200 5,000 2.800
320 8.000 6.000 4,500 2.500
360 6,500 4,300 3.500 1,900
400 5,200 3,000 2.500 1,500

The results of Christie's tests agree with those computed by Euler's
formula for round -end columns with l/r between 150 and 400, but
differ widely from them in shorter columns, and still more widely in
columns with fixed ends.

Bankine's Formula (sometimes called Gordon's), S = — (l +^ (-) j

or — =
^ ' Applying Rankine's formula to the results of

experiments, wide variations are found in the values of the empirical
coefficient <j>. Merriman gives the following values, which are extensively
employed in practice.

Values of 4> for Rankine's Formula.

Material. Both Ends
Fixed.

Fixed and
Round.

Both Ends
Round.

Timber 1/3,000
1 /5,000
1/36,000
1 /25,000

1.78/3,000
1.78/5,000
1.78/36,000
1.78/25,000

4/3 000
Cast Iron 4/5 000
Wrought Iron 4/36,000
Steel 4/25,000

The value to be taken for S is the ultimate compressive strength of the
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material for cases of rupture, and the allowable compressive unit stress

for cases of design.
, . . « , .

Burr gives the following values as commonly taken for S and 6.

For solid wrought-iron columns, ;S >=^ 36,000 to 40,000, 4> = 1/36,000 tO

For solid cast-iron columns, ^Sf =^ 80,000, <^ = 1/6,400.
1 P

For hollow cast-iron columns, P/a = 80,000 h- l +§00^2^'^'" outside

diam. in inches).

The coefficient of P/d^is given by different writers as 1/400, 1/500,
1/800 and 1/800. (See Strength of Cast-iron Columns, below.)

Sir Benjamin Baker gives for mild steel, S = 67,000 lbs., ^= 1/22,400;
for strong steel, S = 114,000 lbs., rf. = 1/14,400. Prof. Burr considers
these only loose approximations. (See Straight-line Formula, below).

For dry timber, Rankine gives *S = 7200 lbs., (f>
= 1/3000.

The Straight-line Formula.— The results of computations by Euler'g
or Rankine's formulas give a curved line when plotted on a diagram
with values of l/r as abscissas and value of P/a as ordinates. The average-
results of experiments on columns within the limits of l/r commonly
used in practice, say from 50 to 200, can be represented by a straight line
about as accurately as by a curve. Formulas derived from such plotted'
lines, of the general form P/a = S — C l/r, in. which C is an experimental
coefficient, are in common use, but Merriman says it is advisable that the-,

use of this formula should be limited to cases in which the specifications;
require it to be employed, and for rough approximate computations.,
Values of S and C given by T. H. Johnson are as follows:

F H R F H R,
Wrought Iron:

S =42,000 lbs., C = 128, 157, 203; Hmit of Z/r = 218, 178, 138".

Structural Steel:
5=52,500" C = 179, 220, 284; " " " 195,159,123:

Cast Iron: /S =80,000 " C = 438, 537, 693; " " " 122, 99, 77
Oak, flat ends:

S = 5,400 " C = 28: " " " 128

F, flat ends; H, hinged ends; R, round ends.
Merriman says: "The straight-hne formula is not suitable for investi-

gating a column, that is for determimng values of S due to given loads,,
because S enters the formula in such a manner as to lead to a cubic,
equation when it. is the only unknown quantity. It may be used to find,
the safe load for a given column to withstand a given unit stress, or tO'

design a column for a given load and unit stress. When so used, it is;

customary to divide the values of S and C given in the table by an
assumed factor of safety. For example. Cooper's specifications require
that the sectional area a for a medium-steel post of a through railroad
bridge shaU be found from P/a = 17,000 - 90 l/r lbs. per sq. in., in.

which P is the direct dead-load compression on the post plus twice the
Uve-load compression; the values of S and C here used are a little less;

than one-third of those eiven in the table for round ends."
Working Formulae for Wrought-iron and Steel Struts of Various

Forms. — Burr gives the following practical formulse:

p = Ultimate ^fet7eS^=^
Kind of Strut. lbs DP??n^'iii V5 Ultimate,

.

Flat and fixed end iron angles and tees 44000 - 140 - (1) 8800 - 28- (2)

Flat-end iron channels and I-beams . . . 40000 - 1 10 - (5) 8000 - 22 - (6)
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Flat-end mild-steel angles 52000 - 180 ^ (7) 10400 - 36 - (8);

Flat-end high-steel angles 76000 -290 ^ (9) 15200-58^ (10)1

Pin-end solid wrought-iron columns . . . 32000 - 80

;

(11) 12)1

Equations (1) to (4) are to be used only between - =40 and

" (5) and (6)

;;
(7) to (10) " " " ••

;;
" (11) and (12) " it 't tt ?•

= 200

" = 20 " " = 200
•' = 40 " " = 200
•' = 20 '* " = 200

or :j = 6 and :;
== 65

d d

Comparison of Column Compression Formulae.—The Carnegie
Steel Co. gives in its Pocket Companion (1913) a table comparing the
allowable unit stresses in columns calculated from the formulae of the i

American Bridge Co., American Railway Engineering Association,.
Gordon, and the New York, Philadelphia, and Boston Building Laws,
for various values of l/r. The table below is condensed from this '

table and compares the values obtained by the American Bridge Cci.

formula with the average of all those, except that of the American
Bridge Co. for values of l/r up to 120, and with the values obtained
by Gordon's formula for values of l/r from 125 to 200.

Allowable Unit Stresses- Pounds per Sq. In.

l/r
Am. Bridge

Co.
Average. \l/r

Am.Bridge
Co.

Average. l/r
Am. Bridge

Co.
Gordon.

o" 14,000 14,790 ~65
1 1,450 11.803 U5 6,750 8,715

5 14,000 14,719 70 11,100 11,466 130 6,500 8,510
10 14,000 14,620 75 10,750 11,130 135 6.250 8.300
15 14,000 14,499 80 10,400 10,794 140 6,000 8,095
20 14,000 14,355 85 10.050 10,459 145 5,750 7.890
25 14,000 14,185 90 9,700 10,127 150 5,500 7,690
30 13,900 13,977 95 9.350 9,785 155 5,250 7,495
35 13,550 13,701 100 9.000 9,473 160 5,000 7,305
40 13,200 13,410 105 8,650 9,150 165 4,750 7,120
45 12,850 13.106 110 8,300 8,837 170 4,500 6.935
50 12.500 12,790 115 7,950 8,528 180 4,000 6.580
55 12,150 12.467 120 7,600 8,221 190 3,500 6.240
60 11.800 12,137 200 3,000 5.920

Built Columns (Burr). — Steel columns, properly made, of steel
ranging in specimens from 65,000 to 73,000 lb. per square inch, should
give a resistance 25 to 33 per cent in excess of that of wrought-iron
columns with the same value oil -^ r, provided that ratio does not exceed
140.

The unsupported width of a plate in a compression member should not
exceed 30 times its thickness.

In built columns the transverse distance between center lines of rivets
securing plates to angles or channels, etc., should not exceed 35 times the
plate thickness. If this width is exceeded, longitudinal buckling of the
plate takes place, and the column ceases to fail as a whole, but yields in
detail.

The thickness of the leg of an angle to which latticing is riveted should
not be less than 1/9 of the length of that leg or side if the column is purely
a compression member. The above Umit may be passed somewhat in stiff

ties and compression members designed to carry transverse loads.
The panel points of latticing should not be separated by a greater dis-
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tance than 60 times the thickness of the angle-leg to which the latticing
is riveted, if the column is wholly a compression member.
The rivet pitch should never exceed 16 times the thickness of the

thinnest metal pierced by the rivet, and if the plates are very thick it

should never nearly equal that value.

Burr gives the following general principles which govern the resistance
of built columns:
The material should be disposed as far as possible from the neutral axis

of the cross-section, thereby increasing r;

There should be no initial internal stress;
The individual portions of the column should be mutually supporting;
The individual portions of the column should be so firmly secured to

each other that no relative motion can take place, in order that the
column may fail as a whole, thus maintaining the original value of r.

Stoney says: "When the length of a rectangular wrought-iron tubular
column does not exceed 30 times its least breadth, it fails by the bulging or
buckling of a short portion of the plates, not by the flexure of the pillar
as a whole."

Tests of Five Large Built Steel Columns. (Proc. A. S. C. E., Feb.,
1911; Eng. News, Mar. 16, 1911).—The lateral dimensions of the
columns were about 20 X 30 in., and their sectional area 90 sq. in.

They were made of two ribs 30 in. deep, spaced 207/8 in., laced by two
lines of 2 1/2 X ^/g in. lacing. Each rib was made of an outside plate,
30 XII/16 in., and an inside plate, 171/2 X 5/8 in., and two inner edging
angles, 6X6X5/8 in. Transverse plate diaphragms, 6 ft. apart, gave
additional lateral rigidity. The test columns were fitted with 10-in.
pins set parallel, to the plane of the lacing. The columns were tested
in the 1,200-ton hydraulic machine at Phoenixville, Pa.; two of them
(Nos. 1 and 2) did not reach failm-e. The results are as below:

Section Length Max. Load Lb.* per
No. Area Sq. In. Ft. In. l/r Lb. Sq. In.
1 90.73 20 26.2 2,600,962 28,667
2 90.33 36 5 47.2 2,600,962 28,794
3 90.78 36 5 47.2 2,675,183 29,469
4 90.32 36 5 47.2 2,726,815 30,191
6 89.96 36 5 47.1 2,742,950 30,490

Nos. 3 and 4 failed by bulging of plates in front of pins; No. 5 by
web-plates bulging inward 12 1/2 in. from one end. The columns de-
parted from strictly proportional compression at a load as low as 20,000
lb. per sq. in. Plotted curves of the tests show that all the columns
reached their elastic limit at about this figure, and an ultimate strength
at about 30,000 lb. per sq. in. Eng. News says that it does not appear
that the lacing contributed to the failure. It shows that the com-
pressive strength of these columns did not exceed 60% of the tensile
strength of the metal.

WORKING STRAINS ALLOWED IN BRIDGE MEMBERS.

Theodore Cooper gives the following in his Bridge Specifications:
Compression members shall be so proportioned that the maximum load

shall in no case cause a greater strain than that determined by the follow-
ing formula:

P =
j^
— for square-end compression members;

40,000 r2

P = — for compression members with one pin and one square

^ "^
30,000 r2

e^^:

^ = ^—: _ for compression members with pin-bearings;
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(These values may be increased in bridges over 150 ft. span. See
Cooper's Specifications.)
P = the aUowed compression per square inch of cross-section;
I = the length of compression member, in inches;
r = the least radius of gyration of the section in inches.
No compression member, however, shall have a length exceeding 25

times its least width.
Tension Members. — All parts of the structure shall be so proportioned >

that the maximum loads shall in no case cause a greater tension than the ':

following (except in spans exceeding 150 feet):

Pounds per
sq. in.

On lateral bracing 15,000
On solid roiled beams, used as cross floor-beams and stringers .... 9,000
On bottom chords and main diagonals (forged eye-bars) . .10,000
Onbottom chords and main diagonals (plates or shapes), net section 8,000
On counter rods and long verticals (forged eye-bars) 8,000
On counter and long verticals (plates or shapes), net section 6^500
On bottom flange of riveted cross-girders, net section 8,000
On bottom flange of riveted longitudinal plate girders over 20 ft.

long, net section 8,000
On bottom flange of riveted longitudinal plate girders under 20 ft.

long, net section 7,000
On floor-beam hangers, and other similar members Uable to sudden

loading (bar iron with forged ends) 6,000
On floor-beam hangers, and other similar members liable to sudden

loading (plates or shapes), net section 5,000

Members subject to alternate strains of tension and compression shall be
proportioned to resist each kind of strain. Both of the strains shall, how-
ever, be considered as increased by an amount equal to 8/io of the least of
the two strains, for determining the sectional area by the above allowed
strains.
The Phoenix Bridge Co. (Standard Specifications, 1895) gives the follow-

ing:
The greatest working stresses in pounds per square inch shall be i s

follows:
Tension.

Steel. Iron.

P

P = 8,500

9 000 Fl 4-
^i"- stress-j For bars, p = 7 500 [i + Min. stress

]
L Max. stressj forged ends. ' L Max. stressj

[
Min. stress"! Plates or p^rr^r.^ f, ,

Min. stress "!

Max. stressj shapes net.
"~

' !_ Max. stressj

8,500 pounds. Floor-beam hangers, forged ends 7,000 pounds.
7,500 " Floor-beam hangers, plates or shapes, net

section 6,000
10,000 " Lower flanges of rolled beams 8,000
20,000 " Outside fibres of pins 15,000
30,000 " Pins for wind-bracing 22,500
20,000 " Lateral bracing 15,000

Shearing.

5,000 pounds. Pins and rivets 7,500 pounds.
Hand-driven rivets 20% less unit stresses.

For bracing increase unit stresses 50%.
6,000 pounds. Webs of plate girders 5,000 pounds.

Bearing.

IQ 000 pounds. Projection semi-intrados pins and rivets, 12,000 pounds.
Hand-driven rivets 20% less unit stresses. For

tjr^pi.ng incri^ase unit stresses 50%.
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Compression.

Lengths less than forty times the least radius of gyration, P previously
found. See Tension.

Lengths more than forty times the least radius of gyration, P reduced
by following formulas:

p
For both ends fixed, b =

j^
.•

^ "*"

36,000 r2

p
For one end hinged, b =

j^^

1 +
24,000 r2

p
For both ends hinged, b= j2~~'

^ "^
18,000 r2

P = permissible stress previously found (see Tension); 6 = allowable
working stress per square inch; I = length of member in inches; r = least
radius of gyration of section in inches. No compression member, how-
ever, shall have a length exceeding 45 times its least width.

Pounds per
sq. in.

In counter web members 10,500
In long verticals 10,000
In all main-web and lower-chord eye-bars 13,200
In plate hangers (net section) 9,000
In tension members of lateral and transverse bracing 19,000
In steel-angle lateral ties (net section) 15,000
For spans over 200 feet in length the greatest allowed working stresses

per square inch, in lower-chord and end main-web eye-bars, shall be taken.
I at

10.000 (l + "^i"- total stressN

\ max. total stress/

whenever this quantity exceeds 13,200.
The greatest allowable stress in the main-web eye-bars nearest the centre

of such spans shall be taken at 13,200 pounds per square inch; and those
for the intermediate eye-bars shall be found by direct interpolation
between the preceding values.
The greatest allowable w^orking stresses in steel plate and lattice girders

and rolled beams shall be taken as follows:
Pounds per

sq. in.

Upper flange of plate girders (gross section) 10,000
Lower flange of plate girders (net section) 10,000
In counters and long verticals of lattice girders (net section) 9,000
In lower chords and main diagonals of lattice girders (net

section) 10,000
In bottom flanges of rolled beams 10,000
In top flanges of rolled beams 10,000

THE STRENGTH OF CAST-IRON COLUMNS.

Hodgkinson's experiments (flrst published in Phil. Trans. Royal Socy.,
1840, and condensed in Tredgold on Cast Iron, 4th ed., 1846), and Gordon's
formula, based upon them, are still used (1898) in designing cast-iron col-
umns. They are entirely inadequate as a basis of a practical formula
suitable to the present methods of casting columns.
Hodgkinson's experiments were made on nine "long" pillars, about 71/2

ft. long, whose external diameters ranged from 1.74 to 2.23 in., and
average thickness from 0.29 to 0.35 in., the thickness of each column also
varying, and on 13 "short" pillars, 0.733 ft. to 2.251 ft. long, with extei-
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nal diameters from 1.08 to 1.26 in., all of them less than 1/4 in, thick.
The iron used was Low Moor, Yorkshire, No. 3, said to be a good iron, not
very hard, earlier experiments on which had given a tensile strength of
14,535 and a crushing strength of 109,801 lbs. per sq. in. Modern cast-
iron columns, such as are used in the construction of buildings, are very

,

different in size, proportions, and quality of iron from the slender "long" ^

pillars used in Hodgkinson's experiments. There is usually no check, by ;

actual tests or by disinterested inspection, upon the quality of the material.
The tensile, compressive, and transverse strength of cast iron varies

:

through a great range (the tensile strength ranging from less than 10,000
to over 40,000 lbs. per sq. in.), with variations in the chemical composition •

of the iron, according to laws which are as yet very imperfectly under-
stood, and with variations in the method of melting and of casting.
There is also a wide variation in the strength of iron of the same melt
when cast into bars of different thicknesses.

Another difficulty in obtaining a practical formula for the strength of
cast-iron columns is due to the uncertainty of the quality of the casting,
and the danger of hidden defects, such as internal stresses due to unequal
cooling, cinder or dirt, blow-holes, "cold-shuts," and cracks on the inner
surface, which cannot be discovered by external inspection. Variation
in thickness, due to rising of the core during casting, is also a common
defect.

In addition to these objections to the use of Gordon's formula, for cast-
iron columns, we have the data of experiments on full-sized columns,
made by the Building Department of New York City (Eng'g Mews, Jan. 13
and 20, 1898). Ten columns in all were tested, six 15-inch, 19OV4 inches
long, two 8-inch, 160 inches long, and two 6-inch, 120 inches long. The
tests were made on the large hydraulic machine of the Phoenix Bridge Co.,
of 2,000,000 pounds capacity, which was calibrated for frictional error by
the repeated testing within the elastic limit of a large Phoenix column,
and the comparison of these tests with others made on the government
machine at the Watertown Arsenal. The average frictional error was
calculated to be 15.4 per cent, but Engineering News, revising the data,
makes it 17.1 per cent, with a variation of 3 per cent either way from the
average with different loads. The results of the tests of the columns are
given below.

TESTS OF CAST-IRON COLUMNS.

Thickness. Breaking Load.

Num-
ber.

Diam.
Inches.

Max. Min. Average. Pounds. Pounds
per Sq. In.

I 15 1 1 1,356.000 30.830
2 15 15/16 1 1/8 1.330,000 27,700
3 15 11/4 11/8 1,198,000 24,900
4 151/8 17/32 11/8 1.246,000 25.200
5 15 1 11/16 1 11/64 1,632,000 32,100
6 15 11/4 11/8 13/16 2,082,000 + 40,400-1-

7 7 3/4 to 8 1/4 11/4 5/8 1 651,000 31,900
8 8 13/32 13/64 612.800 26,800
9 61/16 15/32 11/8 19/64 400.000 22,700
10 63/32 11/8 11/16 17/64 455,200 26,300

Column No. 6 was not broken at the highest load of the testing
machine.
Columns Nos. 3 and 4 were taken from the Ireland Building, which

collapsed on August 8, 1895; the other four 15-inch columns were made
from drawings prepared by the Building Department, as nearly as possible
duplicates of Nos. 3 and 4. Nos. 1 and 2 were made by a foundry in New
York with no knowledge of their ultimate use. Nos. 5 and 6 were made
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by a foundry in Brooklyn with the knowledge that they were to be tested,
Nos. 7 to 10 were made from drawings furnished by the Department.
Applying Gordon's formula, as used by the Building Department,

S =-- r

—

j^-, to these columns gives for the breaking strength per square

1 + — —^ 400 d2
inch of the 15-inch columns 57,143 pounds, for the 8-inch columns 40,000
pounds, and for the 6-inch columns 40,000. The strength of columns Nos.
3 and 4 as calculated is 128 per cent more than their actual strength; their
actual strength is less than 44 per cent of their calculated strength; and
the factor of safety, supposed to be 5 in the Building Law, is only 2.2 for
central loading, no account being taken of the likelihood of eccentric
loading.

Prof. Lanza, Applied Mechanics, p. 372, quotes the records of 14
tests of cast-iron mill columns, made on the Watertown testing-machine in
1887-88, the breaking strength per square inch ranging from 25,100 to
63,310 pounds, and showing no relation between the breaking strength
per square inch and the dimensions of the columns. Only 3 of the 14
columns had a strength exceeding 33,500 pounds per square inch. The
average strength of the other 11 was 29,600 pounds per square inch. Prof.
Lanza says that it is evident that in the case of such columns we cannot
rely upon a crushing strength of greater than 25,000 or 30,000 pounds
per square inch of area of section.
He recommends a factor of safety of 5 or 6 with these figures for crush-

ing strength, or 5000 pounds per square inch of area of section as the
highest allowable safe load, and in addition makes the conditions that
the length of the column shall not be greatly in excess of 20 times the
diameter, that the thickness of the metal shall be such as to insure a good
strong casting, and that the sectional area should be increased if necessary
to insure that the extreme fibre stress due to probable eccentric loading
shall not be greater than 5000 pounds per square inch.

Prof. W. H. Burr (Eng'g News, June 30, 1898) gives a formula derived
from plotting the results of the Watertown and Phoenixville tests, above
described, which represents the average strength of the columns in pounds
per square inch. It is p = 30,500 - 160 I /d. It is to be noted that this
is an average value, and that the actual strength of many of the columns
was much lower. Prof. Burr says: "If cast-iron columns are designed
with anything like a reasonable and real margin of safety, the amount of
metal required dissipates any supposed economy over columns of mild
steel."
Square Columns. — Square cast-iron columns should be abandoned.

They are liable to have serious internal strains from difference in con-
traction on two adjacent sides. John F. Ward, Eng. News, Apr. 16, 1896.

Safe lioad, in Tons of 3000 Lbs., for Round Cast-iron Columns,
with Turned Capitals and Bases.

Loads being not eccentric, and length of column not exceeding 20 times
the diameter. Based on ultimate crushing strength of 25,000 lbs. per
sq. in. and a factor of safety of 5.

Thick-
ness,

Inches.

Diameter, Inches.

6 7 8 9 10 11 13 13 14 15 16 18

Vs

11/8

11/4

13/8

11/2

13/4

1^ •

26.4
30.9
35.2
39.2

31.3
36.8
42.1
47.1

42.7
48.9
55.0
60.8

48.6
55.8
62.8
69.6
76.1

54.5
62.7
70.7
78.4
85.9
93.1

69.6
78.5
87.2
95.7
103.9

76.5
86.4
96.1
105.5
114.7
123.7

94.2
104.9
115.3
125.5
135.5

102.1
113.8
125.2
136.3
147.3
168.4

110.0
122.6
135.0
147.1

159.0
182.1

204.2

131.4
144.8
157.9
170.8
195.8
219.9

164 4
179.5
194.4
223.3
251.3
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For lengths greater than 20 diameters the allowable loads should hb
decreased. How much they should be decreased is uncertain, since suffl- 1

cient data of experiments on full-sized very long columns, from which a '

formula for the strength of such columns might be derived, are as yet
lacking. There is, however, rarely, if,ever, any need of proportioning
cast-iron columns with a length exceeding 20 diameters.

Safe Loads in Tons of 3000 Pounds for Cast-iron Columns.

(By the Building Laws of New York City, Boston, and Chicago, 1897.) !

Chicago.
5 a

Square columns ....

Round columns . . . . ) p p
—

p
^ '^ 600^2

a = sectional area in square inches; 1= unsupported length of column
in inches; d = side of square column or thickness of round column in
inches.
The safe load of a 15-inch round column 1^^ inches in thickness, 16

feet long, according to the laws of these cities would be, in New York, 361
tons; in Boston, 264 tons; in Chicago, 250 tons.
The allowable stress per square inch of area of such a column would be, .

In New York, 11,350 pounds; in Boston, 8300 pounds; in Chicago, 7850
i

pounds. A safe stress of 5000 pounds per square inch would give for the '

safe load on the column 159 tons.
Strength of Brackets on Cast-iron Columns. — The columns tested

by the New York Building Department referred to above had brackets
cast upon them, each bracket consisting of a rectangular shelf sup-
ported by one or two triangular ribs. These were tested after the
columns had been broken in the principal tests. In 17 out of 22 cases the
brackets broke by tearing a hole in the body of the column, instead of by !

shearing or transverse breaking of the bracket itself. The results were !

surprisingly low and very irregular. Reducing them to strength per
square inch of the total vertical section through the shelf and rib or ribs,

they ranged from 2450 to 5600 lbs., averaging 4200 lbs., for a load con-
centrated at the end of the shelf, and 4100 to 10,900 lbs., averaging 8000
lbs., for a distributed load. (Eng'g News, Jan. 20, 1898.)
Maximum Permissible Stresses in columns used in buildings.

(Building Ordinances of City of Chicago, 1893.)
For riveted ur other forms of wrought-iron columns:

I = length of column in inches;
= least radius of gyration in inches;

36000 r2 "= ^^^^ of column in square inches.

For riveted or other steel columns, if more than 60 r in length:

If less than 60r in length: S = 13,500 a.

For wooden posts:

„ _ ac a = area of post in square inches;
'^

JT" d = least side of rectangular post in inches;
1 + oKnw2 ^ ^ length of post in inches;

^oua^ 1 600 for white or Norway pine;
C = ]800 for oak;

( 900 for long-leaf yellow pine.
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MOMENT OF INERTIA AND RADIUS OF GYRATION.
The moment of inertia of a section is the sum of the products of

each elementary area of the section into the square of its distance from an
assumed axis of rotation, as the neutral axis.
Assume the section to be divided into a great many equal small areas,

a, and that each such area has its own radius, r, or distance from the
assumed axis of rotation, then the sum of all the products derived by
multiplying each a by the square of its r is the moment of inertia, /, or
/ = 2 ar^, in which 2 is the sign of summation.
For moment of inertia of the weight or mass of a body see Mechanics.
Tlie radius of gyration of the section equals the square root of the

quotient of the moment of inertia divided by the area of the section. If
R = radius of gyration, / = moment of inertia and A = area.

R =^T/A. I/A = R^.

The center of gyration is the point where the entire area might be
concentrated and have the same moment of inertia ^s the actual area.
The distance of this center from the axis of rotation is the radius of
gyration.
The moments of inertia of various sections are as follows:

d = diameter, or outside diameter; di => inside diameter; b = breadth;
h = depth; &i, hi, inside breadth and depth;

Solid rectangle / = ViQbh^; Hollow rectangle / = 1/12(6^^ - bihi^);
Solid square 7 == i/i2&*; Hollow square I = 1/12(6* — bi*);
Solid cylinder / = i/64'^d'*; Hollow cyhnder I = i/647r(d* — di*).

Moment of Inertia about any Axis. — If 6 = breadth and h =
depth of a rectangular section its moment of inertia about its central
axis (parallel to the breadth) is 1/12 bh^\ and about one side is 1/3 bh^. If
a paraUel axis exterior to the section is taken, and d = distance of this
axis from the farthest side and di = its distance from the nearest side,
(d — di = h), the moment of inertia about this axis is i/.s 6 (d^ — di^).
The moment of inertia of a compound shape about any axis is equal to

the sum of the moments of inertia, with reference to the same axis, of all
the rectangular portions composing it.

Moment of inertia of Compound Shapes. (Pencoyd Iron
Works.) — The moment of inertia of any section about any axis is equal
to the 7 about a parallel axis passing through its centre of gravity + (the
area of the section X the square of the distance between the axes).
By this rule, the moments of inertia or radii of gyration of any single

sections being known, corresponding values may be obtained for any
combination of these sections.

E. A. Dixon (Am. Mach., Dec. 15, 1898) gives the following formula for
the moment of inertia of any rectangular element of a built up beam:
7 = 1/3 {fi^ — hi^)b, I = moment of inertia about any axis parallel to the
neutral axis, h = distance from the assumed axis to the farthest fiber,
hi = distance to nearest fiber, b = breadth of element. The sum of the
moments of inertia of all the elements, taken about the center of gravity
or neutral axis of the section, is the moment of inertia of the section.
The polar moment of inertia of a surface is the sum of the products

obtained by multiplying each elementary area by the square of its dis-
tance from the center of gravity of the surface: it is equal to the sum of
the moments of inertia taken with respect to two axes at right angles to
each other passing through the center of gravity. It is represented by
J. For a sohd shaft J = 1/32 Trd^; for a hollow shaft, J = 1/32 7r(d* — di^),
m which d is the outside and^/i the inside diameter.

The polar radius of gyration, Rp = ^/J/A, is defined as the radius of

a circumference along which the entire area might be concentrated and
have the same polar moment of inertia as the actual area.

For a solid circular section RJ^ = i/s D^; for a hollow circular sec-

tion i2p2 = i/8(d2 + dl2).

Moments of Inertia and Radius of Gyration for Various Sec«
tions, and their Use in the Formulas for Strength of Girders and
Columns. — The strength of sections to resist strains, either as
girders or as columns, depends not only on the area but also on the
form of the section, and the property of the section which forms the
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basis of the constants used in the formulas for strength of girders and
columns to express the effect of the form, is its moment of inertia about
its neutral axis. The modulus of resistance of any section to transverse
bending is its moment of inertia divided by the distance from the neutral
axis to the fibres farthest removed from that axis; or

Section modulus =
Moment of inertia

Distance of extreme fibre from axis c

Moment of resistance = section modulus X unit stress on extreme fibre.

Radius of Gyration of Compound Shapes. — In the case of a
pair of any shape without a web the value of R can always be found with-
out considering the moment of inertia.
The radius of gyration for any section around an axis parallel to another

axis passing through its centre of gravity is found as follows:

Let r = radius of gyration around axis through centre of gravity; R =
radius of gyration around another axis parallel to above; d = distance

between axes: R = ^d? + r^.

When r is small, R may be taken as equal to d without material error.
Graphical Method for Finding Radius of Gyration. — Benj. F,

La Rue, Eng. News, Feb. 2, 1893, gives a short graphical method for
finding th« radius of gyration of hollow, cyhndrical, and rectangular
columns, as follows:

For cylindrical columns:
Lay off to a scale of 4 (or 40) a right-angled triangle, in which the base

equals the outer diameter, and the altitude equals the inner diameter
of the column, or vice versa. The hypothenuse, measured to a scale of
unity (or 10), will be the radius of gyration sought.

This depends upon the formula

G= VMom. of inertia -r- Area = 1/4 ^Z)2 + d^

in which A = area and D = diameter of outer circle, a = area and d ==

diameter of inner circle, and O = radius of gyration. ^^2)2 + c^2 jg t^e
expression for the hypothenuse of a right-angled triangle, in which D and
d are the base and altitude.
The sectional area of a hollow round column is 0.7854(1)2 — d^). By

constructing a right-angled triangle in which D equals the hypothenuse

and d equals the altitude, the base will equal Vi)2 _ ^^2 Calling the
value of this expression for the base B, the area will equal 0.7854£2.

Value of G for square columns:
Lay off as before, but using a scale of 10, a right-angled triangle of which

the base equals D or the side of the outer square, and the altitude equals d,

the side of the inner square. With a scale of 3 measure the hypothenuse,
which will be, approximately, the radius of gyration.

This process for square columns gives an excess of slightly more than
4%. By deducting 4% from the result, a close approximation will be
obtained.
A very close result is also obtained by measuring the hypothenuse with

the same scale by which the base and altitude were laid off, and multiplying
by the decimal 0.29; more exactly, the decimal is 0.28867.
The formula is

. = v
Mom. of inertia 1=

:^7|^ ^^Z>2 + ^2, = 0.28867 v^Z>2 + ^2-

This may also be applied to any rectangular column by using the lesser-

diameters of an unsupported column, and the greater diameters if the
column is supported in the direction of its least dimensions.

ELEMENTS OF USUAL SECTIONS.
Moments refer to horizontal axis through centre of gravity. This table

is intended for convenient application where extreme accuracy is not
important. Some of the terms are only approximate; those marked * are
correct. Values for radius of gyration m flanged beams apply to standard
minimum sections only. A = area of section; b = breadth; h = depth;
D = diameter.
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Shape of Section. Moment
of Inertia.

Section
Modulus.

Square of
Least

Radius of
Gyration.

Least
Radius of
Gyration.

Solid Rect-
angle. 12

bh^*

6

(Least side)2* Least side *

12 3.46

.-ft-.

-]
^ T

-1

Hollow Rect-
angle. 12

bh^-bihi^*

th

h^+hi''*
' 12

h+h^
4.89

-h-^

Solid Circle.
1/64 tD 4*

=0.0491 Z)4

i/32irD3 =*

= O.U982i)3

Z)2*

16 A

Hollow Circle.

A, area of

larr^e section

;

a, area of

small section.

AD^-ad^* AD-i-ad'^* Z)2+d2*

16

D+d
16 &D 5.64

^/^
Solid Triangle.

36
bh''

24

The least of

the two;
h' 62

18^^24

The least

of the two

;

h 6

4:24°" 4:9

Even Angle.
Ah^
10.2 y.2

62

25

6

5

-fe-H

ft^
Uneven Angle.

Ah"^

9.5 6.5

(/i6)2

13(/i2+62)

hb

2.6{h+b)

-e Even Cross.
Ah''

19 9:5

7l2

22.5

h
4.74

y Even Tee.
11.1

Ah
8

62

22.5

6

4.74

H^^-H

o
1 Beam.

Ah''

6.66

^7i

3.2

62

21

6

4.58

Channel.
^;i2

7.34 3.67

62

12.5

o
3.54

c

te Deck Beam.
^;i2

6.9

Ah
4

62

36.5

6

6

uneven angle, — ; even tee, j-^; deck beam, — ; all other shapes

given in the table, - or — •
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ECCENTRIC LOADING OF COLUMNS.
In a given rectangular cross-section, such as a masonry joint under

pressure, the stress will be distributed uniformly over the section only
when the resultant passes through the centre of the section; any deviation
from such a central position will bring a maximum unit pressure to one
edge and a minimum to the other; when the distance of the resultant
from one edge is one third of the entire width of the joint, the pressure at

the nearer edge is twice the mean pressure, while that at the farther edge
is zero, and that when the resultant approaches still nearer to the edge
the pressure at the farther edge becomes less than zero; in fact, becomes
a tension, if the material (mortar, etc.) there is capable of resisting tension.
Or, if, as usual in masonry joints, the material is practically incapable of
resisting tension, the pressure at the nearef edge, when the resultant
approaches it nearer than one third of the width, increases very rapidly
and dangerously, becoming theoretically infinite when the resultant
reaches the edge.

With a given position of the resultant relatively to one edge of the joint
or section, a similar redistribution of the pressures throughout the section
may be brought about by simply adding to or diminishing the width of
the section.

Let P = the total pressure on any section of a bar of uniform thickness.
w == the width of that section = area of the section, when thickness = 1.

p — P/w = the mean unit pressure on the section.
M = the maximum unit pressure on the section.
m — the minimum unit pressure on the section.
d = the eccentricity of the resultant = its distance from the centre of

the section.

Then M = v(\ + ^) and m = p (l - ^V
When d = -w then M = 2p and m = O.

b

When d is greater than 1 /6 w, the resultant in that case being less than
one third of the width from one edge, v becomes negative. (J. C. Traut-
wine, Jr., Engineering News, Nov. 23, 1893.)
Eccentric Loading of Cast-iron Columns. — Prof. Lanza writes

the author as follows: The table on page 276 applies when the result-
ant of the loads upon the column acts alongJts central axis, i.e., passes
through the centre of gravity of every section. In buildings and other
constructions, however, cases frequently occur when the resultant load
does not pass through the centre of gravity of the section; and then the
pressure is not evenly distributed over the section, but is greatest on the
side where the resultant acts. (Examples occur when the loads on
the floors are not uniformly diatributed.) In these cases the outside
fibre stresses of the column should be computed as follows, viz.:
Let P = total pressure on the section;

d = eccentricity of resultant = its distance from the centre of
gravity of the section;

A = area of the section, and I its moment of inertia about an axis in
its plane, passing through its centre of gravity, and perpendic-
ular to d;

ci = distance of most compressed and C2 = that of least compressed
fibre from above stated axis;

si = maximum and S2 = minimum pressure ner unit of area. Then
'P (Pd)c2

and 52 = -T - T
•

.ex 1 A I

Having assumed a certain trial section for the column to be designed, si
should be computed, and, if it exceed the proper safe value, a different
section should be used for which si does not exceed this value.
The proper safe value, in the case of cast-iron columns whose ratio of

length to diameter does not greatly exceed 20, is 5000 pounds per square
inch when the eccentricity used in the computation of si is liable to occur
frequently in the ordinary uses of the structure; but when it is one which
can only occur in rare cases the value 8000 lbs. per sq. in. may be used.
A long cap on a column is more conducive to the production of eccen-

tricity of loading than a short one, hence a long cap is a source of weakness*
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TRANSVERSE STRENGTH.

In transverse tests the strength of bars of rectangular section is found to
vary directly as the breadth of the specimen tested, as the square of its

depth, and inversely as its length. The deflection under any load varies

as the cube of the length, and inversely as the breadth and as the cube of
the depth. Represented algebraically, if S = the strength and D the
deflection, I the length, b the breadth, and d the depth,

S varies as —r and D varies as r-j^"
I bd^

For the purpose of reducing the strength of pieces of various sizes to
a common standard, the term modulus of rupture (represented by R) is

used. Its value is obtained by experiment on a bar of rectangular section
supported at the ends and loaded in the middle and substituting numerical
values in the following formula:

^ ~ 2bd^'

in which P = the breaking load in pounds, I = the length in inches, b the
breadth, and d the depth.
The modulus of rupture is sometimes defined as the strain at the instant

of rupture upon a unit of the section which is most remote from the neu-
tral axis on the side which first ruptures. This definition, however, is

based upon a theory which is yet in dispute among authorities, and it is

better to define it as a numerical value, or experimental constant, found
by the appUcation of the formula above given.
From the above formula, making I 12 inches, and b and d each 1 inch, it

follows that the modulus of rupture is 18 times the load required to break
a bar one inch square, supported at two points one foot apart, the load
being apphed in the middle.

^ ^ . ^ - ^ , , . span in feet X load at middle in lbs.
Coefficient of transverse strength = v5—:rrir^

—

—
z:
—

^ttts—rrr^

—

—c—^.breadth in inches X(depth in inches)^

'

= — th of the modulus of rupture.

Fundamental Formulae for Flexure of Beams (Merriman),
Resisting shear = vertical shear;
Resisting moment = bending moment;
Sum of tensile stresses = sum of compressive stresses;
Resisting shear = algebraic sura of all the vertical components of the

internal stresses at any section of the beam.
If A be the area of the section and Sg the shearing unit stress, then

resisting shear = ASg] and if the vertical shear = 7, then F= ASs.
The vertical shear is the algebraic sum of all the external vertical forces

on one side of the section considered. It is equal to the reaction of one
support, cot)sJdered as a force acting upward, minus the sum of ail the
vertical downward forces acting between the support and the section.

The resisting moment = algebraic sum of all the moments of the inter-
nal horizontal stresses at any section with reference to a point in that

section, = — . in which S = the horizontal unit stress, tensile or com-
c

pressive as the case may be, upon the fibre most remote from the neutral
axis, c = the shortest distance from that fibre to said axis, and / = the
monent of inertia of the cross-section with reference to that axis.

The bending moment M is the algebraic sum of the moment of the
exteraal forces on one side of the section with reference to a point in that
section = moment of the reaction of one support minus sum of moments
of loa'ds between the support and the section considered.

The bending moment is a compound quantity = product of a force by
the distance of its point of application from the section considered, the
distance being measured on a line drawn from the section perpendicular
to the direction of the action of the force;
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Concerning the formula, M= SI/c, p, 297, Prof. Merriman, Eng. News,
July 21, 1S94, says: The formula quoted Is true when the unit-stress S on
the part of the beam farthest from the neutral axis is within the elastic limit
of the material. It is not true when this limit is exceeded, because then
the neutral axis does not pass through the center of gravity of the cross-
section, and because also the different longitudinal stresses are not pro-
portional to their distances from that axis, these two requirements being
involved in the deduction of the formula. But in all cases of design the
permissible unit-stresses should not exceed the elastic limit, and hence
the formula applies rationally, without regarding the ultimate strength
of the material or any of the circumstances regarding rupture. Indeed,'
so great reliance is placed upon this formula that the practice of testing
beams by rupture has been almost entirely abandoned, and the allowable

' unit-stresses are mainly derived from tensile and compressive tests.

APPROXIMATE GREATEST SAFE I.OADS IN LBS. ON STEEL
BEAMS. (Pencoyd Iron Works.)

Based on fiber strains of 16,000 lbs. for steel. (For iron the loads should
be one-eighth less, corresponding to a fibre strain of 14,000 lbs. per square
inch.) Beams supported at the ends and uniformly loaded.

L = length in feet between supports; a = interior area in square
A = sectional area of beam in square inches;

inches; d = interior depth in inches.
D = depth of beam in inches. w = working load in net tons.

Shape of
Greatest Safe Load in Pounds. Deflection in Inches.

Section,
Load in
Middle.

Load
Distributed,

Load in
Middle.

Load
Distributed.

Solid Rect-
angle.

e.90AD
L

1780^D
L 32AZ)2

wL3
52AZ)2

Hollow 890 (^Z)-ad)

L
\7miAD-ad)

L
wL^ wL^

Rectangle. 32UD~aa') 52{AD^-ad^)

Solid
Cylinder.

667AD
L

]333AD
L 24AD^

wLs.

38AD^

Hollow 667(AD-ad)
L

\333{AD-ad)

L
xdU wU

Cylinder. 24(A D^acL^) 38(AD^ad^)

Even-
legged

Angle or
Tee.

885AD
L

\770AD
L 32A D^

wU
52AZ)2

Channel or \525AD
L

3050AD
L

wL^ wU
Z bar 53A£)2 85^D2

Deck
Beam.

\380AD
L

2760AD
L 50A£)2 804Z>2

I Beam.
]695AD

L
3390AD
L 58A D^

wIJ
93AD-^

I II III IV V

The above formulae for the strength and stiffness of rolled beams of

various sections are intended for convenient application in cases where
Btrict accuracy is not required.
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The rules for rectangular and circular sections are correct, while those
for the flanged sections are approximate, and limited in their appUcation
to the standard shapes as given in the Pencoyd tables. When the section
of any beam is increased above the standard minimum dimensions, the
flanges remaining unaltered, and the web alone being thickened, the ten-
dency will be for the load as found by the rules to be in excess of the
actual; but within the limits that it is possible to vary any section in the
rolling, the rules will apply without any serious inaccuracy.
The calculated safe loads will be approximately one half of loads that

would injure the elasticity of the materials.
The rules for deflection apply to any load below the elastic limit, or

less than double the greatest safe load by the rules.

If the beams are long without lateral support, reduce the loads for the
ratios of width to span as follows:

Length of Beam.
20 times flange width.
30 "
40 ••

50 •

60 "
70 "

Proportion of Calculated Load
forming Greatest Safe Load.

Whole calculated load.
9-10
8-10
7-10
6-10
5-10

These rules apply to beams supported at each end. For beams supported
otherwise, alter the coefficients of the table as described below, referring
to the respective columns indicated by number.

Changes of Coefflcients for Special Forms of Beams.

Kind of Beam, Coefficient for Safe
Loado

Coefficient for Deflec-
tion.

Fixed at one end, loaded
at the other.

One fourth of the coeffi-

cient, col. II.

One sixteenth of the co-
efficient of col. IV.

Fixed at one end, load
evenly distributed.

One fourth of the coeffi-

cient of col. III.
Five forty-eighths of the

coefficient of col. V.

Both ends rigidly fixed,

or a continuous beam,
with a load in middle.

Twice the coefficient ot

col. II.
Four times the coeffi-

cient of col. IV.

Both ends rigidly fixed,
or a continuous beam,
with load evenly dis-
tributed.

One and one-half times
the coefficient of col.

IIL

Five times the coefficient

of col. V.

Formulae for Transverse Strength of Beams. — Referring to table
in page 299,
P = load at middle;W = total load, distributed uniformly;
I = length, 6 = breadth, d = depth, in inches;
E = modulus of elasticity;
R = modulus of rupture, or stress per square inch of extreme fiber;
/ = moment of inertia;
c = distance between neutral axis and extreme fibre.

For breaking load of circular section, replace W by Q.59d8.
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The value of R at rupture, or the modulus of rupture (see page 282),
is about 60,000 for structural steel, and about 110,000 for strong steel.
(Merriman.)
For cast iron the value of R varies greatly according to quality. Thurs-

ton found 45,740 and 67,980 in No. 2 and No. 4 cast iron, respectively.
For beams fixed at both ends and loaded in the middle, Barlow, by

experiment, found the maximum moment of stress = 1/6 PI instead of
1/8 PI, the result given by theory. Prof. Wood (Resist. Matls. p. 155)
says of this case: The phenomena are of too complex a character to admit
of a thorough and exact analysis, and it is probably safer to accept the
results of Mr. Barlow in practice than to depend upon theoretical results.

BEAMS OF UNIFORM STRENGTH THROUGHOUT THEIR
LENGTH.

The section is supposed in all cases to be rectangular throughout. The
beams shown in plan are of uniform depth throughout. Those shown in
elevation are of uniform breadth throughout.

B = breadth of beam. D = depth of"beam.

Fixed at one end, loaded at the other;
curve parabola, vertex at loaded end: BD^
proportional to distance from loaded end-
The beam may be reversed, so that the
upper edge is parabolic, or both edges may
be parabolic.

Fixed at one end, loaded at tne other;
triangle, apex at loaded end ; BD^ propor-
tional to the distance from the loaded end.

Fixed at one end; load distributed; tri-

angle, apex at unsupported end; BD^ pro-
portional to square of distance from unsup-
ported end.

Fixed at one end; load distributed;
curves two parabolas, vertices touchins,
each other at unsupported end; BD^
proportional to distance from unsupported
end.

Supported at both ends; load at any one
point; two parabolas, vertices at the
points of support, bases at point loaded;
BD^ proportional to distance from nearest

Eoint of support. The upper edge or
oth edges may also be parabolic.

Supported at both ends; load at any one
point; two triangles, apices at points of
support, bases at point loaded; BD"^ pro-
portional to distance from the nearest
point of support.

Supported at both ends; load distri-

buted; curves two parabolas, vertices at
the middle of the beam; bases centre hne
of beam; BD^ proportional to product of
distances from points of support.

Supported at both ends; load distri-

buted; curve semi-eUipse; BD^ propor-
tional to the product of the distances
from the points of support.
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DIMENSIONS AND WEIGHTS OF STRUCTURAL STEEL
SECTIONS COMMONLY ROLLED.

( Carnegie Steel Co., 1913.)

. .

3.92 3.19 2.44 1.65
4.6

3.99 3.39 2.77 2.12 1.44 3.35 2.86 2.34 1.80 1.23 2.33 1.92 1.48 1.01 1.49 1.16 0.80
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Weights and Dimensions of I-Beams.

Wt. wt. Wt. Wt. Wt. Wt.
Size, per Size, per Size, per Size, per Size. per Size, per
In. Ft., In. Ft., In. Kt., In. Kt., In. Ft., In. Ft.,

Lb. Lb. Lb. Lb. Lb. Lb.

11 83.0 20 90.0 18 55.0 12 45.0 9 21.0 5 12.25
7A 115.0 85.0 46.0 49.0 8 25.5 9.75

110.0 80.0 15 75.0 35.0 23.0 4 10.5
105.0 75.0 70.0 31.5 20.5 9.5
100.0 70.0 65.0 27.5 18.0 8.5
95.0 65.0 60.0 10 40.0 17.5 7.5

" 90.0 IH 9i) 55 () 35 7 20,0 3 7.5
85.0 85.0 50.0 30.0 17.5 6.5

5.580.0 80,0 45,0 75 15.0
69.5
57.5
100.0
95.0 ;:

75.0
70.0
65.0
60.0

12

42.0
36.0
55.0
50.0

9
22.0
35.0
30.0
25.0

6

5

17.25
14.75
12.25
14.75

21

20

Weights and Dimensions of Channels.

55.0
50.0
45.0
40.0
35.0
33.0
50.0
45.0
40.0 10

37.0
35.0
32.0
40.0
35.0
30.0
25.0
20.5
35.0

30.0
25.0
20.0
15.0
25.0
20.0
15.0
13.25
21.25

18.75
16.25
13.75
11.25
19.75
17.25
14.75
12.25
9.75

15.5
13.0
10.5
8.0
11.5
9.0
6.5
7.25
6.25

5.25
6.0
5.0
4.0

PROPERTIES OF ROLLED STRUCTURAL STEEL.
Explanation of Tables of the Properties of I-Beams, Channels,

Angles, Z-Bars, Tees, etc. (Carnegie Steel Co.)
The tables of properties of I-beams and channels, pp. 307 to 313,

are calculated for all standard sizes and weights to which each pattern
is rolled, excepting for five weights of the 13-in. channel which is omitted
in the tables. The table of properties of angles are calculated for the
maximum, intermediate, and minimum weights of each size, excepting
that only maximum and minimum weights are given for a few of the
smaller sizes as noted in the tables. The properties of Z-bars are given
for thicknesses differing by Vi6 in. The table of properties of Tee shapes
lists the lightest section of each size. In the case of angles there will
be two section moduli for each position of the neutral axis, since the
distance between the neutral axis and the extreme fiber is different on
either side of the axis. With T-sections there are two section moduli
where the neutral axis is parallel to the flange. In these cases only
the smaller section moduli are given.
The coluxon headed x, in the table of the properties of standard

channels, giving the distance of the center of gravity of channel from
the outside of web, is used to obtain the radius of gyration for columns
or struts consisting of two channels latticed, for the case of the neutral
axis passing through the center of the cross-section parallel to the webs
of the channels. This radius of gyration is equal to the distance be-
tween the center of gravity of the channel and the center of the section,
i.e., neglecting the moments of inertia of the channels aroimd their own
axes, thereby introducing a slight error on the side of safety.

In the tables of safe loads of beams and channels, the safe loads for
various lengths of span are given only for the lightest weight of each
section rolled in the various sizes. The safe loads of the heavier weights
of each section can be calculated from the data given in the tables of
properties. The safe loads given in the tables are for a uniform load
per running foot on the beam or channel. If the load, instead of being
xmiform, is concentrated at the center of the span, multiply it by 2
and_th.en consider it as a uniform load. The deflection wiU be 0.8 X
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the deflection for the uniform load. The safe loads in the tables are
calculated solely with reference to the safe unit stresses due to flexure,

and the values given will not produce average shearing stresses in the
web greater than 10,000 lb. per sq. in., the maximum allowed in the
American Bridge Co.'s specifications. When the beams carry con-
centrated loads, the buckling or shearing stresses in the web, rather
than the resistance of the flanges to bending stresses may limit the
carrying capacity.
The tables of safe loads for angles, tees, and Z-bars give the safe loads

on a span of 1 ft., from which the safe load for any length of span may
be obtained by direct division. They also give the values at which
the allowed safe load wiU produce the maximum allowable deflection
of 1/360 of the span length.
The tables are based on an extreme fiber stress of 16,000 lb. per sq. in.,

which is the customary figure for quiescent loads, as in buildings.
Where rimning loads are involved, as in bridges, crane runways, etc., an
extreme fiber stress of 12,500 lb. per sq. in. should be used and the values
reduced accordingly. For suddenly applied loads, the extreme fiber
stresses should be reduced to 8,000 lb. per sq. in.

It is assiuned in the tables that the load is applied normal to the
neutral axis perpendicular to the web at the center, and that the beam
defiects only vertically in the plane of bending. For other conditions
of loading, the safe load must be determined by the general theory of
flexure (see page 297) in accordance with the mode of application of the
load and its character. Under these conditions the safe loads will be
considerably lower than those given in the tables. It is also assumed
in the tables that the compression flanges of the various sections are
secured against lateral deflection by the use of the rods at proper inter-
vals. The lateral imsupported length of beams and girders should not
exceed forty times the width of the compression flange. When the
unsupported length exceeds ten times this width, the tabular safe loads
should be reduced as follows, W being the width of the compression
flange:

Length of unsupported
flange 5W lOW 15W 20W 25W BOW 35W 40W

Percentage of full safe
load allowed 100 100 90.6 81.2 71.9 62.5 53.1 43.8

In addition to the lateral deflection induced by piire bending stresses
in the beam, there may be deflection due to the tliriist of arches or
other loads acting on a line perpendicular to the hne of the principal
stresses. These should be neutralized by tie rods so that in no case
will the unit stresses exceed 16,000 lb. per sq. in.

(For much other important information concerning rolled structural
shapes, see the "Pocket Companion" of the Carnegie Steel Co., Pitts-
burgh, Pa., price $2.)

Allowable Tension Values In Bars—Thousands of Pounds.
(Carnegie Steel Co., 1D13.)

Round Bars. Square Bars.

Size,

Round Bars. Square Bars.

Size, Unit Unit Unit Unit Unit Unit Unit Unit
Jn. Stress Stress Stress Stress In. Stress Stress Stress Stress

16,000 20,000 16,000 20,000 16,000 20,000 16,000 20,000
Lb. per Lb. per Lb. per Lb. per Lb. per Lb. per Lb. per Lb. per
Sq. In. Sq. In. Sq. In. Sq. In. Sq. In. Sq. In. Sq. In. Sq. In.

1/4 0.8 1.0 1.0 1.3 13/4 38.5 48.1 49.0 61.3
v? 3.1 3.9 4.0 5.0 2 50.3 62.8 64.0 80.0
3/4 7.1 8.8 9.0 11.3 21/4 63.6 79.5 81 .0 101.3

1 12.6 15.7 16.0 20.0 21/9 78.5 98.2 100.0 125.0
11/4 19.6 24.5 25.0 31.3 23/4 95.0 118.8 121.0 151.3
11/2 28.3 35.3 36.0 45.0 3 113.1 141.4 144.0 180.0
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Properties of Carnegie Standard I-Beams— Steel.*

Neutral Axis Per- Neutral Axis Coin-
g . (U "^ pendicular to Web cident with Center

i 1
1 1

at Center Line of Web.

^
V. d [Q "S

P, •S o § o
. •« oo

1
1 1

1
11

p5
1^ 1"

it
1^

in. lb. sq. in. in. in. in.i in. in.3 in.4 in. in.3

27 83.0 24.41 7.500 0.424 2888.6 10.88 214.0 53.1 1.47 14.1

24 115.0 33.98 8.000 0.750 2955.5 9.33 246.3 83.2 1.57 20.8
110.0 32.48 7.938 0.688 2883.5 9.42 240.3 81.0 1.58 20.4
105.0 30.98 7.875 0.625 2811.5 9.53 234.3 78.9 1.60 20.0

" 100.0 29.41 7.254 0.754 2379.6 9.00 198.3 48.6 1.28 13.4
" 95.0 27.94 7.193 0.693 2309.0 9.09 192.4 47.1 1.30 13.1
" 90.0 26.47 7.131 0.631 2238.4 9.20 186.5 45.7 1.31 12.8
" 85.0 25.00 7.070 0.570 2167.8 9.31 180.7 44.4 1.33 12.6
" 80.0 23.32 7.000 0.500 2087.2 9.46 173.9 42.9 1.36 12.3
" 69.5 20.44 7.000 0.390 1928.0 9.71 160.7 39.3 1.39 11.2
21 57.5 16.85 6.500 0.357 1227.5 8.54 116.9 28.4 1.30 8.8
20 100.0 29.41 7.284 0.884 1655.6 7.50 165.6 52.7 1.34 14.5
" 95.0 27.94 7.210 0.810 1606.6 7.58 160.7 50.8 1.35 14.1
" 90.0 26.47 7.137 0.737 1557.6 7.67 155.8 49.0 1.36 13.7
«< 85.0 25.00 7.063 0.663 1508.5 7.77 150.9 47.3 1.37 13.4
" 80.0 23.73 7.000 0.600 1466.3 7.86 146.6 45.8 1.39 13.1
" 75.0 22.06 6.399 0.649 1268.8 7.58 126.9 30.3 1.17 9.5
" 70.0 20.59 6.325 0.575 1219.8 7.70 122.0 29.0 1.19 9.2

65.0 19.08 6.250 0.500 1169.5 7.83 117.0 27.9 1.21 8.9
18 90.0 26.47 7.245 0.807 1260.4 6.90 140.0 52.0 1.40 14.4
" 85.0 25.00 7.163 0.725 1220.7 6.99 135.6 50.0 1.42 14.0
" 80.0 23.53 7.082 0.644 1181.0 7.09 131.2 48.1 1.43 13.6

75.0 22.05 7.000 0.562 1141.3 7.19 126.8 46.2 1.45 13.2
" 70.0 20.59 6.259 0.719 921.2 6.69 102.4 24.6 1.09 7.9
" 65.0 19.12 6.177 0.637 881.5 6.79 97.9 23.5 1.11 7.6
*' 60.0 17.65 6.095 0.555 841.8 6.91 93.5 22.4 1.13 7.3
" 55.0 15.93 6.000 0.460 795.6 7.07 88.4 21.2 1.15 7.1
" 46.0 13.53 6.000 0.322 733.2 7.36 81.5 19.9 1.21 6.6
15 75.0 22.06 6.292 0.882 691.2 5.60 92.2 30.7 1.18 9.8
" 70.0 20.59 6.194 0.784 663.7 5.68 88.5 29.0 1.19 9.4
« 65.0 19.12 6.096 0.686 636.1 5.77 84.8 27.4 1.20 9.0
" 60.0 17.67 6.000 0.590 609.0 5.87 81.2 26.0 1.21 8.7
" 55.0 16.18 5.746 0.656 511.0 5.62 68.1 17.1 1.02 5.9
" 50.0 14.71 5.648 0.558 483.4 5.73 64.5 16.0 1.04 5.7
" 45.0 13.24 5.550 0.460 455.9 5.87 60.8 15.1 1.07 5.4
" 42.0 12.48 5.500 0.410 441.8 5.95 58.9 14.6 1.08 5.3
f 36.0 10.63 5.500 0.289 405.1 6.17 54.0 13.5 1.13 4.9
M 55.0 16.18 5.611 0.821 321.0 4.45 53.5 17.5 1.04 6.2
" 50.0 14.71 5.489 0.699 303.4 4.54 50.6 16.1 1.05 5.9
" 45.0 13.24 5.366 0.576 285.7 4.65 47.6 14.9 1.06 5.6
" 40.0 11.84 5.250 0.460 269.0 4.77 44.8 13.8 1.08 5.3
" 35.0 10.29 5.086 0.436 228.3 4.71 38.0 10.1 0.99 4.0
« 31.5 9.26 5.000 0.350 215.8 4.83 36.0 9.5 1.01 3.8
" 27.5 8.04 5.000 0.255 199.6 4.98 33.3 8.7 1.04 3.5

10 40.0 11.76 5.099 0.749 158.7 3.67 31.7 9.5 0.90 3.7
« 35.0 10.29 4.952 0.602 146.4 3.77 29.3 8.5 0.91 3.4
" 30.0 8.82 4.805 0.455 134.2 3.90 26.8 7.7 0.93 3.2
«« 25.0 7.37 4.660 0.310 122.1 4.07 24.4 6.9 0.97 3.0
" 22.0 6.52 4.670 0.232 113.9 4.18 22.8 6.4 0.99 2.7

* See notes on next page. {Taljle continued on next page.)
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Properties of Carnegie Standard I-Beams—Steel.—Continued.

Neutral Axis Per- Neutral Axis Coin-
.

'"". rg pendicular to Web cident with Center
^

fe 1 1
^ at Center Line of Web.

s

"3 1

t 1 1

Pl'43

1"

^1

11
1^

it

s'

in. lb. sq. in. in. in. in.4 in. in.3 in.4 in.i in.3

9 35.0 10.29 4.772 0.732 111.8 3.29 24.8 7.3 0.84 3.1
* 30.0 8.82 4.609 0.569 101.9 3.40 22.6 6.4 0.85 2.8
« 25.0 7.35 4.446 0.406 91.9 3.54 20.4 5.7 0.88 2.5
' 21.0 6.31 4.330 0.290 84.9 3.67 18.9 5.2 0.90 2.4
8 25.5 7.50 4.271 0.541 68.4 3.02 17.1 4.8 0.80 2.2
' 23.0 6.76 4.179 0.449 64.5 3.09 16.1 4.4 0.81 2.1

20.5 6.03 4.087 0.357 60.6 3.17 15.2 4.1 0.82 2.0
18.0 5.33 4.000 0.270 56.9 3.27 14.2 3.8 0.84 1.9

17.5 5.15 4.330 0.210 58.3 3.37 14.6 4.5 0.93 2.1

7 20.0 5.88 3.868 0.458 42.2 2.68 12.1 3.2 0.74 1.7

17.5 5.15 3.763 0.353 39.2 2.76 11.2 2.9 0.76 1.6

15.0 4.42 3.660 0.250 36.2 2.86 10.4 2.7 0.78 1.5

6 17.25 5.07 3.575 0.475 26.2 2.27 8.7 2.4 0.68 1.3

14.75 4.34 3.452 0.352 24.0 2.35 8.0 2.1 0.69 1.2

12.25 3.61 3.330 0.230 21.8 2.46 7.3 1.9 0.72 1.1

3 14.75 4.34 3.294 0.504 15.2 1.87 6.1 1.7 0.63 1.0

12.25 3.60 3.147 0.357 13.6 1.94 5.5 1.5 0.63 0.92
9.75 2.87 3.000 0.210 12.1 2.05 4.8 1.2 0.65 0.82

4 10.5 3.09 2.880 0.410 7.1 1.52 3.6 1.0 0.57 0.70
9.5 2.79 2.807 0.337 6.8 1.55 3.4 0.93 0.58 0.66
8.5 2.50 2.733 0.263 6.4 1.59 3.2 0.85 0.58 0.62
7.5 2.21 2.660 0.190 6.0 1.64 3.0 0.77 0.59 0.58

3 7.5 2.21 2.521 0.361 2.9 1.15 1.9 -0.60 0.52 0.48
' 6.5 1.91 2.423 0.263 2.7 1.19 1.8 0.53 0.52 0.44
"

1 5.5 1.63 2.330 0.170 2.5 1.23 1.7 0.46 0.53 0.40

L = safe loads in poiinds, uniformly distributed ; I = span in feet;M = moments of forces in foot-pounds ; / = fiber stress.

S = section modulus.

iM-
12 • .^- 3 I

Ll = I

ings) ; L = '
. for/ = 12,500 lb. per sq. in. (for bridges) ; L

for / = 16,0001b. per sq. in. (for build-

25,000 S

Properties of Carnegie Trough Plates— Steel.

Sec-
tion
Index,

M 10
M 11

M 12

M 13

M 14

Size, in
Inches.

91/2X3 3/4

91/2x33/4
9 1/2X3 3/4

91/2X3 3/4

91/2X33/4

Weight Area Thick-
per of Sec- ness in

Foot. tion. Inches.

lb. sq. m.
16.3 4.78 1/2

18.0 5.28 9/16
19.7 5.79 5/8
21.4 6.30 11/16

23.2 6.97 3/4

Moment of
Inertia, Section
Neutral Modulus,
Axis Axis as

Parallel to before.
Length.

/ S
3.7 1.4
4.1 1.6
4.6 1.8
5.0 2.0
5.5 2.2

Radius
of Gy-

ration,
Axis . as
before.

0.91
0.91
0.90
0.90
0.90
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Safe Loads, In Thousands of Pounds, Uniformly Distributed for
Carnegie Steel I-Beams.

1

24-inch. 2a-inch. 18-inch. 15-inch.
27 in.

83
lb.

21 in

105
lb.

80 1b. 'Sf 'I^ 80 1b. 65 lb. 75 lb. 46 lb. 60 lb-. 42 lb.
36
lb.

4

229 .0

300.0

240.0

187.2

150.0

240.0 200.0 202.3

115.9

177.0

123.05 173.2

144.4

123.7

108.3

96.2

86,6

6 104.8

89.8

78.5

69.8

67,8

86.7

7 223.4

195.5

173.8

156.4

178.2

155.9

138.6

124.7

193.2

169.1

150.3

135.3

823
8 231.9

206.1

185.5

108.6

96.6

86.9

72.0

9 277.7

249.9

138.6

124.7

64.0

in 228.2 171.4 57,6
11 207.5 227.2 168.7 155.8 113.4 142.2 113.4 173.0 79,0 78.7 57.1 57,4
1?, 190.2 208.3 154.6 142.8 103.9 130.3 104.0 112.7 72.4 72.2 52.4 48,0
n 175.6 192.2 142.7 131.8 95.9 120.3 96,0 104.1 66.8 66.6 48,3 44.3
14 163.0 178.5 132.5 122.4 89.1 111.7 89. 96.6 62,1 61.9 44.9 41.2
1") 152.2 166.6 123.7 114.3 83.1 104,3 83.2 90,2 57.9 57.7 41.9 38,4
16 142.6 156.2 116.0 107.1 77.9 97.7 78.0 84 5 54.3 54.1 39.3 36,0
17 134.3 147.0 109.1 100.8 73,4 92.0 73.4 79.6 51,1 50.9 37.0 33.9
18 126.8 138.8 103.1 95,2 69.3 86.9 69,3 75,1 48.3 48.1 34.9 32.0
19 120.1 131.5 97.6 90.2 65.6 82.3 657 71,7 45.7 45.6 33.1 30.3
20 114.1 125.0 92.8 85.7 62.4 78.2 62.4 67,6 43.4 43.3 31.4 28.8
21 108.7 119.0 88.3 81.6 59.4 74.5 59.4 64.4 41.4 41.2 29.9 27.4
22 103.7 113.6 84.3 77.9 56.7 71.1 56.7 61,5 39.5 39.4 28.6 26.2
23 99.2 108.7 80.7 74.5 54.7. 68.0 54.7 58,8 .37.8 37.7 27.3 25.1

24 95.1 104.1 77.3 71.4 52.0 65.2 52.0 56.4 36.2 36.1 26.2 24.0
25 91.3 100.0 74.2 68.6 49.9 62.6 49.9 54.1 34.8 34.6 25.1 23.0
26 87.8 96.1 71,4 65 9 48.0 60.2 48.0 52.0 33 4 33,3 74,2 77,2
27 84.5 92.6 68.7 63 5 46 7 579 46 7 50 1 37,7 32.1 23,3 21,3
28 81.5 89.3 66.3 61,7 44,5 55,9 44.6 48.3 31,0 30.9 22,4 20.6
29 78.7 86.2 64.0 59.1 43.0 53.9 43 46 6 30.0 29.9 21.7 19.9

30 76.1

73.6

83.3

80.6

61.8

59.8

57.1

55.3

41.6

40.2

52.1

50.5

41.6

40 7

45.1

43,6

29.0

28.0

28.9

27.9

20.9 19.2

31 20.3 18.6
32 71.3 78.1 58.0 53.6 39.0 48.9 39.0 47 3 27.2 27.1 19.6 18.0
33 69.2 75.7 56.2 51.9 37.8 47.4 37,8 41,0 26.3
34 67.1 73.5 54.6 504 36,7 46.0 36.7 39.8 75 6
35 65.2 71.4 53.0 49.0 35.6 44,7 35 6 38 6 24,8
36 63.4

61.7

69.4

67.5

51.5

50.1

47.6

46.3

34.6

33.7

43.4

42.3

34.7

33.7

37.6 24.1

37 36.6 73.5
3fi 60.1 65.8 48.8 45.1 32.8 41.2 37,8 35.6 22.9
3S 58.5 64.1 47.6 43 9 37,(1 40,1 37
40 57.1

55.7

62.5

61.0

46.4

45.3

42.8

41.8

31.2

30.4

39.1 31.2

41 38.1 30.4
42 54.3

53.1

59.5

58.1

' 44.2

43.1

40.8

39.9

29.7 37.2 29.7

43 29.0
44 51.9 56.« 42.2 38.9 28.3
45 50.7 55.5 41.2 38.1

46 49.6
48.6

54.3
53.2

40.3
39.5

37.3
36.547

48 47.5 52.1 387 35.7 Table con-

49 46 6 510 37 9 35.0
tinued on

50 45.6 50.0 37.1 34.3 ....
next page.

Loads above upper horizontal lines will produce maximum allow-
able shear in webs. Loads below lower horizontal lines will produce
excessive deflections and must not be used with plastered ceilings.
Maximiun fiber stress, 16,000 lb. per sq. in. Safe loads given include
the weight of beam, which should be deducted to give net load.
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Safe Loads, in Thousands of Pounds, Uniformly Distributed for
Carnegie Steel I-Beams.

—

Continued.

i 12-inch. 1 0-inch. 9-in. 8-inch. 7-in. 6-in. 5-in. 4-in. 3-in.

i
73

401b.
lb.

273^
lb.

25
lb.

22
lb.

-

21
lb.

18
lb.

17^
lb.

15

lb.
12M
lb. \if.

'^ 5H
lb.

1

2

110.4 84.0

76.7

63.9

54.8
48.0

42.6
38.4

34.9
32.0

29.5
27.4.

25.6
24.0

22.6
21.3

20.2
19.2

18.3

17.4

16.7

16.0

15.3

14.8

61.2

62.0

46.4

52.2 43.2

33.6

35.0

27.6 21.0 15.2

10.2

8.8

3 25.8

19.4

15.5

12.9

11.1

9.7

8.6
7.7

7.0
6.5

17.2

12.9

10.3

8.6

7.4

6.4

5.7
5.2

4.7
4.3

10.6

8.0

6.4

5.3

4.5
4.0

5.9

4 50.3

40.3

33.6

28.8
25.2

22.4
20.1

18.3
16.8

15.5
14.4

13.4
12.6

11.8
11.2

37.9

30.3

25.3

21.7
19.0

16.9
15.2

13.8

12.6

11.7
10.8

10.1

9.5

-27.6

22.1

18.4

15.8

13.8

12.3
11.0

10.0
9.2

8.5
7.9

4.4

5 95.6

79.7

68.3
59.8

53.1

47.8

43.5
39.8

36.8
34.2

31.9
29.9

28.1

26.6

25.2
23.9

22.8
21.7
20.8
19.9

52.1

43.4

37.2
32.6

28.9
26.0

23.7
21.7

20.0
18.6

17.4
16.3

15.3

14.5

13.7
13.0

31.1

25.9

22.2
19.4

17.3
15.6

14.1

13.0

12.0
11.1

10.4
9.7

3.5

6

7

8

59.1

50.7
44.4

39.4
35.5

32.3
29.6

27.3
25.3

23.7
22.2

20.9
19.7

18.7

17.7

16.9
16.1

15.4

14.8

40:5

34.7
30.4

27.0
24.3

22.1

20.2

18.7
17.4

16.2
15.2

14.3

13.5

12.8
12.1

2.9
"2.5

2.2

9
10

\\

12

3.5

3.2

13

14
6.0
5.5

Loads above

15
J6

7.4

6.9
horizontal lines
will produce maxi-

17
18

8.9
8.4

9.2
8.6

mimi allowable
shear in webs.

19
20

10.6
10.1 horizontal lin 3S will produce ex-

21
22
23
24

12.4
11.8

11.6
11.0

not be used with plastered ceilings.

Maximum fiber stress, 16,000 lb.

per sq. in. Safe loads given include
the ""'«'i°'^^^ "^^ ^"^"^ wViiVb dionlH

25
26

19.1

18.4
14.2
13.6

be cieducted t 3 give net load._l

Properties of Carnegie Corrugated Plates

-

- Steel.

Sec-
tion
Index.

Size, in
Inches.

Weight

Foot.

Area
of Sec-
tion.

Thick-
ness in
Inches.

Moment of
Inertia,
Neutral
Axis

Parallel to
Length.

Section
Modulus,
Axis as
before.

Radius
of Gy-
ration,
Axis aa
before.

M30
M31
M32
M33
M34
M35

83/1 XI 1/2
83/4 XI 9/16

83/4 X15/8
123/16X23/4
123/16X213/16
123/16X27/8

lb.

8.1
10.1
12.0
17.8
20.8
23.7

sq. in.

2.38
2.96
3.53
5.22
6.10
6.97

1/4

V16
3/8

3/8

7/16
1/2

/
0.64
0.95
1.3
4.8
5.8
6.8

S
0.8
l.I

1.4
3.3
3.9
4.5

r
0.52
0.57
0.62
0.96
0.98
0.99



SPACING OF I-BEAMS FOR UNIFORM LOAD. 311

Spacing of Carnegie Steel I-Beams for Uniform Load of 100 Lbs.
per Square Foot.

(Figxires in table give the proper distance, feet, center to center of beams.)

g fl <^ 24-inch. 21 -in. 20-inch. 18-inch. 15-inch.
27-in.

83 lb
|&.a 105 80 691^ 571^ 80 65 75 46 60 42 36

Q^i' lb. lb. lb. lb. lb. lb. lb. lb. lb. lb. lb.

Ft.
10 228.2 749 q 1855 171.^^ 124.7 156.4 124.8 135.3 86.9 86.6 62.8 57.6
11 188 6 706 -i 153/ 141.^) 103.1 129.3 103.1 111.8 71.8 71.6 51.9 47.6
12 158.5 173,6 178.f 119.1 ' 86.6 108.6 86.6 93.9 60.4 60.1 43.6 40.0
13 135(1 147.<5 109.P 101.^ 73.8 92.6 73.8 80.0 51.4 51.3 37.2 34.1

14 116/ 177.5 94.7 87.^ 63.6 79.8 63.7 69.0 44.3 44.2 32.1 29.4
15 101/ 111. 82.5 76.:. 55.4 69.5 54.4 60.1 38.6 38.5 27.9 25.6
16 89,7 97.6 72.5 66.^) 48.7 61.1 48.7 52.8 33.9 33.8 24.5 22.5

17 79,{ 86.5 64.2 53.- 43.2 54.1 43.2 46.8 30.1 30.0 21.7 19.9

18 70.^ 77. 57.^ 52.^) 38.5 48.3 38.5 41.8 26.8 26.7 19.4 17.8

19 63.2 69 7 51,^ 47.' 34.5 43.3 34.6 37.5 24.1 24.0 17.4 160
20 57 1 67 5 46,^ 47.i 31.2 39.1 31.2 33.8 21.7 21.7 15.7 14.4

21 51,8 56 7 47 38.« ' 28.3 35.5 28.3 30.7 19.7 19.6 14.3 13.1

22 47.? 51,6 38.^ 35.^ 25.8 32.3 25.8 28.0 18.0 17.9 13.0 11 9
23 43,1 47./ 35. 32.^ 23.6 29.6 23.6 25.6 16.4 16.4 11.9 10.9

24 39,6 43.^ 32.2 29.. . 21.7 27.2 21.7 23.5 15.1 15.0 10.9 10.0

25 36.5 40.( 29.7 27.^ 20.0 25.0 20.0 21.6 13.9 13.9 10.1 9.2

26 33.

f

37 ( 77.5 75.^ 18.5 23.1 18.5 70.0 17,9 12.8 9.3 8.5

27 31 34^ 25.5 23. ) 17.1 21.5 17.1 18.6 11.9

28 29.

\

31.

c

> 23.7 21.^) 15.91 20.0 15.91 17.3 11.1

gg^ 12-inch. 10-inch. 9-in 8-inch. 7-in. 6-in. 5-in. 4-in 3-in

l^a 40 311^ 27^ 25 22 21 18 17H 15 12K 9H 7V. 5Vo

O^g lb. lb. lb. lb. lb. lb. lb. lb. lb. lb. lb. lb.

177

lb.

Ft.
5 607 67,7 44,7 31 70 6 7,1

51/2 50.1 51.4 36.5 25.6 17.1 10.5 ! 5.8

6 132.8 06.6 98.6 72.4 67.5 55.9 42.1 43.2 30./ 21.5 14.3 8.8
i

4.9

61/2 35.9 36.8 26.1 18.3 12.2 7.5 4.2
7 97 6 783 77 4 53 7 49.6 41 1 31.0 31.8 22.5 15.8 10.5 6.5 3.6
8 74.7 60.0 55.4 40.7 38.0,31.5 23.7 24.3 17.3 12.1 8.1 5.t

9 59 47 4 43 8 37,7 30.o!24.9 18.7 19.2 13.6 9.6 6.4
'
3.9

10 47.8 38.4 35.5 26.1 24.3 20.1 15.2 15.6 11.0 7.8 5.2 3.2

]] 39.5 31,7 79.3 71.5 70.1 166 12.5 12.9 9.1 6.4 4.3
12 33.2

28.3

26.6

22.7

24.6

21.0

18.1

15.4

16.9

14.4

14.0

11.9

10.5

9.0

10.8

9.2

7.7 5.4 3.6

13 6.5 4.6
14 24.4

21.3

19.6

17.1

18.1

15.8

13.3

n.6
12.4

10.8

10.3

9.0

7.7

6.7

7.9

6.9

5.6 4.0

15 4.9
16 18.7

165
15.0

13.3

13.9

12.3

10.2

9.0

9.5

8.4

7.9

7.0

5.9 6.1 4.3

17 5.3 5.4

18 14.8 11.8 11.0 8.0 7.5 6.2: 4.7 4.8

19 13.2 106 9.8 7,7 6.7 •5:6

20 12.0 9.6 8.9 6.5 6.1 5.0

21 10.8 8.7 8.1 5.9 5.5

22 9.9 7.9 7.3 5.4 5.(]

23 9,0 73 6.7. . . .

24 8.3 6.7 6.2: . . .

For any other load than 100 lb. per sq. ft., divide the spacing given
by the ratio the given load per sq. ft. bears to 100. Thus for a load
of 150 lb. per sq. ft. divide by 1.5. Maximum fiber stress 16,000 lb.
per sq. in.

Spacings given below the dotted horizontal lines will produce exces-
sive deflection, and should not be used with plastered ceilings.



312 STRENGTH OF MATERIALS.

Properties of Carnegie Standard Cliannels — Steel.

1° "rt i 6^ i:S 1° Ih ^^
1" ^1 l»^

Sis P 2^

i
1 1

I i
1

1
o

iH

pi

III
fell

11^
IP
m

^•5 •so

S 2
,c ,£i

•3
4S S.s-g g wh3 §_^ ^s^ g.s-S g.2^ S*^

Pi
bo

s !h
+3

3 i^^^ m Ifis fSS €^l 1^^ 1^
A ^ M H ^ s §

r

Ph W
~S~

q'"

in. lbs. sq. in. in. in. / /' r' S X
15 55. 16.18 0.82 3.82 430.2 12.2 5.16 0.868 57.4 4.1 0.82

50. 14.71 0.72 3.72 402.7 11.2 5.23 0.873 53.7 3.8 0.80
"

45. 13.24 0.62 3.62 375.1 10.3 5.32 0.882 50.0 3.6 0.79
"

40. 11.76 0.52 3.52 347.5 9.4 5.43 0.893 46.3 3.4 0.78
'« 35. 10.29 0.43 3.43 319.9 8.5 5.58 0.908 42.7 3.2 0.79

33. 9.90 0.40 3.40 312.6 8.2 5.62 0.912 41.7 3.2 0.79
12 40. 11.76 0.76 3.42 196.9 6.6 4.09 0.751 32.8 2.5 0.72

35. 10.29 0.64 3.30 179.3 5.9 4.17 0.757 29.9 2.3 0.69
"

30. 8.82 0.51 3.17 161.7 5.2 4.28 0.768 26.9 2.1 0.68
*«

25. 7.35 0.39 3.05 144.0 4.5 4.43 0.785 24.0 1.9 0.68
" 201/2 6.03 0.28 2.94 128.1 3.9 4.61 0.805 21.4 1.7 0.70
10 35. 10.29 0.82 3.18 115.5 4.7 3.35 0.672 23.1 1.9 0.70

30. 8.82 0.68 3.04 103.2 4.0 3.42 0.672 20.7 1.7 0.65
'«

25. 7.35 0.53 2.89 91.0 3.4 3.52 0.680 18.2 1.5 0.62
20. 5.88 0.38 2.74 78.7 2.9 3.66 0.696 15.7 1.3 0.61

"
15. 4.46 0.24 2.60 66.9 2.3 3.87 0.718 13.4 1.2 0.64

9 25. 7.35 0.62 2.82 70.7 3.0 3.10 0.637 15.7 1.4 0.62
20. 5.88 0.45 2.65 60.8 2.5 3.21 0.646 13.5 1.2 0.59
15. 4.41 0.29 2.49 50.9 2.0 3.40 0.665 11.3 1.0 0.59
131/4 3.89 0.23 2.43 47.3 1.8 3.49 0.674 10.5 0.97 0.61
21 1/4 6.25 0.58 2.62 47.8 2.3 2.77 0.600 11.9 1.1 0.59
18 3/4 5.51 0.49 2.53 43.8 2.0 2.82 0.603 11.0 1.0 0.57
161/4 4.78 0.40 2.44 39.9 1.8 2.89 0.610 10.0 0.95 0.56
13 3/4 4.04 0.31 2.35 36.0 1.6 2.98 0.619 9.0 0.87 0.56
111/4 3.35 0.22 2.26 32.3 1.3 3.11 0.630 8.1 0.79 0.58
19 3/4 5.81 0.63 2.51 33.2 1.9 2.39 0.565 9.5 0.96 0.58
171/4 5.07 0.53 2.41 30.2 1.6 2.44 0.564 8.6 0.87 0.56
14 3/4 4.34 0.42 2.30 27.2 1.4 2.50 0.568 7.8 0.79 0.54
121/4 3.60 0.32 2.20 24.2 1.2 2.59 0.575 6.9 0.71 0.53
9 3/4 2.85 0.21 2.09 21.1 0.98 2.72 0.586 6.0 0.63 0.55
151/2 4.56 0.56 2.28 19.5 1.3 2.07 0.529 6.5 0.74 0.55
13. 3.82 0.44 2.16 17.3 1.1 2.13 0.529 5.8 0.65 0.52
101/2 3.09 0.32 2.04 15.1 0.88 2.21 0.534 5.0 0.57 0.50
8. 2.38 0.20 1.92 13.0 0.70 2.34 0.542 4.3 0.50 0.52
111/2 3.38 0.48 2.04 10.4 0.82 1.75 0.493 4.2 0.54 0.51
9. 2.65 0.33 1.89 8.9 0.64 1.83 0.493 3.6 0.45 0.48
61/2 1.95 0.19 1.75 7.4 0.48 1.95 0.498 3.0 0.38 0.49
71/4 2.13 0.33 1.73 4.6 0.44 1.46 0.455 2.3 0.35 0.46
61/4 1.84 0.25 1.65 4.2 0.38 1.51 0.454 2.1 0.32 0.46
5 1/4 1.55 0.18 1.58 3.8 0.32 1.56 0.453 1.9 0.29 0.46
6. 1.76 0.36 1.60 2.1 0.31 1.08 0.421 1.4 0.27 0.46
5. 1.47 0.26 1.50 1.8 0.25 1.12 0.415 1.2 0.24 0.44
4. 1.19 0.17 1.41 1.6 0.20 1.17 0.409 1.1 0.21 0.44

L = safe load in pounds, uniformly distributed; I = span in feet;M= moment of forces in foot-pounds; / = fiber stress; S = section
modulus.

8M=^-; L = ^^; for/= 16,0001bs. per sq. in. (for buildings)

;

?MOOS
j^^ ^ ^ J2.500 lb. per sq. in. (for bridges). L = ?MOOS

Ll =

L =
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Maximum Safe Load for Carnegie Channels in Thousands of Pounds.

Depth and Weight of Sections.

span.
15 in.

331b.
13 in.

321b.

12 in.

20>^
lb.

10 in.

151b.

9 in. 8 in. 7 in.

9M
lb.

6 in.

81b.

5 in.

lb.

4 in. 3 in.

41b.

1

120.0 97.5 67.2

4S.0 41.4 35.2 29.4

24.0 19.0 HA 10.2

2 23.1

15.4

11.6
9.2
7.7

6.6
5.8

5.1

4.6

4.2
3.9

15.8

10.5

7.9
6.3
5.3

4.5
4.0

3.5
3.2

10.1

6.7

5.1

4.1

3.4

2.9
2.5

5.8"

3 47.6

35.7
28.5
23.8

20.4
17.8

15.9
14.3

13.0
11.9

11.0
10.2

9.5
8.9

8.4
7.9

7.5

7.1

37.4

28.0
22.4
18.7

16.0
14.0

12.5
11.2

10.2
9.3

8.6
8.0

7.5

7.0

6.6
6.2

28.7

21.5
17.2
14.4

12.3

10.8

9.6
8.6

7.8
7.2

6.6
6.2

5.7
5.4

21.4

16.1

12.9
10.7

9.2
8.0

7.1

6.4

5.8
5.4

4.9
4.6

3.9

4
5

6

7
8

111.)

88.9
74.1

63.5
55.6

49.4
44.5

40.4
37.0

34.2
31.8

29.6
27.8

26.1
24.7

23.4
22.3

21.2
20.2
19.3
18.5

17.8
17.1

16.5
15.9
15.3
14.8

97.5
78.0
65.0

55.7
48.7

43.3
39.0

35.4
32.5

30.0
27.9

26.0
24.4

22.9
21.7

20.5
19.5

18.6
17.7
17.0
16.2

15.6
15.0

56.9
45.5
38.0

32.5
28.5

25.3
22.8

20.7
19.0

17.5
16.3

15.2
14.2

13.4

12.7

12.0
11.4

10.8
10.4
9.9
9.5

2.9
2.3
1.9

1.7

1.5

9
10

2.2
2.0

n
12

2.9
2.6

. . .

'.

13
14

3.6
3.3

15
16

4.3
4.0

17
18

5.1

4.8

19
20

5.9

5.6

21
22
23
24

6 8
6.5

25
26

9.1

8.8
Loads above upper horizontal lines

will produce maximum allowable shear
in webs. Loads below lower horizontal
lines will produce excessive deflections.

27
28
29
30

14.4

13.9

31
32

14.3
13.9

per sq. in.
1

Properties of Carnegie T-Shapes— Steel.

Mini-
mum Neutral Axis through C.

Neutral Axis Co-

Thick-
ness, In.

.
of G. Parallel to Flange. ter Line of Stem.

Size,

Flange §1 i ?.|^
d

by
Stem.

In.

i

w

Id

r <
o ^ II

P5

s s s

III
1 '^ u

5 X3 ih 13/8? 13.4 3.93 2.4 0.78. 1.1 73 5.4 1.17 ??.
5 X 21/2 3/s 7/lfi 10.9 3.18 1.5 0.68 0.78 0.63 4.1 1.14 1.6

41/2X31/2 7/lfi 11/lR 15.7 4.60 5.1 1.05 2.1 111 3.7 0.90 1.7

41/2 X 3 3/8 3/s 9.8 2.88 2.1 0.84 0.91 074 3.0 1.02 1.3

41/2X3 5/lfi 5/lfi 8.4 2.46 1.8 0.85 0.78 0.71 2.5 1.01 1.1

41/2 X 21/2 3/8 3/s 9.2 2.68 1.2 0.67 0.63 0.59 3.0 1.05 1.3

41/2X21/2 Viei 5/16 7.8 2.29 1.0 0.68 0.54 0.57 2.5 1.05 1.1

{.Table continued on next page.)
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Properties of Carnegie T-Sliapes—Steel.—Continued.

Mini-
mum Neutral Axis through C.

Neutral Axis Co-
incident with Cen-

Thick-
ness, In.

of G. Parallel to Flange.
ter Line of Stem.

Size, ^J
Flange •2 o a

by fc^ «'~^ «« £ . tM jf m
Stem. K^ ^S °^

"o
° 3 °

^ 0.2 3

1
11" gl II

.§1
ill
•lis 11

§2
la

ll
1^

In. s ^ < 1" ^ Q.£3"S
^"^ «

4 X 5 1/2 1/2 15.3 4.50 10.8 1.55 3.1 1.56 2.8 0.79 1.4

4 X 5 3/8 3/8 11.9 3.49 8.5 1.56 2.4 1.51 2.1 0.78 1.1

4 X 41/2 1/2 1/2 14.4 4.23 7.9 1.37 2.5 1.37 2.8 0.81 1.4

4 X 41/2 3/8 3/8 11.2 3.29 6.3 1.39 2.0 1.31 2.1 0.80 1.1

4 X 4 1/2 1/2 13.5 3.97 5.7 1.20 2.0 1.18 2.8 0.84 1.4

4 X 4 3/8 3/8 10.5 3.09 4.5 1.21 1.6 1.13 2.1 0.83 l.I

4 X 3 3/8 3/8 9.2 2.68 2.0 0.86 0.90 0.78 2.1 0.89 1.1

4 X3 5/16 5/16 7.8 2.29 1.7 0.87 0.77 0.75 1.8 0.88 0.88

4 X 21/2 3/8 3/8 8.5 2.48 1-2 0.69 0.62 0.62 2.1 0.92 1.0

4 X 21/2 5/l6 5/16 7.2 2.12 1.0 0.69 0.53 0.60 1.8 0.91 0.88
4 X 2 3/8 3/8 7.8 2.27 0.60 0.52 0.40 0.48 2.1 0.96 1.1

4 X 2 5/16 5/16 6.7 1.95 0.53 0.52 0.34 0.46 1.8 0.95 0.88

31/2 X 4 1/2 1/2 12.6 3.70 5.5 1.21 2.0 1.24 1.9 0.72 1.1

31/2 X 4 3/8 3/8 9.8 2.88 4.3 1.23 1.5 1.19 1.4 0.70 0.81

31/2 X 31/2 1/2 1/2 11.7 3.44 3.7 1.04 1.5 1.05 1.9 0.74 1.1

31/2 X 31/2 3/8 3/8 9.2 2.68 3.0 1.05 1.2 1.01 1.4 0.73 0.81

31/2X3 1/2 1/2 10.8 3.17 2.4 0.87 1.1 0.88 1.9 0.77 1.1

31/2 X 3 3/8 3/8 8.5 2.48 1.9 0.88 0.89 0.83 1.4 0.75 0.81

31/2 X 3 5/16 3'/8 7.5 2.20 1.8 0.91 0.85 0.85 1.2 0.74 0.68

3X4 1/2 1/2 11.7 3.44 5.2 1.23 1.9 1.32 1.2 0.59 0.81

3 X4 7/l6 7/l6 10.5 3.06 4.7 1.23 1.7 1.29 1.1 0.59 0.70
3 X 4 3/8 3/8 9.2 2.68 4.1 1.24 1.5 1.27 0.90 0.58 0.60

3 X 31/2 1/2 1/2 10.8 3.17 3.5 1.06 1.5 1.12 1.2 0.62 0.80
3 X 31/2 7/16 7/16 9.7 2.83 3.2 1.06 1.3 1.10 1.0 0.60 0.69
3 X 31/2 3/8 3/8 8.5 2.48 2.8 1.07 1.2 1.07 0.93 0.61 0.62
3 X3 1/2 1/2 9.9 2.91 2.3 0.88 1.1 0.93 1.2 0.64 0.80

3X3 7/16 7/16 8.9 2.59 2.1 0.89 0.98 0.91 1.0 0.63 0.70
3 X3 3/8 3/8 7.8 2.27 1.8 0.90 0.86 0.88 0.90 0.63 0.60
3 X3 5/16 5/16 6.7 1.95 1.6 0.90 0.74 0.86 0.75 0.62 0.50
3 X 21/2 3/8 3/8 7.1 2.07 1.1 0.72 0.60 0.71 0.89 0.66 0.59
3 X 21/2 5/l6 5/16 6.1 1.77 0.94 0.73 0.52 0.68 0.75 0.65 0.50
3 X 21/2 1/4 1/4 5.0 1.47 0.78 0.73 0.43 0.66 0.61 0.64 0.40
21/2 X 3 3/8 3/8 7.1 2.07 1.7 0.91 0.84 0.95 0.53 0.51 0.42
21/2 X 3 5/16 5/16 6.1 1.77 1.5 0.92 0.72 0.92 0.44 0.50 0.35

21/2 X 21/2 3/8 3/s 6.4 1.87 1.0 0.74 0.59 0.76 0.52 0.53 0.42
21/2 X 11/4 3/16 3/16 2.87 0.84 0.08 0.31 0.09 0.32 0.29 0.58 0.23
21/4 X 21/4 5/16 5/16 4.9 1.43 0.65 0.67 0.41 0.68 0.33 0.48 0.29
2 X 2 5/l6 5/l6 4.3 1.26 0.44 0.59 0.31 0.61 0.23 0.43 0.23
2 X 11/2 1/4 1/4 3.09 0.91 0.16 0.42 0.15 0.42 0.18 0.45 0.18
13/4 X 13/4 1/4 1/4 3.09 0.91 0.23 0.51 0.19 0.54 0.12 0.37 0.14
11/2 X 11/2 1/4 1/4 2.47 0.73 0.15 0.45 0.14 0.47 0.08 0.32 0.10
U/4X 11/4 1/4 1/4 2.02 0.59 0.08 0.37 0.10 0.40 0.05 0.28 0.07
1 X 1 13/16 3/16 1.25 0.37 0.03 0.29 0.05 0.32 0.02 0.22 0.04

Ten light-weight T's of sizes under 2K X 2^ in. are omitted.
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Maximum Safe Loads on Carnegie T-Siiapes.

Allowable Uniform Load in Thousands of Pounds. Neutral Axis Parallel

to Flange. Maximum Bending Stress, 16,000 Pounds Per Square Inch.

Maximum Maximum
IFt. Span. IFt. Span.

Wgt.

Foot,

Span 360 X De-
flection.

Wgt. Span 360 X De-
flection.

•

«*

1^
Stem, Lb. Safe Safe Lpth.,

M . Stem, Lb. Safe Safe Lgth.,
In. Load. Load. Feet.

ir
In. Load. Load.

1,46

Feet.

5
3 n 4 11 41 1 25 9 1 3 1/7 9 7 14 19 9.7
21/2 10.9 8.96 1.20 7.5 3 1/2 8.5 12.37 1.26 9.8

3 1/2 15.7
9.8

22.72
9.71

2.37
1 .07

9.6
9.1

3
3

9.9
8.9

1 1 .73
10.45

1 .41

1.24
8.3
8.4

41/2 3 8.4 8.32 0.90 9.2 3 3 7.8 9.17 1.08 8.5

2 1/2 9.2 6.72 0.87 7.7 3 6.7 7.89 0.92 8.6

2 1/2 7.8 5.76 0.74 7.8 2 1/2 7.1 6.40 0.89 7.2
2 1/2 6 1 5 55 0.76 7.3

5 15.3 33.39 2.40 13.9 7iv; 5.0 4.59 0.62 7.4
5 11 .9 25.92 1 .84 14.1
41/2 14.4 27.09 2.15 12.6 3 7.1 8.96 1.08 8.3

4 1/2

4
11.2
13 5

21.12
21 55

1.65
1 .89

12.8
11 .4 21/2

3
21/2

6.1
6.4

7.68
6.29

0.91
0.90

8.4
7.0

4 10 5 '6 85 1 45 11 6 21/2 5.5 5.33 0.75 7.1

3
3

9.2
7.8

9.60
8 21

1 .08
0,90

8.9
9.1

il/4

21/4

2.87
479"

0.93 0.25
"0769

3.7

21/4
4.37 6.3

21/2 8.5 6.61 0.87 7.6 21/4 4.1 3.41 0.53 6.4
2 1/2 7.2 5.65 0.73 7.7 > 4 3 3 31 sq 5.6
2 7.8 4.27 0.70 6.1 2 2 3.56 2.77 0.49 5.7
2 b.J 3.63 0.59

1.90
1 46

6.2

13/4

1 V2 3.09 1 .60

2.03

0.36

0.41

4.4
4
4

12.6
9 8

21 .12
16 53

11 .1

1 1 3
1 3/4 3.09 4.9

3 1/2 11 7 16 32 1 65 9.9 2 2.45 2.03 0.37 5.5

3 1/2 3V. 9.2
10.8

12.69
12 05

1.27
1 42

10.0
8.5

11/2
1 1/2

1 1/2

2.47
1.94

1.49
1.17

0.36
0.27

4.1
4.3

3
3

8.5
7 5

9.49
9.07

1.09
1 04

8.7
8 7

1 1/4 1.25 0.57

1 01

0.15

30

3.7

1 1/4 2 02 3.4

4 11.7 20.69 1.92 10.8 11/4 1 1/4 1 .59 0.78 0.22 3.5

3
4 10.5 18.35 1.68 10.9 V8 0.88 0.14 0.07 1 .9

4 9.2 16.11 1.47 11.0 I 1.25 0.49 0.18 2.7
3 1/2 10.8 15.89 1.66 9.6 1 0.89 0.35 0.12 2.9
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Properties of Carnegie Z-Bars.

|.i

,M-P

1^

"5 a I'l s| ll
PL. .

.s

^ ^1 zo ^^ :S^ lo .|d^ 1^

4
1

-2

fS o
•43

1^
.20

1^.
P.4

^"0 q

Iff
-Is

ll

i

1

1 <

I2!
1-^

i3"^

.1:1 ll

in. in. in. lb. sq. in. / / s s r r r

6 31/2 3/8 15.7 4.59 25.32 9.11 8.44 2.75 2.35 1.41 0.83
61/16 3 9/16 7/16 18.4 5.39 29.80 10.95 9.83 3.27 2.35 1.43 0.83
61/8 3 5/8 1/2 21.1 6.19 34.36 12.87 11.22 3.81 2.36 1.44 0.84

6 31/2 9/16 22.8 6.68 34.64 12.59 11.52 3.91 2.28 1.37 0.81
61/16 3 9/16 5/8 25.4 7.46 38.86 14.42 12.82 4.43 2.28 1.39 0.82
61/8 3 5/8 11/16 28.1 8.25 43.18 16.34 14.10 4.98 2.29 1.41 0.84

6 31/2 3/4 29.4 8.63 42.12 15.44 14.04 4.94 2.21 1.34 0.81

61/16 3 9/16 13/16 32.0 9.40 46.13 17.27 15.22 5.47 2.22 1.36 0.82
6 1/8 3 5/8 7/8 34.6 10.17 50.22 19.18 16.40 6.02 2.22 1.37 0.83

5 31/4 5/l6 11.6 3.40 13.36 6.18 5.34 2.00 1.98 1.35 0.75
51/16 3 5/16 3/8 14.0 4.10 16.18 7.65 6.39 2.45 1.99 1.37 0.76
51/8 3 3/8 7/16 16.4 4.81 19.07 9.20 7.44 2.92 1.99 1.38 0.77

5 31/4 1/2 17.9 5.25 19.19 9.05 7.68 3.02 1.91 1.31 0.74
51/16 3 5/16 9/16 20.2 5.94 21.83 10.51 8.62 3.47 1.91 1.33 0.75
51/8 3 3/8 5/8 22.6 6.64 24.53 12.06 9.57 3.94 1.92 1.35 0.76

5 31/4 11/16 23.7 6.96 23.68 11.37 9.47 3.91 1.84 1.28 0.73
51/16 3 5/16 3/4 26.0 7.64 26.16 12.83 10.34 4.37 1.85 1.30 0.74
51/8 3 3/8 13/16 28.4 8.33 28.70 14.36 11.20 4.84 1.86 1.31 0.76

4 3 1/16 1/4 8.2 2.41 6.28 4.23 3.14 1.44 1.62 1.33 0.67
41/16 31/8 5/16 10.3 3.03 7.94 5.46 3.91 1.84 1.62 1.34 0.68
41/8 3 3/16 3/8 12.5 3.66 9.63 6.77 4.67 2.26 1.62 1.36 0.69

4 31/16 7/16 13.8 4.05 9.66 6.73 4.83 2.37 1.55 1.29 0.66
41/16 31/8 1/2 15.9 4.66 11.18 7.96 5.50 2.77 1.55 1.31 0.67
41/8 3 3/16 9/16 18.0 5.27 12.74 9.26 6.18 3.19 1.55 1.33 0.68

4 31/16 5/8 18.9 5.55 12.11 8.73 6.05 3.18 1.48 1.25 0.66
41/16 31/8 11/16 20.9 6.14 13.52 9.95 6.65 3.58 1.48 1.27 0.67
41/8 3 3/16 3/4 23.0 6.75 14.97 11.24 7.26 4.00 1.49 1.29 0.68

3 211/16 1/4 6.7 1.97 2.87 2.81 1.92 1.10 1.21 1.19 0.55
31/16 2 3/4 5/16 8.5 2.48 3.64 3.64 2.38 1.40 1.21 1.21 0.56

3 211/16 3/8 9.8 2.86 3.85 3.92 2.57 1.57 1.16 1.17 0.54
31/16 2 3/4 7/16 11.5 3.36 4.57 4.75 2.98 1.88 1.17 1.19 0.55

3 211/16 1/2 12.6 3.69 4.59 4.85 3.06 1.99 1.12 1.15 0.53
31/16 23/4 9/16 14.3 4.18 5.26 5.70 3.43 2.31 1.12 1.17 0.54
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Properties of Carnegie Unequal Angles; Minimum, Intermediate,
and Maximum Thicknesses and Weights.

t
Moment of Section Radius of Gyra-

i

1 4
.2 «

Inert a.—/. Modulus.-S. tion.

—

r.

Size,

In.

.25 §i 2 a
^"g
-S^^ ^2S

rt -G d § Sl3 M g^ G
2-3 w 2l3-e ^Q

-g bio -J a" *^
is a -ii b ° -C

i3 C -w «-

53 f^ Sc/2 3 03 3 C3j3 3^0 3 OS 3 c3 2

^ <
.^^ ^PhC/2 .0,^ t^ 1 ^ ^Ph^

^'i

8 X6 1 44.2 13.00 38.8 80.8 8.9 15.1 1.73 2.49 1.28

3/4 33.8 9.94 30.7 63.4 6.9 11.7 1.76 2.53 1.29

7/16 20.2 5.93 19.3 39.2 4.2 7.1 1.80 2.57 1.30

8 X31/2 1 35.7 10.50 7.8 66.2 3.0 13.7 0.86 2.51 0.73

3/4 27.5 8.06 6.3 52.3 2.3 10.6 0.88 2.55 0.73

7/16 16.5 4.84 4.1 32.5 1.5 6.4 0.92 2.59 0.74

7 X 3 1/2 1 32.3 9.50 7.5 45.4 3.0 10.6 0.89 2.19 0.74

11/16 23.0 6.75 5.7 33.5 2.1 7.6 0.92 2.23 0.74

3/8 13.0 3.80 3.5 19.6 1.3 4.3 0.96 2.27 0.76

6 X4 1 30.6 9.00 10.8 30.8 3.8 8.0 1.09 1.85 0.85

11/18 21.8 6.40 8.1 22.8 2.8 5.8 1.13 1.89 0.86

3/8 12.3 3.61 4.9 13.5 1.6 3.3 1.17 1.93 0.88

6 X31/2 1 28.9 8.50 7.2 29.2 2.9 7.8 0.92 1.85 0.74

11/16 20.6 6.06 5.5 21.7 2.1 5.6 0.95 1.89 0.75

5/16 9.8 2.87 2.9 10.9 1.0 2.7 1.00 1.95 0.77

5 X4 7/8 24.2 7.11 9.2 16.4 3.3 5.0 1.14 1.52 0.84

5/8 17.8 5.23 7.1 12.6 2.5 3.7 1.17 1.55 0.8*

3/8 11.0 3.23 4.7 8.1 1.6 2.3 1.20 1.59 0.86

5 X 3 1/2 7/8 22.7 6.67 6.2 15.7 2.5 4.9 0.96 1.53 0.75

5/8 16.8 4.92 4.8 12.0 1.9 3.7 0.99 1.56 0.75

5/16 8.7 2.56 2.7 6.6 1.0 1.9 1.03 1.61 0.76

5 X3 13/iS 19.9 5.84 3.7 14.0 1.7 4.5 0.80 1.55 0.64

9/16 14.3 4.18 2.8 10.4 1.3 3.2 0.82 1.58 0.65

5/16 8.2 2.40 1.8 6.3 0.75 1.9 0.85 1.61 0.66

41/2X3 13/16 18.5 5.43 3.6 10.3 1.7 3.6 0.81 1.38 0.61

9/16 13.3 3.90 2.8 7.8 1.3 2.6 0.85 1.41 0.64
•5/16 7.7 2.25 1.7 4.7 0.75 1.5 0.87 1.44 0.65

4 X 3 1/2 13/16 18.5 5.43 5.5 7.8 2.3 2.9 1.01 1.19 0.72

9/16 13.3 3.90 4.2 5.9 1.7 2.1 1.03 1.23 0.72

5/16 7.7 2.25 2.6 3.6 1.0 1.3 1.07 1.26 0.73

4 X3 13/16 17.1 5.03 3.5 7.3 1.7 2.9 0.83 1.21 0.64

9/16 12.4 3.62 2.7 5.6 1.2 2.1 0.86 1.24 0.64

1/4 5.8 1.69 1.4 2.8 0.60 1.0 0.89 1.28 0.65

31/2X3 13/16 15.8 4.62 3.3 5.0 1.7 2.2 0.85 1.04 0.62

9/I6 11.4 3.34 2.5 3.8 1.2 1.6 0.87 1.07 0.62

1/4 5.4 1.56 1.3 1.9 0.58 0.78 0.91 1.11 0.63

31/2X21/2 11/16 12.5 3.65 1.7 4.1 0.99 1.9 0.69 1.06 0.53

1/2 9.4 2.75 1.4 3.2 0.76 1.4 0.70 1.09 0.53

1/4 4.9 1.44 0.78 1.8 0.41 0.75 0.74 1.12 0.54
3 X21/2 9/16 9.5 2.78 1.4 2.3 0.82 1.2 0.72 0.91 0.52

7/16 7.6 2.21 1.2 1.9 0.66 0.93' 0.73 0.92 0.52
1/4 4.5 1.31 0.74 1.2 0.40 0.56 0.75 0.95 0.53

3 X2 1/2 7.7 2.25 0.67 1.9 0.47 1.0 0.55 0.92 0.43

3/8 5.9 1.73 0.54 1.5 0.37 0.78 0.56 0.94 0.43

1/4 4.1 1.19 0.39 1.1 0.25 0.54 0.57 0.95 0.43

21/2X2 1/2 6.8 2.00 0.64 1 1 0.46 0.70 0.56 0.75 0.42

5/16 4.5 1.31 0.45 0.79 0.31 0.47 0.58 0.78 0.42
i/s 1.86 0.55 0.20 0.35 0.13 0.20 0.61 0.89 0.43

2V2X 11/2 5/16 3.92 1.15 0.19 0.71 0.17 0.44 0.41 0.79 0.32

3/16 2.44 0.72 0.13 0.46 0.11 0.28 0.42 0.80 0.33

21/4X11/2 1/2 5.6 1.63 0.26 0.75 0.26 0.54 0.40 0.68 0.32

3/I6 2.28 0.67 0.12 0.34 0.11 0.23 0.43 0.72 0.33

{Table continued on next page.)
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Properties of Carnegie Unequal Angles.— Continued.

t Moment of Section Radius of Gyra-
Inertia.—/. Modulus.-S. tion.

—

r.

Size, rlrlrlrl rlrl II
In.

1 cia> y;^ y:^ -^M y:^ 2fe 2^ P^ ^

^ fo§
'0

g ^2c ss? P.l^ ii -' 2S^ ^2^ ^Q
S o^Ph f^^' SoJ^ SPhW gp^^ ^^^ SphJ ^.^fn

SiEh t^ <1 Z ^ 2; Z z; z

2 X U/2 3/8 3.99 1.17 0.21 0.43 0.20 0.34 0.42 0.61 0.32
1/8 1.44 0.42 0.09 0.17 0.08 0.13 0.45 0.64 0.33

2 X 1 1/4 1/4 2.55 0.75 0.09 0.30 0.10 0.23 0.34 0.63 0.27
3/16 1.96 0.57 0.07 0.23 0.08 0.18 0.35 0.64 0.27

IV4XII/4 1/4 2.34 0.69 0.09 0.20 0.10 0.18 0.35 0.54 0.27
1/8 1.23 0.36 0.05 0.11 0.05 0.09 0.37 056 07,7

I 1/2 XI 1/4 5/16 2.59 0.76 0.10 0.16 0.11 0.f6 0.35 0.45 0.7.6

3/16 1.64 0.48 0.07 0.10 0.07 0.10 0.37 0.46 0.26

Maximum and minimum sizes only are given for angles less than
2 ^ X 2 in.

Safe Loads, in Thousands of Pounds, for Carnegie Unequal Angles
Used as Beams. Minimum, Intermediate, and Maximum Thick-
ness and Weights.

Size of Angle,
Inches.

Neutral Axis Parallel
to Shorter Leg.

Neutral Axis Parallel
to Longer Lag.

^
Safe
Load,
1 Foot
Span.

Maximum Span,
360 X Deflec-

tion.
Safe
Load,
1 Foot
Span.

Maximum Span,
360 X Deflec-

tion.

Safe
Load.

L^th..
Feet.

Safe
Load.

Lfrth.,

Feet.

8

8
8

X6 XI
X6 X 3/4

X 6 X 7/16

161.17
124.48
75.41

7.49
5.68
3.37

21.5
21.9
22.4

95.15
73,92
45.12

5.44
.4,13

2.47

17.5
17,9

18.3

8

S

8

X 3 1/2 XI
X31/2X 3/4

X31/2X 7/16

146.03
113.17
68.80

7.53
5.72
3.39

19.4
19.8
20.3

32.21
25.07
15.57

3,10
2.33
1.38

10.4

10.8

11.3

X 3 1/2 X 1

X3 1/2X 11/16

X31/2X 3/8

112.85
81.07
46.19

6.52
4.58
2.54

17.3
17.7

18.2

31.57
22.83
13.44

3.10
2.14
1.19

10.2
10.7

11.2

X4 XI
X4 X II/16

X4 X 3/8

85.55
61.65
35.41

5.56
3.88
2.16

15.4
15.9

16.4

40.43
29.44
17.07

3.55
2.47
1.39

11.4
11.9

12.3

X31/2X 1

X31/2X 11/16

X31/2X -5/16

83.52
60.27
29.23

5.57
3.89
1.83

15.0
15.5

16.0

30.93
22.51
11.09

3.09
2.14
1.09

10.0
10.5

11.1

X4 X 7/8

X 4 X 5/8

X 4 X 3/8

53.23
39.79
24.96

4.00
2.92
1.78

13.3
13.6
14.0

35.31
26.45
16.75

3.15
2,28
1.40

11.2
11.6

.12.0

X31/2X 7/8

X31/2X 5/8

X31/2X 5/16

52.05
38.93
20.69

4.04
2.93
1.51

12.9
13.3

13.7

26.88
20.27
10,88

2,71

1,97
1,02

9.9
10.3

-10.7

{Table continued on next page.)

Maximum bending stress, 16,000 lb. per sq. in. Safe loads for other
spans are inversely proportional to the span in feet. Safe loads include
the weight of the angle, which should be deducted to give net load
"Which can be carried.

i
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Safe Loads, in Thousands of Pounds, for Carnegie Unequal Angles
Used as Beams.

—

Continued. ,

e.

Neutral Axis Parallel
to Shorter Leg.

Neutral Axis Parallel
to Longer Leg.

Size of Ang
Inches.

Safe
Load,
1 Foot
Span.

Maximum Span,
360 X Deflec-

tion.

Safe
Load

1 Foot
Span.

Maximum Span,
360 X Deflec-

tion.

. Safe
Load.

Lgth.,
Feet.

Safe
Load.

Lgth.,
Feet.

1 x^ X
5 X3 X
5 X3 X

13/16

9/16

5/16

47.47
34.45
20.16

3.77
2.65
1.51

12.6
13.0
13.4

18.56
13.55
8.00

2.16
1.51

0.85

8.6
9.0
9.4

41/2X3 X
41/2X3 X
41/2X3 X

13/16

9/16

5/16

38.61
28.16
16.43

3.36
2.38
1.35

11.5
11.8

12.2

18.24
13.33
8.00

2.15
1.51

0.87

8.5
8.8
9.2

4 X 3 1/2 X
4 X31/2X
4 X 3 1/2 X

13/16

9/16

5/16

31.15
22.93
13.44

2.94
2.03
1.18

10.6
11.0
11.4

24.53
17.92
10.67

2.56
1.79

1.03

9.6
10.0
10.4

XXX. XXX

13/16

9/16

1/4

30.61
22.40
10.67

2.97'

2.09
0.96

10.3
10.7

11.1

17.92
13.12
6.40

2.15
1.51

0.70

8.3
8.7
9.1

31/2X3 X
31/2X3 X
31/2X3 X

13/16

9/16

1/4

23.47
17.17

8.32

2.57
1.81

0.84

9.1

9.5
9.9

17.60
12.91

6.19

2.17
1.52

0.70

8.1

8.5
8.9

31/2X2 1/2 X
3 1/2 X 2 1/2 X
31/2X2 1/2 X

11/16

1/2

1/4

19.73
15.04
8.00

2.19
1.63

0.83

9.0
9.2
9.6

10.56
8.11

4.37

1.51

1.13

0.58

7.0
7.2
7.6

3 X 2 1/2 X
3 X 2 1/2 X
3 X 2 1/2 X

9/16

7/16

1/4

12.27
9.92
5.97

1.53
1.22

0.71

8.0
8.1

8.4

8.75
7.04
4.27

1.25

0.99
0.58

7
7.1

7.4

3 X2 X
3 X2 X
3 X2 X

1/2

3/8

1/4

10.67
8.32
5.76

1.39
1.05

0.71

7.7
7.9
8.1

5.01
3.95
2.77-

0.88
0.67
0.46

5.7
5.9
6.1

21/2X2 X
21/2X2 X
21/2X2 X

1/2

5/18

1/8

7.47
5.01

2.13

1.15
0.74
0.30

6.5
6.8
7.1

4.91
3.31

1.49

0.89
0.57
0.23

5.5
•

5.8
6.1

*2 1/2 X 1 1/2 X
*2 1/2 X I 1/2 X

5/16

3/16

4.69
2.99

0.73
0.45

6.4
6.6

1.81

1.17

0.41

0.25
4.4
4.6

*2 1/4 X 1 1/2 X
*2 1/4 X 1 1/2 X

1/2

3/16

5.76
2.45

1.02

0.40
5.6
6.0

2.77
1.17

0.67
0.25

4.T
4.6

*2 X n/2 X
*2 X 1 1/2 X

3/8

1/8

3.63
1.39

0.70
0.24

5.2
5.6

2.13
0.80

0.51

0.17
4.2
4.6

*2 X 1 1/4 X
*2 X 1 1/4 X

1/4

3/16

2.45
1.92

0.47
0.36

5.2
5.3

1.04
0.80

0.28
0.21

3.7
3.8

*1 3/4 X 1 1/4 X
*l 3/4 X 1 1/4 X

1/4

1/8

1.92
1.00

0.42
0.21

4.6
4.8

1.01

0.56
0.28
0.15

3.6
3.8

*11/2X11/4X
*1 1/2 X 1 1/4 X

5/16

3/16
1.71

1.07
0.44
0.26

3.9
4.1

1.17
0.78

0.34
0.22

3.4
3.6

Maximum bending stress, 16,000 lb. per sq. in. Safe loads for other
spans are inversely proportional to tlie span in feet. Safe loads include
the weight of the angle, which should be deducted to give net load
which can be carried.

* Only maximum and minimum sizes are given for angles smaller
than 2 3^2 X 2 ia.
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Properties of Carnegie Angles with Equal Legs. Minimum, Inter*

mediate and Maximum Thiclinesses and Weights.

3 cs S G^ S C a;

0) 0)^5

i|:ixa 3 fe-S
log llog ;z;u2

0)

1

M
1

-2 S ^-^^ g'g)^ ^-is
ti

fl
-g | 6g| l§^ %lp. iU So

J. 7
^ S-s •« 2*5 ^^>

^o'&l . ^^%
^^

§

1^

£

S Si
0.2J §i

s •s ll
+3 S-iiS

III5 'i%%B ¥^<
Q ^ ^ <1 Q % m ^

8 X8 11/8 56.9 16.73 2.41 98.0 17.5 2.42 1.53

8 X8 13/16 42.0 12.34 2.30 74.7 13.1- 2.46 1.57

8 X8 1/2 26.4 7.75 2.19 48.6 8.4 2.51 1.58

6 X6 ] 37.4 11.00 1.86 35.5 8.6 1.80 1.16

6 X6 11/16 26.5 7.78 1.75 26.2 6.2 1.83 1.17

6 X6 3/8 14.9 4.36 1.64 15.4 3.5 1.88 1.19

5 X5 1 30.6 9.00 1.61 19.6 5.8 1.48 0.96
5 Xi> 11/16 21.8 6.40 1.50 14.7 4.2 1.51 0.97
5 X5 3/8 12.3 3.61 1.39 8.7 2.4 1.56 0.99

4 X4 13/16 19.9 5.84 1.29 8.1 3.0 1.18 0.77
4 X4 9/16 14.3 4.18 1.21 6.1 2.2 1.21 0.78
4 X4 1/4 6.6 1.94 1.09 3.0 1.0 1.25 0.79

31/2X31/2 13/16 17.1 5.03 1.17 5.3 2.3 1.02 0.67

31/2X31/2 9/I6 12.4 3.62 1.08 4.0 1.6 1.05 0.68

31/2X31/2 1/4 5.8 1.69 0.97 2.0 . 0.79 1.09 0.69

3 X3 5/8 11.5 3.36 0.98 2.6 1.3 0.88 0.57
3 X3 V16 8.3 2.43 0.91 2.0 0.95 0.91 0.58

3 X3 1/4 4.9 1.44 0.84 1.2 0.58 0.93 0.59

21/2X21/2 1/2 7.7 2.25 0.81 1.2 0.73 0.74 0.47

21/2X21/2 5/I6 5.0 1.47 0.74 0.85 0.48 0.76 0.49

21/2X21/2 1/8 2.08 0.61 0.67 0.38 0.20 0.79 0.50

2 X2 V16 5.3 1.56 0.66 0.54 0.40 0.59 0.39
2 X2 1/1 3.19 0.94 0.59 0.35 0.25 0.61 0.39
2 X2 1/8 1.65 0.48 0.55 0.19 0.13 0.63 0.40

13/4X13/4 7/16 4.6 1.34 0.59 0.35 0.30 0.51 0.33

13/4X13/4 5/I6 3.39 1.00 0.55 0.27 0.23 0.52 0.34

13/4X13/4 1/8 1.44 0.42 0.48 0.13 0.10 0.55 0.35

11/2X11/2 3/8 3.35 0.98 0.51 0.19 0.19 0.44 0.29

11/2X11/2 1/4 2.34 0.69 0.47 0.14 0.13 0.45 0.29

11/2X11/2 1/8 1.23 0.36 0.42 0.08 0.07 0.46 0.30

U/4XII/4 5/16 2.33 0.68 0.42 0.09 0.11 0.36 0.24

11/4X11/4 3/16 1.48 0.43 0.38 0.06 0.07 0.38 0.24

11/4X11/4 Vs 1.01 0.30 0.35 0.04 0.05 0.38 0.25

1 XI 1/4 1.49 0.44 0.34 0.04 0.06 0.29 0.19
1 xi 3/16 1.16 0.34 0.32 0.03 0.04 0.30 0.19

1 xi 1/8 0.80 1 0.23 0.30 0.02 0.03 0.31 0.19
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Safe Loads, in Thousands of Pounds, Uniformly Distributed for
Carnegie Equal Angles Used as Beams.

(IMaximum, Intermediate and Minimum Thicknesses and Weights.)

Maximum Maximum
Safe Span, Safe Span,

Size of Angle,
Inches.

Load
One-
Foot
Span.

360 X De-
flection.

Size of Angle,
Inches.

Load
One-

360 XDe-
fiection.

Safe Lffth. Span. Safe Lgth.
Load Feet. Load Feet.

8 X8 xn/8 186.99 8.31 22.5 21/2X21/2X1/2 7.79 1.15 6.8
13/16 139.84 6.08 23.0 5/16 5.12 0.72 7.1

1/2 89.28 3.82 23.4 1/8 2.13 0.29 7.4

6 X6 XI 91.41 5.48 16.7 2 X2 X7/16 4.27 0.79 5.4

11/16 65.81 3.85 17.1 1/4 2.67 0.46 5.7

3/s 37.65 2.14 17.6 1/8 1.39 0.24 5.8

5 X5 XI 61.87 4.55 13.6 13/4X13/4X7/16 3.20 0.68 4.7

11/16 44.80 3.18 14.1 5/16 2.45 0.51 4.8

3/8 25.81 1.7« 14.5 1/8 1.07 ().?,1 5.1

i

4 X4 X 13/16 32.11 2.95 10.9 11/2X11/2X3/8 2.03 0.51 4.0

V16 23.36 2.07 11.3 V4 1.39 0.33 4.2
1/4 11.20 0.96 11.7 1/8 0.77 0.17 4.4

31/2X31/2X13/16 24.00 2.55 9.4 11/4X1 1/4X5/16 1.17 0.36 3.3

9/16 17.60 l.HI 9.y 3/16 0.76 0.22 3.5

1/4 8.43 0.83 10.2 1/8 0.52 0.14 3.6
3 X3 X 5/8 13.87 1.69 8.2 1 XI X 1/4 0.60 0.22 2.6

7/16 10.13 1.21 8.4 3/16 0.47 0.17 2.7

1/4 6.19 0.71 8.7 1/8 0.33 0.12 2.8

Maximum bending stress, 16,000 lb. per sq. in. Safe loads for
other spans are inversely proportional to the span in feet. Safe loads
given include weight of angle which should be deducted to give net
load that can be carried.

Eivet Spacing for Structural Work.— -The foliowirg rules are con-
densed from those of the Cambria Steel Co. The minimum pitch of
rivets should be at least three times the diameter, and in bridge work
should not exceed 6 in., or 16 times the thickness of the thinnest outside
plate. The minimum distance between edge of any piece and the
center of the rivet is II/4 in. for 3/4 and 7/8 in. rivets except in bars
less than 21/2 in. wide. If possible this distance should be at least
two rivet diameters for all sizes, and shou.ld not exceed eight times the
thickness of the plate. The maximum pitch for iianges of girders and
chords carrying floors is 4 in. Where plates are in compression, the
maximum pitch in the hnes of stress is sixteen times the plate thickness,
and in the line at right angles to the line of stress, thirty-two times the
plate thickness, except in the case of cover plates, top chords, and
end posts, where the maximum pitch may be forty times the plate
thickness. The minimum space between the rivet center and the ad-
jacent leg when rivets are adjacent to the corners of angles is 1/2 the
diameter of the head, plus 3/g in. clearance. When there is a row of
rivets in the adjacent leg, the s/g in. clearance should be measured from
the rivet heads.
The table below, and those on page 322, give the standards adopted

by the American Bridge Co. for rivet spacing in structural and bridge
. work:

Gages for Angles, Inches.

r^H Leg
gi
g2
g3

Max.
Rivet

8

41/2

3

11/8

7

4

21/2
3

1

6
31/2
21/2
21/4

7/8

5

3
2

13/4

7/8

4

21/2
31/2
2

3

IV4
21/2
13/8

2

11/8
13/4 11/2

7/8

1 1/4

3/4

1

5/8

3/4

k

^

1/2

f
7/8 7/8 7/8 3/4 5/8 1/2 3/8 3/8 1/j 1/4
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PLATE AND ANGLE COLUMNS. 323

Notes on Tables of Channel and Plate and Angle Columns.

(Carnegie Steel Co.)

The tables on pages 324 to 330 give the safe loads in thousands of
pounds which can be imposed on channel and plate and angle columns
of the form and dimensions shown in the illustrations, which experience
has shown to be desirable for ordinary bridges and buildings. They
also give the moments of inertia and radii of gyration about both axes
of symmetry, areas of section and weights per foot without allowances
for rivet heads, or other details. The tables have been computed for
the least radius of gyration in accordance with the American Bridge Co.
formida for ratios of l/r up to 120, S = 19,000 - 100 Z/r, in which S is

the axial compressive strength, lb. per sq. in., I is the length, in., and
r is the radius of gyration, in. The maximum value of S is not to
exceed 13,000. For ratios of l/r up to 120 and for greater ratios up
to 200 the maximum values of 5 allowed are as follows

:

l/r s l/r s l/r s l/r S

60
70
80
90

13.000

12.000

11,000

10.000

100

110
120

130

9.000
8.000
7.000
6.500

140
150

160

170

6.000
5,500
5.000
4.500

180

190

4.000
3.500

The values given in the table may be compared with the values given
by other formulae by means of the comparative table on page 286.
It is assumed in the tables that the loads are direct and equally dis-
tributed over the cross section of the column or balanced on opposite
sides of it. In the case of unbalanced loads bending stresses are pro-
duced, and the column must be so proportioned that the combined fiber
stresses do not exceed the allowable axial compression. (See page 296.)
The ratio l/r =120 should not be exceeded for main members under

heavy stress. For secondary members such as wind bracing, under
higher ratios, which, however, m.ust not exceed 200, may be used.

h— 9'-—H k—ii^'-H

A \>.

JL^ ^ \^

~^ T^

^ ' ^ f^

1^ ^ "^

^ 'l^ ,^
U V2i-— >| k 1:1''

—

A U \^-'-—
>j k— -16-"-—

^

Fig. 83 Fig. 84 Fig. 85 Fig. 86

f<— -121/2^'-^ V^—X^x£-^

T^

JL^
^-

W T^

^
Fig. 87

--H U- 18-'—--4

) c

) c

)

k
Fig. 88 Fig. 89

Dimensions of Channel Columns.
(See tables, pages 324—327.)
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Safe Loads on Carnegie lO^Inch Channel Columns in Thousands
of Pounds. (See Figs. 83 and 84, page 323.)

5

Effective Length of Column, Feet.
4i

18

TTe

213

252
271

152

286
305
324
343

186

359
378

392
411

424
444

116

20

lT2

203

221
239
257

144

271
289
307
325

176

339
357

370
388

400
418

114

22

we
192

209
226
243

136

256
272
289
307

165

3l9
336

348
364

375
392

109

24

Too

181

197
213
229

128

240
256
272
288

155

300
316

326
341

350
366

103

26

~95

170

185
200
215

120

28

"89

159

173
187
201

112

30

83

32

77

137

149
161
173

96

34

-72
1

12

Lat. 3.87

4.50

4.58
4.65
4.71

3.66

3.72

3.60

3.59
3.58
3.58

3.55

37.8

15

5/16

3/8

7/16

1/2

148

161
174
187

126

137
148
159

88

55.5

60.6
65.7
70.8

Lat. 104 47.8

20 12

12

12

12

7/16

1/2

9/16

5/8

225
240
255
270

210
223
237
252

195
207
220
233

179
191
203
215

164
174
185
196

103

4.46
4.53
4.60
4.66

3.52

3.51
3.50
3.50
3.50

3.4!

75.7
80.8
85.9
91.0

Lat. 145 134

280'260
2951274

124 114 57.8

25
9/16

5/8

241
253

259
271

276
289

87

22 i

233

237
248

201
212

4.45
4.52

3.44
3.44

95.9
101.0

30 9/16

5/8

303

3J8
325
341

98

281
295

301
315

92

216
227

4.33
4.39

4.22
4.29

3.87

3.37
3.37

3.30
3.31

4.70

105.9
111.0

35
9/16

5/8

251
263

~8T

232
243

115.9
121.0

Lat. 75 39.3

15 14

14

3/8

7/16

1/2

252
275
298

153

252
275

251
273
295

139

308
330
352
374

241
261
282

131

295
316
337
357

230
250
270

123

282
301
321
341

219
238
257m
268
287
306
324

209
226
244

198
214
231

187
203
219

4.63
4.70
4.76

3.66
4.52"
4.59
4.66
4.72

4.36
4.33
4.31

4.53

4.29
4.27
4.26
4.24

65.7
71.7
77.6

Lat. 108

255
272
290
308

100 92 49.4

20

7/16

1/2

9/16

5/8

312 311
335 335
358 358
380 380

241
258
275
29!

228
243
259
274

81.7
87.6
93.6
99.5

Lat. 1891179 169 159 149 139 129 119 109 3.5r 4.39 59.4

25 14

9/16

5/8

11/16

3/4

396
419
441
464

396
419
441
464

388
410
432
453

371
392
412
433

353
373
393
412

336
355
373
392

162

319
336
354
372

301
318
335
351

-T37

284
300
315
331

~T25

339
354
370
385
401
416

424
440
455
471
486
502

4.52
4.58
4.64
4.70

3.42

4.22
4.21
4.23
4.19

4.28

4.16
4.15
4.!5
4.14
4.14
4.13

103.6
109.5
115.5
121.4

Lat. 224 211 199 187 174 149 69.4

30 14

14

11/16

3/4

13/16

7/8

15/16

480
502
525
548
571
593

609
632
654
677
700
723

480
502
525
548
571
593

609
632
654
677
700
723

467
488
510
532
554
575

588
610
632
654
675
697

446
466
487
508
529
549

561
582
603
624
644
665

424
444
464
483
503
522

533
553
573
593
612
632

403
421
440
459
478
496

506
525
544
563
581
599

382
399
417
434
452
469

479
496
514
532
549
567

360
377
394
410
427
443

451
468
485
502
517
534

-4.53
4.59
4.65
4.70
4.76
4.81

125.5
131.4
137.4
143.3
149.3
155.2

35

15/16

11/16

11/8

13/16

11/4

4.66
4.72
4.77
4.82
4.87
4.92

4.10
4.10
4.10
4.10
4.09
4.09

159.3
165.2
171.2
177.1
183.1
189.0

Safe loads enclosed between heavy lines are for ratios of l/r not over
60; between the dotted lines are for ratios of l/r not over 200; all

other safe loads are for ratios l/r up to 120. Allowable fiber stress
13,000 lb. for lengths of 60 radii or over. Weights do not include rivel
heads or other details.



SAFE LOADS ON CHANNEL COLtlMNS. 825^

Safe Loads for Carnegie 13-Inch Channel Columns in Thousands
of Pounds. (See Figs. 85 and 86, page 323.)

1 Effective Length of Column, Feet.
c3
1^ J

¥

X

1
18 20 22 24 26 28 30 32 34

I

to

•s T) •IS
Eh

'°<m '^HhS •3

^
^

ci (^ ^
In. Lat. 157, 157 157 152 "T46 "T39 T33 T26 T20 4.61 4.50 50.4

"

3/8 293 293 290 277 "T65 252 239 227 214 5.40 4.29 76.7
7/16 316 316 312 298 284 271 257 243 230 5.48 4.27 82.7

2oy2 14 1/2 339 339 334 319 304 290 275 260 246 5.55 4.26 88.6
9/16 3621 362 355 339 324 308 292 277 26! 5.62 4.24 94.6
5/s 384 384 377 360 344 327 310 293 277 5.68 4.23 100.5

— Lat. 191 191

"3%
190 182

370

"174

352

166

335
158

318

150

300

!42

283

4.43

5.47

^36"
4.20

59.4

9/16 396 387 103:6
5/8 419 419 409 390 372 354 335 317 298 5.53 4.19 109.5

25 14 11/16 441 44! 43) 411 392 372 353 333 314 5.60 4.18 115.5
3/4 464 464 453 432 412 39! 371 350 330 5.66 4.18 121.4
13/16 487 487 474 453 431 410 388 367 345 5.71 4.17 127.4

— Lat. 229

To7
^29
^02

225 215 "205

442

195 T85

397

175

375

165

352

4.28 4.23 69.4

3/4 487 465 420 5.52 4.13 131.4
13/16 523 525 509 486 462 439 415 392 368 5.58 4.13 137.4

30 14 7/8 548 548 531 506 482 457 432 408 383 5.64 4.12 143.3
15/16 571 571 553 527 502 476 450 425 399 5.70 4.12 149.3

1 593 593 575 548 522 495 468 442 415 5.75 4.12 155.2

— Lat. 268 268

609

~259

T87

-248

"T5"9

236

532

224

504

212

477

200

449

188

421

4.17

5.58

4.13

4.03

79.4

15/16 609 159.3
1 632 632 609 580 552 523 494 466 437 5.64 4.08 165.2
1 1/16 654 654 631 601 571 542 512 483 453 5.69 4.08 171.2
11/8 677 677 633 622 591 561 530 499 469 5.74 4.08 177.1

35 14
1 3/16 700 700 674 642 610 578 547 515 483 5 -.80 4.07 183.1
I 1/4 723 723 695 663 630 597 564 532 499 5.85 4.07 189.0
1 5/16 745 745 717 684 650 616 582 548 515 5.89 4.07 195.0
13/8 768 768 739 704 670 635 600 565 530 5.94 4.07 200.9
1 7/16 791 791 761 725 689 654 618 582 546 5.99 4>07 206.9
1 1/2 814 814 783 746 709 672 635 599 562 6.04 4.07 212.8

15/16 619 619 619 619 599 575 552 528 504 5.76 4.85 162.0
1 645 645 645 645 623 599 574 549 525 5.81 4.84 168.8

30 16 1 1/16 671 671 671 671 648 622 596 571 545 5.87 4.83 175.6
1 1/8 697 697 697 697 673 646 619 593 566 5.92 4.83 182.4
1 3/13 723 723 723 723 697 669 642 614 586 5.97 4.82 189.2

"" 1 1/4 749 749 749 749 721 693 664 635 606 6.01 4.8! 196.0

1 3/18

1 1/4

762

788

762

788

"762

788

762 732

756

703

726

674

696

644

665

615

635

5.87

5.91

4.80

4.79

199.2

787 206.0
1 5/16 814 814 814 813 781 750 719 687 656 5.96 4.79 212.8
1 3/8 840 840 840 838 805 773 741 708 676 6.0! 4.78 219.6
1 7/16 866 866 866 864 830 797 764 730 697 6.06 4.78 226.4
1 1/2 892 892 892 889 854 820 785 75! 716 6.10 4.77 233.2

35 16 1 9/16 9i8j 918 918 915 879 844 808 773 737 6.15 4.77 240.0
1 5/8 944 1 944 944 940 903 867 830 794 757 6.19 4.76 246.8
111/16 970^ 970 970 966 928 891 853 815 778 6.24 4.76 253.6
1 3/4 996; 996 996 992 953 914 876i837!799 6.28 4.76 260.4
113/16 1022:1022 1022 1017 977 937 897858|818 6.32 4.75 267.2
1 7/8 1048 1048 1048 1042 1002 961 920880839 6.36 4.75 274.0
115/16 107411074 1074 1068 1027 985 943 901 860 6.4! 4.75 280.8
2 11001 1 100 1100 1093 1050 1007 96519221879 6.45 4.74 287.6

Safe loads enclosed between heavy lines are for ratios of I/r not
Over 60; all others are for ratios l/r not over 120. A lowable fiber stress
13,000 lb. for lengths of 60 radii or over. Weights cLo not include rivet
kea loi other det ails.
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Safe Loads on 15-Inch Carnegie Channel Columns in [Thousands
of Pounds.* (See Figs. 87 and 88, page 323.)

Effective Length of Column, Feet.
41

jC rt
-2 1= £

r

1
U Is 18 20 22 24 26 28 30 32 34

OB
°2

2tJ

i
i

1 Ŝ
^ Is P

3

1
Lat. 257 257 257 257 252 243

384

233
"368

224
352 337

5.62

6.48

4.98 80.2

3/8 ~4T3 413 413 413 400 4.85 106.8
7/16 439 439 439 439 424 407 390 3/3 357 6.57 4.83 113.6

33 16 1/2 465 465 465 465 448 431 413 395 377 6.66 4.82 120.4
9/16 491 491 49! 491 473 454 435 416 398 6.74 4.81 127.2
5/8 517 517 517 HI 498 478 458 438 418 6.81 4.80 134.0

— Lat. 268

528

268

528

268
"52^

268 261

507

251

486

241

466

231

446

~22?

425

5^58 4.95 84.2

5/8 -527 6777 4.79 138.0
11/16 554 554 534 552 531 510 488 467 446 6.84 4.78 144.8

35 16 3/4 530 580 580 578 555 533 511 488 466 6.91 4.77 151.6
13/16 606 606 606 604 580 557 533 510 487 6.98 4.77 158.4

- 7/8 632 632 632 629 605 580 556 531 507 7.04 4.76 165.2

Lat. 306
~6"44

306

644

306

644

306
"639

295

614 589

272

564

260
-539

249

514

5.43

6.85

4.84

4.73

92.1

13/16 168.4
7/8 670 670 670 665 638 612 586 560 534 6.91 4.72 175.2

40 16
15/16 696 696 696 690 663 636 609 581 554 6.97 4.72 182.0

1 722 722 722 715 687 659 631 602 574 7.03 4.71 188.8
11/13 748 748 748 741 712 683 653 624 595 7.09 4.71 195.6

_
11/8 774 774 774 767 737 706 676 646 615 7.15 4.71 202.4

Lat. 344 344 344 343 329 176 "302 ^89 276 5.32 4.75 102.2

11/16 786 786 786 777 746 715 684 653 622 6.98 4.68 205.6
11/8 812 812 812 802 770 738 705 673 641 7.04 4.67 212.4
13/16 8331 838 838 827 794 761 728 695 662 7.09 4.67 219.2

45 16
11/4 864 864 864 853 819 785 751 716 682 7.15 4.67 226.0
15/16 890! 890 890 879 844 808 773 738 703 7.20 4.67 232.8
13/8 916 916 916 904 868 832 796 760 723 7.25 4.67 239.6
17/16 942 942 942 930 893 856 818 781 744 7.30 4.67 246.4

- 11/2

3/8

968

433

968

433

968 956 918 879 841 803 764 7.35 4.67 253.2

433 433 433 433 421 407 393 6.54 5.67 111.9
7/16 462 462 462 462 462 462 449 433 418 6.63 5.64 119.6

33 18 1/2

9/16

491

521

491

52!

491

521

491

521

491 491 476

503

459

486

443

469

6.72

6.80

5.61

5.59

127.2

521
550

520 134.9
5/8 550 550 550 550 549 530 512 494 6.87 5.57 142.5

5/8 560i 560 560 560 560 558 540 521 502 6.84 5.56 146.5
11/16 589 589 589 589 589 586 567 547 527 6.91 5.54 154.2

35 18 3/4 619 619 619 619 619 615 594 574 553 6.98 5.53 161.8
13/16 648 648 648 648 648 643 621 599 578 7.04 5.51 169.5

- 7/8 677 677 677 677 677 671 649 626 603 7.10 5.50 177.1

13/16 686 686 686 ~686 686 680 657 634 610 6.92 5.49 179.5
7/8 715 715 715 715 715 708 684 660 636 6.98 5.48 187.1

40 18
15/16 745 745 745 745 745 736 711 685 660 7.04 5.46 194.8

1 774! 774 774 774 774 764 738 712 685 7.10 5.45 202.4
1 1/16 803 803 803 803 803 793 766 738 711 7.16 5.45 210.1

1 1/8 832 832 832 832 832 821 793 764 736 7.21 5.44 217.7

* Table continued on next page. See note at foot of page.
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Safe Loads on 15-Inch Carnegie Channel Columns in Thousands
of Pounds.* (See Figs. 87 and 88, page 323.)

.S Effective Leng .h of Column, Feet. S

^ ^
CD O 0)

§"3
42

fl

c m u ^^
.,r

o

If

18 20 22 24 26 28 30 32 34
5s 1^

S J3
•SlJ .s-S^ fn

^^ •pflH
rtp-l '^<5w

b: i^ Eh Ph P5
'^

1 l/ifi 841 841 "84! 841 841 829 800| 771 743 7 , 05 5.42 220. \

1 i/s 871 871 871 871 871 857 828! 798 768 7.11 5.42 227.7
1 a/ifi 900 900 900 900 900 885 855 824 793 7.17 5.41 235.4
1 1/4 929 929 929 929 929 913 882 850 818 7.22 5.40 243.0
1 5/1 fi 958 958 958 958 958 942 909 877 844 7.27 5.40 250.0
1 Vs 988 988 988 988 988 970 936 902 868 7,32 5.39 258.3

45 18
1 7/lfi 1017 1017 1017 1017 1017 998 963 928 893 7.37 5.38 266.0
1 1/^ 1046 1046 1046 1046 1046 1026 99! 955 919 7.42 5.38 273.6
1 9/lfi 1075 1075 1075 1075 1075 1054 1017 980 943 7,47 5.37 281.3
1 5/8 1105 1105 1105 1105 1105 1083 1045 1007 969 7.52 5.37 288.9
lll/lfi 1134 1134 1134 1134 1134 1112 1073 1034 995 7.57 5.37 296.6
1 3/4 1163 1163 1163 1163 1163 1139 io';9 1059 1019 7.61 5.36 304.2
17/8 1222 1222 1222 1222 1222 1195 1153 nil 1069 7.70 5.35 319.5
2 1280 1280 1280 1280 1280 125311208 1164 1120 7.79 5.35 :334.8

Safe Loads on 15=Inch Carnegie Channel Columns with Flange Plates

in Thousands of Pounds.* (See Fig. 89, page 323.)

1
d .a 3 Effective Length of Column, Feet. <s

xi B s ^ s -":
CT3

^•

i OS
11
^3

•
-J"

S3

o
'^i s 18 20 22 24 26 28 30 32 34 o^

f« ^ fl ^ 3 ^ S§ fo

I
35

3

18 2

T3

14

g
1p^
P5 I

3/8 1340 1340 1340 1340 1340 1307 126! 1214 1168 7.65 5.32 350.5

18 2 14

14

9/16

9/16

5/8

1408 1408 1408

1485

1547

1408

"l485

1547

1408 1369

1439

1320

1387

1543

1270 1221

1283

1447

7.52

7.39

7733

5.28

5T25

5.97

368.4

1485 1485

1547

1485

1547

1335

1495

388.4

17/s 1547 1547 404.5
2 5/8 161? 161? 1612 16!2 1612 1612 1607 1557 1507 7.43 5.96 421.5
21 /s 5/8 1677 1677 1677 1677 1677 1677 1670 1618 1566 7.52|5.95 438.5
21/4 5/8 174? 174? 174? 1747 1742 I 74 ^ 1735 168! 162/ 7.61 5.95 455.5

45 20 23/8 5/8 1807 1807 1807 1807 1807 1807 1798 1742 1686 7.70 5.94 472.5
21/^ 5/8 1872 187? 1872 1872 1872 1872 1863 1805 1747 7 . 79 5.941489.5
25/s 5/8 1937 1937 1937 1937 1937 1937 1976 1866 1806 7.88 5.93|506.5
23/4 5/8 2007 ?()0? 700? 2002 700? 7007 1991 1979 1866 7,97 5.93 523.5
27/8 5/s ?067 2067 ?067 2067 2067 7067 7054 1989 1975 8.05 5.92 540.5
3 5/8 2132 21322132

1

21322132 2132 2118 2052 1985 8.13 5.92557.5

*Safe load values enclosed within the heavy lines are for ratios of
l/r not over 60; all others are for ratios of I'r not over 120. Allowable
fiber stress per sq. in., 13,000 lb. for lengths of 60 radii or over. Weights
do not include rivet heads or other details.
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Safe Loads on Carnegie Plate and Angle Columns in

Thousands of Pounds.*

^

Web
'late.

Effective Length in Feet.
§1

rill

u
1'

l|
s'-

||;

19.6

21.5
23.1

24.8

29.2

26.4
31.2

32.9
37.3

37.3
42.5

44.2
49.4
54.6

l6l
28.1

32.9

35.0

39.4
44.6

46.8
52.0

54.4
60.8

62.

C

70.

77.6

81.8
89.4
97.

C

101.3

29.

e

34.

f

39.

(

41.

(

46.

J

li li 6

^69

8 10 12 14 16 18 20 22 24
Angles. ^

2 1/2X2 X V4 56' 43

_50

62

70
85

89

104

113

131

136
155

174

-78 ^y
""" —

1

2.45

2.50
2.51

1.04

1.28
1.24

1.19

1.23

1.44
1.49

1.47
1.51

1.67
1.71

1.70"

1.73
1.77

3 X2 X 1/4

3 X2 I/2X l/i
5 1/4 ""fl 72' 60

88! 76 63

"94/ 79 65

3 1/4 110195, 78

101 1 96 83
l!9lll5 100

40
42

T3
52

"57

70

73

86

97
114

118

135

152

34
35

36

44

49
60

62
73

81

97

100

114

130

29
29

28

36

43
52

54

64

71

83

86
98
110

23
22

28

36
45

47

%
74

-77
88

100

30
38

~19
47

55

66

-68
78
89

23

30

31

38

48
57

-59
68
78

3 X2 V2X 1/4

3 X2 I/2X 5/16

3 1/2X2 I/2X 1/4

31/2X21/2XV16

3.35

3.38

3.41
3.43

31/2X21/2X V16
3 1/2X2 1/2X Vs
4 X3 X V16
4 X3 X 3/8

125

161

120 104

138 121

14ril28

161 149

168 154

188 175

208 196

3.38
3.40

3.35
3.36

4 X3 X 3/8

4 X3 X 7/16

4 X3 X 1/2

168
8 3/8 188

208

3.33
3.34
3.33

Effective Length in Feet.

8 10 12 14
1

16
1

18 20 22 24 26

3 X2 1/2X 1/4

3 1/2X3 I/2X 1/4 1

3 1/2X2 1/2X V16

1/4

5/16

82

100

119

125

T4'9

170

66g
86 71

103 87

108 9!

133 116
154 135

44 36

57 50

71 61

73L64
99 82
117 98

121 101

138,116

"28

43

53

55

73
85

88

101

1
47

64
76

78

90

29

37

38

56
67

68
79

107

123

30

•47

57

58
68

98
113

39
48

48
57

89

103

126

144

164

17C

191

21c

21^

4.16

4.23

4:28

1.15

1.39

1.45

1.42'

1.62
1.67

3 1/2X2 1/2X 5/16

4 X3 X 5/16 1

4 X3 X 3/8

4.20

4.18
4.22

4 X3 X 3/8

4 X3 X V16
178il60!l40
1981181:!60

4.17
4.19

4.18
4.20

4.19

4.20
4.20

4.14
4.15
4.15

4.10

1.65
1.69

2.10
2.15

2.56

2.61

2.65

5 X3 V2X 3/8

5 X3 1/2X V16 1

207 2U7| 194' 175; 157

3/8 232 232^220 2001180
139

160

192

=220

247

258
285
312

121

140

175

201

226

236
262
287

I293

6 X4 X 3/8

6 X4 X 7/16

6 X4 X 1/2

,236 236

!
266 '266

296,296

236 226 209

266 257 238
296 288 j 267

312 302I28O

341 3331309
370 363,337

158

182

206

214
238
261

^72

141

163

185

"T92
214
236

"145

6 X4 X 1/2

6 X4 X 9/16

6 X4 X 5/8

312

1/2 341

370

5/8 335

312
341

370

2.62
2.66
2.69

6 X4 X 5/8 386:336 3781351 '325 2.68

3 1/2X2 1/2X 1/4

3 1/2X2 1/2X 5/16

4 X3 X 5/16

T04| 89

2 1/4 123' 106

fusil 31

73

89

114

120

139

591 521 44

7\^ 54

971^ 71

"36

45

63

65

77

"28

37

55

-56

67

46

57

3e

-3!

5.04

5.11

5.09

1.35

1.41

1.61

1.58

1.63

4 X3 X 5/16

4 X3 X 3/8
2 5/1

1157

ill

|138

[159

10

199

75

87

5.01

5.06

*Safe loads enclosed within dotted lines are for ratios of l/r of not
over 60. Those enclosed within heavy lines are for ratios of l/r not
over 200. All others are for ratios of l/r up to 120. Allowable fiber

stress 13,000 lb. per sq. in. for lengths of 60 radii or less. Each column
consists of four angles and one web plate. Weights given do not
include rivet heads or other details.
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Safe Loads on Carnegie Plate and Angle Columns in

Thousands of Pounds.—Continued.

il r
u

Web
Plate.

Effective Length in Feet.

ill

fc.

m
i

+ 'to

12

12

n
T2

Eh

8 10 12 14 16 18 20 22 24 26

Angles. ^

4 X3 X 3/8

5 X3 1/2X 3/s

5 X3 1/2X7/16
5 X3 1/2X 1/2 3/8

217
242
7,66

1671145

2171201

2421226
2661252

124

181

205

229

102

162

184

206

244

274

288

317
346
375

403

419

436

-97

142

162

184

224

252

265

292
319
347
373

388

403

-80

123

14!

161

204

230

242

267
293
318
344

357

69

110

125

141

"'58

100

114

129

48

91

104

118

4.99

5.02
5.05
5.07

5.06

5.07

1.61

2.06
2.10
2.15

2.56

2.61

2.57

2.61

2.65
2.69
2.72

2.70

49.3

56.9
63.3
69.7

6 X4 X 7/16

6 X4 X 1/2

1 276 276

1305 305
276J264
305 295

325 312

354 342
383 373

41 1 493

439 433

458 45T

184

209

218

242
266
290
314

325

164

187

147

166

72.5

80.1

6 X4 X 1/2

6 X4 X 9/18

6 X4 X 5/8

6 X4 Xii/16

6 -X4 X3/4

1325

'354
1/2 ! 383

411

439

5/8 ! 458

325

354
383
411

439

458

478

193

217
239
262
284

^94
"305

173

192

213
234
254

"262

-m

4.99

5.01
5.02
5.01

5.01

85.2

92.8
100.4
107.6
114.8

6 X4 X 3/4 4.96 119.9

6 X4 X 3/4 3/4 [478 470 469 370 338 4.91 2.69 125.0

Safe loads enclosed within dotted lines are for ratios of l/r of not over
60. Those enclosed within heavy lines are for ratios of l/r not over 200.
All others are for ratios of l/r up to 120. Allowable fiber
stress 13,000 lb. per sq. in. for lengths of 60 radii or less.

Each column consists of four angles and one web plate.
Weights given do not include rivet heads or other details.

Safe Loads on Carnegie Plate and Angle Columns
with Side Plates in Thousands of Pounds.

+ ^
r^

tes.

/s Web Side

PI
I'll
5.58

5.71
5.68
5.65

5.58

5.69
5.67
5.64

5.59"

5.69
5.79
5.88

'^ Plate. Plates. Effective Length in Feet.
1

^

12

1

3/8

43

^

14

14

14

16 18 20

l34
383
407
433

447

495
520
544

558
606
654
700

22

"^
358
381

405

417

463
487
509

522
568
614
658

24

~m
334
355
377

388

432
454
475

486
529
574
616

26

"267

310
329
349

358

401

421

440

450
491

534
574

28

^44
285
303
321

329

369
388
405

413
453
494
532

30

~m
261

277
293

299

338
354
370

377
415
454
490

a
Angles.

6X4X 3/8

6X4X 3/8

6X4X 7/16

6X4X 1/2

3/8

1/2

379 357

"428 407
458 434
487 461

3.14

3.25
3.23
3.22

100.2

112.1

120.1

127.7

6X4X 1/2

6X4X 1/2

6X4X 9/16

6X4X 5/8

12

12

1/2

5/8

1/2
J

5061 476

5/8 I'^^Tl 526
5/8 1 5321 553

Vs ! 6101 579

3.18

3.26
3.25
3.24

3.21

3.27
3.33
3.37

132.8

144.7
152.3
159.9

6X4X 5/8

6X4X 5/8

6X4X 5/8

6X4X 5/8

630
675
721

766

594
644
694
742

165.0
176.9
188.8
200.7

Safe loads enclosed in dotted lines are for ratios of l/r not over 60.
Those enclosed in heavy Unes are for ratios of l/r not over 200. All
others are for ratios of l/r up to 120. Allowable fiber stress, 13,000 lb.

per sq. in. for length of 60 radii and under. Each column consists of
four angles, two side plates, and one web plate except those marked *,

which have two web plates. Weights given do not include rivet heads
and other details. Table continued on next page.
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Safe Loads on Carnegie Plate and Angle Columns with
Side Plates in Thousands of Pounds. *—Continued.

^
fe:

.-. Web
Plate.

Side
Plates. III is

111
^
^
r Effective Length in Feet. 1

u
J 1

18 20 22 24 26 28 30 32 1^
Angles. |l
6X4X 5/8

6X4X 5/8

6X4X 5/8

6X4X 5/8

6X4X 5/8

6X4X 5/8

6X4X 5/8

6X4X5/8.

12 5/8 14

11/8
11/4
13/8
!l/2

15/8
13/4
17/8

2

719
840
888
937
986
1034

1082

1130

747
794
840
887
934
980
1026

1072

703
748
793
837
882
926
970

1014

317
340
353
337
410

433
455

470
493
515

530

576
622
658
713
758
892

847
892
935
931

1025

659
702
745
787
830
872
914

955

293
314
335
359
381

403
425

615
657
697
738
779
818
858

898

270
289
309
331

353

374
395

571

611

649
688
727
764
802

840

"245

264
282
303
324

344
354

373
390
407

417

457
493

693
732
770
810
848

931

1030

1062

nil

1160
1207

1254

1295

1397

1557

1614
1671

1729

1763

1935
2002
2068
2135
2202

527
565
601

638
675
710
746

782

223
239
255
275
295

'314

334

340
356
372

380

418
457
495
532
569
605

642
679
715
753
789

926
973

1000
1047

1094
1139
1185

1222

1324

1488
1543

1598
1653

1686

1862

1926
1991

2055
2120

483
519
553
588
623
657
690

725

5.97
6.06
6.14
6.22
6.30
6.38
6.46

6.54

3.14
3.45
3.48
3.51

3.54
3.56
3.58

3.60

3.10
3.09
3.09
3.14
3.19

212.6
224.5
236,4
248.3
260.2
272.1
284.0

295.9

6X4X Vs
6X4X 7/16

6X4X V2
6X4X 1/2

6X4X 1/2

14

14

14

14

3/8

3/8

14

14

3/S
3/8

3/8

7/lG

1/2

363' 340
390: 365

417i 390
442i 415
468: 439

493! 463
517' 487

535: 502
561 1 527

587i 551

606! 568

655! 615
705! 654
754: 711

803! 758

852i 805

901 1
851

949 898
998 945
1046 991

1095 1038
1144 1084

205^ 6.46

220 6.45

236 6.43

251 6.49
267 6.55

284 6.61

303 6.67

102.8
110.^

118.4
124.3
130.3

6X4X 1/2

6X4X 1/2

9/16

5/8

5/8

5/8

5/8

5/8

3/4

7/8

i

11/8
11/4
13/8

3.23
3.27

3.22
3.21

3.20

136.2
142.2

6X4X 1/2

6X4X 9/16

6X4X 5/8
1/2

5/s

14

14

14

16

]6

18

18

.0

437 i 405
459: 424
479: 443

308
322
336

378*

415
452
487
522
556

591

626
659
696
730

871

916

939
984

1029

1072

1115

1148

1251

1419

1471

1525

1578

1608

1789
1851

1913
1976
2039

6.58
6.56
6.54

6.47

6.58
6.68
6.78
6.87
6.96
7.05

7.13
7.22
7.30
7.38
7.46

7.45
7.53

7.36
7.44

7.53
7.61

7.69

7.57

7.54

7.54
7.62
7.70
7.78

148.1

155,7
163.3

6X4X 5/8

6X4X 5/8

6X4X 5/8

6X4X 5/s

6X4X 5/8

6X4X 5/8

6X4X 5/s

493

536
53!

625
667
711

753

795
839
880
924
956

455

497
540
581

622
664
704

744
786
825
867
907

3.17

3.23
3.29
3.34
3.38
3.42
3.45

169.3

181,2
193.1

205.0
216.9
228.8
240.7

6X4X 5/s

6X4X 5/8

6X4X 5/8

6X4X 5/8

6X4X 5/8

14

*14

*14

5/8

V2

5/8

11/2
15/8
13/4
17/8
2

3.48
3.51
3.53
3.56
3.58

252.6
264.5
276.4
288.3
300.2

6X4X 5/8

6X4X 5/8

6X6X 5/8

6X6X 5/8

6X6X 5/8

6X6X 5/8

6X6X 5/8

,7/8

2

21/8

21/4
2 3/8

21/2

Tl98"!l98'!l46
1250 1250||201

1315 130311246

1367J
13641 1301

1419!r4!9J]356
1471 1471 1409
1523 1523 1463

109|!1j035

1144,1087

1185'll23

1237J1174
1290'l225
1342,1274
1393 1324

1443,1369

1543 1470

1 695 j 1626

175&!l685
1818 1744
1879:1804

1918 1841

4.02
4.05

3.95
3.98

4.01
4.03
4.05

313.8
327.4

344.2
357.8

371.4
385.0
398.6

6X6X 5/8

8X6X 5/8

21/2 [!592i 1590 1516

21/2 jl657|l657 1616

3.99

4.18

416.4

433.6

8X6X 5/8

8X6X 5/8

8X6X 5/8

8X6X 5/8

2 3/8 51728; 1728

21/2 11787! 1787
2 5/8 11845; 1845

2 3/4 [1904' 1904

1728
1787
1845

1904

4.61

4.63
4.65
4.67

452.3
467.6
482.9
498.2

8X6X 5/8 2 3/4 |l949; 19491 1949 7.71

7.70
7.78
7.86
7.94
8.01

4.64 510 1

8X6>
8X6>
8X6>
8X6>
8X6>

(5/s
<5/8
<5/8
(5/8
(5/8

27/8

31/8

2027
2092
2157
2222
2287

2027
2092
2157
2222
2287

2027
2092
2157
2222
2287

2027
2092
2157
2222
2287

2009
2077
2146
2214
2283

5.10
5.12
5.14
5.16
5.18

530,5
547.5
564.5
581.5
598.5

*See note at foot of page 329.
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Bethlehem, Girder and I-Beams, and H-Columns.—The tables of
special and girder beams give the sections and weights usually rolled.
Intermediate and heavier weights may be obtained by special arrange-
ment. The table of H-columns gives only the minimum and maximum
weights for each section number. Many intermediate weights are
regularly made.
The coefficients of strength given n the tables are based on a maxi-

mum fiber stress of 16,000 lb. per sq. in., which is allov/abie for quies-
cent loads, as in buildings. For moving loads the fiber stress of 12,500
lb. per sq. in. shoiild be used, and the coefficients reduced proportion-
ately. For suddenly applied loads, as in railroad bridges, they should
be stiU further reduced. For a fiber stress of 8000 lb. per sq. in. the
coefficients would be one-half those given in the tables. The quotient
obtained by d viding the coefficient given for the beam by the span in
feet will give the uniformly distributed safe ^oad in pounds, including
the weight of the beam. If the load is concentrated at the middle of the
span the safe load is one half the uniformly distributed load.
For further information see handbook of Structural Steel Shapes,

Bethlehem Steel Co., South Bethlehem, Pa., 1911.

Properties of Bethlehem Girder Beams.

II

1-

i

i ^

1

Neutral Axis
Perpendicular to

Web at Center.

.

Coeffic*nts

of

Strength

_

for

Fiber

Stress

of

"^

16,000

Lb.

per

Sq.

In.

for

Buildings.

Neutral
Axis Coin-
cident with
Center Line

of Web.

1 1

I

2?
>>?'

•2o.2

pi
r s If

|0.o

rf

30
30

200.0
180.0

58.71
53.00

0.75
.69

15.00
13.00

9150.6
8194.5

12.48
12.43

•610.0

546.3
6,507,100

5,827,200

94.65
82.60

630.2
433.3

3.28
2.86.

28
28

180.0
165.0

52.86
48.47

.69

.65

14.35
12.50

7254,7
6562.7

11.72
11.64

518.9
468.8

5,535,000

5,000,100

80.75
75.15

533.3
371.9

3.18
2.77

26
26

160.0
150.0

46.91
43.94

.63

.63

13.60
12.00

5620.8
5153.9

10.95
10.83

432.4
396.5

4,611,900

4,228,800

67.95
67.95

435.7
314.6

3.05
2.68

24
24

140.0
120.0

41.16
35.38

.60

.53

13.00
12.00

4201.4
3607.3

10.10
10.10

350.1
300.6

3,734,600

3,206,500

60.85
49.25

346.9
249.4

2.90
2.66

20
20

140.0
112.0

41.19
32.8!

.64

.55

12.50
12.00

2934.7
2342.1

8.44
8.45

293.5
234.2

3,130,300

2,498,300

62.10
49.25

348.9
239.3

2.91

2.70

18 92.0 27.12 .48 11.50 1591.4 7.66 176,8 1,886,100 38.05 182.6 2.59

15

15

15

140.0
104.0

73.0

41.27
30.50
21.49

.80

.60

.43

11.75
11.25
10.50

1592.7
1220.1

883.4

6.21

6.32
6.41

212.4
162.7

117.8

2,265,200

1,735,300

1,256,600

67.10
47.15
29.60

331.0
213.0
123.2

2.83
2.64
2.39

12

12
70.0
55.0

20.58
16.18

.46

.37

10.00

9.75
538.8
432.0

5.12
5.17

89.8
72.0

957,800
768,000

28.60
21.15

114.7
81.1

2.36
2.24

10

9

8

44.0
38.0
32.5

12.95

11.22
9.54

.31.

.30

.29

9.00
8.50
8.00

244.2
170.9
114.4

4.34
3.90
3.46

4a. 8
38.0
28.6

521,000
405,000
305,100

14.90
13.35
11.80

57.3
44.1

32.9

2.10
1.98

1.86

TF=Safe load in pounds uniformly distributed, including weight of beam.
L =Spaninfeet. M=Moment of forces in foot-pounds. /=fiber stress.
W=C/L; M = C/8; C ^ WL =-SM = Ysf S,
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Properties of BetUehem I-Beams.

1.

¥
1

.2.S

1

Neutral Axis
Perpendicular to

Web at Center.

Coeffic'nts

of

Strength

for

Fiber

Stress

of

O

16,000

Lb.

per

Sq.

In.

for

Buildings.

l|

It.

Neutral
Axis Coin-
cident with
Center Line

of Web. ,

1

1 i

1 = 2

r "5

1 d

H
If

30
28
26
24

120.0
105.0
90.0
84.0

35.30
30.88
26.49
24.80

0.540
.500

.460

.460

10.500
10.000
9.500
9.250

5239.6
4014.1

2977.2
2381 .9

12.18
11.40
10.60
9.80

349.3
286.7
229.0
198.5

3,726,000

3,058,400

2,442,800

2,117,300

51.90
44.50
37.65
37.55

165.0
131.5
101.2
91.1

2.16
2.06
1.95

1.92

24
24

83.0
73.0

24.59
21.47

.520

.390
9.130
9.000

2240.9
2091.0

9.55
9.87

186.7

174.3
1,991,900

1,858,700

46.55
27.00

78.0
74.4

1.78

1.86

20
20

82.0
72.0

24.17
21.37

.570

.430
8.890
8.750

1559.8

1466.5

8.03
8.28

156.0
146.7

1,663,800

1,564,300

51.20
32.45

79.9
75.9

1.82 -

1.88

20
20
20

69.0
64.0
59.0

20.26
18.86
17.36

.520

.450

.375

8.145
8.075
8.000

1268.9
1222.1

1172.2

7.91
8.05
8.22

126.9
122.2
117.2

1,353,500

1,303,600

1,250,300

44.10
34.70
25.00

51.2
49.8
48.3

1.59
1.62
1.66

18

18

18

18

59.0
54.0
52.0
48.5

17.40
15.87
15.24
14.25

.495

.410

.375

.320

7.675
7.590
7.555
7.500

883.3
842.0
825.0
798.3

7.12
7.28
7.36
7.48

98.1
93.6
91.7
88.7

1,046,900

997,900
977,700
946,100

39.00
28.75
24.60
18.35

39.1

yi.7
31.

\

36.2

1.50
1.54
1.56

1.59

15 71.0 20.95 .520 7.500 796.2 6.16 106.2 1,132,400 38.95 61.3 1.71

15

15

64.0
54.0

18.81

15.88
.605

.410
7.195
7.000

664.9
610.0

5.95
6.20

88.6
81.3

945,600
867,600

46.95
27.40

41.9
38.3

1.49

1.55

15

15

15

45.0
41.0
38.0

13.52
12.02
11.27

.440

.340

.290

6.810
6.710
6.660

484.8
456.7
442.6

5.99
6.16
6.27

64.6
60.9
59.0

689,500
649,400
629,500

30.00
19.95
15.05

25.2
24.0
23.4

1.36

1.4!

1.44

12 36.0 10.61 .310 6.300 269.2 5.04 44.9 478,600' 16.10 21.3 1.42

12

12
32.0
28.5

9.44
8.42

.335

.250

6.205
6.120

228.5
216.2

4.92
5.07

38.1

36.0
406,200
384,400

17.90
11.10

16.0
15.3

1.30

1.35

10

10
28.5
23.5

8.34
6.94

.390

.250
5.990
5.850

134.6
122.9

4.02
4.21

26.9
24.6

287,100
262,200

19.90
10.50

12.1

11.2

1.21

1.27

9
9

24.0
20.0

7.04
6.01

.365

.250

5.555
5.440

92.1
85.1

3.62
3.76

20.5
18.9

218,300
201,800

16.95
10.05

8.8
8.2

1.12

1.17

8
8

19.5

17.5
5.78
5.18

.325

.250
5.325
5.250

60.6
57.4

3.24
3.33

15.1

14.3
161,600

153,000

13.45
9.45

6.7
6.4

1.08

1.11

W = Safe load in pounds uniformly distributed, including weight ofbeam.
L = Span in feet. M=Moment of forces in foot-pounds. / = fiber stress.
C = CoeflQcients given in the table.
W=C/L; M = C/8; C = W L = 8M = 2/3fS.
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Dimensions and Properties of Betlilehem Rolled Steel H-Columns.*

Neutral Axis Neutral Axis on

^
Dimensions, in Inches.

ss Perpen. to Web. CenterLine ofWeb.

1

u
11

+3 M
Si

4 -g +3 o

1"^

CO

ll II

c5

•s-S

r
14-Inch H-Columns

83.5
91.0

13 3/4
13 7/8

11/16

3/4

13.92
13.96

0.43
.47

11.06
11.06

24.46
26.76

884.9
976.8

128.7
140.8

6.01

6.04
294.5
325.4

42.3
46.6

3.47
3.49

99.0
162.0

14

15

13/16

15/16

14.00
14.31

.51

.82

11.06
11.06

29.06
47.71

1070.6
1894.0

153.0
252.5

6.07
6.30

356.9
626.1

51.0
87.5

3.50
3.62

170.5
227.5 W' 13/8

1 13/16

14.35

14.62

.86

1.13

11.06

11.06
50.11

66.98
2007.0
2859.6

265.4
357.5

6.33
6.53

662.3
929.4

92.3
127.1

3.64
3.72

236.0
287.5

161/8
16 7/8

17/8
2 1/4

14.66
14.90

1.17

1.41

11.06
11.06

69.45
84.50

2991.5
3836.1

371.0
454.7

6.56
6.74

970.0
1226.7

132.3
164.7

3.74
3.81

13-IncIi H-Columns

64.5
71.5

113/4
117/8

5/8

11/16

11.92

11.96
0.39
.43

9.21

9.21

19.00
20.96

499.0
556.6

84.9
93.7

5.13
5.15

168.6
188.2

28.3
31.5

2.98
3.00

78.0
132.5

12

13

3/4

11/4
12.00
12.31

.47

.78

9.21
9.21

22.94
38.97

615.6
1141.3

102.6
175.6

5.18
5.41

208.1

380.7
34.7
61.9

3.01

3.13

139.5
161.0

131/8
131/2

15/16
1 1/2

12.35
12.47

.82

.94

9.21
9.21

41.03
47.28

1214.5
1444.3

185.0
214.0

5.44
5.53

404.1
477.0

65.4
76.5

3.14
3.18

lO-Inch H-Columns

49.0 9 7/8 9/16 9.97 0.36 7.67 14.37 263.5 53.4 4.28 89.1 17.9 2.49

54.0
99.5

10

11

5/8

11/8
10.00
10.31

.39

.70

7.67
7.67

15.91

29.32
296.8
607.0

59.4
110.4

4.32
4.55

100.4
201.7

20.1

39.1

2.51

2.62

105.5
123.5

111/8
111/2

13/16
1 3/8

10.35
10.47

.74

.86

7.67
7.67

31.06
36.32

651.0
790.4

117.0
137.5

4.58
4.67

215.6
259.3

41.7
49.5

2.64
2.67

8-Inch H-Columns

32.0 7 7/8 7/16 8.00 0.31 6.14 9.17 105.7 26.9 3.40 35.8 8.9 1.98

34.5
71.5

8
9

1/2
1

8.00
8.32

.31

.63

6.14
6.14

10.17
21.05

121.5
.285.6

30.4
63.5

3.46
3.68

41.1

94.4
10.3

22.7
2.01

2.12

76.5
90.5

91/8
91/2

U/ia
11/4

8.36
8.47

.67

.78

6.14
6.14

22.46
26.64

309.5
385.3

67.8
81.1

3.71

3.80
101.9
125.1

24.4
29.6

2.13
2.17

* The tables are greatly condensed from the original. The depth
of section regularly rolled in each size advances by 3^ inch from the
smallest to the largest section shown in each table. The increased
depth of each section in a given size is obtained by adding metal to
the flanges, the depth of web remaining constant in each size.
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TORSIONAL STRENGTH.

Let a horizontal shaft of diameter = d be fixed at one end, and at the
otner or free end, at a distance = I from the fixed end, let there be fixed
a horizontal lever arm with a weight = P acting at a distance = a from
the axis of the shaft so as to twist it; then Pa = moment of the applied
force.

Resisting moment = twisting moment = SJ /c, in which S = unit
shearing resistance, J = polar moment of inertia of the section with
respect to the axis, and c = distance of the most remote fiber from the
axis, in a cross-section. For a circle with diameter d

J = 1/32 rA^\ C = 1/2 Of;

Pa = — = -^ =—= 0.1963 d3,S; d =y ^ •

For hollow shafts of external diameter d and internal diameter di.

0-f)^
In solving the last equation the ratio d\/d is first assumed.
For a rectangular bar in which h and d are the long and short sides of

the rectangle, Pa = 0.2222 hd'^S; and for a square bar with side d, Pa =
0.2222 d'^S. (Merriman, "Mechanics of Materials," 10th ed.)
The above formulae are based on the supposition that the shearing

resistance at any point of the cross-section is proportional to its distance
from the axis; but this is true only within the elastic limit. In mate-
rials capable of flow, while the particles near the axis are strained within
the elastic limit those at some distance within the circumference may be
strained nearly to the ultimate resistance, so that the total resistance is

something greater than that calculated by the formulae. For working
strength, however, the formulae may be used, with S taken at the safe
working unit resistance.
The ultimate torsional shearing resistance 5 is about the same as the

direct shearing resistance, and may be taken at 20,000 to 25,000 lbs. per
square inch for cast iron, 45,000 lbs. for wrought iron, and 50,000 to
150,000 lbs. for steel, according to its carbon and temper. Large factors
of safety should be taken, especially when the direction of stress is re-
versed, as in reversing engines, and when the torsional stress is com-
bined with other stresses, as is usual in shafting. (See "Shafting.")

Elastic Ee-istance to Torsion. — Let I = length of bar being
twisted, d = diameter, P = force applied at the extremity of a lever arm
of length = a. Pa = twisting moment, G = torsional modulus of elas-
ticity, S = angle through which the free end of the shaft is twisted,
measured in arc of radius = 1.

For a cylindrical shaft,

rQGd^ . 32 Pal
Pa -

32 I
'

Tzd^G
'

If a = angle of torsion in degrees,

. an
.

180 e 180 X 32 Pal 583.6 Pal

The value of G is given by different authorities as from I/3 to 2/5 of 1

the modulus of elasticity for tension. For steel it is generally taken i

12,000.QQ0 lbs. per sq. in.
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COMBINED STRESSES.

Combined Tension and Flexure. — Let A = the area of a bar
subjected to both tension and flexure, P = tensile stress applied at the
ends, P -H J. = unit tensile stress, S = unit stress at the fiber on the
tensile side most remote from the neutral axis, due to flexure alone, then
maximum tensile unit stress = (P -i- A) + S. A beam to resist com-
bined tension and flexure should be designed so that (P -^ A) + S shall
not exceed the proper allowable working unit stress.
Combined Compression and Flexure. -— If P -i- A = unit stress

due to compression alone, and S = unit compressive stress at fiber most
remote from neutral axis, due to flexure alone, then maximum compres-
sive unit stress = (P -i- A) + S.
Combined Tension (or Compression) and Cross Shear.— If

applied tension (or compression) unit stress = p, applied shearing unit
stress = V, tlien from the combined action of the two forces

Max. S = Vy^- + 1/4P-, Maximum shearing unit stress;

Max. t = 1/2P +'^'y- +'i/4P^ Maximum tensile (or compressive) unit stress.

Combined Flexure and Torsion. — If >S = greatest unit stress due
to flexure alone, and Sg = greatest torsional shearing unit stress due to

torsion alone, then for the combined stresses

Max. tension or compression unit stress t — 1/2*5 + "^Sg^ + V4«S2;

Max. shear s = ±^Sg^+ ViS^.

Equivalent bending moment = 1/2 M + yz'^M^+ T^^ where ilf= bending
moment and 7"= torsional moment.

Formula for diameter of a round shaft subjected to transverse load
while transmitting a given horse-power (see also Shafts of Engines):

16 M , 16 ./M2
,
402,500,000 £^2

where M = maximum bending moment of the transverse forces In
pound-inches, i7 = horse-power transmitted, n = No. of revs, per minute,
and t = the safe allowable tensile or compressive working strength of
the material.
Guest's Formula for maximum tension or compression unit stress is

t=V4:8
f,"^ + S"^ {Phil. Mag., July, 1900). It is claimed by many writers to

be more accurate than Rankine's formula, given above. Equivalent

bending moment = Vm^ + T^. {Eng'g., Sept. 13 and 27, 1907; July 10,
1908; April 23, 1Q09.)
Combined Compression and Torsion. — For a vertical round shaft

carrying a load and also transmitting a given horse-power, the result-
ant maximum compressive unit stress

2P jtf2 4P2

in which P is the load. From this the diameter d may be found when t

and the other data are given.
Stress due to Temperature. — Let I = length of a bar, A = its sec-

tional area, c = coefficient of linear expansion for one degree, t = rise or
fall in temperature m degrees, E = modulus of elasticity, A the change
of length due to the rise or fall t; if the bar is free to expand or contract,
A = dl.

If the bar is held so as to prevent its expansion or contraction the
stress produced by the change of temperature = *S = AdE. The fol-

lowing are average values of the coefficients of linear expansion for a
change in temperature of one degree Fahrenheit:

For brick and stone..... a = 0.0000050,
For cast iron a= 0.0000056.
For wrought iron and steel....a= 0.0000065.
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The stress due to temperature should be added to of subtracted from
the stress caused by other external forces according as it acts to increase
or to relieve the existing stress.
What stress will be caused in a steel bar 1 inch square in area by a

change of temperature of 100° F.? S = ActE = 1 X 0.0000065 X 100 X
30,000,000 = 19,500 lbs. Suppose the bar is under tension of 19,500
lbs. between rigid abutments before the change in temperature takes
place, a cooling of 100° F. will double the tension, and a heating of 100°
will reduce the tension to zero.

STRENGTH OF FLAT PLATES.

For a circular plate supported at the edge, uniformly loaded, according
to Grashof,

5r2 , 4/5r2p 6/<2

^ = 6^^= ^= V-eT- ^ = 57^--

For a circular plate fixed at the edge, uniformly loaded,

.
3/^2

.

' ZP' 3 / ' ^ 2 r2

'

in which /denotes the working stress; r, the radius in inches; I, the thick-
ness in inches; and p, the pressure in pounds per square inch.

For mathematical discussion, see Lanza, "Applied Mechanics."
Lanza gives the following table, using a factor of safety of 8, with ten-

sile strength of cast iron 20,000, of wrought iron 40,000, and of steel 80,000:

Supported. Fixed.

Cast iron t =- 0.0182570 r Vp t = 0.0163300 r V£
Wrought iron t = 0.0117850 r Vp_ t = 0.0105410 r ^p
Steel t = 0.0091287 rVp t = 0.0081649 r ^p

For a circular plate supported at the edge, and loaded with a concen-
trated load P applied at a circumference the radius of which is Tq:

/ = (t-^-0
for - = 10 20 30 40 50;

To

c = 4.07 5.00 5.53 5.92 6.22;

_ nPf-^%-'

The above formulse are deduced from theoretical considerations, and
give thicknesses much greater than are generally used in steam-engine
cylinder-heads. (See empirical formulae under Dimensions of Parts of
Engines.) The theoretical formulae seem to be based on incorrect or
incomplete hypotheses, but they err in the direction of safety.

Thickness of Flat Cast-iron Plates to resist Bursting Pressures.— Capt. John Ericsson (Church's Life of Ericsson) gave the following
rules: The proper thickness of a square cast-iron plate will be obtained
by the following: Multiply the side in feet (or decimals of a foot) by
1/4 of the pressure in pounds and divide by 850 times the side in inches;
the quotient is the square of the thickness in inches.

For a circular plate, multiply 11-14 of the diameter in feet by 1/4 of
the pressure on the plate in pounds. Divide by 850 times 11-14 of the
diameter in inches, [Extract the square root.]
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\ Prof. Wm. Harkness, Eng'g News, Sept. 5, 1895, shows that these rules
Can be put in. a more convenient form, thus: For square plates T =•

0.00495 yS Vp, and for circular plates T = 0.00439 D^p, where T =
thickness of plate, S = side of the square, D = diameter of the circle,

and p = pressure in lbs. per sq. in. Professor Harkness, however,
doubts the value of the rules, and says that no satisfactory theoreticai
solution has yet been obtained.
The Strength of Unstayed Flat Surfaces. — Robert Wilson

(Eng'g, Sept. 24, 1877) draws attention to the apparent discrepancy
between the results of theoretical investigations and of actual experi-
ments on the strength of unstayed flat surfaces of boiler-plate, such as
the unstayed fiat crowns of domes and of vertical boilers.
On trying to make the rules given by the authorities agree with the

results of his experience of the strength of unstayed flat ends of cylin-
drical boilers and domes that had given way after long use, Mr. Wilson
was led to beheve that the rules give the breaking strength much lower
than it actually is. He describes a number of experiments made by
Mr. Nichols of Kirkstall, which gave results varying widely from each
Other, as the method of supporting the edges of the plate was varied,
and also varying widely from the calculated bursting pressures, the
actual results being in all cases very much the higher. Some conclusions
drawn from these results are:

1. Although the bursting pressure has been found to be so high, boiler-
makers must be warned against attaching any importance to this, since
the plates deflected almost as soon as any_ pressure was put upon them
and sprang back again on the pressure being taken off. This springing
of the plate in the course of time inevitably results in grooving or chan-
neling, which, especially when aided by the action of the corrosive acids
in the water or steam, will in time reduce the thickness of the plate, and
bring about the destruction of an unstayed surface at a very low pressure.

2. Since flat plates commence to deflect at very low pressures, they
should never be used without stays; but it is better to dish the plates
when they are ^lot stayed by flues, tubes, etc.

3. Against the commonly accepted opinion that the limit of elasticity
should never be reached in testing a boiler or other structure, these ex-
periments show that an exception should be made in the case of an un-
stayed flat end-plate of a boiler, which will be safer when it has assumed
a permanent set that will prevent its becoming grooved by the continual
variation of pressure in working. The hydraulic pressure in this case
'imply does what should have been done before the plate was fixed,
that is, dishes it.

4. These experiments appear to show that the mode of attaching by
flange or by an inside or outside angle-iron exerts an important influence
on the manner in which the plate is strained by the pressure.
When the plate is secured to an angle-iron, the stretching under pres-

sure is, to a certain extent, concentrated at the line of rivet-holes, and
the plate partakes rather of a beam supported than fixed round the edge.
Instead of the strength increasing as the square of the thickness, when
the plate is attached by an angle-iron, it is probable that the strength
does not increase even directly as the thickness, since the plate gives
way simply by stretching at the rivet-holes, and the thicker the plate,
the less uniformly is the strain borne by the different layers of which the
plate may be considered to be made up. When the plate is flanged, the
flange becomes compressed by the pressure against the body of the plate,
and near the rim, as shown by the contrary flexure, the inside of the plate
is stretched more than the outside, and it may be by a kind of shearing
action that the plate gives way along the line where the crushing and
stretching meet.

5. These tests appear to show that the rules deduced from the theo-
retical investigations of Lame, Rankine, and Grashof are not confirmed
by experiment, and are therefore not trustworthy.
The rules of Lame, etc., apply only within the elastic limit. (Eng'g,

Dec. 13, 1895.)

Unbraced Wrought-iron Heads of Boilers, etc. {The Locomo<
live, Feb., 1890). — Few experiments have been made on the strength
of flat heads, and our knowledge of them com©s largely from theory.
Experiments have been made on small plates Vi6 of an inch thick,
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yet the data so obtained cannot be considered satisfactory when we
consider the far thicker heads that are used in practice, although the
results agreed well with Rankine's formula. Mr. Nichols has made ex-
periments on larger heads, and from them he has deduced the following
rule: "To find the proper thickness for a flat unstayed head, multiply
the area of the head by the pressure per square inch that it is to bear „

safely, and multiply this by the desired factor of safety (say 8): then
j

divide the product by ten times the tensile strength of the material ;

used for the head." His rule for finding the bursting pressure when the
dimensions of the head are given is: "Multiply the thickness of the end-
plate in inches by ten times the tensile strength of the m.aterial used,
and divide the product by the area of the head in inches."

In Mr. Nichols's experiments the average tensile strength of the iron
used for the heads was 44,800 pounds. The results he obtained are
giren below, with the calculated pressure, by his rule, for comparison.

1. An unstayed flat boiler-head is 341/2 inches in diameter and 9/ia
inch thick. What is its bursting pressure? The area of a circle 341/2
inches in diameter is 935 square inches; then 9/ig x 44,800 X 10 =
252,000, and 252,000 -^ 935 = 270 pounds, the calculated bursting
pressure. The head actually burst at 280 pounds.

2. Head 341/2 inches in diameter and 3/8 inch thick. The area = 935
square inches; then, s/g X 44,800 X 10 = 168,000, and 168,000 -^ 935
= 180 pounds, calculated bursting pressure. This head actually burst
at 200 pounds.

3. Head 261/4 inches in diameter, and s/g inch thick. The area 541
square inches; then, s/g x 44,800 X 10 = 168,000, and 168,000 -i- 541
= 311 pounds. This head burst at 370 pounds.

4. Head 28I/2 inches in diameter and 3/g inch thick. The area = 638
square inches; then, S/g x 44,800 X 10 = 168,000, and 168,000 h- 638
= 263 pounds. The actual bursting pressure was 300 pounds.
In the third experiment, the amount the plate bulged under different

pressures was as follows:

At pounds per sq. in.

.

Plate bulged
10 20 40 80 120 140 170 200
/32 1/16 1/8 1/4 3/8 1/2 5/8 3/4

The pressure was now reduced to zero, and the end sprang back s/^g

inch, leaving it with a permanent set of 9/i6 inch. The pressure of
200 lbs. was again applied on 36 separate occasions during an interval of
five days, the bulging and permanent set being noted on each occasion,
but without any appreciable difference from that noted above.
The experiments described were confined to plates not widely different

in their dimensions, so that Mr. Nichols's rule cannot be relied upon for
heads that depart much from the proportions given in the examples.

Strength of Stayed Surfaces. — A flat plate of thickness t is sup-
ported uniformly by stays whose distance from center to center is a,

uniform load p lbs. per square inch. Each stay supports pa^ lbs. The
greatest stress on the plate is

9^2 '

For additional matter on this subject see strength of Steam Boilers.
Stresses in Steel Plating due to Water-pressure, as in plating of

vessels and bulkheads {Engineering, May 22, 1891, page 629).
Mr. J. A. Yates has made calculations of the stresses to which steel

plates are subjected by external water-pressure, and arrives at the
following conclusions:
Assume 2a inches to be the distance between the frames or other

rigid supports, and let d represent the depth m feet, below the surface
of the water, of the plate under consideration, t = thickness of plate in
inches, D the deflection from a straight line under pressure in inches,
and P = stress per square inch of section.

For outer bottom and ballast-tank plating, a = 420 t/d, D should not
be greater than 0.05 X 2 a/12, and P/2 not greater than 2 to 3 tons;
while for bulkheads, etc., a = 2252 t/d, D should not be greater than
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0.1 X 2a/12, and P/2 not greater than 7 tons. To illustrate the appli-
cation of these formulae the following cases have been taken:

For Outer Bottom, etc. For Bulkheads, etc.

Thick- Depth Spacing of Thick- Depth of
Water.

Maximum Spac-
ness of below Frames should ness of ing of Rigid
Plating. Water. not exceed Plating. Stiffeners.

in. ft. in. in. ft. ft. in.

1/2 20 About 2

1

1/2 20 9 10

1/2 10 " 42 3/8 20 7 4
3/8 18 " 18 3/8 10 14 8
3/8 9 " 36 1/4 20 4 10

1/4 10 " 20 1/4 10 9 8
1/4 5 " 40 1/8 10 4 10

It would appear that the course which should be followed in stiffening
bulkheads is to fit substantially rigid stiffening frames at comparatively-
wide intervals, and only work such light angles between as are necessary
for making a fair job of the bulkhead.

SPHERICAL SHELLS AND DOMED BOILER-HEADS.

To find the Thickness of a Spherical Shell to resist a given
Pressure. — Let d = diameter in inches, and p the internal pressure
per square inch. The total pressure which tends to produce rupture
around the great circle will be y47: (Pp. Let /S = safe tensile stress per
square inch, and t the thickness of metal in inches; then the resistance
to the pressure will be ndt S. Since the resistance must be equal to the
pressure,

Vind'^V^ndtS. Whence t = j-^-

The same rule is used for finding the thickness of a hemispherical head
to a cylinder, as of a cylindrical boiler.
Thickness of a Domed Head of a Boiler. — If S = safe tensile

stress per square inch, d = diameter of the shell in inches, and t = thick-
ness of the shell, t = pd ^ 2S; but the thickness of a hemispherical
head of the same diameter is t = pd -^ 45. Hence if we make the
radius of curvature of a domed head equal to the diameter of the boiler,

we shall have t = -j^ = -^ , or the thickness of such a domed head

will be equal to the thickness of the shell.

THICK HOLLOW CYLINDERS UNDER TENSION.

Lamp's formula, which is generally used, gives

'h + p\h
-in)^

: = thickness; ri= inside and r2= outside radius;
\ = maximum allowable hoop tension at the

interior of the cylinder

;

I = intensity of interior pressure;
f = tension at the exterior of the cylinder.

^ = p
2ri2

n^-r.-i -'(l^)*-
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Example: Let maximum unit stress at the inner edge of the annulus
= 8G00 lbs. per square inch, radius of cylinder = 4 inches, interioi

pressure = 4000 lbs. per square inch. Required the thickness and the
tension at the exterior surface.

« = p „
^

2 = 4000 X fL
" = 4000 lbs. per sq. in.

r-t — ri 48 — lo

For short cast-iron cylinders, such as are used in hydraulic presses, it i^

doubtful if the above formulae hold true, since the strength of the cylindri-
cal portion is reinforced by the end. In that case the strength would be
higher than that calculated by the formula. A rule used in practice
for such presses is to make the thickness = i/io of the inner circum-
ference, for pressures of 3000 to 4000 lbs. per square inch.
Hooped Cylinders. — For very high pressures, as in large guns, hoopj

or outer tubes of forged steel are shrunk on inner tubes, thus bringing a

compressive stress on the latter which assists in resisting the tension duf
to the internal pressure. For discussion of Lamp's, and other formula
iur built-up guns, see Merriman's "Mechanics of Materials."

THEV CYLINDERS UNDER TENSION.
Let p = safe working pressure in lbs. per sq. in.;

d = diameter in inches;
T = tensile strength of the material, lbs. per sq. in.;

t = thickness in inches;
/ = factor of safety

;

c = ratio of strength of riveted joint to strength of solid plate.

^ ^ o^. 2 Ttc , fpd
fpd^2Ttc; P = -^; t-ir-c'

If r = 50,000, /= 5, and c = 0.7; then

_ 14.000^ , _ dp
^ d '

^ 14,000'

The above represents the strength resisting rupture along a longitudina
seam. For resistance to rupture in a circumferential seam, due t«

pressure on the ends of the cylinder, we have ^^~ = —y-^

;

, 4 Ttc
whence p = —77

—

Or the strength to resist rupture around a circumference is twice as grea
as that to resist rupture longitudinally; hence boilers are commonl;
single-riveted in the circumferential seams and double-riveted in th"

longitudinal seams.

CARRYING CAPACITY OF STEEL ROLLERS AND BALLS.
Carrying Capacity of a Steel Roller between Flat Plates. — (Merri

man, Mech. of Mails.) Let S = maximum safe unit stress of the mate
rial, I = length of the roller in inches, d = diameter, E = modulus c

elasticity, W = load, then W = 2/3 idS (2 S/E)^. Taking w = WA
and S = 15,000 and E = 30,000,000 lbs. per sq. in. for steel the formul
reduces to it; = 316 d. Cooper's specifications for bridges, 1901, give

w = 300 d. (The rule given in some earlier specifications, w = 1200 ^/o
is erroneous.) The formula assumes that only the roller is deformed b;

the load, but experiments show that the plates also are deformed, ani

that the formula errs on the side of safety. Experiments by Cranda'
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and Marston on steel rollers of diameters from 1 to 16 in. show that
their crushing loads are closely given by the formula W = 880 Id. (See
Roller Bearings.)

Spherical Rollers.—With the same notation as above, d being the

diameter of the sphere, S = VWETiU^nf^; W = i/i nd2S2^E. The
diameter of a sphere to carry a given load with an allowable unit-

stress S is d = 2 \/WE^ttS2. This rule assumes that there is no de-
formation of the plates between which the sphere acts, hence it errs on
the side of safety. (See Ball Bearings.)

RESISTANCE OF,HOLLOW CYLINDERS TO COLLAPSE.

Fairbairn's empirical formula (Phil. Trans., 1858) is

p- 9,675,600^. (1)

where p = pressure in lb. per square inch, t = thickness of cylinderr
d = diameter, and I = length, all in inches.
He recommends the simpler formula

p = 9,675,600^ (2)

as suflicientiy accurate for practical purposes, for tubes of considerable
diameter and length.
The diameters of Fairbairn's experimental tubes were 4, 6, 8, 10, and

12 inches, and their lengths ranged between 19 and 60 inches.
His formula (2) was until about 1908 generally accepted as the basis of

rules for strength of boiler-flues. In some cases, however, limits were
fixed to its application by a supplementary formula.

Lloyd's Register contains the following formula for the strength of
circular boiler-flues, viz

,

^ = 5^4^ «)

The English Board of Trade prescribes the following formula for cir-

cular flues, when the longitudinal joints are welded, or made with riveted
butt-straps, viz.,

90000^
{L + l)d

^^^

For lap-joints and for inferior workmanship the numerical factor may
be reduced as low as 60,000.
The rules of Ijloyd's Register, and those of the Board of Trade, pre-

scribe further, that in no case the value ofP must exceed 800 t/d. (5)
In formulae (3), (4), (5) P is the highest working pressure in poimds

per square inch, t and d are the thickness and diameter in inches, L is

the length of the flue in feet measured between the strengthening rings,
In case it is fitted with such. Formula (3) is the same as formula (2),
with a factor of safety of 9.

NyStrom has deduced from Fairbairn's experiments the following
formula for the collapsing strength of flues

:

p= 692,800 ^- (6)
d\/ I

where p, t, I, and d have the same meaning as in formula (1), Nystrom
considers a factor of safety of 4 sufficient in applying his formula. (See
"A New Treatise on Steam Engineering," by J. W. Nystrom, p. 106.)

Formulse (1), (3). and (6) have the common defect that they make
the collapsing pressure decrease indefinitely Vt^ith increase of length, and
vice versa.

D. K. Clark, in his "Manual of Rules." etc., p. 696, gives the dimen-
sions of six flues, selected from the reports of the Manchester Steam-
users' Association, 1862-60. which collapsed wlille in actual use in boil-
ers. These flues varied from 24 to 60 inches in diameter, and from
3/i6 to 3/8 inch in thickness. They consisted of rings of plates riveted
together, with one or two longitudinal seams, but all of them imfortified
by intermediate flanges or strengthening rings. From the data Clark
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deduced the following formula "for the average resisting force of
common boiler-flues," viz.,

,(^-,00). (7)

where p is the coUapsing pressure in poiind.? por square inch, and d and t

are the diameter and thickness expressed in inches.
Instances of collapsed flues of Cornish and Lancashire boilers collated

by Clark (S. E., vol. i, p. 643), showed that the resistance to collapse
of flues of 3/8-in. plates, 18 to 43 ft. long, and 30 to 50 in. diameter, varied
as the 1.75 power of the diameter. Thus,

For diameters of 30 35 40 45 50 in.
The coUapsing pressures were. . . 76 58 45 37 30 lb. per sq. in.
For 7/i6-in. plates the collapsing

pressures were 60 49 42 lb. per sq. in.

C. R. Roelker, in Van Nostrand's Magazine, March, 1881, says that
Nystrom's formula, (6), gives a closer agreement of the calCTilated with
the actual collapsing pressures in experiments on flues of every descrip-
tion than any of the other formulae.

Formula for Corrugated Furnaces (Eng'g, July 24, 1891, p. 102).

—

As the result of a series of experiments on the resistance to collapse
of Fox's corrugated furnaces, the Board of Trade and Lloyd's Register
altered their formulae for these furnaces in 1891 as follows:
Board of Trade formula is altered from

IM^ . WP to IM^x^ _ wp,
T = thickness in inches ; D = mean diameter of fiu*nace •,WP = work-

ing pressure, lb. per sq. in.

Lloyd's formula is altered from
1000 X (y - 2)

D
T = thickness in sixteenths of an inch;
D = greatest diameter of furnace;

WP = working pressure in pounds per square inch.

Stewart's Experiments. — Prof. Reid T. Stewart (Trans. A.S.M.E.,
xxvii, 730) made two series of tests on Bessemer steel lap-welded tubes
3 to 10 ins. diam. One series was made on tubes SS/g in. outside diam,
with the different commercial thicknesses of wall, and in lengths of 21/2,

5, 10, 15 and 20 ft. between transverse joints tending to hold the tube in
a circular form. A second series was made on single lengths of 20 ft.

Seven sizes, from 3 to 10 in. outside diam., in all the commercial thick-
nesses obtainablej were tested. The tests showed that all the old for-
mulae were inapphcable to the wide range of conditions found in modern
practice. The principal conclusions drawn from the research are as
follows:

1. The length of tube, between transverse joints tending to hold it

in circular form, has no practical influence upon the collapsing pressure
of a commercial lap-welded tube so long as this length is not less than
about six diameters of tube.

2. The formulae, based upon this research, for the collapsing pres-
sures of modern lap-welded Bessemer steel tubes, for all lengths greater
than six diameters, are as follows:

^^
(A)

P = 86,670 ^ - 1386 (B)

Where P = collapsing pressure, pounds per sq. inch, d = outside
diameter of tube in inches, t = thickness of wall in inches.

Formula A is for values of P less than 581 pounds, or for values of
^

p = 1,000 (1 - y 1 - 1600^)
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less than 0.023, while formula B is for values greater than these. When
applying these formulae, to practice, a suitable factor of safety must be
appUed.

3. The apparent fibre stress under which the different tubes failed
varied from about 7000 lbs. for the relatively thinnest to 35,000 lbs.
per sq. m. for the relatively thickest walls. Since the average yield
point of the material v/as 37,000 and the tensile strength 58,000 lbs.
per sq. in., it would appear that the strength of a tube subjected to a
fluid collapsing pressure is not dependent alone upon either the elastic
limit or ultimate strength of the material constituting it. The element
of greatest weakness in a tube is its departure from roundness, even,
when this departure is relatively small.
The table on the following page is a condensed statement of the principal

results of the tests.

Bational Formulae for Collapse of Tubes. (S. E, Slocum, Eng'g,
Jan. 8, 1909.)

Heretofore designers have been forced to rely either upon the anti-
quated experiments of Fairbairn, which were known to be in error by
as much as 100% in many cases, or else to apply the theoretical formu-

. Ise of Love and others, without knowing how far the assumptions on
which these formulae are based are actually realized.
A rational formula for thin tubes under external pressure, due to A. E. H.

Love, is

P = [2 E/a - ?n2)] (f/D)3 (1)

in which P = collapsing pressure in lbs. per sq. in.

E = modulus of elasticity in lbs. per sq. in,
m = Poisson's ratio of lateral to transverse deformation.
t = thickness of tube wall in ins.

D = external tube diameter in ins.

For thick tubes a special case of Lame's general formula is

P = 2u[{t/D) - it/Dy] (2)

in which u = ultimate compressive strength in lbs. per sq. in.
The average values of the elastic constants are for steel, E = 30,000,000,

m = 0.295, u = 40,000; and for brass, E = 14,000,000, m = 0.357,
u = 11,000.

Hence, for thin steel tubes, P = 65,720,000 (i/D)3 (3)
For thick steel tubes, P = 80,000 [(t/Z>) - (i/Z))2] , ... (4)

. For thin brass tubes, P = 32,090,000 (t/D) s (5)
For thick brass tubes, P = 22,000 [{t/D) - (t/Dy-] .... (6)

It is desirable to introduce a correction factor C in (1) which shall
allow for the average ellipticity and variation in thickness. The cor-
rection for eUipticity = Ci = (Dmm/•Dmax)^ and that for variation in

thickness = C2 = (^min/iaver.)^. From Stewart's twenty-five experiments
Ci = 0.967 and C2 = 0.712. The correction factor C = Ci C2 = 0.69;
and (1) becomes

P = C[2E/(1 -m^)]{t./Dy (7)

in which C = 0.69 for Stewart's lap-welded steel flues, t = average
thickness in ins., and D = maximum diameter in ins.
The empirical formulas obtained by Carman (Univ. of Illinois, Bull.

No. 17, 1906), are for thin cold-drawn seamless steel tubes,

P = 50,200,000 (t/D)\

and for thin seamless brass tubes,

P = 25,150,000 {t/D)K

Carman assigns 0.025 as the upper limit of t/D for thin tubes and 0.03
as the lower limit of t/D for thick tubes.

, Stewart assigns 0.023 as the
limit of t/D between thin and thick tubes.

Comparing these with (3) and (5), it is evident that they correspond
to a correction factor of 0.76 for the steel tubes and 0.78 for the brass
tubes. Since Carman's experiments were performed on seamless drawn
tubes, while Stewart used lap-welded tubes, it might have been antici-
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Collapsing Pressuke of Lap-Welded Steel Tubes.

Outside Diameter, 85/g In.; Length of Pipe, 20 Ft.

Thick-
Length,

Bursting
Pressure, Aver-

Outside
Diam.
In.

Thick- Bursting Aver-

In.'
Ft. Lbs. per

Sq. In.
age. ness. Pressure. age.

0.176 2.21 815-1085 977 3 0.112 1550-2175 1860
0.180 4.70 525-705 792 3 0.143 2575-3350 2962
0.181 10.03 455-650 555 3 0.188 3700-4200 4095
0.184 14.71 425-610 548 4 0.119 860-1030 964
0.185 19.72 450-625 535 4 0.175 2050-2540 2280
0.212 2.21 1240-1353 1314 4 0.212 3075-3375 3170
0.212 4.70 805-975 907 4 0.327 5425-5625 5560
0.217 10.50 700-960 841 6 0.130 450-640 524
0.219 12.79 750-1115 905 6 0.167 715-1110 928
0.268 2.14 1475-2203 1872 6 0.222 1200-2075 1797
0.274 4.64 1345-2030 1684 6 0.266 1750-2890 2441
0.272 9.64 1150-1908 1583 7 0.160 515-675 592
0.273 14.64 1250-1725 1485 7 0.242 1525-1850 1680
0.268 19.64 1250-1520 1419 7 0.279 1835-2445 2147
0.311 2.16 2290-2490 2397 8.64 0,185 450-625 536
0.306 4.64 1795-2325 2073 8.66 0.268 1250-1520 1419
0.306 9.64 1585-2055 1807 8.67 0.354 1830-2180 2028
0.30') 14.64 1520-2025 1781 10 0.1^5 210-240 225
0.302 19.75 1575-1960 1762 10 0.194 305-425 383

10 0.316 1275-1385 1319

OoLLAPSiNG Pressure of Lap-Welded Steel Tubes ^Lbs. per Sq. In.)
Calculated by Stewart's Formulae.

Outside Diameters, Inches

c
2 In. '^. 3 In. 4 In. 5 In. 6 In. 7 In. 8 In. 9 In. 10 In. 11 In

0.10 2947
3814
4671

5548

2081

2774
3468
4161

1503

2081

2659
3236

781

1214
1647
2081

0.12 694
1041

1387

400
635
925

0.14 400
595

286
400

217

2970.16 232 187
0.18 6414 4854 3814 3514 1734 1214 843 564 400 306 244
0.20 7281 5548 4392 2947 2081 1503 1090 781 542 400 314
0.22 8148 6241 4970 3381 2427 1792 1338 997 733 525 400
0.24 9014 6934 5548 3814 2774 2081 1586 1214 935 694 512
0.26 9881 7628 6125 4248 3121 2370 1833 1431 1118 867 633
0.28 8321 6703 4681 3468 2659 2081 1647 1310 1041 820
0.30 9014 7281 5114 3814 2947 2328 1864 1503 1214 978
0.32 9708 7859 5548 416! 3236 2576 2081 1696 1387 1135

34 8437
9014
9592

5981

6414
6843
7281

7714
8148
8581

9014
9448

4508
4854
5201

5548
5894
6241

6588
6934
7281

3525
3814
4103
4392
4581

4970
5259
5548
5887

2824
3071

3319
3567
3814
4062
4309
4557
4805

2297
2514
2731

2947
3164
3381

3598
3814
4031

1888

2081

2273

2466
2659
2851

3044
3236
3429

1561

1734
1907

2081

2254
2427
2601

2774
2947

1293
36 1450
38 1608

0.40 1766
0.42 1923

44 2081
46 2238
48 2396

0.50 2554
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pated that the latter would develop a smaller percentage of the theo-
retical strength for perfect tubes than the former.
Formula (2) for thick tubes when corrected for ellipticity and varia-'

tion in thickness reads

P = 2UcC(t/D)[l - C(t/D)] (8)

in which t = average thickness, and C = Ci, C2, Ci being equal to
•i^minZ-Dinaxi w = Caverage/*min-

From Stewart's experiments, average ellipticity Ci = 0.9874, and
average variation in thickness C2 = 0.9022; .'. C = 0.9874 X 0,9022
= 0.89.
We have then, for thick lap-welded steel flues,

P = 2Wc0.89 (t/D) [1 - 0.89 (i/D)]

und for thin lap-welded steel flues,

P = 0.69 [2 E/a - m2)] (t/Dy
in which E = 30,000,000, m = 0.295, and u^. = 38,500 lbs, per sq. in.

The experimental data of Stewart and Carman have made it possible
to correct the rational formulas of Love and Lame to conform to actual
conditions; and the result is a pair of supplementary formulas (7) and
(8), which cover the entire range of materials, diameters, and thicknesses
for long tubes of circular section. All that now remains to be done is

the experimental determination of the correction constants for other
types of commercial tubes than those already tested.

HOLLOW COPPER BALLS.
Hollow copper balls are used as floats in boilers or tanks, to control

feed and discharge valves, and regulate the water-level.
They are spun up in halves from sheet copper, and a rib is formed on

one half. Into this rib the other half fits, and the two are then soldered
or brazed together. In order to facilitate the brazing, a hole is left on
one side of the ball, to allow air to pass freely in or out; and this hole ia

made use of afterwards to secure the float to its stem. The original
thickness of the metal may be anything up to about V16 of an inch, if

the spinning is done on a hand lathe, though tliicker metal may be used
when special machinery is provided for forming it. In the process of
spinning, the metal is thinned down in places by stretching; but the
thinnest place is neither at the equator of the ball (i.e., along the rib)

nor at the poles. The thinnest points he along two circles, passing
around the ball parallel to the rib, one on each side of it, from a third
to a half of the way to the poles. Along these lines the thickness may
be 10, 15, or 20 per cent less than elsewhere, the reduction depending
somewhat on the skill of the workman.

The Locomotive for October, 1891, gives two empirical rules for deter-
mining the thickness of a copper ball which is to work under an external
pressure, as follows:

,_,,., _ diameter in inches X pressure in pounds per sq. in.
1. ihickness

1 6.000

_ mu- 1
diameter X ^pressure

2. Thickness =
^^40

These rules give the same result for a pressure of 166 lbs. only. Ex-
ample: Required the thickness of a 5-inch copper ball to sustain

Pressures of 50 100 150 166 200 250 Ibs.per sq.in.
Answer by first rule 0156 .0312 .0469 .0519 .0625 .0781 inch.
Answer by second rule .0285 .0403 ,0494 .0518 .0570 .0637 "
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HOLDING-POWER OF NAILS, SPIKES, AND SCREWS.
(A. W. Wright, Western Society of Engineers, 1881.)

Spikes. — Spikes driven into dry cedar (cut 18 months):

Size of spikes 5 X V4in. sq. 6 X V4 6X1/2 5 X3/S
Length driven in 4i/4in. 5 in. 5 in. 4i/4in.
Pounds resistance to drawing. Av'ge. lbs. 857 821 1691 1202

From 6 to q tests each I
^^^^ " ^^^ 923 2129 1556UTom b to y tests eacn

j j^-^_ .< ^gg ^gg ^^20 687

A. M. Wellington found the force required to draw spikes 9/i6 X 9/i6 in.,

driven 4V4 inches into seasoned oak, to be 4281 lbs.; same spikes, etc.,

in unseasoned oak, 6523 lbs.

"Professor W. R. Johnson found that a plain spike s/g inch square
driven 33/8 inches into seasoned Jersey yellow pine or unseasoned chest-
nut required about 2000 lbs. force to extract it; from seasoned white
oak about 4000 and from well-seasoned locust 6000 lbs."

Experiments in Germany, by Funk, give from 2465 to 3940 lbs. (mean
of many experiments about 3000 lbs.) as the force necessary to extract a
plain 1/2-inch square iron spike 6 inches long, wedge-pointed for one inch
and driven 41/2 inches into white or yellow pine. When driven 5 inches
the force required was about Vio part greater. Similar spikes 9/i6 inches
square, 7 inches long, driven 6 inches deep, required from 3700 to 6745
lbs. to extract them from pine; the mean of the results being 4873 lbs.

In all cases about twice as much force was required to extract them
from oak. The spikes were all driven across the grain of the wood.
When driven with the grain, spikes or nails do not hold with more than
half as much force.

Boards of oak or pine nailed together by from 4 to 16 tenpenny com-
mon cut nails and then pulled apart in a direction lengthwise of the

" boards, and across the nails, tending to break the latter in two by a
shearing action, averaged about 300 to 400 lbs. per nail to separate
them, as the result of many trials.

Resistance of Drift-bolts ia Timber. — Tests made by Rust and
Coolidge, in 1878.

White Norway
Pine. Pine.

1 in. square iron drove 30 in. in is/ie-in. hole, lbs 26,400 19,200
1 in. round " " 34 " " i3/i6-in. " " 16,800 18,720
1 in. square " " 18 " " Wie-in. " " 14,600 15,600
1 in. round " " 22 " " i3/i6-in. " " 13,200 14,400

Holding-power of Bolts in White Pine. (Eng'g News, Sept. 26, 1891.)
Round. Square.
Lbs. Lbs.

Average of all plain 1-in. bolts 8224 8200
Average of all plain bolts, s/g to 1 i/s in 7805 8110
Average of all bolts 8383 8598

Round drift-bolts should be driven in holes i3/i6 of their diameter, and
square drift-bolts in holes whose diameter is i4/i6 of the side of the square.

Force required to draw Screws out of Norway Pine.

1/2" diam. drive screw 4 in. in wood. Power required, average 2424 lbs.
" 4 threads per in. 5 in. in wood. " " " 2743 "

" " D'blethr'd, 3 perin., 4in. in " " " " 2730 "
" Lag-screw, 7 per in., 11/2 "" " " " 1465 "

6 " " 21/2 " " " " " 2026 "
1/2 inch R.R. spike 5 "" " " " 2191 "

Force required to draw Wood Screws out of Dry Wood. — Tests
made by Mr. Bevan. The screws were about two inches in length, 0.22
diameter at the exterior of the threads, 0.15 diameter at the bottom, the
depth of the worm or thread being 0.035 and the number of threads in one
inch equal 12. They were passed through pieces of wood half an inch
in thickness and drawn out by the weights stated: Beech, 460 lbs.; ash,
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790 lbs.; oak, 760 lbs.; mahogany, 770 lbs.; elm, 665 lbs.; sycamore,
830 lbs.

Tests of Lag-screws in Various Woods were made by A. J. Cox,
University of Iowa, 1891:

Kind of Wnnd Size g^ Length ^J?l No.Kind of Wood.
S(.j.g^_

^Hoje -^^ ^-^^ Kesist. rJ,^^^^

Seasoned white oak 5/8 in. 1/2 in. 41/2 in. 8037 3
" " 9/16" 7/16

"
3 " 6480 1

" 1/2
"

3/8 " 41/2
"

8780 2
Yellow-pine stick s/s

"
1/2 " 4 " 3800 2

White cedar, unseasoned s/g "
1/2 " 4 " 3405 2

Cut versus Wire Nails. — Experiments were made at the Watertown
Arsenal in 1893 on the comparative direct tensile adhesion, in pine and
spruce, of cut and wire nails. The results are stated by Prof. W. H. Burr
as follows:

There were 58 series of tests, ten pairs of nails (a cut and a wire nail
in each) being used. The tests were made in spruce wood in most in-
stances. The nails were of all sizes, from IVs to 6 in. in length. In
every case the cut nails showed the superior holding strength by a large
percentage. In spruce, in nine different sizes of nails, both standard
and light weight, the ratio of tenacity of cut to wire nail was aboiit
3 to 2. With the" finisliing" nails the ratio was roughly 3.5 to 2. With
box nails (li to 4 inches long) the ratio vvas roughly 3 to 2. The mean
superiority in spruce wood was 61%. In white pine, cut nails, driven
with taper along the grain, showed a superiority of 100%, and with
taper across the grain of 135%. Also when the nails were driven in the
end of the stick, i.e., along the grain, the superiority of cut nails was
100%, or the ratio of cut to wire was 2 to 1. The total of the results
showed the ratio of tenacity to be about 3.2 to 2 for the harder wood,
and about 2 to 1 for the softer, and for the whole taken together the
ratio was 3.5 to 2.

Nail-holding Power of Various Woods.— Tests at the Watertown
Arsenal on different sizes of nails from 8d. to 60d., reduced to holding
power per sq. in. of surface in wood, gave average results, in pounds,
as follows: white pine, wire, 167; cut, 405. Yellow pine, wire, 318; cut,
662. White oak, wire, 940; cut, 1216. Chestnut, cut, 683. Laurel,
wire, 651; cut, 1200.

Experiments by F. W. Clay. (Eng'g News, Jan. 11, 1894.)

Wnn,^ ' Tenacity of 6d nails s^^°^-
Plain. Barbed. Blued. Mean.

White pine 106 94 135 111
Yellow pine 190 130 270 196
Basswood 78 132 219 143
White oak 226 300 555 360
Hemlock 141 201 319 220

STRENGTH OF BOLTS.
Effect of Initial Strain in Bolts. — Suppose that bolts are used to

connect two parts of a machine and that they are screwed up tightly
before the effective load comes on the connected parts. Let Pi = the
initial tension on a bolt due to screwing up, and Pi = the load after-
wards added. The greatest load may vary but little from Pi or P2,
according as the former or the latter is greater, or it may approach the
value Pi + Pi, depending upon the relative rigidity of the bolts and of
the parts connected. Where rigid flanges are bolted together, metal to
metal, it is probable that the extension of the bolts with any additional
tension relieves the initial tension, and that the total tension is Pi or P2,
but in cases where elastic packing, as India rubber, is interposed, the
extension of the bolts may very little affect the initial tension, and the
total strain may be nearly Pi + P2. Since the latter assumption is

more unfavorable to the resistance of the bolt, this contingency should
usually be provided for. (See Unwin, "Elements of Machine Design,"
for demonstration.)
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Forrest E. Cardullo (Machinery's Reference Series No. 22, 190S) states
the effect of initial stress in bolts due to screwing them tight as follows:

1. When the bolt is more elastic than the material it compresses, the
stress in the bolt is either the initial stress or the force appUed, whichever
is greater.

2. When the material compressed is more elastic than the bolt, the
stress in the bolt is the sum of the initial stress and the force apphed.

Experiments on screwing up 1/2, 3'4, 1 and 1 1/4 in. bolts showed that the
stress produced is often sufficient to break a 1/2-in. bolt, and that the stress
varies about as the square of the diameter. From these experiments
Prof. Cardullo calculates what he calls the "working section" of a bolt as
equal to its area at the root of the thread, less the area of a 1/2-in. bolt
at the root of the thread times twice the diameter of the bolt, and gives
the following table based on this rule.

'* Working Strength of Bolts. U. S. Standard Threads.

^•- -sg i .

^- ^- ^- ^- ^ _^-

"o cS "o "o "o "o '0
03 "O m

II*
Oh

PQ«3

0%
«1

g
^'^ ^ Mo)

s^si
-^o^ -^R^ ^ '^ m -^^'m •5 ^K-S s ^ S^ » C H if. am tf^^^ t; a^ frO CO

11
< 1"

bjO ^ ^0 S

m
III

02 in

1/2 0.126

5/8 0.202 0.044 220 26.4 308 - 352 440 528

3/4 0.302 0.113 565 678 791 904 1,130 1,356

7/8 0.420 0.200 1,000 1,200 1,400 1,600 2,000 2,400
1 0.550 0.298 1,490 1,788 2,086 2,384 2,980 3,476
11/8 0.694 0.411 2,055 2,466 2,877 3,288 4,110 4,932

11/4 0.893 0.578 2,890 3,468 4,046 4,624 5,780 6,936

178 1.057 0.710 3,550 4,260 4,970 5,680 7,100 8,520

11/3 1.295 0.917 4,585 5,502 6,419 7,336 9,170 10,504

15/8 1.515 1.105 5,525 6,630 7,735 8,840 11,050 13,2u0

134 1.746 1.305 6,525 7,830 9,135 10,440 13,050 15,660

17/8 2.051 1.578 7,890 9,468 11,046 12,624 15,780 18,936

2 2.302 1.798 8,990 10,788 12,586 14,384 17,980 21,576

21/4 3.023 2.456 12,280 14,736 17,192 19,648 24,560 29,472
21/2 3.719 3.089 15,445 18,534 21,623 24,712 30,890 37,068
23/4 4.620 3.927 19,635 23,562 27,489 31,416 39,270 47,124
3 5.428 4.672 23,360 28,032 32,704 37,376 46,720 56,064

31/4 6.510 5.690 28,450 34,140 39,830 45,520 56,900 68,280
31/2 7.548 6.666 33,330 39,996 46,664 53,328 66,660 79,992

The stresses on bolts caused by tightening the nuts by a wrench may
be calculated as follows: Let L = the effective length of the wrench in
inches, P = the force in pounds apphed at the distance L, n = no. of
threads per inch of the bolt, T = total tension on the bolt if there were
no friction, then T = 2 nuLP. Wilfred Lewis, Trans. A. S. M. E., gives
for the efficiency of a bolt E = 1 -i- (1 + nd), where d = external diameter
of the screw. T X E = 2nnLP -4- (1 4- nd) is the tension corrected
for friction. It also expresses the load that can be lifted by screwing a
nut on a bolt or a bolt into a nut.

STRENGTH OF CHAINS.
Formulas for Safe Load on Chains.—Writing the formula for the safe

lead on chains P = A'd^, P in pounds, d in inches, the following figures for
K are given by the authorities named.

Open link Stud link
Unwin 13,440; 11,200* 20,160
Weisbach 13,350 17,800
Bach 13,750; 11,000* 16,500; 13,200*

* The lower figures are for much used chain, subject frequently to the
maximum load. G. A Goodenough and L. E. Moore, Univ. of Illinois
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STAND-PIPES AND THEIE DESIGN.
(Freeman C, Coffin, New England Water Works Assoc, Bng. News,

March 16, 1893.) See also papers by A. H. Howland, Eng. Club of Phil.,

1887; B. F. Stephens, Amer. Water Works Assoc, Eng. News, Oct. 6

and 13, 1888; W. Kiersted, Rensselaer Soc. of Civil Eng"., E7ig'g Record.
April 25 and May 2, 1S91, and W. D. Pence, Eng. Neivs, Apri' and May,
1894; also, J. N. Hazlehurst's " Towers and Tanks for Water Works."
The question of diameter is almost entirely independent of that of

height. The efficient capacity must be measured by the length from the
high-water line to a point below which it is undesirable to draw the
water on account of loss of pressure for fire-supply, whether that point
is the actual bottom of the stand-pipe or above it. This allowable
fluctuation ought not to exceed 50 ft., in most cases. This makes the
diameter dependent upon two conditions, the first of which is the amount
of the consumption during the ordinary interval between the stopping and
starting of the pumps. This should never draw the water below a point that
will give a good ffi-e stream and leave a margin for still further draught
for fires. The second condition is the maximum number of fire streams
and their size wliich it is considered necessary to provide for, and the
maximum length of time which they are liable to have to run before the
pumps can be rehed upon to reinforce them.

Another reason for making the diameter large is to provide for stability
against wind-Dressure when empty.
The following table gives the height of stand-pipes beyond which they

are not safe against wind-pressures of 40 and 50 lbs. per square foot.
The area of surface taken is the height multiplied by one half the
diameter.

Diameter, feet 20 25 30 35
Max. height, wind 40 lbs 45 70 150

" 50 " 35 55 80 160

Any form of anchorage that depends upon connections with the side
plates near the bottom is unsafe. By suitable guys the wind-pressure is

resisted by tension in the guys, and the stand-pipe is relieved from
wind strains that tend to overthrow it. The guys should be attached to
a band of angle or other shaped iron that completely encircles the tank,
and rests upon some sort of bracket or projection, and not be riveted to
the tank. They should be anchored at a distance from the base equal
to the height of the point at which they are attached, if possible.
The best plan is to build the stand-pipe of such diameter that it will

resist the wind by its own stability.

Thickness of the Side Plates.

The pressure on the sides tending to rupture the plates by tension, due
to the weight of the water, increases in direct ratio to the height, and
also to the diameter. The strain upon a section 1 inch in height at any
point is the total strain at that point divided by two — for each side is
supposed to bear the strain equally. The total pressure at any point Is

equal to the diameter in inches, multiplied by the pressure per square
inch, due to the height at that point. It may be expressed as follows:

H = height in feet, and / = factor of safety;
d = diameter in inches;
p = pressure in lbs. per square inch;

0.434 = p for 1 ft. in height;
s = tensile strength of material per square inch;
T = thickness of plate.

BuUefin, No. 18, 1907 after an extensive theoretical and experimental
investigation, find that these values give maximum stresses in the external
fibers of from 26,400 to 40,320 lbs. per sq. in., which they consider much
too high for safety. Taking 20,000 as a permissible maximum stress,
they give the formulas for safe load P = 8000 # for open links and
P = 10,000 d2 for stud links. They say that the stud hnk will within
the elastic limit bear from 20 to 25% more load than the open hnk, but
that the ultimate strength of the stud link is probably less than that of th&
open link. See also tables of Size and Strength of Chains, page 264.
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Then the total strain on each side per vertical inch

^ 0.434 Hd ^Pd
^

0.434 gtf/ _ pdf~
2 2 • 2s 2s

'

Mr. Coffin takes / = 5, not counting reduction of strength of joint,

equivalent to an actual factor of safety of 3 if the strength of the riveted
joint is taken as 60 per cent of that of the plate.

The amount of the wind strain per square inch of metal at any joint
can be found by the following formula, in which

H = height of stand-pipe in feet above joint:
T = thickness of plate in inches;
p = wind-pressure per square foot;
W = wind -pressure per foot in height above joint;

W = Dp where D is the diameter in feet;

m = average leverage or movement about neutral axis
or central points in the circumference; or,

m = sine of 45°, or 0.707 times the radius in feet.

Then the strain per square inch of plate

circ. in ft. X mT

Mr. Coffin gives a number of diagrams useful in the design of stand-
pipes, together with a number of instances of failures, with discussion
of their probable causes.

Mr. Kiersted's paper contains the following: Among the most promi-
nent strains a stand-pipe has to bear are: that due to the static pressure
of the water, that due to the overturning effect of the wind on an empty
stand-pipe, and that due to the collapsing effect, on the upper rings, of
violent wind storms.

For the thickness of metal to withstand safely the static pressure of
water, let t = thickness of the plate iron in inches; H = height of stand-
pipe in feet; D = diameter of stand-pipe in feet.

Then, assuming a tensile strength of 48,000 lbs. per square inch, a
factor of safety of 4, and efficiency of double-riveted lap-joint equaling
0.6 of th3 strength of the solid plate, t = 0.00036 H X D; H ^ 10,000 t

^3.6 D: which will give safe heights for thicknesses up to s/g to 3/4 of an
inch. The same formula may also apply for greater heights and thick-
nesses within practical limits, if the joint efficiency be increased by triple
riveting.
The conditions for the severest overturning wind strains exist when

the stand-pipe is empty.
Formula for wind-pressure of 50 pounds per square foot, whencf=

diameter of stand-pipe in inc-hes; x = any unknown height of stand-

pipe; X = \^SQ7zdt = 15.85 \^dt.
Failures of Stand-pipes. — A list showing 23 important failures

inside of nine years is given in a paper by Prof. W. D. Pence, Eng'g
News, April 5, 12, 19 and 26, May 3, 10 and 24, and June 7, 1894. His
discussion of the probable causes of the failures is most valuable.
Water Tower at Yonkers, N.Y. — This tower, with a pipe 122 feet

high and 20 feet diameter, is described in Engineering News. May 18, 1892.
The thickness of the lower rings is n/ie of an inch, based on a tensile

strength of 60,000 lbs. per square inch of metal, allowing 65% for the
strength of riveted joints, using a factor of safety of 31/2 and adding a
constant of i/g inch. The plates diminish in thickness by Vie inch to
the last four plates at the top. which are 1/4 inch thick.
The contract for steel requires an elastic limit of at least 33,000 lbs.

per square inch; an ultimate tensile strength of from 56,000 to 66,000 lbs.

per square inch: an elongation in 8 inches of at least 20%, and a reduc-
tion of area of at least 45%. The inspection of the work was made by the
Pittsburgh Testing Laboratory. According to their report the actual
conditions developed were as follows: Elastic limit from 34,020 to 39,420;
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the tensile strength from 58,330 to 65,390; the elongation in 8 inches
from 221/2 to 32%; reduction in area from 52.72 to 71.32%; 17 plates
out of 141 were rejected in the inspection.
The following table is calculated by Mr. Kiersted's formulae. The

stand-pipe is intended to be self-sustaining; that is, without guys or
stiffeners.

Heights of Stand-pipes for Various Diameters and Thicknesses of
Plates.

Thickness
of Plate

Diameters in Feet.

tions of
an Inch. 5 6 7

60

8

65

9

55
65
75
90
100
110
115
125
130

10

50
60
70
85
100
115
120
130
135
145
150

12

35
50
55
70
85
100
115
130
145
155
165

14 15 16 18 20 25

3/16 50
55
60
70
75
80
85

55
7/32 40

50
60
75
85

J 00
110
120
135
145
160

40
45
55
70
80
90
100
115
125
135
150
160

1/4

5/16

3/8 :

7/16

1/2

9/i6

65
75
80
90
95

70
80
90
95
100

75
85
95
100
110
115

40
50
65
75
85
95
105

. 120
130
140
150
160

35

n
85
95
105
115
125
135
145
155

35
40
50
60
70
80
85
95
105
no
120
130
140

25
35
40
45
55
60

5/8 65
11/16 75
3/4 80
13/16 90
7/8 95
15/16 105
1 no

Heights to nearest 5 feet. Rings are to build 5 feet vertically.

WBOUGHT-LRON AND STEEL WATER-PIPES.

Riveted Steel Water-pipes (Engineering News, Oct. 11, 1890, and
Aug. 1, 1891). — The use of riveted wrought-iron pipe has been common
in the Pacific States for many years, the largest being a 44-inch conduit
in connection with the works of the Spring Valley Water Co., which
supplies San Francisco. The use of wrought iron and steel pipe has been
necessary in the West, owing to the extremely high pressures to be with-
stood and the difficulties of transportation. As an example: In connec-
tion with the water supply of Virginia City and Gold Hill, Nev., there
was laid in 1872 an 11 1/2-inch riveted wrought-iron pipe, a part of which
is under a head of 1720 feet.

In the East, an important example of the use of riveted steel water
pipe is that of the East Jersey Water Co., which supphes the city of
Newark. The contract provided for a maximum high service supply of
25,000,000 gallons daily. In this case 21 miles of 48-inch pipe was laid,
some of it under 340 feet head. The plates from which the pipe is made
are about 13 feet long by 7 feet wide, open-hearth steel. Four plates
are used to make one section of pipe about 27 feet long. The pipe is

riveted longitudinally with a double row, and at the end joints with a
single row of rivets. Before being rolled into the trench, two of the
27-feet lengths are riveted together, thus diminishing the number of
joints to be made in the trench and the extra excavation to give room
for joining.
The thickness of the plates varies with the pressure, but only three

thicknesses are used, 1/4 , ^/le, and s/g inches, the pipe made of these
thicknesses having a weight of 160, 185, and 225 lbs. per foot, respec-
tively. At the works all the pipe was tested to pressure II/2 times that
to which it is to be subjected when in place.
An important (Jiscuggion of the design of large riveted steel pipes to
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resist not only the internal pressure but also the external pressure from
moist earth in which they are laid, together with notes on the design of a
pipe 18 ft. diam. 6000 ft. long for the Ontario Water Power Co., Niagara
Falls, by Joseph Mayer, will be found in Eng. News, April 26, 1906.

STRENGTH OF VARIOUS MATERIALS. EXTRACTS FROM
KIRKALDY'S TESTS.

The publication, in a book by W. G. Kirkaldy, of the results of many
thousand tests made during a quarter of a century by his father, David
Kirkaldy, has made an important contribution to our knowledge con-
cerning the range of variation in strength of numerous materials. A
condensed abstract of these results was published in the American Ma-
chinist, May 11 and 18, 1893, from which the following still further con-
densed extracts are taken:
The figures for tensile and compressive strength, or, as Kirkaldy calls

them, pulling and thrusting stress, are given in pounds per square inch of
original section, and for bending strength in pounds of actual stress or
Sounds per BD^ (breadth X square of depth) for length of 36 inches
etween supports. The contraction of area is given as a percentage of

the original area, and the extension as a percentage in a length of 10
inches, except when otherwise stated. The abbreviations T. S., E. L.,
Contr., and Ext. are used for the sake of brevity, to represent tensile
strength, elastic limit, and percentages of contraction of area, and elon-
gation, respectively.

Cast Iron. —44 tests: T. S. 15,468 to 28,740 pounds; 17 of these
were unsound, the strength ranging from 15,468 to 24,357 pounds.
Average of aU, 23,805 pounds.

Thrusting stress, specimens 2 inches long, 1.34 to 1.5 in. diameter;
43 tests, all sound, 94,352 to 131,912; one, unsound, 93,759; average of
all, 113,825.

Bending stress, bars about 1 in. wide by 2 in. deep, cast on edge.
Ultimate stress 2876 to 3854; stress per BD'^ = 725 to 892; average,
820. Average modulus of rupture, R, = 3/2 stress per BD'^ X length,
= 44,280. Ultimate deflection, 0.29 to 0.40 in.; average, 0.34 inch.
Other tests of cast iron, 460 tests, 16 lots from various sources, gave

results with total range as follows: Pulling stress, 12,688 to 33,616
pounds; thrusting stress, 66,363 to 175,950 pounds; bending stress, per
BD^, 505 to 1128 pounds; modulus of rupture, R, 27,270 to 61,912.
Ultimate deflection, 0.21 to 0.45 inch.
The specimen which was the highest in thrusting stress was also the

highest in bending, and showed the greatest deflection, but its tensile
strength was only 26,502.
The specimen with the highest tensile strength had a thrusting stress of

143,939 and a bending strength, per BD-, of 979 pounds with 0.41 de-
flection. The specimen lowest in T. S. was also lowest in thrusting and
bending, but gave 0.38 deflection. The specimen which gave 0.21 deflec-
tion had T. S., 19,188; thrusting, 104,281; and bending, 561.
Iron Castings. — 69 tests; tensile strength, 10,416 to 31,652; thrust-

ing stress, ultimate per square inch, 53,502 to 132,031.
Channel Irons. — Tests of 18 pieces cut from channel irons. T. S.

40,693 to 53,141 pounds per square inch; contr. of area from 3.9 to
32.5%. Ext. in 10 in. from 2.1 to 22.5%. The fractures ranged all the
way from 100% flbrous to 100% crystalline. The highest T. S., 53,141,
with 8.1%, contr. and 5.3% ext., was 100% crystalline;' the lowest T. S.,

40,693, with 3.9 contr. and 2.1 %o ext., was 75% crystalline. All the
fibrous irons showed from 12.2 to 22.5% ext., 17.3 to 32.5 contr., and
T. S. from 43,426 to 49,615. The fibrous irons are therefore of medium
tensile strength and high ductility. The crystalline irons are of variable
T. S., highest to lowest, and low ductility.
liOwmoor Iron Bars.— Three rolled bars 21/3 inches diameter; ten-

Bile tests: elastic, 23,200 to 24,200; ultimate, 50,875 to 51,905; contrac-
tion, 44.4 to 42.5; extension, 29.2 to 24.3. Three hammered bars, 41/2
Inches diameter, elastic 25,100 to 24,200; ultimate, 46,810 to 49,223;
contraction, 20.7 to 46.5; extension, 10.8 to 31.6. Fractures of all, 100
per cent fibrous. In the hammered bars the lowest T. S. was accom-
panied by lowest ductility.
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Iron Bars* Various. — Of a lot of 80 bars of various sizes, some
rolled and some hammered (the above Lowraoor bars included), the
lowest T. S. (except one) 40,808 pounds per square inch, was shown by
the Swedish "hoop L" bar 3V4 inches diameter, rolled. Its elastic limit
was 19,150 pounds; contraction 68.7% and extension 37.7% in 10
inches. It was also the most ductile of all the bars tested, and was 100%
fibrous. The highest T. S., 60,780 pounds, with elastic limit, 29,400;
contr., 36.6;. and ext., 24.3%, was shown by a "Farnley" 2-inch bar,
rolled. It was also 100% fibrous. The lowest ductility 2.6% contr.,
and 4.1% ext., was shown by a 33/4-inch hammered bar, without brand.
It also had the lowest T. S., 40,278 pounds, but rather high elastic limit,

25,700 pounds. Its fracture was 95% crystalUne. Thus of the two bars
showing the lowest T. S., one was the most ductile and the other the
least ductile in the whole series of 80 bars.

Generally, high ductility is accompanied by low tensile strength, as in
the Swedish bars, but the Farnley bars showed a combination of high
ductility and high tensile strength.
Locomotive Forgings, Iron. — 17 tests average, E. L., 30,420;

T. S., 50,521; contr., 36.5: ext. in 10 inches, 23.8.
Broken Anchor Forgings, Iron. — 4 tests: average, E. L., 23,825;

T. S., 40,083; contr., 3.0; ext. in 10 inches, 3.8.
Kirkaldy places these two irons in contrast to show the difference

between good and bad work. The broken anchor material, he says, is

of a most treacherous character, and a disgrace to any manufacturer.
Iron Plate Girder. — Tensile tests of pieces cut from a riveted iron

girder after twenty years' service in a railway bridge. Top plate, aver-
age of 3 tests, E. L., 26,600; T. S., 40,806; contr., 16.1; ext. in 10 inches,
7.8. Bottom plate, average of 3 tests, E. L., 31,200; T. S., 44,288;
contr., 13.3; ext. in 10 inches, 6.3. Web-plate, average of 3 tests, E. L.,

28,000; T. S., 45,902; contr., 15.9; ext. in 10 inches, 8.9. Fractures
all fibrous. The results of 30 tests from different parts of the girder
prove that the iron has undergone no change during twenty years of use.

Steel Plates. — Six plates 100 inches long, 2 inches wide, thickness
various, 0.36 to 0.97 inch. T. S., 55,485 to 60,805; E. L., 29,600 to 33,200-
contr., 52.9 to 59.5; ext., 17.05 to 18.57.

Steel Bridge Links. — 40 links from Hammersmith Bridge, 1886.

Average of all

Lowest T. S
Highest T. S. and E. L.
Lowest E. L
Greatest Contraction.. .

Greatest Extension
Least Contr. and Ext . .

67,294
60,753
75,936
64,044
63,745
65,980
63,980

38,294
36,030
44,166
32,441
38,118
36,792
39.017

34.5%
30.1

31.2
34.7
52.8
40.8
6.0

Ext. in
100 in.

14.11%
15.51

12.42
13.43
15.46
17.78
6.62

s"k^- "^E^-

30%

30
100
35

70

65
100

The ratio of elastic to ultimate strength ranged from 50.6 to 65.2 per
cent; average, 56.9 per cent.

Extension in lengths of 100 inches. At 10,000 lbs. per sq. in., 0.018 to
0.024; mean, 0.020 inch; at 20,000 lbs. per sq. in., 0.049 to 0.063; mean,
0.055 inch; at 30,000 lbs. per sq. in., 0.083 to 0.100; mean, 0.090; set at
30,000 pounds per sq. in., to 0.002; mean, 0.

The mean extension between 10,000 to 30,000 lbs. per sq. in. increased
regularly at the rate of 0.007 inch for each 2000 lbs. per sq. in. increment
of strain. This corresponds to a modulus of elasticity of 28,571,429.
The least increase of extension for an increase of load of 20,000 lbs. per
sq. in., 0.065 inch, corresponds to a modulus of elasticity of 30,769,231,
and the greatest, 0.076 inch, to a modulus of 26,315,789.

Steel Bails. — Bending tests, 5 feet between supports, 11 tests of flange
rails 72 pounds per yard, 4.63 inches high.
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Elastic stress,

Pounds.
Hardest. . . 34,200
Softest .... 32,000
Mean 32,763

All uncracked at

Ultimate stress. Deflection at 50,000
Pounds.
60,960
56,740
59,209

inches deflection.

Pounds.
3.24 ins.

3.76 "

3.53 •*

Ultimate
Deflectioa

8 ins.

Pulling tests of pieces cut from same rails. Mean results.

Elastic Ultimate Contraction of
Stress. Pounds. area of frac- Extension

per sq. in. per sq. in. ture. in 10 ins.

Top of rails 44,200 83,110 19.9% 13.5%
Bottom of rails 40,900 77,820 30.9% 22.8%o

Steel Tires. — Tensile tests of specimens cut from steel tires.

Kkupp Steel. — 262 Tests.

Highest.
Mean
Lowest.

.

E. L.
69,250
52,869
41,700

T. S.
119,079
104,112
90,523 .

Contr.
31 9
29.5
45.5

Ext. in
5 inches.

18.1
19.7
23.7

ViCKEBS, Sons & Co. — 70 Tests.

Highest .

Mean
Lowest. .

E. L.
58,600
51,066
43,700

T. S.

120,789
101,264
87,697

Contr.
11.8
17.6
24.7

Ext. in
5 inches.,^

8.4
12.4
16.0

Note the correspondence between Krupp's and Vickers' steels as to
tensile strength and elastic limit, and their great difference in contrac-
tion and elongation. The fractures of the Krupp steel averaged 22 per
cent silky, 78 per cent granular; of the Vicker steel, 7 per cent silky,
93 per cent granular.

Steel Axles. — Tensile tests of specimens cut from steel axles.

Patent Shaft and Axle Tree Co. — 157 Tests.
Ext. in

E. L. T. S. Contr. 5 inches.
Highest 49,800 99,009 21.1 16.0
Mean 36,267 72,099 33.0 23.6
Lowest 31,800 61,382 34.8

Vickers, Sons & Co. — 125 Tests.

25.3

Ext. in
E. L. T. S. Contr. 5 inches.

Highest 42,600 83,701 18.9 13.2
Mean 37,618 70,572 41.6 27.5
Lowest 30,250 56,388 49.0 37.2

The average fracture of Patent Shaft and Axle Tree Co. steel was '33
per cent silky, 67 per cent granular.
The average fracture of Vickers' steel was 88 per cent silky, 12 per

cent granular.

Steel Propeller Shafts. — Tensile tests of pieces cut from two shafts,
mean of four tests each. Hallow shaft, Whitworth, T. S., 61,290; E. L.,
30,575; contr., 52.8; ext. in 10 inches, 28.6. Solid shaft, Vickers', T. S.,

46,870; E. L., 20,425; contr., 44.4; ext. in 10 inches, 30.7.
Thrusting tests, Whitworth, ultimate, 56,201; elastic, 29,300; set at

30,000 lbs., 0.18 per cent; set at 40,000 lbs., 2.04 per cent; set at 50,000
lbs., 3.82 per cent.

Thrusting tests, Vickers', ultimate, 44,602; elastic, 22,250; set at
30,000 lbs., 2.29 per cent; set at 40,000 lbs., 4.69 per cent.
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Shearing strength of the Whitworth shaft, mean of four tests. 40,654
lbs. pel- square inch, or 66.3 per cent of the puUing stress. Specific

gravity of the Whitworth steel, 7.867; of the Vickers', 7.856.
Spring Steel. — Untempered, 6 tests, average, E. L., 67,916- T. S..

115,668; contr., 37.8; ext. in 10 inches, 16.6. Spring steel untem-
pered, 15 tests, average, E. L., 38,785; T. S., 69,496; contr., 19.1; ext.
m 10 inches, 29.8. These two lots were shipped for the same purpose.
viz., railway carriage leaf springs.

Steel Castings. —44 tests, E. L., 31,816 to 35,567: T. S.. 54,928 to
63,840; contr., 1.67 to 15.8; ext., 1.45 to 15.1. Note the great varia-
tion in ductihty. The steel of the highest strength was also the most
ductile.

Riveted Joints, Pulling Tests of Riveted Steel Plates, Triple Riv-
eted Lap Joints, Machine Riveted, Holes Drilled.

Plates, width and thickness, inches:
13.50X0.25 13.00X0.51 11.75X0.78 12.25X1.01 14.00X0.77

Plates, gross sectional area square inches:
3.375 6.63 9.165 12.372 10.780

Stress, total, pounds:
199,320 332,640 423,180 528,000 455,210

Stress per square inch of gross area, joint:
59,058 50,172 46,173 42,696 42,227

Stress per square inch of plates, solid:
70,765 65,300 64,050 62,280 68,045

Ratio of strength of joint to solid plate:
83.46 76.83 72.09 68.55 62.06

Ratio net area of plate to gross:
73.4 65.5 62.7 64.7 72.9

Where fractured:
plate at plate at plate at plate at rivets
holes. holes. holes. holes. sheared

Rivets, diameter, area and number:
0.45, 0.159, 24 0.64, 0.321, 21 0.95, 0.708, 12 1.08, 0.916, 12 0.95,0.708, 12
Rivets, total area:

3.816 6.741 8.496 10.992 8.496

Strength of Welds. — Tensile tests to determine ratio of strength of
weld to solid bar.

Iron Tie Bars. — 28 Tests.

Strength of solid bars varied from 43,201 to 57,065 lbs.

Strength of welded bars varied from 17,816 to 44,586 lbs.

Ratio of weld to solid varied from 37.0 to 79.1%

Iron Plates. — 7 Tests.

Strength of sohd plate from 44,851 to 47,481 lbs.

Strength of welded plate from 26,442 to 38,931 lbs.

Ratio of weld to solid 57.7 to 83.9%

Chain Links. — 216 Tests.

Strength of solid bar from 49,122 to 57,875 lbs.

Strength of welded bar from 39,575 to 48,824 lbs.

Ratio of weld to solid 72.1 to 95.4%

Iron Bars. — Hand and Electric Machine Welded.
32 tests, solid iron, average 52,444
17 " electric welded, average 46,836 ratio 89.1%
19 " hand " " 46,899 " 89.3%

Steel Bars and Plates. — 14 Tests.

Strength of solid 54,226 to 64,580
Strength of weld 28,553 to 46,019
Ratio weld to soUd 52.6 to 82.1%
The ratio of weld to solid in all the tests ranging from 37.0 to 95.4 is

proof of the great variation of workmanship in welding.
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Cast Copper. ^4 tests, average, E. L., 5900; T. S., 24,781; contr.,
24.5; ext., 21.8.

Copper Plates. —As rolled. 22 tests, 0.26 to 0.75 in. thick; E. L., 976Q
to 18,650; T. S., 30,995 to 34,281; contr., 31.1 to 57.6; ext., 39.9 to
52.2. The variation in elastic limit is due to difference in the heat at
which the plates were finished. Anneahng reduces the T. S. only about
1000 pounds, but the E. L. from 3000 to 7000 pounds.
Another series, 0.38 to 0.52 in. thick; 148 tests, T. S., 29,099 to 31,924;

contr,, 28.7 to 56.7; ext. in 10 inches, 28.1 to 41.8. Note the uniformity

Drawn Copper'. — 74 tests (0.88 to 1.08 inch diameter); T. S., 31,634
to 40,557; contr., 37.5 to 64.1; ext. in 10 inches, 5.8 to 48.2.
Bronze from a Propeller Blade. — Means of two tests each from

center and edge. Central portion (sp. gr. 8.320), E. L., 7550; T. S.,

26,312; contr., 25.4; ext. in 10 inches, 32.8. Edge portion (sp. gr.

8.550). E. L., 8950; T. S., 35,960; contr., 37.8; ext. in 10 inches, 47.9.
Cast German Silver. — 10 tests: E. L., 13,400 to 29,100; T. S.,

23,714 to 48,540; contr., 3.2 to 21.5; ext. in 10 inches, 0.6 to 10.2.

Thin Sheet Metal. — Tensile Strength.

German silver, 2 lots 75,816 to 87,129
Bronze, 4 lots. 73,380 to 92,086
Brass, 2 lots 44,398 to 58,188
Copper, 9 lots 30,470 to 48,450
Iron, 13 lots, lengthway 44,331 to 59,484
Iron, 13 lots, crossway 39,838 to 57,350
Steel, 6 lots 49,253 to 78,251
8teel, 6 lots, crossway 55,948 to 80,799

Wire Ropes.

Selected Tests Showing Range of Variation.

11

Strands.

Ii

Hemp Core.Description. '^4

ii
11

Galvanized
Ungalvanized
Ungalvanized
Galvanized
Ungalvanized
Ungalvanized
Ga vanized
Ga vanized
Galvanized
Ungalvanized
Ungalvanized
Ungalvanized
Ga vanized
Ga vanized
Ungalvanized
Ungalvanized
Galvanized
^ialvanized
Ungalvanized
Galvanized
Galvanized

7.70
7.00
6.38
7.10
6.18
6.19
4.92
5.36
4.82
3.65
3.50
3.82
4.11
3.31

3.02
2.68
2.87
2.46
1.75

2.04
1.76

53.00
53.10
42.50
37.57
40.46
40.33
20.86
18.94
21.50
12.21

12.65
14.12
11.35
7.27
8.62
6.26
5.43
3.85
2.80
2.72
1.85

6
7

7
6
7
7

6
6
6
6
7
6
6
6
6
6
6
6
6
6
6

19
19
19
30
19
19

7
19
7
7
12
12

7
6
12
12

7
12
12

0.1563
0.1495
0.1347
0.1004
0.1302
0.1316
0.0728
0.1104
0.1693
0.0755
0.122
0.135
0.030
0.068
0.105
0.0963
0.0560
0.0472
0.0619
0.0378
0.0305

Main
Main and Strands

Wire Core
Main and Strands

Wire Core
Wire Core

Main and Strands
Main and Strands

Main
Main

Wire Core
Main

Main and Strands
Main and Strands

Main
Main and Strands
Main and Strands
Main and Strands

Main
Main and Strands

Main

339,780
314,860
295,920
272,750
268,470
221,820
190,890
136,550
129,710
110,180
101,440
98,670
75,110
55,095
49,555
41,205
38,555
28,075
24,552
20,415
14,634
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wire. — Tensile Strength.

German silver, 5 lots 81,735 to 92,224
Bronze, 1 lot , 78,049
Brass, as drawn, 4 lots 81,114 to 98,578
Copper, as drawn, 3 lots 37,607 to 46,494
Copper annealed, 3 lots 34,936 to 45,210
Copper (another lot), 4 lots , 35,052 to 62,190
Copper (extension 36.4 to 0.6%).
Iron, 8 lots 59,246 to 97,908
Iron (extension 15.1 to 0.7%).
Steel 8 lots 103,272 to 318,823

The steel of 318,823 T. S. was 0.047 inch diam., and had an extension of
only 0.3 per cent; that of 103,272 T. S, was 0.107 inch diam., and had an
extension of 2.2 per cent. One lot of_0.044 inch diam. had 267,114 T. S.,
and 5.2 per cent extension.

Hemp Ropes, Untarred. — 15 tests of ropes from 1.53 to 6.90 inches
circumference, weighing 0.42 to 7.77 pounds per fathom, showed an
ultimate strength of from 1670 to 33,808 pounds, the strength per fathom
weight varying from 2872 to 5534 pounds.

Hemp Ropes, Tarred. — 15 tests of ropes from 1.44 to 7.12 inches
circumference, weighing from 0.38 to 10.39 pounds per fathom, showed
an ultimate strength of from 1046 to 31,549 pounds, the strength per
fathom weight varying from 1767 to 5149 pounds.

Cotton Ropes. — 5 ropes, 2.48 to 6.51 inches circumference, 1.08 to
8.17 pounds per fathom. Strength 3089 to 23,258 pounds, or 2474 to
3346 pounds per fathom weight.

Manila Ropes. — 35 tests: 1.19 to 8.90 inches circumference, 0.20 to
11.40 pounds per fathom. Strength 1280 to 65,550 pounds, or 3003 to
7394 pounds per fathom weight.

Belting.
No. of Tensile strength
lots. per square inch.
11 Leather, single, ordinary tanned 3248 to 4824
4 Leather, single, Helvetia 5631 to 5944
7 Leather, double, ordinary tanned 2160 to 3572
8 Leather, double Helvetia 4078 to 5412
6 Cotton, soUd woven 5648 to 8869

14 Cotton, folded, stitched 4570 to 7750
1 Flax, solid, woven 9946
1 Flax, folded, stitched 6389
6 Hair, solid, woven 3852 to 5159
2 Rubber, solid, woven 4271 to 4343

Canvas. — 35 lots: Strength, Lengthwise, 113 to 408 pounds per inch;
crossways, 191 to 468 pounds per inch.
The grades are numbered 1 to 6, but the weights are not given. The

strengths vary considerably, even in the same number.
,

Marbles. — Crushing strength of various marbles. 38 tests, 8 kinds.
Specimens were 6-inch cubes, or columns 4 to 6 inches diameter, and 6
and 12 inches high. Range 7542 to 13,720 pounds per square inch.

Granite. — Crushing strength, 17 tests; square columns 4X4 and
6 X 4, 4 to 24 inches high, 3 kinds. Crushing strength ranges 10,026 to
13,271 pounds per square inch. (Very uniform.)

Stones. — (Probably sandstone, local names only given.) 11 kinds, 42
tests, 6X6, columns 12, 18 and 24 inches high. Crushing strength
ranges from 2105 to 12,122. The strength of the column 24 inches long
is generally from 10 to 20 per cent less than that of the 6-inch cube.

Stones. — (Probably sandstone) tested for London & Northwestern
Railway. 16 lots, 3 to 6 tests in a lot. Mean results of each lot ranged
from 3785 to 11,956 pounds. The variation is chiefly due to the stones
being from different lots. The different specimens in each lot gavfi
results which generally agreed within 30 per cent.
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Bricks. — Crushing strength, 8 lots; 6 tests in each lot; mean results
ranged from 1835 to 9209 pounds per square inch. The maximum
variation in the specimens of one lot was over 100 per cent of the
lowest. In the most uniform lot the variation was less than 20 per
cent.

Wood. — Transverse and Thrusting Tests.

Pitch pine

Dantzic fir

English oak

American white oak

Sizes abt. In
square.

1 11/2 to 121/2

12 to 13

41/2 X 12

41/2 X 12

5=
Span, Ultimate LW
inches. Stress.

4BD2'

45,856 1096
144 to to

80,520 1403
37,948 657

144 to to
54,152 790
32,856 1505

120 to to
39,084 1779
23,624 1190

120 to to
26,952 1372

Thrust-
ing

Stress
per sq.

in.

5438
2478
to

3423
2473
to

4437
2656
to

3899

Demerara greenheart, 9 tests (thrusting). 8169 to 10,785
Oregon pine, 2 tests « 5888 and 7284
Honduras mahogany, 1 test , 6769
Tobasco mahogany, 1 test 5978
Norway spruce, 2 tests 5259 and 5494
American yellow pine, 2 tests 3875 and 3993
English ash, 1 test 3025

Portland Cement. — (Austrian.) Cross-sections of specimens 2 X 21/2
inches for pulling tests only; cubes, 3X3 inches for thrusting tests;
weight, 98.8 pounds per imperial bushel; residue, 0.7 per cent with
sieve 2500 meshes per square inch; 38.8 per cent by volume of water
required for mixing; time of setting, 7 days; 10 tests to each lot. The
mean results in lbs. per sq. in. were as follows:

Cement Cement 1 Cement, 1 Cement, 1 Cement,
alone, alone, 2 Sand, 3 Sand, 4 Sand,

Age. Pulling. Thrusting. Thrusting. Thrusting. Thrusting.
10 days 376 2910 893 407 228
20 days 420 3342 1023 494 275
30 days 451 3724 1172 594 338

Portland Cement. — Various samples pulling tests, 2 X 21/2 inches
cross-section, all aged 10 days, 180 tests; ranges 87 to 643 pounds per
square inch.

TENSILE STRENGTH OF WIRE.
(From J. Bucknall Smith's Treatise on Wire.)

Tons per sq. Pounds per
in. sectional sq. in. sec-

area, tional area.
Black or annealed iron wire 25 56,000
Bright hard drawn , 35 78,400
Bessemer, steel wire. 40 89,600
Mild Siemens-Martin steel wire 60 134,000
High" carbon ditto (or "improved") 80 179,200
Crucible cast-steel "improved" wire 100 224,000
" Improved " cast-steel " plough " 120 268,800
Special qualities of tempered and improved

cast steel wire may attain 150 to 170 336,000 to 380,800
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MISCELLANEOUS TESTS OF MATERIALS.
Reports of Work of the Watertown Testing-machine in 1883,

TESTS OF RIVETED JOINTS, IRON AND STEEL PLATES.

li

w

47.0 t
49.0 t
45.6 t
44.9 t
59.9 §
60.5 I
59.4 §
59.2 §
57.2 §
54.9 §
52.1 §
51.7 §
59.5 t
59.1 t
40.2 :

42.3 :

71.7
{

69.8 I

57.1.

55.0 '

63.4 i

63.8 i

54.0 I

53.4
\

i
i <D i> Co "S-g

m
"S

H

{1

5

m
Oh

O "o-S

3/8 11/16 3/4 101/2 13/4

3/8 11/16 3/4 101/2 6 13/4

v? 3/4 13/16 10 2

V?, 3/1 13A6 10 2
3/8 11/16 3/4 10 2
3/8 11/16 3/4 10 2
Ih 3/4 13/16 10 7,

V? 3/4 13/16 10 £.

&/8 1 11/16 101/2 4 2^9
^'8 1 ii/ie 101/2 25/8
3/4 11/8 13/16 11 .9 2.9
3/4 11/8 13/13 11 .9 2.9
s/f^ 3/4 13/16 101/2 13/4

3/8 3/4 13/16 101/2 13/4

V? 15/16 1 10 2
1/7 15/16 I 10 2

3/s 11/16 3/4 10 2
3/8 11/16 3/4 10 i> 2
V?, 15/16 1 10 2
1/7, 15/16 1 10 2
i>/8 1 11/16 91/2 23/8
f/8 1 11/16 91/2 23/8
3/4 11/8 13/16 10 21/2
3/4 11/8 13/16 10 21/2

:Sife -a£
.

1^^- t§^
«3 ^ -2 5i .; g O-G

'^'^5"^ e ^^a
f!-3§l m OJ o
fl S fl i*- c-gfl

hS"

39,300 47,180
41,000 47,180
35,650 44,615
35,150 44,615
46,360 47,180
46,875 47, 180
46,400 44,615
46,140 44,615
44,260 44,635
42,350 44,635
42,310 46,590
41,920 46,590
61,270 53,330
60,830 53,330
47,530 57,215
49,840 57,215
62,770 53,330
61,210 53,330
63,920 57,215
66,710 57,215
62,180 52,445
62,590 52,445
54,650 51,545
54.200 51,545

X Lap-joint. § Butt-joint.

The efficiency of the joints is found by dividing the maximum tensile
stress on the gross sectional area of plate by the tensile strength of the
material.

COMPRESSION TESTS OF 3 X 3 INCH WROUGHT-IRON BARS.

Length, inches.

Tested with Two
Pin Ends, Pins II/2

in. Diam. Com-
pressive Strength,

lbs. per sq. in.

Tested with Two
Flat Ends. Com-
pressive Strength,

lbs. per sq. in.

Tested with One
Flat and One Pin
End. Compressive
Strength, lbs. per

sq. in.

28,260
3

1
,990

26,310
26,640
24,030
25,380
20,660
20,200
16,520
17,840
13,010
15,700

60

90
(26,780

\ 25,580
(23,010
1 22,450

(25'l'2d
125,190
( 22,450
121,870

120

130

ISO
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Tested with Two Pin
Ends. Lengtti of Bars-
120 inches.

' Diameter Comp. Str.,
of Pins. per sq. in., Ibg.

7/8 inch 16,250
1 1/8 inches 17,740
17/8 " 21,400

.21/4 " 22,210

COMPRESSION OF WROUGHT-IRON COLUMNS,
BOX AND SOLID WEB.
ALL TESTED WITH PIN ENDS.

LATTICED

Columns made of

1 If
•s Is i^4
p' 1^ ~6g
^ ^^ h^H"

10.0 9.831 432
15.0 9.977 592
20.0 9.762 755
20.0 16.281 1,290
26.8 16.141 1,645

26.8 19.417 1,940

26.8 16.168 1,765

26.8 20.954 2,242
13.3 7.628 679
20.0 7.621 924
26.8 7.673 1,255
13.4 7.624 684
20.0 7.517 921
26.8 7.702 1,280
16.8 1 1 .944 1,470
25.0 12.175 1,926
16.7 12.366 1,549
25.0 1 1 .932 1,962

25.0 17.622 1,848

25.0 17.721 1,827

^-a^

6-inch channel, solid web
6 " " *' "
6 ' "
8 ••

•• " "
8 • ••

8-inch channels, with 5/i6-in. continuous
plates

5/i(j-inch continuous plates and angles..
Widthof plates, 12 in.,1 in. and 7.35 in.

7/i6-inch continuous plates and angles..
Plates 1 2 in. wide

8-inch channels, latticed
8 " " "

8 " •* •;

8-inch channels, latticed, swelled sides .

.

1 0-inch channels, latticed, swelled sides

.

10
" " "

10
;; ;; ;;

* 1 0-inch channels, latticed one side; con-
tinuous plate one side

t 10-inch channels, latticed one side; con-
tinuous plate one side

30,220
21,050
16,220
22,540
17,570

25,290

28,020

25,770
33,910
34,120
29,870
33,530
33,390
30,770
33,740
32,440
31,130
32,740

26,190

* Pins in center of gravity of channel bars and continuous plate, 1,63
inches from center line of channel bars.

t Pins placed in center of gravity of channel bars.

TENSILE TEST OF SIX STEEL EYE-BARS.
COMPARED WITH SMALL TEST INGOTS.

The steel was made by the Cambria Iron Company, and the eye-bar
heads made by Keystone Bridge Company by upsetting and hammering.
All the bars were made from one ingot. Two test pieces, 3/4-inch round,
rolled from a test-ingot, gave elastic limit 48,040 and 42,210 pounds;
tensile strength, 73,150 and 69,470 pounds, and elongation in 8 inches,
22.4 and 25.6 per cent respectively. The ingot from which the eye-bars
were made was 14 inches square, rolled to billet, 7X6 inches. The
eye-bars were rolled to 6 1/2 X 1 inch. Chemical tests gave carbon 0.27
to 0.30; manganese, 0.64 to 0.73; phosphorus, 0.074 to 0.098.
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Gauged Elastic Tensile Elongation
Length, limit, lbs. strength per per cent, in
inches. per sq. in. sq. in., lbs. Gauged Length.
160 37,480 67,800 15.8
160 36,650 64,000 6.96
160 .

.

71,560 8.6
200 37,600 68,720 12.3
200 35,810 65,850 12.0
200 33,230 64,410 16.4
200 37,640 68,290 13.9

The average tensile strength of the 3/4-inch test pieces was 71,310 lbs.,
that of the eye-bars 67,230 lbs., a decrease of 5.7%. The average elastic

• limit of the test pieces was 45,150 lbs., that of the eye-bars 36,402 lbs., a
decrease of 19.4%. The elastic limit of the test pieces was 63.3% of
the ultimate strength, that of the eye-bars 54.2% of the ultimate strength.

Tests of 11 full-sized eye bars, 15 X II/4 to 2i/i6in., 20.5 to 21.4 ft. long
between centers of pins, made by the Phoenix Iron Co., are reported in
Eng. News, Feb. 2, 1905. The average T.S. of the bars was 58,300 lbs.
per sq. in., E.L., 32,800. The average T.S. of small specimens was
63,900, E.L., 37,000. The T.S. of the full-sized bars averaged 8.8%
and the E.L. 12.1% lower than the small specimens.

EFFECT OF COLD-DRAWING ON STEEL.
Three pieces cut from the same bar of hot-rolled steel:

1. Original bar, 2.03 in. diam., gauged length 30 in., tensile strength
55,400 lbs. per square in.; elongation 23.9%.

2. Diameter reduced in compression dies (one pass) .094in.; T. S. 70,420;
el. 2.7% in 20 in.

3. " " "
" " " " 0.222in.;T.S. 81,890;

el. 0.075% in 20 in.

Compression test of cold-drawn bar (same as No. 3), length 4 in., diam.
1.808 in.: Compressive strength per sq. in., 75,000 lbs.; amount of com-
pression 0.057 in.; set 0.04 in. Diameter increased by compression to
1.821 in. in the middle; to 1.813 in. at the ends.

MISCELIANEOUS TESTS OP IRON AND STEEL.
Tests of Cold-rolled and Cold-drawn Steel, made by the Cambria

Iron Co. in 1897, gave the following results (averages of 12 tests of each):

E. L. T. S. El. in 8 in. Red.
Before cold-rolling 35,390 59,980 28.3% 58.5%
After cold-rolling 72,530 79,830 9.6% 34.9%
After cold-drawing 76,350 83,860 8.9% 34.2%

The original bars were 2 in. and 7/g in. diameter. The test pieces cut
from the bars were 3/4 in. diam., 18 in. long. The reduction in diameter
from the hot-rolled to the cold-rolled or cold-drawn bar was 1/16 in. in
each case. -

Cold Rolled Steel Shafting (Jones & Laughlins) 1 11/16 in. diam. —
Torsion tests of 12 samples gave apparent outside fiber stress, calculated
from maximum twisting moment, 70,700 to 82,900 lbs. per sq. in.; fiber
stress at elastic limit, 32,500 to 38,800 lbs. per sq. in.; shearing modulus
of elasticity, 11,800,000 to 12,100,000; number of turns per foot before
fracture, 1.60 to 2.06. — Tech. Quar., vol. xii, Sept., 1899,
Torsion Tests on Cold Rolled Shafting. — (Tech. Quar. XIII, No. 3,

1900, p. 229.) 14 tests. Diameter about 1.69 in. Gauged length, 40 to
50 in. Outside fiber stress at elastic limit, 28,610 to 33,590 lbs. per sq.
in.; apparent outside fiber stress at maximum load, 67,980 to 77,290.
Shearing modulus of elasticity, 11,400,000 to 12,030,000 lbs. per sq. in.
Turns per foot between jaws at fracture, 0.413 to 2.49.
Torsion Tests on Refined Iron. — 1 3/4 in. diam. 14 tests. Gauged

length, 40 ins. Outside fiber stress at elastic limit, 12,790 to 19,140 lbs.

per sq. in.; apparent outside fiber stress at maximum load, 45,350 to
58,340. Shearing modulus of elasticity, 10,220,000 to 11,700,000. Tunja
per foot between jaws at fracture, 1.08 to 1.42.
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Tests of Steel Angles with Riveted End Connections. (F. P.
McKibbin, Proc. A.S.T.M., 1907.)— The angles broke through the rivet
holes in all cases. The strength developed, ranged from 62.5 to 79.1%
of the ultimate strength of the gross area, or from 73.9 to 92% of the
calculated strength of the net section at the rivet holes.

SHEARING STRENGTH.
H. V. Loss in American Engineer and Railroad Journal, March and

April, 1893, describes an extensive series of experiments on the shearing
of iron and steel bars in shearing machines. Some of his results are:
Depth of penetration at point of maximum resistance for soft steel

bars is independent of the width, but varies with the thickness. If
d = depth of penetration and t = thickness, d_= 0.3t for a flat knife,

d = 0.25^ for a 4° bevel knife, and d = 0.16 V^3 for an 8° bevel knife.
The ultimate pressure per inch of width in flat steel bars is approxi-
mately 50,000 lbs. X t. The energy consumed in foot-pounds per inch
width of steel bars is, approximately: 1" thick, 1300 ft.-lbs.; II/2",
2500; 13/4", 3700; IW, 4500; the energy increasing at a slower rate than
the square of the thickness. Iron angles require more energy than steel
angles of the same size; steel breaks while iron has to be cut off. For
hot-rolled steel the resistance per square inch for rectangular sections
varies from 4400 lbs. to 20,500 lbs., depending partly upon its hardness
and partly upon the size of its cross-area, which latter element indirectly
but greatly indicates the temperature, as the smaller dimensions require
a considerably longer time to reduce them down to size, which time
again means loss of heat.

It is not probable that the resistance in practice can be brought very
much below the lowest flgures here given — viz., 4400 lbs. per square
inch — as a decrease of 1000 lbs. will henceforth mean a considerable
increase in cross-section and temperature.
Relation of Shearing to Tensile Strength of Diflferent Metals.

E. G. Izod, in a paper presented to the British Institution of Mechanical
Engrs. (Jan., 1906), describes a series of tests on bars and plates of
different metals. The specimens were firmly clamped on two steel
plates with opposed shearing edges 4 ins. apart, and a shearing block,
which was a sliding fit between these edges, was brought down upon
the specimen, so as to cut it in double shear, by a testing machine.

a b c a b c

Cast iron. A
Cast iron. B

9.7
13.4
11.3

33.1

13.4

19.7
12.1

7.5
16.0

12.5

2.2

8.0
7.8
6.5

35.0

152

111

122

60

128

93
103

126

74

Rolled phosphor-
39.5
6.4
12.7
26.0

26.9
24.9
42.1
56.3
61.3

11.7
25.5
9.6

22.5

34.7
43.0
26.0
15.0
11.0

61

Cast iron. C Aluminum 70
Cast aluminum-
bronze

Cast phosphor-
bronze

Aluminum alloy
Wrought-iron bar.

.

Mild-steel,0.14 car-
bon. .

59

75

78
Cast phosphor- Crucible steel, 0.12 c

0.48C
74
68

Gun metal 0.71 C 65

Yellow brass 0.77 C 67
Yellow brass

a. Tensile strength of the metal, gross tons per sq. in.; b. elongation
in 2 in.%; c. ratio shearing -h tensile strength. The results seem to
point to the fact that there is no common law connecting the ultimate
shearing stress with the ultimate tensile stress, the ratio varying greatly
with different materials. The test figures from crystalline materials,
such as cast iron or those with very little or no elongation, seem to indicate
that the ultimate shear stress exceeds the ultimate tensile stress by as
much as 20 or 25%, while from those with a fairly high measure of
ductility, the ultimate shear stress may be anything from to 50% less
than the ultimate tensile stress.

For shearing strength of rivets, see pages 240. 430 and 435.
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STRENGTH OF IRON AND STEEL PIPE.

Tests of Strength and Threading of "Wrought-Iron and Steel
Pipe. T. N. Thomson, in Proc. Am. Soc. Heat and Vent. Engineers,
vol. xii., p. 80, describes some experiments on welded wrought iron and
steel pipes. Short rings of 6-in. pipe were pulled in the direction of a
diameter so as to elongate the ring. Four wrought iron rings broke at
2400, 3000, 3100 and 4100 lbs. and four steel rings at 5300 (defective
weld) 18,000, 29,000 and 35,000 lbs. Another series of 9 tests each
were tested so as to show the tensile strength of the metal and of the
weld. The average strength of the metal was, iron, 34,520, steel, 61,850
lbs. The strength of the weld in iron ranged from 49 to 84, averaging
71 per cent of the strength of the metal, and in steel from 50 to 93,
averaging 72%.
A large number of iron and steel pipes of different sizes were tested by-

twisting, the force being applied at the end of a three-foot lever. The
average pull on the steel pipes was: 1/2 in. pipe, 109 lbs.; 1 in., 172 lbs.;

11/2 in., 300 lbs.; number of turns in 6 ft. length, respectively, 15, 8 and
51/2- Per cent failed in weld, 0, 13 and 13 respectively. For different
lots of iron pipe the average pull was: 1/2 in., 68, 81 and 65 lbs.; 1 in.,

154, 136, 107 lbs.; 1 1/2 in. 256, 250, 258 lbs. The number of turns in
6 feet for the nine lots were respectively, 41/2, '53/4, 21/2; 6I/4, 31/2, 21/2;
41/2, 31/2, 21/4. The failures in the weld ranged from 33 to 100% in the
different lots.

The force required to thread li/4-in. pipe with two forms of die was
tested by pulling on a lever 21 ins. long. The results were as follows:

Old form of die, iron pipe. . 83 to 87 lbs. pull, steel pipe 100 to 111 lbs.
Improved die, iron pipe 58 to 62 lbs. pull, steel pipe, 60 to 65 lbs.

Mr. Thomson gives the following table showing approximately the
steady pull in pounds required at the end of a 16-in. lever to thread
twist and split iron and steel pipe of small sizes:

To Thread with Oiled
Dies.

To
Twist
Lbs.

To
Split
Lbs.

Safety
Margin
Lbs.New

Rake
Dies.

New
Com-
mon
Dies.

Old
Com-
mon
Dies.

34
27
44
44
69
62

56
33
60
51

111

106

60
49
91

73

124

116

.122
102

150
140

286
273

152
110
240
176
420
327

74

1/2 in. iron 46

3/4 in. steel. 112
81

1 in. steel 259
1 in. iron. 173

The margin of safety is computed by adding 30% to the pull required
to thread with the old dies and subtracting the sum from the pull re-
quired to spUt the pipe. If the mechanic pulls on the dies beyond the
limit, due to imperfect dies, or to a hard spot in the pipe, he will split

the pipe.
Old Boiler Tubes used as Columns. {Tech. Quar. XIII, No. 3,

1900, p. 225.) Thirteen tests were made of old 4-in. tubes taken from
worn-out boilers. The lengths were from 6 to 8 ft., ratio l/r 53 to 71,
and thickness of metal 0.13 to 0.18 in. It is not stated whether the tubes
were iron or steel. The maximum load ranged from 34,600 to 50,000
lbs., and the maximum load per sq. in. from 17,100 to 27,500 lbs. Six
new tubes also were tested, with maximum loads 55,600 to 64,800 lbs.,

and maximum loads per sq. in. 31,600 to 38,100 lbs. The relation of
the strength per sq. in. of the old tubes to the ratio l/r was very variable,
being expressed approximately by the formula >S = 41 ,000 — 300 l/r
± 5000. That of the new tubes is approximately S ~ 52,000 - 300 i/r
± 2000. "

'

-.>
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HOIJ>ING-POWER OF BOIUER-TUBES EXPANDED INTO
TUBE-SHEETS.

Experiments by Chief Engineer W. H. Shock, U. S. N., on brass tubes,
21/2 inches diameter, expanded into plates 3/4 inch thick, gave results
ranging from 5850 to 46,000 lbs. Out of 48 tests 5 gave figures under
10,000 lbs., 12 between 10,000 and 20,000 lbs., 18 between 20,000 and
30^00 lbs., 10 between 30,000 and 40,000 lbs., and 3 over 40,000 lbs.

Experiments by Yarrow & Co., on steel tubes, 2 to 2V4 inches diameter,
gave results similarly varying, ranging from 7900 to 41,715 lbs., the
majority ranging from 20,000 to 30,000 lbs. In 15 experiments on
4 and 5 inch tubes the strain ranged from 20,720 to 68,040 lbs. Beading
the tube does not necessarily give increased resistance, as some of the
lower figures were obtained with beaded tubes. (See paper on Rules
Governing the Construction of Steam Boilers, Trans. Engineering Con-
gress, Section G, Chicago, 1893.)

The Slipping Point of Rolled Boiler-Tube Joints.

(0. P. Hood and G. L. Christensen, Trans. A. S. M. E., 1908).

When a tube has started from its original seat, the fit may be no longer
continuous at all points and a leak may result, although the ultimate
holding power of the tube may not be impaired. A small movement of
the tube under stress is then the preliminary to a possible leak, and it

is of interest to know at what stress this slipping begins.
As results of a series of experiments with tube sheets of from 1/2 in.

to 1 in. in thickness and with straight and tapered tube seats, the authors
found that the slipping point of a 3-in. 12-gage Shelby cold-drawn tube
rolled into a straight, smooth machined hole in a 1-in. sheet occurs with
a pull of about 7,000 lbs. The frictional resistance of such tubes is about
750 lbs. per sq. in. of tube-bearing area in sheets 5/g in. and 1 in. thick.

Various degrees of rolling do not greatly affect the point of initial slip,

and for higher resistances to initial slip other resistance than friction must
be depended upon. Cutting a 10-pitch square thread in the seat, about
0.01 in. deep will raise the slipping point to three or four times that in a
smooth hole. In one test this thread was made 0.015 in. deep in a sheet
1 in. thick, giving an abutting area of about 1.4 sq. in., and a resistance
to initial slip of 45,000 lbs. The elastic limit of the tube was reached at
about 34,000 lbs.

Where tubes give trouble from slipping and are required to carry an
unusual load, the slipping point can be easily raised by serrating the tube
seat by rolling with an ordinary flue expander, the rolls of which are
grooved about 0.007 in. deep and 10 grooves to the inch. One tube
thus serrated had its sUpping point raised between three and four times
its usual value.

METHODS OF TESTING THE HARDNESS OF METALS.

Brinell's Method. J. A. Brinell, a Swedish engineer, in 1900 pub-
lished a method for determining the relative hardness of steel which ha.s
come into somewhat extensive use. A hardened steel ball, 10 mm.
(0.3937 in.), is forced with a pressure of 3000 kg. (6614 lbs.) into a flat
surface on the sample to be tested, so as to make a slight spherical in-
dentation, the diameter of which may be measured by a microscope or
the depth by a micrometer. The hardness is defined as the quotient
of the pressure by the area of the indentation. From the measurement
the "hardness number" is calculated by one of the following formulae:

if = X (r + Vr2 - ie2) -^ 2 ;:: rR^, or H = K -i- 2 nrd.

K = load, = 3000 kg., r = radius of ball, == 5 mm., R = radius and
d •= depth of indentation.

The following table gives the hardness number corresponding to
different values of B and d.
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K H R H R H d H

95 5

d

2.20

H d H

1 no 945 2.40 156 3.80 54.6 1.00 43.4 3.60 26.5

1 20 654 2.60 131 4,00 47,8 1.10 86.8 2.40 39.8 3.80 25.1

1 40 477 2.80 111 4.20 41.7 1.20 79,6 2.60 36.7 4.00 23.9
1 60 363 3.00 95.5 4.40 36.4 1.40 68.2 2.80 34.1 4.50 21.2

1 80 285 3.20 82.5 4.60 31.4 1.60 59.7 3.00 31.8 5.00 19.1

2 00 229 3.40 71.6 4.80 26.5 1.80 53.0 3.20 29.8 5.50 17.4

3.20 187 3.60 62.4 4.95 22.2 2.00 48.0 3.40 28.1 6.00 15.9

The hardness of steel, as determined by the Brinell method, has a
direct relation to the tensile strength, and is equal to the product of a
coefficient, C, into the hardness number. Experiments made in Sweden
with annealed steel showed that when the impression was made trans-
versely to the rolling direction, with H below 175, C — 0.362; with H
above 175, C = 0.34.4. When the impression was made in the roUing
direction, with H below 175, C = 0.354; with H above 175, C = 0.324.
The product, C X H, ov the tensile strength, is expressed in kilograms
per square millimeter.
Electro-magnetic Method. — Several instruments have been de-

vised for testing the hardness of steel by electrical methods. According
to Prof. D. E. Hughes (Cass. Mag., Sept., 1908), the magnetic capacity
of iron and steel is directly proportional to the softness, and the resist-
ance to a feeble external magnetic force is directly as the hardness. The
.electric conductivity of steel decreases with the increase of hardness.
(See Electric Conductivity of Steel, p. 477.)
The Scleroscope.—This is the name of an instrument invented by

A. F. Shore for determining the hardness of metals. It consists chiefly
of a vertical glass tube in which slides freely a small cylinder of very
hard steel, pointed on the lower end, called the hammer. This hammer
is allowed to fall about 10 inches on to the sample to be tested, and the
distance it rebounds is taken as a measure of the hardness of the sample.
A scale on the tube is divided into 140 equal parts, and the hardness is

expressed as the number on the scale to which the hammer rebounds.
Measured in this way the hardness of different substances is as follows

r

Glass, 130; porcelain, 120; hardest steel, 110; tool steel, 1% C, may be
as low as 31; mild steel, 0.5 C, 26 to 30; gray castings, 39; wrought"
iron, 18; babbitt metal, 4 to 10; soft brass, 12; zinc, 8; copper, 6;
lead, 2. (Cass. Mag., Sept., 1908.)

STRENGTH OF GLASS.

(Fatrbairn's "Useful Information for Engineers," Second Series.)

Best Common Extra
Flint Green White Crown
Glass, Glass. Glass.

Mean specific gravity 3.078 2.528 2.450
Mean tensile strength, lbs. per sq. in., bars 2,413 2,896 2,546

do. thin plates 4,200 4,800 6,000
Mean crush'g strength, lbs. p. sq. in., cyl'drs 27,582 39,876 31,003

do. cubes 13,130 20,206 21,867

The bars in tensile tests were about 1/2 inch diameter. The crushing
tests were made on cylinders about 3/4 inch diameter and from 1 to 2
inches high, and on cubes approximately 1 inch on a side. The mean
transverse strength of glass, as calculated by Fairbairn from a mean
tensile strength of 2560 lbs. and a mean compressive strength of 30,150
lbs. per sq. in., is, for a bar supported at the ends and loaded in the
middle, w = 3140 bdyi, in which w = breaking weight in lbs., b ==

breadth, d = depth, and I = length, in inches. Actual tests will prob-
ably show wide variations in both directions from the mean calculated
itreogtli.
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STRENGTH OF ICE.

Experiments at the University of Illinois in 1895 (The Technograph,
vol. ix) gave 620 lbs. per sq. in. as the average crushing strength of cubes
of manufactured ice tested at 23° F., and 906 lbs. for cubes tested at
14° F. Natural ice, at 12° F,, tested with the direction of pressure parallel

to the original water surface, gave a mean of 1070 lbs., and tested with
the pressure perpendicular to this surface 1845 lbs. The range of varia-

tion in strength of individual pieces is about 50% above and below the
mean figures, the lowest and highest figures being respectively 318 and
2818 lbs. per sq. in. The tensile strength of 34 samples tested at 19 to
23° F. was from 102 to 256 lbs. per sq. in.

STRENGTH OF TIMBER.
Strength of liong-Ieaf Pine (Yellow Pine, Pinus Palustris) from

Alabama (Bulletin No. 8, Forestry Div., Dept. of Agriculture, 1893.
Tests by Prof. J. B. Johnson).
The following is a condensed table of the range of results of mechani-

cal tests of over 2000 specimens, from 26 trees from four different sites
in Alabama; reduced to 15 per cent moisture:

Specific gravity.. .

Transverse strength, .
^

do. do. at elast. limit
Mod. of elast., thous. lbs.

Relative elast. resilience,

inch-pounds per cub. in.

Crushing endwise, str.

per sq. in.-lbs

Crushing across grain,
strength persq. in., lbs.

Tensile strength per sq.
in

Shearing strength (with
grain), mean persq. in.

Butt Logs.

0.449 to

4,762 to

4,930 to
l,119to

0.23 to

4,781 to

675 to

8,600 to

464 to

1.039

16,200

13,110
3,117

4.69

9,850

2,094

31,890

1.299

Middle Logs.

0.575 to

7,640 to

5,540 to
1,136 to

1.34 to

5,030 to

656 to

6,330 to

539 to

0.859

17,128

11,790
2,982

4.21

9,300

1,445

29,500

1.230

Top Logs.

0.484

4,268

2,553
842

0.09

4,587

584

4,170

484

to 0.907

to 15,554

to 11,950
to 2,697

to 4.65

to 9,100

to 1,766

to 23,280

to 1.156

Av'g
of all

Butt
Logs.

0.767

12,614

9,460
1,926

2.98

7,452

1,598

17.359

866

Some of the deductions from the tests were as follows:
1. With the exception of tensile strength a reduction of moisture is

accompanied by an increase in strength, stiffness, and toughness.
2. Variation in strength goes generally hand-in-hand with specific

gravity.

3. In the first 20 or 30 feet in height the values remain constant; then
occurs a decrease of strength which amounts at 70 feet to 20 to 40 per
cent of that of the butt-log.

4. In shearing parallel with the grain and crushing across and par-
allel with the grain, practically no difference was found.

5. Large beams appear 10 to 20 per cent weaker than small pieces.
6. Compression tests endwise seem to furnish the best aveyage state-

ment of the value of wood, and if one test only can be made, this is the
safest, as was also recognized by Bauschinger.

7. Bled timber is in no respect inferior to unbled timber.
The figures for crushing across the grain represent the load required to

cause a compression of 15 per cent. The relative elastic resilience, in
inch-pounds per cubic inch of the material, is obtained by measuring
the area of the plotted strain-diagram of the transverse test from the
origin to the point in the curve at which the rate of deflection is 50 per
cent greater than the rate in the earlier part of the test where the dia-
gram is a straight line. This point is arbitrarily chosen since there is

no definite "elastic limit" in timber as there is in iron. The "strength
at the elastic limit" is the strength taken at this same point. Timber
is not perfectly elastiq for any load if left, on any great length of time,

Th& long-leaf pine is fovina in all tlje Southern coast states from North
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Carolina to Texas. Prof. Johnson says it is probably the strongest timber
in large sizes to be had in the United States. In small selected speci-
mens, other species, as oak and hickory, may exceed it in strength and
toughness. The other Southern yellow, pines, viz., the Cuban, short-
leaf and the loblolly pines are inferior to the long-leaf about in the ratios
of their specific gravities; the long-leaf being the heaviest of all the
pines. It averages (kiln-dried) 48 pounds per cubic foot, the Cuban 47,
the short-leaf 40, and the loblolly 34 pounds.

Strength of Spruce Timber. — The modulus of rupture of spruce
is given as follows by different authors: Hatfield, 9900 lbs. per square
inch; Rankine, 11,100; Laslett, 9045; Trautwine, 8100; Rodman, 6168.
Trautwine advises for use to deduct one-third in the case of knotty and
poor timber.

Prof. Lanza, in 25 tests of large spruce beams, found a modulus of
rupture from 2995 to 5666 lbs.; the average being 4613 lbs. These
were average beams, ordered from dealers of good repute. Two beams
of selected stock, seasoned four years, gave 7562 and 8748 lbs. The
modulus of elasticity ranged from 897,000 to 1,588,000, averaging
1,294,000.
Time tests show much smaller values for both modulus of rupture and

modulus of elasticity. A beam tested to 5800 lbs. in a screw machine
was left over night, and the resistance was found next morning to have
dropped to about 3000, and it broke at 3500.

Prof. Lanza remarks that while it was necessary to use larger factors
of safety, when the moduli of rupture were determined from tests with
smaller pieces, it will be sufficient for most timber constructions, except
in factories, to use a factor of four. For breaking strains of beams, he
states that it is better engineering to determine as the safe load of a
timber beam the load that will not deflect it more than a certain fractiop
of its span, say about 1/300 to 1/400 of its length.

Expansion of Timber Due to the Absorption of Water.

(De Volson Wood, A. S. M. E., vol. x.)

Pieces 36 X 5 in., of pine, oak, and chestnut, were dried thoroughly^
°nd then immersed in water for 37 days.
The mean per cent of elongation and lateral expansion were:

Pine. Oak. Chestnut.

Elongation, per cent 0.065 0.085 0.165
Lateral expansion, per cent ... . 2.6 3.5 3.65

Expansion of Wood by Heat. — Trautwine gives for the expansion,
of white pine for 1 degree Fahr. 1 part in 440,530, or for 180 degrees
1 part in 2447, or about one-third of the expansion of iron.

Shearing Strength of American Woods, adapted for Pins or
Tree-nails.

J. C. Trautwine {Jour. Franklin Inst.). (Shearing across the grain.)

per sq. in. per sq. in.

Ash 6280 I ickory . 6045
Beech .... 5223 I ickory . 7285
Birch 5595 ]V aple . 6355
Cedar (white) ... 1372 Oak . 4425
Cedar (white) ... 1519 Oak (live) . 8480
Cedar (Central American) ... 3410 Pine (white) . 2480
Cherry 2945 Pine (Northern yellow) . 4340
Chestnut ... 1536 Pine (Southern yellow) . 5735
Dogwood .... 6510 Pine (very resinous yellow) . . . 5053
Ebony . . . 7750 Poplar . 4418
Gum ... 5890 Spruce . 3255
Hemlock .... 2750 Walnut (black) . 4728
Locust .. .. 7176 Walnut (common) . 2830

Transverse Tests of Pine and Spruce Beams. {Tech. Quar. XIII,
No. 3, 1900, p. 226.)—Tests of 37 hard pine beams, 4 to 10 ins. wide, 6 to
12 ins. deep, and 8 to 16 ft. length between supports, showed grea^; varia-
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tions in strength. The modulus of rupture oT different beams was &3
follows: 1, 2970; 4, 4000 to 5000; 1, 5510; 1, 6220; 9, 7000 to 8000; 8,
8000 to 9000; 4, 9000 to 10,000; 5, 10,000 to 11,000; 3, 11,000 to 12,000;
1, 13,600.

Six tests of white pine beams gave moduli of rupture ranging from
1840 to 7810; and eighteen tests of spruce beams from 2750 to 7970 lbs.
per sq. in.

Drying of Wood.— Circular 111, U. S. Forest Service, 1907. Sticks
of Southern loblolly pine 11 to 13 inches diameter, 9 to 10 ft. long, were
weighed every two weeks until seasoned, to find the weight of water
evaporated. The loss, per cent of weight, was as follows:

Weeks 2 4 6 8 10 12 14 16
Loss per cent of green wood 16 21 26 31 32 34 35 35
Preservation of Timber. — U. S. Forest Service, Circular 111, 1907,

discusses preservative treatment of timber by different methods, namely,
brush treatment with creosote and with carbolinium; open tank treat-
ment with salt solution, zinc chloride solution; and cyhnder treatment
with zinc chloride solution and creosote.
The increased life necessary to pay the cost of these several preserva-

tive treatments is respectively: 6, 16, 7, 13, 41, 27, and 55%, The
results of the experiments prove that it will pay mining companies to
peel their timber, to season it for several months and to treat it with a
good preservative. Loblolly and pitch pine have been most success-
fully preserved by treatment with creosote in an open tank.

Circular No. 151 of the Forest Service describes experiments on the
best method of treating loblolly pine cross-arms of telegraph poles. The
arms after being seasoned in air are placed in a closed air-tight cyhnder,
a vacuum is applied sufficient to draw the oil (creosote, dead oil of coal
tar) from the storage tank into the treating cylinder. Sufficient pres-
sure is then applied to force the oil into the heartwood portion of the
timber, and continued until the desired amount of oil is absorbed, then a
vacuum is maintained until the surplus oil is drawn from the sapwood.
It is recommended that heartwood should finally contain about 6 lbs.

of oil per cubic foot, and sapwood about 10 lbs. The preliminary bath
of live steam, formerly used, has been found unnecessary. Much valu-
able information concerning timber treatment and its benefits is con-
tained in the several circulars on the subject issued by the Forest
Service.

STRENGTH OF COPPER AT HIGH TEMPERATURES.
The British Admiralty conducted some experiments at Portsmouth

Dockyard in 1877, on the effect of increase of temperature on the tensile
strength of copper and various bronzes. The copper experimented upon,
was in rods 0.72 in. diameter.
The following table shows some of the results:

Temperature,
Fahr.

Tensile Strength Temperature,
in lbs. per sq. in. Fahr.

Tensile Strength
in lbs. per sq. in.

Atmospheric
100°
200°

23,115
23,366
22,110

300°
400°
500°

21,607
21,105
19,597

Up to a temperature of 400° F. the loss of strength was only about
10 per cent, and at 500° F. the loss was 16 per cent. The temperature of
steam at 200 lbs. pressure is 382° F., so that according to these experi-
ments the loss of strength at this point would not be a serious matter.
Above a temperature of 500° the strength is seriously affected.

COPPER CASTINGS OF HIGH CONDUCTIVITY.
A method of making copper castings of high electric conductivity is

described in The Foundry, Sept., 1910. The copper is melted under
a cover of charcoal and common salt. When thoroughly liquid, 2 oz.
of stick magnesium is added per 100 lb. of copper, being plunged below
the surface of the copper and held there until reaction ceases. The
metal should be stirred for five minutes with a plumbago stirrer, and
reheated before pouring. The castings have a conductivity of about
85% if high grade ingot copper is used.



TESTS OP AMERICAN WOODS. 369

TESTS OF AMERICAN WOODS. (Watertown Arsenal Tests, 1883.)

In all cases a large number of tests were made of each wood. Mini-
mum and maximum results only are given. All of the test specimens
had a sectional area of 1.575 X 1.575 inches. The transverse test speci-
mens were 39.37 inches between supports, and the compressive test
specimens were 12.60 inches long. Modulus of rupture calculated from

3 PI
formula R =

'^~f^2
• ^ ^ ^^^^ ^"^ pounds at the middle, I = length, in

inches, 6 = breadth, d = depth:

Name of Wood.

Cucumber tree {Magnolia acuminata)

.

Yellow poplar white wood (Lirioden-
dron tulipifera)

White wood, Basswood {Tilia Ameri-
cana)

Sugar-maple, Rock-maple (Acer sac-
charinum.)

Red maple (Acer rubrum)
Locust (Robinia pseudacacia)
Wild cherry (Prunus serotina)
Sweet gum (Liquidambar styraciflua)

.

Dogwood (Comus florida)
Sour gum, Pep-peridgeiiNyssasylvatica)
Persimm.on (Diospyros Virginiana) . .

White ash (Fraxunis Americana) ....
Sassafras (Sassafras officinale)
Slippery elm (Ulmus fulva)
White elm (Ulmus Americana)
Sycamore; Buttonwood (Platanus

occidentalis)
Butternut; white walnut (Juglans

cinerea)
Black walnut (Juglans nigra)
Shellbark hickory (Carya alba)
Pignut (Carya porcina)
White oak (Quercus alba)
Red oak (Quercv^ rubra)
Black oak (Quercus tinctoria)
Chestnut (Castanea vulgaris)
Beech (Fagus ferruginea)
Canoe-birch, paper-birch (Betula pa~

pyracea)
Cottonwood (Populus monilifera) . . . .

White cedar ( Thuja occidentalis)
Red cedar (Juniperus Virginiana) . .

.

Cypress (Saxodium Distichum)
White pine (Pinus strobus)
Spruce pine (Pinus glabra)
Long-leaved pine, Southern pine

(Pinus palustris)
White spruce (Picea alba)
Hemlock (Tsuga Canadensis)
Red fir, yellow fir (Pseudotsuga Doug-

la^ii)

Tamarack (Larix Americana)

Transverse Tests.
Modulus of
Rupture.

Min. Max.

7,440 12,050

6,560 11,756

6,720 11,530

9,680 20,130
8,610 13,450
12,200 21,730
8,310 16,800
7,470 11,130
10,190 14,560
9,830 14,300
10,290 18,500
5,950 15,800
5,180 10,150
10,220 13,952
8,250 15,070

6,720 11,360

4,700 11,740
8,400 16,320
14,870 20,710
11,560 19,430
7,010 18,360
9,760 18,370
7,900 18,420
5,950 12,870
13,850 18,840

11,710 17,610
8,390 13,430
6,310 9,530
5,640 15,100
9,530 10,030
5,610 11,530
3,780 10,980

9,220 21,060
9,900 11,650
7,590 14,680

8,220 17,920
10,080 16,770

Compression
Parallel to

Grain, pounds
per square inch.

Min.

3,810

7,460
6,010
8,330
5,830
5,630
6,250
6,240
6,650
4,520
4,050
6,980
4,960

4,960

5,480
6,940
7,650
7,460
5,810
4,960
4,540
3,680
5,770

5,770
3,790
2,660
4,400
5,060
3,750
2,580

4,010
4,150
4,500

4,880
6,810
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TENSILE STRENGTH OF ROLLED ZINC fLATES.

Herbert F. Moore, in Univ. of III. Bulletin, No. 9, 1911, gives a
table from which the following averages are taken:

Thickness, Tensile Strength,
Lb. per Sq. In.

Elongation
In. in 8 In. %.

with across with across
grain. grain. grain. grain

1. 21340 23050 4.85 0.31
0.6 21490 23550 16.63 3.33
0.25 23770 22260 11.90 0.27
0.10 •23580 33620 20.4 14.3
0.018 24660 32380

THE STRENGTH OF BRICK, STONE, ETC.
A great advance has recently (1895) been made, in the manufacturt*

of brick, in the direction of increasing their strength. Chas. P. Chase, in

Engineering News, says: "Taking the tests as given in standard engi-

neering books eight or ten years ago, we find in Trautwine the strength of

brick given as 500 to 4200 lbs. per sq. in. Mow, taking recent tests m
^

experiments made at Watertown Arsenal, the strength ran from 5000 to
22,000 lbs. per sq. in. In the tests on liUnois paving-brick, by Prof.
I. O. Baker, we find an average strength in hard paving brick of over
5000 lbs. per square inch. The average crushing strength of ten varie-
ties of paving-brick much used in the West, I find to be 7150 lbs, to the
square inch."
A test of brick made by the dry-clay process at Watertown Arsenal,

according to Paving, showed an average compressive strength of 3972 lbs.

per sq. in. In one instance it reached 4973 lbs. per sq. in. A test was
made at the same place on a "fancy pressed brick." The first crack
developed at a pressure of 305,000 lbs., and the brick crushed at 364,300
lbs., or 11,130 lbs. per sq. in. This indicates almost as great compressive
strength as granite paving-blocks, which is from 12,000 to 20,000 lbs.
per sq. in.

The three following notes on bricks are from Trautwine's Engineer's
Pocket-book:

Strength of Brick. — 40 to 300 tons per sq. ft., 622 to 4668 lbs. per
sq. in. A soft brick will crush under 450 to 600 lbs. per sq. in., or 30 to
40 tons per square foot, but a first-rate machine-pressed brick will stand
200 to 400 tons per sq. ft. (3112 to 6224 lbs. per sq. in.).

Weight of Bricks. — Per cubic foot, best pressed brick, 150 lbs.;

good pressed brick, 131 lbs.; common hard brick, 125 lbs.; good common
brick, 118 lbs.; soft inferior brick, 100 lbs.

Absorption of Water. — A brick will in a few minutes absorb 1/2 to
3/4 lb. of water, the last being 1/7 of the weight of a hand-molded one,
or 1/3 of its bulk.

Strength of Commbn Red Brick. — Tests of 67 samples of Hudson
River machine-molded brick were made by I. H. Woolson, Eng. Aews,
April 13, 1905. The crushing strength, in lbs. per sq. in., of 15 pale brick

ranged from 1607 to 4546, average 3olU; 44 medium, 2080 to 8944, av.
40SU; 8 hard brick, 2396 to 6420, av. 4960. Five Ptiiiadelphia pressed
brick gave from 3524 to 9425, av. 6361. The absorption ranged from
8.7 to 21.4% by weight. The relation of absorption to strength varied
greatly, but on the average there was an increase of absorption up to
3000 lbs. per sq. in. crushing strength, and beyond that a decrease.
The Strongest Brick ever tested at the Watertown Arsenal was a

paving brick from St. Louis, Mo., which showed a compressive strength
of 38,446 lbs. per sq. in. The absorption was 0.21% by weight and
0.5% by volume. The sample was set on end, and measured 2.45 X 3.06

Ins. in cross section. — Eng. News, Mar. 14, l907.

Tests of Bricks, fuU size, on flat side. (Tests made at Watertown,
Arsenal in 1883.) — The bricks were tested between flat steel buttresses.

Compressed surfaces (the largest surface) ground approximately flat.

The bricks were all about 2 to 2.1 inches thick, 7.5 to 8.1 niches long,

and 3.5 to 3.76 inches wide. Crushing strength per square inch: One
lot raneed from 11.056 to 16,734 lj>s,; a second, 12,995 to 22,351; a
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third, 10,390 to 12,709. Other tests gave results from 5960 to 10,250
lbs. per sq. in.

Tests of Brick. (Tech. Quar., 1900.) — Different brands of brick tested
on the broad surfaces, and on edge, gave results as follows, lbs. per sq. in.

{Tech. Quar. XII, No . 3, 1899.) 38 tests.

No.
Test.

Aver-
age.

Maxi-
mum.

Mini-
mum.

Per cent Water
Absorbed.

On broad surface
Bay State, light hard

Same, tested on edge .

.

On broad surface
Dover River, soft

71

67

38

36

36

36

36

16

16

7039
6241

5350

8070

2190

3600

5360

7940
6430

11,240

10,840

8630

10,940

3060

4950

8810

9770
10,230

3587
3325

3930

5850

1370

2080.

3310

6570
3830

15.15 to 19.3av.
13.67 to 18.2 "

14.0 to 18.6 "

4.7 to 10.1 ••

!7.8 to 22.0 ••

16.6 to 23.4 "

8.3 to 16.7 ••

7.6 to 12.9 "
6.2 to 18.7 "

7.5
7.4

11 A

Dover River, hard
7.0

Central N. Y.. soft
19.9

Central N. Y., me-
dium burned

Central N. Y., hard
18.6

17 >

Another lot,* hard
in 6

Same,* tested on edge 11.4

* Brand not named.
The per cent water absorbed in general seemed to have a relation to

the strength, the greatest absorption corresponding to the lowest strength,
and vice versa, but there were many exceptions to the rule.

Crusbing Strength of Masonry Materials. (From Howe's "Re-
taining-Walls.") —

tons per sq. ft. tons per sq. ft.

Brick, best pressed . 40 to 300 Limestones and marbles 250 to 1000
Chal'c 20 to 30 Sandstone 150 to 550
Gran te 300 to 1200 Soapstone 400 to 800

Strength of Granite. — The crushing strength of granite is commonly-
rated at 12,000 to 15,000 lbs. per sq. in. when tested in two-inch cubes,
and only the hardest and toughest of the commonly used varieties reach
a strength above 20,000 lbs. Samples of granite from a quarry on the
Connecticut River, tested at the Watertown Arsenal, have shown a
strength of 35,965 lbs. per sq. in. {Engineering News, Jan. 12, 1893).

Ordinary granite ranges from 20,000 to 30,000 lbs. compressive strength
per sq. in. A granite from Asheville, N.C., tested at the Watertown
Arsenal, gave 51,900 lbs. — Eng. News, Mar. 14, 1907.
Strength of Avondale, Pa., Limestone. {Engineering News,

Feb. 9, 1893.) — Crushing strength of 2-in. cubes: light stone 12,112,
gray stone 18,040, lbs. per sq. in.

Transverse test of lintels, tool-dressed, 42 in. between knife-edge bear-
ings, load with knife-edge brought upon the middle between bearings;

Gray stone, section 6 in. wide X 10 in. high, broke under a load of 20,950 lbs.

Modulus of rupture 2,200 "

Light stone, section 8V4 in. wide XIO in. high, broke under. , . 14,720 ""

Modulus of rupture 1,170 "

Absorption. — Gray stone 0.051 of 1%
Light stone 0.052 of 1%

Tests of Sand-lime Brick. (I. H, Woolson, Eng. News, June 14,
1906).— Eight varieties of brick in lots of 300 to 800 were received from
different manufacturers. They were tested for transverse strength, on
supports 7 ia. apart, loaded in the middle: aad half bricks weye tested by
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compression, sheets of heavy fibrous paper being inswrted between the
specimen and the plates of the testing machine to insure an even bearing.
Tests were made on the brick as received, and on other samples after
drying at about 150° F. to constant weight, rec|uiring from four to six
days. The moisture in two bricks of each series was determined, and
found to range from 1 to 10%, average 5.9%. The figures of results
given below are the averages of 10 tests in each case. Other bricks of
each lot were tested for absorption by being immersed 1/2 in, in water for
48 hours, for resistance to 20 repeated freezings and thawings, and for
resistance to fire by heating them in a fire testing room, the bricks being
built in as 8-in. walls, to 1700° F. and maintaining that temperature
three hours, then cooling them with a 1 Vs-in. stream of cold water from
a hydrant. Transverse and compressive tests were made after these
treatments. The results given below are averages of five tests, except In
the case of the bricks tested after firing, in which two samples are averaged.
Effect of the Fire Test. — Several large cracks developed in both

the sand-lime and the clay brick walls during the test. These were no
worse in one wall than in the other. With the exception of surface
deterioration the walls were solid and in good condition. After they
were cooled the inside course of each wall was cut through and specimens
of each series secured for examination and test. It was difficult to
secure whole bricks, owing to the extreme brittleness.

In general the bricks were affected by fire about half way through.
They were all brittle and many of them tender when removed from the
wall. With the sand-lime brick, if a brick broke the remainder had to be
chiseled out like concrete, whereas a clay brick under like conditions
would chip out easily. The clay brick were so brittle and full of cracks
that the wall could be broken down without trouble. The sand-lime
bricks adhered to the mortar better, were cracked less, and were not so
brittle.

Designation of Brick. A B C D E F G

Modulus of )

Rupture J

As received

Dried
Increase, %
Wet
After fire

272

320
15,0

248
17

424

505
16.0

349
57

377

406
7,1

345
20

262

334
21.5

241

32

190

197

3.5
243
24

301

570
47.2
250
27

365

494
26.2

485
37

Compressive )

Strength,
lbs. per sq. in. )

As received
Dried
Increase, %
Wet
After freez-
ing

,

After fire

1875

2604
30.2

1611

1596

1807

2300
2772

17.1

2174

1619

2814

2871
3240

20.7
2097

2265
2573

1923

2476
22.3

1923

1174
2069

1610
1870

13.5

1108

1167
1089

2460
3273
24.8

2063

I85I

2051

2669
3190

16.3
2183

1739
4885

% of lime in brie
Pressure for hare
Hours in hardeni

6
120

10

10

135

8

5

150

7 10 10

5

150

7

8

ening, lbs.. .

.

ng, lbs

125

10

STRENGTH OF LIME AND CEMENT MORTAR.
{Engineering. October 2, 1891.)

Tests made at the University of Illinois on the effects of adding cement
to lime mortar. In all the tests a good quality of ordinary fat lime was

,

used, slaked for two days in an earthenware jar, adding two parts by
j

weight of water to one of lime, the loss by evaporation being made up '

by fresh additions of water. The cements used were a German Port-
land, Black Diamond (Louisville), and Rosendale. As regards fineness
of grinding, 85 per cent of the Portland passed through a No. 100 sieve,
as did 72 per cent of the Rosendale. A fairly sharp sand, thoroughly
washed and dried, passing through a No. 18 sieve and caught on a No. 30,
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was used. The mortar in all cases consisted of two volumes of sand to
one of lime paste. The following results were o'btained on adding
various percentages of cement to the mortar;

Tensile Strength, pounds per square inch.

Age
{

4 7 14 21 28 50 84
Days. Days. Days. Days. Days. Days. Days.

Lime mortar 4 8 10 13 18 21 26
20 per cent Rosendale 5 81/2 91/2 12 17 17 18
20 " " Portland. 5 81/2 14 20 25 24 26
30 *' " Rosendale 7 11 13 181/2 21 221/2 23
30 *• •• Portland. 8 16 18 22 25 28 27
40 " " Rosendale 10 12 161/2 211/2 221/2 24 36
40 " " Portland. 27 39 38 43 47 59 57
60 " " Rosendale 9 13 20 16 22 221/2 23
60 " " Portland. 45 58 55 68 67 102 78
80 " " Rosendale 12 181/2 221/2 27 29 311/2 33
80 " " Portland. 87 91 103 124 94 210 145
100 •• " Rosendale 18 23 26 31 34 46 48
100 " " Portland. 90 120 146 152 181 205 202

Tests of Portland Cement.

(Tech. Quar. XIII. No. 3, 1900, p. 236.)

1 Day. 2 Days. 14 Days IMo. 2Mos. 6Mos. 1 Year.

Neat cement:
Tension, lbs.

per sq. in...

Compression,
lbs. per sq. in

268-312

( 8650

j to
( 10,250

56-75

( 1200

j to
( 1585

454-532
13,080

to
14,860

79-92
1750

to
1885

780-820
23,640
to

34,820

185-211

3780
to
4420

915-920

211-230

950-1100
34,000
to

38,500

217-240
7850
to
8250

1036-1190 996-1248
36,150
to

50,000

280-383
3 sand, 1 cem.
Tens 300-382

3 sand, 1 cem.
Comp

8000
to

10,000

TEANSVERSE STRENGTH OF FLAGGING.

(N. J. Steel & Iron Co.'s Book.)

Experiments made by R. G. Hatfield and Others.

6 = width of the stone in inches; d = its thickness in inches; I = dis-
tance between bearings in inches.
The breaking loads in tons of 2000 lbs., for a weight placed at the center

of the space, will be as follows:

I

X
I

Bluestone flagging 0.744
Quincy granite 0.624
Little Falls freestone 0.576
Belleville, N. J., freestone. . 0.480
Granite (another quarry)... 0.432
Connecticut freestone 0.312

Thus a block of Quincy granite 80 inches wide and 6 inches thick,
resting on beams 36 inches in the clear, would be broken by a load resting

80 X 36
midway between the beams = —^— X 0.624 = 49.92 tons.

Dorchester freestone 0.264
Aubigny freestone 0.216
Caen freestone 0.144
Glass 1.000
Slate 1.2 to 2.7
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Fe

MODULI OF ELASTICITY OF VARIOUS MATERIALS.
The modulus of elasticity determined from a tensile test of a bar of any

material is the quotient obtained by dividing the tensile stress in pounds
per square inch at any point of the test by the elongation per inch of
length produced by that stress; or if P = pounds of stress applied,
K = the sectional area, I = length of the portion of the bar in which the
measurement is made, and A = the elongation in that length, the modu-

lus of elasticity £'= — -«-- = -ttt. The modulus is generally measured

within the elastic limit only, in materials that have a well-defined elastic
limit, such as iron and steel, and when not otherwise stated the modulus
Is understood to be the modulus within the elastic limit. Within this
limit, for such materials the modulus is practically constant for any
given bar, the elongation being directly proportional to the stress. In
other materials, such as cast iron, which have no well-defined elastic
limit, the elongations from the beginning of a test increase in a greater
ratio than the stresses, and the modulus is therefore at its maximum neaf
the beginning of the test, and continually decreases. The moduli of
elasticity of various materials have already been given above in treating
of these materials, but the following table gives some additional values
selected from different sources:

is, cast 9,170,000
Brass wire 14,230,000
Copper 15,000,000 to 18,000,000
Lead 1,000,000
Tin, cast 4,600,000
Iron, cast 12,000,000 to 27,000,000 (?) (

Iron, wrought 22,000,000 to 29,000,000 (?)
Steel 28,000,000 to 32,000,000 (see below)
Marble 25,000,000
Slate 14,500,000
Glass 8,000,000
Ash 1,600,000
Beech 1,300,000
Birch 1,250,000 to 1,500,000
Fir 869,000 to 2,191,000
Oak 974,000 to 2,283,000
Teak 2,414,000
Walnut 306,000
Pine, long-leaf (butt-logs) . 1,119,000 to 3,117,000 Avge. 1,926,000

The maximum figures given by some early writers for iron and steel,
viz., 40,000,000 and 42,000,000, are undoubtedly erroneous. The modulus
of elasticity of steel (within the elastic limit) is remarkably constant,
notwithstanding great variations in chemical analysis, temper, etc. It

'

rarely is found below 29,000,000 or above 31,000,000. It is generally
taken at 30,000,000 in engineering calculations. Prof. J. B. Johnson,
in his report on Long-leaf Pine, 1893, says: "The modulus of elasticity
is the most constant and reliable property of all engineering materials.
The wide range of value of the modulus of elasticity of the various metals
found in public records must be explained by erroneous methods of
testing."

In a tensile test of cast iron by the author (Van Nostrand's Science
Series, No, 41, page 45), in which the ultimate strength was 23,285 lbs.

per sq. in., the measurements of elongation were made to 0.0001 inch,
and the modulus of elasticity was found to decrease from the beginning
of the test, as follows: At 1000 lbs. per sq. in., 25,000,000; at 2000 lbs.,-

16,666,000; at 4000 lbs., 15,384,000; at 6000 lbs., 13,636,000; at 8000
lbs., 12,500,000; at 12,000 lbs., 11,250,000; at 15,000 lbs,, 10,000,000;
at 20,000 lbs,, 8,000 000; at 23,000 lbs., 6,140,000.

FACTORS OF SAFETY.
A factor of safety is the ratio in which the load that is just sufficient to

overcome instantly the strength of a piece of material is greater than the
greatest safe ordinary working load. (Rankine.)

Rankine gives the following "examples of the values of those factors
which occur in machines "

:
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Dead Load. Live Load, Live Load,
Greatest. Mean.

Iron and steel 3 6 from 6 to 40
Timber 4 to 5 8 to 10
Masonry , . 4 8

The great factor of safety, 40, is for shafts in millwork which transmit
very variable efforts.

IJnwin gives the following " factors of safety which have been adopted
In certain cases for different materials." They "include an_allowance
for ordinary contingencies."

, A Varying Load Producing >

Stress of Equal Alternate In Structures
Actual One Kind Stresses of subj. to vary-

Material. Load only. different kinds „ ing Loads and
Shocks

Cast iron 4 6 10 15
Wrought iron and steel 3 5 8 12
Timber 7 10 15 20
Brickwork and Masonry 20 30
In cast iron the factors are high to allow for unknown internal stresses.

Prof. Wood in his "Resistance of Materials" says: "In regard to the
margin that should be left for safety, much depends upon the character
of the loading. If the load is simply a dead weight, the margin may be
comparatively small; but if the structure is to be subjected to percus-
sive forces or shocks, the margin should be comparatively large on accoun
of the indeterminate effect produced by the force. In machines which
are subjected to a constant jar while in use, it is very difficult to deter'
mine the proper margin which is consistent with economy and safety.
Indeed, in such cases, economy as well as safety generally consists in
making them excessively strong, as a single breakage may cost much
more than the extra material necessary to fully insure safety."

For discussion of the resistance of materials to repeated stresses and
shocks, see pages 275 to 285.

Instead of using factors of safety, It is becoming customary in designing
to fix a certain number of pounds per square inch as the maximum stress
which will be allowed on a piece. Thus, in designing a boiler, instead of
naming a factor of safety of 6 for the plates and 10 for the stay-bolts, the
ultimate tensile strength of the steel being from 50,000 to 60,000 lbs. per
sq. in., an allowable working stress of 10,000 lbs. per sq. in. on the plates
and 6000 lbs. per sq. in. on the stay-bolts may be specified instead. So
also in the use of formulae for columns (see page 285) the dimensions of a
column are calculated after assuming a maximum allowable compressive
stress per square inch on the concave side of the column.
The factors for masonry under dead load as given by Rankine and by

Unwin, viz., 4 and 20, show a remarkable difference, which may possibly
be explained as follows: If the actual crushing strength of a pier of
masonry is known from direct experiment, then a factor of safety of 4 is

sufficient for a pier of the same size and quality under a steady load;
but if the crushing strength is merely assumed from figures given by the
authorities (such as the crushing strength of pressed brick, quoted above
from Howe's Retaining Walls, 40 to 300 tons per square foot, average
170 tons), then a factor of safety of 20 may be none too great. In this
case the factor of safety is really a "factor of ignorance."
The selection of the proper factor of safety or the proper maximum unit

stress for any given case is a matter to be largely determined by the
judgment of the engineer and by experience. No definite rules can be
given. The customary or advisable factors in many particular cases will

be found where these cases are considered throughout this book. In
general the following circumstances are to be taken into account in the
selection of a factor:

1. When the ultimate strength of the material is known within narrow
limits, as in the case of structural steel when tests of samples have been
made, when the load is entirely a steady one of a known amount, and
there is no reason to fear the deterioration of the metal by corrosion, the
lowest factor that should be adopted is 3.

2. When the circumstances of 1 are modified by a portion of the load
being variable, as in floors of warehouses, the factor should be not less

than 4.
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3. When the whole load, or nearly the whole, is apt to be alternately
put on and taken off, as in suspension rods of floors of bridges, the factor
should be 5 or 6.

4. When the stresses are reversed in direction from tension to com-
pression, as in some bridge diagonals and parts of machines, the factor
should be not less than 6.

5. When the piece is subjected to repeated shocks, the factor should be
not less than 10.

6. When the piece is subject to deterioration from corrosion the section
should be suflBciently increased to allow for a definite amount of corrosion
before the piece be so far weakened by it as to require removal.

7. When the strength of the material, or the amount of the load, or
both are uncertain, the factor should be increased by an- allowance suffi-

cient to cover the amount of the uncertainty.
8. When the strains are of a complex character and of uncertain \

amount, such as those in the crank-shaft of a reversing engine, a very
high factor is necessary, possibly even as high as 40, the figure given by
Rankine for shafts in millwork.
Formulas for Factor of Safety. — (F. E. Cardullo, Mach'y, Jan,.

1906.) The apparent factor of safety is the product of four factors, or,

a is the ratio of the ultimate strength of the material to its elastic limit,
not the yield point, but the true elastic limit within which the material is,

in so far as we can discover, perfectly elastic,and takes no permanent set.
Two reasons for keeping the working stress within this limit are: (1) that
the material will rupture if strained repeatedly beyond this limit; and "

(2) that the form and dimensions of the piece would be destroyed under
the same circumstances.
The second factor, 6, is one depending upon the character of the stress

produced within the material. The experiments of Wohler proved that
the repeated application of a stress less than the ultimate strength of a
material would rupture it. Prof. J. B. Johnson's formula for the relation
between the ultimate strength and the "carrying strength" under con-
ditions of variable loads is as follows:

/ = C/ -^ (2 - pi/p).

where / is the "carrying strength" when the load varies repeatedly
between a maximum value, p, and a minimum value, pi, and U is the
ultimate strength of the material. The quantities p and pi have plus
signs when they represent loads producing tension, and minus signs when
they represent loads producing compression.

If the load is variable the factor h must then have a value,

h = U/f=2- pdp.

Taking a load varying between zero and a maximum,
V\/p = 0, and 5 = 2 — pi/p = 2.

Taking a load that produces alternately a tension and a compression
equal in amount,

p' = — p and pilp = — 1, and 6 = 2 — p\/p = 2 — (— 1) = 3.

The third factor, c, depends upon the manner in which the load is applied
to the piece. When the load is suddenly applied c = 2. When not all

of the load is applied suddenly, the factor 2 is reduced accordingly. If
a certain fraction of the load, n/m, is suddenly applied, the factor is

1 + nim.

The last factor, d, we may call the "factor of ignorance." All the
other factors have provided against known contingencies; this provides
against the unknown. It commonly varies in value between 1 1/2 and 3,
although occasionally it becomes as great as 10. It provides against
excessive or accidental overload, unexpectedly severe service, unreliable
or imperfect materials, and all unforeseen contingencies of manufacture
or operation. When we know that the load will not be likely to be
Increased, that the material is reliable, that failure will not result dis-
astrously, or even that the piece for some reason must be small or light,
this factor will be reduced to its lowest limit, 1 1/2. When life or property
wouldbeendangeredbythefallure of the piece, this factor must be made
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largrer. Thus, while it is 1 1/2 to 2 in mast ordinary steel constructions,
tt is rarely less than 21/2 for steel in a boiler.

The reliability of the material in a great measure determines the value
of this factor. For instance, in all cases where it would be 1 1/2 for mild
steel, it is made 2 for cast iron. It will be larger for those materials
subject to internal strains, for instance for complicated castings, heavy
forgings, hardened steel, and the like, also tor materials subject to hidden
defects, such as internal flaws in lorgings, spongy places in castings, etc.
It will be smaller for ductile and larger tor brittle materials. It will be
smaller as we are sure that the piece has received uniform treatment, and
as the tests we have give more uniform results and more accurate indi-
cations of the real strength and quality of the piece itself. In fixing the
factor d, the designer must depend on his judgment, guided by the general
rules laid down.

Table of Factors of Safety.

The following table may assist in a proper choice of the factor of safety
It shows the value of the four factors for various materials and conditions
of service.

Class of Service or Materials. ^~~1 ^^^^5
d~^ F

Bpilers.. 2 I 1 21/4-341/2-6
Piston and connecting rods for double-
acting engines 11/2-2 3 2 11/2 I31/2-I8

Piston and connecting rod for single-acting
engines 11/2-2 2 2 1 1/2 9 -12

Shaft carrying bandwheel, fly-wheel, or
armature 1 1/2-2 3 1 1 1/2 68/4- 9

Lathe spindles 2 2 2 II/2 12
Mill shafting 2 3 2 2 24
Steel work in buildings 2 112 4
Steel work in bridges 2 1 1 21/2 5
Steel work for small work 2 1 2 1 1/2 6
Cast iron wheel rims 2 1 1 10 20
Steel wheel rims 2 I 1 4 8

Materials. Minimum Values.
Cast iron and other castings 2 112 4
Wrought iron or mild steel 2 1 1 1 1/2 3
Oil tempered or nickel steel 11/2 1 I 1 V2 21/4
Hardened steel 1 1/2 I 1 2 3
Bronze and brass, rolled or forged 2 I • 1 1 1/2 3

THE MECHANICAL PROPERTIES OF CORK.
Cork possesses qualities which distinguish it from all other solid or

liquid bodies, namely, its power of altering its volume in a very marked
degree in consequence of change of pressure. It consists, practically,
of an aggregation of minute air-vessels, having thin, water-tight, and
very strong walls, and hence, if compressed, the resistance to compression
rises in a manner more like the resistance of gases than the resistance of
an elastic solid such as a spring. In a spring the pressure increases in
proportion to the distance to wliich the spring is compressed, but with
gases the pressure increases in a much more rapid manner; that is, in-
versely as the volume which the gas is made to occupy. But from the
permeabiUty of cork to air, it is evident that, if subjected to pressure in
one direction only, it will gradually part with its occluded air by effusion,
that is, by its passage through the porous walls of the cells in which it is

contained. The gaseous part of cork constitutes 53% of its bulk. Its
elasticity has not only a very considerable range, but it is very persistent.
Thus in the better kind of corks used in bottling the corks expand the
instant they escape from the bottles. This expansion may amount to
an increase of volume of 75%, even after the corks have been kept in a
state of compression in the bottles for ten years. If the cork be steeped
in hot water, the volume continues to increase till it attains nearly three
times that which it occupied in the neck of the bottle.
Wiieu cork is subjected to pressure a certain amount of permanent
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deformation or "permanent sq|" takes place very quickly. This prop*
erty is common to ail solid elastic substances when strained beyond theil
elastic limits, but with cork the limits are comparatively low. Besides
the permanent set, there is a certain amount of sluggish elasticity — that
is, cork on being released from pressure springs back a certain amount
at once, but the complete recovery takes an appreciable time.

Cork which had been compressed and released in water many thousand
times had not changed its molecular structure in the least, and had con-
tinued perfectly serviceable. Cork which has been kept under a pressure
of three atmospheres for many weeks appears to have shrunk to from
80% to 85% of its original volume. — Van Nostrand's Eng'g Mag., 1886,
XXXV. 307.

VULCANIZED INDIA-RUBBER.
The specific gravity of a rubber compound, or the number of cubic

inches to the pound, is generally taken by buyers as a correct index of
the value, though in reahty such is often very far from being the case.
In the rubber works the qualities of the rubber made vary from floating,
the best quality, to densities corresponding to 11 or 12 cu. in. to the
pound, the latter densities being in demand by consumers with whom
price appears to be the main consideration. Such densities as these can
only be obtained by utilizing to the utmost the quality that rubber
exhibits of taking up a large bulk of added matters.— Eng'g, 1897.

Lieutenant L. Vladomiroff, a Russian naval officer, has recently carried
out a series of tests at the St. Petersburg Technical Institute with view
to establishing rules for estimating the quality of vulcanized india-
rubber. The foliowng, in brief, are the conclusions arrived at, recourse
being had to physical properties, since chemical analysis did not give
any reUable result: 1. India-rubber should not give the least sign of
superficial cracking when bent to an angle of 180 degrees after five hours
of exposure in a closed air-bath to a temperature of 125° C. The
test-pieces should be 2.4 inches thick. 2. Rubber that does not contain
more than half its weight of metallic oxides should stretch to five times
its length without breaking. 3. Rubber free from all foreign matter,
except the sulphur used in vulcanizing it, should stretch to at least sevea
times its length without rupture. 4. The extension measured immedi-
ately after rupture should not exceed 12% of the original length, with
(/iven dimensions. 5. Suppleness may be determined by measuring the
•percentage of ash formed in incineration. This may form the basis for
deciding between different grades of rubber for certain purposes. 6. Vul-
canized rubber should not harden under cold. These rules have been
adopted for the Russian navy. — Iron Age, June 15, 1893.

Singular Actloii of India Rubber under Tension.— R. H. Thurston,
Am. Much., Mar. 17, 1898, gives a diagram showing the stretch at dif-
ferent loads of a piece of partially vulcanized rubber. The results trans-
lated into figures are:

Load, lbs 30 50 80 120 150 200 320 430
Stretch per in. of

length, in 0.5 1. 2.2 4 5 6 7 7.5
Stretch per 10 lbs. in-

crease of load 0.17 0.25 0.4 0.45 0.33 0.20 0.08 0.04

Up to about 30% of the breaking load the rubber behaves like a soft
metal in showing an increasing rate of stretch with increase of load,
then the rate of stretch becomes constant for a while and later decreases
steadily until before rupture it is less than one-tenth of the maximum.
Even when stretched almost to rupture it restores itself very nearly to
its original dimensions on removing the load, and gradually recovers- a
part of the loss of form at that instant observable. So far as known, •

no other substance shows this curious relation of stretch to load.
Rubber Goods Analysis. Randolph Boiling. (Iron Age, Jan. 28, 1909.)
The loading of rubber goods used in manufacturing estabUshments

with zinc oxide, lead sulphate, calcium sulphate, etc., and the employ-
ment of the so-called "rubber substitutes" mixed with good rubber call for
close inspection of the works chemist in order to determine the value of
the samples and materials received. The following method of analysis is

recommended:
Thin strips of the rubber must be cut into small bits about the size of
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No. 7 shot. A half gram is heated in a 200 c.c. flask with red fuming
nitric acid on the hot plate until all organic matter has been decomposed,
and the total sulphur is determined by precipitation as barium sulphate.
The difference between the total and combined sulphur gives the per
cent that has been used for vulcanization. Free sulphur indicates either
that improper methods were used in vulcanizing or that an excessive
per cent of substitutes was employed. Following is a scheme for the
analysis of india-rubber articles:

1. Extraction with acetone: A. Solution: Resinous constituents of
india-rubber, fatty oils, mineral oils, resin oils, solid hydrocarbons,
resins, free sulphur. B. Residue.

2. Extraction with pyridine: C. Extract: Tar, pitch, bitimiinous
bodies, sulphur in above. D. Residue.

3. Extraction with alcoholic potash: E. Extract: Chlorosulphlde
substitutes, siilphide substitutes, oxidized (blov/n) oils, sulphiir in
substitutes, chlorine in substitutes. P. Residue.

4. Extraction with nitro-naphthalene : G. Extract: India-rubber, sul-
phur in india-rubber, chlorine in india-rubber, the total of the above
three estimated by loss. H. Residue.

5. Extraction with boiling water: I. Extract: Starch (farina),
dextrine. K. Residue: Mineral matter, free carbon, fibrous materials,
sulphur in inorganic compounds.

6. Separate estimations: Total sulphur, chlorine in rubber.

SPECIFICATIONS FOR AIR HOSE.
The Bureau of Construction and Repair of the U. S. Navy, in 1910,

adopted the following specifications for air hose:
1. The hose to be made up of an inner rubber tube, three or more

canvas or braided layers, and an outer rubber cover; to be of the in-
ternal diameter required. 2. The tube and cover shall be free from
pitting or other irregularities; the tiibe shall not be less than i/ie in.,

and the cover not less than 1/32 in. in thickness. The hose to be of
the best quality rubber, duck and friction, and to be capable of stand-
ing a hydrostatic pressure of 600 lb. 3. Samples will be submitted tc
the mechanical kinking test. The samples should stand the test for
the following length of time without leakage at 90 lb. air pressiu-e

3/8 in 45 hours.
7/16 in 40 hours.
5/8 in 30 hours.
3/4 in 25 hours.

1 1/4 in 3 hours.

The kinking test is conducted as follows: The test piece, 20 in. in
length, is fastened to couplings made up on 45° elbows, the stationary
end. turned up and the moving end turned down. The ends of the
couplings when level are 7 in. apart. The moving end travels vertically
through a distance of 14 in., and the speed is such that the hose is

kinked about 80 times a minute, the kinking occurring in two places
about 4 in. from each end. Diu-ing this test an air pressure of about
90 lb. per sq. in. is maintained in the hose. The kinking is done on a
special machine designed to kink the hose at the speed specified.

NICKEL.
Properties of Nickel.— (F. L. Sp6rry, Tran. A.I.M.E., 1895). Nickel

has similar physical properties to those of iron and copper. It is less

malleable and ductile than iron, and less malleable and more ductile
than copper. It alloys with these metals in all proportions. It has
nearly the same specific gravity as copper, and is slightly heavier than
iron. It melts at a temperature of about 2900° to 3200° P. A small
percentage of carbon in metallic nickel lowers its melting-point per-
ceptibly. Nickel is harder than either iron or copper; is magnetic, but
will not take a temper. It has a grayish-white color, takes a fine polish,

and- may be rolled easily into thin plates or drawn into wire. It is

imappreciably affected by atmospheric action, or by salt water. Com-
mercial nickel is from 98 to 99 per cent pure. The impurities are iron,

copper, silicon, sulphur, arsenic, carbon, and (in some nickel) a kernel
of unreduced oxide. It is not diflacult to cast, and acts like some irons
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in being cold-short. Cast bars are likely to be porous or spongy,
but, after hammering or roUing, are compact and tough.
The average results of several tests are as follows: Castings, tensile

strength, 85,000 lbs. per sq. in., elongation, 12% ; wrought nickel, T. S,,

96,000, EL, 14%; wrought nickel, annealed, T. S., 95,000, EL, 23%;
hard rolled, T. S., 78,000, EL, 10%. (See also page 473.)

Nickel readily takes up carbon, and the porous nature of the metaJ
is undoubtedly due to occluded gases. According to Dr. Wedding,
nickel may take up as much as 9 % of carbon, which may exist either
as amorphous or as graphitic carbon.

Dr. Fleitmann, of Germany, discovered that a small quantity of pure
magnesimn woiild free nickel from occluded gases and give a metal
capable of being drawn or rolled perfectly free from blow-holes, to such
an extent that the metal may be rolled into thin sheets 3 feet in width.
Aluminum or manganese may be used equally as well as a purifying
agent; but either, if used in excess, serves to make the nickel very
much harder. Nickel will alloy with most of the useful metals, and
generally adds the qualities of hardness, toughness, and ductiUty.

ALUMINTJM—ITS PROPERTIES AND USES.
(Compiled from notes by Alfred E. Himt, and from publications

of the Aluminum Co. of America, 1914.)

The specific gravity of aluminimi varies according to its treatment,
as follows: Pure cast, 2.56; sheets, wire, etc., rolled and imannealed,
2.68; ditto, annealed, 2.66. The casting alloys range in specific
gravity from 2.82 to 2.91. Based on these values, an ingot of cast
alimiinum 12 in. square, 1 in. thick, weighs 13.3024 lb. ; a rolled sheet
12 in. square, 1 in. thick, weighs 13.9259 lb.; a 1-in. cast round bar,
12 in. long, weighs 0.8706 lb.; a 1-in. rolled bar, 12 in. long, weighs
0.9114 lb.; a cubic foot of cast aluminimi, 159.6288 lb.; and a cubic
foot of rolled aluminum, 167.1114 lb. Taking the weight of roUed
aluminum as 1, the weight of roUed wrought iron is 2.8742; of rolled
steel, 2.9322; of rolled copper, 3.3321; of rolled brass, 3.19. Wood
for structures can be taken as about one-third the weight of aluminum.

Chemically, aluminum is readily soluble in hydrochloric acid, and
n strong solutions of caustic alkalies. Hot dilute sulphuric acid
slowly dissolves it, but concentrated sulphuric acid acts very slowly.
Nitric acid, cold, either dilute or concentrated, has but little effect;
hot, it acts very slowly. Sulphur has no action at less than a red
heat. Chlorine, fluorine, bromine, iodine, and fluohydric acid rapidly
corrode it. Salt water has httle effect on it, and it resists sea water
better than does iron, steel, or copper. Aluminum strips on the sides
of a wooden vessel in sea water corroded less than 0.005 inch in six
months, about half the corrosion of copper strips. Ammonium solu-
tions gradually attack the surface of aluminum, forming a coating
which is moreresistant than the metal, and wliich while rapidly attacked
by concentrated acid or alkaU solutions, resists dilute mineral and
organic acids, and dry or moist air. It is not attacked by CO2, CO, or
H2S, but wiU absorb these gases when heated.
The presence of a considerable quantity of aluminum decreases its

resistance to corrosion. Commercial aluminum, such as is used for
rolling or casting alloys, contains, however, only a negligible quantity
of impurities. Occluded gases in molten aluminum cause blow-holes
in the ingots, which form laminated plates when the metal is rolled
or hammered, which are more liable to corrode than sound metal.
Silicon and iron are the impurities usually found, the former ranging
in commercial aluminum from 0.30 to 2.0 per cent, and the latter
from 0.15 to 2.0 per cent. Other metals are frequently alloyed with
aluminum to increase the hardness, rigidity, and strength. See
Alloys of Aluminum, page 396.
Aluminum is electro positive as regards the common metals, and forms

a galvanic couple when in contact with them. In service it should be
insulated from them by rubber gaskets, or washers, or by a liberal coats

of heavy paint.
In malleability pure aluminum is exceeded only by gold and silver.

It is exceeded in ductility only by gold, silver, platinum, iron, an<i
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copper. Sheets of aluminiun have been rolled down to 0.0005 in.
thick and beaten into leaf nearly as thin as gold leaf. The metal ia
most malleable at a temperature of between 400° and 600° F,, and at
this temperature it can be drawn down between rolls with nearly as
much draught upon it as with heated steel. It has also been drawn
into the finest wire. By the Mannesmann process aluminum tubes
have been made in Germany.
The electrical conductivity of aluminum is 61.67, silver being taken

as 100. On the same scale, the conductivity of copper is 97.62; of
gold, 76.61; of zinc, 29.57; of iron, 14.57; of platinum, 14.42. Alumi-
num wire, weight for weight, has a conductivity of 206, taking copper
as 100 and aluminum as 62, the alumirumi wire having an area 3.33
that of the copper wire. Pure aluminima is practically non-magnetic.
Aluminiun melts at 1215° F. It does not volatiUze at any tem-

perature produced by the combustion of carbon, but it is inadvisable
to heat it much beyond the melting point or to allow it to remain
molten for a great length of time, on account of its capacity to absorb
gases. It may be cast in dry or green sand molds or in metal chills,

and should be melted in plumbago crucible. Cores should be as soft
as will permit safe manipulation. A good core mixtm-e is 15 parts
core sand, 1 part rosin. The core should be sprayed with molasses
water, baked and washed in plmnbago water.
The mean specific heat of almninum is 0.2185 (water = 1), being

higher than any other metal except magnesiiun and the alkah metals.
Its latent heat of fusion is 51.4 B.T.U. per lb. The coefiicient of
linear expansion of aluminimi is 0.0000130 per degree F. The thermal
conductivity, according to Roberts-Austen, is 31.33 (silver = 100)

,

copper being the only baser metal which exceeds it. Wiederman
and Franz give the thermal conductivity for the metal unannealed as
38.87, and annealed as 37.96. Its shrinkage in cooling is 0.2031 in.

per foot, sUghtly more than ordinary brass. The shrinkage varies
somewhat with the thickness—thicker castings shrinking more than
thinner ones. The hardness of alxmiiniun varies with the purity, the
pm-est metal being the softest. In the Bottone scale the hardness of
the diamond is 3010, while that of almninum is 821.
Aluminum under tension, and section for section, is about as strong,

as cast iron. Its tensile strength is increased by cold rolhng or cold'
forging, and there are alloys which add considerably to the tensile
strength without increasing the specific gravity to over 3 or 3.25. >

The strength of commercial almninum is given in the following
table as the result of many tests:

Elastic Limit Ultimate Strength Percentage
per sq. in. in per sq. in. in of Reduction

Form. Tension, Tension, of Area in
lbs. lbs. Tension.

Castings 8,500 12,000-14,000 15
Sheet 12,500-25,000 24,000-40,000 20-30
Wire 16,000-33,000 25,000-65,000 40-60
Bars 14,000-33,000 28,000-40,000 30-40

The elastic limit per square inch luider compression in cast cylin-
dric colmnns of length twice the diameter is 3500 lb. The ultimate
strength per square inch ujider compression in cylinders of the same
form is 12,000. The modulus of elasticity of cast aluminum is about
9,000,000. It is rather an open metal in its texture, and for cylinders
to stand pressure an increase in thickness must be given to allow for
this porosity. Its maximum shearing stress in castings is about
12,000, and in forgings about 16,000, or about that of piu-e copper.
Its texttu-e and strength are improved by forging or pressing at a
temperatiu"e of about 600° F.

Pure aluminimi is too soft and lacking in tensile strength and rigidity
for many purposes. Valuable alloys are now being made which seem
to give great promise for the future. They are alloys containing from
2% to 7% or 8% of copper, manganese, iron, and nickel. See alloys
of aluminum, page 396.
Aluminum can be worked by any of the conmion mechanical proc-

esses, as rolling, stamping, drawing, tapping, spinning, forging, ex-
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tniding or machining. Owing to the ductility of the metal, sheet
aluminum can be given a deeper stamp or heavier draw than most
metals. A draw of over one-quarter to one-third more in depth than
can be taken with copper, brass or steel can be made on aluminxmi
sheet of 20 B. & S. gauge or heavier. The same sort of tools and proc-
esses are used for stamping as are used for other metal. The tools
should be lubricated with vaseUne or any greasy oil Avhich is free from
grit. It is practically minecessary to anneal the work between re-
draws.

In spinning it is also unnecessary to anneal the shells after they come
from the press, when the first operation is done in the drawing press.
The speed of the lathe should range from 2,000 to 3,000 r. p. m., and the
best results in spinning will be obtained by the use of hard wood
spinning stocks and metal chucks. For finishing and burnishing, steel
tools should be used. The best lubricant is soap, tallow, or paraflQn
candles. In drop forging aluminum, the castings to be forged should
be made a Uttle smaller in their horizontal diameter and a Uttle greater
in the vertical diameter than is desired for the finished forging. They
should be heated to the anneaUng temperature, about 700° F., before
being placed in the die.
Aluminum can be extruded into shapes which can be obtained in no

other way. In these shapes, the metal has a continuity of structure
which renders it easier in machining than fabricated shapes made by
other methods. It is difficult at the present time (1914), to extrude a
shape of greater diameter than 6 inches or one having a thickness of
wall of less than i/s inch.

In machining, the tools should have a highly whetted edge, such as
would be used in wood working, and they should also have a large
clearance. That is, the thickness of the blades should increase very
slowly from its edge. The tools should operate somewhat faster than
for brass, and the feed should be sUghtly slower in proportion. A good
lubricant should be freely used: No. 1 grade lard oil, or lard oil or
carbon oil mixed with 25 per cent of some animal oil, give satisfactory
results. Another satisfactory lubricant is a mixture of lard oil 25 per
cent by volume with benzine 75 per cent.

In sawing, an ordinary circular saw on a table may be used. The
teeth should have no " set," the saw should be thinner at the center than
at the periphery, and should run at a peripheral speed of 3,500 to 4,000
feet per minute.

For drilUng, an ordinary twist drill may be used, but it should be
exceedingly sharp. The drill should rotate about 50 per cent faster,
with a feed about 25 per cent slower, than would be used for brass. In
tapping, a sharp tap only should be used and a hole drilled with a drill

from one to three sizes larger than for brass. The best tap is one having
a single spiral flute with a lead of about one turn in every thi'ee inches.
The best tapping lubricant is the lard oil—benzine mixture noted
above.
Aluminum may be finished by caustic dipping and scratch brushing.

In caustic dipping, the article is first dipped into the benzine and then
into a strong solution of caustic alkaU, which is kept at the boiling
point, after which it should be placed in a strong hot solution of nitric
acid. After draining the acid, the aluminum should be dipped in
boihng hot water, which should be constantly drained off and renewed
by an addition of fresh water. On removal from the water, it should
be rapidly dried over a steam coil. In scratch brushing, the metal is

carefuUy cleaned and then applied to the scratch brush wheel, which
rotates at from 1500 to 2000 r. p. m.

Soldering and Welding Aluminum.—Aluminmn can be readily
electrically welded, but soldering is not altogether satisfactory. The
high heat conductivity of the aluminum withdraws the heat of the
molten solder so rapidly that it "freezes" before it can flow sufficiently.
A German solder said to give good results is made of 80% tin to 20%
zinc, using a flux composed of 80 parts stearic acid, 10 parts chloride of
zinc, and 10 parts of chloride of tin. Pure tin, fusing at 250° C,
has also been used as a solder. The use of chloride of silver as a flux has
been patented, and used with ordinary soft solder has given some suc-
cess. A pure nickel soldering-bit should be used, as it does not dis-
color aluminum as copper bits do.
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The following table of aluminum solders which have been successfully

used appeared in Machinery, Dec, 1914. See also page 410.

Tin.
Alum-
inum.

Zinc.
Cop-
per.

Bis-
muth. Lead.

Phos-
phor-
Tin*.

Silver
Anti-
mony

Cad-
mium.

Mag-
nes-
ium.

95.00 5.00 _
78.50 2.00

66.70
19 .00 0.50

33.30
26; 65 70.00 10.00
97.00

6.00 89.50 4.50
3.00

71*. 25 2.25 26.00 O.SO
60.00 4.00 8.00 4.00 li.do li.oo
37.50

S.OO
25.00
92.00

37.50

36.66 20.00 56.06
80.00 "2 .'25 17.00 0.75
66.00 15.50 9 .00 7.00 2.'25
15.50 2.50

20.00

7'8."25

65.00 15 .00
2.5O V.'25

....
49.65 20.31 1.15 2'6.06 3 .43
30.00 76.00

4.00 94.00 i.oo

'.'.'.'.

85. 16 10.80 'l!35 2."75
60.00 IS.OO 5 .00 10.00 5. 00 4..
86.00 14.00
98.00 Y.OO 1.00
20.00 70.00 10.00
48.00 2.00 27.00 23.00
90.00 5.00 5. 00
84.95 15.05

*10% phospllorus. tTtlis sold er also containsO.25% vanacliima.

X This solder also contains 5% chromium.

Aluminum Wire.—Tension tests. Diam. 0.128 in. 14 tests. E.L.
12,500 to 19,100; T. S. 25,800 to 26,900 lbs. per sq. in. ; el. 0.30 to 1.02%
in 48 ins.; Red. of area, 75.0 to 83.4%. Mod. of el. 8,800,000 to
10,700,000.— Tpc/i. Quar., xii, 1899.
Aluminum Rod.—Torsion tests. 10 samples, 0.257 in. diam. Appar-

ent outside fiber stress, lbs. per sq. in. 15,900 to 18,300 lbs. per sq. in.

11 samples, 0.367 in. diam. Apparent outside fiber stress, 18,400 to
19,200. 10 samples, 0.459 in. diam. Apparent outside fiber stress,
20,700 to 21,500 lbs. per sq. in. The average number of turns per inch
for the three series were respectively, 1.58 to 3.65; 1.20 to 2.64; 0.87 to
l.QQ.—Ibid.
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ALLOYS.

AIXOTS OF COPPER AND TIN.

(Extract from Report of U. S. Test Board.*)

Mean Corn- L ^^ ,d Torsion

position by

la

'Q
V _o Tests.

1
a
3

Analysis.

SI

¥
m Transverse

'

Modulus

c

Rupture.

c 2

Cop-
per,

Tin.

<

T^ 100. 27,80074^ 6.47 29,848 bent. 42,000 143 153
la 100. 12,760 11,000 0.47 21,251 2.31 39,000 65 40
2 97.89 1.90 24,580 10,0C0 13.33 34,000 150 317
3 96.06 3.76 32,000 16,000 14.29 33,232 bent. 42,048 157 247
4 94.11 5.43 38,659

"

5 92.1, 7.80 28,540 i9,66o '5.53 43,731 42,660 160 126*

6 90.27 9.58 26,860 15,750 3.66 49,400 38,000 175 114
7 88.41 11.59 60,403

"

8 87 15 12.73 29,430 2o,66o 3.33 34,531 4.00 53,d00 i82 idd*
9 8. .70 17.34 67,930 0.63
10 80.95 18.84 32.980

'.'.

'.

'

0.04 56,715 0.49 78,d00 190 \6'

11 77.56 22.25 . . . 0. 29,926 0.16
12 76.63 23.24 22.010 22,Q\Q 0. 32,210 0.19 114,d00 i22 *3'.4

13 72.89 26.85 0. 9,512 0.05
14 69.84 29.88 5',585 5,585 0. 12,076 0.06 147,000 "18 'V.5
15 68.58 31.26 0. 9,152 0.04
16 67.87 32.10 0. 9,477 0.05
17 65.34 34.47 2.201 2,201 0. 4,776 0.02 84,700 '16 r
18 56.70 43.17 1,455 1,455 0. 2,126 0.02
19 44.52 55.28 3,010 3,010 0. 4,776 0.03 35,800 *23 '\'

20 34.22 65.80 3,371 3,371 0. 5,384 0.04 19.600 17 2
21 23.35 76.29 6.775 6,775 0. 12,408 0.27
22 15.08 84.62 9,063 0.86 6,*500 '23 25*
23 11.49 88.47 6,380 3", 500 4.io 10,706 5.85 10,100 23 62
24 8.57 91.39 6,450 3,500 6.87 5,305 bent. 9,800 23 132
25 3.72 96.31 4,780 2.750 12.32 6,925 9,800 23 220
26 0. 100. 3,505 35.51 3,740 6,400 12 557

* The tests of the alloys of copper and tin and of copper and zinc, the
results of which are published in the Report of the U. S. Board appointed
to "test Iron, Steel, and other Metals, Vols. I and II, 1879 and 1881. were
made by the author under direction of Prof. R. H. Thurston, chairman of
the Committee on Alloys. See preface to the report of the Committee,
in Vol. I.

Nos. la and 2 were full of blow-holes.

Tests Nos. 1 and la show the variation in cast copper due to varying
conditions of casting. In the crushing tests Nos. 12 to 20, inclusive,
crushed and broke under the strain, but all the others bulged and flattened
out. In these cases the crushing strength is taken to be that which
caused a decrease of 10% in the length. The test-pieces were 2 in. long
and 5 s in. diameter. The torsional tests were made in Thurston's torsion-
machine, on pieces 5/g in. diameter and 1 in. long between heads.

Specific Gravity of the Copper-tin Alloys. — The specific gravity
of copper, as found in these tests, is 8.874 (tested in turnings from the
Ingot, and reduced to 39.1° F.). The alloy of maximum sp. gr. 8.956
contained 03.43 copper. 37.48 tin, and all the alloys containing less tUaq
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37% tin varied irregularly in sp. gr. between 8.65 and 8.93, the density
depending not on the composition, but on the porosity of the casting. It
is probable that the actual sp. gr. of all these alloys containing less than
87% tin is about 8.95, and any smaller figure indicates porosity in the
specimen.
From 37% to 100% tin, the sp. gr. decreases regularly from the maxi-

mum of 8.956 to that of pure tin, 7.293.

Note on the Strength of the Copper-tin Alloys.

The bars containing from 2% to 24% tin, inclusive, have considerable
strength, and all the rest are practically worthless for purposes in which
strength is required. The dividing hne between the strong and brittle
alloys is preciselj' that at which the color changes from golden yellow to
silver-wliite, viz., ai a composition containing between 24% and 30% of
tin.

It appears that the tensile and compressive strengths of these alloys are
in no way related to each other, that the torsional strength is closely pro-
portional to the tensile strength, and that the transverse strength may de-
pend in some degree upon the compressive strength, but it is much more
nearly related to the tensile strength. The modulus of rupture, as ob-
tained by the transverse tests, is, in general, a figure between those of
tensile and compressive strengths per square inch, but there are a few
exceptions in which it is larger than either.

The strengths of the alloys at the copper end of the series increase
rapidly with the addition of tin till about 4% of tin is reached. The
transverse strength continues regularly to increase to the maximum, till

the alloy containing about 17^% of tin is reached, while the tensile and
torsional strengths also increase, but irregularly, to the same point. This
irregularity is probably due to porosity of the metal, and might possibiy
be removed by any means which would make the castings more compact.
The maximum is reached at the alloy containing 82.70 copper, 17.34 tin,

the transverse strength, however, being very much greater at tliis point
than the tensile or torsional strength. From the point of maximum
strength the figures drop rapidly to the alloys containing about 27.5% of
tin, and then more slowly to 37.5%, at which point the minimum (or
nearly the minimum) strength, by all three methods of test, is reached.
The alloys of minimum strength are found from 37.5% tin to 52.5% tin.
The absolute minimum is probably about 45% of tin.

From 52.5% of tin.to about 77.5% tin there is a rather slow and irregu-
lar increase in strength. From 77.5% tin to the end of the series, or all

tin, the strengths slowly and somewhat irregularly decrease.

The results of these tests do not seem to corroborate the theory given
by some writers, that peculiar properties are possessed by the alloys
which are compounded of simple multiples of their atomic weights or
chemical equivalents, and that these properties are lost as the com-
positions vary more or less from tliis definite constitution. It does
appear that a certain percentage composition gives a maximum strength
and another certain percentage a minimum, but neither of these com-
positions is represented by simple multiples of the atomic weights.

There appears to be a regular law of decrease from the maximum to
the minimum strength which does not seem to have any relation to the
atomic proportions, but only to the percentage compositions.

Hardness.—The pieces containing less than 24 % of tin were turned in
the lathe without difficulty, a graduaUy increasing hardness being noticed,
the last named giving a very short chip, and requiring frequent sharpening
of the tool.

With the most brittle alloys it was found impossible to turn the test-
pieces in the lathe to a smooth surface. No. 13 to No. 17 (26.85 to 34.47
tin) could not be cut with a tool at all. Chips would fly off in advance
of the tool and beneath it, leaving a rough surface; or the tool would
sometimes, apparently, crush off portions of the metal, grinding it to
powder. Beyond 40 % tin the hardness decreased so that the bars could
be easily turned.
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ALLOTS OF COPPER AND ZEVC. (U. S. Test Board.)

Elastic
Trans-
verse
Test

Modu-
lus of
Rup-
ture.

^ Torsional
Mean Com-
position by Tensile

Limit
% of "^^ri

Crush- Tests.

No.
Analysis. Str'gth,

lbs. per
Break-
ing

Load,
lbs. per
sq. in.

11
s .s

ift
Str'gth
per sq.

m., lbs.

||3

si
Cop-
per.

Zinc.
sq. in.

"~j~
97.83 1.88 27,240 130 357

2 82.93 16.98 32,600 26.
'l 26.7 23, i97 Beiit 155 329

3 81.91 17.99 32,670 30.6 31.4 21,193 166 345
4 77.39 22.45 35,630 20.0 35.5 25,374

"
169 311

5 76.65 23.08 30,520 24.6 35.8 22,325 42,000 165 267
6 73.20 26.47 31,580 23.7 38.5 25,894

"
168 293

7 71.20 28.54 30,510 29.5 29.2 24,468 164 269
8 69.74 30.06 28,120 28.7 20.7 26,930

"
143 202

9 66.27 33.50 37,800 25.1 37.7 28,459
"

176 257
10 63.44 36.36 48,300 32.8 31.7 43,216 202 230
11 60.94 38.65 41,065 40.1 20.7 38,968

"
75,000 194 202

12 58.49 41.10 50,450 54.4 10.1 63,304
*'

227 93
13 55.15 44.44 44,280 44.0 15.3 42,463 78,000 209 109
14 54.86 44.78 46,400 53.9 8.0 47,955 223 72
15 49.66 50.14 30,990 54.5 5.0 33,467 1.26 li 7,400 172 38
16 48.99 50.82 26,050 100 0.8 40,189 0.61 176 16
17 47.56 52.28 24,150 100 0.8 48,471 1.17 12i,'000 155 13
18 43 36 56.22 9,170 100 17,691 0.10 88 2
19 41.30 58.12 3,727 100 7,761 0.04 18 2
20 32.94 66.23 1,774 100 8,296 0.04 29 1

21 29.20 70.17 6,414 100 16,579 0.04 40 2
22 20.81 77.63 9,000 100 0.2 22,972 0.13 52,'l52 65 1

23 12.12 86.67 12,413 100 0.4 35,026 0.31 82 3
24 4.35 94.59 18,065 100 0.5 26,162 0.46 81 22
25 Cast. Zinc. 5.400 75 0.7 7,539 0.12 22,000 37 142

Variation in Strengtli of Gun-bronze, and Means of Improving
the Strength. — The figures obtained for alloys of from 7.8% to 12.7%
tin, viz., from 26,860 to 29,430 pounds, are much less than are usually
given as the strength of gun-metal. Bronze guns are usually cast under
the pressure of a head of metal, which tends to increase the strength and
density. The strength of the upper part of a gun casting, or sinking
head, is not greater than that of the smaU bars which have been tested
in these experiments. The following is an extract from the report of
Major Wade concerning the strength and density of gun-bronze (1850):— Extreme variation of six samples from different parts of the same
gun (a 32-pounder howitzer): Specific gravity, 8.487 to 8.835: tenacity,
26,428 to 52,192. Extreme variation of all the samples tested: Specific
gravity, 8.308 to 8.850: tenacity. 23,108 to 54,531. Extreme variation of
all the samples from the gun heads: Specific gravity, 8.308 to 8o756;
tenacity, 23,529 to 35,484.

Major Wade says: The general results on the quality of bronze as it is

found in guns are mostly of a negative character. They expose defects
in density and strength, develop the heterogeneous texture of the metal
in different parts of the same gun, and show the irregularity and un-
certainty of quality which attend the casting of all guns, although made
from similar materials, treated in like manner.
Navy ordnance bronze containing 9 parts copper and 1 part tin, tested

at Washington, D.C., in 1875-6, showed a variation in tensile strength
from 29,800 to 51,400 lbs. per square inch, in elongation from 3% to

58%, and in specific gravity from 8.39 to 8.88.

That a great improvement may be made in the density and tenacity

of gun-bronze by compression has been shown by the experiments of

Mr. S. B. Dean in Boston, Mass., in 1869, and by those of General
Uchatius in Austria in 1873. The former increased the density of the
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metal next the bore of the gun fiom 8.321 to 8.875, and the tenacity
from 27,238 to 41,471 pounds per square inch. The latter, by a similar
process, obtained the following figures for tenacity:

Pounds per sq. in.
Bronze with 10% tin 72,053
Bronze with 8% tin 73,958
Bronze with 6% tin 77,656

ALLOTS OF COPPER, TIN, AND ZINC.

(Report of U. S. Test Board, Vol. II, 1881.)

No.
in

Analysis,
Original Mixture.

Transverse
Strength.

Tensile
Strength per
square inch.

Elongation
per cent in
5 inches.

Re-
port.

Cu. Sn. Zn.

Mcdulus
of

Rup-
ture.

Deflec-
tion,

ins.

A. B. A. B.

ttT 90~
5 5 41,334 2.63 23,660 30,740 2.34 9.68

5 88.14 1.86 10 31,986 3.67 32,000 33,000 17.6 19.5

70 85 5 10 44,457 2.8f 28,840 28,560 6.80 5.28
71 85 10 5 62,470 2.56 35,680 36,000 2.51 2.25
89 85 12.5 2.5 62,405 2.83 34,500 32,800 1.29 2.79
88 82.5 . 12.5 5 69,960 1.61 36,000 34,000 0.86 0.92

77 82.5 15 2.5 69,045 1.09 33,600 33,800 0.68

67 80 5 15 42,618 3.88 37,560 32,300 11.6' 3.59
68 80 10 10 67,117 2.45 32,830 31,950 1.57 1.67

69 80 15 5 54,476 0.44 32,350 30,760 0.55 0.44
86 77.5 10 12.5 63,849 1.19 35,500 36,000 1.00 1.00

87 77.5 12.5 10 61,705 0.71 36,000 32,500 0.72 0.59
63 75 5 20 55,355 2.91 33,140 34,960 2.50 3.19
85 75 7.5 17.5 62,607 1.39 33,700 39,300 1.56 1.33

64 75 10 15 58,345 0.73 35,320 34,000 1.13 1.25

65 75 15 10 51,109 0.31 35,440 28,000 0.59 0.54
66 75 20 5 40,235 0.21 23,140 27,660 0.43
83 72.5 7.5 20 51,839 2.86 32,700 34,800 3.73 3.78
84 72.5 10 17.5 53,230 0.74 30,000 30,000 0.48 0.49
59 70 5 25 57,349 1.37 38,000 32,940 2.06 0.99
82 70 7.5 22.5 48,836 0.36 38,000 32,400 0.84 0.40
60 70 10 20 36,520 0.18 33,140 26,300 0.31

61 70 15 15 37,924 0.20 33,440 27,800 0.25
62 70 20 10 15,126 0.08 17,000 12,900 0.03

?i
67.5 2.5 30 58,343 2.91 34,720 45,850 7.27 3.09
67.5 5 27.5 55,976 0.49 34,000 34,460 1.06 0.43

75 67.5 7.5 25 46,875 0.32 29,500 30,000 0.36 0.26

??
65 2.5 32.5 56,949 2.36 41,350 38,300 3.26 3.02
65 5 30 51,369 0.56 37,140 36,000 1.21 0.61

56 65 10 25 27,075 0.14 25,720 22,500 0.15 0.19
57 65 15 20 13,591 0.07 6,820 7,231
58 65 20 15 11,932 0.05 3,765 2,665
79 62.5 2.5 35 69,255 2.34 44,400 45,000 2.i5 2.'19

78 60 2.5 37.5 69,508 1.46 57,400 52,900 4.87 3.02
52 60 5 35 46,076 0.28 41,160 38,330 0.39 0.40
53 60 10 30 24,699 0.13 21,780 21,240 0.15
54 60 15 25 18,248 0.09 18,020 12,400
12 58.22 2.30 39.48 95,623 1.99 66,500 67,600 3.i3 3.' 15

3 58.75 8.75 32.5 35,752 0.18 Broke before te st; very brittle
4 57.5 21.25 21.25 2,752 0.02 725 1,300

73 55 0.5 44.5 72,308 3.05 68,900 68,900 9.43 2.88
50 55 5 40 38,174 0.22 27,400 30,500 0.46 0.43
51 55 10 35 28,258 0.14 25,460 18,500 0.29 0.10
49 50 5 45 20,814 0.11 23,000 31,300 0.66 0.45
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The transverse tests were made in bars 1 in. square, 22 in. between
< supports. The tensile tests were made on bars 0.798 in. diam. turned
from the two halves of the transverse-test bar, one half being marked A
and the other B.
Ancient Bronzes. — The usuai composition of ancient bronze was

the same as that of modern gun-metal — 90 copper, 10 tin; but the
proportion of tin varies from 5% to 15%, and in some cases lead has
been found. Some ancient Egyptian tools contained 88 copper, 12 tin.

Strength of the Copper-zinc Alloys. — The alloys containing less
than 15% of zinc by original mixture were generally defective. The
bars were full of blow-holes, and the metal showed signs of oxidation.
To insure good castings it appears that copper-zinc alloys should con-
tain more than 15% of zinc.
From No. 2 to No. 8 inclusive, 16.98 to 30.06% zinc the bars show a

remarkable similarity in all their properties. They have all nearly the
same strength and ductility, the latter decreasing slightly as zinc
increases, and are nearly alike in color and appearance. Between Nos. 8
and 10, 30.06 and 36.36% zinc, the strength by ah methods of test
rapidly increases. Between No. 10 and No. 15, 36.36 and 50.14% zinc,
there is another group, distinguished by high strength and diminished
ductility. The alloy of maximum tensile, transverse and torsional
strength contains about 41% of zinc.
The alloys containing less than 55% of zinc are all yellow metals.

Beyond 55% the color changes to white, and the alloy becomes weak and
brittle. Between 70% and pure zinc the color is bluish gray, the brit-
tleness decreases and the strength increases, but not to such a degree as
to make them useful for constructive purposes.

Difference between Composition by Mixture and by Analysis. —
There is in every case a smaller percentage of zinc in the average analy-
sis than in the original mixture, and a larger percentage of copper. The
loss of zinc is variable, but in general averages from 1 to 2%.
Liquation or Separation of the Metals. — In several of the bars a

considerable amount of liquation took place, analysis showing a differ-
ence in composition of the two ends of the bar. In such cases the
change in composition was gradual from one end of the bar to the other,
the upper end in general containing the higher percentage of copper.
A notable instance was bar No. 13, in the above table, turnings from the
upper end containing 40.36% of zinc, and from the lower end 48.52%.

Specific Gravity. — The specific gravity follows a definite law, vary-
ing with the composition, and decreasing with the addition of zinc.
From the plotted curve of specific gravities the following mean values
are taken:

Per cent zinc 10 20 30 40 50 60 70 80 90 100
Specific gravity . , . 8.80 8.72 8.60 8.40 8.36 8.20 8.00 7.72 7.40 7.20 7.14

Graphic Representation of the Law of Variation of Strength of
Copper-Tin-Zinc Alloys. — In an equilateral triangle the sum of the
perpendicular distances from any point within it to the three sides is
equal to the altitude. Such a triangle can therefore be used to show
graphically the percentage composition of any compound of three parts,
such as a triple alloy. Let one side represent copper, a second tin,
and the third zinc, the vertex opposite each of these sides representing
100 of each element respectively. On points in a triangle of wood rep-
resenting different alloys tested, wires were erected of lengths propor-
tional to the tensile strengths, and the triangle then built up with plaster
to the height of the wires. The surface thus formed has a characteristic
topography representing the variations of strength with variations of
composition. The cut shows the surface thus made. The vertical
section to the left represents the law of tensile strength of the copper-tin
alloys, the one to the right that of tin-zinc alloys, and the one at the
rear that of the copper-zinc alloys. The high point represents the
strongest possible alloj^s of the three metals. Its composition is copper
55, zinc 43, tin 2, and its strength about 70,000 lbs. The high ridge from
this point to the point of maximum height of the section on the left is

the line of the strongest alloys, represented by the formula zinc + (3 X tin)

= 55.
All alloys lying to the rear of the ridge, containing more copper and

less tin of ziric are alloys of greater ductility than those on the line of
;
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maximum strength, and are the valuable commercial alloys; those in
front on the declivity toward the central vaUey are brittle, and those in
the valley are both brittle and weak. Passing from the vaUey toward the
section at the right the alloys lose their brittleness and become soft, the
maximum softness being at tin =100, but they remain weak, as is shown
by the low elevation of the surface. This model was planned and con-
structed by Prof. Thurston in 1877. (See Trans. A S C E., 1881.
Report of the U. S. Board appointed to test Iron, Steel, etc., vol. ii,

Wasliington, 1881, and Thurston's Materials of Engineering vol. iii.)

Fig. 90.

The best alloy obtained in Thurston's research for the U. S. Testing
Board has the composition, copper 55, tin 0.5, zinc 44.5. The tensile
strength in a cast bar was 68,900 lbs. per sq. in., two specimens giving
the same result; the elongation was 47 to 51 per cent in 5 inches.
Thurston's formula for copper-tin-zinc aUoys of maximum strength
(Trans. A. S. C. E., 1881) is ^ + 3 ^ = 55, in which z is the percentage of
zinc and i that of tin. Alloys proportioned according to this formula
should have a strength of about 40,000 lbs. per sq. in. -f- 500 ^. The
formula fails with alloys containing less than 1 per cent of tin.

The following would be the percentage composition of a number of
alloys made according to this formula, and their corresponding tensile
strength in castings:

Tensile Tensile

Tin. . Zinc. Copper.
Strength,
lbs. per
sq. in.

Tin. Zinc. Copper. Strength
lbs. per
sq. in.

1 52 47 66,000 8 31 61 55,500
2 49 49 64,500 9 28 63 54,000
3 46 51 63,000 10 25 65 52,500
4 43 53 61,500 12 19 69 49,500
5 40 55 60,000 14 13 73 46,500
6 37 57 58,500 16 7 77 43,500
7 34 59 57,000 18 I 81 40,500
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These alloys, while possessing maximum tensile strength, would In
general be too hard for easy working by machine tools. Another series
.nade on the formula z 4- 4 i = 50 would have greater ductilitv, together
with considerable strength, as follows, the strength being calculated as
before, tensile strength in lbs. per sq. in. = 40,000 + 500 z.

Tensile Tensile

Tin. Zinc. Copper.
Strength,
lbs. per
sq. in.

Tin. Zinc. Copper. Strength,
lbs. per
sq. in.

1 46 53 63,000 7 22 71 51,000
2 Hi 56 61,000 ' 8 18 74 49,000
3 38 59 59,000 9 14 77 47,000
4 34 62 57,000 10 10 80 45,000
5 30 65 55,000 II 6 83 43,000
6 26 68 53,000 12 2 86 41,000

Composition of Alloys in Every-day Use in Brass Foundries.

{.American Machinist.)

Cop-
per.

Zinc. Tin. Lead.

Admiralty metal . .

Bell metal

lbs.

87

16

16

64

32

20

16

60

92

90

16

50

lbs.

5

"8"

8

1

1

'46"

3

50

lbs.

8

4

4

3

11/2

21/2

lbs.

"1/2

4

1

For parts of engines on
board naval vessels.

Bells for ships and factories
Brass (yellow)

Bush metal

For plumbers, ship and house
brass work.

For bearing bushes for shaft-
ing.

For pumps and other hydrau-
lic purposes.

Castings subjected to steam
pressure.

For heavy bearings.

Steam metal

Hard gun metal . .

.

Phosphor bronze .

.

Brazing metal

8pho

10

s. tin

nuts are forged, valve spin-
dles, etc.

For valves, pumps and gen-
eral work.

For cog and worm wheels,
bushes, axle bearings, slide
valves, etc.

Flanges for copper pipes.
Solder for the above flanges.

Admiralty Metal, for surface condenser tubes where sea water is used
for coohng, Cu, 70 ; Zn, 29 : Sn, 1. Povjer, June 1, 1909.

Gurley's Bronze.-— 16 parts copper, 1 tin, 1 zinc, I/2 lead, used by
W & L. E. Gurley of Troy for the framework of their engineer's transits.
Tensile strength 41,114 lbs. per sq. in., elongation 27% in 1 inch, sp. gr.

S.696. (W. J. Keep, Trans. A. I. M. E., 1890.)
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Composition of Various Grades of Rolled Brass, Etc.

Common high brass
Yellow metal
Cartridge brass
Low brass
Clock brass
Drill rod.
Spring brass
18 per cent German silver

Copper. Zinc. Tin. Lead. Nickel

61.5 38.5
60 40
662/3 331/3
80 20
60 40 11/2
60 40 11/2 to 2

662/3 331/3 11/2
611/2 201/2 18

The above table was furnished by the superintendent of a mill in Connec-
ticut in 1894. He says: While each mill has its own proportions for various
mixtures, depending upon the purposes for which the product is intended,
the figures given are about the average standard. Thus, between cartridge
brass with 33 Vs per cent zinc and common liigh brass with 381/2 per cent
zinc, there are any number of different mixtures known generally as " high
brass," or specifically as "spinning brass," "drawing brass," etc., wherein
the am.ount of zinc is dependent upon the amount of scrap used in the
mixture, the degree of working to which the metal is to be subjected, etc.

Useful Alloys of Copper, Tin, and Zinc.

(Selected from numerous sources.)

U. S. Navy Dept. journal boxes )

and guide-gibs. )

Tobin bronze
Naval brass ,

Composition, U. S. Navy ,

Brass bearings (J. Rose) ,

Gun metal

Tough brass for engines

Bronze for rod-boxes (Lafond).

.

" " pieces subject to shock.

.

Red brass parts
" percent

Bronze for pump casings (Lafond)..
" eccentric straps.

" " shrill whistles
" " low-toned whistles..

Art bronze, dull red fracture. .

.

Gold bronze .

Bearing metal

English brass of a.d. 1504 .

Copper. Tin. Zinc.

i
6

182.8
1 1/4 parts.

13.8 3.4 per cent.
58.22 2.30 39.48 " "
62 1 37 " "
88 10 2 " "

|64 8 1 parts.
(87.7 11.0 1 .3 per cent
92.5 5 2.5 " "
91 7 2 •• "
87.75 9.75 2.5 •• "
85 5 10 " "

83 2 15 ". "
(13
1 76.5

2 parts.
li.8 11.7 percent.

82 16 2 slightly malleable.
83 15 1.50 0.50 lead.
20 I 11 "
87 4.4 4.3 4.3 "
88 10 2
84 14 2
80 18 2.0 antimony.
81 17 2.0 "
97 2 1

89.5 2.1 5.6 2.8 lead.
89 8 3
89 21/2 81/2
86 14

851/4 123/4 2
80 18 2
79 18 21/2 1/2 lead.
74 91/2 91/2 7 lead.
64 3 291/2 3 1/2 lead.
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" Steam Metal.'* Alloys of copper and zinc are unsuitable for steam
valves and other like purposes, since their strength is greatly reduced at
high temperatiu-es, and they appear to imdergo a deterioration by con-
tinued heating. Alloys of copper with from 10 to 12% of tin, when cast
without oxidation, are good steam metals, and a favorite aUoy is what
is known as "government mixture," 88 Cu, 10 Sn, 2 Zn. It has a
tensile strength of about 33,000 lb. per sq. in., when cold, and about
30,600 lb. when heated to 407° F., corresponding to steam of 250 lb.
pressure.

Analyses of Tobin bronze by Dr. Chas. B. Dudley gave the following:
Pig metal Cu, 59.00; Zn, 38.40; Sn, 2.16; Fe, 0.11; Pb, 0.31
RoUed bar Cu, 61.20; Zn, 37.14; Sn, 0.90; Fe, 0.18; Pb, 0.35
The rolled bar gave 78,500 lb. tensile strength, 40% elongation in

2 in. and 15% in 8 in.

The original Tobin bronze in 1875, as described by Thurston, Trans.
A. S. C. E., 1881, had copper 58.22, tin 2.30, zinc 39.48. As cast it
had a tenacity of 66,000 lb. per sq. in., and as rolled 79,000 lb.; cold
rolled it gave 104,000 lb.

At a cherry-red heat Tobin bronze can be forged and stamped as
readily as steel. Its great tensile strength and its resistance to the
corrosive action of sea v/ater make it a suitable metal for condenser
plates and other marine purposes.

Miscellaneous Alloys. (From a circular of the Titanium Alloy Mfg.
Co., Niagara Falls, N. Y., 1915.)

Analyses (Approximate). Physical Qualities (Averages).

pi >,
i i^ I.

No. Cu. Al. Sn. Zn. Pb. T.S.

1^ 1^ ¥
4J i=l

1 90
89

10 70.000
37.500

20
8

7.5

8,5

95
75 .125

0.27

.31

19.500
3 11 21.600
5 90 10 77,000 24.5 7.5 94 .22 .27 25.000
9 90 10 37.500 17.5 8.6 67 .125 .31

10 88 10 2 35,000 16 8.7 72 .125 .32

11 90 6.') 7. 1.5 37.000 79 8.8 55 .14 .37

14 88 10 2 32.500 6.5 8.8 67 .125 .37 18.500
15 80 10 10 30.000 6 9.0 57 .125 .33

16 81 7 3 9 32.500 17 8.9 52 .125 .33

1« 8^ 5 5 5 30.000 18 8.5 55 .14 .31

19 83 4 7 6 30.500 17.5 8.5 57 .17,5 .31

24 70 27 2 29.500 25 8.4 52 .186 .30

7K 99.75

56
18.500
70.000

10

28.5

8.8

8.4

35
111

.25

.25

.32

.3029 0.5- 43.5 30.000
il 8 92 18.000 1.5 2.8 52 .186 .10

33 3 82 15 23.000 2 3.1 62 .186 .11

No.

No.

No.

Qualities and Uses:
No. 1. Strength, toughness, resists corrosion.

3. Gear bronze; serviceable for worm wheels rimning against
highly finished steel.

5. Similar to No. 1, but more easily machined. For large, heavy
work.

9. Acid resisting; for mine-pump bodies, and for thrust coUars
or disks.

No. 10. "Gun metal"; for heavy pressures and high speeds; for high-
grade bearings.

No. 11. Mediimi soft bronze; for small bearings lined with babbitt; for
steam work.

No. 14. Gear bronze, softer than No. 3 ; machines more easily.
No. 15. Phosphor bronze; for high speed and heavy pressure; for bear-

ings subject to shock.
No. 16. Similar to No. 15, but somewhat softer and lower in price.
No. 18. High grade red brass: a good steam metal.
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No. 19. Commercial red brass.
No. 24. A good yellow brass; casts well; takes a high polish.
No. 28. Pure copper, deoxidized; high electrical conductivity.
No. 29. "Manganese bronze"; for propeller blades, valve stems and

other parts requiring high strength; not good for bearings.
No. 32. Standard aluminum alloy; for crank cases, automobile castings,

etc.

No. 33. Tougher than No. 32; takes an extra liigh polish, can be bent
shghtly without breaking.

Special Alloys. (^Engineering , March 24, 1893.)

Japanese Alloys for art work:

Copper. Silver. Gold. Lead, Zinc. Iron.

Shaku-do..'....
Shibu-ichi

94.50
67.31

1.55
32.07

3.73
traces.

0.11
0.52

trace. trace.

Gilbert's Alloy for cera-perduta process, for casting in plaster of
paris.

Copper 91.4 Tin 5.7 Lead 2.9 Very fusible.

COPPER-ZINC-IRON AIXOTS.

(F. L. Garrison, Jour. Frank. Inst., June and July, 1891.)

Delta Metal. — This alloy, which was formerly known as sterro-metal,
is composed of about 60 copper, from 34 to 44 zinc, 2 to 4 iron, and 1 to 2
tin.

The peculiarity of all these alloys is the content of iron, which appears
to have the property of increasing their strength to an unusual degree.
In making delta metal the iron is previously aUoyed with zinc in known
and definite proportions. When ordinary wrought-iron is introduced
into molten zinc, the latter readily dissolves or absorbs the former, and
will take it up to the extent of about 5% or more. By adding the zinc-
iron alloy thus obtained to the requisite amount of copper, it is possi-
ble to introduce any definite quantity of iron up to 5% into the copper
alloy. Garrison gives the following as the range of composition ot
copper-zinc-iron, and copper-zinc-tin-iron alloys:

L II.
Per cent.

Iron 0.1 to 5
Tin 0.1 to 10
Zinc 1.8 to 45
Copper 98 to 40

The advantages claimed for delta metal are great strength and tough-
ness. It produces sound castings of close grain. It can be rolled and
forged hot, and can stand a certain amount of drawing and hammering
when cold. It takes a high poUsh, and when exposed to the atmosphere
tarnishes less than brass.
When cast in sand delta metal has a tensile strength of about 45,000

pounds per square inch, and about 10% elongation; when rolled, ten-
sile strength of 60,000 to 75,000 pounds per square inch, elongation
from 9% to 17% on bars 1.128 inch in diameter and 1 inch area.

Wallace gives the ultimate tensile strength 33,600 to 51,520 pounds
per square inch, with from 10% to 20% elongation.

Delta metal can be forged, stamped and rolled hot. It must be forged
at a dark cherry-red heat, and care taken to avoid striking when at a
black heat.

According to Lloyd's Proving House tests, made at Cardiff, December
20, 1887, a half-inch delta metal-rolled bar gave a tensile strength of
88,400 pounds per square inch, with an elongation of 30% in three
inches.

Per cent.
Iron 0.1 to 5
Copper 50 to 65
Zinc -.49.9 to 30
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G. H. Clamer, in Castings, July, 1908, describes some experiments on
the use of lead in copper alloys. A copper and lead alloy does not make
what would be called good castings; by the introduction of tin a more
homogeneous product is secured. By the addition of nickel it was found
that more than 15% of lead could be used, while maintaining tin at 8 to
10%, and also that the tin could be dispensed with. A good alloy for
bearings was then made without nickel, containing Cu 65, Sn 5, Pb 30.
This alloy is largely sold under the name of "plastic bronze." If the
matrix of tin and copper were so proportioned that the tin remained
below 9% then more than 20% of lead could be added with satisfactory
results. As the tin is decreased more lead may be added. (See Bear-
ing Metal Alloys, below.)
The Influence of Lead on Brass. — E. S. Sperry, Trans. A.I.M.E.,

1897. As a rule, the lower the brass (that is, the lower in zinc) the
more difficult it is to cut. If the alloy is made from pure "copper and
zinc, the chips are long and tenacious, and a slow speed must be em-
ployed in cutting. For some classes of work, such as spinning or car-
tridge brass, these qualities are essential, but for others, such as clock
brass or screw rod, they are almost prohibitory. To make an alloy
which will cut easily, giving short chips, the best method is the addition
of a small percentage of lead. Experiments were made on alloys con-
taining different percentages of lead. The following is a condensed
statement of the chief results:

Cu, 60; Zn, 30; Pb, 10. Difficult to obtain a homogeneous alloy.
Cracked badly on rolling.

Cu, 60; Zn, 35; Pb, 5. Good cutting qualities but cracked on rolling,
Cu, 60; Zn, 37.5: Pb, 2.5. Cutting qualities excellent, but could

only be hot-rolled or forged with difficulty.

Cu, 60; Zn, 38.75; Pb, 1.25. Cutting qualities inferor to those of
the alloy containing 2.5% of lead, but superior to those of pure brass.

Cu, 60; Zn, 40. Perfectly homogeneous. Rolls easily at a cherry
red heat, and cracks but slightly in cold rolling. Chips long and tena-
cious, necessitating a slow speed in cutting.

Tensile tests of these alloys gave the following results:

Copper, %
Zinc, %
Lead, %

60.0
40.0
None.

60.0
37.5
2.5

60.0
35.0
5.0

60.0
30.0
10.0

C A H C A H C A H C A H

T.S. per sq. in.*
Elong. in 1 in., %
Elong. in 8 in., %
Red. of area, %

16

48
27
61

60
51
3-3

44

107

1

13

39
28
27
30

51

27
23
33

88 33
28
27
26

42
26
22
33

61

1

36
36
30
29

35
20
16

25

63
2

3
4

P.R 92% 65% 61% 38%

* Thousands of pounds. C, casting; A, annealed sheet; H, hard
rolled sheet; P. R., possible reduction in rolling.

The use of tin, even in small amounts, hardens and increases the ten-
sile strength of brass, which is detrimental to free turning. Mr. Sperry
gives analyses of several brasses which have given excellent results in
turning, all included within the following range: Cu, 60 to 66%, Zn, 38
to 32%, Pb, 1.5 to 2.5%. For cartridge-brass sheet, anything over
0.10% of lead increases the liability of cracking in drawing.

PHOSPHOR-BRONZE AND OTHER SPECIAL BRONZES.
Phosphor-bronze. — In the year 1868, Montefiore & Kunzel of Liege.

Belgium, found by adding small proportions of phosphorus or "phos-
phoret of tin or copper" to copper that the oxides of that metal, nearly
always present as an impurity, more or less, were deoxidized and the
copper much improved in strength and ductility, the grain of the frac-
ture became finer, the color brighter, and a greater fluidit.y was attained.
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Three samples of phosphor-bronze, tested by Kirkaldy, gave

Elastic limit, lbs. per sq. in 23,800 24,700 16,100
Tensile strength, lbs. per sq. in. . 52,625 46,100 44,448
Elongation, per cent 8.40 1.50 33.40

The strength of phosphor-bronze varies like that of ordinary bronze
according to the percentages of copper, tin, zinc, lead, etc., in the alloy.

Phosphor-bronze Rod. — Torsion tests of 20 samples, 1/4 in. diam.
Apparent outside fiber stress, 77,500 to 86,700 lbs. per sq. in.; average
number of turns per inch of length, 0.76 to 1.50. — Tech. Quar., vol. xii,

Sept., 1899.
Penn. R. R. Co.'s Specifications for Phosphor-bronze (1902). —

The metal desired is a homogeneous alloy of copper, 79.70; tin, 10.00;

lead, 9.50; phosphorus, 0.80. Lots will not be accepted if samples do
not show tin, betv/een 9 and 11%: lead, bet\vecn 8 and 11%; phos-
phorus, between 0.7 and 1%; nor if the metal contains a sum total of

other substances than copper, tin, lead, and phosphorus in greater quan-
tity than 0.50 per cent. (See also p. 406.)

Deoxidized Bronze. — This alloy resembles phosphor bronze some-
what in composition and also delta metal, in containing zinc and iron.

The following analysis gives its average composition: Cu, 82.67; Sn, 12.40;
Zn, 3.23; Pb, 2.14; Fe, 0.10; Ag, 0.07; P, 0.005.

Comparison of Copper,
Wires.

Silicon-bronze, and Phosphor-bronze
{Engineering, Nov. 23, 1883.)

Description of Wire. Tensile Strength. Relative Conductivity.

39,827 lbs. per sq. in.

41,596 " " " "

103,033 " " " "

102,353 " " " "

100 per cent.

Silicon bronze (telegraph)
" (telephone)

Phosphor bronze (telephone) . .

96 " "
34 " "
26 " "

Silicon Bronze. (Aluminum World, May, 1897.)

The most useful of the siUcon bronzes are the 3% (97% copper, 3%
silicon) and the 5% (95% copper, 5% silicon), although the hardness
and strength of the alloy can be increased or decreased at will by
increasing or decreasing silicon. A 3% silicon bronze has a tensile
strength, in a casting, of about 55,000 lbs. per sq. in., and from 50% to
60% elongation. The 5% bronze has a tensile strength of about 75,000
lbs. and about 8% elongation. More than 5% or 51/2% of silicon in cop-
per makes a brittle alloy. In using silicon, either as a flux or for making
silicon bronze, the rich alloy of silicon and copper which is now on the
market should ise used. It should be free from iron and other metals if

the best results are to be obtained. Ferro-silicon is not suitable for use
in copper or bronze mixtures.
Copper and Vanadium Alloys. The Vanadium Sales Co. of America

reports (1908) that the addition of vanadium to copper has given a tensile
strength of 83,000 lbs. per sq. in.; with an elongation of over 60%.

ALLOYS FOR CASTING UNDER PRESSURE IN METAL
MOLDS, E. L. Lake, Am. Mach., Feb. 13, 1908.

No. Tin. Copper.
Alumi-
num. Zinc. Lead. Anti-

mony. Iron

1 14.75
19

12

30.8

5.25
5

10.6

20.4

6.25
1.

3.4
2.6

73.75
72.7
73.8
46.2

2
3

2 0.3 62"*

4

Nos. 1 and 2 suitable for ordinary work, such as could be performed by
average brass castings. No. 3 and 4 are harder.
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ALUMEVUM ALLOTS.
The useful alloys of aluminum so far found. have been chiefly in two

groups, the one of aluminum with not more than 35% of other metals, and
the other of metals containing not over 15% of aluminum; in the one case
the metals impart hardness and other useful quaUties to the aluminum,
and in the other the aluminum gives useful qualities to the metal with
which it is aUoyed.
Aluminum-Copper Alloys. — The useful aluminum-copper alloys can

be divided into two classes, — the one containing less than 11% of
aluminum, and the other containing less than 15% of copper. The first

class is best known as Aluminum Bronze.
Aluminimi Bronze. (Cowles Electric Smelting and Al. Co.'s circular.)

The standard A No. 2 grade of aluminum bronze, containing 10% of
aluminum and 90% of copper, has many remarkable characteristics
which distinguish it from all other metals.

The tenacity of castings of A No. 2 grade metal varies between 75,000
and 90,000 lbs. to the square inch, with from 4% to 14% elongation.

Increasing the proportion of aluminmn in bronze beyond 11% pro-
duces a brittle alloy; therefore nothing higher than the A No. 1, which
contains 11%, is made.
The B, C, D, and E grades, containing 7 i.^%, 5%, 2 K%, and lH7o

of aluminum, respectively, decrease in tenacity in the order named, that
of the former being about 65,000 poimds, while the latter is 25,000
pounds. While there is also a proportionate decrease in transverse and
torsional strengths, elastic limit, and resistance to compression as the
percentage of aluminum is lowered and that of copper raised, the ductil-
ity, on the other hand, increases in the same proportion. The specific
gravity of the A No. 1 grade is 7.56.

Bell Bros., Newcastle, gave the specific gravity of the almninum
bronzes as follows:

3%, 8.691; 4%, 8.621; 5%, 8.369; 10%, 7.689.

In manufacturing aluminum bronze, only the purest metals should
be used. The copper should be melted over a gas or oil fire in a plum-
bago crucible, being covered with charcoal to prevent oxidation and
the absorption of gases. If a coal fire is used, the copper will absorb
gases from the coal and produce an imsatisfactory alloy. The alumi-
num is dropped through the charcoal into the molten copper. The alu-
mimxm combines with the copper as soon as its melting point is reached,
setting free latent heat and raising the temperature of the mass. The
copper becomes brighter and more liqmd when the union takes place,
and the crucible then should be instantly removed from the fire,

skimmed, and poured into ingot molds of convenient size. The liquid
should be stirred until poured. The alloy may then be remelted for
casting. Each remelting improves the quality of the aluminum bronze
up to about fom' remeltings. (Aluminum Co. of America, 1909.)

Tests of Aluminum Bronzes.
(John H. J, Dagger, British Association, 1889.)

Per cent
Tensile Strength.

Elonga-
tion,

per cent.

Specific
Gravity.

of
Aluminum. Tons per

square inch.
Pounds per
square inch.

n 40 to 45
33 " 40
25 " 30
15 " 18

13 " 15

11 " 13

89,600 to 100,800
73,920 " 89,600
56,000 " 67,200
33,600 " 40,320
2), 120 " 33,600
24,640 " 29,120

8
14

40
40
50
55

7 23
10 7 69
71/2
5-51/2

8.00
8 37

21/2 ..:::! 8 69
11/4

Casting.—The melting point of aluminum bronze varies slightly with
the amount of alimiimma contained, the higher grades melting at a
lower temperature than the lower grades. The A No. 1 grades melt
at about 1700° F., a little higher than ordinary bronze or brass.
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Almninmn bronze shrinks more than ordinary brass. As the metal
solidifies rapidly it is necessary to pour it quickly and to make the
feeders amply large, so that there will be no "freezing" in them before
the casting is properly fed. Baked-sand molds are preferable to green
sand, except for small castings, and when fine skin colors are desired in
the castings. (Thos. D. West, Trans. A. S. M. E., 1886, vol. viii.)

All grades of aluminum bronze can be rolled, swedged, spun, or drawn
icold except A 1 and A 2. They can all be worked at a bright red heat.

In rolling, swedging, or spinning cold, it should be annealed very often
and at a brighter red heat than is used for annealing brass.

Seamless Tubes.—Leonard Waldo, Trans. A. S. M. E., vol. xviii,

'describes the manufacture of almninum bronze seamless tubing. Many
"difficulties were met in all stages of the process. A cold drawn bar, 1.49
in. outside diameter, 0.05 in. thick, showed a yield point of 68.700, and
a tensile strength of 96,000 lb. per sq. in. with an elongation of 4.9% in
10 in. ; heated to bright red and plunged in water, the yield point re-
duced to 24,200 and the T. S. to 47,600 lb. per sq. in., and the elonga-
tion in 10 in. increased to 64.9%.

Brazing.—Alimiinum bronze will braze as well as any other metal,
using one-quarter brass solder (zinc 500, copper 500) and three-quarters
borax, or, better, three-quarters cryolite.

Soldering.—Alumimuu bronze can be soldered by using a solder of
pure block tin with a flux of zinc flhngs and muriatic acid. It is advis-
able to "tin" the two surfaces before putting them together.
Aluminum Brass.-—^(E. H. Cowles, Trans. ^. J. Af. £., vol. xviii.)

—

Cowles almninum brass is made by fusing together equal weights of A 1
aluminmn bronze, copper, and zinc. The copper and bronze are first

thoroughly melted and mixed, and the zinc is finally added. The
material is left in the furnace until small test-bars are taken from it and
broken. When these bars show a tensile strength of 80,000 pounds or
over, with 2 or 3 per cent ductihty, the metal is ready to be poured.
Tests of tliis brass, on smaU bars, have at times shown as high as
100,000 pounds tensile strength.
The Aliuniniun Co. of America says (1909) that almninima brass has

an elastic limit of about 30,000 lb. per sq. in., an ultimate strength of
40,000 to 50,000 lb. per sq. in., and an elongation of 3% to 10% in 8 in.

Aluminum brass is used with alumimun ranging from 0.1% to 10%.
The best results are obtained by introducing the alumimun in the form
of aluminized zinc, a 5 % aluminized zinc being used where less than 1%
of aluminum is required and a 10% aliuninized zinc for aluminum per-
centages of over 1 %. The effect of aluminum in brass in quantities of
less than 1 % is to make the brass fiow freely and to insiu-e a soimder
casting, and it enables from one-half to one-third more castings to be
made on a gate than is possible where aluminum is not used. In quan-
tities over 1 % up to 10% the aluminum increases the strength of brass,
enabUng a cheaper grade of brass to be used than would otherwise be
possible. Inasmuch as aluminum lowers the melting point of brass,
great care must be taken not to overheat it in melting.

Tests of Aluminum Brass.

(Cowles E. S. & Al. Co.)

Specimen (Castings)
Diameter
of Piece,
Inch.

Area
sq. in.

Tensile
Strength,
lbs. per
sq. in.

Elastic
Limit,

lbs. per
sq. in.

Elonga-
tion,

per ct.

Remarks.

15%AgradeBronze
)

1 7% Zinc
]

68% Copper )

1 part A Bronze . . ^

' part Zinc >

1 part Copper )

1 part A Bronze . . )

1 part Zinc
[

1 part Copper )

0.465

0.465

0.460

0.1698

0.1698

0.1661

41,225

78,327

72,246

1 7,668 41 1/2

2V2

2 1/2

fill

Jill

The first brass on the above list is an extremely tough metal with low
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elastic limit, made purposely so as to "upset" easily. The other, which
is called Alvuninum brass No. 2, is very hard.
Caution as to Reported Strength of Alloys.—The same variation in

strength which has been found in tests of gun-metal (copper and
tin) noted above, must be expected in tests of aluminum bronze and, in
fact, of aU alloys. They are exceedingly subject to variation in density
and in grain, caused by differences in method of molding and casting,
temperature of pouring, size of and shape casting, depth of "sinking
head," etc. ChiU-castings give higher results than sand-castings, and
bars cast by themselves purposely for testing almost invariably run
higher than test bars attached to castings. Bars cut out from castings
are generally weaker than bars cast alone.

Effect of Copper on Aluminum.—Tests of rolled sheets of aluminum,
0.04 in. thick, with varying percentages of copper are reported in The
Engineer, Jan. 2, 1891, as follows:

Aluminum, per cent 100
Copper, per cent
Specific gravity, calculated
Specific gravity, determined.. 2.67
Tensile strength, lb. per sq.in. 25,535

Tests of Aluminum Alloys.

(Engineer Harris, U. S. N., Trans. A. I. M. E., vol. xviii.)

98 96 94 92
2 4 6 8

2.78 2.90 3.02 314
2.71 2.77 2.82 2.85

43,563 44,130 54,773 50,374

Composition. Tensile
Strength
per sq.

m., lb.

Elastic
Limit,
lb. per
sq. in.

Elonga-
tion,

per ct.

Reduc-

Copper.
Alumi-
num. Silicon. Zinc. Iron.

Area,
per ct.

91.50%
88.50
91.50
90.00
63.00
63.00
91.50
93.00
88.50
92.00

6.50%
9.33
6.50
9.00
3.33
3.33
6.50
6.50
9.33
6.50

1.75%
1.66
1.75
1.00
0.33
0.33
1 .75
0.50
1 .66
0.50

33:33%
33.33

0.25%
0.50
0.25

6.25

'

6.56'

60,700
66,000
67,600
72,830
82,200
70,400
59,100
53,000
69,930
46,530

18,000
27,000
24,000
33,000
60,000
55,000
19,000
19,000
33,000
1 7,000

23.2
3.8
13

2.40
2.33
0.4
15.1
6.2
1.33
7.8

30.7
7.8

21.62
5.78
9.88
4.33
23.59
15.5
3.30
19.19

For comparison with the above 6 tests of "Navy Yard Bronze,"
Cu 88, Sn 10, Zn 2, are given in which the T. S. ranges from 18,000 to
24,590, E. L. from 10,000 to 13,000, El. 2.5 to 5.8%, Red. 4.7 to 10.89.

Alloys of Aluminum, Silicon and Iron.

M. and E. Bernard have succeeded in obtaining through electrolysis,
by treating directly and without previous piurification, the aluminum
earths (red and white baxixites), the following:

Alloys such as ferro-aluminum, ferro-silicon-aluminum, and sUicon-
aluminum, where the proportion of silicon m.ay exceed 10% , which are
employed in the metallurgy of iron for refining steel and cast-iron.

Also silicon-aluminum, where the proportion of siMcon does not exceed
10%, which may be employed in mechanical constructions in a rolled or
hammered condition, in place of steel, on account of their great resist-
ance, especially where the lightness of the piece in construction consti-
tutes one of the main conditions of success.
The following analyses are given:
1. Alloys applied to the metallurgy of iron, the refining of steel and

cast iron: No. 1, Al, 70%; Fe, 25%,; Si, 5%. No. 2, Al, 70; Fe, 20;
Si, 10. No. 3, Al, 70; Fe, 15; Si, 15. No. 4, Al. 70; Fe, 10; Si, 20.
No. 5, Al, 70; Fe, 10; Si, 10; Mn, 10. No. 6, Al. 70; Fe, trace; Si, 20;
Mn, 10.

2. Mechanical alloys: No. 1, Al, 92; Si, 6.75; Fe, 1.25. No. 2, Al.
90; Si, 9.25; Fe, 0.75. No. 3, Al, 90; Si, 10; Fe, trace. The best results
were with alloys where the proportion of iron was very low, and the
proportion of silicon in the neighborhood of 10%. Above that pro-
pprtioQ the alloy become? crystaUine and can no longer be employed.
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The density of the alloys of silicon is approximately the same as that of
aluminum.

—

La Metallurgie, 1892.
Aluminum-Tungsten Alloys have been somewhat used in Europe

in the form of rolled sheets tmder the trade name of Wolfranimn. An
alxuninimi-tungsten alloy used in France (1898) for motor-car bodies
has the following properties: Cast, sp. gr. 2.86; T.S., 17,000 to 24,000;
elong.. 12 to 6%. Rolled, sp. gr., 3.09; T.S., 45,500 to 53,600; elong.,
8 to 6%.
Aluminum-Antimony alloys have been produced, but have a scien-

tific rather than a commercial interest. The alloy whose composition
is Sb Al has a higher melting point than either of its constituents.
Aluminium and Manganese.— Manganese is one of the best harden-

ers of aluminum. Professor Carpenter found that it increased the
strength when added in quantities up to 10%.
Undesirable Aluminum Alloys.— While aluminum wiU combine

with aU the metalloids and gaseous elements, such as oxygen, nitrogen,
sulphur, selenium, clilorine, iodine, boron, silicon, and carbon, no useful
result has been recorded from the combination of metallic alumimun
with any of these elements. The prevention of the occlusion of gaseous
metaUoids in molten alxuninum and the prevention of the union of car-
bon and aliuninum are among the chief precautions to be observed in
the metaUurgy of aluminmn. The effect of sodimn and potassiima on
alumimun is as undesirable as the effect of phosphorus and sulphur on
steel. (Aluminum Co. of America.)
Aluminum-Magnesium. ^—Magnalium.—A patented alloy of alumi-

num and magnesimn, containing 90 to 98% Al has the trade name
"magnahum." It is lighter than alumimun (sp. gr. 2.5), and is whiter,
harder, and stronger. It can be forged, rolled, drawn, machined, and
filed. It resists oxidation better than other Hght metals or alloys.
Tensile strength: cast, 18,400 to 21,300 lb. per sq. in., with a reduction
of area 3.75%; roUed, 52,200 lb. per sq. in., with a reduction of area
of 3.7%; annealed, 42,200 lb. per sq. in., reduction, 17.8%. Al Mg
aUoys are said by the Aluminum Co. of America to be as strong as Al
Cu alloys.
Aluminum and Iron.—Alumimun aUoys with cast-iron up to 15%

Al, but the metal decreases in strength as the Al increases. Above 15%
Al the alloys are granular and have practically no coherence. (Trans.
A. I. M. E., vol. xviii, A. S. M. E., vol. xix.) It is doubtful if alTuninmn
has much effect on soft gray No. 1 foimdry iron, except to keep the
metal molten a longer time. With difficult castings, where loss is

occasioned by defective castings or where the iron does not flow freely,
the addition of aliuninum will improve the quaUty of the casting, and
give a closer grained iron. The addition of 2 % or more of Al will de-
crease the shrinkage of cast iron. In wrought iron, 1 % Al makes the
metal more fluid at 2200° F. than it would Ibe at 3500° F. without Al.
An addition of 0.25 % Al to the bath causes the charge to stiffen more
quickly. (Aluminum Co. of America, 1909.)
Aluminum, Copper, and Tin.—Prof. R. C. Carpenter, Trans.

A. S. M. E., vol. xix., finds the following alloys of maximmn strength in
a series in which two of the three metals are in equal proportions:

Al, 85; Cu, 7.5; Sn, 7.5; tensile strength, 30,000 lb. per sq. in.

elongation in 6 in., 4%; sp. gr., 3.02. Al, 6.25; Cu, 87.5; Sn, 6.25
T. S., 63,000; EL, 3.8; sp. gr., 7.35. Al, 5; Cu, 5; Sn, 90; T. S., 11,000;
EL, 10.1; sp. gr., 6.82.
From 85 to 95% Cu the bars have considerable strength, are close

grained and of a golden color. Between 78 and 80% the color changes
to silver white and the bars become brittle. From 78 to 20% Cu the
aUoys are very hard and brittle, and worthless for practical purposes.
Almniniun is strengthened by the addition of equal parts of copper and
tin up to 7.5 % of each, beyond which the strength decreases. All the
aUoys that contain between 20 and 60% of either one of the three metals
are very weak.
Aluminum and lAnc.— (Aliuninum Co. of America, 1909.) Like the

copper alloys, the zinc alloys can be divided into two classes, (1) those
containing a relatively smaU amount of aluminum, and (2) those con-
taining less than 35 % of zinc. The first class is known as " aluminized
zinc," and the second comprises the zinc casting alloys. Zinc produces
t^ e strongest aUoy of aluminum, which strength can be increased by the
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addition of otlier metals. The strongest zinc-aluminum alloy may be
as nigh as 35,000 lb. per sq. in. The liigh zinc alloys are brittle and
more Uable to "draw" in heavy parts or lugs than are copper alloys.
This can often be overcome by suitable gating, chills, and risers. There
is also danger of bvirning out the zinc and producing a weaker casting.
For forging, a zinc-aluminum alloy of 10 to 15% zinc gives excellent
results. It is tough, flows weU in the dies, is easily machined and is
remarkably strong per unit of area.

Aluminized zinc is used in the bath for galvanizing and in alimiinum
brass. It is made by melting aluminum in the crucible and then grad-
ually stirring in the zinc, after which it is cast into ingots. The 5%
alloy is used in the galvanizing bath and for low grade almninum
brass, and the 10% alloy for high-grade brass castings. It is introduced
in the molten metal the same as pure zinc. In galvanizing it is added
in such proportions that the total amoimt of aluminum in the bath
wiU be about 1 lb. of aluminum per ton of bath, or about 20 lb. of 5 %
aUoy per ton of bath. It should be added gradually, and as the bath is
consumed fresh 5 % alloy should be added about 1 lb. at a time for a
5-ton bath. When aluminized zinc is used it is unnecessary to use
sal ammoniac to clear the bath of oxide. In starting a new bath, how-
ever, after adding the aluminized zinc, it is stirred-^weU xmtU the alumi-
num combines with the impurities, wMch rise to the surface as a scum.
This is removed, some sal ammoniac is added to coimteract the effects
of the aluminum, and the proportion of aUoy added is reduced.
Aluminuni and Tin.—(Alumimxm Co. of America, 1909.) Tin, al-

loyed with alimiinum in proportions of from 1 to 15%, gives added
strength and rigidity to heavy castings, increases the sharpness of
outline and decreases shrinkage. The aluminum-tin aUoys are rather
brittle, and although small proportions of tin in certain casting aUoys
have been advantageously used to decrease shrinkage, they are com-
paratively Uttle used on accoimt of the relative cost and brittleness.
Aluminum and Nickel, — (Aluminum Co. of America, 1909.) Al-

uminum-nickel alloys with 2 to 5 % of the combined aUoying metals are
satisfactory for roUing or hammering. A 7 to 9% alloy produces good
results in casting.
Other Aluminum AUoys. — Al 75.7, Cu. 3, Zn 20, Mn 1.3 is an

exceUent casting metal, having a tensile strength of over 35,000 lb.

per sq. in., and a sp. gr. slightly above 3. It has very Uttle ductiUty
Al 96.5, Cu 2, and chromium 1.5 is a Uttle heavier than pure alumi-

num and has a tensile strength of 26,300 lb. per sq. in. — A. S. M. E.,
vol. xix.
With the exception of lead and mercury, almninum tmites with aU"

metals, though it unites with antimony with great dixflculty. A small
percentage of silver whitens and hardens the metal, and gives it added
strength; and tins alloy is especiaUy appUcable to the manufactm-e of
fine instruments and apparatus. The following aUoys have been found
recently to be useful in the arts: Nickel-aluminum, composed of 20 parts
nickel to 80 of aluminum; rosine, made of 40 parts nickel, 10 parts silver,

30 parts aluminum, and 20 parts tin, for jeweUers' work ; mettaUne, made
of 35 parts cobalt, 25 parts almninum, 10 parts iron, and 30 parts copper.
The aluminum-bourbouze metal, shown at the Paris Exposition of 1889,
has a specific gravity of 2.9 to 2.96, and can be cast in very soUd shapes,
as it has very Uttle shrinkage. From analysis the foUowing composi-
tion is deduced: Aluminum, 85.74%; tin, 12.94%; siUcon, 1.32%; hron,
none.
Aluminum Alloys used in Automobile Construction (Am. Much.,

Aug. 22, 1907.)
(1) Al 2, Zn, 1, T.S. 35,000; Sp. gr. 3.1

(2) Al 92, Cu, 8, T.S. 18,000; Sp. gr. 2.84 Ni, trace
(3) Al 83, Zn, 15, Cu, 2, T.S. 23.000; Sp. gr. 3.1

(1) Unsatisfactory on account of failures under repeated vibration.
(2) Generally used. Resists vibrations well. (3) Used to some extent.
Many motor-car makers decUne to use it because of uncertainty of its

behavior under vibration.
The Thermit Process.— When finely divided alxuninum is mixed

with a metalUc oxide and ignited the aluminum burns with great rapid-
ity and intense heat, the chemical reaction being Al 4- Fe203 = AI2O3
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+ Fe. The heat thus generated may be used to fuse or weld iron and
other metals. See the Thermit Process, imder Welding of Steel, page
488,
Eesistance of Aluminum Alloys to Corrosion.— J. W. Richards,

Jour. Frank. Inst., 1895, gives the following table showing the relative
resistance to corrosion of ahuninum (99% pure) and alloys of aluminum
with different metals, when immersed in the liquids named. The
figures are losses per day in milhgrams per square centimeter of surface:

3%
Caustic
Potash.
Cold.

3%
Hydro-
chloric
Acid.
Cold.

Strong
Nitric
Acid.
Cold.

Strong
Salt
Solu-
tion.

150°F.

Strong
Acetic
Acid.
140° F.

Car-
bonic
Acid.
Water.
77° F.

3 per cent copper
3 per cent German silver

.

3 per cent nickel
2 per cent titanium
99 per cent aluminum ....

265.0
1534.4
580.3
73.4
35.6

53.3
130.6
180.0
4.3
5.8

36.1
97.7
83.0
18.6
9.6

0.1
0.05
0.13
0.06
0.04

0.4
0.6
0.75
0.20
0.15

0.0
0.01
0.04
0.0
0.01

ALLOYS OF MANGANESE AND COPPER.
Various Manganese Alloys.—E. H. Cowles, in Trans. A. I. M. E.,

vol. xviii, p. 495, states that as the result of ntunerous experiments on
mixtiu-es of the several metals, copper, zinc, tin, lead, alimiiniun, iron,
and manganese, and the metalloid silicon, and experiments upon the
same in ascertaining tensile strength, ductihty, color, etc., the most
important determinations appear to be about as follows:

1. That pure metallic manganese exerts a bleaching effect upon cop-
per more radical in its action even than nickel. In other words, it was
foiuid that 18 3^ % of manganese present in copper produces as white a
color in the resulting alloy as 25 % of nickel would do, this being the
amount of each required to remove the last trace of red.

2. That upwards of 20% or 25% of manganese may be added to cop-
per without reducing its ductility, although doubhng its tensile strength
and changing its color.

3. That manganese, copper, and zinc, when melted together and
poured into molds behave very much Uke the most "yeasty" Germa,n
silver, producing an ingot wtiich is a mass of blow-holes, and which
swells up above the mold before cooling.

4. That the alloy of manganese and copper by itself is very easily
oxidized.

5. That the addition of 1.25% of aluminum to a manganese-copper
alloy converts it from one of the most refractory of metals in the casting
Erocess into a metal of superior casting qualities, and the non-corrodi-
ihty of which is in many instances greater than that of either German

or nickel silver.

A "silver-bronze" alloy especially designed for rods, sheets, and wire
has the following composition: Mn, 18; Al, 1.20; Si, 0.5; Zn, 13; and Cu,
67.5%. It has a tensile strength of about 57,000 lbs. on small bars, and
20% elongation. It has been rolled into thin plate and drawn into wire
0.008 inch in diameter. A test of the electrical conductivity of tliis

wire (of size No. 32) shows its resistance to be 41.44 times that of pure
copper. This is far lower conductivity than that of German silver.

Manganese Bronze. (F; L. Garrison, Jour. F. I., 1891.) — This
alloy has been used extensively for casting propeller-blades. Tests of
some made by B. H. Cramp & Co., of Philadelpliia, gave an average
elastic limit of 30,000 lbs. per sq, in., tensile strength of about 60,000 lbs.
per sq. in. with an elongation of 8% to 10% in sand castings. When
rolled, the E. L. is about 80,000 lbs. per sq. in., tensile strength 95,000 to
106,000 lbs. per sq. in., with an elongation of 12% to 15%.

Compression tests made at United States Navy Department from the
metal in the pouring-gate of propeller-hub of U. S. S. Maine gave in
two tests a crushing stress of 126,450 and 135,750 lb. per sq. in. The
specimens were 1 inch high by 0.7 x 0.7 inch in cross-section = 0.49
square inch. Both specimens gave way by shearing, on a plane making
an angle of nearly 45° with the direction of stress.

A test on a specimen i X 1 X 1 inch was made from a piece of the:



402 ALLOYS.

same pouring-gale. ^Under stress of 150,000 pounds it was 'flatteiled to
0.72 inch high by about 1 1/4 x 1V4 inches, but without rupture or any
sign of distress.
One of the great objections to the use of manganese bronze, or in fact

any alloy except iron or steel, for the propellers of iron ships is on
account of the galvanic action set up between the propeller and the
stern-posts. This difficulty has in great measure been overcome by
putting strips of rolled zinc around the propeller apertures in the stern-
frames.
The following analysis of Parsons' manganese bronze No. 2 was made

from a chip from the propeller of Mr. W. K. Vanderbilt's yacht Alva.
Cu, 88.64; Zn, 1.57; Sn, 8.70; Fe, 0.72; Pb, 0.30; P, trace.

It will be observed there is no manganese present and the amount of
zinc is very small.

E. H. Cowles, Trans. A. I. M. E., vol. xviii, says: Manganese bronze,
so called, is in reality a manganese brass, for zinc instead of tin is the
chief element added to the copper. Mr. P. M. Parsons, the proprietor of
this brand of metal, has claimed for it a tensile strength of from 24 to
28 tons per sq. in. in small bars when cast in sand.

E. S. Sperry, Am. Mach., Feb. 1, 1906, gives the following analyses of
manganese bronze:

Cu. Zn. Fe. Sn. AI. Mn. Pb.

No. I 60.27
56.11
60.00
56.00

37.52
41.34
38.00
42.38

1.41

1.30
1.25
1.25

0.75
0.75
0.65
0.75

'6!47'

'6!56'

0.01

0.01

0.10
0.12

0.01
" 2 0.02
" 3
" 4

No. 1 is Parsons' alloy for sheet, No. 2 for sand casting. No. 3 is Mr.
Sperry's formula for sheet, and No. 4 his formula for sand castings.
The mixture for No. 3, allowing for volatilization of some zinc is: copper:
60 lbs.; zinc, 39 lbs.; "steel alloy," 2 lbs. That for No. 4 is: copper,
56 lbs.; zinc, 43 lbs.; "steel alloy," 2 lbs.; aluminum, 0.5 lb. The steel
alloy is made by melting wrought iron, 18 lbs.; ferro-manganese
(80 Fe, 20 Mn), 4 lbs.; tin, 10 lbs. The iron and ferro-manganese are
first melted and then the tin is added. In making the bronzes about
15 lbs. of the copper is first melted under charcoal, the steel alloy is

added, melted and stirred, then the aluminum is added, melted and
stirred, then the rest of the copper is added, and finally the zinc. The
only function of the manganese is to act as a carrier to the iron, which
is difficult to alloy with copper without such carrier. The iron ia
needed to give a high elastic limit. Green sand castings of No. 4 fre-
quently give results as high as the following: T. S., 70,000; E L
30,000 lbs. per sq. in.; elongation in 6 ins., 18%; reduction of area!
26%.
Magnetic Alloys of Non-Magnetic Metals. (El. World, April 15

1905; Electrot.-Zeit. MsiT. 2, 1905.) — Dr. Heusler has discovered that
alloys of manganese, aluminum, and copper are strongly magnetic The
best results have been obtained when the Mn and Al are in the proportions
of their respective atomic weights, 55 and 27.1. Two such alloys are
described (1) Mn, 26.8; Al, 13.2; Cu, 60. (2) Mn, 20.1; Al, 9.9- Cu 70
with 1% Pb added. The first was too brittle to be workable The
second was machined without difficulty. These alloys have as yet no
commercial importance, as they are far inferior magnetically (at most
1 to 4) to iron.

GERMAN-SILVER AND OTHER NICKEL ALLOTS.
German Silver. — The composition of German silver is a very un-

certain thmg and depends largely on the honesty of the manufacturer
and the price the purchaser is wilUng to pay. It is composed of copper
zinc, and nickel in varying proportions. The best varieties contain-
from 18% to 25% of nickel and from 20% to 30% of zinc, the remainder
oo^/S^ ^OPP®''-, The more expensive nickel silver contains from 25% to33% of nickel and from 75% to 66% of copper. The nickel is used as a
whitening element; it also strengthens the alloy and renders it harder
and more non-corrodible than the brass made without it, of copper and
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zirlc. Of all troublesome alloys to handle in the foundry or rolling-mill;
German silver is the worst. It is unmanageable and refractory at every
step in its transition from the crude elements into rods, sheets, or wire.
(E. H. Cowles. Trans. A. I. M. E., xviii, p. 494.)
The following list of copper-nickel alloys is from various sources:

Copper. Nickel. Tin. Zinc.

51.6
50.2
51.1

52 to 55
75 to 66
40.4
8
2
8
8

25.8
14.8
13.8

18 to 25
25 to 33
31.6
3
1

2
3

22.6
3.1

3.2
31.9

<« <l
31.9

« <( 20 to 30
Nickel "

6.5 parts
6.5 "

1

" " (cheaper)

.

" " (resembles
3.5 "

silver) . .

.

3 5"

Nickel-copper AUoys.—(F. L. Sperry, A. I. M. E., 1895.)

Copper. Nickel. Zinc. Iron. Cobalt.

Berlin 52 to 63
50
65.4
50

50 to 60
45.7 to 60

52.5
50
88
75

22 to 6
18.7 to 20

16.8
50

25 to 20
31.6 to 15

17.7

25

12

25

26 to 31

31.3 to 30
13.4

French, tableware
Maillechort 3.4
Christofle

Austrian, tableware
English, Sheffield
American, castings ......

" bearings
" one-cent coin

25 to 20
25.4 to 17

28.8
25

to 2.6 to 3.4

A refined copper-nickel alloy containing 50% copper and 49% nickel,
with very small amounts of iron, silicon and carbon, is produced direct
from Bessemer matte in the Sudbury (Canada) Nickel Works. German-
silver manufacturers purchase a ready-made alloy, which melts at a
low heat and requires only the addition of zinc, instead of buying the
nickel and copper separately. This alloy, "50-50" as it is caUed, is

almost indistinguishable from pure nickel. Its cost is less than nickel,

its melting-point much lower, it can be cast solid in any form desired,
and furnishes a casting which works easily in the lathe or planer, yield-
ing a silvery-white surface unchanged by air or moisture. For bullet
casings now used in various British and Continental rifles, a special alloy
of 80% copper and 20% nickel is made.
Monel Metal.— An alloy of about 72% Ni, 1.5 Fe, 26.5 Cu, made from

the Canadian copper-nickel ores, is described in the Metal Worker, Oct. 10,
1908. It has many valuable properties when rolled into sheets, making
it especially suitable for rooting. It is ductile and flexible, is easily
soldered, has a high resistance to corrosion, and a relatively small expan-
sion and contraction under temperature changes. The tensile strength
in castings is from 70,000 to 80,000 lbs. per sq. in., and in rolled sheets as
high as 108,000 lbs.
The Supplee-Biddle Hardware Co.'s Bulletin, Jan., 1915, gives the

following results of tests of bars of monel metal. The test pieces were
0.505 in. diam.

Tensile
Strength

Bar from 1 in. sq. casting 79,600
Hot roUed 1-in. rod 88,150
The strength of monel metal wire, used for window screen cloth, is

given as 90,000 lb.. per sq. in., and its analysis 68% Ni, 28% Cu., 2.5%
Fe, 1.5% Mn.
Constantan is an alloy containing about 60% copper and 40% nickel,

which is much used for resistance wire in electrical instruments. Its
electrical resistance is about twenty-eight to thirty times that of copper,
lanq it possesses a very low temperature coefficient, — approxirpately

El. Elong. Red. o
Limit. in 2 in. Area
31,800 49.2% 39.3 9^

58,000 36.0 67.9
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.00003. This same material is also much used to form one element of
base-metal thermo-couples.
Manganin, Cu Mn Ni, high resistance alloy. See Electrical Resist^

ance under Electrical Engineering.

ALLOTS OF BISMUTH.
By adding a small amount of bismuth to lead the latter may be

hardened and toughened. An alloy consisting of three parts of lead,

and two of bismuth has ten times the hardness and twenty times the
tenacity of lead. The alloys of bismuth with both tin and lead are
extremely fusible, and take fine impressions of casts and molds. Ani
alloy of one part Bi, two parts Sn, and one part Pb is used by pewter-j
workers as a soft solder, and by soap-makers for molds. An alloy of five:

parts Bi, two parts Sn, and three parts Pb imelts at 199° F., and isi

somewhat used for stereotj^ping, and for metallic writing-pencils. Thorpei
gives the following proportions for the better-known fusible metals:

Name of Alloy.
Bis-
muth. Lead. Tin.

Cad-
mium.

Mer-
cury.

Melting-
point.

Newton's. . 50
50
50
50
50
50
50

31.25
28.10
25.00
25.00
25.00
26.90
20.55

18.75
24.10
25.00
25.00
12.50
12.78
21.10

202° F.
203° "

201° '•

113° "

149° "

149° "

"Very low."

Rose's
D'Arcet's
D'Arcet's with mercury
Wood's 'iziso'

10.40
14.03

250.0

Lipowitz's
Guthrie's " Eutectic ".

The action of heat upon some of these alloys is remarkable. Thus
Lipowitz's alloy, which solidifies at 149° F., contracts very rapidly at

first, as it cools from this point. As the coohng goes on the contrac-i'

tion becomes slower and slower, until the temperature falls to 101.3'

F. From this point the alloy expands as it cools, until the temperature

falls to about 77° F., after which it again contracts, so that at 32° F
a bar of the alloy has the same length as at 115° F.

Alloys of bismuth have been used for making fusible plugs for boilers

but it is found that they are altered by the continued action of heat

so that one cannot rely upon them to melt at the proper temperature
Pure Banca tin is used by the U. S. Government for fusible plugs.

FUSIBLE ALLOYS.
(From various sources. Many of the figures are probably very

inaccurate.)

Sir Isaac Newton's, bismuth 5, lead 3, tin 2, melts at 212° F,
Rose's, bismuth 2, lead 1, tin 1, melts at 200 "

Wood's, cadmium 1, bismuth 4, lead 2, tin 1, melts at 165 '*

Guthrie's, cadmium 13.29, bismuth 47.38, lead 19.36, tin 19.97,
melts at 160 "

Lead 1, tin 1, bismuth 1, cadmium 1, melts at 155 '*

Lead 3, tin 5, bismuth 8, melts at 208 **

Lead 1, tin 3, bismuth 5, melts at 212 "

Lead 1, tin 4, bismuth 5, melts at 240 "

Tin 1, bismuth 1, melts at 286 "

Lead 2, tin 3, melts at 334 to 367 "

Tin 2, bismuth 1, melts at 336
"

Lead 1, tin 2, melts at 340 to 360 "

Tin 8, bismuth 1, melts at 392
"

Lead 2, tin 1 , melts at 440 to 475 "

Lead 1, tin 1, melts at 370 to 400
'*

Lead 1, tin 3, melts at 356 to 383
"

Tin 3, bismuth 1, melts at 392
"

Lead 1, bismuth 1, melts at 257
"

Lead 1, tin 1, bismuth 4, melts at 201 *'

Lead 5, tin 3, bismuth 8, melts at 202
"

Ila 3, bismuth 5, melts at 202 *!



BEARING METAL ALLOYS. 405

BEABING-METAL ALLOTS.
(C. B. Dudley, Jour. F. I., Feb. and March, 1892.)

Alloys are used as bearings in place of wrought iron, cast iron, or
steel, partly because wear and friction are believed to be more rapid
when two metals of the same l^ind worl^ together, partly because the
soft metals are more easily worked and got into proper shape, and partly
because it is desirable to use a soft metal which will take the wear
rather than a hard metal, which will wear the journal more rapidly.

A good bearing-metal must have five characteristics: (1) It must be
strong enough to carry the load without distortion. Pressures on car-
journals are frequently as high as 350 to 400 lb. per square inch.

(2) A good bearing-metal should not heat readily. The old copper-
tin bearing, made of seven parts copper to one part tin, is more apt to
heat than some other atloj^s. In general, research seems to show that
the harder the bearing-metal, the more likely it is to heat.

(3) Good bearing-metal should work well in the foundry. Oxidation
while melting causes spongy castings. It can be prevented by a Uberal
use of powdered charcoal while melting. The addition of 1% to 2% of
zinc or a small amount of phosnhorus greatly aids in the production of
sound castings. This is a principal element of value in phosphor-
bronze.

(4) Good bearing-metals should show small friction. It is true that
friction is almost wholly a question of the lubricant used; but the metal
of the bearing has certainly some influence.

(5) Other things being equal, the best bearing-metal is that which
wears slowest.

The principal constituents of bearing-metal alloys are copper, tin,

lead, zinc, antimony, iron, and aluminum. The following table gives
the constituents of most of the prominent bearing-metals as analyzed at
the Pennsylvania Railroad laboratory at Altoona.

Analyses of Bearing-metal Alloys.

Metal. Copper. Tin. Lead. Zinc.
Anti-
mony. Iron,

70.20
1.60

4.25-

98.13
14.75 10.20 0.55

trace
87.92
84.87
1.15

67.73
80.69
14.57
12.40
5.10

83.55

78.44
0.31
15.06
12.52

"85;57'

i2.6c
15.10trace

9.91

14.38
Salgee anti-friction
Graphite bearing-metal . . .

4.01
i6.73

18.83
? (1)

75.47
77.83
92.39
trace

9.72
9.60
2.37

(2)

trace trace(3)
0.07

trace

0.98
38.40

16.45

19.60

trace(4)

American anti-friction
0.65

59.66
75.80
76.41
90.52
81.24

2.16
9.20
10.60
9.58
10.98

0.11

(5)
7.27

88.32

94.40
9.61
15.00

(6)

"42;67"

trace

11.93

'"i4J8'
6.03

Harrington bronze 55.73 0.97 0.68
0.61

Hard lead
79.17
76.80

10.22
8.00

(7^

Ex. B.met-^l w>

Other constituents:
(1) No graphite.
(2) Possible trace of carbon.
(3) Trace of phosphorus.
(4) Possible trace of bismuth.

* Dr. H. C. Torrey says this
'

metal always contains tin.

(5) No manganese.
(6) Phosphorus or arsenic, 0.37.

(7) Phosphorus, 0.94.

(8) Phosphorus, 0.20.
is erroneous and that Magnolia
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As an example of the influence of minute changes in an alloy, the Har-
rington bronze, which consists of a minute proportion of iron in a cop-
per-zinc alloy, showed after rolling a tensile strength of 75,000 lb, and
20% elongation in 2 inches.

In experimenting on this subject on the Pennsylvania Eailroad, a
certain number of the bearings were made of a standard bearing-metal,
and the same number were made of the metal to be tested. These
bearings were placed on opposite ends of the same axle, one side of the
car having the standard bearings, the other the experimental. Before
going into service the bearings were carefully weighed, and after a
sufficient time they were again weighed. The standard bearing-metal
used is the "S bearing-metal" of the Phosphor-Bronze Smelting Co.
It contains about 79.70% copper, 9.50% lead, 10% tin, and 0.80% phos-
phorus. A large number of experiments have shown that the loss of
weight of a bearing of this metal is 1 lb. to each 18,000 to 25,000 miles
traveled. Besides the measurement of wear, observations were made
on the frequency of "hot boxes" with the different metals.
The results of the tests f©r wear, so far as given, are condensed into

the following table:
Composition. Rate

Metal. ,
*

^ of
Copper. Tin. Lead. Phos. Arsenic. Wear.

Standard 79.70 10.00 9.50 0.80 100
Copper-tin 87.50 12.50 148
Same, second experiment 153
Same, third experiment 147
Arsenic-bronze 89.20 10.00 0.80 142
Arsenic-bronze 79.20 10.00 7.00 0.80 115
Arsenic-bronze 79.70 10.00 9.50 0.80 101
"K" bronze 77.00 10.50 12.50 92
Same, second experiment 92.7
Alloy "B" 77.00 8.00 15.00 86.5
The old copper-tin alloy of 7 to l has repeatedly proved its inferiority

to the phosphor-bronze metal. Many more of the copper-tin bearings
heated than of the phosphor-bronze. The showing of these tests was so
satisfactory that phosphor-bronze was adopted as the standard bearing-
metal of the Pennsylvania R.R.-, and was used for a long time.

The experiments, however, were continued. It was louna that arsenic
practically takes the place of phosphorus in a copper-tin alloy, and three
tests were made with arsenic-bronzes as noted above. As the propor-
tion to lead is increased to correspond with the standard, the durability
Increases as well. In view of these results the "K" bronze was tried, in
which neither phosphorus nor arsenic were used, and in which the lead
was increased above the proportion in the standard phosphor-bronze.
The result was that the metal wore 7.30% slower than the phosphor-
bronze. No trouble from heating was experienced with the "K" bronze
more than with the standard. Dr. Dudley continues:
At about this time we began to find evidences that wear of bearing-

metal alloys variei in accordance with the following law: "That alloy
which has the greatest power of distortion without rupture (resifience),
will best resist wear." It was now attempted to design an alloy in
accordance with this law, taking first the proportions of copper and tin.
91/2 parts copper to 1 of in was settled on by experiment as the standard,
although some evidence since that time tends to show that 12 or possi-
bly 15 parts copper to 1 of tin might have been better. The influence of
lead on this copper-tin alloy seems to be much the same as a still further
diminution of tin. However, the tendency of the metal to yield under
pressure increases as the amount of tin is diminished, and the amount
of the lead increased, so a limit is set to the use of lead. A certain
amount of tin is also necessary to keep the lead alloyed with the copper.

Bearin^^ were cast of the metal noted in the table as alloy "B," and it

wore 13.5 slower than the standard phosphor-bronze. This metal is^

now the standard bearing-metal of the Pennsylvania Railroad, being
slightly changed in composition to allow tne use of phosphor-bronze
scrap. The formula adopted is: Copper, 105 lbs.; phosphor-bronze,
60 lbs.: tin. 93/4 lbs.; lead, 251/4 lbs. By using ordinary care in the
foundry, keeping the metal well covered with charcoal during the meltr
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ing, no trouble Is found in casting good bearings with this metal. The
copper and the phosphor-bronze can be put in the pot before putting it

in the melting-hole. The tin and lead should be added after the pot is

taken from the fire.

It is not known whether the use of a little zinc, or possibly some other
combination, might not give still better results. For the present, how-
ever, this alloy is considered to fulfill the various conditions required for
good bearing-metal better than any other alloy. The phosphor-bronze
had an ultimate tensile strength of 30,000 lb., with 6% elongation,
whersa^ the alloy "B" had 24,000 lb. T. S. and 11% elongation.

Bearing Metal Practice, 1907. (G. H. Clamer, Proc. A. S. T. M., vii,

302, discusses the history of bearing metal practice since the date of
Dr. Dudley's paper quoted above. It was found that tin could be dimin-
ished and lead inceased far beyond the figures formerly used, and a satis-
factory bearing metal was made with 65% copper, 5% tin and 30% lead.
This alloy is largely sold under the name of "plastic bronze." It has a
compressive strength of about 15,000 lbs. per sq. in., and is found to
operate without distortion in the bearings of the heaviest locomotives,
not only_ for driving brasses, but also for rod brasses and bushings, and
for bearings of cars of 100,000 lbs. capacity, the heaviest cars now in
service. Specifications of different railroads cover bearing alloys with
tin from 8 to 10% and lead from 10 to 15%. There is also used a vast
quantity of bearings made from scrap. These contain copper, 65 to 75%,
tm, 2 to 8%, lead, 10 to 18%, zinc, 5 to 20%, and they constitute from
50 to 75 per cent of the car bearings now in use.

White Metal for Engine Bearings. (Report of a British Naval
Committee, Eng'g, July 18, 1902.) — For lining bearings, crankpin
bushes, and other parts exclusive of cross-head bushes: Tin 12, copper 1,
antimony 1. Melt 6 tin 1 copper, and 6 tin 1 antimony separately and
mix the two together. For cross-head bushes a harder alloy, viz., 85%
tin, 5% copper, 10% antimony, has given good results.

(For other bearing-metals, see "Alloys containing Antimony," below.)

ALLOYS CONTAmiNG ANTIMONY.
Various Analyses of Babbitt Metal and other Alloys Contain-

ing Antimony.
Tin. Copper.] Antimony. Zinc. Lead. Bismuth.

Babbitt metal ) 50

for light duty ) =89.3
Harder Babbitt ) 96
for bearings* j =88.9

Britannia . 85 7

1

1.8

4
3.7
1.0

"z"
4
10

1.5

1.8

5

5 parts
8 9 perct.
8 parts
7.4per ct.

10.!

16.2
16

25.5
62
13

7.1

10

2.9
1.9

1

81 9

81
•• 70.5

22 6
" Babbitt " 45 5 40.0
Plate pewter 89 .

3

i;8

White metal 85 Bearings onGer.locomotivefl.

* It is mixed as foUows: Twelve parts of copper are first melted and
then 36 parts of tin are added; 24 parts of antimony are put in, and
then 36 parts of tin, the temperature being lowered as soon as the
copper is melted in order not to oxidize the tin and antimony, the sur-
face of the bath being protected from contact with the air. The alloy
thus made is subsequently remelted in the proportion of 50 parts of
alloy to 100 tin. (Joshua Rose.)
White-metal Alloys. — The following alloys are used as lining metals

by the Eastern Railroad of France (1890):

Number. Lead. Antimony. Tin. Copper.

1 65

70
80

25
11.12
20
8

83.33
10

12

10

2 5.55

3

4

No. 1 is used for lining cross-head slides, rod-brasses and axle-bear-
ings; No. 2 for lining axle-bearings and connecting-rod brasses of heavy
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engines; No. 3 for lining eccentric straps and for bronze slide-valves';
and No. 4 for metallic rod-packing.
Some of the best-known white-metal alloys are the following (Circular

of Hoveler & Dieckhaus, London, 1893):

Tin.
Anti-
mony. Lead. Copper. Zinc.

86
70

55

16

71/2
85

1

15

18

71/2

2

101/2

231/2

7

2

41/2

7

71/2

27
2. Richards'
3. Babbitt's

79
5. French Navy 871/a
6. German Navy ^

"There are engineers who object to white metal containing lead or
zinc. This is, however, a prejudice quite unfounded, inasmuch as lead
and zinc often have properties of great use in white alloys.

It is a further fact that an "easy liquid" alloy must not contain more
than 18% of antimony, which is an invaluable ingredient of white metal
for improving its hardness; but in no case must it exceed that margin,
as this would reduce the plasticity of the compound and make it

brittle.

Hardest tin-lead alloy: 6 tin, 4 lead. Hardest of all tin alloys (?) : 74
tin, 18 antimony, 8 copper.

Alloy for thin open-work, ornamental castings: Lead 2, antimony 1.

White metal for patterns: Lead 10, bismuth 6, antimony 2, common
brass 8, tin 10.

Type-metal is made of various proportions of lead and antimony,
from 17% to 20% antimony according to the hardness desired.

Babbitt Metals. (C. R. Tompkins, Mechanical News, Jan., 1891.)

The practice of lining journal-boxes with a metal that is sufficiently
fusible to be melted in a common ladle is not always so much for the
purpose of securing anti-friction properties as for the convenience and
cheapness of forming a perfect bearing in line with the shaft without
the necessity of boring them. Boxes that are bored, no matter how
accurate, require great care in fitting and attaching them to the frame
or other parts of a machine.

It is not good practice, however, to use the shaft for the purpose of
casting the bearings, especially if the shaft be steel, for the reason that
the hot metal is apt to spring it; the better plan is to use a mandrel
of the same size or a tritie larger for this purpose. For slow-running
journals, where the load is moderate, almost any metal that may be
conveniently melted and will run free will answer the purpose. For
wearing properties, with a moderate speed, there is probably nothing
superior to pare zinc, but when not combined with some other metal it

shrinks so much in cooling that it cannot be held firmly in the recess,

and soon works loose; and it lacks those anti-friction properties which
are necessary in order to stand high speed.

For line-shafting, and all work where the speed is not over 800 or 400
r. p. m., an alloy of 8 parts zinc and 2 parts block-tin will not only wear
longer than any composition of this class, but will successfully resist a
heavy load. The tin counteracts the shrinkage, so that the metal, if not
overheated, will firmly adhere to the box until it is worn out. But this

mixture does not possess sufficient anti-friction properties to warrant its

use in fast-running journals.

Among all the soft metals in use there are none that possess greater
anti-friction properties than pure lead; but lead alone is impracticable,

for it is so soft that it cannot be retained in the recess. But when by
any process lead can be sufficiently hardened to be retained in the boxes
without materially injuring its anti-friction properties, there is no metal
that will wear longer in light fast-running journals. With most of the

best and most popular anti-friction metals in use and sold under the

name of the Babbitt metal, the basis is lead.

Lead and antimony have the property of combining with each other

In all proportions without impairing the anti-friction properties of either.

The antimony hardens the lead, and when mixed in the proportion of 80
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parts lead by weight with 20 parts antimony, no other known compo-
sition of metals possesses greater anti-friction or wearing properties, or
will stand a higher speed without heat or abrasion. It runs free in ita
melted state, has no shrinkage, and is better adapted to light high-
speed machinery than any other known metal. Care, however, should be
manifested in using it, and it should never be heated beyond a temper-
ature that will scorch a dry pine stick.

Many different compositions are sold under the name of Babbitt
metal. Some are good, but more are worthless: while but very little

genuine Babbitt metal is sold that is made strictly according to the
original formula. Most of 4he metals sold under that name are the
refuse of type-foundries and other smelting-works, melted and cast into
fancy ingots with special brands, and sold under the name of Babbitt
metal.
i It is difficult at the present time to determine the exact formulae
used by the original Babbitt the inventor of the recessed box, as a num-
'ber of different formulae are given for that composition. Tin, copper,
and antimony were the ingredients, and from the best sources of in-
formation the original proportions were as follows

:

Another writer gives:

50 parts tin = 89.3% 83.3%
2 parts copper = 3.6% 8.3%
4 parts antimony == 7.1% 8.3%

The copper was first melted, and the antimony added first and then
about ten or fifteen pounds of tin, the whole kept at a dull-red heat and
constantly stirred until the metals were thoroughly incorporated, after

which the balance of the tin was added, and after being thoroughly
stirred again it was then cast into ingots. When the copper is thoroughly
melted, and before the antimony is added, a handful of powdered char-
coal should be thrown into the crucible to form a flux, in order to exclude
the air and prevent the antimony from vaporizing; otherwise much of it

will escape in the form of a vapor and consequently be wasted. This
metal, when carefully prepared, is probably one of the best metals in use
for lining boxes that are subjected to a heavy weight and wear; but for
light fast-running journals the copper renders it more susceptible to
friction, and it is more liable to heat than the metal composed of lead and
antimony in the proportions just given.

SOLDERS.
Common solders, equal parts tin and lead; fine solder, 2 tin to 1 lead;

cheap solder, 2 lead, 1 tin.

Fusing-point of tin-lead alloys (many figures probably inaccurate).

1 to lead 25... . . . 558° F.
1 " " 10... ...541
1 " •• 5... ...511
1 " '• 3... ...482
1 " " 2... ... 441
1 " " 1... ...370

2 ... 340
3 ...356
4 ...365
5 ...378
6 ...381

The melting point of the tin-lead alloys decreases almost proportionately
to the increase of tin, from 619°F,the melting point of pure lead, to 356°F
when the aUoy contains 68% of tin, and then increases to 448°F., the melt-
ing point of pure tin. Alloys on either side of the 68% mixture begin to
soften materially at 356°F, because at that temperature the eutectic alloy
melts and permits the whole alloy to soften. (Dr. J. A, Mathews.)
Common pewter contains 4 lead to 1 tin.

The relative hardness of the various tin and lead solders has been
determined by Brinell's method. The results are as follows:

%Tin
Hardness 3.90

10
10.10

20
12.16

30
14.46

40
15.76

50
14.90

60
14.58

Hardness
66

16.66
67

15.40
68

14.58
70

15.84
80

15.20
90

13.25
100
4,14



410 ROPES AND CABLES.

The hardest solder is the one composed of 2 parts of tin and 1 part of
lead. It IS tae eutectic alloy, or the one with the lowest melting point c*
all the mixtures, — Mechanical World.

Gold solder: 14 parts gold, 6 silver, 4 copper. Gold solder for 14-carat '

gold: 25 parts gold, 25 silver, I21/2 brass, 1 zinc.

Silver solder: Yellow brass 70 parts, zinc 7, tin III/2. Another: Silver
145 parts, brass (3 copper, 1 zinc) 73, zinc 4.

German-silver solder: Copper 38, zinc 54, nickel 8,

Novel's solders for aluminum:

Tin 100 parts, lead 5;
100 " zinc 5;

" 1000 " copper 10 to 15;
" 1000 " nickel 10 to 15;

melts at 536° to 572* F.
536 to 612

" 662 to 842
662 to 842

See also p. 383.

Novel's solder for alimainum bronze: Tin, 900 parts, copper 100. bis-

muth 2 to 3. It is claimed that this solder is also suitable for joining
almninum to copper, brass, zinc, iron or nickel.

ROPES AND CABLES.

STRENGTH OF ROPES.

(A. S. Newell & Co., Birkenhead. Klein's Translation of Welsbach,
vol . iii, part 1, sec. 2.)

Hemp. Iron. Steel.

Tensile
Strength,Weight Weight Weight

Girth. per Girth. per Girth. per Gross tons.

Inches. Fathom. Inches. Fathom. Inches. Fathom.
Pounds. Pounds. Pounds.

23/4 2 1

11/2

I

51/2 1 I

2
3

33/4 4 IVs 2 4
13/4 21/2 11/2 11/2 5

41/2 5 17/8 3 6
2 31/2 1V8 2 7

51/2 7 21/8
21/4

4

41/2
13/4 21/2 8

9
6 9 23/8

21/2
5

51/2

17/8 3 10

11

61/2 10 23/8 6 2 31/2 12

23/4 6 1/2 21/8 4 13

7 12 y,s 7

71/2

21/4 41/2 14

15

71/2 14

It
8
tl/2

23/8 5 16

17

8 16 33/8 9 21/2 51/2 18

31/3 10 23/8 6 20
81/2 18 33/8

33/4

11

12

23/4 61/2 22
24

91/2 22 3 7/8 13 31/4 8 26
10 26 4 14 28
n 30 41/4

43/8
15

16

33/8 9 30
32

41/2 18 31/2 10 36
12 34 45/8 20 33/4 12 40



STRENGTH OF ROPES. 411

Length Sufficient to Cause the Maximum Working Stress.
(Weisbach.)

Hempen rope, dry and untarred 2855 feet.
Hempen rope, wet or tarred 1975 "
Wire rope ' 4590 "
Open-link chain 1360 "
Stud chain 1660 "

Sometimes, when the depths are very great, ropes are given approxi-
mately the form of a body of uniform strength, by making them of separ-
ate pieces, whose diameters diminish towards the lower end. It is evi-
dent, that by this means the tensions in the fibres caused by the rope's
own weight can be considerably diminished.
Rope for Hoisting or Transmission. Manila Rope. (C. W. Hunt

Company, New York.) — Rope used for hoisting or for transmission or
power is subjected to a very severe test. Ordinary rope chafes and grinds
to powder in the center, while the exterior may look as though it was little

worn.
In bending a rope over a sheave, the strands and the yarns of these

strands slide a small distance upon each other, causing friction, and wear
the rope internally.

The " Stevedore*' rope used by the C, W. Hunt Company is made by lubri-
cating the fibres with plumbago, mixed with sufficient tallow to hold it in
position. This lubricates the yarns of the rope, and prevents internal!
chafing and wear. After running a short time the exterior of the rope
gets compressed and coated with the lubricant.

In manufacturing rope, the fibres are first spun into a yarn, this varn
being twisted in a direction called "right hand." From 20 to 80 of these
yarns, depending on the size of the rope, are then put together and
twisted in the opposite direction, or "left hand," into a strand. Three of
these strands, for a 3-strand, or four for a 4-strand rope, are then twisted
together, the twist being again in the " right hand " direction. When the
strand is twisted, it untwists each of the threads, and when the three
strands are twisted together into rope, it untwists the strands, but again
twists up the threads. It is this opposite twist that keeps the rope in its
proper form. When a weight is hung on the end of a rope, the tendency

' is for the rope to untwist, and become longer. In untwisting the rope, it

would twist the threads up, and the weight will revolve until the strain of
the untwisting strands just equals the strain of the threads being twisted
tighter. In making a rope it is impossible to make these strains exactly
balance each other. It is tliis fact that makes it necessary to take out the
"turns" in a new rope, that is, untwist it when it is put at work. The
proper twist that should be put in the threads has been ascertained approx-
imately by experience.
The amount of work that the rope will do varies greatly. It depends

not only on the quaUty of the fibre and the method of laying up the rope,
but also on the kind of weather when the rope is used, the blocks or
sheaves over which it is run, and the strain in proportion to the sirain put
unon the rope. The principal wear comes in practice from defective or
badly set sheaves, from excess of load nd exposure to storms.
The loads put upon the rope should not exceed those given in the

tables, for the most economical wear. The indications of excfssive load
will be the twist coming out of the rope, or one of the strands shpping out
of its proper position. A certain amount of twist comes out in using It

the first day or two, but after that the rope should remain st'bstantially
the same. If it does not, the load is too great for the durability of the
rope. If the rope wears on the outside, and is good on the inside, it

shows that it has been chafed in running over the pulleys or sheaves. If
the blocks are very small, it will increase the sliding of the strands and
threads, and result in a more rapid internal wear. Rope made for hoist-
ing and for rope transmission is usually made with four strands, as expe-
rience has shown this to be the most serviceable.
The strength and weight of "Stevedore" rope is estimated as follows:

Breaking strength in pounds = 720 (circum.ference in inches) 2;

Weight in pounds per foot = 0.032 (circumference in inches) «.

The Technical Words relating to Cordage most frequently heard
are:
Yarn.— Fibres twisted together.
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Thread. —Two or more small yarns twisted together.
String. — The same e.s a thread but a Uttle larger yarns.
Strand, — Two or more large yarns twisted together.
Cord. —Several threads twisted together.
Rope. -— Several strands twisted together.
Hawser. — A rope of three strands.
Shroud-Laid. — A rope of four strands.
Cable. — Three hawsers twisted together.
Yarns are laid up left-handed into strands.
Strands are laid up right-handed into rope.
Hawsers are laid up left-handed into a cable.

A rope is:

Laid by twisting strands together in making the rope.
Spliced by joining to another rope by interweaving the strands.
Whipped.— By winding a string around the end to prevent untwisting.
Served. — When covered by winding a yarn continuously and tightly

around it.

Parceled.— By wrapping with canvas.
Seized.— When two parts are bound together by a yarn, thread or

string.
Payed. — When painted, tarred or greased to resist wet.
Haul. — To pull on a rope.
Taut. — Drawn tight or strained.

Splicing of Rope.—The splice in a transmission rope is not only the
weakest part of the rope but is the first part to fail when the rope is worn
out. If the rope is larger at the sphee, the projecting part will wear on
the pulleys and the rope fail from the cutting off of the strands. The fol-
lowing directions are given for splicing a 4-strand rope.
The engravings show each successive operation in splicing a 13/4-inch

manila rope. Each engraving was made from a full-size specimen.
Tie a piece of twine, 9 and 10, around the rope to be spliced, about

6 feet from each end. Then unlay the strands of each end back to the
twine.

Butt the ropes together and twist each corresponding pair of strand3
loosely, to keep them from being tangled, as shown in Fig. 91.
The twine 10 is now cut, and the strand 8 unlaid and strand 7 carefully

laid in its place for a distance of four and a half feet from the junction.
The strand 6 is next unlaid about one and a halfjeet and strand 5 laid

in its place.
The ends of the cores are now cut off so they just meet.
Unlay strand 1 four and a half feet, laying strand 2 in its place.
Unlay strand 3 one and a half feet, laying in strand 4.

• Cut all the strands ofl to a length of about twenty inches for convenience
in manipulation.
The rope now assumes the form shown in Fig. 92 with the meeting

points of the strands three feet apart.
Each pair of strands is successively subjected to the following operation:
From the point of meeting of the strands 8 and 7, unlay each one three

turns; split both tha strand 8 and the strand 7 in halves as far back as
they are now unlaid and "whip" the end of each half strand with a small
piece of twine.
The half of the strand 7 is now laid in three turns and the half of 8 also

laid in three turns. The half strands now meet and are tied in a simple
knot, 11, Fig. 93, making the rope at this point its original size.

The rope is now opened with a marlin spike and the half strand of 7
worked around the half strand of 8 by passing the end of the half strand 7
through the rope, as shown in the engraving, drawn taut, and again
worked around this half strand until it reaches the half strand 13 that was
not laid in. This half strand 13 is now split, and the half strand 7 drawn
through the opening thus made, and then tucked under the two adjacent
strands, as shown in Fig. 94. The other half of the strand 8 is now
wound around the other half strand 7 in the same manner. After each
pair of strands has been treated in this manner, the ends are cut off at 12,

leaving them about four inches long. After a few days wear they will
draw into the body of the rope or wear off, so that the locality of the
splice can scarcely be detected.
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J^7

Fig. 94.

Splicing of Ropes.
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Cargo Hoisting. (C. W. Hunt Company.) — The amount of coal that
can be hoisted with a rope varies greatly. Under the ordinary conditions
of use a rope hoists from 5000 to 8000 tons. Where the circumstances are
more favorable, the amounts run up frequentlv to 12,000 or 15,000 tons,
occasionally to 20,000 and in one case 32,400 tons to a single fall, i

When a hoisting rope is first put in use, it is likely from the strain put
jupon it to twist up when the block is loosened from the load. This occurs-

In the first day or two only. The rope should then be taken down and.'
the "turns" taken out of the rope. When put up again the rope should
give no further trouble until worn out.

It is necessary that the rope should be much larger than is needed to
bear the strain from the load.

Practical experience for many years has substantially settled the most
economical size of rope to be used which is given in the table below.

Hoisting ropes are not sphced, as it is difHcult to make a spUce that will
not pull out while running over the sheaves, and the increased wear to be
obtained in this way is very small.

Coal is usually hoisted with what is commonly called a "double whip;
that is, with a running block that is attached to the tub which reduces the
strain on the rope to approximately one-half the weight of the load
hoisted.^

Hoisting rope is ordered by circumference, transmission rope bF
diameter.

Working Loads for Manila Rope (C. W. Hunt, Trans.' A. S. M. E.,
xxiii, 125.)

Diameter
of Rope,
Inches.

Ultimate
Strength,
Pounds.

Working Load in Pounds.
Minimum Diameter of
Sheaves in Inches.

Rapid. Medium. Slow. Rapid. Medium. Slow.

I

11/8
11/4

13/8

11/2

15/8
13/4

7,100

9,000
11,000

13,400

15,800

18,800

21.800

300
380
450
530
620

400
500
600
750
900
1100

1250

1000
1250

1500
1900

2200
2600
3000

40
45

50
55

60
65
70

12

13
.

14

15

16

17

n

8
9
10

11

12

13

14

In this table the work required of the rope is, for convenience, divided
into three classes — "rapid," "medium," and "slow," these terms being
used in the following sense: "Slow" — Derrick, crane and quarry work;
speed from 50 to 100 feet per minute. "Medium" — Wharf and cargo,
hoisting 150 to 300 feet per minute. "Rapid" — 400 to 800 feet per
minute.
The ultimate strength given in the table is materially affected by the

age and condition of a rope in active service, and also it is said to be
weaker when it is wet. Trautwine states that a few months of exposed
work weakens rope 20 to 50 per cent. The ultimate strength of a new
rope given in the table is the result of tests of full sized specimens of
manila rope, purchased in the open market, and made by three inde-
pendent rope walks.
The proper diameter of pulley-block sheaves for different classes of

work given in the table is a compromise of the various factors affecting
the case. An increase in the diameter of sheave will materially increase
the life of a rope. The advantage, however, is gained by increased
difficulty of installation, a clumsiness in handhng, and an increase in
first cost. The best .size is one that consideis the advantages and the
drawbacks as they are found in practical use, and makes a fair balance
between the conflicting elements of the problem.

Records covering many years have been kept by various coal dealers,
of the diameter and cost of their rope per ton of coal hoisted from ves-
sels, using sheaves of from 12 to 16 inches in diameter. These records
show conclusively that, in hoisting a bucket that produces 900 pounds
stress upon the rope, a li/4-inch diameter rope is too sm.all and a 13/4-

inch rope is too large for economy. The Pennsylvania Railroad Company
uses iy2 inch rope, rimning over 14-inch diameter sheaves for hoisting
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freight on lighters in New York harbor, and handles on a single part of
the rope loads up to 3,000 pounds as a maximum. Greater weights are
handled on a 6-part tackle.

Life of Hoisting and Transmission Rope. A rope 1 V^-in. diam. usu-
ally hoists from a vessel from 7000 to 10,000 tons of coal, running with a
working stress of 850 to 950 lbs. over three sheaves, one 12 in., and two
16 in. diam. In hoisting 10,000 tons it makes 20,000 trips, bending in
that time from a straight line to the curve of the sheave 120,000 times,
when it is worn out. A 1000 ft. transmission in a tin-plate mill, with IJ^
in. rope, sheaves 5 ft., 17 ft., and 36 ft. apart, center to center, runs 5000
ft. per minute making 13,900 bends per hour, or more bends in 9 hours
than the hoisting rope made in its entire hfe, yet the life of a transmission
rope is measured in years, not hours. This enormous difference in the
life of ropes of the same size and quality is wholly gained by reducing the
stresses on the rope and increasing the diameter of the sheaves.

Efficiency of Knots as a percentage of the full strength of the rope»
and the factor of safety when used with the stresses given in the 5th col-
umn of the table of working loads.

Hnd of Knot. Effy. Fact. S
Eye splice over an iron thimble 90 6.3
Short splice in the rope 80 5.6
Timber hitch, round turn, half-hitch 65 4.5
Bowline slip knot, clove hitch 60 4.2
Square knot, weaver's knot sheet bend 50 3.5
Flemish loop, overhand knot 45 3.1
Full strength of dry rope, average of four tests 100 7.0

Efficiency ofRope Tackles. Robert Grimshawin 1893 tested a 33/4-in.,

3-strand ordinary dry manila rope on a "cat and fish" tackle with a
6-fold purchase. The sheaves were 8-in. diam., the three upper ones hav-
ing roller bearings and the three lower ones solid bushings. The results
were as below: •

Net load on tackle, weight raised, lbs 600 800 1000 1200
Theoretical force required to raise the weight 100 1333.3 166.7 200
Actual force required 158 198 243 288
Percentage above the theoretical 58 48 45. 8 44
Weight and Strength of Manila Rope. Spencer Miller (Eng'g News,

Dec. 6, 1890) gives a table of breaking strength of manila rope, which he
considers more reliable than the strength computed by Mr. Hunt's formula:
Breaking strength = 720 X (circumference in inches) .2 Mr. Miller's formula
is: Breaking weight lbs. = circumference 2 x a coefficient which varies
from 900 for 1/2" to 700 for 2" diameter rope, as below:

Circumference .. II/2 2 21/223/4 3 31/2 33/4 41/4 41/2 5 51/2 6
Coefficient 900 845 820 790 780 765 760 745 735 725 712 700
Knots. The principle of a knot is that no two parts, which would

move in the same direction if the rope were to slip, should lay along side
of and touching each other. (See illustrations on the next page.)
The bowline is one of the most useful knots, it will not slip, and after

being strained is easily untied. Commence by making a bight in the
rope, then put the end through the bight and under the standing part as
shown in G, then pass the end again through the bight, and haul tight.
The square or reef knot must not be mistaken for the "granny" knot

that slips under a strain. Knots H, K and M are easily untied after
being under strain. The knot M is useful when the rope passes through
an eye and is held by the knot, as it will not slip and is easily untied
after being strained.
The timber hitch S looks as though it would give way, but it will not;

the greater the strain the tighter it will hold. The wall knot looks com-
plicated, but is easily made by proceeding as follows: Form a bight with
strand 1 and pass the strand 2 around the end of it, and the strand 3
round the end of 2 and then through the bight of 1 as shown in the cut Z.
Haul the ends taut when the appearance is as shown in AA. The end of
the strand 1 is now laid over the center of the knot, strand 2 laid over 1
and 3 over 2, when the end of 3 is passed through the bight of 1 as showB
in BB, Haul all the strands taut as shown in CC,
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Varieties of Knots. — A great number of knots have been devised of

which a few only are illustrated, but those selected are the most frequently
used. In the cut, Fig. 95, they are shown open, or before being drawn
taut, in order to show the position of the parts. The names usually
given to them are:

A. Bight of a rope.
B. Simple or Overhand knot.
C. Figure 8 knot.
D. Double knot.
E. Boat knot.
F. Bowline, first step.
G. Bowhne. second step.
H. Bowline completed.
I. Square or reef knot.
J. Sheet bend or weaver's knot.
K. Sheet bend with a toggle.
L. Carrick bend.
M. Stevedore knot completed.
N. Stevedore knot commenced.
O. Slip knot.

P. Flemish loop.
Q. Chain knot with toggle.
R. Half-hitch.
S. Timber-hitch.
T. Clove-hitch.
U. Rolhng-hitch.

j

Y. Timber-hitch and half-hitch.
W. Blackwall-hitch.
X. Fisherman's bend.
Y. Round turn and half-hitch
Z. Wall knot commenced.

AA. WaU knot completed.
BB. Wall knot crown commenced.
CC. Wall knot crown completed.

Fig. 95. — Knots.
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SPRINGS.

Definitions.— A spiral spring is one which is wound around a fixed
point or center, and continually receding from it, like a watch spring. A
helical spring is one which is wound around an arbor, and at the same time
advancing like the thread of a screw. An elliptical or laminated spring 13

made of tlat bars, plaies, or "leaves," of regularly varying lengths, super-
posed one upon the other.
Laminated Steel Springs.— Clark (Rules, Tables and Data) gives

the following from his work on Railway Machinery, 1855:

1.66 L3 bPn . 1.66 U.
btHi 11.3 L Abt^

A == elasticity, or deflection, in sixteenths of an inch per ton of load;
s = working strength, or load, in tons (2240 lbs.);

L = span, when loaded in inches
b = breadth of p ates, in inches, taken as uniform;
t = thickness of plates, in sixteenths of an inch;
n = nu.nber of plates.

Note. — 1 The span and the elasticity are those due to the spring
when weighted.

2. When extra thick back and short plates are used, they must be
replaced by an equivalent number of plates of the ruling thickness, prior
to the employment of the first two formulae. This :S foind by multiply-
ing the number of extra thick plates by the cube of their thickness, and
dividing by the cube of the ruling thickness. Conversely, the number
of plates of the ruUng thickness given by the third formula, required to
be deducted and replaced by a given number of extra thi.k plates, are
found by the same calculation.

3. It is assumed that the plates are similarly and regularly formed,
and that they are of uniform breadth, and but slightly taper at the ends.

Reuleaux's Constructor gives for semi-eUiptic sp.ings:

„ Subh-i , ^ 6 PZ3 .

^ = -6r ^""^ ^^mm'
S = max. direct fiber-strain in plate; 6 = width of plates;
n ~ number of plates in spring; h = thickness of plates:
I = one half length of spring; / = deflection of end of spring;
P = load on one end of spring; E = modulus of direct elasticity

The above formula for deflection can be relied upon where all the plates
of the spring are regularly shortened; but in semi-elUptic springs, as
Used, there are generally several plates extending the full length of the
spring, and the proportion of these long plates to the whole number is

usually about one-fourth. In such cases/ = -^ ,.„• (G. R. Henderson,

Trans. A. S. M. E., vol. xvi.)
In order to compare the formulse of Reuleaux and Clark we may make

the following substitutions in the latter: s in tons = P in lbs. -r- 1120;
As = 16/; L = 21; t = 16 h; then

1 66 X 8 Z^ X P PP
^' =

^^•^=4096X1120^7^3'
^^hence / = 5,537. 133n&/i3

which corresponds with Reuleaux's formula for deflection if in the latter
we take E = 33,162,800.

..„ „- P 256nb7i2 , „ 12,687 n&ft^

1120 11.3 X2Z' '^""^^^^ '
I

which corresponds with Reuleaux's formula for working load when S in
the latter is taken at 76,120.
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The value of E Is usually taken at 30,000,000 and S at 80,000, in which
case Reuleaux's formulge become

13,333 nbh^

I

and / =
5,000,000n6ft3

G. R. Henderson, in Trans. A. S. M. E., vol. xvii, gives a series of
tables for use in designing both elliptical and helical springs.

Helical Steel Springs.

Let d = diam. of wire or rod of which the spring is made.
D = outside diameter of coil, inches.
R = mean radius of coil, = 1/2 (D — d).

n = number of coils.

P = load apphed to the spring, lbs.

G = modulus of torsional elasticity.

S = stress on extreme fiber caused by load P.
F = extension or compression of one coil, in., for load P.
Fn= total extension or compression, for load P.
W = safe carrying capacity of spring, lbs.

Fn = 64 PR^n
. W = 0.19Q3 Sd^

R 16 r'

Values of G according to different authorities range from 10,000,000 to
14,000,000.
The safe working value commonly taken for S = 60,000 lbs. per sq. in.
Taking G at 12,000,000 and S at 60,000 the above formulae become

''

187,500 d*'
W = 11,781

d3
If P = W, then F = 0.06285

iJ2

For square steel the values found for F and W are to be multiplied by
0.59 and 1.2 respectively, d being the side of the square.
The stress in a helical spring is almost wholly one of torsion. For

method of deriving the formulae for springs from torsional formulae see
paper by J. W. Cloud, Trans. A. S. M. E., vol. 173. Mr. Cloud takes
,S = 80,000 and G = 12,600,000.

Taking from the Pennsylvania Railroad Specifications (1891) the
capacity when closed, W\, of the following springs, and the total com-
pression whea closed H — h, in which H = height when free and h
when closed, and assuming n = h -i- d, we have the following compari-
son of the specified values of capacity and compression with those ob-
tained from the formulae.

No. d, in. D D-d Wi W H h H-h Fn n

T. 1/4 11/2 11/4 400 295 9 6 3 3.20 24
S. 1/0 3 -nh 1900 1178 8 5 3 3.16 10

K. 3/4 53/4 5 2100 1988 7 41/4 23/4 3.15 52/,
D. I 5 4 8100 5890 101/2 8 Hh 2.76 8
I. U/4 8 63/4 1 0000 6788 9 53/4 31/4 3.86 43/5
C. 11/8 4V/8 33/4 16000 8946 43/8 33/8 1 1.05 3

The value of Fn in the table is calculated from the formula with P= Wt
Wilson Hartnell (Proc. Inst. M. E., 1882, p. 426), says: The size of a

spiral spring may be calculated from the formula on page 304 of " Rank-
ine's Useful Rules and Tables;" but the experience with Salter's springs
has shown that the safe limit of stress is more than twice as great as there
given, namely 60,000 to 70,000 lbs. per square inch of section with s/g inch
wire, and about 50,000 with 1/2-inch wire. Hence the work that can b«
4Qiie by springs of wire is four pr five times ?ts great as Il^nkine allows.
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For 3/g-inch ^vire and under,
., . . J • ,1, 12,000 X (diam. of wire)' .Maximum /oad in lbs. = —^rv :r- i

;
»

Mean radius of springs

•rrr • V,. • ,v, ^ ^ ^ ^ . , . 180,000 X (dlam.)*
Weight in lbs. to deflect spring 1 in. =

j^^^ber of coils X (rad.)3
-

The work in foot-pounds that can be stored up in a spiral spring would
lift it above 50 ft.

In a few rough experiments made with Salter's springs the coefficient of
rigidity was noticed to be 12,600,000 to 13,700,000 with 1/4-inch wire;
11,000,000 for 11/32 inch; and 10,600,000 to 10,900,000 for s/g-inch wire.
Helical Springs. — J. Begtrup, in the American Machinist of Aug.

18, 1892, gives formulas for the deflection and carrying capacity of helical
springs of round and square steel, as follow:

S(P P (D — rf">3W = 0.3927 ^±-^ . F = 8 ^^^^
"^

, for round steel.

T7 = 0.471 T^^, F = 4.712 ^ ^^^~ ^^\ for square steel.

W = carrying capacity in pounds,
S = greatest shearing stress per square inch of material,
d = diameter of steel,

D = outside diameter of coil,

F = deflection of one coil,

E = torsional modulus of elasticity,

P == load in pounds.

From these formulas the following table has been calculated by Mr
Begtrup. A spring being made of an elastic material, and of such shape
as to allow a great amount of deflection, wiU not be affected by sudder.
shocks or blows to the same extent as a rigid body, and a factor of safety
very much less than for rigid constructions may be used.

HOW TO USE THE TABLE.
When designing a spring for continuous work, as a car spring, use a

greater factor of safety than in the table; for intermittent working, as in
a steam-engine governor or safety valve, use figures given in table; for
square steel multiply line W by 1.2 and line F by 0.59.

Example 1.— How much will a spring of s/g" round steel and 3" outside
diameter carry with safety? In the line headed D we find 3, and right
underneath 473, which is the weight it will carry with safety. How many
coils must this spring have so as to deflect 3" with a load of 400 pounds?
Assuming a modulus of elasticity of 12 millions we find in the line headed
F the figure 0.0610; this is deflection of one coil for a load of 100 pounds;
therefore 0.061 X 4 = 0.244" is deflection of one coil for 400 pounds load,
and 3 -^ 0.244 = I21/2 is the number of coils wanted. This spring will

therefore be 43/4" long when closed, counting working coils only, and
Btretch to 73/4",

Example 2.— A spring 31/4" outside diameter of T/ig" steel is wound close;
how much can it be extended without exceeding the limit of safety? We
find maximum safe load for this spring to be 702 pounds, and deflection of
one coil for 100 pounds load 0.0405 inches; therefore 7.02 X 0.0405 = 0.284"
is the greatest admissible opening between coils. We may thus, without
knowing the load, ascertain whether a spring is overloaded or not.

Carrying Capacity and Deflection of Helical Springs of

Bound Steel.

d = diameter of steel. D = outside diameter of coil. W= safe work-
ing load in pounds — tensile stress not exceeding 60,000 pounds per
square inch. F = deflection by a load of 100 pounds of one coil, witn a
modulus of elasticity of 12 millions. The ultimate carrying capacity
will be about twice the safe load. (The original table gives three values
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of F, corresponding respectively to a modulus of elasticity of 10, 12 and
14 millions. To find values of F for 10 million modulus increase the fig-

ures here given by one-fifth; for 14 million subtract one-seventh.)

d
in.

.055

D
W
F

0.25
35

0.0236

0.50
15

0.3075

0.75
9

1.228

1.00

7

3.053

1.25
5

6.214

1.50

4.5
11.04

1.75

3.8
17.87

2.00
3.3

27.06

.120

D
W
F

0.50
107

0.0176

0.75
65

0.0804

1. 00
46

0.2191

1.25
36

0.4639

1.50
29

0.8448

1.75
25

1.392

2.00
22

2.136

2.25
19

3.107

2.50
17

4.334

.180

D
W
F

0.75
241

0.0118

1.00
167

0.0350

1.25
128

J. 0778

1.50

104

0.1460

1.75
88

0.2457

2.00
75

0.3828

2.25
66

0.5632

2.50
59

0.7928

2.75
53

1.077

3.00
49

1.423

1/4

D
W
F

1.25
368

0.0171

1.50
294

0.0333

1.75
245

0.0576

2.00
210

0.0914

2.25
184

0.1365

2.50
164

0.1944

2.75
147

0.2665

3.00
134

J. 3548

3.25
123

3.4607

3.50
113

3.5859

5/16

D
W
F

1.50
605

0.0117

1.75

500
0.0207

2.00
426

0.0336

2.25
371

0.0508

2.50
329

0.0732

2.75
295

0.1012

3.00
267

0.1357

3.25
245

0.1771

3.50
226

0.2263

3.75
209

0.2839

4.00
195

0.3505

S/8
D
W
F

2.00
765

0.0145

2.25
663

0.0222

2.50
589

0.0323

2.75
523

0.0452

3.00
473

0.0610

3.25
433

0.0801

3.50
398

0.1029

3.75
368

0.1297

4.00
343

0.1606

4.25
321

3.1963

4.50
301

0.2367

7/16

D
W
F

2.00
1263

0.0069

2.25
1089

0.0108

2.50
957

0.0160

2.75
853

0.0225

3.00
770

0.0306

3.25
702

0.0405

3.50
644

0.0529

3.75
596

0.0661

4.00
544

0.0823

4.50
486

0.1220

5.00
432

0.1728

1/2

D
W
F

2.00
1933

0.0036

2.25
1683

0.0057

2.50
1472

0.0085

2.75
1309

0.0121

3.00
1178

0.0167

3.25
1071

0.0222

3.50
982

0.0288

3.75
906

0.0366

4.00
841

0.0457

4.50
736

0.0683

5.00
654

0.0972

9/16

D
W
F

2.50
2163
0.0048

2.75
1916

0.0070

3.00
1720

0.0096

3.25
1560

0.0129

3.50
1427

0.0169

3.75
1315

0.0216

4.00
1220

0.0271

4.25
1137

0.0334

4.50
1065

0.0406

5.00
945

0.0582

5.50
849

0.0801

5/8

D
W
F

2.50
3068

0.0029

2.75
2707
0.0042

3.00
2422
0.0058

3.25
2191

0.0079

3.50
2001

0.0104

3.75
1841

0.0133

4.00
1704

0.0168

4.25
1587

0.0208

4.50
1484

0.0254

5.00
1315

0.0366

5.50
1180

0.0506

11/16

D
W
F

3.00
3311

0.0037

3.25
2988

0.0050

3.50
2723
0.0066

3.75
2500
0.0086

4.00
2311

0.0108

4.25
2151

0.0135

4.50
2009

0.0165

4.75
1885

0.0200

5.00
1776

0.0239

5.50
1591

0.0333

6.00
1441

0.0447

S/4
D
W
F

3.00
4418
0.0024

3.25
3976

0.0033

3.50
3615
0.0044

3.75
3313
0.0057

4.00
3058
0.0072

4.25
2840
0.0090

4.50
2551

0.0111

4.75
2485

0.0135

5.00
2339
0.0162

5.50
2093
3.0226

6.003
1893

0.305

7/8

DW
F

3.50
6013
0.0018

3.75
5490
0.0024

4.00
5051

0.0030

4.25
4676
0.0038

4.50
4354
0.0047

4.75
4073
0.0058

5.00
3826
0.0070

5.25
3607
3.0083

5.50
3413
0.0098

6.00
3080
0.0134

6.50
2806

0.0177

1

D
W
F

3.50
9425
0.0010

3.75
8568

0.0014

4.00
7854

0.0018

4.25
7250

0.0023

4.50
6732

0.0028

4.75
6283

0.0035

5.00
5890

0.0043

5.25
5544

0.0051

5.50
5235

0.0061

6.00
4712

0.0083

6.50
4284

0.0111

F. D. Howe, Am. Mack Dec. 20, 1906, using Begtrup's formulae com- '

putes a table for springs made from wire of Roebling's or Washburn and
Moen ga s:es, Nos. 28 to 000. It is here given somewhat abridged,
values of F corresponding to a torsional modulus of elasticity of 12,000,000
only being used.
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No. 28
0.016"

"D-
W
F

0.20
0.524
6.32

0.25
0.41

13.02

0.3125
0.31

30.2

0.375
0.27

47.0

0.4375
0.23

76.0

0.500
0.20
115

0.5625
0.175
166

0.625
0.16
230

0.75
0.13
402

d:875
O.IJ
695

No. 24
0.0225"

DW
F

0.25
1.18

2.78

0.3125
0.92

6.31

0.375
0.76
11.35

0.4375
0.45

18.57

0.500
0.56
28.2

0.5625
0.50
40.8

625
0.45
56.9

0.75
0.37

97.5

0.875
0.31
166

0.100
0.28
242

No. 22
0.028"

DW
F

0.25
2.35
1.19

0.3125
1.84

2.50

0.375
1.49

4.53

0.4375
1.26

7.42

0.50
1.095

11.40

0.5625
0.96
16.5

0.625
0.865
23.1

0.75
0.715
40.8

0.875
0.61

66.0

1.00
0.53
99.5

No. 20
0.035"

D
W
F

0.25
4.7

0.451

0.3125
3.64
0.952

0.375
2.97
1.75

0.4375
2.5
2.90

0.50
2.18

4.47

0.5625
1.92

6.51

0.625
1.72

9.14

0.75
1.42

16.3

0.875
1.20

26.4

1.00
1.05

40.0

No. 18

0.047"

DW
F

0.25
12.05
0.1158

0.3125
9.2

0.294

0.375
7.45

0.488

0.4375
6.57
0.824

0.50
5.40
1.320

0.625
4.23
1.870

0.75
3:48

3.96

0.875
2.95
7.85

1.00
2.85
12.60

1.125
2.27
17.5

No. 14
0.08"

DW
F

0.375
41

0.0418

0.5
28.8

0.121

0.625
22.2
0.342

0.75
18.1

0.572

0.875
15.2

0.82

1.00
13.15

1.27

1.125

11.6
1.86

1.25
10.35

2.60

1.50
8.52
5.48

1.75
7.25
7.57

No. 12
0.105"

D
W
F

0.625
52.5

0.069

0.75
42.25
0.1480

0.875
35.4
0.262

1.00
30.4
0.395

1.25

23.8
0.830

1.50
19.5

1.49

1.75
16.6

2.45

2.00
14.4

3.74

2.25
12.7
5.45

2.50
11.4

7.34

No. 10

0.135"

D
W
F

0.875
77

0.081

1.00
67

0.135

1.25
52

0.276

1.50
42.5
0.512

1.75
36

0.846

2.00
31

1.295

2.25
27

1.910

2.50
24

2.660

2.75
22

3.58

3.00
20

4.75

No. 8
0.162"

D
W
F

1.00
120

0.0570

1.25
98.5

0.124

1.50
76

0.199

1.75
64

0.554

2.00
55.5

0.597

2.25
48.8

0.880

2.50
43.5
1.26

2.75
39

1.68

3.00
36
2.20

3.25
33

2.85

No. 7
0.177"

D
W
F

1.00
159

0.0382

1.25
122

0.0828

1.50
99
0.156

1.75
83.5
0.265

2.00
72

0.416

2.25
63

0.603

2.50
56.4

0.830

2.75
51

1.15

3.00
46.5
1.54

3.25
42.5
1.96

No. 6
0.192"

D
W
F

1.25
158

0.0572

1.50
128

0.108

1.75
107

0.185

2.00
92.5

0.284

2.25
81

0.420

2.50
72

0.590

2.75
65

0.802

3.00
59.5
1.07

3.25
55.5
1.38

3.50
50

1.74

No. 3
0.205"

D
W
F

1.50
155

0.0820

1.75

131

0.139

2.00
113

0^218

2.25
99

0.321

2.50
88.5

0.412

2.75
80

0.6175

3.00
70

0.82

3.25
67

1.60

3.50
61.5
1.34

4.00
53.5
2.22

No. 4
0.225"

D
W
F

1.50
210

0.0536

1.75
175

0.093

2.00
150

0.147

2.25
132

0.220

2.50
118

0.303

2.75
106

0.412

3.00
97

0.652

3.25
89

0.715

3.50
82

0.91

4.00
71

1.30

No. 2
0.263"

DW
F

1.50
345

0.0264

1.75
290

0.0458

2.00
250

0.0730

2.25
215

0.109

2.50
192

0.154

2.75
175

0.214

3.00
156

0.274

3.25
146

0.371

3.50
134 .

0.469

4.00
115

0.720

No. 1

0.283"

D
W
F

1.75
360

0.0328

2.00
310

0.0550

2.25
270

0.0778

2.50
240

0.112

2.75
215

0.155

3.00
195

0.208

3.25
180

0.270

3.50
165

0.344

4.00
145

0.530

4.50
127

0.775

No.O
0.307"

DW
F

1.75
470

0.0308

2.00
400

0.0380

2.25
350

0.0548

2.50
310
0.0788

2.75
280

0.109

3.00
250

0.149

3.25
230

0.199

3.50
212

0.244

4.00
185

0.327

4.50
162

0.550

No. 00
0.331"

D
W
F

2.00
510

0.0289

2.25
445

0.0388

2.50
390

0.0564

2.7.5

350
0.0780

3.00
320

0.105

3.25
290

0.137

3.50
270

0.176

4.00
230

0.273

4.50
205
0.414

5.00
183

0.562

To find deflection of one coil by one pound, divide the values of F by 100.
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ELMPTICAL SPRINGS, SIZES, AND PROOF TESTS.

Pennsylvania Railroad Specifications, 1896.

^

is rr 83

"S
^

ja'"' >
.tli Ot^

1^
40 113/4

40 bl/9
36 113/4
40
40
42
36 113/4

32 /I/?,

36 yi/?,

40 151/2

40 151/^

34 151/2

30 91/9.

40 91/.
36 151/2
30 151/7,

36 91/v
42
22 101/2
22 101/2
24 101/7
24 101/2
36
35

10

10

Plates,
No. Size, In

Ins. high. lbs.

(a) (b)

Ins. lbs.
(a)

ft3

E 1, Triple
E 2, Quadruple .

E 3, Triple
E 4, Singlet
E 5, " t
E 6, " t
E 7. Triple
E 8, Double

E 10, Quadruple.
E 11,

E 12,

E 13, Double....
E 14, "
E 15, Quadruple.
E 16,

E 17, Double
E 18, Singlet...
E 19, Double
E 20,

E21,
E 22,

E 23,

E 24,

5 3 X 11/33
5 3 X3/8
6 3 Xll'32

8 3x11/32
7 3 xS/g
8 31/2X3/8
8 3 X 11/32

6 3 X3/8
5 4x11/32
5 3 X3/8
5 3x3/8
5 3x3/8
5 4x3/8
6 4x11/32
6 3x11/30
6 3x11/32
5 4x3/8
9 31/2X3/8
6 41/2x1139
7 41/2x11/32
7 41/2x3
8 41/2X3,
5 4x3/8
5 4x3/8

33/4
33/4.

15/16*

11/8*

21/2
3

31/2
4

33/4
33/4
33/4

33/8
3 7/16

41/2
23/4
I*

13/16

13/16

21/4

21/4

93/8
93/4
95/8

4,800
6,650

6,000
free

.... 3,000

. . . : 4,375

91/2 11,800
9 8,000

87/16 5,400

5,500
8,000

8,000
2,350
4,970
6,350

10

93/4
93/4
9
9

8,000
10,600

13,100

5,600
6,840

93/4 11,820

101/8 8,000
8 8,070

.... 5,250

67/16 13,800

71/8 15,600

71/4 15,750
8 1/2 18,000

8 8,750
8 7,503

3 6,000
3 10,000
3 12,200
3 15,780
2 10,600
2 8,600
21/9 14,370
23/415,500
2 9,540

7,300

28,800
32,930

11'4 10,750
11

'4 9,500

(a) Between bands; (6) over all; a.p.t., auxiliary plates touching.
* Between bottom of eye and top of leaf, t Semi-elliptical.
Tracings are furnished for each class of spring.

SPRINGS TO RESIST TORSIONAL FORCE.

(Reuleaux's Constructor.)

Flat spiral or helical spring P --

Round helical spring P

Round bar, in torsion P

Flat bar, in torsion P = ^

Sbh\
6 R ' f =^ R&

Stt (P.

32 R'
f = R^

64 PI R^

IG R'
f =R& 32 P RH

7: G d*'

S b^h-^ .

f =R&
3PRH b^ + h^

3R V&2 + h2 G 63ft3

P = force applied at end of radius or lever-arm R; '5 = angular motion
at end of radius R; S = permissible maximum stress, = 4/5 of permissible
stress in flexure; E = modulus of elasticity in tension; G = torsional
modulus, = 2/5 E; I = developed length of spiral, or length of bar; d =
diameter of wire: b = breadth of flat bar; h = thickness.
(Compare Elastic Resistance to Torsion, p. 334-)
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HELICAL SPRINGS— SIZES AND CAPACITIES.
(Selected from Specifications of Penna. R. R. Co., 1899.)

^ Test. Height and "m
c ^" rn ^j Loads. fl

1
3
S

1
i

S

6
f4«

i p
^

^
?

^3

P
-i 03

Mm
g.2

a la i '0

73

$
Ph Q K-! H ^ fe m t-i ^

lbs. oz.

H 26 9/64 571/2 59 4 1 53/4 3 31/4 lie 130

H 18 11/64 75 761/4 8 1 8 5 6 170 270

H 55 3/16 451/8 465/16 55/8 1 41/2 35/16 4 103 245

H 73 3/16 426 4273/4 3 51/2 15/16 39 221/2 35 45 185

H 29 7/32 201/2 227/16 31/2 1 15/32 111/16 19/64 13/8 no 200

H 1 1/4 451/2 47 10 11/4 51/8 35/8 43/8 250 500

H 5 1/4 251/4 281/4 6 21/4 21/4 1 1/8 11/2 164 240

1158 5/16 2531/2 2561/2 5 7 21/4 23 13 18 248 495
H 74 5/16 180 1821/8 3 141/2 1 11/16 191/8 13 141/8 587 700

H68i* 3/8 991/2 1031/4 3 11/2 23/4 9 5 7 350 700

H 79 3/8 88 903/4 2 12 21/8 85/8 6 53/4 676 946

H 8O2 13/32 1923/8 1953/4 7 11/2 29/16 18 119/16 151/2 380 975

H 43 7/16 96 1025/16 4 1 47/16 815/16 33/8 51/8 450 660

H 64 7/16 755/8 781/2 3 3 29'32 75/8 55/8 53/4 1350 1440

H 53o 15,32 1695/16 1729/16 8 4 217/32 16 1/2 121/4 151/2 330 1410

H 272 1/2 903/4 951/8 5 31
'4 8 1/2 51/4 63/4 810 1500

H 61 1/2 151/2 213/8 133/4 41/4 13/8 05/8 I 532 1050

H 19 17/32 8IV2 851/2 5 2 31/32 8 59/16 67/16 1200 1900

H 863 17/32 1535/8 159 9 10 4 133/4 71/2 87/16 1156 1360

H 63 9/16 98 103 6 15 33/4 91/8 51/2 7 1050 1800

H333 9/16 80 1/4 847/8 5 lOi/2 31/4 8 53/8 613/16 1000 2200

H592 5/8 741
'4 773/4 6 7 27/8 8 1/4 69/16 71/4 2100 3500

H 8O1 5/8 1921/2 1973/4 16 11 315/16 18 1
1 9/16 151/2 900 2315

H722 21/32 601/8 631/2 5 117/8 23/4 75/16 6 63/8 3260 4240

H 152 11/16 557/8 593/4 5 14 31/2 53/4 45/16 53/16 1400 3500

H 41 11/16 1171/2 1231/2 12 10 41/2 107/8 63/4 85/8 1500 2720

H 40 3/4 1771/2 1855/8 22 21/9 6 1/2 16 73/8 87/8 1900 2300

H 70 3/4 62 66 7 12 33/8 7 55/8 61/4 2750 5050

H 172 13/16 100 1063/4 14 12 51/8 91/8 6 75/8 1700 3700

H 662 13/16 1051/4 1103/8 15 7 45/3, 107/8 81/8 87/8 3670 5040

H 37 2732 77 817/8 12 21/2 315/16 8 1/2 611/16 71/2 3300 6250

H 872 27/32 13013/16 13715/16 20 9 53/8 121/4 73/4 87/16 3540 4165

H 122 7/8 85 911/2 14 7 5 8 1/2 53/- 73/8 2000 5200

H 332 7/8 82 8811/16 13 15 51/8 8 53/i 613/16 2250 5000

H2 15/16 46 523/8 8 151/4 5 45/8 33/8 4 3250 7000

H 16 15/16 85 927/8 16 10 6 8 5 6 3600 5100

H 10 1 85 92 18 14 51/2 8 1/2 6 7 4500 7000

H42i 1 36 427/8 8 53/8 35/8 25/8 33/8 1795 7180

H 4 11/16 987/8 105 24 12 5 107/8 81/3 93/8 6000 9570

H861 11/16 1535/8 1641/2 38 9 8 133/4 71/2 87/16 4624 5440

:i3 11/8 353/8 411/4 9 15 47/8 41/8 33/8 33/4 6000 12000

H Ml 11/8 51 587/8 14 4 61/8 51/8 311/16 43/16 5000 8950

H 6i 13/16 991/8 1093/4 31 1 8 91/8 51/2 7 4550 7750

I 47 13/16 731/2 791/2 23 57/16 8 1/4 69/16 71/4 7400 12500

H9 11/4 971/2 108 33 12 8 9 53/4 71/2 4000 9100

H72i 11/4 621/8 683/4 21 8I/2 53/8 75/16 6 63/8 10700 14875

H 8 15/16 96 1 06 1/2 36 12 8 91/8 6 71/4 6350 T0600

H 62 15/16 70 771/16 26 12 513/16 8 6 1/2 71/4 7900 15800

H 12i 13/8 87 973/8 36 7 8 8I/2 53/4 73/8 5000 12200

H39i 13/8 755/8 -831/2 31 11 63/8 83/8 65/8 71/2 8150 16300

H 28i 1 13/32 8411/16 95 '

1

37 3 8 81/4 53/4 67/8 7325 13250

* Th6 sub script ] mean 3_ the out side c oil of a concentric gro jp or
©luster; 2 and 3 are inner coils.
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Phosphor-Bronze Springs. Wilfred Lewis (Engs'. Club, Phila., 1887)
made some tests of a helical spring of phosphor-bronze wire, 0.12 in.
diameter, II/4 in. diameter from center to center, making 52 coils.
Such a spring of steel, according to the practice of the P. R. R., might

be used for 40 lbs. A load of 30 lbs. gradually applied gave a permanent
set. With a load of 21 lbs. in 30 hours the spring lengthened from 205/8
inches to 211/8 inches, and in 200 hours to 21 1/4 inches. It was concluded
that 21 lbs. was too great for durability. For a given load the extension
of the bronze spring was just double the extension of a similar steel
spring, that is, for the same extension the steel spring is twice as strong.
Chromiuin-Vanadium Spring Steel. (Proc. Inst. M. E., 1904, pp

1263, 1305.)— A spring steel containing C, 0.44; Si, 0.173; Mn, 0.837; Cr,
1.044; Va, 0.188 was made into a spring with dimensions as follows: length
unstretched 9.6 in., mean diam. of coils (D) 5.22; No. of coils (n) 4; diam.
of wire, (d) 0.561. It was tempered in the usual way. When stretched
it showed'signs of permanent set at about 1900 lbs. Compared with two
springs of ordinary steels the following formulae are obtained:

Load at wliich Permanent Set begins. Extension for a load W,
Chrome-Vanadium Spring. . .56,300 d^D lbs. WnD' -^ 1,468,000 d*
West Bromwich Spring 28,400 d^D " WnD» ^ 1,575,000 d*
Turton & Piatt Spring 44,200 d^D " WnD^ -?- 1,331,600 d*

Test of a Vanadium-steel Spring. (Circular of the American Vana-
dium Co., 1908). — Comparative tests of an ordinary carbon-steel loco-
motive flat spring and of a vanadium-steel spring, made by the American
Locomotive Co., showed the following: The vanadium spring, on 36-in.
centers tested to 94,000 lbs., reached its elastic limit at 85,000 lbs., or
234,000 lbs. per sq. in. fiber stress, and a permanent set of 0.48 in. The
test was repeated three times without change in the deflection. The
carbon spring was tested to 89,280 lbs. and reached an elastic limit at
65,000 lbs., or 180,000 lbs. fiber stress, with a permanent set of 1.12 in.

On repeating the test it took an additional set of 0.25 in., and on the next,
test several of the plates failed.

RIVETED JOINTS.
Fairbairn's Experijnents. — The earliest published experiments on

riveted joints are contained in the memoir by Sir W. Fairbairn in the
Transactions of the Royal Society. Making certain empirical allow-
ances, he adopted the following ratios as expressing the relative strength
of riveted joints: Solid plate 100

Double-riveted joint 70
Single-riveted joint 56

These celebrated ratios appear to rest on a very unsatisfactory analysis
of the experiments on which they were based.
Loss of Strength in Punclied Plates. (Proc. I7ist. M. E., 1881.)—

A report by Mr. W. Parker and Mr. John, made in 1878 to Lloyd's Com-
mittee, on the effect of punching and drilling, showed that thin steel
plates lost comparatively httle from punching, but that in thick plates
the loss was very considerable. The following table gives the results for
plates punched and not annealed or reamed:

Thickness of plates i 4 ^/g 1/2 3/4

Loss of tenacity, per cent 8 18 26, 33
When 7/8-in. punched holes were reamed out to lV8in. diameter, the loss

of tenacity disappeared, and the plates carried as high a stress as drilled

plates. AnneaUng also restores to punched plates their original tenacity.
The Report of the Research Committee of the Institution of Mechanical

Engineers, on Riveted Joints (1881), and records of investigations by Prof.

A. B. W. Kennedy (1881, 1882, and 1885), summarize the existing in-

formation regarding the comparative effects of punching and driUing
upon iron and steel plates. An examination of the voluminous tables

given in Professor Unmn's Report, of the experiments made on iron and
steel plates leads to the general conclusion that, while thin plates, even
of steel, do not suffer very much from pimching. yet in those of 1/2 inch
thickness and upwards the loss of tenacity due to punching ranges from
10% to 23% in iron plates, and from 11% to 33% in the case of mild
Steel. In drilled plates there is no appreciable loss of strength. It 1»
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possible to remove the bad effects of punching by subsequent reaming or
annealing. The introduction of a practicable method of drilling the
plating of ships and other structures, after it has been bent and shaped,
IS a matter of great importance. In the modern English practice (1887)
of the construction of steam-boilers with steel plates punching is almost
entirely abolished, and all rivet-holes are drilled after the plates have
been bent to the desired form.

Strength of Perforated Plates. (P. D. Bennett, Eng'g, Feb. 12,
1886. p. 155.) — Tests were made to determine the relative effect pro-
duced upon tensile strength of a flat bar of iron or steel: 1. By a 3/4-inch
hole driUed to the required size; 2. By a hole punched Vs inch smaller
and then driUed to the size of the first hole; and, 3. By a hole punched in
the bar to the size of the drilled hole. The relative results in strength
per square inch of original area were as follows:

Unperforated bar
Perforated by drilling .••.•••

Perforated by punching and drilling-

Perforated by punching only

I.

Iron
1.000
1.029
1.030
0.795

2.

Iron.
1.000
1.012
1.008
0.894

Steel.
1 000
1.068
1.059
0.935

Steel.
1.000
1.103
1.110
0.927

In tests 2 and 4 the holes were filled with rivets driven by hydraulic
pressure. The increase of strength per square inch caused by drilling is

a phenomenon of similar nature to that of the increased strength of a
grooved bar over that of a straight bar of sectional area equal to the
smaUest section of the grooved bar. Mr. Bennett's tests on an iron bar
0.84 in. diameter, 10 in. long, and a similar bar turned to 0.84 in. diam-
eter at one point only, showed that the relative strength 01 the latter to
the former was 1.323 to 1.000.

Comparative Efficiency of Riveting- dene by Different Methods.
The Reports of Professors Unwin and Kennedy to the Institution of

Mechanical Engineers {Proc. 1881, 1882, and 1885) tend to establish the
four follo\ving points:

1. That the shearing resistance of rivets is not highest in joints riveted
by means of the greatest pressure;

2. That the ultimate strength of joints is not affected to an appre-
ciable extent by the mode of riveting; and, therefore,

3. That very great pressure upon the rivets in riveting is not the in-
dispensable requirement that it has been sometimes supposed to be;

4. That the most serious defect of hand-riveted as compared with
machine-riveted work consists in the fact that in hand-riveted joints
visible slip commences at a comparatively small load, thus giving such
joints a low value as regards tightness, and possibly also rendering them
liable to failure under sudden strains after slip has once commenced.
The following figures of mean results give a comparative view of hand

and hydraulic riveting, as regards their ultimate strengths in joints, and
the periods at which in both cases visible slip commenced.

Total breaking load. Tons . . . .

j

Load at which visible slip began
]

Hand
Hydraulic
Hand
Hydraulic

86.01
85.75
21.7
47.5

82.16
82.70
25.0
53.7

149.2
145.5
31.7
49.7

193.6
183.1

25.0
56.0

Some of the Conclusions of the Committee of Research on Riveted
Joints.

{Proc. Inst. M. E., April, 1885.)
The conclusions refer to joints made in soft steel plate with steel rivets,

the holes driUed, and the plates in their natural state (unannealed).
The rivet or shearing area has been assumed to be that of the holes, not
the area of the rivets themselves. The strength of the metal in the joint
has been compared with that of strips cut from the same plates.
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The metal between the rivet-holes has a considerably greater tensile
resistance per square inch than the unperforated metal. This excess
tenacity amounted to more than 20% both in s/g-inch and 3/4^inch plates,

when the pitch of the rivet was about 1.9 diameters. In other cases 3/8-inch

plate gave an excess of 15% at fracture with a pitch of 2 diameters, of
-10% with a pitch of 3.6 diameters, and of 6.6%, with a pitch of 3.9
diameters; and s/^-inch plate gave 7.8% excess with a pitch of 2.8
diameters.

In single-riveted joints it may be taken that about 22 tons per square
inch is the shearing resistance of rivet steel, when the pressure on the
rivets does not exceed about 40 tons per square inch. In double-riveted
joints, with rivets of about 3/4-inch diameter, most of the experiments
gave about 24 tons per square inch as the shearing resistance, but the
joints in one series went at 22 tons. [Tons of 2240 lbs.]

The ratio of shearing resistance to tenacity is not constant, but dimin-
ishes very markedly and not very irregularly as the tenacity increases.

The size of the rivet heads and ends plays a most important part in the
strength of the joints — at any rate in the case of single-riveted joints.

An increase of about one-third in the weight of the rivets (all this increase,
of course, going to the heads and ends) was found to add about 81/2% to
the resistance of the joint, the plates remaining unbroken at the full

shearing resistance of 22 tons per square inch, instead of tearing at a
shearing stress of only a httle over 20 tons. The additional strength is

probably due to the prevention of the distortion of the plates by the
great tensile stress in the rivets.

The intensity of bearing pressure on the rivet exercises, with joints
proportioned in the ordinary way, a very important influence on their
strength. So long as it does not exceed 40 tons per square inch (meas-
ured on the projected area of the rivets), it does not seem to affect their
strength; but pressures of 50 to 55 tons per square incti seem to cause
the rivets to shear in most cases at stresses varying from 16 to 18 tons
per square inch. For ordinary joints, which are to be made equally
strong in plate and in rivets, the bearing pressure should therefore prob-
ably not exceed 42 or 43 tons per square inch. For double-riveted butt-
joints perhaps, as \\ill be noted later, a higher pressure may be allowed,
as the shearing stress may probably not be more than 16 or 18 tons per
square inch when the plate tears.

A margin (or net distance from outside of holes to edge of plate) equal
to the diameter of the drilled hole has been found sufficient in all cases
hitherto tried.

To attain the maximum strength of a joint, the breadth of lap must be
such as to prevent it from breaking zigzag. It has been found that the
net metal measured zigzag should be from 30% to 35% in excess of that
measured straight across, in order to insure a straight fracture. This
corresponds to a diagonal pitch of 2/3 p -|- d/3, if p be the straight pitch
and d the diameter of the rivet-hole.

Visible slip or "give" occurs always in a riveted joint at a point very
much below its breaking load, and by no means proportional to that load.
A collation of the results obtained in measuring the slip indicates that it

depends upon the number and size of the rivets in the joint, rather than
upon anything else; and that it is tolerably constant for a given size of
rivet in a given type of joint. The loads per rivet at which a joint will
commence to slip visibly are approximately as follows:

Diameter of Rivet. Type of Joint. Riveting.
Slipping Load per

Rivet.

3/4 inch
3/4 "

3/4 ••

I inch

1 "

Single-riveted
Double-riveted
Double-riveted
Single-riveted
Double-riveted
Double-riveted

Hand
Hand
Machine
Hand
Hand
Machine

2.5 tons
3.0 to 3.5 tons

7 tons
3.2 tons
4.3 tons

8 to 10 tons
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To find the probable load at which a joint of any breadth will commence
to slip, multiply the number of rivets in the given breadth by the proper
figure taken from the last column of the table above. The above figures
are not given as exact; but they represent the results of the experiments.
The experiments point to simple rules for the proportioning of joints of

maximum strength. Assuming that a bearing pressure of 43 tons per
square inch may be allowed on the rivet, and that the excess tenacity of
the plate is 10% of its original strength, the following table gives the
values of the ratios of diameter d of hole to thickness t of plate {d -f- 0,
and of pitch p to diameter of hole (p -h d) in joints of maximum strength
in 3/s-inch plate.

For Single-riveted Plates.

Original Tenacity of
Plate.

Shearing Resistance
of Rivets.

Ratio. Ratio.
p^d

Ratio.

Plate Area
Tons per
Sq. In.

Lbs. per
Sq. In.

Tons per
Sq. In.

Lbs. per
Sq. In.

Rivet Area

30
28
30
28

67,200
62,720
67,200
62,720

22
22
24
24

49,200
49,200
53,760
53,760

2.48
2.48
2.28
2.28

2.30
2.40
2.27
2.36

0.667
0.785
0.713
0.690

This table shows that the diameter of the hole should be 2V3 times the
thickness of the plate, and the pitch of the rivets 23/8 times the diameter
of the hole. Also, it makes the mean plate area 71% of the rivet aiea.
If a smaller rivet be used than that here specified, the joint will not be of
uniform, and therefore not of maximum, strength; but with any other
size of rivet the best result will be got by use of the pitch obtained from the
simple formula p = ad-/t + d, where, as before, d is the diameter of the
hole.
The value of the constant a in this equation is as follows:

For 30-ton plate and 22-ton rivets, a = 0.524
" 28 ' 22 " " " 0.558
.. 3Q .. w w 24 " " " 0.570
.. 28 •' •• " 24 " " " 0.606

d^
Or, in the mean, the pitch p = 0.56 y + t^- With too small rivets this

gives pitches often considerably smaller in proportion than 23/8 times the
diameter.
For double-riveted lap-joints a similar calculation to that given

above, but with a somewhat smaller allowance for excess tenacity, on
account of the large distance between the rivet-holes, shows that for joints
of maximum strength the ratio of diameter to thickness should remain
precisely as in single-riveted joints; while the ratio of pitch to diameter
of hole should be 3.64 for 30-ton plates and 22 or 24 ton rivets, and 3.82
for 28-ton plates with the same rivets.

Here, still more than in the former case, it is Ukely that the prescribed
size of rivet may often be inconveniently large. In this case the diameter
of rivet should be taken as large as possible; and the strongest joint for
a given thickness of plate and diameter of hole can then be obtained by
using the pitch given by the equation p ^ adyt + d, where the values of
the constant a for different strengths of plates and rivets may be taken
as follows, for any thickness of plate from s/g to 3/4-inch:

For 30-ton plate and 24-ton rivets )

.. 28 " " " 22 " " j

. = 1.06 ^'+d;

28 24
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In double-riveted butt-joints it is impossible to develop the full

shearing resistance of the joint without getting excessive bearing pressure,
because the shearing area is doubled without increasing the area on which
the pressure acts. Considering only the plate resistance and the bearing
pressure, and taking this latter as 45 tons per square inch, the best pitch
would be about 4 times the diameter of the hole. We may probably say
with some certainty that a pressure of from 45 to 50 tons per square inch on
the rivets will cause shearing to take place at from 16 to 18 tons per square
inch. Working out the equations as before, but allowing excess strength
of only 5% on account of the large pitch, we find that the proportions of
double-riveted butt-joints of maximum strength, under given conditions,
are those of the following table:

Double-riveted Butt-joints.

Original Ten-
acity of Plate,
Tons per Sq.

Shearing Re-
sistance of

Rivets, Tons
per Sq. In.

Bearing Pres-
sure, Tons per

Sq. In.

Ratio
d

1

Ratio

d

30

]§
28

16

16

18

18

16

16

45

45
48
48
50
50

1.80

1.80
1.70

1.70
2.00
2.00

3.85
4.06
4.03
4.27
4.20
4.42

Practically, therefore, it may be said that we get a double-riveted butt-
joint of maximum strength by making the diameter of hole about 1.8
times the thickness of the plate, and making the pitch 4.1 times the
diameter of the hole.
The proportions just given belong to joints ot maximum strength.

But in a boiler the one part of the joint, the plate, is much more affected
by time than the other part, the rivets. It is therefore not unreasonable
to estimate the percentage by which the plates might be weakened by
corrosion, etc., before the boiler would be unfit for use at its proper
steam-pressure, and to add correspondingly to the plate area. Probably
the best thing to do in this case is to proportion the joint, not for the
actual thickness of plate, but for a nominal thickness less than the actual
by the assumed percentage. In this case the joint will be approximately
one of uniform strength by the time it has reached its final workable
condition; up to which time the joint as a whole will not really have been
weakened, the corrosion only gradually bringing the strength of the plates
down to that of rivets.

Efficiencies of Joints.
The average results of experiments by the committee gave: For double-

riveted lap-joints in 3 g-inch plates, efficiencies ranging from 67.1% to
81.2%. For double-riveted butt-joints (in double shear) 61.4% to 71.3%.
These low results were probably due to the use of very soft steel in the
rivets. For single-riveted lap-joints of various dimensions the efficiencies
varied from 54.8% to 60.8%. The shearing resistance of steel did not in-
crease nearly so fast as its tensile resistance. With very soft steel, for
Instance, of only 26 tons tenacity, the shearing resistance was about 80%
of the tensile resistance, whereas with very hard steel of 52 tons tenacity
the shearing resistance was only somewhere about 65% of the tensile
resistance.

Proportions of Pitch and Overlap of Plates to Diameter of Kivet-
Hole and Thicliness of Plate.

(Prof, A. B. W. Kennedy, Proc. Inst. M. E., April, 1885.)

t = thickness of plate:
d = diameter of rivet (actual) in parallel hole;
p = pitch of rivets, center to center*
s = space between fines of rivets;

I = overlap of plate.
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The pitch is as wide as is allowable without impairing the tightness ol
the joint under steam.

For single-riveted lap-joints in the circular seams of boilers w'nich hav«
double-riveted longitudinal lap-joints,

d = t X 2.25; p = dX 2.25 == i X 5 (nearly) ;Z = fX 6.

For double-riveted lap-joints:
d = 2.25«; p = 8^; s = 4.5^, I = 10.5/,

Single-riveted Joints. Double-riveted Joints.

t d P I t d P s I

8/16 7/16 15/16 11/8 3/16 7/16 11/2 7/8 2

1/4 9/16 11/4 11/2 1/4 9/16 2 13/16 23/4
5/16 11/16 1 0/16 17/8 5/16 11/16 21/2 11/2 33/8
3/8 13/16 17/8 21/4 3/8 13/16 3 13/4 4
7/16 2 3/16 25/8 7/16 1 31/2 2 45/8

V2 11/8 2 1/2 3 1/2 11/8 4 21/4 51/4
9/16 il/4 213/16 3 3/8 9/16 11/4 41/2 21/2 57/8

With these proportions and good workmanship there need be no fear of
leakage of steam through the riveted joint.
The net diagonal area, or area of plate, along a zigzag line of fracture

should not be less than 30% in excess of the net area straight across the
joint, and 35% is better.

Mr. Theodore Cooper (R. R. Gazette, Aug. 22, 1890), referring to Prof.
• Kennedy's statement quoted above, gives as a sufficiently approximate
rule for the proper pitch between the rows in staggered riveting, one-half
of the pitch of the rivets in a row plus one-quarter the diameter of a
rivet-hole.

Test of Double-riveted Lap and Butt Joints.
(Proc. Inst. M. E., October, 1888.)

Steel plates of 25 to 26 tons per square inch T. S., steel rivets of 24.6
tons shearing strength per square inch.

Kind of Joint.
Thickness of

Plate.
Diameter of
Rivet-holes.

Ratio of
Pitch to
Diameter.

Comparative
Efficiency of

Joint.

Lap
Butt

3/8"

3/8

3/4

,3/.

1

1

0.8"
0.7
1.1

1.6
1.1

1.6

1.3
1.75
1.3

3.62
3.93
2.82
3.41
4.00
3.94
2.42
3.00
3.92

75.2
76 5

Lap 68.0
Lap 73.6
Butt
Butt

72.4
76.1
63.0

Lap
Butt

70.2
76.1

Diameter of Rivets for Different Thicknesses of Plates.

Thickness
of Plate.

5/16 3/8 7/16 1/2 9/16

3/4

13/16

7/8

3/4

5/8

3/4

7/8

7/8

11/16

7/8

13/16

3/4

7/8

15/16

1

7/8

13/16

7/8

7/8

I

11/8

.1/8

15/16

13/16

11/8

1

Diam. (1)

Diam. (2)

Diam. (3)

Diam. (4)

5/8

5/8

1/2

5/8

5/8

5/8

5/8

7/8

3/4

1/2

5/8

3/4

3/4

5/8

15/16

9/?6

3/4

13/16

3/4

......

1V16
11/16

1

11/4

11/8

Diam. (5)
Diam (6)

3/4

11/16

3/8

1

3/4 13/16Diam. (7)



430 RIVETED JOINTS.

(1) Lloyd's Rules. (2) Liverpool Rules. (3) English Dock-yards.
(4) French Veritas. (5) Hartford Steam Boiler Inspection and Ins

(2) Liverpool Rules. ,_, „
. . (5) Hartford Steam Boiler Inspection and Insur-
ance Co., double riveted lap-joints. (6) Ditto, triple-riveted butt-joints.
(7) F. E. CarduUo. (Vie less than diam. of hole.)
Calculated Efficiencies — Steel Plates and Steel Rivets.— The

following table has been calculated by the author on the assumption that
the excess strength of the perforated plate is 10%, and that the shearing
strength of the rivets per square inch is four-fifths of the tensile strength
of the plate (or, if no allowance is made for excess strength of the perfo-
rated plate tha" the shearing strength is 72.7% of the tensile strength).
If t = thickness of plate, d = diameter of rivet-hole, p = pitch, and T =
tensile strength per square inch, then for single-riveted plates

(p - d)tX1.10T --

The coefficients 0.571 and 1.142 agree closely with the averages of those
given in the report of the committee of the Institution of Mechanical En-
gineers, quoted on page 427, ante.

>

s

Pitch. Efficiency.
>

Pitch. Efficiency.

be M M M ^ Sii to bb bO

"o a a ,C a ® "o c c a a
C o'Z (U"43 Ch a-Z ..'^ 0)-^

11
02^

^

g

si
5- P

in. in. in. in. % % in. in. in. in. % %
3/16 7/16 1.020 1.603 57.1 72.7 1/2 3/4 1.392 2.035 46.1 63.1

3/16 1/2 1.261 2.023 60.5 75.3 1/2 7/8 1.749 2.624 50.0 66.6

1/4 1/2 1.071 1.642 53.3 69.6 1/2 1 2.142 3.284 53.3 70.0

1/4 9/16 1.285 2.008 56.2 72.0 1/2 11/8 2.570 4.016 56.2 72.0

5/16 9/16 1.137 1.712 50.5 67.1 9/16 3/4 1.321 1.892 43.2 60.3

5/16 5/8 1.339 2.053 53.3 69.5 9/16 7/8 1.652 2.429 47.0 64.0
5/16 11/16 1.551 2.415 55.7 71.5 9/16 1 2.015 3.030 50.4 67.0
3/8 5/8 1.218 1.810 48.7 65.5 9/16 11/8 2.410 3.694 53.3 69.5

3/8 3/4 1.607 2.463 53.3 69.5 9/16 11/4 2.836 4.422 55.9 71.5

3/8 7/8 2.041 3.206 57.1 72.7 5/8 3/4 1.264 1.778 40.7 57.8

7/16 5/8 1.136 1.647 45.0 62.0 5/8 7/8 1.575 2.274 44.4 61.5

7/16 3/4 1.484 2.218 49.5 66.2 5/8 1 1.914 2.827 47.7 64.6

7/16 7/8 1.869 2.864 53.2 69.4 5/8 11/8 2.281 3.438 50.7 67.3

7/16 1 2.305 3.610 56.6 72.3 5/8 11/4 2.678 4.105 53.3 69.5

Apparent Shearing Resistance of Rivet Iron and Steel.

{Proc. Inst. M. E., 1879, Engineering, Feb. 20, 1880.)

The true shearing resistance of the rivets cannot be ascertained from
experiments on riveted joints (1) because the uniform distribution of the
load to all the rivets cannot be insured; (2) because of the friction of the
f)lates, which has the effect of increasing the apparent resistance to shear-
ng in an element uncertain in amount. Probably in the case of single-
riveted joints the shearing resistance is not much affected by the friction.

Fairbairn's experiments show that a rivet is 6 1/2% weaker in a drilled
than in a punched hole. By rounding the edge of the rivet-hole, the
apparent shearing resistance is increased 12%. Messrs. Greig and Eyth's
experiments indicate a greater resistance of the rivets in punched holes
than in drilled holes.

If the apparent shearing resistance is less for double than for single
shear, it is probably due to unequal distribution of the stress on the tw^*
xiyet sections.
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The shearing resistance of a bar, when sheared in circumstances which
{jrevent friction, is usually less than the tenacity oi tne bar. The loi*

owing results show the decrease: ;

Harkort, iron Tenacity, 26.4 Shearing, 16.5 Ratio, 0.62
Lavalley, iron " 25.4 " 20.2 " 0.79
Greig and Eyth, iron. " 22.2 " 19.0 " 0.85
Greig and Eyth, steel " 28.8 " 22.1 " 0.77

In Wohler's researches (in 1870) the shearing strength of iron was found
to be four-fifths of the tenacity. Later researches of Bauschinger c( n-
firm this result generally, but they show that lor iron the ratio of the
shearing resistance and tenacity uepends on the direction of the stress

relatively to the direction of rolling Tne above ratio is valid only if the
shear is in a plane perpendicular to the direction of rolling, and if the
tension is applied parallel to the direction of rolling. If the plane of shear
is parallel to the breadth of the bar, the resistance is only half as great
as in a plane perpendicular to the fibers.

THE STRENGTH OF RIVETED JOINTS.
Joint of Maximum Efficiency. — (F. E. CarduUo.) If a riveted joint

is made with sufficient lap, and a proper distance between the rows of
rivets, it will break in one of the three following ways:

1. By tearing the plate along a line, through the outer row of rivets.

2. By shearing the rivets
3. By crushing the plate or the rivets.

Let t = the thickness of the main plates.
d = the diameter of the rivet-holes.

; = the tensile strength of the plate in pounds per sq. in.

s = the shearing strength of the rivets in pounds per sq. in. when
in single shear,

p = the distance between the centers of rivets of the outer row
(see Figs. 96 and 97) = the pitch in single and double lap riveting= twice

-Pzz^izzzP-.

1)" ©
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Fig. 96.
Triple Riveting.

Fig. 97.
Quadruple Riveting.

the pitch of the inner rows in triple butt strap riveting, in which alter-
nate rivets in the outer row are omitted, = four times the pitch in quad-
ruple butt strap riveting, in which the outer row has one-fourth of the
number of rivets of the two inner rows.

c = the crushing strength of the rivets or plates in pounds per
sq. in.

n = the number of rivets in each group in single shear. (A group
is the number of rivets on one side of a joint corresponding to the dis-

tance />; = 1 rivet in single riveting, 2 in double riveting, 5 in triple
butt strap riveting, and 11 in quadruple butt strap riveting.)

m = the number of rivets in each group in double shear,
s" = the shearing strength of rivets in double shear, in pounds per

sq. in., the rivet section being counted once.
T = the strength of the plate at the weakest section. = ft (p - d).
S = the strength of the rivets against shearing, = 0.7854^2 (^^8 +

ms").
C = the strength of the rivets or the plates against crushing, =

dtciri + 771).
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In order that the joint shall have the greatest strength possible, the
tearing, snearing, and crushing strength must all be equal. In order to
make it so,

1. Substitute the known numerical values, equate the expressions for
shearing and crusliing strength, and find the value of d, taking it to the
nearest Vie in.

2. Next find the value of S in the second equation, and substitute it

for T in the first equation. Substitute numerical values for the other
factors in the first equation, and solve for p.
The efficiency of a riveted joint in tearing, shearing and crushing, is

equal to the tearing, shearing or crushing strength, divided by the quan-
tity ftp, or the strength of the soUd plate.
The efficiency in tearing is also equal to (p — d) -e- p.
The maximum possible efficiency for a well-designed joint is

n -h (/ -^ c)

Empirical formula for the diameter of the rivet-hole when the crush-
ing strength is unknown. Assuming that c= 1.4/, and s"= 1.75 s, we have
by equating C and *S, and substituting,

d = 1.782 1
^^^+^^

-

s{n+ 1.75 m)

Margin. The distance from the center of any rivet-hole to the edge of
the plate should be not less than 11/2^. The distance between two adja-
cent rivet centers should be not less than 2d. It is better to increase
each of these dimensions by Vsin.
The distance between the rows of rivets should be such that the net

section of plate material along any broken diagonal through the rivet-
holes should be not less than 30 per cent greater than the plate section
along the outer line of rivets.
The thickness of the inner cover strap of a butt joint should be 3/^ of

the thickness of the main plate or more. The thickness of the outer strap
should be s/g of the thickness of the main plate or more.
Steam Tightness. It is of great importance in boiler riveting that

the joint be steam tight. It is therefore necessary that the pitch of the
rivets nearest to the calked edge be limited to a certain function of the
thickness of the plate. The Board of Trade rule for steam tightness is

p= Ct + 15/8 in.

where p = the maximum allowable pitch in inches.
t = the thickness of main plate in inches.
C = a constant from the following table.

No. of Rivets per Group..

.

Lap Joints C =
Double-strapped Joints.... C= 1.75 3.50 4.63 5.52 6.00

The pitch should not exceed ten inches under any circumstances.
When the joint has been designed for strength, it should be checked by

the above formula. Should the pitch for strength exceed the pitch for

steam tightness, take the latter, substitute it in the formula

ft (p-d) =0.7854: d"^ (ns + ms"),

and solve for d. If the value of d so obtained is not the diameter of some
standard size rivet, take the next larger Vie in.

Calculation of Triple-riveted Butt and Strap Joints. — Formulae:

T = ft (p-d), /S = 0.7854 d2 (ns + ms"), C = dtc {m + n) (notation on
preceding page), n = 1, m = 4.

Take / = 55,000; s = 0.8/, = 44,000; s" = 1.75s = 77,000, c = 1.4 /
= 77,000.
Then T = 55,000 i (p-d), S = 276,460^2, C = 385,000 df.

1 2 3 4
1. 31 2.62 3.47 4.14
1.75 3.50 4.63 5.52
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For maximum strength, T = S = C; dividing by 55,000 t, (p — d) =
5.027^2 /t = 7d; whence d = 1.3925 f, p = 8d.

Thickness of plate t = s/ie 3/8 7/i6 1/2 9/i6 s/s

Diam. rivet hole,
d = 1.3925 t 7/16 17/32 5/8 H/ie 25/32 7/8

Pitch of outer row,
V =8d 3.4816 4.1776 4.8736 5.5696 6.2664 6.9624

r = 55,000 1 ip-d).. 52,360 75,390 102,610 134,020 169,630 209,420
S = 276,460 d2 52,330 75,360 102,570 133,970 169,560 209,330
C = 385,000 dt 52,350 75,390 102,620 134,030 169,630 209,420

Calculations by logarithms, to nearest 10 pounds.
Efficiency of aU joints {p - d) ^ p = 87.5 per cent.

Maximum efficiency by Cardullo's formula, ^ . ^ . , . . , = ^.,^ . . .

;

Tl -T Til -Y \] -r L) O-f-^J. — 1.1;

= 87.5 per cent.

Diameter of rivet, i/ie in. less than hole 3/8 1/2 9/i6 n/ie 3/4 is/ie

Diameter of rivet-hole, next largest 16th, ili% 9/i6 ^/g 3/4 is/^e 7/8

For the same thickness of plates the Hartford Steam Boiler Inspection
and Insurance Co, [ Ives the following proportions:

Thickness, U ^l\Q s/g 7/i6 1/2 9/i6 Vs
D-am. rivet-hole, rf, 3/4 is/ig is/ig 1 H/ie IV16
Picchofouterrow,p,6V4 6 1/2 68/4 71/2 73/4 73/4

Using the same values for f, s, s" and c, we obtain:T= 94,530 117,300 139,860 178,750 207,850 229,880
S= 155,400 168,400 194,300 207,300 220,200 220,200
C = 90,030 117,300 157,900 192,500 230,000 255,500

Strength of soUd
plate. /pi =....107,360 134,060 162,420 206,250 239,770 266,400

Efficiency T, S or
C, lowest -i- fpt,
per cent 83.9 87.5 86.1 86.7 86.7 82.6

The 5/ig in. plate fails by crushing, the s/g by shearing, the others by
tearing.

Calculation of Quadruple Riveting. — In this case there are 11 rivets
in the group. If the upper strap plate contains all the rivets except the
outer row, then n = 1, m = 10. Using the same values for/, s, s" and
c as above, we have ns + ms" = 814,000; T = 55,000 f (p - d); S =
639,315 d2; C = 847,000 dif.

For maximum strength, t (p — d) = 11.624cZ2 = 15Adt; whence d =
1.32485 f, p = 16.4 d. Efficiency (p - d)-^p = 93.9 per cent. Check by

Cardullo's formula —; —77- = —

—

,
.„,

- = 93.9 per cent.
n + m + //c 11+ 10/11

British Board of Trade and Lloyd's Rules for Riveted Joints.—
Board of Trade.— Tensile strength of rivet bars between 26 and 30 tons,
el. in 10" not less than 25%, and contr. of area not less than 50%.
The shearing resistance of the rivet steel to be taken at 23 tons per

square inch, 5 to be used for the factor of safety independently of any
addition to this factor for the plating. Rivets in double shear to have
only 1.75 times the single section taken in the calculation instead of 2.

The diameter must not be less than the thickness of the plate and the
pitch never greater than 8 1/2". The thickness of double butt-straps
(each) not to be less than 5/8 the thickness of the plate; single butt-straps
not less than s/g.

Distance from center of rivet to edge of hole = diameter of rivet X IV2.
Distance between rows of rivets

= 2 X diam. of rivet or = [(diam. X 4) + 1] -^ 2, if chain, and

•v/[(pitch X 11) -I- (diam. X 4)] X (pitch + diam. X 4) . .= - --- 11 zigzag.

Diagonal pitch = (pitch X 6 + diam. X 4) -^ 10.

Lloyd's. — T. S. of rivet bars, 26 to 30 tons; el. not less than 20% in 8^
The material must stand bending to -a curve, the inner radius of which is ^
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not greater than II/2 times the thickness of the plate, after having been
uniformly heated to a low cherry-red, and quenched in water at 82° F.

Rivets in double shear to have only 1.75 times the single section taken
in the calculation instead of 2. The shearing strength of rivet steel to
be taken at 85% of the T. S. of the material of shell plates. In any case
where the strength of the longitudinal joint is satisfactorily shown by
experiment to be greater than given by the formula, the actual strength
may be taken in the calculation.

Proportions of Riveted Joints. (Hartford S. B. Insp. and Ins. Co.)

Single-riveted Girth Seams of Boilers.

5/16 7/16 1/2

Diam. rivet-hole.
Pitch
Center to edge .

.

3/4 11/16

21/16 21/16

11/8 11/32

13/16 3/4

21/8 21/8

17/32 11/8

15/16 13/16

23/8 21/8
113/32 17/32

i 15/16

27/16 23/8

11/2 113/32

11/16 I

21/2 21/2
19/32 11/2

Double-riveted Lap Joints,

1/4 5/16 3/8 7/16 1/2

3/4

27/8
1 15/16

11/8
0.74

13/16
27/8
1 15/16

15/16

31/4
23/16
1 13/32
0.70

1

31/4
23/16
11/2
0.70

11/16
3.32Pitch

Dist. bet. rows 2 2

I'TEfficiency

Triple-riveted Lap Joints.

1/4 5/16 3/8 Vie 1'2

Diam. rivet-hole . ... ^11/16

2

11/32
0.//

3/4

31/8
21/.6
11/8
0.76

13/16 15/16 1

Pitch 315/16

25/8
11/2
0.75

Triple-riveted Butl-strap Joints.

Thickness

Diam. rrvet-hole
Pitch, inner rows. . .

.

Dist. bet. inner rows.
Dist. outer to 2d row
Ed^e to nearest row.
Efficiency %

5/16 3/8 7/16 1/2 9/16

3/4 13/16 15/16 1 11/16

31/8 31/4 3 3/8 33/4 3 7/8

21/8 2 3/16 21/4 23/8 2 5/8

23/8 21/2 23/4 3 33/16
11/4 17/32 113/32 11/2 1 19/32

88(?) 87.5 86 86.6 85.4

11/16

37/8
25/8
3 3/16

119/32

84(?)

The distance to the edge of the plate is from the center of rivet-holes.
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Pressure Required to Drive Hot Rivets.
Philadelphia, give the following table (1897):

-R. D. Wood it Ca

Power to Drive Rivets Hot,

Size.
Girder- Tank- Boiler-

Size.
Girder- Tank- Boiler-

work. work. work. work. work. work.

in. tons. tons. tons. in. tons. tons. tons.
1/2 9 15 20 11/8 38 60 75

5/8 12 18 25 11/4 45 70 100

3/4 15 22 33 - 11/2 60 85 125

,'" 22
30

30
45

45
60

13/4 75 100 150

The above is based on the rivet passing through only two thicknesses of
plate which together exceed the diameter of the rivet but little, if any.

As the plate thickness increases the power required increases approxi-
mately in proportion to the square root of the increase of thickness. Thus,
if the total thickness of plate is four times the diameter of the rivet, we
should require twice the power given above in order to thoroughly fill the
rivet-holes and do good work. Double the thickness of plate would
increase the necessary power about 40%.

It takes about four or five times as much power to drive rivets cold aa
to drive them hot. Thus, a machine that will drive 3/4-in. rivets hot will

usually drive ?/8 -in. rivets cold (steel). Baldwin Locomotive Worka
drive 1/2 -in. soft-iron rivets cold with 15 tons.

Riveting Pressure Required for Bridge and Boiler Work.
(Wilfred Lewis, Engineers' Club of Philadelphia, Nov., 1893.)

A number of S'g-inch rivets were subjected to pressures between 10,000
and 60,000 lbs. At 10,000 lbs. the rivet swelled and filled the hole with-
out forming a head. At 20,000 lbs. the head was formed and the plates
Were slightly pinched. At 30,000 IbS; the rivet was well set. At 40,000
lbs. the metal in the plate surrounding the rivet began to stretch, and the
stretching became more and more apparent as the pressure was increased
to 50,000 and 60,000 lbs. From these experiments the conclusion might
be drawn that the pressi:re required for cold riveting was about 300,00 )

lbs. per square inch of rivet section. In hot rivetine:, until recently there
was never any call for a pressure exceeding 60,000 lbs., but now pressures
as high as 150,000 lbs. are not uncommon, and even 300,000 lbs. have been
contemplated as desirable.

Pressuva Requirori for Heading Cold Rivets. — Experiments made
by the author in 1906 on 1/2 and -Vg in. soft steel rivets showed that the
pressure required to head a rivet cold, with a hemispherical heading die,

was a function of the final or maximum diameter of the head. Thr
metal besran to flow and fill the hole at about 50,000 lbs. per sq. in. press-
ure, but it hardened and increased its resistance as it flowed until it reached
a maximum of about 100,000 lbs. per sq. in. of the maximum area of the
head.
Ch«»nioHl »nd Physical Tests of Soft Steel Rivets. — Ten rivet

bars and ten rivets selected from stock of the Champion Rivet Co., Cleve*
land, O.. were analyzed by Oscar Textor, with results as follows:
P 0.008 to 0.027, av. 0.015: Mn, 0.31 to 0.69, av. 0.46: S, 0.023 to

0.044. av. 0.033: Si, 0.001 to 0.008, av. 0.005: C, 0.06 to 0.19, av. 0.11.

Only four of the 20 samples were over 0.14 C, and these were made for

high strength. Ten bars and two rivets eave tensile strength, 46.735 to

55,380, av. 52.195 lbs. per sq. in.: elastic limit, 31,350 to 43,150, av.

35,954- elongation, bars onlv, 28 to 35. av. 31.9% in 8 ins.: reduction ol

area. 65.6%. Eight bars in single shear gave shearing strength 35,660
to 50 100, pv. 44,478 lbs. per sq. in.; seven bars in double shear pnve
39,170 to 53,900, av, 45,720 lbs. The shearing strength averaged 86.3%
of the tensile strength.
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CAST IRON.

The Manufacture of Cast Iron. — Pig iron is the name given to the
crude form of iron as it is produced in the blast furnace. This furnace
is a tall shaft, lined with fire brick, often as large as 100 ft. high and 20 ft.

in diameter at its widest part, called the "bosh." The furnace is kept
filled with alternate layers of fuel (coke, anthracite or charcoal), while a
melting temperature is maintained at the bottom by a strong blast.
The iron ore as it travels down the furnace is decarbonized by the carbon
monoxide gas produced by the incomplete combustion of the fuel, and as
it travels farther, into a zone of higher temperature, it absorbs carbon
and silicon. The phosphorus originaUy in the ore remains in the iron.
The sulphur present in the ore and in the fuel may go into combination
with the lime in the slag, or into the iron, depending on the constitution
of the slag and on the temperature. The siUca and alumina in the ore
unite with the lime to form a fusible, slag, which rests on the melted iron
in the hearth. The iron is tapped from the furnace several times a day,
while in large furnaces the slag is usually run off continuously.
Grading of Pig Iron. — Pig iron is approximately graded according

to its fracture, the number of grades varying in different districts. In
Eastern Pennsylvania the principal grades recognized are known as No.
1 and 2 foundry, gray forge or No. 3, mottled or No. 4, and white or No,
5. Intermediate grades are sometimes made, as No. 2 X, between No. 1

and No. 2, and special names are given to irons more highly silicized than
No. 1, as No. 1 X, silver-gray, and soft. Charcoal foundry pig iron is

graded by numbers 1 to 5, but the quality is very different from the
corresponding numbers in anthracite and coke pig. Southern coke pig
iron is graded into ten or more grades. Grading by fracture is a fairly
satisfactory method of grading irons made from uniform ore mixture!
and fuel, but is unreliable as a means of determining quality of irons
produced in different sections or from different ores. Grading by chemi-
cal analysis, in the latter case, is the only satisfactory method. Thf
following analyses of the five standard grades of northern foundry anj
mill pig irons are given by J. M. Hartman {Bull. I. & S. A., Feb., 1892):

No. 1. No. 2. No. 3. No. 4. No.4B. No. 5.

Iron . . , 92.37
3.52
0.13
2.44
1.25
0.02
0.28

92.31
2.99
0.37
2.52
1.08
0.02
0.72

94.66
2.50
1.52
0.72
0.26

trace
0.34

94.48
2.02
1.98
0.56
0.19
0.08
0.67

94.08
2.02
1.43

0.92
0.04
0.04
2.02

94 68
Graphitic carbon
Combined carbon
Silicon

3:83'
41

0.04
Sulphur 02

0.98

Characteristics of These Irons.

No. 1. Gray. — A large, dark, open-grain iron, softest of all the num-
bers and used exclusively in the foundry. Tensile strength low. Elastic
limit low. Fracture rough. Turns soft and tough.

No. 2. Gray. — A mixed large and small dark grain, harder than No.
1 iron, and used exclusively in the foundry. Tensile strength and elastic
limit higher than No. 1. Fracture less rough than No. 1. Turns harder^
less tough, and more brittle than No. 1.

No. 3. Gray. — Small, gray, close grain, harder than No. 2 iron, used
either in the rolling-mill or foundry. Tensile strength and elastic limit
higher than No. 2. Turns hard, less tough, and more brittle than No. 2.

No, 4. Mottled. — White background, dotted closely with small black
spots of graphitic carbon: little or no grain. Used exclusively in the
rolling-mill. Tensile strength and elastic limit lower than No. 3. Turns
with difficulty: less tough and more brittle than No. 3. The manganese
in the B pig iron replaces part of the combined carbon, making the iron
harder and closing the grain, notwithstanding the lower combined carbon.
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No. 5. White. — Smooth, white fracture, no grain, used exclusively in
the rolling mill. Tensile strength and elastic limit much lower than No. 4.
Too hard to turn and more biittle than JNo. 4.

Southern pig irons are graded as follows, beginning with the highest in
silicon: Nos. 1 and 2 silvery, Nos. 1 and 2 solt, all containing over 3%
of silicon; Nos. 1, 2, and 3 foundry, respectively about 2.75%, 2.5% and
2% sihcon; No. 1 mill, or " foundry forge;" No. 2 mill, or gray forge;
mottled; white.

Chemistry of Cast Iron.— Abbreviations, TC, total carbon; GC,
graphitic carbon; CC, combined carbon. Numerous researches have been
made and many papers written, especially between the years 1895 and
1908, on the relation of the physical properties to the chemical constitu-

/ tion of cast iron. Much remains to be learned on the subject, but the
following is a brief summary of prevailing opinions.

Carbon. —-Carbon exists in three states in cast iron: 1, Combined
carbon, which has the property of making iron white and hard; 2, Graphi-
tic carbon or graphite, which is not aUoyed with the iron, but exists in it

as a separate body, since it may be removed from the fractured surface
of pig iron by a brush; 3, a third form, called by Ledebur "tempering
graphite carbon," into which combined carbon may be changed by pro-
longed heating. The relative percentages in which GC and CC may
be found in cast iron differ with the rate of cooling from the liquid
state, so that in a large casting, cooled slowly, nearly all the C may
be GC, while in a small casting from the same ladle cooled quickly,
it may be nearly all CC. The total C in cast iron usuallv is between
3 and 4%.
Combined Carbon. — CO increases hardness, brittleness and shrink-

age. Up to about 1% it increases strength, then decreases it. The
presence of S tends to increase the CC in a casting, while Si tends to
change CC to GC.

Graphite. — GC in a casting causes softness and weakness when
above 3%; softness and strength when added to irons low in GC and over
1% in CC. It increases with the size of the casting, with slow cooling,
or rather with holding a long time in the mold at a high temperature.

Silicon. — Si acts as a softener by counteracting the hardening effect
of S, and by changing CC into GC, changes white iron to gray, increases
fluidity and lessens shrinkage. When added to hard brittle iron, high in
CC, it may increase strength by removing hard brittleness, but when it

reduces the CC to 1% and less it weakens the iron. Above 3.5 or 4% it

changes the fracture to silvery gray, and the iron becomes brittle and
weak. The softening effect of Si is modified by S and Mn.
Sulphur. — S causes the C to take the form of CC, increases hardness,

brittleness, and shrinkage, and also has a weakening effect of its own.
Above about 0.1% it makes iron very weak and brittle. When Si is

below 1%, even 0.06 S makes the iron dangerously brittle.

Manganese. — Mnin small amount, less than 0.5%, counteracts the
hardening influence of S; in larger amounts it changes GC into CC, and
acts as a hardener. Above 2% it makes the iron very hard. Mn com-
bines with iron in almost all proportions. When it is from 10 to 30%
the alloy is called spiegeleisen, from the German word for mirror, and has
large, bright crystalline faces. Above 50% it is known as ferro-man-
ganese. Mn has the property of increasing the solubility of iron for
carbon; ordinary pig iron containing rarely over 4.2% C, while spiegel-
eisen may have 5%, and ferro-manganese as high as 6%. Cast iron with
1% Mn is used in making chilled rolls, in which a hard chill is de:-ired.
When softness is required in castings, Mn over 0.4% has to be avoided.
Mn increases shrinkage. It also decreases the magnetism of iron. Iron
with 25% Mn loses all its magnetism. It therefore has to be avoided in
castings for dynamo fields and other pieces of electrical machinery.

Phosphorus. — P increases fluidit3% and is therefore valuable for thin
and ornamental castings in which strength is not needed. It increases
softness and decreases shrinkage. Below 0.7% it does not appear to
decrease strength, but above 1% it is a weakener.

Copper. — Cu is found in pig irons made from ores containing Cu,
From 0.1 to 1% it closes the grain of cast iron, but does not appreciably
cause brittleness.

...
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Aluminum.—Al from 0.2 to 1.0% (added to the ladle in the form of
a FeAl alloy) increases the softness and strength of white iron ; added to
gray iron it softens and weakens it. Where loss is occasioned by
defective castings, or where iron does not flow well, the addition of Al
wiU give sounder, closer grained castings. In proportions of 2% and
over Al wlU decrease the shrinkage of cast iron.

Titanium. — An addition of 2 to 3% of a TiFe alloy containing 10%
Ti caused an increase of 20 to 30% in strength of cast iron. A. J. Rossi,
A.I.M.E., xxxiii, 194. Ti reacts with any O or N present in the metal
and thus purifies it, and does not remain in the metal. After enough
Ti for deoxidation has been added, further additions have no effect.

R. Moldenke, A.I.M.E., xxxv, 153.

Vanadium. — Va to the extent of 0.15% added to the ladle in the form
of a ground FeVa alloy greatly increases the strength of cast iron. It
acts as a deoxidizer and also by alloying.

Oxide of Iron. —_ The cause of the difference in strength of charcoal
and coke irons of identical composition is believed by Dr. Moldenke
{A.I.M.E., xxxi, 988) to be the degree of oxidation to which they have
been subjected in making or remelting. Since Mn, Ti, and Va all act as
deoxidizers, it should be possible by additions to the ladle of alloys of
FeMn, FeVa, or FeTi, to make the two irons of equal strength.

Temper Carbon. The main part of the C in white cast iron is the carbide
FesC This breaks down under annealing to what Ledebur calls "temper
carbon," and in annealing in oxides, as in making malleable iron, it is

oxidized to CO. The C remaining in the casting at the end of the process
is nearly all GC, isince the latter is very slowly oxidized.

Influence of Various Elements on Cast Iron. — W. S. Andersonr
Castings, Sept., 1908, gives the following:

Fluidity, increased by Si, P, G.C. Reduced by S, C.C.
Shrinkage, increased by S, Mn, C.C. Reduced by Si, P, G.C.
Strength, increased by Mn, C.C. Reduced by Si, S, P, G.C,
Hardness, increased by S, Mn, C.C. Reduced by Si, G.C.
Chill, increased by S, Mn, C.C. Reduced by Si, P, G.C.

Microscopic Constituents. (See also Metallography, under Steel.)
Ferrite, iron free from carbon. It is found in mild steel in small amounts

in gray cast iron, and in malleable cast iron.
Cementite, FesC Fe with 6.67% C. Harder than hardened steel.

Hardness U on the mineralogical scale. Found in high C steel, and in
white and mottled pig.

Pearlite, a compound made up of alternr.te laminee of ferrite and cemen-
tite, in the ratio of 7 ferrite to 1 cementite, and containing therefore
0.83% C. Found in iron and steel cooled very slowly from a high temper-
ature. In steel of 0.83 C it composes the entire mass. Steels lower or
higher than 0.83 C contain pearlite mixed with ferrite or with cementite,

Mar'tensite, the hardening component of steel. Found in iron and
steel quenched above the recalescence point, and in tempered steel. It
forms the entire structure of 0.83 C steel quenched.

Analyses of Cast Iron. (Notes of the table on page 440.)
1 to 7. R. Moldenke, Pittsbg. F'drymen's Assn., 1898; 1 to 5, pig irons;

6, white iron cast in chills; 7, gray iron cast in sand from the same ladle.
The temperatures were taken with a Le Chatelier pyrometer. For
comparison, steel, 1.18 C, melted at 2450° F.; silico-spiegel, 12.30 Si,

16.98 Mn, at 2190°; ferro-sihcon, 12.01 Si, 2.17 CC, at 2040°; ferro-
tungsten, 39.02 W, at 2280°; ferro-manganese, 81.4 Mn, at 2255°; ferro-
chrome, 62.7 Cr, at 2400°; ditto, 5.4 Cr., at 2180°.

8. Gray foundry Swedish pig, very strong. 9. Pig to be used in mix-
tures of gray pig and scrap, for castings requiring a hard close grain,
machining to a fine surface, and resisting wear. 8 to 15, from paper by
F. M. Thomas, Castings, July, 1908.

16. Specification by J. E. Johnston, Jr., Am. Mach., Oct. 15, 1903.
The results were excellent. Si might have been 0.75 to 1.25 if S had
been kept below 0.035.

17 tO'22. G. R. Henderson, Trans. A.S.M.E., vol. xx. The chill is to
be measured in a test bar 2 X 2 X 24 in., the chill piece being so placed
as to form part of one side of the mold. The actual depth of white iroa
will be measured.
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Analyses of Cast Iron,

(Abbreviations, TC, total carbon; GC, graphitic carbon; CO, combined
carbon.)

No. TC GC CC Silicon.
Man-
ganese.

Pho.s^
phorus

Sul-
phur.

I 3.98 0.39 3.59 0.38 0.13 0.20 0.038 Melts at 2048° F.
2 3.78 1.76 2.01 0.69 0.44 0.53 0.031 Melts at 2156° F.
3 3.88 2.60 1.28 1.52 0.49 0.46 0.035 Melts at 2211° F.
4 4.03 3.47 0.56 2.01 0.49 0.39 0.034 Melts at 2248° F.
5 3.56 3.43 0.13 2.40 0.90 0.08 0.032 Melts at 2280° F.
6 4.39 0.13 4.26 0.65 0.40 0.25 0.038 Melts at 2000° F.
7 4.45 2.99 1.46 0.67 0.41 0.26 0.039 Melts at 2237° F.
8 3.30 2.80 0.50 2.00 O.&O 0.08 0.03 Swedish char-

coal pig.
9 2.25-2.5 0.6-0.8 0.8-1.2 0.4-0.8 0.15-0.4 For engine cylin-

ders.
English, high P.
No. 1.

English, high P.

For thin orna-

10 3.40 3.40 trace 2.90 0.50 1.65 0.04

n 3.40 3.20 0.20 2.60 0.50 1.58 0.04

12 3.2-3.6 0.1-0.15 2.5-2.8 up to 1.3-1.5 .03-. 04
1.0 mental work.

13 3.0-3.2 0.4-O.5 2-2.3 up to
1.0

1-1.3 .06-. 08 For medium size
castings.

14 2.8-3.0 0.4-0.6 1.2-1.5 0.6-0.9 0.4-0.6 .06-. 08 Heavy machin-
ery castings.

15 2.5-2.8 0.6-0.8 1.0-1.3 0.5-0.7 0.4-0.7 .08-. 12 Cylinders and
hydraulic work.

16 1.2-1.8 0.4-1.0 0.4-0.7 to .06 For hydraulic
cylinders.

17 2.7-3.0 0.5-0.8 0.5-0.7 0.3-0.5 0.3-0.5 .05-. 07 For car wheels.
18 2.6-3.1 0.6-1.0 0.6-0.7 0.1-0.3 0.3-0.5 .05-. 08 For car wheels.
19 2.5-3.0 0.4-0.9 1.3-1.7 0.5-1.0 0.3-0.4 . 03 max Charcoal pig. I/4

in. chill.

Ditto 1/2 in. chill.20 2.3-2.7 0.5-1.0 1.0-1.5 0.5-1.0 0.3-0.4 .03 "
21 2.0-2.5 0.8-1.2 0.8-1.2 0.5-1.0 0.3-0.4 .035 " Ditto 3/4 in. chill.

22 1.8-2.2 0.9-1.4 0.5-1.0 0.3-0.7 0.3-0.4 .035 " Ditto 1 in. chill.
23 3:87 3.44 0.43 1.67 0.29 0.095 0.032 Series A. Am.

F'dmen's Assn.
24 3.82 3.23 0.59 1.95 0.39 0.405 0.042 Series B. ditto.
25 3.84 3.52 0.32 2.04 0.39 0.578 0.044 Series C. ditto.
26 2.8-3.2 0.5-0.7 1.3-1.5 0.3-0.6 0.5-0.8 .06-. 10 For locomotive

cylinders.
;' Semi-steel."27 2.3-2.4 0.8-1.0 1.8-2.0 0.8-1.0 0.6-0.8 .06-. 10

28 2.4-2.6 0.8-1.0 0.9-1.0 0.6-0.7 0.1-0.3 .04-. 06 " Semi-steel."
29 4;33 3.08 1.25 0.73 0.44 0.43 0.08 A strong car

wheel, Cu, 0.03.
30 3.17 2.72 45 1.99 0.39 0.65 0.13 Automobile cyl-

inders.
31 3.34 2.57 0.77 1.89 0.39 0.70 0.09 Ditto.
32 3.5 2.9 0.6 0.7 0.4 0.5 0.08 Good car wheel.
33 3.55 3.0 0.55 2.75 2.39 0.86 0.014 Scotch irons.
34 3.10 1.80 0.90 " Am. Scotch "

Ohio irons.
35 0.75-1.5 to 0.6 to 0.22 to 0.04 Pig for malle-

able castings.
36 2-25

1.2-1.5
to 0.7
0.5-0.8

to 0.7
0.35-0.6

to 0.15
to 0.09

Brake-shoes.
37 Uard iron for

heavy work.
38 1.5-2 0.5-0.8 0.35-0.6 to 0.08 Medium iron for

general work.
39 2.2-2.8 to 0.7 to 0.7 to 0.085 Soft iron cast'ga
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23 to 25. Series of bars tested by a committee of the essodation.
See results of tests on page 419. Series A, soft Bessemer mixture; B,
dynamo-frame iron; C, light macliinery iron. Samples for analysis were
taken from the 1-in. square dry sand bars.

26. Specifications by a committee of the Am. Ry. Mast. Mechs. Assn.,
1906. T.S., 25,000; transverse test, 3000 lb. on ll/4-in. round bar, 12 in.

between supports; deflection, 0.1 in. minimum; siirinkage, l/g in. max.
27, soft "semi-steel;" 28, harder do. They approach air-furnace iron
in most respects, and excel it in strength; test bars 2 XI X 24 in. of the
low Si semi-steel showing 2800 to 3000 lb. transverse strength, with
7/I6 in. deflection. M. B. Smith, Eng. Digest, Aug., 1908. 29. J. M.
Hartman, Bull. /. & 8. Assn., Feb., 1892. The chill was very hard, 1/4 in.

deep at root of flange, 1/2 in. deep on tread. 30, 31. Strong and shock-
resisting. T.S., 38,000. Castings, June, 1908. 32. Com. of A.S.T.M.,
1905, Proc, V. 65. Successful v/heels varying quite considerably from
these figures may be ma,de. 33, 34. C. A. Meissner, Iron Age, 1890.
Average of several. 35. R. Moldenke, A.S.M.E., 1908. 36-39. J. W
Keep, A.S.M.E., 1907.
A Chilling Iron is one which when cooled slowly has a gray fracture,

.

but when cast in a mold one side of which is a thick mass of cast-iron,
called a chill, the fractured surface shows white iron for some depth on
the side that was rapidly cooled by the chill. See Table Nos. 19-22.

Specifications for Castings, recommended by a committee of the
A.S.T.M., 1908. S in gray iron castings, hght, not over 0.08; medium,
not over 0.10; heavy, not over 0.12. A hght casting is one having no
section over 1/2 in, thick, a heavy casting one having no section less than
2 in. thick, and a medium casting one not included in the classification of
light or heavy. The transverse strength of the arbitration bar shall not
be under 25001b, for hght, 2900 lb. for medium, and 3300 lb. for heavy
castings; in no case shall the deflection be under 0.10 in. When a ten-
sile test is specified tliis shall run not less than 18,000 lb. per sq, in. for
light, 21,000 lb, for medium, and 24,000 lb. for heavy castings.

The " arbitration bar" is i 1/4 in. diam., 15 in. long, cast in a thoroughly
dried and cold sand mold. The transverse test is made with supports
12 in, apart. The moduli of rupture corresponding to the figures for
transverse strength are respectively 39115, 45373, and 51632, being the
product of the figures given and the constant 15.646, the factor for RIP
for a 11/4-in, round bar 12 in. between supports.* The standard form of
tensile test piece is 0.8 in. diam., i in. long between shoulders, with a
fillet 7/32in. radius, and ends 1 in. long, II/4 in. diam., cut with standard
thread, to fit the holders of the testing machine.

Specifications by J. W. Keep, A.S.M.E., 1907, See Table of Analyses,
Nos. 37-39, page 417. Transverse test, 1x1 x 12-in. bar, hard iron castings.
No. 37, 2400 to 2600 lb.; tensile test of same bar, 22,000 to 25,000 lb.

No. 38, medium, transverse, 2200 to 2400; tensile, 20,000 to 23,000.
No, 39, soft, transverse, 2000 to 2200; tensile, 18,000 to 20,000

Specifications for Metal for Cast-iron Pipe.

—

Proc. A.S.T.M., 1905,
A.I.M.E., XXXV, 168, Specimen ba-rs 2 in, wide x 1 in. thick x 24 in.

between supports, loaded in the center, for pipes 12 in. or less in diam.
shall support 1900 lb, and show a deflection of not less than 0.30 in,

before breaking. For pipes larger than 12 in., 2000 lb. and 0.32 in.

The corresponding moduli of rupture are respectively 34,200 and 36,000
lb. Four grades of pig are specified: No. 1, Si, 2.76; S, 0.035, No 2.

6i, 2.25; S, 0.045, No. 3, Si, 1.75; S, 0.055. No. 4, Si, 1.25; S, 0.065. A
variation of 10% of the Si either way, and of 0.01 in the S above the
st8.ndard, is allowed.

Chemical Standards for Iron Castings.—The following analyses are
tentative standards, or probable best analyses, suggested by the
Committee on Standards for Iron Castings, American Foimdrymen's
Association, June, 1910. "Heavy" castings are those in which no
section is less than 2 in. thick; "light" castings are those having any
section less than 1/2-in. thick; "mediixm" castings are those not in-

cluded in the definition of light and heavy castings. The desirable

• Formula, HPl= RI/c; see page 299. 1= %47r£?4; c = ]/id\ d = 1}4
ln.;|=12in. J = 0,11983; J?/P = H X 13 X ^^^ 0.11983 = 15.646,
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percentage of silicon depends largely on the thickness of the casting
and the practice followed in shaking out. These factors, being in
many cases undetermined, are allowed for by giving fairly wide limits
to this element. The effect of purifying alloys and the use of steel
scrap have not been taken into account. In many cases a wide range
of composition is compatible with the best results, and in such cases
the question of cost will be the first element to be considered.

Si. S. P. Mn. C.
(Comb.)

c.
(Total)

Acid - resisting castings
(stills, eggs, etc.)

Agricultural machinery,
ordinary

Agricultural machinery,
very thin

Annealing boxes, etc

1.00-2.00

2.00-2.50

2.25-2.75
1.40-1.60

1.75-2.25

1.00-1.25

2.00-2.50

1.50-2.25

0.75-1.25
1.75-2.25

0.80-1.00

1.00-1.25

1.00-1.75

1.75-2.00

1.00-1.75

0.80-1.20

1.20-1.60

1.00-1.50

1.00-1.25

1.25-1.75

1.25-1.50

2.70

2.00-2.50

2.50-3.00

1.25-1.75

1.50-2.25

2.25-2.50
1.25-2.00

1.50-1.75

1.50-2.00

2.00-2.50

2.00-2.50

0.50-0.75
1.00-1.25

I.00- 1.25

2.25-2.75

1.25-2.50

1.25-1.50

1.25-1.50

0.05-*

0.06-0.08

0.06-0.08
0.06-

0.08-

0.08-

0.06-

0.08-

0.08-0.10
0.07-

0.08-0.10
0.08-

0.09-

0.08-

0.08-

0.10-

0.09-

0.08-0.10
0.10-

0.09-

0.07-

0.063

0.08-

0.08-

0.10-

0.08-

0.07-

0.09-

0.08-

0.08-

0.06-

0.06-

0.15-0.20
0.06-

0.06-

0.08-

0.06-

0.06-

0.08-

0.40-*

0.60-0.80

0.70-0.90

0.20-

0.40-0.50
0.20-

0.20-

0.40-0.60

0.20-0.40

0.20-0.40

0.20-0.40

0.20-0.40

0.30-0.50

0.40-0.50

0.20-0.40
0.20-0.40

0.30-0.50

0.30-0.50
0.20-0.40

0.30-0.50

0.20-

0.30

0.50-0.80

0.50-0.80

0.30-0.50

0.40-0.60
0.40-0.50

0.30-0.50
0.40-0.50

0.30-0.50

0.20-

0.20-

0.20-0.40
0.20-0.30
0.20-0.30

0.50-0.80

0.20-

0.20-

0.30-0.50

1.00-1.50

0.60-0.80

0.50-0.70

0.60-1.00

0.60-0.80
0.60-1.00

0.60-1.00
0.60-1.00

0.80-1.20

0.60-1.00

0.80-1.20

0.60-0.80

0.70-0.90
0.60-0.80

0.70-0.90

0.80-1.00
0.70-0.90

0.80-1.00
0.80-1.00

0.70-0.90

0.60-0.80

0.44

0.30-0.40

0.30-0.40

0.60-0.80

0.50-0.70
0.50-0.70

0.60-1.00
0.60-0.80

0.40-0.60

0.60-1.00

0.60-1.00

1.50-2.00

0.80-1.00

0.50-0.70

0.60-1.00
0.60-1.00

3.00-3.50

Automobile eastings
Balls for ball mills

Car castings, gray iron. . .

Chilled castings
ChUls
Crusher jaws
Cutting-tools, chilled
Cylinders:

Air and ammonia
Automobile
Gas engine
Hydraulic, heavy
Hydraulic, medium
Locomotive
Steam engine, heavy. . .

Steam engine, medium.
Dies, drop-hammer
Diamond polishing

wheelst. . . .

6.'55-d.65

1.60

0.20-0.30

0.20-0.30

3.00-3.30

3.00-3.25
3.00-3.30

low
low

low

low"

2.97
Electrical machinery

(frames, bases, spiders),
large

Electrical machinery,
small

Engine castings:
Bedplates
Flywheels. .

low

low

Do., automobile. ....

Pillow blocks
Piston rings

Fire pots and furnace

0.3d-

6.'8b-i'.66

low

low
low

Grinding machinery,
chilled eastings for ... .

Gun carriages
Gun iron.

low
low

Hardware (light) and
hoUoM' ware

Heat resistant iron (re-

torts) 0.30-

Ingot molds and stools
Locomotive castings,
heavy 0.70-0.90

* AflBxed hyphens Indicate that the percentages present should be

.

under those given.
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c. c
(Comb.) (Total)

Loco. Castings, light. . . .

Machinery castings,

heavy
Do., medium
Do., light

Friction clutches
Gears, heavy
Do., medium
Do., small
Pulleys, heavy
Do., light

Shaft coUa s and
couplings

Shaft hangers
Ornamental work
Permanent molds
Permanent mold castings.
Piano plates
Pipe.
Pipe fittings
Do., for superheated
steam lines

Plow points, chilled
Propeller wheels
Pumps, hand
Radiators
Railroad castings
Rolling mill machinery:

Housings
Rolls, chilled
Rolls, unchilled (sand-
cast)!

Scales
Slag car castings
Soil pipe and fittings ....
Stove plate
Valves, large
Do., small

Water heaters
Wheels, large
Do., small

White iron castingsf

1.50-2.00 0.08-*

1.00-1.50

1.50-2.00

2.00-2.50

1.75-2.00

1.00-1.50

1.50-2.00

2.00-2.50

1.75-2.25

2.25-2.75

1.75-2.00

50-2.00

2.25-2.75

2.00-2.25
1.50-3.00

2.00-2.25

.50-2.00

1.75-2.50

1.50-1.75

0.75-1.25

1.00-1.75

2.00-2.25

2.00-2.25

1.50-2.25

1.00-1,

0.60-0,

0.75
2.00-2.3

l.75-2.(

1.75-2.2

2.25-2.:

1.25-1.

75-2.:

2.00-2.:

I1.50-2.(
1.75-2.(

0.50-0.9

0.10-

0.09-

0.08-

0.08-0.10

0.08-0.10
0.09-

0.08-

0.09-

0.08-

0.08-

0.08-

0.08-

0.07-

0.06-

0.07-

0.10-

0.08-

0.08-

0.08-

0.10-

0.08-

0.03-

0.08-

0.40-0.60

0.30-0.50

0.40-0.60

0.50-0.70
0.30-

0.30-0.50

0.40-0.60

0.50-0.70

0.50-0.70

0.60-0.80

0.40-0.50

0.40-0.50
0.60-1.00

0.20-0.40

0.40-0.60
0.50-0.

0.50-0.80

0.20-0.40

0.20-0.30
0.20-0.40

0.60-O.J

0.60-O.J

0.40-0.60

0.08- 0.20-0.30

0.06-0.08 0.20-0.40

0.25
0.60-1.00

0.30-

0.50-0.80
0.60-0.90

0.20-0.40

0.30-0.50

0.30-0.50
0.30-0.40

0.40-0.50
0.20-0.70

0.03
.30 0.08-

.00 0.07-

.25 0.09-

.75 0.08-

.75 0.09-

.25 0.08-

.25 0.08-

.0(1 0.09-

00 0.08-

90 0.15-0.25

0.60-0.80

0.80-1.00

0.60-0.80
0.50-0.70

0.50-0.70

0.80-1.00

0.70-0.90
0.60-0.80

0.60-0.80

0.50-0.70

0.60-0.

0.60-0.80

0.50-0.70

0.60-1.00
0.40-

0.60-O.i

0.60-0.80

0.60-0.80

0.70-0.90

0.80-1.00

0.60-1.00

0.50-0.70
0.50-0.70

0.60-0.

0.80-1.00

1.00-1.20

0.66
0.50-0.70

0.70-0.90

0.60-0.80

0.60-0.80
0.80-1.00

0.60-0.

0.60-0.80
0.60-0.80

0.50-0.70
0.17-0.50

low
low

low

low

low
3.00-3.25

* AflSxed hyphens indicate that the percentages present should be
under those given.

t But one or two analyses available—no suggestion made.

Standard Specifications for Foundry Pig Iron.

(American Foundrymen's Association, May, 1909.)

Analysis.— It is recommended that foundry pig be bought by analysis.
Sampling. — Each carload or its equivalent shall be considered as a

unit. One pig of machine-cast, or one-half pig of sand-cast Iron shall be
taken to every four tons in the car, and shall be so chosen from different
parts of the car as to represent as nearly as possible the average quality
of the iron.

^ Drillings shall be taken so as to fairly represent the composi-
tion of the pig as cast. An equal quantity of the drillings from each pig
shall be thoroughly mixed to make up the sample for analysis.
Percentage of Elements.—When the elements are specified the fol-

lowing percentages and variations shall be used. Opposite each percent-
age of the different elements a syllable has been affixed so that buyers,
by combining these syllables, can form a code word to be used la
telegraphing.
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Silicon Sulphur Total Carbott Manganese Phosphort?8

(max.) Code (min.) Code % Code % Code"
% Cede 0.04 Sa 3.00 Ca 0.20 Ma 0.20 Pa

1.00 La 0.05 Se 3.20 Ce 0.40 Me 0.40 Pft

1.50 Le 0.06 Si 3.40 Ci 0.60 Mi 0.60 Pi
2.00 Li 0.07 So 3.60 Co 0.80 Mo 0.80 Po
2.50 Lo 0.08 Su 3.80 Cu 1.00 Mn 1.00 Fu
3.00 Lu 0.09 Sy

0.10 Sh
1.25

mS
1.25 K1.50 1.50

Percentages of any element specified one-half way between the above
shall be designated by the addition of the letter x to the next lower symbol,
thus Lex means 1.75 Si.

Allowed variation: Si, 0.25; P, 0.20; Mn, 0.20. The percentages of P
and Mn may be used as maximum or minimum figures when so specified.
Example: — Le-sa-pi-me represents 1.5j Si, 0.04 S, 0.60 P, 0.40 Mn.
Base or Quoting Price.—For market quotations an iron of 2.00 Si

(with variation 0.25 either way) and S 0.05 (max.) shall be taken as the
base. The following table may be filled out, and become a part of a
contract; "B," or Base, represents the price agreed upon for a pig of
2.00 Si and under 0.05 S. "C" is a constant differential to be deter-
mined at the time the contract is made.
Sul-/ Silicon ^

phur 3.25 3.00 2.75 2.50 2.25 2.00 1.75 1.50 1.25 l.OO
0.04 B + 6C B+ 5C B+4C B +3C B + 2C B + G B B-IC B-2C B-3C
0.05 B +5C B+4G B +3C B +2C B + IC B B-IC B-2C B-3C B-40
03 B +4CB +3CB +20B + 1C B B-IC B-2C B-3C B-4C B-5C

0.07 B+3C B+ 2C B + IC B B-lC B-2G B-3G B-4C B-5C B-CG
0.08 B + 2G B + IG B B-IC B-2C B-3C B-4G B-5C B-6G B-7C
0.09 B + IG B B-IC B-2C B-3C B-4C B-5C B-6C B-7G B-8G
0.10 B B-IG B-2G B-3C B-4C B-5G B-6C B-7G B-8C B-9C

Tensile Tests of Cast-iron Bars.
(American Foundrymen's Association, 1899.)

Square Bars. Roimd Bars.

Size, in...

(A)^. c.
" g. m.
" d. s.

.

(B) g. T.
g. m.

" d.c,
•' d. m.
iC) g.c.

g. m.
" d. c
" dw.
av. g...

.

av. d.. ..

av. c. . .

.

av. m. . .

0.5x0.5
15,900

14,600

V7,i66'

16,300

17,766

16,466

*13,666

15,800

14,700

1x1
13,900

15,400
12,900

13,800
15,200

17,600

15,100
18,400

16,000
18,500

16,000
17,100

16,100
15,500

14,800
16,800

.5x1.5
12,100

12,900

12,300
13,400

12,900

15,000

13,300
15,000

12,500

15,100

12,200
14,100

13,400
13,400
12,500

14,200

2x2
10,600

10,900

9,800
12,100
11,500

11,800

11,100

12,100
11,100

11,700
11,300

9,800
11,300
11,000
10,900
11,400

0.56
16,000

14,300

16,566'

16,700

1 7,866

13,400
15,800

16,300

1.13

13,800
13,800

13,700
13,600

15,900

19,000

16,200

16,900
15,900

17,400

15,900

17,700

16,000
15,700
15,200
16,400

1.69
12,000
13,500

11,700

13,200
13,100

15,400

13,200

15,100

14,200
15,000

14,000
15,900

13,900

13,800
13,000

f4.600

2.13
11,000

12,200
10,500

10,600

11,400

12,500

11,000

13,100
12,000

11,600
11,600

10,400

11,600
11,200
11,200
11,700

Compression Tests of Cast-iron Bars.

Size, in..

.

0.5x0.5
29,570

1x1
20,010
21,990

1.5x1.5
17,180

17,920

17,180

2x2
13,810

13,750
13,880

2.5X2.5
10,950
12,040
11,430
10,950
15,060
18,270
15,940

'17,846'

19,800

18,050

3X3
9,830
11,200
10,270
10,430
13,790
17,000

14,410
13,900
15,950
18,170
16,850
16,040

3.5x3.5
9,35D

10,770
9,830
9,540
13,160
15,970
15,200
13,560

15,880
17,100
16,510
16,080

4x4
9,100
10,340

" (3) . 9,950
•* (4) 9,570

(B)0j... 38,360 23,000

12,440

20,980
24,820
20,980

18,130

21 ,640

18,740
15,060
18,010
21,750
19,340

17,840

12,430

16,140
" h)-- 13,950
'*

(4J. .

.

13,760

(C)0) 38,360 24,890
27,900

20,756
22,060
20,750

14,220
16 410

" (3)... 15 250
•• (4)... HisSO
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Transverse Tests of Cast-iron Bars. Modulus of Rupture.

Size * 0.5x0.5 Ixl 1.5x1.5 2x2 2.5x2.5 3x3 3.5x3.5 4X4
Diam.t
(A)r.J.c....

0.56 1.13 1.69 2.15 2.82 3.38 3.95 4.51

31,100 33,400 33,900 31,700 27,000 26,600 23,400 22,600

1

** r. d.m. .. 27,800 38,000 32,300 28,000 28,600 22,400 22,900

(B) s.g.c
'

44,466 39,100 39,500 33,900 31,900 29,700 27,200 27,600
" 5. g.m. .. 37,400 40,300 34,700 35,800 33,500 30,100 27,100
" s.d.c... 35;566" 38,300 34,000 32,900 31,900 30,200 29,300 25,900
" s.d.m. .. 30,200 36,200 33,300 35,200 30,900 28,100 25,800
" r.g.c 36,466 46,200 41,200 41,400 41,300 36,300 34,800 31,000
" r. g.m. .. 40,000 44,800 38,800 37,100 32,900 32,700 32,300
" r d.c... 37;866' 49,000 44,300 39,200 40,700 31,800 35,300 31,100
" r. d.m. .. 39,100 37,800 37,700 33,900 32,800 32,000 31,200

iO s.g.c '5V,866' 39,200 33,600 37,900 32,200 31,100 31,300 29,200
" s.g. m. .. 40,200 37,000 33,700 33,300 32,300 27,900
" s.d.c.,.. 48,666 39;i"dd 38,800 35,100 31,200 29,300 29,300 27,800
" s. d.m. .. 38,900 35,400 33,500 32,700 29,100 25,500
" r.g.c... 62, 866' 48'5dd 39,000 44,500 41,400 41,200 35,000 32,300
•'

r. g.m. .. 55,700 49,200 42,900 41,500 36,500 34,100 36,000
" r.d.c... 53;666' 50,400 44,000 40,200 39,500 37,800 35,200 32,100
" r. d.m. .. 47,900 51,300 38,000 38,900 36,300 32,200 33,500

Av. (B)s. ... 39,966' 36,200 37,500 33,700 33,700 31,100 28,700 26,600
" r. . .. .37.100 43,600 42,000 39,300 38,200 33,400 33,700 31,400

" (C)s 49,900 39,100 37,900 36,300 32,600 31,600 30,500 27,600
*' " r 57,900 50,600 45,900 41,400 40,400 37,900 34,100 33,200

"(B)&(C)f7. 48,800 43,100 41,000 38,800 36,800 33,900 32,200 30.400
" " " d. 43,300 41,600 40,700 36,500 35,600 32,700 31,300 30,400

Gen'l av 46,100 42,400 40,800 37,700 36,200 33,400 31,700 29,900

Equiv. load.. 320 2356 7650 16,756 31,424 50,100 75,516 106,311

* Size of square bars as cast. in. t Diam. of round bars as cast. in.

Notes on the Tables of Tests.—The machined bars were cut to
the next size smaller than the size they were cast. The transverse bars
were 12 in. long between supports. (A), (B), (C), three qualities of iron;
for analyses see page 417 ; r, round bars; s, square bars; d, cast in dry
sand; g, cast in green sand; c, bar tested as cast; m, bar machined to
size. The general average (next to last line of the first table) is the
average of the six lines preceding. The equivalent load (last line) is

the calculated total load that would break a square bar whose modulus
of rupture is that of the general average.
Compression Tests.—The figures given are the crushing strengths,

in pounds, of 3^ in. cubes cut from the bars. Multiply by 4 to obtain
lb. per sq. in. (1) Cube cut from the middle of the bar; (2) first

^ in. from edge; (3) second H in. from edge; (4) third H in. from edge.
Some Tests of Cast Iron. (G. Lanza, Trans. A.S.M.E., x, 187.)

—

The chemical analyses were as follows: Gun iron: TC, 3.51; GC, 2.80;
S, 0.133; P, 0.155; Si, 1.140. Common iron: S, 0.173; P, 0.413; Si, 1.89.
The test specimens were 26 in. long; those tested with the skin on being

very nearly 1 in. square, and those tested with the skin removed being
cast nearly 1}4 in. square, and afterwards planed down to 1 in. squa-re.

Tensile Elastic Modulus
Strength. Limit. of

Elasticity.
Unplaned common 20,200 to 23,000 T.S. Av. =22,066 6,500 13,194,233
Planed common. ..20,300 to 20,800 " " =20,520 5,833 11,943,953
Unplaned gun . . . .27,000 to 28,775 " " =28,175 11,000 16,130,300
Planed gun 29,500 to 31,000 " " =30,500 8,500 15,932,880
The elastic limit is not clearly defined in cast iron, the elongations in-
creasing faster than the increase of the loads from the beginning of the
test. The modulus of elasticity is therefore variable, decreasing as the
loads increase.
The Strength of Cast Iron depends on many other things besides

its chemical composition. Among them are the size and shape of the
casting, the temperature at which the metal is poured, and the rapidity
of cooling. Internal stresses are apt to be induced by rapid cooling, and
slow cooling tends to cause segregation of the chemical constituents and
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opening of the grain of the metal, making it weak. The author recom-
mends that in making experiments on the strength of cast iron, bars of
several different sizes, such as I/2, 1, IV2, and 2 in. square (or round),
should be taken, and the results compared. Tests of bars of one size
only do not furnish a satisfactory criterion of the quality of the iron of
which they are made. Trans. A.I.M.E., xxvi, 1017.
Theory of the Relation of Strength to Chemical Constitution. —

J. E. Johnston, Jr. (Am. Modi., April 5 and 12, 1900), and H. M. Howe
(Trans. A.I.M.E., 1901) have presented a theory to explain the variation
in strength of cast iron with the variation in combined carbon. It is

that cast iron is steel of CC ranging from to 4%, with particles of graph-
ite, which have no strength, enmeshed with it. The strength of the cast
iron therefore is that of the steel or graphiteless iron containing the same
percentage of CC, weakened in some proportion to the percentage of GC.
The tensile strength of steel ranges approximately from 40,000 lb. per
sq. in. with C to 125,0001b. with 1.20 C. With higher C it rapidly becomes
weak and brittle. White cast iron with 3% CC is about 30,000 T.S.,
and with 4% about 18,000. The amount of weakening due to GC is not
known, but by making a few assumptions we may construct a table of
hypothetical strengths of different compositions, with which results of
actual tests may be compared. Suppose the strength of the steel-white
cast-iron series is as given below, for different percentages of CC, that
6.25% GC entirely destroys the strength, and that the weakening effect
of other percentages is proportional to the ratio of the square root of that
percentage to the square root of 6.25, that the TC. in two irons is respec-
tively 3% and 4%, then we have the following:

Per cent CC 0.2 0.4 0.6 0.8 1.0 1.2 1.5 2.0 2.5 3 3.5 4
Steel, T.S 40 60 80 100 110 120 125 110 60 40 30 22 18
Cast iron, 4%
TC 8 13.2 19.2 26 31.2 37 41.5 40.5 26 20.7 18 15-8 13

Cast iron, 3%
TC 15.4 19.9 28.5 38 42.9 52.1 58 56.1 36 28.7 30
The figures for strength are in thousands of pounds per sq. in. The

table is calculated as follows: Take 0.6 CC; with 4% TC, this leaves
3.4 GC, and with 3% TC, 2.4 GC. The sq. root of 3.4 is 1.9, and of 2.4 is

1.55. The ratio of these to ^6.25 is respectively 74 and 62%, which
subtracted from 100 leave 26 and 38% as the percentage of strength of
the 0.6 C steel remaining after the effect of the GC is deducted. The
table indicates that strength is increased as total C is diminished, and this
agrees with general experience.
Relation of Strength to Size of Bar as Cast. — If it is desired that a

test bar shall fairly represent a casting made from the same iron, then
the dimensions of the bar as cast should correspond to the dimensions of
the casting, so as to have about the same ratio of cooling surface to
volume that the casting has. If the test bar is to represent the strength
of a plate, it should be cut from the plate itself if possible or else cut
from a cylindrical shell made of considerable diameter and of a thickness
equal to that of the casting. If the test is for distinguishing the quality
of the iron, then at least two test bars should be cast, one say I/2 or s/sin.
and one say 2 or 21/2 in. diameter, in order to show the effect of rapid
and slow cooling.

In 1904 the author made some tests of four bars of " semi-steel " adver-
tised to have a strength of over 30,000 lb. per sq. in. The bars were cast
1/2, 1, 2, and 3 in. diam., and turned to 0.46, 0.69, l.«, and 1.85 in. respec-

tively. The results of transverse and tensile tests were:

Mod. of rupture. .1/2 in., 100.000; 1 in., 61,613; 2 in., 67,619; 3 in., 58,543
T.S. per sq. in... " 38,510; " 37,005; " 25,685; " 20,375

The 1/2-in. piece was so hard that it could not be turned in a lathe and
had to be ground.

Influence of Length of Bar upon the Modulus of Rupture. —
(R. Moldenke, Jour. Am. Foundrymen's Assn., Sept., 1899.) Seven
sets, each of five 2-in. square bars, made of a heavy machinery mixture,
and cast on end, were broken transversely, the distance between sup-
ports ranging from 6 to 16 ins. The average results were:
Dist. bet. supports, ins.... 6 8 10 12 14 16
Modulus of rupture 40.000 39.000 35,600 37,000 36,000 34,400



CAST IRON. 447

The 10-in. bar in six out of seven cases gave a lower result than the
12-in. It appears that the ordinary formulas used in calculating the
cross breaking strength of beams are not only incorrect for cast iron, on
account of the chemical differences in the iron itself when in different
cross sections, but that with the cross sections identical the distance
between the supports must be specially provided for by suitable con-
stants in whatever formulae may be developed. As seen from the above
results, the doubling of the distance between supports means a drop in
the modulus of rupture in the same sized bar of nearly 10 per cent.

Strength in Relation to Silicon and Cross-section.— In castings
one half-inch square in section the strength increases as silicon increases
from 1.00 to 3.50: in castings 1 in. square in section the strength is practi-
cally independent of silicon, while in larger castings the strength decreases
as silicon increases.
The following table shows values taken from Mr. Keep's curves of the

approximate transverse strength of cast bars of different sizes reduced to
the equivalent strength of a i/2-in. x 12-in. bar.

gi
Size of Square Cast Bars. Size of Square Cast Bars.

1/2 in.
1

1 in. 1 2 in.
|
3 in.

|
4 in. 1/2 in.j 1 in.

1
2 in.

]
3 in. | 4 in.

n Strength of a 1/2-in. X 12-in.

section, lb.

Strength of a 1/2-in. X 12-in.

section, lb.

1.00
1.50
2.00

290
324
358

260
272
278

232
228
220

222
212
202

220
208
196

2.50
3.00
3.50

392
426
446

278
276
264

212
202
192

190

180
168

184

172
160

;.

'/S
g^ \

1
^"^

<^^250

200

\
•v ^-1 -- -~ ^

"--
>^.

"

i i

Isches Square

Fia. 98.

Fig. 98 shows the relation of the strength to the size of the cast-iron bar
and to Si, according to the figures in the above table. Comparing the
2-in. bars with the 1/2-in. bars, we find

Si, per cent 1 1.5 2 2.5 3 3.5
2-in.weaker than 1/2-in., per cent. . 20 30 35 46 53 57

The fact that with the 1-in. bar the strength is nearly independent of
Si, shows that it is the worst size of bar to use to distinguish the quality
of the metal. If two bars were used, say 1/2-in. and 2-in., the drop in
strength would be a better index to the quality than the test of any
single bar could be.
Shrinkage of Cast Iron.—W. J. Keep (A. S. M. E. xvi., 1082) gives a

series of curves showing that shrinkage depends on silicon and on the
cross-section of the casting, decreasing as the silicon and the section
increase. The following figures are obtained by inspection of the curves:

8S
Size of Square Bars.

It
Size of Square Bars.

1/2 in.| 1 in.
1
2 in. [ 3 in.

|
4 in. 1/2 in.| 1 in. 1 2 in.

|
3 in.

|
4 in.

'^^ Shrinkage, In. per Foot. Shrinkage, In. per Foot.

1.00
1.50
2.00

0.178
.166
.154

0.158
.145
.133

0.129
.116
.104

0.112
.099
.086

0.102
.088
.074

2.50
3.00
3.50

0.1421 0.121
.1301 .109
.1181 .097

0.091
.078
.065

0.072
.058
.045

0.060
.046

.032

Mr. Keep says: " The measure of shrinkage is practically equivalent to
I, chemical analysis of silicon. It tells whether more or less silicon is
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needed to bring the quality of the casting to an accepted standard of
excellence."
A shrinkage of Vs in. per ft. is commonly allowed by pattern makers.

According to the table, this shrinkage will be obtained by varying the Si
in relation to the size of the bar as follows: 1/2 in., 3.25 Si; 1 in., 2.4 Si;

2 in., 1.1 Si; 3 and 4, less than 1.0 Si.

Shrinkage and Expansion of Cast Iron in Cooling. (T. Turner,
Proc. I. & S. I., 1906.) — Some irons show the phenomenon of expanding
immediately after pouring, and then contracting. Four irons were
tested, analyzing as follows: (1) " Washed " white iron, CC 2.73: Si,

0.01; P, 0.01; Mn and S, traces. (2) Gray hematite, GC, 2.53; CC, 0.86;
Si, 3.47; Mn, 0.55; P, 0.04; S, 0.03. (3) Northampton, GC, 2.60; CC,
0.15; Si, 3.98; Mn, 0.50; P, 1.25; S, 0.03. (4) Cast iron, GC, 2.73; CC,
0.79; Si, 1.41; Mn, 0.43; P, 0.96; S, 0.07. No. 1 was stationary for 5 sec-
onds after pouring, shrunk 125 sec, stationary 10 sec, then shrunk till

cold. No. 2 expanded 15 sec, shrunk 20 sec. to original size, continued
shrinking 90 sec. longer, stationary 10 sec, expanded 30 sec, then shrunk
tin cold. No. 3 expanded irregularly with three expansions and two
shrinkages, until 125 sec. after pouring the total expansion was 0.019 in.
in 12 in., then shrunk till cold. No. 4 expanded 0.08 in. in 50 sec, then
shrunk till cold.

Slirinliage Strains Relieved by Uniform Cooling. (F. Schumann,
A.S..M.E.,XYii, 433.)— Mr. Jackson in 1873 cast a flywheel with a very
large rim and extremely small straight arms. Cast in the ordinary way,
the arms broke either at the rim or at the hub. Then the same pattern
was molded so that large chunks of iron were cast between the arms, a
thickness of sand separating them. Cast in this way, all the arms re-
mained unbroken.
Deformation of Castings from Unequal Shrinkage. — (F. Schu-

mann, A. S. M. E., vol. xvii.) A prism cast in a sand mold will main-
tain its alignment, after cooUng in the mold, provided all parts around
its center of gravity of cross section cool at the same rate as to time and
temperature. Deformation is due to unequal contraction, and this Is

due chiefly to unequal cooling.
Modifying causes that effect contraction are: Imperfect alloying of

two or more different irons having different rates of contraction; varia-
tions in the thickness of sand forming the mold; unequal dissipation of
heat, the upper surface dissipating the greater amount of heat; position
and form of cores, which tend to resist the action of contraction, also
the difference in conducting power between moist sand and dry-baked
cores; differences in the degree of moisture of the sand; unequal expos-
ure by the removal of the sand while yet in the act of contracting:
flanges, ribs, or gussets that project from the side of the prism, of suffi-
cient area to cause the sand to act as a buttress, and thus prevent the
natural longitudinal adjustment due to contraction ; in light castings of
sufficient length the unyielding sand between the flanges, etc., may
cause ruptiu'e.

Irregular Distribution of Silicon in Pig Iron.— J. W. Thomas
(Iron Age, Nov. 12, 1891) finds in analyzing samples taken from every
other bed of a cast of pig iron that the silicon varies considerably, the iron
coming first from the furnace having generally the highest percentage. In
one series of tests the silicon decreased from 2.040 to 1.713 from the first

bed to the eleventh. In another case the third bed had 1.260 Si, the
seventh 1.718, and the eleventh 1.101. He also finds that the silicon

varies in each pig, being higher at the point than at the butt. Some. of
his figures are: Point of pig, 2.328 Si; butt of pig, 2.157; point of pig,
1.834; butt of pig, 1.787.

White Iron Converted into Gray by Heating. (A. E, Outerbridge,
Jr., Proc. Am. Socy. for Testing Mat'ls, 1902, p. 229.)— When white chiUed
iron containing a considerable amount of Si and low in GC is heated to

about 1850° F. from 31/2 to 10 hours the CC is changed into C, which
differs materiahy from graphite, and a metal is formed which has prop-
erties midway between those of steel and cast iron. The specific gravity
is raised from 7.2 to about 7.8; the fracture is of finer grain than normal
gray iron; and the metal is capable of being forged, hardened, and taking
a sharp cutting edge, so that it may be used for axes, hatchets, etc. It

differs from malleable cast iron, since the latter has its carbon removed
by oxidation, wliile the converted cast iron retains its .original total
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carbon, although in a changed form. The tensile strength of the new
metal is high, 40,000 to 50,000 lb. per sq, in., with very smaU elongation.
The pecuhar change from white to gray iron does not take place if Si
la low The analysis of the original castings should be about TC, 3.4 to
3.8; Si, 0.9 to 1.2; Mn, 0.35 to 0.20; S, 0.05 to 0.04; P, 0.04 to 0.03. The
following shows the change effected by the heat treatment:
Before annealing, GC, 0.72; CC, 2.60; Si, 0.71; Mn, 0.11; S, 0.045; P, 0.04
After annealing, GC, 2.75; CC, 0.82; Si, 0.73; Mn, 0.11; S, 0.040; P, 0.04
The GC after annealing is, hovv^ever, not ordinary graphite, but an

allotropic form, evidently identical with what Ledebur calls " tempering
graphite carbon."

Change of Combined to Graphitic Carbon by Heating.— (H. M.
Howe, Trans. A. I. M. E., 1908, p. 483.) On heating white cast iron to dif-
ferent temperatures for some hours, the carbon changes from the com-
bined to the graphitic state to a degree which increases in general with
the temperature and with the sihcon-content. With 0.05 Si, a little
graphite formed at 1832° F.; v/ith0.13Si, at 1652° F.; with 2.12 Si, graphite
formed at a moderate rate at 1112°, and with 3.15 Si, it formed rapidly
at 111£° F. In iron free from Si, with 4.271 comb. C. and 0.255 graphitic,
none of the C. was changed to graphite on long heating to from 1680° to
2J43°F., but in iron with 0.75 Si the grapliite, originally 0.938%, rose
to l.G9%,on heating to 1787°, and to 2.795% on heating to 2057° F, On
the other hand, when carbon enters iron, as in the cementation process
in making blister-steel, it appears chiefly as cementite (combined carbon).
Also on heating iron containing graphit to high temperatures and cooling
quickly, some of the graphite is changed to cementite.

Mobility of Blolecules of Cast Iron. (A. E. Outerbridge, Jr.,
A.I.M.E., xxvi, 176; xxxv, 223.) — Witliin limits, cast iron is materially
strengthened by being subjected to repeated shocks or blows. Six bars
1 in. sq., 15 in. long, subjected for about 4 hours to incessant blows in a
tumbling barrel, were 10 to 15% stronger than companion bars not
thus treated. Six bars were struck 1000 blows on one end only with a
hand hammer, and they showed a like gain in strength. The increase is
greater in hard mixtures, or strong iron, than in soft mixtures, or weak
iron; greater in 1-in. bars than in 1/2-in., and somewhat greater in 2-in.
than in 1-in. bars. Bars were treated in a machine by dropping a 14-lb.
weight on the middle of a 1-in. bar, supports 12 in. apart. Six bars
were first broken by having the weight fall a sufficient distance to break
them at the first blow, then six companion bars were subjected to from
10 to 50 blows of the same weight falling one-half the former distance,
and then the weight was allowed to fall from the height at which the first

bars broke. Not one of the bars broke at the first blow; and from 2 to
10, and in one case 15 blows from the extreme height were required to
break them. Mr. Outerbridge believes that every casting when first

made is under a condition of strain, due to the difference in the rate of
coohng at the surface and near the center, and that it is practicable to
reUeve these strains by repeatedly tapping the casting, allowing the parti-
cles to rearrange themselves and assume a new condition of molecular
equiUbrium. The results, first reported in 1896, were corroborated by
other experimenters. A report in Jour. Frank. Inst., 1S98, gave tests of
82 bars, in which the maximum gain in strength compared with untreated
bars was 40%, and the maximum increase in deflection was 41%.

In his second paper, 1904, Mr. Outerbridge describes another series of
tests which showed that 1-in. sq. bars 15 in. long subjected to repeated
heating and cooling grew longer and thicker with each successive oper-
ation. One bar heated about an hour each day to about 1450° F. in a
gas furnace for 27 times increased its length 1 U/ie in. and its cross-section
1/8 in. Soft iron expands more rapidly than hard iron. White iron does
not expand sufficiently to cover the original shrinkage. Wrought iron and
steel bars similarly treated in a closed tube all contracted slightly, the
average contraction after 60 heatings being Vs in. per foot. The strength
and deflection of the cast-iron bars was greatly decreased by the treatment,
1250 as compared witla 2150 lb., and 0.1 in. deflection as compared with
0.15 in. The specific gravity of the expanded bars was 5.49 to 6.01, as
compared with 7.13 for the untreated bars.

Grate bars of boiler furnaces grow larger in use, as do also cast-iron
pipes in ovens for heating air.
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Castings from Blast Furnace Metal. Castings are frequently made
from iron run directly from the blast furnace, or from a ladle filled with
furnace metal. Such metal, if high in Si, is more apt to throw out " kish "

or loose particles of graphite than cupola metal. With the same percen-
tage of Si, it is softer than cupola metal, which is due to two causes: 1,
lower S; 2, higher temperature. T. D. West, A.I.M.E., xxxv, 211,
reports an example of furnace metal containing Si, 0.51; S, 0.045; Mn,
0.75; P, 0.094; which was easily planed, whereas if it had been cupola
metal it would have been quite hard. J. E. Johnson, Jr., ibid., p 213,
says that furnace metal with S, 0.03, and Si, 0.7, makes good castings, not
too hard to be machined. Should the metal contain over 0.9 Si, diffi-
culty is experienced in preventing holes and soft places in the castings,
caused by the deposition of kish or graphite during or after pouring.
The best way to prevent this is to poiir the iron very liot when making
castings of small or moderate size.

Effect of Cupola Melting. (G. R. Henderson, A.S.M.E., xx, 621.) —
27 car-wheels were analyzed in the pig and also after remelting. The
P remains constant, as does Si when under 1%. Some of the Mn always
disappears. The total C remains the same, but the GO and CO vary in
an erratic manner. The metal charged into the cupola should contain
more GC, Si and Mn than are desired in the castings. Fairbairn {Manu-
facture of Iron, 1865) found that remelting up to 12 times increased the
strength and the deflection, but after 18 remeltings the strength was only
5/8 and the deflection 1/3 of the original. The increase of strength in the
first remeltings was probably due to the change of GC into. CC, and the
subsequent weakening to the increase of S absorbed from the fuel.

Hard Castings from Soft Pig. (B. F. Fackenthal, Jr., A.I.M.E.,
XXXV 993.)— Samples from a car load of pig gave Si, 2.61 ; S, 0.023. Cast-
ings, from the same iron gave 2.33 and 2.26 Si, and 0.26 and 0.25 S, or
12 times the S in the original pig; probably due to fuel too high in S, but
more probably to the use of too little fuel in remelting.
The loss of Si in remelting, and the consequent hardening, is affected

by the amount of Mn, as shown below:
Mn, per cent 0.04 0.20 0.43 0.53
Si lost in remelting, per cent 34 23 12 4

Difficult Drilling due to LowMn.— H. Souther, A.S.T.M., v, 219,
reports a case where thin castings drilled easily while thick parts on the
same castings rapidly dulled 1/2 and 3/4-in. drills. The chemical constitu-
tion was normal except Mn; Si, 2.5; P, 0.7; S about O.OS; C, 3.5; Mn, 0.16.
When the Mn was raised to 0.5 the trouble disappeared.

Addition of Ferro-silicon in the Ladle. (A. E. Outerbridge, Proc.
A.S.T.M., vi, 263.)— Halt a pound of FeSi, containing 50% Si, added to a
200-lb. ladle of soft cast iron used for making pulleys with rims 1/4 in.

thick, prevented the chilling of the surface of the casting, and enabled
the pulleys to be turned more rapidly. Analysis showed that the actual
increase of the Si in the casting was less than the calculated increase.
Tests of the metal treated with FeSi as compared with untreated metal
showed a gain in strength of from 2 to 26%, and a gain in deflection of 2
to 3%. The reason assigned for the increase of strength with increase of
softness is that cunola iron contains a small amount of iron oxide, which
reacts with the Si added in the ladle, forming Si02, which goes into the
slag.

Additions of Vanadium and Manganese. — R. Moldenke, Am.
Fdrymen's Assn., 1908, Am. Mach., Feb. 20, '08. Experiments were
made by adding to melted cast iron in the ladle a ground alloy of ferro-
vanadium, containing 14.67 Va, 6.36 C, and 0.18 Si. In other experi-
ments ferro-manganese (80% Mn) was added, together with the vana-
dium. Four kinds of iron were used: burnt gray iron (gratebars, stove
iron, etc.), burnt white iron, gray machinery iron (Si, 2.72, S, 0.065,
P, 0.068, Mn, 0.54) and remelted car wheels (white, two samples anal-
yzed: Si, 0.60 and 0.53, S, 0.122, 0.138; P. 0.399, 0.374; Mn, 0.38,
0.44). The bars were IV4 in. diam.,' 12 in. between supports. The
burnt gray iron was increased in breaking strength from 1310 to 2220
lb. bv the addition of 0.05% Va, and the burnt white iron from 1440
to 1910 lb. by the addition of 0.05 Va and 0.50 Mn. The following are
average results:
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Gray Machinery Iron. Remelted Car Wheels.

Added Per cent. Breaking
Strength,

Lb.

Deflec-
tion, In.

Added Per cent. Breaking
Strength,

Lb.

Deflec-

Va. Mn. Va. Mn. tion, In.

0.0
0.0
0.05
0.05
O.IO
0.10
0.15

0.0
0.50

'olso'

"oiso"
'

"bars"
'

1980
1970
1980
2130
2372
2530
2360

0.105
O.IOO
0.100
0.100
0.090
0.120
0.100

0.0

"oios"
0.05
0.10
0.10
0.15

15

0.0
0.50

"o'.'sb"

'o'.so

1470
2790
3020
2970
2800
3030
2950
^07n

0.050
0.070
0.060
0.090
0.055
0.090
0.070
0.095

Average treated 2224 3069

Mod. of rupture. . .35,800 48.020

Experiments with Titanium added to cast iron in the ladle are
reported by R. Moldenke, Proc. Am. Fdrymen's Assn., 1908. Two
irons were used: gray, with 2.58 Si, 0.042 S, 0.54 P, 0.74 Mn; and white,
with 0.85 Si, 0.07 S, 0.42 P, 0.6 Mn. Two Fe Ti alloys with 10% Ti
were used, one containing no C, and the other 5% C. The latter has
the lower melting point. The results were as below:

Gray I ron. White Iron. Lb.

Original iron
Plus 0.05 Ti
Plus 0.10 Ti.

9 tests

4 tests

3 tests
6 tests
6 tests

4 tests

f.P(\ iron

1720-2260 a

2750-3140
2880-3150
2850-3230
2850-3150
3030-3270

V. 2020
" 3100
" 3030
" 3070
" 2990
" 3190

. 3070

. 52%

8 tests

1 1 tests

1920-21 10 av
2210-2660 "

.2050
2400

Plus 0.05 Ti and C
Plus O.IO Ti and C
Plus 0.15 Ti and C

9 tests
10 tests

10 tests

2230-2720 "
2320-2460 "
2280-2620 "

2420
2400
2520

2430
Increase over original. . 18%,

Modulus of rupture, treated iron .48,030 38.020

The test bars were II/4 in. diam. 12 in. between supports. The im-
provement is as marked whether 0.05, 0.10, or 0.15% Ti is used, which
indicates that if sufficient Ti is used for deoxidation of the iron, any
additional Ti is practically wasted.

Ti lessens the chilling action, yet whatever chill remains shows much
harder iron. Test pieces made with iron which chilled I1/2 in. deep
gave but 1 in. chill when the iron was treated in the ladle. The original
iron crushed at 173,000 lbs. per sq. in. and stood 445 in Brinel's test
for hardness, soft steel running about 105, The treated piece ran
298,000 lbs. per sq, in. and showed a hardness of 557. Testing the soft

metal below the chilled portion lor hardness gave 332 for the original
and 322 for the treated piece.
Strength of Cast-iron Eeams.— C. H. Benja,min, Mach'y, May,

1906. Numerous tests were made of beams of different sections includ-
ing hollow rectangles and cylinders, I and T-shapes, etc. All the sec-

tions were, made approximately the same area, about 4.4 sq. in., and all

were tested by transverse loading, with supports 18 in. apart. The
results, when reduced by the ordinary formula for stress on the extreme
fiber, S = My /I, showed an extraordinary variation, some of the values
being as follows: Square bar, 23,300; Round bar, 25,000. Hollow round,
3.4 in. outside and 2.5 in. inside diam., 26,450, and 35,800. Hollow
ellipse, 3 in. wide, 3.9 in. high, 0.9 in. thick, 36,000. /-beam, 4 in. high,
web 0.44 in. thick, 17,700. The hollow cylindrical and eUiptical sec-
tions are much stronger than the solid sections. This is due to the
thinner metal, the greater surface of hard skin, and freedom from
shrinkage strains. Professor Benjamin's conclusions from these tests are:

. (1) The commonly accepted formulas for the strength and stiffness
of beams do not apply well to cored and ribbed sections of cast iron,

(2) Neither the strength nor the stiffness of a section increases in pro-
portion to the increase in the section modulus or the moment of inertia.

(3) The best way to determine these, qualities for a cast-iron beam is

by experiment with the particular section desired and not by reasoning
from any other section.
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Bursting Strength of Cast-Tron Cylinders. — C. H. Benjamin,
A. S. M. E., XIX, 597; Mach'y, Nov., 1905. Four cylinders, 20 in. long,
10 1/8 in. int. diam., 3/4 in. thick, with flanged ends and bolted covers,
burst at 1350, 1400, 1350, and 1200 lbs. per sq. in. hydraulic pressure,
the corresponding fiber stress, from the formula S = pd/2 t, being 9040,
10,200, 9735 and 9080. Pieces cut from the shell had an average tensile
strength of 14,000 lbs. per sq. in., and a modulus of rupture in trans-
verse tests of 30.000.

Transverse Strength of Cast-iron Water-pipe. {Technology Quar-
terly, Sept., 1897.)—Tests of 31 cast-iron pipes by transverse stress gave
a maximum outside fibre stress, calculated from maximum load, as-
suming each half of pipe as a beam fixed at the ends, ranging from
12,800 lb. to 26,300 lb. per sq. in.
Bars 2 in. wide cut from the pipes gave moduli of rupture ranging from

28,400 to 51,400 lb. per sq. in. Four of the tests, bars and pipes:
Moduli of rupture of bar 28,400 34,400 40,000 51,400
Fibre stress of pipe 18,300 12,800 14,500 26,300

These figures show a great variation in the strength of both bars and
pipes, and also that the strength of the bar does not bear any definite
relation to the strength of the pipe.
Bursting Strength of Flanged Fittings. — Power, Feb. 4, 1908.

The Crane Company, Chicago, published in the Valve World records of
tests of tees and ells, standard and extra heavy, which show that the
bursting strength of such fittings is far less than is given by the standard
formulae for thick cylinders. As a result of the tests they give the
following empirical formula: B = TS/D, in which B = bursting pres-
sures, lbs. per sq. in., T = thickness of metal, D = inside diam., and
S — 65% of the tensile strength of the metal for pipes up to 12 in. diam.,
for larger sizes use 60%. The pipes were made of " ferro-steel " of
33,000 lbs. T. S., and of cast iron of 22,000 lbs. as tested in bars. The
following are the principal results of tests of extra heavy tees and ells

compared with results of calculation by the Crane Company's formula:

Bursting Strength of Pipe-Fittings. Pounds per Square inch.

Inside Diam.
Thickness.

6

3/4

8

13/16

10

15/16

12

1

2033
1870
1380
1190
2133
1275

14

11/8
16

13/16
18

11/4
20

15/16
24
11/2

B, Ferro-steel
calculated

B, Cast iron
calculated

2733
2680
1687
1790
3266
2275

2250
2180
1350
1450
2725
1625

2160
2010
1306
1340
2350
1541

1825
1570
1100
1060

1700
1450
1025
980

1450
1350
600
920

1275
1280
750
870

1300
1220
700
820

" cast-iron 1075 1250

Specific Gravity and Strength. (Major Wade, 1856.)
Third-class guns: Sp. Gr. 7.087, T. S. 20,148. Another lot: least Sp.

Or. 7.163, T. S. 22,402.
Second-class guns: Sp. Gr. 7.154, T. S. 24,767. Another lot: mean

Sp. Gr. 7.302, T. S. 27,232.
First-class guns: Sp. Gr. 7.204, T. S. 28,805. Another lot: greatest

Sp. Gr. 7.402, T. S. 31,027.
Strength of Charcoal Pig Iron. — Pig iron made from Salisbury

ores, in furnaces at Wassaic and Millerton, N. Y., has shown over 40,000
lbs. T. S. per square inch, one sample giving 42,281 lbs. Muirkirk, Md.,

"

iron tested at the Washington Navy Yard showed: average for No. 2
iron, 21,601 lbs.; No. 3, 23,959 lbs.; No. 4, 41,329 lbs.; average den-
sity of No. 4, 7.336 (J. C. I. W., v. p. 44).

Nos. 3 and 4 charcoal pig iron from Chapinville, Conn., showed a
tensile strength per square inch of from 34,761 lbs. to 41,882 lbs. Char-
coal pig iron from Shelby, Ala. (tests made in August, 1891), showed a
strength of 34,800 lbs. for No. 3; No. 4, 39,675 lbs.; No. 5, 46,450 lbs.;

and a mixture of equal parts of Nos. 2, 3, 4, and 5, 41,470 lbs. (Bull.
I. & S. A.)

Variation of Density and Tenacity of Gun-Irons. — An increase of
density invariably follows the rapid cooling of cast iron, and as a general
rule the tenacity is increased by the same means. The tenacity gener-
ally increases quite uniformly with the density, until the latter ascends
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to some given point; after which an increased density is accompanied
by a diminished tenacity.

The turning-point of density at which the best qualities of gun-iron
attain their maximum tenacity appears to be about 7.30. At tms point
of density, or near it, whether in proof-bars or gun-heads, the tenacity is

greatest.
As the density of iron is increased its hquidity when melted is dimin-

ished. This causes it to congeal quickly, and to form cavities in the
interior of the casting. (Pamphlet of Builders' Iron Foundry, 1893.)

" Semi-steel " is a trade name given by some founders to castings made
from pig iron melted in the cupola with additions of from 20 to 30 per
cent of gteel scrap. Ferro-manganese is also added either in the cupola or
in the ladle. The addition of the steel dilutes the Si of the pig iron, and
changes some of the C from GC to CC, but the TC is unchanged, for any
reduction made by the steel is balanced by absorption of C from the fuel.

Semi-steel tHerefore is nothing more than a strong cast iron, low in SI
and containing some Mn, and the name given it is a misnomer.
Mixture of Cast Iron with Steel. — Car wheels are sometimes made

from a mixture of charcoal iron, anthracite iron, and Bessemer steel.
The following shows the tensile strength of a number of tests of wheel
mixtures, the average tensile strength of the charcoal iron used being
22,000 lbs. {Jour. C. I. W., iii, p. 184):

lbs. per sq. in.
Charcoal iron with 21/2% steel 22,467

" 33/4% steel 26,733
" 61/4% steel and 61/4% anthracite 24,400
" 71/3% steel and 71/2% anthracite 28,150
" 21/2% steel, 21/2%, wro't iron, and 61/4% anth. 25,550

" "5 % steel, 5% wro't iron, and 10% anth 26,500

Cast Iron Partially Bessemerized. — Car wheels made of partially
Bessemerized iron (blown in a Bessemer converter for 31/2 minutes),
chilled in a chill test mold over an inch deep, just as a test of cold blast
charcoal iron for car wheels would chill. Car wheels made of tliis blown
iron have run 250,000 miles. {Jour. C. I. W., vi, p. 77.)
Bad Cast Iron. — On October 15, 1891, the cast-iron fly-wheel of a

large pair of Corliss engines belonging to the Amoskeag Mfg. Co., of Man-
chester, N.H., exploded from centrifugal force. The fly-wheel was 30
feet diameter and 110 inches face, with one set of 12 arms, and weighed
116,000 lbs. After the accident, the rim castings, as well as the ends of
the arms, were found to be full of flaws, caused chiefly by the drawing
and shrinking of the metal. Specimens of the metal were tested for
tensile strength, and varied from 15,000 lbs. per, square inch in sound
pieces to 1000 lbs. in spongy ones. None of these flaws showed on the
surface, and a rigid examination of the parts before they were erected
failed to give any cause to suspect their true nature. Experim^ents were
carried on for some time after the accident in the Amoskeag Company's
foundry in attempting to duphcate the flaws, but with no success in
approaching the badness of these castings.
Permanent Expansion of Cast Iron by Heating. (Valve World,

Sept., 1908.)— Cast iron subjected to continued temperatures of approx-
imately 500° to 600° took a permanent expansion and did not return to
its original volum.e when cooled.

As steam is being superheated quite commonly to temperatures above
575°, this fact is of great interest inasmuch as it modifies our ideas about
the proper material to be used in the construction of valves and fittings
for service under high temperatures. A permanent volumetric expan-
sion is followed by a loss of strength, the loss in cast iron being fully 40
per cent in four years.

Crane Co. made an attempt to determine whether cast steel was affected
in the same manner as cast iron. Three flanges were taken, one of cast
iron, one of ferrosteel, and the third of cast steel. These flanges were
exposed for a total period of 130 hours to temperatures ranging as follows:

Less than 500°, 18 hours; 500° to 700°, 97 hours; 710° to 800°, 12 hours:
over 800°, 3 hours. Average temp., 583°.

The outside diameter in each case was 12 1/2 in. and the bore 6 29/54 in.

The results were: Cast-steel flange, no change. Cast-iron flange, out-
side diam. increased 0.019 in., inside diam. increased 0.007 in. Ferro-steel
flange, outside diam. increased 0.033 in., inside diam. increased 0.017 in.
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If the permanent expansion of cast iron stopped at the figures given
above, it would not be a serious matter; but all evidence points toward a
steady increase as time goes on, as was sliown by one of Crane Co.'s

14-in. valves, which originally was 221/2 in. face to face, and increased
5/16 in. in length in four years under an average temperature of about
590°.

MALLEABLE CAST IRON.*
There are four great classes of work for whose requirements malleable

cast iron (commonly called "malleable iron" in America) is especially
adapted. These are agricultural implements, railway supplies, carriage
and harness castings and pipe fittings. Besides these main classes there
are innumerable other unclassified uses. The malleable casting is sel-

dom over 175 lb. in weight, or 3 ft. in length, or % in. thick. The
great majority of even the heavier castings do not exceed 10 lb.

When properly made, malleable cast iron should have a tensile
strength of 42,000 to 48,000 lb. per sq. in., with an elongation of 5% in
2 in. Bars 1 in. square and on supports 12 in. apart should show a
transverse strength of 2500 to 3500 lb., with a deflection of at least J^ in.

Wliile the strength of malleable iron should be as stated, much of it

wiU fall as low as 35,000 lb. per sq. in., a,nd this will still be good for such
work as pipe fittings, hardware castings and the like. On the other
hand, even 63,000 lb. per sq. in. has been reached, with a load of 5000
lb. and a deflection of 2 H in. in the transverse test. This high strength
is not desirable, as the softness of the casting is sacrificed, and its resist-
ance to continued shock is lessened. For the repeated stresses of severe
service the malleable casting ranks ahead of steel, and only where a high
tensile strength is essential must it be replaced by that material.
The process of making malleable iron may be summarized as follows:

The proper cast irons are melted in eitiier the crucible, the air furnace,
the open-hearth furnace, or the cupola. The metal when cast into the
sand molds must chill white or not more than just a little mottled. After
removing the sand from the hard castings they are packed in iron scale,
or other materials containing iron oxide, and subjected to a red heat
(1250 to 1350° P.) for over 60 hours. They are then cooled slowly,
cleaned from scale, chipped or ground, and straightened. Much of the
malleable iron made to-day (1915) is annealed for a shorter time and at
higher temperatures. The safe method, however, is the one given above.
When hard, or just from the sand, the composition of the iron should

be about as follows: Si, from 0.35 up to 1.00, depending upon the tliick-
ness and the purpose the casting is to be used for; P not over 0.225, Mn
not over 0.20, S not over 0.08. The total carbon can be from 2.75 up-
ward, 4.15 being about the highest that can be carried. The lower the
carbon the stronger the casting subsequently. Below 2.75 there is apt to
be trouble in the anneal, the black-heart structure may not appear, and
the castings remain weak. A casting 1 in. thick would necessitate silicon
at 0.35, and the use of chills in the mold in addition, to get the iron white.
For a casting J/^ in. thick. Si about 0.60 is the proper limit, except where
great strength is desired, when it can be dropped to 0.45. Above 0.60
there is danger of getting heavily-mottled if not gray iron from the sand
molds, and this material, when annealed the long time required for the
white castings, would be ruined. For very thin castings, Si can run up
to 1.25 and still leave the metal white in fracture.

Pig Iron for Malleable Castings.—The specifications run as follows:
Si, 0.75, 1.00, 1.25, 1.50, 1.75, 2.00%, as required; Mn, not over 0.60;
P, not over 0.225; S, not over 0.05.
Works making heavy castings almost exclusively specify Si to include

0.75 up to 1.50%. Makers of very light work take 1.25 to 2.00%.
The Melting Furnace.— Malleable iron is melted in the reverbera-

tory furnace, the open-hearth furnace, and the cupola, the reverberatory
being the most extensively used. About 85 per cent of the entire output
of the United States is melted by this process. Prior to about 1885,
the standard furnace was one of 5 tons capacity. At present (1915) we

* References.—R. Moldenke, Cass Mag., 1907, and Iron Trade
Review, 1908; E. C. Wheeler, Iron Age, Nov. 9, 1899; C H. Gale, Indust.
World, April 13, 1908; W. H. Hatfield, ibid. G. A. Akerlund, Iron Tr,
Bev.. Aug. 23, 1906; C. H. Day, Am. Mach., April 5, 1906.
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have furnaces of 25 and 30 tons capacity, though furnaces of from 10 to
15 tons are the most popular and give more imiform results than those
of larger capacity.
The adoption of the open-hearth furnace for maUeable iron dates

back to about 1893. It is used largely in the Pittsburg district.
Cupola-melted iron- does not possess the tensile strength nor ductiUty

of iron melted in the reverberatory or open-hearth furnace, due partly to
the higher carbon and sulphur caused by the metal being in contact
with the fuel. This featiu-e is rather an advantage than otherwise, as
most of the product of cupola-melted iron consists of pipe fittings, cast-
ings that are not subjected to any great stress or shock. The castings
are threaded, and a strong, tough malleable iron does not cut a clean,
smooth thread, but rather will rough up under the cutting tool.

In the reverberatory and open-hearth furnaces the metal may be
partly desiliconized at will, by an oxidizing flame or by additions of
scrap or other low-silicon material, while the total carbon can be lowered
by scrap steel additions. Manganese is also oxidized in the furnace.
The composition of good castings in American practice is: Si, from 0.45

to 1.00%; Mn up to 0.30%; P, up to 0.225%; S, up to 0.08%; total
carbon in the hard casting, above 2.75 %.

In special cases, especially for very small castings, the silicon may go
up as high as 1.25%, while for very heavy work it may drop down to
0.35% with very good results. In the case of charcoal iron this figure
gives the strongest castings. With coke irons, however, especially when
steel scrap additions are the rule, 0.45 should be the lower limit, and 0.65
is the best silicon for all-around medium and heavy work, such as rail-

road castings.
In American practice phosphorus is required not to exceed 0.225%,

and is preferred lower. In European practice it is required as low as
0.10%, but castings have been made successfuUy with P as high as
0.40%.
The heat treatment of metal during melting has an important bearing

upon its tensile strength, elongation, etc. Excessive temperatures pro-
mote the chances of burning. Iron is burnt mainly through the genera-
tion in melting furnaces of higher temperatures than those prevailing
during the initial casting at blast furnaces and an excess of air in the
flame. The choicest irons may thus turn out' poor material.

Shrinkage of the Casting. — The shrinkage of the hard casting is

about 1/4 in. to the foot, or double that of gray iron. In annealing about
half of this is recovered, and hence the net result is the same as in ordi-
nary foundry pattern practice. The effect of this great shrinkage is to
cause shrinkage cracks or sponginess in the interior of the casting. As
soon as the liquid metal sets against the surface of the mold and the
source of supply is cut off, the contraction of the metal in the interior
as it cools causes the particles to be torn apart and to form minute
cracks or cavities. " Every test bar, and for that matter every casting
may be regarded as a shell of fairly continuous metal with an inferior of
slight planes of separation at right angles to the surface. This charac-
teristic of malleable iron forms the basis of many a mysterious failure."
(Moldenke.)
Packing for Annealing.— After the castings have been chipped and

sorted they are packed in iron annealing pots, holding about 800 pounds
of iron, together with a packing composed of iron ore, hammer and
rolling mill scale, turnings, borings, etc. The turnings, etc., were form-
erly treated with a solution of salammoniac or muriatic acid to form a
heavy coating of oxide, but such treatment is now considered unnec-
essary. Blast furnace slag, coke, sand, and fire clay have also been used
for packing. The changes in chemical composition of j;he_castings when
annealed in slag and in coke are given as follows by C. H. Gale:

Si. S. P. Mn. C. C. G. C.

Hard iron .... 0.63
0.61
0.61

0.043
0.049
0.065

0.147
0, 145
0.150

0.21
0.21
0.21

2.54
0.24
0.25

Trace
Annealed in slag 1.65
Annealed in coke 2.00

The Annealing Process.—The effect of the annealing is to oxidize
and remove the carbon from the surface of the casting, to remove it

to a greater or less degree below the s-urface, and to convert the remain-
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ing carbon from the combined form into the amorphous form called a
"temper carbon" by Professor Ledebur, the German metallurgist. It
differs from the graphite found in pig iron, but is usually reported as
graphitic carbon by the chemists. In the original malleable process,
invented by Reaumur, in 1722, the castings were packed in iron ore and
annealed thoroughly, so that most of the carbon was probably oxidized,
but in American practice the annealing process is rather a heat treat-
ment than an oxidizing process, and its effect is to precipitate the carbon
rather than to eliminate it. According to the analysis quoted above, the
metal annealed in slag lost 0.65% of its total C, while that annealed in
coke lost only 0.29%. In the former, S increased 0.006% and in the
latter 0.022%. The Si decreased 0.02% in both cases, while the P and
Mn remained constant.
As to the distribution of carbon in an annealed casting. Dr. Moldenke

says: "Take a fiat piece of malleable and plane off the skin,, say Viein.
deep and gather the chips for analysis. The carbon will be found, say,
0.15% perhaps even less. Cut In another Visin. and the total C will be
nearer 0.60%. Now go down successively by sixteenths and the total
C will range from, say, 1.70 to 3.65% and will then remain constant until
the center is reached." "The malleable casting is for practical purposes
a poor steel casting with a lot of graphite, not crystallized, between the
crystals or groups of crystals of the steel."
The heat in the annealing process must be maintained for from two to

four days, depending upon the thickness of sections of the castings and
the compactness with which the castings or annealing boxes are placed
in the furnace. An annealing temperature 1550° to 1600° Fahr. is often
used, but it is not essential, as the annealing can be accomplished at
1300°, but the time required will be longer than that at the higher tem-
perature. Burnt iron in the anneal is no uncommon feature, and, gen-
erally speaking, it is the result of carelessness. The most carefully pre-
pared metal from melting furnaces can here be turned into worthless
castings by some slight inattention of detail. The highest temperature
for annealing should be registered in each foundry, and kept there by the
daily and frequent use of a thermometer constructed for that sole pur-
pose. Steady, continued heat insures soft castings, while unequal tem-
peratures destroy ail chances for successful work, although the initial
metal was of the most excellent quality.
After annealing, the castings are cleaned by tumblers or the sand

blast; they are carefully examined for cracks or other defects, and if

sprung out of shape are hammered or forced by hydraulic power to the
correct shape. Such parts as are produced in great quantities are placed
in a drop hammer and one or two blows will insure a correct form. They
may be drop-forged or even welded when the iron has been made for that
purpose. Castings are sometimes dipped into asphaltum diluted with
benzine to give them a better finish.

Malleable castings must never be straightened hot, especially when
thick. In the case of very thin castings there is some latitude, as the
material is so decarbonized that it is nearer a steel than genuine mal-
leable cast iron. In heating portions of castings that were badly warped,
it seems that the amorphous carbon in them was combined again, and
while the balance of the casting remained black and sound, the heated
parts became white and brittle, as in the original hard casting. Hence
the advice to straighten the castings cold, preferably with a drop ham.-
mer and suita^ble dies, or still better in the hydraulic press. (R. Moldenke.
Ptoc. A.S.T.M., vi, 244.)
Physical Characteristics. — The characteristic that gives malleable

iron its greatest value as compared with gray iron is its ability to resist

shocks. Malleability in a light casting 1/4 in. thick and less means a
soft, pliable condition and the ability to withstand considerable distor-
tion without fracture, while in the heavy sections, 1/2 in. and over, it

means the ability to resist shocks without bending or breaking.
For general purposes it is not altogether desirable to have a metal

very high in tensile strength, but rather one which has a high transverse
strength, and especially a good deflection. It is not always that a strong
and at the same time soft material can be produced in a foundry operate
ing on the lighter grades of castings. The purchaser, therefore, unless he
requires very stiff material, should rather look upon the deflection of
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tiie metal coupled with the weight it took to do this bending before
failure, than for a liigh tensile strength.
The ductility of tlie malleable casting permits the driving of rivets,

which cannot so readily be done with gray cast iron; and for certain

parts of cars, like the journal boxes, malleable cast iron may be con-
tideied supreme, leaving cast iron and "semi-steei " far behind.

It was formerly the general belief that the strength of malleable iron

v:as largely in the white skin ahvavs found on this material, but it has
been demonstrated that the rem.oval of the skin does not proportionately
lessen the strength of the casting.

Test Bars. — The rectangular shape is used for test bars in preference
to the round section, because the latter is more apt to have serious cracks
in the center, due to shrinkage, especially if the diameter is large. A
round section, unless in very light hardware, is to be avoided, as the
Shrinkage crack in the center may have an outlet to the skin, and cause
failure in service.

It is customary to provide for two sizes of test bars, the heavy and
the light. Thus the 1-in. square bar represents work 1/2 an inch thick
and over, and a 1 X 1/2-iu. section bar cares for the lighter castings.
Both are 14 inches long. They should be cast at the beginning and at
the end of each heat.
Design of Malleable Castings.— As white cast iron shrinks a great

deal more than gray iron, and as the sections of maileable castings are
lighter than those of similar castings of gray iron, fractures are very
com.mon. It is therefore the designer's aim to distribute the metal so
as to meet these conditions. In long pieces the stiffening ribs should
extend lengthways so as to produce as little resistance as possible to the
contraction of the metal at the time of solidification. If this be not
possible, the moider provides a "crush core" whose interior is filled with
crushed coke. When the metal solidifies in the flask the core is crushed
by the casting and thus prevents shrinkage cracks. At other times a
certain corner or juncture of ribs in the casting will be found cracked.
In order to prevent this a sm_all piece of cast iron (chill) is embedded in
the sand at this critical point, and the metal will cool here more quickly
than elsewhere, and thus fortify this point, although it may happen that
some other part of the casting will be found fractured instead, and in
many cases the locations and the shape of strengthening ribs in the
casting must be altered until a casting is procured free from shrinkage
cracks. In designing of malleable cast-iron details the following rules
Bhould be observed:

(1) Endeavor to keep the metal in different parts of the casting at a
uniform thickness. In a small casting, of, say, 10 lbs. weight, 1/4-in.

metal is about the practical thickness, 5/ig in. for a casting of 15 to 20
lbs., and S/g to 1/2 in. for castings of 40 lbs. and over. (2) Endeavor to
avoid sharp junctions of ribs or parts, and if the casting is long, say 24
inches or miore, the ends should be made of such shape as to offer as
little resistance as possible to the contraction of metai when cooling in
the mold.

Specifications for Malleable Iron. — The tensile strength of malle-
able iron varies with the thickness of the metal, the lighter sections hav-
ing a greater strength per square inch than the heavier sections. An
Eastern railroad designates the tensile strength desired as foUows: Sec-
tions 3/8 in. thick or less should have a tensile strength of not less than
40,000 IDs. per sq. in.; 3/gto 3/4 In. thick, not less than 38,000; and over
3/4 in.3 not less than 36,000 lbs. per sq. in. Test bars s/s and v/g in. diam.
were made in the same mold and poured from the same ladle, and an-
nealed together. The average tensile strength of five pairs of bars so
treated, reoresenting five heats, was, s/g-in. bars, 45,095; 7/g-in. bars,
41,316 Ibs.'per sq. in. Average elongation in 6 in.: 5/g-in. bars 5.3%;
7/8-in. bars 4.2%.
A very high tensile strength can be obtained approaching that of

cast steel but at the expense of the malleability of the p:-oduct. Malle-
able test bars have been made with a tensile strength of between 60,000
and 70,000 lbs. per sq. in., but the ductility and ability to resist shocks
of these bars was not equal to that of bars breaking at 40,000 to 45,000
poimds per sq. in.

The British Admiralty specification is 18 tons (40,320 lbs.) per
square inch, a minimiun elongation of 41/3% in three inches and a
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bending angle of at least 90° over a 1-in. radius, the bar being 1X%
in. in section.
A committee of the American Society for Testing Materials re-

ported, in 1915, a set of specifications for malleable castings which in-
cludes the following: The specimen for tensile strength is a round
bar 12 in. long, 3/4 in. diam. at the ends, tapering to a middle portion
4 in. long, 5/8 in. diam. The transverse test specimen is 14 in. long,
1 in. wide, and 1/2, 5/8, or 3/4 in. thick, according to the thickness of
the casting it represents. Specimens are to be cast without chiUs, with
the ends free in the mold. The tensile strength shall be not less than
38,000 lb. per sq. in. with an elongation not less than 5% in 2 in. The
transverse strength, the bar being tested with cope side up, on sup-
ports 12 in. apart, pressure being applied at the center shall be respec-
tively 900, 1400, and 2000 lb. with deflections 1.25, 1.00, and 0.75 in
the 1/2, 5/8, and 3/4 in. test specimens. The specifications are intended
to cover railroad malleable irons and the softer grades only. They in-
clude directions as to the casting of the test specimens and as to
inspection.
Improvement in Quality of Castings. (Moldenke.) — The history

of improvement in the malleable casting is admirably reflected in the
test records of any works that has them. Going back to the early 90's,
the average tensile strength of malleable cast iron was about 35,000 lbs.

per sq. in., with an elongation of about 2% in 2 in. The transverse
strength was perhaps 2800 lbs., with a deflection of 1/2 in. Toward the
close of the 90 's a fair average of the castings then made would run
about 44,000 lbs. per sq. in., with an elongation of 5% in 2 in., and the
transverse strength, about 3500 lbs., with a deflection of 1/2 inch. These
average figures were greatly exceeded in establishments where special
attention was given to the niceties of the process. The tensile strength
here would run 62,000 lbs. per sq. in. regularly, with 7% elongation in
2 in., and the transverse strength, 5000 and over, with 1 1/2 in. deflection.
Further Progress Desirable. (Moldenke.) — We do not know at

the present time why cupola malleables require an annealing heat sev-
eral hundred degrees higher than air or open-hearth furnace iron. The
underlying principles of the oxidation of the bath, wliich is a frequent
cause of defective iron, is practically unknown to the majority of those
engaged in this industry. Heats are frequently made that will not
pour nor anneal properly, but the causes are still being sought. To
produce castings from successive heats, so that with the same composi-
tion they will have the same physical strength regardless of how they
are tested, is a problem partiafly solved for steel, but not yet approached
for malleable cast iron.

Sufficient progress in the study of iron with the microscope has been
made to warrant the belief that in the not distant future we may be
able to distinguish the constituents of the material by means of etching
with various chemicals. When the sulphides and phosphides of iron,
or the manganese-sulphur compounds, can be seen directly under the
microscope, it is probable that a method may be found by which the
dangerous ingredients may be so scattered or arranged that they will
do the least harm.
The high sulphur in European malleable accounts to some extent for

the comparatively low strength when contrasted with our product.
Their castings being aU very light, so long as they bend and twist prop-
erly, the purpose is served, and hence until heavier castings become the
rule instead of the exception, "white heart" and steely-looking frac-
tures wiU remain the characteristic feature of European work,

STRENGTH OF MALLEABLE CAST IRON.
Tests of Square Bars, 1/2 in. and 1 in., by tension, compression and

transverse stress, by M. H, Miner and F, E. Blake {Railway Age, Jan. 25,
1901).
Tension. Six 1/2-in. and six 1-in. round bars, also two 1-m. bars

turned to remove the skin, from each of four makers. Average results:

T, S., 1/2-in. bars, 37,470-42,950, av. 40,960; E. L., 16,500-21,100, av.
19,176.

T. S., 1-in. bars, 35,750-40,530, av. 38,300; E. L„ 14,860-19,900, av.
17,181,

Tensile strength, turned bars. av. 35.090: Elastic hmit. av. 15.660.
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Elong. inSin., i^-in. bars, 4.75% ; 1-in. bars, 4.32% ; turned bars, 3.73 %.
Modulus of elasticity, i^-in. bars, 22,289,000; 1-in. bars, 21,677,000.
Compression. 16 short blocks, 2 in. long, 1 in. and I/2 in. square

respectively.
8 long columns, 15 in. long, 1 in. sq., and 7.5 in. long, 1/2 in. sq. respec-

tively.
Averages of blocks from each of four makers:
Short blocks, 1/2-in. sq., 93,000 to 114,500 lbs. per sq. in. Mean,

101,900 lbs. per sq. in.
Short blocks, 1 in. sq., 137,600 to 165,300 lbs. per sq. in. Mean,

152,800 lbs. per sq. in.
Ratio of final to original length, l/2in., 61.7%; 1 in., 52.6%. A small

part of the shortening was due to sliding on the 45° plane of fracture.
Long columns: I/2 in. X 7.5 in. Mean, 29,400 lbs. per sq. in.: 1 in.

X 15 in., 27,500 lbs. per sq. in. Ratio of final to original length, 1/2 in.,
98.5%; 1 in., 98.8%. The long columns did not rupture, but reached
the maximum stress after bending into a permanent curve.
Transverse Tests, Maximum fiber stress, mean of 8 tests, 1/2-in.

bars, 34,163 lbs. per so. in. 1-in. bars, 36,125 lbs. per sq. in. Length
between supports, 20 in. The bars did not break, but failed by bending.
The 1/2-in, bars could be bent nearlv,double. ^ .^ ^.. , . ^ ^
MaUeable Bars cast by Buhl MalleaDle Co., Detroit, Mich., tested as

follows. The tests were reported by Chas. H. Day, Am. Mach., April 5,

1906. The eastings were all made at the same time. The rectangular
sections were approximately 1/4 X 3/4 in. The star sections were square
crosses, 1 in. wide, with arms about 1/4 in. thick. The figures here given
are the maximum and minimum results from three bars of each section.

Tensile Tests. Compression Tests.

Section.
Area,
sq. in.

Tensile
St'gth,
lbs. per
sq. in.

Elong.
in 8 in.,

%.

Red. of
Area,
%.

Area,
sq. in.

L'gth,
in.

Comp.
Str.,

lbs. per
sq. in.

Final
Area,
sq. in.

Round 0.817 43,000 5.87 4.76 0.847 15 31,700 0.901

0.801 43,400 6.21 3.98 0.801 15 33,240 0.886

0.219 41,130 7.70 3.40 0.209 7.5 32,600 0.221

0.202 44,700 13.00 3.63 0.204 7.5 34,600 0.215

Square 0.277 36,700 4.70 2.20 0.263 7.5 33,200 0.272
0.277 38,100 3.72 3.00 0.254 7.5 31,870 0.278

"
1.040 38,460 4.10 3.30 1.051 15 29,650 1.070

«t
1.050 37,860 2.38 2.94 1.040 15 30,450 1.066

Rect. 0.239 31,200* 5.19 1.50 0.436 15 32,200 0.448

0.244 37,600 3.87 3.80 0.457 15 30,400 0.467

Star 0.584
0.575

34,600
37,200

4.20
4.80

3.10
3.50

i= Broke in flaw.

Tests of Rectangular Cast Bars, made by a committee of the Mas-
ter Car-builders' Assn. in 1891 and 1892, gave the following results
(selected to show range of variation)

:

Size of
Section',

in.

Tensile
St'gth,
lbs. per
sq. in.

Elastic
Limit,
lbs. per
sq. in.

Elonga-
tion, %
in 4 in.

Size of
Section,

in.

Tensile
St'gth,
lbs. per
sq. in.

Elastic
Limit,
lbs. per
sq. in.

Elong.
in 8 in.,

%.

0.25x1.52
0.5 xl.53
0.78x2
0.88x1.54
1.52x1.54

34,700
32,800
25,100
33,600
28,200

21,100
17,000
15,400

19,300

2
2
1.5

1.5

1.5

0.29x2.78
0.39x2.82
0.53x2.76
0.8 X2.76
1.03x2.82

28,160
32,060
27,875
25,120
28,720

22,650
20,595
19,520

18,390
18,220

0.6
1.5M
1.1

1.3

WROUGHT IRON.
The Manufacture of Wrought Iron. — When iron ore, which is an

oxide of iron, Fe203 or Fe304, containing sihca, phosphorus, sulphur,
etc., as impurities, is heated to a yellow heat in contact with charcoal or
other fuel, the oxygen of the ore combines with the carbon of the fuel,
part of the iron combines with siUca to form a fusible cinder or slag, and
the remainder of the iron agglutinates into a pasty mass which is inter-
mingled with the cinder. Depending uj)oi} the time and the tempera-
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ture of the operation, and on the kind and quality of the impurities
present in the ore and the fuel, more or less of the sulphur and phos-
phorus may remain in the iron or may pass into the slag; a small amount
of carbon may also bo absorbed by the iron. By squeezing, hammering,
or roUing the lump of iron wliile it is highly heated, the cinder may be
nearly all expelled from it, but generally enough remains to give a bar '•'

after being rolled, cooled and broken across, the appearance of a fibrous '

structure. The quality of the finished bar depends upon the extent to
which the chemical impurities and the intermingled slag have been
removed from the iron.

The process above described is known as the direct process. It is

now but Uttle used, having been replaced by the indirect process known
as puddling or boiUng. In this process pig iron which has been melted
in a reverb eratory furnace is desilicomzed and decarbonized by the
oxygen derived from iron ore or iron scale in the bottom of the furnace,
and from the oxidizing flame of the furnace. The temperature being too
low to maintain the iron, when low in carbon, in a melted condition, it

gradualli^ " comes to nature" by the formation of paetj^ particles in the
bath, which adhere to each other, until at length all the iron is decarbon-
ized and beco nes of a pasty condition, and the lumps so formed when
gathered together make the "puddle-baU" which is consolidated into a
bloom by the squeezer and then rolled into "muck-bar." By cutting
the mack-bar into short lengths and making a "pile" of them, heating
the pile to a welding lieat and rerolling, a bar is made which is freer

from cinier and more homogeneous than the original bar, and it may
be further "refined" by another piUng and rerolUng, The quality of

the iron depends on the quaUty of the pig-iron, on the extent of the
decarbonization, on the extent of dephosphorization which has been
effected ia the furnace, on the greater or less contamination of the iron
by sulphur derived from the fuel, and on the amount of work done on
the piles to free the iron from slag. Iron insufficiently decarbonized is

irregular, and hard or "steely." Iron thoroughly freed from impurities
is soft aiil of low tensile strength. Iron high in sulphur is "hot-short,"
liable to break when being forged. Iron high in phosphorus is "cold-
short," of lo.v ductility when cold, and breaking with an apparently
crystalline fracture.

See papers on Manufacture and Characteristics of Wrought Iron, by
J. P. Roe, Trans. A. I. M. E., xxxiii, p. 551; xxxvi, pp. 203, 807.

Electrolytic Iron. (L. Guillet, Proc. Iron & Steel Inst.. 1914, Eiig'g,
Oct. 2, 1914.)— Using any pig iron in solution an iron can be obtained
of the following average composition, after removal of tlie gases by
annealing: C, 0.004; Si, 0.007; S, 0.006; P, 0.008. The metal de-
posited from the solution is extremely brittle and liard, due to occluded
hydrogen. The deposition of the iron takes place on a revolving metal
mandrel, maldng tubes of from 4 to 8 in. diam., 12.8 ft. long, 0.004 to
0.24 m. tliicl<:. After annealing, the metal becomes soft and ductile, with
a tensile strength of from 44,000 to 47,000 lb. per sq. in. The in-
dustrial uses of elpctiolytic iron inchide the direct manufacture of
tubes, sheets, rods for autogenous weldina-, and the preparation of raw
material for tiio manufacture of steel. 1 ,1 loc;iliti'^s where cheap electric
current can be obtained the cost is estini;Ued to be as low as iS.30 to .$38
per gross ton. Patents on the process are owned by Compagnie Le Fer,
Grenoble, France.

Influence of Eeduofi(>n in Rolling? from Pile to Bar on the
Strength of Wrouglit Iron. — The tensile strength of the irons used
in Beardslee's tests ranged from 46,000 to 62,700 lbs. per sq. in., brand
L, which was really a steel, not being considered. Some specimens cf L
gave figures as high as 70,000 lbs. The amount of reduction of sectional
area in rolling the bars has a notable influence on the strength and elastic

limit; the greater the reduction from pile to bar, the higher the strength.
The following are a few figures from tests of one of the brands:

Size of bar, in. diam.:
Area of pile, sq. in.:

Bar per cent of pile:

Tensile strength, lb.:

Elastic limit, lb.:

Influence of Chemical Composttiou on the Properties of Wrought
Iron. (Beardsleo on Wrought Iron and Chain Cables. Abridgment by

4 3 2 1 1/2 1'4

80 80 72 25 9 3
15.7 8.83 4.36 3.14 2.17 1.6

46,322 47,761 48,280 51,128 62,275 59,585
£3.430 26,400 31,892 36,467 39,126
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W. Kent. Wiley & Sons, 1879.) — A series of 2000 tests of specimens
from 14 brands of wrought iron, most of them of high repute, was made
in 1877 by Capt. L. A. Beardslee, U.S.N., of the United States Testing
Board. Forty-two chemical analyses were made of these irons, with a

view to determine what influence the chemical composition had upon the
strength, ductility, and welding power. From the report of these testa

by A. L. HoUey the following figures are taken:

Brand.
Average
Tensile

Strength.

Chemical Composition.

S. P. Si. C. Mn. Slag.

L

P
B
J

C

66.598

54.363

52,764

51,754

51.134

50,765

trace

( 0.009
\ 0.001
0.008

J 0.003
1 0.005
( 0.004
\ 0.005
0.007

J 0.065
1 0.084
0.250
0.095
0.231
0.140
0.291
0.067
0.078
0.169

0.080
0.105
0.182
0.028
0.156
0.182
0.321
0.065
0.073
0.154

0.212
0.512
0.033
0.066
0.015
0.027
0.051
0.045
0.042
0.042

0.005
0.029
0.033
0.009
0.017
trace
0.053
0.007
0.005
0.021

0.192
0.452
0.848
1.214

b*.678'
1.724
1.168
0.974

Where two analyses are given, they are the extremes of two or more
analyses of the brand. Where one is given, it is the only analysis.
Brand L should be classed as a puddled steel.

Order of Qualities Graded from No. 1 to No. 19.

Brand.
Tensile

Strength.
Reduction of

Area.
Elongation. Welding Power.

L
P
B
J

C

1

6

12

16

18

19

18

6
16

19

I

12

19

3

15

18

4
16 .

most imperfect.
badly.
best.
rather badly.
very good.

The reduction of area varied from 54.2 to 25.9 per cent, and the elonga^
tion from 29.9 to 8.3 per cent.
Brand O, the purest iron of the series, ranked No. 18 in tensile strength

but was one of the most ductile; brand B, quite impure, M'as below th('
average both in strength and ductiUty, but was the best in welding
power; P, also quite impure, was one of the best in every respect except
welding, while L, the highest in strength, was not the most pure. It ha([
the least ductility, and its welding power was most imperfect. The
e^ddence of the influence of chemical composition upon quality, there^
fore, is quite contradictory and confusing. The irons differing remark-
ably in their mechanical properties, it was found that a much more
marked influence upon their qualities was caused by different treatment
in rolling than by differences in composition.

In regard to slag Mr. Holley says: "It appears that the smallest and
most worked iron often has the most slag. It is hence reasonable to
conclude that an iron may be dirty and yet thoroughly condensed."

In his summary of "What is learned from chemical analysis," he says:
" So far, it may appear that little of use to the makers or users of wrought
iron has been learned. . . . The character of steel can be surely pred-
icated on the analyses of the materials ; that of wrought iron is altered
by subtle and unobserved causes."

Specifications for Wrouglit Iron. (F. H. Lewis, Engineers' Club of
Philadelphia, 1891.) — 1. All wrought iron must be tough, ductile,
fibrous, and of uniform quality for each class, straight, smooth, free from
cinder-pockets, flaws, buckles, blisters, and injurious cracks along the
edges, and must have a workmanlike finish. No specific process or
provision of manufacture will be demanded, provided the material fulfills
the requirements of these specifications.

2. The tensile strength, limit of elasticity, and ductility shall be deter-
mined from a standard test-piece not less than 1/4 inch thick, cut from
the full-sized bar^ and planed or turned parallel. The area of cross-
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section shall not be less than 1/2 sq. in. The elongation shall bo
measured after breaking on an original length of 8 in.

3. The tests shall show not less than the following results: El. in
8 in.

For bar iron in tension T. S. = 50,000; E. L. = 26,000; 18%
For shape iron in tension " = 48,000; " = 26,000; 15 S^
For plates under 36 in. wide, c ... " = 48,000; " = 26,000; 12% •

For plates over 36 in. wide " = 46,000; " = 25,000; 10%
4. When full-sized tension members are tested to prove the strengt t of

their connections, a reduction in their ultimate strength of (500 X width
of bar) pounds per square inch will be allowed.

5'. Ail iron shall bend, cold, 180 degrees around a curve whose diameter
is twice the thickness of piece for bar iron, and three times the tliicknesj
for plates and shapes.

6. Iron which is to be worked hot in the manufacture must be capable
of bending sharply to a right angle at a working Iieat without sign of
fracture.

7. Specimens of tensile iron upon being nicked on one side and bent
shall show a fracture nearly all fibrous.

8. All rivet iron must be tough and soft, and be capable of bending
cold until the sides are in close contact without sign of fracture on the
convex side of the curve.
Penna. R. R. Co.'s Specifications for Merchant-bar Iron (1904).

—

One bar will be selected for test from each 100 bars in a pile.

All the iron of one size in the sliipment will be rejected if the average
tensile strength of the specimens tested fuU size as rolled faUs below
47,000 lbs. or exceeds 53,000 lbs. per sq. in., or if a single specimen falls

below 45,000 lbs. per sq. in.; or when the test specimen has been reduced
by machining if the average tensile strength exceeds 53,000 or falls below
46,000, or if a single specimen falls below 44,000 lbs. per sq. in.

All the iron of one size in the shipment will be rejected if the average
elongation in 8 in. falls below the following limits: Flats and rounds,
tested as roUed, 1/2 in. and over, 20%; less than 1/2 in,, 16%. Flats and
rounds reduced by machining 16%.

Nicking and Bending Tests. — When necessary to make nicking and
bending tests, the iron will be nicked lightly on one side and then broken
by holding one end in a vise, or steam hammer, and breaking the iron by
successive blows. It must when thus broken show a generally fibrous
structure, not more than 25% crystalline, and must be free from admix-
ture of steel.

Stay-bolt Iron. (Penna. R. R. Co.'s specifications, 1902).—Sample
bars must show a tensile strength of not less than 48,000 lbs. per sq. in.

and an elongation of not less than 25% in 8 in. One piece from each lot
will be threaded in dies with a sharp V thread, 12 to 1 in. and firmly
E3rewed through two holders having a clear space between them of 5 in.

One holder wiU be rigidly secured to the bed of a suitable machine, and the
other vibrated at right angles to the axis over a space of 1/4 in. or 1/8 in.
each side of the center line. Acceptable iron should stand 2S00 double
vibrations before breakage.

Mr. Vauclain, of the Baldwin Locomotive Works, at a meeting of the
American Railway Master Mechanics' Association, in 1892, says: Many
advocate the softest iron in the market as the best for stay-bolts. E i

believed in an iron as hard as was consistent with heading the bolt nicely.
The higher the tensile strength of the iron, the m.ore vibrations it will
stand, for it is not so easily strained beyond the yield-point. The Baldwin
specifications for stay-bolt iron call for a tensile strength of 50,000 to
52,000 lbs. per square inch, the upper figure being preferred, and the
lower being insisted upon as the minimum.

Speciflcations for WroiJght Iron for the TVorld's Fair Buildings.
(Eng'g News, March 26, 1892.) — All iron to be used in the tensile mem-
bers of open trusses, laterals, pins and bolts, except plate iron over
8 inches wide, and shaped iron, must show by the standard test-pieces
a tensile strength in lbs. per square inch of:

_ _ „ „ _ 7000 X area of original bar in sq. in.

circumference of original bar in inches
*

with an elastic limit not less than half the strength given by this formula,
and an elongation of 20% in 8 in,.
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- Plate iron 8 to 24 inches ^Aide, T. S. 48,000, E. L. 26,000 lbs. per sq. in.,

elong. 12%. Plates over 24 inches wide, T. S. 46,000, E. L. 26,000 lbs.

per sq. in. Plates 24 to 36 in. wide, elong. 10%; 36 to 48 in., 8%; over
'48 in., 5%.

All shaped iron, flanges of beams and channels, and other iron not
hereinbefore specified, must show a T. S. in lbs. per sq. in. of:

_ _ 7000 X area of original bar
'

circumference of original bar

•with an elastic limit of not less than half the strength given by this formula,
and an elongation of 15% for bars 5/s inch and less in thickness, and of
12% for bars of greater thickness. For webs of beams and channels,
specifications for plates will apply.

All rivet iron must be tough and soft, and pieces of the full diameter of
the rivet must be capable of bending cold, until the sides are in close con-
tact, without sign of fracture on the convex side of the curve.

TENACITY OF METALS AT VARIOUS TEMPERATURES.
The British Admiralty made a series of experiments to ascertain what

loss of strength and ductility takes place in gun-metal compositions when
raised to high temperatures. It was found that all the varieties of gun
metal suffer a gradual but not serious loss of strength and ductility up to
a certain temperature, at which, within a few degrees, a great change
takes place, the strength falls to about one-half the original, and the
ductility is wholly gone. At temperatures above this point, up to 500° F.,
there is little, if any, further loss of strength; the temperature at which
th^s great change and loss of strength takes place, although uniform in
the specimens cast from the same pot, varies about 100° in the same
composition cast at different temperatures, or with some varying condi-
tions in the foundry process. The temperature at which the change took
ilace in No. 1 series was ascertained to be about 370°, and in that of
No. 2, at a little over 250°. Rolled Muntz metal and copper are satis-
factory up to 500°, and may be used as securing-bolts with safety.
Wrought iron increases in strength up to 500°, but loses slightly in duc-
tility up to 300°, where an increase begins and continues up to 500°,
where it is still less than at the ordinary temperature of the atmosphere.
The strength of Landore steel is not affected by temperature up to 500°,
but its ductiUty is reduced more than one-half. {Iron, Oct. 6, 1877.)

Sti'ength of Iron and Steel Boiler-plate at High Temperatures.
(Chas. Huston, Jour. F. I., 1877.)

Average of Three Tests of Each.
Temperature F. 68° 575° 925°
Charcoal iron plate, tensile strength, lbs 55,366 63,080 65,343

contr. of area % 26 23 21
Soft open-hearth steel, tensile strength, lbs 54,600 66,083 64,350

" contr. % 47 38 33
- " Crucible steel, tensile strength, lbs 64,000 69,266 68,600

contr. % 36 30 21

Tensile Strength of Iron and Steel at High Temperatures. —
James E. Howard's tests (Iro7i Age, April 10, 1890) show that the tensile

strength of steel diminishes as the temperature increases from 0° until a
minimum is reached between 200° and 300° F., the total decrease being
about 4000 lbs. per square inch in the softer steels, and from 6000 to
8000 lbs. in steels of over 80,000 lbs. tensile strength. From this mini-
mum point the strength increases up to a temperature of 400° to 650° F.,

the maximum being reached earUer in the harder steels, the increase
amounting to from 10,000 to 20,000 lbs. per square inch above the mini-
mum strength at from 200° to 300°. From this maximum, the strength
of all the steel decreases steadily at a rate approximating 10,000 lbs.

decrease per 100° increase of temperature. A strength of 20,000 lbs.

per square inch is still shown by 0.10 C. steel at about 1000° F., and by
0.60 to 1.00 C. steel at about 1600° F.
The strength of wrought iron increases with temperature from 0" up

to a maximum at from 400 to 600° F., the increase being from 8000 to
10,000 lbs. per square inch, and then decreases steadily till a strength of

only 6000 lbs. per square inch is shown at 1500° F.
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Cast iron appears to maintain its strength, with a tendency to In-
crease, until 900° is reached, beyond which temperature the strength
gradually diminishes. Under the highest temperatures, 1500° to 1600° F.,.
numerous cracks on the cylindrical surface of the specimen were devel- -i

oped prior to rupture. It is remarkable that cast iron, so much inferior i

in strength to the steels at atmospheric temperature, under the highest ,"

temperatures has nearly the same strength the high-temper steels then
have.

Strength of Wrought Iron and Steel at High Temperatures.
(Jour. F. I., cxii, 1881, p. 241.)—Kollmann's experiments at Oberhausen
included tests of the tensile strength of iron and steel at temperatures
ranging between 70° and 2000° F. Three kinds of metai were tested,
viz., fibrous iron of 52,464 lbs. T. S., 38,280 lbs. E. L., and 17.5%-
elong.; fine-grained iron of 56,892 lbs. T. S., 39,113 lbs. E. L., and 20%
elong.; and Bessemer steel of 84,826 lbs. T. S., 55,029 lbs. E. L., and
14.5% elong. The m^ean ultimate tensile strength of each material
expressed in per cent of that at ordinary atmospheric temperature is

given in the following table, the fifth column of which exhibits, for pur-
poses of comparison, the results of experiments by a committee of the
FrankUn Institute in the years 1832-36.

Temperature - Fibrous Fine-grained Bessemer Franklin In-
Degrees F. Iron, %. Iron, %. Steel, %. stitute, %.

100.0 100.0 100.0 96.0
100 100.0 100.0 100.0 102.0
200 100. 100.0 100.0 105.0
300 97.0 100.0 100.0 106.0
400 95.5 100.0 100.0 106.0

500 92.5 98.5 98.5 104.0
600 88.5 95.5 92.0 99.5
700 81.5 90.0 68.0 92.5
800 67.5 77.5 44.0 75.5
900 44.5 51.5 36.5 53.5
1000 26.0 36.0 31.0 36.0
1100 20.0

18.0
13.5

7.0
4.3
3.5

30.5
28.0
19.0

12.5
8.5
5.0

26.5
22.0
15.0

10.0
7.5
5.0

1200
1400
1600
1800
2000

Effect of Cold on the Strength of Iron and Steel. — The following
conclusions were arrived at by Mr. Styffe in 1865:

(1) The absolute strength of iron and steel is not diminished by cold,
even at the lowest temperature which ever occurs in Sweden.

(2) Neither in steel nor in iron is the extensibility less in severe cold
than at the ordinary temperature.

(3) The limit of elasticity in both steel and iron lies higher in severe
cold.

(4) The modulus of elasticity in both steel and iron is increased on
reduction of temperature, and diminished on elevation of temperature;
but that these variations never exceed 0.05% for a change of 1.8° F.
W, H. Barlow (Proc. Inst. C. E.) made experiments on bars of wrought

iron, cast iron, malleable cast iron, Bessemer steel, and tool steel. The
bars were tested with tensile and transverse strains, and also by im-
pact; one-half of them at a temperature of 50° F., and the other half at
5° F.
The results of the experiments were summarized as follows:

1. When bars of wrought iron or steel were submitted to a tensile

strain and broken, their strength was not affected by severe cold (5° F.),

but their ductility was increased about 1% in iron and 3% in steel.

2. Whan bars of cast iron were submitted to a transverse strain at a
low temperature, their strength was diminished about 3% and their
flexibility about 16%.

, , ^.
3. When bars of wrought iron, malleable cast iron, steel, and ordinary-

cast iron were subjected to impact at 5° F., the force required to break
them, and their flexibility, were reduced as follows:
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Reduction of

Force of Im-
pact, %.

Reduction of
Flexibility,

Wrought iron, about 3

31/2
41/2

21

18

Steel (best cast tool), about 17

15

Cast iron, about not taken

The experience of railways in Russia, Canada, and other countries
where the winter is severe, ie that the breakages of rails and tires are far
more numerous in the cold weather than in the summer. On this
account a softer class of steel is employed in Russia for rails than is usual
in more temperate climates.
The evidence extant in relation to this matter leaves no doubt that the

capability of wrought iron or steel to resist impact is reduced by cold. On
the other hand, its static strength is not impaired by low temperatures.
Increased Strength of Steel at very Low Temperature. — Steel of

72,300 lb. T. S. and 62,800 lb. elastic limit when tested at 76° F. gave
97,600 T. S. and 80,000 E. L. when tested at the temperature of liquid
air. — Watertown Arsenal Tests, Eng. Rec, July 21, 1906!

Prof. R. C. Carpenter (Proc. A. A. A. S. 1897) found that the strength
of wrought iron at — 70° F. was 20% greater than at 70° F.

Effect of Low Temperatures on Strength of Railroad Axles.
(Thos. Andrews, Proc. Inst. C. E., 1891.) —Axles 6 ft. 6 in. long be-
tween centers of journals, total length 7 ft. 31/2 in., diameter at middle
41/2 in., at wheel-sets 51/8 in., journals 33/4 x 7 in., were tested by im^pact
at temperatures of 0° and 100° F. Between the blows each axle was
half turned over, and was also replaced for 15 minutes in the water-bath.
The mean force of concussion resulting from each impact was ascer-

tained as follows:
Let h = height of free fall in feet, w = weight of test ball, hio = W =

" energy," or work in foot-tons, x = extent of deflections between bearings

then F (mean force) = W/x = hw/x .

The results of these experiments show that whereas at 0° F. a total
average mean force of 179 tons was sufficient to cause the breaking of the
axles, at 100° F. a total average mean force of 428 tons was required.
In other words, the resistance to concussion of the axles at 0° F. was only
about 42% of what it was at 100° F.

The average total deflection at 0° F. was 6.48 in., as against 15.06 in.
with the axles at 100° F. under the conditions stated; this represents an
ultimate reduction of flexibility, under the test of impact, of about 57%
for the cold axles at 0° F., compared with the warm axles at 100° F.

EXPANSION OF IKON AND STEEL BY HEAT.
James E. Howard, engineer in charge of the U. S. testing-machine at

Watertown, Mass., gives the following results of tests made on bars
35 in. long {Iron Age, April 10, 1890)

:

C. Mn. Si.

Coeffi. of

Expansion
per degree C, Mn. Si.

Coefn. of
Expansion
per degree

F.

Wrought iron
Steel.

0.0000067302
.0000067561
.0000066259
.0000065149
.0000066597
.0000066202

Steel., 0.57
.71

.81

.89

.97

0.93
.58

.56

.57

.80

.07

.08

.17

.19

.28

0.0000063891
0.09
.20

.31

.37

.51

0.11
.45

.57

.70

.58 :62

.0000064716

.0000062167
It «'

.0000062335
>i .0000061700

Cast (gun)
iron .0000059261

DURABILITY OF IRON, CORROSION, ETC.
Crystallization of Iron by Fatigue. — Wrought iron of the best

QuaUty is very tough, and breaks, on being pulled in a testing machine or
bent after nicking, with a fibrous fracture. Cold-short iron, however, is

more brittle, and breaks square across the fibers with a fracture which is
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comrnonly called crystalline although no real crystals are present. Iron
which has been repeatedly overstrained, and especially iron subjected
to repeated vibrations and shocks, also becomes brittle, and breaks with
an apparently crystalline fracture. See " Resistance of Metals to Repeated
Shocks." p. 276.

Walter H. Finley (Am. Mach., April 27, 1905) relates a case of fail-

ures of li/8-in. wrought-iron coupling pins on a train of 1-ton mine cars,

apparently due to crystallization. Alter two pins were broken after a
year's hard service, "several hitchings were laid on an anvil and the pin
broken by a single blow from a sledge. Pieces of the broken pins were
then heated to a bright red, and, after cooling slowly, were again put
under the hammer, which failed entiiely to break them. After cutting
with a cleaver, the pins were broken, and the fracture showed a complete
restoration of the fibrous structure. This annealing process was then
appUed to the whole supply of hitchings. Piles of twenty-five or thirty

were covered by a hot wood fire, which was allowed to die down and go
out, leaving the hitchings in a bed of ashes to cool off slowly. By
repeating this every six months the danger of brittle pins was avoided."

Durability of Cast Iron. — 1^'rederick Graff, in an article on the
Philadelphia water-supply, says that the first cast-iron pipe used there
was laid in 1820. These pipes were made of charcoal iron, and were in
constant use for 53 years. They were uncoated, and the inside was well
filled with tubercles. In salt water good cast iron, even uncoated, will

last for a century at least; but it often becomes soft enough to be cut by
a knife, as is shown in iron cannon taken up from the bottom of harbors
after long submersion. Close-grained, hard white metal lasts the longest
in sea water. (Eng'g News, April 23, 1887, and March 26, 1892.)
Tests of Iron after Forty Years' Service. — A square link 12 inched

broad, 1 inch thick and about 12 feet long was taken from the Kieff
bridge, then 40 years old, and tested in comparison with a similar link
which had been preserved in the stock-house since the bridge was built.

The following is the record of a mean of four longitudinal test-pieces,

1 X 11/8 X 8 inches, taken from each link (Stahl und Eisen, 1890):

Old Link T. S:, 21.8 tons; E. L., 11.1 tons; Elong., 14.05%
New Link " 22.2 " " 11.9 " " 13.42%

Durability of Iron in Bridges. (G. Lindenthal, Eng'g, May 2, 1884,
p. 139.) — The Old Monongaheia suspension bridge in Pittsburg, built

in 1845, was taken down in 1882. The wires of the cables were frequently
strained to half of their ultimate strength, yet on testing them after 37
years' use they showed a tensile strength of from 72,700 to 100,000 lbs.

per sq. in. The elastic limit was from 67,100 to 78,600 lbs. per sq in.

Reduction at point of fracture, 35% to 75%. Their diameter was 0.13in.
A new ordinary telegraph wire of same gauge tested for comparison

showed: T. S., of 100,000 lbs.; E. L., 81,550 lbs.; reduction, 57%. Iron
rods used as stays or suspenders showed: T. S., 43,770 to 49,720 lbs. E.
L., 26,380 to 29,200. Mr. Lindenthal draws these conclusions:

" The above tests indicate that iron highly strained for a long number
of years, but still within the elastic limit, and exposed to slight vibration,

'

will not deteriorate in quality.
"That if subjected to only one kind of strain it will not change its

texture, even if strained beyond its elastic limit, for many years. It will
stretch and behave much as in a testing-machine during a long test.

"That iron will change its texture only when exposed to alternate
severe straining, as in bending in different directions. If the bending is

slight but very rapid, as in violent vibrations, the effect is the same."
Durability of iron in Concrete.— In Paris a sewer of reinforced con-

crete 40 years old was removed and the metal was found in a perfect state
of preservation. In excavating for the foundations of the new General
Post Office in London some old Roman brickwork had to be removed,
and the hoop-iron bonds were still perfectly bright and good. {Eng'g,
Aug. 16, 1907, p. 227.)
Corrosion of Iron Bolts. — On bridges over the Thames in London,

bolts exposed to the action of the atmosphere and rain-water were eaten
away in 25 years from a diameter of 7/8 in. to 1/2 in., and from s/g in. diam-
eter to 5/16 inch.
Wire ropes exposed to drip in colliery shafts are very liable to corrosion.
Corrosive Agents in the Atmosphere. — The experiments of F.

Grace Calvert (.Chemical News, March 3, 1871) show that carbonic acid.
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in the presence of moisture, is the agent which determines the oxidation
of iron in the atmosphere. He subjected perfectly cleaned blades of
iron and steel to the action of different gases for a period of foxu- montlis,
with results as follows:

Dry oxygen, dry carbonic acid, a mixture of both gases, dry and damp
oxygen and ammonia: no oxidation. Damp oxygen: in three experi-
ments one blade only was slightly oxidized.
Damp carbonic acid : slight appearance of a white precipitate upon the

iron, found to be carbonate of iron. Damp carbonic acid and oxygen:
oxidation very rapid. Iron immersed in water containing carbonic acid
oxidized rapidly.

Iron immersed in distilled water deprived of its gases by boiling rusted
the iron in spots that were found to- contain impurities.
Sulphurous acid (the product of the combustion of the sulphur in coal)

is an exceedingly active corrosive agent, especially when the exposed iron
is coated with soot. This accounts for the rapid corrosion of iron in
railway bridges exposed to the smoke from locomotives. (See account of
experiments by the author on action of sulphurous acid in Jour. Frank.
Inst., June, 1875, p. 437.) An analysis of sooty iron rust from a railway
bridge showed the presence of sulphurous, sulphuric, and carbonic acids,
chlorine, and ammonia. Bloxam states that ammonia is formed from
the nitrogen of the air during the process of rusting.
Galvanic Action is a most active agent of corrosion. It takes place

when two metals, one electro-negative to the other, are placed in contact
and exposed to dampness.
Corrosion in Steam-boilers. — Internal corrosion may be due either

to the use of water containing free acid, or water containing sulphate
or cnloride of magnesium, which decompose when heated, liberating the
acid, or to water containing air or carbonic acid in solution. External
corrosion rarely takes place when a boiler is kept hot, but when cold it

is apt to corrode rapidly in those portions where it adjoins the brick-
work or where it may be covered by dust or ashes, or wherever damp-
ness may lodge. (See Impurities of Water, p. 720, and Incrustaticn and
Corrosion, p. 927.)

Corrosion of Iron and Steel. — Experiments made at the Riverside
Iron Works, WheeUng, W. Va., on the comparative liability to rust of
iron and soft Bessemer steel: A piece of iron plate and a similar piece of
steel, both clean and bright, were placed in a mixture of yeUow loam and
sand, with which had been thoroughly incorporated some carbonate of
soda, nitrate of soda, ammonium chloride, and chloride of magnesium.
The earth as prepared was kept moist. At the end of 33 days the pieces
of metal were taken out, cleaned, and weighed, when the iron was found
to have lost 0.84% of its weight and the steel 0.72%, The pieces were
replaced and after 28 days weighed again, when the iron was found to
have lost 2.06% of its original weight and the steel 1.79%. (,Eng'g, June
26, 1891.)
Internal Corrosion of Iron and Steel Pipes by "Wami Water.

(T. N. Thomson, Proc. A.S.H. V. E., 1908.)— Three short pieces of iron
and three of steel pipes, 2 in. diam., were connected together by nipples
and made part of a pipe line conveving water at a temperature varying
from 160° to 212° F. In one year 913/32 lbs. of wrought iron lost 203/4 oz.,

and 913/32 lbs. of steel 247/8 oz. The pipes were sawed in two lengthwise,
and the deepest pittings were measured by a micrometer. Assuming that
the pitting would have continued at a uniform rate the wrought-iron pipes
would have been corroded through in from 686 to 780 days, and the steel

pipes from 760 to 850 days, the average being 742 days for iron and 797
days for steel. Two samples each of galvanized iron and steel pipe were
also included in the pipe line, and their calculated life was: iron 770 and
1163 days; steel 619 and 1163 days. Of numerous samples of corroded
pipe received from heating engineers ten had given out within four years
of service, and of these six were steel and four were iron.
To ascertain whether Pipe is made of Wrought Iron or Steel, cut

off a short piece of the pipe and suspend it in a solution of 9 parts of water,
3 of sulphuric acid, and 1 of hydrochloric acid in a porcelain or glass dish
in such a wajr that the end will not touch the bottom of the dish. After
2 to 3 hours' immersion remove the pipe and wash off the acid. If the
pipe is steel the end will present a bright, solid, unbroken surface, while
if made of iron it will show faint ridges or rings, like the year rings in a



468 IRON AND STEEL.

tree, showing the different layers of iron and streaks of cinder. In order
that the scratches made by the cutting-ofl tool may not be mistaken for
the cinder marks, file the end of the pipe straight across or grind on an
emery wheel until the marks of the cUtting-off tool have disappeared
before putting it in the acid.

Relative Corrosion of Wrought Iron and Steel. (H, M. Howe,
Proc. A. S. T. M., 1906.) — On one hand we have the very general
opinion that steel corrodes very much faster than wrought iron, an opinion
held so widely and so strongly that it cannot be ignored. On the other
hand we have the results of direct experiments by a great many observers,
in different countries and under widely differing conditions; and these
results tend to show that there is no very great difference between the
corrosion of steel and wrought iron. -Under certain conditions steel seems
to rust a little faster than wrought iron, and under others wrought iron
seems to rust a little faster than steel. Taking the tests in unconfined
sea water as a whole wrought iron does constantly a little better than
steel, and its advantage seems to be still greater in the case of boiling sea
water. In the few tests in alkaline water wrought iron seems to have the
advantage over steel, whereas in acidulated v/ater steel seems to rust more
slowly than wrought iron.

Steel which in the first few months may rust faster than wrought iron
may, on greatly prolonging the experiments, or pushing them to destruc-
tion, actually rust more slowly, and vice versa.

Carelessly made steel, containing blowholes, may rust faster than
wrought iron, yet carefuUy made steel, free from blowholes, may rust
more slowly. Any difference between the two may be due not to the
inherent and intrinsic nature of the material, but to defects to which it

is subject if carelessly made. Care in manufacture, and special steps to
lessen the tendency to rust, might well make steel less corrodible than
wrought iron, even if steel carelessly made should really prove more
corrodible than wrought iron.

For extensive discussions on this subject see Trans. A.I. M. E.. 1905,
Proc. A. S. T. M., 1906 and 1908, and Bulletins of National Tube Co.
Corrosion of Fence Wire. (A, S. Cushman, Farmers' Bulletin, No.

239, U. S. Dept. of Agriculture, 1905.) — "A large number of letters were
received from all over the country in response to official inquiry, and
all pointed in the same direction. As far as human testimony is capable
of estabUshing a fact, there need be not the sUghtest question that modern
steel does not serve the purpose as well as the older metal manufactured
twenty or more years ago."

Electrolytic Theory, and Prevention of Corrosion. (A. S. Cush-
man, Bulletin No. 30, U. S. Dept. of Agriculture, Office of Public Roads,
1907. The Corrosion of Iron.) — The various kinds of merchantable iron .

and steel differ, within wide limits, in their resistance, not only to the
ordinary processes of oxidation known as rusting, but also in other corro-
sive influences. Different specimens of one and the same kind of iron or
steel will show great variability in resistance to corrosion under the con-
ditions of use and service. The causes of this variability are numerous
and complex, and the subject is not nearly so well understood at the
present time as it should be. All investigators are agreed that iron can-
not rust in air or oxygen unless water is present, and on the other hand
it cannot rust in water unless oxygen is present.
From the standpoint of the modern theory of solutions, all reactions

which take place in the wet way are attended with certain readjustments
of the electrical states of the reacting ions. The electrolytic theory of
rusting assumes that before iron can oxidize in the wet way it must first

pass into solution as a ferrous ion.
Dr. Cushman then gives an account of his experiments which he con-

siders demonstrate that iron goes into solution up to a certain maximum
concentration in pure water, without the aid of oxygen, carbonic acid or
other reacting substances. It is apparent that the rusting of iron is
primarily due, not to attack by oxygen, but by hydrogen ions.

Solutions of chromic acid and potassium bichromate inhibit the rusting
of iron. If a rod or strip of bright iron or steel is immersed for a few
hours in a 5 to 10 per cent solution of potassium bichromate, and is then
removed and thoroughly washed, a certain change has been produced
on the surface of the metal. The surface may be thoroughly washed
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and wiped with a clean cloth without disturbing this new surface condi-
tion.

_
No visible change has been effected, for the polished surfaces

examined under the microscope appear to be untouched. If, however,
the polished strips are immersed in water it will be found that rusting is

inhibited. An ordinary untreated polished specimen of steel will show
rusting in a few minutes when immersed in the ordinary distilled water of
the laboratory. Chromated specimens will stand immersion for varying
lengths of time before rust appears. In some cases it is a matter of
hours, in others of days or weeks before the inhibiting effect is overcome.

_ It would follow from the electrolytic theory that in order to have the
highest resistance to corrosion a metal should either be as free as possible
from certain impurities, such as manganese, or should be so homogene-
ous as not to retain localized positive and negative nodes for a long time
without change. Under the first condition iron would seem to have the
advantage over steel, but under the second much would depend upon
care exercised in manufacture, whatever process was used.

There are two lines of advance by which we may hope to meet the
difficulties attendant upon rapid corrosion. One is by the manufacture
of better metal, and the other is by the use of inhibitors and protective
coverings. Although it is true that laboratory tests are frequently
unsuccessful in imitating the conditions in service, it nevertheless appears
that chromic acid and its salts should under certain circumstances come
into use to inhibit extremely rapid corrosion by electrolysis.
Chrome Paints.— G. B. Heckel {Jour. F. I., Eng. Dig., Sept., 1908)

d[uotes a letter from Mr. Cushman as follows: "My observation that
chromic acid and certain of its compounds act as inhibitives has led to
many experiments by other workers along the same line. I have found
that the chrome compounds on the market vary very much in their action.
Some of them show up as strong inhibitors, while others go to the op-
posite extreme and stimulate corrosion. Referring only to the labeled
names of the pigments, I find among the good ones, in the order cited:
Zinc chromate, American vermihon, chrome yellow orange, chrome
yellow dd. Among the bad ones, also in the order given, I find: Chrome
yellow medium, chrome green, chrome red. Much the worst of all is

chrome yellow lemon. I presume that the difference is due to impurities
that are present in the bad pigments."

Mr. Heckel suggests the following formula for a protective paint: 40
lbs. American vermilion, 10 lbs. red lead, 5 lbs. Venetian red. Zinc
oxide and lamp-black to produce the required tint or shade. Grind in
1 Vs gal. of raw linseed oil — increasing the quantity as required for added
zinc oxide or lamp-black — and i/s gal. crusher's drier. For use, thin
with raw oil and very little turpentine or benzine.
He states that the substitution of zinc chrome for the American ver-

milion; of any high-grade finely ground iron oxide for the Venetian red;
and of American vermilion for the red lead, would probably improve the
protective value of the formula; that the addition of a very little kauri
gum varnish, if zinc oxide is used, might be found advantageous; and
that the substitution of a certain proportion of China wood oil for some
of the linseed oil might improve the wearing quaUties of the paint.

Dr. Cushman points out two dangers confronting us when we attempt
to base an inhibitive formula on commercial products. The first is that
all carbon pigments, excepting pure graphite, may contain sulphur com-
pounds easily oxidizable to sulphuric acid when spread out as in a paint
film. The second is the probability of variation in. the composition of
basic lead chromate or American vermilion. Because of these facts, it

is necessary, before selecting any particular pigment for its inhibitive
quality, to ascertain that it is free from acids or acid-forming impurities.
As a result of his experiments he recommends the substitution of Prus-
sian blue for the lamp-black in Mr. Heckel's formula, and lays down as a
safe rule in the formulation of inhibitive paints, a careful avoidance of
all potential stimulators of the hydrogen ions and consequently of any
substance which might develop acid ; preference being given to chromate
pigments which are to some extent soluble in water, and to other pig-
ments which in undergoing change tend to develop an alkaline rather
than an acid reaction. Calcium sulphate, for example, in any form (as
a constituent of Venetian red, for example), he deems dangerous to use
because of the possibility of its developing acid. Barium sulphate, on
the other hand, he regards as safe, because of its chemical stability..
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Corrosion caused by Stray Electric Currents. (W. W. Churchill,
Science, Sept. 28, 1906). — Surface condensers in electric lighting and
other plants were abandoned on account of electrolytic corrosion. The
voltage of the rails in the freight yard of the Long Island railroad at the
peak of the load was 9 volts above the potential of the river, decreasing
to 2 volts or less at light loads. .This caused a destruction of water pipes
and other things in the railroad yards. Experiments with various metal
plates immersed in samples of East River water showed that it gave a
more violent action than ordinary sea water. It was further observed
that there was a local galvanic action going on, and that the amount of
stray currents had something to do with the polarization of the surfaces,
making the galvanic action exceedingly violent and destroying thin cop-
per tubes at a very rapid rate. There was a violent local action between
the zinc and the copper of the brass tubes which were in contact with the
electrolyte, and this increased in the reaction as it progressed in stagnant
conditions. By interposing a counter electromotive force against the
galvanic couple which should exceed in pressure the voltage of the couple,
the actions of the electrolytic corrosion ceased. When unconnected, or
electrically separated, plates were placed in the electrolyte, if they were
of composite construction and had sharp projections into the fluid, raised
by cutting and prying up with a knife, they would have these projections
promptly destroyed, and if an electric battery having a pressure exceed-
ing that of the couple in the East River water was caused to act to pro-
duce a counter current, and having a pressure exceeding that of the
galvanic couple (0.42 volt), the capacity of this electrolyte to drive off
atoms of the m-echanically combined metals in the alloys used was over-
come and corrosion was arrested.

It, therefore, became desirable not only to carefully provide the bal-
ancing quantity of current to equal the stray traction currents arising
from the ground returns of railway and other service, but to add to this
the necessary voltage through a cathode placed in the circulating water
in such a way as to bring to bear electrolytic action which would pre-
vent the galvanic action due to this current coming into contact with
alloys of mechanically combined metals such as the brass tubes (60%
copper, 40% zinc).

In order to accomplish these two things, it was first necessary to so
install the condensers as to prevent undue amounts of stray currents
flowing through them, thus tending to reduce the amount of power
required to prevent injurious action of these currents and otherwise to
neutralize them. This was done by insulating the joints in the piping
and from ground connections, and even lining the large water connec-
tions with glass melted on to the surface.
To furnish electromotive force, a 3-K.W. motor generator was pro-

vided. By means of a system of wiring, with ammeters and voltmeters,
and a connection to an outlying anode in the condensing supply intake
at its harbor'end, this generator was planned to provide current to neu-
tralize the stray currents in the condenser structure to any extent that
they had passed the insulated joints in the supports and' connections, as
well as through the columns of water in the pipe connections, and then
to adjust the additional voltage needed to counteract and prevent the
galvanic action. All connections were made in a manner to insure a
uniform voltage of the various parts of the condenser to prevent local
action, each connection being so made and provided with such measuring
instruments as to insure ready adjustment to effect this. The apparatus
was designed in accordance with the above statements. Its operation
has extended over fourteen months (to date, 1906), and with the excep-
tion of about ten tubes which have become pitted, the results have been
satisfactory. The efficiency of the apparatus amply justifies the ex-
pense of its installation, while its operation is not expensive, and the
plant described will be,followed by other protecting plants of the same
character.

Elect "olytic Corrosion due to Overstrain. (C. F. Burgess, El. Rev.,
Sept. 19, 1908.) — Mild steel bars overstrained in their middle portion
were subjected to corrosion by suspension in dilute hydrochloric acid
solutions, and others by making them the anode in neutral solutions of
ammonium chloride and causing current to flow under low current den-
sity. In all cases a marked difference was noted in the rate at which the
strained portions corroded as compared with the unstrained.
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Differences of potential of from five to nine millivolts were noted
between two electrodes, one of which constituted the strained portion
and one the unstrained.

The more rapid electrolytic corrosion of the strained portion appears
to be due to the fact that the strained metal is electropositive to the
unstrained, the current finding the easier path through the surface of
the electropositive metal. That the strained metal is the more electro-
positive is also shown by a liberation of hydrogen bubbles on the un-
strained portion.

PRESERVATIVE COATINGS.

The following notes have been furnished to the author by Prof. A, H.
Sabin. (Revised, 1908.)

Cement. — Iron-work is often bedded in concrete; if free from cracks
and voids it is an efficient protection. The metal should be cleaned and
then washed with neat cement before embedding.
AsphaUiim. — This is applied either by dipping (as water-pipe) or

by pouring it on (as bridge floors). The asphalt should be slightly elastic
when cold, with a high melting-point, not softening much at 100° F.,
applied at 300° to 400°: the surface must be dry and should be hot; the
coating should be of considerable thickness.

Paint. — Composed of a vehicle or binder, usually linseed oil or some
inferior substitute, or varnish (enamel paints); and a pigment, which is a
more or less inert solid in the form of a powder, either mixed or ground
together. Nearly all paint contains paint drier or japan, wliich is a lead
or (and) manganese compound soluble in oil, and acts as a carrier of
oxygen; as little should be used as possible. Boiled oil contains- drier;
no'additional diier is heeded. None should be used with varnish paints,
uor with " leady-mixed paints " in general.

The principal pigments are white lead (carbonate or oxy-sulphate) and
white zinc (oxide), red lead (peroxide), oxides of iron, hydrated and
anhydrous, graphite, lampblack, bone black, chrome yellow, chrome
green, ultramarine and Prussian blue, and various tinting colors. White
lead has the greatest body or opacity of white pigments; three coats of it

equal five of white zinc; zinc is more brilliant and permanent, but it is

liable to peel, and it is customary to mix the two. These are the standa'-i
white paints for all uses, and the basis of all light-colored paints. Anhy-
drous iron oxides are brown and purplish brown, hydrated oxides are
yellowish red to reddish yellow, with more or less brown; most iron
oxides are mixtures of both sorts, and often contain a little m.anganese
and much clay. They are cheap, and are serviceable paints on wood and
are often used on iron, but for the latter use are falling into disrepute.
Graphite used for painting iron contains from 10 to 90% foreign matter,
usually silicates. It is very opaque, hence has great covering power and
may be applied in a very thin coat, which is to be avoided. The best
graphite paints give very good results. There are many grades of lamp-
black; the cheaper sorts contain oily matter and are especially hard to
dry; all lampblack is slow to dry in oil. In a less degree this is true of all

paints containing carbon, including graphite. Lampblack is used with
advantage with red lead; it is also an ingredient of many "carbon"
f)aints, the base of which is either bone black or artificial graphite. Red
ead dries by uniting chemically withthe oil to form a cement; it is heavy,
ard m.akes an expensive paint, and is often highly adulterated. Pure red
lead has long had a high reputation as a paint for iron and steel, and is

still used extensively, especially as a first coat; but of late years some of
the new paints and varnish-like preparations have displaced it to aeon'
siderable extent even, on the most important work.

Varnishes. — These are made by melting fossil resin, to which is then
added from half its weight to three times its weight of refined linseed oil,

and the compound is thinned with turpentine; they usually contain a
little drier. They are chiefly used on wood, being more durable and
more brilliant than oil, and are often used over paint to preserve it.

Asphaltum is sometimes substituted in part or in whole for the fossil

resin, and in this way are made black varnishes which have been used on
Iron and steel with good results. Asphaltum and substances like it have
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also been simply dissolved in solvents, as benzine or carbon disulphide,
and used for the same purpose.

All these preservative coatings are supposed to form impervious films,
keeping out air and moisture; but in fact all are somewhat porous. On
this account it is necessary to have a him of appreciable thickness, best
formed by successive coats, so that the pores of one will be closed by the
next. The pigment is used to give an agreeable color, to help fill the
pores of the oil film, to make the paint harder, so that it will resist abra-
sion, and to make a thicker film. In varnishes these results are sought to
be attained by the resin which is dissolved in the oil. There is no sort of
agreement among practical men as to wliich coating is best for any par-
ticular case; this is probably because so much depends on the preparation
of the surface and the care with winch the coating is applied, and also
because the conditions of exposure vary so greatly.

Methods of Application. — From the surface of the metal mud and
dirt must be first removed, then any rusty spots must be cleaned thor-
oughly; loose scale may be removed with wire brushes, but thick and
closely adherent rust must be removed with steel scrapers, or with hammer
and cliisel if necessary. The sand-blast is used largely and increasingly
to clean before painting, and is the best method known. Pickling is

usually done with 10% sulphuric acid; the solution is made more active
by heating. All traces of acid must be removed by washing, and the
metal must be immediately dried and painted. Less than two coats of
paint should never be used, and three or four are better. The first paint-
ing of metal is the most important. Paint is always thin on angles and
edges, also on bolt and rivet heads; after the first full coat apply a partial
or striping coat, covering the angles and edges for at least an inch back

,

from the edge, also all bolt and rivet heads. After this is dry apply the
second-full coat. At least a week should elapse between coats.

Cast-iron water pipes are usually coated by dipping in a hot mixture of
coal-tar and coal-tar pitch; riveted steel pipes by dipping in hot asphalt

'

or by a japan enamel which is baked on at about 400° F. Ships' bottoms
are coated with a varnish paint to prevent rusting, over which is a similar
paint containing a poison, as mercury chloride, or a copper compound,
or else for this second coat a greasy copper soap is applied hot; this
prevents the accumulation of marine growths. Galvanized iron and tin
surfaces should be thoroughly cleaned with benzine and scrubbed before
painting. When new they are partly covered with grease and chemicals
used in coating the plates, and these must be removed or the paint will

not adhere.
Quantity of Paint for a Given Surface. — One gallon of paint will

cover 250 to 400 sq. ft. as a first coat, depending on the character of the
surface, and from 350 to 500 sq. ft. as a second coat.

Qualities of Paints. — The Railroad and Engineering Journal, vols,

liv. and Iv., 1890 and 1891, has a series of articles on paint as applied to
wooden structures, its chemical nature, application, adulteration, etc., by
Dr. C. B. Dudley, chemist, and F. N. Pease, assistant chemist, of the
Penna. R. R. They give the results of a long series of experiments on
paints as applied to railway purposes.

Inoxydation Processes. (Contributed by Alfred Sang, Pittsburg,
Pa., 1908.) — The black oxide of iron (FesOO as a continuous coating
affords excellent protection against corrosion. Lavoisier (1781) noted its

artificial production and its stable qualities. Faraday (1858) observed
the protective properties of the coating formed by the action of steam
in superheating tubes. Berthier discovered its formation by the action
of highly heated air.

Bower-Barff Process. — Dr. Barff's method was to heat articles to be
coated to about 1800° F. and inject steam heated to 1000° F. into the
muffle. George and A. S. Bower used air instead of steam, then carbon
monoxide (producer gas) to reduce the red oxide. In the combined
process, the articles are heated to 1600° F. in a closed retort; super-
heated steam is injected for 20 min., then producer gas for 15 to 25 min.;
the treatment can be repeated to increase the depth of oxidation. Less
heat is required for wrought than for cast iron or steel. By a later

improvement, steam heated above the temperature of the articles was
injected during the last 1 to 2 hours. By a further improvement known
as the " Wells Process," the work is finished in one operation, the steam
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and producer-gas being injected together. Articles are sligtitly in-
creased in size by the treatment. The surface is gray, changing to
black when oiled; it will cliip off if too tliin; it will take paint or enamel
and may be pohshed, but can not be either bent or machined; the
coating itself is incorrodible and resists sea-water, mine-water and acid
fumes; the strength of the metal is sUghtly reduced. The process is

extensively used for small hardware. (See P. S. Barfl, Jour. I. &, S.
Inst., 1877, p. 356; A. S. Bower, Trans. A. I. M. E., 1882, p. 329; B. H.
Thwaite, Proc. Inst. C. E., 1883, p. 255; George W. Maynard, Trans.
A. S. M. E., iv, 351.)

Gesner Process.—Dr. George W. Gesner's process is in commercial
operation since 1890. The coating retort is kept at 1200° F. for 20
minutes after charging, then steam, partially decomposed by passing
through a red-hot pipe, is aUowed to act at intervals during 35 min.;
finally, a small quantity of naphtha, or other hydrocarbon, is intro-
duced and allowed to act for 15 min. The work is withdrawn when the
heat has fallen to 800° F. The articles are neither increased in size nor
distorted; the loss of strength and reduction of elongation are only
sKght. Large pieces can be treated. (See Jour. I. c& S. Inst., 1890 (ii),

p. 850; Iron Age, 1890, p. 544.)

Hydraesfer Process.---An improvement of the Gesner process pat-
ented by J. J. Bradley and in commercial operation. As its name im-
phes, the coating is thought to be an alloy of hydrogen, copper, and iron.
The sulpliides and phosphides are claimed to be burned out of the sur-
face of the metal by the action of hydrogen at a high temperature
giving additional rust-proof quaUties. The appearance of the finished
work is that of genuine Bower-BarflBng.

Russia and Planished Iron.—Russia iron is made by cementation
and sUght oxidation. W. Dewees Wood (U. S. Pat. No. 252,166 of
1882) treated planished sheets with hydrocarbon vapors or gas and
superheated steam within an air-tight and heated chamber.

Niter Process.—An old process improved by Col. A. R. BufQngton in
1884. The articles are stirred about in a mixtm-e of fused potassium
nitrate (saltpeter) and manganese dioxide, then suspended in the vapors
and finally dipped and washed in boihng water. Pure chemicals are
essential. Used for small arms and pieces which cannot stand the high
heat of other processes. {Trans. A. S. M. E., vol. vi, p. 628.)

Electric Process.—A. de Meritens connected polished articles as
anodes in a bath of warm distilled water and used a ciu-rent as weak as
could be conducted. A black film of oxide was formed; too strong a
current produced rust. It being essential that hydrogen be occluded in
the surface of the metal, it was found necessary, as a rule, to connect
the articles as cathodes for a short time previous to inoxidation. (Bull.
Soc. Intle. des Electr., 1886, p. 230.)

Aluminum Coatings.—Aluminum can be deposited electrically, the
main diflaculties being the high voltage required and the readiness of the
coating to redissolve. The metal-work of the tower of City Hall, Phila-
delphia, was coated by the Tacony Iron & Metal Co., Tacony, Pa., with
14 oz. per sq. ft. of copper, on which was deposited 2 H oz. of an alloy of
tin and aluminum. The Reeves Mfg. Co., Canal Dover, Ohio, makes
aluminum-coated conductor pipes, etc., said, to be as durable as copper
and as rust-proof as aluminum.

Galvanizing is a method of coating articles, usually of iron or steel,
with zinc. Galvanized iron resists ordinary corroding agencies, the
zinc becoming covered with a film of zinc carbonate, which protects the
metal from fm-ther chemical action. The coating is, however, quickly
destroyed by mine-water, tunnel gases, sea-water and conditions that
commonly exist in tropical countries. If the work is badly done and the
coating does not adhere properly, and if any acid from the pickle or any
chloride from the fiux remains on the iron, corrosion takes place imder
the zinc coating. (See M. P. Wood: Trans. A. S. M. E.,:k.y\.Z50. Al-
fred Sang: Trans. Am. Foundrymen's Assoc, 1907, Iron Age, May 23
and 30, 1907, and Proc. Eng. Soc. of W. Penna., Nov., 1907.)
The Penna. R. R, Specifications for galvanized sheets for car roofs
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(1907) prescribe that the black sheets before galvanizing should weigh
16 oz. per sq. ft., the galvanized sheet 18 oz. Sheets will not be accepted
if a chemical determination shows less than 1.5 oz. of zinc per sq. ft.

Mot Galvanizing. — The articles to be galvanized are nrst cleaned by
pickling and then dipped in a solution of hydrochloric acid and immersed
in a bath of molten zinc at a temperature of from 800 to 900° F.; when
they have reached the temperature of the bath, they are withdrawn and
the coating is set in water; sal-ammoniac is used on the pot as a flux,
either alone or as an emulsion with glycerine or some other fatty medium.
Wire, bands and similar articles are drawn continuously through the
bath, and may be passed through asbestos wipers to remove the surplus
metal; in this case it is advisable to use a very soft spelter free from iron.
If wire is treated slowly and passed through charcoal dust instead of
wipers the product is known as "double-galvanized." Tin can be added
to the bath to help bring out the spangles, but it gives a less durable
coating. Aluminum is added as a Zn-Al alloy, with about 20% Al, to
give fluidity. Sheets are galvanized continuously, and except in the
case of so-called "flux sheets," are put through rolls as they emerge
from the bath, to squeeze off the excess of zinc and improve the adherence.
Test for Galvanized Wire. — Sir W. Preece devised the following

standard test for the British Post Office: dip for one minute in a saturated
neutral solution of sulphate of copper, wash and wipe; to pass, the •

material must stand 3 dips.

The American standard test is as follows: prepare a neutral solution of
sulphate of copper of sp. gr. 1.185, dip for one minute, wash and wipe dry;
the wire must stand 4 dips without a permanent coating of copper show-
ing on any part of the wire.

Galvanizing by Cementation; Sherardizing.—The alloying of metals
at temperatures below their melting points has been known since 1820
or earlier. Berry (1838) invented a process of depositing zinc, in which
the objects to be coated were placed in a closed retort and covered with
a mixture of charcoal and powder of zinc; the retort was heated to cherry-
red for a longer or shorter period, according to the bulk of the article and
to the desired thickness of the coating. Dumas gave iron articles a slight
coating of copper by dipping them in a solution of sulphate of copper and
then heated them in a closed retort with oxide of zinc and charcoal dust.
Sheet steel cowbells are coated with brass by placing them in a mixture
of finely divided brass and charcoal dust and heating them to redness in
an air-tight crucible.

S. Cowper-Coles's process, known as Sherardizing, patented in 1902,
consists in packing the objects which are to be coated in zinc dust or
pulverized zinc to wlfich zinc oxide with a smaU percentage of charcoal
dust is added, and heating in a closed retort to a temperature below the
melting point of zinc. A large proportion of sand can be used to reduce
the amount of zinc dust carried in the retort, to prevent caking and give
a brighter finish; motion of the retort is in most cases necessary to obtain
an even coating. The operation lasts from 30 minutes to several hours,
depending on the size of the drum. Tempered steel is not affected by
the process, but surfaces are hardened, there being a zinc-iron alloy
formed to a depth varying with the time of treatment. This process is

suitable for small work, giving a superior quality of zinc coating. (See
Cowper-Coles, " Preservation and Ornamentation of Iron and Steel Sur-
faces," Trans. Snc. Engrs. 1905, p. 183; "Sherardizing," Iron Age,
1904, p. 12. Alfred Sang, "Theory and Practice of Sherardizing,"
El. Ghent, and Metall. Tnd., May, 1907.)

Lead Coatings. — Lead is a good protection for iron and steel pro-
vided it is perfectly gas-tight. Electrically deposited lead does not
bond well and the coating is porous. Sheets having a light coating of
lead, produced by dipping in the molten metal, are known as terne
plates; they have no lasting qualities. Lead-lined wrought pipe, fittings

and valves are made for conveying acids and other corroding liquids.
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STEEL.

The Manufacture of Steel. (See Classification of Iron and Steel,
p. 436.) Cast steel is a malleable alloy of iron, cast from a fluid mass.
It is distinguished from cast iron, which is not malleable, by being much
lower in carbon, and from wrought iron, which is welded from a pasty
mass, by being free from intermingled slag. Blister steel is a highly
carbonized wrought iron, made by the "cementation" process, which
consists in keeping wrought-iron bars at a red heat for some days in
contact with charcoal. Not over 2% of C is usually absorbed. The
surface of the iron is covered with small blisters, supposedly due to the
action of carbon on slag. Other wrought steels were formerly made by
direct processes from iron ore, and by the puddling process from wrought
iron, but these steels are now replaced by cast steels. Blister steel is,

however, still used as a raw material in the manufacture of crucible steel.

Case-hardening is a process of surface cementation.
Crucible Steel is commonly made in pots or crucibles holding about

80 pounds of metal. The raw material may be steel scrap; blister steel
bars; wrought iron with charcoal; cast iron with wrought iron or with
iron ore; or any mixture that will produce a metal having the desired
chemical constitution. Manganese in soipe form is usually added to
prevent oxidation of the iron. Some silicon is usually absorbed from the
crucible, and carbon also if the crucible is made of graphite and clay.
The crucible being covered, the steel is not affected by the oxj^gen or
sulphur in the flame. The quality of crucible steel depends on the free-
dom from objectionable elements, such as phosphorus, in the mixture,
on the complete removal of oxide, slag and blowholes by "dead-melting"
or "killing" before pouring, and on the kind and quantity of different
elements which are added in the mixture, or after melting, to give par-
ticular qualities to the steel, such as carbon, manganese, chromium,
tungsten and vanadium.
Bessemer Steel is made by blowing air through a bath of melted pig

iron. The oxygen of the air first burns away the silicon, then the carbon,
and before the carbon is entirely burned away, begins to burn the iron.
Spiegeleisen or ferro-manganese is then added to deoxidize the metal
and to give it the amount of carbon desired in the finished steel. In the
ordinary or "acid" Bessemer process the lining of the converter is a
silicious material, which has no effect on phosphorus, and all the phos-
phorus in the pig iron remains in the steel. In the "basic" or Thomas
and Gilchrist process the lining is of raagnesian limestone, and limestone
additions are made to the bath, so as to keep the slag basic, and the phos-
phorus enters the slag. By this process ores that were formerly unsuited
to the manufacture of steel have been made available.
Open-hearth Steel. — Any mixture that may be used for making

steel in a crucible may also be melted on the open hearth of a Siemens
regenerative furnace, and may be desiliconized and decarbonized by the
action of the flame and by additions of iron ore, deoxidized by the addi-
tion of spiegeleisen or ferro-manganese, and recarbonized by the same
additions or by pig iron. In the most common form of the process pig
iron and scrap steel are melted together on the hearth, and after the
manganese has been added to the bath it is tapped into the ladle. In the
Talbot process a large bath of melted material is kept in the furnace,
melted pig iron, taken from a blast furnace, is added to it, and iron ore
is added which contributes its iron to the melted metal while its oxygen
decarbonizes the pig iron. When the decarbonization has proceeded far
enough, ferro-manganese is added to destroy iron oxide, and a portion
of the metal is tapped out, leaving the remainder to receive another
charge of pig iron, and thus the process is continued indefinitely. In
the Duplex Process melted cast iron is desiliconized in a Bessemer con-
verter, and then run into an open hearth, where the steel-making opera-
tion is finished.
The open-hearth process, like the Bessemer, may be either acid or

basic, according to the character of the lining. The basic process is a
dephosjjhorizing one, and is the one most generally available, as it can
use pig irons that are either low or high in phosphorus.
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Belation between the Chemical Composition and Physical
Character of Steel.

W. U. Webster (Trans. A. I. M. E., vols, xxi and xxii, 1893-4) gives re»

suits of several hundred analyses and tensile tests of basic Bessemer steel
plates, and from a study of them draws conclusions as to the relation of
chemical composition to strength, the chief of which are condensed as
follows:
The indications are that a pure iron, without carbon, phosphorus, man-

ganese, silicon, or sulphur, if it could be obtained, would have a tensile
strength of 34,750 lbs. per sq. in., if tested in a s/g-in. plate. With this as a
base, a table is constructed by adding the following hardening effects, as
shown by increase of tensile strength, for the several elements named.

Carbon, a constant effect of 800 lbs. for each 0.01%.
Sulphur, " " 500 " " " 0.01%.
Phosphorus, the effect is higher in high-carbon than in low-carbon steels.

With carbon hun-
dredths % 9 10 11 12 13 14 15 16 17

Each 0.01% Phas
an effect of lbs.. 900 1000 1100 1200 1300 1400 1500 1500 1500
Manganese, the effect decreases as the per cent of manganese increases.

.00 .15 .20 .25

.25

220

.30
to
.35

.35
to
.40

.40 .45 .50 .55

.45 .50 .55

180 160 140 120 100

.65

100 lbs.

Mn being per i

''^"^
(.15 .20

Strength incr.

forq.01%... 240 240

fromO Mn...3600 4800 5900 6900 7800 8600 9300 9900 10,400 11,400

Silicon is so low in this steel that its hardening effect has not been con-
sidered.
With the above additions for carbon and phosphorus the following table

has been constructed (abridged from the original by Mr. Webster). To
the figures given the additions for sulphur and manganese should be made
as above.

Estim^ated Ultimate Strengths of Basic Bessemer-steel Plates.

For Carbon, 0.06 to 0.24; Phosphorus, .00 to .10; Manganese and Sulphur,
.00 in all cases.

Carbon. 0.06 .08 .10 .12 .14 .16 .18 .20 .22 .24

Phos. .005 39,950 41,550 43,250 44,950 46,650 48,300 49,909 51,500 53,100 54,700
" .01 40,350 41,950 43,750 5,550 47,350 49,050 50,650 52,250 53,850 55,450
" .02 41,150 42,750 44,750 46,750 48,750 50,550 52,150 53,750 55,35U 56,950
" .03 41,950 43,530 45,750 47,950 50,150 52,050 53,650 55,250 56,850 58,450
" .04 42,750 41,350 46,750 49,150 51,550 53,550 55,150 56,750 58,350 59,950
" .05 43,550 45,150 47,750 50,350 52,950 55,050 56,650 58,250 59,850 61,450
" .06 44,350 45,950 48,750 51,550 54,350 56,550 58,150 59,750 61,350 62,950
" .07 45,150 46,750 49,750 52,750 55,750 58,050 59,650 61,250 62,850 64,450
" .08 45,950 47,550 50,750 53,950 57,150 59,550 61,150 62,750 54,350 65,950
" .09 46,750 48,350 51,750 55,150 58,550 61,050 62,650 64,250 65,850 67,450
" .10 47,550 49,150 52,750 56,350 59,950 62,550 64,150 65,750 67,350 68,950

0.00IP.= «01bs. 80 lbs. 1001b. 120 ib. 140 lb. 1501b. 150 lb. l5Ulb. 1501b. 1501b.

In all rolled steel the quality depends on the size of the bloom or ingot
from which it is rolled, the work put on it, and the temperature at which
it is finished, as well as the chemical composition.

The above table is based on tests of plates s/g inch thick and under 70
inches wide; for other plates Mr. Webster gives the following corrections
for thickness and width. They are made necessary only by the effect of
thickness and width on the finishing temperature in ordinary practice.
Steel is frequently spoiled by being finished at too high a temperature.
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Thickness, in

Correction ( I )

Correction (2)

3/4*

-2000
-1000

11/16

^1750
- 750 - 500

9/16

-1250
- 250

-1000
VlQ 3/8 5/16

-500 +3000
±500 +1000 4-5000

* And over. (1) Plates up to 70 in. wide. (2) Over 70 in. wide.

Comparing the actual result of tests of 408 plates with the calculated
results, Mr. Webster found the variation to range as below*

Within lbs. 1000 2000 3000 4000 5000
Per cent... 28. 4 55.1 74.7 89.9 94.9

The last figure would indicate that if specifications were drawn calling
for steel plates not to vary more than 5000 lbs. T. S. from a soecified
figure (equal to a total range of 10,000 lbs.), there would be a probability
of the rejection of 5% of the blooms rolled, even if the whole lot was made
from steel of identical chemical analysis.
Campbell's Formulae. (H. H. Campbell, The Manufacture and Prop-

erties of Iron and Steel, p. 387.) —
Acid steel, 40,000 + 1000 C + 1000 P -f xMn = Ultimate strength.
Basic steel, 41,500 + 770 C + 1000 P + yMn = Ultimate strength.

The values of xMn and yMn are given by Mr. Campbell in a table,
but they may be found from the formulse xMn = 8 CMn — 320 C and
yMn = 90 Mn + 4 CMn — 2700 — 120 G, or, com.bining the formulae
we have:

Ult. strength, acid steel, 40,000 + 680 C + 1000 P + 8 CMn.
basic " 38,800 + 650 C + 1000 P + 90 Mn + 4 CMn^

In these formulae the unit of each chemical element is 0.01%.
Examples. Required the tensile strength of two steels containing

respectively C, 0.10, P, 0.10, Mn, 0.30, and C, 0.20, P, 0.10, Mn, 0.65.
Answers, by Webster, 59,650 and 77,150; by Campbell, 57,700 and 72,850.
Low Tensile Strength of Very Pure Steel. — Swedish nail-rod

open-hearth steel, tested by the author in 1881, showed a tensile strength of
only 42,591 lbs. per sq. in. A piece of American nail-rod steel showed
45,021 lbs. per sq. in. Both steels contained about 0.10 C and 0.015 P,
and were very low in S, Mn, and Si. The pieces tested were bars about
2 X 3/8 in. section.

R. A. Hadfield (Jour. Iron and Steel Inst., 1894) gives the strength of
very pure Swedish iron, remelted and tested as cast, 45,024 lbs. per sq,
in.; remelted and forged, 47,040 lbs. The analysis of the cast bar was::

C, 0.08; Si, 0.04; S, 0.02; P, 0,02; Mn, 0.01; Fe, 99.82.
** Armco Ingot Iron."—A very pure variety of open-hearth steel„

made by the American Rolling Mill Co., Middletown, Ohio, has been
given the trade name of Armco-American Ingot Iron. It is claimed
for this product that it resists corrosion better than any other grade of
wrought iron or steel. It is used cliiefly in sheets. The tensile strength,

is given as 38,000 to 44,000 lb. per square inch; elastic limit one half

the ultimate strength: elongation in 8 inches, 22%. The following-

analyses are given to show how Armco compares in composition witk
other iron products:

S P C Mn Si Cu O H N Fe
Armco 020 .003 .011 .019 .002 .025 .022 .001 .004 99.893
Puddled Iron. . .024 .155 .040 .040 .050 .025 .150 .001 .005 99.510
Mild Steel 050 .070 .115 .500 .005 .055 .023 .002 .009 99.171
High Garb. Steel .030 .030 1.000 .450 .150 .055 .025 .001 .006 98.253

Effect of Oxygen upon Strength of Steel. — A. Lantz, of the
Peine works, Germany, in a letter to Mr. Webster, says that oxygen plays
an important role — such that, given a like content of C, P, and Mn, a
blow with greater oxygen content gives a greater hardness and less ductility

than a blow with less oxygen content. The method used for determin-
ing oxygen is that of Prof. Ledebur, given in Stahl und Eisen, May, 1892,
p. 193. The variation in O may make a difference in strength of nearly
1/2 ton per sq. in. {Jour. I. and S. I., 1894.)

Electric Conductivity of Steel. — Louis Campredon reports in Le
Genie Civil [prior to 1895] the results of experiments on the electric resist-

ance of steel wires of different composition, ranging from 0.09 to 0.14 C;
0.21 to 0.54 Mn; Si, S, and P low. The figures show that the purer and
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softer the steel the better is its electric conductivity, and, furthermore, that
manganese is the element which most influences the conductivity. The
results may be expressed by the formula R = 5.2 + 6.25 ± 0.3; in which
R = relative resistance, copper being taken as 1, and S = the sum of the
percentages of C, P, S, Si, and Mn. The conclusions are confirmed by
J. A. Capp, in 1903, Trans. A.I. M. E., vol. xxxiv, who made forty-five
experiments on steel of a wide range of composition. His results may be
expressed by the formula R — 5.5 + 4*S ± 1. High manganese increases
the resistance at an increasing rate. Mr. Capp proposes the following
specification for steel to make a satisfactory third rail, having a resistance
eight times that of copper: C, 0.15; Mn, 0.30; P, 0.06; S, 0.06; Si, 0.05;
none of these figures to be exceeded.

Range of Variation in Strength of Bessemer and Open-Hearth
Steels.

The Carnegie Steel Co. in 1888 published a list of 1057 tests of Bes-
semer and open-hearth steel from which the following figures are selected

Kind of Steel.
11

Elastic Limit.
Ultimate
Strength.

Elongation,
Per cent
in 8 In.

High't. Lowest. High't. Lowest. High't. Lowest.

(a) Bess, structural

.

(&) " " .

(c) " angles ....
(d) 0. H. firebox . . .

100

170
72
25
20

46.570
47.690
41.890

39,230
39,970
32.630

71,300
73,540
63,450
62.790
69,940

61,450
65,200
56.130
50,350
63,970

33.00
30.25
34.30
36.00
30.00

23.75
23.15
26.25
25.62

(e) 0. H. bridge 22.75

Requirements of Specifications.
(a) E. L., 35,000; T. S., 62,000 to 70,000; elong., 22% in i

(6) E. L., 40,000; T. S., 67,000 to 75,000.
in.

(e)

E. L., 30,000; T. S., 56,000 to 04,000; elong., 20% in 8 in.
T. S., 50,000 to 62,000; elong., 26% in 4 in.
T. S., 64,000 to 70,000; elong., 20% in 8 in.

Bending Tests of Steel. (Pencoyd Iron Works.) — Steel below 0.10 C
should be capable of doubhng flat without fracture, after being chilled
from a red heat in cold water. Steel of 0.15 C will occasionaUy submit
to the same treatment, but will usually bend around a curve whose radius
is equal to the thickness of the specimen; about 90% of specimens stand
the latter bending test without fracture. As the steel becomes harder its
abihty to endure this bending test becomes more exceptional, and when
the carbon becomes 0.20 little over 25% of specimens will stand the last-
described bending test. Steel having about 0.40% C will usually harden
sufficiently to cut soft iron and maintain an edge,

EFFECT OF HEAT TREATMENT AND OF WORK ON STEEL.
Low Strength Due to Insuflficient Work. (A. E. Hunt, Trans.

A. I. M. E., 1886.) — Soft steel ingots, made in the ordinary M'ay for
boiler plates, have only from 10,000 to 20,000 lbs. tensile strength per sq.
in., an elongation of only about 10% in 8 in., and a reduction of area of
less than 20%. Such ingots, properly heated and rolled down from 10 in.
to 1/2 in. thickness, wiU give from 55,000 to 65,000 lbs. tensile strength, an
elongation in 8 in. of from 23% to 33%, and a reduction of area of from
55% to 70%. Any work stopping short of the above reduction in thick-
ness ordinarily yields intermediate results in tensile tests.

Effect of Finishing Temperature in Rolling. — The strength and
ductility of steel depend to a high degree upon fineness of grain, and
this may be obtained by having the temperature of the steel rather low,
say at a dull red heat, 1300° to 1400° F., during the finishing stage of
rolling. In the manufacture of steel rails a great improvement in quality
has been obtained by finishing at a low temperature. An indication of
the finishing temperature is the amount of shrinkage by cooUng after
leaving the rolls. The Phila. & Reading Railway Co.'s specification for
rails (1902) says, "The temperature of the ingot or bloom shaU be such
that with rapid rolling and without holding before or in the finishing
passes or subsequently, and without artificial cooling after leaving the
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last pass, the distance between the hot saws shall not exceed 30 ft. 6 in.
for a 30-ft. rail."

Fining the Grain by Annealing, — Steel which is coarse-grained
on account of leaving the rolls at too high a temperature may be made
fine-grained and have its ductility greatly increased without lowering its
tensile strength by reheating to a cherry-red and cooling at once in air.
(See paper on "Steel Rails," by Robert Job, Trans. A. I. M. E., 1902.)

Effect of Cold Roiling. — Cold roUing of iron and steel increases the
elastic limit and the ultimate strength, and decreases the ductility.
Major Wade's experiments on bars rolled and pohshed cold by Lautn's
process showed an average increase of load required to give a slight per-
manent set as follows: Transverse, 162%; torsion, 130%; compression,
161% on short columns li/2iri. long, and 64% on columns 8 in. long;
tension, 95%. The hardness, as measured by the weight required to
produce equal indentations, was increased 50%; and it was found that
the hardness was as great in the center of the bars as elsewhere. Sir
W. Fairbairn's experiments showed an increase in ultimate tensile
strength of 50%, and a reduct on in the elongation in 10 in. from 2 in.
or 20% to 0.79 in. or 7.9%.

Effect of Heat Treatment of a Motor-truck Axle.—(John Younger,
Trans., A. S. M. E., 1915.)—Shafts 2 1/4 in. diam. whose analysis was
approximately C, 0.20; Cr, 1.5; Mn, 0.30; Ni, 4.00; Si, 0.20; P and S
below 0.04; elasticlimit, 90,000; tensile strength, 105,000; reduction in
area, 66%; elongation in 2 in., 25%, were found to break in service.
The maximum power transmittted was about 33 H.P. at 27 r.p.m.
Experiments were made with heat treatment to raise the elastic limit.
The material selected had C, 0.30; Mn, 0.50; Cr, 1.5; Mi, 3.5. After
heat treatment the elastic limit was 175,000 lb. per sq. in.; tensile
strength, 185,000; elongation in 2 in., 14% ; reduction of area, 53 %. The
shafts are macliined from hot-rolled bars already heat-treated to show
an elastic limit of about 100,000. They are then heated to between
1450° and 1500° F. and quenched in oil, then reheated to a little over
700° F. and cooled slowly in air. They warped slightly, but were
straightened when hot under a press. The Brinell hardness after
treatment was 402 to 444. Not one of the shafts thiis treated has
broken in service. Other steels, such as 5% nickel steels, chrome-
vanadium steels, and air-hardening steels have been tried, and all have
been standing up to service. The success seems to be due entirely to
the high elastic limit. The Brinell hardness test is an unfailing indication
of the success or non-success of the heat treatment.
Effect of Annealing on Rolled Bars. (Campbell, Mfr. of Iron and

Steel, p. 275.)

Ultimate Elastic Elong. in Red. Area, Elas.
Strength. Limit 8 in., %. %• Ratio.

An- Nat- An- Nat- An- Nat- An- Nat- An-
Natural. nealed. ural. nealed. ural. nealed. ural. nealed. ural. nealed.

4 r 58.568 54.098 40.300 31,823 29 7 28.8 60,8 62.7 68.8 58.8
•S^ 62,187 58.364 42.606 35,120 28.0 28.6 62.2 63.5 68.5 60.2
-S § i 70.530 65.500 49,000 37.685 26.9 23.4 61.1 55.3 69.5 57.5

" .76,616 69.402 51.108 40.505 24.5 23.0 53.7 56.5 66.7 58.4

^^ ( 58,130 51.418 40.400 30,393 30.1 31.1 61.8 60.5 69.5 59.1
"1 62,089 55.021 42,441 31.576 30.1 30.4 60.9 60.0 68.4 57.4
X^ ) 69,420 60,850 45.090 34.000 25.6 26.5 59.3 52.1 65.0 55.9
^.a 75,865 67,618 49,69 i 39,403 24.7 26.3 54.4 51.4 65.5 58.3

The bars were rolled from 4 X 4-in. billets of open-hearth steel. The
figures are averages of from 2 to 12 tests of each heat. In annealing the
bars were heated in a muffle and withdrawn when they had reached a
dull yellow heat.
.Hardening of Soft SteeL— A. E. Hunt {Trans. A. I. M. E., 1883, vol.

xii) says that soft steel, no matter how low in carbon, will harden to a cer-
tain extent upon being heated red-hot and plunged into water, and that it

hardens more when phuiged into brine and less when quenched in oil.

A heat of open-hearth steel of 0.15% C and 0.29% Mn gave the foUoW"
ing results upon test-pieces from the same % in. thick plate.
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Unhardened T. S. 55,000 El. in 8 in. 27% Red. of Area 62%
Hardened in water " 74,000

" 25% " 50%
Hardened in brine " 84,000

" 22% " 43%
Hardened in oil " 67,000

" 26% " 49%
The greatly increased tenacity after hardening indicates that there must

be a considerable molecular change in the steel thus hardened, and that
if such a hardening should be created locally in a steel plate, there must
be very dangerous internal strains caused thereby.
Comparative Tests of Fuli-sized Eye-bars and Small Samples.

(G. G. S. Morison, A.S. C. E., 1893.)— 17 full-sized eye-bars, of the steel

used in the Memphis bridge, sections 10 in. wide X 1 to 23/iq in. thick, and
sample bars from the same melts. Average results:

Eye-bars: E. L., 32,350; T. S., 63,330; El. in full length, 13.7%; Red.
of area, 36.3%.

Small bars: E. L., 40,650; T. S., 71,640; El. in 8 ins., 26.2%; Red.
of area, 46.7%.

** Recalescence *' of Steel. — If we heat a bar of copper by a flame
of constant strength, and note carefully the interval of time occupied in
passing from each degree to the next higher degree, we find that these in-
tervals increase regularly, i.e., that the bar heats more and more slowly,
as its temperature approaches that of the flame. If we substitute a bar of
steel for one of copper, we find that these intervals increase regularly up
to a certain point, when the rise of temperature is suddenly and in most
cases greatly retarded or even completely arrested. After this the regular
rise of temperature is resumicd, though other like retardations may recur
as the temperature rises farther. So if we cool a bar of steel slowly the
fall of temperature is greatly retarded when it reaches a certain point in
dull redness. If the steel contains much carbon, and if certain favoring
conditions be maintained, the temperature, after descending regularly,
suddenly rises spontaneously very abruptly, remains stationary a while
and then redescends. This spontaneous reheating is known as "recales-
cence."

These retardations indicate that some change which absorbs or evolves
heat occurs within the metal. A retardation while the temperature is

rising points to a change which absorbs heat; a retardation during cooling
points to some change which evolves heat. (Henry M, Howe, on "Heat
Treatment of Steel," Trans. A. I. M. E., vol. xxii.)

Critical Point. (Campbell, p. 287.)— If a piece of steel containing over
0.50 C be allowed to cool slowly from a high temperature the cooling at
first proceeds at a uniformly retarded rate, but when about 700° C. is

reached there is an interruption of this regularity. In some cases the
rate of cooling may be very slow, in other cases the bar may not decrease
in temperature at all, while in still other cases the bar may actually grow
hotter for a moment. When this " critical- point " is passed, the bar cools
as before until it reaches the temperature of the atmosphere.

In metallography such a critical point is denoted by the letter A, and
the particular one just described is known as Ar. In heating a piece of
steel an opposite phenomenon is observed, there being an absorption of
heat by internal molecular action, with a consequent retardation in the
rise of temperature, and this point, which is some 30° C. higher than Ar,
is called Ac.

In soft steels, below 0.30 C, three critical points are found in cooling a
bar from a high temperature, called Ars, Ar2, Ari, Ari being the lowest,
and in heating the bar there are also three points, Aci, Acg, AC3, the first

named being the lowest. At each of the points there is a change in the
micro-structure of the steel.

Metallography.— This is a name given to a study of the micro-structure
of metals. The steel metallographist designates the different structures
that are found in a polished and etched section by the names austenite,
martensite, pearlite, cementite, ferrite, troostite, and sorbite. Austenite
is produced by quenching steel of over 1.40 C in ice water from above
1050° C. Martensite is produced by quenching this steel from tempera-
tures between 1050° C. and Arj. It is also found together with cementite
or ferrite in carbon steels below 1.30 C quenched at any point above Ari.

It is the constituent which confers hardness on steel. In steels cooled
slowly to below Ari the structure is composed entirely of ferrite, or

entirely of pearlite, or of pearlite mixed with ferrite or cementite, Ferrite
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Is Iron free from carbon and forms almost the whole of a low-carbori steel,
while cementite is considered to be a compound of iron and carbon, FesC,
the C of this form being known as cement carbon. Pearlite is an inti-
mate mixture of definite proportions of ferrite and cementite, corre-
sponding to a pure steel of about 0.80 C, which, unhardened, consists of
peariite alone. Steels lower in C contain pearlite with ferrite, and steels
higher in C contain pearlite and cementite. Troostite is a structure found
when steel is quenched while cooling through the critical range, and
sorbite when it is quenched at the end of the critical range. Quenching
in lead or reheating quenched steel to a purple tint may also produce
sorbite. (CampbeU, p. 296.)
Effect of Work on the Structure of Soft and Medium Steel. — Steel

as usually cast, cooling slowly, forms in crystals or grains. Rolling tends
to break up this grain, but immediately after the cessation of work the
formation of grains begins and continues until the metal has cooled to
the lower critical point. Hence the lower the temperature to which the
steel is worked, the more broken up the structure will be, but on the
other hand if the rolling be continued below the critical point, the effect
of cold work will be shown and strains will be set up which will make the
piece unfit for use without annealing.

Effect of Heat Treatment.— In heating steel through the lowest
critical point the crystalline structure is obliterated, the metal assuming the
finest condition of which it is capable. Above this point the size of grain
increases with the temperature.
Effect of Heating on Crucible Steel. (W. Campbell, Proc. A.S. T. M.,

ri, 213.)—Six steels, containing carbon as follows: (1) 2.04, (2) 1.94,

(3) 1.72, (4) 1.61, (5) 1.04, and (6) 0.70, were heated in a small gas
furnace to the temperatures given in the table and allowed to cool
slowly in the furnace, and were then tested, with results as below.

As
Rolled

855° 905° 950° 1070°|1200'='

C C C C
I
C

(1) T.S...
E.L
El. in 2 in.

(2) T.S...
E.L.......
El. in 2 in.

(3) T.S...

El. in 2 in.

(4) T. S. .

.

E.L
El. in 2 in.

(5) T.S...
E.L
El. in 2 in.

(6) T.S...
E.L
El. in 2 in.

144000

104200

4.0
146400
91000

6.3
153100
98100

7.2
157700
105200

6.5
141100
75800
12.8

117000
64700
17.0

115400

84600
6.0

1 15200
91500

8.0
126000
78300

8.0
128100
85300

105400
57700
18.0

95200
53250
23.0

114500

83900
7.0

104100
72600

9.5
11411

75700
11.5

117000
81300
14.5

97800
55200
22.0

88700
49700
27.5

57700
11.5

95000
68650
15.0

1 00300
50500
16.5

98650
52300

44850
26.5

85600
40200
27.0

95650
57800
12.5

92000
50500
17.0

98000
48750
10.0

97700
53350
18.5

96600
46600
19.0

94300
42150
19.0

93800
55500
12.0

89000
51000
12.5

94009
4790Q
13.5

95000
51350
15.0

111800
47200
13.0

91350
42100
18.5

95250
55350
II. 5

95350
49450

7.0
94350
48600
il.O

97350
51350
11.5

115900
50600
13.0

90300
41400
18.0

95200
49350

6.0
91800
49800

9.5
95000
45200

7.5
96350
48500

7.5
111500
46800
10.5

90500
39700
16.5

99000
49600

4.5
97000
41750

8.5
92350
43100
6.0

94400
51400

3.5
106100
56500
11.0

89500
57350
18.0

57400
56000

1.0
61350
47000

2.0
65300
50600

2.0
69800

3.0
112600
89600
11.5

90000
58500
16.0

The critical points Arj and Aci were determined, and the six steels gave
practically identical results; thus Ari ranged from 696 to 70S, averaging
704° C, and Aci- ranged from 730 to 737, averaging 733° C.
The temperatures at which the finest-grained and a very coarse-grained

fracture were found are as follows:

Steel No 12 3 4 5 6
Finest fracture 800 760 715-760 760 715 715° C
Very coarse fracture 1070 1070 1070 1070 855 800° O

Mr. Campbell's paper gives a list of fourteen papers by different authori-
ties on the micro-structure and the heat treatment of steel.

Burning, Overheating, and Restoring Steel. (G. B. Waterhouse,
A.S. T. M., vi, 247.)—Burnt metal is defined as coarsely crystaUine and
exceedingly brittle iron or steel, in consequence of excessive heating,
often with some layers of oxide of iron. It cannot be effectively restored

by heat treatment or mechanical work. Overheated metal is coarsely
crystalline from excessive heating, but with, no inter-crystalline spaces.

It can be restored by heat treatment or meciiamQal work. Seven iQts of
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nickel steel bars, containing 3.8% Ni, and C as in the table, were heated
to various temperatures in a mufSe furnace, with results as below.

%c.
0,41

Heated to. iOOOa

90245

26.0
99109
21.0

115421

16.5

135194

14.0
156827

7.5
168697

3.5
145642

10.5

iOOOb

71800

26.0
78500
25.0

89000
20.5

108960
15.0

130336

97516
15.0

63950
23.6

1100b
71700

25.5
78800
24.0

89400
19.0

111840
14.0

138112
3.5

98183
I.O

66640
25.0

nooh
74000
11.0

84903
11.5

99600
7.0

109600
3.0

83117
0.5

90729
0.5

97894
8.0

13C0b
71320

7.0
79600

5.0
85200

2.0
66800
0.5

46648
0.0

60600
0.0

35480
1.0

1200c
71487
10.5

81487
15.5

96040
10.0

102705

6.0
114107

5.5
95103

1.5

89045
17.5

IZOOd
T. S 74989

EI. % in 2 in 25
0,51 T.S 80795

EI. % in 2 in 22 5
0.63 T.S : 89842

EI. % in 2 in 21
79 T.S 90214

21
0.97 T.S ;: 103476

EI. % in 2 in 18
1.24 T.S

EI. in 2 in
106304

3 5
1 48 T. S 74592

EI. in 2 in 24.0

a. Heated to 1000 C, which took I hr. 25 min., held tnere 25 mm. and
cooled in air. b. The time required to heat to the temperatures named
was respectively 1 h. 10 m., 1 h. 45 m., 2 h. 35 m., and 2 h. 35 m. The
bars were kept at the desired temperature for an hour and then cooled
slowly in place, c. Reheated to 700 C, d. Reheated to 775 C.

In the steels below 1% C heating to 1200° is accompanied by an increase
in ultimate strength and a drop in ductility. Heating above 1200° pro-
duces a very coarse crystallization and a great loss in strength and
ductility. Reheating the overheated bars to 700° does not materially
affect their structure, but reheating to 775° restores the structure nearly
to that found before overheating, and completely restores the ductility.
Similar results are found with carbon steel.

Working Steel at a Blue Heat. — Not only are wrought iron and
Bteelmuch more brittle at a blue heat (i.e., the heat that would produce an
oxide coating ranging from, hght straw to blue on bright steel, 430° to
600° F.), but while they are probably not seriously affected by simple
exposure to blueness, even if prolonged, yet if they be worked in this range
of temperature they remain extremely brittle after cooling, and may
indeed be more brittle than when at blueness; this last point, however.
Is not certain. (Howe, Metallurgy of Steel, p. 534.)

Tests by Prof. Krohn, for the German State Railways, show that work-
ing at blue heat has a decided influence on all materials tested, the injury
done being greater on wrought iron and harder steel than on the softer
steel. The fact that wrought iron is injured by working at a blue heat
was reported by Stromeyer. (Engineering News, Jan. 9, 1892.)
A practice among boiler-makers for guarding against failures due to

working at a blue heat consists in the cessation of work as soon as a plate
which had been red-hot becomes so cool that the mark produced by
rubbing a hammer-handle or other piece of wood will not glow. A plate
which is not hot enough to produce this effect, yet too hot to be touched
by the hand, is most probably blue hot, and should under no circumstances
be hammered or bent. (C. E. Stromeyer, Proc. Inst. C. E., 1886.)

Oil-tempering and Annealing of Steel Forgings.— H. F. J. Porter
says (1897) that ah steel forgings above 0.1% carbon should be annealed,
to reUeve them of forging and annealing strains, and that the process
of annealing reduces the elastic limit to 47% of the ultimate strength.
Oil-tempering should only be practiced on thin sections, and large forgings
should be hollow for the purpose. This process raises the elastic limit
above 50% of the ultimate tensile strength, and in some alloys of steel,

notably nickel steel, will bring it up to 60% of the ultimate.
Heat Treatment of Armor Plates. (Hadfield Process, Iron Tr.

Rev., Dec. 7, 1905.) — A cast armor plate of nickel-chromium steel is

heated to from 950° C. to 1100° C, then cooled, preferably in air, then
reheated to about 700° and cooled slowly, preferably in the furnace in
which the heating was previously effected... again heated to about 700°
and allowed to cool slowly to 640° C, whereupon it is suddenly cooled by
spraying with water or by an air blast, but preferably in water. It is

then reheated to about 600° and again suddenly cooled, preferably by
quenching in water. Steel treated as described is suitable for armor
plates and other articles including parts of safes. Satisfactory results
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have been obtained by thus treating cast '6-in. armor plates containing
about 0.3 to 0.4 C, 0.25 Mn, 1.8 Cr, and 3.3 Ni cast in a sand mold.
Such a 6-in. plate attacked by armor-piercing projectiles of 4.7-in. and
6-in. calibers, stood over 15,000 foot-tons of energy without showing a
crack. Also a 4-in. plate treated as described and having a carbonized
or cemented face has withstood the attack of a 5.7-in. armor-piercing shell.

Brittleness Due to Long-continued Heating. If low-carbon steel,
(say under 0.15%) is held for a very long time at temperatures between
500 and 750° C. (930 and 1380° F.), the crystals become enormous and
the steel loses a large part of its strength and ductility. It takes a long time,
in.fact days, to produce this effect to any alarming degree, so that it is
not liable to occur during manufacture or mechanical treatment, but
steel is sometimes placed in positions where it may suffer this injury, for
example, in the case of the tie-rods of furnaces, supports of boilers, etc.,
so that the danger should be borne in mind by all engineers and users of
steel. A wrought-iron chain that supported one side of a 50-ton open-
hearth ladle, which was heated many times to a temperature above 500° C,
finally reached a condition of coarse crvstallization. so that it was unable
to bear the strain upon it. This phenomenon ot coarse crystaiuzation in
low-carbon steel is known as "Stead's Brittleness," alter J. E. Stead, who
has explained its cause. Ihe effect seems to begin at a temperature of
about 500° C. and proceeds more rapidly with an increase in temperature
until we reach 750° C. The damage may be repaired completely by heat-
ing the steel to a temperature between 800 and 900° C. The remedy is

the same as that for coarse crystalUzation, due to overheating, and all
steel which is placed in positions where it is liable to reach these tempera-
tures frequently should be restored at intervals of a week or a month, or
as often as may be necessary. (Stoughton.)

Surface Decarburization of Steel Heated in Melted Salts.—A. M.
Portevin {Proc. Iron & Steel Inst., 1914. Eng'g, Oct. 9, 1914) shows
that the surface layer of steel, to a depth which varies with time and
temperature, is greatly reduced in carbon when the steel is heated in
a bath of molten alkaline salts. In a steel containing 0.78 % C heated
in melted potassium chloride at 900° C, the C at the siu-face was re-
duced in 1/4 hour to 0.5, in 2 hours to 0.3, and in 5 hoiu-s to 0.15, the
thickness of the decarburized layer being for 1/4, 2, and 5 hours heating,
respectively, 0.1, 0.2, and 0.3 mm. When cyanide and cyanate of
potassium were added to the chloride decarburization and recarburiza-
tion took place simultaneously, the percentage of carbon at the surface
being 0.25 at the end of both 1/4 hour and 5 hours, the thickness of the
decarburized layer increasing from 0.06 mm. to 0.69 mm.

Influence of Annealing upon Magnetic Capacity.

Prof. D. E. Hughes (Eng'g, Feb. 8, 1884, p. 130) has invented a "Mag-
netic Balance," for testing the condition of iron and steel, which consists
chiefly of a delicate magnetic needle suspended over a graduated circular
index, and a magnet coil for magnetizing the bar to be tested. He finds
that the following laws hold with every variety of iron and steel:

1. The magnetic capacity is directly proportional to the softness, or
molecular freedom.

2. The resistance to a feeble external magnetizing force is directly as
the hardness, or molecular rigidity.

The magnetic balance shows that annealing not only produces softness
in iron, and consequent molecular freedom, but it entirely frees it from
all strains previously introduced by drawing or hammering. Thus a bar
of iron drawn or hammered has a peculiar structure, say a fibrous one,
which gives a greater mechanical strength in one direction than another.
This bar, if thoroughly annealed at high temperatures, becomes homo-
geneous in all directions, and has no longer even traces of its previous
strains, provided that there has been no actual separation into a distinct
series of fibers.

TREATMENT OF STRUCTURAL STEEL.
(James Christie, Tra7is. A. S. C. E., 1893.)

Effect of Punching and Shearing. — The physical effects of punching
and shearing as denoted by tensile test are for iron or steel:

Reduction of ductility; elevation of tensile strength at elastic limit;
reduction of ultimate tensile strength.

In very thin material the disturbance described is less than in thick;
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Sn fact, a degree of thinness is reached where this disturbance practi-
cally ceases. On the contrary, as thickness is increased the injury becomes
more evident.
The effects described do not invariably ensue; for unknown reasons there

are sometimes marked deviations from what seems to be a general result.
By thoroughly anneaUng sheared or punched steels the ductility is to a

large extent restored and the exaggerated elastic limit reduced, the change
being modified by the temperature of reheating and the method of cooling.

It is probable that the best results combined with least expenditure can
be obtained by punching all holes where vital strains are not transferred by
the rivets, and by reaming for important joints where strains on riveted
joints are vital, or wherever perforation may reduce sections to a m.ini-
mum. The reaming should be sufficient to thoroughly remove the mate-
rial disturbed by punching; to accom.plish this it is best to enlarge punched
holes at least 1/8 in. diameter with the reamer.

Riveting-. — It is the current practice to perforate holes l/i6 in. larger
than the rivet diameter. For work to be reamed it is also a usual require-
ment to punch the holes from l/s to S/iq in. less than the finished diameter,
the holes being reamed to the proper size after the various parts are
assembled.

It is also excellent practice to remove the sharp corner at both ends of
the reamed holes, so that a fillet will be formed at the junction of the body
and head of the finished rivets.

The rivets of either iron or mild steel should be heated to a bright red or
yellow heat and subjected to a pressure of not less than 50 tons per square
inch of sectional area.

For rivets of ordinary length this pressure has been found sufficient to
completely fill the hole. If, however, the holes and the rivets are excep-
tionally long, a greater pressure and a slower movement of the closing tool
than is used for shorter rivets has been found advantageous.

Welding. — No welding should be allowed on any steel that enters into
structures, [See page 487.]
Upsetting. — Enlarged ends on tension bars for screw-threads, eye-

bars, etc., are formed by upsetting the material. With proper treatment
and a sufficient increment of enlarged sectional area over the body of
the bar the result is entirely satisfactory. The upsetting process should
be performed so that the properly heated metal is compelled to flow
without folding or lapping.
Annealing. — The object of annealing structural steel is for the pur-

pose of securing homogeneity of structure that is supposed to be impaired
by unequal heating, or by the manipulation necessarily attendant on
certain processes. The objects to be annealed should be heated through-
out to a uniform temperature and uniformly cooled.
The physical effects of annealing, as indicated by tensile tests, depend

on the grade of steel, or the amount of hardening elements associated with
it; also on the temperature to which the steel is raised, and the method
or rate of cooling the heated material.
The physical effects of annealing medium-grade steel, as indicated by

tensile test, are reported very differently by different observers, some
claiming directly opposite results from' others. It is evident, when all the
attendant conditions are considered, that the obtained results must vary
both in kind and degree.
The temperatures employed will vary from 1000° to 1500° F, In

some cases the heated steel is withdrawn at full temperature from the
furnace and allowed to cool in the atmosphere; in others the mass is

removed from the furnace, but covered under a muffle, to lessen the free
radiation; or, again, the charge is retained in the furnace, and the whole
mass cooled with the furnace, and more slowly than by either of the other
methods.
The best general results from annealing will probably be obtained by

Introducing the material into a uniformly heated oven in which the tem-
perature is not so high as to cause a possibility of cracking by sudden and
unequal changing of temperature, then gradually raising the temperature
of the material until it is uniformly about 1200° F., then withdrawing the
material after the temperature is somewhat reduced and cooling under
shelter of a muffle sufficiently to prevent too free and unequal cooling on
the one hani or excessively slow cooling on the other.

G. G. Mehrtens, Trans, A. S. C, E., 1893, says: " Annealing is of advan-
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tage to all steel above 64,000 lbs. strength per square inch, but it is ques-
tionable whether it is necessary in softer steels. The distortions due to
heating cause trouble in subsequent straightening, especially of thin plates.

"In a general way all unannealed mild steel for a strength of 56,000 to
64,000 lbs. may be worked in the same way as wrought iron. Rough
treatment or working at a blue heat must, however, be prohibited. Shear-
ing is to be avoided, except to prepare rough plates, which should after-
wards be smoothed by machine tools or files before using. Drifting is also
to be avoided, because the edges of the holes are thereby strained beyond
the yield-point. Reaming drilled holes is not necessary, particularly
when sharp drills are used and neat work is done. A slight counter-
sinking of the edges of drilled holes is all that is necessary. Working the
material while heated should be avoided as far as possible, and the
engineer should bear this in mJnd when designing structures. Upsetting,
cranking, and bending ought to be avoided, but when necessary the
material should be annealed after completion.

" The riveting of a mild-steel rivet should be finished as quickly as pos-
sible, before it cools to the dangerous heat. For this reason machine work
13 the best. There is a special advantage in machine work from the fact
that the pressure can be retained upon the rivet until it has cooled suffi-
ciently to prevent elongation and the consequent loosening of the rivet."
Punching and Drilling of Steel Plates. {Proc. Inst. M. E., Aug.,

1887, p. 326.) — In Prof. Unwin's report the results of the greater number
of the experiments made on iron and steel plates lead to the general con-
clusion that wWle thin plates, even of steel, do not suffer very much from
punching, yet in those of 1/2 in. thickness and upwards the loss of tenacity
due to punching ranges from 10% to 23% in iron plates and from 11% to
33% in the case of mild steel.

MISCELLANEOUS NOTES ON STEEL.

May Carbon be Burned Out of Steel ? — Experiments made at the
Laboratory of the Penna. Railroad Co. (Specifications for Springs, 1888)
with the steel of spiral springs, show that the place from which the borings
are taken for analysis has a very important influence on the amount of
carbon found. If the sample is a piece of the round bar, and the borings
are taken from the^end of this piece, the carbon is always higher than if the
borings are taken from the side of the piece. It is common to find a
difference of 0.10% between the center and side of the bar, and in some
cases the difference is as high as 0.23%. Apparently during the process
of reducing the metal from the ingots to the round bar, with successive
heatings, the carbon in the outside of the bar is burned out.

Effect of Nicking a Steel Bar. — The statement is sometimes made
that, owing to the homogeneity of steel, a bar with a surface crack or nick
in one of its edges is liable to fail by the gradual spreading of the nick, and
thus break under a very much smaller load than a sound bar. With iron
it is contended this does not occur, as this metal has a fibrous structure.
Sir Benjamin Baker has, however, shown that this theory, at least so far
as statical stress is concerned, is opposed to the facts, as he purposely
made nicks in specimens of the mild steel used at the Forth Bridge, but
found that the tensile strength of .the whole was thus reduced by only
about one ton per square inch of section. In an experiment by the Union
Bridge Company a full-sized steel counter-bar, with a screw-turned
buckle connection, was tested under a heavy statical stress, and at the
same time a weight weighing 1040 lbs. was allowed to drop on it from
various heights. The bar was first broken by ordinary statical strain,
and showed a breaking stress of 66,800 lbs. per square inch. The longer
of the broken parts was then placed in the machine and put under the
following loads, whilst a weight, as already mentioned, was dropped on it

from various heights at a distance of five feet from the sleeve-nut of the
turn-buckle, as shown below:

Stress in pounds per sq. in 50,000 55,000 60,000 63,000 65,000
ft. in. ft. in. ft. in. ft. in. ft. in.

The weight was then shifted so as to fall directly on the sleeve-nut, and
the test proceeded as follows:

Stress on specimen in lbs. per square inch 65,350 65,350 68,800
Height of fall, feet 3 6 6
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It will be seen that under this trial the bar carri-ed more than when
originally tested statically, showing that the nicking of the bar by screw-
ing had not appreciably weakened its power of resisting shocks.— Eng'g
News.

Specifle Gravity of Soft Steel. (W. Kent, Trans. A. I. M. E., xiv,
585.) — Five specimens of boiler-plate of C 0.14, P 0.03 gave an average
sp. gr. of 7.932, maximum variation 0.008. The pieces were first planed
to remove all possible scale indentations, then filed smooth, then cleaned
in dilute sulphuric acid, and then boiled in distilled water, to remove all

traces of air from the surface.
The figures of specific gravity thus obtained by careful experiment on

bright, smooth pieces of steel are, however, too high for use in determining
the weights of rolled plates for commercial purposes. The actual average
thickness of these plates is always a little less than is shown by the calipers,
on account of the oxide of iron on the surface, and because the surface is

not perfectly smooth and regular. A number of experiments on com-
mercial plates, and comparison of other authorities, led to the figure
7.854 as the average specific gravity of open-hearth boiler-plate steel.
This figure is easily remembered as being_ the same figure with change of
position of the decimal point (.7854) which expresses the relation of the
area of a circle to that of its circumscribed square. Taking the weight
of a cubic foot of water at 62° F. as 62.36 lbs. (average of several authori-
ties), this figure gives 489.775 lbs, as the weight of a cubic foot of steel,
or the even figure, 490 lbs., may be taken as a convenient figure, and
accurate within the limits of the error of observation.
A common method of approximating the weight of iron plates is to con-

sider them to weigh 40 lbs, per square foot one inch thick. Taking this
weight and adding 2% gives almost exactly the weight of steel boiler-
plate given above (40 X 12 X 1.02 = 489.6 lbs. per cubic foot).

Occasional Failures of Bessemer Steel. — G. H. Clapp and A.
E. Hunt, in their paper on " The Inspection of Materials of Construction in
the United States " {Trans. A. I. M. E., vol. xix), say: Numerous instances
could be cited to show the unreliability of Bessemer steel for structural
purposes. One of the most marked, however, was the following: A
12-in. I-beam weighing 30 lbs. to the foot, 20 feet long, on being unloaded
from a car broke in two about 6 feet from one end.
The analyses and tensile tests made do not show any cause for the failure.
The cold and cfuench bending tests of both the original 3/4-in. round test-

pieces, and '^f pieces cut from the finis'ned material, gave satisfactory re-
sults; the cold-bending tests closing down on themselves without sign of
fracture.
Numerous other cases of angles and plates that were so hard in places as

to break off short in punching, or, what was worse, to break the punches,
have come under our observation, and although makers of Bessemer steel
claim that this is just a.s likely to occur in open-hearth as in Bessemer steel,

we have as yet never seen an instance of failure of this kind in open-
hearth steel having a composition such as C 0.25%, Mn 0.70%, P 0.08%.

J. W. Wailes, in a paper read before the Chemical Section of the British
Association for the Advancem.ent of Science, in speaking of mysterious
failures of steel, states that investigation shows that "these failures occur
in steel of one class, viz., soft steel made by the Bessemer process."

Dangerous Low Carbon Steel.—A remarkable failure of ship-plate
steel is described in Jour. A. S. M. E., Jan., 1915 (from Trans. North
East Coast Institution of Engineers and Shipbuilders). In punching
the plates several of them cracked, and on riveting many of them
cracked between the rivets; they also cracked on being struck with
an ordinary hammer. The plates had passed all the usual chemical
and physical tests of Lloyd's. A chemical analysis gave C. 0.05; Si.

0.08; Mn. 0.86; S. 0.08; P. 0.06. A micrographic examination showed
numerous dove-gray areas of sulphide of manganese. Alternating
stress tests on bars s/g in. diameter, bent s/g in. each way at 3 in.

from the plane of maximum stress, gave only 100 alternations of stress
before fracture, as compared with 300 for good steel. Prof. J. O.
Arnold, of ShefHeld, says the material appears to have been overheated
in manufacturing the plates from the slab ingots, and that slow cooling
from a high temperature after rolling, the plates being stacked in piles
to cool, would make crystallization more perfect and hence more
dangerous.
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Segregation in Steel Ingots. (A. Pourcel, Trans. A.J. M. E., 1893.)
— H. M. Howe, in his " Metallurgy of Steel," gives a resume of observations,

with the results of numerous analyses, bearing upon the phenomena of

segregation. „ . „ ^ „ , . ,

A test-piece taken 24 inches from the head of an ingot 7.5 feet in length

gave by analysis very different results from those of a test-piece taken
30 inches from the bottom. ^^ ^. ^ _,

C. Mn. Si. S. P.

Ton 0.92 0.535 0.043 0.161 0.261
Bottom.'." .

.' 0.37 0.498 0.006 0.025 0.096
Segregation is less marked in ingots of extra-soft metal cast in cast-iron

molds of considerable thickness. It is, however, still important, and ex-

plains the difference often shown by the results of tests on pieces taken
from different portions of a plate. Two samples, taken from the sound
part of a fiat ingot, one on the outside and the other in the center, 7.9

inches from the upper edge, gave:
C. S. P. Mn.

Center 0.14 0.053 0.072 0.576
Exterior 0.11 0.036 0.027 0.610
Manganese is the element most uniformly disseminated in hard or soft

steel.

For cannon of large caliber, if we reject, in addition to the part cast in

sand and called the masselotte (sinking-head), one-third of the upper part
of the ingot, we can obtain a tube practically homogeneous in composition,
because the central part is naturally removed by the boring of the tube.
With extra-soft steels, destined for ship- or boiler-plates, the solution for

practically perfect homogeneity lies in the obtaining of a metal more
closely deserving its name of extra-soft metal.
The injurious consequences of segregation must be suppressed by redu-

cing, as far as possible, the elements subject to liquation.
Segregation in Steel Plates. (C. L. Huston, Proc. A. S. T. M., vi. 182.)

A plate 370 X 76 X s/ie in. was rolled from a 16 X 18-in. ingot, weighing
2800 lbs., the ladle test of which showed 0.18 C. Test pieces from the
plate gave the following:

Top of Ingot:
Tensile Strength 56,730 67,420 67,050 66,980 56,440
Carbon 0.13 0.25 0.27 0.25 0.13

Bottom of Ingot:
Tensile Strength 56,120 57,720 58,400 58,140 56,900
Carbon 0.13 0.13 0.16 0.16 0.1412 3 4 5

Columns 1 and 5, edge of plate; 3, middle, 2 and 4, half way between
middle and edge.

Other tests of low-carbon steel phowed a lower degree of segregation.
A plate from an ingot of 0.23 C gave minimum 0.18 C T. S., 64,580:
maximum 0.38 C, T. S., 70,340. One from an ingot of 0.26 C gave
maximum 0.20 C, T. S., 59,600; maximum 0.50 C, T. S., 78,600. (See
also paper on this subject by H. M. Howe in vol. vii, p. 75.)
Endurance of Steel under Repeated Alternate Stresses, (J. E.

Howard, A. S. T .M., 1907, p. 252.)— Small bars were rapidly rotated in a
machine while being subjected to a transverse strain. Two steels gave
results as follows: (1) 0.55 C, T. S., 111,200; E. L., 59,000; Elong., 12%;
Red. of area, 33.*7o. (2) 0.82 C, T. S., 142,000; E. L.. 64,000; Elong..
7%: Red. of area, 11.8%.

Fiber stress. ...

No. of rotations be-
fore rupture.

60,000
; (I) 12.490

(2) 37.250

50.000 45,000
33,160 166.240

213,150 605.640 202.000,000

40,000 35,000
I

30.000
455.000 900,000 |76,326.240

Not broken.

Welding of Steel. — H. H. Campbell (Manuf. of Iron and Steel,
p. 402) had numerous bars of steel welded by different skilled blacksmiths.
The record of results, he says, "is extremely unsatisfactory." The
worst weld by each of four workmen showed respectively 70, 54, 58. and
44% of the strength of the original bar. Forging steel showed one weld
with only 48%, common soft steel 44%, and pure basic steel 59%. In
a series of tests by the Royal Prussian Testing Institute, the average
strengtii of welded bars of medium steel was 58% of the natural, the
poorest bar showing only 23%. In softer steei the average was 71%,
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and the poorest 33 %, while in puddled iron the average was 81 % and the
poorest 62%. Mr. Campbell concludes: " A weld as performed by
ordinary blacksmiths, whether on iron or steel, is not nearly as good as
the rest of the bar; and it is stiU more certain that welds of large rods of
common forging steel are unreliable and should not be employed in
structural work. Electric methods do not offer a solution of the problem,
for the metal is heated beyond the critical temperature of crystallization,
and only by heavy reductions under the hammer or press can much be
done towards restoring the ductility of the piece."
Welding of Steel.— A. E. Hunt (A. I. M. E., 1892) says: •'! have never

seen so-called ' welded ' pieces of steel pulled apart in a testing-machine
or otherwise broken at the joint which have not shown a smooth cleavage
plane, as it were, such as in iron would be condemned as an imperfect
weld. My experience in this matter leads me to agree with the position
taken by Mr. William Metcalf in his paper upon Steel (Trans. A.S.C.E.,
vol. xvi, p. 301) . Mr. Metcalf says, 'I do not believe steel can be welded
The Thermit Welding Process. (Goldschmidt Thermit Co., New

York.)—When powdered or finely di^dded aluminum is mixed v/ith a
metallic oxide and ignited, the aluminum burns with great rapidity and
intense heat, reducing the oxide to a metal and fusing it. It is said that
iron oxide and aluminum wiU make a temperature of 5400° F., producing
fused Iron which will melt any iron or steel with which it comes in con-
tact. The process is largely used for repairing' breaks of large castings
or forgings, such as the stern post of a steamship, a locomotive frame,
etc.

_
In the operation of welding a large fractured piece, the fracture

is drilled out with a series of 3/4-in. holes close together, making a clear
opening. A mold of fire-clay and sand is then made to fit all around
the fracture, leaving a collar or ring surrounding it, baked in a furnace
and then placed in position. The fractured section is then heated by a
blow-torch inserted in the riser of the mold. A conical sheet iron cru-
cible, Uned with magnesia tar, is then inserted in the riser, and thermit
(the mixture of aluminum and oxide of iron) poured into it. An ignition
powder is placed on top of the thermit, and lighted with a storm match.
The mixture begins to burn with great agitation; when this ceases the
crucible is tapped, and white-hot fused iron or steel runs into the mold
and thoroughly fuses with the pieces to be joined.
Oxy-acetylene Welding and Cutting of Metals.—Autogenous

Welding. — By means of acetylene gas and oxygen, stored in tanks
under pressure, and a properly constructed nozzle or torch in which the
two gases are united and fired, an intense temperature said to be 6000° F.,
is generated, audit m^ay be used to weld or fuse together iron, steel, alumi-
num, brass, copper, or other metals. The process of uniting metals by heat
without using either flux or compression is called autogenous welding.
The oxy-acetylene torch may also be used for cutting metals, such as
steel plates, beams and large forgings, and for repairing flaws or defects,
or filling, cavities by melting a strip of metal and flowing it into place.
The apparatus, with instruction in its use, is furnished by the Davis-
Bournonville Co., Jersey City, N. J.

Electric Welding. — For description see Electrical Engineering.
Hydraulic Forging. — In the production of heavy forgings from

cast ingots of mild steel it is essential that the m.ass of metal should be
operated on as equally as possible throughout its entire thickness. When
employing a steam-hammer for this purpose it has been found that the ex-
ternal surface of the ingot absorbs a large proportion ofcthe sudden impact
of the blow, and that a comparatively smaU effect only is produced on the
central portions of the ingot, owing to the resistance offered by the inertia
of the mass to the rapid motion of the falling ham.mer — a disadvantage
that is entirely overcome by the slow, though powerful, compression of the
hydraulic forging-press, which appears destined to supersede the steam-
hammer for the production of massive steel forgings.
Fluid-compressed Steel by the *' Whitworth Process." (Proc.

Inst. M. E., May, 1887, p. 167.) — In this system a graduaUy increasing
pressure up to 6 or 8 tons per square inch is applied to the fluid ingot, and
within half an hour or less after the application of the pressure the.column
of fluid steel is shortened 1 1/2 inches per foot or one-eighth of its length; the
pressure is then kept on for several hours, the result being that the metal
is compressed into a perfectly solid and homogeneous material fjee from
blow holes.
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In large gun-ring' ingots during cooling the carbon is driven to the center,
the center containing 0.8 carbon and the outer ring 0.3. The center is

bored out until a test shows that tlie inside of the ring contains the same
percentage of carbon as the outside,

Fhiid-compressed steel is made by the Bethlehem Steel Co. for gun and
other heavj'' forgings.

Putting sufficient pressure upon the outside of the ingot when the walls
are solid but the interior is still liquid will prevent the formation of a
pipe. In Whitworth's system the ingot is raised and compressed length-
wise against a solid ram situated above it, during and shortly after solidifi-
cation. In Harmet's method the ingot is forced upward during solidifi-

cation into its tapered mold. This causes a large radial pressure on its

sides, in Lilienberg's method the ingots are stripped and then run on
their cars between a solid and movable wall. The movable wall is then
pressed against one side of the ingots. (Stoughton's Metallurgy of Iron
and Steel.)
For other methods of compressing ingots see paper by A. J. Capron in

Jour. I. & S. I., 1906, Iron Tr. Rev., May 24, 1906.

STEEL CASTINGS.
(E. S. Cramp, Proc.Eng'g Congress, Dept, of Marine Eng'g, Chicago, 1893.}

In 1891 American steel-founders had successfully produced a consider-
able variety of heavy and difficult castings, of wliich the following are the
most noteworthy specimens:

Bed-plates up to 24,000 lbs.; stern-posts up to 54,000 lbs.; stems up to
21,000 lbs.; hydraulic cylinders up to 11,000 lbs.; shaft-struts up to 32.000
lbs.; hawse-pipes up to 7500 lbs.; stern-pipes up to 8000 lbs.

The percentage of success in these classes of castings since 1890 has
ranged from 65% in the more difficult forms to 90% in the simpler ones;
the tensile strength has been from 62,000 to 78,000 lbs., elongation from
15% to 25%.
The first steel castings of which anything is generally known were

crossing-frogs made for the Philadelphia & Reading R. R. in July, 1867, by
the WilUam Butcher Steel Works, now the Midvale Steel Co. The molds
were made of a mixture of ground fire-brick, black-lead crucible-pot3
ground fine, and fire-clay, and washed with a black-lead wash. The steel
was melted in crucibles, and was about as hard as tool steel. The surface
of these castings was very smooth, but the interior was very much honey-
combed. This was before the days when the use of silicon was known for
solidifying steel. The sponginess, which was almost universal, was a great
obstacle to their general adoption.
The next step was to leave the ground pots out of the molding mixture

and to wash the mold with finely ground fire-brick. This was a great im-
provement, especially in very heavy castings; but this mixture still clung so
strongly to the casting that only comparatively simple shapes could b.e

made with certainty. A mold m.ade of such a mixture became almost as
hard as fire-brick, and was such an obstacle to the proper shrinkage of
castings that, when at aU compUcated in shape, they had so great a
tendency to crack as to make their successful manufacture almost impos-
sible. By tlfis time the use of silicon had been discovered, and the only
obstacle in the way of making good castings was a suitable molding
mixture. This was ultimately found in mixtures having the various kinds
of siUca sand as the principal constituent.
One of the most fertile sources of defects in castings is a bad design.

"Very intricate shapes can be cast successfully if they are so designed as to
cool uniformly. Mr. Cramp says while he is not yet prepared to state that
anything that can be cast successfully in iron can be cast in steel, indica-
tions seem to point that way in aU cases where it is possible to put on suit-
able sinking-heads for feeding the casting.
H. L. Gantt {Trans. A. S. M. E.,xn, 710) says: Steel castings not only

shrink much more than iron ones, but with less regularity. The amount of
shrinkage varies with the composition and the heat of the metal; the hotter
the metal the greater the shrinkage; and, as we get smoother castings from
hot metal, it is better to make allowance for large shrinkage and pour the
metal as hot as possible. Allow s/iq or 1/4 in. per ft. in length for shrinkage,
and 1/4 in. for finish on machined surfaces, except such as are cast "up.
Cope surfaces which are to be machined should, in large or hard castings,

have an allowance of from % to % in. for finish, as a large mass of metal
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slowly rising in a mold is apt to become crusty on the surface, and such a
crust is sure to be full of imperfections. On small, soft castings i/s in. on
drag side and 1/4 in. on cope side will be sufficient. No core should have
less than 1/4 in. finish on aside and very large ones should have as much as
1/2 in. on a side. Blow-holes can be entirely prevented in castings by the
addition of manganese and siUcon in sufficient quantities; but both of
these cause brittleness, and it is the object of the conscientious steel-
maker to put no more manganese and silicon in his steel than is just suffi-
cient to make it solid. The best results are arrived at when ail portions of
the castings are of a uniform thickness, or very nearly so.
The following table will illustrate the effect of annealing on tensile

strength and elongation of steel castings:

Tensile Strength. [ Elongation.

Unannealed. Annealed. Unannealed. Annealed.

0.23%
0.37
0.53

68.738
85.540
90.12!

67,210
82,228
106.415

22.40%
8.20
2.35

31.40%
21.80%
9.80

The proper annealing of large castings takes nea'rly a week.
The proper steel for roll pinions, hammer dies, etc., seems to he that

containing about 0. 60% of carbon. Such castings, properly annealed, have
worn weil and seldom broken. Miscellaneous gearing should contain
carbon 0.40% to 0.60%, gears larger in diameter being softest. General
machinery castings should, as a rule, contain less than 0.40% of carbon,
those exposed to great shocks containing as low as 0.20% of carbon. Such
castings will give a tensile strength of from 60,000 to 80,000 lbs. per sq,
in. and at least 15% extension in 2 in. Machinery and hull castings for
war-vessels for the United States Navy, as well as carriages for naval
guns, contain from 0.20% to 0.30% of carbon.

For description of methods of manufacture of steel castings by the Besse-
mer, open-hearth, and crucible processes, see paper by P. G. Salom, Tram,
A. I. M. E., xiv. 118.

CRUCIBLE STEEL.

Selection of Grades by the Eye, and Effect of Heat Treatment.
(J. W. Langley, Anier. Chemist, Nov., 1876.) — In the early days of steel
making the grades were determined by inspection of the fractured surfaces
of the cast ingots. The method of selection is described as follows:
The steel when thoroughly fluid is poured into cast-iron molds, and

when cold the top of the ingot is broken off, exposing a freshly fractured
surface. The appearance presented is that of confused groups of crystals,
all appearing to have started from the outside and to have met in the
center; this general form is common to all ingots of whatever composition,
but to the trained eye, and only to one long and critically exercised, a
minute but indescribable difference is perceived between varying samples
of steel, and this difference is now known to be owing almost wholly to
variations in the amount of combined carbon, as the following table will
show. Twelve samples selected by the eye alone, and analyses of drillings
taken direct from the ingot before it had been heated or hammered, gave
results as below:

Ingot Nos. 1 2 3456789 10 11 12
.0 0.302 .490 .529 .649 .801 .841 .867 .871 .955 1.005 1.058 1.079
Diff. ofC 0.188.039.120.152.040.026.004 .084 .050 .053 .021

The C is seen to increase in quantity in the order of the numbers. The
other elements, with the exceotion of total iron, bear no relation to the
number on the samples. The mean difference of C is 0.071.

In mild steels the discrimination is less perfect.
The appearance of the fracture by which the above twelve selections

vere made can only be seen in the cold insot before any operation, except
the original one of casting, has been performed upon it. As soon as it is

hammered, the structure changes, so that all trace of the primitive con-
dition appears to be lost.
The specific gravity of steel is influenced not only by its chemical analy-

sis but by the heat to which it is subjected.
The sp. gr. of the ingots in the above hst ranged from 7.855 for No. 1
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down to 7.803 for No. 12. Rolling into bars produced a very slight dif-

ference, — 0.005 in Nos. 5 and 6 and +0.020 in No. 12, but overheating
reduced the sp. gv. of the bar 0.023 in No. 3 to 0.135 in No. 12, the sp. gr. of
the burnt sample of No. 12 being only 7.690.

Effect of Heat on the Grain of Steel. (W. Metcalf, — Jeans on
Steel, p. 642.) — A simple experiment will show the alteration produced
in a high-carbon steel by different methods of hardening. If a bar of such
steel be nicked at about 9 or 10 places, and about half an inch apart, a
suitable specimen is obtained for the experiment. Place one end of the
bar in a good fire, so that the first nicked piece is heated to whiteness,
while the rest of the bar, being out of the fire, is heated up less and less
as we approach the other end. As soon as the first piece is at a good
white heat, which of course burns a high-carbon steel, and the temperature
of the rest of the bar gradually passes down to a very dull red, the metal
should be taken out of the fire and suddenly plunged in cold water, in
which it should be left till quite cold. It should then be taken out and
carefully dried. An examination with a file will show that the first piece
has the greatest hardness, while the last piece is the softest, the inter-
mediate pieces gradually passing from one condition to the other. On
now breaking off the pieces at each nick it will be seen that very consider-
able and characteristic changes have been produced in the appearance of
the metal. The first burnt piece is very open or crystalline in fracture;
the succeeding pieces become closer and closer in the grain until one piece
is found to possess that perfectly even grain and velvet-like appearance
which is so much prized by experienced steel users. The first pieces also,
which have been too much hardened, will probably be cracked; those at
the other end will not be hardened through. Hence if it be desired to
make the steel hard and strong, the temperature used must be high
enough to harden the metal through, but not sufficient to open the grain.
Heating Tool SteeL (Crescent Steel Co., Pittsburg, Pa.) — There are

three distinct stages or times of heating: First, for forging; second, for
hardening; third, for tempering.
The first requisite for a good heat for forging is a clean fire and plenty of

fuel, so that jets of hot air wiU not strike the corners of the piece; next,
the fire should be regular, and give a good uniform heat to the whole part
to be forged. It should be keen enough to heat. the piece as rapidly as
may be, and aUow it to be thoroitghly heated through, without being
so fierce as to overheat the corners. Steel should not be left in the fire

any longer than is necessary to heat it clear through, as "soaking" in
fire is injurious; on the other hand, it is necessary that it should be hot
through, to prevent surface cracks. By observing these precautions a
piece of steel maj^ always be heated safely, up to even a bright yellow
heat, when there is much forging to be done on it.

The best and most economical of welding fluxes is clean, crude borax,
which should be first thoroughly melted and then ground to fine powder.

After the steel is properly heated, it should be forged to shape as quickly
as possible; and just as the red heat is leaving the parts intended for cutting
edges, these parts should be refined by rapid, light blows, continued until
the red disappears.

For the second stage of heating, for hardening, great care should be used:
first, to protect the cutting edges and working parts from heating more
rapidly than the body of the piece; next, that the whole part to be hardened
be heated uniformly through, without any part becoming visibly hotter
than the other. A uniform heat, as low as will give the required hardness,
is the best for hardening.

For everjr variation of heat which is great enough to be seen there will
result a variation in grain, which may be seen by breaking the piece; and
for every such variation in temperature there is a very good chance for a
crack to be seen. Many a costly tool is ruined by inattention to this point.
The effect of too high heat is to open the grain; to make the steel coarse.

The effect of an irregular heat is to cause irregular grain, irregular strains,
and cracks.

As soon as the piece is properly heated for hardening, it should be
promptly and thoroughly quenched in plenty of the cooling medium, water,
brine, or oil, as the case may be. An abundance of cooling bath, to do
the work quickly and uniformly all over, is necessary to good and safe

work.
To harden a large piece safely a running stream should be used.
Much uneven hardening is caiised by the use of too small baths.
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For the third stage of heating, to temper, the first important Teauisite Is

again uniformity. The next is time; the more slowly a piece is brought
down to its temper, the better and safer is the operation.
When expensive tools are to be made it is a wise precaution to try small

gieces of the steel at different temperatures, so as to find out how low a
eat will gfive the necessary hardness. The lowest heat is the best for any

steel. [This is true of carbon steel but not of "high speed " alloy steels.]

Heating in a Lead Bath. — A good method of heating steel to a
uniform temperature is by means of a bath of lead kept at a red heat by
a gas furnace. See Heat Treatment by the Taylor-White Process, under
Machine Shop.
Heating Steel in Melted Salts by Electric Current. — L. M. Cohn

(Eledrof. Z., Aug., 1906, Mach'ij, Dec, 1906) describes a furnace pat-
ented by Gebr. Korting, Berlin, in which steel may be heated uniformly
to any desired temperature up to 1300° C. (2372° F.) without danger of
oxidizing.
The furnace consists mainly of a cast-iron box, Imed inside with fire-

clay, a second lining of fire-bricks, lined again with asbestos, and
Inclosing the crucible made of one piece of fireproof material. Two
electrodes lead into the crucible, through which alternating current is

sent. The crucible is filled with metal salts. For temperatures above
100G° C. pure chloride of barium is used, the melting-Doint of which is

at about 950° C. (1742 F.) : for lower temperatures a mixtiire of chloride
of barium and chloride of potassium, 2 to 1, is used, melting at about
C70° C. (1238 F.). Any other suitable salts may be used. A regulating
transformer regulates the current, and thus also the temperature.
A test was made with a furnace, the bath of which was 6I/2 X 6I/2 X 7

in. A 50-period alternating current of 190-volt primary tension was
used. This tension had to be reduced to from 50 to 55 volts by the
regulating transformer for starting the furnace, and lowered later on.

The heating lasted about half an hour. For temperatures from 750 to
1300° C, the secondary tension amounted to from 13 to 18 volts. The
consumption of energy was as follows: 880° C, 5.4 Kw.; 1140° C, 8 5
Kw.; 1300° C, 12.25 Kw. A milling cutter 5 in. diam., II/4 in. bore, 1 in.

,thick, was heated in 62 seconds to 1300° G. A bushing of tool steel 23/4
in. diam., 23/4 in. long, s/g m. bore, was heated in 243 seconds to 850°C.
' Heating to Forge. (Crescent Steel Co.) — The trouble in the forge
fire is usually uneven heat, and not too high heat. Suppose the piece to
be forged has been put into a very hot fire, and forced as quickly as possible
to a high yellow heat, so that it is almost up to the scintillating point. If

this be done, in a few minutes the outside will be quite soft and in a nice
condition for forging, while the middle parts will not be more than red-hot.
Now let the piece be placed under the hammer and forged, and the soft
outside will yield so much more readily than the hard inside, that the
outer particles will be torn asunder, while the inside will remain sound.

Suppose the case to be reversed and the inside to be much hotter than the
outside; that is, that the inside shall be in a state of semi-fusion, while the
outside is hard and firm. Now let the piece be forged, and the outside will
be all sound and the whole piece will appear perfectly good until it is

cropped, and then it is found to be hollow inside.
In either case, if the piece had been heated soft all through, or if it had

been only red-hot all through, it would have forged perfectly sound.
In some cases a high heat is more desirable to save heavy labor, but in

every case where a fine steel is to be used for cutting purposes it must be
borne in mind that very heavy forging refines the bars as they slowly cool,
and if the smith heats such refined bars until they are soft, he raises the
grain, makes them coarse, and he cannot get them fine again unless he has
a very heavy steam-hammer at command and knows how to use it well.

Annealing. (Crescent Steel Co.) — Annealing or softening is accom-
plished by heating steel to a red heat and then cooling it very slowly,
to prevent it from getting hard again.
The higher the degree of heat, the more will steel be softened, until the

limit of softness is reached, when the steel is melted.
It does not follow that the higher a piece of steel is heated the softer it

will be when cooled, no matter how slowly it may be cooled; this is proved
by the fact that an ingot is always harder than a rolled or hammered bar
made from it.

Therefore there is notliing gained by heating a piece of steel hotter than



\
^- \

CEUCIBLE STEEL. 493

a good, bright, cherry-red; on the contrary, a higher heat has several dis-

advantages: First. If carried too far, it may leave the steel actually

harder than a good red heat would leave it. Second. If a scale is raised

on the steel, this scale will be harsh, granular oxide of iron, and will spoil,

the tools used to cut it. Third. A high scaling heat continued for a little

time changes the structure of the steel, makes it brittle, liable to crack in

hardening, and impossible to refine.

To anneal any piece of steel, heat it red-hot ; heat it uniformly and heat it

through, taking care not to let the ends and corners get too hot. As
soon as it is hot, take it out of the fire, the sooner the better, and cool it

as slowly as possible. A good rule for heating is to heat it at so low a red
that when the piece is cold it will still show the blue gloss of the oxide
that was put there by the hammer or the rolls. Steel annealed in this

way will cut very soft; it will harden very hard, without cracking, and
when tempered it will be strong, nicely refined, and will hold a keen,
strong edge.
Tempering.—Tempering steel is the act of giving it, after it has been

shaped, the hardness necessary for the work it has to do. This is done by
first hardening the piece, generally a good deal harder than is necessary,
and then toughening it by slow heating and gradual softening until it is

just right for work.
A piece of steel properly tempered should always be finer in grain than

the bar from which it is made. If it is necessary, in order to make the
piece as hard as is required, to heat it so hot that after being hardened the
grain will be as coarse as or coarser than the grain in the original bar, then
the steel itself is of too low carbon for the desired work.

If a great degree of hardness is not desired, as in the case of tapp and
most tools of complicated form, and it is found that at a moderate heat the
tools are too hard and are liable to crack, the smith should first use a lower
heat in order to save the tools already made, and then notify the oteel-

maker that his steel is too high, so as to prevent a recurrence of the
trouble.

For descriptions of various methods of tempering steel, see "Tempering
of Metals," by Joshua Rose, in App. Cyc. Mech., vol. ii, p. 863; also,

"Wrinkles and Recipes," from the Scientific American. In both of these
works Mr. Rose gives a "color scale," lithographed in colors, by which the
foUowing is a list of the tools in their order on the color scale, together
with the approximate color and the temperature at which the color
appears on brightened steel when heated in the air:

Scrapers for brass; very pale yellow, Hand-plane irons.
430° F. Twist-drills.

Steel-engraving tools. Flat drills' for brass.
Slight' turning tools. Wood-boring cutters.
Hammer faces. Drifts.
Planer tools for steel. Coopers' tools.
Ivory-cutting tools. Edging cutters; light purple, 530° F.
Planer tools for iron. Augers.
Paper-cutters. Dental and surgical instruments
Wood-engraving tools. Cold chisels for steel.

Bone-cutting tools. Axes; dark purple, 550° F.
Milling-cutters; simwyeWow, 460° F. Gimlets.
Wire-drawing dies. Cold chisels for cast iron.
Boring-cutters. Saws for bone and ivory.
Leather-cutting dies. Needles.
Screw-cutting dies. • Firmer-chisels.
Inserted saw-teeth. Hack-saws.
Taps. Framing-chisels.
Rock-drills. Cold chisels for wrought iron.
Chasers. Molding and planing cutters to be
Punches and dies. filed.

Penknives, Circular saws for metal.
Reamers. Screw-drivers.
Half-round bits. Springs.
Planing and molding cutters. Saws for wood.
Stone-cutting tools; brown yellow. Dark blue, 570° F.

500° F. Pale blue. 610°.
Gouges. Blue, tinged with green, 630°.
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Uses of Crucible Steel of Different Carbons. (Metcalf on Steel.)—
0.50 to 0.60 C, for hot work and for battering tools.

0.60 to 0.70 C, ditto, and for tools of dull edge.
0.70 to 0.80 C, battering tools, cold-sets, and some forms of reamers and

taps.
0.80 to 0.90 C, cold-sets, hand-cWsels, drills, taps, reamers and dies.

0.90 to 1.00 C, chisels, drills, dies, axes, knives, etc.

1.00 to 1.10 C, axes, hatchets, knives, large lathe-tools, and many kinds
of dies and drills if care be used in tempering them.

1.10 to 1.50 C, lathe-tools, graving tools, scribers. scrapers, little drills,

and many similar purposes.

The best all-around tool steel is found between 0.90 and 1.10 C; steel

that can be adapted safely and successfully to more uses than any
other.
High-speed Tool Steel. (A. L. Valentine. Am. Mach., July 2. 1908.) —

Eight brands of high-speed steel were analyzed with the following
results:

Steel. C. W. Cr. Mn. Si. Mo. P- s.

b
c

(J

0.70
0.25
0.75
0.49
0.65
0.60
0.55
0.66

14.91

17.27
14.83

17.60

2.95
2.69
2.90
5.11

0.01

Trace
0.08

0.013
0.035
0.02
0.01
0.016
0.019

0.008
0.179

"5J9"
Trace
0.01

0.007
0.19 0.039 9.60 0.005

f 13.00
17.81
19.03

2.88
2.48

0.01

0.11 0.090
0.036 0.015

W, Wolfram, symbol for tungsten.
Where blanks appear in the table, the steel was not analyzed for these

ingredients.
Many different brands of high-speed steel are being made. Some that

have been m.arketed are almost worthless. From some of these steels a
tool can be made from one end of a bar that is easily forged, machined
and hardened, while the other end of the bar would resist almost any
cutting tool and would invariably crack in hardening. Different bars of
the same make also give very different results. These faults are some-
times caused by non-uniform anneaUng in the steels which are sent out as
thoroughly annealed, and in many cases they are caused by the use of
impure ingredients. A good high-speed steel will stand a temperature
as high as 1200° F., or over double that of carbon steel, without losing its

hardness, and experience .has proven that the higher the temperature is

raised over the white-heat point, the higher a temperature caused by
friction the tool will withstand, before losing its intense hardness. The
higher the percentage of carbon is, the more brittle and hard to work the
steel will be, especially to forge. The steel which has given the best all-

around results has contained about 0.40 C. The analysis of this same
steel showed nearly 3% of chromium. The higher the percentage of
tungsten in the steel, the better has been its cutting qualities. (See Best
High-Speed Tool ^eel, and description of the Taylor-White process of
heat treatment, under "The Machine-Shop."

]*IANGANESE, NICKEL, AND OTHER "ALLOT" STEELS.
Manganese Steel. (H. M. Howe, Trans. A. S. M. E., vol. xii.) —

Manganese steel is an alloy of iron and manganese, incidentally, and
probably unavoidably, containing a considerable proportion of carbon.
The effect of small proportions of manganese on the hardness, strength,

and ductility of iron is probably slight. The point at which manganese
begins to have a predominant effect is not known; it may be somewhere
about 2.5%.

Manganese steel is very free from blow-holes; it welds with great diffi-

culty: its toughness is increased by quenching from a yellow heat; its elec-
tric resistance is enormous, and very constant with changing temperature;
it is low in thermal conductivity. Its remarkable combination of great
hardness, which cannot be materially lessened by annealing, and great
tensile strength, with astonishing toughness and ductility, at once creates
and limits its usefulness.
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The hardness of manganese steel seems to be of an anomalous kind.
The alloy is hard, but under some conditions not rigid. It is very hard in
its resistance to abrasion; it is not always hard in its resistance to impact.

Manganese steel forges readily at a yellow heat, though at a bright white
heat it crumbles under the hammer. But it offers greater resistance to
deformation, i.e., it is harder when hot, than carbon steel.

The most important single use for manganese steel is for the pins which
hold the buckets of elevator dredges. Here abrasion chietly is to be
resisted. Another important use is for the links of common chain-
elevators. As a material for stamp-shoes, for horse-shoes, for the knuckles
of an automatic car-coupler, it has not miet expectations.

Mangaaese steel has been regularly adopted for the blades of the Cyclone
pulverizer. Some manganese-steel wheels are reported to have run over
300,000 miles each without turning, on a New England railroad.
Manganese Steel and its Uses. (E. F. Lake, Am. Mach., May 16,

1907.)—When more than 2% and less than 6% of Mn is added, \\ith C
less, than 0.5%, it makes steel very brittle, so that it can be powdered
under a hand hammer. From 6 % Mn up, this brittleness gradually dis-
appears until 12% is reached, when the former strength returns and
reaches its maximum at 15 %. After this, a decrease in toughness, but
not in transverse strength, takes place until 20% is reached, after which
a rapid decrease in strength again takes place.

Steel with from 12 to 15 % Mn and less than 0.5 % of C is very hard
and cannot be machined or drilled in the ordinary way; yet it is so tough
that it can be twisted and bent into peculiar shapes without breaking.
It is malleable enough to be used for rivets that are to be headed cold.

This hardness, toughness and malleability make manganese steel the
most durable metal known, in its ability to resist wear, for such parts
as the teeth on steam-shovel dippers, "w here they « ill outw ear about three
teeth made of the best tool steel; for plow points on road-building work:
for frogs, switches and crossings in railroad construction; for fluted or
toothed crushing rolls used on ore, coal and stone crushers; for gears,
sprockets, link belts, etc., when used in places where they are subjected
to the grinding wear of gritty particles of dust.
The higher the percentage of C in the steel, the less percentage of Mn

win be required to produce brittleness. Si, however, neutralizes the
injurious tendencies of Mn, and in Europe the Si-Mn alloy is used for
automobile springs and gears. This steel is not high in M n and can be
rolled, while the peculiar properties given to steel by the addition of from
12 to 15 % of manganese make such steel impossible to roll; therefore aU
parts made of this steel have to be cast, after which it can be forged and
rendered tougher by quenching from a white heat.
One of its peculiarities is that it is softened by rapid cooling and can be

restored to its former hardness by beating to a bright red.
It is more difficult to mold in the foundry than the ordinary cast steel,

a" it must be poured at a very high temperature, and in cooling it shrinks
nearly twice as much. The shrinkage allocs ed for patterns to be cast of
the ordinary cast steel is 3/i6 in. per foot, and for manganese-steel cast-
ings 5/ig in. per foot.

This enormous shrinkage makes it impossible to cast in any intricate
or delicate shapes, and as it is too hard to machine or drill successfully,
all holes must be cored in the casting. If a close fit is desired in these
they must be ground out with an emery wheel. These properties limit
its use to a large extent.
The composition that seems to give the best results is: Mn, from 12

to 15 % ; C, not over 0.5 % ; P, not over 0.04 % ; S, not over 0.04 %.
Manganese-steel castings should be annealed in order to remove any

internal strains which may be caused by its high shrinkage and the fact
that the outer surface cools so much quicker than the core, which leaves
the center of the casting strained. This can be done by heating to 1500°
F. and quenching in water, after which it can be hardened by heating to
900° and allowed to cool slowly. Manganese-steel castings, when
tested in a 7/8-inch round bar, should show:

T. S. per sq. in., not less than 140,000 lb.; E. L.. not less than 90.000
lb.; Red. of area, not less than 50%; Elong. in 2 in., not less than 20%.
A new manganese steel containing between 5 and 9 % of manganese,

with carbon ranging from about 0.7 to about 1.3%, is described in U. S.

Patent 1,113,539, Oct. 13, 1914, assigned to Taylor-Wharton Iron &
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Steel Co. It is said to possess tlie characteristic hardness of regular
manganese steel, while being cheaper.
Chrome Steel. (F. L. Garrison, Jour. F. I., Sept., 1891.)—Chromium

increases the hardness of iron, perhaps also the tensile strength and
elastic limit, but it lessens its weldability.
Chromium does not appear to give steel the power of becoming harder

when quenched or chilled. Howe states that chrome steels forge more
readily than tungsten steels, and when not containing over 0.5 of chro-
mium nearly as well as ordinary carbon steels of like percentage of carbon.
On the whole, the status of chrome steel is not satisfactory. There are
other steel alloys coming into use, which are so much better that it would
seem to be only a question of time when it will drop entirely out of the
race. Howe states that many experienced chemists have foimd no
chromium, or but the merest traces, in chrome steel sold in the markets.
J.W. Langley (Trans. A.S.C.E., 1892) says: Chromium, like manganese,

is a true hardener pf iron even in the absence of carbon. The addition of
1 % or 2 % of chromium to a carbon steel will make a metal which gets
excessively hard. Hitherto its principal employment has been in the
production of chilled shot and sheU. Powerful molecular stresses result
during cooling, and the sheUs frequently break spontaneously months
after they are made.
Tungsten Steel—Mushet Steel. (J. B. Nau, Iron Age, Feb. 11,

1892.)—=By incorporating simultaneously carbon and tungsten in iron,
it is possible to obtain a much harder steel than with carbon alone, with-
out danger of an extraordinary brittleness in the cold metal or an in-
creased difficulty in the working of the heated metal.
When a special grade of hardness is required, it is frequently the

custom to use a high tungsten steel, known in England as special steel.
A specimen from Sheffield, used for cMsels, contained 9.3% of tungsten,
0.7% of silver, and 0.6% of carbon. This steel, though used with ad-
vantage in its untempered state to turn chilled rolls, was not brittle;
nevertheless it was hard enough to scratch glass.
A sample of Mushet's special steel contained 8.3% of timgsten and

1.73% of manganese.
According to analyses made by the Due de Luynes of ten specimens

of the celebrated Oriental damasked steel, eight contained tungsten, two
of them in notable quantities (0.518 % to 1 %) , while in all of the samples
analyzed nickel was discovered ranging from traces to nearly 4%.

Stein & Schwartz, of Philadelphia, in a circular say: It is stated that
tungsten steel is suitable for the manufacture of steel magnets, since it

retains its magnetism longer than ordinary steel. Cast steel to which
tungsten has been added needs a higher temperature for tempering than
ordinary steel, and should be hardened only between yellow, red, and
white. Chisels made of tungsten steel should be drawn between cherry-
red and blue, and stand well on iron and steel. Tempering is best done
in a mixture of 5 parts of yellow rosin, 3 parts of tar, and 2 parts of
tallow, and then the article is once more heated and then tempered as
usual in water of about 15° C.
Aluminum Steel. (Aluminum Co. of America, 1909.)—Aluminum is

added to steel: To increase the soundness of tops of ingots, and conse-
quently decrease the scrap losses; to quiet the ebullition in molten
steel, permitting the successful pouring of "wild" steel; to prevent
oxidation and increase the homogeneity of the steel ; to increase tensile
strength without decreasing ductihty; to remove oxygen or oxides, the
aluminum acting as a deoxidizer; to reduce the habihty of the steel to
oxidation; to produce smoother surfaced castings and ingots than is

possible without the use of aluminum.
Aluminum is not a hardener of steel, and none of its alloys with steel

have proved advantageous. Strictly speaking, there is no almninmn-
steel in the sense that there is nickel-steel or chromium-steel. Alumi-
num is the principal deoxidizer of steel; 100 parts by weight of oxygen
will combine with 114 parts of alumimun, 140 parts of sihcon or 350 parts
of manganese. The aluminum will entirely disappear if there is any
oxygen present, and it only appears in completely deoxidized steel. If
too much aluminum be added, the metal is hable to form deep pipes in
the ingots. To add the correct quantity requires experience, but suc-
cessful results have been obtained by adding from one-eighth to three-
fourth pound of aluminum to the ton of steel. Steel ingots which are



'alloy" steels. 40?

to be hammered or rolled have been unproved by the addition of
two to four oimces of aluminum per ton of steel. For steel castings, to
insure soimdness and absence of blowholes, 16 to 32 oimces per ton may-
be adtantageously added. The aluminum may be added by throwing
the metal in smaU pieces into the ladle as the metal is poured into it, or
by the iise of ferro-aluminum placed in the ladle before pouring the steel.
The metal is more commonly used in America, and the alloy in England.
Nickel Steel.—The remarkable tensile strength and ductihty of nickel

steel, as shown by the test-bars and the behavior of nickel-steel armor-
plate under shot tests, are witness of the valuable quaUties conferred
upon steel by the addition of a few per cent of nickel.

Nickel steel has shown itself to be possessed ofsome exceedingly valuable
properties; these are, resistance to cracking, high elastic limit, and homo-
geneity. Resistance to cracking, aproperty to which thenameof non-flssi-
bihtyhas been given is shown more remarkably as the percentageof nickel
increases. Bars of 27 % nickel illustrate this property. A 1 M-in. square
bar was nicked 1/4 in. deep and bent double on itself without further fracture
than the splintering off, as it were, of the nicked portion. Sudden failure
or rupture of this steel would be impossible; it seems to possess the tough-
ness of rawhide with the strength of steel. With tliis percentage of nickel
the steel is practically non-corrodible and non-magnetic. The resistance
to cracking shown by the lower percentages of nickel is best illustrated in
the many trials of nickel-steel armor.

In such places (shafts, axles, etc.) where failure is the result of the fatigue
of the metal this higher elastic limit of nickel steel will tend to prolong in-
definitely the life of the piece, and at the same time, through its superior
toughness, offer greater resistance to the sudden strains of shock.
Howe states that the hardness of nickel steel depends on the proportion

of nickel and carbon jointly, nickel up to a certain percentage increasing
the hardness, beyond this lessening it. Thus while steel with 2% of nickel
and 0.90% of carbon cannot be machined, with less than 5% nickel it can
be worked cold readily, provided the proportion of carbon be low. As the
proportion of nickel rises higher, cold-working becomes less easy. It forges
easily whether it contain much or little nickel.
The presence of manganese in nickel steel is most important, as it

appears that without the aid of manganese in proper proportions the
conditions of treatment would not be successful.

Properties of Nickel Steel. — D. H. Browne, in Proc. A. I. M. E.,
1899, gives a paper of 79 pages, entitled "Nickel Steel: a synopsis of
experiment and opinion," including a bibliography containing 50 titles.

Some extracts from this paper are here given.
Commercially pure nickel, containing 98.13 Ni, 1.15 Co, 0.43 Fe,

0.08 Si, 0.11 Mn, showed the following physical properties:

UF.* E.L. T.S. M.E.* EL, %
in 2 in.

Cast bars 5.119
9,243
17.064

12.557

21.045
18,059
16.921

40.669
72.522
72.806
71.860

23,989,140
29,506,500
26,870.800

18.2
'o rRaw 43.9
s \ Annealed 48.6

(^ ( Quenched 45.0

* Limit of Proportionality. * Modulus of Elasticity.

Annealed Cast Bars of Nickel Steel with C 0.15 to 0.20. (Had-
field.) The proportion of Ni used in soft steels for armor and for engine-
foretings is from 3 to 3.5%. With 0.25 C this produces an E. L. and T.
S. equal to open-hearth steel of 0.45 C without Ni, with a ductihty
equal to that of the lower-carbon steel.
Nickel Steel, 3.25 Ni, and Simple Steel Forgings Compared.

(Bethlehem Steel Co.)

Red. Red.
c. Ni. T.S. E.L. EL, Area,

%•
C. Ni. T.S. E.L. EL,% Area,

%.
0.20 55000 28000 34 60 20 3 5 85000 48000 26 55

0.30 75000 37000 30 50 0.30 3.5 95000 60000 22 48
0.40 85000 43000 25 45 0.40 3.5 110003 72000 18 40
0.50 95000 48000 21 40 0.50 3.5 125000 85000 13 32
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As compared with simple steels of the same tensile strength, a 3%
nickel steel will have from 10 to 20% higher E. L. and from 20 to 30%
greater elongation, while as compared with simple steels of the same
carbon, the nickel steel, up to 5% Ni, will have about 40% greater tensile
strength, with practically the same elongation and reduction of area

Cholat and Harmet found with 0.30 C and 15% Ni a T. S. of 213 400 lbs
per sq. in.; when oil-tempered a T. S. of 277,290 and an E. L. of 166,300.

Riley states that steel of 25% Ni and 0.27 C gave a T. S of 102 600
and elong. 29%, while steel of 25% Ni gave 94,300 T. S. and 40% elong.
Steels high in Ni are entirely different in physical properties from low-
nickel steels.

Effect of Ni on Hardness.—-Gun barrels with 4.5% Ni and 0.30 C are
soft and very ductile; T. S. 80,000, elong, 25%, red. of area 45%. Rolls
with 5% Ni and 1% C turned easier than simple steel of 1% C. If a steel
contains less than 6% Ni the influence of the C present on the hardness
produced by water quenching is strongly marked. Above 8% Ni the effect
of the C seems to be masked by the Ni; steel with 18% Ni is as hard and
elastic with 0.30 as with 0.75 C. If steel with 18% Ni and 0.60 C be heated
and plunged in water it will be perceptibly softened, and if the Ni is
raised to 25% this softening is very noticeable.
Compression Tests of Low-Carbon Nickel Steei.8. (Had field.)

r h 0.13
0.95
20
49

0.14
1.92

27
47

0.19
3.82
28
41

0.18
5.81

40
37

0.17
7.65

40
33

0.16
9.51
70

3

0.18
11.39
100

1

0.23
13.48
80

1

0.19
19.64
80
3

0.16
24.51
50
16

14

Nickel 29.07

E. L., tons
Shortening* ...

24

41

* Shortening by 100-ton load, %.
Specific Gravity.— The sp. gr. of low-carbon nickel steels containing

up to 15% Ni is about the same as that of carbon steel, from 7.86 to 7.90;
from 19 to 39% Ni it is from 7.91 to 8.08; one sample of wire of 29% Ni,
however, being reported at 8.4. A 44% Ni steel, according to Guillaume,
ha,s a sp. gr. of 8.12.
The Resistance op Corrosion of nickel steel increases with the per-

centage of Ni up to 18. "This alloy is practically non-corrodible."
"Tico " resistance wire, 27.5% Ni, was very slightly rusted after a year's
exposure in a wet cellar; iron wire under the same conditions was entirely
changed to oxide. With the ordinary nickel steels, 3 to 3.5% Ni, corrosion
is slightly less than in simple steels.

Electrical Resistance.— All nickel steels have a high electrical resist-
ance wliich does not seem to vary much with the percentage of Ni. The
resistance wires, "Tico," "Superior," and "Climax," containing from 25
to 30% Ni, have about 48 times, while German silver has about 18 times
the resistance of copper.
Magnetic Properties.— According to Guillaume all nickel steels below

25.7% Ni can be, at the same temperature, either magnetic or non-
magnetic, according to their previous heat-treatment, and they show
different properties at ascending and at descending temperatures. The
low-nickel steels, 3 to 5% Ni, possess a magnetic permeability greater than
that of wrought iron.

Nickel Steel for Bridges.— J. A. L. Waddell, Trans. A. S. C. E., 1908,
presents at length an argument in favor of the use of nickel steel in long-
span bridges.
Some Uses of Nickel Steel. (F. L. Sperry, A.I.M. E., xxv, 51.)— The

propeller shaft of the U. S. cruiser Brooklyn was made of hollow-forged,
oil-tempered nickel steel, 17 in. outside, 11 in. inside diam., length 38 ft. 11
in., weight per foot, 449 lbs. Test bars cut from the tube gave T. S., 90,350
to 94,245; E. L., 56,470 to 60,770; El. in 2 in., 25.5 to 28.0%,; Red. of area,
59.8 to 61.3%. A solid shaft of the same elastic strength of simple steel,

having anE.L. ofs/s of that of the nickel steel, would be 18.9 in. diam., and
would have weighed 920 lbs. per foot.

The rotating field of the 5000 H.P. electric generators of the Niagara
Falls Power Co. is inclosed in a ring of forged nickel steel, outside diam.
1393/8 in.; inside, 130 in.; width, 503/4 in.; weight, 28,840 lbs. It travels
at the rate of nearly two miles per minute.

Nickel steel wire with 27.7% Ni and 0.40 C used for torpedo defense
netting, 0.116 in. diam., gave a T. S. of 198,700; El. in 2 in., 6.25%; Red.
of area, 16.5%.
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Flange plate of soft nickel steel, Ni. 2.69: C, 0.08; Mn, 0.36; P. 0.045; S,

0.038, gave, average of 6 tests, T. S-. 65,760; E. L., 47,080; El. in 8 in.,

24.8%: Red. of area, 52.0%. I'or comparison: Soft carbon steel, C,

0.10: Mn, 0.27; P, 0.048; S, 0.039; T. S., 54,450; E. L., 35.240; El., 27.4%;
Red. of area, 55.3%.
C'efHeients of Expansion of Nickel Steel. (D. H. Browne,

A.I. M. E., 1899.)— Per degree C. (Prefix 0.0000 to the figures here given.)

% Ni. 26. 28. 28.7 30.4 31.4 34.6 35.6 37.3 39.4 44.4
Co'.ff. 1312 1131 1041 0458 0340 0137 0087 0356 0537 0856

For comparison: Brass, 1878; Hard steel, 1239; Soft steel, 1078;
Platinum, 0884; Glass, 0861; Nickel, 1252. Ordinary commercial nickel
steels, containin,? 3 to 4% Ni, have coefficients about the same as carbon
steel. See also page 567.

Invar is a nickel-iron alloy, which is characterized by an extraordinarily
^ow coefficient of expansion at ordinary temperatures. The analysis is

-ibout as follows:— carbon, 0.18; nickel, 35.5%; manganese, 0.42, — the
other elements being low. Guillaume gives the mean coefficient of
expansion for an alloy containing 35.6% nickel as (0.877 + 0.00117 ty°~^
between temperatures 0° C. and t° C. where t does not exceed 200° C.
This material is used in measuring instruments and for standards of
length, chronometers, etc. Its expansion as compared with ordinary
steel is about as 1:11.5; with brass, as 1:17.2; with glass, as 1 : 8.5. Alloys
either richer or poorer in nickel show much greater expansion, and the
alloy containing 47.5% nickel, known as "Platinite," has the same
coefficient of expansion as platinum and glass. See also page 567.
Copper Steels.— Pierre Breuil (Jour. I. and S. /., 1907) gives an account

of experiments on four series of copper steels containing respectively 0.15,
0.40, 0.65, and 1% of C with Cu in each ranging from to 34%. An ab-
stract of his principal conclusions is as follows:

Copper steel does not yield a metal capable of being rolled in practice,
if Cu exceeds 4%.
When in the ingot state copper hardens steel in proportion as there is

less C present.
Copper steels as rolled appear to be stronger in proportion as they con-

tain more Cu. This difference is the more manifest in proportion as the
C is lower.

Annealing leaves the steels with the same characteristics, but greatly
reduces the differences observed in the case of the untreated steels.

Quenching restores the differences encountered in the case of the steels
as cast.

Copper steels equal nickel steels in tensile strength and would be less
costly than the latter. They are no more brittle than nickel steels con-
taining equivalent percentages of Ni. The steel containing 0.16% C and
4% Cu is remarkable in this respect.
The presence of copper makes the constftuents of the steel finer,

approximating them to classes containing higher percentages of C.
While hardening the steel the presence of Cu does not render it brittle.

It confers upon it a very fair degree of elasticity, while leaving the elon-
gation good, thus conducing to the production of a most valuable metal.

Cutting tests were carried on with steels containing C about 1 % and
Cu 0%, 1 %, and 3% respectively. The presence of Cu in no wise altered
the rutting properties.
The presence of Cu was found to increase the electrical resistance,

and a well-defined maximum was shown, coinciding with 2% Cu in 0.15 C,
with 1.7% in 0.35% C, and with 0.5% Cu in 0.7 to 1% carbon steels.

Nickel-Vanadium Steels. {Eng. Mag., April, 1906.) — M. Leon Guillet
has investigated the influence of Ni and Va when used jointly.

In steels containing 0.20 C and from 2 to 12% of Ni, the tensile strength
and the elastic limit are both materially increased by the addition of
small percentages of Va. In no case should the Va exceed 1%, the best
results being secured by the use of 0.7 to 1%. A steel containing 0.20 C,
2% of Ni, and 0.7% Va showed a tensile strength of 91,000 lbs., an
elastic limit of 70,000 lbs., and an elongation of 23.5%. With 1% Va,
the T. S. increased to 119,500 lbs., and the E. L. to 91,000 lbs., the elong.
falling to 22%. A nickel steel of 0.20% C and 12% Ni gave, wit'i
0.7 Va, a T. S. of over 200,000 lbs. and an E. L. of 172,000 lbs. per sq. in..

the elong. being 6%, while with 1% Va the T. S. rose to 220,000 lbs.
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and the E. L. to 176,000 lbs., the elongation remaining unchanged.
When the Va is increased above 1 %the tensile strength falls off, and the
material begins to show evidence of brittleness. Similar effects are pro-
duced for steels of the higher carbon, but in a lesser degree.
When the nickel-vanadium steels are subjected to a tempering process

the beneficial effects of the Va are still further emphasized. The temper-
ing experiments of M. Guillet were conducted by heating the steel to a
temperature of 850° C, and cooling in water at 20° C. The T. S. and
the E. L, were increased, being nearly doubled for the low nickel con-
tent. Thus while the 0.20 C steel with 2% of Ni, untempered, and
containing 0.7% of Va, gave a T. S. of 91,000 lbs., with an E. L. of 70,000
lbs., the same steel, tempered from 850° C, showed a T. S. of 168,000 lbs.

and an E. L. of 150,000 lbs., the resistance to shock and the hardne^j
being also increased.

Static and Dynamic Properties of Steels. (W. L. Turner, Iron Age,
July 2, 1908.)— The term "crystallization" is a name given to designate
phenomena due to the influences of shock and alternating stresses,
whether pure or combined. The name has been advantageously altered
to "intermolecular disintegration," but, whatever we choose to call it,

there remains the evidence that some modification takes place in the
structure of steel when the above-named forces are to be dealt with.

Resistance to fatigue is not a function of static strength.
An example of our knowledge of the "Ufe" properties of ordinary steel

is the case of the staying of a locomotive fire-box. Something is re-
quired which will possess considerable strength combined with the
power to withstand a moderate degree of flexure in all directions. Expe-
rience has shown that the use of anything but the mildest steel for this
work is prohibitive, and that wrought iron, or even copper, is still more
satisfactory.
The writer has completed a preliminary investigation into the relative

dynamic properties of iron and the various ordinary and alloy steels,
the results being given in the accompanying table. The conditions of
the "dynamic" tests were as follows:
A cylindrical test-piece, 6 in. long, 3/3 in. diam., finished with emery to

remove all tool marks, is clamped at one end in a vise. A tool-steel
head, in which there is cut a slot, is placed over the other end, the dis-
tance from the striking center of this head to the vise line being 4 in.

A crank and connecting rod furnished the reciprocating motion for this
head, thereby causing the test-piece to be deflected 3/8 in. each side of
the neutral position. In addition to this alternating flexure, the test-
piece is also subjected, at each reversal, to an impact, due to the slot on
the reciprocating head. The sample undergoes 650 alternations per
minute. A deflection of s/g in. on each side has the effect of imparting a
permanent set to the test-pie^e.
On each class of steel ajarge number of dynamic tests were made, an

average being taken of the results after elimination of those figures which
were apparently abnormal.

It is apparent that the action of nickel is twofold: 1. It statically
intensifies. 2. It dynamically "poisons." As an instance of this, take
tests Nos. 13 and 15, the former being a 3.7% nickel steel and the latter a
chrome-vanadium steel. In the annealed condition, the elastic limits of
the two are almost identical, but at the same time the alternations of
stress endured by the latter are 2V4 times the number sustained by the
nickel steel. Take again Nos. 17 and 18. The dynamic figures are more
than three to one in favor of the chrome-vanadium product, whereas the
difference in elastic limit is only about 3%.

It is manifest that the static action of vanadium is similar to that of
nickel, but that its dynamic effects are the exact converse. The differ-
ences are markedly brought out in the quality figures, which invite
attention as to comparison with those of ordinary carbon steel. Taking
the latter as standard, the chrome-vanadium steels are as much above it
as the nickel steels are below it.

Chromium, per se, does not appear to exert appreciable influence other
than statically, but it is possible that the effect of this metal in a ternary
steel might be very marked.
The dynamic attributes of plain carbon steel reach a maximum with

about 0.25% C, falhng away on both sides of this amount.
The quality figure in the casQ of the chrome-vanadium steel does not
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appear to undergo much alteration in the process of oil tempering, but
there are considerable variations in other cases. The dynamic test may
eventually act as a reliable guide to the correct methods for the heat
treatment of individual steels.

Strength for strength, the chrome-vanadium steels also have the
advantage over all others as regards machining properties. Chrome-
vanadium steel may be forged with the same ease as ordinary steel of simi-
lar contents, no special precaution being necessary as to temperatures.

Comparative Effects of Cr and Va, Sankey and J. Kent Smith, Froc,
Inst. M. E., 1904.

Cr. Va. T.S.* E.L.* El. in
2 in.

Red. A. Cr. Va. T.S.* E.L.* EI. in
2 in.

Red. A.

0.5 34.0 22.9 33% 60.6% 1.0 0.15 48.6 36.2 24. 56.6
1.0 38.2 25.0 30 57.3 1.0 0.15 t52.6 34.4 25.0 55.5

... 0.1 34 8 28 5 31 60.0 1.0 0.25 60.4 49.4 18.5 46.3

... 0.15 36 5 30.4 26 59.0 C-Mn 27.0 16,0 35. 60.0

... 0.25 39.3 34.1 24 59.0 C-Mn t32.2 17.7 34. 52.6

* Tons, of 2240 lbs., per sq. in. t Open-hearth steels; all the others
are crucible. The last two steels in the table are ordinary carbon
steels.

Effect of Heat Treatment on Cr-Va Steel. (H. R. Sankey and
J. Kent Smith, Proc. Inst. M. E., 1904, p. 1235.) — Various kinds of
heat treatment were given to several Cr-Va steels, the results of which
are recorded at length. The following is selected as a sample of the
results obtained. Steel with C, 0.297; Si, 0.086; Mn, 0.29; Cr, 1.02; Va,
0.17. gave:

Tens.
Str.

Yield
Point.

El. in

2 in.

Red.
Area.

Im-
pact.

Alter-
na-

tions.

As rolled 121,200

87,360
86,020
167,100

122,080

132,830
209.440
140,220

82,650
47,260
68,100
135,070

82,880

111,550
191,520

118,500

24.0%
34.5
33.7
7.5

22.0

23.0
1.2
8.5

.4.9%

51.5
16.6
35.2

50.8
1.5

21.5

3.1

15.6
11.2
1.2

2.4

9.0
*

3.0

1906

Annealed I/2 hr. at 800° C 2237
Soaked 12 hours at 800° C.
Water quenched at 800° C 174

Oil quenched at 800° C. . 296
Oil quenched at 800°, reheated to

350° 1314

Water quenched at 1200° C
Oil quenched at 1200° C

*

* Too hard to machine.

The impact tests were made on a machine described in Eng^g, Sept. 25,
1903, p. 431. The test-piece was 3/4 in. broad, notched so that 0.137 in. in
depth remained to be broken through. The figures represent ft.-lbs. of
energy absorbed. The piece was broken in one blow. The alternations-
of-stress tests were made on Prof. Arnold's machine, described in The
Engineer, Sept. 2, 1904, p. 227. The pieces were s/sin. square, one end
was gripped in the machine and the free end, 4 in. long, was bent forwards
and backwards about 710 times a minute, the motion of the free end being
3/4 in. on each side of the center line.

Tests by torsion of the same steel were made. The test-piece was 6 in.

long, 3/4 in, diam. The results were:

Shearin

Elastic

.

g Stress

Ulti-
mate.

Twist
Angle.

No. of
Twists.

45,700
38.528

99.900
90.272

1410°
1628°

3.92
Annealed I/2 hr. at 800° C 4.52
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Heat-treatment of Alloy Steels. (E. F. Lake, A7n. Mach., Aug. 1,

1907.) — In working- the high-grade alloy steels it is very important that
they be properly heat treated, as poor workmanship in this regard will

produce working parts that are no better than ordinary steel, although
the stock used be the highest grade procurable. By improperly heat-
treating them it is possible to make these high-grade steels more brittle
than ordinary carbon steels.

The theory of heat treatment rests upon the influence of the rate of
cooling on certain molecular changes in structure occurring at different
temperatures. These changes are of two classes, critical and progres-
sive; the former occur periodically between certain narrow temperature
limits, while the latter proceed gradually with the rise in temperature,
each change producing alterations in the physical characteristics. By
controlling the rate of coohng, these changes can be given a permanent
set, and the characteristics can thus be made different from those in the
metal in its normal state.

The results obtained are influenced by certain factors: 1. The original
chemical and physical properties of the metal; 2. The composition of
the gases and other substances which come in contact with the metal in
heating and cooling. 3. The time in which the temperature is raised
between certain degrees. 4. The highest temperature attained. 5. The
length of time the metal is maintained at the highest temperature.
6. The time consumed in allowing the temperature to fall to atmos-
pheric.

The highest temperature that it is safe to submit a steel to for heat-
treating is governed by the chemical composition of the steel. Thus
pure carbon steel should be raised to about 1300° F., while some of the
high-grade alloy steels may safely be raised to 1750°. The alloy steels
must be handled very carefully in the processes of annealing, hardening,
and tempering; for this reason special apparatus has been installed to
aid in performing these operations with definite results.

The baths for quenching are composed of a large variety of materials.
Some of the more commonly used are as follows, being arranged accord-
ing to their intensity on 0.85% carbon steel: Mercury; water with sulphuric
acid added; nitrate of potassium; sal ammoniac; common salt; carbonate
of lime; carbonate of magnesia; pure water; water containing soap,
sugar, dextrine or alcohol; sweet milk; various oils; beef suet; tallow,-

wax.
With many of these alloy steels a dual quenching gives the besi results,

that is, the metal is quenched to a certain temperature in one bath and
then immersed in the second one until completely cooled, or it may
be cooled- in the air after being quenched in the first bath. For this a
lead bath, heated to the proper temperature, is sometimes used for the
first quenching.
With the exception of the oils and some of the greases, the quenching

effect increases as the temperature of the bath lowers. Sperm and lin-

seed oils, however, at all temperatures between 32° and 250°, act about
the same as distilled water at 160°.

The more common materials used for annealing are powdered char-
coal, charred bone, charred leather, fire clay, magnesia or refractory
earth. The piece to be annealed is usually packed in a cast-iron box
in some of these materials or combinations of them, the whole heated
to the proper temperature and then set aside, with the cover left on, to
cool gradually to the atmospheric temperature. For certain grades of
steel these materials give good results; but for all kinds of steels and for
all grades of annealing, the slow-cooling furnace no doubt gives the
best satisfaction, as the temperature can be easily raised to the right
point, kept there as long as necessary, and then regulated to cool down
as slowly as is desired. The gas furnace is the easiest to handle and
regulate.

A high-grade alloy steel should be annealed after every process in man-
ufacturing which tends to throw it out of its equilibrium, such as forging,
rolling and rough machining, so as to return it to its natural state of
repose. It should also be annealed before quenching, case-hardening
or carbonizing.

The wide range of strength given to some of the alloy steels by heat
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treatment is shown by the table below. The composition of the Alloj
was: Ni, 2.43; Cr. 0.42; Si, 0.26; C, 0.23; Mn, 0.43; P, 0.025; S, 0.022.

-^^ y.^ 'S^ ©f^ 'Tj&J
1!^

-ofci

3- H^ H^ H^
6~

Tern
atl

Tensile Strength . 227,000 219.000 195,500 172,000 156,500 141,000 109,500

E.L .... 208,000 203,500 150,000 148,500 125,000 102,000 70.500

Elong., % in 2 in. 4 6 8 11 13 15 22

VARIOUS SPECIFICATIONS FOR STEEL.

Structural Steel. — There has been a change during the ten years from
1880 to 1890, in the opinions of engineers, as to the requirements in speci-
fications for structural steel, in the direction of a preference for metal of
low tensile strength and great ductility. The following specifications for
tension members at different dates are given by A. E. Hunt and G. H.
Clapp, Trans. A. /. M. E., xix, 926:

1879.
Elastic limit.. . . 50,000 40 (

Tensile strength 80,000 70
Elongation in 8 in. 12%
Reduction of area 20%

1881. 1882. 1885. 1887. 1888.

^ 45,000 40,000 40,000 40,000 38,000
^80,000 70,000 70,000 67@75,000 63 ©70,000
18% 18% 18% 20% 22%
30% 45% 42% 42% 45%

F. H. Lewis {IronAqe, Nov. 3, 1892) says: Regarding steel to be used
under the same conditions as wrought iron, that is, to be punched without
reaming, there seems to be a decided opinion (and a growing one) among
engineers, that it is not safe to use steel in this way, when the ultimate
tensile strength is above 65,000 lbs. The reason for tliis is not so much
because there is any marked change in the material of this grade, but
because all steel, especially Bessemer steel, has a tendency to segregations
of carbon and phosphorus, producing places in the metal which are harder
than they normally should be. As long as the percentages of carbon and
Ehosphorus are kept low, the effect of these segregations Is inconsiderable:
ut when these percentages are increased, the existence of these hard

spots in the metal becomes more marked, and it is therefore less adapted
to the treatment to which wrought iron is subjected.

There is a wide consensus of opinion that at an ultimate of 64,000 to
65,000 lbs. the percentages of carbon and phosphorus reach a point where
the steel has a tendency to crack when subjected to rough treatment.
A grade of steel, therefore, running in ultimate strength from 54,000 to

62,000 lbs., or in some cases to 64,000 lbs., is now generally considered a
uroper material for this class of work.

A. E. Hunt, Trans. A. I. M. E., 1892, says: Why should the tests for steel

be so much more rigid than for iron destined for the same purpose? Some
of the reasons are as follows: Experience shows that the acceptable quali-
ties of one melt of steel offer no absolute guarantee that the next melt to It,

even though made of the same stock, will be equally satisfactory.
It is now almost universally recognized that soft steel, if properly made

and of good quality, is for many purposes a safe and satisfactory substitute
for wrought iron, being capable of standing the same shop-treatment as
wrought iron. But the conviction is equally general, that poor steel, or an
unsuitable grade of steel, is a very dangerous substitute for wrought iron
even under the same unit strains.

For this reason it is advisable to make more rigid requirements in select-

ing material which may range between the brittleness of glass and a duc-
tility greater than that of wrought iron.

Specifications for Structural Steel for Bridges. {Proc. A. S. T. M.,
1905.)— Steel shall be made by the open-hearth process. The chemi<
cal and physical properties shall conform to ttie foliowing limits:
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Elements Considered.

Phosphorus, j" Basic . .

.

Max. .... 1 Acid. . .

.

Sulphur, Max

Tensile strength, lbs.

per sq. in .

.

Elong.:Min. % in 8 in.

Elong.: Min. % in 2 in.

Fracture

Cold bend without
fracture

Structural Steel

0.04%
0.08%
0.05%

Desired
60,000

1,500,000*

tens, str,

22
Silky

^flatt

0.04%
0.04%
0.04%

Desired
50,000

1,500,000

tens. str.

Silky

180° flat

J

Steel Castings

0.05%
0.08%
0.05%

Not less than
65,000

18

Silky or fine
granular

* The following modifications will be allowed in the requirements for

elongation for structural steel: For each Vie inch in thickness below
5/i6 inch, a deduction of 2V2 will be allowed from the specified percent-
age. For each Vs inch in thickness above 3/4 inch, a deduction of 1 will

be allowed from the specified percentage.

t Plates, shapes and bars less than 1 in. thick shall bend as called for.

Full-sized material for eye-bars and other steel 1 in. thick and over, tested
as rolled, shall bend cold 180° around a pin of a diameter twice the thick-
ness of the bar, without fracture on the outside of bend. When required
by the inspector, angles 3/4 in. and less in thickness shall open flat, and
angles V2 in. and less in thickness shall bend shut, cold, under blows of
a hammer, without sign of fracture.

t Rivet steel, when nicked and bent around a bar of the same diam-
eter as the rivet rod, shall give a gradual break and a fine, silky, uniform
fracture.

If the ultimate strength varies more than 4000 lbs. from that desired,
a retest may be made, at- the discretion of the inspector, on the same
gauge, which, to be acceptable, shall be within 5000 lbs. of the desired
strength.

Chemical determinations of C, P, S, and Mn shall be made from a
test ingot taken at the time of the pouring of each melt of steel. Check
analyses shall be made from .finished material, if called for by the pur-
chaser, in which case an excess of 25% above the required limits will be
allowed.

Specimens for tensile and bending tests for plates, shapes and bars
shall be made by cutting coupons from the finished product, which shall
have both faces rolled and both edges milled with edges parallel for at
least 9 in.; or they may be turned 3/4 in. diam. for a length of at least
9 in., with enlarged ends. Rivet rods shall be tested as rolled. Speci-
mens shall be cut from the finished rolled or forged bar in such manner
that the center of the specimen shall be 1 in. from the surface of the bar.
The specimen for tensile test shall be turned with a uniform section 2 in.

long, with enlarged ends. The specimen for bending test shall be 1 X 1/2

in. in section.

Speciflcations for Steel for the Manhattan Bridge. {Eng. News,
Aug. 3, 1905.)—
Material for Cables, Suspenders and Hand Ropes. Open-

hearth steel. (The wire for serving the cables shall be made of Norway
iron of approved quality.) The ladle tests of the steel shall contain not
more than: C, 0.85; Mn, 0.55; Si, 0.20; P, 0.04; S, 0.04; Cu, 0.02%.
The wire shall have an ultimate strength of not less than 215,000 lbs.

per sq. in. before galvanizing, and an elongation of not less than 2% in
12 in. The bright wire shall be capable of bending cold around a rod
11/2' times its own diam, without sign of fracture. The cable wire before
galvanizing shall be 0.192 in. ± 0.003 in. in diam.; after galvanizing, the
wire shall have an ultimate strength of not less than 200,000 lbs. per sq,
ift. of gross sectioij.
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Carbon Steel. The ladle tests as usually taken shall contain not
more than: P, 0.04; S, 0.04; Mn, 0.60; Si, 0.10%. The ladle tests of
the carbon rivet steel shall contain not more than: P, 0.035; S, 0.03.
Rivet steel shall be used for all bolts and threaded rods.
Nickel Steel. The ladle test shall contain not less than 3.25 Ni,

and not more than: P, 0.04; S, 0.04; Mn, 0.60; Si, 0.10; nickel rivet steel
not more than: P, 0.035; S, 0.03%.

Nickel steel for plates and shapes in the finished material must show:
T. S., 85,000 to 95,000 lbs. per sq. in.; E. L., 55,000 lbs. min.; elong. in
8 ins., min., = 1,600,000 -i- T. S.; min. red. of area, 40%.
Specimens cut from the finished material shall show the following

physical properties:

Shapes and universal mill
plates.

Eye-bars, pins and rollers
Sheared plates
Rivet rods
High-carbon steel for

trusses

T. S., lbs. persq. Min.E.L.,
lbs. per
sq. in.

Min.
Elong.,
% in bin.

Min. Red.
of Area,
%.

60,000 to 68,000
64,000 to 72,000
60,000 to 68,000
50,000 to 58,000

85,000 to 95,000

33,0001
35,000
33,000

30,000

45, 000 J

44
50

Nickel rivet steel: T. S., 70,000 to 80,000; E. L., min., 45,000; elong.,
rain., 1,600,000 -f- T. S., % in 8 ins.
Steel Castings. The ladle test of steel for castings shall contain

not more than: P, 0.05; S, 0.05; Mn, 0.80; Si, a.35%. Test-pieces taken
from coupons on the annealed castings shall show T. S., 65,000; E. L.,
35,000; elong. 20% in 8 ins. They shall bend without cracking around a
rod three times the thickness of the test-piece.

Speciflcati9n3 for Steel. {Proc. A. S. T. M., 1905.)

Steel Forging

Solid or hollow forgings, no diam.
or thickness of section to exceed
10 in.

Solid or hollow forgings, diam.
not to exceed 20 in. or thickness
of section 15 in.

Solid forgings, over 20 in
Solid forgings
Solid or hollow forgings, diam. or
thickness not over 3 in.

Solid rectangular sections, thick-
ness not over 6 in., or hollow
with walls not over 6 in. thick.

Solid rect. sections, thickness not
over 10 in., or hollow with walls
not over 10 in. thick.

Locomotive forgings

Kind of
Steel.

Tensile
Strength.

Elast.
Limit.

El. in
2 in.,

%.

Red
Area,
%.

) S.

Ic.
fC.A.
Jn.a.

58,000
75,000
80,000
80,000

29,000*
37,500*

40,000
50,000

28
18

22
25

35 (a)

30(c)
35(b)
45(a)

JC.A.
JN.A.

75 000
80,000

37,500
45,000

23
25

35(b)
45(a)

C.A.
N.A.
CO.
N.O.

70,000
80,000
90,000

95,000

35,000
45,000
55,000
65,000

24
24
20
21

30(c)
40(a)
45(b)
50 (bj

CO.
N.O.

85,000
90,000

50,000

60,000
22
22

45(b)
50(b)

)c.o.
N.O.

80,000
85,000

45,000
55,000

23
24

40(b)
45(b)

80,000 40,000 20 25(d)

* The yield point, instead of the elastic limit, is specified for soft steel

and carbon steel not annealed. It is determined by the drop of the
beam or halt in the gauge of the testing machine. The elastic limit,

specified for all other steels, is determined by an extensometer, and is

defined as that point where the proportionality changes. The standard
test specimen is 1/2 in, turned diam. with a gauged length of 2 inches.
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Kind of steel: S., soft or low carbon. C, carbon steel, not annealed.
C. A., carbon steel, annealed. C. O., carbon steel, oil tempered. N. A.,
nickel steel, annealed. N. O., nickel steel, oil tempered. Bending
tests: A specimen 1 X 1/2 in. shall bend cold 180° without fracture on
outside of bent portion, as follows: (a) around a diam. of 1/2 in.; (b)
around a diam. of 1 in.; (c) around a diam. of 1/2 in.; (d) no bending
test required.

Chemical composition: P and S not to exceed 0.10 in low-carbon steel.
0.06 in carbon steel not annealed, 0.04 in carbon or nickel steel oil tem-
pered or annealed, 0.05 in locomotive forgings. Mn not to exceed 0.60
in locomotive forgings. Ni 3 to 4% in nickel steel.

Specifications for Steel Ship 3Iaterial. (Amer. Bureau of Shipping,
1900. Proc. A. S. T. M.^ 1906, p. 175.) —

For Hull Construction. Tens. Strength. E. L.
El. in

8 in.. %.

58,000 to 60,000
60,000 to 75,000
55,000 to 65,000

1/2 T. S. 22*. I8t
15

Forgings 20

* In plates IS lbs. per sq. ft. and over. t In plates under 18 lbs.

For Marine Boilers: Open-hearth steel ; Shell: P and S, each not over
0.04%. Fire-box, not over 0.035%. Tensile Strength: Rivet steel
45,000 to 55,000; Fire-box, 52,000 to 62,000; Shell, 55,000 to 73,000r
Braces and stays, 55,000 to 65,000; Tubes and all other steel, 52,000 i<

62,000 lbs. per sq. in.

Elongation in 8 in.: Rivet steel, 28%; Plates s/s in. and under. 20%;
3/8 to 3/4 in., 22%; 3/4 in. and over, 25%.

Cold Bending and Quenching Tests. Rivet steel and all steel of
52,000 to 62,000 lbs. T. S., 1/2 in. thick and under, must bend 180° fiat on
itself without fracture on outside of bent portion; over 1/2 in. thick, 180°
around a mandrel II/2 times the thickness of the test-piece. For hull
construction a specimen must stand bending on a radius of half its thick-
ness, without fracture on the convex side, either cold or after being
heated to cherry-red and quenched in water at 80° F.

High-strength Steel for Shipbuilding. {Eng'g, Aug. 2, 1907, p. 137.)—
The average tensile strength of the material selected for the Lusitania
was 82,432 lbs. per sq. in. for normal high-tensile steel, and 81,984 lbs

for the same annealed, as compared with 66,304 lbs. for ordinary mila
steel. The metal was subjected to tup tests as well as to other severe
punishments, including the explosion of heavy charges of dynamite
against the plates, and in every instance the results were satisfactory.
It v/as not deemed prudent to adopt the high-tensile steel for the rivets,

a point upon which there seems some ditterence of opinion.

Penna. R. R. Specifications for Steel,

:z; 1
C. Mn. Si. P. s. Cu.

Plates for steel cars (1) 1899
1901

1899

1904

1902
1906

1906

0.12
1.00
0.40
0.45
0.45
0.18
0.18

0.35
0.25
0.50
0.60-
0.50
0.40-
0.40-

0.05
0.15-
0.05
0.05-
0.05
0.05-
0.02-

0.04-
0.03-
0.05-
0.03-
0.03-
0.04-
0.03-

0.03-
0.03-
0.04-
0.04-
0.02-
0.03-
0.02-

0.03-

(2)

(3)

(4)

(5)

(6)

Steel for crank pins . .

.

Billets or blooms for forging 0.03-
0.03-
0.03-
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The minus sign after a figure means "or less." The figures without
the ramus sign represent the composition desired,

Steei castings. Desired T. S., 70,000 lbs. per sq. in.; elong. in 2 in.,
15%. Will be rejected if T. S. is below 60,000, or elong. below 12%, or if
the castings show blow-holes or shrinkage cracks on machining.

Notes. (1) Tensile strength, 52,000 lbs. per sq. in.; elong. in 8 ins.
= 1,500,000 -i- T. S. (2) Axles are also subjected to a drop test, similar
to that of the A. S. T. M. specifications. Axles will be rejected if the/
contain C below 0.35 or above 0.50, Mn above 0.60, P above 0.07%.
(3) T. S. desired, 85,000 lbs. per sq. in.; elong. in 8 ins. 18%. Pins will

. be rejected if the T. S. is below 80,000 or above 95,000, if the elongation
is less than 12%, or if the P is above 0.05%. (4) The steel will be re-
jected if the C is below 0.35 or above 0.50, Si above 0.25, S above 0.05,
P above 0.05, or Mn above 0.60%. (5) T. S. desired, 60,000; elong. in
8 ins. 26%. Sheets will be rejected if the T. S. is less than 55,000 or
over 65,000, or if the elongation is less than the quotient of 1,400,000
divided by the T. S., or if P is over 0.05%. (6) T. S. desired, 60,000,
with elong. of 28% in 8 in. Sheets wiH be rejected if the T. S. is less
than 55,000 or above 65,000 (but if the elong. is 30% or over plates will
not be rejected for high T. S.),if the elongation is less than 1,450,000 h-

T. S., if a single seam or cavity more than 1/4 in. long is shown in either
one o.f the three fractures obtained in the test for homogeneity, described
below, or if on analysis C is found below 0.15 or over 0.25, P over 0.035,
Mn over- 0.45, Si over 0.03, S over 0.045, or Cu over 0.0^5%.
Homogeneity Test for Fire-box 'Steel. — Tliis test is made on one of the

broken tensile-test specimens, as follows:
A portion of the test-piece is nicked with a chisel, or grooved on a ma-

chine, transversely about a sixteenth of an inch deep, in three places
about 2 in. apart. The first groove should be made on one side, 2 in. from
the square end of the piece; the second, 2 in. from it on the opposite side;
and the third, 2 in. from the last, and on the opposite side from it. The
test-piece is then put in a vise, with the first groove about 1/4 in. above
the jaws, care being taken to hold it firmly. The projecting end of the
test-piece is then broken off by means of a hammer, a number of light
blows being used, and the bending being away from the groove. The
piece is broken at the other two grooves in the same way. The object
( f this treatment is to open and render visible to the eye any seams due
to failure to weld up, or to foreign interposed matter, or cavities due
to gas bubbles in the ingot. After rupture, one side of each fracture ia

examined, a pocket lens being used if necessary, and the length of the
seams and cavities is determined. The sample shall not show any single
seam or cavity more than 1/4 in. long in either of the three fractures.

Dr. Chas. B. Dudley, chemist of the P. R. R. {Trans. A. I. M. E., 1892),
referring to tests of crank-pins, says: In testing a recent shipment, the
piece from one side of the pin showed 88,000 lbs. strength and 22% elon-
gation, and the piece from the opposite side showed 106,000 lbs. strength
and 14% elongation. Each piece was above the specified strength and
ductihty, but the lack of uniformity between the two sides of the pin was
so marked that it was finally determined not to put the lot of 50 pins in
use. To guard against trouble of this sort in future, the specifications
are to be amended to require that the difference in ultimate strength of
the two specimens shall not be more than 3000 lbs.

Specifications for Steel Rails.. (Adopted by the manufacturers of the
CJ. S. and Canada. In effect Jan. 1, 1909.)— Bessemer rails:

Wt. per yard, lbs. 50 to 60 61 to 70 71 to 80 81 to 90 91 to 100
Carbon, % 0.35-0.45 0.35-0.45 0.40-0.50 0.43-0.53 0.45-0.55
Manganese, %... .0.70-1 .00 0.70-1.00 0.75-1.05 0.80-1.10 0.84-1.14

Phosphorus not over 0.10%; silicon not over 0.20%. Drop Test: A
piece of rail 4 to 6 ft. long, selected from each blow, is placed head up-
wards on supports 3 ft. apart. The anvil weighs at least 20,000 lbs.,

and the tup, or faUing weight, 2000 lbs. The rail should not break when
the drop is as follows:

Weight per yard, lbs 71 to SO 81 to 90 91 to 100
\

Height of drop, feet 16 17 18
|

If any rail breaks when subjected to the drop test, two additional tests !

Will be made of other rails from the same blow of steel, and if either ol
j
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these latter tests fail, all the rails of the blow which they represent will
be rejected; but if both of these additional test-pieces meet the require-
ments, all the rails of the blow which they represent will be accepted.

Shrinkage: The number of passes and the speed of the roll train shall
be so regulated that for sections 75 lbs. per yard and heavier the temper-
ature on leaving the rolls will not, excep-i that which requires a shrinkage
allowance at the hot saws of eu/ie innhes for a 33-ft. 754b. rail, with an
increase of i/ie in. for each increase of 5 lbs. in the weight of the section.

Open-hearth rails; chemical specifications:

Weight per yard, lbs. .. 50 to 60 61 to 7T 71 to 80 81 to 93 91 to 100
Carbon, % 0.46-0.59 0.46-0.59 0.52-0.65 0.59-0.72 0.62-0.75

Manganese, 0.60 to 0.90: Phosphorus, not over 0.04; Silicon, not over
0.20 Drop Tests : 50 to 60-lb., 15 ft.; 61 to 70-lb., 16 ft.; heavier sec-
tions same as Bessemer.

Specifications for Steel Axles. (Proc. A. S. T. M., 1905 p. 56.) —

P.&
S.J

Tens.
Str.

Yield
Pt.

El.m
2 in.

Red.
Area.

0.05
0.06
0.04

Driving and engine truck, C. S.*
Driving and engine truck, N. S.f

80,000
80,000

40,000
50,000

20%
25%

25%
45%

* Carbon steel.

t Nickel steel, 3 to 4% Ni.

j Each not to exceed. Mn in carbon steel not over 0.60 %.

Drop Tests. — One drop test to be made from each melt. The axle
^ests on supports 3 ft. apart, the tup weighs 1640 lbs., the anvil supported
on springs, 17,500 lbs.; the radius of the striking face of the tup is 5 in.

The axle is turned over after the first, third and fifth blows. It must
stand the number of blows named below without rupture and without
exceeding, as the result of the first blow, the deflection given.

4V.

24

81/4)

43/8

26

81/4

y/16

281/2
81/4

45/8

31

8

43/4

34
8

5 3/8

43

7

5%
Number of blows

43

51/2

Speciflcations for Tires. (A. S. T. M., 1901.) — Phj^sical require-
ments of test-piece 1/2 in. diam. Tiresfor passenger engines: T. S., 100,000;
El. in 2 in., 12%. Tires for freight engines and car wheels: T. S„ 110,000:
El., 10%. Tires for switching engines: T. S., 120,000; El., 8%.

Drop Test. — If a drop test is called for, a selected tire shaU be placed
vertically under the drop on a foundation at least 10 tons in weight and
subjected to successive blows from a tup weighing 2240 lbs. falling from
increasing heights until the required deflection is obtained, without break-
ing or cracking. The minimum deflection must equal D^ -5- (40 T'^ +
2D), D being internal diameter and T thickness of tire at center ol
tread.

Splice-bars. (A. S. T. M., 1901.) — Tensile strength of a specimen
cut from the head of the bar, 54,000 to 64,000 lbs.; yield point, 32,000
lbs. Elongation in 8 in., not less than 25 per cent. A test specimen
cut from the head of the bar shall bend 180° flat on itself without fracture
on the outside of the bent portion. If preferred, the bending test may
be made on an unpunched splice-bar, which shall be first flattened and
then bent. One tensile test and one bending test to be made from each
blow or melt of steel.
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Specifications for Steel Used in Automobile Constructiosu
(E. F. Lake, Am. Mach., March 14, 1907.) —

c. Mn. Cr. Ni. P. S. T. S. E.L. El. in

2 in.

R.of
A.

(0 0.40-0.55 0.40- 0.80+ 1.50+ 0.04- 0.04- f 90000 +
1180000 +

65000 +
140000+

18+
8+

35+a
20+b

(2) 0.20-0.35 0.40- 0.80+ 1.50+ 0.04- 0.04- / 85000+
1130000 +

65000+
100000 +

20+
12+

50+a
30+b

(3) 0.25 0.40 1.50 3.50 0.015 0.025 120000 105000 20 5fic

(4) 0.25-0.35 0.60 1.50+ 0.03 0.04 / 85000+
1 100000+

60000+
70000 +

25 +
20+

50+a
50+b

n^
0.45-0.55
0.28-0.35

1.1-1.3
0.3-0.6

0.065-
0.05-

0.06-
0.06-

85000+
75000+

55000 +
40000+

15 +
25 +

45 + c
40+

c

(^^ 3.85-1.00
0.50

0.25-0.5
1.50- 30.6"

0.03-
0.04-

0.03-
0.06-hs

The plus sign means "or over"; the minus sign "or less."
a, fully annealed; b, heat-treated, that is oil-quenched and partly

annealed; c, as rolled.

(1) 45% carbon chrome-nickel steel, for gears of high-grade cars.
When annealed this steel can be machined with a high-speed tool at the
rate of 35 ft. per min., with a Vi6-in. feed and a s/ig-in. cut. It is annealed
at 1400° F. 4 or 5 hours, and cooled slowly. In heat-treating it is heated
to 1500°, quenched in oil or water and drawn at 500° F.

(2) 25% carbon chrome-nickel steel, for shafts, axles, pivots, etc.
This steel may be machined at the same rate as (1), and it forges more
easily.

(3) A foreign steel used for forgings that have to withstand severe
alternating shocks, such as differential shafts, transmission parts, universal
joints, axles, etc.

(4) Nickel steel, used instead of (1) in medium and low-priced cars.

(5) "Gun-barrel " steel, used extensively for rifle barrels, also in low-
priced automobiles, for shafts, axles, etc. It is used as it comes from
the maker, without heat-treating.

(6) Machine steel. Used for parts that do not require any special
strength.

(7) Spring steel used in automobiles.
(8) Nickel steel for valves. Used for its heat-resisting qualities in

valves of internal-combustion engines.
Carbonizing or Case-hardening. — Some makers carbonize the surface

of gears made from steel (1) above. They are packed in ca.st-iron boxes
with a mixture of bone and powdered charcoal and heated four hours
at nearly the melting-point of the boxes, then cooled slowly in the boxes.
They are then taken out, heated to 1400° F. for four hours to break up the
coarse grain produced by the carbonizing temperature. After this the
work is heat-treated as above described.
The machine steel (6) case-hardens well by the use of thi^! process.
Specifications for Steel Castings. (Proc. A. S. T. M., 1905, p. 53.)~

Open-hearth, Bessemer, or crucible. Castings to be annealed unless
otherwise specified. Ordinary castings, in which no physical require-
ments are specified, shall contain not over 0.04 C and not over 0.08 P.
Castings subject to physical test shall contain not over 0.05 P and not
over 0.05 S. The minimum requirements are:

T. S. Y. P.
El. in 2

in.

Red.
Area.

85,000
70.000

60,000

33,250
31,500
27,000

15%
18%
22%

20%
25%
30%



• FORCE, STATICAL MOMENT, EQUILIBRIUM, ETC. 511

For small or unimportant castings a test to destruction may be sub-
stituted. Tliree samples are selected from each melt or blow, annealed
in the same furnace charge, and shall show the material to be ductile

and free from injurious defects, and suitable for the purpose intended.
Large castings are to be suspended and hammered all over. No cracks,
flaws, defects nor weakness shall appear after such treatment. A speci-
men 1 X 1/2 in. shall bend cold around a diam. of 1 in. without fracture
on outside of bent portion, through an angle of 120° for soft and 90° for

medium castings.
Specifications for steel castings issued by the U. S. Navy Department,

1889 (abridged): Steel for castings must be made by either the open-
hearth or the crucible process, and must not show more than 0.06% of
phosphorus. All castings must be annealed, unless otherwise directed.
The tensile strength of steel castings shall be at least 60,000 lbs., with an
elongation of at least 15% in 8 in. for all castings for moving parts of
machinery, and at least 10% in 8 in. for other castings. Bars 1 in. sq.
shall be capable of bending cold, wathout fracture, tlijough an angle of
90°, over a radius not greater than II/2 in. All castirj^s must be sound,
free from injurious roughness, sponginess, pitting, shrinkage, or other
cracks, cavities, etc.

Pennsylvania Railroad specifications, 1888: Steel castings should have a
tensile strength of 70,000 lbs. per sq. in. and an elongation of 15% in
section originally 2 in. long. Steel castings will not be accepted if tensile
strength falls below 60,000 lbs., nor if the elongation is less than 12%, nor
if castings have blow-holes and shrinkage cracks. Castings weighing 80
lbs. or more must have cast with them a strip to be used as a test-piece.
The dimensions of this strip must be 3/4 in. sq. by 12 in. long.

MECHANICS.
FORCE, STATICAL 3IOMENT, EQUELIBRrUM, ETC.

Mechanics is the science that treats of the action of force upon bodies.
Statics is the mechanics of bodies at rest relatively to the earth's surface.
Dynamics is the mechanics of bodies in motion. Hydrostatics and hydro-
dynamics are the mechanics of liquids, and Pneumatics the mechanics
of air and other gases. These are treated in other chapters.

There are four elementary quantities considered in Mechanics: Matter,
Force, Space, Time.

flatter. — Any substance or material that can be weighed or measured.
It exists in three forms: solid, liquid, and gaseous. A definite portion
of matter is called a body.
The Quantity of Matter in a body may be determined either by

measuring its bulk or by weighing it, but as the bulk varies with temper-
ature, with porosity, with size, shape and method of piling its particles,
etc., weighing is generally the more accurate method of determining its

quantity.
Weight. 3Iass. — The word "weight" is commonly used in two

senses: 1. As the measure of quantity of matter in a body, as deter-
mined by weighing it in an even balance scale or on a lever"'or platform
scale, and thus comparing its quantity with that of certain pieces of metal
called standard weights, such as the pound avoirdupois. 2. As the
measure of the force which the attraction of gravitation of the earth
exerts on the body, as determined by measuring that force with a spring
balance. As the force of gravity varies with the latitude and elevation
above sea level of different parts of the earth's surface, the weight deter-
mined in this second method is a variable, while that determined by
the first method is a constant. For this reason, and also because spring
balances are generally not as accurate instruments as even balances, or
lever or platform scales, the word "weight," in engineering, unless other-
wise specified, means the quantity of matter as determined by weigh-
ing it by the first method. The standard unit of weight is the pound.
The word "mass" is used in three senses by writers on physics and

engineering: 1. As a general expression of an indefinite quantity, syn-
onymous v/ith lump, piece, portion, etc., as in the expression "a mass
wUqs^ weight IS one pound." 2!. As the quotient of the weight, aa
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determined by the first method of weighing given above, by 32.174, the
standard value of g', the acceleration due to gravity, expressed by
the formula M = W/g. Tliis value is merely the arithmetical ratio of
the weight in pounds to the acceleration in feet per second per second,
and it has no unit. 3. As a measure of the quantity of matter, ex-
actly synonymous with the first meaning of the word "weight," given
above. In this sense the word is used in many books on physics and
theoretical mechanics, but it is not so used by engineers. The state-
ment in such books that the engineers' unit of mass is 32.2 lbs. is an
error. There is no such unit. Whenever the term "mass" is repre-
sented by M in engineering calculations it is equivalent to W/g, in
which Wis the quantity of matter in pounds, and g = 32.1740 (or 32.2
approximate)

.

Local Weight. — The force, measured in standard pounds of force
(see Unit of Force, below), with which gravity attracts a body at a
locality other than one where g = 32.174 is sometimes called the
"local weight" of the body. It is the weight that would be indicated
if the body was weighed on a spring balance calibrated for standard
pounds of force. If the balance was calibrated for the particular lo-
cality, it would indicate not the local weight, but the true or standard
weight, that is, the quantity of matter in pounds or the force that
gravity would exert on the body at the standard locality, these being
numerically identical. The difference between standard and local
weight is rarely large enough to be of importance in engineering
problems. In the United States (exclusive of Alaska), the range of
the value of g is only from 0.9973 (at lat. 25°, 10,000 ft. above the sea)
to 1.0004 (lat. 49° at the sea level) of the standard value (lat. 45° at
the sea level) of 32.1740.
A Force is anything that tends to change the state of a body with

respect to rest or motion. If a body is at rest, anything that tends to
put it in motion is a force; if a body is in motion, anything that tend^ to
change either its direction or its rate of motion is a force.
A force should always mean the pull, pressure, rub, attraction (or re-

pulsion) of one body upon another, and always implies the existence of a
simultaneous equal and opposite force exerted by that other body on the
first body, i.e., the reaction. In no case should we call anything a force
unless we can conceive of it as capable of measurement by a spring
balance, and are able to say from what other body it comes. (I. P.
Church.)

Forces may be divided into two classes, extraneous and molecular;
extraneous forces act on bodies from without; molecular forces are
exerted between the neighboring particles of bodies.

Extraneous forces are of two kinds, pressures and moving forces: pres-
sures simply tend to produce motion; moving forces actually produce
motion. Thus, if gravity act on a fixed body, it creates pressure; if on a
free body, it produces motion.

Molecular forces are of two kinds, attractive and repellent: attractive
forces tend to bind the particles of a body together; repellent forces tend
to thrust them asunder. Both kinds of molecular forces are continu-
ally exerted between the molecules of bodies, and on the predominanc3
of one or the other depends the physical state of a body, as solid, liquid,
or gaseous.
The Unit of Force used in engineering, by English writers, is the

pound avoirdupois. Strictly, it is the force which would give to a
pound of matter an acceleration of 32.1740 feet per sec. per sec, or the
force with which gravity attracts a pound of matter at 45° latitude at
the sea level. In the French C. G. S. or centimeter-gram-second system,
the unit of force is the force which acting on a mass of one gram will
produce in one second a velocity of one centimeter per second. This
unit is called a "dyne" = 1/980-665 gram.
An attempt has been made by some writers on physics to introduce

the so-called "absolute system" into English weights and measures, and
to define the "absolute imit" of force as that force which acting on the
mass whose weight is one pound at London will in one second produce a
velocity of one foot per second, and they have given this unit the name
"poundal." The use of this unit only makes confusion for students,
and it is to be hoped that it will soon be abandoned in high-school text-

books. Professor Perrjr, jn bis "Calculus for Engineers," p. 26, says,
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" One might as well talk Choctaw in the shops as to speak about ... so
many poundals of force and so many foot-poimdals of work."*

Inertia is that property of a body by virtue of which it tends to con-
tinue in the state of rest or motion in which it may be placed, until acted
on by some force
Newton's Laws of Motion.— 1st Law. If a body be at rest, it will

remain at rest, or if in motion it wiU move uniformly in a straight Une till

acted on by some force.
2d Law. If a body be acted on by several forces, it will obey each as

though the others did not exist, and tills whether the body be at rest or in
motion. (This law is expressed in different forms by various authoi's.
One of these forms is: Change of the motion of a body is proportional
to the force and to the time during which the force acts, and is in the
same direction as the force.)

3d Law. If a force act to change the state of a body with respect to rest
or motion, the body will offer a resistance equal and directly opposed to the
force. Or, to every action there is opposed an equal and opposite reaction.
Graphic Representation of a Force. — Forces may be represented

geometrically by straight hues, proportional to the forces. A force is

given when we know its intensity, its point of application, and the direc-
tion in which it acts. When a force is represented by a >ine, the length of
the Une represents its intensity; one extremity represents the point of
application; and an arrow-head at the other extremity shows the direc-
tion of the force.

Composition of Forces is the operation of finding a single force whose
effect is the same as that of two or more given forces. The required
force is called the resultant of the given forces.

Resolution of Forces is the operation of finding two or more forces
whose combined effect is equivalent to that of a given force. The required
forces are called components of the given force.

The resultant of two forces applied at a point, and acting in the same di-
rection, is equal to the sum of the forces. If two forces act in opposite
directions, their resultant is equal to their difference, and it acts in the
direction of the greater.

If any number of forces be applied at a point, some in one direction and
others in a contrary direction, their resultant" is equal to the sum of those
that act in one direction, diminished by the sum of those that act in the
opposite direction; or, the resultant is equal to the algebraic sum of the
components.

Parallelogram of Forces. — If two forces acting on a point be rep-
resented in direction and intensity by adjacent sides of a parallelogram,
their resultant will be represented by that diagonal of the parallelogram
which passes through the point. Thus OE, Fig. 99, is the resultant of
OQ and OP.

f5

Polygon of Forces.— If several forces are applied at a point and act
in a single plane, their resultant is found as follows:
Through the point draw a line representing the first force; through the

* Professor Perry himself, however, makes a slip on the same page in
saying : "Force in pounds is the space-rate at which work in foot-pounds
is done; it is also the time-rate at which momentum is produced or de-
stroyed." He gets this idea, no doubt, from the equations FT = MV,
F = MV/T, F = 14 MV^ h- S. Force is not these things: it is merely
numerically equivalent, when certain units are chosen, to these last two
quotients. We might as well say, since T = MV/F, that time is the
force-rate of momentum.
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extremity of this draw a line representing the second force; and so on,
throughout the system; finally, draw a line from the starting-point to the
extremity of the last line drawn, and this will be the resultant required.

Suppose the body A, Fig. 100, to be urged in the directions Al, A2, A3,
A4:, and A5 by forces which are to each other as the lengths of those lines.
Suppose these forces to act successively and the body to first move from A
to 1; the second force A2 then acts and finding the body at 1 would take it

to 2'; the third force would then carry it to 3', the fourth to 4', and the fifth
to 5'. The line A5' represents in magnitude and direction the resultant of
all the forces considered. If there had been an additional force, Ax, in
the group, the body would be returned by that force to its original position,
supposing the forces to act successively, but if they had acted simul-
taneously the body would never have moved at all; the tendencies to
motion balancing each other.

It follows, therefore, that if the several forces which tend to move a
body can be represented in magnitude and direction by the sides of a
closed polygon taken in order, the body will remain at rest; but if the
forces are represented by the sides of an open polygon, the body will move
and the direction will be represented by the straight line which closes the
polygon.
Twisted Polygon.— The rule of the polygon of forces holds true even

when the forces are not in one plane. In this case the lines Al, 1-2', 2'-3',

etc.. form a twisted polygon, that is, one whose sides are not in one plane.
Parallelopipedon of Forces. — If three forces acting on a point be

represented by three edges of a parallelopipedon which meet in a common
point, their resultant will be represented by the diagonal of the parallelo-
pipedon that passes through their common point.
Thus OR,Fig. 101 ,is the resultant of OQ, OS and OP. DM is the result-

ant of OP and OQ, and OR is the resultant of OM and OS.

b .-'•"
,^^^

Fig. 101. Fig. 10^.

Moment of a Force, — The moment of a force (sometimes called
statical moment), with respect to a point, is the product of the force by
the perpendicular distance from the point to the direction of the force.

The fixed point is called the center of moments; the perpendicular distance
is the lever-arm of the force; and the moment itself measures the tendency
of the force to produce rotation about the center of moments.

If the force is expressed in pounds and the distance in feet, the moment
is expressed in foot-pounds. It is necessary to observe the distinction be-
tween foot-pounds of statical moment and foot-pounds of work or energy.
(See Work.)

In the bent lever, Fig. 102 (from Trautwine), if the weights n and m
represent forces, their moments about the point / are respectively nX af
and m X fc. If instead of the weight m a puUing force to balance the
weight n is applied in the direction bs, or by or bd, s, y, and d being the
amounts of these forces, their respective moments are sXft, yX fb,
dXfh.

If the forces acting on the lever are in equilibrium it remains at rest, and
the moments on each side of / are equal, that is, n X af = mX fc, or s X
ft, or 2/ X fb, or d X hf.

Tlie moment of the resultant of any nnraber of forces acting togetherm
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the same plane is equal to the algebraic sum of the moments of the forces
taken separately.

Statical Moment. Stability. — The statical moment of a body is

the product of its weight by the distance of its line of gravity from some
assumed line of rotation. The line of gravity is a vertical line drawn from
its center of gravity through the body. The stability of a body is that
resistance which its weight alone enables it to oppose against forces tend-
ing to overturn it or to slide it along its foundation.
To be safe against turning on an edge the moment of the forces tending

to overturn it, taken with reference to that edge, must be less than the
statical moment. When a body rests on an inclined plane, the line of
gravity, being vertical, falls toward the lower edge of the body, and the
condition of its not being overturned by its own weight is that the line of
gravity must fall within this edge. In the case of an inclined tower
resting on a plane the same condition holds — the line of gravity must
fall within the base. The condition of stability against sliding along a
horizontal plane is that the horizontal component of the force exerted
tending to cause it to slide shall be less than the product of the weight of
the body into the coefficient of friction between the base of the body and
its supporting plane. This coefficient of friction is the tangent of the
angle of repose, or the maximum angle at which the supporting plane
might be raised from the horizontal before the body would begin to slide.

(See Friction.)
The Stability of a Dam against overturning about its lower edge

is calculated by comparing its statical moment referred to that edge with
the resultant pressure of the water against its upper side. The horizontal
pressure on a square foot at the bottom of the dam is equal to the weight of
a column of water of one square foot in section, and of a height equal to the
distance of the bottom below water-level ; or, if H is the height, the pressure
at the bottom per square foot = 62.4 X H lbs. At the water-level the
pressure is zero, and it increases uniformly to the bottom, so that the sum
of the pressures on a vertical strip one foot in breadth may be represented
by the area of a triangle whose base is 62.4 X H and whose altitude is H,
or 62.4 H^ -^ 2. The center of gravity of a triangle being 1/3 of its altitude,

the resultant of all the horizontal pressures may be taken as equivalent
to the sum of the pressures acting at 1/3 H, and the moment of the sum of

the pressures is therefore 62.4 X IP -j- 6.

Parallel Forces. — If two forces are parallel and act in the same direc-

tion, their resultant is parallel to both, and lies between them, and the
intensity of the resultant is equal to the sum of the intensities of the two
forces. Thus in Fig. 102 the resultant of the forces n and m acts verti-
cally downward at /, and is equal tc n-\- m.

If two parallel forces act at the extremities of a straight line and in
the same direction, the resultant divides the line joining the points of

N N

u<^-—

/^
-^P Fig. 103. gg^ -»R

application of the components, inversely as the components. Thus in
Fig. 102 m: n:: af: fc'^ and in Fig. 103, P: Q:: SN: SM.
The resultant of two parallel forces acting in opposite directions is

parallel to both, lies without both, on the side and in the direction of the
greater, and its intensity is equal to the dift'erence of the intensities of
the two forces.
Thus the resultant of the two forces Q and P, Fig. 104, is equal to

Q — P = R. Of any two parallel forces and their resultant each is pro-
portional to the distance between the other two; this in both Figs. 103
and 104, P:Q: R:: SN: SM: MN.

Couples.—If P and Q be equal and act in opposite directions, R = 0;
that is, they have no resultant. Two such forces constitute a couple.
The tendency of a counle is to produce rotation ; the measure of this

tendency, called the moment of the couple, is the product of one of the
forces by the distance between the two.
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Since a couple has no single resviitant, HO
single force can balance a couple. To prevent
the rotation of a body acted on by a couple the
application of two other forces is required,
forming a second couple. Thus in Flgi 105,
P and Q, forming a couple, may be balanced
by a second couple formed by R and S. The
point of application of either R or S may be a

FiQ. 105. j fixed pivot or axis,

QY
Moment of the couple PQ ^ P(c+b + a) -

moment of BS ^ Rb. Also, P + /2 = <? + 5.
^ 'S The forces R and S need not be pa.rallel to P

and Q, but if not, then their components par-
allel to PQ are to be taken instead of the forces themselves.

Equilibrium of Forces.—A system of forces applied at points of a
solid body will be equihbrium Avhen they have no tendency to produce
motion, either of translation or of rotation.
The conditions of equilibrium are: 1. The algebraic sum of the com-

ponents of the forces in the direction of any three rectangular axes must
separately equal 0. 2. The algebraic sum of the moments of the forces,,

with respect to any three rectangular axes, must separately equal 0.

If the forces lie in a plane: 1. The algebraic sum of the component's
of the forces, in the direction of any two rectangular axes, must be
separately equal to 0. 2. The algebraic sum of the moments of the
forces, with respect to any point in the plane, must be equal to 0.

If a body is restrained by a fixed axis, as in case of a pulley, or wheel
and axle, the forces will be in equilibrium when the algebraic siim of
the moments of the forces with respect to the axis is equal to 0.

CENTEE OF GRAVITY.

The center of p;ravity of a body, or of a system of bodies rigidly con-
nected together, is that point about which, if suspended, all (the parts will
be in equilibrium, that is, there will be no tendency to rotation. It is

the point through which passes the resultant of the efforts of gravitation
on each of the elementary particles of a body. In bodies of equal heavi-
ness throughout, the center of gravity is the center of magnitude.

(The center of magnitude of a figure is a point svich that if the figure
be divided into equal parts the distance of the center of magnitude of
the whole figure from any given plane is the mean of the distances of
the centers of magnitude of the several equal parts from that plane.)
A body suspended at its center of gravity is in equilibrium in all

positions. If suspended at a point outside of its center of gravity, it,

will take a position so that its center of gravity is vertically below its;

point of suspension.
To find the center of gravity of any plane figure mechanically, sus*-

pend the figure by any point near its edge, and mark on it the directioa
of a plumb-line hung from that point; then suspend it from some ot&ec
point, and again mark the direction of the plumb-line in like maimer..
The center of gravity will be at the intersection of the two marks.
The Center of Gravity of Regular Figures, whether plane or solid,

is the same as their geometrical center; for instance, a straigjtot line,

parallelogram, regular polygon, circle, circular ring, prism^ cylinder,
sphere, spheroid, middle frustums of spheroid, etc.

Of a triangle: On a line draA^ii from any angle to the middle of the
opposite side, at a distance of one-third of the line from the side; or at
the intersection of such lines drawn from any two angles.

Of a trapezium or trapezoid: Draw a diagonal, dividing it into two tri-
angles. Draw a Une joining their centers of gravity. Draw the other-
diagonal, making two other triangles, and a line joining their centers
of gravity. The intersection of the two lines is the center of gravity.

Of a sector of a circle: On the radius which, bisects the arc, 2 cr -^ 3 I

from the center, c being the chord, r the radius, and I the arc.

Of a semicircle: On the middle radius, 0.4244 r from the center.
Of a quadrant: On the middle radius, 0.600 r from the center.
Of a segment of a circle: c^ -h ] 2c from the center, c = chord, a =area.
Of a paraboic surface: In the axis, 3/5 of its length from the vertex.
Of a semi-parabola (surface): 3/5 length of the axis from the vertex,

and 3/8 of the semi-base from the axis.
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0/a cone or pyramid: In the axis, 1/4 of its length from the base.
Of a paraboloid: In the axis, 2/3 of its length from the vertex.
Of a cylinder, or regular prism.: In the middle point of the axis.

Of a frustum of a cone or pyramid' Let a = length of a line drawn frodii

the vertex of the cone when complete to the center of gravity of the base^
and a' that portion of it between the vertex and the top of the frustum 5

then distance of center of gravity of the frustum from center of gravity of

Its base :==^-. ,,, ^^?^
.,

.

4 4(a2 + aa' + a'2)

For two bodies, fixed one at each end of a straight bar, the commori
center of gravity is in the bar, at that point which divides the distance
between their respective centers of gravity in the inverse ratio of the
weights. In this solution the weight of the bar is neglected. But it may
be taken as a third body, and allowed for as in the following directions:

For more than two bodies connected in one system: Find the commoa
center of gravity of two of them; and find the common center of these two
jointly with a third body, and so on to the last body of the group.

Another method, by the principle of moments: To find the center of
gravity of a system of bodies, or a body consisting of several parts, whose
several centers are known. If the bodies are in a plane, refer their several
centers to two rectangular coordinate axes. Multiply each weight by its

distance from one of the axes, add the products, and divide the sum by the
sum of the weights; the result is the distance of the center of gravity from
that axis. Do the same with regard to the other axis. If the bodies are
not in a plane, refer them to three planes at right angles to each other, and
determine tlie mean distance of the sum of the weights from each plane.

MOMENT OF INERTIA.
The moment of inertia of the weiglit of a body with respect to an axis

is the algebraic sum of the products of the weight of eacii elementary
particle by the square of its distance from the axis. If the moment of
inertia witli respect to any axis = I, the weight of any element of the
body = w, and its distance from the axis = r, we have I = ^{wr^).

The moment of inertia varies, in the same body, according to the
position of the axis. It is the least possible when the axis passes through
the center of gravity. To find the moment of inertia of a body, referred

to a given axis, divide the body into small parts of regular figure. Multi-

ply the weight of each part by the square of the distance of its center of

gravity from the axis. The sum of the products is the moment of inertia.

The value of the moment of inertia thus obtained will be more nearly

exact, the smaller and more numerons the divisions of the body.
Moments of Inertia of Regular Solids. — Rod, or bar, of uniform

ttdckness, with respect to an axis perpendicular to the length of the rod,

/="pr(^+d2) (1)

W = weight of rod, 21 = length, d == distance of center of gravity from
axis.

Thin circular plate, axis in its ) 7-_w /^ , ^2 ^ (o\
own plane, )

^~^ U /' ^

r = radius of plate.

Circular plate, axis perpendicular to ) t_ tt^ /l! . ^2 \ at
the plate, i^

~ ^^ [2^'*'
^^ }

^^

Circular ring, axis perpendicular to) T_Trr / r-4- r'^ \ (4\
its own plane,

^i-w
y 2 ^ " j • * * * ^*'

r and r' are the exterior and interior radii of the ring.

Cylinder, axis perpendicular to the) r_Ttr /if j. ^ 4. /72^ (ti\

axis of the cylinder. T^ U 3^ 7* ' * * ^^

r = radius of base, 2 1 = length of the cylinder.

By making d == in any of the above formulas, we find the moment of

inertia for a parallel axis through the center of gravity.
The moment of inertia, Si^r^, numerically equals the Vv^eight of a body

which, if concentrated at the distance unity from the axis of rotation,

would require the same work to produce a given increase of angular
velocity that the actual body requires. It bears the same relation to
angular acceleration which weight does to linear acceleration (Rankine).
The term moment of inertia is also used in regard to areas, as the cross-
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sections ofj beams under strain. In this case I =2or2, a being any ele-
mentary area, and r its distance from the center. (See Strength of Ma-
terials, p. 293.) Some writers call 2»ir2 = Xicr2-i-g the moment of inertia.

CENTERS OF OSCILLATION AND OF PERCUSSION.
Center of Oscillation. — If a body oscillate about a fixed horizontal

axis, not passing through its center of gravity, there is a point in the Hne
drawn from the center of gravity perpendicular to the axis whose motion
is the same as it would be if the whole mass were collected at that point
and allowed to vibrate as a pendulum about the fixed axis. This point is

called the center of oscillation.
The Radius of Oscillation, or distance of the center of oscillation

from the point of suspension = the square of the radius of gyration -f- dis-
tance of the center of gravity from the point of suspension or axis. The
centers of oscillation and suspension are convertible.

If a straight line, or uniform thin bar or cylinder, be suspended at one
end, oscillating about it as an axis, the center of oscillation is at 2/3 the
length of the rod from the axis. If the point of suspension is at 1/3 the
length from the end, the center of osciUation is also at 2/3 the length from
the axis, that is, it is at the other end. In both cases the osciUation will
be performed in the same time. If the point of suspension is at the
center of gravity, the length of the equivalent simple pendulum is infinite,
and therefore the time of vibration is infinite.

For a sphere suspended by a cord, r = radius, h = distance of axis of
motion from the center of the sphere, h' = distance of center of oscillation
from center of sphere, I = radius of oscillation = /i + /i' = ^ + 2/5 (r2-H h).

If the sphere vibrate about an axis tangent to its surface, h = r, and
l = r+ 2/5 r. Jfh= 10 r, 1= 10r+ (r ^ 25).

Lengths of the radius of oscillation of a few regular plane figures or
thin plates, suspended by the vertex or uppermost point.

1st. When the vibrations are perpendicular to the plane of the figure:
In an isosceles triangle the radius of oscillation is equal to 3/4 of the

height of the triangle.
In a circle, s/g of the diameter.
In a parabola, 5/7 of the height.
2d. When the vibrations are edgewise, or in the plane of the figure:
In a circle the radius of oscillation is 3/4 of the diameter.
In a rectangle suspended by one angle, 2/3 of the diagonal.
In a parabola, suspended by the vertex, 5/7 of the height plus 1/3 of

the parameter.
In a parabola, suspended by the middle of the base, 4/7 of the height plus

1/2 the parameter.
Center of Percussion. — The center of percussion of a body oscillat-

ing about a fixed axis is the point at which, if a blow is struck by the body,
the percussive action is the same as if the whole mass of the bodv were
concentrated at the point. It is identical with the center of oscillation.

CENTER AND RADIUS OF GYRATION.
The center of gyration, with reference to an axis, is a point at which, if

the entire weight of a body be concentrated, its moment of inertia will re-

main unchanged; or, in a revolving body, the point in which the whole
weight of the body may be conceived to be concentrated, as if a pound of
platinum were substituted for a pound of revolving feathers, the angular
velocity and the accumulated work remaining the same. The distance of
this point from the axis is the radius of gyration. If W = the weight of a
body, / = Xwr'^ = its moment of inertia, and k = its radius of gyration,

/ = Wk^ = ^lor^; k = y ^^•
The moment of inertia= the weight X the square of the radius of gyration.
To find the radius of gyration divide the body into a considerable

number of equal small parts, — the more numerous the more nearly exact
is the result, — then take the mean of all the squares of the distances of the
parts from the axis of revolution, and find the square root of the mean
square. Or, if the moment of inertia is known, divide it by the weight
and extract the square root. For radius of gyration of an area, divide
the moment of inertia of the area by the area and extract the square
root.
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The radius of gyration is the least possible when the axis passes through
the center of gravity. This minimum radius is called the principal radius
of gyration. If we denote it by k and any other radius of gyration by k',

we have for the five cases given under the head of moment of inertia above
the following values:

,.^__«.

(1) Rod, axis perpen. to)^ _ , *A. r./ _ J^l+ rn
length, r-/ Vs-'^ - Vs^^'

(2) Circular plate, axis in ) t
»

Its plane, J
"'

I

(3) Circular plate, axis per- 1 ^ _ ~ 4/I. 7

pen. to plane, ] 12'

(4) Circular ring, axis per-
pen. to plane.

th

v-f-
(5) Cylinder, axis

pen. to length, /-^.f:.'
Principal Radii of Gyration and Squares of Radii of Gyration.

(For radii of gyration of sections of columns, see page 295.)

Surface or Solid.

Parallelogram: ) axis at its base
height ft^ J

'* mid-height

®SfIhr^r,Mn|aasatend
Snipla'tel " -'d-'-gth

Rectangular prism:
axes 2a, 2b, 2c, referred to axis 2a

Parallelepiped: length I, base 6, axis at

)

one end, at mid-breadth
j

Hollow square tube:
out. side h, inner h', axis mid-length . . .

.

very thin, side = h, axis mid-length . . .

.

Thin rectangular tube: sides 6, h, axis )

mid-length.
)

Thin circ. plate: rad. r, diam. h, ax. diam.
Flat circ. ring: diams. h, h', axis diam.. .

.

Solid circular cylinder: length I, axis di- )

ameter at mid-length )

Circular plate: solid wheel of uniform
j

thickness, or cylinder of any length, >

referred to axis of cyl )

Hollow circ. cylinder, or flat ring;

I, length; R, r, outer and inner radii
Axis, 1, longitudinal axis; 2, diam. a1

mid-length
Same: very thin, axis its diameter

" radius r; axis, longitudinal axis .

.

Circumf . of circle, axis its center" " " " " diam
Sphere: radius r, axis its diam
Spheroid: equatorial radius r, revolving]
polar axis a j

Paraboloid: r= rad. of base, rev. on axis
Ellipsoid: semi-axes a,b,c; revolving on 1

axis 2 a ]

Spherical shell: radii R, r, revolving on 1

its diam
!

Same: very thin, radius r
Solid cone: r^^rad- of base, rev, on axis.

.

Rad. of Gyration.
Square of R.
of Gyration.

0.5773/1
0.2886/1

0.5773

?

0.2886

i

0.577 \/62 + c-

0.289^4^2 +^
0.289 V/i2 +h'2

AOSh
./h + yb
V h + b

V2r
1/4 ^/l2 + /i'2

0.289 Vz2 + 3^-2

0.7071 r

0.7071 \/fi2~

289V^2+3(^2+^2)

0.289\/z2 + 6/22

r

0.7071

r

0.6325

r

0.6325

r

0.5773

r

0.4472 \/&2 + c2

V R^ - r^

8165

r

0.5477

r

1/12 i'

(62 + c2) -^ 3

4^2 + ?)2

12

(/l2 + /i'2)H-12

K^ h + 3b
12' h+b

i/4r2 = /i2-- 16

(/i2 + h'2) ^ 16

12 4

1/2 r2

(7?2 + r2) -^2

Z2 P2 + r2
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THE PENDULUM.
A body of any form suspended from a fixed axis about which it oscil-

lates by the force of gravity is called a compound pendulum. The ideal
body concentrated at the center of oscillation, suspended from the cen-
ter of suspension by a string without weight, is caUed a simple pendulum.
This equivalent simple pendulum has the same weight as the given body,
and also the same moment of inertia, referred to an axis passing through
the point of suspension, and it oscillates in the same time.
The ordinary pendulum of a given length vibrates in equal times when

the angle of the vibrations does not exceed 4 or 5 degrees, that is, 2° or
2 1^° each side of the vertical. This property of a pendulum is called its
isochronism.
The time of vibration of a pendulum varies directly as the square root

of the length, and inversely as the square root of the acceleration due to
gravity at the given latitude and elevation above the earth's surface.

If r = the time of vibration, I = length of the simple pendulum, g =

the acceleration, then T= tt -\ _; since tt is constant Too —7=.. At a^9 Vg
given location g is constant and T 00 v^ If I be constant, then for any

location T 00 —pr. If Tbe constant, g T- = ir^l; lao g; g = ^. From this
Vg T^

equation the force of gravity at any place may be determined if the
length of the simple pendulum, vibrating seconds, at that place is

known. At New York this length is 39.1017 inches = 3.2585 ft.,

whence g = 32.16 ft.

Time of vibration of a pendulum of a given length at New York

-=>j: I \A"
39.1017 6.253'

t being in seconds and I in inches. Length of a pendulum having a given
time of vibration, 1 = Px 39.1017 inches.
The time of vibration of a pendulum may be varied by the addition of

a weight at a point above the center of suspension, which counteracts
the lower weight, and lengthens the period of vibration. By varying the
height of the upper weight the time is varied.
To find the weight of the upper bob of a compound pendulum, vi-

brating seconds, when the weight of the lower bob and the distances of
the weights from the point of suspension are given:

w
(39.1 X d) + d2

*

W = the weight of the lower bob, w = the weight of the upper bob;
T> = the distance of the lower bob, and d = the distance of the upper
bob from the point of suspension, in inches.

Thus, by means of a second bob, short pendiilums may be constructed
to vibrate as slowly as longer pendulums.
By increasing w or d imtil the loAver weight is entirely counterbalanced

the time of vibration may be made infinite.

Conical Pendulum.—A weiglit suspended by a cord and revolving
at a uniform speed in the circumference of a circular horizontal plane
whose radius is r, the distance of the plane below the point of suspension
being h, is held in equilibrium by three forces— the tension in the cord,
the centrifugal force, which tends to increase the radius r, and the force
of gravity acting downward. If v = the velocity in feet per second of
the center of gravity of the weight, as it describes the circmnference, g
= 32.16, and r and h are taken in feet, the time in seconds of performing
one revolution is (at New York or other place where g = 32.16)

^\f
If t= 1 second, h = 0.8146 foot = 9.775 inches.
The principle of the conical pendulum is used in the ordinary fly-ball

governor for steam-engines. (See Governors.)



VELOCITY; ACCELERATION, FALLING BODIES. 521

CENTRIFUGAL FORCE.
A body revolving in a curved path of radius = R in feet exerts a force,

called centrifugal force, F, upon the arm or cord which restrains it from
moving in a straight line, or "flying off at a tangent." If W = weight of
the body in pounds, N = number of revolutions per minute, v = linear
velocity of the center of gravity of the body, in feet per second, g = 32.174,
then

If n = number of revolutions per second, F = 1.2270 WRn^,
(For centrifugal force in fly-wheels, see Fly-wheels.)

VELOCITY, ACCELERATION, FALLING BODIES.
Velocity is the rate of motion, or the speed of a body at any instant.
If s = space in feet passed over in t seconds, and v == velocity in feet per

second, if the velocity is uniform,

V = z', s = vt; c = —
t V

If the velocity varies uniformly, the mean velocity ^^=1/2 (t'l + ^2) , in which

Vi. is the velocity at the beginning and V2 the velocity at the end of the time t.

s = y2{vi + V2)t (1)

If Vi = 0, then s = 1/2 V2t. 1^2 = 2 s/t.

If the velocity varies, but not uniformly, v for an exceedingly short
Interval of time = s/t, or in calculus v = ds/dt.

Acceleration is the change in velocity which ta,kes place in a unit^of

time. The unit of acceleration is 1 foot per second in one second. For
uniformly accelerated motion the acceleration (a) is a constant quantity

a=Vl^.^^=.y^^at;v^==V2-at;t=^^f^^- . , . (2)

If the body start from rest, Vi = ; then if t>^= mean velocity

v„= '^
; y2=2t)^; ^^ '^'' '^2=ai; V2-at=0; f=

-J*

g 32.16 \ g - 4.01 ~
v ' ^

u = space fallen through in the Tth second = g {T — J^).

If ri = 0, s-=y2V2t.
Retarded Motion. — If the body start with a velocity Vi and come to

rest, V2= 0; then s=y2Vit.
In any case, if the change in velocity is v,

V . V' a ..

For a body starting from or ending at rest, we have the equations

, V , at^ ^ ^
V = at; s = - f ; s = — ; i;2 = 2 as.

Falling Bodies. — In the case of falling bodies the acceleration due
to gravity, at 40° latitude, is 32.16 feet per second in one second. = g.
Then it v = velocity acquired at the end of t seconds, or final velocity,
and h = height or space in feet passed over in the same time,

t,= grf = 32.16
f=V2^ = 8.02 V^ == Y •

^-2 -16-08« = 2^ - 64.32 - 2*

f_ V _^ V /2T^ vir ^ 2 /i.

g 32.16 \ g 4.01 v '

u — space fallen through in the rth second =^ g (T - V^).
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From the above formulae for falling bodies we obtain the following:
During the first second the body starting from a state of rest (resistance

of the air neglected) falls g -i- 2 = 16.08 feet; the acquired velocity isg =-

. 9f ,

= 64.32 ft.; and the acquired velocity is v = gt = 64.32 ft. The acceler-
ation, or increase of velocity in each second, is constant, and is 32.16 ft.

per second. Solving the equations for different times, we find for

Seconds, t

Acceleration, g 32.16 X
Velocity acquired at end of time, u . . , . 32.16 X

Height of fall in each second, u —-— X

Total height of fall, h ...., .32. 16 -4- 2 x

Value of g.—The value of g increases with the latitude, and decreases
with the elevation. At the latitude of Philadelphia, 40°. its value is

32.16. At the sea-level, Everett gives g = 32.173 - .082 cos 2 lat. —
.000003 height in feet.

At lat. 45° Everett's formula gives g = 32.173. The value given by the
International Conference on Weights and Measures, Paris, 1901, is 32.1740.

Values of '^2g, calculated by an equation given by C. S. Pierce, are
given in a table in Smith's Hydraulics, from v/hich we take the following:

Latitude 0° 10° 20° 30° 40° 50° 60°

Value of V2^.. 8.0112 8.0118 8.0137 8.0165 8.0199 8.0235 8.0269
Value of j7 32.090 32.094 32.105 32.132 32.160 32.189 32.216

The value of '•^2g decreases about .0004 for every 1000 feet increase in
elevation above the sea-level.

For all ordinary calculations for the United States, g is generally taken

at 32.16. and V2g at 8.02. In England g = 32.2. \/tg = 8.025. Practi-
cal limiting values of g for the United States, according to Pierce, are:

Latitude 49° at sea-level g -= 32. 186
25° 10,000 feet above the sea 9^ = 32.089

Local values of g are used in the calculation of problems that Involve
local gravitational force, such as those of falling bodies, lifting loads,
and power of waterfalls. In all cases in which g appears in an equation
as a divisor of w (standard weight in pounds), as in the equation for
centrifugal force on the preceding page, the value 32.174 should be used.

Fig. 106 represents graphically the velocity, space, etc., of a body falling
for six seconds. The vertical hne at the left is the time in seconds, the
horizontal lines represent the acquired
velocities at the end of each second =
32.16 i. The area of the small triangle
at the top represents the height fallen

through in the first second = 1/2 S'^ 16.08
feet, and each of the other triangles is an
equal space. The number of triangles

between each pair of horizontal lines rep-
resents the height of fall in each second,
and the number of triangles between any
horizontal line and the top is the total

height fallen during the time. The figures
under h, u and v adjoining the cut are to
be multiplied by 1 6.08 to obtain the actual
velocities and heights for the given times
AnsTular and Linear Velocity of a

Turnins Body. — Let r = radius of a
turning body in feet, w = number of revo- 25 9 10 5"
lutions per minute, v^ linear velocity of
a point on the circumference in feet per
second, and QQv — velocity in feet per 36 11 13 6-
minute.

60

t

1"

16 7 8 r \\

3\
Fig. 106,
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kflfiular velocity is a term used to denote the angle through which any
radius of a body turns in a second, or the rate at which any point in it

having a radius equal to unity is moving, expressed in feet per second.
The unit of angular velocity is the angle which at a distance = radius
from the center is subtended by an arc equal to the radius. This unit

angle = — degrees = 57.3°. 2 7rX 57.3° = 360°, or the circumference.

The unit angle
180 .

called a radian.

Height Corresponding to a Given Acquired Velocity,

>> >> >. >> >> >.

> &
o 1

1 >

si

s
>

Si 3

>

-a

feet feet feet feet feet feet

per feet. per feet. per feet. per feet. per feet. per feet.

sec. sec. sec. sec. sec. sec

.25 0.0010 13 2.62 34 17.9 55 47.0 76 89.8 97 146

.50 0.0039 14 3.04 35 19.0 56 48.8 77 92.2 98 149

.75 0.0087 15 3.49 36 20.1 57 50.5 78 94.6 99 152

f.OO 0.016 16 3.98 37 21.3 58 52.3 79 97.0 100 155

1.25 0.024 17 4.49 38 22.4 59 54.1 80 99.5 105 171

1.50 0.035 18 5.03 39 23.6 60 56.0 81 102.0 110 188

1.75 0.048 19 5.61 40 24.9 61 57.9 82 104.5 115 205

2 0.062 20 6.22 41 26.1 62 59.8 83 107.1 120 224

2.5 0.097 21 6.85 42 27.4 63 61.7 84 109.7 130 263

3 0.140 22 7.52 43 28.7 64 63.7 85 112.3 140 304

3.5 0.190 23 8.21 44 30.1 65 65.7 86 115.0 150 350

4 0.248 24 8.94 45 31.4 66 67.7 87 117.7 175 476

4.5 0.314 25 9.71 46 32.9 67 69.8 88 120.4 200 622

5 0.388 26 10.5 47 34.3 68 71.9 89 123.2 300 1399

6 0.559 27 11.3 48 35.8 69 74.0 90 125.9 400 2488

7 0.761 28 12.2 49 37.3 70 76.2 91 128.7 500 3887

8 0.994 29 13.1 50 38.9 71 78.4 92 131.6 600 5597

9 1.26 30 14.0 51 40.4 72 80.6 93 134.5 700 7618

10 1.55 31 14.9 52 42.0 73 82.9 94 137.4 800 9952

II 1.88 32 15.9 53 43.7 74 85.1 95 140.3 900 12,593

12 2.24 33 16.9 54 45.3 75 87.5 96 143.3 1000 15,547

Parallelogram of Velocities. — The principle of the composition
and resolution of forces may also be applied to velocities or to distances

moved in given intervals of time. Referring
to Fig. 99, page 513, if a body at O has a
force applied to it which acting alone would
give it a velocity represented by OQ per
second, and at the same time it is acted on
by another force which acting alone would
give it a velocity OP per second, the result

of the two forces acting together for one sec-

ond will carry it to R, OR being the diagonal
of the parallelogram of OQ and OP, and the
resultant velocitv. If the two component
velocities are uniform, the resultant will be
uniform and the line OR will be a straight
line; but if either velocity is a varying one,
the line will be a curve. Fig. 107 shows the
resultant velocities, also the path traversed v + » „r„-f«rrr.
by a body acted on by two forces, one of which would carry it at a umtorm
velocity over the intervals 1, 2, 3, B and the other of which would carry it

Fig. 107.

by an accelerated motion over the intervals a. &- c. I> in the same times. At
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Falling Bodies: Velocity Acquired by a Body Falling a Given
Heiglit.

>> >> >> >. >j >)

J3

il

.- |
1 io5

> w > s > K ? a I £ >

feet.
feet

feet.
feet

feet.
feet

feet.
feet

feet.
feet

feet.
feet

p.sec. p.sec. p.sec. p.sec. p.sec. p.sec.

0.005 .57 0.39 5.01 1.20 8.79 5. 17.9 23. 38.5 72 68.1
V.CIO .80 0.40 5.07 1.22 8.87 .2 18.3 .5 38.9 73 68.5
0.015 .98 0.41 5.14 1.24 8.94 .4 18.7 24. 39.3 74 69.0
0.020 1.13 0.42 5.20 1.26 9.0! .6 19.0 .5 39.7 75 69.5
0.025 1.27 0.43 5.26 1.28 9.08 .8 19.3 25 40.1 76 69.9
0.030 1.39 0.44 5.32 1.30 9.15 6. 19.7 26 40.9 77 70.4
0.035 1.50 0.45 5.38 1.32 9.2! .2 20.0 27 41.7 78 70.9
0.040 1.60 0.46 5.44 1.34 9.29 .4 20.3 28 42.5 79 71.3
0.045 1.70 0.47 5.50 1.36 9.36 .6 20.6 29 43.2 80 71.8
0.050 1.79 0.48 3.56 1.38 9.43 .8 20.9 30 43.9 81 72.2
0.055 1.88 0.49 5.61 1.40 9.49 7. 21.2 31 44.7 82 72.6
0.060 1.97 0.50 5.67 1.42 9.57 .2 21.5 32 45.4 83 73.1
0.065 2.04 0.51 5.73 1.44 9.62 .4 21.8 33 46.1 84 73.5
0.070 2.12 0.52 5.78 1.46 9.70 .6 22.1 34 46.8 85 74.0
0.075 2.20 0.53 5.84 1.48 9.77 .8 22.4 35 47.4 86 74.4
0.080 2.27 0.54 5.90 !.50 9.82 8. 22.7 36 48.1 87 74.8
0.085 2.34 0.55 5.95 1.52 9.90 .2 23.0 37 48.8 88 75.3
0.090 2.4! 0.56 6.00 1.54 9.96 ,4 23.3 38 49.4 89 75.7
0.095 2.47 0.57 6.06 1.56 10.0 .6 23.5 39 50.1 90 76.1
O.IOO 2.54 0.58 6.1! 1.58 10.1 .8 23.8 40 50.7 91 76.5
0.105 2.60 0.59 6.16 !.60 10.2 9. 24.1 41 51.4 92 76.9
0.110 2.66 0.60 6.2! 1.65 10.3 .2 24.3 42 52.0 93 77.4
0.115 2.72 0.62 6.32 1.70 10.5 .4 24.6 43 52.6 94 77.8
0.120 2.78 0.64 6.42 !.75 10.6 .6 24.8 44 53.2 95 78.2
0.125 2.84 0.66 6.52 1.80 10.8 .8 25.1 45 53.8 96 78.6
C.130 2.89 0.68 6.61 1.90 11.1 10. 25.4 46 54.4 97 79.0
C.I4 3.00 0.70 6.7! 2. 11.4 .5 26.0 47 55.0 98 79.4
0.15 3.11 0.72 6.8! 2.1 11.7 11. 26.6 48 55.6 99 79.8
0.16 3.21 0.74 6.90 2.2 11.9 .5 27.2 49 56.1 100 80.2
0.17 3.31 0.76 6.99 2.3 12.2 12. 27.8 50 56.7 125 89.7
0.18 3.40 0.78 7.09 2.4 12.4 .5 28.4 51 57.3 150 98.3
0.19 3.50 0.80 7.18 2.5 12.6 13. 28.9 52 57.8 175 106

0.20 3.59 0.82 7.26 2.6 12.0 .5 29.5 53 58.4 200 114

0.21 3.68 0.84 7.35 2.7 13.2 !4. 30.0 54 59.0 225 120

0.22 3.76 0.86 7.44 2.8 13.4 .5 30.5 55 59.5 250 126

0.23 3.85 0.88 7.53 2.9 13.7 15. 31.! 56 60.0 275 133

0.24 3.93 0.90 7.6! 3. 13.9 .5 31.6 57 60.6 300 139

0.25 4.01 0.92 7.69 3.1 14.1 16. 32.1 58 61.1 350 150

0.26 4.09 0.94 7.78 3.2 14.3 .5 32.6 59 61.6 400 160

0.27 4.17 0.96 7.86 3.3 14.5 17. 33.1 60 62.1 450 170

0.28 4.25 0.98 7.94 3.4 14.8 .5 33.6 61 62.7 500 179

0.29 4.32 1.00 8.02 3.5 15.0 !8. 34.0 62 63.2 550 188

0.30 4.39 1.02 8.10 3.6 15.2 .5 34.5 63 63.7 600 197

0.31 4.47 1.04 8.18 3.7 15.4 19. 35.0 64 64.2 700 212

0.32 4.54 1.06 8.26 3.8 15.6 .5 35.4 65 64.7 800 227
0.33 4.61 1.08 8.34 3.9 15.8 20. 35.9 66 65.2 900 241

0.34 4.68 1. 10 8.4! 4. 16.0 .5 36.3 67 65.7 1000 254
035 4.74 1.12 8.49 .2 16.4 21. 36.8 68 66.1 2000 359
0.36 4.81 1.14 8.57 .4 16.8 .5 37.2 69 66.6 3000 439
0.37 4.88 1.16 8.64 .6 17.2 22. 37.6 70 67.1 4000 507

0.38 4.94 1.18 8.72 .8 17.6 .5 38.1 71 67.6 5000 567
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the end of the respective intervals the body will be found at Ci, C2, C3, C,
and the mean velocity during each interval is represented by the dis-

tances between these points. Such a curved path is traversed by a shot,
the impelling force from the gun giving it a uniform velocity in the
direction the gun is aimed, and gravity giving it an accelerated velocity
downward. The path of a projectile is a parabola. The distance it will

travel is greatest when its initial direction is at an angle 45° above the
horizontal.

FUNDAMENTAL EQUATIONS Df DYNAMICS.
(Uniformly Accelerated Motion) ,j

Much diflBcidty to students of Mechanics has resulted from the use
in various text-books of such terms as "poundal" as a unit of force
(see page 512), "gee-pound," "slug," or "engineers' unit of mass"
( = 32.2 lbs. of matter), and by the various definitions given to the
words "mass" and "weight." The following elementary treatment of
the subject, in which all of these troublesome words are avoided, is

taken from an article by the author in Science, March 19, 1915. It
is urgently commended to the attention of text-book writers and
teachers, and constructive criticism of it is solicited.

The fundamental problem is: Given a constant force F lbs. acting
for r seconds on a quantity of matter TF lbs., at rest at the beginning
of the time, but free to move, what are the results, assmning that there
is no frictional resistance?
The first result is motion, at a gradually increasing velocity. The

relation between the elapsed time and the velocity is determined by
experiment. The velocity varies directly as the time and as the force,
and inversely as the quantity of matter, and the equation is V 00 FT/W
or V= KFT/W, K being a constant whose value is approximately 32,
provided V is in feet per second, F and W in pounds and T in seconds.

Accurate determinations, involving precise measurements of both F t^

and W, and of S, the distance traversed during the time T, from which
Vis determined, and precautions to eliminate resistance due to friction,
give K = 32.1740. This figure is twice the number of feet that the
body would fall in vacuo in one second at or near latitude 45° at the sea
level. It is commonly represented by g, or by go, to distinguish it from
other yalues of g that may be obtained by experiments on falling
bodies ' (or on pendulmns) at other latitudes and elevations. The
fimdamental equation then is

,

V=FTg/W (1)

The quantity g is commonly called the acceleration due to gravity,
but it also may be considered either as an abstract figure, the constant
g in equation (1), or as the velocity acquired at the end of 1 second by
a falling body, or as the distance a body would travel in 1 second at;

that same velocity if the force ceased to act and the velocity remained
constant.

If the velocity varies directly as the time (uniformly accelerated^
motion), then the distance is the product of the mean velocity and the
time. As the body starts from rest when the velocity is 0, and the
velocity is V at the end of the time T, the mean velocity is 1/2V and the
distance is 1/2 Vr, whence V= 2S/T and T = 25/ V.
The velocity Vin feet per second, at the end of the time T is numer-

ically equal to the number of feet the body would travel in one second
after the expiration of the time T if the force had then ceased to act
and the body continued to move at a uniform velocity.

In equation (1) substitute for V its value 2S/T and we obtain

^-2^ ^^^

We have four elementary quantities F, T, S, W, one derived quan-
tity V, and one constant figure 32.1740. It is understood that F is

measured in standard pounds of force, one pound of force being the
force that gravity exerts on a pound of matter at the standard loca-
tion where g = 32.1740.
Each equation contains four variables, V, F, T, W, or S, F, T, W, and

in either equation if values be given to any three the fourth may be
found. By transposition, or by giving new symbols to the product or
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quotient of two of the variables, many different equations may 'oe

derived from them, the most important of which are given below.
From (1), let F = W, the case of a body falhng at latitude 45° at the

sea level; then V = gT. If T also = 1, then V, = g, that is the velocity
at the end of 1 second is g.

In the equation V = gT substitute for T its value 2S/ Vand we have
V = 2gS/ V, whence V^ = 2gS. In the case of falling bodies, the height
of fall H is usually substituted for S, and we obtain

V=V2^ (3)

Equation (2) with F = W gives V= i/2gT2.
From (1), by transposition we obtain

FT=^ WXV/g, or FT = VxW/g. ..... (4)

The product FT is sometimes called impulse, and the expression
W X V/g is called momentum. It is convenient to use the letter M
instead of W/g, so that the equation becomes

FT = MV (5)

Impulse = Momentum
In (4) we may substitute for T its value in terms of S and V above

given, viz., T = 25/ V and obtain F2S/V = MV;
whence FS = 1/2 MV^, (6)

Work expended = Kinetic energy.

Acceleration. — The quotient V/T is called the acceleration. It is

defined as the rate of increase of velocity. In the problem under con-
sideration, the action of a force on a body free to move, with no retarda-
tion by friction, the acceleration is a constant, V/T = A. Equation
(5) then may be written

F = MA (7)
Force = M times the acceleration.*

If a given body is acted on at two different times by two forces F
and Fi, and if A and Ai are the corresponding accelerations, then

F = MA
j,!^^^^ whence F/Fi = A/Ai (8)

By the use of these eight equations and their transformations aU
problems relating to luiiformly accelerated motion may be solved.

Force of Acceleration.— Force has been defined as that which causes,
or tends to cause, or to destroy, motion. It may also be defined as the
cause of acceleration ; and the unit of force, the pound, as the force re-
quired to produce an acceleration of 32.174 ft. per second per second of
one pound of matter free to move.

Force equals the product of the mass by the acceleration,*or/ = ma.
Also, it V = the velocity acquired in the time t, ft = mv; '— mv -i- 1;

the acceleration being uniform.
The force required to produce an acceleration of g (that is, 32.174 ft.

per sec. in one second) is/ =mg = — g=w, or the. weight of the body.

Also, / = ma = m —^— , in which V2 is the velocity at the end, and »i

the velocity at the beginning of the time t, and f = mg = — —- =

- a; — = -; or, the force required to give any acceleration to a body is

to the weight of the body as that acceleration is to the acceleration pro-

* Equation (7) is sometimes read "force equals mass times acceler-
ation," which is strictly true in the dyne-centimeter-gram-second, or
"absolute" system of measurements, in which force is measured in
dynes, but it is not true in the po'md-foot-second system, nor in the
metric system where the kilogram is used as a unit of both force and
quantity of matter, unless it is understood that the word "mass" ^lea^g
the quotient of W divided hy g.
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duced by gravity. In problems in which the local attraction of gravity
is a factor the local value of g must be used if great accuracy is desired.

Example.—Tension in a cord lifting a weight. A weight of 100 lbs.

is Ufted vertically by a cord a distance of 80 feet in 4 seconds, the velocity
uniformly increasing from to the end of the time. What tension must
be maintained m. the cord, assuming the local value of g to be 32.108 or
0.998 of the standard value? Mean velocity = v^ =20 ft. per sec;

final velocity = ^ = 2v^ = 40; acceleration a ~T~~T ^ ^^" ^^^^^

^^^?, - X 10 = 31.08 lbs. The standard value of g,
y d2.174

32.174 must be used here, for the force required for acceleration is

independent of local gravitation. This is the force required to pro-
duce the acceleration only; to it must be added the force required to lift

the weight without acceleration, or 100 lbs. X 0.998 = 99.8 lbs.,

making a total of 130.88 lbs. (The factor 0.998 is used here because the
force of gravity at the given locality is 0.002 less than at the standard
locality)

.

The Resistance to Acceleration is the same as the force required to pro-

duce the acceleration = ^^—-.
g t

Formulae for Accelerated Motion.— For cases of uniformity accel-
erated motion other than those of falling bodies, we have the formulae

already given, f - — a, = ——
-\ If the body starts from rest, vi =

0, t)2 = » and/ = - -r'tfgt = wv. We also have s = .

and substituting for g its value 32.174, we obtain
„ wV^ wv ws 32.17ft
f = - • ^" = -

64.35 s 32.17 i 16.09^2' ^
WV^ 16.09 ft2 Vt, ono -^l/s 32.17/f.

\ 1

1 ^1 ws,
32.17 f 4.01 \ /

For any change in velocity,/ = w
( q^ qg \ ) •

^~ 64.35/"

(See also Work of Acceleration, under Work.)
Motion on Inclined Planes.—The velocity acquired by a body de-

scending an inclined plane by the force of gravity (friction neglected) is

equal to that acquired by a body falhng freely from the height of the
plane.
The times of descent down different inchned planes of the same height

vary as the length of the planes.
The rules for uniformly accelerated motion apply to inclined planes.

If a is the angle of the plane with the horizontal, sin a = the ratio of the

height to the length = j, and the constant accelerating force is g sin a.

The final velocity at the end of t seconds is v = gt sin a. The distance
passed over in t seconds is I = 1/2 gf^ sin a. The time of descent is

<-.
5^ sin a 4.01 ^h

Momentum, in many books erroneously defined as the quantity of
motion in a body, is the product of the mass by the velocity at any

instant, = mv = —v. By "mass" is meant the quotient w/g.

Since ft = mv, the product of a constant force into the time in which
it acts equals numerically the momentum.
Momentlun may be defined as numerically eqmvalent to the number

of pounds of force that wiU stop a moving body in 1 second, or the num-
ber of pounds of force which acting during 1 second will give it the given
velocity.
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Vis-viva, or living force, is a term used by early writers on Mecliaiiies
to denote the energy stored in a moving body. Tbe term is now obso-
lete, its place being taken by the word energy.

WORK, ENERGY, POWER.
The fundamental conceptions in Mechanics are:
Matter, Force, Time, Space, represented hy W, F, T, S.
In EngUsh units W and F are measured in pounds, T in seconds, S

in feet.

Velocity = space divided by time, V = S -i- T, if V be imiform. V
at end of tiine T (uniformly accelerated motion) = 2S -r- T.

Resistance is that which is opposite to an acting force. It is equal
and opposite to force.

Worli is the overcoming of resistance through a certain distance. It
is measured by the product of the resistance into the space through
which it is overcome. It is also measured by the product of the moving
force into the distance through wliich the force acts in overcoming the
resistance. Thus in lifting a body from the earth against the attraction
of gravity, the resistance is the weight of the body, and the product of
this weight into the height the body is lifted is the work done.
The Unit of Worlc, in British measures, is the foot-pound, or the

amount of work done in overcoming a pressm-e or weight equal to one
poimd through one foot of space.
The work performed by a piston in driving a fluid before it, or by a

fluid in driving a piston before it, may be expressed in either of the fol-
lowing ways:

Resistance X distance traversed
= intensity of pressure X area X distance traversed

;

= intensity of pressure X volume traversed.
By intensity of pressure is meant pressure per unit of area, as lbs. per

sq. in.

The work performed in lifting a body is the product of the weight of
the body into the height through which its center of gravity is lifted.

If a machine lifts the centers of gravity of several bodies at once to
heights either the same or different, the whole quantity of work per-
formed, in so doing is the siun of the several products of the weights and
heights ; but that quantity can also be computed by multiplying the sum
of all the weights into the height through which their common center of
gravity is lifted. (Rankine.)
Power is the rate at which work is done, and is expressed by the quo-

tient of the work divided by the time in which it is done, or by units of
work per second, per minute, etc., as foot-poimds per second. The most
common unit of power is the horse-power, estabhshed by James Watt as
the power of a strong London draught-horse to do work during a short
interval, and used by him to measure the power of his steam-engines.
This unit is 33,000 foot-pounds per minute = 550 foot-poimds per sec-
ond = 1,980,000 foot-pounds per hour.
Power exerted for a certain time produces work; FT = FS = FVT,

if V be uniform.
Horse-power Hours, an expression for work measured as the product

of a power into the time during which it acts, = FT. Sometimes it is

the summation of a variable power for a given time, or the average
power multiplied by the time.

Energy, or stored work, is the capacity for performing work. It is

measured by the same unit as work, that is, in foot-poimds. It may be
either potential, as in the case of a body of water stored in a reservoir,
capable of doing work by means of a water-wheel, or actual, sometimes
called kinetic, which is the energy of a moving body. Potential energy
is measured by the product of the weight of the stored body into the dis-
tance through which it is capable of acting, or by the product of the
pressure it exerts into the distance through which that pressure is cap-
able of acting. Potential energy may also exist as stored heat, or as
stored chemical energy, as in fuel, gunpowder, etc., or as electrical en-
ergy, the measure of these energies being the amount of work that they
are capable of performing. Actual energy of a moving body is the work
which it is capable of performing against a retarding resistance before
being brought to rest, and is equal to the work which must be done
upon it to bring it from a state of rest to its actual velocity.
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The measure of actual energy is the product of the weight of the body
into the height from which it must fall to acquire its actual velocity. If
V = the velocity in feet per second, according to the principle of falling,

bodies, h, the height due to the velocity, = -— ; and it w = the weight,.

the energy = 1/2 mv"^ = wv2 -i- 2g = wh. Since energy is the capacity for
performing work, the units of work and energy are equivalent, or FS =
1/2 mv- = wh. Energy exerted = work done.

The actual energy of a rotating body whose angular velocity is A and.

moment of inertia Xwr- = I is --— , that is, the product of the moment
2g

of inertia into the height due to the velocity. A, of a, point whose distance

from the axis of rotation is unity ; or it is equal to -^, in which w is the

weight of the body and v is the velocity of the center of gyration.

Work of Acceleration.—The work done in giving acceleration to a
body is equal to the product of the force producing the acceleration, or
of the resistance to acceleration, into the distance moved in a given time.
This force, as already stated, equals product of the mass into the acceler-

W V'> — Vl
ation, or/ = ma = ~——'. If the distance traversed in the time f = s,

Q t

then work =/s = s.

Q J

Example.—What work is required to move a body weighing 100 lbs.
horizontally a distance of 80 ft. in 4 seconds, the velocity uniformly
increasing, friction neglected?

Mean velocity % = 20 ft. per second; final velocity = V2 = 2Vjf^ =40;
'y2 — 1)1 40

initial velocity vi = 0; acceleration, a = — -— = — = 10; force =

— a = -^^ X 10 = 31.1 lbs.; distance 80 ft.; work = fs = 31.1 X 80

= 2488 foot-pounds.

The energy stored in the body moving at the final velocity of 40 ft.

per second is

1 M' „ 100X402 „^oo .P ^i/2m.2 = -_,2=_____^= 2488 foot-pounds, . .

which equals the work of acceleration,

. W V2 W V2 V2 , 1 W
g t g t 2 2 g

If a body of the weight W falls from a height H, the work of accelera-
tion is simply WH, or the same as the work required to raise the body
to the same height.

Work of Accelerated Rotation.— Let A = angular velocity of a
sohd body rotating about an axis, that is, the velocity of a particle
whose radius is unity. Then the velocity of a particle whose radius is r
is j; = Ar. If the angular velocity is accelerated from Ai to A2, the in-
crease of the velocity of the particle is V2 — Vi = r (^1 — A2), and the
work of accelerating it is

— V ^^^~ ^'^ - — A22 — Ai^

g 2 ~ g 2 '

in which w is the weight of the particle. A is measured in radians.

The work of acceleration of the whole body is

The term 2ut2 is the moment of inertia of the body.

"Force of the Blow" of a Steam Hammer or Other Falling
Weight.— The question is often asked: "With what force does a fall-

ing hammer strike? " The question cannot be answered directly, and it

is based upon a misconception or ignorance of fimdamental mechanicail



530 MECHANICS.

laws. The energy, or capacity for doing work, of a body raised to a given
height and let fail cannot be expressed in pounds, simply, but only in foot-
pounds, wliich is the product of the weight into the height through which
It falls, or the product of its weight -^ 64.32 into the square of the velocity,
in feet per second, which it acquires after faUing through the given height.
li F = weight of the body, M its mass, g the acceleration due to gravity,
S the height of fall, and v the velocity at the end of the fall, the energy in
the body just before striking is FS = 1/2 AIv'^=Wv^ -^ 2g = Wv^ -f- 64.32,
which is the general equation of energy of a moving body. Just as the
energy of the body is a product of a force into a distance, so the work it

does when it strikes is not the manifestation of a force, which can be ex-
pressed simply in pounds, but it is the overcoming of a resistance through
a certain distance, which is expressed as the product of the average resist-

ance into the distance through which it is exerted. If a hammer weighing
100 lbs. falls 10 ft., its energy is 1000 foot-pounds. Before being brought
to rest it must do 1000 foot-pounds of work against one or more resistances.-
These are of various kinds, such as that due to motion imparted to the
body struck, penetration against friction, or against resistance to shearing
or other deformation, and crushing and heating of both the faUing body
and the body struck. The distance through which these resisting forces
act is generally indeterminate, and therefore the average of the resisting
forces, which themselves generally vary with the distance, is also indeter-
minate.
Impact of Bodies. — If two inelastic bodies collide, they will move on

together as one mass, with a common velocity. The momentum of the
combined mass is equal to the sum of the momenta of the two bodies
before impact. If mi and m2 are the masses of the two bodies and Vt and V2

their respective velocities before impact, and v their common velocity
after impact, (mi + m2)v = rriiVi + m.2V2,

mtVt + m2V2

nil + 1712

^m, + Zi2
''''^^^''^^'''''^^

of two inelastic bodies after impact is equal to the algebraic sum of their
momenta before impact, divided by the sum of their masses.

If two inelastic bodies of equal momenta impinge directly upon one an-
other from opposite directions they will be brought to rest.

Impact of Inelastic Bodies Causes a Loss of Energy, and this loss
is equal to the sum of the energies due to the velocities lost and gained
by the bodies, respectively.

1/2 miVi^ + 1/2 m2V2'^ - 1/2 (mi + 7712) v^ = 1/2 mi (vi - v)^ + 1/2 m2 (V2 — •y)^;

in which ri -^ ?; is the velocity lost by mi and v — V2 the velocity gained
by mz.
Example. — Let mi = 10, 1712 = 8, t'l = 12, V2 = 15.

If the bodies collide they will come to rest, for v= r' = 0.

The energy loss is

1/2 10 X 144+ 1/2 8 X 225 -I/2I8X = 1/2 10(12 - 0)2 -f- 1/28 (15- 0)2 =
1620 ft. -lbs.

What becomes of the energy lost? Ans. It is used doing internal work
on the bodies themselves, changing their shape and heating them.

For imperfectly elastic bodies, let e = the elasticity, that is, the ratio
which the force of restitution, or the internal force tending to restore the
shape of a body after it has been compressed, bears to the force of com-
pression; and let mi and m2 be the masses, Vi and V2 their velocities before
impact, and Vi, vz their velocities after impact; then

m2e (vi — V2)

- m2V2 mie {vi — ^2)
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If the bodies are perfectly elastic, their relative velocities before and
after impact are the same. That is, vi' — V2' = f2 - v\.

In the impact of bodies, the sum of their momenta after impact is the
same as the sum of their momenta before impact.

ruiVx + m2V2 = rriiVi + m2V2.

For demonstration of these and other laws of impact, see Smith's Me-
chanics; also, Weisbach's Mechanics.
Energy of Recoil of Guns. (Eng'g, Jan. 25, 1884, p. 72.) —
Let W = the weight of the gun and carriage;

V = the maximum velocity of recoil;
i« = the weight of the projectile;
V = the muzzle velocity of the projectile.

Then, since the momentum of the gun and carriage is equal to the
rromentum of the projectile (because both are acted on by equal force,
tne pressure of the gases in the gun, for equal time), we have WV = wv,
or 7 = wv -^ W.

Taking the case of a 10-inch gun firing a 400-lb. projectile with a muzzle
velocity of 2000 feet per second, the weight of the gun and carriage being
22 tons = 50,000 lbs., we find the velocity of recoil =

16 feet per second.
50,000

Now the energy of a body in motion is WV^ -i- 2g.

Therefore the energy of recoil =
^2x^3^2^^"

^ 198,800 foot-pounds.

400 V 20002
The energy of the projectile is 2X 32 2

^ 24,844,000 foot-pounds.

Consiervation of Energy. — No form of energy can ever be pro-
duced except by the expenditure of some other form, nor annihilated ex-
cept by being reproduced in another form. Consequently the sum total of
energy in the universe, like the sum total of matter, must always remain
the same. (S. Newcomb.) Energy can never be destroyed or lost; it can
be transformed, can be transferred from one body to another, but no
matter what transformations are undergone, when the total effects of the
exertion of a given amount of energy are summed up the result will be
exactly equal to the amount originally expended from the source. This
law is called the Conservation of Energy. (Cotterill and Slade.)
A heavy body sustained at an elevated position has potential energy.

When it falls, just before it reaches the earth's surface it has actual or
kinetic energy, due to its velocity. When it strikes, it may penetrate the
earth a certain distance or may be crushed. In either case friction results
by which the energy is converted into heat, which is gradually radiated
into the earth or into the atmosphere, or both. Mechanical energy and
heat are mutually convertible. Electric energy is also convertible into
heat or mechanical energy, and either kind of energy may be converted
into the other.

Sources of Energy. — The principal sources of energy on the earth's
surface are the muscular energy of men and animals, the energy of the
wind, of flowing water, and of fuel. These sources derive their energy
from the rays of the sun. Under the influence of the sun's rays vegetation
grows and wood is formed. The wood may be used as fuel under a steam-
boiler, its carbon being burned to carbon dioxide. Three-tenths of its heat
energy escapes in the chimney and by radiation, and seven-tenths appears
as potential energy in the steam. In the steam-engine, of this seven-tenths
six parts are dissipated in heating the condensing water and are wasted;
the remaining one-tenth of the original heat energy of the wood is con-
verted into mechanical work in the steam-engine, which maj^ be used to
drive machinery. This work is finally, by friction of various kinds, or pos-
sibly after transformation into electric currents, transformed into heat
which is radiated into the atmosphere, increasing its terpperature. Thygf
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all the potential heat energy of the wood is, after various transformations,
converted into heat, which, mingUng with the store of heat in the atmos-
Ehere, apparently is lost. But the carbon dioxide generated by the com-
ustion of the wood is, again, under the influence of the sun's rays,

absorbed by vegetation, and more wood may thus be formed having poten-
tial energy equal to the original.

Perpetual Motion. — The law of the conservation of energy, than
which no law of mechanics is more firmly established, is an absolute barrier
to all schemes for obtaining by mechanical means what is called " perpetual
motion," or a machine which wiU do an amount of work greater than the
equivalent of the energy, whether of heat, of chemical combination, of elec-
tricity, or mechanical energy, that is put into it. Such a result would be
the creation of an additional store of energy in the universe, which is not
possible by any human agency.
The Efflciency of a Machine is a fraction expressing the ratio of

the useful work to the whole work performed, which is equal to the energy
expended. The hmit to the efficiency of a machine is unity, denoting the
efficiency of a perfect machine in which no work is lost. The difference
between the energy expended and the useful work done, or the loss, is

usually expended either in overcoming friction or in doing work on bodies
surrounding the machine from which no useful work is received. Thus
in an engine propelling a vessel part of the energy exerted in the cylinder
does the useful work of giving motion to the vessel, and the remainder is

spent in overcoming the friction of the machinery and in making currents
and eddies in the surrounding water.
A common and useful definition of efficiency is '* output divided by

input."

ANIMAL POWER.
Work of a Man against Known Resistances. (Rankine.)

Kind of Exertion. R,
lbs.

F,
ft. per
sec.

T"
3600

(hours
per

day).

RV,
ft.-Ibs.

per sec.

RVT,
ft.-Ibs.

per day.

1. Raising his own weight up
143

40
44

143

6

132

26.5

(12.5
ns.o
(20.
13.2
15

0.5

0.75
0.55

0.13

1.3

0.075

2.0
5.0
2.5
14.4
2.5

?

8

6
6

6

10

10

8
?

8
2 min.

10

8?

71.5

30
24.2

18.5

7.8

9.9

53

62.5
45

288
33

?

2,059,200
2. Hauling up weights with rope,

and lowering the rope un-
648,000

3. Lifting weights by hand
4. Carrying weights up-stairs

and returning unloaded
5. Shoveling up earth to a

height of 5 ft. 3 in

522,720

399,600

280,800
6. Wheeling earth in barrow up

slope of 1 in 12, 1/2 horiz.
veloc. 0.9 ft. per sec, and re-

356,400

7. Pusiiing or pulling horizon-
tally (capstan or oar) 1,526.400

8. Turning a crank or winch 1,296,000

1,188.000

480,000

Explanation. — R, resistance; V, effective velocity = distance
through which R is overcome -^ tota' time occupied, including the time
of moving unloaded, if any; T", time of working, in seconds per day;
T" H- 3600, same time, in hours per day; RV, effective power, in foot-
pounds per second; RVT, daily work.
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Performance of a Man in Transporting Loads horizontally.

(Rankine.)

Kind of Exertion. L,
lbs.

F,
ft.-sec.

T"
3600

(hours

da^O.

LV,
lbs.

con-
veyed
1 foot.

LVT,
lbs. con-
veyed
1 foot.

11. Walking unloaded, trans-
porting his own weight

12. Wheeling load L in 2-whld.
barrow, return unloaded .

.

13. Ditto in 1-wh. barrow, ditto.

.

14. Traveling with burden. ......
15. Carrying burden, returning

unloaded

140

224
132
90

140

( 252
\ 126

\

5

12/3

11.7
23.1

10

10

10

7

6

700 .

373
220
225

233

1474.2

25,200,000

13,428,000

7,920,000

5,670,000

5,032,800

16. Carrying burden, for 30 sec-
onds only

Explanation. — L, load; V, effective velocity, computed as before;
T", time of working, in seconds per day; T" -4- 3^00, same time in hours
per day; LV , transport per second, in lbs. conveyed one foot; LVT,
daily transport.

In the first line only of each of the two tables above is the weight of
the man taken into account in computing the work done.

Clark says that the average net
daily work of an ordinary laborer
at a pump, a winch, or a crane may
be taken at 3300 foot-pounds per
minute, or one-tenth of a horse-
power, for 8 hours a day; but for
shorter periods from four to five
times this rate may be exerted.

Mr. Glynn says that a man may
exert a force of 25 lbs. at the
handle of a crane for short periods;
but that for continuous work a
force of 15 lbs. is all that should
be assumed, moving through 220
feet per minute.
Man-wheel.— Fig. 108 is a sketch

of a very efficient man-power hoist-
ing-machine which the author saw

Fig. 108. in Berne, • Switzerland, in 1889.
The face of the wheel was wide

enough for three men to walk abreast, so that nine men could work in it

at one time.

Work of a Horse against a Known Resistance. (Rankine.)

Kind of Exertion. R. V.
T"
3600

RV. RVT.

I. Cantering and trotting, draw-
ing a light railway carriage

(min. 221/2

] mean 301/2

( max. 50

120

100
66

142/3

3.6

3.0
6.5

4

8

8

4V.

4471/2

432

300
429

6,444,000

2. Horse drawing Jart or boat,
walking (draught-horse) . . .

3. Horse drawing a gin or mill,

12,441,600

8,640,000

4. Ditto, trotting 6,950.000
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Explanation. — R, resistance, in lbs.; V, velocity, in feet per second;
T" -J- 3600, hours work per day; RV, work per second; RVTf work per
day.
The average power of a draught-horse, as given in line 2 of the above

table, being 432 foot-pounds per second, is 432/550 = 0.785 of the con-
ventional value assigned by Watt to the ordinary unit of the rate of
work of prime movers. It is the mean of several results of experiments,
and may be considered the average of ordinary performance under favor-
able circumstances.

Performance of a Horse in Transporting Loads Horizontally.
(Rankine.)

Kind of Exertion. L. F. r. LV. LVT.

5. Walking with cart, always
1500
750

1500
270
180

3.6
7.2

2.0
3.6
7.2

10

41/2

10

10

7

5400
5400

3000
972
1296

194,400,000
6. Trotting, ditto 87,480,000

108 000 000

7. Walking with cart, going
loaded, returning empty;

8. Carrying burden, walking .

.

9. Ditto, trotting
34,992,000
32,659,200

Explanation,— I/, load in lbs.; F, velocity in feet per second; T, work-
ing hours per day; LV, transport per second; LVT, transport per day.

This table has reference to conveyance on common roads only, and
those evidently in bad order as respects the resistance to traction upon
them.
Horse-Gin. — In this machine a horse works less advantageously

than in drawing a carriage along a straight track. In order that the best
possible results may be realized with a horse-gin, the diameter of the cir-

cular track in which the horse walks should not be less than about forty
feet.

Oxen, Mules, Asses. — Authorities differ considerably as to the power
of these animals. The following may be taken as an approximative com-
parison between them and draught-horses (Rankine):

Ox. — Load, the same as that of average draught-horse; best velocity
and work, two-thirds of horse.

Mule. — Load, one-half of that of average draught-horse; best velocity,
the same as horse; work, one-half.

Ass. — Load, one-quarter that of average draught-horse; best velocity,
the same; work, one-quarter.
Reduction of Draught of Horses by Increase of Grade of Roads.

(Engineering Record, Prize Essays on Roads, 1892.) — Experiments on
English roads by Gayffler & ParneU:

Calling load that can be drawn on a level 100:

On a rise of 1 in 100. 1 in 50. 1 in 40. 1 in 30. 1 in 26. 1 in 20. 1 in 10.
A horse can draw only 90 81 72 64 54 40 25

The Resistance of Carriages on Roads is (according to Gen. Morin)
given approximately by the following empirical formula:

R = -[a + b (u - 3.28)].

In this formula R = total resistance; r = radius of wheel in inches;
W = gross load; u = velocity in feet per second; while a and 6 are
constants, whose values are: For good broken-stone road, a= 0.4to0.55,
6 = 0.024 to 0.026; for paved roads, a = 0.27, h = 0.0684.

Rankine states that on gravel the resistance is about double, and on
6an4 gve times, the resistance on good broken-stone roads.
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A C B

ELE3HENTS OF MACHINES.

The object of a machine is usually to transform the work or mechanical
energy exerted at the point where the machine receives its motion into
work at the point where the final resistance . r r
is overcome. The specific result may be to -^ ~

change the character or direction of mo-
tion, as from circular to rectilinear, or vice
versa, to change the velocity, or to overcome ""/k (^W
a great resistance by the application of a *

'

\. J

moderate force. In all cases the total energy „ -.rjn
exerted equals the total work done, the latter ^^'^- ^^^'

including the overcoming of aU the frictional
resistances of the machine as well as the use-
ful work performed. No increase of power
can be obtained from any machine, since this
is impossible according to the law of conser-

|
B

vation of energy. In a frictionless machine the j^ i

product of the force exerted at the driving-
point into the velocity of the driving-point, I

or the distance it moves in a given interval Ow
of time, equals the product of the resistance
into the distance through which the resist- -p, ^^f.
ance is overcome in the same time. *^^^' '--'^"•

The most simple machines, or elementary
machines, are reducible to three classes, viz.,

the Lever, the Cord, and the IncUned Plane.
The first class includes every machine con-

sisting of a solid body capable of revolving
on an axis, as the Wheel and Axle.
The second class includes every machine in

which force is transmitted by means of flexi-
ble threads, ropes, etc., as the Pulley.
The third class includes every machine in yiq 111.

which a hard surface inclined to the direc-
tion of motion is introduced, as the Wedge and the Screw.

A Lever is an inflexible rod capable of motion about a fixed point,
called a fulcrum. The rod may be straight or bent at any angle, or
curved.

It is generally regarded, at first, as without weight, but its weight may
be considered as another force applied in a vertical direction at its center
of gravity.
The arms of a lever are the portions of it intercepted between the force,

P, and fulcrum, C, and between the weight or load, W, and fulcrum.
Levers are divided into three kinds or orders, according to the relative

positions of the applied force, load, and fulcrum.
In a lever of the first order, the fulcrum hes between the points at which

the force and load act. (Fig. 109.)
In a lever of the second order, the load acts at a point between the

fulcrum and the point of action of the force. (Fig. 110.)
In a lever of the third order, the point of action of the force is between

that of the load and the fulcrum. (Fig. 111.)
In all cases of levers the relation between the force exerted or the pull,

P, and the load hfted, or resistance overcome, W, is expressed by the
equation P X AC = W X BC, in which AC is the lever-arm of P, and
BC is the lever-arm. of W, or moment of the force = the moment of the
resistance. (See Moment.)

In cases in which the direction of the force (or of the resistance) is not
at right angles to the arm of the lever on which it acts, the "lever-arm"
is the length of a perpendicular from the fulcrum to the line of direction
of the force (or of the resistance). W : P : : AC : BC, or, the ratio of
the resistance to the applied force is the inverse ratio of their lever-arms.
Also, if Vwis the velocity of W, and Vp is the velocity of P, W : P : ^ Vp:
Vw, and Px Vp = WX Vw.

If Sp is the distance through which the applied force acts, and Sw is

the distance the load is lifted or through which the resistance is over-
come, W i P i: Sp I Sw: WX Sw = PXSp, or the load into the dis-
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tance it is lifted equals the force into tiie distance through wbich it Is

exerted.
Tliese equations are general for all classes of machines as well as for

levers, it being understood that friction, wiiich in actual machines in-
creases the resistance, is not at present considered.
The Bent Lever. — In the bent lever (see Fig. 102, p. 514), the lever-

arm of the weight m is cf instead of bf. The lever is in equilibrium when
nX af = rnX cf, but it is to be observed that the action of a bent lever
may be very different from that of a straight lever. In the latter, so
long as the force and the resistance act in lines parallel to each other, the
ratio of the lever-arms remains constant, although the lever itself changes
its incUnation with the horizontal. In the bent lever, however, this
ratio changes: thus, in the cut, if the arm &/is depressed to a horizontal
direction, the distance cf lengthens while the horizontal projection of

af shortens, the latter becoming zero when the direction of af becomes
vertical. As the arm af approaches the vertical, the weight n which
may be hfted with a given force s is very great, but the distance through
which it may be lifted is very small. In all cases the ratio of the weight
xn to the weight n is the inverse ratio of the horizontal projection of their
respective lever-arms.
The Moving Strut (Fig. 112) is similar to the bent lever, except that

one of the arms is missing, and that the force and the resistance to be
overcome act at the same end of the
single arm. The resistance in the
case shown in the cut is not the load
W, but its resistance to being
moved, R, which may be simply
that due to its friction on the hori-
zontal plane, or some other oppos-
ing force. When the angle between
the strut and the horizontal plane
changes, the ratio of the resistance
to the applied force changes. When
the angle becomes very small, a
moderate force will overcome a
very great resistance, which tends
to become infinite as the angle ap-
proaches zero. If a =the angle, P X cos a= 22 X sin a. If a = 5 degrees,
cos a == 0.99619, sin a = 0.08716, R = 11.44 P.
The stone-crusher (Fig. 113) shows a practical example of the use of

two moving struts.
The Toggle-joint is an elbow or knee-joint consisting of two bars so

connected that they may be brought into a straight line and made to
produce great endwise pressure when a force is applied to bring them
into this position. It is a case of two moving struts placed end to end,

Fig. 112.

Fig. 113. Fig. 114.

the moving force being applied at their point of junction, in a direction
at right angles to the direction of the resistance, the other end of one of
the struts resting against a fixed abutment, and that of the other against
the body to be moved. If a= the angle each strut makes with the straight
line joining the points about which their outer ends rotate, the ratio of
the resistance to the appUed force is R : P : : cos a : 2 sin a ; 2 i? sin a
= P cos a. The ratio varies when the angle varies, becoming infinite

when the angle becomes zero.
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Fig. 115.

The toggle-joint is used where great resistances are to be overcome
through very small distances, as in stone-crushers (Fig. 114).
The Inclined Plane, as a mechanical element, is supposed perfectly

hard and smooth, unless friction be considered. It assists in sustaining
a heavy body "by its reaction. This reaction, however, being normal to
the plane, cannot entirely counteract the weight of the hody, which acts

verticaUy downward. Some other force must
therefore be made to act upon the body, in order
that it may be sustained.

If the sustaining force act parallel to the plane
(Fig. 115), the force is to the weight as the height
of the plane is to its length, measured on the
incline.

If the force act parallel to the base of the
plane, the force is to the weight as the height isi

to the base.
If the force act at any other angle, let i = the

angle of the plane with the horizon, and e= the
angle of the direction of the applied force with the angle of the plane.
P : W : : sin i : cos e; P X cos e = W sin i.

Problems of the inclined plane may be solved by the parallelogram of
forces thus:

Let the weight W be kept at rest on the incline by the force P, acting
in the line bP', parallel to the plane. Draw the vertical hne ba to repre-
sent the weight; also bb' perpendicular to the plane, and complete the
parallelogram b'c. Then the vertical weight 6a is the resultant of bb', the
measure of support given by the plane to the weight, and be, the force of
gravity tending to draw the weight down the plane. The force required
to maintain the weight in equiUbrium is represented by this force be.

Thus the force and the weight are in the ratio of be to ba. Since the
triangle of forces abe is similar to the triangle of the incline ABC, the
latter may be substituted for the former in determining the relative
magnitude of the forces, and

P : W : : be : ab : : BC : AB.
TheTVedge is a pair of inclined planes united by their bases. In the

application of pressure to the head or butt end of the wedge, to cause it to
penetrate a resisting body, the applied force is to the resistance as the
thickness of the wedge is to its length. Let t be the thickness, I the length,
W the resistance, and P the applied force or pressure on the head of the

wedge. Then, friction neglected, P:W::t:l; P = ^; TF = y-
The Screw is an inclined plane wrapped around a cyUnder in such a

^ way that the height of the plane is parallel to the axis of the cylinder. If

the screw is formed upon the internal surface of a hollow cylinder, it is

usually caUed a nut. When force is applied to raise a weight or overcome
a resistance by means of a screw and nut, either the screw or the nut may
be fixed, the other being movable. The force is generally apphed at the
end of a wrench or lever-arm, or at the circumference of a wheel. If r =
radius of the wheel or lever-arm, and p = pitch
of the screw, or distance between threads, that
is, the height of the inclined plane for one revo-
lution of the screw, P = the applied force, and
W = the resistance overcome, then, neglecting
resistance due to friction, 2 nr X P = Wp; W
^ 6.283 Pr -^ p. The ratio of P to IF is thus
independent of the diameter of the screw. In

actual screws, much of
the power transmitted is

lost through friction.
The Cam is a revolv-

ing inchned plane. It
may be either an in-
clined plane wrapped
around a cylinder in such
a way that the height of jpjq h'j
the plane is radial to the

cylinder, such as the ordinary Ufting-cam, use4 in stamp-mills (Fig. 116),

Fig. 116.
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or it may be an inclined plane curved edgewise, and rotating in a plane
parallel to its base (Fig. 117). The relation of the weight to the applied
force' is calculated in the same manner as in the case of the screw.

Efficiency of a Screw.— Let a = angle of the thread, that is, the
angle whose tangent is the pitch of the screw divided by the circum-
ference of a circle whose diameter is the mean of the diameters at the
top and bottom of the thread. Then for a square thread

Efficiency = (1 — /tan a) -^ (1 +/cotan c),

in which/ is the coefficient of friction. (For demonstration, see Cotterill
and Slade, Applied Mechanics.) Since cotan =1-7- tan, we may sub-
stitute for cotan a the reciprocal of the tangent, or if p = pitch, and
c = mean circumference of the screw.

Efficiency = (1 -fp/c) ^ (1 ^-fc/p).
Example. — Efficiency of square-threaded screws of 1/2 inch pitch.-

Diameter at bottom of thread, in. . . 1 2 3 4
Diameter at top of thread, in II/2 21/2 31/2 41/2
Mean circumference of thread, in.. . . 3.927 7.069 10.21 13.35
Cotangent a = c -J- p =7.854 14.14 20.42 26.70
Tangent a = p -^ c =0.1273 .0707 .0490 .0375
Efficiency if /= 0.10 =55.3% 41.2% 32.7% 27.2%
Efficiency if / = 0.15 =45% 31.7% 24.4% 19.9%
The efficiency thus increases with the steepness of the pitch.

The above formulae and examples are for square-threaded screws, and
consider the friction of the screw-thread only, and not the friction of the
collar or step by which end thrust is resisted, and which further reduces
the efficiency. The efficiency is also further reduced by giving an inclina-

tion to the side of the thread, as in the V-threaded screw. For discussion
of this subject, see paper by Wilfred Lewis, Jour. Frank. Inst. 1880; also

Trans. A. S. M. E., vol. xii, 784.
Efficiency of Screw-bolts.— Mr. Lewis gives the following approxi-

mate formula for ordinary screw-bolts (V-threads, with collars): p= pitch
of screw, d = outside diameter of screw, F = force appUed at circum-
ference to lift a unit of weight, E = efficiency of screw. For an average
case, in which the coefficient of friction may be assumed at 0.15,

F=(p+d)^3d, E = p^ ip + d).

For bolts of the dimensions given above, 1/2-inch pitch, and outside
diameters II/2, 21/2, 31/2, and 41/2 inches, the efficiencies according to this
formula would be, respectively, 0.25, 0.167, 0.125, and 0.10.
James McBride (Trans. A. S. M. E., xii, 781) describes an experiment

with an ordinary 2-inch screw-bolt, with a V-thread, 41/2 threads per inch,
raising a weight of 7500 pounds, the force being applied by turning the
nut. Of the power applied 89.8 per cent was absorbed by friction of the
nut on its supporting washer and of the threads of the bolt in the nut.
The nut was not faced, and had the flat side to the washer.

Professor Ball in his "Experimental Mechanics" says: "Experiments
showed in two cases. respectively about 2/3 and 3/4 of the power was lost.

"

Weisbach says: "The efficiency is from 19 per cent to 30 per cent."

mmmm

Fig. 118,
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Pulleys or Blocks. — P = force applied, or pull; W= load lifted,

or resistance. In the simple pulley A (Fig, 118) the point P on the
ulling rope descends the same amount that the load is lifted, therefore
>= W. In B and C the point P moves twice as far as the load is lifted,

therefore W = 2P. la B and C there is one movable block, and two
plies of the rope engage with it. In D there are three sheaves in the
movable block, each with two plies engaged, or six in all. Six plies of
the rope are therefore shortened by the same amount that the load is

lifted and the point P moves six times as far as the load, consequently
W= 6 P. In general, the ratio of W to P is equal to the number of plies
of the rope that are shortened, and also is equal to the number of plies that
engage the lower block. If the lower block has 2 sheaves and the upper
3, the end of the rope is fastened to a hook in the top of the lower block,
and then there are 5 plies shortened instead of 6, and W= 5 P. If F=
velocity of W, and v = velocity of P, then in all cases F FF = vP, whatever
the number of sheaves or their arrangement. If the hauling rope, at the
pulling end, passes first around a sheave in the upper or stationary block.
It makes no difference in what direction the rope is led
from this block to the point at which the pull on the
rope is applied; but if it first passes around the movable
block, it is necessary that the pull be exerted in a direc-

tion parallel to the line of action of the resistance, or a
line joining the centers of the two blocks, in order to
obtain the maximum effect. If the rope pulls on the
lower block at an angle, the block will be pulled out of
the line drawn between the load and the upper block,
and the effective pull will be less than the actual pull
on the' rope in the ratio of the cosine of the angle the
pulling rope makes with the vertical, or line of action of
the resistance, to unity.

DiflFerential Pulley. (Fig. 119. )— Two pulleys, B
and C, of different radii, rotate as one piece about a
fixed axis, A. An endless chain, BDECLKH, passes
over both pulleys. The rims of the pulleys are shaped
so as to hold the chain and prevent it from slipping.
One of the bights or loops in which the chain hangs, DE,
passes under and supports the running block F. The
other loop or bight, HKL, hangs freely, and is called the
hauling part. It is evident that the velocity of the haul-
ing part is equal to that of the pitch-circle of the pulley B.

In order that the velocity-ratio may be exactly
uniform, the radius of the sheave F should be an exact yig hqmean between the radii of B and C.

Consider that the point B of the cord BD moves through an arc whose
length = AB. during the same time the point C or the cord CE will

move downward a distance = AC. The length of the bight or loop
BDEC will be shortened by AB — AC, which will cause the pulley F to
be raised half of this amount. If P = the pulling force on the cord HK,
and W the weight hfted at F, then P X A5 = IF X 1/2 {AB - AC).
To calculate the length of chain required for a differential pulley, take

the following sum: Half the circumference of A + half the circumference
oi B + half the circumference of P + twice the greatest distance of F
from A + the least, length of loop HKL. The last quantity is fixed
according to convenience.
A Wheel and Axle, or Windlass, resembles two pulleys on one axis,

having different diameters. If a weight be lifted by means of a rope
wound over the axle, the force being applied at the rim of the wheel,
the action is like that of a lever of which the shorter arm is equal to the
radius of the axle plus half the thickness of the rope, and the longer
arm is equal to the radius of the wheel. A wheel and axle is therefore
sometimes classed as a perpetual lever. If P = the applied force, D =
diameter of the wheel, TF = the weight lifted, and d the diameter of the
axle + the diameter of the rope, PD = Wd.
Toothed-wheel Gearing is a combination of two or more wheels and

axles (Fig. 120 ). If a series of wheels and pinions gear into each other,
as in the cut, friction neglected, the weight lifted, or resistance over-
come, is to the force applied inversely as the distances through which

.k/
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they act in a gfvfeft time. ltR,RuRi be the'radii of the successfve wheels,

measured to the pitch-line of the teeth, and r, n, r^ the radii of the cor-

responding pinions, P the applied force, and W the weight lifted, P X
/? X /2i X i22 = T^ X r X n X r2, or the applied force is to the weight

as the product of the radii of the pinions is to the product of the radii of

the wheels; or, as the product of the numbers expressing the teeth in

each pinion is to the product of the numbers expressing the teeth in each

wheel.

Fig. 120. Fig. 121.

Endless Screw, or "Worm-gear. (Fig. 121.) — This gear is com«
monly used to convert motion at high speed into motion at very slow
speed. When the handle P describes a complete circumference, the pitch-
line of the cog-wheel moves through a distance equal to the pitch of the
screw, and the weight W is lifted a distance equal to the pitch of the screw
multiplied by the ratio of the diameter of the axle to the diameter of the
J)itch-circle of the wheel. The ratio of the applied force to the weight
ifted is inversely as their velocities, friction not being considered; but the
friction in the worm-gear is usually very great, amounting sometimes to
three or four times the useful work done.

If V •= the distance through which the force P acts in a given time, say
1 second, and F = distance the weight W is lifted in the same time, r=«
radius of the crank or wheel through which P acts, t = pitch of the screw,
and also of the teeth on the cog-wheel, d = diameter of the axle, and

D = diameter of the pitch-line of the cog-wheel,! v = -^—
Tt"

-^ ^'

V = vXtd-i- 6.283 rD. Pv = ITV -J- friction.

The Differential Windlass (Fig. 122) is identical in principle with the
differential pulley, the difference in construction being that in the dif-
ferential windlass the running block hangs in the
bight of a rope whose two parts are wound round,
and have their ends respectively made fast to two

^

barrels of different radii, which rotate as one piece
about the axis A. The differential windlass is
little used in practice, because of the great length
of rope which it requires.
The Differential Screw (Fig. 123) is a com-

pound screw of different pitches, in which the
threads wind the same way. A^i and N2 are the

two nuts; SiSi,
the longer-pitched
thread; S2S2. the
shorter-pit ched
thread: in the figure
both these threads
are left-handed. At

eaela turn of the screw the nut 7V2 advances relatively to iVi through a
distance equal to the difference of the pitches. The use of the differential
screw is to combine the slowness of advance due to a fine pitch with
the strength of thread which can be obtained by means of a coarse
pitch only.

Fig. 123.
Fig. 122.
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Efficiency of a Differential Screw. — A correspondent of tlie
American Machinist describes an experiment with a differential screw-
punch, consisting of an outer screw 2 inch diameter, 3 threads per
inch, and an inner screw is/g inch diameter, 31/2 threads per inch. The
pitch of the outer screw being i/3 inch and that of the inner screw 2/7 inch
the punch would advance in one revolution 1/3 — 2/7 = V2t inch.
Experiments were made to determine the force required to punch an
ii/i6-inch hole in iron 1/4 inch thick, the force being applied at the end
of a lever-arm of 473/4 inch. The leverage would be 47 3/4 x 2jr x 21 =»

6300. The mean force applied at the end of the lever was 95 pounds,
and the force at the punch, if there was no friction, would be 6300 X
95 = 598,500 pounds. The force required to punch the iron, assuming
a shearing resistance of 50,000 pounds per square inch, would be 50,000 X
11/16 X T X 1/4 = 27,000 pounds, and the efficiency of the punch would
be 27,000 -^ 598,500 = only 4.5 per cent. With the larger screw only-
used as a punch the mean force at the end of the lever was only 82 pounds.
The leverage in this case was 473/4 x 27r X 3 = 900, the total force
referred to the punch, including friction, 900 X 82 = 73,800, and the
efficiency 27,000 -J- 73,800 = 36.7 per cent. The screws were of tooU
steel, well fitted, and lubricated with lard-oil and plumbago.

STRESSES IN FRAMED STRUCTURES.
Framed structures in general consist of one or more triangles, for the

reason that the triangle is the one polygonal form whose shape cannot be
changed without distorting one of its sides. Problems in stresses of
simple framed structures m.ay generally be solved either by the applica-
tion of the triangle, parallellogram, or polygon of forces, by the principle
of the lever, or by the method of moments. We shall give a few ex-
amples, referring the student to the works of Burr, Dubois, Johnson, and
others for more elaborate treatment of the subject.

1. A Simple Crane. (Figs. 124 and 125.} — A is a fixed mast, B a
brace or boom, T a tie, and P the load. Required the strains in B and T.
The weight P, considered as acting at the end of the boom, is held in
equilibrium by three forces: first, gravity acting downwards; second, the
tension in T; and third, the thrust of B. Let the length .of the line p
represent the magnitude of the dov/nward force exerted by the load, and
draw a parallelogram with sides bt parallel, respectively, to B and T,
such that p is the diagonal of the parallelogram. Then b and t are the
components drawn to the same scale as p, p being the resultant. Then
if the length p represents the load, t is the tension in the tie, and b is the
compression in the brace.

Or, more simply, T, B, and that portion of the mast included between
them or A' may represent a triangle of forces, and the forces are propor-
tional to the length of the sides of the triangle; that is, if the height of the

Fig. 124. Fig. 125. Fig. 126.

triangle A' = the load, then B = the compression in the brace, and T =
the tension in the tie; or if P = the load in pounds, the tension in T =

T B^ y^'Ti* ^-nd the compression in B = P X -r-r Also, it a — the angle

the inclined member makes with the mast, the other member being
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horizontal, and the triangle being right-angled, then the length of the
inclined member = height of the triangle X secant a, and the strain in the
inclined member = P secant a. Also, the strain in the horizontal
member = P tan a.

The solution by the triangle or parallelogram of forces, and the equa-
tions Tension in T=PX T/A', and Compression in J5=P X B/A', hold true
even if the triangle is not right-angled, as in Fig. 126 ; but the trigono-
metrical relations above given do not hold, except in the case of a right-
angled triangle. It is evident that as A' decreases, the strain in both T
and B increases, tending to become infinite as A' approaches zero. If
the tie T is not attached to the mast, but is extended to the ground, as
shown in the dotted line, the tension in it remains the same.

2. A Guyed Crane or Derrick. (Fig. 127 ) — The strain in B is, as
before, P X B/A\ A' being that portion of the vertical included between
B and T, wherever T may be attached to A. If, however, the tie T is

attached to B beneath its extremity, there may be in addition a bending
strain in B due to a tendency to turn about the point of attachment of T
as a fulcrum.
The strain in T may be calculated by the principle of moments. The

moment of P is Pc, that is, its weight X its perpendicular distance from
the point of rotation of B on the mast. The moment of the strain on T
is the product of the strain into the perpendicular distance from the line

""" '^' /- T

Fig. 127.

of its direction to the same point of rotation of B, or Td. The strain in
T therefore = Pc -r- d. As d decreases, the strain on T increases, tending
to infinity as d approaches zero.
The strain on the guy-rope is also calculated by the method of moments.

The moment of the load about the bottom of the mast O is, as before, Pc.
If the guy is horizontal, the strain in it is F and its moment is Ff, and F =
Pc -i- f. If it is inclined, the moment is the strain G X the perpendicular
distance of the line of its direction from O, or Gg, and G = Pc -^ g.

The guy-rope having the least strain is the horizontal one F, and the
strain in G = the strain in i^ X the secant of the angle between F and
G. As G is made more nearly vertical g decreases, and the strain increases,
becoming infinite when g = 0.

3. Shear-poles with Guys.
(Fig. 128.) — First assume that
the two masts act as one placed
at BD, and the two guys as
one at ^B. Calculate the strain
in BD and AB as in Fig. 126.
Multiply half the strain in BD
(or AB) by the secant of half
the angle the two masts (or
guys) make with each other to
find the strain in each mast (or
guy).
Two Diagonal Braces and

a Tie-rod. (Fig. 129.) — Sup-
pose the braces are used to

Compressive stress on AD = 1/2 -P X AD
AB. This is true only if CB and BD

sustain a single load P. _

-% AB] on CA =1/2 PX CA
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are of equal length, in which case 1/2 of P is supported by-each abutment
C and D. If they are unequal in length (Fig. 130), then, by the principle
of the lever, find the reactions of the abutments Ri and R2. If P is the
load appUed at the point B on the lever CD, the fulcrum being D,
then RiX CD = PX BD 3ind R2X CD == PX BC;Ri = PX BD -^ CD:
Ri = P X BC -^ CD.
The strain on AC = RiX AC ^ AB, and on AD ^ R2X AD -i- AB.
The strain on the tie = RiX CB ^ AB = R2X BD ^ AB.
When CB = BD, Bi = B2, and the strain on. the tie is equal to

Fig. 131.

Fig. 129.

If the braces support a uniform load, as a pair of rafters, the strains
caused by such a load are equivalent to that caused by one-half of the
load appUed at the center. The horizontal thrust of the braces against
each other at the apex equals the tensile strain in the tie.

King-post Truss or Bridge. (Fig. 131. ) — If the load is distributed
over the whole length of the truss, the effect is the same as if half the

load were placed at the center, the other
half being carried by the abutments. Let
P = one-half the load on the truss, then
tension in the vertical tie ^S = P. Com-
pression in each of the inclined braces
= 1/2 P X AD -4- AB. Tension in the tie

CD = y2 P X BD -^ AB. Horizontal
thrust of inclined brace AD at D = the
tension in the tie. If W = the total
load on one truss uniformly distributed,
I = its length and d = its depth, then

the tension on the horizontal tie = Wl -i- 8 d.

Inverted King-post Truss. (Fig. 132 ) — If P= a load applied at B,
or one-half of a uniformly distributed load, then compression on AB = P
(the floor-beam CD not being considered
to have any resistance to a slight bend-
ing). Tension on AC or 4D = 1/2 P
X AD -^ AB. Compression on CD =

1/2 P XBD ^ AB.
Queen-post Truss. (Fig. 133.) — If

uniformly loaded, and the queen-posts
divide the length into three equal bays,
the load may be considered to be divided
into three equal parts, two parts of
which, Pi and P2, are concentrated at the panel joints and the remainder

is equally divided between the
abutments and supported by them
directly. The two parts Pi and P2
only are considered to affect the
members of the truss. Strain in
the vertical ties BE and CF each
equals Pi or P2. Strain on AB and
CD each = PiXCD ^ CF. Strain
on the tie AE or EF or ED'^PiX

^ ^^^ FD-^ CF. Thrust on BC= tension
Fig. 133. on EF.

For stability to resist heavy unequal loads the queen-post truss sUoulf*
have diagonal braces from B to F and from C to S.

Fig. 132.
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Inverted Queen-post Truss. (Fig. 134.) — Compression on EB and
FC each = Pi or P2. Compression on AB or BC or CD = PiX AB -i-EB.

Tension on AE ov FD = PiX AE-^
EB. Tension on EF= compression
on BC. For stability to resist
unequal loads, ties should be run
from C %o E and from B to F.
Burr Truss of Five Panels.

(Fig. 135. ) — Four-fifths of the load
may be taken as concentrated at the
points E, K, L and F, the other fifth
being supported directly by the two

A^yj^A-u ^. u .J ,
abutments. For the strains in 5A

and CD the truss may be considered as a queen-post truss, with the loads
Pi, P2 concentrated at E, and the loads P3, P4 concentrated at F Then
compressive strain on AB = (Pi + p^) X AB -^ BE. The strain onCD IS the same if the loads and panel lengths are equal. The tensile

Fig. 134

Fig. 135.

strain on BE or CP = Pi -f- P2. That portion of the truss between E
and.P may be considered as a smaller queen-post truss, supporting the
loads P2, P3 at K and L. The strairt on EG or HF = P2 X EG -^ GK.
The diagonals GL and KH receive no strain unless the truss is unequally
loaded. The verticals GK and HL each receive a tensile strain equal to
Pi or Pg.

For the strain in the horizontal members: BG and CH receive a thrust
equal to the horizontal component of the thrust in AB or CD, = (Pi -H P2)
X tan angle ABE, or (Pi + Pi) X AE -i- BE. GH receives this thrust,
and also, in addition, a thrust equal to the horizontal component of the
thrust in EG or HF, or, in aU, (Pi ^r P2 + Pz) X AE -^ BE.
The tension in AE or FD equals the thrust in BG or HC, and the ten-

sion in EK, KL, and LF equals the thrust in GH. .

Pratt orWhipple Truss. (Fig. 136.) — In this truss the diagonals are
ties, and the verticals are struts or columns.

Calculation &?/ the method of distribution of strains: Consider first the
load Pi. The truss having six bays or panels, 5/g of the load is trans-
mitted to the abutment H, and Ve to the abutment O, on the principle
of the lever. As the five-sixths must be transmitted through JA and
AH, write on these members the figure 5. The one-sixth is transmitted
successively through JC, CK, KD, DL, etc., passing alternately through
a tie and a strut. Write on these members, up to the strut GO inclusive,
the figure 1. Then consider the load P2, of which 4/6 goes to AH and
'2/6 to GO. Write on KB, BJ, JA, and AH the figure 4, and on KD,
DL, LE, etc., the figure 2. The load P3 transmits S/q in each direction;
write 3 on each of the members through which this stress passes, and so'
on for all the loads, when the figures on the several members will appear
,as on the cut. Adding them up, we have the following totals:

Tension on diagonals {^^^ ^^ CJ CL DK DM EL EN FM FO GN

Compression on verticals {4f f/ ^f ^^ ™ \^ ^?
.Each of the figures in the first line is to be multiplied by Ve -P X secant
&X angle HAJ, or l/e P X AJ -^ AH, to obtain the tension, and eacU
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figure in the lower line is to be multiplied by 1/6 P to obtain the com-
pression. The diagonals HB and FO receive no strain.

It is common to build this truss with a diagonal strut at HB instead
of the post HA and the diagonal AJ; in which case s/g of the load P is
carried through JB and the strut BH, which latter then receives a strain
= 15/6 P X secant of HBJ.

Fig. 136.

The strains in the upper and lower horizontal members or chords in-

crease from the ends to the center, as shown in the case of the Burr
truss. AB receives a thrust equal to the horizontal component of the
tension in AJ, or is/e P X tan AJB. BC receives the same thrust +
the horizontal component of the tension in BK, and so on. The tension
in the lower chord of each panel is the same as the thrust in the upper
chord of the same panel. (For calculation of the chord strains by the
method of moments, see below.)
The maximum thrust or tension is at the center of the chords and is

WL
equal to ^-^. in which W is the total load supported by the truss, L is

the length, and D the depth. This is the formula for maximum stress in
the chords of a truss of any form whatever.
The above calculation is based on the assumption that all the loads

Pi, P2, etc., are equal. If they are unequal, the value of each has to be
taken into account in distributing the strains. Thus the tension in AJ,
with unequal loads, instead of being 15 X Vq P secant would be sec 9

X (5/6 Pi + 4/6 P-2 + 3/6 Ps + 2/6 P4 + Ve P5). Each panel load. Pi, etc.,

includes its fraction of the weight of the truss.

General Formula for Strains in Diagonals and Verticals. — liCt

n = total number of panels, x = number of any vertical considered from
the nearest end, counting the end as 1, r = rolling load for each panel,
P = total load for each panel,

Stram on verticals = ^-^^ —^^ -^ —^^ + -^^
-^
—^^ -.

For a uniformly distributed load, leave out the last term,

[r (X - 1)+ {X - 1)2J ~ 2n.
Strain on principal diagonals (AJ, GN, etc.) = strain on verticals

X secant 0, that is secant of the angle the diagonal makes with the
vertical.

Strain on the counterbraces (BH, CJ, FO, etc.): The strain on the
counterbrace in the first panel is 0, if the load is uniform. On the 2d,

1 1+2 1+2+3
3d, 4th, etc., it is P secant ^X — f » , etc., P being the total

load in one panel.
Strain in the Chords — Method of Moments. — Let the truss be

uniformly loaded, the total load acting on it = W. Weight supported at
each end, or reaction of the abutment = W/2. Length of the truss = L.
Weight on a unit of length = W/L. Horizontal distance from the nearest
abutment to the point (say M in Fig. 136) in the chord where the strain
is to be determined = x. Horizontal strain at that point (tension on the
lower chord, compression in the upper) = H. Depth of the truss = D*
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By the method of moments we take the difference of the moments, about
the point M, of the reaction of the abutment and of the load betweenM ana the abutments, and equate that difference with the moment of
the resistance, or of the strain in the horizontal chord, considered with
reference to a point in the opposite chord, about which the truss would
turn if the first chord were severed at M.
The moment of the reaction of the abutment is Wx/2. The moment of

the load from the abutment to M is (W/Lx) X the distance of its center of
gravity from M, wliich is x/2, or moment = Wx'^ -^ 2 L. Moment of the

Wx Wx^ W f .r^x
stress in the chord = HD = —^ - -^^ whence // = —— \x— '—

]•

If a; = or L, H = If a;

2 2L
: L/2, U =

8D' which is the horizontal

strain at the middle of the chords, as before giveUo

Fig. 137.

The Howe Truss. (Fig. 137.) — In the Howe truss the diagonals are
struts, and the verticals are ties. The calculation of strains may be made
in the same method as described above for the Pratt truss.
The Warren Girder. (Fig. 138. ) — In the Warren girder, or triangu-

lar truss, there are no vertical struts, and the diagonals may transmit either
tension or compression. The strains in the diagonals may be calculated by
the method of distribution of strains as in the case of the rectangular truss.

Fig. 138.

On the principle of the lever, the load Pi being l/io of the length of the
span from the line of the nearest support a, transmits 9/io of its weight to
a and Vio to g. Write 9 on the right hand of the strut la, to represent the
compression, and 1 on the right hand of lb, 2c, 3d, etc., to represent com-
pression, and on the left hand of 62, c3, etc., to represent tension. The
load Pa transmits 7/io of its weight to a and 3/io to g. Write 7 on each
member from 2 to a, and 3 on each member from 2 to g, placing the figures
representing compression on the right hand of the member, and those
representing tension on the left. Proceed in the same manner with all

the loads, then sum up the figures on each side of each diagonal, and
write the difference of each sum beneath, and on the side of the greater
Bum, to show whether the difference represents tension or compression.
The results are as follows: Compression, la, 25; 2b, 15; 3c, 5; 3d, 5; 4e, 15;
5a, 25. Tension, lb, X5; 2c, 5; id, 5;de, 15. Each of \hese figures is to
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be multiplied by Vio of one of the loads as Pi, and by the secant of the
angle the diagonals make with a vertical line.

The strains in the horizontal chords may be determined by the method
of moments as in the case of rectangular trusses.

Roof-truss. — Sclution by Method of Moments. — The calculation of

strains in structures by the method of statical moments consists in taking
a cross-section of the structure at a point where there are not more than
three members (struts, braces, or chords).
To find the strain in either one of these members take the moment about

the intersection of the other two as an axis of rotation. The sum of the
moments of these members must be if the structure is in equilibrium.
But the moments of the two members that pass through the point of ref-

erence or axis are both 0, hence one equation containing one unknown
quantity can be found for each cross-section.

Fig. 139.

In the truss shown in Fig. 139 take a cross-section at ts, and determine
the strain in the three members cut by it, viz., CE, ED, and DF. Let
X = force exerted in direction CE, Y.= force exerted in direction DE,
Z = force exerted in direction FD.

For X take its moment about the intersection of Y and Z at D = Xx.
For Y take its moment about the intersection of X and Z a.t A = Yy.
For Z take its moment about the intersection of X and Y a,t E = Zz.
Let z = 15, X = 18.6, y = 38.4, AD = 50, CD = 20 ft. Let Pi, P2,
P3, Pi be equal loads, as shown, and 3 1/2 P the reaction of the abutment A,
The sum of all the moments taken about D or A or E will be when the

structure is at rest. Then - Za; + 3.5 P X 50 - P3 X 12.5 - P2 X 25
- Pi X 37.5 = 0.

The + signs are for moments in the direction of the hands of a watch or
" clockwise " and — signs for the reverse direction or anti-clockwise. Since
P = Pi = P2 = P3, - 18.6 X + 175 P - 75 P = 0; - 18.6 X = - 100 P;

X = 100 P-f- 18.6 = 5.376 P.
- Yy -{- P3 X 37.5 + P2 X 25 -i- Pi X 12.5 = 0; 38.4 F = 75 ; F =

75 P -i- 38.4 = 1.953 P.
- Zz + 3.5 P X 37.5 - Pi X 25 - P2 X 12.5 - P3X = 0; 15 .^ =

93.75 P;Z = 6.25 P.
In the same manner the forces exerted in the other members have been

found as follows: EG = 6.73 P;GJ = 8.07 P; JA = 9.42 P;JH = 1.35 P;
GF = 1.59 P; AH = 8.75 P; HF = 7.50 P.
The Fink Roof-truss. (Fig. 140.) — An analysis by Prof. P. H.

Philbrick {Van N. Mag., Aug., 1880) gives the following results:

W= total load on roof;
N= No. of panels on both rafters;

W/N= P = load at each joint b, d, f, etc.;
F= reaction at A = 1/2 W = 1/2 A^P = 4P:

AD= S; AC = L\ CD = D;
ti, ti, ^3= tension on De, eg, gA, respectively:

Ci, ca, C3, C4= compression on C&, hd, df, and /A.,



548 MBCHANICS*

Strains in

1, oiDe -= fi= 2PS -¥ D;
2, ''eg = fe = 3 P5 -s- D;
3, •• gA = tz^'JhPS -5- D;
4,

'' Af = c^=1hPL -i- D;
6. •• /d = cz=V2PLfD-PDIL',
6,

•• d& =C2=V2PL/D-2PDtL;

7, or bC=Ct=7f2PL/D-3PDfLi
8,

** be oi fg= PS «- L;
9," de =2PS-J- L;

10, " erf or dg= 1/2 P*S -^ D;
11,** ec =PS -i- D;
12,- cC =3/2P^ -*- D.

Fig. 140.

Example. — Given a Fink roof-truss of span 64 ft., depth 16 ft., with
four panels on each side, as in hecut; total load 32 tons, or 4 tons
each at the points /, d, b, C, etc. (and 2 tons each at A and B, which trans-
mit no strain to the truss members). Here W = 32tons, P = 4 tons,

5= 32 ft., D = 16 ft., L = V52 + z)2 = 2.236 X D. L ^ D = 2.236,
,!) -i- L = 0.4472, aS-t-Z) = 2, S ^ L -= 0.8944. The strains on the
numbered members then are as follows:

1, 2X4X2 =16 tons;
2, 3X4X2 =24
3, 7/2X4X2 =28 "
4, 7/2X4X2.236=31.3 "
5, 31.3-4X0.447 = 29.52 " *

6, 31.3-8X0.447 = 27.72 "

7, 31.3-12X0.447 =25.94 tons.
8, 4X0.8944= 3.58 "
9, 8X0.8944= 7.16 "
10, 2X2 =4
11, 4X2 =8 "

12, 6X2 =12 ••

The Economical Angle. — A structure of tri-

angular form. Fig. 141, is supported at a and b. It

sustains any load L, the elements cc being in com-
pression and t In tension. Required the angle so
that the total weight of the structure shall be a
minimum. F. R. Honey {Sci. Ain. Supp., Jan. 17,
1891) gives a solution of this problem, with the

result tan
fc+T

in which C and T represent

Fig. 141.
the crushing and the tensile strength respectively of
the material employed. It is applicable to any
material. For C = T, 5 = >:43//°. For C = OAT (yellow pine), =
493/4°. For C = 0.8 2" (soft steel), 9 = 531/4°. For C = 6 T (cast iron),

e= 691/4°.



HEAT.
THERMOMETERS.

The Fahrenheit thermometer is generally used in English-speaking
countries, and the Centigrade, or Celsius, thermometer in countries that
use the metric system. In many scientific treatises in English, however,
the Centigrade temperatures are also used, either with or without their
Fahrenheit equivalents. The Rgaumur thermometer is used to some
extent on the Continent of Europe and in breweries in this country.

In the Fahrenheit thermometer the freezing-point of water is taken at
32°, and the boiling-point of water at mean atmospheric pressure at the

, sea-level, 14.7 lbs. per sq. in., is taken at 212°, the distance between these
two points being divided into 180°. In the Centigrade and Reaumur
thermometers the freezing-point is taken at 0°. The boiling-point is

. 100° in the Centigrade scale, and 80° in the Reaumur.

1 Fahrenheit degree = s/g deg. Centigrade =4/9 deg. Reaumur,
1 Centigrade degree = 9/5 deg. Fahrenheit =4/5 deg. Reaumur.
1 Reaumur degree = 9/4 deg. Fahrenheit =5/4 deg. Centigrade.
Temperature Fahrenheit = 9/5 x temp. C. + 32° =9/4 r. + 32°.
Temperature Centigrade = s/g (temp. F. — 32°) =5/4 R.
Temperature Reaumur == 4/5 temp. C. =4/9 (F, — 32°),

Handy Rule for Converting Centigrade Temperature to Fah-
renheit. — Multiply by 2, subtract a tenth, add 32.

Example.— 100° C. X 2 = 200, - 20 = 180, +32= 212° F.

Mercurial Thermometer. (Rankine, S. E., p. 234.) — The rate of
expansion of mercury with rise of temperature increases as the temperature
becomes higher; from which it follows, that if a thermometer showing the
dilatation of mercury simply were made to agree with an air thermometer
at 32° and 212°, the mercurial thermometer would show lower temperatures
than the air thermometer between those standard points, and higher tem-
peratures beyond them.

For example, according to Regnault, when the air thermometer marked
350° C. (= 662° F.), the mercurial thermometer would mark 362.16° C.
( = 683.89° F.), the error of the latter being in excess 12.16° C. (= 21.89°
F.).

Actual mercurial thermometers indicate intervals of temperature pro-
portional to the difference between the expansion of mercury and that of
glass.
The inequalities in the rate of expansion of the glass (which are very

different for different kinds of glass) correct, to a greater or less extent, the
errors arising from the inequalities in the rate of expansion of the mercury.
For practical purposes connected with heat engines, the mercurial ther-

mometer made of common glass may be considered as sensibly coinciding
with the air-thermometer at all temperatures not exceeding 500° F.

If the mercury is not throughout its whole length at the same tempera-
ture as that being measured, a correction, k, must be added to the tem-
perature t in Fahrenheit degrees; k = 95 D (t — f) -^ 1,000,000, where D is

the length of the mercury column exposed, measured in Fahrenheit
degrees, and t is the temperature of the exposed part of the thermometer.
When long thermometers are used in shallow wells in high-pressure steam
pipes this correction is often 5° to 10° F. (Moyer on Steam Turbines.)

PYROMETRT.
Principles Used in Various Pyrometers.

Pyrometers may be classified according to the principles upon which
they operate, as follows:

1. Expansion of mercury in a glass tube. When the space/above the
mercury is filled with compressed nitrogen, and a specially hard glass is

used for the tube, mercury thermometers may be made to indicate tem«
peratures as high as 1000° F.
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c. F. C. F. C. F. C. F. c. F. c. F.

554

C.

950

F.

^ -40. 26 78.8 92 197.6 158 316.4 224 435.2 290 1742
-39 -38.2 27 80.6 93 199.4 159 318.2 225 437. 300 572 960 1760
-38 -36.4 28 82.4 94 201.2 160 320. 226 438.8 310 590 970 1778
-37 -34.6 29 84.2 95 203. 161 321.8 227 440.6 320 608 980 1796
-36 -32.8 30 86. 96 204.8 162 323.6 228 442.4 330 626 990 1814
-35 -31. 31 87.8 97 206.6 163 325.4 229 444.2 340 644 1000 1832
-34 -29.2 32 89.6 98 203.4 164 327.2 230 446. 350 662 1010 1850
-33 -27.4 33 91.4 99 210.2 165 329. 231 447.8 360 680 1020 1868
-32 -25.6 34 93.2 100 212. 166 330.8 232 449.6 370 698 1030 1886
-31 -23.8 35 95. 101 213.8 167 332.6 233 451.4 330 716 1040 1904
-30 -22. 36 96.8 102 215.6 163 334.4 234 453.2 390 734 1050 1922
-29 -20.2 37 93.6 103 217.4 169 336.2 235 455. 400 752 1060 1940
-28 -18.4 38 100.4 104 219.2 170 338. 236 456.8 410 770 1070 1958
--27 -16.6 39 102.2 105 221. 171 339.8 237 458.6 420 788 1080 1976
-26 -14.8 40 104. 106 222.8 172 341.6 238 460.4 430 806 1090 1994
-25 -13. 41 105.8 107 224.6 173 343.4 239 462.2 440 824 1100 2012
-24 -11.2 42 107.6 108 226.4 174 345.2 240 464. 450 842 1110 2030
-23 - 9.4 43 109.4 109 228.2 175 347. 241 465.8 460 860 1120 2048
-22 - 7.6 44 111.2 110 230. 176 343.8 242 467.6 470 878 1130 2066
-21 - 5.8 45 113. 111 231.8 177 350.6 243 469.4 480 896 1140 2034
-2d - 4. 46 114.8 112 233.6 178 352.4 244 471.2 490 914 1150 2102
-19 - 2.2 47 116.6 113 235.4 179 354.2 245 473. 500 932 1160 2120
-18 - 0.4 43 118.4 114 237.2 180 356. 246 474.8 510 950 1170 2138
-17 + 1.4 49 120.2 115 239. 181 357.8 247 476.6 520 968 1180 2156
-16 3.2 50 122. 116 240.8 182 359.6 243 478.4 530 986 1190 2174
-15 5. 51 123.8 117 242.6 183 361.4 249 480.2 540 1004 1200 2192
-14 6.8 52 125.6 118 244.4 184 363.2 250 482. 550 1022 1210 2210
-13 8.6 53 127.4 119 246.2 185 365. 251 483.8 560 1040 1220 2228
-12 10.4 54 129.2 120 248. 186 366.8 252 485.6 370 1058 1230 2246
-11 12.2 55 131. 121 249.8 187 363.6 253 487.4 580 1076 1240 2264
-10 14. 56 132.8 122 251.6 183 370.4 254 489.2 590 1094 1250 2232
- 9 15.8 57 134.6 123 253.4 189 372.2 255 491. 600 1112 1260 2300
- 8 17.6 58 136.4 124 255.2 190 374. 256 492.8 510 1130 1270 2318
- 7 19.4 59 138.2 125 257. 191 375.8 257 494.6 520 1143 1280 2336
- 6 21.2 60 140. 126 253.8 192 377.6 258 496.4 630 1166 1290 2354
- 5 23. 61 141.8 127 260.6 193 379.4 259 493.2 540 1184 1300 2372
- 4 24.8 62 143.6 128 262.4 194 381.2 260 500. 650 1202 1310 2390
- 3 26.6 63 145.4 129 264.2 195 303. 261 501.6 660 122C 1320 2403
- 2 28.4 64 147.2 130 266. 196 384.8 262 503.C 570 1238 1330 2426
- 1 30.2 65 149. 131 267.' 197 386.6 263 505.4 680 1256 1340 2444

32. 66 150.8 132 269.6 193 388.4 264 507.2 590 1274 1350 2462
+ 1 33.8 67 152.6 133 271.4 199 390.2 265 509. 700 1292 1360 2430

2 35.6 68 154.4 134 273.2 200 392. 266 510.8 710 1310 1370 2498
3 37.4 69 156.2 135 275. 201 393 .G 267 512.6 720 1323 1380 2516
4 39.2 70 158. 136 276.6 202 395.6 263 514.4 730 1346 1390 2534
5 41. 71 1-59.8 137 278.6 203 397.4 269 516.2 740 1364 1400 2552
6 42.8 72 161.6 138 280.4 204 399.2 270 518. 750 1382 1410 2570
7 44.6 73 163.4 139 282.2 205 401. 271 519.8 760 1400 1420 2583
8 46.4 74 165.2 140 234. 206 402.8 272 521.6 770 1418 1430 2606
9 48.2 75 167. 141 285.8 207 404.6 273 523.4 780 1436 1440 2624
10 50. 76 168.6 142 287.6 203 406.4 274 525.2 790 1454 14:.0 2642
n 51.8 77 170.6 143 239.4 209 408.2 275 527. 300 1472 1460 2660
12 53.6 78 172.4 144 291.2 210 410. 276 528.6 310 1490 1470 2678
13 55.4 79 174.2 145 293. 211 4II.8 277 530.6 320 1508 1430 2696
14 57.2 80 176. 146 294.8 212 413.6 278 532.4 330 1526 1490 2714
15 59. 81 177.8 147 296.6 213 415.4 279 534.2 340 1544 1500 2732
16 60.8 82 179.6 148 293.4 214 417.2 280 536. 350 1562 1510 2750
37 62.6 83 181.4 149 300.2 215 419. 281 537.8 360 1580 1520 2763
18 64.4 84 133.2 150 302. 216 420.8 282 539.6 370 1598 1530 2786
19 66.2 85 185. 151 303.8 217 422.6 283 541.4 330 1616 1540 2804
20 68. 86 186.8 152 305.6 218 424.4 284 543.2 390 1634 1550 2822
21 69.8 87 188.6 153 307.4 219 426.2 235 545. 900 1652 1600 2912
22 71.6 83 190.4 154 309.2 220 428. 286 546.8 910 1670 1650 3002
23 73.4 89 192.2 155 311. 221 429.8 287 543.6 920 163S 1700 3092
24 75.2 90 194. 156 312.8 222 431.6 288 550.4 930| 1706 1750 3182
25 77. 91 195.8 157 314.6 223 433.4 289 552.2|940| 1724 1800 3272
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F. C. F.

26

C.

-3.3

F. C.

33.3

F. C. F. C. F.

290

C. F. c.

^ -40. 92 158 70. 224 106.7 143.3 360 182.2
-39 -394 27 -2.8 93 33.9 159 70.6 225 107.2 291 143.9 370 187.8
-38 -38 9 28 -2.2 94 34.4 160 71.1 226 107.8 292 144.4 38C 193.3
-37 -38.3 29 -1.7 95 35. 161 71.7 227 108.3 293 145. 39C 198.9
-36 -378 30 -1.1 96 35.6 162 72.2 228 108.9 294 145.6 400 204.4
-35 -37.2 31 -0.6 97 36.1 163 72.8 229 109.4 295 146.1 410 210.
-34 -36.7 32 0. 93 36.7 164 73.3 230 110. 296 146.7 420 215.6
-33 -36.1 33 + 0.6 99 37.2 165 73.9 231 110.6 297 147.2 430 221.1
-32 -35.6 34 I.l 100 37.8 166 74.4 232 111.1 298 147.8 440 226.7
-31 -35 35 1.7 101 38.3 167 75. 233 111.7 299 148.3 450 232.2
-30 -34.4 36 2.2 102 38.9 168 75.6 234 112.2 300 148.9 460 237.8
-29 -33 9 37 2.8 103 39.4 169 76.1 235 112.8 301 149.4 470 243.3
-28 -33.3 38 3.3 104 40. 170 76.7 236 113.3 302 150. 480 248.9
-27 -32.8 39 3.9 105 40.6 171 77.2 237 113.9 303 150.6 490 254.4
-26 -32.2 40 4.4 106 41.1 172 77.8 238 114.4 304 151.1 500 260.
-25 -31.7 41 5. 107 41.7 173 78.3 239 115. 305 151.7 510 265.6
-24 -31.1 42 5.6 108 42.2 174 78.9 240 115.6 306 152.2 520 271.1
-23 -30.6 43 6.1 109 42.8 175 79.4 241 116.1 307 152.8 530 276.7
-22 -30. 44 6.7 no 43.3 176 80. 242 116.7 308 153.3 540 282.2
-21 -29.4 45 7.2 in 43.9 177 80.6 243 117.2 309 153.9 550 287.8
-20 -28.9 46 7.8 112 44.4 178 .81.1 244 117.8 310 154.4 560 293.3
-19 -28.3 47 8.3 113 45. 179 81.7 245 118.3 311 155. 570 298.9
-18 -27.8 48 8.9 114 45.6 180 82.2 246 118.9 312 155.6 580 304.4
-17 -27.2 49 9.4 115 46.1 181 82.8 247 119.4 313 156.1 590 310.
-16 -26.7 50 10. 116 46.7 182 83.3 248 120. 314 156.7 600 315.6
-15 -26.1 51 10.6 117 47.2 183 83.9 249 120.6 315 157.2 610 321.1
-14 -25.6 52 11.1 113 47.8 184 84.4 250 121.1 316 157.8 620 326.7
-13 -25. 53 11.7 119 48.3 185 85. 251 121.7 317 158.3 630 332.2
-12 -24.4 54 12.2 120 48.9 186 85.6 252 122.2 318 158.9 640 337.8
-n -23.9 55 12.8 121 49.4 187 86.1 253 122.8 319 159.4 650 343.3
-10 -23.3 56 13.3 122 50. 188 86.7 254 123.3 320 160. 660 348.9
- 9 -22.8 57 13.9 123 50.6 189 87.2 255 123.9 321 160.6 670 354.4
- 8 -22.2 58 \4.< 124 51.1 190 87.8 256 124.4 322 161.1 680 360.
- 7 -21.7 59 15. 125 51.7 191 83.3 257 125. 323 161.7 690 365.6
- 6 -21.1 60 15.6 126 52.2 192 88.9 258 125.6 324 162.2 700 371.1
- 5 -20.6 61 16.1 127 52.8 193 89.4 259 126.1 325 162.8 710 376.7
- 4 -20. 62 16.7 128 53.3 194 90. 260 126.7 326 163.3 720 382.2
- 3 -19.4 63 17.2 129 53.9 195 90.6 261 127.2 327 163.9 730 387.6
- 2 -18.9 64 17.8 130 54.4 196 91.1 262 127.8 328 164.4 740 393.3
- 1 -18.3 65 18.3 131 55. 197 91.7 263 128.3 329 165. 750 '398.9

-17.8 66 18.9 132 55.6 198 92.2 264 128.9 330 165.6 760 404.4
f I -17.2 67 19.4 133 56.1 199 92.8 265 129.4 331 166.1 770 410.

2 -16.7 68 20. 134 56.7 200 93.3 266 130. 332 166.7 780 415.6
3 -16.1 69 20.6 135 57.2 201 93.9 267 130.6 333 167.2 790 421.1
4 -15.6 70 21.1 136 57.8 202 94.4 268 131.1 334 167.8 800 426.7
5 -15. 71 21.7 137 58.3 203 95. 269 131.7 335 168.3 810 432.2
6 -14.4 72 22.2 138 58.9 204 95.6 270 132.2 336 168.9 820 437.8
7 -13.9 73 22.8 139 59.4 205 96.1 271 132.8 337 169.4 830 443.3
8 -13.3 74 23.3 140 60. 206 96.7 272 133.3 338 170. 840 448.9
9 -12.8 75 23.9 141 50.6 207 97.2 273 133.9 339 170.6 850 454.4
10 -12.2 76 24.4 142 51.1 208 97.8 274 134.4 340 171.1 860 460.

11 -11.7 77 25. 143 51.7 209 98.3 275 135. 341 171.7 870 465.6
12 -11.1 78 25.6 144 52.2 210 98.9 276 135.6 342 172.2 880 471.1

13 -10.6 79 26.1 145 52.8 211 99.4 277 136.1 343 172.8 890 476.7
14 -10. 80 26.7 146 53.3 212 100. 278 136.7 344 173.3 900 482.2
15 - 9.4 81 27.2 147 53.9 213 100.6 279 137.2 345 173.9 910 487.8
16 - 8.9 82 27.8 148 54 4 214 101.

1

280 137.8 346 174.4 920 493.3
17 - 8.3 83 28.3 149 55. 215 I0I.7 281 138.3 347 175. 930 498.9
18 - 7.8 84 28.9 150 55.6 216 102.2 282 138.9 348 175.6 940 504.4
19 - 7.2 85 29.4 151 56.1 217 102.8 283 139.4 349 176.1 950 510.

20 - 6.7 86 30. 152 56.7 218 103.3 284 140. 350 176.7 960 515.6
21 - 6.1 87 30.6 153 57.2 219 103.9 285 140.6 351 177.2 970 521.1

22 - 5.6 88 31.1 154 57.8 220 104.4 286 141.1 352 177.8 980 526.7
23 - 5.- 89 31.7 155 68.3 221 105. 287 141.7 353 178.3 990 532.2
24 - 4.4 90 32.2 156 68.9 222 105.6 288 142.2 354 178.9 1000 537.8
25 - 3.9 91 32.8 157 69.4 223 106.1 289 142.8 355 179.4 1010 543.3
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Temperature Conversion Table.
(By Dr. Leonard Waldo.)

Reprint from Metallurgical and Chemical Engineering,

c° 10 20 30 40 50

F
-418
-238
-58

60

F
-436
-256
-76

70

F
-454
-274
-94

80 90

-310
-130

-200
-100
-0

F
-328
-148
+32

F
-346
-166
+ 14

F
-364
-184
-4

F
-382
-202
-22

F
-400
-220
-40

F

-292
-112

32 50 68 86 104 122 140 158 176 194

100
200
300

400
500
600

700
800
900

212
392
572

752
932
1112

1292
1472

1652

230
410
590

770
950
1130

1310
1490

1670

248
428
608

788
968
1148

1328

1508
1688

266
446
626

806
986
1166

1346
1526

1706

284
464
644

824
1004

1184

1364
1544

1724

302
482
662

842
1022
1202

1382

1562

1742

320
500
680

860
1040

1220

1400
1580
1760

338
518
698

878
1058

1238

1418
1598

1778

356
536
716

896
1076
1256

1436

1616
1796

374
554
734

914
1094
1274

1454
1634

1814

1000 1832 1850 1868 1886 1904 1922 1940 1958 1976 1994

1100
1200
1300

1400
1500
1600

1700
1800
1900

2012
2192
2372

2552
2732
2912

3092
3272
3452

2030
2210
2390

2570
2750
2930

3110
3290
3470

2048
2228
2408

2588
2768
2948

3128
3308
3488

2066
2246
2426

2606
2786
2966

3146
3326
3506

2084
2264
2444

2624
2804
2984

3164
3344
3524

2102
2282
2462

2642
2822
3002

3182
3362
3542

2120
2300
2480

2660
2840
3020

3200
3380
3560

2138
2318
2498

2678
2858
3038

3218'

3398
3578

2156
2336
2516

2696
2876
3056

3236
3416
3596

2174
2354
2534

2714
2894
3074

3254
3434
3614

2000 3632 3650 3668 3686 3704 3722 3740 3758 3776 3794

2100
2200
2300

2400
2500
2600

2800
2900

3812
3992
4172

4352
4532
4712

4892
5072
5252

3830
4010
4190

4370
4550
4730

4910
5090
5270

3848
4028
4208

4388
4568
4748

4928
5108
5288

3866
4046
4226

4406
4586
4766

4946
5126
5306

3884
4064
4244

4424
4604
4784

4964
5144
5324

3902
4082
4262

4442
4622
4802

4982
5162
5342

3920
4100
4280

4460
4640
4820

5000
5180
5360

3938
4118
4298

4478
4658
4838

5018
5198
5378

3956
4136
4316

4496
4676
4856

5036
5216
5396

3974
4154
4334

4514
4694
4874

5054
5234
5414

3000 5432 5450 5468 5486 5504 5522 5540 5558

5738
5918
6098

6278
6458
6638

6818
6998
7178

5576 5594

3100
3200
3300

3400
3500
3600

3700
3800
3900

5612
5792
5972

6152
6332
6512

6692
6872
7052

5630
5810
5990

6170
6350
6530

6710
6890
7070

5648
5828
6008

6188
6368
6548

6728
6908
7088

5666
5846
6026

6206
6386
6566

6746
6926
7106

5684
5864
6044

6224
6404
6584

6764
6944
7124

40

5702
5882
6062

6242
6422
6602

6782
6962
7142

5720
5900
6080

6260
6440
6620

6800
6980
7160

60

5756
5936
6116

6296
6476
6656

6836
7016
7196

5774
5954
6134

6314
6494
6674

6854
7034
7214

90C° 10 20 30 50 70 80

Examples: 1347". C = 2444° F+ 12°.6 F=2456°.6 F: 3367° F=1850°C+ 2°.78C=
i852°.78 C. For other tablea of temperatures, see pages 550 and 551.
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2. Contraction of clay, as in the old Wedgwood pyrometer, at one timo
used by potters. This instrument was very inaccurate, as the contraction
of clay varied with its nature.

3. Expansion of air, as in the air-thermometer, Wiborgh's pyrometer.
Uehhng and Steinbart's pyrometer, etc.

4. Pressure of vapors, as in some forms of Bristol's recording pyrometer,
5. Relative expansion of two metals or other substances, as in Brown's,

Bulkley's and other metallic pyrometers, consisting of a copper rod or
tube inside of an iron tube, or vice versa, with the difference of expansion
multiplied by gearing and indicated on a dial.

6. Specific heat of solids, as in the copper-ball and platinum-ball
pyrometers.

7. Melting-points of metals, alloys, or other substances, as in approxi-
mate determination of temperature by melting pieces of zinc, lead, etc.,
or as in Seger's fire-clay pyrometer.

8. Time required to heat a weighed quantity of water inclosed in a
vessel, as in one form of water pyrometer.

9. Increase in temperature of a stream of water or other liquid flow-
ing at a given rate through a tube inserted into the heated chamber.

10. Changes in the electric resistance of platinum or other metal, as
in the Siemens pyrometer.

11. Measurement of an electric current produced by heating the
junction of two metals, as in the Le Chatelier pyrometer.

12. Dilution by cold air of a stream of hot air or gas flowing from a
heated chamber and determination of the temperature of the mixture by
a mercury thermometer, as in Hobson's hot-blast pyrometer.

13. Polarization and refraction by prisms and plates of light radiated
from heated surfaces, as in Mesure and Nouel's pyrometric telescope or
optical pyrometer, and Wanner's pyrometer.

14. Heating the filament of an electric lamp to the same color as that
of an incandescent body, so that when the latter is observed through a
telescope containing the lamp the filament becomes invisible, as in Hol-
born and Kurlbaum's and Morse's optical pyrometers. The current
required to heat the filament is a measure of the temperature.

15. The radiation pyrometer. The radiation from an incandescent
surface is received in a telescope containing a thermo-couple, and the
electric current generated therein is measured, as in Fdry's radiation
pyrometer.

(See "Optical Pyrometry " by C. W. W. Waidner and G. K. Burgess,
Bulletin No. 2, Bureau of Standards, Department of Commerce and
Labor; sdso Eng'g, Mar. 1, 1907.)
The "Veritas" Pyrometer (called Buller's Rings in England) is an

improvement on the Wedgewood pyrometer. It is based on the con-
traction of a flat ring of a special claj^ mixture, which is made with
great care to secure xmiformity of composition. The contraction is

found to be directly proportional to the increase of temperature above
800° C. (1472° F.) and its amount is measured by a multiplying index.
The rings are 21/2 in. external and 3/4 in. internal diam., 5/iq in. thick.
They are made by Veritas Firing System Co., Trenton, N. J., and are
largely used by potters.

Platinum or Copper Ball Pyrometer. — A weighed piece of platinum,
copper, or iron is allowed to remain in the furnace or heated chamber till

it has attained the temperature of its surroundings. It is then suddenly
taken out and dropped into a vessel containing water of a known weight
and temperature. The water is stirred rapidly and its maximum tem-
perature taken. Let W = weight of the water, w the weight of the ball,

t = the original and T the final heat of the water, and S the specific heat of

the metal; then the temperature of fire may be found from the formula

wS
The mean specific heat of platinum between 32° and 446® F. is 0.03333 or

1/30 that of water, and it increases with the temperature about 0.000305
for each 100° F. For a fuller description, by J. C. Hoadley, see Trans.
A. S. M. E., vi, 702. Compare also Henry M. Howe, Trans. A. I. M. E.,
xviii 72S

Foi? accuracy corrections are required for variations in the specific heat
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of the water and of the metal at different temperatures, for loss of heat by
radiation from the metal during the transfer from the furnace to the water,
and from the apparatus during the heating of the water; also for the heat*
absorbing capacity of the vessel containing the water.

Fire-clay or fire-brick may be used instead of the metal ball.
liC Chatelier's Thermo-electric Pyrometer. — For a very full

description, see paper by Joseph Struthers, School of Mines Quarterly,
vol. xii, 1891; also, paper read by Prof. Roberts-Austen before the Iron
and Steel Institute, May 7, 1891.

The principle upon which this pyrometer is constructed is the measure-
ment Of a current of electricity produced by heating a couple composed of
two wires, one platinum and the other platinum with 10% rhodium—
the current produced being measured by a galvanometer.
The composition of the gas which surrounds the couple has no influence

on the indications.
When temperatures above 2500° F. are to be studied, the wires must

have an isolating support and must be of good length, so that all parts
of a furnace can be reached. The wires are supported in an iron tube 1/2
inch interior diameter and held in place by a cylinder of refractory clay
having two holes bored through, in which the wires are placed. The
shortness of time (five seconds) allows the temperature to be taken with-
out deteriorating the tube.

Tests made by this pyrometer in measuring furnace temperatures under
a great variety of conditions show that the readings of the scale uncorrected
are always within 45° F. of the correct temperature, and in the majority
of industrial measurements this is sufficiently accurate.

Graduation of Le Chatelier's Pyrometer.—W. C. Roberts-Austen
in his Researches on the Properties of Alloys, Free. Inst. M. E., 1892,
says: The electromotive force produced by beating the thermo-junction
to any given temperature is measured by themovementofthe spot oflight
on the scale graduated in millimeters. The scale is calibrated by heating

the thermo-junction to temperatures which have been carefully deter-

mined by the aid of the air-thermometer, and plotting the curve from
the data so obtained. Many fusion and boiling-points have been estab-

lished by concurrent evidence of various kinds, and are now generahj
accepted. The following table contains certain of these:

Deg. F. Deg. C.
212 100 Water boils.

618 326
676 358
779 415
838 448
1157 625
1229 665

Lead melts.
Mercury boils.
Zinc melts.
Sulphur boils.
Aluminum melts.
Selenium boils.

Deg. F. Deg. C.
1733 945 Silver melts.
1859 1015

1913 1045
1929 1054
2732 1500
3227 1775

Potassium sulphate
melts.

Gold melts.
Copper melts.
Palladium melts.
Platinum melts.

The Temperatures Developed in Industrial Furnaces. — M. Le
Chatelier states that by means of his pyrometer he has discovered that

the temperatures which occur in melting steel and in other industrial

operations have been hitherto overestimated. He finds the melting

heat of white cast iron 1135° (2075° F.), and that of gray cast iron 1220°

(2228° F.). Mild steel melts at 1475° (2687° F.), and hard steel at 1410°

(257G-' F.). The furnace for hard porcelain at the end of the baking has a
heat of 1370° (2498° F.). The heat of a normal incandescent lamp is

1800° (3272° F.), but it may be pushed to beyond 2100° (3812° F.)

Prof. Roberts-Austen (Recent Advances in Pyrometry, Trans. A.I.M.E.,
Chicago Meeting, 1893) gives an excellent description of modern forms of

pyrometers. The following are some of his temperature determinations.

Ten-ton Open-hearth Furnace, Woolwich Arsenal.
Degrees Degrees

Centigrade.
Temperature of steel, 0.3% carbon, pouring into ladle. 1645
Steel, 0.3% carbon, pouring into large mold 1580
Reheating furnace, interior 930
Cupola furnace, No. 2 cast iron, pouring into ladle 1600

The following determinations have been effected by M. Le Chatelier:

Fahr.
2993
2876
1706
2912
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Bessemer Process. Six-ton Converter. Deg. O. Deg P,.
A. Bath of Slag 1580 2876
B. Metal in ladle 1640 2984
C. Metal in ingot mold 1580 2876
D. Ingot in reheating furnace 1200 2192
E. Ingot under the hammer 1080 1976

Open-heaeth Furnace (Semi-mild Steel).
A. Fuel gas near gas generator 720 1328
B. Fuel gas entering into bottom of regenerator chamber 400 752
C. Fuel gas issuing from regenerator chamber 1200 2192
Air issuing from regenerator chamber 1000 1832
Chimney gases. Furnace in perfect condition 300 590
End of the melting of pig charge 1420 2588
Completion of conversion 1500 2732
Molten steel. In the ladle—Commencement of casting. 1580 2876
End of casting 1490 2714
In the molds , 1520 2768
For very mild (soft) steel the temperatures are higher by 50° C.

Blast-furnace (Gray-Bessemer Pig).
Opening in face of tuyere 1930 35C6
Molten metal—Commencement of fusion, 1400 2552
End, or prior to tapping 1570 2858

Hoffman Red-brick Kiln
Burning temperatures 1100 2012

R. Moldenke (The Foundry, Nov., 1898) determined with a Le
ChateUer pyrometer the melting-point of 42 samples of pig iron of
different grades. The range was from 2030° F. for pig containing
3.98% combined carbon to 2280 for pig containing 0.13 combined car-
bon and 3.43% graphite. The results of the whole series may be ex-
pressed within 30° F. by the formula Temp. = 2300° — 70 X % of
combined carbon.

Hobson's Hot-blast PsTometer consists of a brass chamber having
three hollow arms and a handle. The hot blast enters one of the arms
and induces a current of atmospheric air to flow into the second arm.
The two currents mix in the chamber and flow out through the third
arm, in which the temperature of the mixture is taken by a mercury
thermometer. The openings in the arms are adjusted so that the pro-
portion of hot blast to the atmospheric air remains the same.
The Wlborgh Air-pyrometer. (E. Trotz, Trans. A.I.M.E., 1892.)

—

The inventor using the expansion-coefficient of air, as determined by
Gay-Lussac, Dulon, Rudberg, and Regnault, bases his construction on
the following theory: If an air-volume, V, inclosed in a porcelain globe
and connected through a capillary pipe with the outside air, be heated
to the temperature T (which is to be determined) and thereupon the
connection be discontinued, and there be then forced into the globe
containing V another volume of air V of known temperature t, which
was previously under atmospheric pressure H, the additional pressure
h, due to the addition of the air-volume V to the air-volume V, can be
measured by a manometer. But this pressure is of course a function
of the temperature T. Before the introduction of V, we have the two
separate air-volumes, V at the temperature T, and V at the tempera-
ture t, both under the atmospheric pressure H. After the forcing in
of V into the globe, we have, on the contrary, only the volmne V of
the temperature T, but under the pressure H + h.

Seger Cones. (Stowe-Fuller Co., Cleveland, 1914). Seger Cones
were developed in 1886 in Germany, by Dr. Herman A. Seger. They
comprise a series of triangular cones, of pyramidal shape, of differing
mineral compositions, each one of which requires a different amovmt of
heat work to soften and deform it. They are used principally in the
clay, pottery, and allied industries to determine the proper heat con-
ditions of kilns, furnaces, etc. The difference in softening point
between any two adjoining member of the series, is kept as nearly
equal as possible, so that the cones form a sort of pyrometric scale.
The softening or fusion is not altogether a matter of temperature, the
element of time entering in also. A longer exposure at a slightly lower
temperature will accomplish the same amount of heat work in clay-
working as a shorter exposure at a somewhat higher temperature, pro-
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vlded it is always above the critical temperature at which chemical
reactions take place in the clay. Although the time element must be
considered, a melting point in degrees F. has been assigned to each cone
nimaber for convenience. For rapid burning, this temperature is

fairly accurate, but in commercial clay-biuning, the cones melt at
lower temperatm-es than those given in the table. In extremely long
firings the difference between the actual and assigned temperatures
may be as much as 100° or 150° O. (212° to 297° F.)

Dr. Seger's original series consisted of twenty different mixtures,
and covered a relatively narrow range of temperatures. Several other
series have since been devised, as follows: Hecht series, used by
china and glass decorators, consisting of fusible lead-soda borate glass
and kaoUn, the glass alone making the softest cone, successive addi-
tions of kaoUn raising the fusing point. The Cremer series, used for
red burning clays and for soft glazes, sewer pipe, drain tiles, roof tiles,

etc., consisting of a Mme-soda borate glass, oxide of iron, feldspar,
carbonate of Ume, potters flint and kaolin, it begins with a large
amount of glass for the softest cone, and decreasing to almost none at
the upper end. The Seger series, used for harder red burning wares of
vitrified variety, and for all buff burning and white burning clay wares
consisting of potters flint, feldspar, carbonate of Ume and feldspar,
oxide of iron appearing in the three lowest temperatm-e cones; no glass
is used and the proportion of kaolin and flint increases with the fusion
temperature. High temperature series, used for testing refractory
materials only, consisting except in the two lowest numbers of kaolin
potters flint, and oxide of alumina; the highest cone consists of pure
oxide of alumina. No temperatures can be assigned to this series,

although 1850° C. (3362° F.) has been set as the melting point of
No. 36. The table gives the approximate fusion points of the various

Fusion Poiiits of Seger Cones.

Symbol Melting Point IT
or

Cone
No.

Melting Point

or

Cone
No.

Melting Point

or

Cone
No.

Deg.C Deg.I Deg.C Deg.F Deg.C Deg.F

HECHT
SERIES 04 1070 1958 13 1390 2534
022 590 1094 03 1090 1994 14 1410 2570
021 620 1148 02 1110 2030 15 1430 2606
020 650 1202 01 1130 2066 16 1450 2642
019 680 1256 SEGER

SERIES
17 1470 2678

018 710 1310 1 1150 2102 18 1490 2714
017 740 1364 2 1170 2138 19 1510 2750
016 770 1418 3 1190 2174 20

HIGH
1530 2786

015 800 1472 4 1210 2210 TEMP.
0121/2 875 1607 5 1230 2246 SERIES
CREMBK
SERIES 6 1250 2282 26 Lowest Grade for No. 2 Refractories.

010 950 1742 7 1270 2318 30 Lowest Grade for No. 1 Refractories.

09 970 1778 8 1290 2354 32 Good Qual. No. 1 Firebrick.

08 990 1814 9 1310 2390 34 Excellent Qual. No. 1 Firebrick.

07 1010 1850 10 1330 2476 36 Melting point pure Kaolin.
06 1030 1886 11 1350 2462 38 Melting point good qual. Bauxite.
05 1050 1922 12 1370 2498 42 Melting point pure Alumina.

The German cones are manufactured by the German Government
at the Royal Porcelain Factory, Charlottenburg, and can be obtained
in the United States through Eimer and Amend, New York, and other
chemical supply houses. In 1896, Prof. Edw. Orton, Jr., of the Ohio
State University, Columbus, Ohio, began their manufacture in Amer-
ica. The American cones agree with the German cones in all re-
pects, and have come into general use In America. They are not sold
through dealers, but must be obtained direct from the maker.
Mesure and NouePs Pyrometric Telescope. (H. M. Howe, E. and

M, t/., June 7, 1890)—Mesure and Nouel's telescope gives an immediate
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determination of the temperature of incandescent bodies, and is there-
fore better adapted to cases where a great number of observations are
to be' made, and at short intervals, than Soger's. The little telescope,
carried in the pocket or hung from the neck, can be used by foreman
or heater at any moment.

It is based on the fact that a plate of quartz, cut at right angles to the
axis, rotates the plane of polarization of polarized light to a degree nearly
inversely proportional to the square of the length of the waves; and,
further, on the fact that while a body at dull redness merely emits red
light, as the temperature rises, the orange, yellow, green, and blue waves
successively appear.

,
If, now, such a plate of quartz is placed between two Nicol prisms at

nght angles, "a ray of monochromatic light which passes the first, or
polarizer, and is watched through the second, or analyzer, is not extin-
guished as it was before interposing the quartz. Part of the light passes
the analyzer, and, to again extinguish it, we must turn one of the Nicols a
certain angle," depending on the length of the waves of light, and hence on
the temperature of the incandescent object which emits this light. Hence
the angle through which we must turn the analyzer to extinguish the light
is a measure of the temperature of the object observed.

, The Uehling and Steinbart Pyrometer. (For illustrated descrip-
tion see Engineering, Aug. 24, 1S94.)— The action of the pyrometer is

based on a principle which involves the law of the flow of gas through
minute apertures in the following manner: If a closed tube or chamber be
supplied with a minute inlet and a minute outlet aperture, and air be
caused by a constant suction to flow in through one and out through the
other of these apertures, the tension in the chamber between the apertures
will vary with the difference of temperature between the inflowing and
outflowing air. If the inflowing air be made to vary with the tem-
perature to be measured, and the outflowing air be kept at a certain con-
stant temperature, then the tension in the space or chamber between the
two apertures will be an exact measure of the temperature of the inflow-
ing air, and hence of the temperature to be measured.

In operation it is necessary that the air be sucked into it through the
first minute aperture at the temperature to be measured, through the
second aperture at a lower but constant temperature, and that the suc-
tion be of a constant tension. The first aperture is therefore located
in the end of a platinum tube in the bulb of a porcelain tube over which
the hot blast sweeps, or inserted into the pipe or chamber containing
the gas whose temperature is to be ascertained.
The second aperture is located in a coupling, surrounded by boiling

water, and the suction is obtained by an aspirator and regulated by a
column of water of constant height.
The tension in the chamber between the apertures is indicated by a

manometer.
The Air-thermometer. (Prof. R. C. Carpenter, Eng'g News, Jan. 5,

1893.) — Air is a perfect thermometric substance, and if a given mass of
air be considered, the product of its pressure and volume divided by its

absolute temperature is in every case constant. If the volume of air
remain constant, the temperature wiU vary with the pressure; if the
pressure remain constant, the temperature will vary with the volume. As
the former condition is more easily attained, air-thermometers are usually
constructed of constant volume, in which case the absolute temperature
will vary with the pressure.

If we denote pressures by p and p', and the corresponding absolute
temperatures by T and T\ we should have

p :p' ::T :T' and T' = p' -•

The absolute temperature T is to be considered in every case 460 higher
than the thermometer-reading expressed in Fahrenheit degrees. From
the form of the above equation, if the pressure p corresponding to a
known absolute temperature T be known, T" can be found. The quotient
T/p is a constant which may be used in all determinations with the
instrument. The pressure on the instrument can be expressed in inches
of mercury, and is evidently the atmospheric pressure b as shown by a
barometer, plus or minus an additional amount h shown by a manometer
attached to the air-thermometer. That is, in general, p = b ± h.
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The temperature of 32" P. is fixed as the point of melting ice, inwhich
case T = 460 +32 = 492° F. This temperature caril)e produced by sur-
rounding the bulb in melting ice and leaving it several minutes, so that the
temperature of the confined air shall acquire that of the surrounding ice
^\ hen the air is at that temperature, note the reading of the attachedmanometer h, and that of a barometer; the sum will be the value of v
corresponding to the absolute temperature of 492° F. The constant of
the instrument, K = 492 -J- p, once obtained, can be used in all future
determinations.

High Temperatures judged by Color. — The temperature of a body
can be approximately judged by the experienced eye unaided. M.
rouillet in 1836 constructed a table, which has been generaUy quoted in
the text-books, giving the colors and their corresponding temperature,
VtVu-x^^^^^^ ^ow replaced by the tables of H. M. Howe and of Maunsel
White and F. W. Taylor {Trans. A. S. M. E., 1899), wliich are given

Howe, ° C. o F. White and Taylor. ° C. ° F.
Lowest red vis- Dark blood-red, black-

ible in dark . . 470 878 red . . 990
Lowest red vis- Dark red,' biood-red," low

ible in day- red 556 1050

r^\^^^\ .475 887 Dark cherry-red 635 1175
Dull red 550 to 625 1022 to 1 157 Medium cherry-red 1250
Full cherry .... 700 1 292 Cherry, full red 746 1375
Light red 850 1562 Light cherry, light red*. 843 1550
Full yellow 950 to 1000 1742 to 1832 Orange, free scaling heat 899 1650
Light yellow. . . 1050 1922 Light orange. 941 1725
White 1150 2102 Yellow..... 996 1825

Light yellow 1079 1975
White 1205 2200

* Heat at which scale forms and adheres on iron and steel, i.e., does
not fall away from the piece when allowed to cool in air.

Skilled observers may vary 100° F. or more in their estimation of
relatively low temperatures by color, and beyond 2200° F. it is practically
impossible to make estimations with any certainty whatever. (Bulletin
No. 2, Bureau of Standards, 1905.)

In confirmation of the above paragraph we have the following, in a
booklet published by the Halcomb Steel Co., 1908.

°C. °F. Colors. °C. ^F. Colors.

400 752 Red, visible in the dark. 1000 1832 Bright cherry-red.
474 885 Red, visible in the twilight. 1100 2012 Orange-red.
525 975 Red, visible in the day- 1200 2192 Orange-yellow,

light. 1300 2372 Yellow-white.
581 1077 Red, visible in the sun- 1400 2552 White welding heat,

hght. 1500 2732 Brilliant white.
700 1292 Dark red. 1600 2912 Dazzling white (bluish
800 1472 Dull cherry-red. white).
900 1652 Cherry-red.

Different substances heated to the same temperature give out the
same color tints. Objects which emit the same tint and intensity of light
cannot be distinguished from each other, no matter how different their
texture, surface, or shape may be. When the temperature at ah parts of
a furnace at a low yellow heat is the same, different objects inside_ the
furnace (firebrick, sand, platinum, iron) become absolutely invisible.
(H. M. Howe.)
A bright bar of iron, slowly heated in contact with air, assumes the fol-

lowing tints at annexed temperatures (Claudel):

Cent. Fahr.
Yellow at 225 437
Orange at . 243 473
Red at 265 509
Violet at 277 531

Cent. Fahr.
Indigo at 288 5 30
Blue at 293 559
Green at 332 630
" Oxide-gray " ... 400 752

The Halcomb Steel Co. (1908) gives the following heats and temper
colors of steel;
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Cent. Fahr. Colors.
221 .

1

430 "Very pale yellow.
226.7 440 Light yellow.
232.2 450 Pale straw-yellow.
237.8 460 Straw-yellow.
243.3 470 Deep straw-yellow.
248.9 480 Dark yellow.
254.4 490 Yellow-brown.
260.0 500 Brown-yellow.

Cent. Fahr.
265.6 510
271.1 520
276.7 530

282.2 540
287.8 550

"293.3 560
298.9 570
315.6 600

Colors.

Spotted red-brown.
Brown-purple.
Light purple.
Full purple.
Dark purple.
Full blue.
Dark blue.
Very dark blue.

BODLING-POINT AT ATMOSPHERIC PRESSURE.
14.7 lb. per square inch.

Ether, sulphuric 100°
Carbon bisulphide 118
Chloroform 140
Bromine 145
Aqua ammonia, sp.gr. 0.95. 146
Wood spirit 150
Alcohol 173
Benzine 176
Water 212
Average sea-water 213.2

Saturated brine 226=' F.
Nitric acid 248
Oil of turpentine 315
Aniline 363
NaphthaUne 428
Phosphorus 554
Sulphur 800
Sulphuric acid 590
Linseed oil 597
Mercury 676

The boiling-points of liquids increase as the pressure increases.

MELTING-POINTS OF VARIOUS SUBSTANCES.
The following figures are given by Clark (on the authority of Pouillet.

Claudel, and Wilson), except those marked *, which are given by Prof.
Roberts-Austen, and those marked t, which are given by Dr. J. A. Harker.
These latter are probably the most reUable figures.

Sulphurous acid — 148° F. Cadmium 442° F.
Carbonic acid — 108 Bismuth 504 to 507
Mercury - 39, - 38t
Bromine + 9.5
Turpentine 14
Hyponitric acid 16
Ice ; 32
Nitro-glycerine 45
Tallow 92
Phosphorus 112
Acetic acid 113
Stearine 109 to 120
Spermaceti 120
Margaric acid .... 131 to 140
Potassium 136 to 144
Wax 142 to 154
Stearic acid 158
Sodium 194 to 208
Iodine. 225
Sulphur 239
Alloy, 11/2 tin, 1 lead 334, 367t
Tin 446, 449t

Lead 618*, 620t
Zinc 779*, 786t
Antimony 1150, 1169t
Aluminum 1157*. 1214t
Magnesium 1200
NaCl, common salt 1472t
Calcium Full red heat.
Bronze 1692
Silver 17b3*, 1751-

•

Potassium sulphate.. 1859*, 1958-
Gold 1913*, 1947-
Copper 1929*, 1943-
Nickel 2600-
Cast iron, white 1922,2075--

gray 2012 to 2786, 2228*
Steel 2372 to 2532*
" hard... 2570*; mild, 2687

Wrought iron 2732 to 2912, 2737*
Palladium 2732*
Platinum 3227*, 3110t

Cobalt and manganese, fusible in highest heat of a forge. Tungsten
and chromium, not fusible in forge, but soften and agglomerate. Plati-
num and iridium, fusible only before the oxyhydrogen blowpipe, or in an
electrical furnace. For melting-point of fusible alloys see Alloys. For
boiling and freezing points of air and other gases see p. 606.

Melting Points of Rare Metals.—H. Von Wartenberg has deter-
mined the melting points of some rare metals. The temperature was
measured by a Wanner pyrometer. The following melting points were
thus obtained:
Vanadium 1710° C. = 3110° F.
Rhodium 1970° C. = 3578° P.
Iridium 2360° C. = 4280° F.
Molybdenum over 2550° C. = 4622° F.
Tungsten 2900° C. = 5252° F.
The metals were as pure as possible. It is stated that the vanadium



560 HEAT.

used was of 97% purity. The results were published in a German
periodical.

—

Brass World, June, 1910.

QUANTITATIVE MEASUREMENT OF HEAT.
Unit of Heat.—The British thermal unit, or heat unit (B.T.U.), is the

quantity of heat required to raise the temperature of 1 lb. of pure water
from 62° to 63° F. (Peabody), or i/iso of the heat required to raise the
temperature of 1 lb. of water from 32° to 212° F. (Marks and Davis,
see Steam, p. 867).
The French thermal unit, or calorie, is the quantity of heat required

to raise the temperature of 1 kilogram of pure water from 15° to 16° C.
1 French calorie = 3.968 British thermal units; 1 B.T.U. = 0.252

calorie. The "pound calorie" is sometimes used by English writers;
it is the quantity of heat required to raise the temperature of 1 lb. of
water 1° C. 1 lb. calorie = s/s B.T.U. = 0.4536 calorie. The heat of
combustion of carbon to CO2 is said to be 8080 calories. This figure is

used either for French calories or for pound calories, as it is the mmiber
of pounds of water that can be raised 1° C. by the complete combustion
of 1 lb. of carbon, or the number of kilograms of water that can be
raised 1° C. by the combustion of 1 kilo, of carbon; assummg in each
case that all the heat generated is transferred to the water.
The Mechanical Equivalent of Heat is the number of foot-pounds

of mechanical energy equivalent to one British thermal imit, heat and
mechanical energy being mutually convertible. Joule's experiments,
1843-50, gave the figure 772, which is known as Joule's equivalent.
More recent experiments by Prof. Rowland (1880) and others give higher
figures; 778 is generally accepted, but 777.6 is probably more nearly
correct. (Goodenough's " Properties of Steam and Ammonia," 1915.)

1 heat-unit is equivalent to 778 ft.-lbs. of energy. 1 ft.-lb. = 1/778 =
0.0012852 heat-imit. 1 horse-power = 33,000 ft.-lbs. per minute =
2545 heat-units per hour = 42.416 + per minute = 0.70694 per second.
1 lb. carbon burned to CO2 = 14,600 heat-units. 1 lb. C per H.P. per
hour = 2545 -H 14,600 = 17.43% efiQciency.

Heat of Combustion of Various Substances in Oxygen.

Heat-units.

Cent. Fahr.

Authority.

Hydrogen to liquid water at 0° C.
"

to steam at 100° C
Carbon (wood charcoal) to car-
bonic acid, CO2; ordinary tem-
peratures

Carbon, diamond to CO2
" black diamond to CO2 . . .

.

" graphite to CO2
Carbon to carbonic oxide, CO
Carbonic oxide to CO2 per unit of
CO

CO to CO2 per unit of C= 21/3x2403

Marsh-gas,Methane, CH4,to water
and CO2

defiant gas, Ethylene, C2H4, to
water and CO2

Benzole gas.CeHeito water and CO2
Sulphur to sulphur dioxide, SO2. . .

1

34,462
33,808
34,342
28,732
8,080

7,900

8,137
7,859

7,861

7,901

2,473
2,403
2,431

2,385
5,607
13,120

13,108

13,063

11,858

11,942

11,957

10,102
9,915
2,250

62,032
60,854
61,816
51,717
14,544
14,220

14,647
14,146
14,150
14,222

4,451

4,325
4,376
4,293
10,093

23,616
23,594
23,513
21,344
21,496
21,523
18,184
17,847
4,050

Favre and Silbermann.
Andrews.
Thomsen.
Favre and Silbermann.

Andrews.
Berthelot.

Favre and Silbermann.

Andrews.
Thomsen.
Favre and Silbermann.
Thomsen.
Andrews.
Favre and Silbermann.

Andrews.
Thomsen.

Favre and Silbermann.
N. W. Lord.
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In calculations of the heating value of mixed fuels the value for carbon
Is Mmmonly taken at 14,600 B.T.U., and that of hydrogen at 62,000.

^^^?^J^^ ^PH^I ^^^ue of C burned to CO2 at 14,600, and that of C toCO at 4450, the difference, 10,150 B.T.U., is the heat lost by the imperfect
combustion of each lb. of C burned to CO instead of to CO2. If the CO
formed by this imperfect combustion is afterwards burned to CO2 the lost
heat is regained.

In burning 1 pound of hydrogen with 8 pounds of oxygen to form 9
pounds of water, the units of heat evolved are 62,000 ; but if the resulting
Eroduct is not cooled to the initial temperature of the gases, part of the
eat IS rendered latent in the steam. The total heat of 1 lb. of steam at

?Po ^- ^^ 1150.0 heat-units above that of water at 32°, and 9 X 1150 =
10,350 heat-umts, which deducted from 62,000 gives 51,650 as the heat
olo ^^^ ^y *^® combustion of 1 lb. of hydrogen and 8 lbs. of oxygen at
32° F. to form steam at 212° F.
Some writers subtract from the total heating value of hydrogen only

the latent heat of the 9 lbs. of steam, or 9 x 970.4 = 8734 B.T.U., leaving
as the " low " heating value 53,266 B.T.U.
The use of heating values of hydrogen "burned to steam," in compu-

tations relating to combustion of fuel, is inconvenient, since it necessi-
tates a statement of the conditions upon which the figures are based ; and
It is, moreover, misleading, if not inaccurate, since hydrogen in fuel is not
often burned in pure oxygen, but in air; the temperature of the gases
before burning is not often the assumed standard temperature, and the
Droducts of combustion are not often discharged at 212°. In steam-
boiler practice the chimney gases are usually discharged above 300° ; but
if economizers are used, and the water supplied to them is cold, the gases
may be cooled to below 212°, in which case the steam in the gases is con-
densed and its latent heat of evaporation is utilized. If there is any need
at all of using figures of the "available" heating value of hydrogen, or its

heating value when "burned to steam," the fact that the gas is burned in
air and not in pure oxygen should be taken into consideration. The
resulting figures will then be much lower than those above given, and they
will vary with different conditions. (Kent, " Steam Boiler Economy,"
p. 23.)

Suppose that 1 lb. of H is burned in twice the quantity of air required
for complete combustion, or 2 X (8 O + 26.56 N) = 69.12 lbs. air
supplied at 62° F., and that the products of combustion escape at 562° F.
The heat lost in the products of combustion will be
9 lbs. water heated from 62° to 212° 1352 B.T.U.
Latent heat of 9 lbs. H2O at 212°, 9 X 969.7. . . 8727 "
Superheated steam, 9 lbs. X (562° - 212°) X 0.48(sp. ht.) 1512 "
Nitrogen, 26.56 X (562° - 62°) X 0.2438 3238 "
Excess air, 34.56 X (562° - 62°) X 0.2375 4104 "

Total 18,933 "

which subtracted from 62,000 gives 43,067 B.T.U. as the net available
heating value under the conditions named.
Heating Value of Compound or Mixed Fuels. — The heating value

of a solid compound or mixed fuel is the sum of its elementary constituents,
and is calculated as follows by Dulong's formula:

B.T.U. = £^[ 14,600 C + 62,000 (h - ~j+ 4500 s] ;

in which C, H, O, and S are respectively the percentages of the several
elements. The term H — 1/8 O is called the "available" or "disposable"
hydrogen, or that which is not combined with oxygen in the fuel. For
all the-common varieties of coal, cannel coal and some lignites excepted,
the formula is accurate within the limits of error of chemical analyses and
calorimetric determinations.
Heat Absorbed by Decomposition. — By the decomposition of a

chemical compound as much heat is absorbed or rendered latent as was
evolved when the compound was formed. If 1 lb. of carbon is burned to
CO2, generating 14,600 B.T.U., and the CO2 thus formed is immediately
reduced to CO in the presence of glowing carbon, by the reaction CO2 +
C = 2 CO. the result is the same as if the 2 lbs. C had been burned directly
to 2 CO, generating 2X4450= 8900 B.T.U. The 2 lbs. C burned to CO^
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would generate 2 X 14,600 = 29,200 B.T.U., the difference, 29 200 -
8900 = 20,300 B.T.U., being absorbed or rendered latent in the 2 CO or
10,150 B.T.U. for each pound of carbon.

In Uke manner if 9 lbs. of water be injected into a large bed of glowing
coal, it will be decomposed into 1 lb. H and 8 lbs. O. The decomposition
will absorb 62,000 B.T.U., cooling the bed of coal this amount, and the
same quantity of heat will again be evolved if the H is subsequently
burned with a fresh supply of O. The 8 lbs. of O will combine with 6 lbs.
C, forming 14 lbs. CO (since CO is composed of 12 parts C to 16 parts O),
generating 6 X 4450 = 26,700 B.T.U. , and 6 X 10,150 = 60,900 B T U
will be latent in this 14 lbs. CO, to be evolved later if it is burned to COa
with an additional supply of 8 lbs. O.

SPECIFIC HEAT.
Thermal Capacity. — The thermal capacity of a body between two

temperatures 7'o and Ti is the quantity of heat required to raise the tem-
perature from To to Tu The ratio of the heat required to raise the temper-
ature of a certain weight of a given substance one degree to that required
to raise the temperature of the same weight of water from 62° to 63° F.
is commonly called the specific heat of the substance. Some writers
object to the term as being an inaccurate use of the words " specific

"

and " heat." A more correct name would be " coefficient of thermal
capacity."
Determination of Specific Heat,

—

Method by Mixture.—The body
whose specific heat is to be determined is raised to a known temperature,
and is then immersed in a m.ass of liquid of which the weigfht. pnecific
heat, and temperature are known. Wlien both the body and the liquid
have attained the same temperature, this is carefully ascertained.
Now the quantity of heat lost by the body is thesame as the quantity of

hsat absorbed by the liquid.
Let c, w, and t be the specific heat, weight, and temperature of the hot

body, and c\ w', and f of the liquid. Let T be the temperature the mix-
ture assumes.
Then, by the definition of specific heat, c X w X (t — T) = heat-units

lost by the hot body, and c' X u'' X (T — V) = heat-units gained by the
cold liquid. If there is no heat lost by radiation or conduction, these
must be equal, and

/* mx r / ^m 4f\ c'w' (T — t')
cw (t - T) = c'-u;' (T-f) or c =

^^^ _ ^,^

^
-

Electrical Method. This method is believed to be more accurate in
many cases than the method by mixture. It consists in measuring the
quantity of current in watts required to heat a unit weight of a substance
one degree in one minute, and translating the result into heat-units.
1 Watt =0.0569 B.T.U. per minute.

Specific Heats of Various Substances.
The specific heats of substances, as given by different authorities show

considerable lack of agreement, especiaUy in the case of gases.
The following tables give the mean specific heats of the substances

named according to Regnault. (From Rontgen's Thermodynamics, p.
134.) These specific heats 'are average values, taken at temperatures
which usually come under observation in technical appUcation. The
actual specific heats of all substances, in the solid or liquid state, increase
slowly as the body expands or as the temperature rises. It is probable
that the specific heat of a body when liquid is greater than when solid.
For many bodies this has been verified by experiment.

Solids.

Antimony . 0508
Capper . 0951
Gold 0.0324
Wrought iron. 0. 1138
Glass 0.1937
Cast iron . 1298
Lead 0.0314
Platinum . 0324
Silvei. 0, 0570
Tin 0.0562

steel (soft) 0.1165
Steel (hard) 0.1175
Zinc 0.0956
Brass 0.0939
Ice 0.5040
Sulphur 0.2026
Charcoal . 2410
Alumina 0.1970
Phosphorus 0. 1887
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Water 1.0000
Lead (melted) . 0402
Sulphur " 0.2340
Bismuth "

. 030S
Tin " 0.0637
Sulphuric acid . 3350

Liquids.
Mercury . 0333
Alcohol (absolute) . 7000
Fusel oil . 5640
Benzine . 4500
Ether 0.5034

Gases.
Constant Pressure.

Air . 23751
Oxygen 0.21751
Hydrogen 3 . 40900
Nitrogen . 24380
Superheated steam* . 4805
Carbonic acid 0.217
Olefiant gas C2H4 (ethylene). , ... 0. 404
Carbonic oxide. . 2479
Ammonia . 508
Ether 0. 4797
Alcohol 0. 4534
Acetic acid 0. 4125
Chloroform 0. 1567

In addition to the above, the following are given by other authorities.
(Selected from various sources.)

Metals.

Platinum, 32° to 446° F.. . . 0.0333
(increased .000305 for each 100° F.)

Cadmium . 0567

Constant Volume.
0.16847
0.15507
2.41226
0.17273
0.346
0.171
0.332
0.1758
0.299
0.3411
0.399

Brass.

,

Copper, 32° to 212° F..
32° to 572° F..

Zinc, 32° to 212° F..
32° to 572° F..

0.0939
0.094
0.1013
0.0927
0.1015

Wrought iron (Petit & Dulong).
32° to" 212°.. 0.109S
32° to 392°.. 0.115
32° to 572°. . 0.1218
32° to 662°. . 0.1255

Iron at high temperatures.
(Pionchon, Comptcs Rendus, 1887.) )

1382' to 1832^ F 213
1749^ to 1843^ F . 0.218
1922= to 2192= F 0.199

Nickel 0.1086
Aluminum, 0° F. to melting-

point (A. E. Hunt) 0.2185
Dr.-Ing. P. OberhofTer, in Zeit. des Vereines Deutscher Ingenieure {Eng.

Digest, Sept., 1908), describes some experiments on the specific heat of
nearly pure iron. The following mean specific heats were obtained:

Temp. F. 500 600 800 1000 1200 1300
Sp. Ht. 0.1228 0.1266 0.1324 0.1388 0.1462 0.1601

Temp. F. 1500 1800 2100 2400 2700
Sp. Ht. 0.1698 0.1682 0.1667. 0.1662 0.1666

The specific heat increases steadily between 500 and 1200 F. Then it

Increases rapidly to 1400, after which it remains nearly constant.

Other Solids.

Coal 0.20 to 0. 241
Coke 0.203
Graphite . 202
Sulphate of lime 0. 197
Magnesia 0.222
Soda 0.231
Quartz 0.188
River sand 0. 195

Woods.
Oven dried, 20 varieties, sp. ht. nearly the same for all, average

0.327. (U. S. Forest Service, 1911.)
Liquids.

Olive oil 0. 310

Brickwork and masonry, about . 20
Marble. 0. 210
Chalk 0.215
Ouicklime 0. 217

,
Magnesian limestone 0. 217
Silica 0.191
Corundum 0. 198
Stones generally 0. 2 to 0. 22

Alcohol, density 0.793 0. 622
Sulphuric acid, density 1.87.

.

0.335
1.30. . 0.661

Bydrochloric acid 0. 600
* See Superheated Steam, page i

Benzine . 393
Turpentine, density 0.872 . . . 472
Bromine 1.111
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Gases.
At Constant At Constant
Pressure. Volume.

Sulphurous acid 0. 1553 0. 1246
Light carbureted hydrogen, marsh gas (CH*) . . 5929 . 4683
Blast-furnace gases 0. 2277

Specific Heat of Water. (Peabody's Steam Tables, from Barnes and
Regnault.)

"C. °F. Sp. Ht. °c. °F. Sp. Ht. ''C. °F. Sp. Ht. °C.

248

Sp. Ht.

V. 1.0094 35 95 0.99735 70 153 1.00150 120 1 .01620

5 41 1.00530 40 i04 0.99735 75 167 1 .00275 140 284 1 .02230

10 50 1.00230 45 in 0.99760 80 176 1.00415 160 320 1.02850

IS SQ 1.00030 50 122 0.99800 85 188 1.00557 180 356 1.03475

?n 68 0.99895 55 131 0.99850 90 194 1.00705 200 392 1.04100

?> 77 0.99806 60 140 0.99940 95 703 1.00855 220 428 1.04760

30 86 0.99759 65 149 1.00040 100 212 I.OIOIO

Specific Heat of Salt Solution. (Schiiller.)
Per cent salt in solution .... 5 10 15 20 25
Specific heat 0.9306 0.8909 0.8606 0.8490 0.8073

Specific Heat of Air.—Regnault gives for the mean value at constant
pressure

Between - 30° C. and + 10° C 0.23771
0°C. " 100° C 0.23741
0° C. " 200° 0.23751

Hanssen uses 0.1686 for the specific heat of lir at constant volume.
The value of this constant has never been found to any degree of accuracy
by direct experiment. Prof. Wood gives 0.2375 -t- 1.406 = 0.1689. The
ratio of the specific heat of a fixed gas at constant pressure to the sp. ht.
at constant volume is given as follows by different writers {Eng'g, July 12,
1889): Regnault, 1.3953; Moll and Beck, 1.4085; Szathmari, 1.4027; J.
Macfarlane Gray, 1.4. The first three are obtained from the velocity of
sound in air. The fourth is derived from theory. Prof. Wood says:
The value of the ratio for air, as found in the days of La Place, was 1.41,
and we have 0.2377 -^ 1.41 = 0.1686, the value used by Clausius, Hanssen,
and many others. But this ratio is not definitely known. Rankine in
his later writings used 1.408, and Tait in a recent work gives 1.404, while
some experiments give less than 1.4, and others more than 1.41. Prof.
Wood uses 1,406.

Specific Heat of Gases. — Experiments by Mallard and Le Chatelier
indicate a continuous increase in the specific neat at constant volume of
steam, CO2, and even of the perfect gases, with rise of temperature. The
variation is inappreciable at 100° C, but increases rapidly at the high tem-
peratures of the gas-engine cylinder. (Robinson's Gas and Petroleum
Engines.)
Thermal Capacity and Specific Heat of Gases. (From Damour's

" Industrial Furnaces.")— The specific heat of a gas at any temperature Is

the first derivative of the function expressing the thermal capacity. It
is not possible to derive from the specific heat of a gas at a given temper-
ature, or even from the mean specific heat between 0° and 100° C, the
thermal capacity at a temperature above 100° C. The specific heats of
gases under constant pressure between 0° and 100° C, given by Regnault,
are not sufficient to calculate the quantity of heat absorbed by a gas in
heating or radiated in cooling, hence all calculations based on these
figures are subject to a more or less grave error.
The thermal capacities of a molecular volume (22.32 liters) of gases

from absolute 0° (— 273° C.) to a temperature T (= 273°+ may be
expressed by the formula Q = 0.001 aT + 0.000,001 bT^, in which a is a
constant. 6.5. for all g-ases, and 6 has the following values for different
gases: O2, N2, H2, CO, 0.6; H2O vapor, 2.9; CO2, 3.7; CH4, 6.0. The
tables on page 565 give the thermal capacities of different gases under
varying conditions of pressure, temperature and volume.
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Specific Heats of Gases pee Kilogeam.

Gases.
Under Constant

Pressure.
Under Constant

Volume.

Oxygen
Nitrogen and Carbon Monoxide.

.

Hydrogen
Water Vapor
Carbon Dioxide
Methane

0.213+ 38X10-6^
0.243+ 42X\0-H
3.400+600X10 -6i
0.447+324X10 -H
0.193 + 168X10 ~H
0.608+748X10 ^H

0.150
0.171-
2.400
0.335
0.150
0.491

38X10
42X10

+600XlO-»i
"324X10 -«

168X10-8
748X10-8

Thermal Capacities of Gases per Kilogram in Centigrade Degs.

Under Constant
Pressure.

Under Constant
Volume.

Oxygen
Nitrogen and Carbon Monoxide.

.

Hydrogen
Water Vapor
Carbon Dioxide
Methane or Marsh Gas

0.213^+ 19X10-6^2
0.243^+ 21X10-8^2
3.400^+300X10-8^2
0.447^+ 162X10-8^2
0.193^+ 84X10-8^2
0.608^+374X10-8^2

0.]50t+ 19X10-8
0.171 t+ 21X10-8
2.400^+300X10-8
0.335 < + 162X10-8
0.]50t+ 84X10-8
0.491 ^+374X10-8

Thermal Capacities of Gases per Kilogram.

Temperatures. 02 N2,C0 H2 H2O CO2 CH4

Degrees Centigrade.
47.0
88.0
134.0
181.0
232.0
284.0
334.0
391.0
444.0
503.0
558.0
670.0
681.0
735.0
810.0

50
100
154
207
264
325
383
445
508
575
637
708
777
850
921

700
1400
2150
2900
3700
4550
5350
6250
7100
8050
8950
9900
10900
11900
12950

100

203
326
461

609
770
943
1130
1330
1542
1751

1985
2241
2520
2799

43.1
91.0
145.0
208.0
277.0
354.0
435.0
523.0
618.0
728.0
840.0
950.0
1070.0
1200.0
1355.0

136.6
400 303.0
600 499.0
800 726.0
1000. 982
1200 1269.0
1400 1584
1600 1931.0
1800 2307
2000 2712.0
2200 3148.0
2400 3614.0
2600 4109.0
2800 4635.0
3000 5190.0

EXPANSION BY HEAT.
In the centigrade scale the coefficient of expansion of air per degree

is 0.003665 = 1/273; that is, the pressure being constant, the volume
of a perfect gas Increases 1/273 of its volume at 0° C. for every in-
crease in temperature of 1° C. In Fahrenheit units it increases 1/491.6
= 0.002034 of its volume at 32° F. for every increase of 1° F.

Expansion of Gases by Heat from 32° to 213° F. (Regnault.)

Increase in Volume,
Pressure Constant.
Volume at 32° Fahr.

= 1.0, for

Increase in Pressure,
Volume Constant.
Pressure at 32°

Fahr. = 1.0, for

100° C. 1°F. 100° C. 1°F.

0.3661
0.3670
0.3670
0.3669
0.3710
0.3903

0.002034
0.002039
0.002039
0.002038
0.002061
0.002168

0.3667
0.3665
0.3668
0.3667
0.3688
0.3845

0.002037
Atmospheric air . . . 002036
Nitrogen 0.002039
Carbon monoxide 0.002037
Carbon dioxide 0.002039
Sulphur dioxide 0.002136

If the volume is kept constant, the pressure varies directly as the
absolute temperature.
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Lineal Expansion of Solids at Ordinary Temperatures.

(Mostly British Board of Trade; from Qark.)

For
PFahr.
Length

For
I ° Cent.
Length

Expan-
sion
from
32° to
212° F.

Accord*
ing to
Other
Author-

ities.

Aluminum (drawn)
Aluminum (cast)
Antimony (cryst.)
Brass, cast
Brass, plate
Brick ,

Briclc (fire)

Bronze (Copper, 17; Tin, 2I/2; Zinc, 1).

Bismuth
Cement, Portland (mixed), pure
Concrete: cement-mortar and pebbles.
Copper
Jibonite
Glass, EngHsh flint

Glass, thermometer
Glass, hard
Granite, gray, dry
Granite, red, dry
Gold, pure
Iridium, pure
Iron, wrought
Iron, cast
Lead
Magnesium

Marbles, various f
{^^^

0.00001360
0.00001234
0.00000527
0.00000957
0.00001052
0.00000306
0.00000300
0.00000986
0.00000975
0.00000594
0.00000795
0.00000887
0.00004278
0.0000045
0.00000499
0.00000397
0.00000438
0.00000498
0.00000786
0.00000356
0.00000648
0.00000556
0.0000157

0.00002450
3.00002221
0.00001129
0.00001722
0.00001894
0.00000550
0.00000540
]. 00001 774

3.00001755
0.00001070
0.00001430
0.00001596
3.00007700
0.00000812
0.00000897
0.00000714
.00000789

0.00000897
0.00001415
0.00000641
0.00001166
0.00001001
0.00002828

0.002450
0.00222
0.001129
3.001722

001894
0.000550
0.005400
3.001774
0.001755
0.001070
0.001430
0.001596
0.007700
0.000812
0.000897
0.000714
0.000789
0. 000897
0.001415
0.000641
0.001166
O.OOIOOI
0.002828

3.001083
3.001868

;lto.
' from .

,

to..
Masonry, brick

Mercury (cubic expansion),
Nickel ,

Pewter . . . ._

Plaster, white
Platinum
Platinum, 85 %, Iridium, 15 %
Porcelain
Quartz, parallel to maj. axis, 0° to 40° C.
Quartz, perpend, to maj. axis, 0° to 40°C.
Silver, pure
Slate
Steel, cast
Steel, tempered
Stone (sandstone), dry.
Stone (sandstone), Rauville
Tin
Wedgwood ware
Wood, pine
Zinc
Zinc, 8, Tin, I

Invar

0.00000308
0.00000786
0.00000256
0.00000494
0.00009984
0.00000695
0.00001129
0.00000922
0.00000479
0.00000453
0.00000200
0.00000434
0.00000788
0.00001079
0.00000577
0.00000636
0.00000689
0.00000652
0.00000417
0.00001163
0.00000489
0.00000276
0.00001407
0.00001496

0.00000554
0.00001415
0.00000460
0.00000890
0.00017971
0.00001251
0.00002033
0.00001660
0.00000863
0.00000815
0.00000360
0.00000781
0.00001419
0.00001943
0.00001038
0.00001144
0.00001240
0.00001174
0.00000750
0.00002094
0.00000881
0.00000496
0.00002532
0.00002692

0.001392

0.001235
0.001110

0.018018
0.001279

0.000884

0.000554
0.001415
0.000460

0.017971 C

0.001251 C

0.002033 .

0.001660 .

0.000863 .

0.000815
0.000360 .

0.000781 .

0.001419 .

0.001943
0.001038 .

0.001 144 C

0.001240 .

0.001174 .

0.000750 .

0.002094
0.(

0.000496 .

0.002532 0.002942
0.0026921.

0.001908

0.001079

0.001938

next page), 0.000,000,374 to 0.000,000,44 for 1° C.

Cubical expansion, or expansion of volume = linear expansion X 3.

Expansion of Steel at High Temperatures. (Charpy and Grenet,
Comptes Rendus, 1902.) — Coefficients of expansion (for 1° C.) of annealed
carbon and nickel steels at temperatures at wtuch there is no transforma*
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tioii of the steel. The results seem to show that iron and carbide of iron
have appreciably the same coefficient of expansion. [See also p. 449.]

Composition
of Steels.

Mean Coefficients of Expansion
from Coefficients between

C Mn Si P 1.5°to200° 200°to500° 500°to650°|

0.03 0.01 0.03 0.013 11.8X10-6 14.3X10-6 17.0X10- 24.5X10-6 880° <& 950°
0.Z5 0.04 0.05 0.010 11.5 14.5 17.5 23.3 800° & 950°
0.64 0.12 O.H 0.009 12.1 14.1 16.5 23.3 720° & 950°
0.93 0.10 0.05 0.005 11.6 14.9 16.0 27.5 " «'

1.73 0.10 0.08 0.005 11.9 14.3 16.5 33.8 " "

1.50 0.04 0.09 0.010 11.5 14.9 16.5 36.7 " "

3.50 0.03 0.07 0.005 11.2 14.2 18.0 33.3

Nickel Steels. Mean Coefficients of Expansion from

Ni C Mn 15° to 100° 100° to 200° 200° to 400° 400° to 600° 600° to 900°

26.9 0.35 0.30 11.0X10~6 18.0X10-6 18.7X10-6 22.0X10-6 23.0X10-6
28.9 0.35 0.36 10.0 21.5 19.0 20.0 22.7
30.

1

0.35 0.34 9.5 14.0 19.5 19.0 21.3
34.7 0.36 0.36 2.0 2.5 11.75 19.5 20.7
36.1 0.39 0.39 1.5 1.5 11.75 17.0 20.3
32.8 0.29 0.66 8.0 14.0 18.0 21.5 22.3
35.8 0.31 0.69 2.5 2.5 12.5 18.75 19.3
37.4 0.30 0.69 2.5 1.5 8.5 19.75 18.3
25.4 1.01 0.79 12.5 18.5 19.75 21.0 35.0
29.4 0.99 0.89 11.0 12.5 19.0 20.5 31.7
34.5 0.97 0.84 3.0 3.. 13.0 18.75 26.7

Invar, an alloy of iron with 36 per cent of nickel, has a smaller coefB-
cient of expansion with the ordinary atmospheric changes of tempera-
ture than any other metal or alloy known. This aUoy is sold under the

'

name of "Invar," and is used for scientific instruments, pendulums of
clocks, steel tape-measures for siirvey work, etc. The Bureau of Stand-
ards foxmd its coefficient of expansion to range from 0.000 000 374 to
0.000 000 44 for 1° C.,or about 1/28 of that of steel. For all surveys
except in the most precise geodetic work a tape of invar may be used
without correction for temperature. (Eng. News, Aug. 13, 1908.)

Platinite, an alloy of iron with 42 per cent of nickel, has the same
coeflQcient of expansion and contraction at atmospheric temperatures as
has glass. It can, therefore, be used for the manufacture of armored
glass, that is, a plate of glass into which a network of steel wire has been
roUed, and which is used for fire-proofing, etc. It can also be used in-
stead of platinum for the electric connections passing tlirough the glass
plugs in the base of incandescent electric Ughts. (Stoughton's "Metal-
lurgy of Steel.")

Expansion of Liquids from 33° to 313° F.—^Apparent expansion
in glass (Clark). Volume at 212°, volume at 32° being 1:

Water 1.0466
Water satiirated with salt. 1 . 05
MercTiry 1 . 0182
Alcohol 1.11

Nitric acid 1.11
Olive and hnseed oils 1 . 08
Turpentine and ether 1 . 07
Hydrochloric and sulphuric

acids 1 . 06
For water at various temperatures, see Water.
For air at various temperatmres, see Air.

ABSOLUTE TEMPERATURE—ABSOLUTE ZERO.

The absolute zero of a gas is a theoretical consequence of the law of
expansion by heat, assuming that it is possible to continue the cooUng of
a oerfect gas imtil its vohime is diminished to nothing.
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The volume of a perfect gas increases 1/273.1 of its volume at 0® 0. for
every increase of temperature of 1° C, and decreases 1/273.1 of its
volume at 0° C . for every decrease of temperature of 1 ° C . At— 273 . 1 ° C

.

the volume would then be reduced to nothing. This point, - 273.1° C. =
- 459.6° F., or 491.6° F. below the temperature of melting ice, is caUed
the absolute zero, and absolute temperatures are measured on either the
Centigrade or the Fahrenheit scale, from this zero. The freezing-point,
32° F., corresponds to 491.6° F. absolute. If po be the pressure and Vo
the volume of a perfect gas at 32° F. = 491.6° absolute, = To, and p the
pressure and v the volume of the same weight of gas at any other
absolute temperature T, then

pv ^T_ ^ f + 459.6
. pv ^ PqVo ^ jy

povo ~ To~ 491.6 ' r To ~

A cubic foot of dry air at 32° F. at the sea level (barometer = 29.921
in. of mercury) weighs 0.080728 lb. The volume of one poimd is

X/0.080728 = 12.387 cu. ft. The pressure is 2116.3 lb. per sq. ft.

„ _ poVo _ 2116.3 X 12.387 _ 26,214 _ __ „_

^~~Ti~ 491:6 ~ 491:6 ~ ^'^•'^^

LATENT HEATS OF FUSION AND EVAPORATION.
Latent Heat means a quantity of heat which has disappeared, having

been employed to produce some change other than elevation of tempera-
ture. By exactly reversing that change, the quantity of heat which
has disappeared is reproduced. Maxwell defines it as the quantity of
heat which must be communicated to a body in a given state in order to
convert it into another state without changing its temperature.
Latent Heat of Fission.—When a body passes from the solid to the

liquid state, its temperature remains stationary, or nearly stationary, at
a certain melting-point during the whole operation of melting; and in
order to make that operation go on, a quantity of heat must be trans-
ferred to the substance melted, being a certain amount for each unit
of weight of the substance. This quantity is called the latent heat of
fusion.
When a body passes from the liquid to the solid state, its temperature

remains stationary or nearly stationary during the whole operation of
freezing; a quantity of heat equal to the latent heat of fusion is pro-
duced in the body and rejected into the atmosphere or other surround-
ing bodies.
The following are examples in British thermal units per pound, as

given in Landolt and Bernstein's " Physikalische-Chemische Tabellen"
(Berlin, 1894).

Substances. ^^^El^'^ Substances.
^atent^Heat

Bismuth 22.75 Silver 37.93
Cast iron, gray. . . 41.4 Beeswax 76.14
Cast iron, white. . . 59.4 Parafflne 63.27
Lead 9.66 Spermaceti 66.56
Tin 25.65 Phosphorus 9.06
Zinc 50.63 Sulphur 16.86

The latent heat of fusion of ice is generally taken at 144 B.T.U. per
lb. The U. S. Bureau of Standards (1915) gives it as 79.76 20°-calories
per gram = 143.57 B.T.U. per lb.

Latent Heat of Evaporation. — When a body passes from the
soUd or liquid to the gaseous state, its temperature during the operation
remains stationary at a certain boiUng-point, depending on the pressure of
the vapor produced; and in order to make the evaporation go on, a
quantity of heat must be transferred to the substance evaporated, whose
amount for each unit of weight of the substance evaporated depends on
the temperature. That heat does not raise the temperature of the sub-
stance, but disappears in causing it to assume the gaseous state, and it is
called the latent heat of evaporation.
When a body passes from the gaseous state to the liquid or solid state,

its temperature remains stationary, during that operation, at the boiling-
point corresponding to the pressure of the vapor: a quantity of heat
equal to the latent heat of evaporation at that temperature is produced
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in the body; and in order that the operation of cond'ensation may go on,
that heat must be transferred from the body condensed to some other
body.
The following are examples of the latent heat of evaporation in British

thermal units, of one pound of certain substances, when the pressure of
the vapor is one atmosphere of 14.7 lbs. on the square inch:

Q„Kc+anr.o Boiling-poiut under Latent Heat infeUDStance. ^^^ ^^^_ p^^j,_ British units.

Water 212.0 965.7 (Regnault).
Alcohol 172.2 364.3 (Andrews).
Ether 95.0 162.8
Bisulphide of carbon 114.8 156.0
The latent heat of evaporation of water at a series of boiling-points ex-

tending from a few degrees below its freezing-point up to about 375
degrees Fahrenheit has been determined experimentally by M. Regnault.
The results of those experiments are represented approximately by the
formula, in British thermal units per pound,

I nearly = 1091.7 - 0.7 (t - 32°) = 965.7 - 0.7 (t - 212°).

Henning (Ann. der Physik, 1906) gives for t from 0° to 100° C.
For 1 kg.,l= 94.210 (365-^° C.) 0.31249.
Fori, lb., Z = 141.124 (689 -i° F.) 0.31249.
The last formula gives for the latent heat at 212° F., 969.7 B.T.U.
The Total Heat of Evaporation is the sum of the heat which dis-

appears in evaporating one pound of a given substance at a given tem-
perature (or latent heat of evaporation) and of the heat required to raise its

temperature, before evaporation, from some fixed temperature up to the
temperature of evaporation. The latter part of the total heat is called the
sensible heat.

In the case of water, the experiments of M. Regnault show that the
total heat of steam from the temperature of melting ice increases at a
uniform rate as the temperature of evaporation rises. The following is

the formula in British thermal units per pound:
h = 1091.7 + 0.305 it - 32°).

H. N. Davis (Trans. A. S. M. E., 1908) gives, in British units,
/1= 1150 -I- 0.3745 (f- 21 2) -0.000550 (t-212y.

For the total heat, latent heat, etc., of steam at different pressures, see
table of the Properties of Saturated Steam. For tables of total heat,
latent heat, and other properties of steams of ether, alcohol, acetone,
chloroform, chloride of carbon, and bisulphide of carbon, see Rontgen's
Thermodynamics (Dubois's translation). For ammonia and sulphur
dioxide, see Wood's Thermodynamics; also, tables under Refrigerating
Machinery, in this book.

EVAPORATION AND DRYING.
In evaporation, the formation of vapor takes place on the surface; in

boiling, within the liquid: the former is a slow, the latter a quick, method
of evaporation.

If we bring an open vessel with water under the receiver of an air-pump
and exhaust the air, the water in the vessel will commence to boil, and if we
keep up the vacuum the water will actually boil near its freezing-point.
The formation of steam in this case is due to the heat which the water
takes out of the surroundings.
Steam formed under pressure has the same temperature as the liquid in.

which it was formed, provided the steam is kept under the same pressure.
By properly cooling the rising steam from boiling water, as in the mul-

tiple-effect evaporating systems, we can regulate the pressure so that the
water boils at low temperatures.
Evaporation of Vi^ater in Reservoirs. — Experiments at the Mount

Hope Reservoir, Rochester, N. Y., in 1891, gave the following results:

July. Aug. Sept. Oct.
Mean temperature of air in shade 70.5 70.3 68.7 53.3

" water in reservoir. . . 68.2 70.2 66.1 54.4
" humidity of air, per cent 67.0 74.6 75.2 74.7

Evaporation in inches during month 5.59 4.93 4.05 3.23
Rainfall in inches during month. , 3.44 2.95 1.44 2.10
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Evaporation of Water from Open Channels.—(Flynn's Irrigation
Canals and Flow of Water.)—Experiments from 1881 to 1885 in Tulare
County, California, showed an evaporation from a pan in the river
equal to an average depth of Vs in. per day throughout the year.
When the pan was in the air the average evaporation was less than

3/i6 in. per day. The average for the month of August was 1/3 in. per
day, and for March and April 1/12 in. per day. Experiments in Colorado
show that evaporation ranges from 0.088 to 0.16 in. per day during
the irrigating season.

In Northern Italy the evaporation was from 1/12 to 1/9 inch per day
while in the south, under the influence of hot winds, it was from Ve
to 1/5 inch per day.

In the hot season in Northern India, with a decidedly hot wind blow-
ing, the average evaporation was 1/2 inch per day. The evaporation
increases with the temperature of the water.
Evaporation by the Multiple System.—A multiple effect is a series

of evaporating vessels each having a steam chamber, so connected that
the heat of the steam or vapor produced in the first vessel heats the
second, the vapor or steam produced in the second heats the third, and
so on. The vapor from the last vessel is condensed in a condenser.
Three vessels are generally used, in which case the apparatus is called
a Triple Effect. In evaporating in a triple effect the vacuum is gradu-
ated so that the liquid is boiled at a constant and low temperature.
A series distilling apparatus of high efficiency is described by W.P.

M. Goss in Trans. A. S. M. E., 1903. It has seven chambers in series,
and is designed to distill 500 gallons of water per hour with an effi-

ciency of approximately 60 lbs. of water per pound of coal.
Tests of Yaryan six-effect machines have shown as high as 44 lbs. of

water evaporated per pound of fuel consumed.

—

Mach'y, April, 1905.
A description of a large distilling apparatus, iising three 125-H.P. boilers
and a Lillie triple effect, with record of tests, is given in Eng. News,
Mar. 29, 1900, and in Jour. Am. Soc'y of Naval Engineers, Feb., 1900.

Tests of heating and evaporating apparatus used in sugar houses,
including calandrias, multiple effects, vacuum pans, and condensers,
are described by E. W. Kerr in a 178-page pamphlet. Bulletin 149 of
the Agricultural Experiment Station of the Louisiana State University,
August, 1914.

' Resistance to Boiling.— Brine. (Rankine.) — The presence in a
iiquid of a substance dissolved in it (as salt in water) resists ebullition, and
raises the temperature at which the liquid boils, under a given pressure; but
unless the dissolved substance enters into the composition of the vapor,
the relation between the temperature and pressure of saturation of the
vapor remains unchanged. A resistance to ebullition is also offered by a
vessel of a material which attracts the liquid (as when water boils in a
glass vessel), and the boiling take place by starts. To avoid the errors
which causes of this kind produce in the measurement of boiling-points,
it is advisable to place the thermometer, not in the liquid, but in the
vapor, which shows the true boiling-point, freed from the disturbing
effect of the attractive nature of the vessel. The boiling-point of saturated
brine under one atmosphere is 226° F., and that of weaker brine is higher
than the boiling-point of pure water by 1.2° F., for each 1/32 of salt that
the water contains. Average sea-water contains I/33; and the brine in
marine boilers is not suffered to contain more than from 2/32 to 3/32.

Methods of Evaporation Employed in the Manufacture of Salt.
(F. E. Engelhardt, Chemist Onondaga Salt Springs; Report for 1889.) —
1. Solar heat — solar evaporation. 2. Direct fire, applied to the heat-
ing surface of the vessels containing brine — kettle and pan methods.
3. The steam-grainer system — steam-pans, steam-kettles, etc.

'

4. Use
of steam and a reduction of the atmospheric pressure over the boiling
brine — vacuum syst-em.
When a saturated salt solution boils, it is immaterial whether it is done

under ordinary atmospheric pressure at 228° F., or under four atmospheres
with a temperature of 320° F., or in a vacuum under 1/10 atmosphere, the
result will always be a fine-grained salt.
The fuel consumption is stated to be as follows: By the kettle method,

40 to 45 bu. of salt evaporated per ton of fuel, anthracite dust burned on
perforated grates; evaporation, 5.53 lbs. of. water per pound of coal. By
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the pan method, 70 to 75 bu. per ton of fuel. By vacuum pans, single
effect, 86 bu. per ton of anthracite dust (2000 lbs.)- With a double
effect nearly double that amount can be produced.

Solubility of Common Salt in Pure Water. (Andreae.)

Temp, of brine, F 32 50 86 104 140 176
100 parts water dissolve parts. . 35.63 35.69 36.03 36.32 37.06 38.00
100 parts brine contain salt 26.27 26.30 26.49 26.64 27.04 27.54

According to Poggial, 100 parts of water dissolve at 229.68° F., 40.35
parts of salt, or in per cent of brine, 28.749. Gav-Lussac found that at
229.72° F., 100 parts of pure water would dissolve 40.38 parts of salt, in
per cent of brine, 28.764 parts.
The solubility of salt at 229° F. is only 2.5% greater than at 32°. Hence

we cannot, as in the case of alum, separate the salt from the water by
allowing a saturated solution at the boiling-point to cool to a lower
temperature.

Strength of Salt Brines. — The following table is condensed from
one given in U. S. Mineral Resources for 1888, on the authority of Dr.
Engelhardt.

Relations between Salinometer Strength, Specific Gravity, Solid
Contents, etc., of Brines of Different Strengths.

«*-! T3 O (D o'u X££ 2 ^§ *^°a,-

! 1 1 "o

f|

3 .

:1

Vi
coal

requirec

e

a

bushel

lb.

coal

eva

6
lbs.

of

wate

• so

i t « g 5-Q "iSj o ^ '^P
=1".^ -ia2

1 1 ^ i^ to-^ 1^^ mi i^i
1 0.26 1.002 0.265 8.347 0.022 2,531 21,076 3.513 0.569
2 0.52 1.003 0.530 8.356 0.044 1,264 10,510 1,752 1.141
4 1.04 1.007 1.060 8.389 0.088 629.7 5,227 871.2 2.295
6..... \.bb 1.010 1.590 8.414 0.133 418.6 3,466 577./ 3.462
8 2.03 1.014 2.120 8.447 0.179 312.7 2,585 430.9 4.641
10 2.6G 1.017 2.65C 8 4^2 0.224 249.4 2,057 342.9 5.833
12 3.12 1.021 3.18(] 8.506 0.27C 207.0 1,705 284.2 7.038
14 3.64 1.025 3.710 8.539 0.316 176.8 1,453 242.2 8.256
16 4.16 1.028 4.240 8 564 0.364 154.2 1,265 210.

S

9.488
18 4.68 1.032 4.77C 8.597 0.410 136.5 '1,118 186 3 10.73
20. ...

.

5.20 1.035 5.300 8.622 0.457 122.5 1,001 176.8 11.99
30 7.«(: 1 054 •/ 95(1 8.781 698 80.21 648.4 108.1 18.51
40 10.4(1 1.073 10.600 8.939 0.947 59.09 472.3 78.71 25.41
50 13. OC 1.093 13 250 9 105 1 206 46.41 366.6 61.10 32.73
60 15. 6t 1.114 15.900 9.280 1.475 37.94 296.2 49.36 40.51
70 18. 2C 1.136 18.550 9.464 1.755 31.89 245.9 40.98 48.80
80 20 80 1 15H 21.200 9.647 2.045 27.38 208.1, 34.69 57.65
90 23.40 1.182 23.850 9.847 2.348 23.84 178.8 29.80 67.1!
109 26.00 1.205 26.500 10.039 2.660 21.04 155 3 25 88 77.26

Solubility of Sulphate of Lime in Pure TYater. (Marignac.)

89.6 100.4 105.8 127.4 186.8 212

5 386 371 368 370 375 417 452

488 470 466 468 474 528 572

Temperature F. degrees.. 32 64.5
Parts water to dissolve!,, i c qqa

1 part gypsum P^^ ^®°
Parts water to dissolve lu

part anhydrous CaSO* J

In salt brine sulphate of lime is much more soluble than in pure water.
In the evaporation of salt brine the accumulation of sulphate of lime tends
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to stop the operation, and it must be removed from the pails td avoid
waste of fuel. The average strength of brine in the New York salt
districts in 1889 was 69.38 degrees of the saUnometer.
Concentration of Sugar Solutions.* (From "Heating and Con-

centrating Liquids by Steam," by John G.Hudson; The Engineer, June 13,
1890.) — In the early stages of the process, when the liquor is of low
density, the evaporative duty will be high, say two to three (British)
gallons per square foot of heating surface with 10 lbs. steam pressure,
but will gradually fall to an almost nominal amount as the final stage ia

approached. As a generally safe basis for designing, Mr. Hudson takea
an evaporation of one gallon per hour for each square foot of gross heating
surface, with steam of the pressure of about 10 lbs.

As examples of the evaporative duty of a vacuum pan when performing
the earlier stages of concentra.tion, during which all the heating surface
can be employed, he gives the following:

Coil Vacuum Pan. — 43/4 in. copper coils, 528 square feet of surface;
steam in coils, 15 lbs.; temperature in pan, 141° to 148°; dehsity of feed,
25° Baum^, and concentrated to 31° Baum^.

First Trial. — Evaporation at the rate of 2000 gallons per hour = 3.8
gallons per square foot ; transmission, 376 units per degree of difference of
temperature.

Second Trial. — Evaporation at the rate of 1503 gallons per hour =
2.8 gallons per square foot ; transmission, 265 units per degree.

As regards the total time needed to work up a charge of massecuite from
liquor of a given density, the following figures, obtained by plotting the
results from a large number of pans, form a guide to practical working.
The pans were all of the coil type, some with and some without jackets,
the gross heating surface probably averaging, and not greatly differing
from, 0.25 square foot per gallon capacity, and the steam pressure 10 lbs.
per square inch. Both plantation and refining pans are included, making
various grades of sugar:

Density of feed (degs. Baume) 10° 15° 20° 25° 30*
Evaporation required per gallon masse-

cuite discharged 6.123 3.6 2.26 1.5 .97
Average working hours required per charge . 12. 9. 6.5 5. 4.
Equivalent average evaporation per hour

per square foot of gross surface, assum-
ing 0.25 sq. ft. per gallon capacity. .. . 2.04 1.6 1.39 1.2 0.97

Fastest working hours required per charge . 8.5 5.5 8.8 2.75 2.0
Equivalent average evaporation per hour

per square foot 2.88 2.6 2.38 2.18 1.9

The quantity of heating steam needed is practically the same in vacuum
as in open pans. The advantages proper to the vacuum system are pri-
marily the reduced temperature of boiling, and incidentally the possibility
of using heating steam of low pressure.

In a solution of sugar in water, each pound of sugar adds to the volume
of the water to the extent of 0.061 gallon at a low density to 0.0638 gallon
at high densities.
A Method of Evaporating by Exhaust Steam is described by

Albert Stearns in Trans. A. S. M. E., vol. viii. A pan 17' 6" X 11' X 1' 6%
fitted with cast-iron condensing pipes Of about 250 sq. ft. of surface,
evaporated 120 gallons per hour from clear water, condensing only about
one-half of the steam supphed by a plain shde-valve engine of 14" X 32"
cyhnder, making 65 revs, per min., cutting off about two-thirds stroke,
with steam at 75 lbs. boiler pressure.

It was found that keeping the pan-room warm and letting only sufficient
air in to carry the vapor up out of a ventilator adds to its efficiency, as
the average temperature of the water in the pan was only about 165° F.

Experiments were made with coils of pipe in a small pan, first with no
agitator, then with one having straight blades, and lastly with troughed
blades; the evaporative results being about the proportions of one, two,
and three respectively.

In evaporating liquors whose boiling-point is 220° F.. or much above
that of water, it is found that exhaust steam can do but Uttle more than

* For other sugar data, see Bagasse as Fuel, under Fuel.
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bring them up to saturation strength, but on weak liquors, sirups, glues,
etc., it should be very useful.
Drying in Vacuum.—An apparatus for drying grain and other sub-

stances in vacvium is described by Mr. Emil Passburg in Proc.Inst. Mech.
Engrs., 1889, The three essential lequirements for a successful and eco-
nomical process of drying are: 1. Cheap evaporation of the moisture;
2. Quick drying at a low temperature; 3. Large capacity of the apparatus.
The removal of the moisture can be effected in either of two ways: either

by slow evaporation, or by quick evaporation — that is, by boihng.
Slow Evaporation. — The principal idea carried into practice in machines

acting by slow evaporation is to bring the wet substance repeatedly into
contact with the inner surfaces of the apparatus, which are heated by
steam, while at the same time a current of hot air is also passing througk
the substances for carrying off the moisture. This method requires much
heat, because the hot-air current has to move at a considerable speed in
order to shorten the drying process as much as possible; consequently a
great quantity of heated air passes through and escapes unused. As a
carrier of moisture hot air cannot in practice be charged beyond half its full
saturation; and it is in fact considered a satisfactory result if even this
proportion be attained. A great amount of heat is here produced which is

not used; while, with scarcely half the cost for fuel, a much quicker
removal of the water is obtained by heating it to the boiling-point.

Quick Evaporation by Boiling. — This does not take place until the
water is brought up to the boihng-point and kept there, namely, 212° F.,
under atmospheric pressure. The vapor generated then escapes freely.
Liquids are easily evaporated in this way, because by their motion conse-
quent on boiling the heat is continuously conveyed from the heating sur-
faces through the liquid, but it is different with solid substances, and
many more difficulties have to be overcome, because convection of the
heat ceases entirely in solids. The substance remains motionless, and
consequently a much greater quantity of heat is required than with
liquids for obtaining the same results.

Evaporation in Vacuum. — All the foregoing disadvantages are avoided
if the boiling-point of water is lowered, that is, if the evaporation is carried
out under vacuum.

This plan has been successfully applied in Mr. Passburg's vacuum drjing
apparatus, which is designed to evaporate large quantities of water con-
tained in solid substances.
The drying apparatus consists of a top horizontal cylinder, surmounted

by a charging vessel at one end, and a bottom horizontal cylinder with a
discharging vessel beneath it at the same end. Both cylinders are
incased in steam-jackets heated by exhaust steam. In the top cylinder
works a revolving cast-iron screw with hollow blades, which is also heated
by exhaust steam. The bottom cylinder contains a revolving drum of
tubes, consisting of one large centrai tube surrounded by 24 smaller ones,
all fixed in tube-plates at both ends; this drum is heated by live steam
direct from the boiler. The substance to be dried is fed into the charg-
ing vessel through two manholes, and is carried along the top cylinder
by the screw creeper to the back end, where it drops through a valve
Into the bottom cylinder, in which it is lifted by blades attached to the
drum and travels forward in the reverse direction; from the front end of
the bottom cylinder it falls into a discharging vessel through another
valve, having by this time become dried. The vapor arising during the
process is carried off by an air-pump, through a dome and air-valve on
the top of the upper cylinder, and also through a throttle-valve on
the top of the lower cylinder; both of these valves are supplied with
strainers.

As soon as the discharging vessel is filled with dried material the valve
connecting it with the bottom cylinder is shut, and the dried charge taken
out without impairing the vacuum in the apparatus. When the charging
vessel requires replenishing, the intermediate valve between the two cylin-
ders is shut, and the charging vessel filled with a fresh supply of wet mate-
rial; the vacuum still remains unimpaired in the bottom cylinder, and has
to be restored only in the top cylinder after the charging vessel has been
closed again.

. In this vacuum the boiling-point of the water contained in the wet mate-
rial is brought down as low as 110° F. The difference between this tern-
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perature and that of the heating surfaces is ampiy sufficient for obtaining
good results from the employment of exhaust steam for heating all the
surfaces except the revolving drum of tubes. The water contained in
the solid substance to be dried evaporates as soon as the latter is heated
to about 110° F., and as long as there is any moisture to be removed the
solid substance is not heated above this temperature.

Wet grains from a brewery or distillery, containing from 75% to 78% of
water, have by this drying process been converted from a worthless incum-
brance into a valuable food-stuff. The water is removed by evaporation
only, no previous mechanical pressing being resorted to.

At Guinness's brewery in Dublin two of these machines are employed.
In each of these the top cylinder is 20 ft. 4 in. long and 2ft. Sin. diam..
and the screw working inside it makes 7 revs, per min.; the bottom'
cylinder is 19 ft. 2 in. long and 5 ft. 4 in. diam., and the drum of the tubes
inside it makes 5 revs, per min. The drying surfaces of the two cylinders
amount together to a total area of about 1000 sq. ft., of which about 40%
is heated by exhaust steam direct from the boiler. There is only one air-
pump, which is made large enough for three machines; it is hori-
zontal, and has only one air-cylinder, which is double-acting, 173/4 in.
diam. and 173/4 in. stroke; and it is driven at about 45 revs, per min.
As the result of about eight months' experience, the two machines
have been drying the wet grains from about 500 Cwt. of malt per day of
24 hours.
Roughly speaking, 3 cwt. of malt gave 4 cwt. of wet grains, and the

latter yield 1 cwt. of dried grains; 500 cwt. of malt will therefore yield
about 670 cwt. of wet grains, or 335 cwt. per machine. The quantity of
water to be evaporated from the wet grains is from 75% to 78% of their
total weight, or, say, about 512 cwt. altogether, being 256 cwt. per
maehine.

Driers and Drying.
(Contributed by W. B. Ruggles, 1909.)

Materials of different physical and chemical properties require different
types of drying apparatus. It is therefore necessary to classify mate-
rials into groups, as below, and design different machines for each
group.
Group A: Materials which may be heated to a high temperature and

are not injured by being in contact with products of combustion. These
include cement rock, sand, gravel, granulated slag, clay, marl, chalk, ore,
graphite, asbestos, phosphate rock, slacked lime, etc.
The most simple machine for drying these materials is a single revolving

shell with lifting flights on the inside, the shell resting on bearing wheels
and having a furnace at one end and a stack or fan at the other. The
advantage of this style of machine is its low cost of installation and the
small number of parts. The disadvantages are great cost of repairs and
excessive fuel consumption, due to radiation and high temperature of the
stack gases. If the material is fed from the stack and towards the furnace
end, the shell near the furnace gets red-hot, causing excessive radiation and ,

frequent repairs. Should the feed be reversed the exhaust temperature
must be kept above 212° F.( or recondensation will take place, wetting the
material.

In order to economize fuel the shell is sometimes supported at the
ends and brickwork is erected around the shell, the hot gases passing
under the shell and back through it. Although this method is more
economical in the use of fuel, the cost of installation and the cost of
repairs are greater.

Group B: Materials such as will not be injured by the products of com-
bustion but cannot be raised to a high temperature on account of driving
off water of crystallization, breaking up chemical combinations, or en
account of danger from ignition. Included in these are gypsum, fluor-

spar, iron pyrites, coal, coke, lignite, sawdust, leather scraps, cork chips,
tobacco stems, fish scraps, tankag'e, peat, etc. Some of these materials
may be dried in a single-shell drier and some in a bricked-in machine,
but none of them in a satisfactory way on account of the difficulty of
regulating the temperature and, in some cases, the danger of explosion of
dust.

Group C: Materials which are not Injured by a high temperature but
which cannot be allowed to come into contact with products of combus-
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tion. These are kaolin, ocher and other pigments, fuller's earth, which is

to be used in filtering vegetable or animal oils, whiting and similar earthy
materials, a large proportion of which would be lost as dust in direct-heat
drying. These may be dried by passing through a single-shell drier
incased in brickwork and allowing heat to come into contact with the
shell only, but this is an uneconomical machine to operate, due to the
high temperature of the escapiag gases.

Group D: Organic materials which are used for food either by man or
the lower animals, such as grain which has been wet, cotton seed, starch
feed, corn germs, brewers' grains, and breakfast foods, which must be
dried after cooking. These, of course, cannot be brought into contact
with furnace gases and must be kept at a low temperature. For these
materials a drier using either exhaust or live steam is the only practical
one. This is generally a revolving shell in which are arranged steam
pipes. Care should be exercised in selecting a steam drier which has
perfect and automatic drainage of the pipes. The condensed steam
always amounts to more than the water evaporated from the material.

Group E: Materials which are composed wholly or contain a large pro-
portion of soluble salts, such as nitrate of soda, nitrate of potash, car-
bonates of soda or potash, chlorates of soda or potash, etc. These in
drying form a hard scale which adheres to the shell, and a rotary drier
cannot be profitably used on account of frequent stops for cleaning. The
only practical machine for such materials is a semicircular cast-iron
trough having a shaft through the center carrying paddles that con-
stantly stir up the material and feed it through the drier. This machine
has brick side walls and an exterior furnace; the heat from the furnace
passing under the shell and back through the drying material or out
through a stack or fan without passing through the material, as may bo
desired. Sb.ould the material also require a low temperature, the same
type of drier can be used by substituting steam-jacketed steel sections
instead of cast iron.

The efficiency of a drier is the ratio of the theoretical heat requirec^ to
do the drying to the total heat supplied. The greatest loss is the heat
carried out by the exhaust or waste gases; this may be as great as 40%
of the total heat from the fuel, or with a properly designed drier may be
as small as 8%. The radiation from the shell or walls may be as high as
25% or as low as 4%. The heat carried away by the dried material may
amount under conditions of careless operation to as much as 25% or may
be as low as nothing.
A properly designed drier of the direct-heat type for either group " A "

or "B" will give an efficiency of from 75% to 85%; a bricked-in return-
draught single-shell drier, from 60% to 70%; and a single-sheU straight-
draught dryer, from 45% to 55%. A properly designed indirect-heat
drier for group "C" wiU give an efficiency of 50% to 60%, and a poorly
designed one may not give more than 30%; The best designed steam
drier for group " D," in which the losses in the boiler producing the
steam must be considered, will not often give an efficiency of more than
42%; and, while a poorly designed one may have an equal efficiency,
its capacity may be not more than one-half of a good drier of equal size.
The drier described for group "E" will not give an efficiency of more
than 55%.

Performance of a Steam Drier.
Material: Starch feed. Moisture, initial 39.8%, final 0.22%.

Dried material per hour, 831 lbs. Water evaporated per hour, 548 lbs.
Steam consumed per hour, 793 lbs. Water evaporated per pound
steam, 0.691 lb. Temperature of material, moist, 58°, dry, 212°.
Steam pressure, 98 lbs. gauge.

Total heat to evaporate 548 lbs. water at 58° into steam,
548 X (154.2 + 969.7) = 615,897 B.T.U.

Heat supplied by 793 lbs. steam condensed to water at 212°,
793 X (1188.2 - 180.3) = 799,265 B.T.U.

Heat used to evaporate water,
(615,897 ^ 799,265) = 77.1%.

Heat used to raise temperatxu'e of material,
(831 X 154 X 0.492) = 62,963 = 7.9%.

Loss by radiation . . 100 - (77.1 + 7.9) = 15%.
Total efficiency 85.0%.
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Performance of Different Types of Drieru.

(W. B. Ruggles.)

Type of drier ,

Material .....«.«««««««......

Moisture, initial, per cent.

,

Moisture, final, per cent
Calorific value of fuel, B.T.U
Fuel consumed per hour, lbs
Water evaporated per hour, lbs..

Water evap. per pound fuel, lbs..

Material dried per hour, lbs
Fuel per ton dried material, lbs. .

.

Heat lost in exhaust air, per cent
Heat lost by radiation, etc., per
cent

Heat used to evaporate water,
per cent

Heat used to raise temperature of
material, per cent

Total efficiency, per cent

Sand.

4.58

12100
398

2196
5.3

36460
21.8
11.3

7.6

52.3

28.6
81.1

Coal.

10.2

12290
213.6
924.2

4.3
8300

51.3
42.8

7.7

39.4

10.1

49.5

0) M u

111
Cement
slurry.

61.2
40.7

13200
667

4057
6.1

7680
17.3
38.4

12.3

52.0

7.1
59.1

1^
Lime*
stone.

3.6
0.5

13180
460
1325

2.3
41400

22.2
38.2

13.6

24.4

21.8
46.2

•Is
^-3

fW3

Nitrate
of soda.

7.2
0.3

13600
87

349
4.0

4581

38.0
40.7

13.8

33.1

12.4
45.5-

Water Evaporated and Heat Required for Drying.M = percentage of moisture in material to be dried.
Q = lbs. water evaporated per ton (2000 lbs.) of dry material.
H = British thermal units required for drying, per ton of dry material.

M Q H M Q H M Q H
1 20.2 83,624 14 325.6 424.884 35 1.077 1.269.240

2 40.8 108.696 13 352.9 458.248 40 1,333 1.555.960

3 61.9 130.424 16 381.0 489.720 45 1.636 1.895.320

4 83.3 156,296 17 409.6 521,752 30 2.000 2.303.000

b 105.3 180.936 18 439.0 554,680 55 2.444 2.800.280 .

6 MIJ 206.024 19 469.1 588,392 60 3.000 3.423.000

7 150.5 231.560 20 500.0 623,000 65 3.714 4.222.680
8 173.9 257.768 21 531.6 658.392 70 4.667 5.290.040

9 . 197.8 284.536 22 564.1 694.792 75 6.000 6.783.000
10 222.2 311,864 23 597.4 732.088 80 8.000 9.023,000
11 247.2 339,864 24 631.6 770.392 85 11.333 12.755.960

12 272.7 368.424 23 666.7 809,704 90 18.000 20.223.000
13 298.9 397,768 30 857.0 1 .022.840 95 38.000 42.623.000

Formulee: Q = ^qqVm.'' ^ " ^^^^ ^ + 63,000.

The value of H is found on the assumption that the moisture is heated
from 62° to 212° and evaporated at that temperature, and that the
specific heat of the material is 0.21. [2000 X (212 - 62) X 0.21] = 63,000.

Calculations for Design of Drying Apparatus. — A most efficient

system of drying of moist materials consists in a continuous circulation of a
volume of warm dry air over or through the moist material, then passing
the air charged with moisture over the cold surfaces of condenser coils to
remove the moisture, then heating the same air by steam-heating coils

or other means, and again passing it over the material. In the design of
apparatus to work on this system it is necessary to know the amount
of moisture to be removed in a given time, and to calculate the volume of

,air that will carry that moisture at the temperature at which it leaves the
material, making allowanceforthefagtthatthemoist, warm air on leaving
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the material may not be fully saturated, and for the fact that the cooled
air is nearly or fully saturated at the temperature at which it leaves the
cooling coils. A paper by Wm. M. Grosvenor, read before the Am. Inst,
of Chemical Engineers {Heating and Ventilating Mag., May, 1909) con-
tains a "humidity table" and a "humidity chart" which greatly facilitate
the calculations required. The table is given in a condensed form below.
It is based on the following data: Density of air + 0.04% COo =

0.001293052 ,. ^^ ^ t. -. ^ .

'

1 + 0.00367 X Temp. C. ^'^ ^^' ^^' ^^- ^'^^ ^^^'^^^ °^ ^^^^' ^^P°-

=0.62186 X density of air. Density at partial pressure -^ density at 760
m.m. =partial pressure -r- 760 m.m. Specific heat of water vapor = 0.475;
sp. ht, of air = 0.2373. Kg. per cu. meter X 0.062428 = lbs. per cu. ft.

The results given in the table agree within 1/4% with the figures of the
U. S. Weather Bureau. (Compare also the tables of H. M. Prevost
Murphy, given under "Air," page 612.) The term "humid heat" in
the heading of the table is defined as the B.T.U. required to raise
1° F. one pound of air plus the vapor it may carry when saturated at
the given temperature and pressure; and "humid volume" is the
volume of one pound of air when saturated at the given temperature
and pressure.

Humidity Table.

Temp.
Vapor
Tension,
Milli-

meters of
Mercury.

Lbs.
Water
Vapor
per lb.

Air.

Humid
Heat,
B.T.U.

Humid
Volume
cu.ft.

Density, lbs.
per cu.ft. at 760
Millimeters.

Volume in cu.
ft. per lb. of

Dry
Air.

Sat'd
Mix.

Dry
Air.

Sat'd
Mix.

32 4.569 0.003761 0.2391 12.462 0.080726 0.080556 12.388 12.414

35 5.152 .0042435 .2393 12.549 .080231 .080085 12.464 12.496

^0 6.264 .0050463 .2398 12.695 .079420 .079181 12.590 12.629

45 7.582 .0062670 .2403 12.843 .078641 .078348 12.718 12.763

50 9.140 .0075697 .2409 12.999 .077867 .077511 12.842 12.901

55 10.980 .0091163 .2416 13.159 .077109 .076685 12.968 13.041

^0 13.138 .010939 .2425 13.326 .076363 .075865 13.095 13.180

«5 15.660 .013081 .2435 13.501 .075635 .075039 13.222 13.325

70 18.595 .015597 .2447 13.683 .074921 .074219 13.348 13.471

75 22.008 .018545 .2461 13.876 .074218 .073471 13.474 13.624

80 25.965 .021998 .2478 14.081 .073531 .072644 13.600 13.777

85 30.573 .026026 .2497 14.301 .072852 .071744 13.726 13.938

90 35.774 .030718 .2519 14.539 .072189 .070894 13.852 14.106

95 41.784 .036174 .2545 14.793 .071535 .070051 13.9:9 14.275

100 48.679 .042116 .2575 15.071 .070894 .069179 14.106 14.455

105 56.534 .049973 .2610 15.376 .070264 .068288 14.232 14.643

110 65.459 .058613 .2651 15.711 .069647 .067383 14.358 14.840

115 75.591 .068662 .2699 16.084 .069040 .066447 14.484 15.050

120 87.010 .080402 .2755 16.499 .068443 .065477 14.611 15.272

125 99.024 .094147 .2820 16.968 .067857 .064480 14.736 15.509

130 114.437 .11022 .2896 17.499 .067380 .063449 14.863 15.761

135 130.702 .12927 .2987 18.103 .066713 .062374 14.989 16.032

• 140 148.885 .15150 .3093 18.800 .066156 .061255 15.116 16.325

145 169.227 .17816 .3219 19.609 .065601 .060104 15.242 16.643

150 191.860 .21005 .3371 20.559 .065154 .058865 15.368 16.993

155 216.983 .24534 .3553 21.687 .064539 .057570 15.494 17.370

160 244 803 .29553 .3776 23.045 .064016 .056218 15.621 17.788

165 275.592 .35286 .4054 24.708 .063502 .054795 15.748 18.250

170 309.593 .42756 .4405 26.790 .062997 .053305 15 874 18.761

175 347.015 .52285 .4856 29.454 .062500 .051708 16.000 19.339

180 388.121 .64942 .5458 32.967 .062015 .050035 16.126 19.987

185 433.194 .82430 .6288 37.796 .061529 .048265 16.253 20.719

190 482.668 1 .00805 .7519 44.918 .061053 .046391 16.379 21.557

195 536.744 1.4994 .9494 56.302 .060588 .044405 16.505 22.521

200 595.771 2.2680 1.3147 77.304 .060127 .042308 16.631 23.638

203 660.116 4.2272 2.1562 131.028 .059674 .040075 16.758 24.954

210 730.267 15.8174 15.9148 562.054 .059228 .037323 16.884 26.796
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RADIATION OF HEATo
Radiation of heat takes place between bodies at all distances apart, and

follows the laws for the radiation of light.

The heat rays proceed in straight lines, and the intensity of the ra;^g

radiated from any one source varies inversely as the square of their
distance from the source.

This statement has been erroneously interpreted by some writers, who
have assumed from it that a boiler placed two feet above a fire would re-
ceive by radiation only one-fourth as much heat as if it were only one foot
above. In the case of boiler furnaces the side walls reflect those rays that
are received at an angle,— following the law of optics, that the angle o!
incidence is equal to the angle of reflection,— with the result that the
intensity of heat two feet above the fire is practically the same as at one
foot above, instead of only one-fourth as much.
The rate at which a hotter body radiates heat, and a colder body

absorbs heat, depends upon the state of the surfaces of the bodies aa
well as on their temperatures. The rate of radiation and of absorption
are increased by darkness and roughness of the surfaces of the bodies,
and diminished by smoothness and polish. For this reason the covering
01 steam pipes and boilers should be smooth and of a light color: uncoverea
pipes and steam-cylinder covers should be polished.
The quantity of heat radiated by a body is also a measure of its heat-

absorbing power under the same circumstances. When a polished body
is struck by a ray of heat, it absorbs part of the heat and reflects the rest.

The reflecting power of a body is therefore the complement of its absorb-
ing power, which latter is the same as its radiating power.

The relative radiating and reflecting power of different bodies has been
determined by experiment, as shown in the table below, but as far as
quantities of heat are concerned, says Prof. Trowbridge (Johnson's
Cyclopaedia, art. Heat), it is doubtful whether anything further than the
said relative determinations can, in the present state of our knowledge,
be depended upon, the actual or absolute quantities for different tem-
peratures being still uncertain. The authorities do not even agree on the
relative radiating powers. Thus, Leslie gives for tin plate, gold, silver,
and copper the figure 12, which differs considerably from the figures in
the table below, given by Clark, stated to be on the authority of Leslie,
De La Provostaye and Desains, and Melloni.

Relative Radiating and Reflecting Power of DiflPerent Substances.

bjoa

1^
in P

1^

Lampblack 100

100

100

98
93 to 98

90
85
72
27

25
23

23

2
7 to 2

10

15

28
73

75

77

77

Zinc, polished
Steel, polished
Platinum, poHshed.
Platinum in sheet .

.

Tin

19

17

24
17

15

11

7
14

7

5

3

3

81

Water 83

Carbonate of lead . .

.

Writing-paper
Ivory, jet, marble...
Ordinary glass
Ice

76
83
85 .

Brass, cast, dead
polished 89

Brass, bright pol-

Silver-leaf on glass .

.

Cast iron, bright pol-
ished. ............

.

93

Copper, varnished. .

Copper, hammered

.

Gold, plated
Gold on polished

steel .

86
93

Mercury, about
Wrought iron, pol-

95

97

Silver, polished
bright 97

Experiments of Dr. A.M. Mayer give the following: The relative radi-
ations from a cube of cast iron, having faces rough, as from the formdry.
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planed, "drawflled,"and polished, and from the same surfaces oiled, are as
below (Prof. Thurston, In Trans. A. S. M. E., vol. xvi):

Rough. Planed. Drawfiled. Polished.

100
100

60
32

49
20

43
Surface dry 18

It here appears that the oiling of smoothly polished castings, as of
cylinder-heads of steam-engines, more than doubles the loss of heat by
radiation, while it doer not seriously affect rough castings.

" Black Body '* Radiation. Stefan and Boltzman's Law. {Eng'a^
March 1, 1907.) — Kirchhoff defined a black body as one that would absorb
all radiations falling on it, and would neither reflect nor transmit any.
The radiation from such a body is a function of the temperature alone,
and is identical with the radiation inside an inclosure all parts ol wnicn
have the same temperature. By heating the walls of an inclosure as
uniformly as possible, and observing the radiation through a very small
opening, a practical realization of a black body is obtained. Stefan and
Boltzman's law is: The energy radiated by a black body is proportional
to the fourth power of the absolute temperature, ox E = K {!''>' - To^),

where E = total energy radiated by the body at T to the body at To, and
ii is a constant. The total radiation from other than black bodies increases

more rapidly than the fourth power of the absolute temperature, so that

as the temperature is raised the radiation of all bodies approaches that of

the black body. A confirmation of the Stefan and Boltzman law is given
in the results of experim.ents by Lummer and Kurlbaum, as below {To =>

290 degrees C, abs. in all cases).

654.
108.4
6.56

33.1

£; (Black body

,pi rp i \ Polished platinum. . 4 .:

i *- i 0* (Iron oxide 33.1

= 492.
109.1

28-

795.
109.9
8.14

36.6

1108.

109.0
12.18
46.9

1481. 1761,

110.7
16.69 19.64

65.3

The Stefan-Boltzman law as applied to radiation from a given body
may be written W = 5.7 e [(O.OOir)*- (0.001 Tg )]*; W = energy in
watts radiated per square centimeter of surface, T = temperature of
the hot body, Tg = temperature of the surrounding space, e = relative
emissivity, a characteristic of the radiating body, always less than
unity. For clean pohshed metal surfaces e ranges from 0.02 to 0.20;
for non-metallic surfaces, from about 0.3 to about 0.9.

CONDUCTION AND CONVECTION OF HEAT.
Conduction is the transfer of heat between two bodies or parts of a

body which touch each other. Internal conduction takes place between
the parts of one continuous body, and external conduction through the
surface of contact of a pair of distinct bodies.
The rate at which conduction, whether internal or external, goes on,

being proportional to the area of the section or surface through which it

takes place, may be expressed in thermal units per square foot of area per
hour.

Internal Conduction varies with the heat conductivity, which depends
upon the nature of the substance, and is directly proportional to the
difference between the temperatures of the two faces of a layer, and in-
versely as its thickness. The reciprocal of the conductivity is called the
internal thermal resistance of the substance. If r represents this resist-
ance, X the thickness of the layer in inches, T' and T the temperatures
on the two faces, and q the quantity in thermal units transmitted per

T' — T
hour per square foot of area, q = (Rankine.)

Peclet gives the following values of r:

Gold, platinum, silver 0.0016 i Lead 0.0090
Copper 0.0018 Marble 0.0716
Iron 0.0043 Brick 0.1500
Zinc ; 0.0045 I
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Relative Heat-conducting Power of Metals^
Metals. *C.&J. fW.&F.

Silver 1000 1000
Gold 981 532
Gold,with 1 % of silver. 840
Copper, rolled 845 736
Copper* cast..* 811
Mercury 677 « .

.

Mercury, with 1.25% of
tin 412

Aluminum 665
Zinc:

cast vertically 628
cast horizontally. . . 60S
rolled 641

* Calvert & Johnson.

Metals. *C.&J. fW.&f

.

Cadmium 577
Wrought iron 436 119
Tin 422 145
Steel 397 116
Platinum 380 84
Sodium 365
Cast iron 359
Lead 287 85
Antimony:

cast horizontally.

.

215 ...
cast vertically. . .

.

192
Bismuth 61 18

t Weidemann & Franz.

Influence of a Non-metallic Substance in Combination on the
Conducting Power of a Metal.

Influence of carbon on iron:
Wrought iron 436
Steel 397
Cast iron 359

Cast copper 811
Copper with 1 % of arsenic 570

" with 0.5% of arsenic. . 66d
" with 0.25% of arsenic, 771

The Rate of External Conduction through the bounding surface
between a solid body and a fluid is approximately proportional to the
difference of temperature, when that is small ; but when that difference is

considerable, the rate of conduction increases faster than the simpleratio of
that difference. (Rankine.)

If r, as before, is the coefficient of internal thermal resistance, e and e'

the coefficient of external resistance of the two surfaces, x the thickness of
the plate, and T' and T the temperatures of the two fluids in contact

T' — T
with the two surfaces, the rate of conduction is q — j—, • Accord-

ing to P6clet, e + e'= -

T)]

e-t e' + rx

in which the constants A and
A[l + B {T

B have the following values:
B for polished metallic surfaces 0. 0028
B for rough metallic surfaces and for non-metallic surfaces . . 0. 0037
A for polished metals, about 0.90
A for glassy and varnished surfaces 1 . 34
A for dull metallic surfaces 1 . 58
A for lampblack 1 . 78

When a metal plate has a liquid at each side of it, it appears from experi-
ments by P6clet that B = 0.058, A = 8.8.
The results of experiments on the evaporative power of boilers agree

very well with the following approximate formula for the thermal resist-
ance of boiler plates and tubes:

e+e -
(y/ _ y)'

which gives for the rate of conduction, per square foot of surface per hour,
(r -7)2«= ^—'

This formula is proposed by Rankine as a rough approximation, near
enough to the truth for its purpose. The value of a lies between 160 and
200. Experiments on modern boilers usually give higher values.
Convection, or carrying of heat, means the transfer and diffusion of the

heat in a fluid mass by means of the motion of the particles of that mass.
The conduction, properly so called, of heat through a stagnant mass of:

fluid is very slow in liquids, and almost, if not wholly, inappreciable in.

gases. It is only by the continual circulation and mixture of the particles:
of the fluid that uniformity of temperature can be maintained in the fluid,

mass, or heat transferred between the fluid mass and a solid body.
The free circulation of each of the fluids which touch the side of a solid'

plate is a necessary condition of the correctness of Rankine's formulae for'

the conduction of heat through that plate; and in these formulae it is;
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fmplied that the circulation of each of the fluids by currents and eddies is

such as to prevent any considerable difference of temperature between the
fluid particles in contact with one side of the solid plate and those at con-
siderable distances from it.

When heat is to be transferred by convection from one fluid to another,
through an intervening layer of metal, the motions of the two fluid masses
should, if possible, be in opposite directions, in order that the hottest par-
ticles of each fluid may be in communication with the hottest particles of
the other, and that the minimum difference of temperature between the
adjacent particles of the two fluids may be the greatest possible.

Thus, in the surface condensation of steam, by passing it through metal
tubes immersed in a current of cold water or air, the cooling fluid should
be made to move in the opposite direction to the condensing steam.

Coefficients of Heat Conduction of Different Materials. (W.
Nusselt, Zeit des Ver. Deut. Ing., June, 1908. Eng. Digest, Aug., 1908.) —
The materials were inclosed between two concentric metal vessels, the
inner of which contained an electric heating device.

It was found that the materials tested ah followed Fourier's law, the
Quantity of heat transmitted being directly proportional to the extent of
surface, the duration of flow and the temperature difference between the
inner and outer surfaces; and inversely proportional to the thickness of
the mass of material. It was also found that the coefficient of conduction
increased as the temperature increased. The table gives the British
equivalents of the average coefficients obtained.

Coefficients of Heat Conduction at Different Temperatures
FOR Various Insulating Materials.

(B.T.U. per hour = Area of surface in square feet X coefQcient -~ thick-
ness in inches.)

Lb. per
cu. ft.

. Materials.
32° 212° 392° 572° 752°

F. F. F. F. F.

10.

8.5
6.3
9.18
5.06.
11.86

13.42
10.

2/ .85

12.49

25.28
12.49
12.17
36.2

43.07

22.47

35.96
34.33
18.23

Ground cork
Sheep's wool*
Silk waste
Silk, tufted
Cotton wool
Charcoal (carbonized

leaves)
Sawdust (b;443at'n2° F '.)".'.'.'.

Peat refuset (0.443 at 77° F.)
Kieselguhr (infusorial earth),
loose

Asphalt-cork composition (0.492

at65°F,)
Composition, $ loose
Kieselguhr stone §

Peat refuset (0-564 at 68° F.)
Kieselguhr, dry and compacted

(0.669 at 302° F.; 0.991 at 662° F.).

Composition,§§ compacted (0.806

at 302° F.; 0.967 at 428° F.)
Porous blast-furnace slag (0.766

at 112° F.)
Asbestos (1.644 at 1112° F.)

Slag concrete
II
(1.532 at 112° F.)...

Pumice stone gravel (1.612 at
112° F.)

Portland cement, neat (6.287 at
95° F.)

0.250
0.266
0.306
0.314
0.379

0.403

0.387
0.403
0.411
0.419
0.476

0.508

0.484
0.516

0.613
0.629

0.653
0.742

* Tufted, oily, and containing foreign matter. Used m Linde s

apparatus, f Hygroscopic; measurements made in moist zones. T Cork,

asbestos, kieselguhr and chopped straw, mixed with a binder and made
in sheets for apphcation to steam pipes in successive layers, the whole
being wrapped in canvas and painted. § Kieselguhr, mixed with a binder

and burned; very porous and hygroscopic. §§ Ingredients of (J) mixed
with water and compacted.- |1 1 part cement, 9 parts porous blast-furnace

slag, by volume.
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Heat Resistance, the Reciprocal of Heat Conductivity. (W.
Kent, Trans. A. S. M. E., xxi^, 278.)—The resistance to the passage of
heat through a plate consists of three separate resistances; viz., the
resistances of the two surfaces and the resistance of the body of the plate,
wtHch latter is proportional to the tliickness of the plate. It is probable
also that the resistance of the surface differs with the nature of the body
or medium with which it is in contact.
A complete set of experiments on the heat-resisting power of heat-

Insulatmg substances should include an investigation into the difference
In surface resistance when a surface is in contact with air and when it is
in contact with another solid body. Suppose we find that the total resist-
ance of a certain non-conductor may be represented by the figure 10, and
that similar pieces all give the same figure. Two pieces in contact give 16.
One piece of half the thickness of the others gives 8. What is the resist-
ance of the surface exposed to the air in either piece, of the surface in
contact with another surface, and of the interior of the body itself? Let
the resistance of the material itself, of the regular thickness, be rep-
resented by A, that of the surface exposed to the air by a, and that of tho
surface in contact with another surface by c.

We then have for the three cases,

Resistance of one piece .A+2a="10"
of two pieces in contact .... 2A+2c+2a = lS

"
of the thin piece 1/2^+ 2a = 8

These three equations contain three unknown quantities. Solving the
equations we find A = 4, a = 3, and c = 1. Suppose that another
experiment be made with the two pieces separated by an air space, and
that the total resistance is then 22. If the resistance of the air space be
represented by s we have the two equations: Resistance of one piece,
A + 2 a = 10; resistance of two pieces and air space, 2 ^ + 4 a + « = 22,
from which we find s = 2. Having these results we can easily estimate
what will be the resistance to heat transfer of any number of layers of the
material, whether in contact or separated by air spaces.
The writer has computed the figures for heat resistance of several

Insulating substances from the figures of conducting power given in a table
published by John E. Starr, in Ice and Refrigeration, Nov., 1901. Mr.
Starr's figures are given in terms of the B.T.U. transmitted per sq. ft. of
surface per day per degree of difference of temperatures of the air adjacent
to each surface. The writer's figures, those in the last column of the table
given on p. 583, are calculated by dividing Mr. Starr's figures by 24, to
obtain the hourly rate, and then taking their reciprocals. They may be
called "coefficients of heat resistance" and defined as the reciprocals of
the B.T.U. i>er sq. ft. per hour per degree of difference of temperature.

Analyzing some of the results given in the last column of the table, wo
observe that, comparing Nos. 2 and 3, 1 in. added thickness of pitch
increased the coefhcient 0.74; comparing Nos. 4 and 5, lV2in. of mineral
wool increased the coefficient 1.11. If we assume that the 1 in. of mineral
wool in No. 4 was equal in heat resistance to the additional IV2 in. added
iii No. 5, or 1.11 reciprocal units, and subtract this from 5.22, we get 4.11
as the resistance of two 7/8-in. boards and two sheets of paper. This
would indicate that one T/g-in. board and one sheet of paper give nearly
twice as much resistance as 1 in. of mineral wool. In like manner any
number of deductions may be drawn from the table, and some of them
will be rather questionable, such as the comparison of No. 15 and No. 16,
showing that 1 in. additional sheet cork increased the resistance given by
four sheets 6.67 reciprocal units, or one-third the total resistance of No. 15.
This result is extraordinary, and indicates that there must have been
considerable differences of conditions during the two tests.

For comparison with the coefficients of heat resistance computed from
Mr. Starr's results we may take the reciprocals of the figures given by
Mr. Alfred R. Wolff as the result of German experiments on the heat
transmitted through various building materials, as below:
K = B.T.U. transmitted per hour per sq. ft. of surface, per degree

F. difference of temperature.
C = coefficient of heat resistance = reciprocal of K.
The irregularity of the differences of C computed from the original

values of K for each increase of 4 inches in thickness of the brick walls
indicates a diflference in the conditions of the experiments. The average
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Heat Conducting and Resisting Values of Different Materials.

Conductance,
B.T.U. per Coefficient

Insulating Material. Sq. Ft. per
Day per Deg.,

of Heat
Resistance.

Difference of C.
Temperature.

1. 5/8-in. oak board, 1 in.lampblacK.V/s-in. pinei

board (ordinary family refrigerator) 5.7 4.21

2 7/8-in. board, 1 in. pitch, T/g-in. board 4.89 4.91

3. 7/8-in. board, 2 in. pitch, 7/8-in. board 4.25 5.65

4. 7/8-in. board, paper, 1 in. mineral wool, paper,
4.6 5.22

5. 7/8-in. board, paper, 21/2 in. mineral wool,
paper, 7/8-in. board 3.62 6.63

6. 7/8-in. board, paper, 21/2 in. calcined pumice,
3.38
3.90

7.10

7 Same as above, when wet 6.15

8. 7/8-in. board, paper, 3 in. sheet cork, 7/8-in.

2.10 11.43

9. Two 7/8-in. boards, paper, solid, no air space,
4.28 5.61

10 Two 7/8-in. boards, paper, 1 in. air space.
paper, two 7/8-in. boards 3.71 6.47

II. Two 7/8-in. boards, paper, 1 in. hair felt,

paper, two 7/8-in. boards 3.32 7.23

12. Two 7/8-in. boards, paper, 8 in. mill shav-
1.35 17.78

n 1.80 13.33
1

'

The saTie, damp 2.10 11.43

15. Two 7/8-in. boards, paper, 3 in. air, 4 in.

sheet cork, paper, two 7/8-m. boards 1.20 20.00

16 Same, with 5 in. sheet cork. 0.90 26.67

17 1.70

3.30
14.12

18 Same, with 1 in. sheet cork = 7.27

19. Four double 7/8-in. boards (8 boards), with
paper between, three 8-in. air spaces 2.70 8.89

20. Four 7/8-in. boards, with three quilts of 1/4-in

hair between, papers separating boards .

.

2.52 9.52

21. 7/8-in. board, 6 in. patented sihcated straw
board, finished inside with thin cement.

.

2.48 9.68

difference of C for each 4 inches of thickness is about 0.80. Using this
average difference to even up the figures we find the value of C is ex-
pressed by the approximate formula C = 0.70 + 0.20 t, in which t is the
thickness in inches. The revised values of C, computed by this formula,
and the corresponding revised values of K, are as follows

:

Thick., In. 4 8 12 16 20 24 28 32 36 40

C 1.50
0.667
0.68
0.013

2.30
0.435
0.46
0.025

3.10
0.323
0.32
0.003

3.90
0.256
0.26
0.004

4.70
0.213
0.23
0.017

5.50
0.182
0.20
0.018

6.30
0.159
0.174
0.015

7.10
0.141
0.15
0.009

7.90
0.127
0.129
0.002

8.70
K, revised.

.

X, original.
Difference.

.

0.115
0.115
0.0

The following additional values of C are computed from Mr. Wolff's
figures for K:

Wooden beams planked over or ceiled

:

K
As flooring 0.083
As ceiling . 104

Fireproof construction, floored over:
As flooring 0. 124
As ceiling . 145

Single window 1 . 030
Single skylight 1 . 118
Double window 0.518
Double skylight . 621
Poor, ,,,.,..,,,.,,,,,,.,,,,,.,.,,,,,,,,. 0.414

c
12.05
9.71

8.06
6.90
0.97
0.89
1.93
1.61
2.43
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It should be noted that the coefficient of resistance thus defined will be
approximately a constant quantity for a given substance under certain
fixed conditions, only when the difference of temperature of the air on its

two sides is small — say less than 100° F. When the range of tem-
perature is great, experiments on heat transmission indicate that the
quantity of heat transmitted varies, not directly as the difference of tem-
perature, but as the square of that difference. In this case a coefficient
of resistance with a different definition may be found—viz., that ob-
tained from the formula a = (T — t)^ -i- q, in which a is the coefficient,
T — t the range of temperature, and g the quantity of heat transmitted,
In British thermal imits per square foot per hour.

Steam-pipe Coverings.

Experiments by Prof. Ordway, Trans. A. S. M. E., vi, 168; also Circular
No. 27 of Boston Mfrs. Mutual Fire Ins. Co., 1890.

Substance 1 In. Thick. Heat
Applied, 310° F.

Water British Solid Mat- '^•-

Heated Thermal •^r-,

10° F., per Units per Ft., 1 In. J3-H

Hour, Sq. Ft. per
Through
1 Sq. Ft.

Minute. Parts in
1000.

<
8.1 1.35 56 944
9.6 1.60 50 950
10.4 1.73 2U 9fi0

10.3 1.72 185 815
9.8 1.63 56 944
10.6 1.77 244 756
11.9 1.98 53 947
13.9 2.32 119 881
35.7 5.95 506 494
12.4 2.07 23 977
42.6 7.10 285 715
13 7 2.28 60 940
15.4 2.57 150 850
14.5 2.42 60 940
15.7 2.62 112 888
20.6 3.43 253 747
30.9 5.15 368 632
49.0 8.17 81 919
48.0 8.00 1000
62.1 10.35 529 471
13. 2.17

2.33
3.50
3.62
2.43
3.
3.12
2.78
3.67
3.50
4.50
5.15

14.
21.
21.7
14.6
18.

18.7
16.7
22.
21

.

27.
30.9

1

.

Loose wool
2. Live-geese feathers ,

3. Carded cotton wool ,

4. Hair felt

5. Loose lampblack
6. Compressed lampblack
7. Cork charcoal
8. White-pine charcoal
9. Anthracite-coal powder

10. Loose calcined magnesia
1 1

.

Compressed calcined magnesia . .

12. Light carbonate of magnesia. . . .

13. Compressed carb. of magnesia.. .

14. Loose fossil-meal
1 5. Crowded fossil-meal
16. Ground chalk (Paris white). . . . .

1 7. Dry plaster of Paris
1 3. Fine asbestos
1 9. Air alone
20. Sand
2 1

.

Best slag-wool . ,

22. Paper
23. Blotting-paper wound tight

24. Asbestos paper wound tight

25. Co7-k strips bound on
26. Straw rope wound spirally
27. Loose rice chaff
28. Paste of fossil-meal with hair . . .

29. Paste of fossil-meal with asbestos
30. Loose bituminous-coal ashes. . . .

31. Loose anthracite-coal ashes
32. Paste of clay and vegetable fiber

It will be observed that several of the incombustible materials are
nearly as efficient as wool, cotton, and feathers, with which they may be
compared in the preceding table. The materials which may be con-
sidered wholly free from the danger of being carbonized or ignited by
slow contact with pipes or boilers are printed in Roman type. Those
which are more or less liable to be carbonized are printed in italics.

The results Nos. 1 to 20 inclusive were from experiments with the
various non-conductors each used in a mass one inch thick, placed on a
flat surface of iron kept heated by steam to 310° F. The substance^
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Nos. 21 to 32 were tried as coverings for two-inch steam-pipe; the
results being reduced to the same terms as the others for convenience
of comparison.
Experiments on still air gave results which dijffer little from those of

Nos. 3, 4, and 6. The bulk of matter in the best non-conductors is

relatively too small to have any specific effect except to trap the air and
keep it stagnant. These substances keep the air still by virtue of the
roughness of their fibers or particles. The asbestos, No. 18, had smooth
fibers. Asbestos with exceedingly fine fiber made a somewhat better
showing, but asbestos is reaUy one of the poorest non-conductors. It
may be used advantageously to hold together other incombustible sub-
stances, but the less of it the better. A "magnesia" covering, made of
carbonate of magnesia with a small percentage of good asbestos fiber
and containing 0.25 of sohd matter, transmitted 2.5 B.T.U. per square
foot per minute, and one containing 0.396 of solid matter transmitted
3.33 B.T.U.
Any suitable substance which is used to prevent the escape of steam

heat should not be less than'one inch thick.
Any covering should be kept perfectly dry, for not only is water a good

carrier of heat, but it has been found that still water conducts heat about
eight times as rapidly as still air.

Tests of Commercial Coverings were made by Mr. Geo. M. Brill
and reported in Trans. A. S. M. E., xvi, 827. A length of 60 feet of 8-inch
steam-pipe was used in the tests, and the.heat loss was determined by the
condensation. The steam pressure was from 109 to 117 lbs. gauge, and
the temperature of the air from 58° to 81° F. The difference between the
temperature of steam and. air ranged from 263° to 286°, averaging
272°.
" Tlie following are the principal results:

Blind of Covering.

I
o

1 •

is
P.

i

c a

II

3 §

n

^2 .

si a 4 B.T.U.

p

hour

pe

erage

temper

0.846
0.120
0.080
0.089
0.157
0.109

12.27 2.706
6:726"

0.766
0.757
0.689
0.737

100.

14.2
9.5
10.5
18.6
12.9

2.819
1.25

1.60

1.30
1.30

1.70

1.74
1.16

1.29
2.28
1.59

0.384
0.256
0.285
0.502
0.350

0.400
267
297

Fire-felt 523

Manville sectional 0.364
Manv. sect and hair-felt 2.40 0.066 0.96 0.212 0.780 7.0 0.221

Manville wool-cement . .

.

2.20 0.108 1.56 0.345 0.738 12.7 0.359
Champion mineral wool

.

1.44 0.099 1.44 0.317 0.747 11.7 0.330
Hair-felt 0.82

0.75
0.75

0.132
0.298
0.275

1.91

4.32
3.99

0.422
0.953
0.879

0.714
0.548
0.571

15.6

35.2
32.5

0.439
Riley cement 993

0.919

Tests of Pipe Coverings by an Electrical Method. (H. G. Stott,
Power, 1902.) — A length of about 200 ft. of 2-in. pipe was heated to a
known temperature by an electrical current. The pipe was covered with
different materials, and the heat radiated by each covering was deter-
mined by measuring the current required to keep the pipe at a constant
temperature. A brief description of the various coverings is given below.

No. -2. Solid sectional covering, II/3 in. thick, of granulated cork
molded under pressure and then baked at a temperature of 500° F.;
1/8 in. asbestos paper next to pipe.

No. 3. Solid 1-in. molded sectional, 85% carbonate of magnesia.
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No. 4. Solid 1-in. sectional, granulated Cork molded under pressure
and baked at 500° F.; i/s in. asbestos next to pipe.

No. 5. Solid 1-in. molded sectional, 85% carbonate of magnesia; out-
side of sections covered with canvas pasted on.

No. 6. Laminated 1-in. sectional, nine layers of asbestos paper with
granulated cork between; outside of sections covered with canvas, Vs in.
asbestos paper next to pipe.

No. 7. Solid 1-in. molded sectional, of 85% carbonate of magnesia;
outside of sections covered with light canvas.
No. 8. Laminated 1-in. sectional, seven layers of asbestos paper

indented with i/4-in. square indentations, which serve to keep the asbestos
layers from coming in close contact with one another; i/s in. asbestos
paper next to pipe.

No. 9. Laminated 1-in. sectional, 64 layers of asbestos paper, in which
were embedded small pieces of sponge; outside covered with canvas.

No. 10. Laminated li/2-in. sectional, 12 plain layers of asbestos paper
with corrugated layers between, forming longitudinal air cells; Vs in.

asbestos paper next to pipe; sections wired on.

No. 11. Laminated 1-in. sectional, 8 layers of asbestos paper with
corrugated layers between, forming small air ducts radially around the
covering.

No. 12. Laminated li/4-in. sectional, 6 layers of asbestos paper
with corrugated layers; outside of sections covered with two layers of
canvas.

No. 15. "Remanit," composed of 2 layers wound in reverse direction
with ropes of carbonized silk. Inner layer 21/2 in. wide and 1/2 in. thick;
outer layer 2 in. wide and 3/4 in. thick, over which" was wound a network
of fine wire; Vsin. asbestos next to pipe. Made in Germany.

No. 16. 21/2-in. covering, 85% carbonate of magnesia, 1/2-in. blocks
about 3 in. wide and 18 in. long next to pipe and wired on; over these
blocks were placed solid 2-in. molded sectional covering.

No. 17. 21/2-in. covering, 85% magnesia. Put on in a 2-in. molded
section wired on; next to the pipe and over this a V2-in. layer of magnesia
plaster.

No. 18. 21/2-in. covering, 85% carbonate of magnesia. Put on in two
solid 1-in. molded sections with 1/2-in. layer of magnesia plaster between;
two 1-in. coverings wired on and placed so as to break joints.

No. 19. 2-in. covering, of 85% carbonate of magnesia, put on in two
1-ln. layers so as to break joints.

No. 20. Solid 2-in. molded sectional, 85% magnesia.
No. 21. Solid 2-in. molded sectional, 85% magnesia.

Two samples covered with the same thickness of similar material give
different results; for example, Nos. 3 and 5, and also Nos. 20 and 21.
The cause of this difference was found to be in the care with which the
joints between sections were made. A comparison between Nos. 19 and
20, having the same total thickness, but one applied in a solid 2-in. section,
and the other in two 1-in. sections, proved the desirability of breaking
joints.

An attempt was made to determine the law governing the effect of
increasing the thickness of the insulating material, and for all the 85%
magnesia coverings the efficiency varied directly as the square root of the
thickness, but the other materials tested did not follow this simple law
closely, each one involving a different constant.

To determine which covering is the most economical the following
quantities must be considered: (1) Investment in covering. (2) Cost
of coal required to supply lost heat. (3) Five per cent interest on
capital invested in boilers and stokers rendered idle through having to
supply lost heat. (4) Guaranteed life of covering. (5) Thickness of
covering.
The coverings Nos. 2 to 15 were finished on the outside with resin paper

and 8-ounce canvas ; the others had canvas pasted on outside of the sec-
tions, and an 8-oz. canvas finish. The following is a condensed statement
of the results with the temperature of the pipe corresponding to 160 lb.

steam pressure.
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EiiECTRicAL Test op Steam-Pipe Coverings.

No. Covering.
Aver.
Thick-
ness,

B.T.U.
Loss
per
Min.
persq.
ft. at
1601b.
Pres.

B.T.U.
persq.
ft. per
Hr. per
Deg.

Diff. of
Temp.

Per
cent
Heat
Saved
by

Cover-
ing.

Solid cork
85% magnesia.
Solid cork
85% magnesia
Laminated asbestos cork
.85% magnesia
Asbestos air cell [indent]
Asbestos sponge felted
Asbestos air cell [long]
" Asbestoscel " [radial]

Asbestos air cell [long]
" Remanit" [silk] wrapped
85 % magnesia, 2" sectional and 1/2'

"block. .*

85 % magnesia, 2" sectional and 1/2'

plaster
85% magnesia, two 1" sectional
85% magnesia, two I" sectional
85% magnesia, 2" sectional
85% magnesia, 2" sectional
Bare pipe [from outside tests]

t.68
1.18
1.20
1.19
1.48
1.12
1.26
1.24
1.70
1.22
1.29
1.51

2.71

2.45
2.50
2.24
2.34
2.20

1.672
2.008
2.048
2.130
2.123
2.190
2.333
2.552
2.750
2.801
2.812
1.452

1.381

1.387
1.412
1.465
1.555
1.568

13.

0.348
0.418
0.427
0.444
0.442
0.456
0.486
0.532
0.573
0.584
0.586
0.302

0.288

0.289
0.294
0.305
0.324
0.314
2.708

87.1
84.5
84.2
83.6
83.7
83.2
83.1

80.3
78.8
78.5
78.4

88.7
89.0
88.7
88.6
87.9

Transmission ofHeat, through Solid Plates, fromWater to Water.
(Clark, S. E.) — M. Peclet found, from experiments made with plates of
wrought iron, cast iron, copper, lead, zinc, and tin, that when the fluid

in contact with the surface of the plate was not circulated by artificial

means, the rate of conduction was the same for different metals and for
plates of the same metal of different thicknesses. But when the water
was thoroughly circulated over the surfaces, and when these were perfectly
clean, the quantity of transmitted heat was inversely proportional to the
thickness, and directly as the difference in temperature of the two faces
of the plate. When the metal surface became dull, the rate of trans-
mission of heat through all the metals was very nearly the same.

It follows, says Clark, that the absorption of heat through metal plates
is more active whilst evaporation is in progress — when the circulation of
the water is more active — than while the water is being heated up to the
boiling-point.
Transmission from Steam to Water. — M. P6clet's principle is

supported by the results of experiments made in 1867 by Mr. Isherwood on
the conductivity of different metals. Cylindrical pots, 10 inches in
diameter, 21 1/4 inches deep inside, and i/s inch, 1/4 inch, and s/g inch
thick, turned and bored, were formed of pure copper, brass (60 copper
and 40 zinc), rolled wrought iron, and remelted cast iron. They were
immersed in a steam bath, which was varied from 220° to 320° F, Water
at 212° was supplied to the pots, which were kept filled. It was ascer-
tained that the rate of evaporation was in the direct ratio of the difference
of the temperatures inside and outside of the pots; that is, that the rate
of evaporation per degree of difference of temperatures was the same for
all temperatures; and that the rate of evaporation was exactly the same
for different thicknesses of the metal. The respective rates of conductiv-
ity of the several metals were as follows, expressed in weight of water
evaporated from and at 212° F. per square foot of the interior surface of
the pots per degree of difference of temperature per hour, together witb
tliQ equiv^ileiit quaatities of heq,t-unlts:
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Water at 212*.

Copper . 665 lb.

Brass 577 "

Wrought iron .387 "

Cast iron 327 "

eat-units. Ratio,
642.5 1.00
556.8 0.87
373.6 .58
315.7 .49

Whitham, "Steam Engine Design," p. 283, also Trans. A. S. M. E., ix,

425, in using these data in deriving a formula for surface condensers, calls

these figures those of perfect conductivity, and multiplies them by a
coefficient C, which he takes at 0.323, to obtain the efficiency of con-
denser surface in ordinary use, i.e., coated with saline and greasy deposits.
Transmission of Heat from Steam to Water through Coils of Iron

Pipe. — H. G. C. Kopp and F. J. Meystre {Stevens Indicator, Jan., 1894)
give an account of some experiments on transmission of heat through
coils of pipe. They collate the results of earlier experiments as follows,
for comparison:

Steam con- Heat trans-
densed per mitted per

o square foot square foot
per degree per degree

difference of"C difference of
3 temperature temperature

u

O

per hour. per hour. Remarks*

g

^4
111
|2&

lb

IS
0.

Laurens

.

Copper coils . .

2 Copper coils

0.292 0.981
1.20

315 974
1120

Havrez .

.

Copper coil . .

.

6.268 1.26 280 1200

Perkins. . Iron coil 0.24 215
f Steam pressure
1 =100.
i Steam pressure
1 =10.

0.22 208.2

Box Iron tube 0.235
0.196
0.206

230
207
210

Havrez .

.

Cast-iron boiler 0.077 0.105 82 100

From the above it would appear that the efficiency of iron surfaces Is

less than that of copper coils, plate surfaces being far inferior.
In all experiments made up to the present time, it appears that the

temperature of the condensing water was allowed to rise, a mean between
the initial and final temperatures being accepted as the effective tempera-
ture. But as water becomes warmer it circulates more rapidly, thereby
causing the water surrounding the coil to become agitated and replaced
by cooler water, which allows more heat to be transmitted.

Again, in accepting the mean temperature as that of the condensing
medium, the assumption is made that the rate of condensation is in direct
proportion to the temperature of the condensing water.

In order to correct and avoid any error arising from these assumptions
and approximations, experiments were undertaken, in which all the condi-
tions were constant during each test.
The pressure was maintained uniform throughout the coil, and pro-

vision was made for the free outflow of the condensed steam, in order to
obtain at all times the full efficiency of the condensing surface. The con-
densing water was continually stirred to secure uniformity of temperature,
which was regulated by means of a steam-pipe and a cold-water pipe
entering the tank in which the coil was placed.
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The following is a condensed statement of the results.

Heat Transmitted per Square Foot of Cooling Surface, per Hour,
PER Degree of Difference op Temperature. (British Thermal Units.)

Temperature
of Condens-
ing Water.

I-in. Iron Pipe;
Steam inside,
60 lbs. Gauge

Pressure.

11/2-in. Pipe;
Steam inside,

10 lbs.

Pressure.

11/2-in. Pipe;
Steam outside,

10 lbs.

Pressure.

U/2-in. Pipe;
Steam inside,

60 lbs
Pressure.

80 265
269
272
277
281

299
313

128

130

137

145

158

174

200
230
260
267
271

270

100

120

140
160

180

200

239
247
276
306
349
419

The results indicate that the heat transmitted per degree of difference of
temperature in general increases as the temperature of the condensing
water is increased.
The amount transmitted is much larger with the steam on the outside of

the coil than with the steam inside the coil. This Vnay be explained in
part by the fact that the condensing water when inside the coil flows over
the surface of conduction very rapidly, and is more efficient for cooling
than when contained in a tank outside of the coil.

This result is in accordance with that found by Mr. Thomas Craddock,
which indicated that the rate of cooling by transmission of heat through
metallic surfaces was almost wholly dependent on the rate of circulation of
the cooling medium over the surface to be cooled.

Transmission of Heat in Condenser Tubes. (Eng'g, Dec. 10, 1875,
p. 449.) — In 1874 B. C. Nichol made experiments for determining the
rate at which heat was transmitted through a condenser tube. The
results went to show that the amount of heat transmitted through the
walls of the tube per estimated degree of mean difference of temperature
Increased considerably with this difference. For example:

Estimated mean difference of Vertical Tube. Horizontal Tube,
temperature between inside and .

—"— •
'

.

outside of tube, degrees Fahr. . .

.

Heat-units transmitted per hour
per square foot of surface per
degree of mean difT. of temp

These results seem to throw doubt upon Mr. Isherwood's statement that
the rate of evaporation per degree of difference of temperature is the same
for all temperatures.

Mr. Thomas Craddock found that water was enormously more efficient
than air for the abstraction of heat through metallic surfaces in the process
of cooling. He proved that the rate of cooling by transmission of heat
through metallic surfaces depends upon the rate of circulation of the cool-
ing medium over the surface to be cooled. A tube filled with hot water,
moved by rapid rotation at the rate of 59 ft. per second, through air, lost as
much heat in one minute as it did in still air in 12 minutes. In water, at a
velocity of 3 ft. per second, as much heat was abstracted in half a minute
as was abstracted in one minute when it was at rest in the water. Mr.
Craddock concluded, further, that the circulation ci the cooling fluid
became of greater importance as the difference of temperature on the
two sides of the plate became less. (Clark, R. T. D., p. 461.)

G. A. Orrok (Power, Aug. 11, 1908) gives a diagram showing the relation
of the B.T.U. transmitted per hour per sq. ft. of surface per degree of
difference of temperature to the velocity of the water in the condenser
tubes, in feet per second, as obtained by different experimenters. Approx-
imate figures taken from the several curves are given below.

128 151.9 152.9 111.6 146.2 150.4

422 531 561 610 737 823
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Tubes.

Velocity of Water, Feet per
Second.

Authority. 0.5 1 2 3
1

4 5
1
6

B.T.U. per sq. ft. per hr. per
deg. diff.

325
420
340
500
365
560

400
470
370
530
590

465
525
405
560

520
560
435
585

550
585
460
615

2. Stanton . 1/2-in. vert, copper
3. Nichols 470
4. Nichols.. . 3/4-in. horiz. brass 650
5. Hepburn....
6. Hepburn. .

.

1 V4-in. horiz. copper
I V4-in. horiz. corrugated
1 V2-in- horiz. corrugated
5/8-in. plain tubes

250
360
<607. Richter

8. Weighton .. 380
225

615
290

760
365

865 940
9. Allen

No. 1, water flowing up. Nos. 2 and 3, water flowing down.
Transmission of Heat in Feed-water Heaters. (W. R. Billings,

The National Engineer, June, 1907.)— Experiments show that the rate of
transmission of heat through metal surfaces from steam to water increases
rapidly with the increased rate of flow of the water. Mr. Billings there-
fore recommends thg use of small tubes in heaters in which the water is

inside of the tubes. He says: A high velocity through the tubes causes-
friction between the water and the walls of the tubes ; this friction is not
the same as the friction between the particles of water themselves, and it

tends to break up the column of water and bring fresh and cooler particles
against the hot walls of the tubes.
The following results were obtained in tests:

li/4-m. smooth tubes {JjZilf^ 570 6?0

11/2-in. corrugated tubesj^- 3^1 ^^\
^43 ^82

V = velocity of the water, ft. per min. U = B.T.U. transmitted per
sq. ft. per hour per degree difference of temperature. (See Condensers.)

In calculations of heat transmission in heaters it is customary to take
as the mean difference of temperature the difference between the tem-
perature of the steam and the arithmetical mean of the initial and final

temperatures of the water; thus if S = steam temperature, / = initial

and F = final temperature of the water, and D = mean difference, then
Z) = >S — 1/2 {J -\- F). Mr. Billings shows that this is incorrect, and on
the assumption that the rate of transmission through any portion of the
surface is directly proportional to the difference he finds the true mean

to be D=
hyp.log[(/-~/)^^(g-F)] • (This formula was derived by

Cecil P. Poole in 1899, Power, Dec, 1906.)
The following table is calculated from the formula:

Degrees of Difference Between Steam Temperature and Actual
Average Temperature of Water.

Vacuum Heaters Between Engine and Condenser.

Initial
26" Vac. Temp. 126° F. 24" Vac. Temp. 141° F.

Temperature
of Water. Final Temp, of Water. Final Temp, of Water.

105 110 115 120 105 110 115 120 125 130

40 46.1

42.8
39.3
35.6
31.8

41.6
38.4
35.3
31.9
28.3

36.9
33.6
30.7
27.6
24.5

30.1
27.6
25.0
22.4
19.6

62.9
59.2
55.5
51.6
47.6

60.2
56.6
52.1

48.2
44.2

55.3
51.8
48.4
45.0
41.2

50.9
47.7
44.4
41.0
37.5

46.1
43.2
40.1
36.9
33.6

40.6
50 37 9
60 35.0
70 32 2
80 29 2
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Atmospheric Heaters,

Atmos. Press. Temp. S Atmos. Press. Temp.

Initial Temp.
212° F. a

105

212° F.

of Water.
Final Temp, of Water. Final Temp, of Water.

192

70.6

196

65.7

200

60.1

204

53.5

208

44,8

210

38

192

51.9

196

47.9

200

43.4

204

38.2

208

31.4

210

40 26.4
50 67,9 63,1 57 6 51 2 42 8 36 4 no 50 3 46,4 42 1 36 9 30.2 25.5
60 65.1 60.4 55.2 48 9 40 7 34 7 115 48 8 45 40.6 35.7 29.2 24.5
70 62 2 57.7 52 6 46 6 38 7 32 9 120 47 ? 43 5 39 2 34 4 28,0 23.5
80 59.4 54.9 50.0 44.2 36.6 31.0 125 45.6 41.9 37.8 33.1 26.9 22.5

The error in using the arithmetic mean for the value of D is not impor-
tant if F is very much lower than S, but if it is within 10° of S then the
error may be a large one. With S = 212, / = 40, F = 110, the arith-
metic mean difference is 137, and the value by the logarithmic formula
131, an error of less than 5% ; but if F is 204, the arithmetic mean is 90,
and the value by the formula 53.5.

It should be observed, however, that the formula is based on an assump-
tion that is probabljr greatly in error for high temperature differences,
i.e., that the transmission of heat is directly proportional to the tem-
perature difference. It may be more nearly proportional to the square
of the difference, as stated by Rankine. This seems to be indicated by
the results of heating water by steam coils, given below.
Heating Water by Steam Coils. — A catalogue of the American

Radiator Co. (1908) gives a chart' showing the pounds of steam condensed
per hour per sq. ft. of iron, brass and copper pipe surface, for different
mean or average differences of temperature between the steam and the
water. Taking the latent heat of the steam at 966 B.T.U. per lb., the fol-
lowing figures are derived from the table.

Mean

Lb. Steam Condensed
per Hour per Sq. Ft.

of Pipe.

Lb. Steam Condensed
per Hour per Sq. Ft.

per Deg. Diff.

B.T.U. per Sq.
Ft. per Hour
per Deg. Diff.

Diff.

Iron. Brass. Copper Iron. Brass. Copper Iron. Brass Cop.

50
100

150
200

7.5
18.5

32.2
48

12.5
38
76.5
128

14.5
43.5
87.8
144

0.150
0.185
0.215
0.240

0.250
0.380
0.510
0.640

0.290
0.435
0.585
0.720

101

179

208
232

198

367
493
618

280
415
565
695

The chart is said to be plotted from a large number of tests with pipes
placed vertically in a tank of water, about 20 per cent being deducted
from the actual results as a margin of safety.
W. R. Billings {Eng. Rec, Feb., 1898) gives as the results of one set of

expenments with a closed feed-water heater:

Diff. bet. temp, of steam and final temp, of
water, deg. F 5 6 8 11 15 18

B.T.U. per sq.ft. per hr. per deg. mean diff.. . 67 79 89 114 129 139

Heat Transmission through Cast-iron Plates Pickled in Nitric
Acid. — Experiments by R. C. Carpenter {Trans. A. S. M. E., xii, 179)
show a marked change in the conducting power of the plates (from
Steam to water), due to prolonged treatment with dilute nitric acid.
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The action of the nitric acid, by dissolving the free iron and not aitack*
ing the carbon, forms a protecting surface to the iron, which is largely
composed of carbon. The following is a summary of results:

Increase Proportionate
in Tem- Thermal Units Rela-
perature Transmitted for tive

Character of Plates, each plate 8.4 in. of 3.125 each Degree of Trans-
by 5.4 in., exposed surface 27 sq. ft. lbs. of Difference of mission

Water Temperature per of
each Square Foot per Heat.

Minute. Hour.

Cast iron — untreated skin on, but
clean, free from rust 13.90

11.5
113.2
97.7

100

Cast iron — nitric acid, 1% sol., 9 days .

.

86.3
" " '% sol., 18 days 9.7 80.08 70.7

1% sol., 40 days 9.6 77.8 68.7
5% sol., 9 days.. 9.93 87.0 76. 8
5% sol., 40 days 10.6 77.4 68. 5

Plate of pine wood, same dimensions as
the plate of cast iron 0.33 1.9 1.6

The effect of covering cast-iron surfaces with varnish has been investi-
gated by P. M. Chamberlain. He subjected the plate to the action of strong
acid for a few hours, and then applied a non-conducting varnish. One
surface only was treated. Some of his results are as follows:

ted tUD

tf a;
I

170. As finished — greasy.
152. " " washed with benzine and dried.
169. Oiled with lubricating oil.

162. After exposure to nitric acid sixteen hours, then oiled
(linseed oil).

166. After exposure to hydrochloric acid twelve hours, then
oiled (linseed oil).

113. (After exposure to sulphuric acid 1, water 2, for 48
\ hours, then oiled, varnished, and allowed to dry for

117. ( 24 hours.

Transmission of Heat through Solid Plates from Air or other Dry
Gases to Water. (From Clark on the Steam Engine.) — The law of the
transmission of heat from hot air or other gases to water, through metalUc
plates, has not been exactly determined by experiment. The general
results of experiments on the evaporative action of different portions of
the heating surface of a steam-boiler point to the general law that the
quantity of heat transmitted per degree difference of temperature is

practically uniform for various differences of temperature.
The communication of heat from the gas to the plate surface is much

accelerated by mechanical impingement of the gaseous products upon the
surface.

Clark says that when the surfaces are perfectly clean, the rate of trans-
mission of heat through plates of metal from air or gas to water is greater
for copper, next for brass, and next for wrought iron. But when the
surfaces are dimmed or coated, the rate is the same for the different
metals.
With respect to the influence, of the conductivity of metals and of the

thickness of the plate on the transmission of heat from burnt gases to
water, Mr. Napier made experiments with small boilers of iron and copper
f)laced over a gas-flame. The vessels were 5 inches in diameter and 2 1/2.

nches deep. From three vessels, one of iron, one of copper, and one
of iron sides and copper bottom, each of them i/30 inch in thickness^



CONDUCTION AND CONVECTION O^ HEAT. 593'

equal quantities of water were evaporated to dryness, in the times a*-

follows:

Water. Iron Vessel. Copper Vessel. ^'°^
^^el^el.^^"

4 ounces 19 minutes 18.5 minutes
11 " 33 " 30.75 "

5V2
" 60 " 44 "

4 " 35.7 " 36.83 minutes

Two other vessels of iron sides Vso inch thick, one having a V4-inch
copper bottom and the other a i/4-inch lead bottom, were tested against
the iron and copper vessel, Vso inch thick. Equal quantities of water were
evaporated in 54, 55, and 531/2 minutes respectively. Taken generally,
the results of these experiments show that there are practically but slight
differences between iron, copper, and lead in evaporative activity, a-nd
that the activity is not affected by the tliickness of the bottom.

Mr. W. B. Johnson formed a like conclusion from the results of his
observations of two boilers of 160 horse-power each, made exactly alike,

except that one had iron flue-tubes and the other copper flue-tubes. No
difference could be detected between the performances of these boilers.

Divergencies between the results of different experimenters are attrib-

utable probably to the difference of conditions under vhich the heat v\as

transmitted, as between water or steam and v ater, and between gaseous
.matter and water. On one point the divergence is extreme: the rate of
transmission of heat per degree of difference of temperature. "Whilst from
400 to 600 units of heat are transmitted from water to water through iron
plates, per degree of difference per square foot per hour, the quantity of
heat transmitted between water and air, or other dry gas, is only about
from 2 to 5 units, according as the surrounding air is at rest or in move-
ment. In a locomotive boiler, where radiant heat was brought into play,
17 units of heat were transmitted through the plates of the fire-box per
degree of difference of temperature per square foot per hour.
Transmission of Heat through Plates from Flame to Wafer.—

Much controversy has arisen over the assertion by some makers of live-
steam feed-water heaters that if the water fed to a boiler was first heated to.

the boiling point before being fed into the boiler, by means of steam taken
from the boiler, an economy of fuel would result; the theory being that,
the rate of transmission through a plate to water was very much greater
when the water was boiling than when it was being heated to the boiling
point, on account of the greatly increased rapidity of circulation of the
water when boiling. (See Eng'g, Nov. 16, 1906, and Eng. Review [London],
Jan., 1908.) Two experiments by Sir Wm. Anderson (1872), with a steam-
jacketed pan, are quoted, one of which showed an increased transmission
when boiling of 133%, and the other of 80%; also an experiment by
Sir F. Bramwell, with a steam-heated copper pan, which showed a gain of
164% with boiling water. On the other hand, experiments by S. B. Bil-
brough (Transvaal Inst. Mining Engineers, Feb., 1908) showed in tests
with a flame-heated pan that there was no difference in the rate of trans-
mission whether the water was cold or boiling. W. M. Sawdon (Pouer,
Jan. 12, 1909) objects to Mr. Bilbrough's conclusions on the ground that
no corrections for radiation were made, and finds by a similar experiment,
with corrections, that the increased rate of transmission with boiling water
is at least 38%. .All of these experiments were on a small scale, and in
view of their conflict no conclusions can be drawn from them as to the
value of live-steam feed-water heating in improving the economy of a
steam boiler.

A. Blechynden's. Tests. — A series of steel plates from 0.125 in. to
1.187 in. thick were tested with hot gas on one side and water on the other
with differences of temperature ranging from 373° to 1318° F. Travs.)
Inst. Naval Architects, 1894.) Mr. Blechynden found that the heat
transmitted is proportional to the square of the difference between the
temperatures at the two sides of the plate, or: Heat transmitted per sq.
ft. -^ (diff. of temp.)2 = a constant. A study of the results of these
tests is made in Kent's " Steam Boiler Economy," p. 325, and it is 3hown
that the value of a in Rankine's formula g =(Ti— T)2 -f-a, which a is the
reciprocal of Mr. Blechynden's constant and is a function of the thickness
of the plate. One of the plates, A, originally 1.1S7 in. thick, was reduced
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in four successive operations, by machining to 0.125 in. Anotlier, B, wa§
tested in four thicknesses. The other plates were tested in one or two
thicknesses. Each plate was found to have a law of transmission of its
own. For plate A the value of a is represented closely by the formula
a = 40 i- 20 t, in which t is the thickness in inches. The formula a =
40 + 20 i ± 10 covers the whole range of the experiments. The whole
range of values is 38.6 to 71.9, which are very low when compared with
values of a computed from the results of boiler tests, which are usually
from 200 to 400, the low values obtained by Blechynden no doubt being
due to the exceptionally favorable conditions of his tests as compared
with those of boiler tests. Rankine says the value of alias between 160
and 200, but values below 200 are rarely found in tests of modern types
of boilers. (See Steam-Boilers.)

Cooling of Air. — H. F. Benson (Am. Mach., Aug. 31, 1905) derives
the following formula for transmission of heat from air to water through
copper tubes. It is assumed that the rate of transmission at any point of
the surface is directly proportional to the difference of temperature
between the air and water.

Let A = cooling surface, sq. ft.; K = lb. of air per hour; Sa = specific

heat of air; Ta^ = temp, of hot inlet air; T^^ =temp. of cooled outlet air;

d = actual average diff. of temp, between "the air and the water; U =
B.T.U. absorbed by the water per degree of diff. of temp, per sq. ft. per
hour. W = lb. of water per hour; Ty,^ = temp, of inlet water; Ty,^ =
temp, of outlet water. Then

AdU = KSa^Ta^ - T^^); A = KS^^T^^ - T^) ^ dU,

Ty,^ = {SaK ^ W) ( Ta^ - Ta^ + Ty,^.

The more cooling water used, the lower is the temperature T^^,^. Also

the less T^^ is, the larger d becomes and the less surface is needed. About
10 is the largest value of WIK that it is economical to use, as there is a
saving of less than 0.5% in increasing it from 10 to 15. When desirable
to save water it will be advisable to make WIK = 5. Values of U
obtained by experiment with a Wainwright cooler made with corrugated
copper tubes are given in the following table. K and W are in lb. per
minute, B(^ = B.T.U. from air per min., By,= B.T.U. from water per

Dun., Vw = velocity of water, ft. per miiL

^a, ^a. ^u,, T., K W S« Bu, ^w U

221.0 76.3 50.0 169.0 125.2 28.50 4303 3392 2.20 6.75

217.0 64.3 45.8 146.4 122.8 36.73 4452 3695 2.84 7.12

224.0 63.3 45.7 149.2 126.3 40.30 4819 4171 3.11 7.91

209.6 54.0 43.8 125.9 122.1 50.00 4511 4105 3.86 8.81

214.5 46.3 43.0 106.2 124.6 68.95 4976 4357 5.32 10.55

234.6 63.6 52.6 120.2 124.4 73.25 5051 4852 5.65 8.41

214.2 43.5 43.0 94.7 117.

3

79.84 4753 4128 6.16 14.32

242.9 61.7 55.3 114.0 133.6 92.72 5649 5443 7.15 10.01

223.0 46.0 40.1 79.1 130.5 114.80 5484 4477 8.86 7.86
239.3 57.5 51.0 95.2 130.0 125.70 5612 5556 9.70 9.38
246 58.0 52.3 95.1 133.8 145.90 5977 6244 11.26 10.57

Sixteen other tests were made besides those given above, and their

plotted results all come within the field covered by those in the table.
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There is apparently an error in the last line of the table, for the heat
gained by the water could not be greater than that lost by the air. The
excess lost by the air may be due to radiation, but it shows a great irregu-
larity. It appears that for velocities of water between 2.2 and 5.3 ft. per
min. the value of U increases with the velocity, but for higher velocities
the value of U is very irregular, and the cause of the irregularity is not
explained.

Chas. L. Hubbard {The Engineer, Chicago, May 18, 1902) made some
tests by blowing air through a tight wooden box which contained a nest
of 30 li/2-in. tin tubes, of a total surface of about 20 sq. ft., through
which cold water flowed. The results were as follows:

Cu. ft. of air per rninute
Velocity over cooling surface
Initial temperature of air
Drop in temperature
Average temp, of water
Average temp, of air
DiflFerence
B.T.U. per hour per sq. ft. per degree

difference

268 268 469 469 636
63« 638 1116 1116 1514
72° 72° 72° 74° 74°
8° 12° 8° 10° 8°

50° 43° 48° 48° 50°
68° 66° 68° 69° 70°

18° 23° 20° 21° 20°

6.5 7.6 10.2 12.1 13.8

636
1514
74°
10°
440
68°
24°

. Transmission of Heat through Plates and Tubes from Steam or
HotWater to Air. — The transfer of heat from steam or water through
a plate or tube into the surrounding air is a complex operation, in which
the internal and external conductivity of the metal, the radiating power
of the surface, and the convection of heat in the surrounding air, are all

concerned. Since the quantity of heat radiated from a surface varies with
the condition of the surface and with the surroundings, according to laws
not yet determined, and since the heat carried away by convection varies
with the rate of the flow of the air over the surface, it is evident that no
general law can be laid down for the total quantity of heat emitted.
The following is condensed from an article on "Loss of Heat from

Steampipes," in The Locomotive, Sept. and Oct., 1892.
A hot steam-pipe is radiating heat constantly off into space, but at the

same time it is cooling also by convection. Experimental data on which
to base calculations of the heat radiated and otherwise lost by steam-pipes
are neither numerous nor satisfactory.

In Box's " Practical Treatise on Heat" a number of results are given for
the amount of heat radiated by different substances when the temperature
of the air is 1° Fahr. lower than the temperature of the radiating body. A
portion of this table is given below. It is said to be based on P6clet's
experiments.

Heat Units Radiated per Hour, per Square Foot of Surface,
FOR 1° Fahrenheit Excess in Temperature.

Copper, polished 0.0327
Tin, polished 0.0440
Zinc and brass, polished. .

.

0.0491
Tinned iron, pohshed 0.0858
Sheet iron, polished 0.0920
Sheet lead 0.1329
Sheet iron, ordinary 0.5662

Glass 0.5948
Cast iron, new 0.6480
Common steam-pipe, in-

ferred 0.6400
Cast and sheet iron, rusted .

.

0.6868
Wood, building stone, and
brick 0.7358

When the temperature of the air is about 50° or 60° Fahr., and the radiat-
ing body is not more than about 30° hotter than the air, we may calculate
the radiation of a given surface by assuming the amount of heat given off

by it in a given time to be proportional to the difference in temperature
hetvieen the radiating body and the air. This is " Newton's law of cooling.

"

But when the difference in temperature is great, Newton's law does not
hold good; the radiation is no longer proportional to the difference in tem-
perature, but must be calculated by a complex formula established experi-
mentally by Dulong and Petit. Box has computed a table from tUJs
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formula, which greatly facilitates its application, and which is eivea
below:

Factors for Reduction to Dulong's Law of Radiation.

Differences in Tem- Temperature of the Air on the Fahrenheit Scale.
perature between
Radiating Body 1 1 I

and the Air. 32° 50° 59° 68° 86° 194° 122° 140° 158° 176° 194° 2I2«

Deg. Fahr.
18 1.00 1.07 1.12 1.16 1.25 1.36 1.47 1.58 1.70 1.85 1.99 2.15
36 1.03 1.11 1.16 1.21 1.30 1.40 1.52 1.68 1.76 1.91 2.06 2.23

54 1.07 1.16 1.20 1.25 1.35 1.45 1.58 1.70 1.83 1.99 2.14 2.31
72 1.12 1.20 1.25 1.30 1.40 1.52 1.64 1.76 1.90 2.07 2.23 2.40
90 1.16 1.25 1.31 1.36 1.46 1.58 1.71 1.84 1.98 2.15 2.33 2.51
108 1.21 1.31 1.36 1.42 1.52 1.65 1.78 1.92 2.07 2.28 2.42 2.62
126 1.26 1.36 1.42 1.48 1.60 1.72 1.86 2.00 2.16 2.34 2.52 2.72
144 1.32 1.42 1.48 1.54 1.65 1.79 1.94 2.08 2.24 2.44 2.64 2 83
162 1.37 1.48 1.54 1.60 1.73 1.86 2.02 2.17 2.34 2.54 2.7412.96
180 1.44 1.55 1. 61 1.68 1.81 1.95 2.11 2.27 2.46 2.66 2.87 3.10
198 1.50 1.62 1.69 1.75 1.89 2.04 2.21 2.38 2.56 2.78 3.00 3.24
216 1.58 1.69 1.76 1.83 1.97 2.13 2.32 2.48 2.68 2.91 3.13 3.38
234 1.64 1.77 1.84 1.90 2.06 2.23 2.43 2.52 2.80 3.03 3.28 3.46
252 1. 71 1.85 1.92 2.00 2.15 2.33 2.52 2.71 2.92 3.18 3.43 3.70
270 1.79 1.93 2.01 2.09 2.26 2.44 2.64 2.84 3.06 3.32 3.58 3.-87

288 1.89 2.03 2.12 2.20 2.37 2.56 2.78 2.99 3.22 3.50 3.77 4.07
306 1.98 2.13 2.22 2.31 2.49 2.69 2.90 3.12 3.37 3.66 3 95 4.26
324 2.07 2.23 2.33 2.42 2.62 2.81 3.04 3.28 3.53 3.84 4.14 4.46
342 2.17 2.34 2.44 2.54 2.73 2.95 3.19 3.44 3.70 4.02 4.34 4.68
360 2.27 2.45 2.56 2.66 2.86 3.09 3.35 3.60 3.88 4.22 4.55 4.91
378 2.39 2.57 2.68 2.79 3.00 3.24 3.51 3.78 4.08 4.42 4.77 5.15
396 2.50 2.70 2.81 2.93 3.15 3.40 3.68 3.97 4.28 4.64 5.01 5.40
414 2.63 2.84 2.95 3.07 3.31 3.56 3.87 4.12 4.48 4.87 5.26 5.67
432 2.76 2.98 3.10 3.23 3.47 3.76 4.10 4.32 4.61 5.12 5.53 6.04

The loss of heat by; convection appears to be independent of the nature
of the surface, that is, it is the same for iron, stone, wood, and other
materials. It is different for bodies of different shape, however, and it

varies with the position of the body. Thus a vertical steam-pipe will not
lose so much heat by convection as a horizontal one will; for the air
heated at the lower part of the vertical pipe will rise along the surface of
ithe pipe, protecting it to some extent from the chilling action of the sur-
rounding cooler air. For a similar reason the shape of a body has an
Important influence on the result, those bodies losing most heat whose
forms are such as to aUow the cool air .free access to every part of their
surface. The foUowing table from Box gives the number of heat units
that horizontal cyhnders or pipes lose by convection per square foot of
isurface per hour, for one degree difference in temperature between the
pipe and the air.

Heat Units Lost by Convection from Horizontal Pipes, per Square
Foot of Surface per Hour, for a Temperature

Difference of 1° Fahr.

External
Diameter
of Pipe

in Inches.

Heat
Units
Lost.

External
Diameter
of Pipe

in Inches.

Heat
Units
Lost.

External
Diameter
of Pipe

in Inches.

Heat
Units
Lost.

3
4

0.728
0.626
0.574
0.544
0.523

7

8
9
10

12

0.509
0.498
0.489

482
0.472

18

24
36
48

0.455
0.447

438
434
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The loss of heat by convection is nearly proportional to the difference
In temperature between the hot body and the air, but the experiments of
Dulong and P6clet show that this is not exactly true, and we may here also
resort to a table of factors for correcting the results obtained by sample
proportion.

Factors for Reduction to Dulong's Law of Convection.

Difference Difference . Difference
in Temp. in Temp. in Temp.

between Hot Factor. between Hot Factor. between Hot Factor.
Body and Body and Body and

Air. Air. Air.

18° F. 0.94 180° F. 1.62 342° F. 1.87
36° 1.11 198° 1.65 360° 1.90
54° 1.22 216° 1.68 378° 1.92
72° 1.30 234° 1.72 396° 1.94
90° 1.37 252° 1.74 414° 1.96
108° 1.43 270° 1.77 432° 1.98
126° 1.49 288° 1.80 450° 2.00
144° 1.53 306° 1.83 468° 2.02
162° 1.58 324° 1.85

Example in the Use of the Tables. — Required the total loss of heat
by both radiation and convection, per foot of length of a steam-pipe 211/32

in. external diameter, steam pressure 60 lbs., temperature of the air in the
room 68° Fahr.

Temperature corresponding to 60 lbs. equals 307°; temperature dif-

ference = 307° - 68 = 239°.

Area of one foot length of steam-pipe = 211/32 X 3.1416 -^ 12 =»

0.614 sq. ft.

Heat radiated per hour per square foot per degree of difference, from
. table, 0.64.

Radiation loss per hour by Newton's law = 239° X 0.614 ft. X 0.64 =«

9.3 9 heat units. Same reduced to conform with Dulong's law of radiation:
factor from table for temperature difference of 239° and temperature of
air 68° = 1.93. 93.9 X 1.93 = 181.2 heat units, total loss by radiation.

Convection loss per square foot per hour from a 211/32-inch pipe: by
interpolation from table, 2" = 0.728, 3" = 0.626, 211/32" = 0.693.

Area, 0.614 X 0.693 X 239° = 101.7 heat units. Same reduced to
conform with Dulong's law of convection: 101.7 X 1.73 (from table) =
175.9 heat units per hour. Total loss by radiation and convection =
181.2 + 175.9 = 357.1 heat units per hour. Loss per degree of difference
of temperature per hnear foot of pipe per hour = 357.1 -^ 239 = 1.494
heat units = 2.433 per sq. ft.

It is not claimed, says The Locomotive, that the results obtained by this
method of calculation are strictly accurate. The experimental data are
not sufficient to allow us to compute the heat-loss from steam-pipes with
any great degree of refinement; yet it is beheved that the results obtained
as indicated above will be sufficiently near the truth for most purposes.
An experiment by Prof. Ordway, in a pipe 211/32 in. diam. under the above
conditions {Trans. A. S. M. E., v. 73), showed a condensation of steam of
181 grams per hour, which is equivalent to a loss of heat of 358.7 heat
units per hour, or within half of one per cent of that given by the above
calculation.
The quantity of heat given off by steam and hot-water radiators in

ordinary practice of heating buildings by direct radiation varies from 1.25
to about 3.25 heat units per hour per square foot per degree of difference
of temperature. (See Heating and Ventilation.)

THERMODYNAMICS.
Thermodynamics, the science of heat considered as a form of energy,

is useful in advanced studies of the theory of steam, gas, and air engines,
refrigerating machines, compressed air, etc. The method of treatment
adopted by the standard writers is severely mathematical, involving
constant application of the calculus. The student will find the subject
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thoroughly treated in the works by Rontgen (Dubois's translation), Wood,
Peabody, and Zeuner.

First Law of Thermodynamics. — Heat and mechanical energy are
|

mutually convertible in the ratio of about 778 foot-pounds for the British ;

thermal unit. (Wood.)
'

Second Law of Thermodynamics. — The second law has by different
writers been stated in a variety of ways, and apparently with ideas so
diverse as not to cover a common principle. (Wood, Therm., p. 389.)

It is impossible for a self-acting machine, unaided by any external
agency, to convert heat from one body to another at a higher temperature.
(Clausius.)

If all the heat absorbed be at one temperature, and that rejected be at
one lower temperature, then will the heat which is transmuted into work
be to the entire heat absorbed in the same ratio as the difference between
the absolute temperature of the source and refrigerator is to the absolute
temperature of the source. In other words, the second law is an expression
for the efficiency of the perfect elementary engine. (Wood.)

The expression ^^—q—- =
~^~f
—^ n^ay be called the symbolical or

algebraic enunciation of the second law, — the law which limits the
efficiency of heat engines, and which does not depend on the nature of the
working medium employed. (Trowbridge.) Qi and T\ = quantity and
absolute temperature of the heat received; Q2 and Ti = quantity and
absolute temperature of the heat rejected.

Ti — Ti
The expression —= represents the efficiency of a perfect heat

engine which receives all its heat at the absolute temperature Ti, and
rejects heat at the temperature Ti, converting into work the difference
between the quantity received and rejected.
Example. — What is the efficiency of a perfect heat engine which

receives heat at 388° F. (the temperature of steam of 200 lbs. gauge
pressure) and rejects heat at 100° F. (temperature of a condenser, pressure
1 lb. above vacuum)?

388+ 459.2 - (100+ 459.2) o^^ 1

388+459:2 = ^^%' ^^^^^y-

In the actual engine this efficiency can never be attained, for the difference
between the quantity of heat received into the cylinder and that rejected
into the condenser is not all converted into work, much of it being lost by
radiation, leakage, etc. In the steam engine the phenomenon of cylinder
condensation also tends to reduce the efficiency.

The Carnot Cycle.—Let one pound of gas of a pressure pi, volume vx
and absolute temperature T\ be enclosed in an ideal cylinder, having non-

conducting walls but the bottom a perfect con-
ductor, and having a moving non-conducting
frictionless piston. Let the pressure and volume
of the gas be represented by the point A on the
pv or pressure-volume diagram, Fig. 142, and
let it pass through four operations, as follows:

1. Apply heat at a temperature of T\ to the
bottom of the cyUnder and let the gas expand,
doing work against the piston, at the constant
temperature T\, or isothermally, to vivi, or B.

1-,,^ , .„ 2. Remove the source of heat and put a non-
i^ iG. 14J. conducting cover on the bottom, and let the gas

expand adiabatically, or without transmission of heat, to P3%, or C, while
its temperature is being reduced to Ti.

3. Apply to the bottom of the cylinder a cold body, or refrigerator, of
the temperature Ti, and let the gas be compressed by the piston isother-
mally to the point D, or viKh, rejecting heat into the cold body.

4. Remove the cold body, restore the non-conducting bottom, and
compress the gas adiabatically to ^, or the original piiJi, while its tempera-
ture is being raised to the original T\. The point D on the isothermal
line CD is chosen so that an adiabatic hue passing through it will also pass
through A, and so that 'vikh\= vtlvi.

TUe o^rea, aABQc represents the work dojie by the gas ou tUe pistoEij
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the area CDAac the negative work, or the work done by the piston on the
gas; the difference, ABCD, is the net work.

la. The area aABb represents the work done during isothermal expan-
sion. It is equal in foot-pounds to Wi = piVi logg (V2/'yi), where pi = the
initial absolute pressure in lbs. per sq. ft. and vi = the initial volume in
cubic feet. It is also equal to the quantity of heat supphed to the gas,=
Ui = RTi logg (vi/vi). R is a, constant for a given gas, ^ 53.35 for air.

2a. The area bBCc is the work done during adiabatic expansion, = W2

= _ 1 1 — (— j I , y being the ratio of the specific heat at constant

pressure to the specific heat at constant volume. For air y = 1.406.
The loss of intrinsic energy = K^{Ti — Tt) ft.-lbs. K^= specific heat

at constant volume X 778.

3a. CDdc is the work of isothermal compression, = Wz = ViVi log^

("VsM) = heat rejected = 112 = RTilogg (vs/Vi).

4a. DAad is the work of adiabatic compression

which is the same as TF2 and therefore, being negative, cancels it, and the
net work ABCD = Wi- W3. The gain of intrinsic energy is K^iTi- T2).

Comparing la and 3a, we have piw = P2V2;p3V3 = Pava; v^Ivz = vi/vt =r.

Wi = pjvi logg r = RTi logg r; Ws = PiV4 logg r = RT2 logg r.

EfiBciency
Wi-W^ _ R i Ti-T2)loger __ T1-T2 _ , T2

RTiloggr

(r Ui

Entropy.— In the pv or pressure-volume diagram, energy exerted or
expended is represented by an area the lines of which show the changes
of the values of p and v. In the Carnot cycle the e changes are shown
by curved lines. If a given quantity of heat Q is added to a substance
at a constant temperature, we may represent it by a rectangular area
in which the temperature is represented by a vertical line, and the base
is the quotient of the area divided by the length of the vertical line. To
this quotient is given the name entropy. When the temperature at
which the heat is added is not constant a more general definition is

needed, viz.: Entropy is length on a diagram the area of which represents
a quantity of heat, and the height at any point represents absolute tempera-
ture. The value of the increase of entropy is given in the language of

r^^dO
calculus, E= I -7^, which may be interpreted thus : increase of entropy

between the temperatures T2 and Ti equals the summation of all the
quotients arising by dividing each small quantity of heat added by
the absolute temperature at which it is added. It is evident that if

the several smaU quantities of heat added are equal, while the values of
T constantly increase, the quotients are not equal, but are constantly
decreasing. The diagram, called the temperature-entropy diagram, or
the^^, theta-phi, diagram, is one in which the abscissas, or horizontal
distances, represent entropy, and vertical distances absolute temperature.
The horizontal distances are measured from an arbitrary vertical line

representing entropy at 32° F., and values of entropy are given as values
beyond that point, while the temperatures are measured above absolute
zero. Horizontal lines are isothermals, vertical lines adiabatics. The use-

fulness of entropy in thermodynamic studies is due to the fact that in

many cases it simplifies calculations and makes it possible to use alge-

braic or graphical methods instead of the more difficult methods of the
calculus.
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Tiie Carnot Cycle in the Temperature-Entropy Diagram,— Let a
pound of gas having a temperature T\ and entropy E be subjected to the

four operations described above. (1) T\ being
constant, heat (area aABc, Fig. 143) is added and
the entropy increases from A \o B\ isothermal
expansion. (2) No heat is transferred, as heat,
but the temperature is reduced from T\ to T2;
entropy constant ; adiabatic expansion. (3) Heat
is rejected at the constant temperature T-i, the
area CcaD being subtracted; entropy decreases
from C to D; isothermal compression. (4) En-
tropy constant, temperature increases from T> to
A, or from Ti to T\\ no heat transferred as heat;
adiabatic compression. The area aABc repre-
sents the total heat added during the cycle, the
area cCDa the heat rejected ; the difference, or the

Fig 143 ^^^^ ABCD, is the heat utilized or converted into
work. The ratio of this area to the whole area

aABc is the efficiency; it is the same as the ratio (Ti— T2) -^ Ti. It
appears from this diagram that the efficiency may be increased by in-
creasing Ti or by decreasing T2; also that since T2 cannot be lowered by
any self-acting engine below the temperature of the surrounding atmos-
phere, say 460°+ 62° F.= 522° F., it is not possible even in a perfect
engine to obtain an efficiency of 50 per cent unless the temperature of
the source of heat is above 1000° F. It is shown also by this diagram
that the Carnot cycle gives the highest possible efficiency of a heat engine
working between any given temperatures Ti and T2, and that the admis-
sion and rejection of heat each at a constant temperature gives a higher
efficiency than the admission or rejection at any variable temperatures
within the range Ti — T2.

The Reversed Carnot Cycle—Refrigeration.-^Let a pound of cool
gas whose temperature and entropy are represented by the "state-
point" D on the diagram (1) receive heat at a constant temperature Ti
(the temperature of a refrigerating room) until its entropy is C; (2) then
let it be compressed adiabatically (no heat transmission, CB) to a high
temperature T\; (3) then let it reject heat into the atmosphere at this
temperature Ti (isothermal compression); (4) then let it expand adia-
batically, doing work, as through a throttled expansion cock, or by
pushing a piston, it will then cool to a temperature which may be far
below that of the atmosphere and be used to absorb heat from the
atmosphere. (See Refrigeration.)

Principal Equations, of a Perfect Gas.—Notation: P = pressure in

lb. per sq. ft. V = volume in cu. ft. PoVo, pressure and volume at
32° F. r, absolute temperature = i° F. + 459.6. Cp, specific heat at

constant pressure. C^, specific heat at constant volume. Kp =

CpX 777.6; K^= C^X 777.6; specific heats taken in foot-pomids of

energy. R, a constant, = Kp- K^. y = Cp/Cy. r = ratio of iso-

thermal expansion or compression = P2/P1 or Vi/y2.

For air: Cp = 0.2375; C^ = 0.1689; Kp = 184.8; K^ = 131.4;

B = 53.32; y= 1.406.

Boyle's Law, Pl^= constant when T is constant. PiVi = P2V2.
For 1 lb. air PoVo = 2116.3 X 12.387 = 26,215 ft.-lb.

Charles's Law, PiVi/Ti = P2V2/T2; Pi Vi = PoVo X Ti/To; To = 32
+ 459.6 = 491.6; PiVi for air = 26,215 ^ 491.6 = 53.32.

General Equation, PV= RT. R is a constant which is different for

different gases.

Internal or Intrinsic Energy K^ (Ti - To) = R (Ti - To) -^ (y - 1)

= PiVi -=- (y — 1) = amount of heat in a body, measured above abso-

lute zero. For air at 32° F., K^{.Ti - To) = 131.4 X 491.6 = 64,600

ft.-lb. When air is expanded or compressed isothermally, PV= con-
stant, and the internal energy remains constant, the work done in
expansion = the heat added, and the work done in compression = the
heat rejected.
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Work done by Adiabatic Expansion, no transmission of heat, from PiVi to

P2F2 = PiVi \l - (Fi/F2)^~'j - (y - 1), = (.PiVi - P2V2) -^ (v - 1)

= Pi Fill ~(P2/Pi) y } -f- (y - 1).

Work of Adiabatic Compression from PiFi to P2F2 (P2 here being the

iiigher pressure) = Pi Fi {(F1/F2) '*'"'-!} - (v- 1) = (P2F2-PiFi)^ y-l

= PiFi {(P2/P1) y -1} ^ (y-l).

Loss of Intrinsic Energy in adiabatic expansion, or gain in compression
= Ky{Ti— Ti), Ti being the higher temperature.

Work of Isothermal Expansion, temperature constant, = heat expended
= Pi Fi loge F2 / Fi = Pi Fi logg r= RT logg r

.

Work of Isothermal Compression from Pi to P2 = PiFi log^Pi/Ps
= Pnoggr= heat discharged.

Relation between Pressure, Volume and Temperature:

T2= Ti (p^ y = r 1 (y)^'', -Pi ^i*^= -P2 F2V.

For air, y = 1,406; y - 1 = 0.406; l/y = 0,711; l/(y - 1) = 2.463;
7/(7-1) = 3.463; (7 - l)/7 = 0.289.

Differential Equations of a Perfect Gas. Q = quantity of heat. ^ =
entropy.

dQ = C^dT+{Cp-C^)^dV. d4>=C^^+iCp-C^)^'

dQ^CpdT+iC^-Cp) I dV. dj.^ Cp ^+(C^- Cp)^ .

T T dP dVdQ^C^ ^dP+Cp ^ dV. d<i>= C^^-f+Cpyr.

4n-4>i= C^ logg
^J

+ {Cp - C^) logg ^^
.

4n-4>i= Cp logg yI"^(C^- Cp) logg
Ij

<j>2-cf>l = Cy logg
p-J

+ Cp logg :^ .

Work of Isothermal Expansion, TF= PiFi ) ^ =PiFi logg ^F
•

J Vi ' '^

Heat supplied during isothermal expansion,

J*F2
(ly v->

^^
^==(Cp-C^)Txlog^ p^-

Heat added = work done= ARTi logg F2/Fi= ^PiFi logg F2/F1; (A=i

1/778).

Work of adiabatic expansion,

JVi Jvi vy r-i< \w (
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Construction of the Curve PV» = C. (Am. Mach., June 21, 1900.)—
Referring to Fig. 144, on a system of rectangular coordinates YOX lay

off OB = pi and BA = v'l.

OJ, (

A (2?^ v^)

Fig. 144.

Draw OJ, extended, at
any convenient angle a,

say 15°, with OX, and OC
at an angle /3 with OY. ^
is found from the equation
1 + tan /3 =[1 +tanap.
Draw AJ parallel to YO.
From B draw £C at 45°
with BO, and draw C£;
parallel to OX. From J
draw JH at 45° with AJ,
and draw HJS and HJi
parallel to ro. The inter-
section of CE and HE is

the second point on the
curve, or P2V2. From Ji
draw JiHi at 45° to FJi
and draw the vertical
J2H1R. Draw DK at 45"
to DOi and Ki2 parallel
to OX. R is the third
point on the curve, and
so on.

Conversely, if we have
a curve for which we wish

H

P ° Abs.

.

212- 672

To

to derive an exponent, we can, by working backward, locate the lines
OC and OJ, measure the angles a and /3, and solve for n.
The smaller the angle a is taken the more closely the points of the

curve may be located. If a = |3 the curve is the isothermal curve,
pv = constant. If a = 15° and ^ = 21° 30' the curve is the adiabatic
for air, n = 1.41. (See Index of the Curve of an Air Diagram, p. 636.)
Temperature-Entropy Diagram of Water and Steam.— The line

OA,Fig. 145, is the origin from which entropy is measured on horizontal
lines, and the line Og is the line of zero
temperature, absolute. The diagram
represents the changes in the state
of one pound of water due to the
addition or subtraction of heat or to
changes in temperature. Any point on
the diagram is called a "state point."
A is the state of 1 lb. of water at
32° F. or 492° abs., B the state at
212°, and C at 392° F., correspond-
ing to about 226 lbs. absolute pres-
sure. At 212° F. the area OABb is

the heat added, and Ob is the increase
of entropy. At 392° F., bBcC is the
further addition of heat, and the
entropy, measured from OA, is Oc.
The two quantities added are nearly
the same, but the second increase
of entropy is the smaller, since the
mean temperature at which it is

added is higher. If Q = the quantity
of heat added, and Ti and T2 are
respectively the lower and the
higher temperatures, the addition of
©atropy, (j>, is approximately Q-^V2(7'2-<

= 0.3093. More accurately it is i = 1

- Entropy -

g

Fig. 145.

- ro = 180 -^ 1/2 (672 + 492)
- v..^...^. x..w.^ ^^^^.^.^.j ...^y .^g e {T2/T1) = 0.3119. In both of

these expressions it is assumed tnat the specific heat of water= 1 at all

temperatures, which is not strictly true. Accurate values of the entropy
of water, taking into account the variation in specific heat, will be found
ia Marks and Davis's Steam Tables.
Let the lib. of water at thesta^e B have heat adde4 to it at the con-.
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stant temperature of 212" F. until it is evaporated. The quantity of
heat added will be the latent heat of evaporation at 212° (see Steam
Table) or L = 970.4 B.T.U., and it will be represented on the diagram by
the rectangle hBFf. Dividing by Ti = 672, the absolute temperature,
gives <|)2-<Ai = 1.444 = 5F. Adding (^i= 0.312 gives <;)2 = 1.756, the
entropy of 1 lb. steam at 212° F. measured from water at 32° F.

In like manner if we take L = 834.4 for steam at 852° abs., <^2 — <^i =»

0.980 = CE, and 4>i = entropy of water at 852° = 0.556, the sum </)2=>

1.536 = Oe on the diaeram.
E is the state point of dry saturated steam at 852° abs. and F the

state point at 672°. The line EFG is the line of saturated steam and the
line ABC the water line. The line CE represents the increase of entropy
in the evaporation of water at 852" abs. If entropy CD only is added,
or cCDd of heat, then a part of the water will remain unevaporated,
viz.: the fraction DE/CE of 1 lb. The state point D thus represents wet
steam having a dryness fraction of CD/CE.

If steam having a state point E is expanded adiabatically to 672*
abs. its state point is then ei, having the same entropy as at E, a total,
heat less by the amount represented by the area BCEei, and a dryness
fraction Bei/BF. If it is expanded while remaining saturated, heat
must be added equal to eEFf, and the entropy increases by ef.

If heat is added to the steam at E, the temperature and the entropy
both increase, the line EH representing the superheating, and the area.

EH, down to the Une Og, is the heat added. If from the state point H
the steam is expended adiabatically, the state point follows the lineH J
until it cuts the Une EFG^ when the steam is dry saturated, and if it

crosses this line the steam becomes wet.
If the state point follows a horizontal line to the left, it represents

condensation at a constant temperature, the amount of heat rejected
being shown by the area under the horizontal line. If heat is rejected
at a decreasing temperature, corresponding with the decreasing pressure
at release in a steam engine, or condensation in a cylinder at a decreasing
pressure, the state point follows a curved line to the left, as shown in
the dotted curved line on the diagram.

In practical calculations with the entropy-temperature diagram it is

necessary to have at hand tables or charts of entropy, total heat, etc.,

sucn as are given in Peabody's or Marks and Davis's Steam Tables,
and other works. The diagram is of especial service in the study of
steam turbines, and an excellent chart for this purpose will be found in
Meyer's Steam Turbine. It gives for all pressures of steam from 0.5
to 300 lbs. absolute, and for different degrees of dryness up to 300° of
superheating, the total heat contents in B.T.U. per pound, the entropy,
and the velocity of steam through nozzles.

PHYSICAL PROPERTIES OP GASES.

(Additional matter on this subject will be found under Heat, Air, Gas
and Steam.)
When a mass of gas is inclosed in a vessel it exerts a pressure against the

walls. This pressure is uniform on every square inch of the surface of the
vessel; also, at any point in the fluid mass the pressure is the same in every
direction.

In small vessels containing gases the increase of pressure due to weight
may be neglected, since all gases are very light; but where liquids are
concerned, the increase in pressure due to their weight must always be
taken into account.
Expansion of Gases, Mariotte's Law. — The volume of a gas dimin-

ishes in the same ratio as the pressure upon it is increased, if the tem-
perature is unchanged.

This law is by experiment found to be very nearly true for all gases, and
is known as Boyle's or Mariotte's law.

Ifp = pressure at a volume -y, and pi = pressure at a volume vi, pivi <=

pv; pi = — p; pv = a, constant.

The constant, C, varies with the temperature, everything else re-

maining the same.
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Air compressed by a pressure of seventy-five atmospheres has a
volume about 2% less than that computed from Boyle's law, but this is

the greatest divergence that is found below 160 atmospheres pressure.
Law of Charles.—The volume of a perfect gas at a constant pressure

is proportional to its absolute temperature. If vo be the volume of a
gas at 32° F., and vi the volume at any other temperature, ii, then

/^i-H459.6\ /, ,
ti-32\

^^ = ^» (-491:6-)' ^^=(1-^-491:6-)^°

or vi = [1 + 0.002034 ( ^1 - 32 )] Vo.

If the pressm-e also change from po to ^i,

0, 0, P" /^i + 459.6 \
^^ = ^°F( 491.6 )•

The Densities of the elementary gases are simply proportional to
their atomic weights. The density of a compound gas, referred to
hydrogen as 1, is one-half its molecular weight; thus the relative den-
sity of CO2 is 1/2 (12 + 32) = 22.

Avogadro's Law.—Equal volumes of all gases, under the same condi-
,

tions of temperatureand pressure, contain the same number of molecules.
To find the weight of a gas in pounds per cubic foot at 32° F., multiply

half the molecular weight of the gas by 0.00559. Thus 1 cu. ft. ofmarsh-
gas, CH4, ^ j^^ ^^2 + 4) X 0.00559 = 0.0447 lb.

When a certain volume of hydrogen combines with one-half its volume
of oxygen, there is produced an amount of water vapor which will
occupy the same volume as that which was occupied by the hydrogen
gas when at the same temperature and pressure.

Physical Laws of Methane Gas.— (P. F. Walker, Trans. A. S. M. E.,
1914.) The specific heat of CHi under constant pressure at tempera-
tures from 18° to 218° C. is 0.5929 according to Landolt and Bornstein's
Tables. The same tables, on the authority of Lussana, give values of
0.5915 at a pressure of 1 atmosphere and 0.6919 at 30 atmospheres. The
ratio of specific heats at constant pressure and constant volume is given
variously at from 1.235 to 1.315. The gas shows a considerable varia-
tion from Boyle's law. PV = constant, or PV = PiVi. The variation
amoimts to as much as 4% in the case of CHi gas at 300 lb. per square
inch reduced to the equivalent volume at atmospheric pressure. The
difference is of commercial importance when natural gas is sold measured
at high pressures and the price based on the equivalent volume at
atmospheric pressure. The relation of pressure and volume is ex-
pressed by PV« = a constant and the value of n for CHi ranges from
0.98 to 0.995, varying with pressure and temperature, averaging 0.99.
SuflQcient data are not yet available for the construction of tables
showing the variation of the pressure-volume relation from that given
by Boyle's law.

Saturation Point of Vapors. — A vapor that is not near the satura-
tion point behaves Uke a gas under changes of temperature and pressure;
but if it is sufifieiently compressed or cooled, it reaches a point where it

begins to condense: it then no longer obeys the same laws as a gas, but
its pressure cannot be increased by diminishing the size of the vessel con-
taining it, but remains constant, except when the temperature is changed..
The only gas that can prevent a liquid evaporating seems to be its own
vapor.

Dalton's Law of Gaseous Pressures. — Every portion of a mass of
:gas inclosed in a vessel contributes to the pressure against the sides of the
vessel the same amount that it would have exerted by itself had no other
gas been present.

Mixtures of Vapors and Gases. — The pressure exerted against the
interior of a vessel by a given quantity of a perfect gas inclosed in it is the
sum of the pressures which any number of parts into which such quan-
tity might be divided would exert separately, if each were inclosed in a
vessel of the same bulk alone, at the same temperature. Although this
law is not exactly true for any actual gas, it is very nearly true for many.
Thus if 0.080728 lb. of air at 32° F., being inclosed in a vessel of one cubic
foot capacity, exerts a pressure of one atmosphere, or 14.7 pounds, oji each
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square inch of the ulteriorof thevessel, thenwill each additional 0.08072S
lb. of air which is inclosed, at 32°, in the same vessel, produce very nearly
an additional atmosphere of pressure. The same law is applicable to
mixtures of gases of different kinds. For example, 0.12344 lb. of carbonic-
acid gas, at 32°, being inclosed in a vessel of one cubic foot in capacity,
exerts a pressure of one atmosphere: consequently, if 0.080728 lb. of air
and 0.12344 lb. of carbonic acid, mixed, be inclosed at the temperature
of 32°, in a vessel of one cubic foot of capacity, the mixture will exert a^

pressure of two atmospheres. As a second example: Let 0.080728 lb»
of air, at 212°, be inclosed in a vessel of one cubic foot; it will exert a
pressure of

?§±|||| = L366 atmospheres.

Let 0.03797 lb. of steam, at 212°, be inclosed in a vessel of one cubic
foot ; it will exert a pressure of one atmosphere. Consequently, if 0.080728
lb. of air and 0.03797 lb. of steam be mixed and inclosed together, at 212°,
in a vessel of one cubic foot, the mixture will exert a pressure of 2.366
atmospheres. It is a common but erroneous practice, in elementary
books on physics, to describe this law as constituting a difference between
mixed and homogeneous gases; whereas it is obvious that for mixed and
homogeneous gases the law of pressure is exactly the same, viz.. that the
pressure of the whole of a gaseous mass is the sum of the pressures of all

its parts. This is one of the laws of mixture of gases and vapors.

A second law is that the presence of a foreign gaseous substance in con-
tact with the surface of a solid or liquid does not affect the density of the
vapor of that sohd or liquid unless there is a tendency to chemical com-
bination between the two substances, in which case the density of the
vapor is slightly increased. (Rankine, S. E., p. 239.)

If 0.0591 lb. of air, = 1 cu. ft. at 212° and atmospheric pressure, is con-
tained in a vessel of 1 cu. ft. capacity, and water at 212° is introduced,
heat at 212° being furnished by a steam jacket, the pressure will rise to
two atmospheres.

If air is present in a condenser along with water vapor, the pressure is
that due to the temperature of the vapor plus that due to the quantity of
air present.

Flow of Gases. — By the principle of the conservation of energy, it

may be shown that the velocity with which a gas under pressure will
escape into a vacuum is inversely proportional to the square root of its
density; that is, oxygen, which is sixteen times as heavy as hydrogen,
would, under exactly the same circumstances, escape through an opening
only one fourth as fast as the latter gas.

Absorption of Gases by Liquids. — Many gases are readily absorbed
by water. Other liquids also possess this power in a greater or less
degree. Water will, for example, absorb its own volume of carbonic-acid
gas, SCO times its volume of ammonia, 2i/3 times its volume of chlorine,
and only about 1/20 of its volume of oxygen.
The weight of gas that is absorbed by a given volume of liquid is pro-

portional to the pressure. But as the volume of a mass of gas is less as
the pressure is greater, the volume which a given amount of liquid can
absorb at a certain temperature will be constant, whatever the pressure.
Water, for example, can absorb its own volume of carbonic-acid gas at
atmospheric pressure; it will also dissolve its own volume if the pressure
is twice as great, but in that case the gas will be twice as dense, and con-
sequently twice the weight of gas is dissolved.

Liquefaction of Gases.—Liquid Air. (A. L. Rice, Trans. A.S.M. E.,
xxi, 156.)—Oxygen was first liquefied in 1877 by Cailletet and Pictet,
working independently. In 1884 Dewar liquefied air, and in 1898 he
liquefied hydrogen at a temperature of - 396.4° F., or only 65° above the
absolute zero. The method of obtaining the low temperatures required
for liquefying gases was suggested by Sir W. Siemens, in 1857. It consists
in expanding a compressed gas in a cvlinder doing work, or through a,

small orifice, to a lower pressure, and using the cold gas thereby producedl
to cool, before expansion, the gas coming to the apparatus. Hampsoni
claims to have condensed about 1.2 quarts of liquid air per hour at an)
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expenditure of 3.5 H.P. for compression, using a pressure of 120 atmos-
pheres expanded to 1, and getting 6.6 per cent of the air handled as
liquid.
The following table gives some physical constants of the principal gases

that have been liquefied. The critical temperature is that at which the
properties of a liquid and its vapor are indistinguishable, and above which
the vapor cannot be liquefied by compression. The critical pressure is
the pressure of the vapor at the critical temnerature.

Criti-
cal

Temp.
Deg. F.

Criti-
cal

Pres-
sure in

Atmo-
spheres

Temp.
of

Satu-
rated
Vapor

at
Atmos.
Pres-
sure

Deg. F.

Freez-
ing

Point.
Deg. F.

Density of
Liquid at

Temperature
Given.

Water..,
Ammonia NH4

%l
C2H4

CH4

C2

A
CO

N2

H2

689
266
98.6
88
50

-115.2

-182

-185.8

—219.1

-220

-231

—389

200
115

51.7

54.9

50.8

50.6

35.5

39

35

20

212— 27
-121
—112
-150

—263.4

-294.5

—304.6

-310

—312.6

—318

-405

32
—107
—113.8
-69
-272

-302.4

-340.6

-353.2

1 at'39° F.
0.6364 at 32° F.

Carbon Dioxide 0.83 at 32° F.

Methane
1 0.415 1

1 at —263° F. (

( 1.124
I

[ at -294° F. f

( about 1 .5 )

|at-305°F. 1

Carbon Monoxide..

Air
f 0.933 )

at-313°F.f
1 0.885 )

{at -318° F. ]

AIR.
Properties of Air.— Air is a mechanical mixture of the gases oxygen

and nitrogen, with about 1% by volume of argon. Atmospheric air of
ordinary purity contains about 0.04% of carbon dioxide. The com-
position of air is variously given as follows

:

By Volume. By Weight.

N Ar N Ar

1 79.3
79.09
78.122
78.06

20.7
20.91
20.941
21.

77
76.85
75.539
75.5

23
23.15
23.024
23.2

2
o;937"

0.94
3 1.437
4 1.3

(1) Values formerly given in works on physics. (2)Average results
of several determinations, Hempel's Gas Analysis. (3) Sir. Wm. Ram-
say, Bull. U. S. Geol. Survey, No. 330. (4) A. Leduc, Comptes Rendus,
1896, Jour. F. I., .Ian., 1898. Leduc gives for the density of oxygen
relatively to air 1.10523; for nitrogen 0.9671; for argon, 1.376.
The weight of pure air at 32° P. and a barometric pressure of 29.92

Inches of mercury, or 14.6963 lbs. per sq. in., or 2116.3 lbs. per sq. ft., is

0.080728 lb. per cubic foot. Volume of 1 lb. = 12.387 cu. ft. At any
other temperature and barometric pressure its weight in lbs. per cubic

1 3253 X B
foot is W= ' ^'

, „ , where B = height of the barometer, T = tem-
459.o 4- I

perature Fahr., and 1.3253 = weight in lb. of 459.6 cu. ft. of air at 0° F.
and one inch barometric pressure. Air expands 1/491.6 of its volume at
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32° F. for every increase of 1° F., and its volume varies inversely as the
pressure.

Conversion Table for Air Pressures.

o +^

^f^

1 lb. per sq. ft

1 in. water at
62° F

1 oz. per sq. in .

.

I ft. water at
62° F

1 in. mercury at
32° F

1 lb. per sq. in . .

1 atmosphere. .

.

(1)

5.196

9

62.355

70.73

144
2116.3

(2)

1

1.732

12

13.612

27.712
407.27

(3)

0.5774

1

7.859
16

(4)

V:
0.1443

1

1.1343
2.3094
33.94

(5)

0.07347

0.1272

2.036
29.921

(6)

0.036085

0.43302

0.49117
1

14.6963

(7)

68.30

118.3

819.6

929.6
1893

27,815

(8)

66.3

87.2

245
349
1338

(9)

The figures in column (8) show the head in feet of air of uniform
density at atmospheric pressure and 62° F. corresponding to the pres-
sure in the preceding columns, and those in column (9) the theoretical
velocities corresponding to these heads, or the velocities of a jet flowing
from a frictionless conical orifice whose flow coefiBcient is unity.

The Air-maaometer consists of a long, vertical glass tube, closed at
the upper end, open at the lower end, containing air, provided with a
scale, and immersed, along with a thermometer, in a transparent hquid,
such as water or oil, contained in a strong cylinder of glass, which com-
municates with the vessel in which the pressure is to be ascertained.
The scale shows the volume occupied by the air in the tube.

Let vo be that volume, at the temperature of 32° Fahrenheit, and mean
pressure of the atmosphere, po ; let vi be the volume of the air at the
temperature t, and under the absolute pressure to be measured pi ; then

^ (f + 459.6) poVo
^' ~ 491.6 VI

Pressure of the Atmosphere at Different Altitudes.

At the sea level the pressure of the air is 14.7 pounds per square inch; at
1/4 of a mile above the sea level it is 14.02 pounds; at V2 mile, 13.33; at
3/4 mile, 12.66; at 1 mile, 12.02; at 1 1/4 mile, 11.42; at II/2 mile, 10.88; and
at 2 miles, 9.80 pounds per square inch. For a rough approximation we
may assume that the pressure decreases 1/2 pound per square inch for
every 1000 feet of ascent. (See table, p. 608.)

It is calculated that at a height of about 31/2 miles above the sea level
the weight of a cubic foot of air is only one-half what it is at the surface of
the earth, at seven miles only one-fourth, at fourteen miles only one-
sixteenth, at twenty-one miles only one sixty-fourth, and at a height of
over forty-five miles it becomes so attenuated as to have no appreciable
weight.
The pressure of the atmosphere increases with the depth of shafts, equal

to about one inch rise in the barometer for each 900 feet increase in depth:
this may be taken as a rough-and-ready rule for ascertaining the depth of
shafts.
Leveling by the Barometer and by Boiling Water. (Trautvsrine.)— Many circumstances combine to render the results of this kind of

leveUng unreHable where great accuracy is required. It is difficult to
read off from an aneroid (the kind of barometer usually employed for
engineering purposes) to within from two to five or six feet, depending on
its size. The moisture or dryness of the air affects the results; also winds,
the vicinity of mountains, and the daily atmospheric tides, which cause
incessant and irregular fluctuations in the barometer. A barometer
hanging quietly in a roQixj wiU ofteig vary Vio of an inch within a fe^
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Hours, corresponding to a difference of elevation of nearly 100 feet.
No formula can be devised that shall embrace these sources of error.

Boiling Point of Water.—Temperature in degrees F., barometer in
in. of mercury.

In. .0 .1 .2 .3 .4 .5 .6 .7 .8 .9

28
29
30

208.7
210.5
212.1

208.9
210.6
212.3

209.1
210.8
212.4

209.2
210.9
212.6

209.4
211.1
212.8

209.5
211.3
212.9

209.7
211.4
213.1

209.9
211.6
213.3

210.1
211.8
213.5

210.3
212.0
213.6

To Find the Difference in Altitude of Two Places. — Take from the
itable the altitudes opposite to the two boiling temperatures, or to the two
ibarometer readings. Subtract the one opposite the lower reading from
that opposite the upper reading. The remainder will be the required
.'height, as a rough approximation. To correct this, add together the.
two thermometer readings, and divide the sum by 2, for their mean.
From table of corrections for temperature, take the number imder this
mean. Multiply the approximate height just found by this number

At 70° F. pure water will boil at 1° less ot temperature for an average of
about 550 feet of elevation above sea level, up to a height of 1/2 a mile.
At the height of 1 mile, 1° of boiling temperature will correspond to aoout
560 feet of elevation. In the table the mean of the temperatures at the
two stations is assumed to be 32° F., at which no correction for temperature
is necessary in using the table.

Boiling-

point

in

Deg.
Fahr.

d
Altitude above

Sea

level.

Feet.
Boiling-

point

in

Deg.
Fahr.

Altitude above

Sea

level.

Feet. £ ^ Altitude above

Sea

level.

Feet.

184° 16.79 15,221 196 21.71 8,481 208 27.73 2,063
185 17.16 14,649 197 22.17 7,932 208.5 28.00 1,809
!86 17.54 14,075 198 22.64 7,381 209 28.29 1,539
J 87 17.93 13,498 199 23.11 6,843 209.5 28.56 1,290
J 88 18.32 12,934 200 23.59 6,304 210 28.85 1,025
189 18.72 12,367 201 24.08 5,764 210.5 29.15 754
190 19.13 11,799 202 24.58 5,225 211 29.42 512
191 19.54 11,243 203 25.08 4,697 211.5 29.71 255
192 19.96 10,685 204 25.59 4,169 212 30.00 S.L.=
193 20.39 10,127 205 26.11 3,642 212.5 30.30 —261
194 20.82 9,579 206 26.64 3,115 213 30.59 —511
195 21.26 9,031 207 27.18 2,589

Corrections for Temperature.

Mean temp. F. in shade
Multiply by .933

10°
I

20° 30°
I

40°
I

50° 60° 70° 80° 90° I
100°

.954|.975 .9961 1.016| 1.036 1.058 1.079 1.100 1.12l|l.I42

Pressure of the Atmosphere per Square Inch and per Square Foot
at Various Readings of the Barometer.

'^ Rule.—Barometer in inches X 0.4916 = pressure per square inch;
pressure per square inch X 144 = pressure per square foot.

[ Barometer. Pressure
per Sq. In.

Pressure
perSq. Ft.

Barometer.
Pressure

per Sq. In.
Pressure
per Sq. Ft.

In. Lb. Lb.* In. Lb. Lb.*
r 28.00 13.75 1980 29.75 14.61 2104
28.25 13.88 1998 30.00 14.73 2122
28.50 14.00 2016 30.25 14.86 2140
28.75 14.12 2033 30.50 14.98 2157
29.00 14.24 2051 30.75 15.10 2175
29.25 14.37 2069 31.00 15.23 2193
29.50 14.49 2086

^ Decimals omitted.
For lower pressures see table of the Properties of Steam
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Barometric Readings corresponding with Different

Altitudes, in French and English Measures.

Alti-
tude.

Read- Reading Reading Reading
ing of Altitude. of Alti- of Altitude. of

Barom- Barom- tude. Barom- Barom-
eter. eter. eter. eter.

meters mm. feet. inches. meters. mm. feet. inches.
762 0. 30. 1147 660 3763.2 25.98

21 760 68.9 29.92 1269 650 4163.3 25.59
127 750 416.7 29.52 1393 640 4568.3 25.19
234 740 767.7 29.13 1519 630 4983.1 24.80
342 730 1122.1 28.74 1647 620 5403.2 24.41
453 720 1486.2 28.35 1777 610 5830.2 24.01
564 710 1850.4 27.95 1909 600 6243. 23.62
678 700 2224.5 27.55 2043 590 6702.9 23.22
793 690 2599.7 27.16 2180 580 7152.4 22.83
909 680 2962.1 26.77 2318 570 7605.1 22.44
1027 670 3369.5 26.38 2460 560 8071. 22.04

Weight of Air per Cubic Foot at Different Pressures and
Temperatures.

Formula: w^ = 0.080728 X .fj^3 Xj^^
Tempera- Gage.

ture

P =
1

P=
2

P =
5

P =
10

P =
20

P =
40

P =
60

P =
80

P =
100

P =
120

Deg. P =
F. Ab. 14.6963 15.696 16.696 19.696 24.696 34.696 54.696 74.696 94.696 1 14.696 134.696

459.6 .086349 .09222 .09810 .11573 .14511 .20385 .32137 .43888 .55639 .67391 .79141

32 491.6 .080728 .08622 .09171 .10819 .13566 .19059 .30045 .41031 .52017 .63004 .73990
42 501.6 .079119 .08450 .08989 .10604 13295 .18679 .29446 .40213 .50980 .61748 .72515
52 511.6 .077572 .08285 .08813 . 10396 .13035 .18314 .28871 .39427 .49984 .60541 .71097
62 521.6 .076085 .08126 .08644 .10197 .12786 .17963 .28317 .38671 .49026 .59380 .69734
70 529.6 .074936 .08004 .08513 .10043 .12592 .17691 .27887 .38087 .48285 .58483 .68681

80 539.6 .073547 .07855 .08356 .09857 .12359 .17364 .27372 .37381 .47390 .57399 .67408
90 549.6 .072209 .07712 .08204 . 09678 .12134 .17048 .26874 .36701 .46528 .56355 .66182
100 559.6 .070918 .07574 .08057 .09504 .11937 .16743 .26394 .36045 .45697 .55348 .64999
120 579.6 .068471 .07313 .07779 .09177 .11506 .16165 .25483 .34802 .44120 .53438 .62756
140 599.6 .066187 .07069 .07519 .08871 .11122 .15626 .24633 .33641 .42648 .51656 .60663
160 619.6 .064051 .0684! .07277 .08584 .10>63 .15122 .23838 .32555 .41272 .49988 .58705
180 639.6 .062048 .06627 .07049 .08316 .10427 . 14649 .23093 .31537 .39981 .48425 .56869
200 659.6 .060167 .06426 .06835 .08064 .10111 .14205 .22393 .30581 .38769 .46957 .55145
250 709.6 .055927 .05973 .06354 .07496 .09398 .13204 .20815 .28426 .36037 .43649 .51259
300 759.6 .052245 .05580 .05936 .07002 .08779 .12335 . 19445 .26555 .33665 .40775 .47885
350 809.6 .049019 05236 .05569 .06570 .08237 .11573 .18244 .24915 .31586 .38257 .44925
400 859.6 .046168 .04931 . 05245 .06188 .07758 . 10900 .17183 .23466 .29748 .36032 .42314
450 909.6 .043630 .04660 .04957 .05847 .07332 .10301 .16238 .22176 .28113 .34051 .39988
500 959.6 .041357 .04417 .04699 .05543 .06950 .09764 .15392 .21020 .26648 .32277 .37905
550 1009.6 .039309 .04198 .04466 . 05268 .06606 .09280 .14630 .19979 .25329 .30678 .36028
600 1059.6 .037454 .04000 .04255 .05020 .06294 .08842 .13939 . 19037 .24133 .2923G .34327
650 1109.6 .035766 .03820 .04063 . 04793 .06010 .08444 .13311 .18179 .23046 .27913 .32781
700 1159.6 .034224 .03655 .03888 .04587 .05751 .08080 .12737 .17395 .22052 .26710 .31367
800 1259.6 .031507 .03365 .03579 .04223 .05294 .07438 .11726 .16014 .20301 .24589 .28877
900 1359.6 .029190 .03118 .03316 .03912 .04905 .06891 .10864 .14836 .18808 .22781 .26733
1000 1459.6 .027190.02904 .03089 .03644.045691.06419 .10119 .13830 .17519 .21220 .24920

Moisture in the Atmosphere. — Atmospheric air always coniaias a
small quantity of carbonic acid (see Ventilation), and a varying quantity
of aqueous vapor or moisture. The relative humidity of the air at any time
is the percentage of moisture contained in it as compared with the amount
it is capable of holding at the same temperature.
The degree of saturation or relative humidity of the air is determined

bv the use of the dry and wet bulb thermometer. The degree of satura-
tion for a number of different readings of tlie thermometer is given ia
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the following table, condensed from the Hygrometric Tables of the
U. S. Weather Bureau:

Relative Humidity, Per Cent

is^ Difference between the Dry and Wet Thermometers, Deg. F.

H 1 ti 1| 2| 3| 41 51 6| 71 81 9110111|12|131I4|15|16|17118|I9|20|21|22|23|24|26|28|30

f5|Q Relative Humidity, Saturation being 100. (Barometer = 30 in.)

32 89 79 69 59 49 39 30 20 1! 2

40 92 83 75 68 60 52 45 37 29 23 15 7

50 93 87 80 74 67 61 55 49 43 38 32 27 21 16 11

60 94 89 83 78 73 68 63 58 53 48 43 39 34 30 26 17 13 9 5 1

70 95 90 86 81 77 72 68 64 59 55 51 48 44 40 36 29 25 22 19 15 12 9 6

80 96 91 87 83 79 75 72 68 64 61 57 54 50 47 44 38 35 32 29 26 23 20 18 12 7

90 96 92 89 85 8i 78 74 71 68 65 61 58 55 52 49 44 41 39 36 34 31 29 26 22 17 13

100 96 93 89 86 83 80 77 73 70 68 65 62 59 56 54 49 46 44 41 39 37 35 33 28 24 21

no 97 93 90 87 84 81 78 75 73 70 67 65 62 60 57 52 50 48 46 44 42 40 38 34 30 26
120 97 94 91 88 85 82 80 77 74 72 69 67 65 62 60 58 55 53 51 49 47 45 43 4! 38 34 31

140 97 95 92 89 87 84 82 79 77 7573 70 68 66 64 62 60 58 56 54 53 51 49 47 44 41 38

Mixtures of Air and Saturated Vapor.
(From Goodenough's Tables.)

Pressure of Weight of Volume ^> op U5i
Saturated Saturated in Cu Ft ^1

is;

II
B.T.U.

of

1L

Dry

Air

wi

Vapor

to

Sat

rate

It.

^ Vapor. Vapor.
All V.'tl. J. c

fe-^

i
In.,

Mer-
cury.

Lb. per
Sq. In.

Per Cu.
Ft.

Per Lb.
of

Dry Air.

Of
1 Lb.
Dry
Air.

Of one
lb.Dry
Air +
Vapor.

0.0375 0.0184 0.0000674 0.000781 11.58 11.59 0.0 0.964 0.964
10 .0628 .0308 .0001103 .001309 11.83 11.86 2.411 1.608 4.019
20 .1027 .0504 .000177 .002144 12.09 12.13 4.823 2.623 7.446
32 .1806 .0887 .000303 .003782 12.39 12.47 7.716 4.058 11.783
35 .2036 .1000 .000340 .004268 12.47 12.55 8.44 4.57 13.02
40 .2478 .1217 .000410 .005202 12.59 12.70 9.65 5.56 15.21
45 .3003 .1475 .000492 .00632 12.72 12.85 10.86 6.73 17.59
50 .3624 .1780 .000588 .00764 12.84 13.00 12.07 8.12 20.19
55 .4356 .2140 .000699 .00920 12.97 13.16 13.28 9.76 23.04
60 .5214 .2561 .000829 .01105 13.10 13.33 14.48 11.69 26.18
65 .6218 .3054 .000979 .01323 13.22 13.50 15.69 13.96 29.65
70 .7386 .3628 .001153 .01578 13.35 13.69 16.90 16.61 33.51
75 .8744 .4295 .001352 .01877 13.48 13.88 18.11 19.71 37.81
80 1.0314 .5066 .001580 .02226 13.60 14.09 19.32 23.31 42.64
85 1.212 .5955 .001841 .02634 13.73 14.31 20.53 27.51 48.04
90 1.421 .6977 .002137 .03109 13.86 14.55 21.74 32.39 54.13
95 1.659 .8148 .002474 .03662 13.98 14.80 22.95 38.06 61.01
100 1.931 .9486 .002855 .04305 14.11 15.08 24.16 44.63 68.79
105 2.241 1.1010 .003285 .0505 14.24 15.39 25.37 52.26 77.63
110 2.594 1.274 .003769 .0593 14.36 15.73 26.58 61.11 87.69
115 2.994 1.470 .004312 .0694 14.49 16.10 27.79 71.40 99.10
120 3.444 1.692 .004920 .0813 14.62 16.52 29.00 83.37 112.37
130 4.523 2.221 .006356 .1114 14.88 17.53 31.42 113.64 145.06
140 5.878 2.887 .008130 .1532 15.13 18.84 33.85 155.37 189.22
150 7.566 3.716 .01030 .2122 15.39 20.60 36.27 214.03 250.3
160 9.649 4.739 .01294 .2987 15.64 23.09 38.69 299.55 338.2
170 12.20 5.990 .01611 .4324 15.90 26.84 41.12 431.2 472.3
180 15.29 7.51 .01991 .6577 16.16 33.04 43.55 651.9 695.5
190 19.01 9.34 .02441 1.0985 16.41 45.00 45.97 1082.3 1128.3
200 23.46 11.53 .02972 2.2953 16.67 77.24 48.40 2247.5 2296

Below 32° F. the pressure of saturated vapor in contact with ice is
given. Values in the last column do not include the heat of the hquid.
Below 32° F. the heat of subhmation of ice rather than the latent heat of
vaporization is used.
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Moisture in Air at DiflPerent Pressures and Temperatures. (H, M.
Prevost Murphy, Eng. News, June 18, 1908.) — 1. The maximum amount
of moisture that pure air can contain depends only on its temperature
and pressure, and has an unvarying value for each condition.

2. The higher the temperature of the air, the greater Is the amount
of moisture that it can contain.

3. The higher the pressure of the air, the smaller is the amount of
moisture that it can contain.

4. When air is compressed, the rise of temperature due to the com-
pression, in all cases found in practice, far more than offsets the opposite
effect of the rise of pressure on the moisture-carrying capacity of the air.

Water is deposited, therefore, by compressed air as it -passes from the com-
pressor to the various i)ortions of the system.

Suppose that a certain amount of atmospheric air enters a compressor
and that it contains all the moisture possible at the existing outside tem-
perature and pressure. As this air is compressed its moisture-carrying
capacity rapidly increases, consequently all the moisture is retained by
the air- and passes with it into the main or storage reservoir. Now if

this air is permitted to pass from the reservoir into the various parts of
the system before being cooled to the outside temperature, it will carry
more moisture than it is capable of holding when the temperature
finally drops to the normal point, and this excess quantity will be de-
posited, because, the pressure being high, the air cannot hold as much
moisture as it did at the same temperature and only atmospheric pressure.

In order to reduce the moisture to a minimum, it is desirable to cool
the air to the outside temperature before it leaves the reservoir, thereby
causing it to deposit all of its excess moisture, which may be easily removed
by drain cocks.

Although compressed air may be properly dried before leaving the
main reservoirs, some moisture may be temporarily deposited when the
air is subsequently expanded to lower pressures, as its moisture-carry-
ing capacity is usually affected more by the drop in temperature, result-
ing from the expansion, than by the drop in pressure, but when the air

again attains the outside temperature, the moisture thus deposited will

be re-absorbed if it is freely exposed to the compressed air.

In order to determine what percentage of moisture pure air can contain
at various pressures and temperatures, to ascertain how low the "rela-
tive humidity" of the atmosphere must be in order that no water will be
deposited in any part of a compressed-air system and also to find to what
temperature air drawn from a saturated atmosphere must be cooled in
order to cause the deposition of rnoisture to commence, the following
formulse and tables are used, based on Dalton's law of gaseous pressures,
which may be stated as follows:
The total pressure exerted against the interior of a vessel by a given

quantity of a mixed gas enclosed in it is the sum of the pressures which
each of the component gases, or vapors, would exert separately if it were
enclosed alone in a vessel of the same bulk, at the same temperature.
[The deriva-tion of the formulae is given at length in the original paper.]

Formulae for the "Weight, in I.bs., of 1 Cu. Ft. of Dry Air, of 1 Cu.
Ft. of Saturated Steam or Water Vapor and the Maximum Weight
of Water Vapor that 1 Lb, of Pure Air Can Carry at Any Pressure
and Temperature. (Copyright, 1908, by H. M. Prevost Murphy.)
The values K and H being given in the table for various temperatures,

i. In Fahrenheit degrees, the formulse are:

Weight of 1 cu. ft. saturated steam = ^'
459^2Vt^

"

H = elastic force or tension of water vapor or saturated steam. In In. of
mercury corresponding to the temperature t (Fahr.) = 2.036 X (gauge pres-
sure + atmospheric pressure, in pounds per square inch).
K = the ratio of the weight of a volume of saturated steam to an equal

volume of pure dry air at the same temperature and pressure.

Values of K and H corresponding to the various temperatures t are
given in the table on p. 612.
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M ~ absolute pressure in inches of mercury.
P = absolute pressure in pounds per square inch.
W = maximum weight, in lbs., of water vapor, that 1 lb. of pure air

can contain, when the temperature of the mixture is t, and the total,
or observed, absolute pressure in pounds per square incli is P.

KH
" 2.036 P-H'

Note.—The results obtained by the use of any of the above formulae
agree exactly with the average data for air and steam weights as given
by the most reliable authorities and careful experiments, for all pres-
sures and temperatures; the value of K being correct for all tempera-
tures up to the critical steam temperature of 689° F.

Values OF 'K ' AND "H" Corresponding to Temperatures t

FROM — 30° TO 434° F.

t K H t K H t K H t K H t K H
-30 .6082 .0099 64 .6188 .5962 158 .6323 9.177 252 .6501 62.97 344 .6739 254.2
-28 .6084 .0111 66 .6190 .6393 160 .6326 9.628 254 .6505 65.21 346 .6745 261.0
-26 .6086 .0123 68 .6193 .6848 162 .6330 10.10 256 .6510 67.49 348 .6751 268.0
-24 .6088 .0137 70 .6196 .7332 164 .6333 10.59 258 .6514 69.85 350 .6757 275.0
-22 .6090 .0152 72 .6198 .7846 166 .6336 11.10 260 .6518 72.26 352 .6763 282.2
-20 .6092 .0168 74 .6201 .8391 168 .6340 11.63 262 .6523 74.75 354 .6770 289.6
-18 .6094 .0186 76 .6203 .8969 170 .6343 12.18 264 .6528 77.30 356 .6776 297.1
-16 .6096 .0206 78 .6206 .9585 172 .6346 12.75 266 .6532 79.93 358 .6783 304.8
-14 .6098 .0227 80 .6209 1.024 174 .6350 13.34 268 .6537 82.62 360 .6789 312.6
-12 .6100 .0250 82 .6211 1.092 176 .6353 13.96 270 .6541 85.39 362 .6795 320.6
-10 .6102 .0275 84 .6214 1.165 178 .6357 14.60 272 .6546 88.26 364 .6803 328.7
- 8 .6104 .0303 86 .6217 1.242 180 .6360 15.27 274 .6551 91.18 366 .6809 337.0
- 6 .6107 .0332 88 .6219 1.324 182 .6364 15.97 276 .6555 94.18 368 .6816 345.4
- 4 .6109 .0365 90 .6222 1.410 184 .6367 16.68 278 .6560 97.26 370 .6822 354.0
- 2 .6111 .0400 92 .6225 1.501 186 .6371 17.43 280 .6565 100.4 372 .6829 362.8

.6113 .0439 94 .6227 1.597 188 .6374 18.20 282 .6570 103.7 374 .6836 371.8
2 .6115 .0481 96 .6230 1.698 190 .6377 19.00 284 .6575 107.0 376 .6843 380.9
4 .6117 .0526 98 .6233 1.805 192 .6381 19.83 286 .6580 110.4 378 .6850 390.2
6 .6120 .0576 100 .6236 1.918 194 .6385 20.69 288 .6584 113.9 380 .6857 399.6
8 .6122 .0630 102 .6238 2.036 196 .6389 21.58 290 .6590 117.5 382 .6865 409.3
10 .6124 .0690 104 .6241 2.161 198 .6393 22.50 292 .6594 121.2 384 .6871 419.1
12 .6126 .0754 106 .6244 2.294 200 .6396 23.46 294 .66C0 125.0 386 .6879 429.1
14 .6128 .0824 108 .6247 2.432 202 .6400 24.44 296 .6604 128.8 388 .6886 439.3
16 .6131 .0900 no .6250 2.578 204 .6404 25.47 298 .6610 132.8 390 .6893 449.6
18 .6133 .0983 112 .62532.731 206 .6407 26.53 300 .6615 136.8 392 .6901 460.2
20 .6135 .1074 114 .6256 2.892 208 .6411 27.62 302 .6620 141.0 394 .6908 470.9
22 .6137 .1172 116 .6258 3.061 210 .6415 28.75 304 .6625 145.3 396 .6915 481.9
24 .6140 .1279 118 .6261 3.239 212 .6419 29.92 306 .6631 149.6 398 .6923 493.0
26 .6142 .1396 120 .6264 3.425 214 .6423 31.14 308 .6636 154.1 400 .6931 504.4
281.6144 .1523 122 .6267 3.621 216 .6426 32.38 310 .6641 158.7 402 .6939 515.9
30 .6147 .1661 124 .6270 3.826 218 .6430 33.67 312 .6647 163.3 404 .6947 527.6
32 .6149 .1811 126 .6273 4.042 220 .6434 35.01 314 .6652 168.1 406 .6955 539.5
34 .6151 .1960 128 .6276 4.267 222 .6438 36.38 316 .6658 173.0 408 .6962 551.6
36;. 6154 .2120 130 .6279 4.503 224 .6442 37.80 318 .6663 178.0 410 .6970 564.0
38 .6156 .2292 132 .6282 4.750 226 .6446 39.27 320 .6669 183.1 412 .6979 576.5
40 .6158 .2476 134 .6285 5.008 228 .6451 40.78 322 .6674 188.3 414 .6987 589.3
42 .6161 .2673 136 .6288 5.280 230 .6455 42.34 324 .6680 193.7 416 .6995 602.2
44 .6163 .2883 138 .6291 5.563 232 .6458 43.95 326 .6686 199.2 418 .7003 615.4
46 .6166 .3109 140 .6294 5.859 234 .6463 45.61 528 .6691 204.8 420 .7012 628.8
48 .6168 .3350 142 .6298 6.167 236 .6467 47.32 330 .6697 210.5 422 .7021 642.5
50 .6170 .3608 144 .6301 6.490 238 .6471 49.08 332 .6703 216.4 424 .7029 656.3
52 .6173 .3883 146 .6304 6.827 240 .6475 50.89 334 .6709 222.4 426 .7037 670.4
54 .6175 .4176 148 .6307 7.178 242 .6479 52.77 336 .6715 228.5 428 .7046 684.7
56 .6178 .4490 150 .6310 7.545 244 .6484 54.69 3^8 .6721 234.7 430 .7055 699.2
58 .6180 .4824 152 .6313 7.929 246 .6488 56.67 340 .6727 241.1 432 .7064 713.9
60 .6183 .5180 154 .6317 8.328 248 .6492 58.71 342 .6733 247.6 434 .7073 728.9
62 .6185 .5559 156 .632018.744 250 .6496 60.81



AIB. 613

Weights in Pounds, of Pure Dry Air, Water Vapor and Saturated
Mixtures of Air and Water Vapor at Various Temperatures, at
Atmosplieric Pressure, 29.931 In. of Mercury or 11.6963
Lb. per Sq. In. Also thie Elastic Force or Pressure

of the Air and Vapor Present in Saturated
Mixtures.

(Copyright, 1908, by H. M. Prevost Miirphy.)

m
m

Saturated Mixtures of Air and Water Vapor.

III

i4

astic

Force

)f

the

Air

lone,

when

turated,

Ins.

f

Mercury.

sight

of

the

,por

in

1
Cu.

.

of

the

Mix-

re,

or

Wt.

of

1

I.

Ft.

of

Satu-

ted

Steam.

€2
30s IS

H.g ^r,^ S'S^ S^r^^ ^^£5oS i-^i l^i fl>S
0.086354 0.0439 29.877 0.000077 0.086226 0.086303 0.000898

12 0.084154 0.0754 29.846 0.000130 0.083943 0.084073 0.001548
22 0.082405 0.1172 29.804 0.000198 0.082083 0.082281 0.002413
32 0.080728 0.1811 29.740 0.000300 0.080239 0.080539 0.003744
42 0.079117 0.2673 29.654 0.000435 0.078411 0.078846 0.005554
52 0.077569 0.3883 29.533 0.000621 0.076563 0.077184 0.008116
62 0.076081 0.5559 29.365 0.000874 0.074667 0.075541 0.011709
72 0.074649 0.7846 29.136 0.001213 0.072690 0.073903 0.016691
82 0.073270 1.092 28.829 0.001661 0.070595 0.072256 0.023526
92 0.071940 1.501 28.420 0.002247 0.068331 0.070578 0.032877
:o2 0.070658 2.036 27.885 0.002999 0.065850 0.068849 0.045546
112 0.069421 2.731 27.190 0.003962 0.063085 0.067047 0.062806
122 0.068227 3.621 26.300 0.005175 0.059970 0.065145 0.086285
132 0.067073 4.750 25.171 0.006689 0.056425 0.063114 0.118548
142 0.065957 6.167 23.754 0.008562 0.052363 0.060925 0.163508
152 0.064878 7.929 21 .992 0.010854 0.047686 0.058540 0.227609
162 0.063834 10.097 19.824 0.013636 0.042293 0.055929 0.322407
172 062822 12.749 17.172 0.016987 0.036055 0.053042 0.471146
182 0.061843 15.965 13.956 0.021000 0.028845 0.049845 0.728012
192 0.060893 19.826 10.095 0.025746 0.020545 0.046291 (.25319
202 0.059972 24.442 5.479 0.031354 0.010982 0.042336 2.85507
212 0.059079 29.921 0.000 0.037922 0.000000 0.037922 Infinite,

Applications of tiie Fornaulae and Tables.

Example 1.—How low must the relative humidity be, when the at-
mospheric pressure is 14.7 lb. per sq. in. and the outside temperature is

60°, in order that no moisture may be deposited in any part of a com-
pressed air system carrying a constant gauge pressure of 90 lb. per sq. in?

Ans.—The maximum amount of moisture that 1 lb. of pure air can
contain at 90 lb. gauge, = 104.7 lb. (absolute pressiu-e) and 60° F., is

w gg 0.6183X0.5180 ,^(,nm^n(^m^ =
2.036 P-H =

2.036 X 104.7 - 0.5180 = 0.001506 lb.

The maximum weight of moisture that 1 lb. of air can contain at 60°
F. and 14.7 lb. (absolute pressure) is

In order that no moisture may be deposited, the relative humidity
must not be above

(0.001506 -^ 0.01089) X 100 = 13.83%.
Note.—Air is said to be saturated with water vapor when it contains

the maximum amount possible at the existing temperature and pressure.
Example 2.—When compressing air into a reservoir carrying a con-

stant gauge pressure of 75 lb., from a saturated atmosphere of 14.7 lb.

abs. press, and 70° P., to what temperature must the air be cooled after
compression in order to cause the deposition of moisture to commence?

Ans.—First find the maximum weight of moisture contained in
1 lb. of pure air at 14.7 lb. pressure and 70° P.
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KH ^ 0.6196 X 0.7332 ^
2.036 P - il 2.036 X 14.7 - 0.7332 "-"^^^^ ^°'

The temperature to which the air must be cooled in order to cause
the deposition of moisture may be found by placing this value of 0.01556
together with P equal to 75 + 14.7 in the equation thus:

fi ni ^^P, = ^^ = ^^
2.036 X 89.7 -if 182.63 - H

2 842
or II = '

, and the temperature which satisfies this equation

is found by aid of the table [by trial and error] to be approximately
129° F.
Example 3. — When the outside temperature is 82° F., and the

pressure of the atmosphere is 14.6963 lb. per sq. in,, the relative humid-
ity being 100%, how many cu. ft. of free air must be compressed
and deUvered into a reservoir at 100 lb. gauge in order to cause 1 lb. of
water to be deposited when the air is cooled to 82° F.?

Ans. — Weight of moisture mixed with 1 lb. of air at 82° F., and
atmospheric pressure = 0.023526 lb. For 100 lb. gauge pressure,

Tf - KH _ 0.6211 X 1.092 = 00029181b^ 2.036P-H 2.036 X 114.6963 - 1.092 "-^^^y^^ ^D-

Weight of moisture deposited by each lb, of compressed air = 0.023526
— 0.002918 = 0.020608 lb. Each cu. ft. of the moist atmosphere con-
tains 0.070595 lb. of pure air, therefore the number of cu. ft. that must
be delivered to cause 1 lb, of water to be deposited is

Example 4, — Under the same conditions as stated in Example 3,
what is the loss in volumetric efficiency of the plant when the excess
moisture is properly trapped in the main reservoirs?

Ans. — Before compression, each pound of air is mixed with 0.023526
lb. of water vapor and the weight of 1 cu. ft, of the mixture is 0.072256 lb.,
consequently the volume of the mixture is

1.023526 -^ 0.072256 = 14,165 cu. ft.

For 100 lb. gauge pressure and 82° F. as shown in Example 3, 1 lb.
of air can hold 0.002918 lb. of water in suspension, having deposited
P.020608 lb. in the reservoir. The weight of 1 cu. ft. of water vapor at
82° is 0.001661 lb., consequently by Dalton's law the volume of the mix-
ture of 1 lb. of air and 0.002918 lb. of water vapor at 1001b. gauge press-
ure is the same as that of the vapor or saturated steam alone; that is,

0.002918 -i- 0.001661 = 1.757 cu. ft.

By Mariotte's law, the volume of the 1.757 cu. ft. of mixed gas at
114.6963 lb. absolute when expanded to atmospheric pressure will be

(114.6963 -^ 14,6963) X 1.757 = 13.712 cu, ft,;

consequently the decrease of volume, that is, the loss of volumetric
efficiency, is

14.155 - 13.712 = 0,453 cu. ft,, or (0,453 -^ 14,165) X 100 = 3,2%.
This example shows that, particularly in warm, moist climates, there

Is a very appreciable loss in the efficiency of compressors, due to the
condensation of water vapor.

Specific Heat of Air at Constant Volume and at Constant Pressure.— Volume of 1 lb. of air at 32° F. and pressure of 14.7 lbs. per sq. in. =
12.387 cu. ft. =a column 1 sq. ft. area X 12.387 ft. high. Raising tem-
perature 1° F. expands it 1/492, or to 12.4122 ft. high, a rise of 0.02522 ft.

Work done = 2116 lbs. per sq. ft. X .02522 = 53.37 foot-pounds, or
53.37 -i- 778 = 0.0686 heat units.
The specific heat of air at constant pressure, according to Regnault, is

0.2375; but this includes the work of expansion, or 0.0686 heat units; hence
the specific heat at constant volume = 0.2375 — 0.0686 = 0.1689.

Ratio of specific heat at constant pressure to specific heat at constant
volume = 6.2375 -r 0,1689 = 1,406. (See Specific Heat, p. 562.)
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Flow of Air througli Orifices. — I'tie tneoreticai velocity in feet per

second ofJow of any fluid, liquid, or gas through an orifice is v =\^2 gh
= 8.02 V/i, in which h = the " head " or height of the fluid in feet required
to produce the pressure of the fluid at the level of the orifice. (For gases
the formula holds good only for small difference of pressure on the two
sides of the orifice.) The quantity of flow in cubic feet per second is equal
to the product of this velocity by the area of the orifice, in square feet,
multipUed by a "coefficient of flow," which takes into account the con-
traction of the vein or flowing stream, the friction of the orifice, etc.

For air flowing through an orifice or short tube, from a reservoir of the
pressure pi into a reservoir of the pressure pi, Weisbach gives the following
values for the coefficient of flow, obtained from his experiments.

Flov^^ of Air through an Orifice.

Coeflficient c in formula v= c \/2gIi
Diam. 1 cm. = 0.394 in.:

Ratio of pressures .. , 1.05 1.09 1.43 1.65 1.89 2.15
Coefficient 555 .589 .692 .724 .754 .788

Diam, 2.14 cm.-= 0.843 in.:

Ratio of pressures... 1.05 1.09 1.36 1.67 2.01
Coefficient 558 .573 .634 .678 .723

Flow of Air through a Short Tube,
Diam. 1 cm., = 0.394 in., length 3 cm. = 1.181 in.

Ratio of pressures pi -5-232. .. 1.05 1,10 1.30
Coefficient .730 .771 .830

Diam. 1.414 cm. = 0.557 in., length 4.242 cm, = 1.670 in.:

Ratio of pressures 1 . 41 1 . 69
Coefficient 813 .822

Diam. 1 cm. = 0.394 in., length 1.6 cm. = 0.630 in. Orifice rounded:
Ratio of pressures 1.24 1.38 1.59 1.85 2,14
Coefficient 979 .986 .965 .971 .978

Clark (Rules, Tables, and Data, p. 891) gives, for the velocity of flow
of air through an orifice due to small differences of pressure,

,
t - 32 \ 29.92

493 /^ p
in which F = velocity in feet per second; 2g = 64.4; h = height of the
column of water in inches, measuring the difference of pressure; t = the
temperature Fahr.; and p = barometric pressure in inches of mercury.
773.2 is the volume of air at 32° under a pressure of 29.92 inches of mercury
when that of an equal weight of water is taken as !_;

For 62° F,, the formjila becomes V = 363 C ^h/p, and it p = 29.92
inches, V = 66.35 C Vh.
The coefficient of efflux C, according to Weisbach, is:

For conoidal mouthpiece, of form of the contracted vein,
with pressures of from 0.23 to 1.1 atmospheres, . . , C = 0.97 to 0.99

Circular orifices in thin plates C = 0.56 to 0.79
Short cylindrical mouthpieces C = 0.81 to 0.84
The same rounded at the inner end C = 0.92 to 0.93
Conical converging mouthpieces C = 0.90 to 0.99

R. J. Durley, Trans. A. S. M. E., xxvii, 193, gives the following:
The consideration of the adiabatic flow of a perfect gas through a

frictionless orifice leads to the equation

_F-O^^X773.2x(l +^^)X =

-=A/^%-^-fi[(gr-(gn (1)

W = weight of gas discharged per second in pounds.
A = area of cross section of jet in square feet.
Px = pressure inside orifice in pounds per square foot.
P2 = pressure outside orifice.
Vi = specific volume of gas inside orifice in cu. ft. per lb.

y = ratio of the specific heat at constant pressure to that at constant
volume.
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W = 0.000491 d^Pi
-yj

(^p^y-'"' - (gj^*^

For air, where y = 1,404, we have for a circular orifice of diameter d
inches, the initial temperature of the air being 60* Fahr. (or 521° abs.)t

(2)

In practice the flow is not frictionless, nor is it perfectly adiabatic,
and the amount of heat entering or leaving the gas is not known. Hence
the weight actually discharged is to be found from the formulas by in-
troducing a coefficient of discharge (generally less than unity) depend-
ing on the conditions of the experiment and on the construction of
the particular form of orifice employed.

If we neglect the changes of density and temperature occurring as
the air passes through the orifice, we may obtain a simpler though
approximate formula for the ideal discharge:

(3)W= 0.01369 d:
jiP

in which d = diam. in inches, i = difference of pressures measured in
inches of water, P = mean absolute pressure in lbs. per sq. ft., and T =
absolute temperature on the Fahrenheit scale = degrees F. 4- 461. In
the usual case, in which the discharge takes place into the atmosphere,
P is approximately 2117 poimds per square foot and

W = 0.6299 d-"^^ (4)

To obtain the actual discharge the values found by the formula are to be
multipUed by an experimental coefficient C, values of which are given in
the table below.
Up to a pressure of about 20 ins. of water (or 0.722 lbs. per sq. in.) above

the atmospheric pressure, the results of formulae (2) and (4) agree very
closely. At higher differences of pressure divergence becomes noticeable.

,

They hold good only for orifices of the particular form experimented
with, and bored in plates of the same thickness, viz.: iron plates 0.057 in.

thick.
The experiments and curves plotted from them indicate that: —

i (1) The coefficient for small orifices increases as the head increases, but
at a lesser rate the larger the orifices, till for the 2-in. orifice it is almost
constant. For orifices larger than 2 ins. it decreases as the head increases,

and at a greater rate the larger the orifice.

(2) The coefficient decreases as the diameter of the orifice increases, and
at a greater rate the higher the head.

(3) The coefficient does not change appreciably with temperature
(between 40° and 100° F.).

(4) The coefficient (at heads under 6 ins.) is not appreciably affected

by the size of the box in which the orifice is placed if the ratio of the areas
of the box and orifice is at least 20 : 1.

Mean Discharge in Pounds per Square Foot of Orifice per Second
AS Found from Experiments.

Diameter
Orifice,

Inches.

I-inch
Head

Discharge
per Sq. Ft.

2-inch Head
Discharge
per Sq. Ft.

3-inch Head
Discharge
per Sq. Ft.

4-inch
Head

Discharge
per Sq. Ft.

5-inch
Head

Discharge
per Sq. Ft.

0.3125 3.060 4.336 5.395 6.188 7.024
0.5005 3.012 4.297 5.242 6.129 6.821

1.002 3.058 4.341 5.348 6.214 6.838
1.505 3.050 4.257 5.222 6.071 6.775

2.002 2.983 4.286 5.284 6.107 6.788
2.502 3.041 4.303 5.224 5.991 6.762
3.001 3.078 4.297 5.219 6.033 6.802
3.497 3.051 4.258 5.202 5.966 6.814
4.002 3.046 4.325 5.264 5.951 6.774
4.506 3.075 4.383 5.508 6.260 7.028
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Coefficients of Discharge for Various Heads and Diameters of
Orifice.

Diameter
of Orifice,

Inches.

l-inch 2-inch 3-inch 4-inch 5-inch
Head. Head. Head. Head. Head.

5/16 0.603 0.606 0.610 0.613 0.616
1/2 0.602 0.605 0.608 0.610 0.613

1 0.601 0.603 0.605 0.606 0.607
11/2 0.601 0.601 0.602 0.603 0.603
2 0.600 0.600 0.600 0.600 0.600
21/2 0.599 0.599 0.599 0.598 0.598
3 0.599 0.598 0.597 0.596 0.596
31/2 0.599 0.597 0.596 0.595 0.594
4 0.598 0.597 0.595 0.594 0.593
41/2 0.598 0.596 0.594 0.593 0.592

Corrected Actual Discharge in Pounds per Second at 60° F. and
14.7 Lbs. Barometric Pressure for Circular Orifices in

Plate 0.057 In. Thick.

Diameter of Orifice in Inches.

Wo 0.3125 0.500 1.000 1.500 2.000 2.500 3.000 3.500 4.000 4.500 5.00Q

1/7 0.00114 0.00293 0.0117 0.0263 0.0468 0.0732 0,105 143 187 237 0.292
1 0.0C162 0.00416 0166 0,0373 0.0663 103 0.149 0.202 0.264 0.334 0.413
]![> 0.00199 0.00510 0.0203 0.0457 .081

1

0.127 0.182 248 323 409 0.505
2 0.00231 C. 00590 0,0235 0.0528 0937 146 210 285 373 471 0.582
21/9 0.00259 0.00662 0.0263 0.1591 0.105 0.163 0.235 0.319 0.416 57,6 0.649
3 0.00285 0.00726 0,0289 0648 115 0,179 257 349 455 575 0.710
31/9 0.00308 0.00786 0.0312 0.0700 0.124 0.193 0.277 0.377 0.491 671 0.766
4 0.00330 0.00842 0334 0749 133 206 296 402 57.5 0.663 0.817
41/-^ 0.0035! 0.00895 0.0355 0.0794 0.141 0.219 0.314 0.426 0.556 0.702 0.865
5 0.00371 0.00945 0.0375 0838 148 231 331 0.449 586 739 0.912

5V9 0.00390 .00993 0393 0.0879 155 0.242 347 471 0.613 774 0.953
6 0.00408 0.01049 0.0411 0.0918 0.162 0.252 0.362 0.492 0.640 0.808 0.995

niegner's Equation for Flow of Air througli an Orifice.—(Peabody's
"Thermodynamics," also Trans. A. S. M. E., vol. 27, p. 194.)

PW = 0.53 A —=:•
Vt

W = flow in pounds per second; A = area of the orifice (or smn of the
areas of all the orifices) in square inches ; P = absolute pressure in the
orifice chamber lb. per sq. in.; T = absolute temperature, deg. F., of the
air in the chamber. The formula applies only when the absolute
pressure in the reservoir is greater than twice the atmospheric pressure,
and for orifices properly made. The orifices are in hardened steel
plates 3/8 in. to 1/2 in. thick, accurately ground, with the inside orifice

rounded to a radius i/ie in. less than the thickness of the plate, leaving
1/16 in. of the hole straight.

FLOW OF Am IN PIPES.
In the steady flow of any liquid or gas, without friction, the sum of

the velocity head, V^ -^ 2 g, pressure head p/w, and potential head, z,

(that is the distance in feet above an assumed datum) at any section of

V2 Pthe pipe is a constant quantity. h — + ^ =

2g ""
a constant. This

statement is known as Bernoulli's theorem.
V = velocity in ft. per sec; 2 g = 64.35; p = absolute pressure in

poimds per square feet; w = density, pounds per cubic feet; z = height
of the section above a given datum level. When the pipe is level we
may take its axis as datum, and then 2=0.
- When "fluid friction" or "skin friction" is taken into account there
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is a "loss of head" or "friction head" between any two selected points,

such as the two ends of the pipe, H = fLv^ -^ B2g; ov H = 4:f — ~;

H is the loss of head, or head causing the flow, measured in feet of the
fluid, / is a coefiicient of friction and B the mean hydraulic radius,
which in circular pipes = 1/4 D. L is the length of the pipe and D the
diameter, both in feet. By transposition tlie velocity in feet per

second is V=^||^ = 4.0103 -yj^.
The value off in this formula varies through a considerable range

with the roughness of the pipe, with the diameter, and probably to
some extent with the velocity. For a rough approximation its value
for air and other gases may be taken as 0.005.

For convenience in calculation, the loss of head in feet of H may be
replaced by the difference in pressure in lb. per sq. in., H = 144 (pi — P2)
i- W, and the diameter d may be taken in inches. We thus obtain

'•oW^^7^i^^=^^««WTAl^
-P2) d
w L

The quantity of flow in cubic feet per minute, Q = 60 A V. A being
the area in sq. ft, =60 X 0.7854 X d^-i- 144, whence we have (by multi-

plying 60 X 0.7854 X 13.89 -~ 144), Q = 4.546 -yfj- X -J^' ~ ^
^'

=

—-— which is the common formula for flow of any liquid orw L
gas when Q is in cubic feet per minute measured at the density w cor-
responding to the higher pressure pu To reduce this to the equivalent

volume of "free air" at atmospheric pressure, Qa = Q X 1X7*

The weight flowing per minute is Qw = W = c-^ \Vi—Pv— ^ Values

of c corresponding to different values of/ are as follows:

/... 0.003 .0035 .004 .0045 .005 .0055 .006 .0065 .007 .0075
c... 83.0 76.9 71.9 67.8 64.3 61.3 58.7 56.4 54.7 52.4

The experimental data from which the values of c and / for air and
gas may be determined are few in number and of doubtful acciiracy.
Probably the most reliable are those obtained by Stockalper at the
St. Gothard tunnel. Unwin found from these data that the value of/
varied with the diameter and that it might be expressed by the formula
/= 0.0028 (1 + 3.6/rf), d being taken in inches.

Ford= 1 2 3 4 6 12 24 48 In.

/ = 0.013 .0078 .0062 .0053 .0045 .0036 .0032 .0030
c= 40.0 51.3 57.9 62.3 67.9 75.3 80.1 82.8

Unwin 's formula may be given the form Q = K-^—~—~\wL{l+Z.Q/dy
in which K = 4.546 \/ 1 -r- .0028 = 85.9. This is practically the
same as Babcock's formula for steam, in which / is taken at 0.0027,
giving K = 87.5.

Formulae for Flow with Large Drop in Pressure.—The above for-
mulae are based on the assumption that the drop in pressure is small,
and that, therefore, the density remains practically constant during
the flow. When the drop is large the density decreases with the pres-
sure and the velocity increases. Church ("Mechanics of Engineering,"
p. 791) and Unwin (Ency. Brit., 11th ed., vol. xiv., p. 67), develop
formulae for compressible fluids with large drop of pressure and in-
creasing velocity. The temperature is assumed to be constant, the
heat generated by friction balancing the cooling due to the work done
in expansion.
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Church's formula: Q = 1/4 ir rfz -J-^ (pi2 - pz^).

Unwm's formula: V= a/ ^ ^ ,
-^^- t—^-\ 4fl pi2

y = velocity, ft. per sec. ; Q = volume, cu. ft. per sec. at the pressure
pi;g = 32.2; B = the constant in the formula PV = RT (see Thermody-
namics) = 53.32 for air; d = diam., and L = length, in feet; pi, p2 =
absolute pressures in lb. per sq. ft. ; w = density, lb. per cu. ft. ; T =
temperature F. + 459.6. The value of/ is given by Church as from
0.004 to 0.005. Unwin makes it vary with the diameter as stated
above.

These two formulae give identical results when the value of/ is taken
the same in both, for BT/pi^ = 1 -f- wpi.

J. E. Johnson, Jr. (Am. Alach., July 27, 1899) gives Church's formula
in a simpler form as follows: pi 2 — p2^ = KQ'^L -^ d^, in which pi and
Pi are the initial and final pressures in lb. per sq. in., Q the volume of
free air (that is the volume reduced to atmospheric pressure) in cubic
feet per minute, d the diameter of the pipe in inches, L the length in feet,

and K a numerical coefficient wliich from the Mt. Cenis and St. Gothard
experiments has a value of about 0.0006. E. A. Rix, in a paper on the
Compression and Transmission of Illuminating Gas, read before the
Pacific Coast Gas Ass'n, 1905, says he uses Johnson's formula, with a
coefficient of 0.0005, which he considers more nearly correct than 0.0006.
For gas the velocity varies inversely as the square root of the density,
and for gas of a density G, relative to air as 1, Rix gives the formula
p^2 _ P22 = 0.0005 Vg X Q^L/d^.

If Church's formula is translated into the same form as Johnson's,
taking/ = 0.005, w = 0.07608 for air at 62° P., and atmospheric pressure,
14.7 lbs. per sq. in., the value of K is 0.00054. A more convenient

form isQ^ = Ci J^^l^-^^^lll [^ ^hlch Ci = \/I7^ With K in

Johnson's formula taken at 0.0006. Ci = 40.8. With / in Church's
formula taken at 0.005, Ci = 43.0.

Note that Church's formula gives Q in cubic feet per second meas-
ured at the pressure pi, while Johnson's Qa is in cubic feet per minute
reduced to atmospheric pressure.

Both Church and Johnson assume that the flow varies as \/dJ, the
coefficients/ and K being independent of the diameter. In this respect
their formulae are faulty, for, as Unwin shows, the coefficient of friction
is a function of the diameter.
The relation between the results given by these formulae and those

given by the common formula is the relation between s/pi^ — pz^ and
\/pi — ^2? Taking pi (in any unit) as 100, and different drops in
pressure, the relative results are as follows:

Pressure drop 1 10 20 40 60 80
Values of pz. . 99 90 80 60 40 20

Vpi^- P2^ -^ Vpi - P2 14.1 13.8 13.4 12.2 11.8 10.8
Ratio, 14.1 = 100 100 97.6 95.0 86.5 83.7 76.6

It thus appears that the calculated result by Johnson's formula is

not more than 5 per cent less than that calculated by the common
formula, when the same value Of / is used, if the drop in pressure is

not greater than 20 per cent of pu
Comparison of Different Formiilse.—^We may compare the several

formulae given above by applying them to the data of the St. Gothard
experiments, as in table p. 620.
The value of Q is given as reduced to atmospheric pressiu-e, 14.7 lb.

per sq. in. and 62° F. The length of the pipe 7.87 in. diam. was 15,092
ft., and that of the pipe 5.91 in diam., 1712.6 ft. The mean tempera-
ture of the air in the large pipe was 70° F. and in the small pipe 80° F,
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In the table, Formula (1) is the commonlformula. Qi = c-yl ^^^ ^ ^^
'

.

Fonnula (2) is Unwin's. Q^ == i^^
t^ iT/ie^ '

•a - ^^V'
(j?l2 - P22) dS

Formula (3) is Johnson's, Q^

Oi = cubic ft. per min. at pressure p\.

Oo = cubic ft. per min. reduced to atmospheric pressure =0 pi -5-14.7.

Di-
am-

Mean
Vel.
Ft.
Per
Sec.

Cu.
Ft.
Per
Min.
Q

Lb.
Per
Sec.

Absolute
Pressures.

lb. per sq. in.

Coefficient in
Formula.

Ratio of
Coefficient to
Average Value.

eter,
(I)

c 'i Ci
In.

Pi Pi (1) (2) (3)

7.87
7.87
7.87
5.91
5.91

19.3
16.3
15.6
37.1
29.3

2105
1401
1169
2105
1169

2.669
1.776
1.483
2.669
1.483

82.32
63.95
56.45
77.03
53.66

77.03
60.71
53.66
73.50
52.04

76.0
73.5
70.2
74.8
65.5

89.6
86.5
82.8
94,9
83.1

87.4

51.3
49.3
46.0
44.5
43.6

1.06
1.02
0.98
1.04

0.91

1.03
0.99
0.95
1.09

0.95

1.09
1.05

0.98
0.95
0.93

Av«jrage. 72.0 46.9

The above comparison shows that no one of three formulae fits the
St. Gothard experiments better than any other; each one when applied
with the average value of its coeflQcient may give a result that differs
as much as 9 per cent from the observed result.

Arson's Experiments.—Unwin quotes some experiments by A. Arson
on the flow of air through cast-iron pipes wliich showed that the co-
efiQcient of friction varied with the velocity. For a velocity of 100 ft.

per sec, and without much error for higher velocities, Unwin finds
that the values of / agree fairly with the formula /= 0.005 (1 -f3.6/d).
Translating the figures given by him for the varying values of / into
values of c for use in the common formula, we have the following:

Diameter of pipe, inches 1.97 3.19 4.06 10 12.8 19.7
Vninp« t

^= 10 ft. per sec. 35.7 39.4 39.8 49.2 52.8 64.7
rTfr { 50 " " " 38.6 42.5 45.0 51.5 55.7 65.2
"^^'

( 100 " " " 41.3 45.5 46.0 53.6 56.4 65.4
The values of c for the same diameter with / = 0.0028 (1 -|-3.6/d),as

deduced by Unwin from Stockalper's experiments are: 51.4, 57.9,
62.3, 73.7, 75.9, 79.1.
Unwin says that Stockalper's pipes were probably less rough than

Arson's. The values of c according to Stockalper's experiments range
from 21 to 37 per cent higtier than those calculated from the formula
derived from Arson's experiments.

Use of the Formulae.—It is evident from the above comparisons
that any formula for the flow of air or gas must be considered as only
a rough approximation to the actual flow, and that an observed result
may differ as much as 40 per cent from that calculated by a formula.
Part of this error is due to variations in the roughness of pipes, part
due to error in measurements of the actual flow, and part due to the
fact that the coefficients of the several formulae are based on too few
experiments. In the light of our present knowledge, Unwin's formula

for moderate drop, Q = 87 A/-
(pi - p2) d^

is probably the best one
1 w L (1 + 3.6/d)

to use for all cases in which the drop in pressure does not exceed 20
per cent of the absolute initial pressure, and Johnson's formula,

V(t>i2
_ 7^2^) d^-^ j-—'^— for cases in which the drop is larger and the pipes
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are not less than 12 inches diameter. For smaller pipes the term
(1 + 3.6/d) had better be used after L in the denominator. These
rormulaa with the coeflacients given apply only to straight pipes with a
fairly smooth interior surface. For crooked or rough pipes it may be
well to use the common formula with the coeflacients derived from
Arson's experiments, given above.
Another comparison of the three formulse may be made by applying

them to some extreme cases, as follows: The initial pressure is taken
at 100 lb. absolute per sq. in., the corresponding density is 0.5176 lb.

per cu. ft.; diameters are assumed at 1 in. and 48 in., the drop in pres-
sure 1 lb. and 40 lb. and the length 100 ft. and 40,000 ft., making
eight cases in aU. A ninth case is taken with intermediate values:
diameter, 10 in.; length, 1,000 ft.; and drop, 1 lb. The results are
given in the following table. The results obtained by Johnson's for-

miila have been reduced by dividing them by the ratio (100 -^ 14.7)
to obtain Q. The value of c in the common formula is taken at 72, the
average figure from the St. Gothard experiments.

Diam., In. 1 48 10

Pi- P2, lb. 1 40 1 40 1

L,it 100
1
40,000 100 |40,000 100 1 40,000 100

|40,000J
1,000

. Formula Cubic feet of air per minute at the pressure pi.

Common
Unwin
Johnson

10.08
5.64
9.75

0.50
0.28
0.49

63.3
35.7
55.3

3.16
1.78
2.76

159,800
186,200
155,600

7,990
9,310
7,778

1,010,000 50,500(1,008
1,178,000 58,900 1,037
882,300 44,110 974

Ratio of results to Unwin's = 1

.

Common
Johnson

1.79
1.73

1.79
1.75

1.78' 1.78 0.86
1.55 1 1.55 0.84

0.86
0.84

0.86
0.75

0.86
0.75

0.96
0.94

These figures show that while the three formulae agree fairly well for
the 10-in. pipe with 1-lb. drop in 1,000 ft., they show wide disagreements
when a great range of diameters, lengths, and drops in pressure are
taken. For the 1-in. pipe Unwin's figures are from 35 to 45 per cent
lower than those given by the common formula or by Johnson's, but
they are not therefore certainly too low. We have a check on them
in Culley and Sabine's experiments on 2 V4-in. lead pipes, 2000 to
nearly 6000 ft. long, quoted by Unwin, which gave a value of / = 0.07.
Unwin's formula, / = 0.0028 (1 + 3.6/d) gives / = 0.0073. The cor-
responding values of c in the common formula are 54.7 and 53.2.
Formula for Flow of Air at Low Pressures.—For ventilating and

similar purposes, air is usually carried at pressures, but slightly above
that of the atmosphere. Pressures are measured in inches of water
column or in ounces per square inch above atmospheric pressure.
For smooth and straight circular pipes, probably the best formula to

• ^ = 87 A/:;7rf^^i^^J^5;?r' ^^^ coeflQcient 87 being de-use is Unwin's
1 wL (1 + 3.Q/d)

'

rived from the St. Gothard experiments on compressed air. In
order to put the formula into a more convenient form for low pres-
sures, let h = head or difference in pressures measured in inches of
water column, = 27.712 (pi - po), and take w = 0.07493 = density
of air, lb. per cu. ft. at 70° and atmospheric pressure, then Q =

87 X \27.71
cZ5 -= 60.37 i.

h d^
or Q.07493 L (!-{- 3.6/d)

""•"' \L (1 + S.Q/dY

Vhd^
—J-,

in which C is a coefficient varying with the diameter, values

for different diameters being given in the table below. For other
temperatures and pressures, the flow varying inversely as the square
root of the density, the figure 0.07493 in the above equation should be

replaced by 0.07493 X
14.7 ^ 460+ T in which p = absolute pressure,
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lb. per sq. in., and T = degrees F. Q is the quantity in cubic feet per
minute measured at the given pressure and temperature.

Flow of Air at Low Pressures.

Q = cubic feet per minute = C h = drop in pressure, inches of

water column, d = diameter in inches, L = length of pipe in feet. C, a
coefficient varying with the diameter. The values of C in the table
are based on air at atmospheric pressure and 70° F., and the values of
Q are calculated for the same pressure and temperature and for a drop
of 1-inch water column in 100 ft.

d. C. Q. d. C. Q. d. C. Q. d. C. Q.

A 43.9 140 10 51.8 1,637 22 56.0 12,700 Al 57.9 66,240
5 46.1 257 12 53.0 2,642 24 56.3 15,880 48 58.2 92,930
6 47.7 421 14 53.9 3,950 26 56.6 19,500 54 58.4 125,200
7 49.1 636 16 54.6 5.585 28 56.8 23,580 60 58.6 163,500
8 50.1 908 18 55.1 7,579 30 57.1 28,130 66 58.8 208,000
9 51.0 1,240 20 55.6 9,946 36 57.6 44,760 72 58.9 259,200

For any other pressure drop than 1-inch water column per 100 ft.,

multiply Q by the square root of the drop, or by the factor given below:
Drop, /i.... 0.5 2 3 4 6 8 10 12 14 16 18 20
Factor 0.711.411.73 2 2.45 2.83 3.16 3.46 3.74 4 4.24 4.47

For drop in ounces per square inch (1 oz. = 1.732 in. of water) the
factors are:
Drop, oz.. 0.5 1 2 3 4 5 6 7 8 9 10 12
Factor 0.93 1.32 1.86 2.28 2.63 2.94 3.22 3.48 3.72 3.95 4.16 4.56

Loss of Pressure in Ounces per Square Inch.—B. F. Sturtevant Co.
gives the following formula:

Lv2 /25,000 d vi ,

^^ - 25:000^' "^V L
''^-

0.0000025 Lv2

pi = loss of pressure, ounces per sq. in. ; v = velocity, ft. per sec.

;

d = diameter, inches; L = length, ft. From the value of v we obtain
the flow in cubic feet per minute. Q = 60 a v = 60 X 0.7854^2 h- 144 X

/25.OOP dpi
• = 51.74

V^-ir:.
If the drop is taken in inches of water

column, h, then Q = 39.24
Ihd^

This formula gives a value of (? 9 per

cent less than that given in the above table for a 4-inch pipe, and 33 per
cent less for a 72-inch pipe.

Flow in Rectangular Pipes.—It is conunon practice to make air
pipes for ventilating purposes rectangular instead of circular section
in order to economize space. No records of experiments on the flow
of air in such pipes are available, but a fair estimate of their capacity
as compared with that of circular pipes of the same area may be made
on the assumption that they follow the law of Chezy's formula for flow
of water, viz.: that the flow is proportional to the square root of the
mean hydraulic radius r, which is defined as the quotient of the area
divided by the perimeter of the wetted surface. For a circular pipe
r = 1/4 diameter in feet, and for a squai'e pipe of the same area, r —
0.222d. For rectangles of the same area r will decrease as the ratio
of the longer to the shorter side increases. For difterent proportions

of sides, the values of r and the ratio of •v/F'to the value of \/n, the
hydraulic radius of a circular pipe having the same area, are as below:

Ratio of sides .. (circle) l(sq.) 1.5 2 3 4 5 6
r= ^ ^0.25 0.222 0.217 0.209 0.192 0.177 0.165 0.155
natio Vr-i-Vn. 1 0.942 0.932 0.914 0.875 0.842 0.813 0.787

That is, a square pipe will have 94 percentof the carrying capacity of
a circular pipe of the same area, and a rectangular pipe whose sides are
in the ratio of 6 to 1 will have only 79 per cent of the capacity of a
circular pipe of the same area.
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Volume of Air Transmitted in Cubic Feet per Minute In
Pipes of Various Diameters,

Is Actual Diameter of Pipe in Inches.

1 2 3 4 5 6 8 10 12 16 20 24

1 0.327 TJl 2.95 5.24 8.18 11.78 20.94 32,73 47.12 83.77 130.9 188.5
2 0.655 2.62 5.89 10.47 16.36 23.56 41.89 65.45 94.25 167.5 261.8 377.0
3 0.982 3.93 8.84 15.7 24.5 35.3 62.8 98.2 141.4 251.3 392.7 565.5
4 1.31 5.24 11.78 20.9 32.7 47.1 83.8 131 188 335 523 754
5 1.64 6.54 14.7 26.2 41.0 59.0 104 163 235 419 654 942
6 1.96 7.85 17.7 31.4 49.1 70.7 125 196 283 502 785 1131
7 2.29 9.16 20.6 36.6 57.2 82.4 146 229 330 586 916 1319
8 2.62 10.5 23.5 41.9 65.4 94 167 262 377 670 1047 1508
9 2.95 n.78 26.5 47 73 106 188 294 424 754 1178 1696
10 3.27 13.

1

29.4 52 82 118 209 327 471 838 1309 1883
12 3.93 15.7 35J 63 98 141 251 393 565 1005 1571 2262
15 4.91 19.6 44.2 78 122 177 314 491 707 1256 1963 2827
18 5.89 23.5 53 94 147 212 377 589 848 1508 2356 3393
20 6.54 26.2 59 105 164 235 419 654 942 1675 2618 3770
24 7.85 31.4 71 125 196 283 502 785 1131 2010 3141 4524
25 8.18 32.7 73 131 204 294 523 818 1178 2094 3272 4712
28 9.16 36.6 82 146 229 330 586 916 1319 2346 3665 5278
30 9.8 39.3 88 157 245 353 628 982 1414 2513 3927 5655

Effect of Bends in Pipes. (Norwalk Iron Works Co.)

Radius of elbow, in diameter
of pipe = 5 3 2 IV2 1V4 1 8/4 1/2

Equivalent lengths of straight
pipe, diams. 7.85 8.24 9.03 10.36 12.72 3 7.51 35.09 121 .2

E. A. Rix and A. E. Chodzko, in their treatise on Compressed Air
(1896), give the following as the loss in pressure through 90° bends.
Rad. of bend -^ internal

diam. of pipe 1 2 3 4 5
Loss m lb. per sq. in 0.005^2 .0022r' .OOieu^ .OOlSn^ .0012u2.

V is the velocity of air at entrance, in feet per second.

Friction of Air in Passing through Valves and Elbows. W. L.
Saunders, Compressed Air, Dec, 1902. — The following figures give the
length in feet of straight pipe which will cause a reduction in pressure equal

to that caused by globe valves, elbows, and tees in different diameters of

pipe.

Diam. of pipe, in.. 1 II/2 2 21/2 3 31/2 4 5 6 7 8 10
Globe Valves 2 4 7 10 13 16 20 28 36 44 63 70
Elbows and Tees . 2 3 5 7 9 11 13 19 24 30 35 47

Measurement of the Velocity of Air in Pipes by an Anemometer.— Tests were made by B. Donkin, Jr. (Inst. Civil Engrs., 1892), to com-
pare the velocity of air in pipes from 8 in. to 24 in. diam., as shown by an
anemometer 2 3/4 in. diam. with the true velocity as measured by the time
of descent of a gas-holder holding 1622 cubic feet. A table of the results

with discussion is given in Eng'g Neivs, Dec. 22, 1892. In pipes from 8 in.

to 20 in. diam. with air velocities of from 140 to 690 feet per mmute the
anemometer showed errors varying from 14.5% fast to 10% slow. With
a 24-inch pipe and a velocity of 73 ft. per minute, the anemometer gave
from 44 to 63 feet, or from 13.6 to 39.6% slow. The practical conclusion

dsawn from these experiments is that anemometers for the measurement
of velocities of air in pipes of these diameters should be used with great

caution. The percentage of error is not constant, and varies considerably

with the diameter of the pipes and the speeds of air. The use of a baffle

consisting of a perforated plate, which tended to equalize the velocitym
tlie center and at the sides in some cases diminished the error.
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The impossibility of measuring the true quantity of air by an anemometer
held stationary in one position is shown by the following figures, given by
Wm. Daniel (Proc. Inst. M. E.j 1875), of the velocities of air found at
different points in the cross-sections of two different airways in a mine.

DiFFEBENCES OF ANEMOMETER READINGS IN AlRWAYS.
8 ft. square.

1712 1795 1859 1329

10911622 1685 1782

1477 1344 1524 1049

1262 1356 1293 1333

1170 1209 1288

948 1104 1177

1134 1049 1106

Average 1132.

Average 1469.

Equalization of Pipes.—It is frequently desired to know what numbei
of pipes of a given size are equal in carrying capacity to one pipe of a
larger size. At the same velocity of flow the volume delivered by two
pipes of different sizes is proportional to the squares of their diameters;
thus, one 4-inch pipe will dehver ihe same volume as four 2-inch pipes.
With the same head, however, the velocity is less in the smaller pipe, and
the volume deUvered varies about as the square root of the fifth power
(i.e., as the 2.5 power). The following table has been calculated on this
basis. The figures opposite the intersection of any two sizes is the num-
ber of the smaller-sized pipes required to equal one of the larger. Thus
one 4-inch pipe is equal to 5.7 two-inch pipes.

1 fl 1 2 3 4 5 6 ' 8 9 10 12 14 16 18 20 24

2 5 7 I

3 15.6 2 8 1

4 32.0 5.7 2,1 1

5 55 9 9 9 3 6 1 7 1

6 88,2 15.6 5.7 2.8 1.6 1

7 no 22 9 8 3 4 1 2 3 1 5 1

8 181 32 11,7 5.7 3,2 2,1 1 4 1

9 243 43,0 15.6 7.6 4.3 2.8 1.9 1,3 1

10 316 55 9 20 3 9 9 5 7 3 6 2 A 1 7 1 3 1

11 401 70 9 25.7 12,5 7,2 4.6 3.1 2,2 1 7 1,3

12 499 88 2 32 15.6 8.9 5.7 3.£ 2.8 2.1 1.6 1

13 609 108 39 1 19 10 9 7 1 4 7 3 A 2 5 1,9 I 2

14 733 130 47 22 9 13 1 8 3 5.7 4.1 3.t 2.3 1.5 1

15 871 154 55.9 27.2 15.6 9.9 6.7 A.i:. 3.6 2.fc 1.7 1.2
16 181 65 7 n 18 3 11 7 7 9 5 7 4 2 3,2 2,1 1 A 1

17 211 76 4 37 7. 71 3 13 5 9 2 6 6 4,9 3.fi 2:4 1.6 1.2
18 243 88 2 43 24 6 15,6 10,6 7.6 5.7 4.3 2.8 1.9 1.3 1

19 7.78 101 49 1 78 1 17 8 17 1 8 7 6 5 5 (1 3.2 2.1 1,5 1 1

20 316 115 55 9 37 70 3 13 8 99 1 A 5.7 3.6 2.4 1.7 1.3 1

22 401 146 70 9 40 6 75 7 17 5 17 5 9 3 7.2 4.6 3.1 2.2 1.7 1.3

24 499 181 88 ?, 50 5 37 71 8 15 6 11 6 8 9 5 7 3,« 2,8 2,1 1 6 1

26 609 7.7.1 108 61 7 39 1 75 6 19 14 2 10,9 7.1 4.7 3.4 2.5 1,9 1 2
28 733 266 no 74 7 47 37 72 9 17,1 13.1 8.3 5.7 4.1 3.0 2.3 1,5
30 871 316 154 88 2 55 9 38 27,2 20.3 15.6 9.9 6.7 4.8 3.6 2.8 1.7
36 499

733
243
357
499
670
871

130
205
286
383
499

88.2
130

181

243
316

60.0
88.2
123

165

215

43.0
63.2
88.2
118

154

32.0
47.0
62.7
88.2
115

24.6
36.2
50.5
67.8
88.2

15.6
19.0

32.0
43.0
55.9

10.6
15.6
21.8
29.2
38.0

7.6
11.2
15.6
20.9
27.2

5.7
8.3
11.6
15.6
20.3

4.3
6.4
8.9
12.0

15.6

7 H
4? 4 1

48 5 7
14 7 6
60 9.9
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WIND.
Force of the Wind. — Smeaton in 1759 published a table of thfi

velocity and pressure of wind, as follows:

Velocity and Force of Wind, in Pounds per Square Inch.
Si

Cr* ft a ^f-
S • 3

1^ s,^ 1^^
1 1.47 0.005
2 2.93 0.020
3 4.4 0.044
A 5.87 0.079
5 7.33 0.123
6 8.8 0.177
7 10 25 0.241
8 11,75 0.315
9 13.2 0.400
IG 14.67 0.492
12 17 6 0.708
14 20 5 0.964
15 22.00 1.107
16 23.45 1.25

Common Appella-
tion of the

Force of Wind.

Hardly perceptible.

' Just perceptible.

I Gentle, pleasant

I

wind.

" Pleasant, brisk gale

S5

26.4
29.34
36.67
44.00
51.34
58.68
66.01
73.35
80.7
88.00
95.3
102.5
no'.00 27!7
117.36 31.49

100 146.67 49.2

1.55
1.968
3.075
4.429
6.027
7.873
9.963
12.30
14.9
17.71

20.85
24.1

Common Appella-
tion of the

Force of Wind.

Very brisk.

High wind.

Very high storm.

Great storm.

[
Hurricane.

I Immense hurri-

The pressures per square foot in the above table correspond to the
formula P = 0.005 V"^, in which V is the velocity in miles per hour.
Eng'g News, Feb. 9, 1893, says that the formula was never well established,
and has floated chiefly on Smeaton's name and for lack of a better. It
was put forward only for surfaces for use in windmill practice. The
trend of modern evidence is that it is approximately correct only for such
surfaces, and that for large, solid bodies it often gives greatly too large
results. ^Observations by others are thus compared with Smeaton's
formula:

Old Smeaton formula P = 0.005 F*
As determined by Prof. Martin P = 0.004 F^

" Whipple and Dines P = 0.0029 F"

At 60 miles per hour these formulas give for the pressure per square foot,

18, 14.4, and 10.44 lbs., respectively, the pressure varying by all of them as
the square of the velocity. Lieut. Crosby's experiments (Eng'g, June 13,
1890), claiming to prove that P = fV instead of P = fV^, are discredited.
Experiments by M. Eiffel on plates let fall from the Eiffel tower in Paris

gave coefficients of F^ ranging from 0.0027 for small plates to 0.0032 for
plates 10 sq. ft, area. For plates larger than 10 sq. ft. the coefficient
re.Tiained constant at 0.0032. — Eng'g, May 8, 1908.

A. R. Wolff (" The Windmill as a Prime Mover," p. 9) gives as the theo-
retical pressure per sq. ft. of surface, P=dQv/g, in. which d = density of

air in pounds per cu. ft. = ~
r-^^ , P being the barometric pres-

sure per square foot at any level, and temperature of 32° F., t any
absolute temperature, Q = volume of air carried along per square foot in
onesecond, •v = velocity of the wind in feet per second, 9^ = 32.16. Since
Q = -y cu. ft. per sec, P=dv^/g. Multiplying this by a coefficient 0.93
found by experiment, and substituting the above value of d, he obtains

P = —^oV^Ja^^
^ ^ ,and when p= 21 16.5 lb. per sq.ft., or average

t X 32.16 _Q

, . .X, , , T, 36.8929
atmospheric pressure at the sea-level, P = ; „ , „ • , an ex-

^^^^^^- 0,018743

pression in which the pressure is shown to vary with the temperature

;

and he gives a table showing the relation between velocity and pressure
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for temperatures from 0° to 100° F., and velocities from 1 to 80 miles per
hour. For a temperature of 45° F. the pressures agree with those in
Smeaton's table, for 0° F. they are about 10 per cent greater, and for 100°,
10 per cent less.

Pjof. H. Allen Hazen, Eng'g News, July 5, 1890, says that experiments
with whirling arms, by exposing plates to direct wind, and on locomotives
with velocities running up to 40 miles per hour, have invariably shown the
resistance to vary with V^. The coefficient of F^ has been found in some
experiments with very short whirling arms and low velocities to vary with
the perimeter of the plate, but this entirely disappears with longer arms
or straight line motion, and the only quection now to be determined is

the value of the coefficient. Perhaps some of the best experiments for
determining this value were tried in France in 1886 by carrying flat

boards OR trains. The resulting formula in this case was, for 44.5 miles
per nour, p = 0.00535 SV^.

Prof. Kernot, g1 Melbourne {Eng. Rec, Feb. 20, 1894), states that
experiments at the Forth Bridge showed that the average pressure on sur-
faces as /arge as railway carriages, houses, or bridges never exceeded two-
thirds of that upon email surfaces of one or two square feet, and also that
an inertia effect, which is frequently overlooked, may cause some forms
of anemometer to give false results enormously exceeding the correct
indication. Experiments made by Prof. Kernot at speeds varying from
2 to 15 miles per hour agreed with the earlier authorities. The pressure
upon one side of a cube, or of a block proportioned like an ordinary
carriage, was found to be 0.9 of that upon a thin plate of the same area.
The same result was obtained for a square tower. A square pyramid,
whose height was three times its base, experienced 0.8 of the pressure
upon a thin plate equal to one of its sides, but if an angle was turned to
the wind the pressure was increased by fully 20%. A bridge consisting
of two plate-girders connected by a deck at the top was foimd to expe-
rience 0.9 or the pressure on a thin plate equal in size to one girder, when
the distance between the girders was equal to their depth, and tliis was
increased by one-fifth when the distance between the girders was double
the depth. A lattice-work in which the area of the openings was 65% of
the whole area experienced a pressure of 80% of that upon a plate of the
same area. The pressure upon cyUnders and cones was proved to be equal
to half that upon the diametral planes, and that upon an octagonal prism
to be 20% greater than upon the circumscribing cylinder. A sphere was
subject to a pressure of 0.36 of that upon a thin circular plate of equal
diameter. A hemispherical cup gave the same result as the sphere; when
its concavity was turned to the wind the pressure was 1.15 of that on a
flat plate of equal diameter. When a plane surface parallel to the direc-
tion of the wind was brought nearly into contact with a cylinder or sphere,
the pressure on the latter bodies was augmented by about 20%, owing to
the lateral escape of the air being checked. Thus it is possible for the
security of a tower or chimney to be impaired by the erection of a building
nearly touching it on one side.
Pressures ofTV^lnd Registered in Storins. — Mr. Frizell has examined

the published records of Greenwich Observatory from 1849 to 1869, and
reports that the highest pressure of wind he finds recorded is 41 lb. per
sq. ft., and there are numerous instances in which it was between 30 and
40 lb. per sq. ft. Prof. Henry says that on Mount Washington, N. H., a
velocity of 150 miles per hour has been observed, and at New York City
60 miles an hour, and that the highest winds observed in 1870 were of 72
and 63 miles per hour, respectively. Lieut. Dunwoody, U. S. A., says,
in substance, that the New England coast is exposed to storms which
produce a pressure of 50 lb. per sq. ft.— Eng. News, Aug. 20, 1880.

WEVDMnXS.
Power and Efficiency of Windmills. — Rankine, S. E., p. 215, gives

the following: Let Q = volume of air which acts on the sail, or part of a
sail, in cubic feet per second, v = velocity of the wind in feet per second,
s = sectional area of the cylinder, or annular cylinder of wind, through
wliich the sail, or part of the sail, sweeps in one revolution, i? = a coeffi-
cient to be found by experience; then Q = cvs. Rankine, from experi-
mental data given by Smeaton, and taking c to include an allowance for
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friction, gives for a wheel with four sails, proportioned in the best manner,
c =» 0.75. Let A = weather angle of tUe sail at any distance from the
axis, i.e., the angle the portion of the sail considered makes with its plane
of revolution. This angle graduallj'- diminishes from the inner end of the
sail to the tip; m = the velocity of the same portion of the sail, and E =
the efficiency. The efficiency is the ratio of the useful work performed to
the whole energy of the stream of wind acting on the surface s of the wheel,
which energy is Dsv^ -^ 2g, D being the weight of a cubic foot of air»

Rankine's formula for efficiency is

in which c == 0.75 and /is a coefficient of friction found from Smeaton's
data = 0.016. Rankine gives the following from Smeaton's data:

A = weather-angle =7® 13° 19°

F •• V = ratio of speed of greatest
efficiency, for a given
weather-angle, to that
ofthewind =2.63 1.86 1.41

i? -= efficiency =0.24 0.29 0.31

Rankine gives the following as the best values for the angle of weather
at different distances from the axis:

Distance in sixths of total radius 12 3 4 5 6
Weather angle 18° 19° 18° 16° I2V2'* 7°

But Wolff (p. 125) shows that Smeaton did not term these the best
angles but simply says they "answer as well as any," possibly any that
were m existence innis time. Worn" says tnat tney •' cannot in the nature
of things be the most desirable angles." Mathematical considerations,
he says, conclusively show that the angle of impulse depends on the
relative velocity of each point of the sail and the wind, the angle growing
larger as the ratio becomes greater. Smeaton's angles do not fulfil this
condition. Wolff develops a theoretical formula for the best angle of
weather, and from it calculates a table of the best angles for different
relative velocities of the blades and the wind, which differ widely from
those given by Rankine.

A. R. Wolff, in an article in the American Engineer, gives the following
(see also his treatise on Windmills)

:

Let c = velocity of wind in feet per second;
n = number of revolutions of the windmill per minute;
60. &i. &2, h^ be the breadth of the sail or blade at distances Zoi lu It,

Iz, and I, respectively, from the axis of the shaft

;

lo = distance from axis of shaft to beginning of sail or blade pro: er.
I = distance from axis of shaft to extremity of sail proper;
Vq, Ti, Vi., vz, v^ = the velocity of the sail in feet per second at dis-

tances lo, h, h, h, I, respectively, from the axis of the shaft;
flo. 0,1, fl2, as, a^ = the angles of impulse for maximum effect at dis-

tances lo, h, h, I3, I, respectJTely, from the axis of the shaft;
a = the angle of impulse when the sails or blocks are plane surfaces

so that there is but one' angle to be considered;
N = number of sails or blades of windmill;
K = 0.93;
d = density of wind (weight of a cubic foot of air at average tem-

perature and barometric pressure where mill is erected)

;

W = weight of wind-wheel in pounds;
/ = coefficient of friction of shaft and bearings;
D = diameter of bearing of windmill in feet.

The effective horse-power of a windmill with plane sails will equal

^^7- X mean of \ vn (sin a cos a )&o c'^° "
550 g _ \ \ c /

.,(slna-^-co.a)vosa} _ /^X 0^05236 .P .
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The effective horse-power of a windmill of shape of sail for maximum
effect equals

2200 g ^
lof

(

2 sinS ap
-&o.

2 sln^ ai - 1 ,

2 sin2 a^ — 1

' slrP'oI '

^)-
/TFX 0.05236 wD .

550

The mean value of quantities in brackets is to be found according to
Simpson's rule. Dividing I into 7 parts, finding the angles and breadths
corresponding to these divisions by substituting them in quantities within
brackets will be found satisfactory. Comparison of these formulae with
the only fairly reliable experiments in windmills (Coulomb's) showed a
close agreement of results.

Approximate formulae of simpler form for windmills of present con-
struction can be based upon the above, substituting actual average values
for a, c, d, and e, but since improvement in the present angles is possible,
It is better to give the formulae in their general and accurate form.

"Wolff gives the following table, based on the practice of an American
manufacturer. Since its preparation, he says, over 1500 windmills have
been sold on its guaranty (1885), and in all cases the results obtained did
not vary sufficiently from those presented to cause any complaint. The
actual results obtained are in close agreement with those obtained by
tixeoretical analysis of the impulse of wind upon windmill blades.

Capacity of the Windmill.

1

a 1
^ 6 Gallons of Water raised per Minute

.

of

Houra

during

8

Result

tained.

g
m a

to an Elevation of

.2

iif III
25 50 75 100 150 200

> Ph feet. feet. feet. feet. feet. feet.
a"^-

wheel
?v.ft. 16

16

16

70 to 75

60 to 65
55 to 60

6.162
19.179
33.941

3.016
9.563
17.952

0.04
0.12
0.21

8
6.638
11.851

4.750
8.485

8

12 •• 5.680 8

14 •• 16 50 to 55 45.139 22.569 15.304 11.246 7.807 4,998 28 8

16 •• 16 45 to 50 64.600 31.654 19.542 16,150 9 771 8 075 0.41 8

18 " 16 40 to 45 97.682 52.165 32.513 24.421 17.485 12.211 0.61 8

20 •• 16 35 to 40 124.950 63.750 40.800 31.248 19 284 15,938 0,78 8

25 " 16 30 to 35 212.381 106.964 71 .604 49.725 37.349 26.741 1.34 8

These windmills are made in regular sizes, as high as sixty feet diameter
of wheel; but the experience with the larger class of mills is too limited to
enable the presentation of precise data as to their performance.

If the wind can be relied upon in exceptional localities to average a
higher velocity for eight hours a day than that stated in the above table,

the performance or horse-power of the mill will be increased, and can be
obtained by multiplying the figures in the table by the ratio of the cube
of the higher average velocity of wind to the cube of the velocity above
recorded.
He also gives the following table showing the economy of the windmill.

All the items of expense, including both interest and repairs, are reduced
to the hour by dividing the costs per annum by 365 X 8 = 2920; the
Interest, etc., for the twenty-four hours being charged to the eight hours of
actual work. By multiplying the figures in the 5th column by 584, the
first cost of the windmill, in dollars, is obtained.
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Economy of the Windmill.

-g

n
la

^11
Expense of Actual Useful Power

raDeveloped, in Cents, per Hour.

Designa-
tion of
Mill.

u

Is
o

Average

Number

Hours

per

Day

dui

which

this

Quan

will

be

raised.

For

Interest

on

First

Cost

(First

Cost,

including

Cost

of

Windmill,

Pump,

and

Tower,

5
%
per

Annum)

For

Repairs

and

Depreciation

(5%

of

First

Cost

per

Annum).

i

<
u

o

1
i

Ii|

wheel
81/2 ft. 370 0.04 8 0.25 0.25 0.06 0.04 0.60 15.0
10 •• 1151 17. 8 0.30 0.30 0.06 0.04 0.70 «> 8
12 " 2036 21 8 0.36 0.36 06 04 82 59
14 " 2708 0.28 8 0.75 0.75 0.06 0.07 1.63 58
16 " 3876 0.41 8 1.15 1.15 0,06 0,07 2 43 5,9
18 " 5861 0.61 8 1.35 1.35 0.06 0.07 2.83 4.6
20 " 7497 0.79 8 1.70 1.70 0.06 O.IO 3.56 4.5
25 " 12743 1.34 8 2.05 2.05 0.06 0.10 4.26 3.2

Prof. De Volson Wood {Am. Math., Oct. 29, 1896) quotes some results

by Thos. O. Perry on three wheels, each 5 ft. diam.: A, a good "stock"
wheel, B and C, improved wheels. Each wheel was tested with a dyna-
mometer placed 1 ft. from the axis of the wheel, and it registered a
constant load at that point Of 1.9 lbs. The velocity of the wind in each
-'est was 8.45 miles per hour = 12.4 ft. per second. The number of turns

jer minute was: A, 30.67; B, 38.13; C, 56.50. The efficiency was: A,
0.142; B, 0.176; C, 0.261. The work of wheel C was 674.5 ft. lb. per
min. = 0.020 H.P. Assuming that the power increases as the square
of the diameter and as the cube of the velocity, a wheel of the quahty of

C, 121/2 ft. diam., with a wind velocity of 17 miles per hour, would be re-

quired for 1 H.P.; but wheel C had an exceptionally high efficiency, and
Buch a high delivery would not likely be obtained in practice.

Prof. O. P. Hood {Am. Mach., April 22, 1897) quotes the following

results of experiments by E. C. Murphy; the mills were tested by pumping
water:
Wind, miles per hour 8 12. 16. 20. 25. 30
Strokes per min., Mill No. 1, 8-ft. wheel . . 10.2 19.3 25.3 28.1 25
Strokes per min., Mill No. 2, 8-ft. wheel 8 20.2 26.1 28. 27.5 .

.

Strokes per min.. Mill No. 3, 12-ft. wheel . . 4.8 12.7 18.8 23.3 25
Strokes per min.. Mill No. 4. 12-ft. wheel .. 6.2 11.9 14.7 16.

Mill No. 3 was loaded nearly 90% heavier than mill No. 4.

In a 25-mile wind, seven 12-ft. mills developed, respectively, 0.379,
0.291, 0.309, 0.6, 0.247, 0.219, and 0.184 H.P.; and five 8-ft. mills, 0.043,
0.099, 0.059, 0.099, and 0.005 H.P. These effects include the effects of
pumps of unknown and variable efficiency. The variations are largely
due to the variable relation of the fixed load on the mill to the most
favorable load which that mill might carry at each wind velocity. With
each mill the efficiency is a maximum only for a certain load and a certain
velocity, and for different loads and velocities the efficiency varies greatly.
The useful work of mill No. 3 was equal to 0.6 H.P. in a 25-mile -wind,
and its efficiency was 5.8%. In a 16-mile wind the efficiency rose to 12.1 %,
and in a 12-mile wind it fell to 10.9%. The rule of the power developed,
varying as the cube of the velocity, is far from true for a single wheel
fitted with a single non-adjustable pump, and can only be true when the
work of the pump per stroke is adjusted by varying the stroke of the
pump, or by other means, for each change of velocity.

R. M. Dyer {The Iowa Engineer, July, 1906; also Mach^y, Aug., 1907)
gives a brief review of the history of windmills, and quotes experiments
by T. O. Perry, E, C. Murphy, Prof. F. H. King, and the Aermotor Co.
Mr. Perry's experiments are reported in pamphlet No. 20 of the Water
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Supply and Irrigation Papers of the U. S. Geological Survey, Mr. Murphy's
in pamphlets Nos. 41 and 42 of the same Papers, and Prof, King's, in
Bulletin No. 82 of the Agricultural Experiment Station of the University
of Wisconsin. The Aermotor Co.'s experiments are described in catalogues
of that company. Some of Mr. Dyer's conclusions are as follows:

Experiments showed that 7/8 of the zone of interruption could be covered
with sails ; that the gain in power in from 3/4 to 7/8 of the surface was so small
that the use of the additional material was not justifiable; that the sail

surface should extend only two-thirds the distance from the outer diam-
eter to the center; that a wheel running behind the carrying mast is not
nearly as efficient as one running in front of the mast; that there should
be the least possible obstruction behind the wheel; that to be efficient

the velocity of the travel of the vertical circumference of the wheel
should be from 1 to II/4 times the velocity of the wind, hence the
necessity of back gearing to reduce the pump speed to 40 strokes per
minute as a maximum, which is the limit of safety at which ordinary
pumps can be operated.

I hold that no manufacturer will be able to produce a marketable
motor which will absorb and deliver, when acted upon by an elastic fluid,

like air, in which it is entirely surrounded and submerged, more than
35% of the kinetic energy of the impinging current.

Theoretical demonstrations show that the kinetic energy of the air,

impinging on the intercepted area of a wheel, varies as the cube of the
wind velocity: consequently, the power of windmills of the same type
varies theoretically as the square of the diameter and as the cube of the
wind velocity; but as a wheel is designed to give its best efficiency in low
winds, say 10 to 15 miles per hour, we cannot expect that th ^ same
angle of sail would obtain the same percentage of efficiency in v. .nds of
considerably higher velocity.

The ordinary wheel works most efficiently under wind velocities of from
10 to 12 miles per hour; such wheels will give reasonable efficiency in from
5- to 6-mile winds, while, if the wind blows more than 12 miles per hour,
there will be power to spare. Our wheel must work in light winds, such
being nearly always present, while the higher velocities only occur at
intervals. Mills built for grinding purposes, or geared mills, will develop
power almost approaching to the cube of the wind velocity, within reason-
able limits, as their speed need not be kept down to a certain number of
revolutions per minute, as in the case of the pumping mill.

Should this theoretic condition hold, the following table, showing the
amount of power for different sizes of mills at different wind velocities,
would apply: Figures show Horse Power.

5 10 15 20 25 30 35 40
Size mile. mile. mile. mile. mile. mile. mile. mile.
8 ft 0.011 0.088 0.297 0.704 1.375 2.176
12 ft 0.025 0.20 0.675 1.6 3.125 5.4 8.57 12.8
16 ft 0.045 0.36 1.215 2.88 5.52 9.75 15.3 21.04
These figures have been proven by laboratory tests at velocities

ranging from 10 to 25 miles per hour and more practically by the
Murphy tests on mills actually in use, which show very close relation
at the wind velocities at which the mills are best adapted.
The Miu-phy figures are as follows:

Size of mill. 10 mile. 15 mile. 20 mile.
12 ft. 0.21 H.P. 0.58 H.P. 1.05 H.P.
16 ft. 0.29 0.82 1.55

For higher wind velocities the Murphy values fall much imder the
theoretical values, but the range of velocities over which his experi-
ments extend does not justify any change in the general law except
inasmuch as common sense teaches us that theoretic conditions can
rarely be attained in actual practice.

In view of the fact that a windmill does not work as efficiently in
high winds as in winds under 20 miles per hour my experience would
lead me to beheve that the following figures (H.P.) would be the
probable extension of the Murphy tests:

Size of mill. 25 mile. 30 mile. 35 mile. 40 mile.
12 ft. 2.5 4 5 6
16 ft. 4. 6 8 10

A 20-ft. mill would deliver approximately 50% greater than a 16-ft
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The foregoing table must be translated with reasonable allowances for
conditions under which wind wheels must work and which cannot well
be avoided, e.g: Pumping mills must be made to regulate off at a certain
maximum speed to prevent damage to the attached pumping devices.
The regulating point is usually; between 20- and 25-mile wind velocities,

so that no matter how much higher the wind velocity may be the power
absorbed and deUvered by the wheel will be no greater than that indicated
at the regulating point.

Electric storage and lighting from the power of a windmill has been
tested on a large scale for several years by Charles F. Brush, at Cleveland,
Ohio. In 1887 he erected on the grounds of his dwelling a windmill 66 ft.

in diameter, that operates with ordinary wind a dynamo at 500 revolutions
per minute, with an output of 12,000 watts — 16 electric horse-power —
charging a storage system that gives a constant lighting capacity of 100
16 to 20 candle-power lamps. The current from the dynamo is auto-
matically regulated to commence charging at 330 revolutions and 70 volts,

and cutting the circuit at 75 volts. Thus, by its 24 hours' work, the
Storage system of 408 cells in 12 parallel series, each cell having a capacity

of 100 ampere-hours, is kept in constant readiness for all the requirements
of the estabhshment, it being fitted up with 350 incandescent lamps,
about 100 being in use each evening. The plant runs at a mere nominal
expense for oil, repairs, and attention. (For a fuller description of this

£lant, and of a more recent one at Marblehead Neck, Mass., see Lieut.

iCwis's paper in Engineering Magazine, Dec, 1894, p. 475.)

COMPRESSED AIR.

Heating of Air by Compression. — Kimball, in his treatise on Physi-
cal Properties of Gases, says: When air is compressed, all tlie work which
Is done in the compression is converted into heat, and shows itself in the
rise in temperature of the compressed gas. In practice many devices are
employed to carry off the heat as fast as it is developed, and keep the tem-
perature down. But it is not possible in any way to totally remove this
difficulty. But, it may be objected, if all the work done in compression is

converted into heat, and if this heat is got rid of as soon as possible, then
the work may be virtually throv/n away, and the compressed air can have
no more energy than it had before compression. It is true that the com-
pressed gas has no more energy than the gas had before compression, if

Its temperature is no higher, but the advantage of the compression lies in
bringing its energy into more available form.
The total energy of the compressed and uncompressed gas is the same

at the same temperature, but the available energy is much greater in the
former.
When the compressed air is used in driving a rock-drill, or any other

piece of machinery, it gives up energy equal in amount to the work it does,
and its temperature is accordingly greatly reduced.

Causes of Loss of Energy in Use of Compressed Air. (Zahner, on
Transmission of Power by Compressed Air.) — 1. The compression of
air always develops heat, and as the compressed air always cools down to
the temperature of the surrounding atmosphere before it is used, the
raechamcal equivalent of this dissipated heat is work lost.

2. The heat of compression increases the volume of the air, and hence
it is necessary to carry the air to a higher pressure in the compressor in
order that we may finally have a given volume of air at a given pressure,
and at the temperature of the surrounding atmosphere. The work spent
in effecting this excess of pressure is work lost.
• 3. Friction of the air in the pipes, leakage, dead spaces, the resistance
offered by the valves, insufficiency of valve-area, inferior workmanship,
and slovenly attendance, are all more or less serious causes of loss of
power.
The first cause of loss of work, namely, the heat developed by compres-

sion, is entirely unavoidable. The whole of the mechanical energy which
the compressor-piston spends upon the air is converted into heat. This
heat is dissipated by conduction and radiation, and its mechanical equiva-
lent is work lost. The compressed air, having again reached thermal
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equilibrium with the surrounding atmosphere, expands and does work in
an air motor, losing temperature and intrinsic energy in proportion to
the work done.
A large fall in temperature will cause any moisture in the air to

freeze, and, unless the air is pre-heated before use in the motor, per-
mitting it to expand to more than two voliunes will cause difficulties.

It is for this reason, and also because of the heat-losses in the compressor,
that the lower the pressure at which compressed air is used for power
transmission the more efficient is the system. Against the increased
efQciencies of the lower pressures must be balanced the higher cost of
the mechanisms, on account of size, to utilize the lower pressures.
The intrinsic energy of any gas is the energy whJch it is capable of

exerting against a piston in changing from a given state as to temper-
ature and volume to a total privation of heat and indefinite expansion.
The intrinsic energy of 1 lb. of gas at any pressure and volume is the
product of its absolute temperature and its specific heat at constant
volume. (See Thermodynamics.)
Loss due to Excess of Pressure caused by Heating in the Com-

pression-cylinder. — If the air during compression were kept at a con-
stant temperature, the compression-curve of an indicator-diagram taken
from the cylinder would be an isothermal curve, and would follow the law

of Boyle and Mariotte, pv = a constant, or pivi = PqVq, or pi = po —,Povq

being the pressure and volume at the beginning of compression", and
PiVi the pressure and volume at the end, or at any intermediate point.
But as the air is heated during compression the pressure increases faster
than the volume decreases, causing the work required for any given pres-
sure to be increased. If none of the heat were abstracted by radiation or
by injection of water, the curve of the diagram would be an adiabatic

curve, with the equation pi = po f—j . Cooling the air during com-

pression, or compressing it in two cylinders, called compounding, and
cooling the air as it passes from one cylinder to the other, reduces the
exponent of tliis equation, and reduces the quantity of work necessary to
effect a given compression. F. T. Gause (Am. Mach., Oct. 20, 1892),
describing the operations of the Popp air-compressors in Paris, says:
The greatest saving reahzed in compressing in a single cylinder was 33 per
cent of that theoretically possible. In cards taken from the 2000 H.P.
compound compressor at Quai De La Gare, Paris, the saving realized is

85 per cent of the theoretical amount. Of this amount only 8 per cent is

due to cooling during compression, so that the increase of economy in the
compound compressor is mainly due to cooling the air between the two
stages of compression. A compression-curve with exponent 1.25 is the
best result that was obtained for compression in a single cylinder and
cooling with a very fine spray. The curve with exponent 1.15 is that
which must be realized in a single cyUnder to equal the present economy
of the compound compressor at Quai De La Gare.

Adiabatic and Isothermal Compression.— Theoretically, air may
be compressed adiabatically, in which case all the heat of compression
is retained in the air, or isothermaUy, in which case the heat of com-
pression is removed as rapidly as it is generated, by some refrigerating
process. Adiabatic compression is impossible as some of the heat will

be radiated into the compressor walls, and isothermal compression is

practically impossible, as the^heat must be generated before it can bo
absorbed. The best practical results that have been obtained by
compressing air in a single stage compressor make it possible to save
approximately one-third of the loss due to the heat generated in the
compressor.

Formulae for Adiabatic Compression or Expansion of Air (op
Other Sensibly Perfect Gas).

Let air at an absolute temperature Ti, absolute pressure pi, and volume
vi be compressed to an absolute pressure pa and corresponding volume vz
and absolute temperature Tr, or let compressed air of an initial pressure,
volume, and temperature P2, V2, and T2 be expanded to pi, vi, and Ti, there
beinif no transmission of heat from or into the air during the operatiorv
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Then the following equations express the relations between pressure,
volume, and temperature (see works on Thermodynamics):

Vi \pj ' pi \V2/ ' V2 \tJ '

Ti \V2/ ' Ti \pj ' Pi \tJ

The exponents are derived from the ratio c^, -*• c^ = fc of the specific

heats of air at constant pressure and constant volume. Taking k =
1.406, l-*-fc = 0.711; fc - 1 = 0.406; 1 -J- (& - 1) = 2.463; k -h

(& - 1) = 3.463; (fc - 1) -V- fc = 0.289.
Work of Adiabatic Compression of Air. — If air is compressed in a

cylinder without clearance from a volume vi and pressure pi to a smaller
• volume V2 and higher pressure pz, work equal to pivi is done by the external
air on the piston while the air is drawn into the cylinder. Work is then
done by the piston on the air, first, in compressing it to the pressure pj
and volume V2, and then in expelling the volume V2 from the cylinder

against the pressure P2. If the compression is adiabatic, piVi = P2V3 =
constant, k = 1.406. . .

The work of compression of a given quantity of air is, in foot-pounds,

or 2.463 pivx
I (^J'

" - 1
}

= 2.463 PiVi
{
(g)°*"-

1 } •

/j,,\ 0.29

The work of expulsion is P2V2 — PiVi ( — )

The total work is the sum of the work of compression and expulsion less
5he work done on the piston during admission, and it equals

n effective pressiu-e during the stroke is

Pi and Pa are absolute pressures above a vacuum, in pounds per square
foot.

^
Example. — Required the work done in compressing 1 cubic foot of

air per second from 1 to 6 atmospheres, including the work of expulsion
from the cylinder.

P2 *• pi = 6; 60-29 - 1 = 0.681; 3.463 X 0.681 = 2.358 atmospheres
X 14.7 = 34.66 lb. per sq. in. mean effective pressure, X 144 = 4991 lb.
per sq. ft., X 1 ft. stroke= 4991 ft.-lb., -4- 550 ft.-lb. per second = 9.08 H.P.

If 72 = ratio of pressures = P2 -^ pi, and it Vi = 1 cubic foot, the work
done m compressing 1 cubic foot from pi to p2 is, in foot-pounds,

3.463 pi (JJ 0-29- 1),

Pi being taken in lb. per sq. ft. For compression at the sea level pi may
be taken at 14 lbs. per sq. in. = 2016 lb. per sq. ft,, as there is some loss
of pressure due to friction of valves and passages.

Horse-power required to compress and deliver 100 cubic feet of free air
per minute = 1.511 Pi (i2o-29 _ 1); p^ being the pressure of the free air in
pounds per sq. in., absolute.
Example. To compress 100 cu. ft. from 1 to 6 atmospheres. Pi = 14.7:

« = 6: 1.511 X 14.7 X 0.681 == 15.13 H.P.
Indicator-cards from compressors in good condition andunderworking-

speeds usually follow the adiabatic line closely. A low curve indicates
piston leakage. Such cooling as there may be from the cylinder-jacket
and the re-expansion of the air in clearance-spaces tends to reduce the
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mean effective pressure, while the "camel-backs" in the expulsion-line,
due to resistance to opening of the discharge-valve, tend to increase it.

Work of one stroke of a compressor, with adiabatic compression, in
foot-pounds,

W= 3.463 Pi Vi (R 0-29- 1).

in which Pi = initial absolute pressure in lb. per sq. ft. and Vi = volume
traversed by piston in cubic feet.

The work done during adiabatic compression (or expansion) of 1 pound
of air from a volume vi and pressure pi to another volume V2 and pressure

P2 is equal to the mechanical equivalent of the heating (or cooling). If

h is the higher and t2 the lower temperature, Fahr., the work done is

c„J (fi — ^2) foot-pounds, Cp being the specific heat of air at constant

volume = 0.1689, and J = 778, c^J = 131.4.

The work during compression also equals

Ra being the value of pv -i- absolute temperature for 1 lb. of air =

The work during expansion is

53.32.

2.463 pi..[l -(§)"•"] = 2.463 P2V2 (^ -'].

in which pivi are the initial and P2V2 the final pressures and volumes.
Compound Compression, with Air Cooled between the Two Cyl-

inders. {Am. Mach., March 10 and 31, 1898.) — Work in low-pressure
cylinder = Wi, in high-pressure cylinder W2. Total work

TFi + TF2 = 3.46 PiVi [riO-29 + i20.29x n -o-29 - 2].

Ti = ratio of pressures in 1. p. cyl., r-2 = ratio in h.p. cyl., R = rir2. When
n = r2 = ^R, the sum Wi + Tr2 is a minimum. Hence for a given total
ratio of pressures, R, the work of compression, will be least when the ratio-'
of the pressures in each of the two cylinders are equal.

The equation may be simplified, when Vi = V/e, to the following:

TFi + PF2 = 6.92 PiFi [i20i« - 1].

Dividing by Vi gives the mean effective pressure reduced to the low-
pressure cylinder M.E. P. = 6.92 Pi [i^o- 145 _ 1]

In the above equation the compression in each cylinder is supposed to
be adiabatic, but the intercooler is supposed to reduce the temperature
of the air to that at which compression began.

Horse-power required to compress adiabatically 100 cu. ft. of free air
per minute in two stages with intercooling, and with equal ratio of com-
pression in each cylinder, = 3.022 Pi (Ro i^^-l); Pi being the pressure in
lbs. per sq. in., absolute, of the free air, and P the total ratio of compression.
Example. To compress 100 cu. ft. per min. from 1 to 6 atmospheres.

P = 14.7; P = 6; 3.022 X 14.7 X 0.2964 = 13.17 H.P.

Mean Effective Pressures of Air Compressed in Two Stages, assum-
ing tlie Intercooler to Reduce the Temperature to tliat at which
Compression Began. (P. A. Halsey, Am. Mach., Mar. 31, 1898.)

R. PO.145.

M.E.P.
from
14 lbs.

Initial.

Ultimate
Saving
by Com-
pound-
ing,%.

R, P0-"5.

M.E.P.
from
14 lbs.

Initial.

Ultimate
Saving
by Com
pound-
ing,%.

5.0 1.263 25.4 11.5 9.0 1.375 36.3 15.8

5.5 1.280 27.0 12.3 9.5 1.386 37.3 16.2
6.0 1.296 28.6 12.8 10 1.396 38.3 16.6

6.5 1.312 30.1 13.2 11 1.416 40.2 17.2
7.0 1.326 31.5 13.7 12 1.434 41.9 17.8

7.5 1.336 32.8 14.3 13 1.451 43.5 18.4

8.0 1.352 34.0 14.8 14 1.466 45.0 19.0

8.5 1.364 35.2 15.3 15 1.481 46.4 19.4

R = final -i- initial absolute pressure.
M.E.P. = mean effective pressure, lb. per sq. in., based on 14 lb.

absolute initial pressure reduced to the low-pressxu'e cylindra*.
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^d find the Index of the Curve of an Air-diagram. If PiVt be
pressure and volume at one point on the curve, and P V the pressure and

p /Vi\^
volume at another point, then p- = ^) , in which x is the index to be

found. Let P -^_Pl = R, and Fi -^ F = r; then R = r^; log R =x log r.

whence x = log 2? ~ log r. (See also graphic method on page 602.)

Pressures, Volumes, Mean Effective Pressures, and Final Temper-
atures, in Single-stage Compression from 1 Atmosphere and 60° Fahr.
(Contributed by M. C. Wilkinson, San Pedro, Cal., 1914.)

M. E. P. of Final Tem-
Pressure. Volume Stroke perature.

oJ 1
a 1^

1

fi f. fl Ito »

^ pQ
s §H ^A IfcJ ^^ x»^ ^^

O < < O w H w H W
1 2 3 4 5 6 7 8 9 10

14.7 1.0 1 .0000 1.000 1.000 0.000 0.000 60.0 60.0
1 15.7 1.068 0.9363 0.948 0.954 0.974 0.982 66.3 70.0
2 16.7 1.136 .8803 .903 .910

1 .896 1.913 73.4 79.6
3 17.7 1.204 .8305 .862 .876 2.778 2.810 79.7 88.8
4 18.7 1.272 .7862 .825 .841 3.624 3.681 85.6 97.6
5 19.7 1.340 .7463 .791 .812 4.432 4.510 91.7 106.1
10 24.7 1.680 .5952 .660 .692 8.041 8.267 116.9 144 5
15 29.7 2.020 .4950 .570 .607 11.099 11.515 .138.5 177.7
20 34.7 2.360 .4237 .503 .544 13.774 14.396 157.5 207.1
25 39.7 2.701 .3702 .452 .494 16.155 16.998 174.3 233.6
30 44.7 3.041 .3288 .411 .454 18.309 19.375 189.5 257.9
35 49.7 3.381 .2955 .377 .421 20 259 21 .569 203.5 280.3
40 54.7 3.721 .2687 .349 .393 22.101 23.610 216.3 301.2
45 59.7 4.061 .2462 .326 .370 23.777 25.529 228.2 320 8
50 64.7 4.401 .2272 .303 .349 25.358 27.331 239.4 339.2
55 69.7 4.742 .2109 .288 .329 26 842 29.037 249.9 356.7
60 74.7 5.082 .1968 .272 .315 28.239 30.661 259.8 373.2
65 79.7 5.422 .1844 .258 .301 29.562 32.808 269.2 388.9
70 84.7 5.762 .1736 .247 .288 30.826 33.680 278.1 404.0
75 89.7 6.102 .1639 .235 .277 32.031 35.105 286.6 418.6
80 94.7 6.442 .1552 .225 .266 33.185 36.469 294.8 432.5
85 99.7 6.782 .1474 .216 .257 34.288 37.782 302.6 446.0
90 104.7 7.122 .1404 .208 .248 35.346 39.050 310.1 458.9
95 109.7 7.463 .1340 .200 .240 36.368 40.277 317.3 471.4
100 114.7 7.803 .1282 .192 .233 37.354 41.463 324.3 483.5
105 119.7 8.143 .1228 .185 .226 33.401 42.613 331.0 495.3
no 124.7 8.483 .1179 .181 .219 39.220 43.728 337.5 506.7
115 129.7 8.823 .1133 .175 .213 40.109 44.813 343.8 517.8
120 134.7 9.163 .1091 .170 .207 40.969 45.866 349.9 528.6
125 139.7 9.503 .1052 .165 .202 41.807 46.900 355.8 539.1
130 144.7 9.844 .1015 .160 .197 42.623 47.898 361.6 549.3
135 149.7 10.184 .0982 .156 .192 43.416 48.880 367.2 559.3
140 154.7 10.524 .0950 .152 .188 44.189 49.832 372.6 569.0
145 159.7 10.864 .0921 .148 .184 44.938 50.769 377.9 578.6
150 164.7 11.204 .0893 .145 .180 45.766 51.681 383.1 587.9
160 174.7 11.884 .0841 .138 .172 47.084 53.451 393.1 606.0
170 184.7 12.565 .0796 .132 .166 48.429 55.147 402.7 623.3
180 194.7 13.245 .0755 .126 .160 49.723 56.781 411.8 641.0
190 204.7 13.295 .0718 .121 .154 50.968 58.359 420.6 656.1
200 214.7 14.605 .0685 .117 .147 52.156 59.881 429.0 671.7

Columns 1, 2 and 3 give the relative pressure readings in gage,
absolute and atmospheric pressures.
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Column 4 gives the relative volumes of the air after compression and
with the temperature reduced to 60° F. These are the volumes that
are available for use in the operation of the driven mechanisms.
Column 5 gives the relative volumes of the air as the compressor

has to deal with it.

Column 7 gives the mean effective pressures of a single stroke of the
compressor, including the compression and expulsion of air from the
cylinder. In computing the power required to operate the com-
pressor a certain percentage (usually from 5 to 20) must be added
ror mechanical friction and valve resistance and other compressor
characteristics.
Column 9 gives the temperature of the air as it leaves the com-

pressor.
Columns 6, 8 and 10 give the theoretical, final volvmies, mean effec-

tive pressures and final temperatures of air compressed adiabatically.

Mean EflEective Pressures of Air Compressed Adiabatically.

(F. A. Halsey, Am. Mach., Mar. 10, 1898.)

M.E.P. from M.E.P. from
R. /eo--9. 14 lbs.

Initial.
R. i20-29. 14 lbs.

Initial.

1.25 1.057 3.24 4.75 1.570 27.5
1.50 1.125 6.04 5 1.594 28.7
1.75 1.176 8.51 5.25 1.617 29.8
2 1.223 10.8 5.5 1.639 30.3
2.25 1.265 12.8 5.75 1.660 31.8
2.5 1.304 14.7 6 1.681 32.8
2.75 1.341 16.4 6.25 1.701 33.8
3 1.375 18.1 6.5 1.720 34.7
3.25 1.407 19.6 6.75 1.739 35 6

3.5 1.438 21.1 7 1.757 36.5
3.75 1.467 22.5 7.25 1.775 37.4
4 1.495 23.9 7.5 1.793 38.3
4.25 1.521 25.2 8 1.827 39.9
4.5 1.546 26.4

R = final -r- initial absolute pressure
M.E.P. =mean effective pressure, lb.

Horse-power required to com-
press and deliver One Cubic Foot
of Free Air per minute to a given
Sregsure with no cooling of the air
uring the compression; also the

horse power required, supposing the
air to be maintained at constant
temperature during the compression.

Air constant
temperature.

0.0188
0.0333
0.0551

0.0713
0.0843
0.0946
0.1036
0.1120
0.1195
0.1261
0.1318

The horse-power given above is the theoretical power, no allowance
being made for friction of the compressor or other losses, which may
amount to 10 per cent or more.

Gauge- Air not
pressure. cooled.

5 0.0196
10 0.0361
20 0.0628
30 0.0846
40 0.1032
50 0.1195
60 0. 1342
70 0.1476
80 0.1599
90 0.1710
100 0.1815

». per sq. in. , based on 14 lb. initial.

H.P. required to compress and
deliver One Cubic Foot of Com-
pressed Air per minute at a given
pressure (the air being measured at
the atmospheric temperature) with
no cooling of the air during the
compression; also supposing the ail
to be maintained at constant tem-
perature during the compression.

Gauge- Air not Air constant
pressure. cooled. temperature.

5 0.0263 0.0251
10 0.0606 0.0559
20 0.1483 0.1300
30 0.2573 0.2168
40 0.3842 0.3138
50 0.5261 0.4166
60 0.6818 0.5266
70 0.8508 0.6456
80 1.0302 0.7700
90 1.2177 0.8979
100 1.4171 1.0291
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Compressed-air Engines* Adiabatie Expansion. — Let the initial
pressure and volume taken into the cylinder be Pi lb, per sq. ft. and Vi
cubic feet ; let expansion take place to p2 and V2 according to the adiabatie
law piuii-41 = p2V2i-^i; then at the end of the stroke let the pressure drop
to the back-pressure Ps, at which the air is exhausted. Assuming no
clearance, the work done by one pound of air during admission, measured

above vacuum, is pivi, the work during expansion is 2.463 PiVt 1 -

and the negative or back pressure work is —P3V2. The totalen-
work is PiVt + 2.4 'H?n- P3V2, and the mean effective pres-

sure is the total work divided by V2.

If the air is expanded down to the back-pressure ps the total work is

3.463 piVi \ 1 -iff
or, in terms of the final pressure and volume,

SA63PSV2
{{ff''

-1}.

and the mean effective pressure is

3.463.3{(|-r-l|.

The actual work is reduced by clearance. When this is considered, the
product of the initial pressure pi by the clearance volume is to be sub-
tracted from the total work calculated from the initial volume vi, including
clearance. (Seep. 961 under "Steam-engine.")

Mean and Terminal Pressures of Compressed Air used Expansively
for Gauge Pressures from 60 to 100 lb.

(Frank Richards, Am. Mach., April 13, 1893.)

!

Initial Pressure.

60 70 80 90 100

6

3 u 14 H M 1^^ gj Id
1 II H ft ft ft H ft

.25 23.6 10.65 28.74 12.07 33.89 13.49 39.04 14.01 44.19 1.33

.30 28.9 13.77 34.75 0.6 40.61 2.44 46.46 4.27 53.32 6.fr

J3
32.13 0.96 38.41 3.09 44.69 5.22 50.98 7.35 57.26 9.48

33.66 2.33 40.15 4.38 46.64 6.66 53.13 8.95 59.62 11.23

f 35.85 3.85 42.63 6.36 49.41 7.88 56.2 11.39 62.98 13.89

.40 37.93 5.64 44.99 8.39 52.05 11.14 59.11 13.83 66.16 16.64

.45 41.75 10.71 49.31 12.61 56.9 15.86 64.45 19.11 72.02 22.36

.50 45.14 13.26 53.16 17. 61.18 20.81 69.19 24.55 77.21 28.33

.60 50.75 21.53 59.51 26.4 68.28 31.27 77.05 36.14 85.82 41.01

f 51.92 23.69 60.84 28.85 69.76 34.01 78.69 39.16 87.61 44.32

1 53.67 27.94 62.83 33.03 71.99 38.68 81.14 44.33 90.32 49.97

.70 54.93 30.39 64.25 36.44 73.57 42.49 82.9 48.54 92.22 54.59

.75 56.52 35.01 66.05 41.68 75.59 48.35 85.12 55.02 94.66 61.69

.80 57.79 39.78 67.5 47.08 77.2 54.38 86.91 61.69 96.61 68.99

i 59.15 47.14 69.03 55.43 78.92 63.81 88.81 72. 98.7 80.28

.90 59.46 49.65 69.38 58.27 79.31 66.89 89.24 75.52 99.17 87.82

Pressures in italics are absolute; all others are gage pressures
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AIR COMPRESSION AT AI.TITUDES.
(IngersoU-Rand Co. Copyright, 1906, by F. M. Hitchcock.)

Multipliers to Determine the Volume of Free Air which, when
Compressed, is Equivalent in Effect to a Given Volume of Free
Air at Sea Level.

Alti-

Barometric
Pressure. Gauge Pressure (Pounds).

Feet. In. of
Mercury.

Lb. per
Sq. In.

60 80 100 125 150

1,000 28.88 14.20 1.032 1.033 1.034 1.035 1.036
2,000 27.80 13.67 1.064 1.066 1.068 1.071 1.072
3,000 26.76 13.16 1.097 1.102 1.105 1.107 1.109
4,000 25.76 12.67 1.132 1.139 1.142 1.147 1.149
5,000 24.79 12.20 1.168 1.178 1.182 1.187 1.190
6,000 23.86 11.73 1.206 1.218 1.224 1.231 1.234
7,000 22.97 11.30 1.245 1.258 1.267 1.274 1.278
8,000 22.11 10.87 1.287 1.300 1.310 1.319 1.326
9,000 21.29 10.46 1.329 1.346 1.356 1.366 1.374
10.000 20.49 10.07 1.373 1.394 1.404 1.416 1.424

Horse-power Developed in Compressing One Cubic Foot of Free Alff
at Various Altitudes from Atmospheric to Various Pressures.

Initial Temperature of the Air in Each Cylinder Taken as 60** F.; Jacket
Cooling not Considered ; Allowance made for usual losses.

Simple Compression. Two Stage Compression.

Altitude,
Feet.

Gauge Pressure
(Pounds). Gauge Pressure (Pounds).

60 80 100 60 80 100 125 150

1,000

2,000
3,000
4,000

5,000
6,000
7,000
8,000
9,000
10,000

0.1533
0.1511
0.1489
0.1469
0.1448
0.1425
0.1402
0.1379
0.1358
0.1337
0.1316

0.1824
0.1795
0.1766
0.1739
0.1712
0.1685
0.1656
0.1628
0.1600
0.1572
0.1547

0.2075
0.2040
0.2006
0.1971
0.1939
0.1906
0.1872
0.1839
0.1807
0.1774
0.1743

0.1354
0.1332
0.1310
0.1286
0. 1263

0. 1241

0.1218
0.1197
0.1173
0.1151
0.1132

0.1580
0.1553
0.1524
0.1493
0.1464
0.1438
0.1409
0.1383
0.1358
0.1329
0.1303

0.1765
0.1734
0.1700
0.1666
0.1635
0.1600
0.1566
0.1536
0.1504
0.1473
0.1442

0.1964
0.1926
0.1887
0. 1848
0.1810
0.1772
0.1737
0.1700
0.1662
0.1627
0.1592

0.2138
0.2093
0.2048
0.2003
0.1963
0.1921
0.1879
0.1838
0.1797
0.1758
0.1717

ExAMBtE.— Required the volume of free air which when compressed
to 100 lb. gauge at 9,000 ft. altitude will be equivalent to 1,000 cu. ft.

of free air at sea level; also the power developed in compressing this
volume to 100 lb. gauge in two stage compression at this altitude.
From first table the multiplier is 1.356. Equivalent free air = 1,000 X

1.356 = 1,356 cu. ft.

From second table, power developed in compressing 1 cu. ft. of free air
is 0.1473 H.P.; 1,356 X 0.1473 = 199.73 H.P.
The Popp Compressed-air System in Paris. — A most extensive

system of distribution of power by means of compressed air is that of
M. Popp, in. Paris. One of the central stations is laid out for 24,000
horse-power. For a very complete description of the system, see Engineer-
ing, Feb. 15, June 7, 21, and 28, 1889, and March 13 and 20, April 10, and
May 1, 1891. Also Proc. Inst. M. E., July, 1889. A condensed descrip-
tion will be found in Modern Mechanism, p. 12.

Utilization of Compressed Air in Small Motors. — In the earliest

stages of tlie Popp system in Paris It wg^s recognized that no good results
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could be obtained if the air were allowed to expand direct into the Kiotor;
not only did the formation of ice due to the expansion of the air rapidly
accumulate and choke the exhaust, but the percentage of useful work
obtained, compared with that put into the air at the central station, was
so small as to render commercial results hopeless.

After a number of experiments M. Popp adopted a simple form of
cast-iron stove lined with fire-clay, heated either by a gas jet or by a
small coke fire. Tliis apparatus answered the desired purpose until a
better arrangement was perfected, and the type was accordingly adopted
throughout the whole system. The economy resulting from the use of
the improved form was very marked.

It was found that more than 70% of the total heating value of the fuel
employed was absorbed by the air and transformed into useful work.
The efficiency of fuel consumed in this way is at least six times greater
than when utilized in a boiler and steam-engine. According to Prof,
Riedler, from 15% to 20% above the power at the central station can be
obtained by means at the disposal of the power users. By heating the
air to 480° F. an increased efficiency of 30% can be obtained.
A large number of motors in use among the subscribers to the Com-

pressed Air Company of Paris are rotary engines developing 1 H.P. and
less, and these in the early times of the industry were very extravagant
in their consumption. Small rotary engines, working cold air without
expansion, used as high as 2330 cu. ft. of air per brake H.P. per hour,
and with heated air 1624 cu. ft. Working expansively, a 1-H.P. rotary
engine used 1469 cu. ft. of cold air, or 960 cu. ft. of heated air. and a
2-H.P. rotary engine 1059 cu. ft. of cold air, or 847 cu. ft. of air, heated
to about 122° F.
The efficiency of this type of rotary motors, with air heated to 122" F.,

may now be assumed at 43%.
Tests of a small Riedinger rotary engine, used for driving sewing-

macliines and indicating about 0.1 H.P., showed an air-consumption of
1377 cu. ft. per H.P. per hour when the initial pressure of the air was
86 lb. per sq. in. and its temperature 54° F., and 988 cu. ft. when the air

was heated to 338° F., its pressure being 72 lb. With a 1/2-H.P. variable-
expansion rotary engine the air-consumption was from 800 to 900 cu. ft.

per H.P. per hour for initial pressures of 54 to 85 lb. per sq. in. with the
air heated from 336° to 388° F., and 1148 cu. ft. with cold air, 46° F., and
an initial pressure of 72 lb. The volumes of air were all taken at atmos-
pheric pressure.

Trials made with an old single-cylinder 80-horse-power Farcot steam-
engine, indicating 72 H.P., gave a consumption of air per brake H.P. as
low as 465 cu. ft. per hour. The temperature of admission was 320° F.,
and of exhaust 95° F.

Prof. Elliott gives the following as typical results of efficiency for
various systems of compressors and air-motors:

Simple compressor and simple motor, efficiency 39.1%
Compound compressor and simple motor, " 44.9

" compound motor, efficiency. . 50.7
Triple compressor and triple motor, efficiency 55.3

The efficiency is the ratio of the I.H.P. in the motor cylinders to the
I.H.P. in the steam-cylinders of the compressor. The pressure as-

sumed is 6 atmospheres absolute, and the losses are equal to those
foimd in Paris over a distance of 4 miles.
Summary of Eflaclencies of Compressed-air Transmission at Paris,
between the Central Station at St. Fargeau and a lO-horse-power
MotorWorking witii Pressure Reduced to 4 1/2 Atmosplieres.

(The figures below correspond to mean results of two experiments cold and
two heated.)

One indicated horse-power at central station gives 0.845 I.H.P. in com-
pressors, and corresponds to the compression of 348 cu. ft.' of air per hour
from atmospheric pressure to 6 atmospheres absolute.

0.845 I.H.P. in compressors delivers as much air as will do 0.52 I.H.P,
In adiabatic expansion after it has fallen to the normal temperature of the
mains. v»
The fall of pressure in mains between central station and Paris (say 5

Islloroetres) reduces the possibility of work from 0.52 to 0.51 I.H.P.
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The further fall of pressure through the reducing valve to 4 1/2 atmos-
pheres (absolute) reduces the possibility of work from 0.51 to 0.50.

Incomplete expansion, wire-drawing, and other such causes reduce the
actual I.H.P. of the motor from 0.50 to 0.39.

By heating the air before it enters the motor to about 320° F., the
actual I.H.P. at the motor is, however, increased to 0.54. The ratio of
gain by heating the air is, therefore, 0.54 -^ 0.39 = 1.38.

In this process additional heat is supplied by the combustion of about
0.39 lb. of coke per I.H.P. per hour, and if this be taken into account, the
real indicated efficiency of the whole process becomes 0.47 instead of 0.54.
Working with cold air the work spent in driving the motor itself reduces

the available horse-power from 0.39 to 0.26.
Working with heated air the work spent in driving the motor itself

reduces the available horse-power from 0.54 to 0.44.
A summary of the efficiencies is as follows:
Efficiency of main engines 0.845.
Efficiency of compressors 0.52 -?- 0.845 = 0.61.
Efficiency of transmission through mains 0.51 -i- 0.52 = 0.98.
Efficiency of reducing valve 0.50 -^ 0.51 = 0.98.
The combined efficiency of the mains and reducing valve between 5 and

41/2 atmospheres is thus 0,98 X 0.98 = 0.96. I£ the reduction had been
to 4, 31/2, or 3 atmosphere's, the corresponding efficiencies would have
been 0.93, 0.89, and 0.85 respectively.

Indicated efficiency of motor 0.39 -4- 0.50 = 0.78,
Indicated efficiency of whole process with cold air 0.39. Apparent

indicated efficiency of whole process with heated air 0.54.
Real indicated efficiency of whole process with heated air 0.47.
Mechanical efficiency of motor, cold, 0.67.
Mechanical efficiency of motor, hot, 0.81.

IngersoU-Rand Co.'s Air Compressors.*

Straight Line Povp-er-Driven Compressors, Class "ER-1."
Air Pressiu-e 10 to 125 Pounds per sq. in.

Cylinders, Piston Air Brake Cylinders, Piston Air Brake
Inches. Dis- Pres. H.P. at Inches. Dis- Pres. H.P. at

place-
ment

De-
signed

Motor,
includ-

place-
ment

De-
signed

Motor,
includ-. 6 0)

J
^ Cu.ft. for ing B Cu.ft. for ing
M per Lb. Belt .3 u per Lb. Belt
OQ Min. Gage. Loss. ^ m Min. Gage. Loss.

6 6 52 80-125 8 -10 10 10 210 80-125 33-38
7 6 72 50-100 91/2-12 12 10 304 50-100 38-50
8 6 94 25- 50 91/2-12 14 10 415 20-50 32-50
9 6 121 10- 25 10 -121/4 17 10 615 10- 20 27-48
12 6 215 10- 15 -

8 8 113 80-125 17 -22 12 12 340 80-125 54-61

9 8 145 60-100 191/2-24 14 12 464 45-100 53-73
10 8 179 25- 60 18 -25 17 17. 688 30-45 55-73
12 8 258 15-25 201/2-25 20 12 955 15- 30 35-70
14 8 354 10- 15 21 -25

Stroke, inches 6
Revolutions per minute. . 275
Belt wheel 36 X 5i/;

8 10 12
250 235 220

45 X 8I/2 58 X 101/2 72 X 141/2

These machines are also built for steam-drive.

* These tables are considerably abridged from the originals, and show
only the small and medium-sized machines. Large machines up to
8,500 cu. ft. capacity are made, usually of special designs.
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« IMPEEIAL XB-1" Duplex Power-Driven Compressors.
Air Pressure 15 to 100 Pounds per sq. in.

i
6^

1
S3

1

i2.

PQPhW

«
i
o

Ij

0< M s s sa
7 10 198 60-100 27-37 14 14 916 35-40 93-102
8 10 258 40-55 29-35 16 14 1198 25-30 99-112
9 10 327 27-35 27-34 18 14 1518 15-20 87-108
10 10 405 22-25 29-33
11 10 491 15-20 28-35 13 16 826 80-100 135-154

14 16 959 65-75 142-155
8 12 289 75-100 47-55 15 16 1103 45-60 129-155
9 12 367 55-70 50-58 17 16 1419 30-40 129-158
10 12 454 40-50 51-58 19 16 1775 20-25 123-145
11 12 549 27-35 4^57 21 16 2171 15-20 126-157
12 12 655 22-25 47-54
13 12 770 15-20 44-55 15 16a 1100 80-100 181-206

16 16a 1253 55-75 188-202
9 12a 365 85-100 62-69 18 16a 1592 35-50 161-205
10 12a 453 60-80 64-75 21 16a 2168 25-30 177-202
11 12a 549 47-55 66-74 24 16a 2836 15-20 162-202
12 12a 654 37-45 67-78
13 12a 769 25-35 63-80 15 20 1254

.
75-100 197-232

15 12a 1025 15-20 58-72 \7 20 1615 50-70 204-251
19 20 2020 35-45 214-242

11 14 563 80-100 94-106 22 20 2714 25-30 223-255
12 14 671 60-75 95-108 25 20 3508 15-20 203-253
13 14 789 45-55 94-106

Stroke of cylinder, in. . 10 12 12a 14 16 16a 20
Revolutions per rain . . 225 210 210 185 170 170 155
Belt wheel, diameter in. 54 60 72 84 96 96 108
Belt wheel, face in 8 1/2 10 1/2 12 1/2 16 1/2 20 1/2 28 1/2 311/2

"Imperial XB-2" Two-Stage PowER-DRivEisr Air Compressors.
For air pressure of 80 to 100 poujids per sq. in.—For sea level.

Diameter of Air
Cylinders, Inches Rev.

per
Min.

Piston
Dis-

place-
ment,
Cu. Ft.
Free Air
per Min.

Brake H.P.
Required at
Belt Wheel.

Belt
Wheel.

T.W High
Press.

Stroke.

Air Pressure.
Diam.,
Inches.

Face,
Press. 80 103 Inches.

10
12
14
16
19
22
23

6V2

10
12
13
14

10
12
12
14
16
16
20

225
210
210
185
170
170
155

203
327
446
599
888
1190
1482

32
50
68
92
i35
183
226

36
57
76
104
152
206
254

54
60
72
84
96
96
108

8V2
101/2
I2V2 -
16 1/2
20 1/2
281/2
31 1/2

For 5,000 feet altitude the low-pressure cylinders are made 1 inch
larger diameter, and for 10,000 feet altitude 2 inches larger.

"ImperialX-2" Duplex Steam-driven Two-Stage Air Compressors.
Air cylinders of the same dimensions as the XB-2 compressors.

The duplex steam cylinders have diameters 7, 8, 9, 10, 12, and li
inches. The 14 X 20-inch cyUnder is designed for 150 r. p. m.
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Duplex Steam-Driven "Imperial X-1" Compressors.

For air pressures of 15 to 100 lb. per sq. in.—Steam, 80 to 120 lb.

Cylinder il. (U g C8 .
Cylinder i2

£ o i
Diam., In,

If!

Diam., In.

is II
W §3

Mi
5-M k g |l

«

P 1

-I

Q w iB< Qm Q M £b< HH

7 10 225 198 60-100 28-38 lo" 14 14 185 916 35-40 96-105
7 8 10 225 258 40-55 30-36 10 16 14 185 1198 25-30 103-116

7 9 10 225 327 27-35 27-34 10 18 14 185 1518 15-20 90-112
7 10 10 225 405 22-25 29-34

7 11 10 225 491 15-20 29-36 12 13 16 170 826 80-100 141-161

12 14 16 170 959 65-75 149-162

8 8 12 210 289 75-100 48-57 12 15 16 170 1103 45-60 135-163
8 9 12 210 367 55-70 51-60 12 17 16 170 1419 30-40 135-165

8 10 12 210 454 40-50 53-61 12 19 16 170 1775 20-25 128-151

8 11 12 210 549 27-35 46-59 12 21 16 170 2171 15-20 131-164

8 12 12 210 655 22-25 47-56

8 13 12 210 770 15-20 46-57 14 15 16 170 1100 80-100 186-212

14 16 16 170 1253 55-75 173-209

9 9 12 210 365 85-100 65-72 14 18 16 170 1592 35-50 16^212
9 10 12 210 453 60-80 67-79 14 21 16 170 2168 25-30 183-208

9 11 12 210 549 47-55 69-78 14 24 16 170 2836 15-20 168-209
9 12 12 210 654 37-45 69-81

9 13 12 210 769 25-35 6^84 14 15 20 150 1213 75-100 19fr-232

9 15 12 210 1025 15-20 61-76 14 17 20 150 1562 50-70 204-251
14 19 20 150 1955 35-45 204-242

10 11 14 185 563 80-100 98-110 14 22 20 150 2626 25-30 224-255
10 12 14 185 671 60-75 98-112 14 25 20 150 3395 15-20 203-253
10 13 14 185 789 45-55 97-110

Compound Steam Cylinders for "Imperial X" Compressors.

For substituting in place of Duplex Steam Cylinders in the "Imperial
X-1 and X-2" Tables for Steam-Pressures of 100 to 120 Lbs.

Condensing or Non-Condensing.

Compound Engines with Plain "D"
Steam Valves.

Compound Engines with Meyer
Cut-off Valves.

Standard
Duplex
Steam

Cylinders.

Standard
Compound
Steam

Cylinders.

Stroke.
Standard
Duplex
Steam

Cylinders.

Standard
Compound
Steam

Cylinders.

Stroke.

7& 7

9&9

7& 11

8& 13
10& 16

10
12
12

10& 10
12& 12
14& 14
14& 14

12& 19
14&22
16&25
16&25

14
16
16
20

Tests of Power-driven Air Compressors.—R. L. Webb, Portland, Ore.,
has fxunished the author with a copy of a complete report of a test
made by him in 1912, of three air compressors, two of them 18 in. diam.
X 12 in. stroke, rated at 1000 cu. ft. per min. displacement, and the
third 22 X 12 in., rated at 1500 cu. ft. Nos. 1 and 3 were designed for
35 to 45 lb. gage-pressure and No. 2 for 15 to 20 lb. The compres-
sors were driven by 500 volt d.c. shunt, commutating pole motors, with
a speed range of 2 to 1, through Link-Belt silent chain drives, 2 in. pitch,
9 in. wide, chain speed, 1600 ft. per min., pinions 17 and 64 teeth, chain
gear eflBciency about 98%; gear submerged in oil. The speed control
was regulated by the air pressure. The air delivered was measured
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by the orifice method, ilsing Fliegner's equation. The results of ths
tests are summarized in the table below:

Tests of Air Compeessors.

gfe^

Compressor No. 1, 18 X 12 in.

71.6
102.0
143.0

502.1 412.3
715.3 597.4
1002.8 873.3

82.11 45.6 61.2
83.2 67.7 90.7
87.1 87.1 133.4

51.75
75.28
106.73

84.5
83.0
80.0

44.6
44.5
44.2

Compressor No. 2, 22 X 12 in.

70.7
103.8
141.0

749.8
1100.8
1495.3

657.1
986.0
1333.9

85.6
89.5
89.2

42.1
65.0
97.6

56.4
I

48.3
87.1 73.1
130.8 106.5

85.7
83.0
80.0

19.6
19.2
19.5

Compressor No. 3, 18 X 12 in.

70.2
101.0
145.0

492.3
I

371.1
7na -x iiA? )567.2

837.1

75.4
80.1
82.3

43.9 58.8 I 50.0
65.8 88.3 73.4
100.7 135.0 109.1

85.0
84.0
80.7

44.8
44.7
44. 4t

I Steam Required to Compress 100 Cu. Ft. of Free Air. (O. S.
Shantz, Power, Feb. 4, 1908.) —The following tables show the number of
pounds of steam required to compress 100 cu, ft. of free air to different
gauge pressures, by means of steam engines using from 12 to 40 lbs. of
steam per I.H.P. per hour. The figures assume adiabatic compression,
xn the air cyhnders, with intercooling to atmospheric temperature in th©
case of two-stage compression, and 90% mechanical efiaciency of the
compressor.

Steam Consumption of Air Compressors—Single-Stage Compression.

Air
Gage Steam per I.H.P. Hour. Lb.

Pres-
sure. 12 14

1

16 18
1
20 22

1
24 26 28

1
30

1
32 36 40

20 1.36 1.5811.82 2.041 2.26 2.491 2.72 2.94 3.171 3.40 3.61 4.08 4.54

30 1.84 2.14 2.4:) 2.76 3.06 3.37 3,68 3,98 4 29 4 6(1 4 90 5 51 6 12

40 2,26 2 64 3 02 3.39 3.77 4,15 4 52 490 5 26 5 65 6 03 6 78 7,50
50 2.62 3,06 3.50 3,93 4,36 4 80 5 25 5 68 6 10 6 55 7 00 8 86 «7l
60 2.92 3 41 3.90 4.38 4 80 5 36 5 85 6 32 6 80 7 30 7 80 8 76 9 71

70 3.22 3 76 4 30 4 83 5,36 5,90 6 45 6 97 7 50 8 05 8 60 9 66 10,70
80 3.50 4.08 4.67 5 25 5.84 6,42 7.00 7 59 8 15 8 75 9 34 10.50 11.61
90 3.72 4.34 4.96 5,58 6.20 6.82 7.45 8 05 8.66 9 30 9.94 11.15 12.35
100 3.96 4,61 5 29 5 95 6 60 7 25 7 97. 8 58 9 ?,?. 9 90 10 56 11 88 13,15

110 4.18 4.87 5.58 6.26 6,96 7,66 8 36 9 05 9 75 10 45 11 15 12 -52 13.90
120 4.38 5.11 5.85 6.57 7.30 8.04 8.76 9.50 10.20 10.95 11.66 13.13 14.55

Two-Stage Compression.

70 2 82 3 25 3 76 4 23 4 69 5 16 5 63 6 10 6 56 7,04 7,50 8.45 9.35
80 3 01 3 51 4 03 4 57, 5 07 5 53 6 03 6 53 7 03 7 53 8 03 9 05 10 01

90 3 19 3 72 4 26 4 79 5 37 5 85 6 38 6 91 7 44 7 98 8,50 9.57 10.60i

100 3,37 3,93 4,50 5 05 5 61 6 19 6 74 7 30 7.85 8.42 8.99 10.10 11.20)

110 3 54 4 14 4 74 5 37 5 91 6 51 7 10 7 70 8,27 8,86 9.46 10,64 11.801

120 3 69 4 30 4 93 5 54 6 15 6,78 7,38 8 00 8,61 9.24 9 85 11.05 12.27
130 3 83 4 46 5 11 5 75 6 38 7 03 7 66 8 30 8.92 9.57 10.20 11.48 12.72
140 3 96 4 6?. 5 29 5 94 6 60 7 26 7 97 8 60 9 23 9,90 10 56 11.88 13.15'

150 4.10 4.76 5.46 6.14 6.81 7.50 6.74 8.86 9.55 10.20 10.90 12.26 13.60!
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Cubic Feet of Air Bequlred to Run Rock Drills at Various Pressures
and Altitudes.

(Ingersoll-Rand Co., 1908.)

Table I.— ctTBic feet op free air required to run one drill.

3^
Size and Cylinder Diameter of Drill.

A 35
A 32
A 86

B C D D D E F F G H H9

6^ 2" 21// 21/2" 23// 3" 31/8" 33/16" 31/4" 31/2" 35/8" 41// 5" 51/2"

60 50 60 68 82 90 95 97 100 108 113 130 150 164

70 5.1 68 77 93 102 108 110 113 124 129 147 170 181

80 63 76 86 104 114 120 123 127 131 143 164 190 207
90 70 84 95 115 126 133 136 141 152 159 182 210 230

100 77 92 104 126 138 146 149 154 166 174 199 240 252

Table II. — multipliers to give capacity of compressor to operate
FROM 1 to 70 rock. DRILLS AT VARIOUS ALTITUDES.

It Number of Drills.

.4^
1 2 3 4 5 6 7 8 9 10 15 20 25 30 40 50

o|i. 1.8 2.7 3.4 4.1 4.8 5.4 6.0 6.5 7.1 9,5 11 7 137 158 714 7,5 5

1000 1.03 1.85 2.78 3.5 4.22 4.94 5.56 6.18 6.69 7.3 9.78 12,05 14 1 16 3 7.7,0 76 76
2330:1.07 1.92 2.89 3.64 4.39 5.14 5.78 6.42 6.95 7.60 10.17 12.52 1466 16 9 7.7 9 77 28
3000,1.10 1.98 2.97 3.74 4.51 5.28 5.94 6.6 7.15 7.81 10.45 12.87 15 07 17 38 73 54 78 05
5000 1.17 2.10 3.16 3.98 4.8 5.62 6.32 7.02 7.61 8.31 11.12 13.69 16 03 18 49 75 04 79.84
8000 1 .26 2.27 3.40 4.28 5.17 6.05 6.8 7.56 8.19 8.95 11.97 14.74 17 26 199 76,96 32.13
10000 1.32 2.38 3.56 4.49 5.41 6.34 7.13 7.92 8.58 9.37 12.54 15.44 18 08 20 86 28.25 33.66

15030 1.43 2.57 3.86 4.86 5.86 6.86 7.72 8.58 9.3 10.15 13.58 16.73 19.59 22.59 30.6 36.4'3

Example. — Required the amount of free air to operate thirty 5-inch
"H" drills at 8,000 ft. altitude, using air at a gauge pressure of 80 lb. per
sq. in. From Table I, we find that one 5-inch " H " drill operating at 80 lb.
gauge pressure requires 190 cu. ft. of free air per minute. From Table
II, the factor for 30 drills at 8,000 feet altitude is 19.9; 190 X 19.9 =
3781 = the displacement of a compressor under average conditions, to
which must be added pipe line losses.

The tables above are for fair conditions in ordinary hard rock. In
soft material, where the drilUng time is short more driUs can be run with
a given compressor than when working in hard material. In tunnel
work, more rapid progress can be made if the drills are run at high air

pressure, and it is advisable to have an excess of compressor capacity
of about 25%. No allowance has been made in the tables for friction

of pipe nne losses.

Compressed-air Table for Pumping Plants^

(Ingersoll-Rand Co., 1908.)

The following table shows the pressure and volume of air required for
any size pump for. pumping by compressed air. Reasonable allowances
have been m.ade for loss due to clearances in pump and friction in pipe.
To find the amount of air and pressure required to pump a given quan-

tity of water a given height, find the ratio of diameters between water
and air cyUnders, and multiply the number of gallons of water by the
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figure found in the column for the required lift. The result is the number
of cubic feet of free air. The pressure required on the pxmip will be foimd
directly above in the same column. For examnle: The ratio between
cylinders being 2 to 1, required to pump 100 gallons, height of lift 250
feet. We find under 250 feet at ratio 2 to 1 the figures 2.11 ; 2.11 X 100 =
211 cubic feet of free air. The pressure required is 34.38 pounds deliv-
ered at the pump piston.

Ratio of

Perpendicular Height, in Feet, to which the Water
is to be Pumped.

25 50 75 100 125 150 175 200 250 300 400

1 to l{ A
B
A
B
A
B
A
B
A
B
A
B

13.75
0.21

27.5
0.45
12.22
0.65

41.25
0.60
18.3?
0.80
13.75
0.94

55.0
0.75

24.44
0.95
19.8

1.14
13.75

1.23

68.25
0.89
30.33
1.09

22.8
1.24

17.19
1.37

13.75
1.53

82.5
1.04

36.66
1.24

27.5
1.30

20.63
1.52

16.5
1.68

13:2
1.79

96.25
1.20

42.76
1.39

32.1
1.54

24.06
1.66

19.25

1.83

15.4
1.98

110.0
1.34

48.88
1.53

36.66
1.69

27.5
1.81

22.0
1.97

17.6
2.06

1 1/2 to 1

{

61.11
1.83

45.83
1.99

34.38
2.11

27.5
2.26

22.0
2.34

73.32
2.12
55.0
2.39

41.25
2.40

33.0
2.56

26.4
2.62

97.66
2.70

73 33
I 3/4 to 1

1 2 88

2 to 1
55.0
? 98

21/4 to 1
44
3 I"*

21/3 to 1
35 2
3 18

A = air-pressure at pump. B = cubic feet of free air per gallon of water.

Gompressed-air Table for Hoisting-engines.

(Ingersoll-Iland Co., 1908.)

The following table gives an approximate idea of the volume of free air
required for operating hoisting-engines, the air being delivered to the
engine at 60 lbs. gauge. There are so many variable conditions to the
operation of hoisting-engines in common use that accurate computations
can only be offered when fixed data are given. In the table the engine is

assumed to actually run but one-half of the time for hoisting, while the
compressor runs continuously. If the engine runs less than one-half the
time, the volume of air required will be proportionately less, and vice
versa. The table is computed for maximum loads, which also in practice
may vary widely. From the intermittent character of the work of a
hoisting-engine the parts are able to resume their normal temperature
between the hoists, and there is little probability of freezing up the
exha,ust-passages.

Volume of Free Air Required for Operating Hoisting-engines, the

Air Compressed to 60 Pounds Gauge Pressure.

SiNGLE-CYLINDEE HoiSTING-ENGINE.

Diam. of
Cylinder,
Inches.

Stroke,
Inches.

Revolu-
tions per
Minute.

Normal
Horse-
power.

Actual
Horse-
power.

Weight
Lifted, .

Single
Rope.

Cubic Ft.
of Free Air
Required.

5
5

61/4

81/4

6
8
8
10

10

12

12

200
160

160

125

125

110

110

3
4
6
10

15

20
25

5.9
6.3
9.9
12.1

16.8
18.9
26.2

600
1,000

1,500

2,000

3,000
5,000

6,000

75
80
125

151

170

238
330
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Double-cylinder Hoisting-engine.

Diam. of
Stroke,
Inches.

Revolu- Normal Actual Weight
Lifted,
Single
Rope.

Cubic Ft.
Cylinder, tions per Horse- Horse- of Free Air
Inches. Minute. power. power. Required.

5 6 200 6 11.8 1,000 150

5 8 160 8 12.6 1,650 160

61/4 8 160 12 19.8 2,500 250
7 10 125 20 24.2 3,500 302
81/4 10 125 30 33.6 6,000 340
81/2 12 no 40 37.8 8,000 476
10 12 no 50 52.4 10,000 660
121/4 15 100 75 89.2 1,125

14 18 90 100 125. 1,587

Practical Results with Compressed Air.— Comvressed-air System
at the Chapin Mines, Iron Mountain, Mich. — These mines are three miles
from the falls which supply the power. There are four turbines ut the
falls, one of 1000 horse-power and three of GOO horse-power each. The
pressure is 60 pounds at 60° Fahr. Each turbine runs a pair of compress-
ors. The pipe to the mines is 24 ins. diameter. The power i? applied at
the mines to CorUss engines, running pumps, hoists, etc., and direct to
rock-drills.
A test made in 1888 gave 1430.27 H.P. at the compressors, and 390.17

H.P. as the sum of the horse-power of the engines at the mines. There-
fore, only 27% of the power generated was recovered at the mines. This
includes the loss due to leakage and the loss of energy in heat, but not the
friction in the engines or compressors. (F. A. Pocock, Trans. A. I. M. E.,
1890.)
W. L. Saunders (/owr. F.7., 1892) says: "There is not a properly designed

compressed-air installation in operation to-day that loses over 5% by
transmission alone. The question is altogether one of the size of pipe;
and if the pipe is large enough, the friction loss is a small item.

" The loss of power in common practice, where compressed air is used
to drive machinery in mines and tunnels, is about 70% . In the best prac-
tice, with the best air-compressors, and without reheating, the loss is about
60%. These losses may oe reduced to a point as low as 20% by combin-
ing the best systems of reheating with the best air-compressors."
Gain due to Reheatinj?. — Prof. Kennedy says compressed-air trans-

mission system is now being carried on, on a large commercial scale,
in such a fashion that a small motor four miles away from the central
station can indicate in round numbers 10 horse-power, for 20 horse-
power at the station itself, allowing for the value of the coke used in heat-
ing the air.

The limit to successful reheating lies in the fact that air-engines can-
not work to advantage at temperatures over 350°.
The efficiency of the common system of reheating is shown by the re-

sults obtained v.ith the Popp system in Paris. Air is admitted to the
reheater at about 83°, and passes to the engine at about 315°, thus being
increased in volume about 42%. The air used in Paris is about 11 cubic
feet of free air per minute per horse-power. The ordinary practice in
America with cold air is from 15 to 25 cubic feet per minute per horse-
power. When the Paris engines were worked without reheating the air

consumption was increased to about 15 cubic feet per horse-power per
minute. The amount of fuel consumed during reheating is trifling.

Eflfect of Temperature of Intake upon the Discharge of a Com-
pressor. — Air should be drawn from outside the engine-room, and
from as cool a place as possible. The gain in efficiency amounts to one
per cent for every five degrees that the air is taken in lower than the
temperature of the engine-room. The inlet conduit should have an area
at least 50% of the area of the air-piston, and should be made of wood,
brick, or other non-conductor of heat.

Di;3charge of a compressor having an intake capacity of 1000 cubic feet

per minute, and volumes of the discharge reduced to cubic feet at atmos-
pheric pressure and at temperature of 62 degrees Fahrenheit:

Temperature of Intake, F 0° 32° 62° 75° 80° 90° 100° 110°

Volume discharged, cubic ft. 1135 1060 1000 975 966 949 932 916
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Compressed-Air Motors with a Return Air Circuit.—In the ordinary
use of motors, such as rock-drills, the air, after doing its work in the
motor, is allowed to escape into the atmosphere. In some systems,
however, notably in the electric air-drill, the air exhausted from the
cylinder of the motor is returned to the air compressor. A marked
increase in economy is claimed to have been effected in this way (Cass.
Mag., 1907).

Intercoolers for Air Compressors.—H. V. Haight (Am. Mach.,
Aug. 30, 1906). In multi-stage air compressors, the eflQciency is greater
the more nearly the temperatm-e of the air leaving the intercooler ap-
proaches that of the water entering it. The difference of these tem-
peratures for given temperatures of the entering water and air is

diminished by increasing the surface of the intercooler and thereby
decreasing the ratio of the quantity of air cooled to the area of cooling
surface. Numerous tests of intercoolers with different ratios of quan-
tity of air to area of surface, on being plotted, approximate to a straight-
line diagram, from which the following figures are taken.

Cu. ft. of free air per min. per sq. ft. of air cooling surface 5 10 15
Diflf.of temp.F°.between water entering and air leaving 12.5° 25° 37.5°

Centrifugal Air Compressors.—The General Electric Company has
placed on the market a line of single stage centrifugal air compressors
with pressure ratings from 0.75 to 4 lb. per sq. in., and capacity from
500 to 10,000 cu. ft. of free a,ir per min. The compressor consists
essentially of a rotating impeller surrounded by a rigid cast-iron casing
and suitable conversion nozzles to convert velocity of the air into
pressure. It is similar to the centrifugal pump, efficiency depending
entirely upon the design of the passages throughout the machine.
The compressors are driven by Curtis steam-turbines or by electric

motors specially designed for them. The induction motors used are of
the squirrel-cage type which do not permit any variation in the speed
and care must be taken to specify a pressure sufficiently high to cover
the operating requirements, because the pressure cannot be varied
at constant speed without altering the design of the impeller. The
pressure of the D. C. motor-driven unit can be changed by changing
the speed of the motor by means of the field rheostat.

Standard Off-Standard Off-Standard
Designs, Designs, Designs,

Motor 3450 r.p.m. 3450 r.p.m. 3850 r.p.m. Pipe
Rating
H.P. Lb. Cu. Ft. Lb. Cu. Ft. Lb. Cu. Ft.

Diam.,
Inches.

per per per per per per
Sq. In. Min. Sq. In. Min. Sq. In. Min.

5 800 0.75 1,100 1.25 600 JO
10 1,600 0.75 2,100 1.25 1,300 12
20 3,200 0.75 4,100 1.25 2,600 16
30 4,500 0.75 5,900 1.25 3,800 20
50 7,200 0.75 8,800 1.25 6,000 20
75 10,200 0.75 12,000 1.25 8,700 26

10 2 750 1.5 1,000 2.50 500 8
20 2 1,600 1.5 2,100 2.50 1,200 10
30 2 2,500 1.5 3,300 2.50 1,900 12
50 2 4,200 1.5 5,400 2.50 3,300 16
75 2 6,200 1.5 8,000 2.50 5,000 20

30 3.25 1,250 2.5 1,800 4.00 900 8
50 3.25 2.400 2.5 3,200 4.00 1,900 12
75 3.25 3,800 2.5 5,000. 4.00 3,000 14

Multi-stage compressors have been built in the following sizes:

Cubic feet free air
per minute 4,500 9,000 16,000 25,000 40,000 50,000.

Pressure, pounds
per square inch. . 6 to 35 6 to 25 8 to 25 12 to 30 12 to 30 12 to 30

As in the case of centrifugal pumps, the presstire depends upon the
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peri2)heral velocity of the impeller. The volume of free air delivered
is limited, however, by the capacity of the driver. It must never be
operated without being piped to a load sufficient to restrict the flow of
air to the rated value, otherwise the driver will become seriously
overloaded.
The power required to drive the centrifugal compressor varies ap-

proximately with the volume of air delivered when operating at a
constant speed, between the limits of 50 per cent and 125 per cent of
the rated load. This gives flexibihty and economy to the centrifugal
type where variable volumetric loads are required.
When the compressor is operating as an exhauster discharging against

atmospheric pressure, the rated pressure P, in lb. per sq. in., must
be multiplied by 14.7 and then divided by 14.7 plus P to obtain the
vacuum in lbs. per sq. in. below atmosphere. The rated pressures are
?iven for an atmospheric pressure of 14.7 lb. per sq. in. and a tempera-
biu-e of 60° F. When the compressors are operated at an altitude, the
pressure will be reduced directly in proportion to the barometric
pressure. For other temperatu; es, the pressures will be inversely
proportioned to the absolute temperature, or P X 520 -h (460+ r°).
When operated on gas the rated pressure is co be corrected by multiply-
ing it by the relative density of the gas, taking air =1. A large
number of machines have been installed to operate on illuminating
gas, by-product coke oven gas, or producer gas. Constant suction
governors controlling the speed of the turbine drivers are employed
where close control of the suction head is desired, as in the case of gas

Ten large machines (2000 to 5000 H.P.) for blowing blast furnaces
have also been installed. These have steam turbines for drivers and
are controlled by constant volume governors, giving a constant speed,
so that a definite volume of air per minute is delivered, regardless of
bhe resistance of the furnace,

High-Pressure Centrifugal Fans. — (A. Rateau, Engg., Aug. 16, 1907.)
In 1900, a single wheel fan driven by a steam turbine at 20,200 revs, per
min. gave an air pressure of 81/4 lbs. per sq. in.; an output of 26.7 cu. ft.

free air per second; useful work in H.P. adiabatic compression, 45.5;
theoretical work in H.P. of steam-flow, 162; efficiency of the set, fan and
turbine, 28%. An efficiency of 30.7% was obtained with an output of
23 cu. ft. per sec. and 132 theoretical H.P. of steam. The pressure
obtained with a fan is — all things being equal — proportional to the
specific weight of the gas which fiows through it; therefore, if, instead of
air at atmospheric pressure, air, the pressure of which has already been
raised, or a gas of higher density, such as carbonic acid, be used, com-
f)aratively higher pressures still will be obtained, or the engine can run at
ower speeds for the same increase of pressure.
Multiple Wheel Fans. — The apparatus having a single impeller gives

satisfaction only when the duty and speed are sufficiently high. The
speed is limited by the resistance of tlie metal of which the impeller is

made, and also by the speed of the motor driving the fan. But by con-
necting several fans in series, as is done with high-lift centrifugal pumps,
it is possible to obtain as high a pressure as may be desired.

Turbo-Compressor, Bethune Mines, 1906.— This machine compresses air
to 6 and 7 atmospheres by utiUzing the exhaust steam from the winding-
engines. It consists of four sets of multi-cellular fansJ;hrough which the
air flows in succession. They are fitted on two parallel shafts, and each
shaft is driven by a low-pressure turbine. A high-pressure turbine is

also mounted on one of the shafts, but supplies no work in ordinary times.
An automatic device divides the load equally between the two shafts.
Between the two compressors are fitted refrigerators, in which cold water
is made to circulate iDy the action of a small centrifugal pump keyed at
the end of the shaft. In tests at a speed of 5000 r.p.m., the volume of
air drawn per second was 31.7 cu. ft. and the discharge pressure 119.5 lb.

per sq. in. absolute. These conditions of working correspond to an effect-
ive work in isothermal compression of 252 H.P. The efficiency of the
compressor has been as high as 70%. The results of two tests of the
compressor are given below. In the first test the air discharged, reduced
to atmospheric pressure, was 26 cu. ft. per sec; in the second test it was
46 cu. ft^



2d. 3d. 4th.

23.37 38.69 66.44
39.98 66.44 102.60
4660 4660 4660
67.8 63. 66.

205. 216. 215.6
122. 114.8 105.8
137.2 153. 149.6
60.5 54. 46.2

650 AIR.

First Test.

Stages. 1st.

A.bs. pressure at inlet, lbs. per sq. in. ... 15. 18
Abs. pressure at discharge 24. 10
Speed, revs, per min 4660
Temperature of air at inlet, deg. F. . . o 57.2
Temperature of air at discharge, deg. F. 171.
Adiabatic rise in temp., deg. F 106.
Actual rise in temperature, deg. F. ... 113.8
Efficiency, per cent 60 .

5

Second Test.

Stages. 1st. 2d. 3d. 4th.

Abs. pressure at inlet, lbs. per sq. in. ... 15.18 21.31 37.33 65.12
Abs. pressure at discharge 23 . 52 38 . 22 65 . 12 99 . 66
Speed, revs, per min 5000 5000 4840 4840
Temp, of air at inlet, deg. F 55. 69.8 64.4 68.5
Temp, of air at discharge, deg. F 160.7 208.4 208.4 199.6
Adiabatic rise in temp., deg. F 102.2 131. 123.8 100.4
Efficiency, per cent 62.3 66.6 58.7 48.6

The Gutehoffnungshiitte Co. in Germany have in course of construc-
tion several centrifugal blowing-machines to be driven by an electric
motor, and up to 2000 H.P. Several machines are now being designed
for Bessemer converters, some of which will develop up to 4000 H.P.
The multicellular centrifugal compressors are identical in every point
with centrifugal pumps. In the new machines cooling water is intro-
duced inside the diaphragms, wliich are built hollow for this purpose,
and also inside the diffuser vanes. By this means it is hoped to reduce
proportionally the heating of the air: thus approaching isothermal com-
pression much more nearly than is done in the case of reciprocating
compressors.

Test of a Hydraulic Air Compressor. — (W. O, Webber, Trans.
A. S. M. E., xxii, 599.) The compressor embodies the principles of
the old trompe used in connection with the Catalan forges some centuries
ago, modified according to principles first described by J. P. Frizell, in
Jour. F. /., Sept., 188J, and improved by Charles H. Taylor, of Montreal.
(Patent July 23, 1895.) It consists principaUy of a down-flow passage
having an enlarged chamber at the bottom and an enlarged tank at
the top. A series of small air pipes project into the mouth of the water
inlet and the large chamber at the upper end of the vertically descending
passage, so as to cause a number of small jets of air to be entrained by the
water. At the lower end of the apparatus, deflector plates in connection
with a gradually enlarging section of the lower end of the down-flow pipe
are used to decrease the velocity of the air and water, and cause a partial
separation to take place. The deflector plates change the direction of
the flow of the water and are intended to facilitate the escape of the air,

the water then passing out at the bottom of the enlarged chamber into an
ascending shaft, maintaining upon the air a pressure due to the height of
the water in the uptake, the compressed air being led on from the top
of the enlarged chamber by means of a pipe. The general dimensions of
the compressor plant are:

Supply penstock, 60 ins. diam.; supply tank at top, 8 ft. diam. X 10 ft.

high; air inlets (feeding numerous small tubes), 34 2-in. pipes; down tube,
44 ins. diam.: down tube, at lower end, 60 ins. diam.; length of taper in
down tube, 20 ft.: air chamber in lower end of shaft, 16 ft. diam.; total
depth of shaft below normal level of head water, about 150 ft.; normal
head and fall, about 22 ft.; air discharge pipe, 7 ins. diam.

It is used to supply power to engines for operatinsr the printing depart-
ment of the Dominion Cotton Mills, Magog, P. Q., Canada.
There were three series of tests, viz.: (1) Three tests at different rates

of flow of water, the compressor being as originally constructed. (2) Four
tests at different rates of flow of water, the compressor inlet tubes for air

being increased by 30 3/4-in. pipes. (3) Four tests at different rates ^of

flow of water, the compressor inlet tubes for air being increased by 153/4-ia.

pipes.
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The water used was measured by a weir, and the compressed air by air
meters. The table on p, 623 shows the principal results:

Test 1, when the flow was about 3800 cu. ft. per min., showed a decided
advantage by the use of 30 3/4-in. extra air inlet pipes. Test 5 shows,
when the flow of water is about 4200 cu. ft. per min., that the economy
is highest when only 15 extra air tubes are employed. Tests 8 and 9 show,
when the flow is about 4600 cu. ft. per min., that there is no advantage in
increasing the air-inlet area. Tests 10 and 11 show that a flow of 5000
or more cu. ft. of water is in excess of the capacity of the plant. These
four tests may be summarized as follows:
The tests show: (1) That the most economic rate of flow of water with

this particular instaUation is about 4300 cu. ft. per min. (2) That this
plant has shown an efficiency of 70.7 % under such a flow, which is ex-
cellent for a flrst installation. (3) That the compressed air contains only
from 30 to 20% as much moisture as does the atmosphere. (4) That the
air is compressed at the temperature of the water.

Using an old Corliss engine without any changes in the valve gear
as a motor there was recovered 81 H.P. This would represent a total
efficiency of work recovered from the falling water, of 51.2%. When
the compressed air was preheated to 267° F. before being used in the
engine, 111 H.P. was recovered, using 115 lbs. coke per hour, which would
equal about 23 H.P. The efficiency of work recovered from the falUng
water and the fuel burned would be, therefore, about 611/2%. On the basis
of Prof. Riedler's experiments, which require only about 425 cu. ft. of air

per B.H.P. per hour, when preheated to 300° F. and used in a hot-air
jacketed cylinder, the total efficiency secured would have been about
871/2%.

Test No..

Flow of water, cu. ft. per min..

.

Available head in ft

Gross water, H.P
Cu. ft. air, at atmos. press., per
minute

Pressure of air at comp., lbs

Effective work in compressing,
H.P

Efficiency of compressor, %
Temp, of external air, deg. F

—

Temp, of water and comp. air,

deg. F
Ratio of water to air, volumes..

.

Moisture in external air, p. c. of
saturation

Moisture in comp. air, p. c. of
saturation

1

> 3 4 5 7 8

3772
20.54
146.3

3628
20.00
136.9

4066
20.35
156.2

4292
19.51

158.1

4408
19.93

165.8

4700
19.31

171.4

864
31.9

901

53.7
967
53.2

1148
53.3

1091

53.7
1103

52.9

83.3
56.8
68.3

88.2
64.4
57.7

94.3
60.3
66.4

111.74
70.7
65.2

107

64.5
59.7

1*06.8

62.2
65

66
4.37

65.5
4.03

66.4
4.20

66.5
3.74

67
4.04

66.5
4.26

61 77.5 71 68 90 60.5

51.5 44 38.5 35 29 31.2

10

5058
18.75

179.1

1165
53.3

113.4
63.3
64.2

66
4.34

63

30

Tests 1, 4, and 7 were made with the original air inlets; 2, 5, 8 and 10
with the inlets increased by 15 3/4-in. pipes, and 3, 6, 9 and 11 with the
inlets increased by 303/4-in. pipes. Tests 2, 6,9 and 11 are omitted here.
They gave, respectively, 55.5, 61.3, 62, and 55.4% efficiency.

Three other hydraulic air-compressor plants are mentioned in Mr.
Webber's paper, some of the principal data of which are given below:

Peterboro, Norwich, Cascade
Ont. Conn. Range,

Wash.
Head of water 14 ft. 18J ft. 45 ft.

Gauge pressure 25 lbs. 85 lbs. 85 lbs.
Diam. of shaft 42 in. 24 ft.

Diam; of compressor pipe 18 ft. 13 ft. 3 ft.

Depth below tailrace 64 ft. 215 ft.

Horse-power 1365 200

In the Cascade Range plant there is no shaft, as the apparatus is con-
structed against the vertical walls of a canyon. The diameter of the up-
flow pipe is 4 it. 9 in.
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A description of the Norwich plant is given by J. Herbert Shedd in a
paper read before the New England Water Works Assn., 1905 (Compressed
Air, April, 1906). The shaft, 24 ft. diam., is enlarged at the bottom into
a chamber 52 ft. diam., from which leads an air reservoir 100 ft. long, 18 ft.
wide and 15 to 20 ft. liigh. Suspended in the shaft is a downflow pipe
14 ft. diam. connected at the top with a head tank, and at the bottom with
the air-chamber, from which a 16-in. main conveys the air four miles to
Norwich, where it is used in engines in several estabhshments.
The Mekarski Compressed-air Tramway at Berne, Switzerland.

(Eng'Q News, April 20, 1893.) — The Mekarski system has been intro-

duced in Berne, Switzerland, on a line about two miles long, with grades
of 0.25% to 3.7% and 5.2%. The air is heated by passing it through
superheated water at 330° F. It thus becomes saturated with steam,
which subsequently partly condenses, its latent heat being absorbed by
the expanding air. The pressure in the car reservoirs is 440 lb. per sq. in.

The engine is constructed like an ordinary steam tramway locomotive,
and drives two coupled axles, the wheel-base being 5.2 ft. It has a
pair of outside horizontal cylinders, 5.1 X 8.6 in.; four coupled wheels,
27.5 in. diameter. The total weight of the car, including compressed
air, is 7.25 tons, and with 30 passengers, including the driver and
conductor, about 9.5 tons. The authorized speed is about 7 miles
per hour.
The Qisadvantages of this system consist in the extremely delicate adjust-

ment of the different parts of the system, in the comparatively small
supply of air carried by one motor car, which necessitates the car return-
ing to the depot for refilling after a run of only four miles or 40 minutes,
although on the Nogent and Paris lines the cars, which are, moreover,
larger, and carry outside passengers on the top, run seven miles, and the
loading pressure is 547 lb. per sq. in. as against only 440 lb. at Berne.

For description of the Mekarski system as used at Nantes, France, see
paper by Prof. D. S. Jacobus, Trans. A. S. M. E., xix. 553.
American Experiments on Compressed Air for Street Railways.— Experiments have been made in Washington, D. C, and in New York

City on the use of compressed air for street-railway traction. The air
was compressed to 2000 lb. per sq. in. and passed through a reducing-
valve and a heater before being admitted to the engine. The system has
since been abandoned. For an extended discussion of the relative merits
of compressed air and electric traction, with an account of a test of a
four-stage compressor giving a pressure of 2500 lb. per sq. in., see Eng'g
News, Oct. 7 and Nov. 4, 1897. A summarized statement of the probable
efficiency of compressed-air traction is given as follows: Efficiency of com-
pression to 2000 lb. per sq. in. 65%. By wire-drawing to 100 lbs. 57.5%
of theavailable energy of the air wiU be lost, leaving 65 X 0.425 = 27.625%
as the net efficiency of the air. This may be doubled by heating, making
55.25%, and if the motor has an efficiency of 80% the net efficiency of
traction by compressed air will be 55.25 X 0.80 = 44.2%. For a descrip-
tion of the Hardie compressed-air locomotive, designed for street-railway
work, see Eng'g News, June 24, 1897. For use of compressed air in mine
haulage, see Eng'g News, Feb. 10, 1898.
Operation of Mine Pumps by Compressed Air. — The advantages

of compressed air over steam for the operation of mine pumps are: Absence
of condensation and radiation losses in pipe lines ; high efficiency of com-
pressed-air transmission; ease of disposal of exhaust; absence of danger
from broken pipes. The disadvantage is that, at a given initial pressure
without reheating, a cyUnder full of air develops less power than steam.
The power end of the pump should be designed for the use of air, with
low clearances and with proper proportions of air and water ends, with
regard to the head under which the pump is to operate. Wm. Cox {Comp.
Air Mag., Feb., 1899) states the relations of simple or singie-cyhnder
pumps to be A/W = y2 h/p, where A = area of air cylinder, sq. in., W
= area of water cylinder, sq. in., h = head, ft., and p = air pressure, lb.

per sq. in. Mr. Cox gives the volume V of free air in cu. ft. per minute
to operate a direct-acting, single-cylinder pump, working without cut off,

to be
V = 0.093 WzhG/P.

Where W2 = volume of 1 cu. ft. of free air corresponding to 1 cu. ft. of
free air at pressure P, G= gallons of water to be raised per minute, P =
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receiver-gauge pressure of air to be used, and h = head in feet under
which pump works. This formula is based on a piston speed of 100 ft.

per minute and 15% has been added to the volume ot air to cover losses.
The useful work done in a pump using air at full pressure is greater at
low pressures than at high, and the efficiency is increased. High pressures
are not so economical for simple pumps as low pressures. As high-pressure
air is required for drills, etc., and as the air for pumps is drawn from the
same main, the air must either be wire-drawn into the pumps, or a reducing
valve be inserted between the pump and main. Wire-drawing causes a
low efficiency in the pump. If a reducing valve is used, the increase of
volume will be accompanied with a drop in temperature, so that the full
value of the increase is not realized. Part of the lost heat may be regained
by friction, and from external sources. The efficiency of the system may
toe increased by the use of underground receivers for the expanded air
before it passes to the pump. If the receiver be of ample size, the air
will regain nearly its normal temperature, the entrained moisture will be
deposited and freezing troubles avoided. By compounding the pumps,
the efficiency may be increased to about 25 per cent. In simple pumps it

ranges from 7 to 16 per cent. For much further information on this sub-
ject see Peele's " Compressed-Air Plant for Mines," 1908.

FANS AND BLOWERS.
Centrifugal Fans.—The ordinary centrifugal fan consists of a number

of blades fixed to arms revolving at high speed. The width of the blade
is parallel to the shaft. The experiments of W. Buckle {Proc. Inst. M. E.,
1847) are often quoted as still standard. Mr. Buckle's conclusions,how-
ever, do not agree with those of modern experimenters, nor do the propor-
tions of fans as determined by him have any similarity to those of modem
fans. The experiments were made on fans of the " paddle-wheel"
type, and have no bearing on the more modern multiblade fans of the
" Sirocco " type.
The rules laid down by Buckle do not give a fan the highest volu-

metric efficiency without loss of mechanical efficiency. By volumetric
efficiency is meant the ratio of the volume of air delivered per revo-
lution to the cubical contents of the wheel, if the wheel be considered
a solid whose dimensions are those of the wheel. Inasmuch as the
loss due to friction of the air entering the fan will be less with a large
inlet than with a small one, in a wheel of given diameter, more power
will be consumed in delivering a given volume of air with a small
inlet than with a larger one.

In the ordinary fan the number of blades varies from 4 to 8, while
with multiblade fans it is from 48 to 64. The number of blades has
a direct relation to the size of the inlet. This is made as large as
possible for the reason given above. Any increase in the diameter
of the inlet necessarily decreases the depth of the blade, thus di-
minishing the capacity and pressure. To overcome this decrease,
the number of blades is increased to the limit placed by construc-
tional considerations. A properly proportioned fan is one in which
a balance is obtained between these two features of maximum inlet
and maximum number of blades.
In some cases two fans mounted on one shaft may be more useful than

a single wide one, as in such an arrangement twice the area of inlet opening
is obtained, as compared with a single wide fan. Such an arrangement
may be adopted where occasionally half the full quantity of air is required,
as one of the fans may be put out of gear and thus save power.
Rules for Fan Design. — It is impossible to give any general rules

or formulge covering the proportions of parts of fans and blowers. There
are no less than 14 variables involved in the construction and operation of
fans, a slight change in any one producing wide variations in the perform-
ance. The design of a new fan by manufacturers is largely a matter of
trial and error, based on experiments, until a compromise with all the
variables is obtained which most nearly conforms to the given conditions.
Pressure Due to Velocity of the Fan Blades. — The pressure of the

air due to the velocity of the fan blades may be determined by the formula

H ^ 2~" • deduced from the law of falling bodies, in which H is the " head "

or height of a homogeneous column of air one inch square whose weight is
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equal to the pressure per square inch of the air leaving the fan, v is the
velocity of the air leaving the fan in feet per second, and g the acceleration
due to gravity. The pressure of the air is increased by increasing the •

number of revolutions per minute of the fan. Wolff, in his "The Wind-
mill as a Prime Mover," p. 17, argues that it is an error to take H = v*
-^ 2 fir, the formula according to him being H = v"^ -^ g. See also Trow-
bridge {Trans. A. S. M. E., vii., 536). Tliis law is analogous to that of
the pressure of a fluid jet striking a plane surface perpendicularly and
escaping at right angles to its original path, this pressure being- twice that
due the height calculated from the formula h= v'^ -i- 2 g. (See Hawksley,
Proc. Inst. M. E., 1882.) Buckle says: " From the experiments
it appears that the velocity of the tips of the fan is equal to nine-
tenths of the velocity a body would acquire in falling the height of a
homogeneous column of air equivalent to the density."
To convert the head H expressed in feet to pressure in lb. per sq. in.

multiply it by the weight of a cubic foot of air at the pressure and tem-
perature of the air expelled from the fan (about 0.08 lb. usually)
and divide by 144. Multiply this by 16 to obtain pressure in ounces
per sq. in. or by 2.035 to obtain inches of mercury, or by 27.71 to
obtain pressure in inches of water column. Taking 0.08 as the weight
of 1 cu. ft. of air, and v =0.9 ^2 gH,

p lb. per sq. in. =0.00001066 V'-; v =310 v^ nearly;

251 ounces per sq. in. =0.0001706 v"^; v = SO^pi "

P2 inches of mercury =0.00002169 v^; v =220 ^Pz "

P3 inches of water =0.0002954 t;^; ^= 60 Vp^ "
in which -u = velocity of tips of blades in feet per second.

Testing the above formula by one of Buckle's experiments with a
vane 14 inches long, we have p =0.00001066 v"^ =9.56 oz. The experi-
ment gave 9.4 oz.

Taking the formula v=80>/p'i, we have for different pressures in
ounces per square inch the following velocities of the tips of the blades
in feet per second:
Pi = ounces per square inch 2 3 4 5 6 7 8 10 12 14
V =feet per second 113 139 160 179 196 212 226 253 277 299
Commenting on the statements and formulae given above, the

B. F. Sturtevant Co., in a letter to the author, says: " Let us assume
that the fan considered is of the centrifugal type, which is a wheel
in a spiral casing. In any case of centrifugal fan the pressure at the

Straight? i!Forward Backward
Fig. 146. Types of Fan Blowers.

fan outlet is wholly dependent upon the load on the fan, and, there-
fore, the pressure cannot well be expressed by a formula, unless it
includes some term which is an expression in some way of the load
upon the fan. The actual pressure depends upon the design of both
wheel and housing, upon the blade area and also upon the form of the
blades. With a curved blade running with the concave side forward
it is possible to obtain a much higher pressure than if the blade is run-
ning with the convex side forward. This can only be shown by tests,
and can be figured out by blade-velocity diagrams."

It should be noted, however, that while the fan with a blade con-
caved in the direction of potation has the highest eflaciency, all other
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things being equal, the noise of operation is increased. A blade con-
vex in the direction of rotation runs more quietly, and in most situa-
tions it is necessary to sacrifice efficiency in order to obtain quiet
operation.

Fig. 146 shows the relation of the velocity of air leaving a fan to
the velocity of the tips of the blades for radial, bent forward, and
bent backward blades. V represents the direction and amount of
the velocity relative to the blade as the air leaves the blade, U the •

tangential velocity of the tip of the blade, and R the component of
U and V, the velocity of the air relative to the fan casing.
The kinetic energy of the air due to its velocity as it leaves the

blades is partially converted into pressure energy as the velocity
is reduced in the expanding scroll casing of the fan, and in the
diverging outlet of the fan if such an outlet is used. The total or
dynamic pressure is the sum of the static pressure and the velocity
pressure.

Quantity of Air of a Given Density Delivered by a Fan.

Total area of nozzles in square feet X velocity in feet per minute corre^
sponding to density (see table) = air delivered in cubic feet per minute,
discharging freely into the atmosphere (approximate). See p. 670.

Density, Velocity,
ounces feet per

per sq. in. minute.

1 5,000

2 7,000

3 8,600

4 10.000

Density, Velocity,
ounces feet per

per sq. in. minute.

5 11,000

6 12,250

7 13,200

8 14.150

Density, Velocity,
ouncesi feet per

per sq. in. minute.

9 15,000
10 15,800
11 16,500

12 17.300

"Blast Area,** op "Capacity Area." When the fan outlet is small
the velocity of the outflow is equal to the peripheral velocity of the fan.

/'Start with the outlet closed; then if the opening be slowly increased
while the speed of the fan remains constant the air will continue to flow
with the same velocity as the fan tips until a certain size of outlet is

reached. If the outlet is still further increased the pressure within the
casing will drop, and the velocity of outflow will become less than the
tip velocity. The size of the outlet at wliich this change takes place is

called the blast area, or capacity area, of the fan. This varies somewhat
with different types and makes of fans, but for the common form of
blower it is approximately, DW -^ 3, in wliich D is the diameter of the
fan wheel and W its width at the circumference. — (C. L. Hubbard.)

This established capacity area has no relation to the area of the outlet
in the casing, which may be of any size, but is usuaUy about twice the
capacity area. The velocity of the air discharged through this latter
area is practically that of the circumference of the wheel, and the pressure
created is that corresponding thereto^. — W. B. Snow.

Pressure Characteristics of Fans.—Figs. 147 and 148 show
the relation of the static and total pressures, the eflBciency and the
horse-power, to the capacity of two fans, one a radial blade fan, and
the other a multi-blade (conoidal) as determined by tests by the
Buffalo Forge Co. In the test the fan was run at a uniform speed
and the capacity was varied by varying the area of outlet. The
characteristics of the two fans differ greatly. In the case of the
radial fan the highest pressure corresponds to zero capacity, while
with the multi-blade fan the static pressure increases as the capacity
increases up to 100 per cent, or rated capacity, which is the point of
maximum efficiency.

If a forward-curved blade fan is intended to operate at a certain
pressure and capacity, and if for any reason, such as resistance greater
than expected, the quantity of air handled is less than the fan's
rating for the speed maintained, the total pressure will also be less
than that specified. With the straight-blade fan the opposite holds
true, for as the capacity is reduced the pressure will increase, at con-
stant speed.

Care should be taken in the selection of a fan with forward-curved
blades in case it is to be driven by a motor. If for any reason there
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should be a tendency to operate abovd rated capacity, both the air
quantity and the pressure will increase, which may overload the
motor in case sufficient margin of motor capacity has not been pro-
vided. (Buffalo Forge Co.)

For a given fan area of outlet, piping system, and air density, the

140 r

20 .40 60 80 100

Per Cent of Rated Capacity
Fig. 147. Chaeacteristics op a Radial Blade Fan.

relations of volume delivered, pressure at the fan outlet, speed and
horse-power theoretically vary as follows:

Volume delivered varies directly as speed of the fan.
Pressure varies as the square of the speed.
Horse-power varies as the cube of the speed.

For a given volume the horse-power varies as the square of the
epeed, showing the great advantage of large fans at slow speeds over

200 r

40 60 80 100 120

Per Cent of Rated Capacity

Fig. 148. Characteristics of a Multi-blade Fan.

small fans at high speeds delivering the same volume, the type of fan
being the same. The theoretical values are greatly modified by vari-
ations in practical conditions. For every fan running at constant speed
there is a pressure and corresponding volume at which a fan wiU
operate at its maximum eflaciency (see characteristic curves), and a
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wide variation in these conditions will give a great drop in efficiency.
In selecting a fan for any purpose the catalogues and bulletins issued
by manufacturers should be examined, and a tabular comparison
made of the sizes, speed, etc., of different fans which may be used for
the given purpose and conditions. The following is an example of
such a comparison of three multi-blade fans (Sturtevant) which may be
used to deliver approximately 15,000 cu. ft. of air against a resistance
of 5 in. of water column.

Fan.
Wheel
Diam.
Inches.

Resistance, 5 in.

Size. R.P.M. H.P.
Vol. R.P.M. H.P.

Turbovane..
Supervane.

.

Multivane.

.

221/2
25
26

15,500

15,400

15,900

2210
1033
1103

25
23.5
26

Smallest
Medium
Largest

Highest
Lowest
Medium

Medium
Lowest
Highest

Experiments on
Varying Speed.—TJ
others are calculated by the author.

Fan with Constant Discharge-opening and
-The first four columns are given by Mr. Snell, the

S «w *ss S ol d ok^i l^ .

i
d

.a o "^

.IS
HO. •^H^. &

IS

1 it

i
a

o
13

1 .

ft

1

Ph (U > H > > o > H

600 0.50 1336 0.25 60.2 56.6 85.1 3,630 0.182 73
800 0.88 1787 0.70 80.3 75.0 85.6 4,856 0.429 61
1000 1.38 2245 1.35 100.4 94 85.4 6,100 0.845 63
1200 2.00 2712 2.20 120.4 113 85.1 7,370 1.479 67
1400 2.75 3177 3.45 140.5 133 84.8 8,633 2.283 66
1600 3.80 3670 5.10 160.6 156 82.4 9,973 3.803 74
1800 4.80 4172 8.00 180.6 175 82.4 11,337 5.462 68
2000 5.95 4674 11.40 200.7 195 85.6 12,701 7.586 67

Mr. Snell has not found any practical difference between the mechanical
efficiencies of blowers with curved blades and those with straight radial
ones. From these experiments, says Mr. Snell, it appears that we may
expect to receive back 65% to 75% of the power expended, and no more.
The great amount of power often used to run a fan is not due to the fan
itself, but to the method of selecting, erecting, and piping it. (For opin-
ions on the relative merits of fans and positive rotary blowers, see discus-
sion of Mr. Snell's paper, Trans. A. S. M. E., ix. 66, etc.)

Comparative Efficiency of Fans and Positive Blowers. (H. M.
Howe, Trans. A. I. M. E., x. 482.) — Experiments with fans and positive
(Baker) blowers working at moderately low pressures, under 20 ounces,
show that they work more efficiently at a given pressure when delivering
large volumes {i.e., when working nearly up to their maximum capacity)
than when delivering comparatively small volumes. Therefore, when
great variations in the quantity and pressure of blast required are liable
to arise, the highest efficiency would be obtained by having a number of
blowers, always driving them up to their full capacity, and regulating the
amount of blast by altering the number of blowers at work, instead of
having one or tv/o very large blowers and regulating the amount of blast
by the speed of the blowers.

There appears to be little difference between the efficiency of fans and
of Baker blowers when each works under favorable conditions as regards
quantity of work, and when each is in good order.

For a given speed of fan, any diminution in the size of the blast-orifice

decreases the consumption of power and at the same time raises the prep-
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sure of the blast; but it increases the consumption of power per unit of
orifice for a given pressure of blast. When the orifice has been reduced to
the normal size for any given fan, further diminishing it causes but slight
elevation of the blast pressure; and, when the orifice becomes compara-
tively small, further diminishing it causes no sensible elevation of the
blast pressure, which remains practically constant, even when the orifice is
entirely closed.

Many of the failures of fans have been due to too low speed, to too small
pulleys, to improper fastening of belts, or to the belts being too neariy ver-
tical: in brief, to bad mechanical arrangement, rather than to inherent
defects in the principles of the machine.

If several fans are used, it is probably essential to high efficiency to pro-
vide a separate blast pipe for each (at least if the fans are of different size
or speed), while any number of positive blowers may deliver into the same
pipe without lowering their efficiency.

The Sturtevant Multi-blade Fans.—The B. F. Sturtevant Co.
has developed three styles of fans with numerous blades which have
been given the trade names Multivane, Supervane, and Turbovane.
The Multivane and Supervane fans are used for the same kind of
service, that is, mostly for heating, ventilating, and mechanical
draught. For a given diameter, the Supervane operates at lower speed
and requires less power than the Multivane. The Turbovane fan
is designed for high-speed direct-connected drives, such as steam
turbines. It is a very wide fan, made double inlet, and for a given
volume and pressure will be smaller in diameter and operate at about
twice the speed of the Multivane and require about the same power.
The Turbovane and Supervane fans have blades considerably deeper
than the Multivane. The curvature is also radically different in
all three types. The spiral or housing is considerably different in the
three types.

Sturtevant Multivane Fan.

Resistance 1/2 in. Resistance 2 in. Resistance 5 in.

°^2
^h S i !Sd ^ li1

g -s^fi ^ f^* iiin Ah' Ph' -sds P^ PM |5S
w W > P^" W > P^ W > pi W
2 21 1,300 705 0.220 2,850 1471 2.15 3,980 "2205 6.6 13

3 261'2 2,030 565 0.345 4,440 1178 3.3 6,210 1764 10.0 161/2

4 311/2 2,920 470 0.495 6,400 980 4.8 8,940 1471 14.5 191/2

5 37 3.980 404 0.67 8,720 840 6.5 12,200 1260 20 23

6 42 5,200 353 0.88 11,400 735 8.5 15,900 1103 26 26
6 1/2 47 6,570 314 1.10 14,400 654 11.0 20,100 980 33 291/2

7 521/2 8,110 282 1.40 17,800 588 13.5 24,800 882 41 321/2

8 63 11,700 235 2.00 25.600 490 19 35,800 735 60 39

9 731/2 15,900 202 2.70 34,800 420 26 48,700 631 80 451/2
10 831/2 20,800 176 3.50 45.500 368 34 63,600 552 105 52

11 94 26,300 157 4.45 57.600 327 43 80,500 490 135 581/2

12 1041/2 32.500 141 5.5 71,000 294 54 99,400 441 165 65

13 115 39.400 128 6.7 86,100 268 64 121,000 401 200 711/2

14 1251/2 46.800 118 7.9 102,000 245 76 143,000 368 235 78

15 136 54,800 109 9.3 120,000 226 90 168,000 340 275 841/2
16 1461/2 63,500 101 11.0 139,000 210 105 195,000 315 320 91

17 157 73,000 94 12.5 160,000 196; 120 224,000 294 370 971/2
18 167 83.100 88 14 182.000 184! 135 255,000 276 420 104

20 188 105.000 78 18 - 230,000 163 170 322,000 245 530 117

22 209 130,000 71 22 285.000 147 215 398.000 221 655 130

24 230 157,000 64 27 344,000 134 260 481,000 200 795 143

26 2501/2 187,000 55 32 410,000 115 305 573,000 173 945 156
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Sturtevant Supervane Fan.

III

Resistance 1/2 in. Resistance 2 in. Resistance 5 in.

^
i

Ph"

6^

P^ Ph'

m ffi > ^ W > p^'
ffi > rt w

A 26 1.470 ~645 0.235 2,940 1290 1.90 4.160 1980 6.4 13

B 32 2,230 525 0.355 4,460 1051 2.90 6.320 1610 9.7 16

C 38 3.150 442 0.50 6,300 885 4.05 8,910 1358 13.5 19

D 44 4.200 382 0.67 8,420 764 5.4 11.900 1171 18.0 22
E 491/2 5.450 337 0.87 10.900 673 7.0 15,400 1033 23.5 25

F 551/2 6,820 300 1.10 13,600 600 8.8 19,300 921 30 28

G 631/2 8,900 262 1.40 17,800 525 11.5 25,200 805 38 32
H 731/2 11,300 233 1.80 22,600 467 14.5 32,000 716 49 36
J 791/2 13.900 210 2.20 27,800 420 18 39,400 645 60 40
K 911/2 18,500 183 2.90 36,900 365 24 52,300 560 80 46
L 103 23.500 162 3.75 47,000 323 30 66.600 496 100 52M 115 29.300 145 4.65 58,500 290 38 83.000 444 125 58
N 127 35.600 131 5.7 71,200 263 46 101,000 403 155 64

P 139 42.700 120 6.8 85,400 240 56 121,000 368 185 70

Q 1501/2 50.300 111 8.0 101,000 221 66 143,000 339 220 76

R 1661/2 61.400 100 9.8 123,000 200 80 174,000 307 265 84

S 1821/2 73.500 91 11.5 147,000 183 96 208,000 280 320 92

T 1981/2 86,900 84 14.0 174,000 168 no 246,000 258 375 100

U 2141/2 102,000 78 16.0 204,000 156 130 288,000 239 440 108

V 230 117,000 72 18.5 234,000 145 150 332,000 222 505 116

w 254 143,000 66 23 285,000 131 185 404.000 202 615 128

X 2771/2 171,000 60 27 341,000 120 220 483.000 184 740 140

Y 3011/2 201,000 55 32 401,000 111 260 569.000 170 870 152

Sturtevant Turbovane Fan.

lit

Resistance 1 in. Resistance 3 in. Resistance 6 in.

H, i §;id i i ill
g

•- ^ c
-o'dS PM Ah 7^-ds Ph Ph oi^S Ah Ph

M !W > rt w > rt M > ^ W
40 7.8 1,670 1958 53 2,930 3400 2.85 4,010 47o0 7 8 111/2

45 35 2.610 1563 0.83 4,560 2720 4.4 6,250 3800 12,0 141/2

50 42 3,770 1300 1.2(1 6,600 2260 6.5 9,050 3161 17.5 17

55 49 5.100 1118 1.65 8.950 1940 8.8 12,300 2719 23.5 20
60 56 6,700 978 7. 15 11,700 1700 11 16,100 2380 31 221/?

65 63 8,500 868 2.75 14,900 1510 14 5 20,400 2115 39 25 1/;^

70 70 10,500 781 3,35 18.300 1358 17 5 25,100 1900 48 281/2

80 84 15,100 651 4 85 26,300 1131 76 36,100 1582 70 34

90 97 20,500 558 6 5 35,800 971 35 49,100 1360 92 39 1/2

100 112 26,800 490 8 5 46,800 851 45 64,000 1192 120 45

110 126 34,000 435 11 59.500 755 58 81,500 1058 155 51

120 140 41,800 391 13 5 73,000 679 70 101,000 950 190 561/2

iJO 154 50,500 353 16.5 88,500 617 86 122,000 865 23!) 62
140 168 60,500 326 19 5 106.000 566 100 145,000 792 280 67 1'2

150 187 71.000 300 77 5 124.000 571 170 170,000 77.9 325 73 1/2

160 196 82.000 279 26 144.000 485 140 197,000 680 380 79
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1

Capacity of Fans and Blowers.—The following tables supplied (1909)
ty the American Blower Co., Detroit, show the capacities of exhaust fans
and volume and pressure blowers. The tables are all based on curves
estabUshed by experiment. The pressures, volumes and horse-powers
were aU actually measured with the apparatus working against maintained

,

resistances formed by restrictions equivalent to those found in actual prac-
tice, and which experience shows will produce the best results.

Speed. Capacity and Horse-power of Steel Plate Exhaust Fans.

(American Blower Co., Type E, 1908.)

1/2 oz. pres- 3/4 oz. pres- 1 oz. pres- 2 oz. pres-

"« .
i "a.i

sure. sure. sure. sure.

^.

. u i i u i

K- tH-^ ft .

n
ft .

•

ft .

. 03 •

ft . 2

6 li 03 C-

« Pi

ll

^ S3

II
^
^ Sft ^'a

^S3

;zi Q
'^ Q rt o w rt m rt pq rt fQ

25 16 61/8 10 985 109 0.30 1200 1,345 0.56 1390 1,555 0.85 1966 2,200 2.40
30 19 n/H 12 830 1,580 0.43 1012 1,940 0.80 1170 2,240 1.22 1655 3,175 3.46
35 22 81/8 14 715 2 155 59 876 2,635 1.08 1010 3,040 1.66 1430 4,310 4.70
40 25 ys/s 16 630 2,820 0.77 772 3,450 1 41 890 3.980 2.17 1260 5.646 0.15
45 28 107/8 18 563 3,560 97 689 4,360 1 78 795 5 030 2.74 1125 7,140 7.79
50 31 123/8 20 508 4,400 1.20 622 5,390 2 20 719 6,220 3.39 1015 8,820 9.63
55 34 131/9 22 464 5,330 1.45 567 6,525 2 66 655 7,530 4.10 927 10 650 11.60
60 38 141/9 24 415 6,350 1.73 509 7,775 3.18 587 8,960 4.89 830 12,700 13.85
70 44 151/8 27 375 7,440 2.02 459 9,120 3.72 530 10.500 5.72 750 14,875 16.20

i

80 50 161/2 29 328 10,050 2.75 402 12,100 4.94 464 13,980 7.62 656 19,800 21.601

1

Speed, Capacity and Horse-power of Volume Blowers.

(American Blower Co., Type V, 1909.)

1/2 oz. pres- 3/4 oz. pres- 1 oz. pres- 1 1/2 oz. pres-

i li

sure. sure. sure. sure.

1 .

n'^
I.,

nV
^ u h

b.d "* -
ft . ft . '.i ft . a

1 It
a-^

P^ ^'a

,•

Sft

§
^ 2 ft

u a

^"a 11 PL^ 3'a
3 '-' t ft

& Q :^ Q rt pq P^ P5 p:; pq Pi

386

PQ

1 81^ 2 4l/-> 1850 223 06 2270 273 0,11 2620 315 0.17 3210 0.32

?. 101/^ ?.3/8 5l/-> 1535 332 0.09 1880 407 0.17 2170 469 0.26 2660 576 0.48

3 ]?. 31/^ 6l/-> 1310 464 0.13 1600 569 0.23 1850 656 0.30 2275 805 0.66

4 15i/o 43/.> 8 1/9 1015 795 22 1240 975 0.40 1435 1122 0.61 1760 1377 1.13

5 19 51/8 103 s 830 1185 32 1013 1450 0.59 1170 1675 0.92 1435 2055 1.68

6 221/0 6I/0 17.3/8 700 1686 46 858 2065 0.84 990 2385 1.30 1215 2930 2.40

7 26 71/0 141/1 606 7735 61 747 7740 1 12 858 3160 1.72 1050 3880 3.18

8 291/-, 81/. 161/^ 534 7.910 79 654 3560 1.45 755 4110 2.24 928 5040 4.13

9 33 91/2 181/4 477 3660 1.00 585 4490 1.83 675 5175 2.82 825 6350 5.20

Note; This table also applies to Type V, cast-iroa exhaust fans.
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Steel Pressure Blowers for Cupolas ( Average Application).

(American Blower Co., 1909.)

^

1 1

X3 H
b

li
.2 5-

Q

1 .

<

Oz. 2 3 4 5 6 7 8 9

1 In. 3.46 5.19 6.92 8.65 10.38 12.12 13.83 15.54

i

H.P.
const,
at 1000

cu. ft.

1.242 1.86 2.48 3.10 3.73 4.35 4.95 5.58

1

2

141/2 13/8 3.80 53/4 0.18
R.P.M.
C.F.
H.P.

1960

361

0.45

2400
434

0.81

2770
500
1.24

3095
560
1.74

3390
610

2.28

3666
665

2.89

3915
708

3.51

4,50
752

4.20

17 15/8 4.45 63/4 0.2485
R.P.M.
C.F.
H.P.

1675
498

0.62

2050
600
1.12

2362
691

1.72

2645
774

2.40

2895
843

3.15

3130
916

3.99

3340
978
4.84

3540
1038
5.79

191/2 17/8 5.11 73/4 0.327
R.P.M.
C.F.
H.P.

1460

655
0.82

1785

789
1.47

2060
910

2.26

2300
1018
3.16

2520
1110

4.15

2730
1207

5.25

2910
1286

6.36

3085
1365

7.62

8

9

10

n

22 21/8 5.76 83/4 0.4176
R.P.M.
C.F.
H.P.

1292

838
1.04

1582

1006
1.87

1825
1162
2.88

2040
1300

4.03

2235
1415

5.28

2420
1540

6.70

2585
1643

8.14

2740
1746
9.74

241/2 23/8 6.41 93/4 0.519
R.P.M.
C.F.
H.P.

1162
1040

1.30

1422
1250

2.33

1640

1442
3.58

1835

1612

5.00

2010
1760

6.57

2175
1915

8.34

2320
2040
10.10

2460
2166
12.10

27 27/8 7.06 103/4 0.63
R.P.M.
C.F.
H.P.

1055

1262

1.57

1290

1520

2.83

1490

1750

4.34

1665

1960

6.08

1825

2135
7.96

1975

2375
10.10

2105
2475
12.25

2233
2630
14.12

32 33/8 8.39 121/2 0.852
R.P.M.
C.F.
H.P.

889
1705

2.12

1087

2055
3.83

1255
2366
5.86

1405

2650
8.23

1535
2890
10.78

1660
3140
13.66

1775
3350
16.60

1880
3555
19.83

37 37/8 9.70 14 1.069
R.P.M.
C.F.
H.P.

769
2140
2.66

940
2575
4.79

1085

2970
7.36

1212

3325
10.3

1328

3620
13.5

1446
3940
17.15

1533

4200
20.80

1625

4460
24.90

42 43/8 10.98 16 1.396
R.P.M.
C.F.
H.P.

679
2800
3.48

830
3370
6.27

958
3880
9.63

1072

4340
13.46

1172
4730
17.65

1270
5150

22.40

1355
5500

27.25

1435
5825

32.50

47 47/8 12.30 171/2 1.67
R.P.M.
C.F.
H.P.

606
3350
4.17

742
4025
7.5

855
4640
11.5

956
5200
16.12

1048
5660

21.12

1133

6160
26.80

1210
6570

32.55

1280
6970

38.90

52 53/8 13.6 191/4 2.02
R.P.M.
C.F.
H.P.

548
4050
5.03

670
4870
9.06

774
5610
13.9

865
6290
19.5

947
6850

25.55

1025

7450
32.40

1093

7950
39.33

1160
8440
47.10

57 57/8 14.92 21 2.405
R.P.M.
C.F.
H.P.

500
4820
6.00

6.11

5800
10.78

705

6700
16.62

789
7490

23.25

863
8160

30.45

934
8870
38.60

996
9460
46.85

1056
10040
56.10
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Steel Pressure Blowers for Cupolas (Average Application).

—

Continued.

u

at

"S.S

Q

1

<

Oz. 10 11 12 13 14 15 16

1
In. 17.28 19.02 20.75 22.5 24.22 25.95 27.66

H.P.
const,
at 1000

cu. ft.

6.20 6.82 7.44 8.07 8.69 9.30 9.9«

17 15/8 4.45 63/4 0.2485
R.P.M.
C.F.
H.P.

3740
1093

6.78

3920
1148

7.83

4090
1196

8.9
1

3 191/2 17/8 5.11 73/4 0.327
R.P.M.
C.F.
H.P.

3255
1440

8.93

3415
1510
10.3

3570
1575

11.72

3710
1642

13.26

3955
1700

14.75

3985
1762
16.4

4120
1820

18.05

4 22

241/2

21/8

23/3

5.76 83/4 0.4176
R.P.M.
C.F.
H.P.

2890
1840

11.40

3030
1930

13.16

3163
2012
14.96

3290
2095
16.9

3420
2175
18.9

3535
2250
20.9

3650
2325
23.1

5 6.41 93/4 0.519
R.P.M.
C.F.
H.P.

2595
2280
14.13

2720
2395
16.33

2845
2500
18.6

2960
2605

21.05

3075
2700

23.45

3180
2800

26.05

3280
2885

28.66

6 27 27/8 7.06 103/4 0.63
R.P.M.
C.F.
H.P.

2355
2770
17.18

2470
2910
19.85

2580
3033
22.6

2685
3165

25.55

2790
3280
28.50

2885
3395

31.55

2980
3500
34.7

7 32 33/8 8.39 121/2 0.852
R.P.M.
C.F.
H.P.

1983

3750
23.25

2080
3930
26.80

2170
4110
30.6

2260
4276
34.5

2345
4430
33.5

2430
4590
42.7

2510
4730
47.

8 37 37/8 9.70 14 1.069
R.P.M.
C.F.
H.P.

1715

4700
29.15

1800

4930
33.66

1880

5150
38.33

1955

5360
43.25

2030
5560

48.30

2100
5760

53.55

2170
5940
59.

9 42 43/8 10.98 16 1.396
R.t>.M.
C.F.
H.P.

1515

6150
38.15

1590
6450

44.00

1660
6730

50.15

1728
7010

56.60

1792
7270
63.2

1855

7525
70.

1916
7760
77.

10 47 47/8 12.30 171/2 1.67
R.P.M.
C.F.
H.P.

1352
7350

45.60

1418
7715

52.66

1480
8055
60.

1540
8390

67.66

1600
8700
75.6

1655

9010
83.9

1710
9300

92.25

11 52 53/8 13.6 191/4 2.02
R.P.M.
C.F.
H.P.

1222
8900
55.20

1282
9330
63.6

1340
9750
72.5

1393
10140

82.

1447
10520
91.5

1498
10890
101.2

1546
11220
111.33

12 57 57/8 14.92 21 2.405
R.P.M.
C.F.
H.P.

1113
10580

65.5

1168
11100
75.70

1220
11600
86.33

1270
12080

97.5

1318
12520

109

1363
12960
120.5

1410
13380
132.75

Caution in Regard to Use of Fan and Blower Tables.—Many en-
gineers report that some manufacturers' tables overrate the capacity of
their fans and underestimate the horse-power required to drive them. In
some cases the complaints may be due to restricted air outlets, long and
crooked pipes, slipping of belts, too small engines, etc. It may also be
due to the fact that the volumes are stated without being accompanied
by information as to the maintained resistance, and the volumes giveo
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may be those delivered with an unrestricted inlet and outlet. As this
condition is not a practical one, the volume deUvered in an installation
is much smaller than that given in the tables. The underestimating of
horse-power required may be due to the fact that the volumes given in
tables are for operation against a practical resistance, and in an installa-
tion it might be that the resistance was low, consequently the volume
and also the horse-power required would be greater.

Capacity of Sturtevant High-Pressure Blovrers (1908).

Number of
blower.

Capacity in cubic feet
per minute, 1/2 lb. pres-

sure.

Revolutions per
minute.

Inside dia.

of inlet
and outlst,
inches.

Approx.
weight,
pounds.*

000 Ito 5 200 to 1000 13/8 40
00 5 to 25 375 to 800 11/2 80

25 to 45 370 to 800 21/2 140

I 45 to 130 240 to 600 3 330
2 130 to 225 300 to 500 4 550
3 225 to 325 380 to 525 4 760

4 325 to 560 350 to 565 6 1,080

5 560 to 1,030 300 to 475 8 1,670

6 1,030 to 1,540 290 to 415 10 2,500

7 1.540 to 2,300 280 to 410 10 3,200
8 2,300 to 3,300 265 to 375 12 4,700

9 3,300 to 4,700 250 to 350 16 6,ioa

10 4,700 to 6,000 260 to 330 16 8,000
11 6,000 to 8,500 220 to 310 20 12,100
12 8,500 to 11,300 190 to 250 24 18,700

" 11,300 to 15,500 190 to 260 30 22,700

* Of blower for 1/2 lb. pressure.

Performance of a No. 7 Steel Pressure Blower under Varying
Conditions of Outlet.

Per cent of
Rated Ca-
pacity 20' 40 60 80 100 120 140 160 180 200 220 240

Per cent of
Rat«d H.P. 28 42 57 72 86 100 116 130 144 159 173 187 202

Total pres-
sure, oz 10.211.411.912.0 11.9 11.410.910.3 9.7 9.1 8.5 7.9 7.2

Static pres-
sure, oz ..10.211.211.611.411.0 10.2 9.2 8.0 6.6 5.0 3.5 1.9 0.3

Efficiency, per
cent 26 40 50 56 60 62 61 59 56 52 48 45

The above figures are taken from a plotted curve of the results of
a test by the Buffalo Forge Co. in 1905. A letter describing the test
says :

The object was to determine the variation of pressure, power and
efficiency obtained at a constant speed with capacities varying from zero
discharge to free delivery. A series of capacity conditions were secured
by restricting the outlet of the blower by a series of converging cones,
so arranged as to make the convergence in each case very slight, and of
sufficient length to avoid any noticeable inequality in velocities at the
discharge orifice. The fan was operated as nearly at constant speed as
Eossible. The velocity of the air at the point of discharge was measured
y a Pitot tube and draft gauge of usual construction. Readings were

taken over several points of the outlet and the average taken, although
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the variation under nearly all conditions was scarcely perceptible. A I

coefflcient of 93% was assumed for the discharge orifice. The pressure i

was taken as the reading given by the Pitot tube and draft gauge at

outlet. The agreement of tiiis reading with the static pressure in a:

chamber from which a nozzle was conducted had been checked by a
previous test in which the two readings, i.e., velocity and static pressure,,!

were found to agree exactly within the limit of accuracy of the draft-
gauge, which was about 0.01 in., or, in this case, witioin 1% The horse-'
power was determined by means of a motor which had been previously
calibrated by a series of brake tests. Variations in speed were assumed
to produce variation in capacity in proportion to the speed, variation in
pressure to the square of the speed, and variation in H.P. in proportion to
the cube of the speed. These relations had been previoiisl/ shown to

,

hold true for fans in other tests. They were also checked up by oper- !

ating the fan at various speeds and plotting the capacities directly with i

the speed as abscissa, the pressure with the square of the speed as abscissa, !

and the horse power with the cube of the speed as abscissa. These were
|

found, as in previous cases, to have a practically straight-line relation, in
which the Une passed through the origin.

Effect of Resistance upon the Capacity of a Fan. — A study of the
figures in the above table shows the imxportance of ha\dng ample capacity
in the air mains and deUvery pipes, and of the absence of sharp bends
or other obstructions to the flow which may increase the resistance or
pressure against which the fan operates. The fan delivering its rated
capacity against a static pressure of 10.2 ounces delivers only 40 %
of that capacitJ^ with the same number of revolutions, if the pressure is

increased to 11.6 ounces; the power is reduced only to 57%, instead of
40%, and the eflaciency drops from 60% to 40%.

Dimensions of Sirocco Fans.

(American Blower Co., 1909.)

2 S j3 oj

1

5§§ II

04^ 3 .

oca ,3 1"
2^ li-a

o

6 Y< %< m MO
i% '^'m gli Ills.

Q
^"^

^ H W ^ ^ H^ ^ § <i < >A

6 3 48 56 11" 4 10" .23 .123 .11 .12 y
9 41/2 48 127 V r 6 y 3" .49 .349 .25 .35 41/4"

12 6 64 226 V 9" 8 V 7" .85 .616 .44 .60 53/4"

15 71/2 64 353 2' 4" 10 21 0" 1.46 .957 .69 .92 71/4"

18 9 64 509 2' 10" 12 2! 5" 1.87 1.37 1.00 1.40 8 1/2"

21 101/2 64 693 y 4" 14 2' 10" 2.40 1.87 1.34 1.87 10"

24 12 64 904 y 8" 16 y 3" 3.14 2.46 1.78 2.40 1 1 1/2"

27 131/2 64 1144 4' 3" 18 y 7" 4.59 3.11 2.25 3.14 13"

30 15 64 1413 4' 7" 20 4' 0" 5.58 3.83 2.78 3.83 141/2"

36 18 64 2036 y 6" 24 4' 10" 7.87 5.50 4.00 5.58 17"

42 21 64 2770 6' 5" 23 5' 7" 10.56 7.47 5.44 7.47 20"

48 24 64 3617 7 3" 32 6' 5" 13.6 9.79 7.11 9.85 23"

54 27 64 4578 8' 2" 36 7' 3" 17.0 12.3 9.00 12.3 26"

60 30 64 5652 9/ ,// 40 8' 0" 20.9 15.2 11.11 15.3 281/2"

66 33 64 6839 9' 11" 44 8' 10" 25.2 18.4 13.41 18.3 311/2"

72 36 64 8144 10' 10" 43 9' 7" 29.8 22.2 16.00 22.3 341/2"

Sirocco or Multivane Fans.— There has recently (1909) come into use
a fan of radically different proportions and characteristics from the ordi-
nary centrifugal fan. This fan is composed of a great number of shallow
vanes, ranging from 48 to 64, set close together around the periphery of
the fan wheel. Over a large range of sizes, 64 vanes appear to give the



Speed, Capacities and Horse-power of Sirocco Fans. (American
Blower Co., 1909.)

The figures given represent dynamic pressures in oz. per sq. in. For
static pressure, deduct 28.8%; for velocity pressure, deduct 71.2%.

si
o o o

o

o o

^ o

o

o

6
Cu.ft.
R.P.M.
B.H.P.

155

1,145

.0185

220
1,615

.052

270
1,980

.095

610

1,320

.216

310
2,290
.147

350
2,560
.205

790

1,700

.463

380

2,800
.270

410

3,025

.34

440
3,230

.42

490

3,616
.58

1,110

2,408
1.32

540
3,960

.76

9
Cu.ft.
R.P.M.
B.H.P.

350
762
.042

500
1,076

.118

700

1,524

.333

860
1,866

.610

930
2,020

.77

1,000

2,152
.95

1,220

2,640
1.73

12
Cu.ft.
R.P.M.
B.H.P.

625
572
.074

880
808
.208

1,080

990
.381

1,250

1,145

.588

1,400

1,280

.82

1,530

1,400

1.08

1,650

1,512

1.36

1,770

1,615

1.66

1,970

1,808

2.32

3,090
1,444

3.65

4,450

1,204

5.25

6,060

1,032

7.15

7.900

904
9.3

2,170
1,980

3.05

15
Cu. ft.

R.P.M.
B.H.P.

975
456
.115

1,380

645
.326

1.690

790
.600

1,950

912
.923

2,180

1,020

1.29

2,400
1,120

1.69

2,590

1,210

2.14

2,760

1,290

2.61

3,980
1,076

3.75

3,390
1,580

4.8

18
Cu. ft.

R.P.M.
B.H.P.

1,410

381

.167

1,990

538
.470

2,440
660
.862

2,820
762
1.33

3,160
850
1.85

3,450
933

2.43

3,720
1,010

3.07

4,880
1,320

6.9

21
Cu. ft.

R.P.M.
B.H.P.

1,925

326
.227

2,710
462
.640

3,310
565
1.17

3,850
652
1.81

4,290
730

2.53

4,700
800

3.33

5,070
864
4.18

5,420
924

5.11

6,620

1,130

9.4

24
Cu. ft.

R.P.M.
B.H.P.

2,500
286
.296

3,540
404
.832

4,340
495
1.53

5,000
572

2.35

5,600
640

3.28

6,120
700

4.32

6,620
756

5.44

7,080
807

6.64

8,680
990
12.2

27
Cu. ft.

R.P.M.
B.H.P.

3,175
254
.373

4,490
359
1.05

5,500
440
1.94

6,350
508

2.98

7,100
568

4.16

7,780
622
5.48

8,400
672

6.90

8,980
718

8.44

10,050
804
11.8

11,000
880
15.5

30
Cu. ft.

R.P.M.
B.H.P.

3,910
228
.460

5,520
322
1.30

6,770
395
2.40

7,820
456

3.68

8,750
510

5.15

9,600
560

6.75

10,350

604
8.53

11,050
645
10.4

12,350

722
14.5

13,550
790
19.1

36
Cu. ft.

R.P.M.
B.H.P.

5,650
190

.665

7,950
269
1.87

9,750
330
3.44

11,300

381

5.30

12,640

425
7.40

13,800

466
9.72

14,900

504
12.25

15,900
538
15.0

17,800

602
20.9

19,500

660
27.5

42
Cu. ft.

R.P.M.
B.H.P.

7,700
163

.903

10,850

231

2.55

13,300
283

4.69

15,400

326
7.24

17,170
365
10.1

18,800

400
13.3

20,300
432
16.7

21,700
462
20.4

24,250
516

28.5

26,600
566

37.5

48
Cu.ft.
R.P.M.
B.H.P.

10,000

143

1.18

14,150

202
3.32

17,350

248
6.10

20,000
286

9.40

22,400
320
13.1

24,500
350
17.2

26,500
378

21.75

28,300
403

26.6

31,600
452

37.1

34,700
495

48.8

54
Cu. ft.

R.P.M.
B.H.P.

12,700

127

1.49

17,950

179

4.20

22,000
220
7.75

25,400
254
11.9

28,400
284
16.6

31,100
311

21.9

33,600
336

27.6

35,900
359

33.7

40,200
402

47.1

44,000
440
62.

60
Cu. ft.

R.P.M.
B.H.P.

15,650

114

1.84

22,100
161

5.20

27,100
198

9.58

31,300
228
14.7

35,000
255

20.6

38,400
280

27.0

41,400
302

34.1

44,200
322
41.6

49,400
361

58.2

54,200
396
76.5

66
Cu. ft.

R.P.M.
B.H.P.

18,950

104

2.23

26,800
147

6.30

32,850
180

11.6

37,900
208
17.8

42,300
232

24.9

46,400
254

32.7

50,100
275

41.2

53,600
294

50.4

60,000
328
70.4

65,700
360

92.6

72
Cu. ft.

R.P.M.
B.H.P.

22,600
95

2.66

31,800
134

7.48

39,000
165

13.7

45,200
190

21.2

50,600
212

29.6

55,200
233

38.9

59,600
252

49.0

63,600
269

59.8

71,200
301

83.6

78,000
330
110.

78
Cu.ft.
R.P.M.
B.H.P.

26,400
88

3.10

37,350
124

8.77

45,800
153

16.1

52,800
176

24.8

59,100
197

34.7

64,700
215

45.6

70,000
233

57.5

74,700
248

70.2

83,500
278
98.

91,600
305
129.

84
Cu.ft.
R.P.M.
B.H.P.

30,800
81

3.61

43,400
115

10.2

53,200
142

18.7

61,600
163

28.9

68,700
182

40.4

75,200
200

53.0

81,200
216

66.8

86,800
231

81.7

97,100
258
114.

106,400
283
150.

90
Cu. ft.

R.P.M.
B.H.P.

35,250
76

4.14

49,800
107

11.7

61.000
132

21.5

70,500
152

33.1

78,800
170

46.2

86,400
186

60.7

93,300
201

76.7

99,600
214

93.6

111,200
241

131.

mm
172;

665
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best results. The vanes, measured radially, have a depth l/io the fan
diameter. Axially, they are much longer than those of the ordinary fan,
being 3/5 the fan diameter. The fan occupies about 1/2 the space, and is
about 2/3 the weight of the ordinary fan. The vanes are concaved in the
direction of rotation and the outer edge is set forward of the inner edge.
The inlet area is of the same diameter as the inner edge of the blades.
Usually the inlet is on one side of the fan only, and is unobstructed, the
wheel being overhung from a bearing at the opposite end. A peculiarity
of this type of fan is that the air leaves it at a velocity about 80 per
cent in excess of the peripheral speed of the blades. The velocity of
the air through the inlet is practically uniform over the entire inlet
area. The power consumption is relatively low. Tliis type of fan was
invented by S. C. Davidson of Belfast, Ireland, and is known ai the
"Sirocco" fan. It is made under that name in this country by the
American Blower Co., to which the author in indebted for the preceding
tables.
A Test of a ** Sirocco " Mine Fan at Llwnypia, Wales, is reported in

Eng'g., April 16, 1909. The fan is 11 ft. 8 in. diam., double inlet, direct-
coupled to a 3-phase motor. Average of three tests: Revs, per min., 184;
peripheral speed, 6,705 ft. per min.; water-gauge in fan drift and in main
drift, each 6 in.; area of drift, 184.6 sq. ft.; av. velocity of air, 1842
ft." per min; volume of air, 340,033 cu. ft. per min.; H.P. input at motor,
420 ; Brake H.P. on fan shaft, 390; Indicated H.P. in air, 321.5; efficiency
of motor, 93%; mechanical efficiency of fan, 82.43%; combined mechan-
ical efficiency of fan and motor. 76.6%.

High-Pressure Centrifugal Fans. (See page 648.)

The Conoidal Fan.—A multiblade fan in which the blades are

not parallel to the shaft, but inclined to it, so that their tips form
the shape of a cone, the inlet being the large diameter, is made by the
Buffalo Forge Co. It is known as the Buffalo Niagara Conoidal
Fan. A table of the regular sizes of these fans is given below.

Capacities of Buffalo Niagara Conoidal Fans.

Under Average Working Conditions at 70° F. and 30 in. Barometer.
Static Pressure is 77.5% of Total Pressure. Volumes in cu. ft. per min.

« 1- in. Total 2 in. Total 4 in. Total
•1 2 Pressure, or Pressure or Pressure, or

:i
0.577 oz. 1.154 oz. 2.307 oz.

d
.

0'"
i i i

c ^S p^ r^ P^ (k •3 P4 fi^ -3 P^

P=< s < p^ > w p^ > W p^ !> w
3 155/8 1.31 675 2,440 0.54 955 3,450 1.54 1350 4,480 4.35

31/2 181/8 1.79 579 3,320 0.74 818 4,690 2.09 1157 6,640 5.92

4 201/2 2.33 506 4,340 0.97 716 6,130 2.73 1013 8.670 7.73

41/2 231/2 2.95 450 5,490 1.22 636 7.760 3.46 900 10,970 9.78

5 261,8 3.64 405 6,770 1.51 573 9,580 4.27 810 13.550 12.1

51/2 283/4 4.41 368 8,200 1.83 521 11.590 5.17 736 16,390 14.6

6 313/8 5.25 338 9,750 2.17 477 13,790 6.15 675 19,510 17.4

7 361/2 7.14 289 13,280 2.96 409 18,770 8.37 579 26,550 23.7

8 42 9.33 253 17,340 3.87 358 24,520 10.9 506 34,680 30.9

9 47 11.81 225 21,950 4.89 318 31,020 13.8 450 43,890 39.1

10 52 14.58 203 27,090 6.04 286 38.310 17.1 405 54,180 48.3

11 58 17. 6^ 184 32,780 7.31 260 46,360 20.7 368 65.560 58.5

12 63 21.00 169 39,010 8.70 239 55,170 24.6 338 78.020 69.6

13 68 24.65 156 45,780 10.2 220 64,730 28.9 312 91,560 81.6

14 73 28.68 145 53,100 11.8 205 75,090 33.5 289 106,200 94.7

15 78 32.80 135 60.960 13.6 191 86.200 38.4 270 121,920 108.7

16 84 37.32 127 69,360 15.5 179 98,060 43.7 253 138,700 123.7

17 89 42. H 119 78,300 17.5 169 110,720 49.4 238 156,600 139.6

18 94 47.24 113 87,780 19.6 159 124,110 55.3 225 175,550 156.5

19 99 52.63 107 97,800 21.8 151 138,280 61.7 213 195,600 174.4

20 105 58.32 101 108,370 24.2 143 153,250 68.3 202 216,720 193.2
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METHODS OF TESTING FANS.

Anemometer Method.—Measurements by anemometers are liable to
be very inaccurate (see page 625) and results obtained by them should
be considered only as rough approximations.

Water Gauge Readings at End of Tapered Cone.—This method is

also far from accurate on account of variable eddies in the air colvunn.

Pitot Tube Readings in Center of Discharge Pipe.—This method
gives fairly accurate results when the discharge pipe is the same size
as the fan outlet, when the Pitot tube is placed at a distance equal to
at least 15 diameters of the pipe from the fan outlet, when the tube is

so made that it will give correct readings of the static pressure, and
when the velocities computed from the readings are corrected by a
coefficient (0.87 to 0.92 in different experiments) for the ratio between
the average velocity and the velocity at the center of the tube.

Pitot Tube Readings in Zones of Equal Area.—More accurate results
may be obtained if the tube is traversed across two diameters of the
tube at right angles to each other, placing the nozzle successively at
points which will divide the cross-sectional area into equal annular
areas (with one central circular area). If ten such points are taken
on each diameter, the radial distances of the points from the center . of
the pipe will be 31, 55, 71, 84, and 95% of the radius of the pipe from
the center. Since the velocity at any point is proportional to the
square root of the velocity head, it is necessary for accurate results
to take the average of the square root of the readings, and square this
average to obtain the mean velocity head of the whole area of the pipe.
For low pressures an incUned manometer should be used with the Pitot
tube, and it should contain gasoline instead of water, as it keeps the
tubes clean, has a definite meniscus and almost no capillary attraction
for the glass. The readings of the tube are to be corrected for the
inchnation and for the specific gravity of the gasoUne to reduce them
to equivalent inches of water column.
The best form of Pitot tube is one made of two thin brass tubes, the

outer one 1/4-in. and the inner one i/g-in. external diameter, each about
4 or 5 in. long, the two being soldered together at one end and the end
then tapered down to a sharp edged nozzle. Each tube is connected
near the rear end to tubes at right angles to the double tube, leading
to two manometers, one for reading the total, or dynamic or impact
pressure, the other the static pressm-e. The difference between these
two readings is the velocity head. It may be obtained in one reading
by connecting both parts of the tube to a single manometer. The
outer, or static, tube has two or more smooth holes drilled in it, diamet-
rically opposite, at right angles to the axis, to receive the static pressure.
The exact form of the nozzle of the impact tube is not of importance,
as different forms give identical readings, but care must be taken with
the holes of the static tube or errors will be made in the readings due
to action of the dynamic pressure on these holes if they are not properly
made. A thin slot instead of the holes has been foimd to give in-
accurate readings. (See papers by Chas. S. Treat, Trans. A. S. M. E.,
vol. 34, and W. C. Rowse, Jour. A. S. M. E., Sept., 1913.)

For accizrate scientific work it is well to check the static tube read-
ings by manometer readings from a piezometer ring, which is a narrow
annular channel encirchng the pipe and soldered to it to make it air-
tight. Six or more smooth holes are bored into the pipe at right angles
to its axis, to connect the interior of the pipe with the ring. The Pitot
tube may also be cahbrated by means of a Thomas electric gas meter.

The Thomas Electric Meter for air and gas consists of an enlargement
of section of the flow pipe into a chamber of a diameter equal to about
two diameters of the pipe, with conical ends connecting it with the
pipe. In the interior is placed an electric heater made of bare resistance
wire motmted on a fiber frame and equally distributed over the section
of the chamber, and also two electric resistance thermometers, one in
front of and the other behind the heater. An electric CTu-rent, meas-
ured by a wattmeter, is passed through the heater and the temperatures
before and after the heating are measiired by the thermometers. If
Ti and T2 are the temperatures before and after the heating, H the
heat units corresponding to the watts delivered to the heater (1 watt «
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3.415 B.T.tJi per hour), and S the specific heat of the air, then tii6

weight of air heated in lb. per min. is TF = ^ttst^—-tft

When the Pitot tube is correctly made and used its formula is

V = \/2gh, in which h is the mean velocity head, measured as the height
in feet of a column of air which would produce the observed velocity
and V the velocity in ft. per sec.

To convert the velocity head as measured in the Pitot tube in inches
of water column into velocity of the air in feet per min. we have the
following formulae:

p = velocity pressure in inches of water gage.
h = corresponding heat in feet of a colimin of air.

V = velocity of air in ft. per sec. V = velocity in ft. per min.
w = weight of 1 cu. ft. of air imder existing conditions.

;^^.gg_3Z.,^ / 64.32X62.3P
12w '

"^

\f 12 w
18.27^

V, ft. per min. = 1096...2JI

The average weight of 1 cu. ft. of air was foimd by the American
Blower Co. in a large number of tests to be 0.0715 lb. per cu. ft., whence
V= 4101v^
The velocity of flow of air at a given density produced by a pres-

sure of 1 in. of water is called the "velocity constant" of air at that
density. A table of such constants is given by the American Blower
Co., from which the following table is condensed:

Air Constants for Dry Air at Sea Level, Bar. 29.92 In.

a . 6 a . 6 ii . 6 a . 6
B^ K. Sfe K. ^h K. •^ ti^ K.
Ei" P5 H" tf H" ^ b^° ^

-40 3567 0.890 60 3968 990 160 4333 1,082 500 5389 1.345
-20 3651 911 70 4006 1.000 180 4402 1.098 600 5663 1.413

3733 93?, 80 4044 1 009 200 4470 1.114 700 5975 1.478
10 3773 .942 90 4031 1.018 250 4636 1.157 800 6177 1.542
20 3HI3 ,957, KK) 4118 1 07,8 300 4796 1,197 900 6418 1.602
30 3852 .961 no 4155 1.037 350 4890 1.236 1000 6650 1.660
40 3891 .97! 120 4191 1.046 400 5101 1,273 1100 6873 1.715
50 3930 .981 140 4263 1.064 450 5246 I.3I0 1200 7090 1.770

Constant K ^4.
2g X weight of 1 cu. ft. water at 62° F.

V 12 X weight of 1 cu. ft. air at temp, stated.

The values under Ratio give ratios of fan speeds necessary at the
various temperatures to produce the same water gage indication.
Horse-power of a Fan.—If C = cu. ft. of air deUvered per minute,W = weight of 1 cu. ft. of air under existing conditions, H the height

in feet of an air column equivalent to the total pressure, D the dynamic
pressure in inches of water column = WH -^- 5.2, the horse-power
developed by the dehvery of the air is A = CWH ^ 33,000 = CD ^ 6356.
One inch water gage = 5.2 lb. per sq. ft. The total pressure D with
which the fan should be credited is the difference between the total
pressure in the discharge pipe and that in the inlet pipe.
The air horse-power divided by the power required to drive the fan,

as measured by a dynamometer, gives the mechanical eflQciency of the
fan.
From the above formulae the air horse-power is a function of two

variables, volume and pressure. To obtain what is called the " static
efficiency," the fan should be credited with the difference between
the static pressure in the medium from which the fan is drawing
air and the static pressure in the discharge pipe. To obtain the
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impact or total efficiency the fan should be Gfedited witii the kinetic
energy in the air in the discharge pipe or with the difference betweeil
the static pressure in the medium from which the fan is drawing
air and the total or impact pressure in the discharge pipe.
The worlc of compression is negligible, as these methods have to ad

with air under low pressure. When readings are taken on the guctioil
side of the fan, for the purpose of determining static eflSciency, thd
fan should be credited only with the difference between the statid
pressure in the discharging medium and the impact pressure in the
inlet pipe. If the object is to determine the impact efficiency Where
readings are taken at the suction side of the fan, the pressure with
which the fan should be credited is the difference between the impact
reading at the fan discharge and the impact reading obtained in the
inlet pipe. This total pressure with which the fan is credited may
also be expressed as the difference between the static pressure in the
discharge pipe and the static suction in the inlet pipe, plus the increase
of the velocity pressure in the outlet pipe over the velocity pressure
in the inlet pipe.

Accuracy of Pitot Tube Measurements.—To obtain even approx-
imately accurate results v/ith Pitot tubes it is necessary both to have
the tube properly made and to take great precautions in using it.

W. C. Rowse, Trans. A. S. M. E., vol. 35 (1913), p. 633, tested several
forms of tube, comparing their readings with those of a Thomas
electric gas meter. He found the best tube to be one made of a
i/4-in. outer and a i/s-in. inner thin brass tube, 4 or 5 in. long, soldered
together at one end, which was tapered for 3/4 in. down to the internal
diameter of the inner tube, which was thus given a sharp edge. The
outer tube was perforated with a small smooth hole 0.02 in. diameter
on each side at the middle of its length. The rear end of the small
tube and the annular space between the two tubes were each con-
nected to 1/4 in. upright tubes, from which rubber tubes led to two
manometers. The inner tube received the impact pressure and the
annular space the static pressure. The difference between the two
is the velocity pressure, a direct reading of which could be made by
connecting the two rubber tubes, or branches from them, to the two
legs of a single manometer. The manometers were U tubes, of glass
about 1/2 in. internal diameter, containing gasoline, and were inclined
at an angle of 1 vertical to 10 horizontal in order to magnify the
readings. The scale was graduated so as to read in hundredths of
an inch of water column. To obtain mean velocities and pressures
the tube was traversed across two diameters of the pipe, vertical and
horizontal, ten readings being taken on each diameter, at points
located at the center of five annular areas into which the total area
of the pipe was divided. The radial distances of these points from the
center of the pipe were 32, 55, 71, 84 and 95 per cent, respectively,
of the radius of the pipe. (See Appendix No. 6 of the report of the
Power Test Committee of the A. S. M. E., 1915.) The results of these
tests showed that accuracy within 1 % could be obtained when all

readings were obtained with a suflBcient degree of refinement and
when the Pitot tube was preceded by a length of pipe 20 to 38 times:
the pipe diameter in order to make the flow as nearly uniform across;
the section of the pipe as possible.
When readings were taken at the center of a 12-in. galvanized irorn

pipe the mean pressure was 0.80 of the pressure at the center, corre-

spending to a mean velocity of V0.8O or 0.894 of the velocity at the
center, within a limit of error of 2%. The mean velocity head was;
obtained by taking the square of the average of the square roots of
each of the 20 readings. Tests of Pitot tubes with long narrow slots
in the outer tube, instead of the small holes, gave results which were
in error from 3.5 to 10%.
The Thomas Electric Gas Meter, referred to above, is described

in Trans. A. S. M. E., vol. 31, p. 655. It consists in an enlarged
section of the gas or air pipe containing an electric heating device
with electric instruments for determining both the increase of tem-
Eerature and the energy absorbed in heating. Given the specific
eat, the rise in temperature, and the watts of energy absorbed, the

weight of gas flowing in a given time may be computed.
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Flow of Air through an Orifice.

VELOCITY, VOLUME, AND H.P. REQUIRED WHEN" AIR UNDER GIVEN PRESSURE
IN OUNCES PER SQ. IN. IS ALLOWED TO ESCAPE INTO THE ATMOSPHERE.

(B. F. Sturtevant Co.)

d* 2
u a?^ S o S "^ d*

u ^^=5 s g02 ft

-^ - s s .Bl

ft

£2
II
go la o2S IL O S bflO 1=^

> > a M Ph > > w

1/8 0.216 1.828 12.69 0.00043 0.0340 2 7,284 50.59 0.02759 0.5454

1/4 0.432 2,585 17.95 0.00122 0.0680 21/8 7,507 52.13 0.03021 0.5795

3/J 0.648 3.165 21.98 0.00225 0.1022 21/4 7.722 53.63 0.03291 0.6136

1/2 0.864 3.654 25.37 0.00346 0.1363 23/8 7.932 55.08 0.03568 0.6476

5/8 1.080 4.084 28.36 0.00483 0.1703 21/2 8.136 56.50 0.03852 0.6818

3/4 1.296 4.473 31.06 0.00635 0.2044 25/8 8.334 57.88 0.04144 0.7160

7/8 1.512 4,830 33.54 0.00800 0.2385 23/4 8.528 59.22 0.04442 0.7500
1.728 5.162 35.85 0.00978 0.2728 27/8 8.718 60.54 0.04747 0.7841

11/8 1.944 5.473 38.01 0.01166 0.3068 3 8.903 61.83 0.05058 0.8180

1V4 2.160 5.768 40.06 0.01366 0.3410 31/8 9.084 63.08 0.05376 0.8522
13/8 2.376 6.048 42.00 0.01575 0.3750 31/4 9.262 64.32 0.05701 0.8863

11/2 2.592 6,315 43.86 0.01794 0.4090 33/8 9.435 65.52 0.06031 0.9205
•15/8 2.808 6.571 45.63 0.02022 0.4431 31/2 9.606 66.71 0.06368 0.9546
13/4 3.024 6.818 47.34 0.02260 0.4772 35/8 9,773 67.87 0.06710 0.9887

17/i 3.240 7.055 49.00 0.02505 0.5112 33/4
37/8

9,938
10,100

69.01
70.14

0.07058
0.07412

1 .0227
1 .0567

(1) (2) (3) (4) (5) (6) (1) (3) (4) (5> (6)

The headings of the 3d and 4th columns in the above table have been
abridged from the original, which read as follows: Velocity of dry air,
50° F., escaping into the atmosphere through any shaped orifice in any
pipe or reservoir in which the given pressure is maintained. Volume of
air in cubic feet which may be discharged in one minute through an orifice
having an effective area of discharge of one square inch. The 6th column,
not in the original, has been calculated by the author. The figures repre-
sent the horse-power theoretically required to move 1000 cu, ft. of air of
the given pressures through an orifice, without allowance for the work of
compression or for friction or other losses of the fan. These losses may
amount to 60% or more of the given horse-power.
The change in density which results from a change in pressure has been

taken into account in the calculations of the table. The volume of air at
a given velocity discharged through an orifice depends upon its shape, and
is always less than that measured by its full area. For a given effective
area the volume is proportional to the velocity. The power required to
move air through an orifice is measured by the product of the velocity and
the total resisting pressure. This power for a given orifice varies as the
cube of the velocity. For a given volume it varies as the square of the
velocity. In the movement of air by means of a fan thfere are unavoidable
resistances which, in proportion to their amount, increase the actual power
considerably above the amount here given.

Pipe liines for Tans and Blowers. — In installing fane and blowers
careful consideration should be given to the pipe line conducting the air
from the fan or blower. Bends and turns in the pipe, even of long radii,
will cause considerable drop in pressure, and in straight pipe the friction of
the moving air is a source of considerable loss. The friction increases with
the length of the pipe and is inversely as the diameter. It also varies as the
square of the velocity. In long runs of pipe, the increased cost of a larger
pipe can often be compensated by the decreased cost of the motor and
power for operating the blower.
The advisability of using a large pipe for convejdng the air is shown by
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the following table which gives the size of pipe which should be used for
pressure losses not exceeding one-fourth and one-half ounce per square
£ich, for various lengths of pipe.

Diameters of Blast Pipes.

(B. F. Sturtevant Co., 1908.)

u

ft

11

u

-a

Length of Pipe in Feet.

g
20

1

40
1

60 80
1

100 120 140

B^ Diameter of Pipe with Drop of

il 1/4 1/2 1/4 1/2 1/4 1/2 1/4 1/2 1/4 1/2 1/4 1/2 1/4 1/2

s

23

o Oz.

6

Oz. Oz.

7

Oz.

6

Oz.

7

Oz.

6

Oz.

8

Oz.

7

Oz.

9

Oz.

8

Oz.

9

Oz

8

Oz.

9

Oz.

1 500 8

2 27 1,000 8 9 8 10 9 11 9 11 10 12 11 12 11

3 30 1,500 10 11 10 11 10 12 11 13 11 13 12 14 12

4 32 2,000 11 12 11 13 12 14 12 15 13 15 14 16 14

5 36 2,500 12 10 14 12 15 13 15 14 16 14 17 15 17 15

6 39 3,000 13 15 13 16 14 17 15 18 15 18 16 18 16

7 42 3,500 13 15 13 17 15 17 15 18 16 19 17 20 18

8 45 4,000 15 16 15 18 15 18 16 19 17 20 18 21 18

9 48 4,500 15 17 15 18 16 19 17 20 18 21 19 22 19

10 54 5,000 15 18 15 19 17 20 18 21 18 22 19 23 20

11 54 5,500 16 18 16 20 17 21 18 22 19 23 20 23 20

12 60 6,000 17 19 17 20 17 21 19 22 20 23 21 24 21

13 60 6,500 17 19 17 21 18 23 19 23 20 24 21 25 22

14 60 7,000 18 20 18 22 19 23 20 24 21 25 22 26 23

15 66 7,500 18 21 18 22 19 24 21 25 22 26 22 27 23

16 66 8,000 18 22 18 23 20 24 22 26 22 26 23 27 24

17 66 8.500 18 22 18 23 20 24 22 26 22 27 24 28 24

18 72 9,000 18 22 18 24 21 25 22 27 23 27 24 28 25

19 72 9,500 20 23 20 24 22 26 23 28 23 28 25 29 26

20 72 10,000 20 18 23 20 25 22 27 23 28 24 29 25 30 26

21 78 10,500

11,000

21 18 24 21 26 23 27 23 29 25 30 26 30 26

22 78 21 18 24 21 27 23 28 24 29 26 30 27 31 27

23 78 11,500 21 19 25 21 27 24 28 25 30 26 30 27 31 27

24 84 12,000 22 19 25 22 28 24 28 25 31 26 31 27 32 28

25 84 12,500 22 19 26 22 28 24 29 26 31 27 32 28 33 28

26 84 13.000 22 19 26 22 28 24 29 26 31 27 32 28 33 28

27 90 13.500 23 20 26 23 28 24 30 26 31 27 32 28 34 28

28 90 14,000 23 20 27 23 29 25 30 27 32 28 33 29 34 29

29 90 14,500 23 20 27 23 29 26 31 27 32 28 33 29 34 30

30 90 15.000 24 21 27 24 29 26 31 27 32 28 34 30 35 30

The minimum radius of each turn should be equal to the diameter of the
pipe. For each turn thus made add three feet in length, when using this
table. If the turns are of less radius, the length added should be increased
proportionately.
The above table has been constructed on the following basis: A loss of,

say, 1/2 oz. pressure was aUowed as a standard for the transmission of a
given quantity of air through a given length of pipe of any diameter. The
increased loss due to increasing the length of pipe was compensated for by
increasing the diameter sufficiently to keep the loss stiU at 1/2 oz. Thus,
if 2500 cu. ft. of air is to be delivered per minute through 100 ft. of pipe
with a loss of not more than 1/2 oz., a 14-in, pipe will be required. If it is
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necessary to increase the length of pipe to 140 ft., a pipe 15 in. diameter
]

will be required if the loss in pressure is not to exceed 1/2 oz. In deciding ;

the size of pipe the loss in pressure in the pipe must be added to the pres- '

sure to be maintained at the fan or blower, if the tabulated efficiency of
the latter is to be secured at the dehvery end of the pipe. ;

Centrifugal Ventilators for Mines.— Of different appliances for ven-
tilating mines various forms of centrifugal machines having proved their
efficiency have now almost completely replaced all others. Most if not all

of the machines in use in this country are of this class, being either open-
periphery fans, or closed, with chimney and spiral casing, of a more or less

modified Guibal type. The theory of such machines has been demonstrated
by Mr. Daniel Murguein " Theories and Practices of Centrifugal Ventilating
Machines," translated by A. L. Stevenson, and is discussed in a paper by R.
Van A. Norris, Trans. A. I. M. E., xx. 637. From this paper the following
formulae are taken:

Let a = area in sq. ft. of an orifice in a thin plate, of such area that its

resistance to the passage of a given quantity of air equals the
resistance of the mine;

= orifice in a thin plate of such area that its resistance to the pas-
sage of a given quantity of air equals that of the machine;

Q = quantity of air passing in cubic feet per minute;
V = velocity of air passing through a in feet per second;

Fo = velocity of air passing through o in feet per second;
k = head in feet air-column to produce velocity F;
Kq = head in feet air-column to produce velocity Fq.

Q = 0.65aF; F - Vi^; Q = o.65a Vi^;

a = • = equivalent orifice of mine;

or, reducing to water-gauge in inches and quantity in thousands of cubic
feet per minute.

0.403 Q , .

Vw.G.' ' ^ = 0.65 oFo; Fq = ^2gh^-

»=v/. 652/io2 g
equivalent orifice of machine.

The theoretical depression which can be produced by any centrifugal
w-entilator is double that due to its tangential speed. The formula

2g 2g'

:in which T is the tangential speed, F the velocity of exit of the air from the
ispace between the blades, and H the depression measured in feet of air-
column, is an expression for the theoretical depression which can be pro-
duced by an uncovered ventilator; this reaches a maximum when the air
leaves the blades without speed, that is, F = 0, and // = T^ -h 2 g.
Hence the theoretical depression which can be produced by any uncov-

ered ventilator is equal to the height due to its tangential speed, and one-
half that which can be produced by a covered ventilator with expanding
chimney. Practical considerations in the design of the fan wheel and
casing will probably cause the actual results obtained with fans to vary
considerably from these formulae.

So long as the condition of the mine remains constant:

(1) The volume produced by any ventilator varies directly as the speed
of rotation.

(2) The depression produced by any ventilator varies as the square of
the speed of rotation.

(3) For the same tangential speed with decreased resistance the quantity
of air increases and the depression diminishes,



MINE VENTILATING FANS. 673

The following table shows a few results, selected from Mr. Norris's
paper, giving the range of eflBciency which may be expected under dif-

ferent circumstances. Details of these and other fans, with diagrams
of the results, are given in the paper.

Experiments on Mine-Ventilating Fans.

i
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A,
84 5517 236,684 2818 3040 4290 1.80 67.13 88.40 75.9 1«
100 6282 336,862 3369 3040 5393 2.50 132. 7( 155.43 85 4
111 6973 347,396 3130 3040 5002 3 20 175.17 209 6^ 83.6 f J*"

123 7727 394, IOC 3204 3040 5100 3.60 223.56 295.21 75.7 J <J

B 100 6282 188,888 1889 1520 3007 1.40 41.67 97.99 47 5

130 8167 274,876 2114 1520 3366 2 00 86 61 194 95 44.6 22

C W 3702 59,587 1010 1520 1610 1.20 11.27 16.76 67.83
83 5208 82,969 1000 1520 1593 7 15 27.86 48.54 57 38

D 40 3140 49,611 1240 3096 1580 87 6 8r 13 8? 49.2 32
70 5495 137,760 1825 3096 2507 2.55 55 35 67.44 87 07
50 2749 147,232 2944 1577, 5356 0.50 11 6r 7,8 55 40.63

k] 69 3793 205,761 2982 1522 5451 1 00 V. 4? 45.98 70.50 83
( 96 5278 299,600 3121 1522 5676 2.15 101.50 120.64 84 10
i, 200 7540 133,198 666 746 1767 3 35 70 30 102 79 68.40 26.9

F 200 7540 180,809 904 746 2398 3,05 86.89 129.07 67. 3C 38.3
( 200 7540 209,150 1046 746 2774 2.80 92.50 150.08 61 70 46.3
'

10 785 28,896 2890 3022 3680 10 45 1 30 35
20 1570 57,120 2856 3022 3637 0.20 1.80 3 70 49.
25 1962 66,640 2665 3077 3399 0.29 2.90 6.10 48,

30 2355 73,080 2436 3077 3103 0.40 4 60 9 70 47 52

G-j
35 2747 94,080 2688 3022 3425 0.50 7 40 15.00 48.
40 3140 112,000 7800 3077 3567 70 17 30 24.90 49.
50 3925 132,700 2654 3022 3381 0.90 18.80 38 80 48
60 4710 173,600 2893 3022 3686 1.35 36.90 66.40 55.

70 5495 203,280 2904 3022 3718 1.80 57.70 107.10 54.

I m 6280 222,320 2779 3022 3540 2.25 78.80 152.60 52.

Type of fan. Diam. Width. No. inlets.
Diam.
inlets.

20 ft.

20
20
25

25

6 ft.

6
6
8
4
10

8

4
4
2
1

4
2
1

8 ft. 10 In.

B. Same, only left hand running
C. Guibal

8 10

8 10

D. Guibal U 6
E. Guibal, double 8

F. Capell ...... 7

G. Guibal 12

An examination of the detailed results of each test in Mr. Norris's table
shows a mass of contradictions from which it is exceedingly difflault to
draw any satisfactory conclusions. The following, he states, appear to be
more or less warranted by some of the figures:

1. Influence of the Condition of the Airways on the Fan. — Mines with
varying equivalent orifices give air per 100 ft. speed of tip of fan, within
limits as follows, the quantity depending on the resistance of the mine;
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E quivalent
orifice,

sq.ft.

Cu.ft.air
per 100 ft.

speed of fan.
Average.

Equivalent
orifice,

sq. ft.

Cu.ft.air
per 100 ft.

speed of fan.
Average.

Under 20
20 to 30
30 to 40
40 to 50

1100 to 1700
1300 to 1800
1500 to 2500
2300 to 3500
2700 to 4800

1300
1600
2100
2700
3500

60 to 70
70 to 80
80 to 90
90 to 100

100 to 114

3300 to 5100
4000 to 4700
3000 to 5600

4000
4400
4800

50 to 60 5200 to 6200 5766

The influence of the mine on the efficiency of the fan does not seem to be
very clear. Eight fans, with equivalent orifices over 50 square feet, give
efficiencies over 70%; four, with smaller equivalent mine-orifices, give
about the same figures; while, on the contrary, six fans, with equivalent
orifices of over 50 square feet, give lower efficiencies, as do ten fans, all

drawing from mines with small equivalent orifices. It would seem that,
on the whole, large airways tend to assist somewhat in attaining high
efficiency.

2. Influence of the Diameter of the Fan.— Tliis seems to be practically nil,

the only advantage of large fans being in their greater width and the lower
speed required of the engines.

3. Influence of the Width of a Fan. — This appears to be small as regards
the efficiency of the machine; but the wider fans are, as a rule, exhausting
more air. However, increasing the width of the fan of a given diameter
causes an increase in the velocity of the air through the wheel inlet, and
this increased velocity will become at a certain point a serious loss and
will decrease the mechanical efficiency.

4. Influence of Shape of Blades. — This appears, within reasonable limits,
to be practically nil. Thus, six fans with tips of blades curved forward,
three fans with flat blades, and one with blades curved back to a tangent
with the circumference, all give very high efficiencies— over 70 per cent.
A prominent manufacturer claims, however, that his tests show a higher
efficiency with vanes curved forward as compared with straight or back-
wardly curved vanes.

5. Influence of the Shape of the Spiral Casing.— Ttiis appears to be
considerable. The shapes of spiral casing in use fall into two classes,
the first presenting a large spiral, beginning at or near the point of cut-off,
and the second a circular casing reaching around three-quarters of the
circumference of the fan, with a short spiral reaching to the evasee
chimney. Fans having the first form of casing appear to give in
almost every case high efficiencies.

Fans that have a spiral belonging to the first class, but very much con-
tracted, give only medium efficiencies. It seems probable that the proper
shape of spiral casing would be one of such form that the air between each
pair of blades could constantly and freely discharge into the space between
the fan and casing, the whole being swept along to the evasSe chimney.
Tliis would require a spiral beginning near the point of cut-off, enlarging by
graduaUy increasing increments, to allow for the slowing of the air caused
by its friction against the casing, and reaching the chimney with an area
such that the air could make its exit with its then existing speed — some-
what less than the periphery-speed of the fan.

6. Influence of the Shutter. — The shutter certainly appears to be an ad-
vantage, as by it the exit area can be regulated to suit the varying quantity
of air given by the fan, and in this way re-entries can be prevented. It is

not uncommon to find shutterless fans, into the chimneys of which bits of

paper may be dropped, which are drawn into the fan, make the circuit, and
are again thrown out. This peculiarity has not been noticed with fans

provided with shutters.
7. Influence of the Speed at which a Fan is Run. — It is noticeable that

most of the fans giving high efficiency were running at a rather high
periphery velocity. The best speed seems to be between 5000 and 6000
feet per minute. The fans appear to reach a maximum efficiency at some-
where about the speed given, and to decrease rapidly in efficiency when
this maximum point is passed. The same manufacturer mentioned in
note 4 states that the efficiency is not affected by the tip speed, providing
that the comparison is always made at the same point in the efficiency
curv§.
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In discussion of Mr. Norris's paper, Mr. A. H. Storrs says: From the " cu-
bic feet per revolution" and "cubical contents of fan-blades," as given in
the table, we find that the enclosed fans empty themselves from one-half to
twice per revolution, wliile the open fans are emptied from one and three-
quarters to nearly three times; this for fans of both types, on mines covering
the same range of equivalent orifices. One open fan, on a very large
orifice, was emptied nearly four times, while a closed fan, on a still

larger orifice, only shows one and one-half times. For the open fans the
"cubic feet per 100 ft. motion" is greater, in proportion to the fan
width and equivalent orifice, than for the enclosed type. Notwithstand-
ing this apparently free discharge of the open fans, they show very low
efficiencies.
As illustrating the very large capacity of centrifugal fans to pass air, if

the conditions of the mine are made favorable, a 16-ft. diam. fan, 4 ft. 6 in.

wide, at 130 revolutions, passed 360,000 cu. ft. per min., and another, of
same diameter, but slightly wider and with larger intake circles, passed
500,000 cu. ft., the water-gauge in both instances being about 1/2 in.

T. D. Jones says: The efficiency reported in some cases by Mr. Norris is

larger than I have ever been able to determine by experiment. My own
experiments, recorded in the Pennsylvania Mine Inspectors' Reports from
1875 to 1881, did not show more than 60% to 65%.

DISK FANS.

Efficiency of Disk Fans. — Prof. A. B. W. Kennedy (Industries, Jan.
17, 1890) made a series of tests on two disk fans, 2 and 3 ft. diameter,
known as the Verity Silent Air-propeller. The principal results and
conclusions are condensed as below.

Speed of fan, revolutions per minute.

.

Net H.P. to drive fan and belt
Cubic feet of air per minute
Mean velocity of air in 3-ft. flue, feet
per minute

Mean velocity of air in flue, same
diameter as fan

Cu. ft. of air per min. per effective H.P
Motion given to air per rev. of fan, ft..

Cubic feet of air per rev, of fan

Propeller,
2 ft. diam.

750
0.42
4,183

593

1,330

9,980
1.77
5.58

676
0.32
3,830

543

1,220

11,970
J. 81

5.66

577
0.227
3,410

15,000

1.88
5.90

Propeller,
3 ft. diam.

576
1.02

7,400

7,250
1.82
12.8

459
0.575
5,800

10,070
1.79

12.6

373
0.324
4,470

13,800
1.70
12.0

In each case the efficiency of the fan, that is, the quantity of air delivered
per effective horse-power, increases very rapidly as the speed diminishes,
so that lower speeds are much more economical than higher ones. On the
other hand, as the quantity of air delivered per revolution is very nearly
constant, the actual useful work done by the fan increases almost directly
with its speed. Comparing the large and small fans with about the
same air delivery, tlie former (running at a much lower speed, of course)
is much the more economical. Comparing the two fans running at the
same speed, however, the smaller fan is very much the more economical.
The delivery of air per revolution of fan is very nearly directly propor-
tional to the area of the fan's diameter.
The air delivered per minute by the 3-ft. fan is nearly 12.5 R cubic feet

(R being the number of revolutions made by the fan per minute). For
the 2-ft. fan the quantity is 5.7R cubic feet. For either of these or any
other similar fans of which the area is A square feet, the delivery will be
about 1.8 AR cubic feet. Of course any change in the pitch of the blades
might entirely change these figures.
The net H.P. taken up is not far from proportional to the square of the

number of revolutions above 100 per minute. Thus for the 3-ft. fan the

^^* ^-P- ^^ moor - -^^^ ^°^ *^.^ 2-ft. fan the net H. P is ^|^^
The denominators of these two fractions are very nearly proportional

inversely to the square of the fan areas or the fourth power of the fan
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diameters. The net H.P. required to drive a fan of diameter D feet of
area A square feet, at a speed of R revolutions per minute, will therefore
. • * , Z)M/2- 100)2 A2(i?- 100)2
be approximately -^^-^^^ or

io^^qq qqJ
'

The 2-ft. fan was noiseless at all speeds. The 3-ft. fan was also noiseless
up to over 450 revolutions per minute.
Experiments made with a Blackman Disk Fan, 4 ft. diam. by Geo.

A. Suter, to determine the volumes of air delivered under various con-
ditions, and the power required; with calculations of efficiency and ratio
of increase of power to increase of velocity, by G. H. Babcock. iTrans.
A.S.M.E.,yn.5A7):

a

1
>

Cu.

ft.

of

Air

delivered

per

min.,V. 1
o

ft §8 li

350 25,797
32,575
41,929
47,756

For

0.65
2.29
4.42
7.41

series

1 682
440
534
612

1.257
1.186
1.146
1.749

1.262
1.287
1.139
1.851

3.523
1.843
1.677

11.140

5.4
2.4
3.97
4.

.9553
1.062
.9358

340 20,372
26,660
31,649

36,543
For

0.76
1.99
3.86
6.47

series

.7110
453
536
627

1.332
1.183
1.167
1.761

1.308
1.187
1.155
1.794

2.6i8
1.940
1.676
8.513

3.55
3.86
3.59
3.63

.6063

.5205

.4802

340 9,983

13,017

17,018

18,649

For

1.12
3.17
6.07
8.46

series

0.28
0.47
0.75
0.87

3939
430
534
570

1.265

1.242
1.068
1.676

1.304
1.307
1.096
1.704

2.837
1.915
1.394
7.554

3.93
2.25
3.63
3.24

1.95

1.74
1.60
1.81

.3046

.3319

.3027

330 8,399

10,071

11,157

For

1.31

3.27
6.00

series

0.26
0.45
0.75

.2631

437
516

1.324
1.181

1.563

1.199
1.108
1.329

3.\A1
1.457
4.580

6.31
3.66
5.35

3.06
4.96
3.72

.2188

.2202

Nature of the Experiments. — First Series: Drawing air through 30 ft.

of 48-in. diam. pipe on inlet side of the fan.
Second Series: Forcing air through 30 ft. of 48-in. diam. pipe on outlet

side of the fan.
Third Series: Drawing air through 30 ft. of 48-in. pipe on inlet side of

the fan — the pipe being obstructed by a diaphragm of cheese-cloth.
Fourth Series: Forcing air through 30 ft. of 48-in. pipe on outlet side

of fan — the pipe being obstructed by a diaphragm of cheese-cloth,
Mr. Babcock says concerning these experiments: The first four_ experi-

ments are evidently the subject of some error, because the efficiency is

such as to prove on an average that the fan was a source of power sufiEicient

to overcome all losses and help drive the engine besides. The second
series is less questionable, but still the efiiciency in the first two experi-
ments is larger than might be expected. In the third and fourth series

the resistance of the cheese-cloth in the pipe reduces the efficiency largely,
as would be expected. In this case the value has been calculated from
the height equivalent to the water-pressure, rather than the actual veloc-
ity of the air.

This record of experiments made with the disk fan shows that this kind
of fan is not adapted for use vv'here there is any material resistance to the
flow of the air. In the centrifugal fan the power used is nearly propor-
tioned to the amount of air moved under a given head, while in this fan
the power required for the same number of revolutions of the fan increases
very materially with the resistance, notwithstanding the quantity of air
moved is at the same time considerably reduced. In fact from the inspec-
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tion of the third and lourth series of tests, it would appear that the power
required is very nearly the same for a given pressure, whether more or
less air be in motion. It would seem that the main advantage, if any,
of the disk fan over the centrifugal fan for slight resistances consists in the
fact that the deUvery is the full area of the disk, while with centrifugal
fans intended to move the same quantity of air the opening is much
smaller.

It will be seen by columns 8 and 9 of the table that the power used in-
creased much more rapidly than the cube of the velocity, as in centrifugal
fans. The different experiments do not agree with each other, but a
general average may be assumed as about the cube root of the eleventh
power.

Capacity of Disk Fans. (C. L. Hubbard, The Metal Worker, Sept. 5,
1908.) — The rated capacities given in catalogues are for fans revolving
in free air — that is, mounted in an opening without being connected with
ducts or subject to other frictional resistance.
The following data, based upon tests, apply to fans working against a

resistance equivalent to that of a shallow heater of open pattern, and
connecting with ducts of medium length through which the air flows at a
velocity not greater than 600 or 800 ft. per minute. Under these con-
ditions a good type of fan will propel the air in a direction parallel to the
shaft, a distance equal to about 0.7 of its diameter at each revolution.
From this we have the equation Q = 0.7 DX R X .A, in which Q = cu.
ft. of air discharged per minute; D = diam. of fan, in it.; R = revs, per
min.; A = area of fan, in sq. ft. The following table is calculated on this
basis.

Diam. of fan, in.

18 24 30 36 42 48 54 60 72 84 96
Cu. ft per rev. .

1.85 4.40 8.59 14.8 23.6 35.2 50.1 68.7 118.7188.6 281.5

Revolutions per min. for velocity of air through fan = 1000 ft. per min.
952 714 571 476 408 357 317 286 238 204 179

The velocity of the air through the fan is proportional to the number
of revolutions. For the conditions stated the H.P. required per 1000 cu.
ft. of air moved will be about 0.16 when the velocity through the fan is

1000 ft. per min., 0.14 for a velocity of 800 ft., and 0.18 for 1200 ft. For
a fan moving in free air the required speed for moving a given volume of
air will be about 0.6 of the number of revolutions given above and the
H.P. about 0.3 of that required when moving against the resistance stated.

POSITIVE ROTARY BLOWERS.
Rotary Blowers, Centrifugal Fans, and Piston Blowers. (Cata-

logue of the Connersville Blower Co.) — In ordinary work the advantage
of a positive blower over a fan begins at about 8 oz. pressure, and the
efficiency of the positive blower increases from 8 oz. as the pressure goes
up to a point where the ordinary centrifugal fan fails entirely. The
highest efficiency of rotary blowers is when they are working against
pressures ranging between 1 and 8 lbs.

Fans, when run at constant speed, cannot be made to handle a constant
volume of fluid when the pressure is variable; and they cannot give a high
efficiency except for low and uniform pressures.
When a fan blower is used to furnish blast for a cupola it is driven at a

constant speed, and the amount of air discharged by it varies according
to the resistance met with in the cupola. With a positive blower running
at a constant speed, however, there is a constant volume of air forced
into the cupola, regardless of changing resistance.

A. rotary blower of the two-im.peller type is not an economical com-
pressor, because the impellers are working against the full pressure tt all

times, while in an ideal blowing engine the theoretical mean effective
pressure on the piston, when discharging air at 15 lbs. pressure, is IIV2 lbs.

For high pressures, on account of the increase of leakage and the increase
of power required because it does not compress gradually, the rotary
blower must give way to the piston type of machine. Commercially, the
line is crossed at about 8 lbs. pressure.

1. A fan is the cheapest in first cost, and if properly applied may be
used economically for pressures up to 8 oz.
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2. A rotary blower costs more than a fan, but much, less than a blowing
engine; is more economical than either between 8 oz. and 8 lbs. pressure,
and can be arranged to give a constant pressure or a constant volume.

3. Piston machines cost much more than rotary blowers, but should
be used for continuous duty for pressures above 8 lbs., and may be econom-
ical if they are properly constructed and not run at too high a piston speed.
The horse-power required to operate rotary blowers is proportional to

the volume and pressure of air discharged. In making estimates for
power it is safe to assume that for each 1000 cu. ft. of free air discharged,
at one pound pressure, 5 H.P. should be provided.
Test of a Rotary Blower. (Connersville Blower Co.)— The test was

made in 1904 on two 39 X 84 in. blowers coupled direct to two 12 and 24 X
36 in. compound Corhss engines. The results given below are for the
combined units.

Air pressure, lbs....

Engine, I.H.P
0.05 0.5 I.O 1.5 2. 2.5 3. 3.5

19.30 23.76 52.83 100.91 132.67 176.11 223.20 256.87 287.56

Displacement, cu. ft. 19,212 18,727 18,508 18,344 18,200 18,028 17,966 17,863

Efficiency 68.5 79 84 85.6 86 86 85.9

In calculating the eflQciency the theoretical horse-power was taken as
the power required to compress adiabatically and to discharge the net
amount of air at the different pressures and at the same altitude. The
test was made up to 3.5 lbs. only. Estimated efficiencies for higher
pressures from an extension of the plotted curve are: 6 lbs. 84%, 8 lbs.

82%, 10 lbs. 79.5%, The theoretical discharge of the blower was 19,250
cu. ft.

- Capacity of Rotaky Blowers for Cupolas .

Cu.ft Revs. Tons Suitable Cu.ft. Revs. Tons Suitable
per per per for cupola per per per for cupola
rev. mm. hour. in. diam.* rev. mm. hour. in. diam.

1.5
( 200

1 400
I

2 }
18 to 20

45 \ 165

12

15 I 54 to 66

3.3
( 175

( 335
1

2 }
24 to 27

( 200

( 130
18

15

6
( 185

1 275
2

} 28 to 32
57 \ '55

( 185

18

21
1 60 to 72

10
i 200

[ 250 1
32 to 38

65
( 140

\ 160
18

21 [ 66 to 84
( 150 ( 185 24

13 \ 190 I 32 to 40 ( 125 21
1 175 61/2 84 1 145 24

[
72 to 90

( 150 5 ( 160 27
17 < 205 61/2 I 36 to 45 ( 120 24

( 250 81/2 100 \ 135 27
[
84 to 96

( 166 8 I 160 30
24 \ 200 10

[ 42 to 54
(
"5 27 ) Two

{ 240 12 118 < 130 30 { cupolas
( 150 10 I 140 33 ) 60 to 66

33 < 180
( 210

12

14
[ 48 to 60

* Inside diam. The capacity in tons per hour is based on 30,000 cu. ft.

of air per ton of iron melted.

For smith fires: an ordinary fire requires about 60 cu. ft. per min.
For oil furnaces : an ordinary furnace bm-ns about 2 gallons of oil per

hour and 1800 cu. ft. of air should be provided for each gallon of oil. For
each 100 cu. ft. of air discharged per minute at 16 oz. pressure, 1/2 H.P.
should be provided.

Sizes of small blowers . 173 288 576 cu. in. per rev.
Revs, per min 800 to 1500 500 to 900 300 to 600
Diam. of outlet, in 21/2 2 1/2 3
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Rotary Gas Exhausters.

Cu.ft. per rev
Rev. per min
Diana, of pipe open-

ing
Cu.ft. per rev
Rev. per min
Diam. pipe opening

2/3 \V9. 3.3 6 10 13 17 24
200 180 lyo 160 150 150 140 130

4 6 8 10 12 12 16 16

45 57 65 84 100 118 155 200
no 100 95 90 85 82 80 80
20 24 24 30 30 30 36 36

33
120

20
300
75

42

There is no gradual compressing of air in a rotary machine, and the
unbalanced areas of the impellers are working against the full difference
of pressure at all times. The possible efficiency of such a machine under
ordinary temperature and conditions of atmosphere, assuming no me-
chanical friction, leakage, nor radiation of heat of compression, would be
as follows:

Gauge pres. lb 1 2 3 4 5 10 15
Efficiency % 97.5 95.5 93.3 91.7 90 82.7 76.7

The proper application of rotary positive machines when operating in
air or gas under differences of pressures from 8 oz. to 5 lbs. is where con-
stant quantities of fluid are required to be delivered against a variable
resistance, or where a constant pressure is required and the volume is
variable. These are the requirements of gas works, pneumatic-iube
transmission (both the vacuum and pressure systems), foundry cupolas,
smelting furnaces, knobbling fires, sand blast, burning of fuel oil, con-
veying granular substances, the operation of many kinds of metallurgical
furnaces, etc. — J. T. Wilkin, Trans. A. S. M. E., Vol. xxiv.

STEAM-JET BLOWES AND EXHAUSTER
The Steam-jet as a Means for Ventilation. — Between 1810 and

1850 the steam-jet was employed to a considerable extent for ventilating
English collieries, and in 1852 a com.mittee of the House of Commons
reported that it was the most powerful and at the same time the cheapest
method for the ventilation of mines; but experiments made shortly after-
wards proved that this opinion was erroneous, and that furnace ventila-
tion was less than half as expensive, and in consequence the jet was soon
abandoned as a permanent 'method of ventilation.

For an account of these experiments see Colliery Engineer, Feb., 1890.
The jet, however, is sometimes advantageously used as a substitute, for
instance, in the case of a fan standing for repairs, or after an explosion,
when the furnace may not be kept going, or in the case of the fan having
been rendered useless.

A Blower and Exhauster is made by Schutte & Koerting Co., Phil-
adelphia, on the principle of the steam-jet ejector. The following is a
table of capacities.

Diameter of
Pipes, Inches.

Capacity

Hour,
Cu. ft.

Diameter of
Pipes, Inches.

Capacity

Hour,
Cu. ft.

Diameter of
Pipes, Inches.

Capacity

Hour,
Cu. ft.

Air. Steam. Air. Steam. Air. Steam.

IV2 V2

300
600

1,000
2,000

2
21/2

4 1%

4,000
6.000
12.000
18,000

5
6
7
8

2
2

2V.

27,000
35.000
48,000
60,000

When used as exhausters with a steam pressure of 45 lb., these
machines will produce a vacuum of 20 in. mercury (23.3 ft. water
column), but they can be specially constructed to produce a vacuum
of 25 in. mercury (29.3 ft. water column).
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When used as compressors, they will operate against a counter-pres-
sure equal to 1/7 of the steam pressure.
Another steam-jet blower is used for boiler-firing, ventilation, and

similar purposes where a low counter-pressm-e or rarefaction meets the
requirements.
The volumes as given in the following table of capacities are under the

supposition of a steam-pressure of 60 lbs. and a coimter-pressure of,

say, from 0.5 to 2 inches of water:

Diameter
in Inches.

Capacity

Hour,
Cubic
Feet.

Diameter
in Inches.

Capacity

Hour,
Cubic
Feet.

Diameter
in Inches.

Capacity

Hour,
Cubic
Feet.4 II

1^ ^1 ^!
'la
IS

4
5
8
9

3
4
5
6

V2
10,000
20,000
30,000
45,000

11

12

14

16

7
8

10

12

V4

1

60,000
90,000
120,000
180,000

18

24
32
42

14

18

24
32

IV4
1 V2

21/2

240,000
500,000

1,000,000

2,000,000

Maximum coal burning capacity per hour = cu. ft. air per hr. -i- 200.

BLOWING-ENGINES.
Blowing- engines. — The following table showing dimensions,

capacity, etc., of Corliss horizontal cross-compound condensing
blowing engines is condensed from a table published about 1901 by
the Philadelphia Engineering Works. Similar engines are built by
William Tod & Co., Youngstown, Ohio, and other builders.

Corliss Horizontal Cross-compound
engines.

Condensing Blowing-

Indicated d
r,

S '^

Kn

Horse-power. g

ii
+j (D

P.
m

,i3 biti

15 Exp. 13 Exp. s^^
125 lb. 1001b. ^ft Uc^ "S <^ ^b

|l^
§^^

Steam. Steam.
p^

iKa 4Q r^>
2,280 60 . 45,600 15 44 78 (2) 84 60 505,000 605.000
2,060 60 45,600 12 42 72 (2) 84 60 475,000 550,000

1,596 60 45,600 10 32 60 (2) 84 60 355,000 436,000
1,980 60 39,600 15 40 72 (2) 78 60 445,000 545,000
1.702 60 39,600 12 38 70 (2) 78 60 425.000 491.000

1,386 60 39,600 10 36 66 (2) 78 60 415,000 450,000
1,175 60 23,500 15 34 60 (2) 72 60 340,000 430,000
822 60 23,500 10 28 50 (2) 72 60 270,000 300,000

Vertical engines are built of the same dimensions as above, except
that the stroke is 48 in. instead of 60, and they are run at a higher
number of revolutions to give the same piston-speed and the same
I.H.P.
The calculations of power, capacity, etc., of blowing-engines are the

same as those for air-compressors. They are built without any provision
for cooling the air during compression. About 400 feet per minute is the
usual piston-speed for recent forms of engines, but with positive air-valves,
which have been introduced to some extent, this speed may be increased.
The efficiency of the engine, that is, the ratio of the I.H.P. of the air-
cylinder to that of the steam-cylinder, is usually taken at 90 per cent, tho
losses by friction, leakage, etc.. being taken at 10 per cent.
Horse-power of Steam Cylinders of Blowing-engines.—(Wm.

Tod & Co., 1914.) To find the indicated horse-power to be developed
in the steam cylinders of a blowing-engine, multiply the number of
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cubic feet of free air to be compressed per minute by the figures given
below for the respective pressures named.

Gage press, lb.
per sq. in. . . . 5

Factor 0.0226

These factors are based on the theoretical horse-power required
to compress and deliver 1 cu. ft. of air to the pressure stated, plus
an allowance of 15%, which is stated to be about right for mechanically-
operated air valves. With poppet air valves the loss may be about
10%.

HEATING AND VENTILATION.

Ventilation. (A. R. Wolff, Stevens Indicator, April, 1890.) — The
popular impression that the impure air falls to the bottom of a crowded
room is erroneous. There is a constant mingling of the fresh air admitted
with the impure air due to the law of diffusion of gases, to difference of
temperature, etc. The process of ventilation is one of dilution of the
impure air by the fresh, and a room is properly ventilated in the opinion
of the hygienists when the dilution is such that the carbonic acid in the
air does not exceed from 6 to 8 parts by volume in 10,000. Pure country
air contains about 4 parts CO2 in 10,000, and badly-ventilated quarters
as high as 80 parts.
An ordinary man exhales 0.6 of a cubic foot of CO2 per hour. New

York gas gives out 0.75 of a cubic feet of CO2 for each cubic foot of gas
burnt. An ordinary lamp gives out 1 cu. ft. of CO2 per hour. An
ordinary candle gives out 0.3 cu. ft. per hour. [The use of gaslight for
interior Ughting does not affect the atmosphere deleterioxisly. See
pamphlet issued by National Commercial Gas Assn., 1914.]
To determine the quantity of air to be suppUed to the inmates of an

unhghted room, to dilute the air to a desired standard of pm-ity, we
can establish equations as follows:

Let V = cubic feet of fresh air to be supplied per hoiu".
r = cubic feet of CO2 in each 10,000 cu. ft. of the entering air;
B = cubic feet of CO2 which each 10,000 cu. ft. of the air in the

room may contain for proper health conditions

;

n — number of persons in the room

;

0.6 = cubic feet of CO2 exhaled by one man per hour.

Then T7w^7|r: +0.6 n equals cubic feet of CO2 communicated to the room

during one hour.
This value divided by v and multiplied by 10,000 gives the proportion

of CO2 in 10,000 parts of the air in the room, and this should equal B, the
standard of purity desired. Therefore

/_^Wi|M+^
R-r

If we place r at 4 and i2 at 6, v = 6000 w -^ (6 - 4) = 3000 n, or the
quantity of air to be supplied per person is 3000 cubic feet per hour.

If the original air in the room is of the purity of external air, and the
cubic contents of the room is equal to 100 cu. ft. per inmate, only 3000 —
100 = 2900 cu. ft. of fresh air from without will have to be supplied the
first hour to keep the air within the standard purity of 6 parts of CO2 in
10,000. If the cubic contents of the room equals 200 cu. ft. per inmate,
only 3000 — 200 = 2800 cu. ft. will have to be suppUed the first hour to
keep the air within the standard purity, and so on.

Again, if we only desire to maintain a standard of purity of 8 parts
of carbonic acid in 10,000, the equation gives as the required air-supply
per hour

»= p_ ;-n= 1500 n, or 1500 cu. ft. of fresh air per inmate per hour.
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Cubic feet of air containing 4 parts of carbonic acid in 10,000 necessary
per person per hour to keep the air in room at the composition of

6 7 8 9 10 15 20 parts of COg in 10,000,
3000 2000 1500 1200 1000 545 375 cubic feet.

If the original air in the room is of purity of external atmosphere (4 parts
of carbonic acid in 10,000), the amount of air to be suppUed the first hour,
for given cubic spaces per inmate, to have given standards of purity not
exceeded at the end of the hour, is obtained from the following table:

Cubic
Feet of

Proportion of Carbonic Acid in 10,000 Parts of the Air, not to
be Exceeded at End of Hour.

Space
in Room 6 7 1 8 1 9 1 10 1 15

1
20

Individ-
ual.

Cubic Feet of Air, of Composition 4 Parts of Carbonic Acid in
10,000, to be Supplied the First Hour.

100

200
300
400
500
600
700

2900
2800
2700
2600
2500
2400
2300
2200
2100
2000
1500

1000

500

1900
1800
1700
1600
1500

1400
1300
1200
1100

1000
500

None

1400
1300

1200
1100

1000

900
800
700
600
500

None

1100
1000

900
800
700
600
500
400
300
200

None

900
800
700
600
500
400
300
200
100

None

445
345
245
145

45
None

275
175

75

None

800
900
1000

1500

2000
2500

It is exceptional that systematic ventilation suppUes the 3000 cubic
feet per inmate per hour, which adequate health considerations demand.
For large auditoriums in which the cubic space per individual is great, and in
which the atmosphere is thoroughly fresh before the rooms are occupied,
and the occupancy is of two or three hours' duration, the systematic air-
supply may be reduced, and 2000 to 2500 cubic feet per inmate per hour
is a satisfactory allowance.

In hospitals where, on account of unhealthy excretions of various kinds,
the air-dilution must be largest, an air-supply of from 4000 to 6000 cubic
feet per inmate per hour should be provided, and this is actually secured
in some hospitals. A report dated March 15, 1882, by a commission ap-
pointed to examine the pubUc schools of the District of Columbia, says:

" In each class-room not less than 15 square feet of floor-space should be
allotted to each pupil. In each class-room the window-space should not
be less than one-fourth the floor-space, and the distance of desk most
remote from the window should not be more than one and a half times the
height of the top of the window from the floor. The height of the class-
room should never exceed 14 feet. The provisions for ventilation should
be such as to provide for each person in a class-room not less than 30 cubic
feet of fresh air per minute (1800 per hour), which amount must be intro-
duced and thoroughly distributed without creating unpleasant draughts,
or causing any two parts of the room to differ in temperature more than
2° Fahr., or the maximum temperature to exceed 70° Fahr." [The provi-
sion of 30 cu. ft. per minute for each person in a class-room is now (1909)
required by law in several states.]
When the air enters at or near the floor, it is desirable that the velocity

of inlet should not exceed 2 feet per second, which means larger sizes of
register openings and flues than are usually obtainable, and much higher
velocities of inlet than two feet per second are the rule in practice.
The velocity of current into vent-flues can safely be as high as 6 or even
10 feet per second, without being disagreeably perceptible.
The entrance of fresh air into a room is coincident v/ith, or dependent

on, the removal of an equal amount of air from the room. The ordinary
means of removal is the vertical vent-duct, rising to the top of the build-
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Ing. Sometimes reliance for the production of the current In this vent-
duct is placed solely on the difference of temperature of the air in the
room and that of the external atmosphere; sometimes a steam coil is

placed witliin the flue near its bottom to heat the air within the duct
sometimes steam pipes (risers and returns) run up the duct performing
the same functions- or steam jets within the flue, or exhaust fans, driven
by steam or electric power, act directly as exhausters; sometimes the
heating of the air in the flue is accomplished by gas-jets.

The draft of such a duct is caused by the difference of weight of the
heated air in the duct, and of a column of equal height and cross-sectional
area of the external air.

Let d = density, or weight in pounds, of a cubic foot of the external air.

Let di = density, or weight in pounds, of a cubic foot of the heated air

witliin the duct.
Let h = vertical height, in feet, of the vent-duct.
h (d — di)=the pressure, in pounds per square foot, with which the

air is forced into and out of the vent-duct.
This pressure expressed in height of a column of air of density within

the vent-duct is h (d — di) -^ di.

Or, if t = absolute temperature of external air, and ti = absolute tem-
perature of the air in the vent-duct, then the pressure = /i (U - t) -^ t.

The theoretical velocity, in feet per second, with which the air would
travel through the vent-duct under tliis pressure is

v=y'2ah{\-t) = 8.02 ^'-
h (fi-t)

The actual velocity will be considerably less than this, on account of loss

due to friction. This irictioi. will vary with the form and cross-sectional

area of the vent-duct and its connections, and Vv^ith the degree of smooth-
ness of its interior surface. On tliis account, as well as to prevent leakage

of air through crevices in ; he wall, tin lining of vent-flues is desirable.

The loss by friction may be estimated a', approximately 50%, and the

actual velocity of the air as it flows through the vent-duct is

y 2gh —
J
—

, or, approximately, v = V"^-
If y = velocity of air in vent-duct, in feet per minute, and the external

air be at 32° Fahr., since the absolute te-mperature on Fahrenheit scale

equals thermometric temperature plus 459.4,

from which has been computed the following table:

Quantity of Air, in Cubic Feet, Discharged per 3Iinute through a
Ventilating Duet, of vrhich the Cross-sectional Area is One
Square Foot (the External Temperature of Air being 33 lahr.).

Height of
Vent-duct in

feet.

Excess of Temperature of Air in Vent-duct above
that of External Air.

5° 10° 15° 20° 25° 30° 50° 100° 150°

10 77
94
108
121

133

143

153

162

171

108

133

153

171

188

203
217
230
242

133

162
• 188

210
230
248
265
282
297

153

188
217
242
265

286
306
325
342

171

210
242
271

297
320
342
363
383

188
230
265
297
325
351

375
398
419

242
297
342
383
419
453
484
514
541

342
419
484
541

593
640
683
723
760

419

15
514

20
663

25
30

726

35
40

838

45
889
937

50
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Multipljdng the figures in preceding table by 60 gives the cubic feet
of air discharged per hour per square foot of cross-section of vent-duct.
Knowing the cross-sectional area of vent-ducts we can find the total dis-
charge; or for a desired air-removal, we can proportion the cross-sectional
area of vent-ducts required.

Heating and Ventilating of Large Buildings. (A. R. Wolff, Jour.
Frank. Inst., 1893.) — The transmission of heat from the interior to the
exterior of a room or building, through the walls, ceilings, windows, etc.,

is calculated as follows:

S = amount of transmitting surface in square feet

;

t — temperature F. inside, io = temperature outside;

K = ^ coefficient representing, for various materials composing build-
ings, the loss by transmission per square foot of surface in British
thermal units per hour, for each degree of difference of tempera-
ture on the two sides of the material;

Q = total heat transmission= 8K (t- k).

This quantity of heat is also the amount that must be conveyed to the
room in order to make good the loss by transmission, but it does not
cover the additional heat to be conveyed on account of the change of
air for purposes of ventilation. (See Wolff's coefficients below, page
688.)

These coefficients are to be increased respectively as follows: 10% when
the exposure is a northerly one, and winds are to be counted on as impor-
tant factors; 10% when the building is heated during the daytime only,
and the location of the building is not an exposed one: 30% when the
building is heated during the daytime only,, and the location of the build-
ing is exposed; 50% when the building is heated during the winter months
intermittently, with long intervals (say days or weeks) of non-heating.
The value of the radiating-surface is about as follows: Ordinary bronzed

cast-iron radiating-surfaces, in American radiators (of Bundy or similar
type), located in room.s, give out about 250 heat-units per hour for each
square foot of surface, with ordinary steam-pressure, say 3 to 5 lbs, per
sq. in., and about 0.6 this amount with ordinary hot-water heating.

Non-painted radiating-surfaces, of the ordinary "indirect" type
(Climax or pin surfaces), give out about 400 heat-units per hour for each
square foot of heating-surface, with ordinary steam-pressure, say 3 to
5 lbs. per sq. in.; and about 0.6 this amount with ordinary hot-water
heating.

A person gives out about 400 heat-units per hour; an ordinary gas-
burner, about 4800 heat-units per hour; an incandescent electric (16
candle-power) light, about 200 heat-units per hour.
The following example is given by Mr. Wolff to show the application of

the formula and coefficients:

Lecture-room 40 X 60 ft., 20 ft. high, 48,000 cubic feet, to be heated
to 69° F.; exposures as follows: North wall, 60 X 20 ft., with four windows,
each 14 X 8 feet, outside temperature 0° F. Room beyond west wall and
room overhead heated to 69°, except a double skylight in ceiling, 14 X 24
ft., exposed to the outside temperature of 0°. Store-room beyond east
wall at 36°. Door 6X12 ft. in wall. Corridor beyond south wall heated
to 59°. Two doors, 6 X 12, in wall. Cellar below, temperature 36°.

If we assume that the lecture-room must be heated to 69° F. in the
daytime when unoccupied, so as to be at this temperature when first

persons arrive, there will be required, ventilation not being considered,
and bronzed direct low-pressure steam-radiators being the heating media,
about 113,550 h- 250 = 455 sq. ft. of radiating-surface.

If we assume that there are 160 persons in the lecture-room, and we
provide 2500 cubic feet of fresh air per person per hour, we will supply
160 X 2500 = 400,000 cubic feet of air per hour {i.e., over eight changes
of contents of room per hour).
To heat this air from 0° F, to 69° F. will require 400,000 X 0.01785 X

69 = 492.660 thermal units per hour (0.01785 being the product of the
weight of a cubic foot, 0.075, by the specific heat of air, 0.238). Accord-
ingly there must be provided 492,660 -*- 400 == 1232 sq. ft. of indirect
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fiurface, to heat the air required for ventilation, in zero weather. If the
room were to be warmed entirely indirectly, that is, by the air supplied
to room (including the heat to be conveyed to cover loss by transmission
through walls, etc.), there would have to be conveyed to the fresh-air
supply 492,660 + 118,443 = 611,103 heat-units. This would imply the
provision of an amount of indirect heating-surface of the "Climax" type
of 611,103 « 400 = 1527 sq. ft., and the fresh air entering the room
would have to b3 at a temperature of about 86° F., viz.,

«9° + 400,000x'a01785 ' ^ «» + " = '''° ^-

The above calculations do not, however, take into account that 160
persons in the lecture-room give out 160 X 400 = .64,000 thermal units
per hour; and that, say, 50 electric lights give out 50 X 200 = 10,000
thermal units per hour; or, say, 50 gaslights, 50 X 4800 = 240,000
thermal units per hour. The presence of 160 people and the gaslighting
would diminish considerably the amount of heat required. If the 50
gaslights give out 240,000 thermal units per hour, the air supplied for
ventilation must enter considerably below 69° Fahr., or the room will be
heated to an unbearably high temperature. If 400,000 cubic feet of fresh
air per hour are supplied, and 240,000 thermal units per hour generated
by the gas must be abstracted, it means that the air must, under these

conditions, enter
40Q ooo^x 0^01785 "" ^^°^* ^^° ^®^^ ^^^^ ^^°' °^ ^*

about 52° Fahr. Recent researches show that the increase of CO2 in
air due to gas lighting is not detrimental to health.
The following table shows the calculation of heat transmission (some

figures changed from the original)

:

fl
Kind of Transmitting

Surface.

Calculation
of Area of
Transmit-
ting Sur-

face.

1 3

69° Outside wall 36"

36"

24"

36"

63x22-448
4x 8x 14

42x22- 72
6x12
45x22- 72
6x12
17x22- 72
6x12
32x42-336
14x24
62x42

938
448
852
72

918
72

302
72

1,008
336

2.604

10

%
19

2
5

1

5

10

35
4

9,380
69 37 186
^^ 3.408
^'^ Door 1368
10 1 836
10

10
Door 360

302
in Door 360
69 Roof 10 080
69 Double skylight 11 760
^^ Floor 10,416

Supplementary allowance, north c

Supplementary allowance, north c

Exposed location and intermittenl

Total thermal units

utside wall. 10%
86,456

J 938
windows K% 3,718

day or night use, J0%..7....
91,112
27,333

.... 118,445

Comfortable Temperatures and Humidities.—A. G. Woodman and
J. F. Norton, in a work on Air, Water, and Food (1914), give, on the
authority of Hill's Recent Advances in Physiology and Biochemistry,
a "curve of comfort," practically a straight line, which runs from 20%
relative hxunidity at 87° F. to 75% at 55° F. It approximates 40, 50
and 60% respectively at 75°, 70° and 65° F, showing that to secure
comfort as temperature rises, the humidity must be decreased. The
most comfortable conditions for indoor workers are given at 40%
himoidity at 68° and 60% at 64° F.
Carbon Dioxide Allowable in Factories.—Haldane and Osborne

(London, 1902) recommend that the CO2 in the air at the breathing
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line in factories, and away from the immediate influence of special
sources of contamination, such as persons or gas lights, should not
rise diu-ing daylight, or after dark when electric lights only are used,
beyond 12 volumes in 10,000 of air, and when gas or oil is used for
lighting not over 20 volumes after dark.
A pamplilet issued by the National Commercial Gas Association

(1914) states that the use of gas for interior Ughting does not aflfect the
atmosphere of interiors deleteriously.
Heat Produced by Human Beings.—According to Landry and

Roseman, the average man produces every 24 hours per kilogram of
body 32 to 38 calories when at rest, 35 to 45 when in easy action, and
50 to 70 when at hard work. Translating this into British thermal
units per hour, and taking the weight of an average man at 140 lb.,

these figxires are equivalent, approximately, to a man giving off 336 to
400 B. T. U. per hour when at rest, 368 to 473 when in easy action,
and 525 to 735 when at hard work.
Atwater and Rosa, average of 13 experiments, foimd that a man gave

off 2200 cal. per 24 hours at rest and 3400 at work, eqmvalent to 364
and 562 B. T. U. per hour, respectively.
Standards of Ventilation.— (C-E.A. Winslow, N. Y. State Com-

mission on Ventilation, Science, April 30, 1915.) Pettenkoffer in 1863
showed that CO2 in itself is without effect in the highest concentrations
which it ever attains in occupied rooms. Diu-ing the last fifteen years
the researches of Fliigge, Haldane, Hill, Benedict and others indicate
that the effects experienced in a badly ventilated room are due to the
heat and moisture produced by the bodies of the occupants rather than
to CO2 or other substances from the breath. Subjects immured in
close chambers are not at all reUeved by breathing pure outdoor air
through a tube, but are reheved completely by keeping the chamber
artificially cool, and to a considerable extent by the mere circiilating of
the air by an electric fan.
The experiments of the N. Y. State Commission show that the work-

ing of the circulatory and heat regulating machinery of the body was
markedly infiuenced by a slight increase in room temperatin-e, as from
68° to 75° with 50% relative hmnidity in both cases. Psychological
tests failed to show that 86° and 80% relative hmnidity had any effect
on the power to do mental work, but with physical work (hfting
dumb bells and riding a stationary bicycle), when the subjects had
a choice they accomplished 15 % less work at 75°, and 37% less at
86°, than they did at 68°. As to the effect of stagnant breathed air
contaminated so as to show from 20 to 60 parts CO2 per 10,000, the re-
sults are entirely negative so far as mental and physical tests are con-
cerned.

In practice, an unventilated room is an overheated room. Ventila-
tion is just as essential to remove the heat produced by human bodies as
it was once thought to be to remove the CO2 produced by the lungs.
The quantitative standards of air change established on the old chemical
basis serve very well in the new, or heat change, basis. An average
adult producing 400 B.T.U. per hour will require 2000 cubic feet of
air per hour at 60° to prevent the temperature rising above 70°. An
ordinary gas burner produces 300 B.T.U. per candle-power hour, and
requires 1500 cubic feet of air per hour per candle power. In crowded
auditoria every bit of the 2000 cubic feet of air per hour per person is

needed, and in many industrial processes, where the heat from human
beings is reinforced by friction and other sources, even more wiU be
required.

Recent research has on the whole strengthened the arguments for
ventilation. The thermometer is the first essential; a rise above 70°
must be recognized as a sign of discomfort, of decreased efficiency and
lowered vitaUty. The standard of 30 cubic feet of air per minute per
capita remains as the amount necessary to supply if an occupied room
is to be kept cool and fresh.
The question of humidity remains to be solved. A lack of humidity

makes hot air feel cooler and cold air feel warmer. Extreme dryness,
at high or moderate temperatures, is believed by many to be in itself
harmful, but there is no solid exi^erimental evidence on this point.

Air Washing.— (D. D. Kimball, N. Y. State Commission on Ventila-
tion, Science, April 30, 1915.) An air washer consists of a sheet-metal



HEATING AND VENTILATING PROBLEMS. 687

chamber in which the air is passed, through a heavy mist and then
tliroiigh baffles or eUminator plates by which the entrained moisture is

removed. The base of the washer is a tank into which the spray falls
and from wliich it is drawn by a centrifugal piunp. The pimip forces
the water tlu'ough spray nozzles in the spray chamber of the washer.
Maniifacturers customarily guarantee the removal of 98% of the dust
in the air. Practically all the larger particles are removed, but there is

always a residue of fine dust which no washer will remove. When there
is very Mttle dust in the air, as after a heavy rain, the percentage of the
remaining dust that can be removed is quite small. M. C. Whipple's
tests showed that the dust removed varied from 64% down to 7%.
The best results in artificial humidification have been obtained by

means of the air washer. The degree of humidification is controlled by
thermostatic devices. The air washer may also be used for air coohng.
The evaporation in the spray chamber will lower the temperature to
the extent of 7.5 % or more of the difference between the wet and dry
bulb temperatures, equivalent to a temperature reduction often
amounting to 10 to 15 degrees. Unfortimately cooling by means of an
air washer is expensive. Roughly, the cost of coohng 10 degrees equals
the cost of heating 70 degrees.
Contamination of Air,—The following data are found in "The Air

and Ventilation of Subways," by G. A. Soper (1908).
Carbon dioxide in air in streets of European cities, 3.01 to 5.02 parts

in 10,000. Center of Paris annual average varied from 3.06 to 3.44
parts. Average of 309 analyses in New York, 3.67 parts.
An average adult inhales about 396 cubic inches per minute. Analysis

of inspired air: O, 20.81; N, 79.15; CO2, 0.04. Expired air: O, 16.00;
N, 79.59; CO2, 4.38. Air highly charged with CO2 is not dangerous to
breathe for a considerable time. CO2 must be present to 40 times the
amount present when the room begins to smell "stuffy" before it in-
creases the rate of breathing. Neither does a decrease of 2 or 3 per cent
in the oxygen produce any immediate effect. Long before the air be-
comes so vitiated as this other impiirities from the lungs make the air
extremely unpleasant.
The CO2 in badly vitiated places seldom rises above 50 parts ir

10,000.
The air becomes uncomfortably close and musty when CO2 exceeds

8 parts in 10,000.
Amount of CO2 exhaled by a man, average per hour: at rest, 16.13

grams, or 8198 cu. cm.; at work, 30.71 grams, or 15,628 cu. cm.

STANBAKD VALUES FOR USE IN CALCULATION OF HEATEVG
AND VENTILATING PROBLEMS.

Heating Value of CoaL

Volatile
Matter in
the Com-
bustible,
Per Cent.

Heating Value
per lb.

Combustible,
B.T.U.

Aver-
age.

Air-dried
Coal,

Per Cent.

Ash in
Air-dried
Coal,

Per Cent.

Anthracite
Semi-anthracite .

.

Semi-bituminous

,

Bit. eastern
Bit western
Lignite

3 to 7.5

7.5 to 12.5

12.5 to 25
25 to 40
35 to 50
Over 50

14,700 to 14,900
14,900 to 15,500
15,500 to 16,000
14.800 to 15,000
13.500 to 14,800

11.000 to 13.500

14,800
15.200

15.750

15.150
14.150
12,250

0.5 to 1.0

0.5 to 1.0

0.5 to 1.0

1. to 4.

4. to 14.

10. to 18.

10. to 18.

10. to 18.

5. to 10.

5. to 15.

10. to 25.

5. to 25.

Average Heating Value of Air-Dried CoaL—Anthracite, 12,600; semi-
anthracite, 12,950; semi-bituminous, 14,450; bituminous eastern, 13,250;
bituminous v\^estern, 10,400: lignite, 9,700.

Eastern bituminous coal is that of the Appalachian coal field extending
from Pennsylvania and OMo to Alabama. Western bituminous coal
is that of the great coal fields west of Oliio.

Steam Boiler Efficiency. — The maximum efficiency obtainable with
anthracite in low-pressure steam boilers, water heaters or hot-air furnaces
is about 80 per cent, when the tliickness of the coal bed and the draft

are such as to cause enough air to be supplied to effect complete combus-
tion of the carbon to CO2. With coals high in volatile matter the max-
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imum eflQciency is probably not over 70 per cent. Very much lower
efiQciencies than these figures are obtained when the air supply is either
deficient or greatly in excess, or when the furnace is not adapted to bm-n
the volatile matter in the coal. D. T. Randall, in tests made in 1908
for the U. S. Geological Survey, with house-heating boilers, obtained
efficiencies ranging from 0.62 with coke, 0.61 with anthracite, and 0,68
With semi-bitiuninous, down to 0.39 with Illinois coal.

Available Heating Value of the Coal.—Using the figures given above as
the average heating value of coal stored in a dry cellar, the following are
the probable maximum values in B. T.U., of the heat available for fur-
nishing steam or heating water or air, for the several efficiencies stated:

Anthracite. Semi-An. Semi-Bit. Bit. East. Bit. West. Lignite.

Eflf'y 0.80

B.T.U... 10.080
0.77
9,933

0.75
10.837

0.70
9.275

0.65
6.760

0.60
5.820

For average values in practice, about 10 per cent may be deducted from
these figures. (It is possible that an efficiency higher than 80% may be
obtained with anthracite in some forms of air-heating furnaces in which
the escaping chimney gases are cooled, by contact with the cold air inlet
pipes, to comparatively low temperatures.)
The value 10,000 B.T.U. is usually taken as the figure to be used in

calculation for design of heating and ventilating apparatus. For coals
witb lower available heating values proper reductions must be made.
Heat Transmission through Walls, Windows, etc., in B.T.U. per

Sq. Ft. per Hour per Degree of Difference of Temperature.
Wolff.
B.T.U

Hauss.
B.T.U.

Wolff. Hauss.
B.T.U. B.T.U.

Glass Surfaces.

Vault light
Single window
Double window
Single skylight
Double skylight

1.42
1.20
0.56
1.03

0.50

1.00
0.46
1.06
0.48

Doors.
Door
1-in. pine
2-in. pine

0.40
0.28

Partitions.

Solid plaster,
1 3/4 to 2 1/4 in .

.

21/2to3 1/4in..

Fireproof
2-in. pine board. . .

.

0.30
0.28

0.60
0.48

Floors.
Joists with double
floor

Concrete floor
Fireproof construc-

tion, planked over.
Wooden beam con-
struction, planked
over

Concrete floor
brick arch

Stone floor on arches
Planks laid on earth
Planks laid on as-
phalt

Arch with air space .

.

Stones laid on earth.

Ceilings.
Joists with single

floor.
_

Arches with airjspace

O.IO
0.31

0.22
0.20
0.16

0.20
0.09
0.08

O.IO
0.14

Brick Walls.
Thickness

,

In.
Wolff. Hauss.

Average

.

B.T.U.*
Thickness,

In.
Wolff. Hauss.

Average,
B.T.U.*

4%
10

12

15

16

20
24

0.66

6:45"

"oiii"

"o^ij"
0.23
0.20

6:48"'

"0.34"

"0.2.6"

6;22'

0.537
0.508
0.397
0.351
0.313
0.272
0.260
0.222
0.194

25
28
30
32
35
36
40
45

"o.'is'"

"6."i6"

"6!i45"
0.13

0.18

"6;i6"

"o'M"

"o.ii"
o.n

0.188
0.172
0.163
0.154
0.143
0.140
0.128
0.116

* The average figm-e for brick walls was obtained by plotting the
reciprocals of Wolff's and Hauss's figures and drawing a straight line
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!
Solid Sandstone Walls. (Hauss.)

Thickness, in. . . 12 16 20 24 28 32 36 40 44 48
B.T.U 0.45 0.39 0.35 0.32 0.29 0.26 0.24 0.22 0.20 0.19
For limestone walls, add 10 per cent.

AUowayices for Exposures. — Wolff adds 25% for north and west ex-
posures, 15% for east, and 5% for south exposures, also 10% additional
for reheating, and 10% to the transmission through floor and ceilings.
The allowance for reheating Mr. Wolfif explains as follows in a letter to
the author, Mar. 10, 1905. The allowance is made on the basis that the
apparatus will not be run continuously; in other words, that it will not be
run at all, or only lightly, overnight. The rooms will cool off below the
required temperature of 70°, and to be able to heat up quickly in the
morning an allowance of 10% is made to the transmission figures to meet
this condition. Hauss makes allowances as follows: 5% for rooms with
unusual exposure; 10% where exposures are north, east, northeast,
northwest and west; 31/3% where the height of ceiling is more than 13 ft.;

62/3% where it is more than 15 ft.; 10% where it is more than 18 ft. For
rooms heated daily, but where heating is interrupted at night, add

A = 0.0025 [(N - 1) TFi] ^ Z.

For rooms not heated daily, add B = [0.1 T7 (8 - Z)] -^ Z.
In these formulas Wi = B.T.U. transmitted per hour by exposed sur-
faces; W = total B.T.U. necessary, including that for ventilation or
changes of air; N = time from cessation of heating to time of starting
fire again, hours; Z = time necessary after fire is started until required
room temperature is reached, hours.
Allowance for Exposure and for Leakage. — In calculations of the

quantity of heat required by ordinary residences, the formula total heat

= (Ti-^ To) (^+ G+ T^) is commonly used. Ti = temp, of room,

To =^ outside temp., W = exposed wall surface less window surface,
G — glass surface, C = cubic contents of room, n = number of changes
of air per hour. The factor n is usually assumed arbitrarily or guessed
at; some writers take its value at 1, others 1 for the rooms, 2 for the halls,

etc.; others object to the use of C as a factor, saying that the allowance for
exposure and leakage should be made proportional to the exposed wall
and glass surface since it is on these surfaces that the leakage occurs,
and omitting the term nC/56 they multiply the remainder of the ex-
pression by a.factor for exposure, c = 1.1 to 1.3, depending on the direc-
tion of the exposure. To show what different results may be obtained
by the use of the two methods, the following table is calculated, apply-
ing both to six rooms of widely differing sizes. Two sides of each room,
north and east, are exposed. T'l = 70; To = 0; G = 1/5 (PF + G).

s
S-.

Total Wall, rh + + •

H Size, ft. 3 iW + G) ^f^ iO

135

d

t4

CO8 II

sq. ft. J 11^

g
A 10x10x10 1,000 20x10= 200 40 5 5,600 1,250 1,120 1,680

B 10x20x10 2,000 30x10= 300 60 (>Vs 8,400 2,500 1,680 2,520
C, 20x20x12 4,800 40x12= 480 96 10 13,440 6,000 2,688 4,032
J) 20x40x14 11,200 60x14= 840 168 171/3 23,520 14.000 4,704 7,056
h; 40x40x15 24.000 80x15=1200 240 20 33.600 30.000 6,720 lO.OSO
b' 40x80x16 51.200 120x16=1920 384 262/3 54.460 64,000 10.892 16.338

The figures in the column headed H = 70 {W/4: + G) represent the
heat transmitted through the walls, those in the column 70 C/56 are the

between them, representing the average heat resistances, and then taking.,
the reciprocals of the resistances for different thicknesses. The resist-
ance corresponds to the straight line formula R = 0.12 + 0.165 t, where
t = thickness in inches. (Hauss's figures are from a paper by Chas,
F. Hauss. of Antwerp, Belgium, iu Trans. A. S. H. V. E., 1904.)
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heat required for one change of ah per hour ; 0.2H is the heat correspond-
ing to an allowance ot 20% lor exposure and leakage, and 0.3 H corre-
sponds to an allowance of 30%. For the small rooms A and B the
difference between 70 C/56 and 0.2 H or 0.3 H is not of great importance,
but it becomes very important in the largest rooms; in room F the differ-
ence between 70 C/56 and 0.2 H is nearly equal to the total heat trans-
mitted through the walls, indicating that the use of the cubic contents
as a factor in calculations of large rooms is likely to lead to great errors.
This is due to the fact that the ratio C -^ (T7 + G) varies greatly with
different sizes of rooms.
With forced ventilation, the quantity of heat needed depends chiefly

upon the number of persons to be provided for. Assuming 2000 cu. ft.

per hour per person, heated from 0°*to 70°, and 1,2 and 4 persons per
100 sq. ft. of floor surface, the heat required for the air is as follows:

Room.. A B C D E F
1 person per 100 sq. ft. 2,500 5,000 10,000 20,000 40,000 80,000
2 persons per 100 sq. ft. 5,000 10,000 20,000 40,000 80,000 160,000
4 persons per 100 sq. ft. 10,000 20,000 40,000 80,000 160,000 320,000
Ratio of last line to /Z".. 1.8 2.4 3.0 3.4 4.8 5.9

Heating by Hot-air Furnaces. — A simple formula for calculating the
total heat in British Thermal Units required for heating and ventilating

by any system is F= crG+ —j + ^ (ri — To). (See notation above.)

The formula is derived as follows: The heat transmitted through 1 sq. ft.

of single glass window is approximately 1 B.T.U, per hour per degree of
difference of temperature, and that through 1 sq. ft. of 16-in. brick wall
about 0.25 B.T.U. (For more accurate calculations figures taken from
the tables (p. 688) should be used.) The specific heat of air is taken at
0.238, and the weight of 1 cu. ft. air at 70° F. at 0.075 lb. per cu. ft.

The product of these figures is 0.01785, and its reciprocal is 56.
For a difference Ti - To = 70°, 0.01785 X 70 = 1.2495, we may,

therefore, write the formula

Total heat = 70 \c(g + ^)J
+ 1.25 A

heat conducted through walls + heat exhausted in
ventilation.

A is the cubic feet of air (measured at 70°) supplied to and exhausted
from the building. This formula neglects the heat conducted through
the roof, for which a proper addition should be made.

There_are two methods of heating by hot-air furnaces; one in which
all the air for both heating and ventilation is taken from outdoors and
exhausted from the building, and the other in which only the air for
ventilation is taken from outdoors, and additional air is recirculated
through the furnace from the building itself. The first method is an
exceedingly wasteful one in cold weather. By the second it is possible
to heat a building with no greater expenditure of fuel than is required
for steam or hot-water heating.
Example. — Required the amount of heat and the quantity of air to be

circulated by the two methods named fcrr a building which has G = 400,
W = 2000, C = 16,000, n = 2, 7^1 = 70°, To = 0°, T2, the temperature
at which the air leaves the furnace, being taken for three cases as 100°,
120°, and 140°, Assume c, the coefficient for exposure, including heat
lost through roof, == 1.2. When only enough air for ventilation is taken
into and exhausted from the building, the formula gives

70 X 1.2 (500 + 400) -1-1.25 X 32,000 = 115,600 B.T.U. = 75,600 for
heat + 40,000 for ventilation.

Suppose all the air required for heating is taken from outdoors at 0° F.,

and all exhausted at 70°, the quantity. A, then, instead of being 32,000
cu. ft., has to be calculated as follows:

Total heat = cfo + ^iTi- To) + A X 0.01785 X(Ti - 'To)

= 0.01785.4. (T2 - To).

Heat suppUed by furnace = heat for conduction + heat for ventilation
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from which we find A= c(g+^^ {Ti - To) -i- 0.01785 (T2 - Ti)

= 75,600 -i- 0.01785 (T2 - 70°).

For the value of 7^2 r2 = 100 ^2 = 120 2^2= 140
A=cu. ft 141,117 84,706 60,504
Heat lost by exhausting this air at 70° . . . 176,396 105,882 75,630
Adding 75,600 loss by walls gives total . . . 251,996 181,482 152,230
Excess above 115,600 actually required

for heating and ventilating, % 118.0 57.0 31.7

British Thermal Units Absorbed in Heating 1 Cu. Ft. of Air, or given
up in cooling it. — (The air is measured at 70° F.)

Ti - T2 =
10° 20 30 40 50 56 60 70 80 90 100 110 120 126 130 140
0.18 0.36 0.54 0.71 0.89 1. 1.07 1.25 1.43 1.61 1.78 1.96 2.14 2.25 2.32 2.5

Area in Square Inches of Pipe required to Deliver 100 Cu. Ft. of
Air per Minute, at Different Velocities. — The air is measured at the
temperature of the air in the pipe.

Velocity per second

.

Area, sq. in . 120
3 4 5 6 7 8 9 10
80 60 48 40 34.3 30 26.7 24

The quantity of air required for ventilation or heating should be
figured at a standard temperature, say 70° F., but when warmer air is

to be delivered into the room through pipes, the area of the pipes should
be calculated on the basis of the temperature of the warm air, and not on
that of the room.

Example. — A room requires to be supplied v/ith 1000 cu. ft. per min,
at 70° F. for ventilation, but the air is also used for heating and is delivered
into the room at 120° F. Required, the area of the deUvery pipe, if the
velocity of the heated ai; .n the pipe is 6 ft. per second.
From the table of volumes, given on the next page, 1000 cu. ft. at 70*

= 1094 cu. ft. at 120°. From the above table of areas, at 6 ft. velocity
40 sq. in. area is required for 100 cu. ft., therefore 1094 cu. ft. will require
10.94 X 40 = 437.6 sq. in. or about 3 sq. ft.

Carrying Capacity of Air Pipes.

Area in

Sq. In.
Area,
Sq. Ft.

Velocity, Feet per Second.

Diam. 3 4 5 6 7 8

Cu. Ft. per Min.

5 19.63 .1364 24.6 32.7 40.9 49.1 57.3 65.5
6 28.27 .1963 35.3 47.1 58.9 70.7 82.4 94.2
7 38.48 .2673 48.1 64.2 80.2 96.2 112. 128.

8 50.27 .3491 62.8 83.8 105. 126. 147. 168.

9 63.62 .4418 80.0 106. 133. 159. 186. 212.

10 78.54 .5454 98.2 131. 164. 196. 229. 262.
II 95.03 .6600 119. 158. 198. 238. 277. 317.
12 113.1 .7854 141. 188. 236. 283. 330. 377.

13 132.7 .9218 166. 221. 277. 332. 387. 442.
14 153.9 1.069 192. 257. 321. 385. 449. 513.
15 176.7 1.227 221. 294. 368. 442. 515. 589.

11.3 100. 0.694 125. 167. 208. 250. 292. 333.

13.6 144. 1. 180. 240. 300. 360. 420. 480.

The figures in the table give the carrying capacity of pipes in cu. ft.

of air at the temperature of the air flowing in the pipes. To reduce the
figures to cu. ft. at a standard temperature (such as 70° F.) divide by
the ratio of the volume per cu. ft. of the air in the pipe to that of the alj
of the standard temperature, as in the following table:
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Volume of Air at Different Temperatures.
(Atmospheric pressure.)

Fahr. Cu. Ft.
Deg. in 1 lb.

11.583
32 12.387
40 12.586
50 12.840
62 13.141
70 13.342
80 13.593

Compar-
ative

Volume.

0.867
0.928
0.943
0.962
0.985
1.000
1.019

Fahr. Cu. Ft.
Deg. in 1 lb.

90 13.845
100 14.096
110 14.346
120 14.596
130 14.848
140 15.100
150 15.351

Compar-
ative

Volume.

1.038
1.056
1.075
1.094
1.113
1.132
1.151

Fahr
Deg.

Cu.Ft.
in 1 lb.

15.603
15.854
16.106
16.357
16.608
16.860
16.910

Compar-
ative

Volume

1.169
1.188
1.207
1.226
1.245
1.264
1.267

Sizes of Air Pipes Used in Furnace Heating. (W. G. Snow, Eng.

News, April 12, 1900.)

Length of Room, Ft.

W'th.
of

Room
Ft.

10 12 14 16 18 20 22 24 26 28 30

Diameter of Pipe, Ins.

8.... 8,7
8,7

8,7
9, 8

9,8

9,8
9, 8

10,8
10,8

9,8
10, 8

10,8
10,9
11,9

10.... 10, 8

10, 9

11, 9

11, 9

12, 10

10, 9

11, 9

11, 9

12, 10

12, 10

13, 11

12.... 11, 9

12, 10

12, 10

13, 11

13, 11

12, 10

12, 10

13, 10

13, 11

13, 11

14.... 13, 10

13, 10

13, 11

14, 12

13, 10

13, 11

14, 12

14, 12

16.... 13, 11

18 14 12

20.... 14 12

The first figure in each column shows the dze of pipe for the first floor
and the second figure the size for the second floor. Temperature at regis-
ter, 140°; room, 70°; outside, 0°. Rooms 8 to 16 ft. in width assumed to
be 9 ft. high; 18 to 20 ft. width, 10 ft. high. When flrst-floor pipes are
longer than 15 ft. use one size larger than that stated. For third floor,
use one size smaller than for second floor. For rooms with three expo-
sures, increase the area of pipe in proportion to the exposure.
The table was calculated on the foUowing basis:
The loss of heat is calculated by first reducing the total exposure to

equivalent glass surface. This is done by adding to the actual glass
surface one-quarter the area of exposed wood and plaster or brick walls
and V20 the area of floor or ceiling. Ten per cent is added where the
exposure is severe. The window area assumed is 20% of the entire ex-
posure of the room.

Multiply the equivalent of glass surface by 85. The product will be
the total loss of heat by transmission per hour.

A.ssuming the temperature of the entering air to be 140° and that of
the room to be 70°, the air escaping at approximately the latter tempera-
ture wiU carry away one-half the heat brought in. The other half, corre-
sponding to the drop in temperature from 140° to 70°, is lost by trans-
mission. With outside temperature zero, each cubic foot of air at 140°
brings into the room 2.2 heat units. Since one-half of this, or 1.1 heat
units, can be utilized to offset the loss by transmission, to ascertain the
volume of air per hour at 140° required to heat a given room, divide the
loss of heat by transmission by 1.1. This result divided by 60 gives the
number of cubic feet per minute. In calculating the table, maximum
velocities of 280 and 400 ft. were used for pipes leading to the first and
second floors respectively. The size of the smaller pipes was based on
lower velocities, according to their size, to allow for their greater resist*
ance and loss of temperature.



BOILERS FOR HOUSE HEATING. 693

Furaaee-Heating with Forced Air Supply. {The Metal Worker,
Apnl 8, 1905.) —Tests were made of a Kelsey furnace with the air supply
furnished by a 48-in. Sturtevant disk fan driven by a 5 H.P. electric
motor. A connection was made from the air intake, between the fan and
the furnace, to the ash pit so that the rate of combustion could be regu-
lated independently of the chimney-draft condition. The furnace had
4.91 sq. ft. of grate surface and 238 sq. ft. of heating surface. The volume
of air was determined by anemometer readings at 24 points in a cross-
section of a rectangular intake of 11.88 sq. ft. area. The principal
results obtained in two tests of 8 hours each are as follows:

Av. temp, of the cold air
Per cent humidity of the cold air
Av. temp, of the warm air
Air delivered to heater, cu. ft. per hour. . .

.

B.T.U, absorbed by the dry air per hour. .

.

B.T.U. absorbed by the vapor per hour. . .

.

Avge. no. of pounds of coal burned per hour
B.T.U. given by the coal per hour 529,200
Per cent efficiency of the furnace ,

"' "

Grate Surface and Rate of Burning Coal.
In steam boilers for power plants, which are constantly attended by

firemen, coal is generally burned at between 10 and 30 lbs. per sq. ft.

of grate per hour. In small boilers, house heaters and furnaces, which
even in the coldest weather are supplied with fresh coal only once in
several hours, it is necessary to burn the coal at very much slower rates.
Taking a cubic foot of coal as weighing 60 lbs., in a bed 12 inches deep,
and 1 sq. ft. of grate area, it would be one-half burned away in 71/2 hours
at a rate of burning of 4 lbs. per sq. ft. of grate per hour. This figure,

4 lbs., is commonly taken in designing grate surface for house-heating
boilers and furnaces. Using this figure we have the following as the
rated capacity of different areas of grate surface.

39° 58°
71 56

135° 152°
250,896 249,195
451,872 421,496

2,016 3,102
36 33.5

529,200 492,450
85.7 86.2

1

Bated Capacity of Furnaces and Boilers for House Heating.

Coal-
burning
Capacity

Equiv. Equiv. Equiv.
Diam. Capacity, lbs. cu.ft.

of
Round Area in — B.T.U.

per
Steam
Evap.

Air per
Hour

Air at
70°

Grate. Hour. Hour. 212° per
Hour.

Heated
100°.

Heated
100°.

ins. sq.in. sq.ft. lbs. (a) (b) (0 (d)
12 113.1 785 3.142 31,420 32.5 1,320 17,610

14 153.9 1.069 4.276 42,760 44.3 1,797 23,970

. 16 201.1 1.396 5.585 55,850 57.8 2,347 31,300

18 254.5 1.767 7.069 70,690 73.2 2,970 39,620

20 314.2 2.182 8.728 87,280 90.4 3,667 48,920

22 380.1 2.640 10.560 105,600 109.4 4,437 59,190

24 452.4 3.142 12.566 125,660 130.1 5,280 70,430

26 530.9 3.687 14.748 147,480 152.7 6,197 82,670

28 615.8 4.276 17.104 171,040 177.1 7,187 95,870

30 708.9 4.909 19.636 196,360 203.3 8,260 110,190

32 804.2 5.585 22.340 223,400 231.3 9,387 125,220

34 907.9 6.305 25.220 252,200 261.2 10,597 141,360

36 1017.9 7.069 28.276 282,760 292.8 11.881 158,490

Figures in column (b) = (a) -^ 965.7.
Figures in column (c) = (a) -f- (100 X 0.238).
Figures in column (d) = (c) X 13.34.
Latent heat of steam at 212° = 965.7 B.T.U. [new steam tables give

970.4].
Specific heat of air = 0.238.

Note that the figures in the last three columns are all based on the rate
of combustion of 4 lbs. of coal per sq. ft. of grate per hour, which is taken
as the standard for house heating. For heating schoolhouses and other
large buildings where the furnace is fed \vith coal more frequently a



4 2.775
1,000 27,750
41.25 28.61
156.5 108.7
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much higher actual capacity may be obtained from the grate surface
named. A committee of the Am. Soc. H. and V. Engrs. in 1909 says:
The grate surface to be provided depends on the rate of combustion,

and this in turn depends on the attendance and draft, and on the size of
the boiler. Small boilers are usually adapted for intermittent attention
and a slow rate of combustion. The larger the boiler, the more attention
is given to it, and the more heating surface is provided per square foot
of grate. The following rates of combustion are common for internally
fired heating boilers:

Sq. ft. of grate 4 to 8 10 to 18 20 to 30
Lbs. coal per sq. ft. grate per hr. not over 4 6 IQ

Capacity of 1 sq. ft. and of 100 sq. in. of Grate Surface, for Steam*
Hot-water, or Furnace Heating.

(Based on burning 4 lbs. of coal per sq. ft. of grate per hour and 10,000
B.T.U. available heating value of 1 lb. of coal.)

1 sq. ft. 100 sq. ins.
grate equals grate equals

~
lbs. of coal per hour.
B.T.U. per hour.
lbs. of steam evap. from and at 212° per hr.
sq. ft. of steam radiating surface = B.T.U.

H- 255.6*.
261.4 181.5 sq. ft. of hot-water radiating surface =»

B.T.U. -H 153 t.
22,420. . 15,570. cu. ft. of air (measured at 70° F.) per hour

heated 100°.

* Steam temperature 212°, room temperature 70°, radiator coefficient,
that is the B.T.U, transmitted per sq. ft. of surface per hour per degree of
difference of temperature, 1.8.

t Water temperature 160°, room temperature 70°, radiator co-
efficient 1.7.

For any other rate of combustion than 4 lbs., multiply the figures In the
table by that rate and divide by 4.

STEAM-HEATEVG.
The Rating of House-heating Boilers.

(W. Kent, Trans. A. S. H. V. E., 1909.)

The rating of a steam-boiler for house-heating may be based upon one
or more of several data: 1, square feet of grate-surface; 2, square feet of
heating-surface; 3, coal-burning capacity; 4, steam-making capacity;
5, square feet of steam-radiating-surface, including mains, that it will

supply. In establishing such a rating the following considerations should
be taken into account:

1. One sq. ft. of cast-iron radiator surface will give off about 250 B.T.U.
per hour under ordinary conditions of temperature of steam 212°, and
temperature of room 70°.

2. One pound of good anthracite or semi-bituminous coal under the
best conditions of air-supply, in a boiler properly proportioned, will

transmit about 10,000 B.T.U. to the boiler.

3. In order to obtain this economical result from the coal the boilers
should be driven at a rate not greatly exceeding 2 lbs. of water evaporated
from and at 212° per sq. ft. of heating-surface per hour, corresponding
to a heat transmission of 2 X 970 = 1940, or, say, approximately 2000
B.T.U. per hour per sq. ft. of heating-surface.

4. A satisfactory boiler or furnace for house-heating should not
require coal to be fed oftener than once in 8 hours; this requires a rate
of burning of only 3 to 5 pounds of coal per sq. ft. of grate per hour.

5. For commercial and constructive reasons, it Is not convenient to
establish a fixed ratio of heating- to grate-surface for all sizes of boilers.

The grate-surface is limited by the available area in which it may be
placed, but on a given grate more heating-surface may be piled in one
form of boiler than in another, and in boilers of one general form one
boiler may be built higher than anotiier, thus obtaining a greater amount
of heating-surface.
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6. The rate of Durning coal and the ratio of heating- to grate-surface
both being variable, the coal-burning rate and the ratio may be so related
to each other as to establish condition 3, viz., a rate of evaporation of
2 lbs. of water from and at 212° per sq. ft. of heating-suiface per hour.

These general considerations lead to the following calculations:

1 lb. of coal, 10,000 B.T.U. utiUzed in the boiler, wiU supply 10,000 -f

250 = 40 sq. ft. radiating-surface, and wiU require 10,000 -^ 2000 =
5 sq. ft. boiler heating-surface. 1 sq. ft. of boiler-surface will supply
2000 -> 250 or 40 ^ 5 = 8 sq. ft, radiating-surface.

Low
Boiler.

Medi-
um. High Boiler.

1 sq. ft. of grate should burn
1 sq. ft. of grate should develop.
I sq. ft. of grate will require. . . .

.

I sq. ft. of grate will supply
Type of boiler, depending on

ratio heating- -r- grate-surface

30,000
15

120

4
40,000

20

5 lb. coal per hour.
50,000 B.T.U. per hour.

25 sq. ft. heating-surf.
200 sq.ft. radiating-sur

Table of Ratings.

i 5 1: ^1

11
> .-

S3

6

3 3
> u" 3-ki

p<
£ a «S 2W

-^J I
fR ^i 5w

C3 tn

|£
H w ak ^ H ^ H ak ^k

A 1... 1 15 3 30 120 B 8... 8 160 32 320 1,280

A 2... 30 6 60 240 C 6... 6 150 30 300 1,200

A 3... 3 45 9 90 360 C 7... 7 175 35 350 1,400

A 4... 4 60 12 120 480 C 8... 8 200 40 400 1,600

A 5... 5 75 15 150 600 C 10... 10 250 50 500 2,000

B 4... 4 80 16 160 640 C 12... 12 300 60 600 2,4n
I 5... 5 100 20 200 800 C 14... 14 350 70 700 2,800

L 6... 6 120 24 240 950 C 16... 16 400 80 800 3,200

B 7... 7 140 28 2«0 1,120

The table is based on the utilization in the boiler of 10,000 B.T.U. per
pound of good coal. For poorer coal the same figures wiU hold good
except the pounds coal burned per hour, which should be increased in
the ratio of the B.T.U. of the good to that of the poor coal. Thus for
coal from which 8000 B.T.U.. can be utilized the coal burned per hour
will be 25 per cent greater.

For comparison with the above table the following figures are taken
and calculated from the catalogue of a prominent maker of cast-iron
boilers:

Coal
H R

^ I^
per

Heat- Radiat- H H H. B.T.U. Hour
Height. G mg- ing-sur- per Hour H 1

^
per

Grate. sur-
face.

face. G G H = i2x250 m sq.ft.
Grate

*

Low 1 2.1 45 210 21,5 100 4 7 52,500 1,167 2.5
( 4.7 90 600 19.1 128 6.7 150,000 1,667 3.2

Medium.. f 4.2

\ 8.2
103 600 24.5 143 5.8 150,000 1456 3.6
195 1,500 23.8 183 7.7 375,000 1,923 4.6

High f 6.7

1 14.7

210 1,200 31.3 179 5.7 300,000 1,476 4.5
420 3,300 28.6 225 7.9 825,000 1,964 5.6

* Equals B.T.U. per hour -h 10^000 G.
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Testing Cast-iron House-heating Boilers.

The testing of the evaporating power and the economy of small-sized
boilers is more difficult than the testing of large steam-boilers for the
reason that the small quantity of coal burned in a day makes it impossible
to procure a uniform condition of the coal on the grate throughout the
test, and large errors are apt to be made in the calculation on account of
the difference of condition at the beginning and end of a test. The
following is suggested as a method of test which will avoid these errors.

(a) Measure the grate-surface and weigh out an amount of coal equal
to 30, 40, or 50 lbs. per sq. ft. of grate, according to the type A, B, or C,
or the ratio of heating- to grate-surface.

(b) Disconnect the steam-pipe, so that the steam may be wasted at
atmospheric pressure. Fill the boiler with cold water to a marked level,
and take the weight of this water and its temperature.

(c) Start a brisk fire with plenty of wood, so as to cause the coal to
ignite rapidly; feed the coal as needed, and gradually increase the thick-
ness of the bed of coal as it burns brightly on top, getting the fire-pot full

as the last of the coal is fired. Then burn away all the coal until it ceases
to make steam, when the test may be considered as at an end.

(d) Record the temperature of the gases of combustion in the flue every
half-hour.

(e) Periodically, as needed, feed cold water, which has been weighed,
to bring the water level to the original mark. Record the time and the
weight.

Calculations.

Total water fed to the boiler, including original cold
water, pounds X (212° — original cold-water tem-
perature) = B.T.U.

Water apparently evaporated, pounds X 970 = B.T.U.

Add correction for increased bulk of hot water:

59^ _ -D rr TT

Total B.T.U.

Divide by 970 to obtain equivalent water evaporation from and at
212° F.

Divide by the number of pounds of coal to obtain equivalent water per
pound of coal.
The last result may be considerably less than 10 pounds on account of

imperfect combustion at the beginning of the test, excessive air-supply
when the coal bed is thin in the latter half of the test, and loss by radiation,
but the results will be fairly comparable with results from other boilers
of the same size and run under the same conditions. The records of water
fed and of temperature of gases should be plotted, with time as the base,
for comparison with other tests.

Proportions of House-heating Boilers. — A committee of the Am.
Soc. Heating and Ventilating Engineers, reporting in 1909 on the method
of rating small house-heating boilers, shows the follo\ving ratings, in square
feet of radiating surface supplied by certain boilers of nearly the same
nominal capacity, as given in makers' catalogues.

Boiler A. B. C. D. E. F.
Rated capacity 800 800 775 750 750 750
Square inches of grate. 616 740 648 528 630 648
Ratio of grate to 100 sq. ft. of capacity 77 92.5 83.6 70.4 84 86.2
Estimated rate of combustion 5.1 4.2 4.65 5.63 4.4 4.5

The figures in the last line are lbs. of coal per sq. ft. of grate surface per
hour, and are based on the assumptions of 10,000 B.T.U. utilized per
lb. of coal and 270 B.T.U. transmitted by each sq. ft. of radiating sur«
face per hour.
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" The question of heating surface in a boiler seems to be an unknown
quantity, and inquiry among the manufacturers does not produce much
information on the subject."

Following is the list of sizes and ratings of the "Manhattan" sectional
steam boiler. The figures for sq. ft. of grate surface and for the ratio of
heating to grate surface (approx.) have been computed from the sizes
given in the catalogue (1909).

'^^ += a faJ3 '^k . -tj a

"r^ ll^l B w^, ";
<o o

Square

f

Direct

R

tion

Boi

will

Sup Size of „•§. •s^g ^.S

Square

f

Directs

tion

Boi

will

Sup
Size of .1. -^s

as
1"

Grate.

1°^ 1^

Grate.

ins. sq.ft. ins. sq.ft.
4 450 18x19 2 37 68 29 10 2250 24x63 10 5 212 20
5 600 18x25 3 75 84 23 6 2200 36x36 9 256 28
6 750 18x31 3.87 100 26 7 2700 36x43 11.74 298 26
7 900 18x37 4.65 116 25 8 3200 36x50 13.33 340 26
8 1050 18x43 5.37 132 25 9 3700 36x57 14 25 382 26
5 1000 24x30 5 111 22 10 4200 36x64 16 424 26
6 1250 24x36 6 128 21 II 4700 36x71 17 5 466 27
7 1500 24x43 7.16 149 21 12 5200 36x78 19.5 508 26
« 1750 24x50 8.33 170 20 13 5700 36x84 21 550 26
9 2000 24x57 9.5 191 20 14 6200 36x90 22.5 592 26

It appears from this list that there are three sets of proportions, corre-
sponding to the three widths of grate surface. The average ratio of
heating to grate surface in the three sets is respectively 25.0, 20.7, and
25.8; the rated sq. ft. of radiating surface per sq. ft. of grate is 185, 208,
and 259, and the sq. ft. of radiating surface per sq. ft. of boiler heating
surface is 7.4, 10.1, and 9.8. Taking 10,000 B.T.U. utiUzed per lb. of
coal, and 250 B.T.U. emitted per sq. ft. of radiating surface per hour,
the rate of combustion required to supply the radiating surface is respec-
tively 4.62, 5.22, and 6.40 lbs. per sq. ft. of grate per hour.

Coefflcient of Heat Transmission in Direct Radiation. — The value
of K, or the B.T.U. transmitted per sq. ft. of radiating surface per hour
per degree of difference of temperature between the steam (or hot water)
and the air in the room, is commonly taken at 1.8 in steam heating,
with a temperature difference of about 142°, and 1.6 in hot-water heat-
ing, with a temperature difference averaging 80°. Its value as found by
test varies with the conditions; thus the total heat transmitted is not
directly proportional to the temperature difference, but increases at a
faster rate; single pipes exposed on all sides transmit more heat than
pipes in a group; low radiators more than liigh ones; radiators exposed
to currents of cool air more than those in relatively quiet air; radiators
with a free circulation of steam throughout more than those that are
partly filled with water or air, etc. The total range of the value of K,
for ordinary conditions of practice, is probably between 1.5 and 2.0 for
steam-heating with a temperature difference of 140°, averaging 1.8, and
between 1.2 and 1.7, averaging 1.6, for hot-water heating, with a tem-
perature difference of 80°.

C. F. Hauss, Trans. A. S. H. V. E., 1904, gives as a basis for calcula-
tion, for a room heated to 70° with steam at 11/2 lbs. gauge pressure
(temperature difference 146° F.) 1 sq. ft. of single column radiator gives
off 300 B.T.U. per hour; 2-column, 275; 3-column, 250; 4-column, 225.

Value of K in Cast-iron Direct Radiators. (J. R. Allen, Trans.
A. S. H. V. E., 1908.) Ts = temp, of steam; T^= temp, of room.

Ts-Ti^ 110 120 130 140 150 160
2-col. rad 1.71 1.745 1.76 1.82 1.855 1.895
3-col. rad 1.65 1.695 1.745 1.79 1.835 1.885

Ts-Ti= 170 180 200 220 240 260
2-col. rad 1.93 1.965 2.04 2.11 2.185 2.265
3-col. rad..... 1.93 1.98 2.075 2.165 2.260 2.39
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B.T.U. Transmitted per Hour per Sq. Ft. of Heating Surface in
Indirect Radiators. (W. S. Munroe, Eng. Bee, Nov. 18, 1899.)

Cu. ft. of air per hour per sq. ft. of surface.

100 200 300 400 500 600 700 800 900
B.T.U. per hour per sq. ft. of heating surface.

"Gold Kn") (a). .. 200 325 450 560 370 780 870 950 1030
radiator )(&)••• 300 550 760 950 1130 1300

"Whittier" (6)... 250 400 520 620 710

B.T.U. per hr. per sq. ft. per deg. diff. of temp.*
Gold Pin (a) 1.3 2.2 3.0 3.7 4.5 5.2 5.8 6.3 6.9
Gold Pin (&) 2.0 3.7 5.1 6.3 7.7 8.7
Whittier (&) 1.7 2.7 3.5 4.1 4.7
Temperature difference between steam and entering air, (a) 150;

(&) 215.
* Between steam and entering air.

Short Rules for Computing Radiating-Surfaces.— In the early days
of steam-heating, when little was known about " British Thermal Units,"
it was customary to estimate the amount of radiating-surface by dividing
the cubic contents of the room to be heated by a certain factor supposed
to be derived from "experience." Two of these rules are as follows:
One square foot of surface will heat from 40 to 100 cu. ft. of space to

75° in — 10° latitudes. This range is intended to meet conditions of
exposed or corner rooms of buildings, and those less so, as intermediate
ones of a block. As a general rule, 1 sq. ft. of surface will heat 70 cu. ft.

of air in outer or front rooms and 100 cu. ft. in inner rooms. In large
stores in cities, with buildings on each side, 1 to 100 is ample. The
following are approximate proportions:
One square foot radiating-surface will heat

:

In Dwellings, In Hall, Stores, In Churches,
Schoolrooms, Lofts, Factories, Large Audito-
Ofiices, etc. etc. riums, etc.

By direct radiation. ... 60 to 80 ft. 75 to 100 ft. 150 to 200 ft.

By indirect radiation. . 40 to 50 ft. 50 to 70 ft. 100 to 140 ft.

Isolated buildings exposed to prevailing north or west winds should
'

have a generous addition made to the heating-surface on their exposed
sides.

1 sq. ft. of boiler-surface will supply from 7 to 10 sq. ft. of radiating-
surface, depending upon the size of boiler and the efficiency of its surface,
as well as that of the radiating-surface. Small boilers for house use
should be much larger proportionately than large plants. Each horse-
power of boiler will supply from 240 to 360 ft. of 1-in. steam-pipe, or
80 to 120 sq. ft. of radiating-surface. Under ordinary conditions 1
horse-power will heat, approxirnately, in —

Brick dwellings, in blocks, as in cities 15,000 to 20,000 cu. ft.

Brick stores, in blocks 10,000 " 15,000
Brick dweUings, exposed all round 10,000 " 15,000 "

Brick mills, shops, factories, etc 7,000 " 10,000 "

Wooden dweUings, exposed 7,000 " 10,000 "

Foundries and wooden shops 6,000 " 10,000 "

Exhibition buildings, largely glass, etc 4,000 " 15,000
"

Such "rules of thumb," as they are called, are generally supplanted by
the modern "heat-unit" methods.

Carrying Capacity of Pipes in Low-Pressure Steam Heating. (W.
Kent, Trans. A. S. H. V. E., 1907.) —The following table is based on an
assumed drop of 1 pound pressure per 1000 feet, not because that is

the drop which should always be used— in fact the writer believes that
in large installations a far greater drop is permissible — but because it

gives a basis upon which the flow for any other drop may be caiculated^
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merely by multiplying the figures in the tables by the square root of the
assigned drop. The formula from which the tables are calculated is the

well known one, TF= 60 X cV
w ipi — V2) 6>

in whichW= weight of steam

in lbs. per hour; w = weight of steam in poxmds per cubic foot, at
the entering pressure, pi ; p2 the pressure at the end of the pipe ; d the
actual diameter of standard wrought-iron pipe in inches, and h the
length in feet. The coefficients c are derived from Babcocli's formula
(see page 618) which is beUeved to be as accurate as any that has been
derived from the very few recorded experiments on steam.

Nominal diam. of

V2
33.4

4
63.2

3/4
37.5

41/2
64.8

1

41.3

5
66.5

11/4
45.8

6
68.7

11/2
48.4

7
70.7

2
52.5

8
72.2

9
73.4

3
59.0

10
74.5

Mh
Value of c—
Nominal diam. of

61.3

17

Value of c— 76.3

Flow of Steam in Pipes for a Drop of 1 lb. per 1000 Ft. Lengtli.

(Poimds per Hour.)

.2 ^

io

|.s

Pi=0.3 Pi=1.3 P:=2.3 Pi=3.3 pi=4.3 Pi=5.3 pi=6.3 pi=8.3 pi=10.3

w= w= w= w= w= w= w= w= w=
.03806 .04042 .04277 .04512 .04746 .04980 .05213 .05676 .0614

1 1.049 17.1 17.8 18.3 18.8 19.2 19.7 20.2 21.

C

21.9
11/4 1 380 37.6 39.1 40.2 41.3 42.4 43.4 44.^ 46.3 48.2
u/?, 1.610 58.4 60.7 62.5 64.1 65.8 67.4 68.9 71.9 74.8
2 1. 067 118.2 123.0 126.6 130.0 133.3 136.6 139.7 145.8 151.6

IV'}. ?. 469 194.9 202.8 208.7 214.3 219.7 225.1 230.3 240.3 250.0
3 3.068 356.6 371.0 381.8 392.0 402.1 411.9 421.4 439 7 457.3

31/1^ 3 548 532.7 554.5 570.5 585.8 600.8 615.4 62?.? 481.5 683.8
4 4.026 753.6 784.2 807.0 828.6 849.6 870.6 890.4 929.4 966.6

4V? 4.506 1025. 1066. 1096. 1126. 1154. 1184. 1210. 1262. 1315.

5 5.047 1395. 1451. 1494. 1534. 1573. 1611. 1649. 1720. 1789.

6 6.065 2281. 2374. 2443. 2509. 2573. 2635. 2696. 2813. 2926.

7 7 07,^ 3387. 3525. 3628. 3725. 3820. 3913. 4003. 4177. 4345.

8 7.981 4776. 4970. 5114. 5250. 5385. 5518. 5644. 5889. 6123.

9 8 94! 6429. 6693. 6885. 7070. 7250. 7430. 7604. 7934. 8251.

10 10.020 8676. 9030. 9294. 9545. 9785. 10025. 10259. 10702. 11123.

11 11.000 11106. 11556. 11892. 12210. 12522. 12828. 13128. 13698. 14244.

12 12.000 13950. 14520. 14940. 15342. 15732. 16116. 16488. 17202. 17892.

Pi = initial pressure, by
per cu. ft.

gauge, lb. per sq. in. w = density, lb.

For any other drop of pressure per 1000 feet length, multiply the fig-

ures in the table by the square root of that drop, or by the factor below.

Drop lb. per
1000 ft.... 14 1/2 2 3

Factor 0.5 0.71 1.41 1.73
4 6 8 10 15 20
2.0 2.45 2.83 3.16 3.87 4.47

In all cases the judgment of the engineer must be used in the assump-
tion of the drop to be allowed. For small distributing pipes it will gen-
erally be desirable to assume a drop of not more than one pound per
1000 feet to insure that each single radiator shall always have an ample
supply for the worst conditions, and in that case the size of piping given
in the table up to two inches may be used; but for main pipes supplying
totals of more than 500 square feet, greater drops may be allowed.
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Prdportioning Pipes to Radiating Surface.

Figures Used in Calculation of Radiating Surfa.ce.

P = Pressure by gauge, lbs. per sq. in.

0. 0.3 1.3 2.3 3.3 4.3 5.3 6.3 8.3 10.3

L = latent heat of evaporation, B.T.U. per lb.*

965.7 965.0 962.6 960.4 958.3 956.3 954.4 952.6 949.1 945.8

Temperature Fahrenheit, Ti.

212. 213. 216.3 219.4 222.4 225.2 227.9 230.5 235.4 240.0

^2= Ti— 70°, difference of temperature.

146.3 149.4 152.4 155.2 157.9 160.5 165.4 170.0142. 143. 165.4

Tj X 1.8 = heat transmission per sq. ft. radiating surface, B.T.U.
per hour.

255.6 257.4 263.3 268.9 274.3 279.2 284.2 288.9 297.7 306.0

Hi-h L = steam condensed per sq. ft. radiating surface, lbs. per hour.

0.2647 0.267 0.274 0.280 0.286 0.292 0.298 0.303 0.314 0.324

Heciprocal of above = radiating surface per lb. of steam condensed per
hour.

3.78 3.75 3.65 3.57 3.50 3.42 3.36 3.30 3.18 3.09

The last three lines of figures are based on the empirical constant 1.8
for the average British thermal units transmitted per square foot of radi-
ating surface per hour per degree of difference of temperature. This
figure is approximately correct for several forms of both cast-iron radia-
tors and pipe coils, not over 30 inches high and not over two pipes in
width.

Radiating Surface Supplied by Different Sizes of Pipe.

On basis of steam in pipe at 0.3 and 10.3 lbs. gauge pressure, tempera-
ture of room 70°, heat transmitted per square foot radiating surface 257.4
and 306 British thermal units per hour, and drop of pressure in pipe at
the rate of 1 lb. per 1000 feet length; = pounds of steam per hour in the
table on the preceding page, 1st column, X 3.75, and last column, X 3.09.

Size of Radiating Size of Radiating Si.eof Radiating

Pipe. Surface,
Sq. Ft.

Pipe, Surface,
Sq.Ft.

Pipe. Surface,
Sq. Ft.

In. 0.31b. 10.3 lb. In, 0.3 1b. 10.31b. In. 0.3 lb. 10.31b.

1/2 16 16 21/2 734 769 6 7,541 7,90!

3/4 36 38 3 1,296 1,357 7 11,010 11,535

1 71 75 31/2 1,895 1,986 8 15,307 16,040

11/4 150 157 4 2,630 2,755 9 20,482 21,451

11/2 230 241 41/2 3,520 3.686 10 27,427 28,718
2 453 475 5 4,695 4,919 12 43,312 45,423

For greater drops than 1 lb. per 1000 ft. length of pipe, multiply the
figures by the square root of the drop.

* The latest steam tables (1909) give somewhat higher figures, but the
difference is unimportant here.
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Sizes of Steam Pipes in Heating Plants. —G. W, Stanton, in HeatinS
tind Ventilating Mag., April, 1908, gives tables for proportioning pipes to
radiating surface, from which the following table is condensed:

Sup-
ply

Radiating Surface Sq.Ft. Returns. Drips. Connections.

Pipe.
Ins. A B C D B CiD A BiCiD Ai AsBA B2C2

1

11'4

U/3

21/2

24
60
125

250
600
800

1,000

1,600

1,900

2,300

4,100

6,500

9,600
13,600

60
100

200
400
700

1,000

1,600

2,300

3,200

4,100
6,500
9,600

13,600

36
72

120
280
528
900

1,320

1,920

2,760

3,720
6,000

9,000

12,800

17,800

23,200
37,000
54,000
76,000

60
120

240
480
880

1,500

2,200

3,200

4,600
6.200

10,000

15,000

21,600
30,000
39,000
62,000
92,000
130,000

1

1

11/4

,v.

2

21/2

f',1

1

1

11/4

11/2

21/2
21/2
3

3

31/2
31/2
4
4

41/2

6

7

8

3/4

,3/4

11/4

W'A
11/2

11/2

3/4

,3/4

1

11/4
11/4

11/4

11/4

11/4
.1/2

21/2

31/2
4

41/2

1

11/4

11/4

1 1/2

3

31/24'^

41/2

6
7

8
9

10

Supply mains and risers
are of the same size.
Riser connections on
the two-pipe system to
be the same size as the
r ser.

12

14

16

5 lb. pressure. Ai,A. For single-pipe steam-heating system
riser connections. A2, radiator connections.

B. Two-pipe system to 5 lb. pressure; 5i, Ci, radiator connections,
supply; B2, C2, radiator connections, return.

C. D. Two-pipe system 2 and 5 lbs. respectively, mains and risers not
over 100 ft. length. For other lengths, multiply the given radiating
surface by factors, as below:

Length, ft.... 200 300 400
Factor

.

0.71 0.58 0.5
500

0.45
600

0.41
700

0.38
800

0.35
900

0.33
1000
0.32

Mr. Stanton says: Theoretically both supply and return mains could
be much smaller, but in practice it has been found that while smaller
pipes can be used if a job is properly and carefully figured and propor-
tioned and installed, for work as ordinarily installed it is far safer to use
the sizes that have been tried and proven. By using the sizes given a
job will circulate throughout with 1 lb. steam pressure at the boiler.

Resistance of Fittings.— Where the pipe supplying the radiation con-
tains a large number of fittings, or other conditions make such a refine-
ment necessary, it is advisable to add to the actual distance of the radia-
tion from the source of supply a distance equivalent to the resistance
offered by the fittings, and by the entrance to the radiator, the value of
which, expressed in feet of pipe of the same diameter as the fitting, wilJ
be found in the accompanying table. Power, Dec, 1907.

Feet of Pipe to be Added for Each Fitting.

Size Pipe. 1 11/4 11/2 2 21/2 3 31/2 4 41/2 5 6 7 8 9 10

Elbows... 3 4 5 7 8 10 12 13 15 17 20 23 27 30 33

Globe v.. 7 8 10 13 17 20 23 27 30 33 40 47 53 60 67

Entrance 5 6 8 10 12 15 18 20 23 25 30 35 40 45 50
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Overhead Steam-pipes. (A. R. Wolff, Stevens Indicator, 1887.) —
When the overhead system of steam-heating is employed, in which sys-
tem direct radiating-pipes, usually II/4 in. in diam., are placed in rows
overhead, suspended upon horizontal racks, the pipes running horizon-
tally, and side by side, around the whole interior of the building, from 2 !

to 3 ft. from the walls, and from 2 to 4 ft. from the ceiling, the amount
of 1 V4-in. pipe required, according to Mr. C. J. H. Woodbury, for heating
mills (for which use this system is deservedly much in vogue), is about
1 ft. in length for every 90 cu. ft. of space. Of course a great range of
difference exists, due to the special character of the operating machinery
in the mill, both in respect to the amount of air circulated by the ma-
chinery, and also the aid to warming the room by the friction of the
journals.
Removal of Air from Radiators. Vacuum Systems. — In order

that a steam radiator may work at its highest capacity it is necessary
that it be neither water-bound nor air-bound. Proper drainage must
therefore be provided, and also means for continuously, or frequently,
removing air from the system, such as automatic air-valves on each
radiator, an air-pump or an air-ejector on a chamber or receiver into
which the returns are carried, or separate air-pipes connecting each
radiator with a vacuum chamber. When a vacuum system is used,
especially with a high vacuum, much lower temperatures than usual may
be used in the radiators, which is an advantage in moderate weather.

Steam-consumption in Car-heating.

C, M. & St. Paul, Railway Tests. {Engineering, June 27, 1890, p. 764.)

Outside Temperature.* Inside Temperature. ^pe^cfr^pTr^Hour.'"'''

40 70 70 lbs.

30 70 85
10 70 100

Heating a Greenhouse by Steam. — Wm. J. Bald\\in answers a
question in the American Machinist as below: With five pounds steam-
pressure, how many square feet or inches of heating-surface is necessary
to heat 100 square feet of glass on the roof, ends, and sides of a green-
house in order to maintain a night heat of 55° to 65°, while the thermom-
eter outside ranges at from 15° to 20° below zero; also, what boiler-
surface is necessary? Which is the best for the purpose to use — 2" pipe
or 11/4" pipe?

Ans. — Reliable authorities agree that 1.25 to 1.50 cubic feet of air in
an enclosed space will be cooled per minute per sq. ft. of glass as many
degrees as the internal temperature of the house exceeds that of the air

outside. Between + 65° and —20° there will be a difference of 85°, or,

say, one cubic foot of air cooled 127.5° F. for each sq. ft. of glass for the
most extreme condition mentioned. Multiply this by the number of
square feet of glass and by 60, and we have the number of cubic feet of
air cooled 1° per hour within the building or house. Divide the number
thus found by 48, and it gives the units of heat required, approximately.
Divide again by 953, and it will give the number of pounds of steam that
must be condensed from a pressure and temperature of five pounds
above atmosphere to water at the same temperature in an hour to main-
tain the heat. Each square foot of surface of pipe will condense from
1/4 to nearly 1/2 lb- of steam per hour, according as the coils are exposed
or well or poorly arranged, for which an average of 1/3 lb. may be taken.
According to this, it will require 3 sq. ft. of pipe surface per lb. of steam
to be condensed. Proportion the heating-surface of the boiler to have
about one fifth the actual radiating-surface, if you wish to keep steam
over night, and proportion the grate to burn not more than six pounds
of coal per sq. ft. of grate per hour. With very slow combustion, such
as takes place in base-burning boilers, the grate might be proportioned
for four to five pounds of coal per hour. It is cheaper to make coils of
11/4" pipe than of 2", and there is nothing to be gained by using 2" pipe
unless the coils are very long. The pipes in a greenhouse should be
under or in front of the benches, with every chance for a good circulation
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of air. "Header" coils are better than "return-bend" coils for this
purpose.

Mr. Baldwin's rule may be given the following form: Let H = heat-
units transferred per hour, T = temperature inside the greenhouse, t =
temperature outside, S = sq. ft. of glass surface; then H = 1.5 S {T — t)

X 60 ^ 48 = 1.875 S {T - t). Mr. Wolff's coefficient K for single sky-
lights gives H = 1.03 5 (r- t), and for single windows, 1.20 S (T - t).

Heating a Greenhouse by Hot Water. — W. M. Mackay, of the
Richardson & Boynton Co., in a lecture before the Master Plumbers'
Association, N. Y., 1889, says: I find that while greenhouses were for-
merly heated by 4-inch and 3-inch cast-iron pipe, on account of the large
body of water which they contained, and the supposition that they gave
better satisfaction and a more even temperature, florists of long experi-
ence who have tried 4 -inch and 3-inch cast-iron pipe, and also 2-inch
wrought-iron pipe for a number of years in heating their greenhouses
by hot water, and who have also tried steam-heat, tell me that they get
better satisfaction, greater economy, and are able to maintain a more
even temperature with 2-inch wrought-iron pipe and hot water' than by
any other system they have used. They attribute this result principally
to the fact that this size pipe contains less water and on this account the
heat can be raised and lowered quicker than by any other arrangement
of pipes, and a more uniform temperature maintained than by steam or
any other system.

HOT-TVATER HEATING.
The following notes are from the catalogue of the Nason Mfg. Co.:
There are two distinct forms or modifications of hot-water apparatus,

depending upon the temperature of the water.
In the first or open-tank system the water is never above 212° tempera-

ture, and rarely above 200°. This method always gives satisfaction
where the surface is sufficiently liberal, but in making it so its cost is

considerably greater than that for a steam-heating apparatus.
In the second method, sometimes called (erroneously) high-pressure

hot-water heating, or the closed-system apparatus, the tank is closed.
If it is provided with a safety-valve set at 10 lbs. it is practically as safe
as the open-tank system.
Law of Velocity of Flow. — The motive power of the circulation in a

hot-water apparatus is the difference between the specific gravities of
the water in the ascending and the descending pipes. This effective
pressure is very small, and is equal to about one grain for each foot in
height for each degree difference between the pipes; thus, with a height
of 1 ft. " up " pipe, and a difference between the temperatures of the
up and down pipes of 8°, the difference in their specific gravities is equal
to 8.16 grains (0.001166 lb.) on each square inch of the section of return-
pipe, and the velocity of the circulation is proportioned to these differ-
ences in temperature and height.

Main flow-pipes from the heater, from which branches may be taken,
are to be preferred to the practice of taking off nearly as many pipes from
the heater as there are radiators to supply.

It is not necessary that the main flow and return pipes should equal in
capacity that of all their branches. The hottest water will seek the
highest level, while gravity will cause an even distribution of the heated
water if the surface is properly proportioned.

It is good practice to reduce the size of the vertical mains as they ascend,
say at the rate of one size for each floor.

As with steam, so with hot water, the pipes must be unconflned to allow
for expansion of the pipes consequent on having their temperatures in-
creased.
An expansion tank is required to keep the apparatus filled with water,

which latter expands 1/24 of its bulk on being heated from 40° to 212°,
and the cistern must have capacity to hold certainly this increased bulk.
It is recommended that the supply cistern be placed on level with or
above the highest pipes of the apparatus, in order to receive the air which
collects in the mains and radiators, and capable of holding at least 1/20 of
the water in the entire apparatus.
Arrangement of Mains for Hot-water Heating. (W. M. Mackay,

Lecture before Master Plumbers' Assoc, N. Y., 1889). — There are two
different systems of mains in general use, either of which, if properly
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placed, will give good satisfaction. One is the taking bf a single large-
flow main from the heater to supply all the radiators on the several floors,

with a corresponding return main of the same size. The other is the tak-
ing of a number of 2-inch wrought-iron mains from the heater, with the
same number of return mains of the same size, branching off to the several
radiators or coils with 11/4-inch or 1-inch pipe, according to the size of
the radiator or coil. A 2-inch main will supply three 11/4-inch or four
1-inch branches, and these branches should be taken from the top of the
horizontal main with a nipple and elbow, except in special cases where it

it is found necessary to retard the flow of water to the near radiator, for
the purpose of assisting the circulation in the far radiator; in this case
the branch is taken from the side of the horizontal nfain. The flow and
return mains are usually run side by side, suspended from the basement
ceiling, and should have a gradual ascent from the heater to the radiators
of at least 1 inch in 10 feet. It is customary, and an advantage where
2-inch mains are used, to reduce the size of the main at every point where
a branch is taken off.

The single or large main system is best adapted for large buildings ; but
there is a limit as to size of main which it is not wise to go beyond —
generally 6-inch, except in special cases.
The proper area of cold-air pipe necessary for 100 square feet of indi-

rect radiation in hot-water heating is 75 square inches, while the hot-air
pipe should have at least 100 square inches of area. There should be a
damper in the cold-air pipe for the purpose of controlling the amount of
air admitted to the radiator, depending on the severity of the weather.

Sizes of Pipe for Hot-water Heating. — A theoretical calculation of
the required size of pipe in hot-water heating may be made in the follow-
ing manner. Having given the amount of heat, in B.T.U. to be emitted
by a radiator per minute, assume the temperatures of the water entering
and leaving, say 160° and 140°. Dividing the B.T.U. by the difference
in lemperatures gives the number of pounds of water to be circulated,
and this divided by the weight of water per cubic foot gives the number
of cubic feet per minute. The motive force to move this water, per
square inch of the area of the riser, is the difference in weight per cu. ft.

of water at the two temperatures, divided by 144, and multipUed by H,
the height of the riser, or for Ti = 160 and Ti = 140, (61.37 - 60.98)
-^ 144 = 0.00271 lb. per sq. in. for each foot of the riser. Dividing 144
by 61.37 gives 2.34, the ft. head of water corresponding to 1 lb. per sq.
in., and 0.00271 X 2.34 = 0.0066 ft. head, or if the riser is 20 ft. high,
20 X 0.0066 = 0.132 ft. head, which is the motive force to move the water
over the whole length of the circuit, overcoming the friction of the riser,

the return pipe, the radiator and its connections. If the circuit has a
resistance equal to that of a 50-ft. pipe, then 50 -^ 0.132 = 380 is the
ratio of length of pipe to the head, which ratio is to be taken with the
number of cubic feet to be circulated, and by means of formulae for flow
of water, such as Darcy's, or hydrauhc tables, the diameter of pipe re-
quired to convey the given quantity of water with this ratio of length of
pipe to head is found. This tedious calculation is made more comphcated
by the fact that estimates have to be made of the frictional resistance of
the radiator and its connections, elbows, valves, etc., so that in practice
it is almost never used, and "rules of thumb" and tables derived from
experience are used instead.
On this subject a committee of the Am. Soc. Heating and Ventilating

Engineers reported in 1909 as follows:
The amount of water of a certain temperature required per hour by

radiation may be determined by the following formula:

20 X^60.8^X 60 = ""• "• °^ ^^*^' P^' ^^^"*^-

R = square feet of radiation; X = B.T.U, given off per hour by 1 sq.
ft. of radiation (150 for direct and 230 for indirect) with water at 170 .

Twenty is the drop in temperature in degrees between the water entering
the radiation and that leaving it; 60.8 is the weight of a cubic foot 01
water at 170 degrees; 60 is to reduce the result from hours to minutes.
The average sizes of mains, as used by seven prominent engineers In

regular practice for 1800 square feet of radiation, are given below;
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2-pipe open-tank system, 100 ft. mains, 5-in. pipe = 26.6 ft. per min.
1-pipe open-tank system, 100 ft. mains, 6-in. pipe = 18.4 ft. per min.
Overhead open-tank system, 100 ft. mains, 4-in. pipe = 41.8 ft. per min.
Overhead open-tank system, 100 ft. mains, 3-in. pipe = 72.1 ft. per

min.
For 1200 sq. ft. indirect radiation with separate main, 100 ft. long,

direct from boiler, open system, the bottom of the radiator being 1 ft.

above the top of the boiler — 5-in. pipe = 22.4 ft. per min.

Capacity of Mains 100 ft. Long.
Expressed in the number of square feet of hot-water radiating sur-

face they will supply, the radiators being placed in rooms at 70° F., and
20° drop assumed.

Diameter of
Pipes, Ins.

Two-Pipe
up Feed

Open Tank.

One-Pipe
up Feed

Open Tank.

Overhead
Open
Tank.

Overhead
Closed
Tank.

Two-Pipe
Open
Tank.

11/4 75

107

200
314
540
780

1,060

1,860

2,960
4,280
5,850

45

65
121

190

328
474
645

1,130

1,800

2,700

3,500

127

181

339
533
916

1,334

1,800

3,150
5,000

7,200

9,900

250
335
667

1,060

1,800

2,600
3,350
6,200

9,800
13,900

19,500

48
11/2 69

2 129

21/2 202
348

31/2 502
684

1,200
1 910
2 760

8 3; 778

Tlie figures are for direct radiation except the last column which is for
indirect, 12 in. above boiler.

Capacity of Risers.

Expressed in the number of sq. ft. of direct hot-water radiating sur-
face they will supply, the radiators being placed in rooms at 70° F., and
20° drop'assumed . The figures in the last column are for the closed-tank
overhead system the others are for the open-tank system.

Diameter
of Riser.
Inches.

1st Floor. 2d Floor. 3d Floor. 4th Floor.

Drop
Risers, not
exceeding
4 floors.

1 33
71

100

187
292
500

46
104
140

262
410
755

57
124
175

325
492
875

64
142
200
375
580

1,000

48
1 1/4 112

11/2 . 160
2.^^;:::::::::::: 300

21/2 471

5/ :.::::::::::. 810

All horizontal branches from mains to risers or from risers to radiators,
more than 10 ft. long (unless within 15 ft. of the boiler), should be in-

creased one size over that indicated for risers in the above table.
For indirect radiation, the amount of surface" may be computed as

follows:

Temperature of the air entering the room, 110° = T.
Average temperature of the air passing through the radiator, 55°.

Temperature of the air leaving the room, 70° = t.

Velocity of the air passing through the radiator, 240 ft. per min.
Cubic feet of air to be conveyed per hour, = C = (il X 55) -^ {T — t).

H = exposure loss in B.T.U. per hour.
Heat necessary to raise this air to the entering temperature from

0" F., r X C -h 55 = H.
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The amount of radiation is found by dividing the total heat by the
emission of heat by indirect radiators per square toot per hour per degree
difference in temperature. This varies with the velocity, as shown below:

Velocity, ft. per min.... 174 246 300 342 378 400 428 450 474 492
B.T.U 1.70 2.00 2,22 2.38 2.52 2.60 2.67 2.72 2.76 2.80

The difference between 170 degrees (average temperature of the water
in the radiator) and 55 degrees (average temperature of the air in the
radiator) being 115, the emission at 240 ft. per min. is 2. per degree differ-

ence or 230 B.T.U.
Ordinarily the amount of indirect radiation required is computed by

adding a percentage to the amount of direct radiation [computed by the
usual rules], and an addition of 50% has been found sufficient in many
cases; but in buildings where a standard of ventilation is to be maintained,
the formula mentioned seems more likely to give satisfactory results.
Free area between the sections of radiation to allow passage of the re-
quired volume of air at the assumed velocity must be maintained. The
cold-air supply duct, on account of less frictional resistance, may ordi-
narily have 80% of the area between the radiator sections. The hot-air
flues may safely be proportioned for the following air velocities per min-
ute: First floor, 200 feet; second floor, 300 feet; third floor, 400 feet.

Pipe Sizes for Hot-water Heating.
Based on 20° difference in temperature between flow and return water.'

(C. L. Hubbard, The Engineer July 1, 1902.)

Diam. of 1

Pipe. 1

1 11/4 11/2 2 21/2 3 31/2 4 | 5 6 7

Length of

Run. Square Feet of Direct Radiating Surface.

Feet.
100 30 60

50
100

75

50

200
150
125

100

75

350
250
200
175

150

125

550
400
300
275
250
225
200
175

150

850
600
450
400
350
325
300
250
225

1,200

850
700
600
525
475
450
400
350

200 1,400

1,150
1.000

900
850
775
725
650

300
400 1,600

1,400

1,300

1,200

1,150

1,000

500
600 '

700 1,700

800 1.600

1000 1 500

Square Feet of Indirect Radiation.

100
200

15 30
20

50
30

100

70

200
120

300
200

400
300

600
400

1,000
700

Square Feet of Direct Radiating Surface.

1st story
2d "

30
55
65
75

85
95

60
90
110
125

140
160

100

140

165

185

210
240

200
275
375
425
500

350
275

550 850

3d "
4th "

5th "

6th "

The size of pipe required to supply any given amount of hot-water
radiating surface depends upon (1) The square feet of radiation; (2) its

elevation above the boiler; (3) the difference in temperature of the water
in the supply and return pipes; (4) the length of the pipe connecting the
radiator with the boiler.

In e.stimating the length of a pipe the number of bends and valves must
be taken into account. It is customary to consider an elbow as equivalent
to a pipe 60 diameters in length, and a return bend to 120 diameters. A
globe valve may be taken about the same as an elbow.
A series of articles on The Determination of the Sizes of Pipe for Hot

Water Heating, by F. E. Geisecke, is printed in Domestic Engineering

^

beginning in May, 1909.
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Sizes of Flow and Return Pipes Approximately Proportioned to
Surface of Direct Radiators for Gravity Hot-Water Heating.

(G. W. Stanton, Heat. & Ventg. Mag., April, 1908.)

Mains. Branches of Mains.

Size
of

Mains.

In Cellar
or

Basement.

On One
or More
Floors.
Average.

First
Floor
10'-15'.

Second
Floor
15'-25'.

Third
Floor
25'-35'.

Fourth
or Fifth
Floor
35'-45'.

Square Feet of Radiating Surface.

3/4 40
75
120

45
80
135

50
I

^*
50
110

85

»V4 100 135 150

11/2 135 220 180 195 210 230
2 225 350 290 320 350 370
21/2 320 460 400 490 525 550
3 500 675 620 650 690 730
31/2- 650 850 820 870 920 970
4 850 1.100 1,050 1,120 1.185 1,250

41/2 1,050 1,350 1,325 1,400 1,485 1,560

5 1,350 1,700

3,6006
7
8

3,900
5,000

4,800
6,200

Note. —
floors

The heights of the several
are taken as:

7,900

9,500

1st. Oto15ft.:2d. 15 to 25 ft.
10

II

9,800
11,800

3d. 25 to 35 ft.; 4th. 35 to 45 ft.

12 11.400 14.000

Sizes of Pipe for Gravity Hot-Water Heating. (John Jaeger, Heating
and Ventilating Mag., Feb., 1912.)—The assumed temperature of the
water supplied to the radiators is 185°, and the drop 36°, giving a mean
temperature of 170°. The temperature difference creates a water
pressure of 0.148 in. of water per foot of height. With the asstimed
heights, H, between the center of the boiler and the center of the
radiator on the several floors, and the assmned lengths, L, of the
circuit, making allowance for resistance of connections, as given in the
table, and using the ordinary tables for flow of water in pipes, the
figures for number of square feet of radiating surface that will be
supplied by different sizes of pipe are obtained, assimiing that each
square foot emits 170 B. T. U. per hour.

Floor

Basement
First floor
Second floor 19
Third floor 31
Fourth floor 42
Heating by Hot Water, with Forced Circulation. —The principal

defect of gravity hot-water systems, that the motive force is only the
difference in weight of two columns of water of different temperatures, is
overcome by giving the water a forced circulation, either by means of a
pump or by a steam ejector. For large installations a pump gives facili-
ties for forcing the hot water to any distance required. The design of
such a system is chiefly a problem in hydraulics. After determining the
quantity of heat to be given out by each radiator, a certain drop in
temperature is assumed, and from that the volume of water required by
each radiator is calculated. The piping system then has to be designed
so that it will carry the proper supply of water to each radiator without
short-circuiting, and with a minimum total cost for power to force the
water, for loss by radiation, and for interest, etc., on cost of plant. No
short rules or formulae have been established for designing a forced hot-
water system, and each case has to be studied as an original problem to

H. L. Size of Pipe, In.
Ft. Ft. 1/2 3/4 1 11/4

Sq. Ft. of Radiating Surface.
11/2

;.5 80 11 32 57 127 ISO
100 13 39 70 156 221

1 125 22 62 130 238 377
150 26.5 74 160 290 4.50

175 29 81 175 314 490
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be solved by application of the laws of heat transmission and hydraulics.

Forced systems using steam ejectors have come into use to some extent
in Europe in small installations, and some of them are described in the
^Transactions of the Amer. Soc'y of Heating and Ventilating Engineers.

A system of distributing heat and power to customers by means of hot
water pumped from a central station was adopted by the Boston Heating
Co. in 1888. It was not commercially successful. A description of the
plant is given by A. V. Abbott in Trans. A. I. M. E., 1888.

Corrosion of Pipe in Hot-Water Heating Systems.—The chief agent
of internal corrosion in hot-water pipes appears to be oxyg«n dissolved

in the water. If this is removed corrosion is prevented. Buildings

equipped with closed heating systems have suffered serious damage in

six or eight years, while no such damage has been foimd in open or

vented systems, in which the air dissolved in the water is allowed to

escape in an open tank placed at the top of the system. (F. N. Speller,

Eng. News, Feb. 13, 1913.)

THE BLOWEE SYSTEM OF HEATING.
The system provides for the use of a fan or blower which takes its sup-

ply of fresh air from the outside of the building to be heated, forces it

over steam coils, located either centrally or divided up into a number ol

independent groups, and then into the several ducts or flues leading to the

various rooms. The movement of the warmed air is positive, and the

delivery of the air to the various points of supply is certain and entirely

independent of atmospheric conditions.

Advantages and Disadvantages of the Plenum System. ,,(Prof.

W. F. Barrett, Brit. Inst. H. & V. Engrs., 1905.)—Advantages: (1) The
evenness of temperature produced; (2) the ventilation of the building
is concurrent with its warming; (3) the air can be drawn from sources
free from contamination and can be filtered from suspended impurities,
warmed and brought to the proper hygrometric state before its intro-
duction to the different rooms or wards; (4) the degree of temperature
and of ventilation can be easily controlled in any part of the building,
and (5) the removal of ugly pipes running through the rooms has a great
architectural and esthetic advantage.

Disadvantages: (1) The most obvious is that no windows can be
opened nor doors left open; double doors with an air lock between must
also be provided if the doors are frequently opened and closed; (2) the
mechanical arrangements are elaborate and the system requires to be
used with intelligent care; (3) the whole elaborate system needs to be
set going even if only one or two rooms in a large building require to
be warmed, as often happens in the winter vacation of a college; (4) the
temporary failure of the system, through the breakdown of the engines
or other cause, throws the whole system into confusion, and if, as in the
Royal Victoria Hospital, the windows are not made to open, imminent
danger results; (5) then, also, in the case of hospital wards and asylums
it is possible that the outlet ducts may become coated with disease germs,
and unless periodically cleansed, a back current through a high wind or
temporary failure of the system may bring a cloud of these disease germs
back into the wards.
Heat Radiated from Coils in the Blower System. — The committee

on Fan-blast Heating, of the A. S. H. V. E., in 1909, gives the following
formula for amount of heat radiated from hot-blast coils with different
velocities of air passing through the heater: £/= B.T.U. per sq. ft. Of sur-
face per hour per degree of difference between the average temperature of

the air and the steam temperature, = ^4 V, in which V= velocity of the
air through the free area of the coil in feet per second. A plotted curve
of 20 tests of different heaters shows that the formula represents the aver-
age results, but individual tests show a wide variation from the average,
thus: For velocity 1000 ft. per min., average 9 B.T.U,, range 7.5 to 11;
1600 ft. per min., average 10.4, range 9.5 to 12.
The committee also gives the following formula for the rise in tem-

perature of each two-row section of a coil:

(T,-T^)XHXE
K =

AX F,„. X IF X 60 X 0.2377

In which 1J = degrees F. rise for each two-row section; T^ — tem-
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perature of steam; 7^= temperature of air; Zf « square feet of sur-
face in two-row section-, B = B.T.U. per degree difference between air

and steam; B ^ V4 7^, in which Vg — air velocity in ft. per sec;
A = area through heater in sq. ft.; Vm = velocity of air in ft. per rain,;
W = weight of 1 cu. ft. of air, lbs.
The value of R is computed for each two-row section in a coil, and the

results added. From a set of curves plotted from the formula the follow-
ing figures are taken.

Number of.Rows.

4 8
1

12
1

16
1

20
1

24 28

Temperature Rise, Degrees.

Steam, 80 lbs. Vm = 1,200
Steam, 80 lbs. Vm = 1,800
Steam, 5 lbs. Fm = 1,200
Steam, 5 lbs. 7w = 1,800

43
36
31

25

83

68
53

48

115

96
80
68

144

122
100

86

167

145

118

101

189
165

133

115

209
182

146
128

A formula for the rise in temperature of air in passing through the
coils of a hot-blast heater is given by Perry West, Trans. A. S. H. V. E.,

1909, page 57, as foUows: R= KDZ^N ^ %fv, in which i2=rise in

temperature of the air; K = a constant depending on the kind of heat-
ing surface; D = an average of the summation of temperature differ-
ences between the air and the steam = {Ti — Tq) -^ logg [{Tg — To) -^

(Tg — Ti)]; Z = number of sq. ft. of heating surface per sq. ft. of clear

area per unit depth of heater, m = a power applicable to Z and depend-
ing on the type of heating surface; A^ = number of units in depth of
heater; V = velocity of the air at 70° F. in ft. per min. through the clear
area; n = a root applicable to V and depending on experiment.

For practical purposes and within the range of present knowledge on
the subject the formula may be written B«= 0.085 DZN" -^ ^V, and from

this formula with Tg = 227° and To = 0°, with different values of Ti, the

temperature of the air leaving the coils, a set of curves is plotted, from
which the figures in the following table are taken.

Sq. ft. of heating surface -^ sq. ft. free area through heater.

Velocity,
Ft. per Min.

20
1

30 40 50
1

60
1

70
1

CO
1

90
1

100 120

Rise in Temperature, Degrees F.

500 43
38
36
34
29

63
55

52
49

42

79
70
66
63

55

95
84
79

75

66

108

97
92
87
76

120

108

102

98
86

131

118

112

108

95

141

128

121

117

104

151

138

130

125

112

170

800 157
1000 147
1200 140
2000 127

Burt S. Harrison (Htg. and Ventg. Mag., Oct. and Nov., 1907) gives the

followingformula,iJ=-——iCr — —-77

—

^r—-, in which T=temv. of steam
=y |/ 8/iV + 0.24

in coils, f= temp. of air entering coils, F= velocity of air through coils in
ft. per sec, N= no. of rows of 1-in. pipe in depth of heater. Charts are
given by means of which heaters may be designed for any set of con-
ditions.

Tests of Cast-iron Heaters for Hot-blast Work. — An extensive
series of tests of the Amer. Radiator Co's, "Vento" cast-iron heater is
described by Theo. Weinshank in Trans. A. S. H. V. E., 1908. The testa
were made under the supervision of Prof. J. H. Kinealy. The principal
fesiilts are given in the table on page 710.
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Tests OF A "Vento* Cast-Ieon Heater.

Number of sections heater is Number of sections heater is

deep. deep.

1 1 2 1 3 1 4 1 5 1 6 1 1 2 1 3 1 4 1 5 1 6
Velocity,
Ft. per
Min.

Rise of temperature, K, per de-
gree difference between tem-
perature of steam and mean
temperature of air for differ-

ent velocities of air.

Heat units transmitted per
square foot of heating surface
per hour per degree difference
between the temperature of
the steam and the mean tem-
perature of the air.

1600 17,4 0.253 0.395 0.527 0.649 0.761 11.94 12.17 12.67 12.67 12.50 12.20

1500 132 0.261 0.403 0.535 0.657 0.769 11,91 11.76 12.11 12.06 11.86 11.56

1400 139 0,268 0.410 0.542 664 0,776 11 70 11.28 11.50 11.41 11.18 10.89

1300 147 276 0,418 550 672 784 11 50 10 79 10 89 10 75 10.51 10.22

1200 154 283 425 557 679 791 11 11 10 21 10 22 10,05 9.81 9.52

1100 167 791 433 565 687 799 10 72 9,63 9,55 9,34 9.09 8.82

1000 170 799 441 573 695 807 10,23 8.99 8 84 8.61 8.36 8.10

900 177 306 448 580 702 814 9,59 8.28 8.08 7.85 7.60 7.35

800 0.185 0.314 0.456 0.588 0.710 0.822 8.90 7.56 7.31 7.08 6.48 6.60

Final temperature, T, of air

when entering heater at 0° F.
Temperature of steam in
heater, 227°.

Velocity,
Ft. per
Min.

Friction loss in inches of water
due to the sections.

1600

1500
1400
1300
1200
1100
1000

900

51.0
52.4
53.8
55.0
56.4
57.7
59.1

60.1
61.6

74.9
76.3
77.2
77.6
79.6
80.5
82.0
83.0
84.3

94.7
95.8
96.7
97.9
99.0
100.0
100.1

102.1

103.1

111.3

112.4
113.3
114.3
115.3
116.2
117.2
118.0
119.0

125.2
126.0
126.8
127.7
128.7
129.6
130.5
131.3
132.3

0.236
0.207
0.180
0.156
0.133
0.111
0.092
0.074
0.059

0.672
0.590
0.514
0.443
0.378
0.318
0.262
0.212
0.167

0.800
0.703
0.613
0.528
0.450
0.378
0.312
0.253
0.200

Formulae.—s = no. of sections; V= velocity, ft. per min., air meas-
ured ab70°; k = rise of temp, per degree difference; t = final tempera-
ture. /= friction loss in in. of water. ^ = 454 fc -^ (2 + fc). k =

s (0.167 - 0.005 s) - 0.061 (
^

oqq^*^ ) • /= (0.8s + 0.2) (y/4000)2.

Values of k and/ when s = 2 or more.

Factory Heating by the Fan System.
In factories where the si)ace provided per operative is large, warm air

is recirculated, sufficient air for ventilation being provided by leakage
through the walls and windows. The air is commonly heated by steam
coils furnished with exhaust steam from the factory engine. When the
engine is not running, or when it does not supply enough exhaust steam
for the purpose, steam from the boilers is admitted to the coils through
a reducing valve. The following proportions are commonly used in de-
signing. Coils, pipes i-in., set 21/8 in, centers; free area through coils,

40% of cross area. Velocity of air through free area, 1200 to 1800 ft.

per min. ; number of coils in series 8 to 20 ; circumferential speed of fan,
4000 to 6000 ft. per min.; temperature of air leaving coils, 120° to 160°
F.; velocity of air at outlet of coil stack, 3000 to 4000 ft. per min.; veloc-
ity in branch pipes, 2000 to 2800 ft., the lower velocities in the longest
pipes.

In factories in which mechanical ventilation as well as heating is re-
quired, outlet flues at proper points must be provided, to avoid the neces-
sity of opening windows, and the outflow of air in them may be assisted
either by exhaust fans or by steam coils in the flues.

Cooling Air for TentUatlon.
The chief diflQculty in the artificial cooling of air is due to the moisture

it contains, and the great quantity of heat that has to be absorbed or
abstracted from the air in order to condense this moisture. The cooled
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and . moisture-laden air also needs to be partially reheated in order to
bring it to a degree of relative humidity that will make it suitable for ven-
tilation. To cool 1 lb. of dry air from 82° to 72° requires the abstracting
of 10 X 0.2375 B.T.U. (0.2375 being the specific heat at constant pres-
sure). If the air at 82° is saturated, or 100% relative humidity, it

contains 0.0235 lb. of water vapor, while 1 lb. at 72° contains 0.0167 lb.,

so that 0.0068 lb. will be condensed in cooUng from vapor at 82° to
water at 72°. The total heat (above 32°) in 1 lb. vapor at 82° is 1095.6
B.T.U. and that in 1 lb. of water at 72° is 40 B.T.U. The difference.
1055.6 X 0.0068 = 7.178 B.T.U., is the amount of heat abstracted in
condensing the moisture. The B.T.U. in 1 lb. vapor at 72° is 1091.2.
and the B.T.U. abstracted in cooling the remaining vapor from 82° to
72° is 0.0167 X (1095.6 - 1091.2) = 0.073 B.T.U. The sum, 7.251
B.T.U., is more than three times that required to cool the dry air from
82° to 72°. Expressing these principles in formulse we have:

Let Ti = original and Ti the final temperature of the air,

a = vapor in 1 lb. saturated air at T\\h = do. at Ti,
H = relative humidity of the air a,t Tv,h = desired do. at Ti,
U = total heat, in B.T.U., in 1 lb. vapor at Ti; w = do. at 7*2,

w = total heat in water at Tt.

Then total heat abstracted in cooling air from Ti to Tz = (aH — bh) X
(L^- w) + bh (U-u) + 0.2375 {Ti - T2), or aHU - bhu - {aH - bh) w
-h 0.2375 (Ti - T2), or aH {U - w) - bh {u - w) + 0.2375 (Ti - Ti).
Example.—Required the amount of heat to be abstracted per hour

in cooling the air for an audience chamber containing 1000 persons,
1500 cu. ft. (measured at 70° F.), being supplied per person per horn*,
the temperature of the air before cooling being 82°, with relative
humidity 80%, and after cooling 72°, with humidity 70%.

1000 X 1500 = 1,500,000 cu. ft., at 0.075 lb. per cu. ft-

= 112,500 lbs.

For 1 lb. aH (U - w) - bh {u - w) + 0.2375 (Ti - T2).

0.0235 X 0.8 X (1095.6 - 40) - 0.0167 X 0.7 X (1091.2 - 40)
+ 2.375 = 9.932 B.T.U.

112,500 X 9.932 = 1,061,100 B.T.U.
Taking 142 B.T.U. as the latent heat of melting ice, this amount is

equivalent to the heat that would melt 7472 lbs. of ice per hour.
See also paper by W. W. Macon, Trans. A. S. H. V. E., 1909, and

Air-cooling of the New York Stock Exchange, Eng. Bee, April, 1905,
and The Metal Worker, Aug. 5, 1905.

Capacities of Fans or Blowers for Hot-Blast or Plenum Heating.

(Computed by F. R. Still, American Blower Co., Detroit, Mich.)

h
PQ.S

1

0.
1
'!§

I

<

•5-S-

SSI
4J (H Ph Hi

11

.- . 3

-»2 tH (h

i
3
CO

•si

9
Ik S % 3 v^Q ^Sf^K 3W tK< I^S. ^s ^tt
CQ Q (^ W Q K > ^ w m"
"to"

"42~
360 21/2 6,900 415,200 1,021,000 900 7.7 1760 580

80 48 320 3 8,500 510,000 1,255,000 9.45 714
90 54 280 4 10,500 630,000 1,550,000 11.66 880
100 60 250 5 12,503 750,000 1,845.000 13.9 1050

110 66 230 6 15,800 948,000 2,335,000
"

17.55 1325

120 72 210 8 19,800 1,118,000 2,900,000 22. 1650

140 84 180 10 26,200 1,572,000 3,870,000
"

29.1 2200
160 96 160 12 33,000 1,980,000 4,870,000

"
36.7 2770

180 108 140 15 41,600 2,496,000 6,130,000 46.3 3490
200 120 125 18 50,000 3,000.000 7.375.000

"
55.5 4140
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Capacities of Fans or Blowers for Hot-blast or Plenum Heating.

—

Continued.

^ 1 "73 i| •Sp; Ss £i ^«fl
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1
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1
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o
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70 1,740 1055 31/2 2 35 525 15 8,700 9.67 8,200
80 2,142 1295 4 2 43 645 18 10,700 13.05 10,000
90 2,640 1600 41/2 21/2 53 795 23

•

13,200 14.72 12,500
100 3,150 1900 5 21/2 63 945 27 15,800 17.55 15,000
110 3,975 2410 51/2 3 80 1200 34 19,900 22.20 18,900
120 4,950 2990 6 3 100 1500 43 25,000 27.80 23,800
140 6,600 3990 7 31/2 133 1995 57 33,100 36.80 31,400
160 8,310 5025 8 4 167 2505 72 41,700 46.30 39,600
180 10,470 6325 9 41/2 211 3165 90 52,500 58.40 50,000
200 12,420 7560 10 5 252 3780 108 63,200 70.25 60,000

Temperature of fresh air, 0°; of air from coils, 120°; of steam, 227°;
Pressure of steam, 5 lbs.

Peripheral velocity of fan-tips, 4000 ft.; number of pipes deep in coil,

24; depth of coil, 60 inches; area of coils approximately twice free area.
Relative Eflficiency of Fans and Heated Chimneys for Ventila-

tion. — W. P. Trowbridge, Trans. A. S. M. E. vii. 531, gives a theoretical
solution of the relative amounts of heat expended to remove a given
volume of impure air by a fan and by a chimney. Assuming the total
efficiency of a fan to be only 1/25, wliich is made up of an efficiency of 1/10

for the engine, s/^q for the fan itself, and s/^q for efficiency as regards
friction, the fan requires an expenditure of heat to drive it of only i/ss of
the amount that would be required to produce the same ventilation by

,

a chimney 100 ft. high. For a chimney 500 ft. high the fan will be 7.6
times more efficient.

The following figures are given by Atkinson {Coll. Engr., 1889), show-
ing the minimum depth at which a furnace would be equal to a ventilating-
machine, assuming that the sources of loss are the same in each case, i.e.,

that the loss of fuel in a furnace from the cooling in the upcast is equiva- '

lent to the power expended in overcoming the friction in the machine,
'

and also assuming that the ventilating-machine utiUzes 60 per cent of the
engine-power. The coal consumption of the engine per I.H.P. is taken
at 8 lbs. per hour.

Average temperature in upcast 100° F. 150° F. 200° F.
Minimum depth for equal economy.. 960 yards. 1040 yards. 1130 yards.

PERFORMANCE OF HEATING GUARANTEE.
Heating a Building to 70° F. Inside when the Outside Tempera-

ture is Zero. — It is customary in some contracts for heating to guaran-
tee that the apparatus will heat the interior of the building to 70° in zero
weather. As it may not be practicable to obtain zero weather for the
purpose of a test, it may be difficult to prove the performance of the
guarantee unless an equivalent test may be made when the outside tem-
perature is above zero, heating the building to a higher temperature
than 70°. The following method was proposed by tUe author {Enq. i?^c„
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Aug. 11, 1894) for determining to what temperature the rooms should
be heated for various temperatures of the outside atmosphere and of the
steam or hot water in the radiators.

Let S = sq. ft. of surface of the steam or hot-water radiator;

W = sq. ft. of surface of exposed walls, windows, etc.;

Ts = temp, of the steam or hot water, Ti=^ temp, of inside of

building or room, To =? temp, of outside of building or room

;

a = heat-units transmitted per sq. ft. of surface of radiator per
hour per degree of difference of temperature;

6 = average heat-units transmitted per sq. ft. of walls per hour
per degree of difference of temperature, including allow-
ance for ventilation.

It is assumed that within the range of temperatures considered New-
ton's law of cooling holds good, viz., that it is proportional to the differ-
ence of temperature between the two sides of the radiating-surface.

Then aS (Tg - T{) = hW {Ti - To). Let — = C; then

Ts - T^^CiTi- To); T,=

aS

Ts+ CTo ^ Ts - Ti

1 + C ' Ti - To
Ts - 70

If Ti = 70, and T'o = 0, C = -~^—
Let 7^5 = 140° 160° 180° 200° 212° 220° 250° 300»

ThenC= 1 1.286 1.571 1.857 2.029 2.143 2.571 3.286
and from the formula ^1= (Ts+ CTo) -^ (1 + C) we find the inside

temperatures corresponding to the given values of Tg and To which
should be produced by an apparatus capable of heating the building to
70° in zero weather.

For ro= -20 - 10 10 20 30 40° F,

Inside Temperatures Ti.

For Ts = 140° F. 60 65 70 75 80 85 90
160 58.7 64.3 70 75.6 81.3 86.9 92.5
180 57.8 63.9 70 76.1 82.2 88.4 94.5
200 57.0 63.5 70 76.5 .83.0 89.5 96.0
212 56.6 63.3 70 76.7 83.4 90.1 96.8
220 56.4 63.2 70 76.8 83.6 90.5 97.3
250 55.6 62.8 70 77.2 84.4 91.6 98.8
300 54.7 62.4 70 77.7 85.3 93.0 100.7

J. R. Allen (Trans. A. S. H. V. E., 1908) develops a complex formula
for the inside temperature which takes into consideration the fact that
the coefficient of transmission of the radiator is not constant but in-
creases with the temperature. With Ts = 227 and a two-column cast-iron
radiator he finds for To = -20 -10 10 20 30 40

Ti = 58 64 70 77.5 83 90 97

For all values of To between — 10 and 40 these figures are within one
degree of those computed by the author's method.

ELECTRICAL HEATING.

Heating by Electricity. — If the electric currents are generated by a
dynamo driven by a steam-engine, electric heating will prove very ex-
pensive, since the steam-engine wastes in the exhaust-steam and by
radiation about 90% of the heat-units supplied to it. In direct steam-
heating, with a good boiler and properly covered supply-pipes, we can
utihze about 60% of the total heat value of the fuel. One pound of coal,
with a heating value of 13,000 heat-units, would supply to the radiators
about 13,000 X 0.60 = 7800 heat-units. In electric heating, suppose we
have a first-class condensing-engine developing 1 H.P. for every 2 lbs. ol
coal burned per hour. This would be equivalent to 1,980,000 ft.-lbs. +
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778 = 2545 heat-units, or 1272 heat-units for 1 lb. of coal. The friction
of the engine and of the dynamo and the loss by electric leakage and
by heat radiation from the conducting wires might reduce the heat-
units delivered as electric current to the electric radiator, and there con-
verted into heat, to 50% of this, or only 636 heat-units, or less than one
twelfth of that delivered to the steam-radiators in direct steam-heating.
Electric heating, therefore, will prove uneconomical unless the electric
current is derived from water or wind power which would otherwise be
wasted. (See Electrical Engineering.)

MINE-VENTILATION.
Friction of Air in Underground Passages.— In ventilating a mine or

other underground passage the resistance to be overcome is, according
to most writers on the subject, proportional to the extent of the tric-

tional surface exposed; that is, to the product lo of the length of the gang-
way by its perimeter, to the density of the air in circulation, to the
square of its average speed, v, and lastly to a coefficient k, whose numer-
ical value varies according to the nature of the sides of the gangway and
the irregularities of its course.
The formula for the loss of head, neglecting the variation in density as

unimportant, is p = , in which p = loss of pressure in pounds per

square foot, s = square feet of rubbing-surface exposed to the air, v the
velocity of the air in feet per minute, a the area of the passage in square
feet, and k the coefficient of friction. W. Fairley, in Colliery Engineer,
Oct. and Nov., 1893, gives the following formulae for all the quantities
involved, using the same notation as the above, with these additions:
h = horse-power of ventilation; I = length of air-channel; o = perimeter
of air-channel; q = quantity of air circulating in cubic feet per minute
u = units of work, in foot-pounds, applied to circulate the air ; «; = v^ater
gauge in inches. Then,

= ^^''^^ — ^^'^'^^ ^ fcsi;^ _ i£ _ 3.^ p ~ u ~ pv ~ pv ~ v'

o h = ^ = gP _ 5.2 qw
^' ^ 33,000 33,000 33,000*

3 k = P^ = '^
=--

P - ^-^ ^
sv^ sv^ sv^ -T- a sv^ •*• a'

ksv^ = }f=c59 _/*/^\^s_ ksv^

8. q = va -

a q \\ksja q

7. pa = ksv^ '^
( V/ F~ )

^^^ ^ '
^^^ ^ ^*"^^-

qp _ vpa
lo.

10. u = QP = •ypa = ^^ = ksv^ = 5.2 qw = 33,000 K

11 ^ = A = ? = *y^ = 4y5£ = */pi".
^ ' " pa a y ks y ks y ks



13. r» =
j

14. W =
;
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_ . ^ _ V2^.
' ks ~ ks ~ ks

'

p ksv^

5.2
"^

5.2a*

To find the quantity of air with a given horse-power and efficiency (e)

of engine:
h X 33,000 X e^=

P
The value of k, the coefficient of friction, as stated, varies according to

the nature of the sides of the gangway. Widely divergent values have
been given by different authorities (see Colliery Engineer, Nov., 1893), the
most generally accepted one until recently being probably that of J. J.

Atkinson, .0000000217, which is the pressure per square foot in decimals
of a pound for each square foot of rubbing-surface and a velocity of one
foot per minute. Mr. Fairley, in his " Theory and Practice of Ventilating
Coal-mines, " gives a value less than half of Atkinson's or .00000001; and
recent experiments by D. Murgue show that even this value is high under
most conditions. Murgue's results are given in his paper on Experi-
mental Investigations in the Loss of Head of Air-currents in Under-
ground Workings, Trans. A. I. M. E., 1893, vol. xxiii. 63. His coefficients
are given in the following table, as determined in twelve experiments:

Coefficient of Loss of
Head by Friction.

French. British.
{Straight, normal section 00092 .000,000,00486
Straight, normal section 00094 .000,000,00497
Straight, large section ,00104 .000,000,00549
Straight, normal section 00122 .000,000,00645

{Straight, normal section 00030 .000,000,00158
Straight, normal section 00036 .000,000,00190
Continuous curve, normal section .00062 .000,000,00328
Sinuous, intermediate section 00051 .000,000,00269
Sinuous, small section 00055 . 000,000,00291

TimhAroH ( straight, normal section 00168 .000,000,00888

»4,^w/.r« \ Straight, normal section 00144 .000,000,00761gangways.
( slightly sinuous, small section. . . .00238 .000.000.01257

The French coefficients which are given by Murgue represent the height
of water-gauge in millimeters for each square meter of rubbing-surface
and a velocity of one meter per second. To convert them to the British
measure of pounds per square foot for each square foot of rubbing-surface
and a velocity of one foot per minute they have been multiplied by the
factor of conversion, .000005283. For a velocity of 1000 feet per minute,
since the loss of head varies as v^, move the decimal point in the coefficients
six places to the right.
Equivalent Orifice. — The head absorbed by the working-chambers

of a mine cannot be computed a -priori, because the openings, cross-
passages, irregular-shaped gob-piles, and daily changes in the size and
shape of the chambers present much too complicated a network for accu-
rate analysis. In order to overcome this difficulty Murgue proposed in
1872 the method of equivalent orifice. This method consists in substitut-
ing for the mine to be considered the equivalent thin-lipped orifice,

requiring the same height of head for the discharge of an equal volume
of air. The area of this orifice is obtained when the head and the dis-
charge are known, by means of the following formulae, as given by Fairley:

Let Q = quantity of air in thousands of cubic feet per minute;
w = inches of water-gauge;
A = area in square feet of equivalent orifice.

Then

A -2:2^ = ^^;* <J-AX_^
., „.0.1369X(2)'.Vw 2.7 vi« 0.37 \^/

* Murgue gives A = ' .- . and Norris A = ' ^-^ • See page Q72, ante»
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Motive Column or the Head of Air Due to Differences of Tem-
perature, etc. (Fairley.)

Let M ~ motive column in feet

;

T = temperature of upcast;
/ = weight of one cubic foot of the flowing air;

t — temperature of downcast;
D = depth of downcast.

Then

^ ^r+459°^ / .P /X^'^
5.2 5.2

To find diameter of a round airway to pass the same amount of air as a
square airway, the length and power remaining the same:

Let D = diameter of round airway, A = area of square airway; 0=«

Vi
A^X 3.1416perimeter of square airway. Then D^ .,

*' 0.78543 X O
If two fans are employed to ventilate a mine, each of which when

worked separately produces a certain quantity, which may be indicated
by A and B, then the quantity of air that will pass when the two fans are

worked together will be \/a^+B^. (For mine-ventilating fans, see

page 672.)

WATER.
Expansion of Water. — The following table gives the relative vol-

umes of water at different temperatures, compared with its volume at
4° C. according to Kopp, as corrected by Porter.

Cent. Fahr. Volume. Cent. Fahr. Volume. Cent. Fahr. Volume.

4» 39,1° I. 00000 35° 95° 1.00586 70° 158° 1.02241

5 41 1.00001 40 104 1 .00767 75 167 1.02548
10 50 1.00025 45 113 1 .00967 80 176 1.02872
15 59 1.00083 50 122 1.01186 85 185 1.03213

20 68 1.00171 55 131 1.01423 90 194 1.03570
25 77 1.00286 60 140 1.01678 95 203 1.03943

30 86 1.00425 65 149 1.01951 100 212 1.04332

Weight of 1 cu. ft. at 39.1° F. = 62.4245 lb. -J- 1.04332 = 59.833,
weight of 1 cu. ft. at 212° F.
Weight of Water at Different Temperatures. — The weight of

water at maximum density, 39.1°, is generally taken at the figure given
by Rankine, 62.425 lbs. per cubic foot. Some authorities give as low as
62.379. The figure 62.5 commonly given is approximate. The highest
authoritative figure is 62.428. At 62° F. the figures range from 62.291 to
62.360. The figure 62.355 is generally accepted as the most accurate.

At 32° F. figures given by different writers range from 62.379 to 62.418.
Hamilton Smith, Jr. (from Rosetti) gives 62.416.

Weight of Water at Temperatu res above 300° F. (Landolt and
Bornstein's Tables , 1905.)

Lbs. Lbs. Lbs. Lbs. T,bs. Lbs.
Des. Per Deg. Per Deg. Per Deg. Per Desr. Per Deg. Per
F. Cu. F. Cu. K. Cu. F. Cu. K. Ciu H'. Cu.

Ft. Ft. Ft. Ft. Ft. Ft. .

200 60.12 270 58.26 340 55.94 4.0 53.0 480 49 7 550 45.6
210 59.88 280 57.96 350 55 57 420 52,6 490 49 2 560 44.9
220 59.63 290 57.65 360 55.18 430 52.2 500 48 7 570 44.1
230 59.37 300 57.33 370 54.78 440 51.7 510 48 I 580 43.3
240 59.11 310 57.00 380 54.36 450 51.2 520 47 6 590 42.6
250 58.83 320 56.66 390 53 94 460 50.7 530 47 600 41.8
260 58.55 330 56.30 400 53.5 470 50.2 540 46.3
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Weight of Water per Cubic Foot, from 32' ie 212® F., and heat-
units per pound, reckoned above 32° F.: The figures for weight of water
in following table, made by interpolating the table given by Clark as cal-
culated from Rankine's formula, with corrections for apparent errors, was
published by the author in 1884, Trans. A. S. M. E., vi. 90. The figures
tor heat units are from Marks and Davis's Steam Tables, 1909.

5^3

ii

III

i

1
1^^m

i
'3

3 1

i
111

i
'3

H w- H ^ w H hi H ^ W
32 62.42 0. 78 62.25 46.04 123 61.68 90.90 168 60.81 135.86
33 62.42 1.01 79 62.24 47.04 124 61.67 91.90 169 60.79 136.86
34 62.42 2.02 80 62.23 48.03 125 61.65 92.90 170 60.77 137.87
35 62.42 3.02 81 62.22 49.03 126 61.63 93.90 171 60.75 138.87
36 62.42 4.03 82 62.21 50.03 127 61.61 94.89 172 60.73 139.87
37 62.42 5.04 83 62.20 51.02 128 61.60 95.89 173 60.70 140.87
38 62.42 6.04 84 62.19 52.02 129 61.58 96.89 174 60.68 141.87
39 62.42 7.05 85 62.18 53.02 130 61.56 97.89 175 60.66 142.87
40 62.42 8.05 86 62.17 54.01 131 61.54 98.89 176 60.64 143.87
41 62.42 9.05 87 62.16 55.01 132 61.52 99.88 177 60.62 144.88
42 62.42 10.06 88 62.15 56.01 133 61.51 100.88 178 60.59 145.88
43 62.42 11.06 89 62.14 57.00 134 61.49 101.88 179 60.57 146.88
44 62.42 12.06 90 62.13 58.00 135 61.47 102.88 180 60.55 147.88
45 62.42 13.07 91 62.12 59.00 136 61.45 103.88 181 60.53 148.88
46 62.42 14.07 92 62.11 60.00 137 61.43 104.87 182 60.50 149.89
47 62.42 15.07 93 62.10 60.99 138 61.41 105.87 183 60.48 150.89
4a 62.41 16.07 94 62.09 61.99 139 61.39 106.87 184 60.46 151.8^
49 62.41 17.08 95 62.08 62.99 140 61.37 107.87 185 60.44 152.89
50 62.41 18.08 96 62.07 63.95 141 61.36 108.87 186 60.41 153.89
51 62.41 19.08 97 62.06 64.98 142 61.34 109.87 187 60.39 154.90
52 62.40 20.08 98 62.05 65.98 143 61.32 110.87 188 60.37 155.90
53 62.40 21.08 99 62.03 66.97 144 61.30 111.87 189 60.34 156.90
54 62.40 22.08 100 62.02 67.97 145 61.28 112.86 190 60.32 157.91
55 62.39 23.08 101 62.01 68.97 145 61.26 113.86 191 60.29 158.91

56 62.39 24.08 102 62.00 69.96 147 61.24 114.86 192 60.27 159.91

57 62.39 25.08 103 61.99 70.96 148 61.22 115.86 193 60.25 160.91

58 62.38 26.08 104 61.97 71.96 149 61.20 116.86 194 60.22 161.92
59 62.38 27.08 105 61.96 72.95 150 61.18 fI7.86 195 60.20 162.92
60 62.37 28.08 106 61.95 73.95 151 61.16 118.86 196 60.17 163.92
61 62.37 29.08 107 61.93 74.95 152 61.14 119.86 197 60.15 164.93
62 62.36 30.08 108 61.92 75.95 153 61.12 120.86 198 60.12 165.93
63 62.36 31.07 109 61.91 76.94 154 61.10 121.86 199 60.10 166.94
64 62.35 32.07 110 61.89 77.94 155 61.08 122.86 200 60.07 167.94
65 62.34 33.07 111 61.88 78.94 156 61.06 123.86 201 60.05 168.94
66 62.34 34.07 112 61.86 79.93 157 61.04 124.86 202 60.02 169.95
67 62.33 35.07 113 61.85 80.93 158 61.02 125.66 203 60.00 170.95
68 62.33 36.07 114 61.83 81.93 159 61.00 126.86 204 59.97 171.96
69 62.32 37.06 115 61.82 82.92 160 60.98 127.86 205 59.95 172.96
70 62.31 38.06 116 61.80 83.92 161 60.96 128.86 206 59.92 173.97
71 62.31 39.06 117 61.78 84.92 162 60.94 129.86 207 59.89 174.97
72 62.30 40.05 118 61.77 85.92 163 60.92 130.86 208 59.87 175.98
73 62.29 41.05 119 61.75 86.91 164 60.90 131.86 209 59.84 176.98
74 62.28 42.05 120 61.74 87.91 165 60.87 132.86 210 59.82 177.99
75 62.28 43.05 121 61.72 88.91 166 60.85 133.86 211 59.79 178.99
76 62.27 43.04 122 61.70 89.91 167 60.83 134.86 212 59.76 180.00
77 62.26 45.04

Later authorities give figures for the weight of water which differ in the
second decimal place only from those given above, as follows:

Temp. F 40 50 60 70 80 90
Lbs. per cu. ft 62.43 62.42 62.37 62.30 62.22 62.11
Temp. F 100 110 120 130 140 150
Lbs. per cu. ft. . . 62.00 61.86 61.71 61.55 61.38 61.18
Temp. F 160 170 180 190 200 210
libs, per CU. ft. . . 61.00 60.80 60.50 60.36 60.12 59.88
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Comparison of Heads of Water in Feet with Pressures in Tarioua
Units.

One foot of water at 39.1° Fahr. = 62.425 lbs. on the square foot;" " " = 0.4335 lbs. on the square inch;" '* " = 0.0295 atmosphere;
" '* " = 0.8826 inch of mercury at 32';
t< <i •• _ jjo 3 ( feet of air at 32° and

1 atmospheric pressure;

One lb. on the square foot, at 39.1° Fahr.. = 0.01602 foot of water;
One lb. on the square inch, at 39.1° Fahr .. == 2.307 feet of water;
One atmosphere of 29 . 922 in. of mercury . . = 33 .

9

feet of water;
One inch of mercury at 32° = 1 . 133 feet of water;
One foot of air at 32°, and 1 atmosphere. . = 0.001293 feet of water;
One foot of average sea-water = 1 . 026 foot of pure water;
One foot of water at 62° F = 62.355 lbs. per sq. foot;
One foot of water at 62° F = 0. 43302 lb. per sq. inch;
One inch of water at 62° F. = .5774 ounce = . 036085 lb. per sq. inch
One lb. of water on the square inch at 62° F= 2.3094 feet of Vt^ater.

One ounce of water on the square inch at
62° F = 1 . 732 inches of water.

Pressure in Pounds per Square Inch for Different Heads of Water.
At 62° F. 1 foot head = 0.4331b. per square inch, 0.433 X 144 = 62.352

lbs. per cubic foot.

Head. feet. 1 2 3 4 5 6 7 8 9

0.433 0.866 1.299 1.732 2.165 2.598 3.031 3.464 3.897
10 4,330 4.763 5.196 5.629 6.062 6.495 6.928 7.361 7.794 8.227
20 8.660 9.093 9.526 9.959 10.392 10.825 11.258 11.691 12.124 12.557
30 12.990 13.423 13.856 14.289 14.722 15.155 15.588 16.021 16.454 16.887
40 17 320 17 753 18.186 18,619 19,052 19.485 19.918 20.351 20,784 21.217
50 21.650 22.083 22.516 22.949 23.382 23.815 24.248 24.681 25.114 25.547
60 25 980 26 413 26.846 27.279 27.712 28.145 28.578 29.011 29,444 29.877
70 30.310 30.743 31.176 31.609 32.042 32.475 32.908 33.341 33.774 34.207
80 34.640 35.073 35.506 35.939 36.372 36.805 37.238 37.671 38 104 38.537
90 38.970 39.403 39.836 40.269 40.702 41.135 41.568 42.001 42.436 42.867

Head in Feet of Water, Corresponding to Pressures in Pounds per
Square Inch.

1 lb. per square inch = 2.30947 feet head, 1 atmosphere = 14.7 lbs.
per sq. inch = 33.94 ft. head.

10

20
30
40
50
60
70

23.0947
46.1894
69.2841
92.3788
115.4735
138.5682
161.6629
184.7576
207.8523

2.309
25.404
48.499
71.594
94.688
117.78
140.88
163.97
187.07
210.16

4.619
27.714
50.808
73.903
96.998
120.09
143.19
166.28
189.38
212.47

6.928
30.023
53.118
76.213
99.307
122.40
145.50
168.59
191.69
214.78

9.238
32.333
55.427
78.522
101.62
124.71

147.81
170.90
194.00
217.09

11.547
34.642
57.737
80.831
103.93
127.02
150.12
173.21
196.31

219.40

13.857
36.952
60.046
83.141
106.24
129.33
152.42
175.52
198.61

221.71

16.166
39.261
62.356
85.450
108.55
131.64
154.73
177.83
200.92
224.02

18.476
41.570
64.665
87.760
110.85
133.95
157.04
180.14
203.23
226.33

20.785
43.880
66.975
90.069
113.16
136.26
159.35
182.45
205.54
228.64
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Pressure of Water due to its Weight. — The pressure of still water
in pounds per square inch against the sides of any pipe, channel, or vessel
of any shape whatever is due solely to the "head," or height of the
>,vel surface of the water above the point at which the pressure is con-
ridered, and is equal to 0.43302 lb. per square inch for every foot of head,
«r 62.355 lbs. per square foot for every foot of head (at 62° F.).

The pressure per square inch is equal in all directions, downwards,
upwards, or sideways, and is independent of the shape or size of the
containing vessel.
The pressure against a vertical surface, as a retaining-wall, at any

point is in direct ratio to the head above that point, increasing from at
the level surface to a maximum at the bottom. The total pressure
against a vertical strip of a unit's breadth increases as the area of a
right-angled triangle whose perpendicular represents the height of the
strip and whose base represents the pressure dn a unit of surface at the
bottom; that is, it increases as the square of the depth. The sum of all

the horizontal pressures is represented by the area of the triangle, and
the resultant of this sum is equal to this sum exerted at a point one third
of the height from the bottom. (The center of gravity of the area of a
triangle is one third of its height.)
The horizontal pressure is the same if the surface is inclined instead

of vertical.
(For an elaboration of these principles see Trautwine's Pocket-Book,

or the chapter on Hydrostatics in any work on Physics. For dams,
retaining-walls, etc., see Trautwine.)
The amount of pressure on the interior walls of a pipe has no appreci-

able effect upon the amount of flow.

Buoyancy. — When a body is immersed in a liquid, whether it float or
sink, it is buoyed up by a force equal to the weight of the bulk of the
liquid displaced by the body. The weight of a floating body is equal to
the weight of the bulk of the hquid that it displaces. The upward
pressure or buoyancy of the liquid may be regarded as exerted at the
center of gravity of the displaced water, which is called the center of
pressure or of buoyancy. A vertical line drawn through it is called the
axis of buoyancy or of flotation. In a floating body at rest a line joining
the center of gravity and the center of buoyancy is vertical, and is called
the axis of equilibrium. When an external force causes the axis of
equilibrium to lean, if a vertical line be drawn upward from the center
of buoyancy to this axis, the point where it cuts the axis is called the
metacenter. If the metacenter is above the center of gravity the distance
between them is called the metacentric height, and the body is then said
to be in stable equiUbrium, tending to return to its original position
when the external force is removed.
Boiling-point. — Water boils at 212° F. (100° C.) at mean atmos-

pheric pressure at the sea-level, 14.696 lbs.' per square inch. The tem-
perature at which water boils at any given pressure is the same as the
temperature of saturated steam at the same pressure. For boiling-point
of water at other pressure than 14.696 lbs. per square inch, see table of
the Properties of Saturated Steam,

Tlie Boiling-point of Water may be Raised. — When water is

entirely freed of air, which may be accomplished by freezing or boiling,
the cohesion of its atoms is greatly increased, so that its temperature
may be raised over 50° above the ordinary boiling-point before ebullition
takes place. It was found by Faraday that when such air-freed water
did boll the rupture of the liquid was like an explosion. When water
is surrounded by a film of oil, its boiling temperature may be raised
considerably above its normal standard. This has been applied as a
theoretical explanation in the instance of boiler explosions.
The freezing-point also may be lowered, if the water is perfectly quiet,

to — 10° C, or 18° Fahrenheit below the normal freezing-point. (Hamilton
Smith, Jr., on HydrauUcs, p. 13.)

Freezing-point. — Water freezes at 32° F. at the ordinary atmos-
pheric pressure, and ice melts at the same temperature. In the melting
of 1 pound of ice into water at 32° F. about 142 heat-units are absorbed,
or become latent; and in freezing 1 lb. of water into ice a like quantity
of heat is given out to the surrounding medium.
Sea-water freezes at 27° F. The ice is fresh. (Trautwine.)
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^J^J^,^^^ Snow. (From Clark.) — 1 cubic foot of ice at 32° F. weigh*
57.50 lbs.; 1 pound of ice at 32° F. has a volume of 0.0174 cu. ft. = 30.067
cu. in.

Relative volume of ice to water at 32° F., 1.0855, the expansion ic
passing into the solid state being 8.55%. Specific gravity of ice = 922
water at 62° F. being 1.

'

At high pressures the melting-point of ice is lower than 32° F., being a<
the rate of 0.0133° F. for each additional atmosphere of pressure.
The specific heat of ice 's 0.504, that of water being 1.

r h^^^^^J^'^t' °^ ^^^^^ snow, according to humidity of atmosphere:
6 lbs. to 12 lbs. 1 cubic foot of snow moistened and compacted by
ram: 15 lbs. to 50 lbs. (Trautwine.)
The latent heat of fusion of ice is 143.6 B.T.U. per lb.

Specific Heat of Water. (From Davis and Marks's Steam Tables.)

Deg. Sp.
F. Ht.

Deg.
F. i:

De.
i^t:

De.
IS:

D^..
is:

De.
^t.

20 1.0168 120 0.9974 220 1.007 320 1.035 420 1.072 520 1.123
30 1.0098 130 0.9974 230 1.009 330 1.038 430 1.077 530 1.128
40 1.0045 140 0.9986 240 1.012 340 1.041 440 1.082 540 1.134
50 1.0012 150 0.9994 250 1.015 350 1.045 450 1.086 550 1.140
60 0.9990 160 1.0002 260 1.018 360 1.048 460 1.091 560 1.146
70 0.9977 170 l.OOIO 270 1.021 370 1.052 470 1.096 570 1.152
80 0.9970 180 1.0019 280 1.023 380 1.056 480 1.101 580 1.158
90 0.9967 190 1 .0029 290 1.026 390 1.060 490 1.106 590 1.165
100 0.9967 200 1.0039 300 1.029 400 1.064 500 1.112 600 1.172
110 0.9970 210 1 .0050 310 1.032 410 1.068 510 1.117

These figures are based on the mean value of the heat unit, that is,

1/180 of the heat needed to raise 1 lb. of water from 32° to 212°.

Compressibility of Water. — Water is very slightly compressible.
Its compressibility is from 0.000040 to 0.000051 for one atmosphere,
decreasing with increase of temperature. For each foot of pressure dis-
tilled water will be diminished in volume 0.0000015 to 0.0000013. Water
is so incompressible that even at a depth of a mile a cubic foot of water
will weigh only about half a pound more than at the surface.

THE IMPURITIES OF WATER.

(A. E. Hunt and G. H. Clapp, Trans. A. I. M. E., xvii. 338.)

Commercial analyses are made to determine concerning a given water:
(1) its applicability for making steam; (2) its hardness, or the facility
with which it will "form a lather" necessary for washing; or (3) its
adaptation to other manufacturing purposes.

At the Buffalo meeting of the Chemical Section of the A. A. A. S. it

was decided to report all water analyses in parts per thousand, hundred-
thousand, and million.

To convert grains per imperial (British) gallon into parts per 100,000,
divide by 0.7. To convert parts per 100,000 into grains per U. S. gallon,
multiply by 0.5835. To convert grains per U. S. gallon into parts per
milUon multiply by 17.14.

The most common commercial analysis of water is made to determine
its fitness for making steam. Water containing more than 5 parts per
100.000 of free sulphuric or nitric acid is liable to cause serious corrosion,
not only of the metal of the boiler itself, but of the pipes, cylinders, pistons,
and valves with which the steam comes in contact.

. The total residue in water used for making steam causes the interior
linings of boilers to become coated, and often produces a dangerous hard
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scale, which prevents the cooling action of the water from protecting
the metal against burning.
Lime and magnesia bicarbonates in water lose their excess of carbonic acid

on boiling, and often, especially when the water contains sulphuric acid,
produce, with the other soUd residues constantly being formed by the
evaporation, a very hard and insoluble scale. A larger amount than 100
parts per 100,000 of total solid residue wiU ordinarily cause troublesome
scale, and should condemn the water for use in steam-boilers, unless a
better supply cannot be obtained.
The following is a tabulated form of the causes of trouble with water

for steam purposes, and the proposed remedies, given by Prof. L. M.
Norton.

Causes of Incrustation.

1. Deposition of suspended matter.
2. Deposition of deposed salts from concentration.
3. Deposition of carbonates of hme and magnesia by boiling off

carbonic acid, which holds them in solution.
4. Deposition of sulphates of hme, because sulphate of hme is but

slightly soluble in cold water, less soluble in hot water, insoluble above
270° F.

5. Deposition of magnesia, because magnesium salts decompose at high
temperature.

6. Deposition of lime soap, iron soap, etc., formed by saponification of
grease.

Means for Preventing Incrustation.

1. Filtration.
2. Blowing off.

3. Use of internal collecting apparatus or devices for directing the
circulation.

4. Heating feed-water,
5. Chemical or other treatment of water in boiler.
6. Introduction of zinc into boiler.
7. Chemical treatment of water outside of boiler.

Tabular View.

Troublesome Substance. Trouble. Remedy or Palliation,
Sediment, mud, clay, etc. Incrustation. Filtration; blowing off.

Readily soluble salts.
" Blowing off.

Bicarbonatesofltae, magnesia,} .. jHSustlc'^oda^Miir Sf^^°"- ' I magnesia, etc.

Snlnhatp nf limp " {Addition of carb. soda,bulphate of lime.
| barium hydrate, etc.

Chloride and sulphate of mag-) p^^rr^cion f Addi'ion cf carbonate of
nesium. \

Corrosion.
| ^^^^^ g^^_

Carbonate of soda in large) t)^:^,-„„ (Addition of barium chlo-
amounts. )

-t^riming.
| ^.^^^^ ^^^^

Acid (in mine waters). Corrosion. AlkaU.

Dissolved rarbonio arid and I
(Feed milk of lime to the

nlvJpn
^^^^^^^ ^^^^ ^^^^

I Corrosion. < boiler, to form a thin in-
^^y^^^^-

_

( ternal coating.

Grease (from condensed water). Ifji"™!.^^".^^! Different cases require dif-

Prifrfn? I
ferent remedies. Consult

Organic matter (sewage). i corrosion or f
a speciahst on the sub-

( incrustation.-' •'^^^•

The mineral matters causing the most troublesome boiler-scales are
bicarbonates and sulphates of lime and magnesia, oxides of iron and
alumina, and sihca. The analyses of some of the most common and
troublesome boiler-scales are given in the following table:
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Analyses of Boiler-scale. (Chandler.)

Sul-
phate

Lime.

Mag-
nesia.

Silica.

Per-
oxide
of

Iron.

Water.

Car- :

bonate
of

Lime.

N:lr.c. feH.R.Ry.,No. 1

No. 2
No. 3

No. 4
No. 5

No. 6
No. 7

No. 8
No. 9

No. 10

74.07
71.37
62.86
53.05
46.83
30.80
4.95
0.88
4.81

30.07

9.19

"i8;95'

"ii J7'
2.61

2.84

0.65
1.76
2.60
4.79
5.32
7.75
2.07
0.65
2.92
8.24

0.08 1.14 14.78

\

0.92 1.28 12.62

1.08

1.03
0.36

2.44
0.63
0.15

26.93
86.25
93.19

Analyses in parts per 100,000 of Water giving Bad Results in

Steam-boilers. (A. E. Hunt.)

il It
t-A o c3 O

i 4
u

1

11

II II

a 1

?
3

f, o
i

.H-^ S'O o o •^ o ^ 2
W m H, H za o 1—1 o < ^

Coal-mine water 110

151

75
no

25
38
89
71

119
190

95
161

39
48
120
31

890
360
310
710

590
990
21

38

780
38
75
70

30
21

10

640
30
80

Salt-well 1310
Spring 36

80
32
30

70

82
50

94
61

41

81

104

68

219
28

890

210
190

42

90
38
23Allegheny R., near Oil-works .

.

Many substances have been added with the idea of causing chemical
action which will prevent boiler-scale. As a general rule, these do more
harm than good, for a boiler is one of the worst possible places in which
to carry on chemical reaction, where it nearly always causes more or less
corrosion of the metal, and is liable to cause dangerous explosions.

In cases where water containing large amounts of total solid residue is

necessarily used, a heavy petroleum oil, free from tar or wax, which is not
acted upon by acids or alkalies, not having sufficient wax in it to cause
saponification, and which has a vaporizing-point at nearly 600° F., will
give the best results in preventing boiler-scale. Its action is to form a
thin greasy film over the boiler Unings, protecting them largely from the
action of acids in the water and greasing the sediment which is formed,
thus preventing the formation of scale and keeping the sohd residue
from the evaporation of the water in such a plastic suspended condition
that it can be easily ejected from the boiler by the process of "blowing:
off." If the water is not blown off sufficiently often, this sediment
forms into a "putty" that will necessitate cleaning the boilers. Any
boiler using bad water should be blown off every twelve hours.
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Hardness of Water. — The hardness of water, or its opposite quality.
Indicated by the ease with which it will form a lather with soap, depends
almost altogether upon the presence of compounds of lime and magnesia.
Almost all soaps consist, chemically, of oleate, stearate, and palmitate of
an alkaline base, usually soda and potash. The more lime and magnesia
in a sample of water, the more soap a given volume of the water will

decompose, so as to give insoluble oleate, palmitate, and stearate of
lime and magnesia, and consequently the more soap must be added in
order that the necessary quantity of soap may remain in solution to
form the lather. The relative hardness of samples of water is generally
expressed in terms of the number of standard soap-measures consumed
by a gallon of water in yielding a permanent lather.

In Great Britain the standard soap-measure is the quantity required to
precipitate one grain of carbonate of lime: in the U. S. it is the quantity
required to precipitate one milligramme..

If a water charged with a bicarbonate of lime, magnesia, or iron
is boiled, it will, on the excess of the carbonic acid being expelled,
deposit a considerable quantity of the lime, magnesia, or iron, and con-
sequently the water will be softer. The hardness of the water after
this deposit of lime, after long boiling, is called the permanent hardness
and the difterence between it and the total hardness is called temporary
hardness.

Lim.e salts in water react immediately on soap-solutions, precipitating
the oleate, palmitate, or stearate of lime at once. Magnesia salts, on the
contrary, require some considerable time for reaction. They are, how-
ever, more powerful hardeners; one equivalent of magnesia salts con-
suming as much soap as one and one-half equivalents of lime.

The presence of soda and potash salts softens rather than hardens
water. Each grain of carbonate of lime per gallon of water causes an
increased expenditure for soap of about 2 ounces per 100 gallons of water.
{Eng'g News, Jan. 31, 1885.)

Low degrees of hardness (down to 200 parts of calcium carbonate
(CaCOs) per million) are usually determined by means of a standard
.solution of soap. To 50 c.c. of the water is added alcoholic soap solu-
tion from a burette, shaking well after each addition, until a lather is

obtained which covers the entire surface of the liquid when the bottle is

laid on its side and which lasts five minutes. From the number of c.c.

of soap solution used, the hardness of the water may be calculated by
the use of Clark's table, given below, in parts of CaCOs per million.

c.c. Soap
Sol.

Pts.
CaCOs.

c.c. Soap
Sol.

Pts.
CaCOa.

c.c. Soap
Sol.

Pts.
CaCOa.

c.c. Soap
Sol.

Pts.
CaCOs.

5.7
I.O

2.0
J.O

5
19

32

4.0
5.0
6.0
7

46
60
74
m

8.0
9.0
10.0
n.o

103

118
133

148

12.0
13.0
14.0
15.0

164
180
196

212

For waters which are harder than 200 parts per million, a solution of
soap ten times as strong may be used, the end or determining point being
reached when sufficient soap has been added to deaden the harsh sound
produced on shaking the bottle containing the water. — A. H. Gill, Fn-
?ine-E,oom Chemistry.

Purifying Feed-water for Steam-boilers. (See also Incrustation
and Corrosion, p. 927.) — When the water used for steam-boilers con-
tains a large amount of scale-forming material it is usually advisable to
purify it before allowing it to enter the boiler rather than to attempt the
{prevention of scale by the introduction of chemicals into the boiler.
Carbonates of lime and magnesia may be removed to a considerable
extent by simple heating of the water in an exhaust-steam feed-water
beater or, still better, by a live-ste&m heater. (See circular of the Hoppes
[tffg. Co., Springfield, 0.) WUen tlie water is very bad it is ^e§t treated
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with chemicals — lime, soda-ash, caustic soda, etc. — in tanks, the pre-
cipitates being separated by settling or filtering. For a description at
several systems of water purification see a series of articles on the sub-
ject by Albert A. Gary in Eng'g Mag., 1897.

Mr. H. E. Smith, chemist of the Chicago, Milwaukee & St. Paul Ry.
Co., in a letter to the author, June,. 1902, writes as follows concerning
the chemical action of soda-ash on the scale-forming substances in boiler
waters:

Soda-ash, acts on carbonates of lime and magnesia in boiler water in tha
following manner: — The carbonates are held in solution by means ot
the carbonic acid gas also present which probably forms bicarbonates of-

lime and magnesia. Any means which will expel or absorb this carbonir
acid will cause the precipitation of the carbonates. One of these means
is soda ash (carbonate of soda), which absorbs the gas with the forma^
tion of bicarbonate of soda. This method would not be practicable foi

softening cold water, but it serves in a boiler. The carbonates precipi-
tated in this manner are in flocculent condition instead of semi-crystaUinc
as when thrown down by heat. In practice it is desirable and sufficient
to precipitate only a portion of the lime and magnesia in flocculent
condition. As to equations, the following represent what occurs: —

Ca (HCOg)! 4- Na2C03 = CaCOs + 2 NaHCOs.
Mg (HCOi)i + Na2C03 = MgCOs + 2 NaHCOs.

(free) CO2 + Na2C03 + H2O == 2 NaHCOs.

Chemical equivalents: — 106 pounds of pure carbonate of soda

-

equal to about 109 pounds of commercial 58 degree soda-ash — are
chemically equivalent to — i.e., react exactly with — the following
weights of the substances named: Calcium sulphate, 136 lbs.; magnesium
sulphate, 120 lbs.; calcium carbonate, 100 lbs.; magnesium carbonate,
84 lbs.; calcium chloride, 111 lbs.; magnesium chloride, 95 lbs.

Such numbers are simply the molecular weights of the substances
reduced to a common basis with regard to the valence of the component i

atoms.
!

Important work in this line should not be undertaken by an amateur.

'

"Recipes" have a certain field of usefulness, but will not cover the whole
subject. In water purification, as in a problem of mechanical engineer-
ing, methods and apparatus must be adapted to the conditions presented.
Not only must the character of the raw water be considered but also the
conditions of purification and use.

TVater-softening Apparatus. (From the Report of the Committee
on Water Service, of the Am. Railway Eng'g and Maintenance of Way
Assn., Eng. Rec, April 20, 1907).—Between three and four hours is nec-
essary for reaction and precipitation. Water taken from running streams
in winter should have at least four hours' time. At least three feet of
the bottom of each settling tank should be reserved for the accumulation
of the precipitates.

The proper capacities for settling tanks, measured above the space
reserved for sludge, can be determined as follows: a = capacity of soft-
ener in gallons per hour; b = hours required for reaction and precipitation;
c = number of settling tanks (never less than two); x = number of
hours required to fill the portion of settling tank above the sludge portion;

V = number of hours required to transfer treated water from one settling,
tank to the storage tank (y should never be greater than x).

,|

Where one pump alternates between filling and emptying settlingl
tanks, X = y. Settling capacity in each tank= 2 ax = ab -r- (c — 1). 1

For plants where the quantity of water supplied to the softener and tha
capacity of the plant are equal, the settling capacity of each tank is equaM
to ax. The number of hours required to fill all the settling tanks should
equal the number of hours required to fill, precipitate and empty oaa
tank, as expressed by the following equation; g« =^ i? + & -|p J/.

If y = x, ax = ab -i- (c — 2).

If J/
=» 1/2 x, ax = ab -i- {c — 1.6).
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An article on "The Present Status of Water Softening," by Q. C.
Whipple, in Cass. Mag., Mar., 1907, illustrates several different forms of
water-purifying apparatus. A classification of degrees of hardness cor-
responding to parts of catbonates and sulphates of Ume and magnesia
per million parts of water is given as follows: Very soft, to 10 parts;
soft, 10 to 20; slightly hard, 25 to 50; hard, 50 to 100; very hard, 100 to
200; excessively hard, 200 to 500; mineral water, 500 or more. The
same article gives the following figures showing the quantity of chemicals
required for the various constituents of hard water. For each part per
million of the substances mentioned it is necessary to add the stated
number of pounds per million gallons of lime and soda.

For Each Part per Million of

Pounds p
Gall

er Million
ons.

Lime. Soda.

Free CO2 10.62
4.77
4.67
0.00
19.48

Free acid (calculated as H2SO4) 9.03

Incrustants 8.85

The above figures do not take into account any impurities in the
chemicals. These have to be considered in actual operation.
An illustrated description of a water-purifying plant on the Chicago

& Northwestern Ry. by G. M. Davidson is found in Eng. News, April 2,
1903. Two precipitation tanks are used, each 30 ft. diam., 16 ft. high,
or 70,000 gallons each. As some water is left with the sludge in the
bottom after each emptying, their net capacity is about 60,000 gallons
each. The time required for filling, precipitating, settling and trans-
ferring the clear water to supply tanks is 12 hours. Once a month the
sludge is removed, and it is found to make a good whitewash. Lime and
soda-ash, in predetermined quantity, as found by analysis of the water,
are used as precipitants. The following table shows the effect of treat-
ment of well water at Council Bluffs, Iowa.

Before
Treatment.

After
Treatment.

Total solid matter, grains per gallon
Carbonates of lime and magnesia
Sulphates of lime and magnesia

53.67
25.57
19.55
1.76

46.88
1.21

5.58
6.79
6.69

31.35
3.14

0.40
3.54

Alkali chlorides.
Alkali sulphates

1.27
26.32
27.81
0.51

The minimum amount of scaling matter which will justify treatment
cannot be stated in terms of analysis alone, but should be stated in terms
of pounds incrusting matter held in solution in a day's supply. Besides
the scale-forming solids, nearly all water contains more or less free car-
bonic acid. Sulphuric acid is also found, particularly in streams adjacent
to coal mines. Serious trouble from corrosion will result from a small
amount of this acid. In treating waters, the acids can be neutralized,
and the incrusting matter can be reduced to at least 5 grains per gallon in
most cases.
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Quantity of Pure Reagents Required to Remove One Pound of
Incrusting or Corrosive Matter from the Water.

Incrusting or Corrosive
Substance Held in

Solution.
Amount of Reagent. (Pure.)

Foaming Mat-
ter Increased.

Sulphuric acid
Free carbonic acid
Calcium carbonate
Calcium sulphate
Calcium chloride
Calcium nitrate
Magnesium carbonate. .

.

Magnesium sulphate. . .

.

Magnesium chloride
Magnesium nitrate

Calcium carbonate
Magnesium carbonate. .

Magnesium sulphate ...

*Calcium sulphate

0.57 lb. lime plus 1. 08 lbs. soda ash
1.27 lbs. lime
0.56 1b. lime
0. 78 lb. soda ash
0.96 lb. soda ash
0.65 lb. soda ash
1 .33 lbs. lime
0.47 lb. lime plus 0.88 lb. soda ash.
0. 59 lb. lime plus 1.11 lbs. soda ash
0.38 lb. lime plus 0. 72 lb. soda ash

.

1.71 lbs. barium hydrate.
4.05 lbs. barium hydrate.
1 .42 lbs. barium hydrate.
1 .26 lbs. barium hydrate.

1 .45 lbs.
None
None
1.04 lbs.

. 1.05 lbs.

1.04 lbs.

None
1.18 lbs.
1.22 lbs.

1.15 lbs.

None
None
None
None

* In precipitating the calcium sulphate, there would also be precipi-
tated 0.74 lb. of calcium carbonate or 0.31 lb. of magnesium carbonate,
the 1.26 lbs. of barium hydrate performing the work of 0.41 lb. of lime
and 0.78 lb. of soda-ash, or for reacting on either magnesium or calcium
sulphate, 1 lb. of barium hydrate performs the work of 0.33 lb. of lime
plus 0.62 lb. of soda-ash, and the lime treatment can be correspondingly
reduced.

Barium hydrate has no advantage over lime as a reagent to precipitate
Viie carbonates of lime and magnesia and should not be considered except
in connection with the treating of water containing calcium sulphate.

HYDRAULICS -FLO^W OF ^WATER.
Formulae for Discharge of Water through Orifices and Weirs. —

For rectangular or circular orifices, with the head measured from center
of the orifice to the surface of the still water in the feeding reservoir:

Q = C ^2gHX a. (1)

For weirs with no allowance for increased head due to velocity of
approach:

Q = C2/3V2gHXLH (2)

For rectangular and circular or other shaped vertical or inclined orifices;
formula based on the proposition that each successive horizontal layer of
water passing through the orifice has a velocity due to its respective
head:

Q =cL2/sV2gX{^Hi,^ -^Ht^) (3)

For rectangular vertical weirs;

Q =c2/3V2gHXLh (4)

Q = quantity of water discharged in cubic feet per second; C = ap-
proximate coefficient for formulas (1) and (2): c = correct coefficient
for (3) and (4).

Values of the coefficients c and C are given below.

g = 32.16; '^2g = 8.02; H = head in feet measured from center of
orifice to level of still water; Hf, = head measured from bottom of

orifice; H^ = head measured from top of orifice; h — H, corrected for

velocity of approach, F^ = H + 1.33 ^^2/2 g for weirs with no end con-

traction, and H +1A Y^J2 g for weirs with end contraction; a= are* io

square feet; L =lengtli in feet.
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Flow of Water from Orifices. — The theoretical velocity of water
flowing from an orifice is the same as the velocity of a falling body which
has fallen from a height equal to the head of water, = V2 gH. The
actual velocity at the smaller section of the vena contracta is substan-
tially the same as the theoretical, but the velocity at the plane of the

orifice is C V2 gH, in which the coefficient C has the nearly constant
value of 0.62. The smallest diameter of the vena contracta is therefore
about 0.79 of that of the orifice. If C be the approximate coefficient
= 0.62, and c the correct coefficient, the ratio C/c varies with different
ratios of the head to the diameter of the vertical orifice, or to H/D. Ham-
ilton Smith, Jr., gives the following:

H/D = 0.5 0.875 1. 1.5 2. 2.5 5. 10.
C/c =0.9604 0.9849 0.9918 0.9965 0.9980 0.9987 0.9997 1.

For vertical rectangular orifices of ratio of head to width W;
ForH/W^ 0.5 0.6 0.8 1 1.5 2. 3. 4. 5. 8.

C/c = .9428 .9657 .9823 .9890 .9953 .9974 .9988 .9993 ,9996 .9998

For H -i- D OT H -i- W over 8, C = c, practically.

For great heads, 312 ft. to 336 ft., with converging mouthpieces, c
has a value of about one, and for small circular orifices in thin plates,
with full contraction, c = about 0.60.

Mr. Smith as the result of the collation of many experimental data of
others as well as his own, gives tables of the value of c for vertical orifices,

with full contraction, with a free discharge into the air, with the inner
face of the plate, in which the orifice is pierced, plane, and with sharp
inner corners, so that the escaping vein only touches these inner edges.
These tables are abridged below. The coefficient c is to be used in the
formulae (3) and (4) above. For formulee (1) and (2) use the coefficient
C found from the values of the ratios C/c above.

Values of Coefficient c for Vertical Orifices with Sharp Edges,
Full Contraction, and Free Discharge into Air. (Hamilton
Smith, Jr.)

S°^' Square Orifices. Length of the Side of the Square, in feet.

111 .02 .03 .04 .05 .07 .10 .12 .15 .20 .40 .60 .80 1.0

Woo
7628
.623

"7621

617
.616
613

76TT
,610

0.4 1 .643

,636

.637

,6300.6 660 ,645 ,605 ,601 .598 .596

1.0 ,648 .636 ,628 .622 .618 ,613 ,610 .608 .605 .603 .601 .600 .599

3.0 .632 .622 .616 .612 .609 ,607 ,606 .606 .605 .605 .604 .603 .603

6.0 .623 .616 .612 .609 .607 .605 .605 .605 .604 .604 .603 .602 .602
10. 616 611 608 .606 605 604 604 603 .603 603 602 ,602 -.601

20. ,606 ,605 ,604 603 ,602 .602 ,602 .602 .602 .601 .601 .601 .600

100. (?) .599 .598 .598 .598 .598 .598 .598 .598 .598 .598 .598 .598 .598

Circular Orifices. Diameters, in feet.

H. .02 .03 .04 .05 .07 .10 .12 .15 .20 .40 .60 .80 1.0

4 .637
67.4

.628
618

.618
613

.612
609

.606
6050.6 655 ,640 630 601 596 ,593 .590

1.0 644 .631 623 .617 612 .608 ,605 603 600 598 .595 .593 .591

2. .632 .621 .614 ,610 607 .604 ,601 600 ,599 .599 .597 .596 .59i)

4. .623 .614 .609 605 603 .602 ,600 ,599 .599 .598 .597 .597 .596

6. .618 .611 .607 604 602 ,600 .599 .599 .598 .598 .597 .596 .596

10. 611 606 603 601 599 598 598 .597 597 ,597 .596 .596 .595

20. .601 ,600 599 598 597 596 ,596 .596 .596 .596 .596 .595 .594

50.(?) 596 596 595 595 594 594 594 594 .594 .594 .594 .593 .593

100. ?) .593 .593 .592 .592 .592 .592 .592 .592 .592 .592 .592 .592 .592
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HYDRAULIC FORMULA. —FLOW OF WATER IN OPEN AND
CLOSED CHANNELS.

Flow of Water in Pipes. — The quantity of water discharged ';

through a pipe depends on the "head"; that is, the vertical distance

-

between the level surface of still water in the chamber at the entrance •

end of the pipe and the level of the center of the discharge end of the
pipe; also upon the length of the pipe, upon the character of its interior '

surface as to smoothness, and upon the number and sharpness of the
bends; but it is independent of the position of the pipe, as horizontal,
or inclined upwards or downwards.
The head, instead of being an actual distance between levels, may be

caused by pressure, as by a pump, in which case the head is calculated
as a vertical distance corresponding to the pressure, 1 lb. per sq. i"
= 2.309 ft. head, or 1 ft. head = 0.433 lb. per sq. in.

The total head operating to cause flow is divided into three parts:
1. The velocity-head, which is the height through which a body must
fall in vacuo to acquire the velocity with which the water flows into the_
pipe = i;2 -i- 2 g, in which v is the velocity in ft. per sec. and 2g = 64.32;
2. the entry-head, that required to overcome the resistance to entrance ^

to the pipe. With sharp-edged entrance the entry-head = about 1/2 the
|

velocity-head; with smooth rounded entrance the entry-head is inap-
preciable; 3. the friction-head, due to the frictional resistance to flow
within the pipe.

In ordinary cases of pipes of considerable length the sum of the entry
and velocity heads required scarcely exceeds 1 foot. In the case of
long pipes with low heads the sum of the velocity and entry heads is

generally so small that it may be neglected.

General Formula for Flow of Water in Pipes or Conduits.

Mean velocity in ft. per sec. == c v'mean hydraulic radius X slope

Do. for pipes running full = c \ 7 X slope,
^diameter ^

in which c is a coefficient determined by experiment. (See pages following.)

area of wet cross-section
The mean hydraulic radius == -

wet perimeter

In pipes running full, or exactly half full, and in semicircular open
channels running full it is equal to 1/4 diameter.
The slope = the head (or pressure expressed as a head, in feet)

-5- length of pipe measured in a straight line from end to end.

In open channels the slope is the actual slope of the surface, or its
fall per unit of length, or the sine of the angle of the slope with the horizon.

Chezy's Formula: v = c 'v r 'V 5 = c "^/rs; r = mean hydraulic
radius, s = slope = head -^ length, v = velocity in feet per second, all
dimensions in feet.

Quantity of Water Discharged. — If Q = discharge in cubic feet

per second and a == area of channel, Q = av =^ ac ^rs.
a Vr is approximately proportional to the discharge. It is a maxi-

mum at 308° of the circumference, corresponding to i9/20 of the diameter,
and the flow of a conduit 18/20 full is about 5 per cent greater than that of
one completely filled.

Values of the Coefficient c (Chiefly condensed from P. J, Flyna
•n Flow of Water.) — Almost all the old hydraulic formulae for finding the
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mean velocity in open and closed channels have constant coeflScients,

and are therefore correct for only a small range of channels. They
have often been found to give incorrect results with disastrous effects.

Ganguillet and Kutter thoroughly investigated the American, French,
and other experiments, and they gave as the result of their labors the
formula now generally known as Kutter's formula. There are so many
varying conditions affecting the flow of water, that all hydraulic for-
mulae are only approximations to the correct result-

When the surface-slope measurement is good, Kutter's formula will
give results seldom exceeding 71/2% error, provided the rugosity co-
eflacient of the formula is known for the site. For small open channels
Darcy's and Bazin's formulae, and for cast-iron pipes Darcy's formulse,
are generally accepted as being approximately correct.

Table gMng Fall In Feet per Mile, the Distance on Slope corresponding
to 1 Ft. Fall, the Fall in 1000 Ft., the Equivalent Loss In Pressure

in Pipes per 1000 Ft. Length; also Values of Vs for Use in the

Formula v = c \/r7.

s = H -i- L = sine of angle of slope = fall of water surface (H)
in any distance (L) divided by that distance.

Loss of Loss of

Fall Slope, Pres- Fall Slope, Pres-
in Slope, Feet sure per in Slope, Feet sure per

Feet 1 Ft.

1000.

1000 VT Feet IFt.

1000.

1000 vT
per In Feet. per In Feet.
Mile. Lb. per

sq. in.

Mile. Lb. per
sq. in.

0.25 21120 ft. 0.0473 0.02048 0.00688 20 264 ft. 3.7879 1.640 0.06155
.30 17600 .0568 .02459 .00754 21.12 250 4.0000 1.732 .06325

.40 13200 .0758 .03282 .00870 22 1240 4.1667 1.804 .06455

.50 10560 .0947 .04101 .00973 24 220 4.5455 1.968 .06742

.60 8800 .1136 .04919 .01066 26.4 200 5.0000 2.165 .07071

.80 6600 .1515 .06560 .01231 28 188.6 5.3030 2.296 .07282

1 5280 .1894 .08201 .01376 31.68 166.7 6.0000 2.598 .07746
1.056 5000 .2000 .08660 .01414 35.20 150 6.6667 2.887 .08165

1.25 4224 .2367 .1025 .01539 42.24 125 8.0000 3.464 .08944

1.5 3520 .2841 .1230 .01685 44 120 8.3333 3.608 .09129

1.75 3017 .3314 .1435 .01821 48 110 9.0909 3.936 .09535

2 2640 .3788 .1640 .01946 52.8 100 10.000 4.330 .10000

2.5 2112 .4735 .2050 .02176 60 88 11.364 4.913 .10660
2.64 2000 .5000 .2165 .02236 63.36 83.3 12.000 5.196 .10954

3 1760 .5682 .2460 .02384 66 80 12.500 5.413 .11180
3.5 1508 .6631 .2871 .02575 70.4 75 13.333 5.773 .11547

4 1320 .7576 .3280 .02752 79.20 66.7 15.000 6.495 .12247

5 1056 .9470 .4101 .03077 88 60 16.667 7.217 .12910

5.28 1000 1.0000 .4330 .03162 105.6 50 20.000 8.660 .14142
6 880 1.1364 .4921 .03371 120 44 22.727 9.841 .15076

7 754.3 1.3257 .5740 .03642 132 40 25.000 10.83 .15811

8 660 1.5152 .6561 .03893 160 33 30.303 13.12 .17408
9 586.6 1.7044 .7380 .04129 220 24 41 .667 18.04 .20412
10 528 1.8939 .8201 .04352 264 20 50.000 21.65 .22361

10.56 500 2.0000 .8660 .04472 330 16 62.500 27.06 .25000
12 440 2.2727 .9841 .04767 440 12 83.333 36.08 .28868
13 406.1 2.4621 1.066 .04962 528 10 100.00 43.30 .31623
14 377.1 2.6515 1.148 .05149 660 8 125.00 54.13 .35355
15 352 2.8409 1.230 .05330 880 6 166.67 72.17 .40825
16 330 3.0303 1.312 .05505 1056 5 200 86.60 .44721

18 293.3 3.4091 1.476 .05839 1320 4 250 1108.25 .50000
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Values of V7" for Circular Pipes, Sewers, and Conduits of Different
Diameters.

r = mean hydraulic depth =
funning full or exactly half full.

= 1/4 diam. for circular pipes

Diam., V7 Diam., V7 Diam., v; Diam., v;
ft. in. In Feet. ft. in. in Feet. ft. in. in Feet. ft. in. in Feet.

3/8 0.088 2 0.707 6 1.061 9 1.500
1/2 .102 2 1 .722 7 1.070 9 3 1.521

3/4 .125 2 2 .736 8 1.080 9 6 1.541
.144 2 3 .750 9 1.089 9 9 1.561

11/4 .161 2 4 .764 10 1.099 10 1.581

11/2 .177 2 5 .777 n 1.109 10 3 1.601

13/4 .191 2 6 .790 1.118 10 6 1 .620
.204 2 7 .804 I 1.127 10 9 1.639

21/2 .228 2 8 .817 2 1.137 Jl 1.658
.251 2 9 ..829 3 1.146 11 3 1.677
.290 2 10 .842 4 1.155 11 6 1.696
.323 2 11 .854 5 1.164 11 9 1.714
.354 .866 6 1.173 12 1.732
.382 1 .878 7 1.181 12 3 1.750
.408 2 .890 8 1.190 12 6 1.768
.433 3 .901 9 1.199 12 9 1.785
.456 4 .913 10 1.208 13 1.803
.479 5 .924 11 1.216 13 3 1.820
.500 6 .935 6 1.225 13 6 1.837
.520 7 .946 6 3 1.250 14 1.871
.540 8 .957 6 6 1.275 14 6 1.904
.559 9 .968 6 9 1.299 15 1.936
.577 10 .979 7 1.323 15 6 1.968
.595 11 .990 7 3 1.346 16 2.

.612 1. 7 6 1.369 16 6 2 031

.629 1 1.010 7 9 1.392 17 2.061

.646 2 1.021 8 1.414 17 6 2.091

.661 3 1.031 8 3 1.^36 18 2.121

.677 4 1.041 8 6 1.458 19 2.180

.692 5 1.051 8 9 1.479 20 2.236

Kutter*s Formula for measures in feet is

(41.( ^)x^
X^^,

in which v = mean velocity in feet per second; r= - = hydraulic mean

depth in feet = area of cross-section in square feet divided by wetted
perimeter in lineal feet; s = fall of water-surface (h) in any distance (Z)

divided by that distance, = r ,
= sine of slope; n = the coefficient ol

rugosity, depending on the nature of the lining or surface of the channel.
If "we let the first term of -the right-hand side of the equation equal c, we
have Chezy's formula, v-=c ^rs = c X '^X '^s.

Values of n in Kutter's Formula. — The accuracy of Kutter's for-

mula depends, in a great measure, on the proper selection of the coefficient
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of roughness n. Experience is required in order to give the right value to
this coefficient, and to this end great assistance can be obtained, in making
this selection, by consulting and comparing the results obtained from
experiments on the flow of water already made in different channels.

In some cases it would be well to provide for the contingency of future
deterioration of channel, by selecting a high value of n, as, for instance,
where a dense growth of weeds is likely to occur in small channels, and
also where channels are likely not to be kept in a state of good repair.
The following table, giving the value of n for different materials, is

compiled from Kutter, Jackson, and Hering, and this value of n applies
also in each instance to the surfaces of other materials equally rough.

Value of n in Kutter's Formula for Different Channels. •

n = .009, well-planed timber, in perfect order and alignment; otherwise,
perhaps .01 would be suitable.

n = .010, plaster in pure cement; planed timber; glazed, coated, or
enameled stoneware and iron pipes; glazed surfaces of every sort in
perfect order.

n = .011, plaster in cement with one-third sand, in good condition;
also for iron, cement, and terra-cotta pipes, well joined, and in best order.

n =- .012, unplaned timber, when perfectly continuous on the inside;
flumes.

n = .013, ashlar and well-laid brickwork; ordinary metal; earthen and
stoneware pipe in good condition, but not new; cement and terra-cotta
pipe not well jointed nor in perfect order, plaster and planed wood in
imperfect or inferior condition; and, generally, the materials mentioned
with n == .010, when in imperfect or inferior condition.

n = .015, second class or rough-faced brickwork; well-dressed stone-
work; foul and slightly tuberculated iron; cement and terra-cotta pipes,
with imperfect joints and in bad order; and canvas lining on wooden
frames.

n = ,017, brickwork, ashlar, and stoneware in an inferior condition;
tuberculated iron pipes; rubble in cement or plaster in good order; flne
gravel, well rammed, 1/3 to 2/3 inch diameter; and, generally, the materials
mentioned with n = .013 when in bad order and condition.

n = .020, rubble in cement in an inferior condition; coarse rubble,
rough set in a normal condition; coarse rubble set dry: ruined brickwork
and masonry; coarse .gravel well rammed, from 1 to li/s inch diameter;
canals with beds and banks of very firm, regular gravel, carefully trimmed
and rammed in defective places; rough rubble with bed partially covered
with silt and mud; rectangular wooden troughs with battens on the
inside two inches apart; trimmed earth in perfect order.

n = .0225, canals in earth above the average in order and regimen.

n = .025, canals and rivers in earth of tolerably uniform cross-section;
slope and direction, in moderately good order and regimen, and free from
stones and weeds.

n = .0275, canals and rivers in earth below the average in order and
regimen.

n = .030, canals and rivers in earth in rather bad order and regimen,
having stones and weeds occasionaUy, and obstructed by detritus.

n = .035, suitable for rivers and canals with earthen beds in bad order
and regimen, and having stones and weeds in great quantities.

n = .05, torrents encumbered with detritus.

Kutter's formula has the advantage of being easily adapted to a change
in the surface of the pipe exposed to the flow of water, by a change in
the value of n. For cast-iron pipes it is usual to use n = .013 to provide
for the future deterioration of the surface. __

Reducing Kutter's formula to the form v = cX^ X '^s, and taking
n, the coefficient of roughness in the formula, = .011, .012, and .013. and
a = .001, we have the following values of the coefficient c of different
diameters of conduit.
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Values of e In formula t» = c X^a-X^* for Metal Pipes and
Moderately Smooth Conduits Generally.

By Kutter's Formula, (s =0.001 or greater.)

Diameter. n = .011 n=.012 n = .013 Diameter. n=.011 n = .012 n=.013

ft. in. c = c = ft. c = c = c =
6 87.4 77.5 69.5 8 155.4 141.9 130.4

105.7 94.6 85.3 9 157.7 144.1 132.7
1 6 116.1 104.3 94.4 10 159.7 146 134.5

123.6 111.3 101.

1

II 161.5 147.8 136.2
133.6 120.8 110.1 12 163 149.3 137.7
140.4 127.4 116.5 14 165.8 152 140.4

145.4 132.3 121.1 16 168 154.2 142.1

6 149.4 136.1 124.8 18 169.9 156.1 144.4

7 152.7 139.2 127.9 20 171.6 157.7 146

For circular pipes tlie hydraulic mean depth r equals 1/4 of the
diameter.

According to Kutter's formula the value of c, the coeflBcient of
discharge, is the same for all slopes greater than 1 in 1000. At a
slope of 1 in 5000 the value of c is slightly lower, and it further
decreases as the slope becomes flatter.
The reliability of the values of the coefHcient of Kutter's formula for

pipes of less than 6 in. diameter Is considered doubtful.

Values of c tor Earthen Channels, by Kutter's Formula, for Use
in Formula v = c '•^ra.

Coefficient of Roughness, Coefficient of Roughness,
n=.0225. n=.035.

\/^ in feet. V^ in feet.

0.4 1.0 1.8 2.5 4.0 0.4 1
1.0 1.8 1 2.5 4.0

Slope. 1 in c c c c c c c c c c
1,000 35 7 62.5 80.3 89.2 99.9 19.7 37.6 51.6 59 3 69 7
l,-250 35,5 62.3 80.3 89.3 100.2 19.6 37.6 51.6 59 4 69 4
1.667 35 7. 62 t 80,3 89.5 100.6 19.4 .37,4 51 6 59 5 69.8
2.500 34.6 61.7 80.3 89.8 101.4 19.1 37.1 51.6 59,7 70 4
3333 34. 61.2 80.3 90.1 102.2 18.8 36.9 51.6 59,9 71 n
5,000 33. 60.5 80.3 90.7 103.7 18.3 36.4 51 6 60 4 77 7
7.500 31.6 59.4 80.3 91.5 106.0 17,6 35 8 51 6 60 9 73 9
10,000 30.5 58.5 80.3 92.3 107.9 17,1 35 3 51 6 60 5 75 4
15,840 28.5 56.7 80.2 93.9 112.2 16.2 34.3 51.6 67. 5 78 ft

20,000 27.4 55.7 80.2 94.8 115.0 15.6 33.8 51.5 63.1 80.6

Darcy's Formula for clean iron pipes under pressure is

1/2

According to Unwin and other authors Darcy's experiments are
represented approximately by the formula

/64.4 h d ^ ,V ='\-^—r -7 feet per second

(i+T^d)-'^in which /, called the " coeflBcient of friction," =0.005

being the loss of head, I the length of the pipe, h/l the slope s, and
d/4 the mean hydraulic radius r, of the Chezy formula. All the dimen-
sions are in feet.

Darcy's formula, as given by J. B. Francis, for old cast-iron pipe,
lined with deposit and under pressure is

^ ~V0.00082(12d
in which d = diameter in feet.

+1)/
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The relation of the value of c in Chezy's formula V = c >/rs to tha
value of the coefficient of friction / is c = V2 g/f.

/= .0035
c = 135.5
/ = .0070
c= 95.8

.0040 .0045
127.8 119.6
.0075 .0080
92.6 89.7

.0050
113.4
.0090
84.5

.0055
108.1
.010
80.2

.0060 .0065
103.5 99.4
.011 .012
76.5 73.2

60 70
018 .013

80 90 100
.010 .008 .0064

110
.0053

120
.0045

130 140 150
.0038 .0033 .002/= .„„_ .

Unwin derives the following equations from the Darcy formula:
Velocity, ft. per sec v== 4^.012 ^dh/ ifI) = 1.273 Q/d^^ 0^^0/1x^.1
Diameter, ft d= 0.0622

f

vl/h = 1.128Vq/v.
\

Quantity, cu. ft. per sec. Q= 3.149 ^hd^/fl.
Head, ft h = 0.1008 fQH/dK

\

Rough preliminary calculations may be made by the following approx-
imate formulae. They are least accurate for small pipes. s= slope, =h/L '

New and clean pipes. Old and incrusted pipes.

V = 56 Vds. V = 40 Vds^_
,

Q = 44 ^d^s. Q = 31.4 ^d^s.

d = 0.22{lQ^s. d = 0.252^QWs,
Weisbach gives/ =0.00644, which Unwin says is possibly too small

for tubes of small bore, and he gives/ =0.006 to 0.01 for 4-in. tubes
and/ =0.0084 to 0.012 for 2-in. tubes. Another formula by Weisbach is

William Cox (Amer. Mach., Dec. 28, 1893) gives a simpler formula
which gives almost identical results:

L 4V2+ 5V- 2

1200
Hd ^ 4V2+ 5V- 2

L 1200
In this formula H and L are in feet, d in inches, and V in

per second.
Values of the Coefflcient of Friction. Unwin's "Hydraulics" gives

values of/, based on Darcy 's experiments, as follows: Clean and smooth
pipes, /= 0.005 [1 + l/(12rf)]. Incrusted pipes, /= 0.01|[1 + l/(12d)].
In 1886 Unwin examined all the more carefully made experiments on
flow in pipes, including those of Darcy, classifying them according to
the quality and condition of their surfaces, and showing the relation
of the value of / to both diameter and velocity. The results agree
fairly closely with the following values, /= a (1 + /3/d). (d is in feet.)

H = (1)

(2)

feet

Kind of Pipe. Values of a for Velocities in ft. per Second. ^jj"g
^

Drawn wought iron .

,

Asphalted cast iron .

.

Clean cast iron .

,

1-2

.00375

.00492

.00405
Incrusted cast iron at all velocities c

2-3
.00322
.00455
.00395

= 0.00855

3-4
.00297
.00432
.00387

4-5
.00275
.00415
.00382

0.37
0.20
0.28
0.26

From the experiments of Clemens Herschel, 1892-6, on clean steel
riveted pipes, Unwin derives the following values of / for different
velocities.
Ft. per sec 1 2 3 4 5 6
48-in. pipe, av. of 2 0066 .0060 .0057 .0055 .0055 .0055
42-in. pipe, av. of 2 0067 .00.58 .0054 .0054 .0054 .0054
36-in. pipe 0087 .0071 .0060 .0053 .0047 .0042
Unwin attributes the anomalies in this table to errors of observation.

In comparing the results with those on cast-iron pipes, the roughness of
the rivet heads and joints must be considered, and the resistance can
only be determined by direct experiment on riveted pipes.
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Two portions of the 48-in. main were tested after being four years In
use, and the coefficients derived from them differ remarkably.
Ft. per sec 12 3 4 5 6
Upper part 0106 .0080 .0075 .0073 .0072 .0072
Lower part 0068 .0060 .0058 .0060 .0060 .0060

Marx, Wing, and Hopkins in 1897 and 1899 made gaugings on a 6-ft.
main, part of which was of riveted steel and part of wood staves. (Trans.
A. S. C. E., xl, 471, and xliv, 34.) From these tests Unwin derives the
following values of /.

Ft. per sec. 1 1.5 2 2.5 3 4 5 5.5
Steel pipe:
1897.../= .0053 .0052 .0053 .0055 .0055 .0052
1899.../= .0097 .0076 .0067 .0063 .0061 .0060 .0058 .0058

Wood staves:

1897.../= .0064 .0053 .0048 0043 .0041
1899.../= .0048 .0046 .0045 0044 .0043 .0043 .0043
Freeman's experiments on fire hose pipes (Trans. A. S. C. E., xxi, 303)

give the following values of /.

Velocity, ft. per sec 4 6 10 15 20
Unlined canvas 0095 .0095 .0093 .0088 .0085
Rough rubber-lined cotton 0078 .0078 .0078 .0075 .0073
Smooth rubber-lined cotton 0060 .0058 ,0055 .0048 .0045

The Resistance at the Inlet of a Pipe is equal to the frictional resist-

ance of a straight pipe whose lengthis lo= (l +/o) d-i-4/. Values of/oare:
(A) for end of pipe flush with reservoir wall, 0.5; (B) pipe entering wall,
straight edges, 0.56; (C) pipe entering wall, sharp edges, 1.30; (£>) bell-

mouthed inlet, 0.02 to 0.05. Values of lo/d are for

/ = 0.005 A, 53 B,75 C, 78 D, 115
0.010 26 38 39 58

Multiplying these figures by d gives the length of straight pipe to be
added to the actual length to allow for the inlet resistance. In long
lengths of pipe the relative value of this length is so small that it may be
neglected in practical calculations. — (Unwin.)

lioss of Head in Pipe by Friction. — Loss of head by friction in
each 100 feet in length of riveted pipe when discharging the following
quantities of water per minute (Pelton Water-wheel Co.).
V = velocity in leet per second; h = loss of head in feet; Q = dis-

charge in cubic feet per minute.

Inside Diameter of Pipe in Inches.

7 8 9 10 11 12

V h Q h Q h Q h Q h Q h Q

2.0 0.338 32.0 0.296 41.9 0.264 53 0.237 65 4 216 79 2 0,198 94 2
3.0 0,698 48,1 611 62 « 544 79 5 0.488 98.2 0.444 119 0.407 141

4.0 1. 175 64.1 1.027 83.7 0.913 106 0.822 131 747 158 685 188
5,0 1.76 80.2 1.54 105 1 37 132 1 23 163 1 177 198 1.028 735
6.0 2.46 96.2 2.15 125 1.92 159 1.71 196 1.56 237 1 43 28?
7.0 3.26 H2.0 2.85 146 2.52 185 2.28 229 2.07 277 1.91 330

Bin. 14 in. 15 in. 16 in. 18 in. 20 in.

V h Q h Q h Q

147

h Q

167

h

0.132

Q h Q

2 0,183 no 169 17.8 158 147 212 0.119 262
3 ,375 166 ,349 197 325 271 306 251 .271 318 .245 393
4 .632 221 .587 256 .548 294 .513 335 .456 424 .410 523
") 949 776 881 371 877 368 77fl 419 685 530 .617 654
6 1 325 332 1 ?.?S 385 1.148 447 1 076 502 .957 636 .861 785

7.0 1.75 387 1.63 449 1.52 515 1.43 586 1.27 742 1.143 916
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Loss of Head (Continued).

Diameter of Pipe in Inches.

22 in. 24 in. 26 in. 28 in. 30 in. 36 in.

V k Q h Q h Q h Q h Q

589

h Q

2 108 316 0,098 377 0.091 442 0.084 513 0.079 0.066 848
3 ,222 475 .204 565 .188 663 .174 770 .163 883 .135 1273

4 373 633 342 754 315 885 ,293 1026 .273 1178 .228 1697

"J 561 792 513 942 474 1106 ,440 1283 ,411 1472 .342 2121

6 782 950 717 1131 662 1327 .615 1539 .574 1767 .479 2545
7.0 1.040 1109 .953 1319 .879 1548 .817 1796 .762 2061 .636 2868

This table is based on Cox's reconstruction of Weisbach's formula,
using the denominator 1000 instead of 1200, to be on the safe side, allow-
ing 20% for the loss of head due to the laps and rivet-heads in the pipe.
Example. — Given 200 ft. head and 600 ft. of 11-inch pipe, carrying

119 cubic feet of water per minute. To find effective head: In right-
hand column, under 11-inch pipe, find 119 cubic ft.; opposite this will
be found the loss by friction in 100 ft. of length for this amount of water,
which is 0.444. Multiply this by the number of hundred feet of pipe,
which is 6, and we have 2.66 ft., which is the loss of head. Therefore
the effective head is 200 - 2.66 = 197.34.
Explanation. — The loss of head by friction in a pipe depends not

only upon diameter and length, but upon the quantity of water passed
through it. The head or pressure is what would be indicated by a
pressure-gauge attached to the pipe near the wheel. Readings of gauge
should be taken while the water is flowing from the nozzle.
To reduce heads in feet to pressure in pounds multiply by 0.433. To

reduce pounds pressure to feet multiply by 2.309.

Exponential Formulae. Williams and Hazen's Tables. "- From
Chezy's formula, v = c ^rs, it would appear that the velocity varies as
the square root of the head, or that the head varies as the square of the
velocity; this is''not true, however, for c is not a constant, but a variable,
depending on both r and s. Hazen and WiUiams, as a result of a study
of the best records of experiments and plotting them on logarithmic ruled
paper, found an exponential formula v= cr^'^^ s^'^^, in which the coefficient
c is practically independent of the diameter and the slope, and varies only
with the condition of the surface. In order to equaUze the numerical
value of c to that of the c in the Chezy formula, at a slope of 0.001, they
added the factor 0.001-0-04 to the formula, so that the working formula
of Hazen and Williams is

ro = cro-es sO-54 O.OOl-o-f^ = 1.318 cr^-^^ s^-si

Approximate Values op C in the Hazen & Williams Formula.
(a) 140 for the very best cast-iron pipe, laid straight and wlien new;

for very smooth and clean masonry conduits;
for straight lead, copper, brass, tin, and glass pipes.

(6) 130 for good new cast-iron pipe, and other pipes under (a) wlien
not quite smooth.*

(c) 120 for cast-iron pipe 5 years old, for smooth new iron pipes,
smooth wooden stave pipes and ordinary masonry conduits.

(d) 110 for new riveted steel pipe, for vitrified pipe, and for cast-iron
pipe 10 years old.

(e) 100 for ordinary iron pipes, 14 to 20 years old, for riveted steel
pipe 10 years old, and for brick sewers.

(/) 80 for old iron pipes, and for very rough cast-iron pipes over
60 inches diameter.

(<7) 60 down to 40, for very rough pipes, the lower figure for the
smaller diameters.

* 130 may also be used for straight lead, tin, and drawn copper pipes.
Computations of the exponential formula are made by logarithms, or by
Ihe Hazen-Williams hydraulic slide rule. On logarithmic ruled paper
values of v for different values of c, r and s may be plotted in straight
lines. (See "Hydraulic Tables," by Williams and Hazen, JoUa Wiley <&

Sons.)
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Values of Coefficient K for Reducing tlie Hazen and__Williams

Formula to tlie Style of Cliezy's Formula v = c \/r \/V

Slope = Head -^ Length of Pipe.
Diam.,

Ft.In. 0.0005 0.001 0.002 0.003 0.005 0.01 0.02 0.04 0.06 0.10 0.20

1/2 0.5374 0.5525 0.5680 0.5773 0.5892 0.6058 0.6228 0.6403 0.6508 0.6642 0.6829
1 .5880 .6046 .6216 .6317 .6448 .6629 .6815 .7007 .7122 .7269 .7473

2 .6435 .6616 .6802 .6913 .7056 .7254 .7458 .7667 .7793 .7954 .8177

4 .7042 .7240 .7443 .7565 .7721 .7938 .8161 .8390 .8528 .8704 .8949

8 .7706 .7922 .8145 .8278 .8449 .8686 .8931 .9182 .9332 .9525 .9792
12 .8123 .8351 .8586 .8726 .8906 .9157 .9414 .9679 .9837 1.004 1.032

2 .8889 .9138 .9395 .9549 .9746 1.002 1.030 1.059 1.076 1.099 1.130
4 .9727 1.000 1.028 1.045 1.067 1.096 1.127 1.159 1.178 1.202 1.236
8 1.064 1.094 1.125 1.143 1.167 1.200 1.234 1.268 1.289 1.316 1.353
12 1.122 1.154 1.186 1.205 1.230 1.265 1.300 1.337 1.359 1.387 1.426
16 1.165 1.197 1.231 1.251 1.277 1.313 1.350 1.388 1.411 1.440 1.480
20 1.199 1.233 1.267 1.288 1.315 1.352 1.390 1.429 1.452 1.482 1.524

H. & W. Formula: 1.318 cro.63 SO.54 =

1.318 cr0-63s0-54 (D\ 0.13

8 in. to 48 in. diam.

3 to 6 in. diam.

g^O.50 5U.5I)

Short Formulae. E. Sherman Gould, Eng. News, Sept. 6, 1900,
shows that Darcy's formulae for cast-iron pipes may be reduced to the fol-
iov/ing apiiroximate forms, in which h is loss of head or drop of hydraulic
grade line in feet per 1000, d in ft., v in ft. per sec, Q in cu. ft. per sec.

(Rough, Q^=M^: v = 1.27V^.
(Smooth, Q2=2M5; v = 1.80 Vdh,

(Rough, Q2=o.785 7i#; v = l.iaVd^.

/ Smooth, Q^= 1.57 M^; v = 1 .60 Vdh.

FLOW OF WATER—EXPERIMENTS AND TABLES.
The Flow of Water through New Cast-iron Pipe was measured by

S. Bent Russell, of the St. Louis, Mo., Water-works. The pipe was 12
inches in diameter, 1631 feet long, and laid on a uniform grade from
end to end. Under an average total head of 3.36 feet the flow was
43,200 cubic feet in seven hours; under an average head of 3.37 feet the
flow was the same; under an average total head of 3.41 feet the flow
was 46,700 cubic feet in 8 hours and 35 minutes. Making allowance for
loss of head due to entrance_and to curves, it was found that the value

of c in the formula v = c Vrs was from 88 to 93. (Eng'g Record, April
14, 1894.)
Flow of Water in a 30-inch Pipe 75,000 Feet Long. — A com-

parison of experimental data with calculations by different formulse is

given by Chas. B. Brush, Trans. A. S. C. E., 1888. The pipe experi-
mented with was that supplying the city of Hoboken, N. J.

Results Obtained by the Hackensack Water Co., from 1882-1887,
IN Pumping Through a 20-in. Cast-iron Main 75,000 Feet Long.

Pressure in lbs. per sq. in. at pumping-station:
110 11595 100 105

Total effective head in feet:
55 66 77 89 100

Discharge in U. S. gallons in 24 hours, 1 =
2,848 3,165 3,354 3,566 3,804

Theoretical discharge by Darcy's formula:
2,743 3,004 3,244 3,488 3,699

Actual velocity in main in feet per second:
2.00 2.24 2.36 2.53 2.6§

112
1000:
3,904

123

4,116

135

4,255

3,915 4,102 4,297

2.76 2.93 3,00
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Flow of Water in Circular Pipes, Sewers, etc., Flowing Full.
Based on Kutter's Formula, with n = 0.013.

Discharge in cubic feet per second.

Diam- Slope, or Head Divided by Length of Pipe.

eter.
1 in 40 1 in 70 1 1 in lOOf 1 in 200| 1 in 300| 1 in 400| 1 in 500 1 in 600

5 in. 0.456 0.344 0.288 0.204 0.166 0.144 0.137 0.118
6

"
0.762 0.576 0.482 0.341 0.278 0.241 0.230 0.197

7
"

1.17 0.889 0.744 0.526 0.430 0.372 0.355 0.304
8

"
1.70 1.29 1.08 0.765 0.624 0.54 0.516 0.441

9
'•

2.37 1.79 1.50 1.06 0.868 0.75 0.717 0.613

s= 1 in 60 I in 80 1 in 100 1 in 200 1 in 300 1 in 400 1 in 500 1 in 600
10 in. 2.59 2.24 2.01 1.42 1.16 1.00 0.90 0.82
11

"
3.39 2.94 2.63 1.86 1.52 1.31 1.17 1.07

12
"

4.32 3.74 3.35 2.37 1.93 1.67 1.5 1.37
13

"
5.38 4.66 4.16 2.95 2.40 2.08 1.86 1.70

14
"

6.60 5.72 5.15 3.62 2.95 2.57 2.29 2.09

s= 1 in 100 1 in 200 1 in 300 1 in 400 1 in 500 1 in 600 1 in 700 1 in 800
15 in. 6.18 4.37 3.57 3.09 2.77 2.52 2.34 2.19
16

"
7.38 5.22 4.26 3.69 3.30 3.01 2.79 2.61

18
"

10.2! 7.22 5.89 5.10 4.56 4.17 3.86 3.61
20

••
13.65 9.65 7.88 6.82 6.10 5.57 5.16 4.83

22
"

17.71 12.52 10.22 8.85 7.92 7.23 6.69 6.26

s= 1 in 200 1 in 400 1 in 600 1 in 800 1 in 1000 I in 1250 1 in 1500 1 in 1800
lit. 15.88 11.23 9.n 7.94 7.10 6.35 5.80 5.29
2ft.2in. 19.73 13.96 11.39 9.87 8.82 7.89 7.20 6.58
2 " 4" 24.15 17.07 13.94 12.07 10.80 9.66 8.82 8.05
2 " 6

"
29.08 20.56 16.79 14.54 13.00 11.63 10.62 9 69

2 " 8
"

34.71 24.54 20.04 17.35 15.52 13.88 12.67 11.57

s— 1 in 500 1 in 750 1 in 1000 1 in 1250 1 in 1500 1 in 1750 1 in 2000 1 in 2500
2ft.l0in. 25.84 21.10 18.27 16.34 14.92 13.81 12.92 11.55
3

"
30.14 24.61 23.31 19.06 17.40 16.11 15.07 13.48

3 " 2in. 34.90 28.50 24.68 22.07 20.15 18.66 17.45 15.61
3 " 4

"
40.08 32.72 28.34 25.35 23.14 21.42 20.04 17.93

3 " 6
"

45.66 37.28 32.28 28.87 26.36 24.40 22.83 20.41

s= 1 in 500 1 in 750 1 in 1000 1 in 1250 I in 1500 1 in 1750 1 in 2000 1 in 2500
3ft. 8in. 51.74 42.52 36.59 32.72 29.87 27.66 25.87 23.14
3 " 10

"
58.36 47.65 41.27 36.91 33.69 31.20 29.18 26.10

4
"

65.47 53.46 46.30 41.41 37.80 34.50 32.74 29.28
4 " 6 in. 89.75 73.28 63.47 56.76 51.82 47.97 44.88 40.14
5

"
118.9 97.09 84.08 75.21 68.65 63.56 59.46 53.18

s= 1 in 750 1 in 1000 1 in 1500 1 in 2000 1 in 2500 1 in 3000 1 in 3500 1 in 4000
5ft. 6in. 125.2 108.4 88.54 76.67 68.58 62.60 57.96 54.21
6

"
157.8 136.7 111.6 96.66 86.45 78.92 73.07 68.35

6 " 6
'•

195.0 168.8 137.9 119.4 106.8 97.49 90.26 84.43
7

"
237.7 205.9 168.1 145.6 130.2 118.8 110.00 102.9

7 " 6
"

285.3 247.1 201.7 174.7 156.3 142.6 132.1 123.5

s= 1 in 1500 1 in 2000 1 in 2500 1 in 3000 1 in 3500
156.7

1 in 4000 1 in 4500 1 in 5000
8ft. 239.4 207.3 195.4 169.3 146.6 138.2 131.1
8 " 6in. 281.1 243.5 217.8 198.8 184.0 172.2 162.3 154.0
9

"
327.0 283.1 253.3 231.2 214.0 200.2 188.7 179.1

9 " 6
"

376.9 326.4 291.9 266.5 246.7 230.8 217.6 206.4
10

"
431.4 373.6 334.1 305.0 282.4 264.2 249.1 236.3

For U. S. gallons multiply the figures in the table by 7.4805.
For a given diameter the quantity of flow varies as the square root of

the sine of the slope. From this principle the flow for other slopes than
those given in the table may be foimd. Thus, what is the flow for a
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pipe 8 feet diameter, slope 1 in 125? From the table take Q = 207.3
for slope 1 in 2000. The given slope 1 in 125 is to 1 in 2000 as 16 to
1, and the square root of this ratio is 4 to 1. Therefore the flow required
is 207.3 X 4 = 829.2 cu. ft.

Circular Pipes, Conduits, etc.. Flowing FuH. _
Values of the factor ac \/r in the formula Q - ac \/r X \/s corre-

sponding to different values of the coefficient of roughness, n. (Based
on Kutter's formula.)

Diam.,
Ft. In.

Value of ac \/r.

«=.010.
1 n=.011. m=.OI2..

1
«=.013.

1
n=.0\5. 1 n=.017.

2 307.6 274.50 247.33 224.63 188.77 164
2 3 421.9 . 377.07 340.10 309.23 260.47 223.9
2 6 559.6 500.78 452.07 411.27 347.28 299.3
2 9 722.4 647.18 584.90 532.76 451.23 388.8
3 911.8 817.50 739.59 674.09 570.90 493.3
3 3 1128.9 1013.1 917.41 836.69 709.56 613.9
3 6 1374.7 1234.4 1118.6 1021.1 866.91 750.8
3 9 1652.1 1484.2 1345.9 1229.7 1045 906
4 1962.8 1764.3 1600.9 1463.9 1245.3 1080.7
4 6 2682.1 2413.3 2193 2007 1711.4 1487.3
5 3543 3191.8 2903.6 2659 2272.7 1977
5 6 4557.8 4111.9 3742.7 3429 2934.8 2557.2
6 5731.5 5176.3 4713.9 4322 3702.3 3232.5
6 6 7075.2 6394.9 5825.9 5339 4588.3 4010
7 8595.1 7774.3 7087 6510 5591.6 4893.2
7 6 10296 9318.3 8501.8 7814 6717 5884.3 .

8 12196 11044 10083 9272 7978.3 6995.3
8 6 14298 12954 11832 10889 9377.9 8226.7
9 16604 15049 13751 12663 10917 9580
9 6 J9II8 17338 15847 14597 12594 1I06I
10 21858 19834 18134 16709 14426 12678
to 6 24823 22534 20612 18996 16412 14434
|] 28020 25444 23285 21464 18555 16333
n 6 31482 28593 26179 24139 20879 18395
12 35156 31937 29254 26981 23352 20584
12 6 39104 35529 32558 30041 26012 22938
13 43307 39358 36077 33301 28850 25451
IJ 6 47751 43412 39802 36752 31860 28117
14 52491 47739 43773 40432 35073 30965
14 6 57496 52308 47969 44322 38454 33975
15 62748 57103 52382 48413 42040 37147
16 74191 67557 62008 57343 49823 44073
17 86769 79050 72594 67140 58387 51669
18 100617 91711 84247 77932 67839 60067
19 115769 105570 96991 89759 78201 69301
20 132133 120570 110905 102559 89423 79259

Flow of Water in Pipes from s/g Inch to 13 Inches Diameter for a
Uniform Velocity of 100 Ft. per Min.

Diam. Area Cu. Ft.
U. S.

Gallons
per Min.

Diam. Area Cu. Ft.
U. S.

Gallons
per Min.in In. Sq. Ft. per. Min. in In. Sq. Ft. per Min.

3/8 .00077 0.077 .57 4 .0873 8.73 65.28
1/2 .00136 0.136 1.02 5 .136 13.6 102.00

3/4 .00307 0.307 2.30 6 .196 19.6 146.88

I .00545 0.545 4.08 7 .267 26.7 199.92

11/4 .00852 0.852 6.38 8 .349 34.9 261.12
11/2 .01227 1.227 9.18 9 .442 44.2 330.48
13/4 .01670 1.670 12.50 10 .545 54.5 408.00
2 .02182 2.182 16.32 11 .660 66.0 493.68
21/2 .0341 3.41 25.50 12 .785 78.5 587.52
3 .0491 4.91 36.72
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Flow of Water in Circular Pipes, Conduits, etc.. Flowing xmM
Pressure.

Based on Darcy's formula for the flow of water through cast-iron
pipes. With comparison of results obtained by Kutter's formula, with
r» = 0.013. (Condensed from Flynn on Water Power^)

Values of a, and also the valuej of the factors c ^r and ac Vr for use

in the formulae Q = av; v = c ^r X Vs, and Q = ac v^X ^s.
Q = discharge in cubic feet per second, a = area in square feet, v =

velocity in feet per second, r = mean hydraulic depth, 1/4 diam. for
pipes running full, s_ = sine of slope.

(For values of Vs see page 729.)

Size of Pipe.
Clean Cast-iron

Pipes,
Value of

ocV^r by
Kutter's
Formula,

Old Cast
Lined wi

-iron Pipes
th Deposit.

d=diam. a= area in For For Dis- For
.
For

in square Velocity, charge, when Velocity, Discharge,
ft. in. feet. cVr. acVr-. n=.013. cV^ ac'^^r.

2 3.142 78.80 247.57 224.63 52.961 166.41
2 2 3.687 28.15 302.90 55.258 203.74
2 4 4.276 85.39 365.14 57.436 245.60
2 6 4.909 88.39 433.92 411.37 59.455 291.87
2 8 5.585 91.51 511.10 61.55 343.8
2 10 6.305 94.40 595.17 63.49 400.3
3 7.068 97.17 686.76 674.09 65.35 461.9
3 2 7.875 99.93 786.94 67.21 529.3
3 4 8.726 102.6 895.7 69 602
3 6 9.621 105.1 1011.2 1021.1 70.70 680.2
3 8 10.559 107.6 1136.5 72.40 764.5
3 10 11.541 110.2 1271.4 74.10 855.2
4 12.566 112.6 1414.7 1463.9 75.73 951.6
4 3 14.186 116.1 1647.6 78.12 1108.2
4 6 15.904 119.6 1901.9 2007 80.43 1279.2
4 9 17.721 122.8 2176.1 82.20 1456.8
5 19.635 126.1 2476.4 2659 84.83 1665.7
5 3 21.648 129.3 2799,7 86.99 1883.2
5 6 23.758 132,4 3146.3 3429 89.07 2116.2
5 9 25.967 135.4 3516 91.08 2365

5 28.274 138.4 3912.8 4322 93.08 2631.7
6 6 33.183 144.1 4728.1 5339 96.93 3216.4
7 38.485 149.6 5757.5 6510 100.61 3872.5
7 6 44.179 154.9 6841.6 7814 104.11 4601.9
8 50.266 160 8043 9272 107.61 5409.9
8 6 56.745 165 9463.7 10889 111 6299.1

9 63.617 169.8 10804 12663 114.2 7267.3
9 6 70.882 174.5 12370 14597 117.4 8329.6
10 78.540 179.1 14066 16709 120.4 9460.9
10 6 68.590 183.6 15893 18996 123.4 10690

11 95.033 187.9 17855 21464 126.3 12010

11 6 103.869 192.2 19966 24139 129.3 13429

12 113.098 196.3 22204 26981 132 14935

12 6 122.719 200.4 24598 30041 134.8 16545

13 132.733 204.4 27134 33301 137.5 18252

13 6 143.139 208.3 29818 36752 140.1 20056

14 153.938 212.2 32664 40432 142.7 21971

14 6 165.130 216.0 35660 44322 145.2 23986

15 176.715 219.6 38807 48413 147.7 26103

15 6 188.692 223.3 42125 52753 150.1 28335

16 201.062 226.9 45621 57343 152.6 30686

16 6 213.825 230.4 49273 62132 155 33144

17 226.981 233.9 53082 67140 157.3 35704

17 i 240.529 237.3 57074 72409 159.6 38389

18 254.170 240.7 61249 77932 161.9 41199

19 283.529 247.3 70154 89759 166.4 47186

20 314.159 253.8 79736 102559 170.7 53633
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Flow of Water In Circular Pipes from 3/8 Inch to IS Inches
Diameter.

Based on Darcy's formula for clean cast-iron pipes. Q = ac ^r v'^.

Value Dia.
in.

Slope, or Head Divided by Length of Pipe.

ofocV^.
1 in 10 Iin20 1 in 40 I in 60 1 in 80 1 in 100 1 in 150 1 in 200

Quan tityin cubic feet per second.

.00403 3/8 .00127 .00090 .00064 .00052 .00045 .00040 .00033 .00028

.00914 1/" .00289 .00204 .00145 .00118 .00102 .00091 .00075 .00065

.02855 3/^ .00903 .00638 .00451 .00369 .00319 .00286 .00233 .00202

.06334 1 .02003 .01416 .01001 .00818 .00708 .00633 .00517 .00448

.11659 11/^ .03687 .02607 .01843 .01505 .01303 .01166 .00952 .00824

.19115 nh .06044 .04274 .03022 .02468 .02137 .01912 .01561 .01352

.28936 13/i .09140 .06470 .04575 .03736 .03235 .02894 .02363 .02046

.41357 7 .13077 .09247 .06539 .05359 .04624 .04136 .03377 .02927

.74786 21^ .23647 .16722 .11824 .09655 .0836! .07479 .06106 .05288
1.2089 3 .38225 .27031 .19113 .15607 .13515 .12089 .09871 .08548
2.5630 4 .81042 .57309 .4052! .33088 .28654 .25630 .20927 .18123
4.5610 5 1.4422 1.0198 .72109 .58882 .50992 .45610 .37241 .32251
7.3068 6 2.3104 1.6338 1.1552 .9433! .81690 .73068 .59660 .51666
10.852 7 3.4314 2.4265 1.7157 1.4110 1.2132 1.0852 .88607 .76734
15.270 8 4.8284 3.4143 2.4141 1.9713 1.7072 1.5270 1.2468 1 .0797

20.652 9 6.5302 4.6178 3.2651 2.6662 2.3089 2.0652 1.6862 1.4603
26,952 10 8.5222 5.0265 4.2611- 3.4795 3.0132 2.6952 2.2006 1.9058
34.428 11 10.886 7.698! 5.4431 4.4447 3.8491 3.4428 2.8110 2.4344
42.918 12 13.571 9.5965 6.7853 5.5407 4.7982 4.2918 3.5043 3.0347

Value of v;= 0.3162 0.2236 0.1581 0.1291 0.1118 0.1 0.08165 0.07071

Value
oiac\fr.

Dia.
in.

1 in 250 1 in 300 1 in 350 1 in 400 1 in 450 1 in 500 1 in 550 1 in 600

.00403 3/8 .00025 .00023 .00022 .00020 .00019 .00018 .00017 .00016

.00914 !/•' .00058 .00053 .00049 .00046 .00043 .00041 .00039 .00037

.02855 3/„ .0018! .00165 .00153 .00143 .00134 .00128 .00122 .00117

.06334 1 .00400 .00366 .00339 .00317 .00298 .00283 .00270 .00259

.11659 11/4 .00737 .00673 .00623 .00583 .00549 .00521 .00497 .00476

.19115 Wh .01209 .01104 .01022 .00956 .00901 .00855 .00815 .00780

.28936 13/4 .01830 .01671 .01547 .01447 .01363 .01294 .01234 .01181

.41357 2 .02615 .02388 .02211 .02068 .01948 .01849 .01763 .01688

.74786 21/9 .04730 .04318 .03997 .03739 .03523 .03344 .03189 .03053
1.2089 3 .07645 .06980 .06462 .06045 .05695 .05406 .05155 .04935
2.5630 4 .16208 .14799 . 13699 .12815 .12074 .11461 .10929 .10463
4.5610 5 .28843 .26335 .24379 .22805 .21487 .20397 .19448 . 19620
7.3068 6 .46208 .42189 .39055 .36534 .34422 .32676 .31156 .29830
10.852 7 .68628 .62660 .58005 .54260 .51124 .48530 .46273 .44303
15.270 8 .96567 .88158 .81617 .76350 .71936 .68286 .65111 .62340
20.652 9 1 3060 1.1924 1.1038 1.0326 .97292 .92356 .88060 .84310
26.952 10 1.7044 1.5562 1.4405 1 .3476 1.2697 1.2053 1.1492 1 . 1003
34.428 11 2.1772 1.9878 1.8402 1.7214 1.6219 1.5396 1.4680 1.4055
42.918 12 2.7141 2.4781 2.2940 2.1459 2.0219 1.^193 1.8300 1.7521

Value of^7= .06324 .05774 .05345 .05 .04711 .04472 .04264 .04082

For U. S. gals, per sec, multiply the figures in the table by 7.4805
" " min., ••

" " " ... 448.83
hour, " " " "... 26929.8

" •• 24hrs., " •• " " ...646315.

For any other slope the flow is proportional to the square root of the
slope; thus, flow in slope of 1 in 100 is double that in slope of 1 in 400.
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Flow ol' Water in Cubic Feet per Second,

Pipes 1 Ft. to 20 Ft. Diameter.

Calculated from the Hazen and Williams formula with C =

Fall, Feet per 1000
Actual

Internal 1
1

2 3
1

4 1
6

1
8

1
10

1
15

1
20

1
40

Diam.,
In.

Drop in Pressure, Lb. per Sq. In. per 1000 Ft. Length.

0.433 0.866 1.299 1.732 2.598 5.464 4.330 6.495 8.660 17.32

12 1.037 1.508 1.877 2.192 2.729 3.188 3.596 4.475 5.228 8.335

13 1.280 1.861 2.317 2.706 3.368 3.934 4.438 5.524 6.453 10.29

14 1.555 2.262 2.815 3.288 4.093 4.781 5.393 6.713 7.842 12.50

15 1.865 2.712 3.375 3.943 4.908 5.732 6.466 8.048 9.402 14.99

16 2.210 3.213 4.000 4.672 5.815 6.793 7.663 9.537 11.14 17.76

18 3.012 4.380 5.452 6.368 7.927 9.259 10.45 13.00 15.19 24.21

20 3.974 5.778 7.193 8.402 10.46 12.22 13:78 17.15 20.04 31.94
22 5.100 7.415 9.231 10.78 13.42 15.68 17.68 22.01 25.71 40.99

Diam., Ft.
2 6.420 9.334 11.62 13.57 16.89 19.73 22.26 27.70 32.36 51.60

21/2 11.54 16.79 20.89 24.41 30.38 35.48 40.03 49.80 58.20 92.79
3 18.65 27.11 33.75 39.42 49.07 57.32 64.66 80.48 94.01 149.9

31/2 27.97 40.67 50.62 59.13 73.60 85.97 96.98 120.7 141.0 224.8
4 39.74 57.78 71.92 84.01 104.6 122.1 137.8 171.5 200.3 319.4

41/2 54.17 78.76 98.04 114.5 142.5 166.5 187.8 233.8 273.1 435.4
5 71.46 103.9 129.3 151.1 188.1 219.7 247.8 308.4 360.3 574.4

51/2 91.82 133.5 166.2 194.1 241.7 282.2 318.4 396.3 462.9 738.0
6 115.4 167.8 208.9 244.0 303.8 354.8 400.2 498.2 581.9 927.8

61/2 142.5 207.2 257.9 301.2 374.9 437.9 494.0 614.9 718.3 1145
7 173.1 251.7 313.4 366.0 455.6 532.2 600.3 747.2 872.9 1392
71/2 207.6 301.8 375.7 438.8 546.3 638.1 719.8 859.9 1047 1668
8 246.0 357.7 445.2 520.0 647.3 756.1 852.9 1062 1240 1977
81/2 288.5 419.5 522.2 609.9 759.2 886.8 1000 1245 1455 2319
9 335.3 487.5 606.9 708.9 882.4 1031 1163 1447 1690 2695
10 442.4 643.2 800.6 935.2 1164 1360 1534 1909 2230 3556
11 568.4 826.4 1029 1202 1496 1747 1971 2453 2866 4568
12 714.6 1015 1293 15Ii 1880 2196 2478 3084 3602 5743
13 882.0 1282 1596 1865 2321 2711 3058 3807 4447 7089
14 1072 1558 1940 2266 2820 3294 3716 4625 5403 8614
15 1285 1868 2326 2717 3381 3950 4456 5546 6478 10328
16 1223 2214 2756 3219 4007 4681 5280 6572 7677 12239
17 1786 2597 3232 3776 4700 5490 6193 7708 9004 14354
18 2076 3018 3757 4388 5462 6380 7197 8958 10464 16683
]9 2393 3479 4331 5059 6297 7355 8297 10327 12063 19232
20 2738 3982. 4956 5789 7206 8417 9495 11818 13806 22010

Long Pipe Lines.— (1) Vyrnwy to Liverpool, 68 miles; 40 million gals.
(British) per day. Three lines of cast-iron pipe, 42 to 39 in. diam. One
of the 42-in. hues after being laid 12 years, with a hydraulic gradient of
4.5 ft. per mile, discharged 15 million gallons per day; velocity, 2.892 ft.

per sec, / = 0.00574.
(2) East Jersey riveted steel pipe line, Newark, N. J., 21 miles long, 48

in. diam., 50 million U. S. gals, per day; velocity about 6 ft. per sec.
(3) Perth to Coolgarlie, Western AustraUa, 351 miles, 30 in. steel pipe

with lock-bar joints. Eight pumping stations in the hne. Two tests
showed dehvery of 5 and 5.6 milhon gals, per day; hydrauUc gradient,
2.25 and 2.8 ft. per mile; velocity, 1.889 and 2.115 ft. per sec.;/= 0.0048&
and 0.00488.
Flow of Water in Riveted Steel Pipes. — The laps and rivets tend

to decrease the carrying capacity of the pipe. See paper on New
Formulas for Calculating the Flow of Water in Pipes and Channels," by
W. E. Foss, Jour. Assoc. Eng. Soc, xiii, 295. Also Clemens Herschel's
book on "115 Experiments on the Carrying Capacity of Large Kivetea
Metal Conduits," Jotin Wiley & Sons. 1897.
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Flow of Water in House-service Pipes.

Mr. E. Kuichling, C. E., furnished the following table to the Thomson
Meter Co.:

a
Discharge, or Quantity capable of being delivered, in

Cubic F eet per Minute, from the Pipe, under the

III

conditions specified in the first column.

Condition of
Discharge.

Nominal Diameters of Iron or Lead Service-pipe in
Inches.

1/2 5/8 3/4 1 11/2 2 3 4 6

30 1.10 1.92 3.01 6.13 16.58 33.34 88.16 173.85 444.63
Through 35 40 1.27 2.22 3.48 7.08 19.14 38.50 101.80 200.75 513.42
feet of ser- 50 1.42 2.43 3.89 7.92 21.40 43.04 113.82 224.44 574.02
vice-pipe, 60 1.56 2.71 4.26 8.67 23.44 47.15 124.68 245.87 628.81
no back 75 1.74 3.03 4.77 9.70 26.21 52.71 139.39 274.89 703.03
pressure. 100 2.01 3.50 5.50 11.20 30.27 60.87 160.96 317.41 811.79

130 2.29 3.99 6.28 12.77 34.51 69.40 183.52 361.91 925.58

30 0.66 1.16 1.84 3.78 10.40 21.30 58.19 118.13 317.23
Through 100 40 0.77 1.34 2.12 4.36 12.01 24.59 67.19 136.41 366.30
feet of ser- 50 0.86 1.50 2.37 4.88 13.43 27.50 75.13 152.51 409.54
vice-pipe, 60 0.94 1.65 2.60 5.34 14.71 30.12 82.30 167.06 448.63
no back 75 1.05 1.84 2.91 5.97 16.45 33.68 92.01 186.78 501.58
pressure. 100 1.22 2.13 3.36 6.90 18.99 38.89 106.24 215.68 579.18

130 1.39 2.42 3.83 7.86 21.66 44.34 121.14 245.91 660.36

Through 100

feet of ser-

30 0.55 0.96 1.52 3.11 8.57 17.55 47.90 97.17 260.56
40 0.66 1.15 1.81 3.72 10.24 20.95 57.20 116.01 311.09
50 0.75 1.31 2.06 4.24 11.67 23.87 65.18 132.20 354.49

vice-pipe,
and 15 feet
vertical

60 0.83 1.45 2.29 4.70 12.94 26.48 72.28 146.61 393.13
75 0.94 1.64 2.59 5.32 14.64 29.96 81.79 165.90 444.85
100 1.10 1.92 3.02 6.21 17.10 35.00 95.55 193.82 519.72

rise.
130 1.26 2.20 3.48 7.14 19.66 40.23 109.82 222.75 597.31

30 0.44 0.77 1.22 2.50 6.80 14.11 38.63 78.54 211.54
Through 100 40 0.55 0.97 1.53 3.15 8.68 17.79 48.68 98.98 266.59
feet of ser- 50 0.65 1.14 1.79 3.69 10.16 20.82 56.98 115.87 312.08
vice-pipe, 60 0.73 1.28 2.02 4.15 11.45 23.47 64.22 130.59 351.73
and 30 feet 75 0.84 1.47 2.32 4.77 13.15 26.95 73.76 149.99 403.98
vertical 100 1.00 1.74 2.75 5.65 15.58 31.93 87.38 177.67 478.55
rise. 130 1.15 2.02 3.19 6.55 18.07 37.02 101.33 206.04 554.96

In this table it is assumed that the pipe is straight and smooth inside;
that the friction of the main and meter are disregarded; that the inlet
from the main is of ordinary character, sharp, not flaring or rounded, and
that the outlet is the full diameter of pipe. The deliveries given will be
increased if, first, the pipe between the meter and the main is of larger
diameter than the outlet; second, if the main is tapped, say for 1-inch
pipe, but is enlarged from the tap to 1 1/4 or 1 1/2 inch; or, third, if pipe on
the outlet is larger than that on the inlet side of the meter. The exact
details of the conditions given are rarely met in practice; consequently
the quantities of the table may be expected to be decreased, because the
pipe is Uable to be throttled at the joints, additional bends may inter-
pose, or stop-cocks may be used, or the back-pressure may be increased.
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Friction Loss ii-L r:lcan Cast-iron Pipe.

Compiled from Weston's "Friction of Water in Pipes" as computed from
formulas of Henry Darcy.

Pounds loss per 1000 feet in pipe of given diameter. (Small lower
figures give Velocity in Feet per Second.)

U.S. Gals per
Diaraeter of Pipe in Inches.

Min. and (Cu.
Ft. per Sec.) 3 4 5 6 8 10 12 14 16 20 24 SO

250
(0.56)
500

(2.23)

60
11

220
23

477
34

20
6.4

82
13.0

184
19.0

328

26.0

6.4
4.0
25.8
8.2
58.0
12.2

103.0

16.3

2.5
2.8
10.0
6.0

23.0
8.0
40.0

11.0

0.6
1.6

2.3
3.2
5.0
4.8

9.0

6.4

0.2
1.2

0.7
2.4

1.6
3.1

2.9

4.1

0.07
0.7
0.29
1.4

0.66
2.1
1.20

2.8

0.03
0.52

0.13
1.04

0.30
1.56

0.53

2.08

0.02
0.4

0.07
0.8

0.15
1.2

0.27

1.6

0.01
0.26
0.02
0.51

0.05
0.77

0.09

1.0

0.00
0.18
0.01
0.35
0.02
0.53
0.03

0.71

6
'.66

0.23

o:6i

0.45

1,250 161.0
20.4
231.9

24.5

63.0
14.0

91.0
17.0

123.0
20.0
160.0

23

14.0
8.0

21.0
10.0

28.0
11.0

37.0

13.0

4.6
5.1

6.6
6.1

9.0
7.1

12.0

8.2

1.80
3.6
2.60
4.3
3.60
5.0

4.70

5.7

0.83
2.60

1.10
3.13

1.64
3.65

2.14

4.17

0.42
2.0
0.61
2.4

0.83
2.8
1.10

3.2

0.14
1.3

0.20
1.5

0.27
1.8

0.35

2.0

0.06
0.89
0.08
1.06
0.11
1.24

0.14

1.42

(2 79)
1,500 03

(3 34) 68

1,750
(3.90)
2,000 05

(4.46) 91

2,500 Diam. of 58.0
16.0

18.0
10.2

26.0
12.0

7.30
7.1
10.00
8.5

3.34
5.21

4.81
6.25

8.55
8.34

1.70
4.0
2.40
4.8

4.30
6.4

6.80

8.0

0.55
2.6
0.79
3.1

1.40
4.1

2.20

5.1

3.20
6.1

4.30
7.1

0.22
1.80

0.32
2.10
0.56
2.80
1.00

3.60

1.30
4.30
1.70
5.00

2.20
5.70
2.80
6.40

07

(5.57) Pipe 1.13

3,000
(6.68)

10

36 48 1 40
4,000 18

(8.91) 1 SO

5,000 0.11

1.6

0.03

0.89

79

(11.14) 2 30

6,000 0.16
1.9

0.23
2.2

0.29
2.5

0.37
2.8

0.45

3.1

0.04
1.06

0.05
1.2

0.07
1.4

0.09
1.6

0.11

1.8

41

(13.37) 2 70

7,000 5fi

(15.60) 3 20

8,000 73

(17.82) 3 fin

9,000 9?
(20.05) 4 10

10,000 1 n
(22.28) 4.50

Vel.ft.persec.
Hd.duevel.ft .

1

0.016
2

0.062
3

0.14
4

0.25
5

0.39
6

0.56
7

0.76
8

1.0

9

1.3

10

1.6

11

1.9

12

2.2

Vel.ft.persec.
Hd.duevel.ft..

13

2.6
14

3.1

15

3.5
16

4.0
17

4.5
18

5.0
19

5.6
20
6.2

25

9.3
30
14.0

40
24.8

50

38.8

These losses are for 7iew, clear,, straight, tar-coated, cast-iron pipes. For
pipes that have been in service a number of years the losses
will be larger on account of corrosion and incrustation, and 10 years 1.3
the losses in the tables should be multiphed under average 20 " 1.6
conditions by the factors opposite; but they must be used 30 *' 2.0
with much discretion, for some waters corrode pipes much 50 " 2,6
more rapidly than others. 75 " 3.4

The same figures may be used for wrought-iron pipes which are not
subject to a frequent change of water.
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Approximate Hydraulic Formulae. (The Lombard Governor Co^
Boston, Mass.)
Head {H) in feet. Pressure (P) in lbs. per sq. in. Diameter (D) in

feet. Area (A) in sq. ft. Quantity (Q) in cubic ft. per second. Time
{T) in seconds.

Spouting velocity = 8.02 ^/H.
Time (Ti) to acquire spouting velocity in a vertical pipe, or (Ti) in a

pipe on an angle (0) from horizontal:

Tx= 8.02 V;^ -^ 32.17, ^2= 8.02 V;^ + 32.17 sin fl.

Head {H) or pressure (P) which will vent any quantity (Q) through a
round orifice of any diameter (D) or area (A):

H = Q^^ 14.1 Di = Q2 -^ 23.75 A^; P = Q^ ^ 34.1 D" = ^2 4. 55.3 A^.

Quantity (Q) discharged through a round orifice of any diameter (O) or
area (A) under any pressure (P) or under any head (£f):

Q = Vp X 55.3 X A2 =Vpx34.1 XD*;

= V.ff X 23.75 X A2 =Virx 14.71 XZ>*.

Diameter (D) or area (A) of a round orifice to vent any quantity (Q)
under any head {H) or under any pressure (P)

:

J5 = \/q-^-3.84V^ =\/Q-f-5.8 Vp; A = Q-+-4.89V^ =Q^7.35 ^^P.

Time (T) of emptying a vessel of any area (A) through an orifice of any
area (a) anywhere in its side: T = 0.416 A Vfl^ h- a.

Time (T) of lowering a water level from (H) to (/i) in a tank of area A
through an orifice of any area (a) in its side. !r=0.416A(v'iI — VX) ^a.

Kinetic energy {K) or foot-pounds in water in a round pipe of any
diameter (D) when moving at velocity (F): K = 0.76 X Z)2 X 1/ X F^.

Area (a) of an orifice to empty a tank of any area (A) in any time {T)-

from any head {H): a = T ^ 0.409 A Vij.
Area (a) of an orifice to lower water in a tank of arej, (A) from head {H)

to (ft) in time {T): a = T -^ 0.409 X A X (v^i? - ^h).
'

Compound Pipes and Pipes vritli Branches. (Unwin.) — Loss of
head in a main consisting of different diameters. (1) Constant discharge.
Total loss of head // = fti + /12 + /13 = 0.1008 /Q2 {Udr'+ h/d2^+ h/ds^).

(2) Constant velocity in the main, the discharge diminishing from sec-

tion to section. H = 0.0551 /v^/2(Zi/VQi+ I^/Vq^ + U/Vq^). Equiv-
alent main of uniform diameter. Length of equivalent main

I = (f5 (Zi/rfjS + l^/d^^ + U/ds^),

Loss of head in a main of uniform diameter in which the discharge de-
creases uniformly along its length, such as a main with numerous branch
pipes uniformly spaced and deUvering equal quantities: h = 0.0336
jQH/d^, Q being the quantity entering the pipe. The loss of head is just
one-third of the loss in a pipe carrying the uniform quantity Q through-
out its length.

Loss of head in a pipe that receives Q cu. ft. per sec. at the inlet, and
delivers Q^. cu. ft. at x ft. from the inlet, having distributed qx cu. ft.

uniformly in that distance, ft^= 0.1008 /r {Qx+ 0-55 qx)/d?.

Delivery by two or more mains, in parallel. Total discharge= Qi + Q
+-Q3 = 3.149 ^^V? (ydi^/li-^^dr'/h^- ^dy>/h) . Diameter of an equivalent

main to discharge the same total quantity, d=(Vd]5+\/d25+\/^)2/5,

Rifled Pipes for Conveying Heavy Oils. {Eng. Rec, May 23, 1908.)—
The oil from the California fields is a heavy, viscous fluid. Attempts
to handle it in long pipe lines of the ordinary type have not been practi-
cally successful. High pumping pressures are required, resulting in large
expense for pipe and for pumping equipment.
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The method of pumping in the rifled-pipe line is to inject about 10 per
cent of water with the oil and to give the cil and water a centrifugal
motion, by means of the rifled pipe, sufficient to throw the water to the
outside, where it forms a thin film of lubrication between the oil and the
sides of the pipe that greatly reduces the friction. The rifled pipe de-
livers at ordinary temperatures eight to ten times as much oil, through a
long line, as does a line of ordinary pipe under similar conditions. An
8-in. rifled pipe line 282 miles in length has been built from the Kern oil

fields to Porta Costa, on tidewater near San Francisco. The pipe Is

rifled with six hehcal grooves to the circumference, these grooves making
a complete turn through 360 deg. in 10 ft. of length.
Loss of Pressure Caused by Valves and Fittings —The data given

below are condensed from the results of experiments by John R. Freeman
for the Inspection Department of the Assoc. Facty. Mut. Ins. Cos. The
friction losses in ells and tees are approximate. Fittings of the same nom-
inal size with the different curvatures and different smoothness as made
by different manufacturers will cause materially different friction losses.
The figures are the number of feet of clean, straight pipe of same size
which would cause the same loss as the fitting. Grinnell dry-pipe valve,
6-in., 80 ft.; 4-in., 47 ft. Grinnell alarm check, 6-in., 100 ft.; 4-in., 47 ft.

Pratt & Cady check valve, 6-in., 50 ft.; 4-in., 25 ft. 4-in. Walworth globe
check valve, 6-in., 200 ft.; 4-in., 130 ft. 21/2 in. to 8-in. ells, long-turn,
4 ft.; short-turn 9 ft. 3-in. to 8-in. tees, long-turn, 9 ft.; short-turn, 17 ft.

One-eighth bend, 5 ft.

Effect of Bends and Curves in Pipes. — Weisbach's rule for bends:

Loss of head in feet = [0.131 + 1.847 (^^V^^j X g|^ X j^, in which r

=«= internal radius of pipe in feet, R = radius of curvature of axis of pipe,
V *= velocity in feet per second, and a = the central angle, or angle sub-
tended by the bend.
Hamilton Sm^ith, Jr., in his work on Hydraulics, says: The experimental

data at hand are entirely insufficient to permit a satisfactory analysis of
this quite complicated subject; in fact, about the only experiments of
value are those made bj'' Bossut and Dubuat with small pipes.

Curves. — If the pipe has easy curves, say with radius not less than 5
diameters of the pipe, the flow will not be materially diminished, provided
the tops of all curves are kept below the hydraulic grade-line and provision
be made for escape of air from the tops of all curves. (Trautwine.)

WilUams, Hubbell and Fenkel (Trans. A.S. C. E., 1901) conclude from
,

an extensive series of experiments that curves of short radius, down to
about 21/2 diameters, offer less resistance to the flow of water than do
those of longer radius, and that earUer theories and practices regarding
curve resistance are incorrect. For a 90° curve in 30 in. cast-iron pipe,
6 ft. radius, they found the loss of head 15.7% greater than that of a
straight pipe of equal length; with 10 ft. radius, 17.3% greater: with 25 ft.

radius, 52.7% gi-eater; and with 60 ft. radius, 90.2% greater.

Friction Heads for Elbows. Heads Required to Overcome the
Resistance of Circular 90° Bends.
(U. S. Cast Iron Pipe & Foundry Co.)

Velocity Radius of Bend in Diameters of Pipe.
m Feet
Per 0.5 0.75 1.00 1.25 1.5 2.0 3.0 5.0

Second. Head, in Feet.

I 0.016 0.005 0.002 0.002 0.001 0.001 0.001 0.001

2 .062 .018 .009 .007 .005 .005 .004 .004

3 ,140 .041 .020 .015 .012 .011 .010 .009

4 .245 .072 .036 .026 .021 .019 .017 .016

5 .388 .113 .056 .041 .033 .029 .027 .025

6 .559 .162 .081 .059 .048 .042 .038 .036

7 .761 .221 .110 .080 .066 .057 .052 .050

8 .994 .288 .144 .104 .086 -.074 .069 .065

9 1.260 .365 .182 .132 .108 .094 .086 .082

10 1.550 .450 .225 .163 .134 .116 .106 .101

12 2.340 .649 .324 .236 .192 .167 .153 .145
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Loss of Head In Pipes, Tees and Elbows.—Results of tests made
on locomotive water columns by Arthur N. Talbot and Melvln L.
Enger (Bulletin No. 48, Univ. of 111. Engineering Experiment Station)
may be expressed by the following formula: Loss of head in 100 ft. of
new cast-iron pipe for sizes above 6 in. diam. = 0,044 v^-^ -s- dli-25, In
which V = velocity of flow in feet per sec, and d = internal diameter of
pipe, in ft. The results for pipes from 8 to 24 in. in diameter agree
closely with those obtained by Williams and Hazen for pipes after
about three years of service, with the diagram given in Tumeaure and
Russell's "Public Water Supplies," and with the formula of Unwln;
they are, however, generally smaller than those given by the Ellis and
Howland tables and by Darcy's formula.
The following tables are taken from diagrams Included In the Bull&»

tin; they give the values selected by the Committee on Water Service,
Am. Ry. Eng'g and Maintenance of Way Association, as representing
the maximum results of numerous tests,

LOSS OF HEAD IN TEES, IN FEET.

Discharge,
Gal. per
Min.

Cu. Ft. Sizes of Tees.

8 In. 10 In. 12 In. 14 In. 16 In. 18 In.

1000 20,5
41

61.5
82
102.5
123

143.5
164

1.1

4
8.7

0.4
1.7
3.9
6.7
10,3

0,25
0.95
1,95
3,35
5.20
7.30

2000 , .

.

0.40
1.00
1.75
2.70
3,90
5.30
6.80

0,25
0,60
1,10
1.60
2.30
3.10
3.90

0.13
3000 0,35
4000 0.65
5000 1.00
6000 1.45
7000 2.00
8000 2,60

LOSS OF HEAD IN ELBOWS, IN FEET.
(Radius of curvature of elbow axis = 1.5 X diameter of elbow.)

Discharge,
Gal. per
Min.

Cu. Ft.

let

Sizes of Elbows.

8 In. 10 In. 12 In. 14 In. 16 In. 18 In.

1000 20,5
41

61,5
82
102.5
123

143,5
164

0.2
1.2

2.8
2000 0.5

1.1

1.9

3.2

0.20
0.50
0.95
1.50
2.20
3,00

0.10
0.25
0.50
0.75
1.15
1.65

2.10

3000

,

0,15
0.25
0.40
0.60
0.87
1.15

4000 0,10
5000 0.15
6000 0.25
7000 0.50
8000 •,

,

0.70

(Radius of curvature = 3 X diameter.)

1000 20,5
41

61,5
82
102.5
123
143.5
164

0.25
0.75
2.00
4.00

2000 0.35
0,80
1.45
2,25

0.10
0.40
0.70
1.10
1.60
2.20
3.00

3000 0.15
0.33
0.50
0.70
1.00
1.45

4000 0.12
0.20
0.40
0.58
0.85

5000 0.07
6000 10

7000 0.25
8000 0.45

Hydraulic Grade-line. — In a straight tube of uniform diameter
throughout, running full and discharging freely into the air, the hydraulic
grade-line is a straight line drawn from the discharge end to a point imme-
diately over the entry end of the pipe and at a depth below the surface
equal to the entry and velocity heads. (Trautwine.)

In a pipe leading from a reservoir, no part of its length should be above
the hydraulic grade-line.
Air-bound Pipes. — A pipe is said to be air-bound when, in conse-

Suence of air being entrapped at the high points of vertical curves in the
ne, water will not flow out of the pipe, although the supply is higher than

the outlet. The remedy is to provide cocks or valves at the high points.
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through which the air may be discharged. The valve may be made
automatic by means of a float.
Water-Hammer.—When selecting valves and fittings, the possibility

of shock or strain due to water-hammer, in excess of the average work-
ing pressure of the line or system, should be considered. Many valves
and fittings, installed where the working pressure imder nomal con-
ditions would be low, have failed because of pressure due to water-
hammer. This danger can be avoided by proper cushioning of the
line by air chambers, or by relief valves.
When a valve in a pipe is closed while the water is flowing, the velocity

of the water behind the valve is retarded and a dynamic pressure is

produced. When the valve is closed quickly this dynamic pressure
may be very great. It is then called "water-hammer" or "water-
ram," and it causes in many cases fracture of the pipe. It is provided
against by arrangements which prevent the rapid closing of the valve.
Formulae for the pressm-e produced by this shock are (see Merriman's
Hydraulics)

p = 0.027 y^-po + ??i. . . (1) p=6Sv-po + Pi (2)

where po = the static pressure, lb. per sq. in., when there is no flow,

Pi = the static pressure when the flow is in progress, p = the maximum
dynamic pressure due to the water-hammer in excess over the pressure
Po, V = the velocity in feet per second. L = length of pipe back from
the valve in feet, and t = time of closing the valve in seconds. Formula
(1) is to be used when t is greater than 0.000428L and (2) when t is

equal to or less than this.

From the first of these formulae the value of t when p = is found
to he t = 0.027 Lv -4- (po —pi), which is the time required for the
valve closing in order that there may be no water-hammer.

Vertical Jets. (Molesworth.) — H = head of water, h = height of
jet, d = diameter of jet, K = coefficient, varying with ratio of diameter
of jet to head ; then h = KH.UH = d X BOO 600 1000 1500 1800 2800 3500 4500

K= 0.96 0.9 0.S5 0.8 0.7 0.6 0.5 0.25

Water Delivered through Meters. (Thomson Meter Co.) — The
best modern practice limits the velocity in water-pipes to 10 lineal feet
per second. Assume this as a basis of delivery, and we find, for the sev-
eral sizes of pipes usually metered, the following approximate results:
Nominal diameter of pipe in inches:

3/8 5/8 3/4 1 11/2 2 3 4 6
Quantity delivered, in cubic feet per minute, due to said velocity:

0.46 1.28 1.85 3.28 7.36 13.1 29.5 52.4 117.9

Prices Charged for Water in Different Cities. (National Meter Co.)
Average minimum price for 1000 gallons in 163 places 9.4 cents.
Average maximum price for 1000 gallons in 163 places 28
Extremes, 21/2 cents to 100 "

FIRE-STREAMS.

Fire-Stream Tables.—The tables on pages 750 and 751 are con-
densed from one contained in the pamphlet of "Fire-Stream Tables"
of the Associated Factory Mutual Fire Ins. Cos., based on the experi-
ments of John R. Freeman, Trans. A. S. C. E., vol. xxi, 1889.
The pressure in the first column is that indicated by a gauge attached

at the base of the play pipe and set level with the end of the nozzle. The
vertical and horizontal distances, in 2d and 3d cols., are those of effective
fire-streams with moderate wind. The maximum limit of a " fair stream "

is about 10% greater for a vertical stream; 12% for a horizontal stream.
In still air much greater distances are reached by the extreme drops.
The pressures given are for the best quality of rubber-lined hose, smooth
inside. The hose friction varies greatly in different kinds of hose, accord-
ing to smoothness of inside surface, and pressures as much as 50%
greater are required for the same delivery in long lengths of inferior
rubber-lined or linen hose. The pressures at the hydrant are those while
the stream is flowing, and are those required with smooth nozzles. Ring
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nozzles require greater pressures. With the same pressures at the basa
or tne piay pipe, the discharge of a3/4-in. smooth nozzle is the same as that
of a 7/8-in. ring nozzle; of a 7/8-in. smooth nozzle, the same as that of a
1-in. ring nozzle.
The figures for hydrant pressure in the body of the table are derived

by adding to the nozzle or play-pipe pressure the friction loss in the
hose, and also the friction loss of a Chapman 4-way independent gate
hydrant ranging from 0.86 lb. for 200 gals, per min. flowing to 2.31 lbs.

for 600 gals.
The following notes are taken from the pamphlet referred to. The

discharge as stated in Ellis's tables and in their numerous copies in trade
catalogues is from 15 to 20% in error.

In the best rubber-lined hose, 2V2-in. diara., the loss of head due to
friction, for a discharge of 240 gallons per minute, is 14.1 lbs. per 100 ft.

length; in inferior rubber-lined mill hose, 25.5 lbs., and in unlined linen
hose, 33.2 lbs.

Less than a li/8-in. smooth-nozzle stream with 40 lbs. pressure at the
base of the play pipe, discharging about 240 gals, per min., cannot be
called a first-class stream for a factory fire. 80 lbs. per sq. in. is con-
sidered the best hydrant pressure for general use; 100 lbs. should not be
exceeded, except for very high buildings, or lengths of hose over 300 ft.

Hydrant Pressures Required with Different Sizes and Lengths of
Hose. (J. R. Freeman, Trans. A. 8. C. E., 1889.)

3/4-inch smooth nozzle.

i Fire-
steam

Hydrant Pressure with Different Lengths of
(-1 Hose to Maintain Pressure at Base of Play Pipe.

^ Vert. Hor. 50 ft. 100ft. 200 ft. 300 ft. 400 ft. 500 ft. 600 ft. 800 ft.
1000

ft.

in 17 19 57 10 11 11 12 13 13 14 15 16

?n 33 29 73 7,1 22 23 24 25 26 28 30 il

in 48 37 9n 31 37, 34 36 38 40 41 45 49

4n 60 44 in4 47, 43 46 48 50 53 55 60 6i>

in 67 50 116 57 54 57 60 63 66 69 J^ 81

m 72 54 177 63 65 68 72 76 79 83 90 y;

7n 76 58 137 73 75 80 84 88 92 97 105 114

80 79 62 147 84 86 91 96 101 106 111 120 I3U

Qn 81 65 156 94 97 102 108 113 119 124 133 146

100 83 68 164 105 108 114 120 126 132 138 150 163

7/8-inch smooth nozzle.

in 18 21 tT 11 11 13 14 15 16 17 19 22
20 34 33 100 22 23 25 27 30 32 34 39 43
30 49 42 123 33 34 38 41 45 48 51 58 65
40 62 49 147 43 46 50 55 59 64 68 78 87
50 71 55 159 54 57 63 69 74 80 86 97 108
60 77 61 174 65 69 75 82 89 96 103 116 130

70 81 66 188 76 80 88 96 104 112 120 136 157
80 85 70 7.01 87 91 101 110 119 128 137 155 173

90 88 74 213 98 103 113 123 134 144 154 174 195

100 90 76 224 109 114 126 137 148 160 171 194 216

1-inch smooth nozzle.

10 18 21 93 17 12 14 16 18 20 22 26 30

?n 35 37 137 23 25 29 33 37 41 45 52 60

30 51 47 161 34 37 43 49 53 61 67 79 90

40 64 55 186 46 50 58 66 73 81 89 105 120

•50 73 61 708 57 62 72 82 92 102 111 131 131

60 79 67 778 69 75 87 98 110 122 134 157 181

7n 85 72 746 80 87 101 115 128 142 136 183 211

80 89 76 763 97 100 115 131 147 162 178 209 241

90 92 80 779 103 112 130 147 163 183 200 236

too 96 83 295 115 123 144 164 183 203 223
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Hydrant Pressures Required with Different Sizes and Lengths of
Hose.—Continued.

1 Vs-inch smooth nozzle.

J
Fire-
Steam

Distance.

a

I

O

Hydrant Pressure with Different Lengths of
M Hose to Maintam Pressure at Base of Play Pipe.

fi Vert. Hor. 50 ft. 100ft. 200ft. 300 ft. 400ft. 500ft. 600 ft. 800 ft.
1000

ft.

10 18 22 119 12 14 17 20 24 27 30 36 43
20 36 38 168 25 28 34 41 47 54 60 73 85
30 52 50 206 37 42 52 61 71 80 90 109 1?,8

40 65 59 238 50 56 69 81 94 107 120 145 171

50 75 66 266 62 70 8fi 102 118 134 150 181 213
60 83 72 291 74 84 103 122 141 160 180 218 256
70 88 77 314 87 98 120 143 165 187 209 254
m 92

96
99

81

85
89

336
356
376

99
112
124

112
126

140

138

155

172

163

183

204

188

212
236

214
241

239
90
mo

1 1/4-inch smooth nozzle.

10 19 22 148 14 16 21 26 31 36 41 51 61

20 37 40 209 27 32 42 52 62 72 82 101 121

30 53 54 256 41 49 63 78 93 108 123 152 182

40 67 63 296 55 65 84 104 124 144 164 203 243
50 77 70 331 68 81 106 130 155 180 204 254
60 85

91

95
99
101

76
81

85
90
93

363
392
419
444
468

82
96
no
123

137

97
113
129

145

162

127
148
169

190
211

156
182
208
234
261

186

217
248

216
252

245
70
80
90
100

1 3/8-inch smooth nozzle.

10
20
30
40

It
55
69
79
87
92
97
100
103

23
42
56
66
73

79
84
88
92
96

182
257
315
363
406
445
480
514
545
574

16

31

47
62
78
93
109

124
140
156

19

39
58
77
96
116

135
154

173

193

27
53
80
107

134
160

187

214
240

34
68
103

137

171

205
239

42
83
125

166

208
250

49
98
147
196

245

56
113

169

226

71

143

214

86
173

259

50

60
70
80
90

J no

Pump Inspection Table.
Discharge of nozzles attached to 50 ft. of 2 1/2-in. best quality rubber-

lined hose, Inside smooth. (J. R. Freeman.)

Is Size of Smooth Nozzle. Ring Nozzle.

13/4 11/2 13/8 1 1/4 11/8 1 :/s 3/4 ,Vs 1 1/4 1 1/8

10 193 163 146 127 107 87 68 51 118 101 84
20 274 232 206 179 151 123 96 72 167 143 119
30 335 283 251 219 184 150 118 88 205 175 145
40 387 327 291 253 213 173 136 101 237 202 168
50 432 366 325 283 238 194 152 113 264 226 188
60 473 400 357 309 261 213 167 124 28^ 247 205
70 510 432 385 334 281 230 180 134 313 267 222
80 546 461 412 357 301 246 192 144 334 285 237
90 579 490 437 379 319 261 204 152 355 303 252
100 610 515 461 400 337 275 215 161 374 319 266
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Pipe Sizes for Ordinary Fire-Streams.

(U. S. Cast Iron Pipe & Foxmdry Co., 1914.)

No. 40 Lb. 50 Lb. 60 Lb. 70 Lb. 80 Lb. 90 Lb.
of

11/8
In.

Pressure. Pressure. Pressure. Pressure. Pressure. Pressure.

c a a d ^ ^
Hose
Noz- ^f. o a??

^
^r;

^
ar; i S?f

i
Ss? o

zles.

4 20

p:^ s Sm s Kw pR E^ fe
^^ s

1 6 23 6 25 6 27 6 29 6 3C

2 6 40 8 45 8 50 8 53 8 57 8 61

3 8 61 8 68 10 74 10 80 10 86 10 91

4 10 81 10 90 10 99 10 107 12 114 12 121

5 10 101 12 113 12 124 12 134 12 143 12 152

6 12 121 12 135 12 149 14 160 14 172 14 18?

7 12 141 14 158 14 174 14 187 14 200 16 217
8 12 162 14 181 14 199 16 214 16 229 16 242
9 14 182 14 203 16 223 16 241 16 257~ 18 273
10 14 202 16 226 16 248 16 267 18 286 18 303
11 16 222 16 248 18 273 18 294 18 314 18 333
12 16 243 18 271 18 298 18 321 20 343 20 364
13 16 263 18 293 18 323 20 348 20 372 20 394
14 18 283 18 316 20 348 20 374 20 400 20 424
15 18 303 20 339 20 372 20 401 20 429 24 455

Flow given in cubic feet per minute. Figures are based on 1 H-^n.
smooth-bore nozzles, playing simultaneously and attached to 200 ft.

of best quality rubber-lined hose; pressures measured at hose connec-
tions. Velocity of water in pipe, approximately 3 ft. per second.

Frict on Loss in Rubber-Lined Cotton Hose with Smootlicst Lining.

i
Gallons per Minute Flowing.

Velocity

SI

Head
F2 -e- IQ.M

o 100 200 300 400 500 600 700 800 1000

a ^rr,

S Friction Loss, Pounds per 100 ft. Length. Ft. Lbs.

2 6.836
5.170
3.790
2.895

27.3
20.7
15.2

11 6

61.5
46.5
34.1
26 1

109

82.7
60.6
46 3

171

129

94.7
72 4

5

10

15

20

0.39
1.6

3.5
6.2

0.17
21/8
21/4

23/R

189

136
104

69

186

138

1 5

185 2.7
21/9 2 240 9 20 2 35 8 56 80.6 no 143 224 25 9.7 4.2
25/8 1.748 70 15 7 28 43,7 62 9 85.7 112 175 30 14,0 6.1

23/4 1,391 5 6 12 5 22 3 34,8 50 I 68.2 89.0 139 35 19.0 8.2

27/8 1.097 4 A 9,9 17.6 27,4 39.5 53.8 70.2 110 40 24.8 10.7
3 900 3 6 8 1 14 4 22 5 32 4 44 1 57 6 90 45 31.4 13.6

3V-> 0.416 1 7 3,7 6.7 10.4 15.0 20.4 26.6 41.6 50 38.8 16.7

A 0.214 0.9 1.9 3.4 5.4 7.7 10.5 13.7 21.4

The above table is computed on the basis of 14 lbs. per 100 ft. length
of 21/2-in. hose with 250 gals, per min. flowing, as found in Freeman's
tests, assuming that the loss varies as the square of tlie quantity, and
for different diameters and tlie same quantity inversely as the 5tli power
of the diameter.
Rated Capacities of Steam Fire-engines, which Is perhaps one third

greater than their ordinary rate of work at fires, are substantially as
follows:

3d size, 550 gals, per min., or 792,000 gals, per 24 hours.
2d " 700 " "

1,008,000
1st " 900 ••

"
1,296,000

1 ext.. 1.100 " *•
1.584.000 " ?!
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THE SIPHON.

The Siphon is a bent tube of unequal branches, open at both ends, and
Is used to convey a liquid from a higher to a lower level, over an interme-
diate point higher than either. Its parallel branches being in a vertical
plane and plunged into two bodies of liquid whose upper surfaces are at
different levels, the fluid will stand at the same level both within and
without each branch of the tube when a vent or small opening is made
at the bend. If the air be withdrawn from the siphon through this vent,
the water will rise in the branches by the atmospheric pressure without,
and when the two columns unite and the vent is closed, the liquid will
flow from the upper reservoir as long as the end of the shorter branch
of the siphon is below the surface of the liquid in the reservoir.

If the water was free from air the height of the bend above the supply
level might be as great as 33 feet.

If A = area of cross-section of the tube in square feet, H = the differ-

ence in level between the two reservoirs in feet, D the density of the
liquid in pounds per cubic foot, then ADH measures the intensity of the

force which causes the movement of the fluid, and V = '^2gH= 8.02

'^H is the theoretical velocity, in feet per second, which is reduced by
the loss of head for entry and friction, as in other cases of flow of liquids
through pipes. In the case of the difference of level being greater than
33 feet, however, the velocity of the water in the shorter leg is limited
to that due to a height of 33 feet, or that due to the difference between
the atmospheric pressure at the entrance and the vacuum at the bend.

Long Siphons. — Prof. Joseph Torrey, in the Amer. Machinist, de-
scribes a long siphon which was a partial failure.

The length of the pipe was 1792 feet. The pipe v/as 3 inches diameter,
and rose at one point 9 feet above the initial level. The final level was
20 feet below the initial level. No automatic air valve was provided.
The highest point in the siphon was about one third the total distance
from the pond and nearest the pond. At this point a pump was placed,
whose mission was to fill the pipe when necessary. This siphon would
flow for about two hours and then cease, owing to accumulation of air in
the pipe. When in full operation it discharged 431/2 gallons per minute.
The theoretical discharge from such a sized pipe with the specified head
is 551/2 gallons per minute.

Siphon on the Water-supply of 3Iount Vernon, N. T. (Eng'g
News, May 4, 1893.) — A 12-inch siphon, 925 feet long, with a maximum
lift 01 22.12 feet and a 45° change in alignment, was put in use in 1892
by the .New York City Suburban Water Co. At its summit the siphon
crosses a supply main, which is tapped to charge the siphon. The air-

chamber at the siphon is 12 inches by 16 feet long. A 1/2-inch tap and
cock at the top of the chamber provide an outlet for the collected air.

It was found that the siphon with air-chamber as described would run
until 125 cubic feet of air had gathered, and that this took place only
half as soon with a 14-foot Uft as with the full lift of 22.12 feet. The
siphon will operate about 12 hours without being recharged, but more
water can be gotten over by charging every six hours. It can be kept
running 23 hours out of 24 with only one man in attendance. With the
siphon as described above it is necessary to close the valves at each end
of the siphon to recharge it. It has been found by weir measurements
that the discharge of the siphon before air accumulates at the summit is

practically the same as through a straight pipe.

A successful siphon is described by R. S. Hale in Jour. Assoc. Eng.
Sac, 1900. A 2-in. galvanized pipe had been used, and it had been nec-
essar.v to open a waste-pipe and thus secure a continuous flow in order
to keep the siphon in operation. The trouble seemed to be due to very
small air leaks in the joints. When the 2-in. iron pipe was replaced by a
1-in. lead pipe, the siphon was entirely successful. The maximum rise

of the pipe above the level of the pond was 12 ft,, the discharge aboutthe pip(

) ft. beU850 ft. below the level, and the length 500 ft.
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VELOCITT OF WATER IN OPEN CHANNELS.

Irrigation Canals. — The minimum mean velocity required to pre-
vent the deposit of silt or the growth of aquatic plants is in Northern
India taken at 1 1/2 feet per second. It is stated that in America a higher
velocity is required for this purpose, and it varies from 2 to 31/2 feet per
second. The maximum allowable velocity will vary with the nature of
the soil of the bed. A sandy bed will be disturbed if the velocity exceeds
3 feet per second. Good loam with not too much sand will bear a velocity
of 4 feet per second. The Cavour Canal in Italy, over a gravel bed, has a
velocity of about 5 per second. (Flynn's "Irrigation Canals.")
Mean Surface and Bottom Velocities. — According to the formula

of Bazin.

V = -Umax - 25.4 \/rs ; -y = v^ + 10.87 \/rf.

,'. v^ = V — 10.87 "^rs, in which v = mean velocity in feet per second,

Vjnax"^ maximum surface velocity in feet per second, 1;^= bottom velocity

in feet per second, r = hydraulic mean depth in feet = area of cross-section
in square feet divided by wetted perimeter in feet, s = sine of slope.
The least velocity, or that of the particles in contact with the bed, is

almost as much less than the mean velocity as the greatest velocity is
greater than the mean.

Rankine states that in ordinary cases the velocities may be taken as
bearing to each other nearly the proportions of 3, 4, and 5. In very slow
currents they are nearly as 2, 3, and 4.

Safe Bottom and Mean Velocities.—Ganguillet & Kutter give the
following table of safe bottom and mean velocities in channels, calculated

from the formula v = Vb+ 10.87\/rF:

Material of Channel.
Safe Bottom Velocity

Vfj, in Feet per Second.
Mean Velocity v, in

j

Feet per Second.

0.249
0.499
1.000
1.998
2.999
4.005
4.988
6.006
10.009

0.328
0.656

Sar d 1 312
Gruvel 2.625
Pebbles 3.938

5 579
Conglomerate, soft slate
Stratified rock

6.564
8.204
13.127

Ganguillet & Kutter state that they are unable for want of observations
to judge how far these figures are trustworthy. They consider them to be
rather disproportionately small than too large, and therefore recommend
them more confidently.
Water flowing at a high velocity and carrying large quantities of silt is

very destructive to channels, even when constructed of the best masonry.
Resistance of Soils to Erosion by Water. — W. A. Burr, Eng'g

News, Feb. 8, 1894, gives a diagram showing the resistance of various soils
to erosion by flowing water.

Experiments show that a velocity greater than 1.1 feet per second will
erode sand, wliile pure clay will stand a velocity of 7.35 feet per second.
The greater the proportion of clay carried by any soil, the higher the per-
missible velocity. Mr. Burr states that experiments have shown that the
line describing the power of soils to resist erosion is parabolic. From his
diagram the following figures are selected as representing different classes
of soils:

Pure sand resists erosion by flow of 1.1 feet per second.
Sandy soil, 15% clay 1.2 " "

Sandy loam, 40% clay 1.8 " "

Loamy soil, 65% clay 3.0 " "

Clay loam, 85% clay 4.8
Agricultural clay, 95% clay 6.2 " "

Clav 7.35
Abrading and Transporting Power of Water.—Prof. J. LeConte,

in his "Elements of Geology," states:
The erosive power of water, or its power of overcoming cohesion,

varies as the square of the velocity of the current.
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The transporting power* of a cilrrent varies as 'the sixth power of the
velocity. * * * if the velocity therefore be increased ten times, the
transporting power is increased 1,000,000 times. A current running
three feet per second, or about two miles per hour, will bear fragments
of stone of the size of a hen's egg, or about three ounces weight. A
current of ten miles an hour will bear fragments of one and a half tons,
and a torrent of twenty miles an hour will carry fragments of 100 tons.
The transporting power of water must not be confounded with its

erosive power. The resistance to be overcome in the one case is weight,
in the other, cohesion; the latter varies as the square: the former as the
sixth power of the velocity.

In many cases of removal of slightly cohering material, the resistance
is a mixture of these two resistances, and the power of removing mate-
rial will vary at some rate between v^ and v^.

Baldwin Latham has found that in order to prevent deposits of sewage
silt in small sewers or drains, such as those from 6 inches to 9 inches
diameter, a mean velocity of not less than 3 feet per second should be
produced. Sewers from 12 to 24 inches diameter should have a velocity
of not less than 21/2 feet per second, and in sewers of larger dimensions
in no case should the velocity be less than 2 feet per second.
The specific gravity of the materials has a marked effect upon the

mean velocities necessary to move them. T. E. Blackv/ell found that
coal of a sp. gr. of 1.26 was moved by a current of from 1.25 to 1.50 ft.

per second, wnile stones of a sp. gr. of 2.32 to 3.00 required a velocity of
2.5 to 2.75 ft. per second,

Chailly gives the following formula for finding the velocity required to
move rounded stones or shingle: _

V = 5.67 ^ag.
In which v = velocity of water in feet per second, a = average diameter
in feet of the body to be moved, g = its specific gravity.

Geo. Y. Wisner, Eng'g News, Jan. 10, 1895, doubts the general accuracy
of statements made by many authorities concerning the rate of flow of
a current and the size of particles which different velocities will move.
He says:
The scouring action of any river, for any given rate of current, must

be an inverse function of the depth. The fact that some engineer has
found that a given velocity of current on some stream of unknown depth
will move sand or gravel has no bearing whatever on what may be ex-
pected of currents of the same velocity in streams of greater depths. In
channels 3 to 5 ft. deep a mean velocity of 3 to 5 ft. per second may
produce rapid scouring, while in depths of 18 ft. and upwards current
velocities of 6 to 8 ft. per second often have no effect whatever on the
channel bed.

Frictional Resistance of Surfaces Moved in Water. (Ency. Brit.,
11th ed. Vol. xiv, p. 58.)—Proude's experiments were made by pulling
boards 19 in. wide, s/g in. thick, finely sharpened at both ends, set edge-
wise in water. The following table gives: A, the power of the speed
to which the resistance is proportional; B, the mean resistance in
pounds per sq. ft. of the whole surface of a board of the lengths stated
in the table, at the standard speed of 10 ft. per second.

Surface.
Length of Surface, in Feet.

2 ft. 8 ft. 20 ft. 50 ft.

Varnish
Paraffin

A
2.00

B
0.41
0.38
0.30
0.87
0.81
0.90
1.10

A
1.85
1.94
1.99
1.92
2.00
2.00
2.00

B
0.325
0.314
0.278
0.626
0.583
0.625
0.714

A
1.85
1.93
1.90
1.89
2.00
2.00
2.00

B
0.278
0.27J
0.262
0.531
0.480
0.534
0.588

A
1.83

B
0.226

Tinfoil
Calico
Fine Sand
Medium Sand.

.

Coarse Sand. . .

2.i6
1.93
2.00
2.00
2.00

1.83
1.87
2.06
2.00

0.232
0.423
0.337
0.456

:l

Unwin's experiments (Proc. Inst. Civ. Engrs., Ixxx) were made with
disks 10, 15, and 20 in. diam. rotated in water by a vertical shaft, in
Cliambers 22 in. diam., and 3, 6, and 12 in. deep. In all cases the fric-
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tlonal resistances increased a little as the chamber was made larger.
The friction depends not only on the surface of the disk, but to some
extent on the surface of the chamber in which it rotates. For the
smoother surface the friction varied as the 1.85 power of the velocity.
For rougher surfaces it varied as the 1.9 to the 2.1 power. The friction
decreased 18 per cent with increase of temperatiu-e from 41° to 130° F.
The resistances in pounds per sq. ft. at 10 ft. per second were as
follows for different surfaces: Bright brass, 0.202 to 0.229; Varnish,
0.220 to 0.233; Fine sand, 0.339; Very coarse sand, 0.587 to 0.715.
The results agree fairly well with those obtained by Froude with planks
60 ft. long.

Grade of Sewers. — The following empirical formula is given in Bau-
raeister's "Cleaning and Sewerage of Cities," for the minimum grade
for a sewer of clear diameter equal to d inches, and either circular or
oval in section;

Miniraura grade, in per cent = y . - »

As the lowest limit of grades which can be flushed, 0.1 to 0.2 per cent
may be assumed for sewers which are sometimes dry, while 0,3 per cent
is allowable for the trunk sewers in large cities. The sewers should run
dry as rarely as possible.

MEASUBEMENT OP FLOWING WATER.

Piezometer. — If a vertical or oblique tube be inserted Into a pipe
containing water under pressure, the water will rise in the former, and tn«
vertical height to which it rises will be the head producing the pressure
at the point where the tube is attached. Such a tube is called a piezom-
eter or pressure measure. If the water in the piezometer falls below
its proper level it shows that the pressure in the main pipe has been
reduced by an obstruction between the piezometer and the reservoir. If
the water rises above its proper level, it indicates that the pressure thera
has been increased by an obstruction beyond the piezometer.

If we imagine a pipe full of water to be provided with a number of ple-
rometers, then a line joining the tops of the columns of water in them is
the hydraulic grade-line.

Pitot Tube Gauge. — The Pitot tube is used for measuring the veloc-
ity of fluids in motion. It has been used with great success in measuring
the flow of natural gas. (S. W. Robinson, Report Ohio Geol. Survey, 1890j
(See also Van Nosfrand's Mag., vol. xxxv.) It is simply a tube so bent
that a short leg extends into the current of fluid flowing from a tube, with
the plane of the entering orifice opposed at right angles to the direction of
the current. The pressure caused by the impact of the current is trans-
mitted through the tube to a pressure-gauge of any kind, such as a column
of water or of mercury, or a Bourdon spring-gauge. From the pressure
thus indicated and the known density and temperature of the flowing gas
is obtained the head corresponding to the pressure, and from this the
velocity. In a modification of the Pitot tube described by Prof. Robinson,
there are two tubes inserted into the pipe conveying the gas, one of which
has the plane of the orifice at right angles to the current, to receive the
static pressure plus the pressure due to impact: the other has the plane of
Its orifice parallel to the current, so as to receive the static pressure only.
These tubes are connected to the legs of a Utube partly filled with mercury,
which then registers the difference in pressure in the two tubes, from which
the velocity may be calculated. Comparative tests of Pitot tubes with
gas-meters, for measurement of the flow of natural gas, have shown an
agreement within 3%.

It appears from experiments made by W. M. White, described In a
paper before the Louisiana Eng'g Socy., 1901, by Williams, Hubbell and
Fenkel {Trans. A. S. C. E., 1901), and by W. B. Gregory (Trans. A. S.

M. E., 1903), that in the formula for the Pitot tube, V= c ^2 gH, In
which V is the velocity of the current in feet per second, H the head In
feet of the fluid corresponding to the pressure measured by the tube,
and c an experimental coeflQcient, c = 1 when the plane at the point or
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the tube isj&xactly at right angles with the direction of the currenfc^and when the static pressure is correctly measured. The total Tjressureproduced by a jet striking an extended plane surface at right angles to
It, and escaping parallel to the plate, equals twice the product of the
area of the jet into the pressure calculated from the "head due the veloc-
W^: ^^^ ^°^ *1^^^ ^^s® H = 2 X FV2 g instead of FV2 g; but as found inWhites experiments the maximum pressure at a point on the nlate
exactly opposite the jet corresponds to h = FV2 g. Experiments made
with four different shapes of nozzles placed under the center of a falling
stream of water showed that the pressure produced was capable of sus-taimng a column of water almost exactly equal to the height of the
source of the faUing water.

Tests by J. A. Knesche (IndusL Eng'g, Nov., 1909), in which a Pitot
tu"^® was inserted ma 4-iii. water pipe, gave C= about 0.77 for velocities

?u ^^J'^ ^ ^*- P®^ ^®°-' ^"^ smaller values for lower velocities. He holds
that the coefficient of a tube should be determined by experiment before
Its readings can be considered accurate.

For a brief discussion of various theories of the Pitot tube see Eng'g
News, April 17, June 5, and July 31, 1913.
Maximum and Mean Velocities in Pipes.—Williams, Hubbell and

Fenkel (Trans. A. S. C. E., 1901) found a ratio of 0.84 between the mean
and the maximum velocities of water flowing in closed circular conduits,
under normal conditions, at ordinary velocities; whereby observations of
velocity taken at the center imder such conditions, with a properly rated
Pitot tube, may be relied on to give results within 3% of correctness.
The Venturi Meter, invented by Clemens Herschel, and described in

a pamphlet issued by the Builders' Iron Foundry of Providence, R.I., is

named from Venturi, who first called attention, in 1796, to the relation be-
tween the velocities and pressures of fluids when flowing through converg-
ing and diverging tubes. It consists of two parts — the tube, through
vhich the water flows, and the recorder, which registers the quantity of
Abater that passes through the tube. The tube takes the shape of two trun-
cated cones joined in their smallest diameters by a short throat-piece. At
the up-stream end and at the throat there are pressure-chambers, at
which points the pressures are taken.
The action of the tube is based on that property which causes the small

section of a gently expanding frustum of a cone to receive, without material
resultant loss of head, as much water at the smallest diameter as is dis-
charged at the large end, and on that further property which causes the
pressure of the water flowing through the throat to be less, by virtue of its

greater velocity, than the pressure at the up-stream end of the tube, each
pressure being at the same time a function of the velocity at that point and
of the hydrostatic pressure which would obtain were the water motionless
within the pipe.
Tne recorder is connected with the tube by pressure-pipes which lead to

it from the chambers surrounding the up-stream end and the throat of the
tube. It may be placed in any convenient position within 1000 feet of the
meter. It is operated by a weight and clockwork. The difference of pres-
sure or head at the entrance and at the throat of the meter is balanced in
the recorder by the difference of level In two columns of mercury in
cyhndrical receivers, one within the other. The inner carries a float, the
position of which is indicative of the quantity of water flowing through
the tube. By its rise and fall the float varies the time of contact between
an integrating drum and the counters by which the successive readings
are registered.

There is no limit to the sizes of the meters nor the quantity of water
that may be measured. Meters with 24-inch, 36-inch, 48-inch, and even
20-foot tubes can be readily made.
iMeasurement by Venturi Tubes. {TraJis. A. S. C. E., Nov., 1887,

and Jan., 1888.) — Mr. Herschel recommends the use of a Venturi tube, in-

serted in the force-main of the pumping engine, for determining the
quantity of water discharged. Such a tube applied to a 24-inch main has
a total length of about 20 feet. At a distance of 4 feet from the end
nearest the engine the inside diameter of the tube is contracted to a throat
having a diameter of about 8 inches. A pressure-gauge is attached to each
of two chambers, the onesurrounding and communicating with.the entrance
or main pipe, the other with the throat. According to experiments made
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upon two tubes of this kind, one 4 in, in dia-meter at the throat and 12 in.

at the entrance, and the other about 36 in. in diameter at the throat and
9 feet at its entrance, the quantity of water which passes through the tube'
is very nearly the theoretical discharge through an opening having an area
equal to that of the throat, and a velocity which is that due to the difference
in head shown by the two gauges. Mr. Herschel states that the coefficient
for these two widely-varying sizes of tubes and for a wide range of velocity
through the pipe, was found to be within two per cent, either way, of 98%.
In other words, the quantity of water flowing through the tube per second

is expressed within two per cent by the formula W= 0.98 X AX '^2 gh,
in which A is the area of the throat of the tube, h the head, in feet, corre-
sponding to the difference in the pressure of the water entering the tube and
that found at the throat, and g = 32.16.

Coefficient of Flow in Venturi Meters.—(Allen Hazen, Eng. News,
July 31, 1913.) The formula for flow in a Venturi meter is

,

Q =KXC —=^=^h

V(^-l)*
d andD respectively are diameters of the throat and entrance, in inches,
7i is the head on the meter, C a coefficient which depends on the frictional
resistance and has an average value of very close to 0.99 for ordinary
waterworks conditions. K = 28,276 if Q is the quantity in U. S. gal-
lons per 24 hours and h is measured in feet of water. If C = 0.99 then
KC = 27,993 for h in feet of water, 8081 if h is in inches of water and
28,684 if h is in inches of mercury. For Q in cubic feet per second, di-
vide these figures by 646,315 giving respectively KC = 0.04331, 0.01250
and 0.04438.
Measureinent of Discharge of Pumping-engines by means of

Nozzles. {Trans. A. S. M. E\, xii, 575.) —The measurement of water
by computation from its discharge through orifices, or through the nozzles
of fire-hose, furnishes a means of determining the quantity of water de-
livered by a pumping-engine which can be applied without much difficulty.
John R. Freeman, Trans. A. S. C. E., Nov., 1889, describes a series of ex-
periments covering a wide range of pressures and sizes, and the results
Bhowed that the coefficient of discharge for a smooth nozzle of ordinary
good form was within one-half of one per cent, either way, of 0.977; the
diameter of the nozzle being accurately calipered, and the pressures being
determined by means of an accurate gauge attached to a suitable piezom-
eter at the base of the play-pipe.

In order to use this method for determining the quantity of water dis-
charged by a pumping-engine, it would be necessary to provide a pressure-
box, to which the water would be conducted, and attach to the box as
many nozzles as would be required to carry off the water. According to
Mr. Freeman's estimate, four 1 V4-inch nozzles, thus connected, with a
pressure of 80 lbs. per square inch, would discharge the full capacity of a
two-and-a-half-milUon engine. He also suggests the use of a portable
apparatus with a single opening for discharge, consisting essentially of a
Siamese nozzle, so-called, the water being carried to it by three or more
lines of fire-hose.

To insure reliability for these measurements, it is necessary that the
Bhut-off valve in the force-main, or the several shut-off valves, should be
tight, so that all the water discharged by the engine may pass through the
nozzles.

The Lea V-Notch Recording Water Meter is described by D. Robert
Yarnall in Trans. A. S. M. E., 1912. It is extensively used in large
power plants for recording the flow of boiler feed water. It consists
of a metering tank or flume from which the water passes over a 90°
V-notch into a catch basin below, the height of the water above the
notch being recorded on a clock-driven paper chart which revolves
once in 24 hiours. The formula for the 90° V-notch is cu. ft. per min. =
0.305i? \/H, in which H is the height in inches of the still water behind
the notch measured above the level of the bottom of the notch. Tests
by Mr. Yarnall of a recording meter made on this principle showed an
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average error of 0.5 %. The Yarnall-Waring Co., Philadelphia, makers
of the meter give the following figiires for the flow of water in pounds
per hour corresponding to different heights of water in inches above
the notch:

Height, in.:12 3 4 5 6 7 8
Flow, lb. per hour:
1,140 6,480 17,830 36,610 63,940 100,860 148,290 207,060

Height, in.:
9 10 11 12 13 14 15

Flow, lb. per hour:
277,960 361,740 459,030 568,720 694,710 836,110 993,510

Flow through Rectangular Orifices. (Approximate. See p. 727.)

Cubic Feet of Water Discharged per Minute through an ORiricB
One Inch Square, under any Head of Water from 3 to 72 Inches.

For any other orifice multiply by its area in square inches.

Formula, Q' = 0.624 V/i" x a. Q'= cu. ft. per min.; a = area in sq. in.

y^ y^
-^

y^ y •V y
S M . S M . "S W) • "S M • f, So . S ^ . m S) .

-J
.3 ro ^11 -J ¥4 -J il

^11
« m tH il

1-2 ^qK !•- -^Q^ s ^ -^Qa S ^ -f^Qft ia ^aK S.S -^qK !•- -^qS.
w o M o w o W o a o w o M o

1 n n 2 70 73 2 90 33 3 47 43 3,95 53 4,39 63 4.78
1 77 14 ?. 78 24 2,97 34 3,52 44 4.00 54 4.42 64 4.81
1 40 1=) 7 36 75 3,03 35 3.57 45 4.03 55 4.46 65 4.85
I 57, 16 2.43 26 3.08 36 3.62 46 4.09 56 4.52 66 4.89
1 64 17 2,51 27 3.14 37 3.67 47 4.12 57 4.55 67 4.92
1 75 18 2,58 28 3.20 38 3.72 48 4.18 58 4.58 68 4.97
1.84 19 2.64 29 3.25 39 3.77 49 4.21 59 4.63 69 5.00

If) 1.94 70 7 71 30 3 31 40 3.81 50 4.27 60 4,65 70 5.03
n 2 03 71 2.78 31 3.36 41 3.86 51 4.30 61 4.72 71 5.07
12 2.12 22 2.84 32 3.41 42 3.91 52 4.34 62 4.74 72 5.09

Measurement of an Open Stream by Velocity and Cross-section. —
Measure the depth of the water at from 6 to 12 points across the stream at
equal distances between. Add all the depths in feet together and divide
by the number of measurements made; this will be the average depth of
the stream, which multiplied by its width will give its area or cross-section.
Multiply this by the velocity of the stream in feet per minute, and the
result will be the discharge in cubic feet per minute of the stream.
The velocity of the stream can be found by laying off 100 feet of the bank

and throwing a float into the middle, noting the time taken in passing over
the 100 ft. Do this a number of times and take the average; then, divid-
ing this distance by the time gives the velocity at the surface. As the top
of the stream flows faster than the bottom or sides — the average velocity
being about 83% of the surface velocity at the middle— it is convenient to"

measure a distance of 120 feet for the float and reckon it as 100
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Miner's Inch Measurements, (Pelton Water Wheel Co.)

The cut, Fig. 149, shows the form of measuring-box ordinarily used, and
the following table gives the discharge in cubic feet per minute of a miner's
jnch of water, as measured under the various heads and different lengths
and heights of apertures used in California.

Fig. 149.

Length

Opening

Openings 2 Inches High. Openings 4 Inches High.

Head to Head to Head to Head to Head to Head to

fT1f«hp<5 Center, Center, Center, Center, Center, Center,
5 inches. 6 inches. 7 inches. 5 inches. 6 inches. 7 inches.

Cu. ft. Cu. ft. Cu.ft. Cu.ft. Cu.ft. Cu. ft.

4 1.348 1.473 1.589 1.320 1.450 1.570
6 1.355 1.480 1.596 1.336 1.470 1.595

8 1.359 1.484 1.600 1.344 1.481 1.608
10 1.361 1.485 1.602 1.349 1.487 1.615

12 1.363 1.487 1.604 1.352 1.491 1.620

14 1.364 1.488 1.604 1.354 1.494 1.623

16 1.365 1.489 1.605 1.356 1.496 1.626
18 1.365 1.489 1.606 1.357 1.498 1.628
20 1.365 1.490 1.606 1.359 1.499 1.630
22 1.366 1.490 1.607 1.359 1.500 1.631

24 1.366 1.490 1.607 1.360 1.501 1.632

26 1.366 1.490 1.607 1.361 1.502 1.633

28 1.367 1.491 1.607 1.361 1.503 1.634

30 1.367 1.491 1.608 1.362 1.505 1.635

40 1.367 1.492 1.608 1.363 1.505 1.637

50 1.368 1.493 1.609 1.364 1.507 1.639

60 1.368 1.493 1.609 i.365 1.508 1.640

70 1.368 1.493 1.609 1.363 1.508 1.641

80 1.368 1.493 1.609 1.366 1.509 1.641

90 1.369 1.493 1.610 1.366 1.509 1.641

100 1,369 1.494 1.610 1.366 1.509 1.642

Note. — The apertures from which the above measurements were ob-
tained were through material 1 1/4 inches thick, and the lower edge 2 inches
*boye the bottom of the measuring-box, thus giving full contraction.
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Flow of Water Over Weirs. Weir Dam Measurement. (Pelton
water Wheel Co.) — Place a board or plank In the stream, as shown in
the sketch, at some point where a pond will form above. The length of
the notch in the dam should be from two to four times its depth for small
Quantities and longer for large quantities. The edges of the notch should
be beveled -toward the intake side, as shown. The overfall below the notch
should not be less than twice its depth. Francis says a fall below the
crest equal to one-half the head is sufficient, but there must be a free access
of air under the sheet.

Fig. 150.

In the pond, about 6 ft. above the dam, drive a stake, and then obstruct
the water until it rises precisely to the bottom of the notch and mark the
stake at this level. Then complete the dam so as to cause all the water to
flow through the notch, and, after time for the water to settle, mark the
stake again for this new level. If preferred the stake can be driven with
its top precisely level with the bottom of the notch and the depth of the
water be measured with a rule after the water is flowing free, but the marks
are preferable in most cases. The stake can then be withdrawn; and the
distance between the marks is the theoretical depth of flow corresponding
to the quantities in the weir table on the following page.

Francis's Formulae for Weirs.

Q = discharge in cubic feet per second, L = length of the weir,
H = depth of water on the weir, h = head due the velocity of ap-
proach = V2 -i- 64.3; dimensions in feet, velocity in feet per second.

Francis's formula, Q = 3.33(L - 0.2If) XH^h.
This formula applies to weirs having perfect contraction at each end

and the velocity of approach negligible. When the velocity of approach
is considered the formula is ^ = 3.33 {L - 0.2 H)X[{H + h) ^h - h ^h].
The Francis form.ula is not applicable when the depth on the weir
exceeds one-third of the length nor to very small depths. The distance
from the side of the canal to the end of the weir should not be less than
three times the depth on the weir.
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With both end contractions suppressed the term 0.2 H is omitted from
the formula, and with one end contraction suppressed it becomes

If Q' = discharge in cubic feet per minute, and V and h' are taken in

inches, the first of the above formulae reduces to Q'= 0.4 V h' ^1^- From this
formula the following table is calculated. The values are sufficiently
accurate for ordinary computations of water-power for weirs without end
contraction, that is, for a weir the full width of the channel of approach.
For weirs with full end contraction multiply the values taken from the
table by the length of the weir crest in inches less 0.2 times the head in
incheSi to obtain the discharge.

Weir Table.

Giving Cubic Feet of Water per Minute that will, Flow over a Weir
One Inch Wide and from Vs to 207/8 Inches Deep.

For other widths multiply by the width in inches.

Depth. 1/8 in. 1/4 in. 3/8 in. 1/2 in. 5/8 in. 3/4 in. 7/8 in.

In. cu.ft. cu.ft. cu.ft. cu. ft. cu.ft. cu.ft. cu.ft. cu.ft.
.00 .01 .05 .09 .14 .19 .26 .32

1 .40 .47 .55 .64 .73 .82 .92 1.02
2 1.13 1.23 1.35 1.46 1.58 1.70 1.82 1.95
3 2.07 2.21 2.34 2.48 2.61 2.76 2.90 IM
4 3.20 3.35 3.50 3.66 3.81 3.97 4.14 4.30
5 4.47 4.64 4.81 4.98 5.15 5.33 5.51 3.69
6 5.87 6.06 6.25 6.44 6.62 6.82 7.01 7.21
7 7.40 7.60 7.80 8.01 8.21 8.42 8.63 8.83
8 9.05 9.26 9.47 9.69 9.91 10.13 10.35 10.57
9 10.80 11.02 11.25 11.48 11.71 11.94 12.17 12.41
10 12.64 12.88 13.12 13.36 13.60 13.85 14.09 14.34
11 14.59 14.84 15.09 15.34 15.59 15.85 16.11 16.36
12 16.62 16.88 17.15 17.41 17.67 17.94 18.21 18.43
13 18.74 19.01 19.29 19.56 19.84 20.11 20.39 20.67
14 20.95 21.23 21.51 21.80 22.08 22.37 22.65 21. 9A
15 23.23 23.52 23.82 24.11 24.40 24.70 25.00 25.30
16 25.60 25.90 26.20 26.50 26.80 27.11 27.42 27.72
17 28.03 28.34 28.65 28.97 29.28 29.59 29.91 30.22
18 30.54 30.86 31.18 31.50 31.82 32.15 32.47 32.80
19 33.12 33.45 33.78 34.11 34.44 34.77 35.10 35.44
20 35.77 36.11 36.45 36.78 37.12 37.46 37.80 38.15

When the velocity of the approaching water is less than 1/3 foot per
second, the result obtained by the table is fairly accurate. When the vel-
ocity of approach is greater than 1/2 foot per second, a correction should be
applied, see page 727.

For more accurate computations, the coefficients of flow of Hamilton
Smith, Jr., or of Bazin should be used. In Smith's Hydrauhcs will be found
a coUection of results of experiments on orifices and weirs of various shapes
made by many different authorities, together with a discussion of their
several formuL-e. (See also Trautwine's Pocket Book, Unwin's Hydrau-
lics, Church's Mechanics of Engineering, Merriman's Hydraulics,
WilMams and Hazen's Hydraulic Tables, Hughes and Safford's Hydrau-
lics, and Weir Experiments, CoeflQcients and Formulas, by R. E.
Horton, Water Supply and Irrigation paper No. 200 of the U. S.
Geological Survey.)

Bazin's Experiments.—M. Bazin (Annales des Fonts et Chaussees,
Oct., 1888, translated by Marichal and Trautwine, Proc. Engrs. (Jlub of
Phila., Jan., 1890) made an extensive series of experiments with a sharp-
crested weir without lateral contraction, the air being admitted freely be-
hind the falling sheet, and found values of m varying from 0.42 to 0.50,
with variations of the length of the weir from 19 3/4 to 78 3/4 in., of the
height of the crest above the bottom of the channel from 0.79 to 2.46 ft..
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and of the head from 1.97 to 23.62 la. From these experiments he deduces
the following formula:

Q == [0.425 + 0.21 (p^y]^^ "^^TgH,

in which P is the height in feet of the crest of the weir above the bottom ol
the channel of approach, L the length of the weir, H the head, both in feet,
and Q the discharge in cu. ft. per sec. This formula, says M. Bazin, is

entirely practical where errors of 2% to 3% are admissible. The following
table is condensed from M. Bazin's paper:

Values of the Coefficient m in the Formula Q = mLH V2 gH, for a
Sharp-crested Weir without Lateral Contraction; the Aib
BEING Admitted Freelt Behind the Falling Sheet.

Height of Crest of Weir Above Bed of Channel.

Head, H.
Feet...0.66 0.98 1.31 1.64 1.97 2.62 3.28 4.92 6.56 00

Inches 7.87 11.81 15.75 19.69 23.62 31.50 39.38 59.07 78.76 00

Ft. In. m m m m m m m m m m
0.164 1.97 0.458 0.453 0.451 0.450 0.449 0.449 0.449 0.448 0.448 0.4481
0.230 2.76 0.455 0.448 0.445 0.443 0.442 0.441 0.440 0.440 0.439 0.4391

0.295 3.54 0.457 0.447 0.442 0.440 0.438 0.436 0.436 0.435 0.434 0.4340
0.394 4.72 0.462 0.448 0.442 0.438 0.436 0.433 0.432 0.430 0.430 0.4291

0.525 6.30 0.471 0.453 0.444 0.438 0.435 0.431 0.429 0.427 0.426 0.4246
0.656 7.87 0.480 0.459 0.447 0.440 0.436 0.431 0.428 0.425 0.423 0.4215
0.787 9.45 0.488 0.465 0.452 0.444 0.438 0.432 0.428 0.424 0.422 0.4194
0.919 11.02 0.496 0.472 0.457 0.448 0.441 0.433 0.429 0.424 0.422 0.4181
1 050 12.60

14.17
15.75

0.478
0.483
0.489

0.462
0.467
0.472

0.452
0.456
0.459

0.444
0.448
0.451

0.436
0.438
0.440

0.430
0.432
0.433

0.424
0.424
0.424

0.421
0.421
0.421

0.4168
1.181 0.4156
1.312 0.4144
1.444 17.32

18.90
20.47
22.05
23.62

0.494 0.476
0.480
0.483
0.487
0.490

0.463
0.467
0.470
0.473
0.476

0.454
0.457
0.460
0.463
0.466

0.442
0.444
0.446
0.448
0.451

0.435
0.436
0.438
0.439
0.441

0.425
0.425
0.426
0.427
0.427

0.421
0.421
0.421
0.421
0.421

0.4134
1.575 0.4122
t 706 0.4112
1.837 0.4101

1,969 0.4092

A comparison of the results of this formula with those of experiments,
says M. Bazin, justifies us in believing that, except in the unusual case of a
very low weir (which should always be avoided), the preceding table will
give the coefficient m in all cases within 1%; provided, however, that the
arrangements of the standard weir are exactly reproduced. It is especially
important that the admission of the air beliind the falUng sheet be perfectly
assured. If this condition is not complied with, m may vary within much
wider limits. The type adopted gives the least possible variation in the
coefficient.

Triangular Weir.—For the formula of the triangular or V-notch
weir, see the Lea Recorder, page 759.
The Cippoleti, or Trapezoidal Weir.— Cippoleti found that by using

a trapezoidal weir with the sides inclined 1 horizontal to 4 vertical, with
end contraction, the discharge is equal to that of a rectangular weir
without end contraction (that is with the width of the weir equal to the
width of the channel) and is represented by the simple formula Q = 3.367

LH^/2. A. D. Flinn and C. W. D. Dyer (Trans. A. S. C. E., 1894), in
experiments with a trapezoidal weir, with values of L from 3 to 9 ft.

and of H from 0.24 to 1.40 ft., found the value of the coefficient to aver-
age 3.334, the water being measured by a rectangular weir and the results
being computed by Francis's formula, and 3.354 when Smith's formula
was used. They conclude that Cippoleti's formula when applied to a
properly constructed trapezoidal weir will give the discharge with an
error du© to combined inaccuracies, not greater than 1%.
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WATER-POWER,

Power of a Fall of Water —Efficiency. — The gross power of a fall

f»f
water is the product of the weight of water discharged in a unit of time

nto the total head, i.e., the difference of vertical elevation of the upper
surface of the water at the points where the fall in question begins and
ends. The term "head" used in connection with water-wheels is the
difference in height from the surface of the water in the wheel-pit to the
surface in the pen-stock when the wheel is running.

If Q = cubic feet of water discharged per second, D = weight of a cubic
foot of water = 62.36 lbs. at 60° F., H = total head in feet; then

DQH = gross power in foot-pounds per second,
and DQH -J- 550 = 0.1134 QH = gross horse-power.

If Q' is taken in cubic feet per minute, H.P. == ^ ^/\"" = .OOISOQ'H,

A water-wheel or motor of any kind cannot utilize the whole of the head
H, since there are losses of head at both the entrance to and the exit from
the wheel. There are also losses of energy due to friction of the water in
its passage through the wheel. The ratio of the power developed by the
wheel to the gross power of the fall is the efficiency of the wheel. For 75%
efficiency, net horse-power = 0.00142 Q'H = tK^*

A head of water can be made use of in one or other of the following ways,
viz.:

1st. By its weight, as in the water-balance and in the overshot-wheel.
2d. By its pressure, as in turbines and in the hydraulic engine, hydraulic

press, crane, etc.

3d. By its impulse, as in the undershot-wheel, and in the Pelton wheel.
4th. By a combination of the above.

Horse-power of a Running Stream. — The gross horse-power is

H.P. = QHX 62.36 -i- 550 = 0.1134 QH, in which Q is the discharge in
cubic feet per second actually impinging on the float or bucket, and H =
theoretical head due to the velocity of the stream = p-— = —— , in which

2 g 64.4
V is the velocity in feet per second. If Q' be taken in cubic feet per minute,
H.P. = 0.00189 Q'H.

Thus, if the floats of an undershot-wheel driven by a current alone be 5
feet X 1 foot, and the velocity of stream = 210 ft. per minute, or 31/2 ft.

per sec, of which the theoretical head is 0.19 ft., Q = 5 sq. ft. X 210 = 1050
cu. ft. per minute; H.P. = 1050 X 0.19 X 0.00189 = 0.377 H.P.
The wheels would realize only about 0.4 of this power, on account of

friction and slip, or 0.151 H.P., or about 0.03 H.P. per square foot of
float, which is equivalent to 33 sq. ft, of float per H.P.
Current Motors. — A current motor could only utihze the whol»

power of a running stream if it could take all the velocity out of the water,
so that it would leave the floats or buckets with no velocity at all; or in
other words, it would require the backing up of the whole volume of the
stream until the actual head was equivalent to the theoretical head due to
the velocity of the stream. As but a small fraction of the velocity of the
stream can be taken up by a current motor, its efficiency is very small.
Current motors may be used to obtain small amounts of power from large
streams, but for large powers they are not practicable.

Bernouilli's Theorem.—Energy of Water Flowing in a Tube. —
^2 fThe head due to the velocity is^r— ; the head due to the pressure is— ; the

head due to actual height above the datura plane is h feet. The total head
^2 f

!s the sum of these = —~ +h+ —An feet, in which v = velocity in feet per
2 g w

second, ' ^ pressure in lbs. per sq. ft., w = weigJat of 1 cu. ft. of water =»
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62.36 lbs. If p = pressure in lbs. per sq. In., — = 2.309 p. If a constant

quantity of water is flowing through a tube in a given time, the velocity-
varying at different points on account of changes in the diameter, the
energy remains constant (loss by friction excepted) and the sum of the
three heads is constant, the pressure head increasing as the velocity de-
creases, and vice-versa. This principle is known as " Bernouilli's Theo-
rem."

In hydraulic transmission the velocity and the height above datum are
usually small compared with the pressure-head. The work or energy of a
given quantity of water under pressure = its volume in cubic feet X its

pressure in lbs. per sq. ft.; or if Q = quantity in cubic feet per second,
and p = pressure in lbs. per square inch, W = 144 pQ, and the H.P.

= ^^ = 0.2618 pQ.

Maximum Efficiency of a JLong Conduit. — A. L. Adams and R. C.
Gemmell (Eng'g Neivs, May 4, 1893) show by mathematical analysis that
the conditions for securing the maximum amount of power through a long
conduit of fixed diameter, without regard to the economy of water, is that
the draught from the pipe should be such that the frictional loss in the pipe
will be equal to one-third of the entire static head.

Mill-Power. — A "mill-power" is a unit used to rate a water-power
for the purpose of renting it. The value of the unit is different in different
localities. The following are examples (from Emerson):

HolyoJce, Mass. — Each mill-power at the respective falls is declared to
be the right during 16 hours in a day to draw 38 cu. ft. of water per second
at the upper fall when the head there is 20 feet, or a quantity proportionate
to the height at the falls. This is equal to 86.2 horse-power as a maximum.

Lowell, Mass. — The right to draw during 15 hours in the day so much
water as shall give a power equal to 25 cu. ft. a second at the great fall,

when the fall there is 30 feet. Equal to 85 H.P. maximum.
Lawrence, Mass. -^ The right to draw during 16 hours in a day so much

water as shall give a power equal to 30 cu. ft. per second when the head is

25 feet. Equal to 85 H.P. maximum.
Minneapolis, Minn. — 30 cu. ft. of water per second with head of 22 feet.

Equal to 74.8 H.P.
Manchester, N.H. — Divide 725 by the number of feet of fall minus 1,

and the quotient will be the number of cubic feet per second in that fall.

For 20 feet fall this equals 38.1 cu. ft., equal to 86.4 H.P. maximum.
Cohoes, N.Y.— " Mill-power" equivalent to the power given by 6 cu. ft.

per second, when the fall is 20 feet. Equal to 13.6 H.P., maximum.
Passaic, N.J. — Mill-power: The right to draw 8 1/2 cu. ft. of water per

sec, fall of 22 feet, equal to 21.2 horse-power. Maximum rental $700 per
year for each mill-power = $33.00 per H.P.
The horse-power maximum above given is that due theoretiV.nlly to the

weight of water and the height of the fall, assuming the water-wheel to
have perfect efficiency. It should be multiplied by the efficiency of the
wheel, say 75% for good turbines, to obtain the H.P, delivered by the
wheel.
Value of a Water-power. — In estimating the value of a water-

power, especially where such value is used as testimony for a plaintiff
whose water-power has been diminished or confiscated, it is a common
custom for the person making such estimate to say that the value is repre-
sented by a sum of money which, when put at interest, would maintain a
steam-plant of the same power in the same place.

Mr. Charles T. Main {Trans. A. S. M. E., xiii. 140) points out that this
system of estimating is erroneous; that the value of a power depends upon
a great number of conditions, such as location, quantity of water, fall or
head, uniformity of flow, conditions which fix the expense of dams, canals,
foundations of buildings, freight charges for fuel, raw materials and finished
product, etc. He gives an estimate of relative cost of steam and water-
power for a 500 H,P. plant from which the following is condensed:
The amourifol heat required per H.P. varies with different kinds of

business, but in an average plain cotton-mill, the steam required for heat-
ing and slashing is equivalent to about 25% of steam exhausted from the
high-pressure cylinder of a compound engine of the power required to run
that mill, the steam to be taken from the receiver.
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The coal consumption per H.P. per hour for a compound engine is taken
at 1 3/4 lbs. per hour, when no steam is taken from the receiver for heating
purposes. The gross consumption when 25% is taken from the receiver is

about 2.06 lbs.

75% of the steam is used as in a compound engine at 1.75 lbs.= 1.31 lbs.

25% of the steam is used as in a liigh-pressure engine at 3.00 lbs. = .75 lb.

2.06 lbs.

The running expenses per H. P. per year are as follows:
2.06 lbs. coal per hour = 21.115 lbs. for 10 1/4 hours or one day =

6503.42 lbs. for 308 days, which, at $3.00 per long ton = $8.71
Atendance of boilers, one man @ $2.00, and one man @ $1.25 = 2.00
Attendance of engine, one man @ $3.50. 2.16
Oil, waste, and supplies. .80
The cost of such a steam-plant in New England and vicinity of 500

H. P. is about $65 per H. P. Taking the fixed expenses as 4%
on engine, 5% on boilers, and 2% on other portions, repairs at
2%, interest at 5%, taxes at 11/2% on 8/4 cost, and insurance at
1/2% on exposed portion, the total average per cent is about
121/2%, or $65 X 0.121/2 = 8.13

Gross cost of power and low-pressure steam per H. P. $21.80

Comparing this with water-power, Mr. Main says: "At Lawrence the
cost of dam and canals was about $650,000, or $65 per H. P The cost
per H. P. of wheel-plant from canal to river is about $45 per H. P. of
plant, or about $65 per H. P. used, the additional $20 being caused by
making the plant large enough to compensate for fluctuation of power
due to rise and fall of river. The total cost per H. P. of developed plant
is then about $130 per H. P. Placing the depreciation on the whole
plant at 2%, repairs at 1%, interest at 5%, taxes and insurance at 1%,
or a total of 9%, gives:

Fixed expenses per H. P. $130 x .09 = $11.70
Running expenses per H. P. (Estimated) 2.00

$13.70

"To this has to be added the amount of steam required for heating
purposes, said to be about 25% of the total amount used, but in winter
months the consumption is at least 371/2%. It is therefore necessary to
have a boiler plant of about 37 1/-^% of the size of the one considered with
the steam-plant, costing about $20 X 0.375 = $7.50 per H. P of total
power used. The expense of running this boiler-plant is, per H. P. of
the total plant per year:

Fixed expenses 121/2% on $7.50 $0.94
Coal 3 . 20
Labor 1 . 23

Total $5.43

Making a total cost per year for water-power with the auxiliary boiler
plant $13.70 4- $5.43 = $19.13 which deducted from $21.80 makes a
difference in favor of water-power of $2.67, or for 10,000 H. P. a saving
of $26,700 per year.

"It is fair to say," says Mr. Main, "that the value of this constant
power is a sum of money which when put at interest will produce the
saving; or if 6% is a fair interest to receive on money thus invested the
value would be $26,700 -^ 0.06 = $445,000."

Mr. Main makes the following general statements as to the value of a
water-power: "The value of an undeveloped variable power is usually
nothing if Its variation is great, unless it is to be supplemented by a
steam-plant. It is of value then only when the cost per horse-power'for
the double-plant is less than the cost of steam-power under the same
conditions as mentioned for a permanent power, and its value can be
represented in the same manner as the value of a permanent power has
been represented.
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"The value of a developed power is as follows: If the power can be
run cheaper than steam, the value is that of the power, plus the cost of
plant, less depreciation. If it cannot be run as cheaply as steam, con-
sidering its cost, etc., the value of the power itself is nothing, but the
value of the plant is such as could be paid for it new, which would bring
the total cost of riuining doAvn to the cost of steam-power, less de-
preciation."
Mr. Samuel Webber, Iron Age, Feb. and March, 1893, writes a series

of articles showing the development of American turbine wheels, and
incidentally criticises the statements of Mr. Main and others who have
made comparisons of costs of steam and of water-power imfavorable to
the latter. He says: "They have based their calculations on the cost
of steam, on large compound engines of 1000 or more H. P. and 120
poimds pressiu-e of steam in their boilers, and by careful 10-hour trials
succeeded in figuring down steam to a cost of about $20 per H. P., ignor-
ing the well-known fact that its average cost in practical use, except
near the coal mines, is from $40 to $50. In many instances, dams,
canals, and modern turbines can be all completed for a cost of $100 per
H. P. ; and the interest on that, and the cost of attendance and oil, will
bring water-power up to about $10 or $12 per annum; and with a man
competent to attend the dynamo in attendance, it can probably be
safely estimated at not over $15 per H. P."

WATEE-WHEELS.

Water-wheels are classified as vertical wheels (including current
motors, undershot, breast, and overshot wheels), turbine wheels, and
impulse wheels. Undershot and breast wheels give very low efiiciency,
and are now no longer bmlt. The overshot wheels when made of large
diameter (wheels as high as 72 ft. diameter have been made) and prop-
erly designed have given efficiencies of over 80%, but they have been
almost entirely supplanted by turbines, on account of their cumbersome-
ness, high cost, leakage, and inability to work in back water.

Tiu"bines are generally classified according to the direction in which
the water flows through them, as follows:

Tangential flow: Barker's mill. Parallel flow: Jonval. Radial out-
ward flow: Pourneyron. Radial inward flow: Thompson vortex;
Francis. Inward and downward flow: Central discharge scroll wheels
and earUer American type of wheels; Swain turbine.

HYDRAULIC TURBINES

Theory and Proportions.—For the theory of water turbines consult
Prof. De Volson Wood's paper on Hj^drauhc Reaction Motors, Trans.
A. S. M. E., xiv, 266; also Prof. Unwin's paper on Hydrauhcs, Ency.
Brit., 11th ed., vol. 14; Merriman's and Bovey's books on Hydrauhcs,
Church's Hydraulic Motors, and Daugherty's Hydraulic Turbines.
The following formulse and example are condensed from Church's
theoretical discussion of the subject.

Fig. 151 represents a simple Pourneyron or radial outward flow
turbine placed at the bottom of an open wheel-pit. PP is a short
penstock through which the water descends into a cyhndrical gate CC,
which is movable vertically. The water passes through the guides
G into the wheel or runner W. R' represents the resistance overcome
by the turbine acting tlu-ough the pulley AI at a velocity of -yi ft. per
second. The turbine itself is shown in black shading. EE and DD
are the two crowns or rings between which are inserted the curved
vertical buckets W.

Notation.—Referring to Figs. 152 and 152a.
Wji = absolute velocity of the water leaving the wheel at N,

being represented by the diagonal of the parallelogram
Cn %•

Cji = relative velocity of the water at N.
Vp, = velocity of the outer rim of the wlxeel,
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Wi = absolute velocity of the water entering the wheel channel at
the point 1 on inner rim of the runner, represented by the
diagonal of the parallelogram ci Vi.

ci = relative velocity of the water at the point 1.

Vi = velocity of the inner

18

rim of the wheel, tan-
gent.to the vane curve
at 1.

: angle between the tan-
gent to the inner rim
Vi and a tangent to
the direction of the
water at 1.

angle between tangent
vi and the tangent to
the vane at 1.

fji. = angle between v^i and

^n-
8 = angle between c^ and

the tangent to the
outer rim.

h = height, in feet, from the
surface of head-water
to that of tail-water.

ftx% = h e i gh t respectively

from a point halfway
between the crowns
(top and bottom of
the vanes) and the
head-water and tail-

water.
e = height or vertical dis-

tance between crowns,

n, Vi = radii of inner and outer
edges of the wheel.

Q = cubic feet of wateiused
per second, in steady
flow.

7 = weight of 1 cubic foot
of water, lb.

Ph Vji - internal pressure of

the water at entrance
and exit of the wheel.

Pd = pressure of atmosphere, lb per sq. ft.

& = height of the water barometer in feet.

If the wheel is rim at the proper speed and the angle /3 has been
given a value such that the tangent to the vane curve at 1 coincides
in direction with the relative velocity Ci, there will be no "elbow"
or sharp turn in the absolute path of the water as it enters the wheel,
but the path will be a smooth curve, GIN, Fig. 152a. In this way
impact or shock and the corresponding loss of energy are avoided.

The quantities, Q, hih^, J, ri, rz, a, and 8 being given, it is required

to determine the best value for the velocity v^ of the outer wheel-rim

and the proper height e between crowns so that the whole available
flow Q may be utilized. Nine unknown quantities are involved, viz.:

vi, Vfi, lOi, Wr^, e, Ci, Cji, Pi, and p^, and nine independent and simul-

taneous equations are needed.

Disregarding friction for the present, the following are the equations;

(1) Ci2 = Wi^ -(- i;i2 - 2 Wi Vi COS a.

(2) w^2 = Cyj2 + -1,^2 _ 2 Cn % cos 5-

(3, f> If =.+...

Fig,

Horizontal Section N A X.

151.—Fourneyron Turbine.
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(4)
<^1^..^^ £1+^+ '^jIz^.

(5) % = %, when the angle 5 is small.

(6) [27rri e sin a] Wx = [2;rr^ e sin 5] Cy^.

(7) Q = [27rr„ e sin 5] %.
(8) i;i -^ % = ri -^ rn-

(9) Pyi = 7/in + 2?a-

From these equations the following are derived:

(10) Velocity of outer rim for max. efficiency, v^ = ^ /g^ (tan a)^

(11) Power, ft.-lbs. per sec. exerted by the water on the turbine,

L. = Qlh - — 2~- '^^^ power L equals the whole theoretic power
of the mill-site less the kinetic energy carried away per second by the
water leaving the wheel at N.

Qy
(12) jL = —- (wJi vi cos a - [wji cos p.] v^).

Efficiency, ^7 = 1 -

Fig. 152a.—^Velocity Diagrams,

From (17)

Vn = 0.92

- sin 6).

From this expression we see

Absolute Path of ^^^^ the smaller the angles a
Water is G.I.N and d can be made the greater

the efficiency. In practice a Is

taken from 20° to 30° and 5 from
15° to 20°.

With a = 25° and 5 = 15° we
obtain rj = 0.92, but in actual
practice this figure is reduced to
80 per cent or less (unless in ex-
ceptional cases) on account of
fluid friction and imperfect
guidance of the water; 75 per
cent is a fairly good perform-
ance. When a turbine (fric-

tionless) is running with the
speed of maximum efficiency,

the following formula holds
good for all kinds of turbines

:

(13) Wi vi cos a = gh.

Example.—Given h = 60 ft.,

Q = 150 cu. ft. per sec, ri = 2
ft., r^ = 2.5 ft., angle a = 20°,

5 = 15°, it is reqmred to de-

sign an outward radial dis-

charge turbine having parallel
crowns, to find the outer rim

velocity Vji for the best effect,

the vane tangent angle ^ at

entrance and the proper dis-

tance e between crowns, that all

the water available may be used
at fvLll gate.

^ ~ =:o.92r.2 X 60 X 0.364

0.259
48 ft. per sec.
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With Vji = 2.5 ft. this is equivalent to ^

—

^ o < ~ ^^^ revs, permin.

From (6) taking c^ = v^,

% ffi sin 5 48 X 2.5 X 0.259 ^ ^ ^ -^
^1 = nsina = 2.0 X 0.342 = ^^'^ ^^' ^^^ ^^^•

From (8) Vi = n % -^ r^^ = (2 -r 2.5) 48 = 38.4 ft. per sec.

Whence 180° - /8 = 105° 19'; i3 = 74° 41'.

From (15) e = Q -i- 2irr„ sin 5 % = 150 ^ (2x x 2.5 X 0.259 X 48) =

0.768 ft., or, adding 10 per cent for thickness of vanes, 0.845 ft.

Assuming 75 per cent eflQciency, the power of this wheel is

0.75 X Qyh = 0.75 X 150X 62.4 X 60 = 421,200 ft.-lbs. per sec. = 766 H.P.
The formulae above given apply to inward flow as well as to outward

flow turbines. For axial flow tiu-bines n = r^ = r, which is measured
to the middle point of the ring containing the wheel vanes.
Another formula for the value of % for the best effect, assuming

8 i)er cent friction losses, is

u„=0.92 J^ "n Jh.,
yi F^ ri cos a

F^ being the aggregate sectional area of the exit passages of the

turbine, that of each passage being taken at right angles to the relative
velocity c^, and Fq the aggregate sectional areas of the guide passages

at the entrance point, 1.

To find /3, the vane tangent angle at the point 1,

(14) tan (180° - /5) =
""' '^ "^

.^ Vi-Wi cos a

To find €, the distance between crowns (the common height of all
the wheel passages at full gate),

(15) e = Q -^ ^irvji (sin 5) Vn.

This value should be increased somewhat (perhaps 10 per cent in
some cases) to allow for the thickness of the vanes.
When friction is taken into accoimt, the value of% (the velocity of

the outer rim) for best effect is

/ jgh tan a \
. ( I fo r^ sin 5 f^ tan a\

(^^) ^^ = W-^iET-^"^ V'V^+ 2- ^ sinacosa + ^-^j)

Sq and /^ are coefficients of resistance due to friction, respectively, of

the passages between the head water surface and the guide outlets
and the passages through the vanes. According to Weisbach, each of
these coefficients may be taken at from 0.05 to 0.10. Taking the
larger value the equation reduces to

Besides the loss due to friction of the passages there are other losses,

such as those due to the friction of the wheel in the tail-water, to axle
friction, and to leakage between the edges of the wheel-crowns and
the guides. Refined analysis of these losses is impracticable, and the
eflBciency of any given wheel can be determined only by actual test.

The formulae given above may be used for approximate computations
in the preUmlnary design of a turbine, but in practical design many
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considerations enter which the formulae do not cover, such as the
number of vanes and guides, their shape and proportions.
Determination of tlie Dimensions of Water Turbine Runners.— S. J.

Zowslii {Eng. News, Jan. 6, 1910) developed a series of empirical
formulae for the design of water turbine runners. The starting point
of the theory upon which the formulae are built is the formula for the
peripheral velocity of the mean circumference of the runner:

"'
\ sm /3 cos a ^ X m'h

Transformations of this equation and the application of certain
constants result in the empirical formTilse given in the accompanying
table:

Comparison of Formulae for Dimensions of Hydraulic Turbines
(Zowski).

Bucket
Angle ^
deg.

Vane
Angle 0.

Speed
Constant

Entrance
Diameter

D

No. of
Buckets

No. of
Guide
Vanes

Low speed

Medium speed

.

High speed ....

60-90

901

90-135

20 or less

25-32

30-40

I 4.588 to

J
5.198

;5.I98t
(7.006

99 ,_

99 to 134 ,_
VhN

3.7Vd

3.0^^5"

2.2-yJd

2.5 Vd~

3.0 Vd"

3.5 Vd"

Notes: Efficiency.—In the calculations leading to the figures in
the above table, a hydraulic efficiency of 84 per cent has been assumed
for medium-speed runners, and of 83 per cent for other types. These
eflBciencies are not unusual for rxmners of fair design and construction,
and with them the values of K^ above are obtained.

Values of /3 and a—For high heads, requiring low-speed rxmners, it

will be advisable to keep ^ in the neighborhood of 90°, since the smaller

the ratio /S/a the smaller is the pressure head under which the water
passes from the guide case into the rimner buckets.

Number of Buckets and Guide Vanes n and n'.—Some turbine builders
use in every case as many buckets as possible, but the majority use
less in a high-speed than in a low-speed runner. A few more guide
vanes than buckets should be used. It is advisable to use an even
number of guide vanes, and often, for maniifacturing reasons, to make
this number divisible by 4. The number of buckets should be im-
even to avoid having more than one bucket edge coincide with a vane
tip at the same time.

Prof. Zowski classifies turbines with respect to speed as low speed,
medium speed, and high speed. High-speed rmmers are those in

which the angle ^ is greater than 90°, medium speed, those in which
/3 is 90°, and low speed, those in which /3 is less than 90°. High-speed
runners are frequently known as the "American" type. He also
classifies them with respect to capacity, as low capacity, medium
capacity, and high capacity, based on the proportions of the runner
profile or the ratios of (a) diameter, D, at entrance point of buckets;
(6) diameter at exit point of buckets, D' ; (c) diameter at neck of draft
tube, D". See Fig. 153.

The capacity depends on the relation of B/D and varies between
the Umits of 1/30 -D and 1/2 D. The minimum value depends on the
purity of the water. Low capacity runners are stated to be those
in which the diameter of the draft tube is equal to or less than the
bucket exit diameter, and B/D will lie between I/30 and i/g. In
medixmi capacity runners, the draft tube diameter is larger than the
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bucket exit diameter, but less tlian the mean diameter of the ruimer;
B/D lies between i/s and 1/4. In high capacity runners, the draft
tube diameter is greater than the mean exit diameter of the runner^
and B/D Ues between I/4 and 1/2.

D 30 D 8 D 4:
a<—D— ^-^

D"< D'< D D"=D'< D D"^D>D' ^ = i.
D 2
D" > D"

Fig. 153.—Limiting Profiles of Three Types of Radial Inward
Flow Turbine.

The capacity of runners may be characterized by the capacity
constant

TT - ^ - ^^ D^ 'Wd^
If a series of values, as in the table below, be assigned to Kq and

these values substituted in the above equation, we may obtain the
diameter of the runner in terms of the discharge per foot of head.
The constants and resulting formulae for diameter are as follows:

Type of
Turbine.

Range of Diam. in
Terms of Qi.

Discharge Loss
in Terms of
Total Head.

Low speed, low capa-
city

Medium speed, medi-
xuoa capacity

High speed, high capa-
city .

0.2i to 0.89

0.89 to 2.19

2.19 to 4.66

(2.20 to 1.06) V^
(1.06 to 0.67) V^
(0.67 to 0.46) Vol

(0.04 to 0.06)H

(00.5 to 0.08)H

(0.08 to 0.15)H

The discharge loss represents the flow velocity at the neck of the
draft tube. With properly designed runners it is about the same as
the flow velocity in the discharge area of the riinner. This velocity
is a direct loss, which, however, is partly recovered by the conical lower
part of the draft tube. In low capacity runners it is not difficTilt to
reduce the discharge loss to a minimum in the riumer itself, while
in high capacity runners large discharge losses must be allowed. The
values given for discharge losses in the above table represent good
practice.
The speed and capacity constants have been combined by Prof.

:Zowsld to form a type characteristic Kp described below. The range
>of Ki is as foUows:

Low Speed, Low
Capacity.

12 to 28

Medium Speed, Medium High Speed, High
Capacity Capacity

28 to 44 44 to 87

(Compare the above ranges with those given;^by Baashuus on page771.
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Comparison of American High-Speed Runners—Type Characteristic.
. S. J. Zowski {Eng. News, Jan. 28, 1909) compares the runners of

standard American high-speed turbines by means of speed and capa-
city criteria. Referring to Fig. 154, he uses the notation:

H.P. = effective power of the runner.
N = speed of runner, r. p. m.
Q = discharge of runner, cu. ft. per sec.

Qi = specific discharge of runner = Q ^ yj H.
H = net head acting on turbine = gross head minus all losses in

head race conduit and tail race, in feet,

e^ = hydrauhc efficiency of the turbine ; (1 - e^^) H = head lost

inside of turbine due to friction, eddies and shocks.

D = mean entrance diameter of runner, feet.

d = mean entrance diameter of runner, inches.

B = height of guide case, feet.

a = angle between entrance speed and peripheral speed at D
(see Fig. 154).

^ = bucket angle at D
c = real entrance speed at D.
w = relative entrance speed at D.
V = peripheral speed at D.
n = number of buckets.

n' = number of guide vanes.

c^ = radial entrance speed at D =
radial component of c (see Fig.

154).

2^^ = speed constant.

Kq = capacity constant.

jK^ = type constant.

K^ = -^.
^ V-ff

= 0.83,

,- 4§

For a value of e-^ =

= 5.167 ^^15J ^-«) JIS
J cos a

For the conditions, /3 = 135°, a = 40°, and
e/j = 0.83; the value of Ky is about 7.0.

The constant Ky can also be used to de-

termine whether a fiirther increase of speed
is possible. If K^ be considerably larger

than 7, either the guaranteed speed is higher
than the speed at which the runner gives
maximum efficiency, or the nominal diam-
eter of the runner is larger than the mean
diameter T>.

Q _ Qx

Kg is the specific discharge of a nmner
with its diameter reduced to 1 ft. Kq wiU
have nearly the same value for all runners
of the same type and is a criterion for ca-
pacities of different nmner types.

The speed and capacity criteria, however,
fail to give the information as to what ex-
tent each type of runner meets the require-
ment of highest possible speed with highest capacity in cubic feet per
second. Two runners with different values of K^ and Kq may be equiv-

alent when the speed and capacity are considered together. A third

criterion K>. known as the type characteristic or specific speed, which

Fig. 154.— Horizontal
and Vertical Sections of
High-speed Tiirbine.
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combines Ky and Kq must be introduced to give this information.

A convenient method of combination has been indicated by Professor

Camerer, of Munich, and gives a value of Kf = -^=-^ = ^^ • •

Values of Hi-25 for different heads are given below.

Values of i?i-25

H H1.25 ff H1.25 H H1.25 H Hi-25 H H1.25

2 2.38 35 85.13 140 841.6 400 1789 900 4930
4 5.66 40 100.6 160 569.0 450 2073 950 5274
6 9.39 45 116.6 180 659.3 500 2364 1000 5623
8 13.45 50 133.0 200 752.2 550 2663 1200 7079
10 17.78 60 167.0 220 847.3 600 2970 1400 8564
12 22.33 70 202.5 240 944.6 650 3282 1600 10120
15 29.52 80 239.3 260 1044 700 3601 1800 11724
20 42.29 90 277.2 280 1145 750 3925 2000 13375
25 55.90 100 316.2 300 1249 800 4255 2500 17678
30 70.21 120 397.2 350 1514 850 4590 3000 22202

The value of K^ is an absolute criterion for turbines in reference to

the combination of highest speed, highest capacity and good efQciency.
Its meaning can be found by assuming H.P. = 1 and H = 1, when
K^ = N in V. p. m. The following table compares the capacity and
speed constants and type characteristics of the standard American
turbines by means of this criterion

:

Mean Values of Capacity Constants, Speed Constants and Type Char-
acteristics of American High-Speed Runners.

Values in Foot and Pound System.

Name of Runner Type.

Capa-
city
Con-
stant,

Speed
Con-
stant,

Type
Charac-
teristic,

Velocity
Coefficient,

V

Kv

Smith
Improved New American

.

Leviathan
Improved Samson
Victor Increased Capacity,
Victor Standard Capacity.
Trump
New Success
New American

' MeCormick*
Jolly McCormick*
Alcott High Duty Special.
Risdon Double Capacity,

.

3.68
3.43
2.96
3.18
3.59
3.26
3.52
2.75
2.8

2.25
1.7

7.26
7.1

7.47
7.07
6.1

6.1

5.87
5.88
5.6

5.35

5.46
5.9

80.6
79
74.1

73.1
66.6
63.5
63.4
55
54.1

51.4

46.7
43.8

0.905
0.885
0.931
0.881
0.761
0.761
0.729
0.733
0.69

0.667

0.681
0.735

*These two runners are identical and have the same characteristics.
The makers of the above turbines are as follows: 1. S. Morgan Smith Co.

2. Dayton Globe Iron Works Co. 3. Risdon-Alcott Turbine Co. 4. The James
Leflfel & Co. 5. Piatt Iron Works Co. 6. Trump Mfg. Co. 7. Wellman-
Seaver-Morgan Co.

The data were gathered from catalogs of the different concerns and
the values of power and speed tabulated in the catalogs were based
on tests made in the Holyoke flume. The values of the discharge are
based on the assumption of 80 per cent efficiency.
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f Specific Discharge.—Prof. Merriman (Hydraulics, 10th ed., p. 476)
uses a coefllcient or efficiency which he calls the specific discharge.
It is the discharge of a 1-H.P. turbine under a head of 1 foot. If Q is

the discharge of a turbine, in cubic feet per second, H the head in feet
and H.P. the horsepower, then the specific discharge Q^ =^i?/H.P.
The specific discharge is characteristic of the efficiency of a given type,
and is the greater the lower the efficiency. For high, medium and
low efficiency, respectively, the specific discharge is less than 10, from
10.5 to 11.5 and greater than 12.
The specific diameter of a given type is the diameter D correspond-

ing to a head of 1 foot and the specific speed N^ (or type characteristic

K^). By means of a test on one size of a given type the quantities

Ng, Qg and a constant, fci, can be computed. For any other size of

that type under any head H
N = Ns h^-^^ -^ V Hl\

^, _N vitp:

of the turbines named:

Manufacturer.

AUis-Chalmers Co

.

Risdon-Alcott Co,

.

S. Morgan Smith Co

.

Q=QsB..F. -v-H D = fci ^JHi^N

^s H.P.

, ND

bhese constants have been obtained in tests

Type.
Specific
Speed

Specific

charge.

Qs

Specific
Con-
stant

A
B
c
D

13.4
20.4
29.4
40.6

11.6
11.6
11.6
11.1

1078
1149
1224
1280

Alcott
Risdon

Leviathan

47
47.5
74.1

11.1
10.4
11.0

1250
1350
1714

McCormick
New Success

Smith

53
57
81

11.0
11.0
10.9

1260
1350
1660

Tlie Use of Type Characteristics to Determine the Size and Type
of Turbines.—N. Baashuus {Eng. News, March 2, 1911) discusses the
use of type characteristics as developed by Zowski for determining
the size and type of turbine to be used in power plants. If H.P. be
the horsepower capacity of a single turbine unit, N the speed of
the turbine in r. p m., H effective head at the turbine casing in

N /h P
feet, Kf = —^—L~^, The value of Kf for radial inward flow tur-

•^ \ aTH
^

bines will lie between 10 and 100, while for impulse wheels it will lie

between 5 and 1, or even a lower figure. The practical type char-
acteristics will always be within these limits irrespective of the capacity,
speed, head, size or design of the turbine. Where an inward flow
turbine has more than one runner, or the impulse wheel more than
one nozzle, the H.P. to be appUed in the above formula is the power
developed by one runner or one nozzle only.
Example.—Assuming an available effective head of 324 feet and an

available flow of about 310 cu. ft. per sec. at the power-plant site,

the total capacity is H.P.i = ^^^ = 9,100. Of this, 100 H.P. wiU be

required for exciters and lighting purposes, calling for two 100-H.P.
exciter units running jat 550 r. p.m., one being in reserve. The remain-
ing 9,000 H.P. would be generated by three 3,000-H.P. imits run-
ning at 500 r. p. m. with a fourth unit as a reserve. From these

data we find the type characteristic of the main tmit iCj = -^^q -x/ /

—

'

= 21 calling for a radial inward flow turbine. Likewise for an exciter
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unit, K^ = 4,25, calling for an impulse wheel. This characteristic is

not only intended to give information as to the class of wheel to be
used, but it will also indicate the particular variety in each class.

The accompanying table shows the values of Kp and the eflQciency

Classes of Radial Inward Flow Turbines

Type of Turbine. fCf*

Efficiencsrt

Efficiency
at Half
Power.

Low speed
Medium speed . .

High speed
Very high speed

.

10 to 20
30 to 50
60 to 80
90 to 100

82
82

73

3/4

3/4

8/10

9/10

76
75
70
53

of various classes of radial inward flow types. The flgiu'es are only
approximate and there are tm-bine tests on record showing better
results. The table, however, is a guide as to the particular type of
machine to be instaUed. Similarly the relation of type characteristic
to efficiency in impulse wheels is as follows:

Kit = 1 2 3 4 5
Efficiency at about M PowerK =80 79 78 77 76

In selecting a type for a proposed turbine plant, the speed in revolu-
tions can be chosen so that turbines of high efficiency are secured.
In cases of low head, the turbines would riui too slowly for most pur-
poses, which disadvantage can be overcome by keying several nmners
to one shaft. For instance: A 750-H.P. dynamo is to be driven at
257 r. p. m. under 36 ft. head. Yie may use one, two or four turbines
to develop the power, the values of IQ being 80, 56.5 and 40 respec-

tively. The first corresponds to the high-speed turbine which would
be imsuitable if water were scarce in dry seasons. The second would
utilize water in a more economical way, while the third combination
represents the most favorable type as to efficiency. Similarly, the
number of runners or nozzles on impulse wheel installations may be
detemdned.
With a 400-ft. head, and 1300 H.P. to be developed at an efficiency

of not less than 78 per cent, a turbine whose value of Kf^ is about 3

should be used. The revolutions with a single turbine wheel will be

N=KiXHX ^JW/N = 150.

If this is too slow, two nozzles can be arranged to supply water to
the runner, each supplying one-half of the 1300 H.P., and the cor-
responding r. p. m. would be 212. Likewise, with four nozzles N =
300, and with six N = 357, giving the same efficiency in each case.
The characteristic K^ also can be used to determine the principal

dimensions of turbines for any given installation. The various di-
mensions of a given type of standard tiu-bine can usually be expressed
as functions of the diameter of the runner, which fimctions are prac-
tically the same for all sizes of the same type. If a turbine plant of
a certain type characteristic K^ is proposed, it may be compared with

*Ki refers to the maximum power of one rimner only. In some
cases where K^ exceeds 100, multiplex turbines must be used.

tAt maximum power the efficiencies are a few per cent lower than
at maximum efficiency.
tK^ refers to maximum power of one nozzle only. In cases where the

type characteristic is between 5 and 10, tvu'bines with more than one
nozzle must be used.
HAt maximum and half power, the efficiencies are a few per cent lower.
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any existing plant of the same type characteristic built in the same way
as the natural conditions dictate that the new one should be built.
Standardized turbines of the same type will have runner diameters in

the ratio of ^'n/h, and this ratio may be applied to the dimensions of
the existing plant, to determine those of the new one.

Example.—A proposed power house is to have three turbines on
horizontal shafts, two runners per turbine, developing 625 H.P. per
runner at 257 r. p. m. under an effective head of 39 ft. The type
characteristic for a twin turbine is

257
Kt=- ^2

1250 „_
, r=r = 66.
/ 2 X V 39

Assume that the dimensions of an existing plant of similar type
to the proposed are available, and that tliis plant operates under an
effective head of 53 ft., and develops 650 H.P. per runner in twin tur-
bines, at 360 r. p. m. Its type characteristic would be 64, which would
be close enough to that of the proposed plant for our purpose. The
ratio between the sizes of the turbines would be

^1 _ J^IM ^ IMl - ^ /S V ^1 - -. /H V ?60
D2~ Ni • N2 \Hi^N2 \53^257"

and all dimensions of turbines in the new plant would be 1.2 times
those of the old. This method is, of course, approximate, and it may
be sometimes advisable to increase somewhat the obtained results.

Estimating the Weight of a Turbine.—A preliminary approximate
estimate of the weight of a turbine may be determined in the same
manner from the known weights of existing plants. If designed for
the same head, turbines of different sizes of a standardized series will
have weights approximately proportional to a function of the ratio of
diameters:

1.2

t— (g)^'^ --(§-:) •

» = trom|
' (1)

•

The first value should be used with D2/D1 less than 1, and the second
with D2/D1 greater than 1. For different heads the weights of turbines
of the same size are approximately in the proportion:

(f)^'3uptO,

The iirst value should be used with H2/H1 less than 1, and the
second with H2/H1 greater than 1.

Wi, Di and Hi always refer to the installation whose weight is known.
Selecting a Turbine.—In selecting a turbine for a given location

manufacturers' catalogs should be consulted, and the characteristics
of the several designs that seem to fit the conditions should be com-
pared before making a decision. Considerations of first cost, space
occupied, number of revolutions, regulation, etc., tend to compUcate
the problem. The type of wheel that is best suited for different heads
is roughly indicated in the following table:

Head. Type. Remarks.

Under 30 ft.

30 to 50 ft.

50 to 100 ft.

100 to 600 ft.

300 to 600 ft.

600 to 3000 ft.

Open flume.

Open flume or
steel encased.

Steel-plate en-
cased.

Cast-iron cas-
ings.

Impulse wheels.
Impulse wheels.

Except single units of less than 100 H.P.
when the encased type may be preferable.

The latter most economical for units of less

than 500 H.P.
Except small units, when cast-iron casings
may be lower in cost.

Cast steel for large units under high heads. :

For wheels under about 500 H.P.
Reaction wheels for special conditions, where

little or no regulation is required.

Limits to type characteristics K^ may be imposed by runner strength,

tendency to erosion or pitting, or Umits in the generator construction.
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The approximate relation of the characteristic to the head, in general
use, is as follows:

Head in feet 20 50 100 200 300 400 500 600
Type characteristic 90 70 50 37 31 28 26.5 25

The relation of type characteristic Kf^ to other variables is about as

foslow:

Kf 10 20 30 40

,60

4.8

0.64

5.1

11

72

30

0.68

5.4

18

0.71

5.7

25

100

50

0.74

6

33

110

60

0.76

6.2

42

120

70 80 90 100

0.78

6.4

48

130

0.80

6.5

53

140

0.82 0.83

6.6

57

149

6.7

60

157

V )

^l2^\
^'

Speed coeflf .* .

,

Width of runner,
per cent of Di . . 7

Runner discharge
diam.%of J?i.. 48

*Runner inlet peripheral velocity, ft. per sec, for 1 ft. head.
Di, inlet diameter.

Efficiency of Turbine Wheels.— Up to about 1910, the opinion was
commonly held that high efficiencies were imobtainable with wheels of
high type characteristics {K^). Tests of turbines at the Holyoke
flume, of wheels designed since that time, show that this opinion is

erroneous. S. J. Zowski (Eng. Bee, Nov. 28, 1914, Dec. 26, 1914)
presents curves of several tests wherein remarkably high efficiencies

have been obtained with high type characteristic wheels. The follow-
ing table gives the principal data and best efficiency of the several
wheels.

Efficiency of Turbine Wheels.

Holyoke
Test

Diam.,
In,

Best
Efficiency,

Normal
Speed,

Normal
Power,

Type
Charac- B'lder.

See
No. Per Cent. R.P.M.* H.P.i* Kf note.

1900 35 90 45.3 2.48 71.3 A
2060 30 87.2 49.0 3.19 87.4 B
2068 30 83.2 51.8 3.20 92.8 B
2121 30 89.2 . 48.0 2.65 78.0 B
2122 30 89.3 49.9 3.25 90.0 B
2208 30 90.1 47.8 3.60 91.0 C
2359 35 93.07 47.2 2.7 77.6 A
2363 30 90.7 50 4.17 102 A

*The normal power and normal speed are the speed and power of

thejurbme reduced to 1 ft. head. H.P.i = H.P. -^ H ^W. Ni = N-r-

V H where H.P. is the actual horsepower developed, iV the actual
r.p.m. and H the head in feet.
Note.—The builders of the above turbines are: A—The James Leffel

& Co. ; B—AUis-Chalmers Co. ; C—I. P. Morris Co.
Further details of the tests of the last two turbines are reported

by the maker as follows.

Holyoke Test No. 3359, Vertical 35, Type F Turbines

Rev. Propor-
tional

Gateage.

1 1 Ft. Head. 14 Ft. Head. 17 Ft. Head. 20 Ft. Head.

Mm. Effi-

ciency.
Horse-
Power.

Effi-

ciency.
Horse-
Power.

Effi-

ciency.
Horse-
Power.

Effi-

ciency.
Horse-
Power.

175
175
175

175
175
175

1.000
.889
.833
.778
.667
.556

88.00
89.30
86.45
84.85
81.25
76.00

108.5
99.6
87.0
80.1
66.9
49.5

87.47
91.08
93.00
90.80
87.45
83.45

154.5
147.6
141.4
127.5
103.2
80.1

86.00
88.60
90.15
90.10
88. QQ
84.83

202.4
190.6
182.2
172.4
141.6
112.2

84.25
86.30
86.65
86.70
86.60
84.35

251.5
234.5
222.5
210.0
80.2
42.3
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Holyoke Test No. 2363, Vertical 30, Type Z Turbines

Rev. Propor-
tional

Gateage.

1 1 Ft. Head. 14 Ft. Head. 17 Ft. Head. 20 Ft. Head.

Min. Effi- Horse- Effi-. Horse- Effi- Horse- Effi- Horse-
ciency. Power. ciency. Power. ciency. Power. ciency. Power.

1.000 83.50 162.3 83.35 227.5 81.40 288.0 79.30 348.0
.891 87.30 160.0 87.30 223.5 85.35 285.0 83.30 344.0
.796 88.35 148.7 90.00 215.5 87.90 273.0 85.85 330.5
.749 86.65 137.8 90.50 206.5 89.07 265.0 86.75 320.8
.700 84.20 127.0 89.55 192.5 89.28 252.0 87.00 305.0
.600 77.20 100.4 83.90 155.2 87.23 215.5 85.90 269.5
.500 70.90 77.8 77.20 121.0 80.65 168.0 1 81.60 217.5

Relation of Gate Opening to Efficiency.—The per cent of gate opening
corresponding to different efficiencies and different type characteristics
are approximately as follows in modem types of turbines:

<—— .

—

_—Type Characteristics. >

Effi-
20 30 40 60 60 70 80 90 100

iency. Gate Openings Corresponding to the Stated Efficiencies.

85 95 96 97 98 99 98 97 96 94
90 75 65-82 65-82 68-80 72-78 77
85 57 56 55 55 57 60 64 70 82
80 45 44 44 45 47 50 55 60 70
75 36 35 35 36 37 39 46 55 64
70 27 26 25 26 28 32 38 48 60

Relation of Efficiency and of Water Consumption to Speed.—Fig. 155
(from Church) shows graphically the results of tests of a 160-H.P.

0.2, 0.1

Fig. 155.—Test Kesults of a 160-H.P. Fourneyron Tiu-bine.

^S^^^Z^^^ turbine. It will be seen that there is a certain speed atwmch the turbine gives its maximum efficiency, and that the efficiency

r., ^ rapidly as the speed is either decreased or increased.
.
^|^*s »* the Pliiladelphia Exhibition, 1876 (R. H. Thurston, Trans.

A- ^. M. E., vui, 359).—Twenty wheels were tested, of which thirteen,

lol^ ®™<^^encies ranging from 75.15 to 87.68 at full gate, averaging.
7».0b per cent. The other seven gave results between 65 and 75 per
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cent. At less than full gate the following average results were ob-
tained from the thirteen wheels:

Per cent of fuU discharge,
about 9/10 7/8 3/4 6/8 I/2 1

Number of wheels tested ..... 4 6 8 6 4 1
Efficiencies, average 73.5 74.6 70.8 65.1 70.7 55.0

Bating and Efficiency of Turbines.—The following notes and tables
are condensed from a pamphlet entitled "Turbine Water-wheel Tests
and Power Tables," by R. E. Horton. Water-supply and Irrigation
Paper No. ISO, U. S. Geol. Survey, 1906.
Theory does not indicate the numbers of guides of buckets most de-

sirable. If, however, they are too few, the stream wiU not properly
follow the flow hues indicated by theory. If the buckets are too small
and too numerous, the surface-friction factor will be large.

It is customary to make the number of guide chutes greater than the
number of buckets, so that any object passing through the chutes will
be likely to pass through the buckets also.
With most forms of gates the size of the jet is decreased as the gate is

closed, the bucket area remaining xmchanged, so that the wheel operates
mostly by reaction at full gate and by impulse to an increasing extent as
the gate is closed. Hence, the speed of maximum efficiency varies as
the gate is closed. The ratio peripheral velocity ^ velocity due head
for maximum efficiency for a 36-inch Hercules turbine is given below:

Proportional gate opening. Full 0.806 0.647 0.489 0.379
Maximum efficiency 85 . 6 87 . 1 86 .

3

80 73 .

1

Periph. vel. -^ vel.due head 0.677 0.648 0.641 0.603 0.585

The double PoumejTon turbine used in the first installation of the
Niagara FaUs Power Co. is operated tmder a head of about 135 ft. Two
wheels are used, one being placed at the top and the other at the bottom
of the globe penstock. The nmner and buckets are attached to the ver-
tical shaft. Holes are provided in the upper penstock drum to allow
water under fuU pressTire of the head to pass through and act vertically
against the upper runner. In this way the vertical pressure of the great
column of water is neutralized and a means is provided to counter-
balance the weight of the long vertical shaft and the armature of the
dynamo at its upper end. These tiu-bines discharge 430 cu. ft. per
second, make 250 rev. per min., and are rated at 5000 H.P.
A Foumeyron turbine at Trenton Falls, N. Y., operates under 265 ft.

gross head and has 37 buckets, each 5i^ in. deep and i3/i6 inch wide at the
least section. The total area of outflow at the minimima section is 165
sq. in. The wheel develops 950 H.P.
The theoretical horse-power of a given quantity of water Q, in cu. ft.

per min., falling through a height H, in ft., is H.P. = 0.00189 QH.
In practice the theoretical power is multipUed by an efficiency factor

E to obtain the net power available on the tiirbine shaft as determin-
able by dsmamometer test.

Manufacturers' rating tables are usually based on.efflciencies of about
80%. In selecting turbines from a maker's Ust the rated efficiency
may be obtained by the following formida:

E = tabled efficiency. H.P. = tabled horse-power. Q = tabled dls-

V, / ^+ • N * u ^ xr E^ 33,000 X H.P. ^„o „ H.P.
charge (cu.ft.per mm.) for any head H. E == • ^^ a ^, ^ ht = 528.8 vr^rD^

. 4 X V -" V -"

Relations of Power, Speed and Discharge.—Nearly all American tur-
bine builders pubUsh rating tables showing the discharge in cu. ft. per
min., rev. per min., and H.P. for each size pattern under heads varying
from 3 or 4 ft. to 40 ft. or more.

Examples of each size of a number of the leading types of turbines
have been tested in the Holyoke flume. For such turbines the rating
tables have usually been prepared directly from the tests.

Let M, R, and Q denote, respectively, the H.P., r.p.m., and discharge
in cu. ft. per min. of a turbine, as expressed in the tables, for any head
H in feet. The subscripts 1 and 16 added signify the power, speed, and
discharge for the particular heads 1 and 16 ft., respectively.

Let P, N, and F denote coefficients of power, speed, and discharge.
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which represent, respectively, the H.P., r.p.m., and discharge in cu. ft.
per sec. under a head of 1 ft.

The speed of a turbine or the number of rev. per min. and the dis-
charge are proportional to the square root of the head. The H.P.
varies with the product of the head and discharge, and is consequently
proportional to the three-halves power of the head.

Given the values of M, B, and Q from the tables for any head H, these
quantities for any other head h are

:

Mh-Mj^'.: h3/2 :
h^l2- B^ : Ilh -

'•

^^'^
• ^^^^i Qr Qh '

• H^^^ ' Ji^'^-

If H and h are taken at 16 ft. and 1 ft., respectively, the valuesof
the coeflQcients P, N, and j^ are:

P = Mi6/i3"^/2 = Mi6/64 = 0.01562 Mie
N = BiQ/H^I^ = i2l6/4 = 0.25 BiQ
F = <?i6/60 H^/2 = ^16/240 = 0.00417 Qw.

P, N, and F, when derived for a given wheel, enable the power, speed,
and discharge to be calculated without the aid of the tables, and for
any head H, by means of the following formuise ;

M = Ml H^lyHi = PH3/2

B = BiVhThi = nVh
Q = QiVH/Hi = 60 fVh.

Since at a head of 1 ft^^and Mi, Bi, and Qi equal P, N, and 60 F, re-

spectively, JFfi^/2 and \/Hi each equals 1. Calculations involving H^^^
may be facilitated by the use of the appended table of three-halves
powers. Rating tables for sizes other than those tested are computed
usually on the following basis:

1. The efficiency and coefficients of gate and bucket discharge for the
sizes tested are assumed to apply to the other sizes also.

2. The discharge for additional sizes is computed in proportion to
the measured area of the vent or discharge orifices.

Having these data, together with the efficiency, the tables of dis-
charge and horse-power can be prepared. The peripheral speed cor-
responding to maximum efficiency determined from tests of one size
of turbine may be assumed to apply to the other sizes also. From this
datum the revolutions per minute can be computed, the number of
revolutions required to give a constant peripheral speed being inversely
proportional to the diameter of the turbine.

In point of discharge, the writer's observation has been that the rat-
ing tables are usually fairly accurate. In the matter of efficiency there
are undoubtedly much larger discrepancies.
The discharge of turbines is nearly always expressed in cubic feet per

minute. The "vent" in square inches is also used by millwrights and
manufacturers, although to a decreasing extent. The vent of a turbine
is|the area ofian orifice which would, under any given head,theoretically

~ discharge the"'same quantity of water that is vented or passed through a
turbine under that same head when the wheel is so loaded as to be
running at maximum efficiency.

If y = vent in sq. in., Q = discharge in cu. ft. per min. under a head
H, F = discharge in cu. ft. per^ sec. under a head jof 1 foot, then Q =
60 V/144\/2 gH = 3.344 VVH, and V= 0.3 Q/VH; also V= 17.94 F
and F = 0.0557 V.
The vent of a turbine should not be confused with the area of the

outlet orifice of the buckets. The actual discharge through a turbine
is commonly from 40 to 60% of the theoretical discharge of an orifice

whose area equals the combined cross-sectional areas of the outlet
ports measured in the narrowest section.

Tests of Turbine Discharge by Salt Solution.— Abraham Streiflf

(Eng. Bee, Jan. 31, 1914) describes a method of determining the dis-

charge of a turbine by means of a concentrated salt solution injected
in the head or tail race. The degree of dilution of the salt in the
tail race after a certain period of time is an index of the discharge of
the turbine. The ratio of the discharge of the initial solution to the
discharge of the turbine varies inversely as their concentrations.

{Continued on page 778) .
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Table of H '2 for Calculating Horse-Power of Turbines.

0.0 0.2 0.4 0.6 0.8

73

0.0 0.2 0.4 0.6 0.8

0.00 0.09 0.25 0.46 0.72
I 1.00 1.32 1.66 2.02 2.42 51 364.21 366.36 368.50 370.66 372.82
2 2.83 3.26 3.72 4.19 4.69 52 374.98 377.14 379.31 381.48 383.66
3 5.20 5.72 6.27 6.83 7.41 53 385.85 388.03 390.22 392.42 394.61
4 8.00 8.61 9.23 9.87 10.52 54 396.81 399.02 401.23 403.45 405.67
5 11.18 11.86 12.55 13.25 13.97 55 407.89 410.11 412.35 414.58 416.82

6 14.70 15.44 16.19 16.96 17.73 56 419.07 421.31 423.56 425.81 428.07
7 18.52 19.32 20.13 20.95 21.78 57 430.34 432.60 434.87 437.15 439.43
8 22.63 23.48 24.35 25.22 26.11 58 441.71 444.00 446.29 448.58 450.88
9 27.00 27.91 28.82 29.75 30.68 59 453.09 455.49 457.80 460.12 462.43
10 31.62 32.58 33.54 34.51 35.49 60 464.75 467.08 469.41 471.75 474.08

It 36.48 37.48 38.49 39.51 40.53 61 476.42 478.77 481.12 483.47 485.82
12 41.57 42.61 43.66 44.73 45.79 62 488.19 490.55 492.92 495.29 497.67
13 46.87 47.96 49.05 50.15 51.26 63 500.04 502.43 504.82 507.20 509.60
14 52.38 53.51 54.64 55.79 56.94 64 512.00 514.40 516.80 519.22 521.63
15 58.09 59.26 60.43 61.61 62.80 65 524.04 526.46 528.89 531.31 533.75

16 64.00 65.20 66.41 67.63 68.85 66 536.18 538.62 541.07 543.51 545.96
17 70.09 71.33 75.58 73.84 75.10 67 548.42 550.87 553.33 555.80 558.27
18 76.37 77.64 78.93 80.22 81.52 68 560.74 563.22 565.70 568.18 570.66
19 82.82 84.13 85.45 86.77 88.10 69 573.16 575.65 578.14 580.65 583.15
20 89.44 90.79 92.14 93.50 94.86 70 585.66 588.17 590.68 593.20 595.73

21 96.23 97.61 99.00 100.39 101.79 71 598.25 600.79 603.32 605.85 608.39
22 103.19 104.60 106.02 107.44 108.87 72 610.93 613.48 6 16.. 04 618.59 621.15
23 110.30 ni.74 113.19 114.65 116.11 73 623.71 626.27 628.84 631.41 633.99
24 117.58 119.05 120.53 122.01 123.50 74 636.57 639.15 641.74 644.33 646.92
25 125.00 126.50 128.01 129.53 131.05 75 649.52 652.11 654.72 657.33 659.94

26 132.57 134.11 135.65 137.19 138.74 76 662.55 665.17 667.79 670.41 673.04
27 140.30 141.86 143.43 145.00 146.58 77 675.67 678.20 680.94 683.58 686.23
28 148.16 149.75 151.35 152.95 154.56 78 688.87 691.52 694.18 696.84 699.50
29 156.17 157.79 159.41 161.04 162.68 79 702.16 704.83 707.50 710.18 712.85
30 164.32 165.96 167.61 169.27 170.93 80 715.54 718.22 720.92 723.60 726.30

31 172.60 174.27 175.95 177.64 179.33 81 729.00 731.70 734.40 737.11 739.82
32 181.02 182.72 184.42 186.13 187.85 82 742.54 745.26 747.98 750.70 753.43
33 189.57 191.30 193.03 194.76 196.51 83 756.16 758.90 761.63 764.38 767.12
34 198.25 200.00 201.76 203.52 205.29 84 769.87 772.62 775.37 778.13 780.89
35 207.06 208.84 210.62 212.41 214.20 85 783.66 786.42 789.20 791.97 794.75

36 216.00 217.80 219.61 221.42 223.24 86 797.53 800.31 803.10 805.89 808.68
37 225.06 226.89 228.72 230.56 232.40 87 811.48 814.27 817.08 819.88 822.70
38 234.25 236.10 237.95 239.82 241.68 88 825.51 828.32 831.15 833.97 836.79
39 243.56 245.43 247.31 249.20 251.09 89 839.62 842.45 845.29 848.13 850.96
40 252.98 254.88 256.79 258.70 260.61 90 853.81 856.66 859.51 848.37 865.22

41 262.53 264.45 266.38 268.31 270.25 91 868.08 870.94 873.81 876.68 879.55
42 272.19 274.14 276.09 278.05 280.01 92 882.43 885.30 888.19 891.07 893.96
43 281.97 283.94 285.91 287.89 289.88 93 896.86 899.75 902.65 905.55 908.45
44 291.86 293.86 295.85 297.85 299.86 94 911.36 914.27 917.18 920.10 923.02
45 301.87 303.88 305.90 307.93 309.95 95 925.94 928.87 931.79 934.73 937.66

46 311.99 314.02 316.07 318.11 320.16 96 940.60 943.54 946.48 949.43 952 38
47 322.22 324.27 326.34 328.41 330.48 97 955.33 958.29 961.25 964.21 967.17
48 332.55 334.63 336.72 338.81 340.90 98 970.14 973.11 976.09 979.07 982.05
49 343.00 345.10 347.21 349.32 351.43 99 985.03 988.02 991.01 994.00 996.99
50 353.55 355.67 357.80 359.93 362.07 100 1000.00
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Power Table for Turbines—Leffkl Vertical Standard Samson Type (1916)

P = horsepower; W = quantity of water, cu. ft. per sec; S = speed, r.p.m.

Head, Feet.

Size.
3 5 10 15 30 25 30 35 40 50

17E
P
W
s

1.1

252
161

2.5
325
208

7.0
460
294

12.9
553

360

19.9
650
416

27.8
727
464

36.5
796
510

46.2
860
550

56. 3r

919
588

78.0
1026

657

17D
j

p
w
s

1.5
328
161

3.2
423
208

9.2
601

294

16.9
734
360

25.9
848
416

36.2
948
464

47.6
1039

510

60.3
1121

550

73.5
1199

588

102.0
1338

657

17C-|
p
w
s

2.0
433
161

4.3
558
208

12.1

791

294

22.2
967
360

34.1
1116
416

47.7
1248
464

62.6
1367

510

79.4
1476

550

96.7
1579

588

135.0
1763

657

17B
j

p
w
s

2.4
533
161

5.3
689
208

14.9
975
294

27.4
1193

360

42.1
1377

416

58.9
1540

464

77.3
1687

510

97.9
1821

550

119.0
1948

588

167.0
2179
657

17A-|
pw
s

3.2
697
161

6.9
900
208

19.5
1275

294

35.6
1559

360

55.0
1800
416

77.0
2013
464

101.0
2205
510

128.0
2381

550

156.0
2546
588

218.0
2846
657

30 •]

p
w
s

4.2
914
140

9.0
1180
182

25.5
1669
257

46.9
2044
315

72.2
2360
364

101.0
2639
407

133.0
2891

445

167.0
3127
481

204.0
3338
514

285.0
3731

575

-1 s

5.5
1209
127

11.9
1561

158

33.8
2207
224

62.0
2703
274

95.5
3122
316

133.0
3489
354

175.0
3823
387

221.0
4130
418

270.0
4415
447

377.0
4935
500

-1
pw
s

7.10
1545
108

15.2
1995
140

43.2
2821

198

79.3
3455
242

121.0
3919
280

171.0
446t)

313

224.0
4886
343

283.0
5278
370

345.0
5642
396

482.0
6306
442

30
p
w
s

9.44
2057

94

20.3
2656
121

57.5
3756
171

106.0
4600
210

162.0
5312
242

227.0
5938
271

299.0
6505
297

376.0
7026
321

460.0
7512
343

642.0
8400
38!

"1
p
w
s

12.8
2789

81

27.5
3600
104

77.9
5091

147

143.0
6236
180

220.0
7200
208

308.0
8050
232

405.0
8818
255

510.0
9525
275

623.0
10183
294

871.0
11385

329

iO
p
w
s

16.8
3657

70

36.1
4722

91

102.0
6677
129

188.0
8178
157

289.0
9443
182

404.0
10558
203

531.0
11565

223

668.0
12472

240

817.0
13354

257

1143.0
14930
288

45
p
w
s

21.2
4629

63

45.7
5975

81

129.0
8450
114

238.0
10350

140

366..

11951

162

511.0
13361

181

672.0
14636

198

847.0
15809
214

1034.0
16901

229

1448.0
18900
256

»)
p
w
s

26.2
5714

56

56.4
7377

73

160.0
10433

103

293.0
12777

126

451.0
14754

145

631.0
16496

162

829.0
18070

178

1045.0
19518

192

1280.0
20870

205

1789.0
23330
230

"1
p
w
s

32.9
7168

50

70.8
9254

65

200.0
13087

92

368.0
16028

112

566.0
18508

130

791.0
20692

145

1040.0
22667

159

1314.0
24506

172

1602.0
26200

183

2239.0
29260

205

-1
pw
s

40.3
8787

45

86.8
11344

59

245.0
16042

83

451.0
19648

102

694.0
22688

117

970.0
25365

131

1275.0
27786

144

1608.0
30092

155

1963.0
32100

166

2743.0
35900

186

"]
p
w
s

48.5
10570

41

104.0
13645

53

295.0
19297

76

542.0
23634

93

835.0
27290

107

1167.0
30511

120

1534.0
33450

131

1932.0
36120

142

2361.0
38620

152

3300.0
43200

170

")
p
w
s

57.5
12517

38

124.0
16159

49

350.0
22852

70

642.0
27988

85

992.0
32318

99

1382.0
36132
no

1818.0
39560

120

2292.0
42750

130

2800.0
45700

139

3912.0
51100

156
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Power Table for Turbines.

—

Leffel Vertical Z-Type (1916).

p = lorsepower W = quantity of water, cu. ft. per sec. ; S = speed, r.p.m.

Head, Feet

Size.
6 7 8 10 15 20 35 30 35 40

12
]
W
s

9.05
1035

306.0

11.53
1120

331.0

14.30
1202

354.0

20.40
1352

395.0

38.15
1670

484.0

58.90
1933

559.0

82.30
2160

625.0

108.2
2368

685.0

136.2
2557

740.0

166.5
2730

790.0

15 \
pw
s

14.47
1625

245.0

18.24
1755

265.0

22.50
1885

283.0

31.85
2115

316.0

60.20
2620

387.0

93.00
3030

447.0

130.0
3390

500.0

171.0
3710
548.0

215.5
4015

592.0

263.0
4280

632.0

18
j

p
w
s

21.08
2350

204.0

26.70
2550

221.0

32.80
2725

236.0

46.40
3060

263.0

87.50
3785

323.0

135.0
4385

372.0

189.5
4910

417.0

249.0
5375

456.0

314.0
5805

493.0

383.0
6200

526.0

SI
-j

p
w
s

29.05
3225
175.0

36.72
3485
189.1

45.30
3740

202.0

63.90
4190

225.5

121.0
5200

277.0

187.0
6015

319.0

261.5
6730

357.0

343.0
7370

391.0

433.0
7965

423.0

528.0
8505

452.0

34
1

p
w
s

38.35
4230
153.0

48.50
4580
165.5

60.00
4920
177.0

84.50
5510
197.5

160.0
6835

242.0

247.0
7900

279.0

345.0
8840

312.5

454.0
9680

342.0

571.5
10460
370.0

698.0
11170
395.0

37
j

pw
s

49.25
5375
136.0

62.00
5825
147.0

76.60
6250
157.0

108.1

7000
175.6

204.5
8700

215.0

316.0
10040
248.5

442.2
11225
278.0

580.0
12300
304.5

732.0
13300
329.0

893.0
14200
351.0

30
-j

p
w
s

61.40
6680
122.5

77.50
7230
132.2

95.70
7760
141.4

135.0
8700
158.1

255.5
10790
193.6

395.4
12500
223.5

551.5
13960
250.0

725.0
15295
274.0

912.5
16500
296.0

1116.0
17640
316.0

33 -

p
w
s

74.25
8050
111.3

93.55
8720
120.5

115.2
9350
128.5

163.2
10500
143.5

308.0
13000
176.0

479.0
15110
203.0

670.0
16900
227.0

879.0
18500
249.0

1108.0
19950
269.0

1355.0
21340
287.0

36 -

p
w
s

88.15
9610
102.0

111.9
10420
110.5

138.0
11180
118.0

195.0
12560
131.5

367.5
15510
161.0

570.
18000
186.0

796.0
20100
208.0

1045.0
22000
228.0

1318.0
23750
247.0

1613.0
25400
263.0

39
j

p
w
s

103.7
11290
94.0

131.0
12210
102.0

162.0
13110
109.0

228.3
14700

121.5

431.5
18200
148.9

669.0
21110
172.0

935.0
23600
192.2

1229.0
25820
211.0

1548.0
27900
227.5

1892.0
29800
243.0

42
]

p
w
s

120.1

13100
87.5

152.0
14170
94.5

187.7
15210
101.0

265.0
17050

113.0

500.0
21130
138.5

776.0
24500
159.5

1085.0
27350
178.5

1423.0
29990
195.5

17^.0
32340
211.0

2188.0
34590
226.0

45
1

pw
s

138.0
15030
81.5

174.5
16270
88.3

215.3
17450
94.2

304.0
19570
105.4

575.0
24270
129.0

890.0
28100
149.0

1245.0
31400
166.5

1634.0
34400
182.5

2060.0
37100
197.2

2512.0
39700
211.0

48 -!

pw
s

157.0
17100
76.5

199.2
18515
82.7

245.0
19860
88.4

346.0
22300
98.7

654.0
27600
121.0

1013.0
32000
139.5

1417.0
35720
156.0

1858.0
39150
171.0

2342.0
42250
.185.0

2855.0
45120
197.5

61 •!

p
w
s

176.5
19300
72.0

224.0
20900
78.0

276.5
22410
83.2

391.0
25150
93.0

738.0
31160
114.0

1144.0
36100
131.5

1600.0
40290
147.0

2100.0
44120
161.0

2645.0
47600
174.0

3225.0
51000
186.0

54
J

p
w
s

198.0
21640
68.0

251.3
23430
73.6

310.0
25120
78.5

438.0
28200
87.8

827.5
34930
107.5

1283.0
40450
124.0

1792.0
45250
139.0

2353.0
49550
152.0

2950.0
53400
164.5

3610.0
57100
176.5

57
•]

p
w
s

220.6
24120
64.5

280.0
26120
69.6

345.2
28000
74.5

488.0
31400
83.0

921.0
38900
101.7

1430.0
45150
117.6

1998.0
50360
131.5

2623.0
55150
144.0

3290.0
59500
156.0

4027.0
63650
166.5

60 <
p
w
s

244.5
26730
61.2

310.0
28920
66.2

383.0
31040
70.7

541.0
34800
79.0

1020.0
43125
96.7

1584.0
50000
111.7

2212.0
55840
125.0

2904.0
61180
137.0

3640.0
65950
148.0

4465.0
70550
158.0
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Three conditions must be fulfilled to obtain accuracy: (1) Constant
initial discharge of solution; (2) perfect mix; (3) precise titration of
the salt solutions. The solution should be clear and free from im-
purities. The amount of initial solution injected should be about
0.0001 of the approximate discharge of the turbine, and a volumetric
analysis of the salt solution can measure the discharge with an ac-
curacy of 0.1 per cent. To make the analysis, three solutions are
needed: Silver nitrate, salt and potassium chromate.

If D is the discharge of the turbine in liters per second, iVi the cubic
centimeters of silver nitrate solution required to titrate one liter of ,

initial salt solution, n the cubic centimeters of silver nitrate required to i

titrate one liter of turbine discharge before the test, iV2 the cubic I

centimeters of silver nitrate solution to titrate one hter of turbine dis- 1

charge after the test, and d the cubic centimeters discharge of initial 1

solution

D= {d[i^i/(iV2-n)]-d|

The value of D may be expressed in cu. ft. by multiplying the result
by 0.03531.

Results of a comparison of this method of meastuing the discharge
of a 5500 H.P. turbine at 500 r. p. m. under a head of 2300 ft., with
a weir, a current meter and a moving screen, are as foUows:

Salt Current Moving Weir.
Solution. Meter. Screen.

Discharge, cu. ft. per sec = 46 . 086 45 . 585 45 . 867 46 . 326

Mr. Streifif describes (Eng. Bee, Sept. 5, 1914) the application of
this method to the testing of the low-head turbines of the Grand
Rapids-Muskegon Power Co. The plant comprised two 7200-H.P.
horizontal, 8-runner units operating at 225 r. p. m. under 39 J^ ft.

head. The water consumption was found to be 2140 cU. ft. per sec.
The results were within 1.3 per cent of the results as obtained by
Ott current meters.

Draft Tubes.—Conical draft tubes are conunonly used with inward
flow turbines for the purpose of enabUng the tiirbine to be set high above
the tail-water and also of reducing the loss of power due to the velocity
of the discharge. The maximum height of these tubes should not be
over 20 ft., and the angle of flare should not be greater than 7° with
the vertical. For the best results a parabolic cone should be used,
so as to decrease the velocity in direct proportion to the height above
the tail water, and in that case the angle of flare at the bottom may,
be Increased, so that the velocity of the water at the exit does not]

exceed 6 ft. per second or 0.1 V2 gH.
Recent Turbine Practice (H. Birchard Taylor, Gen. Elec. Rev.,

June, 1914).—The single runner vertical unit has (1914) almost dis-
placed the multi-runner, horizontal type of turbine in large flrst-class,
low-head installations. It has had increasing appUcation in moderate
and high-head plants. Present practice favors molding of the vplute
casing directly in the substructure of the power house for all low-head
turbines. For heads exceeding 100 ft., the amount of concrete rein-
forcement required is usually sufficiently great to warrant the use of
cast-iron casings, which must be increased in thickness with increase
of head, until at 250 ft. head, cast steel becomes the standard material.
The thrust bearing of vertical wheels is almost universally located

above the generator on a cast-iron supporting truss which forms at
the same time a generator head cover. This truss must be rigid and
the upper face on which the bearing is mounted must be level. Up
to about 1909, the thrust bearing comprised an annular chamber be-
tween a revolving and stationary disk, into which oil under pressure
was pumped. The disadvantage of the oil pressure bearing is that
an excessive drop in pressure, or a momentary failure of the oil supply
to the bearing will result in its immediate destruction. This bearing
has now (1914) been generally superseded by roller bearings or a com-
bination of roller and pressure bearing.
Lignum vitse guide bearings have recently come into general use

with vertical turbines for both high- and low-head installations. These
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Francis Turbine Runner,

bearings are now so designed as to present a somewhat greater projected
area to the shaft than is called for by a babbitted bearing. The Ugnuna
vitae is dovetailed into the bearing boxes in the form of strips running
parallel to the axis of the shaft, and
with the end grain of the wood pre-
sented normaUy to the surface of the
shaft. Twenty or more of these
strips are used, evenly spaced in a
Uberal length and separated by spaces
for coohng water circulation. The
resultant bearing pressure may be
made so Ught as to ehminate the
necessity of making adjustment to
take up wear. Clear water is piped
to these bearings in the same manner
as oil. A bronze sleeve is used on
the shaft where it passes through the
bearing and stufllng box.
A 10,000 H.P. Turbine at Sno-

qualmie, Wash. (Arthur Giesler,
Eng. News, Mar. 20, 1906).—The fall

is about 270 ft. high. The wheel was
designed by the Piatt Iron Works Co.,
Dayton, O., for an effective head of
260 ft. and 300 r.p.m., the latter
being fixed by the hmitations of
dynamo design. The turbine is a
horizontal shaft machine, of the
Francis type, radial inward flow with
central axial discharge. The turbine proper has only one bearing, 8%
X 26 in., the generator having three bearings. The wheel is 66 in. out-
side diam. by 9 in. wide through the vanes. It has 34 vanes which ex-
tend a short distance beyond the end plate of the wheel on the dis-
charge side. There are 32 guide vanes, of the swivel type, connected
to a rotatable ring which is actuated by a Lombard governor. The tur-
bine wheel or runner is an annular steel casting. It is bolted to a
disk 46 in. diam., which is an enlargement of the 13 J.^ in. hollow
nickel-steel shaft. A test for efficiency was made, in which the output
was measured on the electrical side, and the input by the drop of head
across the head gate. At 10,000 H.P. the efficiency shown was 84%,
the figure beiag subject to the inaccuracy of the water measurement.
The maximiim capacity registered was 8250 K.W. or 11,000 H.P.
With the generator and the governor disconnected, with full gates
and no load, the wheel ran at 505 r.p.m.

Turbines of 13,500 H.P.—Four Francis turbines, with vertical shafts,
rated at 13,500 H.P. each, have been built by AUis-Chalmers Co., for the
Great Northern Power Co., Duluth, Minn. The available head is

365 ft., and the wheels nm at 375 r.p.m.; discharging, at fiiU load,
about 400 cu. ft. per second, each. The runners are 62 in. diameter.
The penstock for each wheel is 84 in. diameter, reduced gradually to
66 in. at the wheel.
Some Large Turbines.—Much larger turbines than those above

noted have been built in the years 1910-1915. From a long hst of
turbines constructed by I. P. Morris Co. in these years, the following
are selected:

Capacity
No. Each Head Rev.

Location. Date of Unit, in per
Units. H.P. Ft. Min.

McCall Ferry, Penna 1910
Holtwood, Pa., Susquehanna R. 1913
Grandmere, P. Q., Canada 1915
Shawinigan Falls, P. Q 1913
Long Lake, Washington 1912
Grace Station, Idaho 1913
Feather River, Cal 1914

5 13,500 53 94
2 17,000 62 116
6 20,000 76 120
2 18,500 145 225
2 22,500 168 200
2 16,500 482 514
2 18,500 465 4ug
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The " Fall-lncreaser'* for Turbines.—A circular issued Nov.; 1908,
by Clemens Herschel, the inventor of the Venturi meter, illustrates a
device, based on the principle of the meter, for diminishing the back-
water head which acts against the turbine. The surplus water, which
would otherwise run to waste, is caused to flow into a tube of the
Venturi shape, and the pressure in the narrow section, or throat of this
tube, is less than that due to the head of the back-water into which the
tube discharges. The throat is perforated with a great number of
6-in. holes, through which the discharge-water of the turbine is caused
to flow, the velocity through the holes being never over 4 ft. per second.
The circular says, that faU-increasers add about 10% to the annual
output of power with no appreciable increase in operating expenses.

For half the days of the year the fall-increasers are shut down be-
cause there is not enough, or only enough, water to supply the plain
turbines ; but for the other half of the year the fall-increasers keep the
output of power practically constant, and at the full output, where this
power output would fall to half the full output or less if the fall-increases
had not been built. An illustrated description of the faU-increaser,
with results of tests, is given in the Harvard Eng'g Journal, June, 1908.
See also U. S. Pat. No. 873,435 and Eng. News, June 11, 1908.

TANGENTIAL 0» IMPULSE WATER-WHEELS.
The Pelton Water-wheeL—Mr. Ross E. Browne (Eng'g News, Feb.

20, 1892) thus outUnes the principles upon which this water-wheel is

constructed:
The fimction of a water-wheel, operated by a jet of water escaping

from a nozzle, is to convert the energy of the jet, due to its velocity,
into useful work. In order to utilize this energy fully the wheel-bucket,
after catching the jet, must bring it to rest before discharging it, with-
out inducing turbulence or agitation of the particles.

This cannot be fully effected, and unavoidable difficulties necessitate
the loss of a portion of the energy. The principal losses occur as
follows: First, in sharp or angular diversion of the jet in entering, or
in its course through the bucket, causing impact, or the conversion of a
portion of the energy into heat instead of useful work. Second, in the

Fig. 153a. Fig. 156&. Fig. i5bc.

so-called frictional resistance offered to the motion of the water by the
wetted surfaces of the buckets. Third, in the velocity of the water, as
it leaves the bucket, representing energy which has not been con-
verted into work.

Hence, in seeking a high efficiency: 1. The bucket-surface at the en-
trance will be approximately parallel to the relative course of the jet,

and the bucket should be curved in such a manner as to avoid sharp,
angular deflection of the stream.

2. The path of the jet in the bucket should be short; in other words,
the total wetted sm-face of the bucket should be smaU.

3. The discharge end of the bucket should be as nearly tangential to
the wheel periphery as compatible with the clearance of the bucket
which follows; and great differences of velocity in the parts of the
escaping water should be avoided. In order to bring the water to rest
at the discharge end of the bucket, it is shown, mathematically, that
the velocity of the bucket should be one-half the velocity of the jet.

A bucket, such as shown in Fig. 156a, will cause the heaping of more
or less dead or turbulent water at the point indicated by dark shading.
This dead water is subsequently thrown from the wheel with con-
siderable velocity, and represents a large loss of energy. The intro-=

duction of the wedge in the Pelton bucket (see Fig. 156&) avoids this'
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A wheel of the form of the Pelton (Fig. 156c) conforms closely in con-
struction to each of these requirements. [In wheels as now made
(1916) the sharp corners shown in this bucliet are eliminated.]

Considerations in the Ciioice of a Tangential Whieel (Joshua
Hendy Iron Works) .—The horse-power that can be developed by a tan-
gential wheel does not depend upon the size of the wheel but solely upon
the head and volume of water available. The number of revolutions per
minute that a wheel makes (running under normal conditions) depends
solely upon two factors, viz., its diameter and the head of water.
The choice of the diameter of a wheel is not therefore controlled by the

power required but by the speed required when working under a given
head. If a wheel has no load, and is not governed, it will speed up until
the periphery is revolving at approximately the same velocity as the
spouting velocity of the jet, but as soon as the wheel commences to
develop power by driving machinery, etc., its velocity will drop. In a
properly designed wheel the velocity of the rim in Uneal feet per min-
ute, at full load, will be from 48 to 50% of the spouting velocity of the jet.

The diameter of pulley wheels on wheel shaft and countershafts of
machinery should be so proportioned that the water-wheel shall run at
the speed given in the table. The width, area and curvature of buckets
are designed to meet conditions of volume of flow under given heads.
The higher the peripheral velocity of the wheel, the greater the volume
of water that the buckets can handle, and consequently the same
standard wheel can handle more water, the higher the head.
Wheels designed for a given horse-power can be used for smaller

powers (within reasonable hmits) with very Uttle loss of eflQciency, but
an increase in the volume to be used requires a larger bucket. If, for
thfc purpose of maintaining the same speed conditions, the same diam-
eter of wheel is to be adhered to, then a special wheel must be built
with either very large buckets or with two or more nozzles, or else a
double or multiple unit mxist be adopted.

It is advised to subdivide large streams between two, three or more
runners, as this insures a greater freedom from breakdown and is often
cheapest in the end. Single-nozzle, multiple runner units are easier to
govern than multiple-nozzle, single runner units. When two or more
nozzles are used in combination on one runner, the increased volume
to be dealt with is di^dded between the different nozzles, which ara
so arranged that their respective jets impinge on different buckets at
different parts of the periphery.

Combined Heads.—^When two or more water powers are available at
the same site, but imder different heads, it is possible to utiUze them by
mounting wheels of different diameters in parallel, or, when the differ-

ence of head and volume is very great, it would even be possible to
arrange for a turbine for the low head and a tangential wheel for the
high head, although, in the latter case, it would probably be best to
mount them independently and connect to the machinery through the
medium of belts and countershafts. In either case, separate pipe lines

must be employed.
Reversible Wheels.—In the case of reversible wheels desired for use

with hoists, cableways, etc., two wheels of proper dimensions and the
same type may be mounted parallel on the same shaft, one of the wheels
having the buckets and nozzles arranged to run in the opposite direction
to the other. Suitable valves, levers and pipe connections can be ar-

ranged to cut the water off one wheel and turn it on to the other.
Control of Tangential Water-wheels.—The methods of regulating

tangential water-wheels may be classified under five heads:
1. Permanently or semi-permanently altering the area of efflux of the

nozzles, with water economy and without loss of efficiency.

2. Reducing the volume of flow without altering the area of efflux,

with water economy but with loss of efiQciency.

3. Variable alteration of the area of efflux without loss of efiQciency
and with water economy.

4. Deflection of the jet, so that only a portion of its energy is trans-
mitted to the wheel, without water economy.

5. Combined regulation of 3 and 4, producing an effect whereby the
energy of the jet is reduced rapidly without water ram and the area of
efflux reduced slowly to effect water economy, or by a combination of
3 with some form of by-pass.
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Governors.—Of the five methods of control enumerated above, the
first cannot be done automatically ; the other four, however, are suscep-
tible to either hand regulation or automatic regulation by means of gov-
ernors, the function of the governor being merely to automatically Iwing
into action the particular controlKng device mth which the wheel has
been equipped. There are two leading types of governors, the hydrauUc
and the mechanical. In the first, the mechanism of the water-wheel
regulator is actuated by a hydraulicaUy operated piston, the motive
power being taken from a small branch pipe from the main water supply,
or from an independent high-pressure oil-pumping system, the position
of the piston in the cyUnder and consequent relative position ef the
controlhng mechanism being dependent upon the amount of fluid under
pressure admitted to the cylinder at either end. This is controlled by a
main valve, operated by a very sensitive relay valve which, in tm-n, is

directly controlled by the centrifugal baUs of the governor.
The second type, or mechanically operated governor, consists of a

device for automatically controUing and directing the transmission of
the requisite amount of energy taken from the wheel shaft, to operate
the water-regulating mechanism. The Lombard governor represents
the first type, and the Lombard-Replogle governor the second.
The close regulation that can be obtained with the latter is remark-

able. Any size will go into operation and make correction at so slight
a deviation as one-tenth of one per cent from normal, and in installa-
tions which have been made they will not permit of a departure of more
than five to eight per cent temporarily where there is an instantaneous
drop from full load to practicaUy no load. When there is sufiBcient
fiy-wheel effect, the deviation will not be over two per cent. The
adoption of fly wheels greatly facihtates many problems of governing.

Efficiency of the Doble Nozzle.—The nozzle tip is of brass, highly
poUshed in the interior, with concave curves near the end. It contains
a conical regulating needle, which is set at any desired distance from the
opening to regulate the size of the opening and the diameter of the jet.

A jet flowing from the nozzle has a clear, glassy appearance. Tests
by H. C. Crowell and G. C. D. Lenth, at Mass. Inst, of Tech., 1903, gave
efficiencies under constant head from 96.4 to 99.3% for different settings
of the needle, the coefficient of velocity being from 0.982 to 0.997. The
efficiency of a jet is equal to the ratio of the velocity head in the jet to
the total head at the entrance to the nozzle, and equal to the square of
the coefficient of velocity.

—

Bulletin of the Abner Doble Co., No. 6, 1904.
Tests of a 13-in. Doble Laboratory Motor (Bulletin No. 12, 1908.

Abner Doble Co.).—The tests were made by students at the University
of Missouri. The available head was 46 ft. The needle valve was
opened two, four, six and eight turns in the four series of tests, and with
each opening different loads were applied by a Prony brake. The
results were recorded and plotted in curves showing the relation of
speed, load and efficiency, and from these curves the following approxi-
mate figures are taken:

Speed, Revolutions per Minute.
Valve open 200 300 400 500 600 700 800

(B.H.P.... 0.20 0.26 0.27 0.26 0.22 0.14 0.03
\ Effy. % . . 62 75 80 77 64 41 13
5B.H.P.... 0.36 0.45 0.51 0.50 0.42 0.30 0.12
^Effy. %.. 57 75 85 85 71 50 19
5B.H.P 0.41 0.55 0.63 0.66 0.60 0.41 0.20
i Effy. %. . 48 64 73 76 74 66 51

R^iaTif t„rn« 5 B.H.P. . . . 0.48 0.62 0.70 0.71 0.64 0.43 0.19
Jliignt turns

^ ^^^^ ^^ _ ^3 70 , 79 81 72 50 23

Water-power Plants Operating under High Pressures.—The fol-
lowing notes are contributed by the Pelton Water Wheel Co.:
The Consolidated Virginia & Col. Mining Co., Virginia, Nev., has a

3-ft. steel-disk Pelton wheel operating . imder 2100 ft. fall, equal to
911 lb. per sq. in. It runs at a peripheral velocity of 10,804 ft. per
minute and has a capacity of over 100 H. P. The rigidity with which
water under such a high pressure as this leaves the nozzle is shown in
the fact that it is impossible to cut the stream with an axe, however
heavy the blow, as it will rebound just as it would from a steel rod
traveling at a high rate of speed.

Two turns

Four turns

Six turns
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In tlie hydraulic power-lioist of the Milwaukee Mining Co., Idaho, one
cage travels up as the other descends ; the maximum load of 5500 lbs. at
a speed of 400 ft. per min. is carried by one of a pair of Pelton wheels (one
for each cage) . Wheels are started and stopped by opening and closing
a smaU hydraulic valve at the engineer's stand wliich operates the larger
valves by hydrauUc pressure. An air-chamber takes up the shock
that would otherwise occur on the pipe hne imder the pressure due to
the 850 ft. faU.
The Mannesmann Cycle Tube Works, Noi'th Adams, Mass., are iising

four Pelton wheels, having a fly-wheel rim, under a pump pressure of
600 lbs. per sq. in. These wheels are direct-connected to the roUs
through which the Ingots are passed for drawing out seamless tubing.
The Alaska Gold Mining Co., Douglass Island, Alaska, has a [22-ft

Pelton wheel on the shaft of a Riedler duplex compressor. It is used as
a fly-wheel as weU, weighing 25,000 lb., and develops 500 H.P. at 75
revolutions. A valve connected to the pressure-chamber starts and
stops the wheel automaticaUy, thus maintaining the pressure in the
air-receiver.
At Pachuca in Mexico five Pelton wheels having a capacity of 600

Amount of Water Required to Develop a Given Horse-Power, with a
Given Available Effective Head.

Horse-Power Based on 85% Efficiency of the Water IVheel.

Effective
Head in

10 20 30 40 50 60 70
1

80
1

90 100

Feet.
Flow in Cubic Feet of Water per Minute Required to

Develop Power.

50 125

104
88
77
70
63
59
52
48
45
42
39
37
35
33
31

30
28
27
26
25
24
23
22
21

20
19

19

19

18

18

18

17

17

16

16

250
208
177
155
140
125

118

104
96
89
83
78
73
69
65
62
59
57
54
52
50
48
46
45
43
42
41

40
38
37
36
35
34
33
32
31

375
312
266
232
210
186
176
156
143
133
125
117
110
104
98
93
89
85
81

78
75
72
69
67
65
62
60
59
57
55
53
52
50
49:
48'

47

500
416
355
311
280
248
234
208
192
178
166
155

146
138
132
124
118
113
108
104
100

96
92
89
86
83
80
78
76
74
71

69
67
66
64
63

625
520
444
388
350
312
293
260
240
222
208
195

183
172

164
155

148

141

135
130
125

120

115
111

107

104

100

97
94
92
89
86
84
82
80
77

750
624
532
466
420
372
350
312
287
266
250
233
220
207
198
186
177

169
162

155
149

144
138
133
129
124
120

117
113
110
106
102
100

98
96
94

875
726
621

544
490
435
410
364
335
310
292.

272
256
242
230
218
206
198

190
181

174
167
161

156
150

145
140
136
132
128
124
121

117
114

111

105

1000
830
709
622
560
498
467
415
385
355
332
312
293
276
262
248
236
225
216
207
199
191

184
178
172

166
160

156

151

146
142
138

134
130
127

124

1125
934
798
699
630
558
525
467
430
400
375
350
330
310
295
280
266
255
243
233
224
215
207
200
193
187
180

175
170

165
160
155

151

147
144

140

1250
60... 1038

70 886
•80 876
90
100
110

700
622
585

120
130

520
478

140 443
150 416
160 388
170 365
180 345
190 326
200 310
210 295
m:...:.:.. 283
230 270
240 258
250 248
260 238
270
280

230
222

29'0 215
300 208
310 200
320. 194

330 188

340 183
350 178
360 172

370 168
380 164
390 . 160
400 156
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H.P. each under 800 ft. head are driving an electric transmission plant.
These wheels weigh less than 500 lb. each, showing over a horse-power
per pound of metal.

Formulae for Calculating the Power of Jet Water-wheels, such as
the Pelton (F. K. Blue).—H.P. = horse-power dehvered; 5 = 62.36 lb.

per cu. ft. ; E = efficiency of turbine
; q = quantity of water, cubic feet

per minute; h = feet effective head: d = inches diameter of jet; p =
pounds per square inch effective head ; c = coefficient of discharge from
nozzle which may be ordinarily taken at 0.9.

H.P.=^^ =.00189£;Q/i=.00436 Eqp= .004QQEcd^\^=.0174.Ecd'^\^.

q = 529.2 ^^ = 229 ^^' = 2.62 cd'i^/h = 3.99 cd2\/p',

d2 = 201.6
^•^' = 57.4

^'^' = 0.381 —^ = 0.25 —L..
Ec Vh^ Ec Vp^ c V /i c Vp

Tangential Water-wheel Tables.—The tables on pages 785 and 786 are
compiled on the following basis

:

The head {h) is the net effective head at the nozzle. Proper allow-
ance must be made for all losses in the pipe line.

The velocity of efflux (V) is the approximate spouting velocity of the
(

jet in ft. per min. as it issues from the nozzle = \/2 g^ x 60 = 481.2 's/h.
The discharge in cubic feet per minute = Q = VX a, where a equals

the cross-section area of nozzle opening in sq. ft., no allowance being
made for friction in the nozzle.
The weight of a cubic foot of water is taken at 39.2° Fahr. = 62.425 lb.
The theoretical horse-power = ^ X 62.425 X ^ -^ 33,000 = 0.00189^/1.
The horse-power in the tables is based on 85% mechanical efficiency

for the wheels.
The diameter is the effective diameter at the line of the nozzle center,

where the jet impinges on the center of the bucket.
The number of revolutions is based on a peripheral speed for the

effective diameter, of half the velocity of efflux of the jet, and equals
V -V- 2 C, where C = the circumference (in feet) of the effective diameter.
Small wheels, up to 24-in. diam., are commonly called motors.

THE POWER OF OCEAN WAVES.
Albert W. Stahl, TJ. S. N. {Trans. A. S. M. E., xiii, 438), gives the

following formulae and table, based upon a theoretical discussion of
wave motion:
The total energy of one whole wave-length of a wave H feet high,

L feet long, and one foot in breadth, the length being the distance
between successive crests, and the height the vertical distance between

the crest and the trough, is E = 8 LH^ (l- 4.935^^) foot-pounds.

The time required for each wave to travel through a distance equal to

5.123^its own length is P = -xj- seconds, and the niimber of waves passing

any given point in one minute is iV" = -p = eOY—^y—. Hence the total

energy of an indefinite series of such waves, expressed in horse-power per
foot of breadth, is

By substituting various values for H -i- L, within the Umits of such
values actually occurring in nature, we obtain the table on page 787.
The figures are correct for trochoidal deep-sea waves only, but they

{Continued on pagp- 786)
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Tangential Water-Wheel Table. (Joshua Hendy Iron Works.)

P = horse-power, Q = cubic feet per minute, R = revs, per min. The
smaller figures in the first column give the spouting velocity of the jet
in feet per minute. (The table is greatly condensed from the original;
6-in., 15-in., and 30-in. wheels are also Usted. P and Q are the same,
with any given head, for a 30 as for a 36-in. wheel, but Ris, 20% greater.)

P

12
Inch.

18
Inch.

24
Inch.

36
Inch.

48
Inch.

60
Inch.

72
Inch.

8
Feet.

10
Feet.

12
Feet.

20
2152

.12

3.91
342

.37

11.72
228

.66

20.83
171

1.50

46.93
114

2.64
83.32

85

4.18
130.36

70

6.00
187.72

57

10.64
332.70

43

16.48
515.04

34

23.80
748.95

29

30 (

2636
j

P .23

4.79
418

.69

14.36
279

1.22
25.51

209

2.76
57.44

139

4.88
102.04

104

7.69
159.66

83

11.04
229.76

69

19.53

407.03
52

30.00
630.00

41

43.80
916.47

35

40)
3043

(

P .35

5.53
484

1.06
16.59
323

1.89

29.46
242

4.24
66.36

161

7.58
107.84

121

11.85
184.36

95

16.96
265.44

80

30.08
470.27

62

46.60
728.16

49

67.60
1058.86

40

50 (

3403
1

P .49

6.18
541

1.49
18.54
361

2.65
32.93

270

5.98
74.17

180

10.60
131.72

135

16.63

206.13
108

23.93
296.70

90

42.05
525.90

69

65.00
814.32

55

94.50
1184.15

46

60 i

3727
j

P .65

6.77
592

1.96
20.31

395

3.48
36.08

296

7.84
81.25

197

13.94
144.32

148

21.77
225.80

118

31.36
325.00

98

55.20
576.00

75

85.62
892.00

60

124.50
1297.00

50

70 )

4026
(

P .82

7.31

640

2.47
21.94

427

4.39
38.97

320

9.88
87.76
2.13

17.58
155.88

160

27.51

243,89
130

39.52
351.04

106

70.00
624.00

81

107.80
966.24

64

157.50
1405.17

54

80
1

4304
(

p 1.00
7.82
684

3.01

23.46
456

5.36
41.66
342

12.04
93.84

228

21.44
166.64

171

33.54
260.73

137

48.16
375.36

114

85.76
666.56

87

134.16
1042.92

69

192.64
1501.44

58

90 5

4565
(

p !.20
8.29
726

3.60
24.88

484

6,39
44.19

363

14.40
99.52

242

25.59
176.75

181

40.04
276.55

145

57.60
398.08

121

102.36
707.00

93

160.16
1106.20

73

230.40
1592.32

62

100)
4812

(

p 1.40
8.74
765

4.21

26.22
510

7.49
46.58
382

16.84
104.88

255

29.93
186.32

191

45.85
291.51

152

67.36
419.52

127

119.72
745.28

96

187.40
1166.04

77

269.44
1678.08

64

120
S

5271
(

p 1.84

9.57
838

5.54
28.72

559

9.85
51.02
419

22.18
114.91

279

39.41
204.10

209

61.66
319.33

167

88.75
459.64

139

157.64
816.40

105

246.64
1277.32

83

355.00
1838,56

70

140 (

5694
1

p

g

2.33
10.34
906

6.99
31.03

604

12.41

55.11
453

27.96
124.12

302

49.64
220.44

226

77.71

344.92
181

111.85
496.48

151

198.56
881.76

114

310.84
1379.68

90

447.40
1985.92

75

160 f

6087
(

p

g

2.84
11.05
969

8.54
33.17

646

15.17
58.92

484

34.16
132.68

323

60.68
235.68

242

94.94
368.73

193

136.65
530.75

161

242.72
942.72

121

377.76
1474.92

97

546.60
2123.00

81

180 f

6456
j

p 3.39
11.72
1024

10.19
35.18

683

18.10
62.49

513

40.77
140.74

342

72.41
249.97

256

113.30
391.10

206

163.08
562.96

171

289.64
999.83

128

453.20
1564.40

103

652.32
2251.84

86

200 (

6805)

p

g

3.97
12.36
1080

11.93
37.08

720

21.20
65.87

540

47.75
148.35

360

84.81
263.49

270

132.70
412.25

216

191.00
593.40

180

339.24
1053.96

135

530.80
1649.00

108

764.00
2373.60

90

225 (

7215

p

p

g

56.99
157.33

382

66.74
165.86

403

101.20
279.44

287

118.54
294.59

302

158.38
437.23

229

185.47
460.91

241

227.96
629.32

191

266.96
663.45

202

404.80
1117.76

144

474.16
1178.36

151

633.52
1748.92

115

741.88
1843.64

121

911.84
2517.28

96

250 (

7608
j

5.56
13.82
1209

16.68
41.46

806

29.63
73.64

605

1067.84
2653.80

IQI
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Tangential Water-Wheel Tahle.—Continued.

1^

P

12

Inch.
18

Inch.
24

Inch.
36

Inch.
48

Inch.
60

Inch.
72

Inch.
8

Feet.
10

Feet.
12

Feet.

275 (

7975
j

77.00
173.94

423

136.76
308.92

317

214.00
483.39

253

308.00
695.76

211

547.04
1235.68

159

856.00
1933.56

127

1232.00
2783.04

106

300
8335

P 7.31

15.13

1326

21.93
45.42

884

38.95
80.67

663

87.73
181.59

442

155.83
322.71

331

243.82
504.91

265

350.94
726.76

221

623.32
1290.84

166

975.28
2019.64

133

1403.76
2907.04

111

325 (

8672
1

P

§
P

98.93
189.10

460

110.56
196.25

477

175.68
335.84

344

196.38
348.57

358

274.94
525.50

276

307.25
545.36

275

395.72
756.40

230

442.27
785.00

238

702.72
1343.36

172

785.52
1394.28

179

1099.76
2102.00

138

1229.00
2181.44

143

1582.88
3025 60

115

350 (

9002)

9.21

16.35

1432

27.64
49.06

955

49.09
87.14

716

1769.08
3140.00

119

400
9624

P 11.25

17.48
1531

33.77
52.45
1021

59.98
93.16

765

135.08
209.80

510

239.94
372.64

382

375.40
583.02

306

540.35
839.20

255

959.76
1490.56

101

1501.60
2332.08

153

2161.40
3356.80

128

450
10208

P 13.43

18.54
1624

40.79
55.63
1083

71.57
98.81

812

161.19
222.52

541

286.31
395.24

406

447.95
618.38

324

644.78
890.11

270

1145.24
1580.96

203

1791.80
2473.52

162

2579.12
3560.44

135

500
10760

P 15.73
19.54
1713

47.20
58.64
1142

83.83
104.15

856

188.80
234.56

571

335.34
416.62

428

524.66
651.83

342

755.20
938.25

285

1341.36
1666.48

214

2098.64
2607.02

171

3020.80
3753.00

143

550
11279

P

g
P

217.82
246.00

599

248.16
256.95

625

386.84
436.92

449

440.77
456.38

469

605.31
683.62

359

689.63
714.05

375

871.28
984.00

299

992.65
1027.80

312

1547.36
1747.68

225

1763.08
1825.52

235

2421.24
2734.48

179

2758.52
2856.20

188

3485 12
3936 00

150

600
11787

24.26
25.12
1876

62.04
64.24
1251

110.19
114.09

938

3970.60
4111.20

156

640 (
P

g
P

g

270.97
264.63

644

312.73
277.54

675

484.16
466.12

483

555.45
492.95

506

748.80
731.59

387

869.05
771.26

405

1083.88
1058.52

322

1250.92
1110.16

337

1936.64
1864.48

242

2221.84
1971.80

253

2995.20
2926.36

194

3476.24
3085.04

203

4335 52
4234 08

161

700 (

12731
1

30.57
27.13
2026

78.18
69.38
1351

138.86
123.23

1013

5003.68
4440.64

169

750 (

3178
j

P
Q
R

33.91

28.08
2098

86.70
71.82
1309

154.00
127.56

1049

346.83
287.28

699

616.03
510.25

524

963.82
798.33

419

1387.34
1149.13

349

2464.12
2041.00

262

3855.28
3193.32

210

5549.36
4596.52

175

800 (

3610
j

P
Q
R

37.35
29,00
2166

95.52
74.17
1444

169.66
131.74

1083

382.09
296.70

722

678.66
526.99

542

1061.81

824.51
433

1528.36
1186.81

361

2714.64
2107.96

271

4247.24
3298.04

217

6113.44
4747.24

181

900 (

4436

P 44.57
30.76
2298

113.98
78.67
1532

202.45
139.74

1149

455.94
314.70

766

809.82
558.96

574

1267.02
874.53

459

1823.76
1258.81

383

3239.28
2235.84

287

5068.08
3498.12

229

7295.04
5035.24

192

1000 (

5217
j

P 52.20
32.42
2420

133.50
82.93
I6I5

237.12
147.30

1210

534.01

331.72
807

948.48
589.19

605

1483.97
921.83

484

2136.04
1326.91

403

3793.92
2356.76

303

5935.88
3687.32

242

8544.16
5287.64

202

give a close approximation for any nearly regular series of waves in deep
water and a fair approximation for waves in shallow water.
The utilization of the energy in ocean waves divides itself into

:

1. The various motions of the water which may be utilized for power.
2. The wave-motor proper. That is, the portion of the apparatus

in direct contact with the water, and receiving and transmitting the
energy thereof; together with the mechanism for transmitting this
energy to the machinery for utilizing the same.

3. Regulating devices, for obtaining a uniform motion from the
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irregvilar and more or less spasmodic action of the waves, as well as for
adjusting the apparatus to the state of the tide and condition of the sea.

4. Storage arrangements for insuring a continuous and uniform out-
put of power during a calm, or when the waves are comparatively small.
The motions that may be utihzed for power purposes are the following

:

1. Vertical rise and fall of particles at and near the surface. 2. Hori-
zontal to-and-fro motion of particles at and near the surface. 3. Vary-
ing slope of surface of wave. 4. Impetus of waves rolhng up the beach
in the form of breakers. 5. Motion of distorted verticals. All of
these motions, except the last one mentioned, have at various times
been proposed to be utihzed for power purposes ; and the last is proposed
to be used in apparatus described by Mr. Stahl.
The motion of distorted verticals is thus defined: A set of particles,

originally in the same vertical straight hne when the water is at rest,

does not remain in a vertical hne during the passage of the wave; so
that the hne connecting a set of such particles, while vertical and
•straight in still water, becomes distorted, as well as displaced, during
the passage of the wave, its upper portion moving farther and more
rapidly than its lower portion.
Mr. Stahl's paper contains illustrations of several wave-motors de-

signed upon various principles. His conclusion as to their practicability
is as follows : "Possibly none of the methods described in this paper may
ever prove commerically successful; indeed the problem may not be
susceptible of a financially successful solution. My own investigations,
however, so far as I have yet been able to carry them, incline me to the
beUef that wave-power can and wiU be utilized on a paying basis."

Total Energy of Deep-sea WA.VES IN Terms OF Horse-power per
Foot of Breadth

Ratio of
Length to

Length of Waves in Feet.

Height of

Waves. 25 50 75 100 150 200 300 400

50 0.04 0.23 0.64 1.31 3.62 7.43 20.46 42.01
40 0.06 0.36 1.00 2.05 5.65 11.59 31.95 65.58
30 0.12 0.64 1.77 3.64 10.02 20.57 56.70 116.38
20 0.25 1.44 3.96 8.13 21.79 45.98 120.70 260.08
15 0.42 2.83 6.97 14.31 39.43 80.94 223.06 457.89
10 0.98 5.53 15.24 31.29 86.22 177.00 487.75 1001.25
5 3.30 18.68 51.48 105.68 291.20 597.78 1647.31 3381.60

Continuous Utilization of Tidal Power (P. Decoeur, Proc. Inst.
C. E. 1890).—In connection with the training-waUs to be constructed in
the estuary of the Seine, it is proposed to construct large basins, by
means of which the power available from the rise and faU of the tide
could be utihzed. The method proposed is to have two basins separ-
ated by a bank rising above high water, within which turbines would
be placed. The upper basin would be in communication with the sea
during the higher one-third of the tidal range, rising, and the lower
basin during the lower one-third of the tidal range, falling. The txu--

bine proposed is of an improved model designed to utihze a large flow
with a moderate diameter. One has been designed to produce 300
horse-power, with a minimum head of 5 ft. 3 in. at a speed of 15 revo-
lutions per minute, the vanes having 13 ft. internal diameter. The
speed would be maintained constant by regulating sluices.
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pumpB and pumping engines.

Capacity in U. S. gals, per min. G' = -

Diameter required for a
given capacity per min.

= 0.0034 iVd«/;

Theoretical Capacity of a Pump. — Let Q'= cu. ft. per min.;
C = U. S. gals, per min. = 7.4805 Q'; d = diam. of pump in inches;
' = stroke in inches; N = number of single strokes per min.

Capacity in cu. ft. per min. = q' = | .^ .^ = 0.0004545 NdH-,

NdH
" 4 * 231

Capacity in gals, per hour = 0.204 NdH.

It V = piston speed in feet per min., d = 13.54 -vl— == 4.95
'Y
—

If the piston speed is 100 feet per min.:

Nl = 1200, and d = 1.354 Vq' = 0.495 Vg'; G' = 4.08 d^ per min.

The actual capacity will be from 60% to 95% of the theoretical, accord-
ing to the tightness of the piston, valves, suction-pipe, etc.

Theoretical Horse-power Required to Raise Water to a Given
Height.— Horse-power =
Volume in cu. ft. per min. X pressure per sq. ft. _ Weight X height of lift

33,000
"

33,000
Q' = cu. ft. per min.; (?' = gals, per min.; W = wt. in lbs.; P =

pressure in lbs. per sq. ft.; p = pressure in lbs. per sq. in.; i? = height of
lift in ft.; TF = 62.355 Q', P = 144 p, p = 0.433 H, H = 2.3094 p, G'=»
7.4805 Q'.

Q'P ^ Q'H X 144 X 0.433 _ Q'H ^ G'H ^ 1.0104 G'H
33,000 33,000 529.23 3958.9 4000
WH _ Q'X 62.355 X 2.3094 p ^ Q'p ^ G'p

''

33,000 33,000 229.17 ~ 1714.3'

HP.

HP. =

For the actual horse-power required an allowance must be made for
the friction, slips, etc., of engine, pump, valves, and passages.
Depth of Suction.—Theoretically a perfect pixmp -will draw water

to a height of nearly 34 feet, or the height corresponding to a perfect

vacuum (14.7 lbs. X 2.309 = 33.95 feet); but since a perfect vacuum
cannot be obtained on account of valve-leakage, air contained in the
water, and the vapor of the water itself, the actual height is generally
less than 30 feet. When the water is warm the height to which it can be
lifted by suction decreases, on account of the increased pressure of the
vapor. In pumping hot water, therefore, the water must flow into the
pump by gravity. The following table shows the theoretical maximum
depth of suction for different temperatures, leakage not considered:

Temp.
Fahr.

Absolute
Pressure
of Vapor,
lbs. per
sq. in.

Vacuum
in

Inches of
Mercury.

Max.
Depth

of
Suc-
tion,
feet.

Temp.
Fahr.

Absolute
Pressure
of Vapor,
lbs. per
sq. in.

Vacuum
in

Inches of
Mercury.

Max.
Depth

of
Suc-
tion,

feet.

102.1

126.3
141.6
153.1

162.3
170.1

176.9

1

2

3
4
5

6

7

27.88
25.85
23.83
21.78
19.74
17.70
15.67

31.6
29.3
27.0
24.7
22.3
20.0
17.7

182.9
188.3
193.2
197.8
202.0
205.9
209.6

8
9
10

11

12

13

14 -

13.63
11.60
9.56
7.52
5.49
3.45
1.41

15.4
13.1

10.8
8.5
6.2
3.9
1.6
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The Deane Single Boiler-feed or Pressure Pumn. — Suitable for
pumping clear liquids at a pressure not exceeding 150 lbs.

Sizes.
Capacity
per min.

Sizes of Pipes.

Speed.
-s

si

*>. ">>
"o „; an-

• a
a

.

?n

XI V c »J-a c

^

tS O c o ^

1
CO

2 o ^

O
g

o

bjO

-a
3

1

3 2 .07 150 10 2^/? 7 1/7 3/4 11/4 1

3V? 21/4 .09 130 13 331/7 ;i/7 1/? 3/4 11/4 1

«V? 4 2 3/s .10 130 15 331/? /1/7 1/7 3/4 11/4 I

4 21/7 .11 130 16 331/7 71/7 1/7 3/4 11/4 1

21/?, 43/4 3 .13 150 22 34 8 I/O 1/7 3/4 11/7 11/4
5 31/4 .23 123 31 431/2 91/4 3/4 1 2 11/2
ijl? 3 3/4 .33 123 42 431/7 91/4 3/4 1 2 11/2

41/? 7 41/4 8 .49 120 58 311/^ 12 11/7 3 2

7 41/-, 10 .69 100 69 55 12 11/9 3 2

71/2 5 iO 83 100 85 35 12 11/2 3 2

61/? 8 5 12 1.02 100 102 63 14 11/9 3 21/3
10 6 12 1.4/ 100 147 69 19 11 •> 2 4 4
t2 7 12 2.00 100 200 69 19 2 21/9 5 4
14 8 12 2.61 100 261 69 21 2 21/2 5 5

The Deane Single Tank or Liffht-service Pumn. — These pumps
will all stand a constant working pressure of 75 lbs. on the water-cylinders.

Sizes.
Capacity
per min.

Sizes of Pipes.

at G !l)
SR

Speed.

J.
">!

oo; ani .S c
. i

V t: mM c

r-
2

a

bfl

73

m

.2

1 5

4 5 .27 130 35 33 91/9 Vo 3/4 11/7!

5 7 .38 125 48 43 1/7 15 3/4 1 21/2
51/2 3 1/7 7 .72 125 90 43 1/7 15 3/4 1 21/2
>l/7 Vl/7 10 1.91 110 210 38 17 1 il/9

8 12 1.46 100 145 67 201/2 1 |l/>

6 12 2.00 100 200 66 17 a/i 1

8 12 2.00 100 200 67 211/9 1 11/9

8 8 12 2.61 100 261 68 30 1 11/9
10 8 12 2.61 100 251 68 1/2 30 ll2 ?. 5
8 10 12 4.08 100 4D3 68 201/2 1 11/9 8 8
10 10 12 4.03 100 408 681/2 30 ll2 2 8 8
12 10 12 4.08 100 408 64 24 2 ?M" 8 8
10 12 12 5 87 100 587 681/2 30 11/2 1 8 8
12 12 12 5,87 100 587 64 231/9 2 lyo 8 8
10 12 18 8.79 70 6i6 95 25 11/9 2 8 8
12 12 18 8.79 70 616 95 281/9 2 21/9 8 8
12 14 18 12.00 70 840 95 231/2 2 21/9 8 8
14 16 18 15.66 70 1096 95 34 2 21/9 12 ia
16 16 18 15.66 70 1096 95 34 2 21/2 12 10
18 16 18 15.66 70 1096 97 34 3 31/9 12 10
16 18 24 26.42 50 1321 115 40 2 21/9 14 12
18 18 24 26.42 50 1321 135 40 3 31/2 14 12
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Amount of Water raised by a Single-acting Lift-pump. — It is
common to estimate that the quantity of water raised by a single-acting
bucket-valve pump per minute is equal to the number of strokes in one
direction per minute, multiplied by the volume traversed by the piston
in a single stroke, on the theory that the water rises in the pump only
when the piston or bucket ascends;, but the fact is that the column of
water does not cease flowing when the bucket descends, but flows on
continuously through the valve in the bucket, so that the discharge of
the pump, if it is operated at a high speed, may amount to considerably
more than that calculated from the displacement multiplied by the num- .

ber of single strokes in one direction.

Proportioning tlie Steam-cylinder of a Direct-acting Pump. —
Let

A = area of steam-cylinder; a = area of pump-cylinder

;

D = diameter of steam-cylinder; d = diameter of pump-cylinder;
P = steam-pressure, lbs. per sq. in.; p = resistance per sq. in. on pumps;
H = head = 2.309 p; p = 0.433 H;

^ «= • * w-v, work done in pump-cylinderK = efficiency of the pump = p-^ r-

—

^.^ ^
^ ^—^r—5

—

work done by the steam-cylinder

E is commonly taken at 0.7 to 0.8 for ordinary direct-acting pumps.
For the highest class of pumping-engines it may amount to 0.9. The
steam-pressure P is the mean effective pressure, according to the indi-
cator-diagram; the water-pressure p is the mean total pressure acting
on the pump plunger or piston, including the suction, as could be shown
by an indicator-diagram of the water-cylinder. The pressure on the
pump-piston is frequently much greater than that due to the height of
the lift, on account of the friction of the valves and passages, which
increases rapidly with velocity of flow.

Speed of TVater through Pipes and Pump-passages. — The speed
of the water is commonly from 100 to 200 feet per minute. If 200 feet
per minute is exceeded, the loss from friction may be considerable.

^, ,. ^ .. •j-^r.r/ gallons per minute
The diameter of pipe required is 4.95-^

i velocity in feet per minute

For a velocity of 200 feet per minute, diam. = 0.35 X Vgallons per min.

Sizes of Direct-acting Pumps. — The tables on pages 789 and 791
are selected from catalogues of manufacturers, as representing the two
common types of direct-acting pump, viz., the single-cylinder and the
duplex. Both types are made by most of the leading manufacturers.

EflBciency of Small Direct-acting Pumps. — Chas. E. Emery, in
Reports of Judges of Philadelphia Exhibition, 1876, Group xx., says:
"Experiments made with steam-pumps at the American Institute Exhibi-
tion of 1867 showed that average-sized steam-pumps do not, on the aver-
age, utilize more than 50 per cent of the indicated power in the steam-
cyUnders, the remainder being absorbed in the friction of the engine, but
more particularly in the passage of the water through the pump. It

may be safely stated that ordinary steam-pumps rarely require less than
120 pounds of steam per hour for each horse-power utilized in raising

water, equivalent to a duty of only 15,000,000 foot-pounds per 100
pounds of coal. With larger steam-pumps, particularly when they are,

proportioned for the work to be done, the duty \\11I be materially in-

creased."
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The Worfchington Duplex Pump.

Standard Sizes for Ordinary Service.

u
°^

m 3

. Sizes of Pipes for
•

a
Ol'^ .

Short Lengths.
s i tr. 3 S

'3^ .^al To be increased as

1
d
-2 >-

c m3 length increases.

*>>

B 5 c5
^>.

ill
1

s
05

•s

2 |o

is

II

III

III

6

'a

a

1

i
ft

Si

i
i
.0

i

1
1
.2

P Q ^ P PM p cc H m p

y 2 3 .04 100 to 250 8-to 20 2 7/8 3/8 1/2 11/4

41/2 23/4 4 .10 100 to 200 20 to 40 4 1/2 3.4 2 11/2

51/4 31/2 5 .20 100 to 200 40 to 80 5 34 il4 21/2 1V2
6 4 6 .33 100 to 150 70 to 100 5:^/8 1 II2 3

71/2 41/2 6 .42 100 to 150 85 to 125 638 11/2 2 4

71/2 5 6 .5! 100 to 130 100 to 150 7 11/2 2 4

71/2 41/2 10 .69 75 to 125 100 to 170 63/8 11/2 2 4
9 51/4 10 .93 75 to 125 135 to 230 71/2 2 21/2 4

10 6 10 1.22 75 to 125 180 to 300 81/2 2 21,2 5

10 7 10 1.66 75 to 125 245 to 410 9 7/8 2 21/2 6

12 7 10 1.66 75 to 125, 245 to 410 9 7/8 21/2 6

14 7 10 1.65 75 to 125 245 to 410 97/8 21/2 6

12 81/2 10 2.45 75 to 125 365 to 610 12 21/2 6

14 81/2 10 2.45 75 to 125 365 EO 610 12 21 2 6

16 81/2 10 2.45 75 to 125 365 to 610 12 2I2 6

1612 81'2 10 2.45 75 to 125 365 to 610 12 31/2 6

20 81/2 10 2.45 75 to 125 365 to 610 12 6

12 IOI4 10 3.57 75 to 125 530 to 890 141/4 21 2 8

14 101/4 10 3.57 75 to 125 530 to 890 141/4 21/2 8

16 101/4 10 3.57 75 to 125 530 to 890 141/4 21.2 8

181/2 101/4 10 3.57 75 to 125 530 to 890 141/4 31/2 8

20 101/4 10 3.57 75 to 125 530 to 890 141/4 8

14 12 10 4.89 75 to 125 730 to 1220 17 21/2 10 8

16 12 10 4.89 75 to 125 730 to 1220 17 21/2 10 8

181/2 12 10 4.89 75 to 125 730 to 1220 17 31/2 10 8

20 12 10 4.89 75 to 125 730 to 1220 17 10 8

1812 14 10 6.66 75 to 125 990 to 1660 19 3/4 31/2 12 10

20 14 10 6.66 75 to 125 990 to 1660 1934 12 10

17 10 15 5.10 50 to 10Q 510 to 1020 14 31/2 8 7

20 12 15 7.34 50 to 100 730 to 1460 17 12 10

20 15 15 11.47 55 to 100 1145 to 2290 21

25 " 15 11.47 50 to 100 1145 to 2290 ^1

Speed of Piston. — A piston speed of 100 feet per minute is commonly
assumed as correct in practice, but for short-stroke pumps this gives too
high a speed of rotation, requiring too frequent a reversal of the valves.
For long-stroke pumps, 2 feet arid upward, this speed may be consider-
ably exceeded, if valves and passages are of ample area.
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Number of Strokes Required to Attain a Piston Speed from 50 to
135 Feet per Minute for Pumps Having Strolies

from 3 to 18 Indies in Lengtii.

Speed of
Piston, in
Feet per
Min.

Length of Stroke in Inches.

3 4
i

5 6 7 8 10
1 12

[
15 18

Number of Strokes per Minute.

50 200 150 120 100 86 75 60 50 40 33
55 220 165 132 110 94 82.5 66 55 44 37
60 240 180 144 120 103 90 72 60 48 40
65 260 195 156 130 111 97.5 78 65 57. 43
70 2«() 210 168 140 120 105 84 70 56 47
75 300 225 180 150 128 112.5 90 75 60 50
80 320 240 192 160 137 120 96 80 64 53
85 340 255 204 170 146 127.5 102 85 68 57
90 360 270 216 180 154 135 108 90 72 60
95 380 285 228 190 163 142.5 114 95 76 63
100 400 300 240 200 171 150 120 100 80 67
105 420 315 252 210 180 157.5 126 105 84 70
no 440 330 264 220 188 165 132 110 88 73
115 460 345 276 230 197 172.5 138 115 92 77
120 480 360 288 240 206 180 144 120 96 80
125 500 375 300 250 214 187.5 150 125 100 83

Underwriters' Pumps— Standard Sizes.

(National Board of Fire Underwriters, 1908.)

Pump Sizes, In.
Capacity at 100 Lb.

at Pump.
Boiler Power
Required. Full Speed.

Steam.

Water.
Stroke

No. of

1 1/2-In.

Streams.

Nomi-
nal
Gals,
per
Min.

Actual
Gals,
per
Min.

Horse-
Power.

Steam
Pres-
sure
at

Pump,
Lb.

Revs.

mTu.

Piston

per
Min.

14 X 7 X12
14 X 71/4X12
16 X 9 X12
18 X20 X12
18 1/2X10 1/4X12
20 X12 X16

^Two]
Three

I
Four

\
Six

500

750

1000

1500

j 4831
1 520 r

806

j 999)
1 1050 (

1655

100

115

150

200

40

45

45

50

70

70

70

60

140

140

140

160

The standard allowance for a good 1 i/s-in. (smooth nozzle) fire-

stream is 250 gal. per minute.
riston Speed of Pumping-engiiies. — (John Birkinbine, Trans. A. I.

M. E., V. 459.) — In dealing with such a ponderous and unyielding sub-
stance as water there are many difficulties to overcome in making a pump
work with a high piston speed. The attainment of moderately high speed
is, however, easily accomplished. Well-proportioned pumping-engines of
large capacity, provided with ample water-ways and properly constructed
valves, are operated successfully against heavy pressures at a speed of
250 ft. per minute, without "thug," concussion, or injury to the appara-
tus, and there is no doubt that the speed can be still further increased.
Speed of Water through Valves. — If areas through valves and

water passages are sufficient to give a velocity of 250 ft. per min. or less,
they are ample. The water should be carefully guided and not too
abruptly deflected. (F. W. Dean, Eng. News, Aug. 10, 1893 ) \

Boiler-feed Pumps. — Practice has shown that 100 ft. of piston speed i

per minute is the limit, if excessive wear and tear is to be avoided.
The velocity of water through the suction-pioe must not exceed 200 ft.

per minute, else the resistance of the suction is too great.

,
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^ Tne approximate size or suction-pipe, where the length does not exceed
2o ft. and there are not more than two elbows, may be found as follows-

7/10 of the diameter of the cylinder multiplied by 1/100 of the piston
speed in feet. For duplex pumps of small size, a pipe one size larger is
usually employed. The velocity of flow in the discharge-pipe should not
exceed 500 ft. per minute. The volume of discharge and length of pipe
vary so greatly in different installations that where the water is to be
forced more than 50 ft. the size of discharge-pipe should be calculated
for the particular conditions, allowing no greater velocity than 500 ft
per minute. The size of discharge-pipe is calculated in single-cylinder
pumps from 250 to 400 ft. per minute. Greater velocity is permitted in
tne larger pipes.

In determining the proper size of pump for a steam-boiler, allowance
must be made for a supply of water sufficient for the maximum capacity
of the boiler when over driven, with an additional allowance for feeding
water beyond this maximum capacity when the water level in the boiler
becomes low. The average run of horizontal tubular boilers will evapor-
ate from 2 to 3 lbs. of water per sq. ft. of heating-surface per hour butmay be driven up to 6 lbs. if the grate-surface is too large or the draught
too great for economical working.
Pump-Valves. — A. F. Nagle (Trans. A. S. M. E., x. 521) gives a

number of designs with dimensions of double-beat or Cornish valves
used in large pumping-engines, with a discussion of the theory of their
proportions. Mr. Nagle says: There is one feature in which the Cornish
valves are necessarily defective, namely, the lift must always be quite
large, unless great power is sacrificed to reduce it. A small valve pre-
sents proportionately a larger surface of discharge with the same hft than
a larger valve, bo that whatever the total area of valve-seat opening, its

full contents can be discharged with less lift through numerous small valves
than with one large one. See also Mr. Nagle's paper on Pump Valves and
Valve Areas, Trans. A.S, M. E., 1909.
Henry R. Worthington was the first to use numerous small rubber

valves in preference to the larger metal valves. These valves work well
under all the conditions of a city pumping-engine. A volute spring is

generally used to limit the rise of the valve.
In the Leavitt high-duty sewerage-engine at Boston (^Am. Machinistt

May 31, 1884), the valves are of rubber, 3/4 inch tliick, the opening in
valve-seat being 13 1/2 X 41/2 inches. The valves have iron face and
back-plates, and form their own hinges.
The large pumping engines at the St. Louis water works have rub-

ber valves 31/2 in. outside diam. There are seven valve cages in each
of the suction and discharge diaphragms, each cage having 28 valves.
The aggregate free area of 196 valves is 7.76 sq. ft., the area of one
plunger being 6.26 sq. ft. The suction and discharge pipes are each
36 in. diam., = 7.07 sq. ft. area. (Bull. No. 1609, AUis-Chalmers Co.
Such liberal proportions of valves are found usually only in the highest
grade of large high-duty engines. In small and medium sized pumps
a valve area equal to one-tliird the plunger area is commonly used.)
The Worthington "High-Duty" Pumping Engine dispenses with a

fly-wheel, and substitutes tor it a pair of oscillating hydraulic cylinders,
which receive part of the energy exerted by the steam during the first

half of the stroke, and give it out in the latter half. For description see
catalogue of H. R. Wortliington, New York. A test of a triple expan-
sion condensing engine of tliis type is reported in Eng. News, Nov. 29,
1904. Steam cyhnders 13, 21, 34 ins.; plungers 30 in., stroke 25 in.
Steam pressure, 124 lbs. Total head, 79 ft.; capacity, 14,267,000 gal.
in 24 hrs. Duty per million B.T.U., 102,224,000 ft.-lbs.

The d'Auria Pumping Engine substitutes for a fly-wheel a compen-
sating cylinder in Une with the plunger, with a piston which pushes water
to and fro through a pipe connecting the ends of the cylinder. It is built
by the Builders' Iron Foundry, Providence, R. I.

A 73,000,000-gallon Pumping Engine at the Calf Pasture Station of
the Boston Main Drainage Works is described in Eng. News, July 6,

1905. It has three cyhnders, 181/2, 33 and 523/4 ins., and two plungers,
60-in. diam.; stroke of all, 10 ft. The piston-rods of the two smaller
cyhnders connect to one end of a walking beam and the rod of the third
cylinder to the other. Steam pressure 185 lbs. gauge; revolutions per
min. 17: static head 37 to 43 ft. Suction valves 128; ports, 4X161/4 in.;
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total port area 8576 sq, in. Delivery valves, 96; ports, 4 X 163/4 to 203/4
in.; total port area 7215 sq. in. The valves are rectangular, rubber flaps,
backed and faced with bronze and weighted with lead. They are set with
their longest dimension horizontal, on ports which incline about 45° to the
horizontal. At 17 r.p.m. the displacement is 72,000,000 gallons in 24 hours.
The Screw Pumping Engine of the Kinnickinick Flushing Tunnel,

Milwaukee, has a capacity of 30,000 cubic feet per rninute (= 323,000,000
gal. in 24 hrs.) at 55 r.p.m. The head is 31/2 ft. The wheel 12.5 ft.

diam., made of six blades, revolves in a casing set in the tunnel lining.
A cone, 6 ft. diam. at the base, placed concentric with the wheel on
the approach side diverts the water to the blades. A casing beyond
the wheel contains stationary deflector bla,des which reduce the swirling
motion of the v/ater (AlUs-Chalmers Co., Bulletin No. 1610), The two
screw pumping engines of the Chicago sewerage system have wheels
143/4 ft. diam., consisting of a hexagonal hub surmounted by six blades,
and revolving in cyUndrical casings 16 ft. long, allowing 1/4 in. clearance
at the sides. The pumps are driven by vertical triple-expansion, engines
with cylinders 22, 38 and 62 in. diam., and 42 in. stroke.

Finance of Pumping Engine Economy.—A critical discussion of
the results obtained by the Nordberg and other high-duty engines is

printed in Eng. News, Sept. 27, 1900. It is shown that the practical
question in most cases is not how great fuel economy can be reached,
but how economical an engine it will pay to install, taking into consid-
eration interest, depreciation, repairs, cost of labor and of fuel, etc.

The following table is given, showing that with low cost of fuel and
labor it does not pay to put in a very high duty engine. Accuracy is

not claimed for the figures; they are given only to show the method
of computation that should be used, and to show the influence of different
factors on the final result.

Tabular Statement of Total Annual Cost op Pumping with an
800-H .P. Engine, as Influenced by Varying Duty of Engine,
Varying Price of Fuel, and Varying Time of Operation.

First cost:
Engine
Engine, per H.P
Boilers, economizers
Engine and boilers .

.

Int. and depreciation:
On engine, at 6%

Boilers, 8%
Total

Labor per annum
Fuel cost:

4,000 hrs. per yr.:

$3.00 per ton
4.00 per ton
5.00 per ton

6,000 hrs. per yr.:

$3.00 per ton
4.00 per ton
5.00 per ton

Total annual cost:
4,000 hrs. per yr.:

Coal, $3 per ton
4 per ton
5 per ton

6,000 hrs. peryr.
Coal, $3 per ton

4 per ton
5 per ton

Duty per million B.T.U.

50.

$24,000
30.00
27,000
51,000

100.

$48,000
60.00
13,500

61,500

120.

$68,000
85.00
11,250

79,250

150.

$118,000
147.50
9,000

127,000

180.

$148,000
185.00

7,500

155,500

1,440

2,160
3,600
6,022

2,880
1,080

3,960
6,022

4,080
900

4,980
7,655

7,080
720

7,800

9,307

8,880
600

9,480
10,220

17,280
23,040
28,800

8,640
11,520

14,400

7,200
9,600

12,400

5,760
7,680

9,600

4,800
6,400
8,000

25,920
34,560
43,200

12,960

17,280

21,600

10,800
14,400

18,600

8,640
11,520

14,400

7,200
9,600

12,000

26,902
32,662
38,422

18,622
21,502
24,382

19,835

22,235
25,035

22,867
24,787
26,707

24,500
25,103

27,700

35,522
44,182
52,822

22,942
27,262
31,582

23,435
27,035
31,235

25,747
28,62}

31,507

26,900

29,300
31,700
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Cost of Electric Current for Pumping 1000 Gallons per Minute
100 ft. High. (TheoreticalH.P. with 100% efflciericv=

100,000 ^ 3958.9 = 25.259 H.P.)
Assume cost of current = 1 cent per K.W. hour delivered to the motor-

efficiency of motor = 90%; mechanical efficiencv of triplex pumps ='

80%; of centnfugal pumps = 72% ; combined efficiency, triplex pumps,
72%; centnfugal, 64.8%. 1 K.W. = 1.34 electrical H.P. on wire

Triplex, 1.34 X 0.72 = 0.9648 pump H.P.; X 33,000= 31,838 ft.-lbs
per min.

Centrifugal, 1.34 X 0.648 = 0.86382 pump H.P.; X 33,000 = 28 654
ft.-lbs. per min.

1000 gallons 100 ft. high = 833,400 ft.-lbs. per min.

v.'^i^Sf'"' St^^,-^ 31,838 = 26.1763 K.W. X 8760 hours per yearX 350.01 = 9p229.3.04.

v.^n''n?^"^^L^.^^4°^ ^ 28,655 = 29.0840 K.W. X 8760 hours per yearX !lt>U.()l = §52547.76.

,
For 100% efficiency, $2293.04 X 0.72 = $1650.00. For any other effi-

ciency, divide $1650.00 by the efficiency. For any other cost per K W
hour, in cents, multiply by that cost.

Cost of Fuel per Year for Pumping 1,000 Gallons per Minute
100 Ft. High by Steam Pumps.

(1)
100%Effy

2)

90%
(3) (4) (5) (6) (7)

'

10. 198. 178.2 142.56 0.5846 0.42090 153.63 460.89
11.88 166.667 150. 120. 0.6945 0.50004 182.51 547.53
14. 141.433 127.87 101.83 0.8184 0.5S926 215.08 645.24
14.256 138.889 125. 100. . 0.8334 0.60005 219.02 657.06
15. 132. 118.8 95.04 0.8769 0.63125 230.44 691 .32
16. 123.75 111.375 89.10 0.9354 0.67344 245.80 737.40
17.82 111.111 100. 80. 1.0417 0.75006 273.77 821.31
20. 99. 89.1 71.28 1.1692 0.84180 307.26 921.78
23.76 83.333 75. 60. 1.3890 1.00008 365.03 1095.09
30. 66. 59.4 47.52 1.7538 1.26270 460.89 1382.67
35.64 55.556 50. 40. 2.0835 1.50012 547.54 1642.62
40. 49.5 44.5 35.64 2.3384 1.68360 614.52 1843.56
47.52 41.667 37.5 30. 2.7780 2.00016 730.06 2190.18
50. 39.6 35.64 28.51 2.9230 2.10450 768.15 2304.45
a b c d e f g h

(1) Lbs. steam per I.H.P. per hour.
(2) Duty million ft.-lbs. per 1000 lbs. steam, b, 100% effy., c, 90%.
(3) Duty per 100 lbs. coal, 90% effy., 8 lbs. steam per lb. coal.

(4) Lbs. coal per min. for 1000 gals,, 100 ft. high.
(5) Tons, 2000 lbs. in 24 hours.
(6) Tons per year, 365 days.
(7) Cost of fuel per vear at $3.00 per ton.
Factors for calculation: b = 1980 h- a; c = 6 X 0.9; d = c "X 0.8;

e = 8334 -^ 100 d; / = e X 0.72; g = f X 365: h == g X 3.

For any other cost of coal per ton, multiply the figures in the last
column by the ratio of that cost to $3.00.

Cost of Pumping 1000 Gallons per Minute 100 ft. High by
Gas Engines.

Assume a gas engine supplied by an anthracite gas producer using 1.5
lbs. of coal per brake H.P. hour, coal costing $3.00 per ton of 2000 lbs.

Efficiency of triplex pump 80%, of centrifugal pump, 72%.
1000 gals, per min. 100 ft. high = 833,400 ft.-lbs. per min. -^ 33,000

= 25 2545 H P
Fuel cost per brake H.P. hour 1.5 lbs. X 300 cents -4- 2000 = 0.225

cent X 8760 hours per year = $19.71 per H.P. X 25.2545= $497,766 for
100% efficiency.

For 80% effy., $622.21 ; for 72% effy., $691.34; or the same as the cos,t
with a steam pumping engine of 95,000,000 foot-poimcls duty per \m
i)t>s. of CO^l.
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Cost of Fuel for Electric Current.

Based on 10 lbs. steam per I.H.P. hour, 8 lbs. steam per lb. coal, or
1.25 lbs. coal per I.H.P. per hour. (Electric line loss not included.)

Efficiency o^' engine 0.90, of generator 0.90, combined efTy. 0,81.
I.H.P. = 0.746 K.W., 0.746 X 0.81 «= 0.6426 K.W. on wire for 10 lbs.

steam. Reciprocal = 16.5492 lbs. steam per K.W. hour. 8 lbs. steam
per lb. coal = 2.06865 lbs. coal, at $3,00 per ton of 2,000 lbs. =^ 0.3103
cents per K.W. hour.

Lbs. steam per I.H.P. hr. —
12 14 16 18 20 30 40

Fuel cost, cents per K.W. hr. —
0.3724 0.4344 0.4965 0.5585 0.6206 0.9309 X.2412

CENTRIFUGAI. PUMPS.
Theory of Centrifugal Pumps. — Bulletin No. 173 of the Univ. of

Wisconsin, 1907, contains an investigation by C. B. Stewart of a 6-in.
centrifugal pump which gave a maximum efficiency, under the best
conditions of load, of only 32%, together with a discussion of the general
theory of M. Combe, 1840, which has been followed by Weisbach, Ran-
kine, and Unwin, Mr. Stewart says that the theory of the centrifugal
pump, at the times of these writers, seemed practically settled, but it

was found later that the pump did not follow the theoretical laws de-
rived, and the subject is still open for investigation. The theoretical
head developed by the impeller can be stated for the condition of impend-
ing delivery, but as soon as flow begins the ordinary theory does not
seem to apply.' Experiment shows that the main difficulty to be over-
come in order to secure high efficiency with the centrifugal pump is in
providing some means of transforming the portion of the energy which
exists in the kinetic form, at the outlet of the impeller, to the pressure
form, or of reducing the loss of head in the pump casing to a minimum.
The theoretical head for impending delivery is V^-^g, while experiment
shows that the maximum actual head approaches V^-r- 2 g* as a limit.
As the flow commences each pound of water discharged will possess the
kinetic energy V^-i-2g in addition to its pressure energy. To secure
high efficiency some means must be found of utilizing this kinetic energy.
The use of a free vortex or whirlpool, surrounding the impeller, and this
surrounded by a suitable spiral discharge chamber, is practically accepted
as one means of utilizing the energy of the velocity head. Guide vanes
surrounding the impeller also provide a means of changing velocity head
to pressure head, but the comparative advantage of these two means
cannot be stated until more experimental data are obtained.
The catalogue of the Alberger Pump Co., 1908, contains the following:
It was not until the year 1901 that the centrifugal pump was shown to

be nothing more or less than a water turbine reversed, and when designed
on similar lines was capable of dealing with heads as great, and with
efficiencies as good, as could be obtained with the turbines themselves.
Since this date great progress has been made in both the theory and
design, until now it is quite possible to build a pump for any reasonable
conditions and to accurately estimate the efficiency and other chara&-
teristics to be expected during actual operation.
The mechanical power delivered to the shaft of a centrifugal pump by

the prime mover is transmitted to the water by means of a series of
radial vanes mounted together to form a single member called the im-
peller, and revolved by the shaft. The water is led to the inner ends of
the impeller vanes, wliich gently pick it up and with a rapidly accelerat-
ing motion cause it to flow radially between them so that upon reaching
the outer circumference of the impeller the water, owing to the .velocity
and pressure acquired, has absorbed all the power transmitted to th^
pump shaft. The problem to be solved in impeller design is to obtain:
the required velocity and pressure with the minimum loss in shock and!
friction. Since the energy of the water on leaving the pump is required to-
be mostly in the form of pressure, the next problem is to transform intO'
pressure the kinetic energy of the water due to its velocity on leaving the
impeller and furthermore to accomplish this with the least possible loss.
The next consideration in impeller design is the proportions of the

vanes and the water passages, and to properly solve this ^obtem an



CENTRIFUGAL PUMPS. 797

extensive use of intricate mathematical formulae Is necessary in addition
to a wide knowledge of the practical side of the question. It is possible
to obtain the same results as to capacity and head with practically an
infinite number of different shapes, each of which gives a different effi-

ciency as well as other varied characteristics. The change from velocity
to pressure is accomplished by slowing down the speed of the water in an
annular diffusion space extending from the impeller to the volute casing
Itself and so designed that there is the least loss from eddies or shock.
It is necessary that this change shall take place gradually and uniformly,
as otherwise most of the velocity would be consumed in producing eddies.
With a proper design of the diffusion space and volute it is possible to
transform practically the whole of the velocity into pressure so that the
loss from this source may be very small.

It is necessary also to furnish a uniform supply of water to all parts of
the inlet or suction opening of the impeller, for unless all the impeller
vanes receive the same quantity of water at their inner edges, they
cannot deliver an equal quantity at their outer edges, and this would
seriously interfere with the continuity of the flow of water and the suc-
cessful operation of the pump.

Relation of the Peripheral Speed to the Head.— For constant speed
the discharge of a centrifugal pump for any lift varies with the square
root of the difference between the actual lift and the hydrostatic head
created by the pump without discharge. If any centrifugal pump con-
nected to a source of supply and to a discharge pipe of considerable
height Is put In revolution, it will be found that it is necessary to main-
tain a certain peripheral runner speed to hold the water 1 ft. high without
discharge, and that for any other height the requisite speed will be very
nearly proportional to the square root of the height.

Experiments prove that the peripheral speed in ft. per min. neces-
sary to lift water to a given height with_vanes of dijferent forms is approx^

Imately as follows: a, 481 '^h; b, 554 ^h;c, 610 ^h: d, 780 ^h;e, 394 ^k,
a Is a straight radial vane, & is a straight vane bent backward, c is a curved
vane, Its extremity making an angle of 27° with a tange' ^t to the impeller,
d Is a curved vane with an angle of 18°, e is a vane cui ved in the reverse
direction so that outer end is radial. _

Applying the above formula, speed ft. per min. =^coeflf. X '^h, to the

design of Mr. Clifford, gives 60 X 75.05 = C X Vs5, whence C = 488.
The vane angle was 12°. It is evident that the value of C depends on
other things than the shape or angle of th-e vanes, such as smoothness of
the vanes and other surfaces, shape and area of the diffusion vanes, and
resistance due to eddies in the pump passages.
The coefficient varies with the shape of the vanes; this means that

different speeds are necessary to hold water to the same heights with
these different forms of vanes, and for any constant speed or lift there
must be a form of vane m^ore suitable than any other. It would seem at
first glance that the runner which creates a given hydrostatic head with
the least peripheral velocity must be the most efficient, but practically
it is apparent from tests that the curvature of the vanes can be designed
to suit the speed and lift without materially lowering the efficiency.

iu A. Hicks. Eng. News, Aug. 9, 1900.)
The quotient of the radial velocity of flow in a centrifugal pump

divided by the peripheral velocity is a constant C. By plotting effi-

ciency curves for various speeds in the discharge-efficiency diagram,
it is found that the points of maximum efficiency of the various curves
lie nearly in a straight line, hence the constant C varies but little with
the speed. Examination of the data from a large number of pumps
of various designs shows that high speeds are consistent with good
efficiency, and that the best values for C lie between the limits of 0.12

and 0.15. There is no advantage in the use of excessively wide im-
pellers.— (N. W. Akimoff, Jour. Franklin Institute, May, 1911.)

Design of a Four-stage Turbine Pump.— C. W. Chfford, in Am.
Mach., Oct. 17, 1907, describes the design of a four-stage pvrrp of a
capacity of 2.300 gallons per minute = 5.124 cu. ft. per sec. Following
is an abstract of the method adopted. The total head was 1000 ft.

Three sets of four-stage pumps were used at elevations of 16. 332, and
666 ft., the discharge of the first being the suction of the second, and so on.
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The speed of the motor shaft is 850 r.p.m. This gives, for the diameter
of the impeller, rf = 12 X 60 X 75.05 -^ 850 tt = 20.24 in. arcumfer-
ence C = 63.6 in; h = head for each impeller, in ft.

F = peripheral speed = 1.015 V2 gh = 75.05 ft. per sec, 1.015 being
an assumed coefficient. The velocity V is divided into two parts by the
formula Vi=V - V2; V2 -= 2 gh -^ 2 V; whence Vi = 38.65 ft. per sec.
This is the tangential component of the actual velocity of the water as it

leaves the vane of the impeller. The radial component, or the radial
velocity, was taken approximately at 8 ft. per sec; 8 -^ 38.65 = tang, of
11° 42', the calculated angle between the vane and a tangent at the
periphery. Taking this at 12° gives tang. 12° X 38.65 = 8.215 ft. per sec.
= radial velocity V. The outflow area at the impeller then is 5.124 X
144 -i- (8.215 X 0.85) = 105 sq. in.; the 0.85 is an allowance for contrac-
tion of area in the impeller. The thickness of the vane measured on the
periphery is approximately 13/4 in.; taking this into account the width
of the impeller was made 17/8 in. [105 -r- (63.6 - 6 X l^/i) = 1.98 in.].

The vanes were then plotted as shown in Fig. 156, keeping the distance
between them nearly constant and of uniform section. Care was taken
to increase the velocity as gradually as possible.
The suction velocity was 9.37 ft. per sec, the diam. of the opening being

10 in. This v/as increased to 11 ft. per sec at the opening of the im-
peller, from which, after deducting the area of the shaft, the diameter, d,

of the impeller inlet was found. Three long and three short vanes were
used to reduce the shock.
The diffusive vanes, Fig. 157, were then designed, the object being to

change the direction of the water to a radial one, and to reduce the
velocity gradually to 2 ft. per sec at the discharge through the ports.

Fig. 158 shows a cross-section of the pump. The pumps were thor-
oughly tested, and the following figures are derived from a mean curve
of the results:

Gals, per min.. 500 1000 1500 2000 2200 2400 2500 3000 350Q
Efficiency, % 30 51 68 78 79 78 76 61 31
A Combination Single-stage and Two-stage Pump, for low and

high heads, designed by Rateau, is described by J. B. Sperry in Power,
July 13, 1909. It has two runners, one carried on the main driving-
shaft, and the other on a hollow shaft, driven from the main shaft by a
clutch. It has two discharge nipes, either one of which may be closed.
When the hollow shaft is uncoupled, one runner only is used, and the
pump is then a single-stage pump for low heads. When the shafts are
coupled, the water passes through both runners, and may then be deUv-
ered against a high head.
Tests of De Laval Centrifugal Pumps.—The tables on pp. 800, 801 con-

tain a condensed record of tests of three De Laval pumps made by Prof

.

J. E. Denton and the author in April, 1904. Two of the pumps were
driven by De Laval steam turbines, and the other one by an elect, ic
motor. In the two-stage pump the small wheel was coupled direct to
the high-speed shaft of the turbine, running at about 20,500 r.p.m., aad
the large wheel was coupled to the low-speed shaft, which is driven by the
first through gears of a ratio of 1 to 10. The water delivery and the
duty were computed from weir measurements, Francis's formula being
used, and this was checked by calibration of the weir at different heads
by a tank, the error of the formula for the weir used being less than 1%.
Pltot tube measurements of the water delivered through a nozzle were
also made.
One inch below the center of the nozzle was located one end of a thin

half-inch brass tube, tapered so as to make an orifice of 3/32 inch diameter.
The other end of this tube was connected to a vertical glass tube, fastened
to the wall of the testing room, graduated in inches over a height of about
30 ft. The stream of water issuing from the nozzle impinged upon the
orifice of the brass tube, and thereby maintained a height of water In
the glass tube. This height afforded a "Pitot Tube Basis" of measure-
ment of the quantity of water flowing, the reliability of which was tested
by the flow as determined from the weir. The Pitot tube gave the
same result as the weir from the formula Qi= C X Area of Nozzle X
V2 (7/1 with a value of C varying only between 0.953 and 0.977 for the
large nozzle, aaU between 0.943 and 0,960 for th§ small nozzle.
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Te3T of Steam TurbinE Centrifugal Pump, Rated at 1700 GaLB.
PER MiN., 100 Ft. Head

Steam
Pres3. at

s

u

1 ,^
i i

d

the Gover- m •

r" ; F^^ o ^r^ a

No. of
Test.

nor Valve.
Lbs. per
Sq. In. >

1

n 11

*

^1

ce o

m
*

Ah

1

1

II

r 1

•s

6
>
o

6 190 126 ?,5lAi 1 547 47 7 25 45 37.43 22.95 45.97 1,978 0.481

10 m 148 :^5i/'> 1,536 56.65 24.42 50.44 34.95 70. ;i 1,958 0617
I 188 155 7, 75 1 553 59.6 24.06 61.50 44,54 94.9 1,860 0.747

2 188 153.5 75V4 1,547 58.9 24.21 61.86 44.55 100.37 1,759 0.756

3 188 150.7 75V4 1 540 57.7 24.33 61.47 43.59 106.94 1,615 0.755

4 188 143.5 251/9 1,549 54,8 24.53 60.00 40.72 115.46 1,398 0.743

5 188 161 253/8 1 540 47.5 24.5 54.47 31.80 125.85 1,001 0.676

6A 189.5 170 751/'> 1,565 ?4^ Shut-off T. 142.15

g
189 169 5 1 537 45.15 43.85 95.14 1,826

189

189

169

169.7
1,535

1,538

45.12
44.62

43.82
42.93

99.05
104.42

1.753

1,629

* The brake H.P. and the steam per B.H.P. hour were calculated by a
formula derived from Prony brake tests of the turbine.

t Non-condensing.

Test of Electric Motor Centrifugal Pump. Diam. of Pump Wheel
89/32 In. Rated at 1200 Gals. Per Min. — 45 Ft. Head.

2000 Revs. Per Min.

i
> a

<

P^

M
H MS

la

1
o

1

1

1
w

1

ii

Ii

t

s
&
g

1

1 242.5 55.2 17.94 15.07 2,006 3.158 10.25 28,52 1,417 0.680
2 242.3 54.8 17 80 14.94 1,996 3.126 10.67 30.12 1,403 0.714
3 242 59 19.14 16.22 1,996 2.885 11.80 36.1 1,295 0.728
4 242 62.4 20.24 17.27 2,005 2.826 12.18 38 05 1 268 0.706t
5 241.8 62.9 20.39 17.41 2,000 2.525 13.06 45.66 1,133 0.750
6 240.8 66 21.30 18.28 2,005 2.504 13.40 47 25 1 124 0.733t
7 241.4 64 20.71 17.71 2,003 2.197 13.12 52.7 986 0.742
8 239.7 66.3 21.30 18.28 1,997 2.179 13.15 53 28 978 0.720t
9 240.9 63.2 20.41 17.43 2,007 1.735 11.42 58.10 779 0.665t
10 242 62 20.11 17.14 2,003 1.760 11.71 58 76 790 0.683
11 248 34 11.30 8.74 2,040 Shut-off 68.39

* Brake H.P. calculated from a formula derived from a brake test of
the motor.

t Tests marked f were made with the pump suction throttled so as to
make the suction equal to about 22 ft. of water column. In the other
tests the suction was from 5.6 to 10.9 ft.
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Test of Steam Turbine Two-Stage Centrifugal Pump. Rated at
250 Gals, per Min, 700 Ft. Head. Large Pump Wheel,

2050 R.P.M.; Small Wheel, 20,500 R.P.M.

Steam § u i .

1.

t- C
Press, at §

S
3 ^

flj S3 ^

III
%^

the Gover-
nor Valve.

^
Sc3 1.

u

# aw
03 u

Lbs. per
Sq. In.

1

1^
a

•^3
3.S 1^

^ ^
l§

< W ^ ;^ E
186 120.7 28.1 25 25 341 2,104 0.830 135.76 12.83 373 18 63 106.2
175 138.3

162.3
27.5
27.05

24.4
25.5 385

2,092
2,074

0.799
0.790

193.85
288

17.54
75 78

359
354181 28 73 68.9

178 173 7 26,2 25 5 316 2,056 0.775 358.78 31 50 347 32.9 60.2
180 180.3 26 25 3 326 2,027 0,750 420.5 35.60 336 36.00 54.9
181 182 25 ? 25 25 325 2 001 731 494.35 40 92 328 41 55 47.7
180 182

188.3
24.9
25.5

25.35
26.3 iii

1,962

2,014

0.697
0.664

585.06
632.6

46.19
47 58

312
299186 47 43 4i.77

185 185 iO ?3 3 331 2,012 558 756.38 47.81 251 47.67 41 5

185 184 29 26.5 325 2,029 0.544 781.4 48.15 244 48.88 40.50

A^Test of a Lea-Deagan Two-Stage Pump, by Prof. J. E. Denton,
IS reported in Eng. Rec, Sept. 29, 1906. The pump had a 10-in. suction
and discharge line, and impellers 24 in. diam., each with 8 blades. The
following table shows the orincipal results, as taken from plotted curves
of the tests. The pump was designed to give equal efficiency at different

I 3000 3200 3400 3600 3800
GaL per min.

400 800 1200 1600 2000 2400 i

Efficiency.
400r.p.m. 42 61 69 75

71
68

51
82
122

77
75
71

47
78

118

77
77
74

42
73

115

70 . . .

.

500 " 39 56 65
600 " 35 50 62
lead.
400r.p.m. 55 55 53

77.6 77
76 77

34

74
78

70
78 '"76 54"

500 " 63 86 84
600 •• 126 127 125

67 • 63
107 104

58
101

51
97 '87 "ss"

The following results were obtained under conditions of maximum
efficiency:

400 r.p.m. 77.7% effy. 2296 gals, per min. 43.6 ft. lift

500 " 77.6 " 2794 " "
67.4

600 " 77.97 " 3235 " " 100.7

A High-Duty Centrifugal Pump.—A 45,000,000 gal. centrifugal pump
at the Deer Island sewage pumping station, Boston, Mass., was tested
in 1896 and showed a duty of 95,867,476 ft.-lbs., based on coal fired to
the boilers. — (AlUs-Chalmers Co., Bulletin No. 1062.)

Rotary_ Pumps.— Pumps with two parallel geared shafts carrying
vanes or impellers which mesh with each other, and other forms of posi-
tive driven apparatus, in which the water is pushed at a moderate veloc-
ity, instead of being rotated at a high velocity as in centrifugal pumps,
are known as rotary pumps. They have an advantage over recipro-
cating pumps in being valveless, and over centrifugal pumps in working

i

under variable heads. They are usually not economical, but when care-

fully designed with the impellers of the correct cycloidal shape, like

those used in positive rotary blowers, they give a high efficiency.

They are especially useful in handling large volumes of water at
l^eads from 10 to 50 feet and also as vacuum pumps for condensers.
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They are not well adapted for lifting small quantities of water at
high pressure.
By calibrating the discharge per revolution and attaching a revolu-

tion counter a rotary pump may be used as a water meter.
An improvement in rotary pumps is to drive the two impellers

by a cross-compound engine, the two cylinders of which are so set that
tne high-pressure piston drives one impeller and the low-pressure pis-

ton the other. In this arrangement the transmission of power from
one impeller shaft to the other through gearing is avoided. (Conners-
ville Blower Co., 1915.)

Tests of Centrifugal and Rotary Pumps. (W. B. Gregory, Bull.

183, U. S. Dept. of Agriculture, 1907.)— These pumps are used for irri-

gation and drainage in Louisiana. A few records of small pumps, giving

very low efficiencies, are omitted. Oil was used as fuel in the boilers,

except in the pump of the New Orleans drainage station No. 7 (figures in

the last column), which was driven by a gas-engine.

Actual lift

Disch. cu. ft. per sec .

Water horse-power
I.H.P
EfFy., engine, gearing
and pumps

Duty, per 1000 lbs. stea.
Duty, per million
B.T.U. infuel

Therm, effy . from stea.
Kind of engine, and
pump

15.5

72.6
127.5
155.6

81.7
72.1

37.8
8.16

a.f

16.2
157.0
287.4
671.2

42.9
34.3

18.3

4.23

b.g

11.2
116.0
147.1

229.8

64.2
40.7

20.7
4.68

b,g

49.0
33.8

b.g

9.5
71.4
76.5

137.7

55.6

22.1

c, g

28.7
68.7
222.8
503.9

44.3
33.9

17.3

4.09

b,g

31.7
85.6

306.8
452.3

67.9
78.2

51.1

9.70

a, g

6.8
130.5

31.6
152.9
547.9
657.7

83.3
75.4

50.1

9.61

a, g

13.4
30.5
46.2
90.6

51.0

S2.4

e, g

.c. Tandem compound condensing CorUss; b, Simple condensing Cor-
liss; c. Simple non-condensing Corliss; d. Triple-expansion condensing,
vertical; e, Three-cylinder vertical gas-engine, with gas-producer, 0.85 lb.

coal per I.H.P. per hour; /, Rotary pump; g, Cycloidal rotary.
The relatively low duty per miUion B.T.U. is due to the low efficiency

of the boilers. The test whose figures are given in the next to the last
column is reported by Prof. Gregory in Trans. A. S. M. E., to vol. xxviii.

DUTY TRIALS OF PUMPING-ENGINES.
A committee of the A. S. M. E. {Trans., xii. 530) reported in 1891 on a

standard method of conducting duty trials. Instead of the old unit of
duty of foot-pounds of work per 100 lbs. of coal used, the committee recom-
mend a new unit, foot-pounds of work per million heat-units furnished by
the boiler. The variationsJn quantity of coal make the old standard unfit
as a basis of duty ratings. The new unit is the precise equivalent of 1.00

lbs. of coal in cases where each pound of coal imparts 10,000 heat-units to
the water in the boiler, or where the evaporation is 10,000 -^ 970.4 = 10.^05
lbs. of water from and at 2 1 2 ° per pound of fuel. This evaporative resulti
is readily obtained from all grades of Cumberland or other semi-bitumiJ
nous coal used in horizontal return tubular boilers, and, in many cases,!
from the best grades of anthracite coal. 1
The committee on Power Tests (1915) reaffirmed the new unit, de-1

fining it as follows: 1
The duty per million heat-units is found by dividing the number ofl

foot-pounds of work done during the trial by the total number of heat^
units consumed, and multiplying the quotient by 1,000,000. The|
amount of work is found in the case of reciprocatmg pumps by mulj
tiplying the net area of the plunger in sq. in., the total head expressegr
in pounds per square inch * by the length of the stroke in feet, anl
the total number of single strokes during the trial; finally correctii

^ The total head is determined by adding together the pressurJ
shown by the gage on the force main, the vacuum shown by the gag^
on the suction main, and the vertical distance between the center oh
the force-main gage and the point where tthe suction-gage pipe conj
nects to the suction main, all expressed in the same units (pounds peff
equMrre inch or foot) . A pet-COCk should, be attached to the gage pipa
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for the percentage of leakage of the pump. In cases where the water
delivered is determined by weir or other measurement, the work done is

found by multiplying the weight of water discharged during the trial by
the total head in feet.

The water horse-power of a pump is found by dividing the num-
ber of foot-pounds of work done per minute by 33,000.

Capacity.—The capacity in gallons per 24 hours for reciprocating

Eumps in cases where the water delivered is not measured, is found
y multiplying the net area of the plunger in square inches by the

length of the stroke in feet (in direct-connected engines the average
length of stroke); then by the number of single strokes per minute;
and the product of these three by the constant 74.8; finally correcting
for th6 percentage of leakage of the pump.
Leakage of Pump.—The percentage of leakage is the percentage

borne by the quantity of leakage, found on the leakage trial, to the
quantity of water discharged on the duty run determined from plunger
displacement.
Leakage Test of Pump.—The leakage of an inside plunger (the only

type which requires testing) is most satisfactorily determined by making
the test with the cylinder-head removed. A wide board or plank may be
temporarily bolted to the lower part of the end of the cylinder, so as to
hold back the water in the manner of a dam, and an opening made in the
temporary head thus provided for the reception of an overflow-pipe.

The plunger is blocked at some intermediate point in the stroke (or, if

this position is not practicable, at the end of the stroke), and the water
from the force main is admitted at full pressure behind it. The leakage

escapes through the overflow-pipe, and it is collected in barrels and
measured. The test should be made, if possible, with the plunger in

various positions.
In the case of a pump so planned that it is difficult to remove the

cyUnder-head, it may be desirable to take the leakage from one of the

openings which are provided for the inspection of the suction-valves,

the head being allowed to remain in place.

It is assumed that there is a practical absence of valve leakage. Exami-
nation for such leakage should be made, and if it occurs, and it is found to

be due to disordered valves, it should be remedied before making the

plunger test. Leakage of the discharge valves wiU be shown by water
passing down into the empty cylinder at either end when they are under
pressure. Leakage of the suction-valves will be shown by the disappear-
ance of water which covers them.

,

If valve leakage is found which cannot be remedied the quantity or

water thus lost should also be tested. One method is to measure the
amount of water required to maintain a certain pressure in the pump
cylinder when this is introduced through a pipe temporarily erected, no
water being allowed to- enter through the discharge valves of the pump.
' i^iction.—The percentage of total friction in a reciprocating
gump is the percentage of the friction horse-power to the indicated
orse-power of the steam cylinders.

1 Data and Results.—The data and results should be reported In
accordance with the form given herewith, adding lines for data not

below each gage cock, and opened occasionally so as to free the pipe
of air in the case of the force-main gage and of water in the case of
the suction gage. If the suction main is under a pressure instead of
a vacuum the suction gage should be attached at such a level that the
connecting pipe may be filled with water when the pet-cock is opened,
in which case the correction for difference in elevation of gages is
the vertical distance between the centers of the gages, and the reading
of the suction gage is to be subtracted from that of the force-main
gage.

If the water is drawn from an open well beneath the pump, the
e^ total head is that shown by the force-main gage corrected for the

elevation of the center of the gage above the level of water in the
pump well.

If there is a material difference in velocity of the water at .he
points where the two gages are attached, a correction should be made
for the corresponding difference in "velocity-head." ,
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provided for, or omitting tnose not required, as may conform to the
object in view.

In tlie case of a pumping engine of the reciprocating class for which
a record of the complete performance is desired, the additional engine
data and results given in the Steam Engine Code may supplement
those here given.

DATA AND RESULTS O^ STEAM PUMPING MACHINERY
TEST.

Code of 1915.

1. Test of .pump located at. . . » . *».....
To determine
Test conducted by

,

,

DIMENSIONS, ETC.

2» Type of machinery.
3. Rated capacity in gallons per 24 hrs gals.
4. Size of engine or turbine
5. Size of pump
6. Auxiliaries (steam or electric driven)
7. Date
8. Duration hrs,

AVERAGE PRESSURES AND TEMPERATURES.

fi. Pressure in steam pipe near throttle by gage lbs.
10. Vacuum in condenser ins.
11. Temperature of steam, if superheated, at throttle degg.
12. Temperature corresponding to pressure in exhaust pipe

near engine or turbine degs.
13. Pressure in force main by gage lbs.
14. Vacuum or pressure in suction main by gage ins. or lbs.

(o) Correction for difference in elevation of the two
gages Iba.

15. Total head expressed in lbs. perssnre per sq. in lbs.

(a) Total head expressed in feet ft.

QUALITY OF STEAM.

16. Percentage of moisture in steam, degrees superheating, % or degs.

TOTAL QUANTITIES.

17. Total water fed to boilers lbs.

18. Total condensed steam from surface condenser (corrected
for condenser leakage) lbs.

19. Total dry steam consumed (Item 19 or 20 less moisture
in steam) lbs.

20. Total gals, of water discharged, by measurement gals.

(a) Total gals, of water discharged, by plunger dis-
placement, uncorrected gals.

,,, _, ^ , ,. /Item 20a - Item 20\ ,, .^^
(&) Percentage of slip I ^ ) X 100 . per cent.

(c) Leakage of pump gals.

(d) Total gals, of water discharged, by calculation
from plunger displacement, corrected for
leakage gals.

, Total weight of water discharged, as measured . . lbs.
') Total weight of water discharged, by calculation

from plunger displacement, corrected for
leakage lbs,

HOURLY QUANTITIES.

21. Total water fed to boilers or drawn from surface con-
denser per hr lbs.

22. Total dry steam consumed for all purposes per hour,
(Item 19 -r- Item 8) lbs.

(e)

if)
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^S. Steam consumed per hour for all purposes foreign to
main engine. .....; ^ lbs.

24. Dry steiam consumed by engine or turbine per hour
(Item 23 - Item 24) ; lbs.

25. Weight of water discharged per hour, by measurement. . lbs.
(a) Weight of water discharged per hour, calculated
from plunger displacement, corrected lbs.

HOURLY HEAT DATA.

26. Heat-imits consiuned by engine or tm-bine per hour
(Item 24 X total heat of one lb. of steam above exhaust
temperatiu-e of Item 12) B.T.U.

INDICATOR DIAGRAMS.

27. Mean effective pressm-e, each steam cylinder lbs. per sq. in.

(a) Mean effective pressure, each water cyhnder. lbs. per sq. m.

SPEED AND STROKE.

28. Revolutions per minute R.P.M

.

(a) Number of single strokes per minute strokes
(&) Average length of stroke feet.

POWER.

29. Indicated horse-power developed I.H.P.
30. Water horse-power H.P.
31. Friction horse-power (Item 29 - Item 30) H.P.
32. Percentage of I.H.P. lost in friction per cent»

CAPACITY.

33. Gallons of water piunped in 24 hrs., as measured gals.
(a) Gals, of water pumped in 24 hrs., calculated from

plunger displacement, corrected gals.

(&) Gals, of water pumped per minute, as measured. . gals.
(c) Gals, of water pumped per minute, calculated from

plunger displacement, corrected gals.

ECONOMY RESULTS.

34. Heat-imits consumed per I.H.P.-hr B.T.U.

EFFICIENCY RESULTS.

35. Thermal eflBciency referred to I.H.P. (2546.5 -^ Item 34)
X 100 per cent

.

DUTY.

36. Duty per 1,000,000 heat-imits ft.-lbs.

WORK DONE PER HEAT-UNIT.

37. Ft.-lbs. of work per B.T.U. (1,980,000 -r- Item 34) ft.-lbs.

The Nordberg Pumping Engine at Wildwood, Fa. — Eng. News,
May 4, 1899, Aug. 23, 1900, Trans. A. S. M. E., 1899. The pecuUar
feature of this engine is the method used in heating the feed-water. The
engine is quadruple expansion, with four cyHnders and three receivers.
There are five feed-water heaters in series, a, 6, c, d, e. The water Is
taken from the hot-well and passed in succession through a which is
heated by the exhaust steam on its passage to the condenser; h receives
its heat from the fourth cylinder, and c, d and e respectively from the
third, second and first receivers. An approach is made to the requirement
of the Carnot thermodynamic cycle, i.e., that heat entering the system
should be entered at the highest temperature; in this case the water
receives the heat from the receivers at gradually increasing temperatures.
The temperatures of the water leaving the several heaters were, on the
test, 105°, 136°, 193°, 260°, and 311° F. The economy obtained with this

engine was the highest on record at the date (1900) viz., 162,948,824 ft.

lbs. per million B.T.U., and it has not yet been exceeded (1909),
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Notable High-duty Pumping Engine Eecords.

Date of test.
Locality

Capacity, mil. gal., 24 hrs. .

.

Diam. of steam cylinders, in.

Stroke, in

No. and diam. of plungers
Piston speed, ft. per min.,
Total head, ft

Steam pressure
Indicated Horse-power...
Friction, %
Mechanical efficiency,%
Dry steam per I.H.P. hr...

B.T.U. per I.H.P. per min..

Duty, B.T.U. basis.

Duty per 1000 lbs. steam . .

.

Thermal efficiency, %

(1)
1899

Wildwood,
Pa.

19.5,29,49.5
57.5x42
(2) 143/4

256
504
200
712

6.95
93.05

12.26, 1 1 .4

186*

162.9* 147.5t
150.2*
22.81

(2)
1900

St.
Louis
(10).

(3)
1900

Boston,
Chest-
nut Hill

15

34, 62,92

X42

292
126

801

3.16
96.84
10.68
202

158.07
179.45
21.00

(4)
1901

Boston,
Spot
Pond.

St.
Louis

(3)
Bissell's
Point.

30
), 56,87

X66
(3)42

195

140
185

801

6.71
93.29
10.34

196

156.8
178.49
21.63

30

22, 41 .5, 62
X60
(3) 30.5

244
125

151

464
3.47
96.53
11.09

203
156.59
172.40
20.84

20

34, 62,94
72

(3)337/8
198
238
146

859
2.27

97.73

202.8
158.85
181.30
20.92

* With reheaters.

(2). 'Fxom.Eng. iVews.Jiept. 27,

t Without reheaters.

1900. (3) Do. Aug. 23,

(4) Do Nov.'iriQoi!' (5)"Alirs'-Chalmers Co., Bulletin No."l609'. The
Wildwood engine has double-acting plungers.

The coal consumption of the Chestnut Hill engine was 1.062 lbs. per

I.H.P. per hour, the lowest figure on record at that date, 1901.

VACUUM PUMPS.
The Pulsometer. — In the pulsometer the water is raised bjr suction

into the pump-chamber by the condensation of steam within it, and is

then forced into the delivery-pipe by the pressure of a new quantity of
steam on the surface of the water. Two chambers are used which work
alternately, one raising while the other is discharging.

Test of a Pulsometer. — A test of a pulsometer is described by De Volson
Wood in Trans. A. S. M. E., xiii. It had a 3V2-inch suction-pipe, stood
40 in. high, and weighed 695 lbs.

The steam-pipe was 1 inch in diameter. A throttle was placed about
2 feet from the pump, and pressure gauges placed on both sides of the
throttle,-and a mercury well and thermometer placed beyond the throttle.
The wire drawing due to throttling caused superheating.
The pounds of steam used were computed from the increase of the

temperature of the water in passing through the pump.
Pounds of steam X loss of heat = lbs. of water sucked in X increase of

temp.
The loss pf heat in a pound of steam is the total heat in a pound of

saturated steam as found from "steam tables" for the given pressure,
plus the heat of superheating, minus the temperature of the discharged
water; or

lbs, water X increase of temp.
H - 0.48 t - TPounds of steam =

The results for the four tests are given in the table on p. 807.

Of the two tests having the highest hft (54.05 ft.), that was more
efficient which had the smaller suction (12.26 ft.), and this was also the

most efficient of the four tests. But, on the other hand, the other two
tests having the same hft (29.9 ft.), that was the more efficient which had
the greater suction (19.67), so that no law in this regard was established.

The pressures used, 19, 30, 43.8, 26.1, follow the order of magnitude of

the total heads, but are not proportional thereto. No attempt was made
to determine what pressure would give the best efficiency for any par-
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Test of a Pulsometer.

Data and Results. 1 2 3 4

Strokes per minute 71 60 57 64
Steam pressure in pipe before

throttling 114 no 127 104.3

Steam pressure after throttling..
Steam temp, after throttling, °F.

.

19 30 43.8 26.1
270.4 277 309.0 270.1 •

Steam superheating, °F 3.1 3.4 17.4 1.4

Steam used, lbs 1617

404,786
931

186,362
1518

228,425
1019.9

Water pumped, lbs 248,053
Water temp, before entering pump 75.15 80.6 76.3 70.25

Water temperature, rise of 4.47 5.5 7.49 4.55
Water head by gauge on lift, ft

—

29.90 54.05 54.05 29.90

Water head by gauge on suction.

.

12.26 12.26 19.67 19.67

Water head by gauge, total (H) .. 42.16 66.31 73.72 49.57
Water head by measure, total (h) 32.8 57.80 66.6 41.60

Coeffi. of friction of plant, h/H .... 0.777 0.877 0.911 0.839
Efficiency of pulsometer 0.012 0.0155 0.0126 0.0138

Efif'y of plant exclusive of boiler 0.0093 0.0136 0.0115 0.0116

EfE'y of plant if that of boiler be 0.7 0.0065 0.0095 0.0080 0.0081

Duty, if 1 lb. evaporates 10 lbs.

water 10,511.400 13,391,000 11,059,000 12,036,300

ticular head. The pressure used was intrusted to a practical runner,
and he judged that when the pump was running regularly and well, the
pressure then existing was the proper one. It is pecuUarthat, in the first

test, a pressure of 19 lbs. of steam should produce a greater number of
strokes and pump over 50% more water than 26.1 lbs,, the lift being the
same as in the fourth experiment.

Chas. E. Emery in discussion of Prof. Wood's paper says, referring to
tests made by himself and others at the Centennial Exhibition in 1876
(see Report of fhe Judges, Group xx;), that a vacuum-pump tested by
him in 1871 gave a duty of 4.7 millions; one tested by J. F. Flagg, at the
Cincinnati Exposition in 1875, gave a maximum duty of 3.25 millions.
Several vacuum and small steam-pumps, compared later on the same
basis, were reported to have given duties of 10 to 11 millions, the steam-
pumps doing no better than the vacuum-pumps. Injectors, when used
for lifting water not required to be heated, have an efficiency of 2 to 5
millions; vacuum-pumps vary generally between 3 and 10; small steam-
pumps between 8 and 15; larger steam-pumps, between 15 and 30, and
pumping-engines between 30 and 140 millions.
A very high record of test of a pulsometer is given in Eng'g, Nov. 24,

1893, p. 639, viz.: Height of suction 11.27 ft.; total height of lift, 102.6
ft.; horizontal length of delivery-pipe, 118 ft.; quantity delivered per
hour, 26,188 British gallons. Weight of steam used per H. P. per hour,
92.76 lbs.; work done per pound of steam 21,345 foot-pounds, equal to a
duty of 21,345,000 foot-pounds per 100 lbs. of coal, if 10 lbs. of steam
were generated per pound of coal.
The Jet-pump. — This machine works by means of the tendency of a

stream or jet of fluid to drive or carry contiguous particles of fluid along
with it. The water-jet pump, in its present form, was invented by Prof.
James Thomson, and first described in 1852. In some experiments on a
small scale as to the efficiency of the jet-pump, the greatest efficiency was
found to take place when the depth from which the water was drawn by
the suctian-pipe was about nine tenths of the height from which the
water fell to form the jet ; the flow up the suction-pipe being in that case
about one fifth of that of the jet, and the efficiency, consequently, 9/io X
1/5 = 0.18. This is but a low efficiency; but it is probable that it may be
increased by improvements in proportions of the machine. (Rankine,
S. E.)
The Injector when used as a pump has a very low efficiency. (See

Injectors, under Steam-boilers.)
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GAS-ENGINE PUMPS.
The Humphrey Gas Pump is a single-acting reciprocating pumping

engine, tlie motive power of which is furnished by the explosion of a
mixture of gas and air, as in a gas engine, the force of the explosion
acting directly on the surface of a column of water in the vertical
cylindrical part of a J or V-shaped pipe instead of on a reciprocating
piston. The upper part of the cylinder contains the combustion
chamber and valves similar to those of an Otto cycle gas engine. The
lower part contains a suction valve box through which water enters
into the "play pipe" and through which it passes to a surge tank and
thence to the delivery pipe or reservoir. The charge of gas and air
for starting is forced into the combustion chamber by a 2-cylinder
air-compressor. When the explosion takes place the water is forced
into the surge tank while the products of combustion expand to a
low pressure, the inertia of the moving column of water in the play
pipe causing it to continue in motion after the pressure upon it has
decreased to atmospheric pressure. The scavenging valves of the gas
cylinder and the suction valves of the water pump then open, admitting
air and water. Most of the water follows the moving column in the
play pipe while the rest rises in the explosion cylinder. After the
kinetic energy in the moving column is expended in forcing water into
the surge tank the column comes to rest and starts to flow back into
the cylinder, the suction valves closing. When the surface reaches
the level of the exhaust valves of the gas cylinder these are closed
and the kinetic energy of the backward moving column is expended in
compressing the imprisoned mixture of gases and scavenging air to a
pressure higher than that of the surge tank, which starts the water
moving downward again until the pressure is again reduced below
that of the atmosphere. A fresh charge of gas and air is then drawn
into the explosion chamber, compressed by the next return of the
to-and-fro moving water column and then ignited. The motion of
the water is similar to the swing of the pendulum of a clock, the time
of vibration being nearly proportional to the square root of the length
of the moving column. The pump was invented in 1906 by Mr. H. A.
Humphrey. For illustrated descriptions see Eng'g, Nov. 26 and Dec.
3, 1909, and circulars of the Humphrey Gas Pump Co., Syracuse,
N. Y... makers imder the Humphrey and Smyth patents.

Tests of five pumps at Chingford, England, gave the following
figures: Foiu- pumps, capacity each 47,000 to 48,000 U. S. gal. per
min.; lift 30 to 32 ft.; water H.P. developed, 301 to 323; gas used per
min., 390 to 400 cu. ft. (at 60° F. and 30 in. bar.); heating value of
gas (lower value) B.T.U. per cu. ft., 142 to 146; thermal efficiency,
22.19 to 24.07%; anthracite per water H.P.-hour, 0.881 to 0.957 lb.

A smaller pump, capacity 26,000 U. S. gal. per min., gave a thermal
efficiency of 26.63% and a coal consumption of 0.796 lb. per water
H.P.-hour. The cylinders of the larger engine are 7 ft. diam., the play
pipe, 6 ft. (Eng'g, Feb. 14, 1913).
A Humphrey gas pump of 26,000 gal. capacity per min. at 37 ft. head

has been installed for irrigation purposes at Del Rio, Texas. It is guar-
anteed to deliver not less than 26,000 gal. per min. with a thermal
ieflaciency of 20% when using producer gas of a heating value of not
less than 100 B.T.U. per cu. ft. The principal dimensions are: Ex-
plosion cylinder, 66 in. diam. X 41 in.; water cylinder, 66 in. X 89 in.

long; valve boxes, 66 in. X 73 in. long; number of 5-in. valves, 400;
lift, 1 in.; total discharge area of valves, 4160 sq. in.; play pipe diam.,
66 in., length, including 135° bend, 106 ft. Number of explosions, 12
to 20 per min.
Humphrey pumps without discharge valves are limited to heads of

about 15 to 40 ft., but a pump with an intensifier and discharge valves
is made for heads up to 150 ft.

PUMPING BY COMPRESSED AIR—THE AIR-LIFT PUMP.
Air-lift Pump.—The air-lift pump consists of a vertical water-pipe

with its lower end submerged in a well, and a smaller pipe delivering air
into it at the bottom. The rising column in the pipe consists of air
mingled with water, the air being in bubbles of various sizes, and is there-
fpre lighter tb^u a QolumuQf wQ't^i' of tbe same lieight; consequentljr tbe
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water in the pipe is raised above the level of the surrounding water.
This method of raising water was proposed as early as 1797, bj^ Loescher,
of Freiberg, and was mentioned by Collon in lectures in Paris in 1876,
but its first practical application probably was by Werner Siemens in
Berlin in 18S5. Dr. J. G. Pohle experimented on the principle in Cali-
fornia in 1886, and U. S. patents on apparatus involving it were granted
to Pohle and Hill in the same year. A paper describing tests of the air-
lift pump made by Randall, Browne and Behr was read before the Tech-
nical Society of the Pacific Coast in Feb., 1890.
The diameter of the pump-column was 3 in., of the air-pipe 0.9 in., and

of the air-discharge nozzle s/g in. The air-pipe had four sharp bends and a
length of 35 ft. plus the depth of submersion.
The water was pumped from a closed pipe-well (55 ft. deep and 10 in.

in diameter). The efficiency of the pump was based on the least work
theoretically required to compress the air and deliver it to the receiver.
If the efficiency of the compressor be taken at 70%, the efficiency of the
pump and compressor together would be 70% of the efficiency found for
the pump alone.

For a given submersion (h) and lift (H), the ratio of the two being kept
within reasonable limits, (H) being not much greater than (/i), the effi-

ciency, was greatest when the pressure in the receiver did not greatly
exceed the head due to the submersion. The smaller the ratio H -y- h,

the higher was the efficiency.
The pump, as erected, showed the following efficiencies:

Fori7-^7i= 0.5 1.0 1.5 2.0
Efficiency =50% 40% 30% 25%

The fact that there are absolutely no moving parts makes the pump
especially fitted for handling dirty or gritty water, sewage, mine water,
and acid or alkali solutions in chemical or metallurgical works.

In Newark, N. J., pumps of this type are at work having a total capacity
of 1,000,000 gallons daily, lifting water from three 8-in. artesian wells.
The Newark Chemical Works use an air-lift pump to raise sulphuric acid
of 1.72° gravity. The Colorado Central Consolidated Mining Co., in one
of its mines at Georgetown, Colo., lifts water in one case 250 ft., using a
series of lifts.

For a full account of the theory of the pump, and details of the tests
above referred to, see Eng'g News, June 8, 1893.
Numerous tests of air-lift pumps are described in Greene's "Pumpmg

Machinery." Greene says that the air pipe should be introduced near
the bottom of the discharge pipe and should be immersed so that the
ratio hi/h is 3 to 1 at the start and 2.2 to 1 in operation, hi is the
depth of immersion below the water level and h the height of the dis-

charge at the top of the well measured above the water level. Different

tests give the following efficiencies for various ratios hi/h.

3.1 to 2.2 0.6 1 1.4 2.4 3.9 1.5 1 0.66 0.5 0.43
Efficiency, %

:

36 16 to 43 19 to 42 34 to 41 15 to 24 2 50 40 30 25 20
The efficiency is the ratio of the work done in raising the water to

the work of compressing the air.

The amoimt of free air required varies according to different manu-
facturers. One gives cu. ft. air per min. = LW -v- 19; another LW -i- 15;

L = hft of water above the water level, in ft., W = cu. ft. of water per
min.

Air-L,ifts for Deep OiI-"Wells are described by E. M. Ivens, in Trans.
A. S. M. E. 1909, p. 341. The following are some results obtained in wells

in Evangeline, La.:

Cu. ft. free air per minute, displacement of
compressor 650 442 702 536

Cu. ft. oil pumped per minute 4.35 4.87 13.7 5.54
Air pressure at well, lbs. per sq. in 155 200 202 252
Pumping head, from oil level while pumping, ft. 1155 1081 1076 917
Submergence, from oil level to air entrance, ft. 358 412 419 583
Submergence -^ total ft. of vertical pipe, %. . . 23.6 27.6 28 89
Pumping efficiency, % 9.3 13.4 19.5 10.3
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Artesian Well Pumping by Compressed Air. —H. Tipper, EriH. News,
Jan. 16, 1908, mentions cases where 1-in. air lines supplied air for 6-in.

wells, with the inside air-pipe system; the length of the pipe was 300 ft,

from the well top, and another 350 ft. to the compressor. The wells
pumped 75 gals, per min., using 200 cu. ft. of air, the efficiency being 61/2%.
Changing the pipes to 21/2 in. above the well, and 2 in. in the well, and
putting an air receiver near the compressor, raised the delivery to 180
gals, per min., with a little less air, and the efficiency to 23%. A large
receiver capacity, a large pipe above ground, a submergence of 55%,
well piping proportioned for a friction loss of not over 5%, with lifts not
over 200 ft., gave the best results, 1 gal. of water being raised per cu. ft.

of air. The utmost net efficiency of the air-lift is not over 25 to 30%.
Eng. News, June 18, 1908, conta,ins an account of tests of eleven wells

at Atlantic City. The Atlantic City wells were 10 in. diam., water pipes,
4 to 51/4 in., air pipes, 3/4 to II/4 in. The maximum lift of the several
wells ranged from 26 to 40 ft., the submergence, 37 to 49 ft., ratio of sub-
mergence to lift, 0.9 to 1.8, submergence % of length of pipe, 53 to 64.
Capacity test, 3,544,909 gals, in 24 hrs., mean lift, 26.88 ft., air pressure,
31 lbs., duty of whole plant, 19,900,000 ft. lbs. per 1000 lbs. of steam used
by the compressors. Two-thirds capacity test, delivery, 2,642,900 gals.,

mean lift, 25.43 ft., air pressure, 26 lbs., duty, 24,207,000.
An article in The Engineer (Chicago), Aug. 15, 1904, gives the following

formulse and rules for the design of air-lifts of maximum efficiency. The
authority is not given.

Ratio of area of air pipe to area of water pipe, 0.16.
Submerged portion = 65% of total length of pipe.
Economical range of submersion ratio, 55 to 80%.
Velocity of air in air pipe, not over 4000 ft. per min.
Volume of air to raise 1 cu. ft. of water, 3.9 to 4.5 cu. ft.

C == cu. ft. of water raised per min., A = cu. ft. of air used, L =* lift

above water level, D = submergence, in feet.

A = LC ^ 16.824; C = 8.24 AD ^ L^.

Where L exceeds 180 ft. it will be more economical to use two or more
air-lifts in series.

THE HYDRAULIC RAM.
Efficiency. ^-^ The hydraulic ram is used where a considerable flow of

water with a moderate fall is available, to raise a small portion of that flow
to a height exceeding that of the fall. The following are rules given by
Eytelwein as the results of his experiments (from Rankine)

:

_
Let Q be the whole supply of water in cubic feet per second, of which a

^I .i^^r^P f^^ height h above the pond, and Q ~ q runs to waste at the
depth H below the pond; L, the length of the supply-pipe, from the pond
to the waste-clack; D, its diameter in feet; then

D = V(i.63 Q)',L = H+h+~X2 feet;

Efficiency,
(^q^^^^j

=1.12-0.2
-yjj^ , when ^does not exceed 20;

or
1 -^ (1 4- h/10 H) nearly, when h/H does not exceed 12.

D'Aubuisson gives ^ q^^^ = 1.42 - 0.28 -J^ •

Clark, using five sixths of the values given by D'Aubuisson's formula.
gives:
Ratio of lift to fall. 4 6 8 10 12 14 16 18 20 22 24 26
Efficiency per cent. 72 61 52 44 37 31 25 19 14 9 4
The efficiency as calculated by the two formulae given above is nearly

the same for high ratios of lift, but for low ratios there is considerable
difference. For example:

Let Q = 100, H =^ 10, H +h= 20 40 100 200
Efficiency, D'Aubuisson's formula, % 80 72 44 14
q = efiy. XQH ^ (H +h)^ 40 18 4.4 0.7
Efficiency by Rankine's formula, % 662/3 65.9 41.4 13.4

D'Aubuisson's formula is that of the machine itself, on the basis that
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the energy put into the machine is that of the whole" column of water,
Q, falling through the height h and that the energy delivered is that of q
raised through the whole height above the ram, H + h; while Rankine's
efficiency is that of the whole plant, assuming that the energy put in is

only that of the water that runs to waste, and that the work done is

lifting the quantity q not from the level of the ram but only from that of
the supply pond. D'Aubuisson's formula is the one in harmony with
the usual definition of efficiency. It also is appUcable (as Rankine's is

not) to the case of a ram which uses the quantity Q from one source of
supply to pump water of different quality from a source at the level of
the ram.
An extensive mathematical investigation of the hydraulic ram, by

L. F. Harza, is contained in Bulletin No. 205 of the University of Wiscon-
sin, 1908, together with results of tests of a Rife "hydraulic engine,"
which appear to verify the theory. It was found both by theory and by
experiment that the efficiency bears a relation to the velocity in the
drive pipe. From plotted diagrams of the results the following figures

(roughly approximate) are taken: Length of 2-in. drive pipe, 85.4 ft.;

supply head, 8.2 ft.

Max. vel. in drive pipe, ft. per sec. . . 1.5 2 3 4 5 6
Efficiency of machine, %.

Pumping head, ft 2.6 30 20 15 7
12.3 60 60 45 33 ^H
23.2 60 65 53 40 20
43.5 55 60 53 42 30
63.1 60 55 50 28

The author of the paper concludes that the comparison of experiment
and theory has demonstrated the practicability of the logical design of

a hydraulic ram for any given working conditions.
An interesting historical account, with illustrations, of the develop-

ment of the hydraulic ram, with a description of Pearsall's hydraulic
engine, is given by J. Richards in Jour. Assn. Eng'g Societies, Jan., 1898.
For a description of the Rife hydraulic engine see Eng. News, Dec. 31,
1896.
The Columbia Steel Co., Portland, Ore., furnished the author in July,

1908, records of tests of four hydraulic rams, from which the, following
is condensed, the efficiency, by D'Aubuisson's formula, being calculated
from the data given. L = length in ft. and D = diam. in ins. of the
drive pipe, Z and d, length and diameter of the discharge pipe.

Size of Ram. H Q* 3* L D I d
Effy.

%

Ins.
3

Ft.
4
5

12

37.6

Ft.
28
45
36.4
144.1

35
100

200
6.26

3.5
8

50.5
1.15

Ft.
28
40
60
192.5

Ins.
3
41/2
41/2
6

Ft.
1008
325
945
1785

Ins.
IV2

"21/2

lot

58.9

41/0 72.0
6

'^
:.. 76.6

6 70.4

* Q and q are in gallons per min., except the last line, which is In cu.
ft. per sec.

t Eleven rams discharge into one 10-in. jointed wood pipe. The loss

of head in the drive pipe was 0.7 ft., and in the discharge pipe, 2.7 ft. On
another test 1 cu. ft. per sec. was delivered with less than 5 cu. ft. enter-
ing the drive pipe. Taking 5 cu. ft. gives 76.6% efficiency.

A description and record of test of the Foster "impact engine" is given
in Eng'g News, Aug. 3, 1905. Two engines are connected into one 8-in.
delivery pipe. Using the same notation as before, the data of the tests
of the two engines are as follows: Q, gal. per min., 582, 578; q, 232, 228;
H, 36.75, 37.25: H + h, 84, 84; strokes per min., 130, 130; Effy. (D'Aubu-
isson), 91.23, 89.06%.

Prof. R. C. Carpenter (Eng'g Mechanics, 1894) reports the results of
four tests of a ram constructed by Rumsey & Co., Seneca Falls. The
supply-pipe used was II/2 inches in diameter, about 50 feet long, with 3
elbows. Each run was made with a different stroke for the waste-valve,
the supply and .delivery head being constant ;. the object of the experi-
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ment was to find that stroke of clack-valve wblcb woiild give the highest
eflaciency.

100

52
5.67
19.75
297
1615

64.1

80
56

5.77
19.75
296
1567

64.7

60
61

5.58
19.75
301

1518
70.2

46
Number of strokes per minute
Supply head, feet of water
Delivery head, feet of water ...—
Total water pumped, pounds
Total -water supplied, pounds

66
5.65
19.75

297.5
1455.5

71 4

The highest eflQciency reahzed was obtainedwhen the clack-valve trav-
eled 60% of its full stroke, the full travel being is/ie in.

HYDRAULIC-PEESSURE TEANSMISSION.
Water under high pressure (700 to 2000 lbs. per sq. in. and upwardsv

affords a satisfactory method of transmitting power to a distance, espe-
cially for the movement of heavy loads at small velocities, as by cranes
and elevators. The system consists usually of one or more pumps ca-
pable of developing the required pressure; accumulators, which are vertical
cylinders with heavily-weighted plungers passing through stuffing-boxes
in the upper end, by which a quantity of water may be accumulated at the
pressure to which the plunger is weighted; the distributing-pipes; and the
presses, cranes, or other machinery to be operated.
The earliest important use of hydraulic pressure probably was in the

Bramah hydraulic press, patented in 1796. Sir. W. G. Armstrong in
1846 was one of the pioneers in the adaptation of the hydrauhc system
to cranes. The use of the accumulator by Armstrong led to the extended
use of hydraulic machinery. Recent developments and applications of
the system are largely due to Ralph Tweddell, of London, and Sir Joseph
Whitworth. Sir Henry Bessemer, in his patent of May 13, 1856, No,
1292, first suggested the use of hydraulic, pressure for compressing steel
ingots wliile in the fluid state.
The Gross Amount of Energy of the water under pressure stored in

the accumulator, measured in foot-pounds, is its volume in cubic feet X
its pressure in pounds per square foot. The horse-power of a given
quantity steadily flowing is H.P. = 144 pQ/550 =0.2618 pQ, in which Q is

the quantity flowing in cubic feet per second and p the pressure in pounds
per square inch.
The loss of energy due to velocity of flow in the pipe is calculated as

follows (R. G. Blaine, Eng'g, May 22 and June 5, 1891):
According to Darcy, every pound of water loses k4:L/D times its kinetic

energy, or energy due to its velocity, in passing along a straight pipe L
feet in length and D feet diameter, where A. is a variable coefficient. For

clean cast-iron pipes it may be taken as A =0.005 (1 +71^) > or for di-

ameter in inches = d.

d = 1/2 1 2 3 4 5 6 7 8 9 10 12
\ = .015 .01 .0075 .00667 .00625 .006 .00583 .00571 .00563 .00556 .0055 .00542

A*4Z/ v^
The loss of energy per minute is 60 X 62.36 Q X ^ ^ , and the

. . ^ • +V, • • w 0.6363AL(H.P )3 . , . , .
horse-power wasted in the pipe is TF =

3
, in which A.

varies with the diameter as above, p = pressure at entrance in pounds
per square inch. Values of 0.6363 A for different diameters of pipe in
inches are:

d = i/2 1

.00954 .00636
9 10

.00353 -.00350

2
.00477
12

.00345

3
.00424

4
.00398

5
.00382 .00371 .00363 .00358

EfBciency of Hydraulic Apparatus. — The useful effect of a direct
hydraulic plunger or ram is usually taken at 93%. The following is

given as the efficiency of a ram with chain-and-pulley multiplying gear
properly proportioned and well lubricated:

Gear 2 to 1 4 to 1 6 to 1 8 to 1 10 to 1 12 to 1 14 to 1 16 to 1
Eff'y 0.80 0.76 0.72 0.67 0.63 0.59 0.54 0.50
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With large sheaves, small steel phis, and wire rope for multiplying
gear the eflBciency has been found as high as 66% for a multipUcatloh of

20 to 1.

Henry Adams gives the following formula for effective pressure in
cranes and hoists: P = accumulator pressure in pounds per square inch;
m «• ratio of multiplying power; E = effective pressure in pounds per
square inch, including all allowances for friction;

S= P (0.84- 0.02 m).

J. E. Tuit (Eng'g, June 15, 1888) describes some experiments on the
friction of hydrauhc jacks from 3 1/4 to 135/8-inch diameter, fitted with
cupped leather packings. The friction loss varied from 5.6% to 18.8%
according to the condition of the leather, the distribution of the load on
the ram, etc. The friction increased considerably with eccentric loads.
With hemp packing a plunger, 14-inch diameter, showed a friction loss

of from 11.4% to 3.4%, the load being central, and from 15.0%, to 7.6%o
with eccentric load, the percentage of loss decreasing in both cases with
increase of load.

Thickness of Hydraulic Cylinders. — Sir "W. G. Armstrong gives the
following, for cast-iron cyUnders, for a pressure of 1000 lbs. per sq. in.:

Diam. of cylinder, inches —
2 4 6 8 10 12 16 20 24

^
^o!832 l!l46 1.552 1.875 2.222 2.578 3.19 3.69 4.11

For any other pressure multiply by the ratio of that pressure to 1000.
These figures correspond nearly to the formula t = 0.175 d + 0.48, in
which t = thickness and d = diameter in inches, up to 16 inches diam-
eter, but for 20 inches diameter the addition 0.48 is reduced to 0.19 and
at 24 inches it disappears. For formulse for thick cylinders see page 339.

Cast iron should not be used for pressures exceeding 2000 lbs. per
square inch. For higher pressures steel castings or forged steel should
he used. For working pressures of 750 lbs. per square inch the test
pressure should be 2500 lbs. per square inch, and for 1500 lbs. the test
pressure should not be less than 3500 lbs.

Speed of Hoisting by Hydraulic Pressure. — The maximum allow-
able speed for warehouse cranes is 6 feet per second ; for platform cranes
4 feet per second; for passenger and wagon hoists, heavy loads, 2 feet per
second. The maximum speed under any circumstances should never
exceed 10 feet per second.
The Speed of Water Through Valves should never be greater than

100 feet per second.
Speed of Water Through Pipes. — Experiments on water at 1600

lbs. pressure per square inch flowing into a flanging-machine ram, 20-
inch diameter, through a 1/2-inch pipe contracted at one point to 1/4-inch,
gave a velocity of 114 feet per second in the pipe, and 456 feet at the
reduced section. Through a 1/2-inch pipe reduced to s/g-lnch at one
point the velocity was 213 feet per second in the pipe and 381 feet at the
reduced section. In a i/2-'inch pipe without contraction the velocity
was 355 feet per second.

For many of the above notes the author is indebted to Mr. John Piatt,
consulting engineer, of New York.

High-pressure Hydraulic Presses in Iron-works are described by
R. M. Daelen, of Germany, in Trans. A. I M. E., 1892. The following
distinct arrangements used in different systems of high-pressure hydrau-
lic work are discussed and illustrated:

1. Steam-pump, with fly-wheel and accumulator.
2. Steam-pump, without fly-wheel and with accumulator.
3. Steam-pump, without fly-wheel and without accumulator.
In these three systems the valve-motion of the working press is oper-

ated in the high-pressure column. This is avoided in the following:
4. Single-acting steam-intensifler without accumulator.
5. Steam-pump with fly-wheel, without accumulator and with pipe-

circuit.

6. Steam-pump with fly-wheel, without accumulator and without
pipe-circuit.

The disadvantages of accumulators are thus stated: The weighted
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plungers which formerly served in most cases as accumulators, cause
'violent shocks in the pipe-line when changes take place in the move-
ment of the water, so that in many places, in order to avoid bursting
from this cause, the pipes are made exclusively of forged and bored steel.

The seats and cones of the metallic valves are cut by the water (at high
speed), and in such cases only the most careful maintenance can prevent
great losses of power.
Hydraulic Power in London. — The general principle involved is

pumping water into mains laid in the streets, from which service-pipes
are carried into the houses to work lifts or three-cylinder motors when
rotary power is required. In some cases a small Pelton wheel has been
tried, working under a pressure of over 700 lbs. on the square inch.
Over 55 miles of hydraulic mains are at present laid (1892).
The reservoir of power consists of capacious accumulators, loaded to

800 lbs. per sq. in.

The engine-house contains six sets of triple-expansion pumping en-
gines. Each pump will deliver 300 gallons of water per minute.
The water delivered from the main pumps passes into the accumu-

lators. The rams are 20 inches in diameter, and have a stroke of 23
feet. They are each loaded with 110 tons of slag, contained in a wrought-
iron cyUndrical box suspended from a cross-head on the top of the ram.
One of the accumulators is loaded a little more heavily than the other,
so that they rise and fall successively; the more heavily loaded actuates a
stop-valve on the main steam-pipe.
The mains in the public streets are so constructed and laid as to be per-

fectly trustworthy and free from leakage. Every pipe and valve used
throughout the system is tested to 2500 lbs. per sq. in. before being placed
on the ground and again tested to a reduced pressure in the trenches to
insure the perfect tightness of the joints. The jointing material used is

gutta-percha.

The average rate obtained by the company is about 3 shillings per
thousand gallons. The principal use of the power is for intermittent
work in cases where direct pressure can be employed, as, for instance,
passenger elevators, cranes, presses, warehouse hoists, etc.

An important use of the hydraulic power is its application to the
extinguishing of fire by means of Greathead's injector hydrant. By the
use of these hydrants a continuous fire-engine is available.

Hydraulic Riveting-machines. — Hydraulic riveting was introduced
in England by Mr. R. H. Tweddell. Fixed riveters were first used about
1868. Portable riveting-machines were introduced in 1872.
The riveting of the large steel plates in the Forth Bridge was done by

small portable machines working with a pressure of 1000 lbs. per square
inch. In exceptional cases 3 tons per inch were used. {Proc. Inst. M. E.,
May, 1889.)
An application of hydraulic pressure invented by Andrew Higginson,

of Liverpool, dispenses with the necessity of accumulators. It consists
of a three-throw pump driven by shafting or worked by steam and
depends partially upon the work accumulated in a heavy fly-wheel.
The water in its passage from the pumps and back to them is in con-
stant circulation at a very feeble pressure, requiring a minimum of
power to preserve the tube of water ready for action at the desired
moment, when by the use of a tap the current is stopped from going
back to the pumps, and is thrown upon the piston of the tool to be set
in motion. The water is now confined, and the driving-belt or steam-
engine, supplemented by the momentum of the heavy fly-wheel, is
employed in closing up the rivet, or bending or forging the object sub-
jected to its operation.

Hydraulic Forging-press.

For a very complete illustrated account of the development of the
hydraulic forging-press, see a paper by R. H. Tweddell in Proc. Inst.

C. E., vol. cxvii. 1893-4.
In the Allen forging-press the force-pump and the large or main cylinder

of the press are in direct and constant communication. There are no
intermediate valves of any kind, nor has the pump any clack-valves,
but it simply forces its cylinder full of water direct into the cylinder of
the press, and receives the same water, as it were, back again on the return
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stroke. Thus, when both cylinders and the pipe connecting them are
full, the large ram of the press rises and falls simultaneously with each
stroke of the pump, keeping up a continuous oscillating motion, the ram,
of course, traveling the shorter distance, owing to the larger capacity of
the press cylinder. (Journal Iron and Steel Institute, 1891. See also
illustrated article in "Modern Mechanism," page 668.)
A 2000-ton forging-press erected at the Couillet forges in Belgium is

described in Eng. and M. Jour., Nov. 25,1893. The press is composed
essentially of two parts — the press itself and the compressor. The com-
pressor is formed of a vertical steam-cylinder and a hydraulic cylinder.

'

The piston-rod of the former forms the piston of the latter. The hy-
draulic piston discharges the water into the press proper. The distribu-
tion is made by a cylindrical balanced valve; as soon as the pressure is

released the steam-piston falls automatically under the action of gravity.
During its descent the steam passes to the other face of the piston to
reheat the cylinder, and finally escapes from the upper end.
When steam enters under the piston of the compressor-cylinder the

piston rises, and its rod forces the water into the press proper. The
pressure thus exerted on the piston of the latter is transmitted through a
cross-head to the forging which is upon the anvil. To raise the cross-
head two small single-acting steam-cylinders are used, their piston-rods
being connected to the cross-head: steam acts only on the pistons of these
cylinders from below. The admission of steam to the cylinders, which
stand on top of the press frame, is regulated by the same lever which
directs the motions of the compressor. The movement given to the dies
is sufficient for all the ordinary purposes of forging.
A speed of 30 blows per minute has been attained. A double press on

the same system, having two compressors and giving a maximum pressure
of 6000 tons, has been erected in the Krupp works, at Essen.

Hydraulic Engine driving an Air-compressor and a Forging-
hammer. ( Iron Age, May 12, 1892.) — The great hammer in Terni,
near Rome, is one of the largest in existence. Its falling weight amounts
to 100 tons, and the foundation belonging to it consists of a block of cast
iron of 1000 tons. The stroke is 16 feet 43/4 inches; the diameter of the
cyUnder 6 feet 31/3 inches; diameter of piston-rod I33/4 inches; total
height of the hammer, 62 feet 4 inches. The power to work the hammer,
as well as the two cranes of 100 and 150 tons respectively, and other
auxiliary appliances belonging to it, is furnished by four air-compressors
coupled together and driven directly by water-pressure engines, by
means of which the air is compressed to 73.5 pounds per square inch.
The cylinders of the water-pressure engines, wliich are provided with a
bronze lining, have a 133/4-inch bore. The stroke is 473/4 inches, with a
pressure of water on the piston amounting to 264.6 pounds per square
inch.- The compressors are bored out to 31 1/2 inches diameter, and have
473/4-inch stroke. Each of the four cylinders requires a power equal to
280 horse-power. The compressed air is delivered into huge reservoirs,
where a uniform pressure is kept up by means of a suitable water-column.

Tlie Hydraulic Forging Plant at Bethlehem, Pa., is described in a
paper by R. W. Davenport, read before the Society of Naval Engineers
and Marine Architects, 1893. It includes two hydraulic forging-presses
complete, with engines and pumps, one of 1500 and one of 4500 tons
capacity, together with two Whitworth hydraulic traveling forging-
cranes and other necessary appliances for each press; and a complete
fluid-compression plant, including a press of 7000 tons capacity and a
125-ton. hydrauUc traveling crane for. serving it _(the, upper and lower
heads of this press weighing respectively about 135 and 120 tons).
A later forging-press designed by John Fritz, for the Bethlehem

Works, of 14,000 'tons capacity, is run by engines and pumps of 15,000
horse-power. The plant is served by four open-hearth steel furnaces of
a united capacity of 120 tons of steel per heat.

The Davy High-speed Steam-hydraulic Forging Press is described
in the Iro7i Age, April 15, 1909. It is built in sizes ranging from 150 to
12,000 tons capacity. In the four-column type, in which all but the
smaller sizes are built, there is a central press operated by hydraulic
pressure from a steam intensifier, and two steam balance cylinders
carried on top of the entablature. A single lever controls the press..

The operator admits steam to the balance cylinders, lifting the cross-
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head and the main plunger, and forcing the water from the press cylinder I
into the water cylinder of the Intensifier. Exhausting the steam irora

;

the balance cyUnders, allows the plunger to descend and rest on the
forging. To and fro motions of the lever, slow or fast as the operator
desires, up to 120 a minute, then are made to reduce the forging. The
smaller, or single frame, type has only one balance cylinder, immediately
above the press cylinder. The Davy press is made in the United States
by the United Engineering & Foundry Co., Pittsburgh.

Some References on Hydraulic Transmission. — Reuleaux's "Con-
structor;" "Hydraulic Motors, Turbines, and Pressure-engines," G.
Bodmer, London, 1889; Robinson's "Hydraulic Power and Hydraulic
Machinery," London, 1888; Colyer's "HydrauUc Steam, and Hand-power
Lifting and Pressing Machinery " London, 1881, See also Engineering
(London), Aug. 1, 1884, p. 99; March 13, 1885, p. 262; May 22 and June
5, 1891, pp. 612, 665; Feb. 19, 1892, p. 25; Feb. 10, 1893, p. 170.

FUEL,

Theory of Combustion of Solid Fuel. (From Rankine, somewhat
altered.) — The ingredients of every kind of fuel commonly used may be
thus classed: (1) Fixed or free carbon, which is left in the form of char-
coal or coke after the volatile ingredients of the fuel have been distilled
away. These ingredients burn either wholly in the solid state (C to CO2),
or part in the soUd state and part in the gaseous state (CO 4- O = CO2),
the latter part being first dissolved by previously formed carbon dioxide
by the reaction CO2 + C = 2 CO. Carbon monoxide, CO, is produced
when the supply of air to the fire is insufficient.

(2) Hydrocarbons, such as olefiant gas, pitch, tar, naphtha, etc., all of
which must pass into the gaseous state before being burned.

If mixed on their first issuing from amongst the burning carbon with a
large quantity of hot air, these inflammable gases are completely burned
with a transparent blue flame, producing carbon dioxide and steam.
When mixed with cold air they are apt to be chilled and pass off unburned.
When raised to a red heat, or thereabouts, before being mixed with a
sufficient quantity of air for perfect combustion, they disengage carbon
in fine powder, and pass to the condition partly of marsh gas, CH4 and
partly of free hydrogen; and the higher the temperature, the greater is

the proportion of carbon thus disengaged.
If the disengaged carbon is cooled below the temperature of ignition

before coming in contact with oxygen, it constitutes, while floating in the
gas, smoke, and when deposited on solid bodies, soot.
But if the disengaged carbon is maintained at the temperature of igni-

tion and supplied with oxygen sufficient for its combustion, it bums
wliile floating in the inflammable gas, and forms red, yellow, or white
flame. The flame from fuel is the larger the more slowly its combustion
is effected. The flame itself is apt to be chilled by radiation, as into the
heating surface of a steam-boiler, so that the combustion is not completed,
and part of the gas and smoke pass off unburned.

(3) Oxygen or hydrogen either actually forming water, or existing in
combination with the other constituents in the proportions which form
water. Such quantities of oxygen and hydrogen are to be left out of
account in determining the heat generated by_ the combustion. If the
quantity of water actually or virtually present in each pound of fuel is so
great as to make its latent heat of evaporation worth considering, that
heat is deducted from the total available heat of combustion of the fuel.

(4) Nitrogen, either free or in combination with other constituents.
This substance is simply inert.

(5) Siilphide of iron, which exists in coal and is detrimental, as
tending to cause spontaneous combustion.

(6) Other inert mineral compoimds of various kinds form the ash
left after complete combustion of the fuel, and also the cUnker or glassy
material produced by fusion of the ash, which tends to choke the grate.
The imperfect combustion of carbon, making carbon monoxide,

produces less than one-third of the heat which is yielded by the com-
plete combustion, making carbon dioxide.
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The total heat of combustion of any compound of hydrogen and carbon
is nearly the sum of the quantities of heat which the constituents would
produce separately by their combustion, (Marsh-gas is an exception.)

In computing the total heat of combustion of compounds containing
oxygen as well as hydrogen and carbon, the following principle is to be
observed: When hydrogen and oxygen exist in a compound in the proper
proportion to form water (that is, by weight one part of hydrogen to
eight of oxygen), these constituents have no effect on the total heat of
combustion. If hydrogen exists in a greater proportion, only the surplus
of hydrogen above that wliich is required by the oxygen is to be taken
into account.
The following is a general formula (Dulong's) for the total heat of com-

bustion of any compound of carbon, hydrogen, and oxygen:
Let C, H, and O be the fractions of one pound of the compound, which

consists respectively of carbon, hydrogen, and oxygen, the remaindei
being nitrogen, ash, and other impurities. Let h be the total heat of
combustion of one pound of the compound in British thermal units.

Then h = 14,600 C -f- 62,000 {H - i/s 0).

Oxygen and Air Required for the Combustion of Carbon, Hydro-
gen, etc.

Gase- Heat of

GbemfcalReaetioo.
Lbs.
per lb.

Lbs.N,
=3.32

Air per ous
Prod-

Combus-
tion,

B.T.fj.Fud. 4.320. ucts
per lb. per lb.

CtoC02 C+20=C02 22/3 8.85 11.52 12.52 14,600
C to CO C + O = CO 11/3 4.43 5.76 6.76 4.450
CO to CO2 CO + = CO2 4/7 1.90 2.47 3.47 4,350
HtoHaO 2H + = H20 8 26.56 34.56 35.56 62,000
CH4toC02) CH4 + 4O
andHiO J -C02 + 2H20 4 13.28 17.28 18.28 23,600

StoS02 S + 20 = S02 1 3.32 4.32 5.32 4.050

CO to CO2, per lb. of C or pe r 2 1/3 li3. of CO , 14,600 -4450 = 10,150.

For heat of combustion of various fuels see Heat, page 560.

Analyses of Gases of Combustion.—^The following are selected
from a large number of analyses of gases from locomotive boilers, to
show the range of composition under different circumstances (P. H.
Dudley, Trans. A. I. M. E., iv, 250):

Test. CO2 CO N
1 13.8 2.5 2.5 81.6
2 11.5 6 82.5

3 8.5 8 83

4 2.3 17.2 80.5
5 5.7 14 7 79.6
6 8.4 1.2 8,4 82
7 12 1 4.4 82.6
8 3.4 16.8 76.8
9 6 13.3 81.5

No smoke visible.
Old fire, escaping gas white, engine working
hard.

Fresh fire, much black gas, engine working
hard.

Old fire.damper closed,engine standing still.
" " smoke white, engine working hard.
New fire, engine not working hard.
Smoke black, engine not working hard.

" dark, blower on, engine standingstill.
'* white, engine working hard.

In analyses on the Cleveland and Pittsburgh road, in every instance
when the smoke was the blackest, there was found the greatest percent-
age of unconsumed oxygen in the product, showing that something
besides the mere presence of oxygen is required to effect the combustion
of the volatile carbon of fuels. (What is needed is thorough mixture of
the oxygen with the volatile gases in a hot combustion chamber.)
Temperature of the Fire. (Rankine, S. E., p. 283.) — By temper-

ature of the fire is meant the temperature of the products of combustion
at the instant that the combustion is complete. The elevation of that
temperature above the temperature at which the air and the fuel are
suppUed to the furnace may be computed by dividing the total heat of
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combustion of one lb. of fuel by the weight and by the mean specific

heat of the whole products of combustion, and of the air employed for
their dilution under constant pressure.

Temperature of the Fire, the Fuel Containing Hydrogen and
Water. — The following formula is developed in the author's " Steam-
boiler Economy" on the assumptions that all the hydrogen and the
water exist in the combustion chamber as superheated steam at the tem-
perature of the fire, and that the specific heat of the gases is a constant,
= 0,237, The last assumption is probably largely in error, since it is

now known that the snecific heat of gases increases with the tempera-
ture. (See page 564. ) The formula will give approximate results, how-
ever, and is sufficiently accurate when relative figures only are desired.

Let C, H, O, and W represent respectively the percentages of carbon,
hydrogen, oxygen, and water in a fuel, and / the pounds of dry gas per
Dound of fuel, = CO2+ N + excess air, then the theoretical elevation ol

the temperature of the fire above the temperature of the atmosphere,

616 e + 2220 g - 327 - 44 IF

f +0.02 W + 0.18 H
Example. — Required the maximum temperature obtainable by burn-

ing moist wood of the composition C,S8; H, 5; O, 32; ash, 1; moisture 24;
the dry gas being 15 lbs.' per pound of wood, and the temperature of the
atmosphere 62°.

rr 616 X 38 + 2220 X 5 - 327 X 32 - 44 X 24 „ »
^ =

15+0.02X24+0.18X5 ' == ^^°^' ^^^ ^^ = ^^^^ *

Rise of Temperature in Combustion of Gases. (Eng'g, March
12 and April 2, 1886.) — It is found that the temperatures obtained by
experiment fall short of those obtained by calculation. Three theories
have been given to account for this: 1. The cooUng effect of the sides of

the containing vessel: 2. The retardation of the evolution of heat caused
by dissociation; 3. The increase of the specific heat of the gases at very
high temperatures. The calculated temperatures are obtainable only on
the condition that the gases shall combine instantaneously and simulta-
neously throughout their whole mass. This condition is practically im-
possible in experiments. The gases formed at the beginning of an explo-
sion dilute the remaining combustible gases and tend to retard or check
the combustion of the remainder.

CLASSIFICATION OF SOLD) FUELS.
Gruner classifies sohd fuels as follows (Eng'g and M'g Jour., July, 1874).

Name of Fuel.

Ratio ^
0+N*

or ^ .

Proportion of Coke 01
Charcoal yielded by
the Dry Pure Fuel.

Pure cellulose 8
7

6@5
4@1
1 @ 0.75

28 @ 30
Wood (cellulose and encasing matter) .

.

Peat and fossil fuel
.30® .35

.35® .40

.40® .50

.50® .90

.90® .92Anthracite

* The nitrogen rarely exceeds 1 per cent of the weight of the fuel.

Progressive Change from Wood to Graphite.
(J. S. Newberi-y in Johnson's Cyclopedia.)

1 i
3

^

^
ill

1

2 .

1

i.
0-"

49.1
6.3
44.6

18.65
3.25
24.40

30.43
3.05

20.20

12.35
1.85

18.13

18.10
1.20
2.07

3.57
0.93
1.32

14.53
0.27
0.65

1.42
0.14
0.65

13 11

Hydrogen 0.13
0.00

100.0 46.30 53.70 32.33 21.37 5.82 15.45 2.21 13.24
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Classification of Coals.

It is convenient to classify the several varieties of coal according to
the relative percentages of carbon and volatile matter contained in their
combustible portion as determined by proximate analysis. The follow-
ing is the classification given in the author's "Steam-boiler Economy":

Heating Relative

Fixed Volatile Value Value of

Carbon. Matter. per lb. of
Combustible

B.T.U.

Combus-
tible. Semi-
bit. = 100

Anthracite 97 to 90
90 to 85

3 to 10

10 to 15

14800 to 15400
15400 to 15500

93
Semi-anthracite 97
Semi-bituminous 85 to 70 15 to 30 15400 to 16000 100
Bituminous, Eastern. . 70 to 55 30 to 45 14800 to 15600 96
Bituminous, Western . 65 to 50 35 to 50 12500 to 14800 90
Lignite under 50 over 50 11000 to 13500 77

The anthracites, with some unimportant exceptions, are confined to
three small fields in eastern Pennsylvania. The semi-anthracites are
found in a few small areas in the western part of the anthracite field.
The semi-bituminous coals are found on the eastern border of the great
Appalachian coal field, extending from north central Pennsylvania across
the southern boundary of Virginia into Tennessee, a distance of over 300
miles. They include the coals of Clearfield, Cambria, and Somerset
counties, Pennsylvania, and the Cumberland, Md., the Pocahontas, Va.,
and the New River, W. Va., coals.

It is a pecuharity of the semi-bituminous coals that their combustible
portion is of remarkably uniform composition, the volatile matter usually
ranging between 18 and 22% of the combustible, and approaching in its
analysis marsh gas, CH4, with very httle oxygen. They are usually low
also in moisture, ash, and sulphur, and rank among the best steaming
coals in the world.
The eastern bituminous coals occupy the remainder of the Appalf>

chian coal field, from Pennsylvania and eastern Ohio to Alabama. They
are higher in volatile matter, ranging from 30 to over 40%, the higher
figures in the western portion of the field. The volatile matter is of
lower heating value, being higher in oxygen. The western bituminous
coals are found in most of the states west of Ohio. They are higher in
volatile matter and in oxygen and moisture than the bituminous coals
of the Appalachian field, and usually give off a denser smoke when
burned in ordinary furnaces.
A later classification by the author {Trans. A. S. M. E., 1914;

*' Steam-boiler Economy," 2d edition, 1915) is given.in the table below.
It divides the bituminous coals into three grades, high, medium and
low, the chief distinction between them being the percentage of
moisture found in the coal after it is air-dried. The coals highest
in inherent moisture are also highest in oxygen.

Classes: I. Anthracite. II. Semi-anthracite. III. Semi-bitumi-
nous.. IV. Cannel. V. Bituminous, high grade. VI. Bituminous, me-
dium grade. VII. Bituminous, low grade. VIII. Sub-bituminous and
lignite.

Volatile Oxygen Moisture B.T.U.
per lb.

Combustible.

B.T.U. par
lb. Air-dry,

Class.
Matter, % in Com- in Air-dry,
of Com- bustible Ash-free Ash-free
bustible. Per Cent. Coal, % Coal.

I less than 10 1 to 4 less than 1.8 14,800 to 15,400 14,600 to 15,400

II 10 to 15 1 to 5 less than 1.8 15,400 to 15,500 15,200 to 15,500

III 15 to 30 1 to 6 less than 1.8 15,400 to 16,050 15,300 to 16,000

IV* 45 to 60 5 to 8 less than 1.8 15,700 to 16,200 15,500 to 16,050

V 30 to 45 5 to 14 1 to 4 14,800 to 15,600 14,350 to 14,400

VI 32 to 50 6 to 14 2.5 to 6.5 13,800 to 15,100 11,300 to 14,400

VII 32 to 50 7 to 14 5 to 12 12,400 to 14,600 11,300 to 13,400

VIII 27 to 60 10 to 33 7 to 26 9,600 to 13,250 7,400 to 11,650

* Eastern canoel. The UtaU cannel is naucb lower in heating value.
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The U. S. Geological Survey classifies coals into six groups, as follows;
(1) anthracite; (2) semi-anthracite; (3) semi-bituminous; (4) bitu-
minous; (5) sub-bituminous, or blaclc lignite; and (6) lignite.

Classes 5 and 6 are described as follows:
Sub-bituminous coal is commonly known as "lignite," "lignitic coal,'*

"black lignite," "brown coal," etc. It is generally black and shining,
closely resembling bituminous coal, but it weathers more rapidly on
exposure and lacks the prismatic structure of bituminous coal. Its
calorific value is generally less than that of bituminous coal. The local-
ities in which this sub-bituminous coal is found include Montana, Idaho,
Washington, Oregon, Cahfornia, Wyoming, Utah, Colorado, New Mexico,
and Texas.

Lignite is commonly known as "lignite," "brown lignite," or "brown
coal." It usually has a woody structure and is distinctly brown in color,
even on a fresh fracture. It carries a higher percentage of moisture than
any other class of coals, its mine samples showing from 30 to 40% of
moisture. The locaUties in which lignite is found are chiefly North
Dakota, South Dakota, Texas, Arkansas, Louisiana, Mississippi, and
Alabama.
The following analyses of representative coals of the six classes are

given by Prof. N. W. Lord:
glass 1 — Anthracite Culm. Penna.
lass 2 — Semi-anthracite. Arkansas.

Class 3 — Semi-bituminous. W. Va.
Class 4(a) — Bituminous coking. Connellsville, Pa.
Class 4(&) — Bituminous non-coking. Hocking Valley, Ohio.
Class 5 — Sub-bituminous. Wyoming, black lignite.

Class 6 — Lignite. Texas.
Composition of Illustrative Coals—Car-Load Samples.

Proximate Analysis of "Air-dried" Sample.
Class 1 2 3 4a 4& 5 6

Moisture 2.08 1.28 0.65 0.97 7.55 8.68 9.88
Vol. comb... 7.27 12.82 18.80 29.09 34.03 41.31 36.17
Fixed carbon 74.32 73.69 75.92 60.85 52.57 46.49 43.65
Ash 16.33 12.21 4.63 9.09 5.85 3.52 10.30

Loss on air-drying . 3.40 1.10 1.10 4.20 Undet. 11.30 23.50

Ultimate Analysis of Coal Dried at 105° C.
Hydrogen 2.63 3.63 4.54 4.57 5.06 5.31 4.47
Carbon 76.86 78.32 86.47 77.10 75.82 73.31 64.84
Oxygen 2.27 2.25 2.68 6.67 10.47 15.72 16.52
Nitrogen 0.82 1.41 1.08 1.58 1.50 1.21 1.30
Sulphur 0.78 2.03 0.57 0.90 0.82 0.60 1.44
Ash 16.64 12.36 4.66 9.18 6.33 3.86 11.43

Results Calculated to an Ash and Moisture-Free Basis.
Volatile comb 8.91 14.82 19.85 32.34 39.30 47.05 45.31
Fixed carbon 91.09 85.18 80.15 67.66 60.70 52.95 54.6

Ultimate Analysis.
Hydrogen 3.16 4.14 4.76 5.03 5.41 5.50 5.05
Carbon 92.20 89.36 90.70 84.89 80.93 76.35 73.21
Oxygen 2.72 2.57 2.81 7.34 11.18 16.28 18.65
Nitrogen 0.98 1.61 1.13 1.74 1.61 1.25 1.47
Sulphur 0.94 2.32 0.60 1.00 0.87 0.62 1.62

Calorific Value in B.T.U. per lb., by Dulong's formula.

Airldried coal. 12,472 13,406 15,190 13,951 12,510 11,620 10,288
Combustible ..15,286 15,496 16,037 15,511 14,446 13,235 12,8""

Caking and Non-caking Coals. — Bituminous coals are sometimes
classified as caking and non-caking coals, according to their behavior
when subjected to the process of coking. The former undergo an incipi-

ent fusion or softening when heated, so that the fragments coalesce and
yield a compact coke, while the latter (also called free-burning) preserve
their form, producing a coke which is only serviceable when made frorn
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large pieces of coal, the smaller pieces being incoherent. The reason of
this difference is not clearly understood, as non-caking coals are often of
similar ultimate chemical composition to caking coals. Some coals
which cannot be made into coke in a bee-hive oven are easily coked in
gas-heated ovens.

Cannel Coals are coals that are higher in hydrogen than ordinary
coals. They are valuable as enrichers in gas-makmg. The following are
some ultimate analyses:

C. H. 0+N. S. Ash.
Combustible.

C. H. 0+N.

Boghead, Scotland
Albertite Nova Scotia

63.10
82.67
79.34

8.91

9.14
10.41

7.25
8.19
4.93

0.96 19.78 79.61
82.67
83.80

11.24
9.14
10.99

9.15
8 19

Tasmanite, Tasmania. .

.

5.32 5.21

Rhode Island (Graphitic Anthracite. — A peculiar variety of coal is

found in the central part of Rhode Island and in Eastern Massachusetts.
It resembles both graphite and anthracite coal, and has about the follow-
ing composition (A, E. Hunt, Trans. A. I. M. E., xvii. 678: Graphitic
carbon, 78%; volatile matter, 2.60%; silica, 15.06%; phosphorus, .045%.
It burns with extreme difficulty.

ANALYSIS AND HEATING VALUE OF COALS.
Coal is composed of four different things, which may be separated by

proximate analysis, viz.: fixed carbon, volatile hydrocarbon, ash and
moisture. In making a proximate analysis of a weighed quantity, such
as a gram of coal, the moisture is first driven off by heating it to about
250° F. then the volatile matter is driven off by heating it in a closed
crucible to a red heat, then the carbon is burned out of the remaining
coke at a wliite heat, with sufiQcient air supplied, until nothing is left

but the ash.
The fixed carbon has a constant heating value of about 14,600 B.T.U.

per lb. The value of the volatile hydrocarbon depends on its composi-
tion, and that depends chiefly on the district in which the coal is mined.
It may be as high as 21,000 B.T.U. per lb., or about the heating value of
marsh gas, in the best semi-bituminous coals, which contain very small
percentages of oxygen, or as low as 12,000 B.T.U. per lb., as in those
from some of the western states, wliich are high in oxygen. The ash has
no heating value, and the moisture has in effect less than none, for its
evaporation and the superheating of the steam made from it to the tem-
perature of the chimney gases, absorb some of the heat generated by the
combustion of the fixed carbon and volatile matter.
The analysis of a coal may be reported in three different forms, as per-

centages of the moist coal, of the dry coal or of the combustible, as in the
following table. By "combustible" is always meant the sum of the
fixed carbon and volatile matter, the moisture and ash being excluded.
By some writers it is called "coal dry and free from ash" and by others
"pure coal."

Moist Coal. Dry Coal.
Combus-

tible.

10

30
50
10

33.33
55.56
11.11

37.50
62.50

Ash

100 100.00 100.00

The sulphur, commonly reported with a proximate analysis, is deter-
mined separately. In the proximate analysis part of it escapes with the
volatile matter and the rest of it is found in the ash as sulphide of iron.

The sulphur should be given separately in the report of the analysis.

The relation of the volatile matter and of the fixed carbon in the com-
bustible portion of the coal enables us to judge the class to which the
coal belongs, as anthracite, senii-anthracite, semi-bituminous, bituminous
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or lignite. Coals containing less than 10 per cent volatile matter in the
combustible would be classed as anthracite, between 10 and 15 per
cent as semi-anthracite, between 15 and 30 per cent as semi-bituminous,
between 30 and 50 per cent as bituminous, and over 50 per cent as lig-
nitic coals or hgnites. In the classification of the U. S. Geological Sur-
vey the sub-bituminous coals and hgnites are distinguished by their
structure and color rather than by analysis.
The figures in the second column, representing the percentages in the

dry coal, are useful in comparing different lots of coal of one class, and
they are better for this purpose than the figures in the first column, for
the moisture is a variable constituent, depending to a large extent on the
weather to which the coal has been subjected since it was mined, on the
amount of moisture in the atmosphere at the time when it is analyzed,
and on the extent to which it may have accidentally been dried during
the process of sampling.
The heating value of a coal depends on its percentage of total combus-

tible matter, and on the heating value per pound of that combustible.
The latter differs in different districts and bears a relation to the per-
centage of volatile matter. It is highest in the semi-bituminous coals,
'^eing nearly constant at about 15,750 B.T.U. per pound. It is between
14,800 and 15,500 B.T.U. in anthracite, and ranges from 15,500 down to
13,000 in the bituminous coals, decreasing usually as we go westward,
and as the volatile matter contains an increasing percentage of oxygen.
In some lignites it is as low as 10,000.

In reporting the heating value of a coal, the B.T.U. per pound of com-
bustible should always be stated, for convenient comparison with other
reports.
In 1892 the author deduced from Mahler's tests on European coals

the following table of the approximate heating value of coals of differ-
ent composition.

Appkoximate Heating Values of Coals.

Equivalent Equivalent
Per Cent Water Per Cent Water
Volatile Heating Evapora- Volatile Heating Evapora-
Matter in Value, B.T.U. tion from Matter in Value, B.T.U. tion from
Coal Dry
and Free

per lb.

Combus-
and at 212°

per lb.

Coal Dry
and Free

per lb.

Combus-
and at 212'

per lb.

from Ash. tible. Combus-
tible.

from Ash. tible. Combus-
tible.

14.580 15.09 32 15.480 16.03
3 14,940 15.47 37 15.120 15.65
6 15.210 15.75 40 14.760 15.28
10 15.480 16.03 43 14.220 14.72
13 15.660 16.21 45 13.860 14.35
20 15.840 16.40 47 13.320 13.79
28 15.660 16.21 49 12.420 12.86

The experiments of Lord and Haas on American coals (Trans.
A.I.M.E., 1897) practically confirm these figures for all coals in which
the percentage of fixed carbon is 60% and over of the combustible, but
for coals containing less than 60% fixed carbon or more than 40% volatile
matter in the combustible, they are liable to an error in either direction
of about 4%. It appears from these experiments that the coal of one
seam in a given district has the same heating value per pound of com-
bustible within one or two per cent [true only of some districts], but coals I
of the same proximate analysis, and containing over 40% volatile matter,
but mined in different districts, may vary 6 or 8% in heating value.
The coals containing from 72 to 87 per cent of fixed carbon in the com-

bustible have practically the same heating value. This is confirmed by
Lord and Haas's tests of Pocahontas coal. A study of these tests and of
Mahler's indicates that the heating value of all the semi-bituminous coals,

75 to 87.5% fixed carbon, is within 1 H% of 15,750 B.T.U. per pound.
The heating value of any coal may also be calculated from its ultimate

analysis, with a probable error not exceeding 2%, by Dulong's formula:
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Heating value per lb. = 146 C + 620M) + 40S

in which C, H, S, and O are respectively the percentages of carbon,
hydrogen, sulphur and oxygen. Its approximate accuracy is proved by
both Mahler's and Lord and Haas's experiments, and any deviation of
the calorimetric determination of any coals (cannel coals and lignites
excepted) more than 2 % from that calculated by the formula, is more
likely to proceed from an error in either the calorimetric test or the
analysis, than from an error in the formula.

Average Results of Lord and Haas's Tests.—(" Steam Boiler
Economy," p. 156.)

Name of Coal.
C. H. 0. N. S.

1

i
o

i

> 1

*

ft

Pocahontas, Va.
IThacker, W. Va.
Pittsburg, Pa.. .

Middle Kittan-
ing, Pa

Upper Freeport,
Pa. andO....

Mahoning, . . .

Jackson Co., 0..
Hocking Val-

ley,

84.87
78.65
75.24

75.19

72.65
71.13
70.72

68.03

4.20
5.00
5.01

4.91

4.82
4.56
4.45

4.'97

2.84
6.01
7.04

7.47

7.26
7.17
10.82

9.87

0.85
1.41

1.51

1.46

1.34
1.23
1.47

1.44

0.59
1.28
1.79

1.98

2.89
1.86
1.13

1.59

5.89
6.27
8.02

7.18

9.10
10.90
3.25

8.00

0.76
1.38
1.37

1.81

1.93
3.15
8.17

6.59

18.51
35.68
36.80

36.32

37.35
35.00
35.79

35.77

74.84
56.67
53.81

54.69

51.63
50.95
52.78

49.64

19.82
38.62
40.61

39.91

41.98
40.72
40.41

41.84

15766
15237
14963

14800

14755
14728
14141

14040

* Per lb. of combustible, by the Mahler calorimeter. The average
figures calculated from the ultimate analyses agreed within 0.5% , except
in the case of the Jackson Co. coal, in which the calorimetric result was
1.6% higher than that computed from the analysis.

Sizes of Anthracite Coal.—When anthracite is mined it is crushed
in a " breaker," and passed over screens separating it into different sizes,
which are named as follows:
Lump, passes over bars set 3 1/2 to 5 in. apart; steamboat, over 3 1/2

in. and out of screen; broken, through 41/2 in., over 3 1/4 in.; egg, 3 1/4
to 2 5/16 in. ; stove, 2 5/15 to 1 s/g in. ; chestnut, 1 s/g to 7/8 in. ; pea, 7/8 to
9/16 in.; buckwheat. No. 1, Vig to 5/i6 in.; No. 2, 5/i6 to s/ie; No. 3,, 3/i6
to 3/32 in.; culm, through 3/32 in.
The terms "buckwheat," "rice" and "barley" are used in some

localities instead of No. 1, No. 2 and No. 3 buckwheat.
When coal is screened into sizes for shipment the purity of the dif-

ferent sizes as regards ash varies greatly. Samples from one mine gave
results as follows:

Screened. Analyses.

Name of Coal. Through
Inches,

Over-
Inches.

Fixed
Carbon.

Ash.

Egg 2.5
1.75
1.25
0.75
0.50

1.75
1.25
0.75
0.50
0.25

88.49
83.67
80.72
79.05
76.92

5.66
Stove 10 17

"Chestnut 12.67
Pea 14.66

1 Buckwheat
. —

—

16.62

Space Occupied by Anthracite Coal. (J. C. I. W., vol. iii.)—The
jubic contents of 2240 lb. of hard Lehigh coal is a little over 36 feet; an
Average Schuylkill white-ash, 37 to 38 feet; Shamokin, 38 to 39 feet;
Lorberry, nearly 41.
According to measurements made with Wilkes-Barre anthracite coal

Srom the Wyoming Valley, it requires 32.2 cu. ft. of limip, 33.9 cu. ft.
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Ash. Sulphur.
3.27 0.24

9.34 1.04

broken, 34.5 cu. ft. egg, 34.8 cu. ft. of stove, 35.7 cu. ft. of chestnut, and
36.7 eu. ft. of pea, to make one ton of coal of 2240 lb. ; while it requires
28.8 cu. ft. of lump, 30.3 cu. ft. of broken, 30.8 cu. ft. of egg, 31.1 cu. ft.

of stove, 31.9 cu. ft. of chestnut, or 32.8 cu. ft. of pea, for one ton (2000 lb.)

Bernice Basin, Pa., Coals.

Water Vol. H.C. Fixed C.
Bernice Basin, Sullivan") 0.96 3.56 82.52
and Lycoming Cos.; > to to to
rangeof8 J 1.97 8.56 89.39 .

This coal is on the dividing-hne between the anthracites and semi-
anthracites, and is similar to the coal of the Lykens Valley district.
More recent analyses {Trans. A. I. M. E., xiv. 721) give:

Water Vol. H.C. Fixed C. Ash. Sulphur
Working seam 0.65 9.40 83.69 5.34 0.91
60 ft. below seam 3.67 15.42 71.34 8.97 0.59
The first is a semi-anthracite, the second a semi-bituminous.
Connellsville Coal and Coke. (Trans. A. I. M. E., xiii. 332.)—The

Connellsville coal-field, in the southwestern part of Pennsylvania, is a
strip about 3 miles wide and 60 miles in length. The mine workings are
confined to the Pittsburgh seam, which here has its best development as
to size, and its quality best adapted to coke-making. It generally af-
fords from 7 to 8 feet of coal.
The following analyses by T. T. Morrell show about its range of com-

position-
Moisture. Vol. Mat. Fixed C. Ash. Sulphur. Phosph's.

HeroldMine 1.26 28.83 60.79 8.44 0.67 0.013
KintzMine. 0.79 31.91 56.46 9.52 1.32 0.02

In comparing the composition of coals across the Appalachian field,

in the western section of Pennsylvania, it will be noted that the Con-
nellsville variety occupies a peculiar position between the rather dry
semi-bituminous coals eastward of it and the fat bituminous coals flank-
ing it on the west.

Indiana Coals. (J. S. Alexander, Trans. A. I. M. E., iv. 100.)—The
typical block coal of the Brazil (Indiana) district differs in chemical
composition but little from the coking coals of Western Pennyslvania.
The physical difference, however, is quite marked; the latter has a
cuboid structure made up of bituminous particles lying against each
other, so that under the action of heat fusion throughout the mass
readily takes place, while block coal is formed of alternate layers of rich
bitmninous matter and a charcoal-hke substance, which is not only very
slow of combustion, but so retards the transmission of heat that agglu-
tination is prevented, and the coal burns away layer by layer, retaining
its form until consumed.

Illinois Coals. The Illinois coals are generally high in moisture,
volatile matter, ash and sulphur, and the volatile matter is high in
oxygen; consequently the coals are low in heating value. The range of
quality is a wide one. The Big Muddy coal of Jackson Co., which has a
high reputation as a steam coal in the St. Louis market, has about 36%
of volatile matter in the combustible, while a coal from Staunton,
Macoupin Co., tested by the author in 1883 (Trans. A. S. M. E., v. 266)
had 68%. A boiler test with this coal gave only 6.19 lbs. of water
evaporated from and at 212° per lb. of combustible, in the same boiler
that had given 9.88 lbs. with Jackson, O., nut.

Prof. S. W. Parr, in Buhetin No. 3 of the 111. State Geol. Survey, 1906,
reports the analyses and calorimetric tests of 150 Illinois coals. The
two having the lowest and the highest value per pound of combustible
have the following analysis:

Air-dried Coal. Pure Coal,

Moist. Ash. Vol.
Fixed
C.

S. Vol.
Fixed
C.

B.T.U.
per lb.

Lowest.

.

Highest

.

9.90
5.68

5.02
8.90

40.75
33.32

44.33
52.10

2.00
1.18

47.90
39.02

52.10
60.98

12,162
14,830

The poorest coal of the series had a heating value of only 8645 B.T.U.

]
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per lb., air dry; it contained 9.70 moisture and 31.18 ash, and the B.T.U.
per lb. combustible was 14,623. The best coal had a heating value of
13,303 per lb.; moistm-e 4.20, ash 5.50, B.T.U. per lb. combustible,
14,734.
Of the 150 coals, 28 gave between 14,500 and 14,830 B.T.U. per lb.

combustible; 82 between 14,000 and 14,500; 32 between 13,500 and
(14,000; 6 between 13,000 and 13,500; one 12,535 and one 12,162. The
average is about 14,200. The volatile matter ranged from 36.24% to
53.80% of the combustible; the sulphur from 0.62 to 4.96%; the ash
ifrom 2.32 to 31. 18%, and the moisture from 3.28 to 12.74%, all calcu-
lated from the air-dried samples. The moisture in the coal as mined is

not stated, but was no doubt considerably higher. The author has
found over 14% moisture in a lump of Illinois coal that was apparently
dry, having been exposed to air, vmder cover, for more than a month.

Colorado Coals.—The Colorado coals are of extremely variable com-
position, ranging all the way from lignite to anthracite. G. C. Hewitt
(Trans. A. I. M. E., xvii. 377) says: The coal seams, where unchanged
by heat and flexure, carry a lignite containing from 5% to 20% of water.
In the southeastern corner of the field the seams have been metamor-
phosed so that in four miles the same seams are an anthracite, coking,
and dry coal. The dry seams also present wide chemical and physical
changes in short distances. A soft and loosely bedded coal has in a
hundred feet become compact and hard without the intervention of a
faul(\ A couple of hundred feet has reduced the water of combination
from 12% to 5%.

Western Arkansas and Oklahoma (formerly Indian Territory).
(H. M. Chance, Trans. A. I. M. E., 1890.)—The western Arkansas coals
are dry semi-bituminous or semi-anthracitic coals, mostly non-coking,
or with quite feeble coking properties, ranging from 14% to 16% in
volatile matter, the liighest percentage yet found, according to Mr.
Winslow's Arkansas report, being 17.65.

In the Mitchell basin, about 10 miles west from the Arkansas line, the
coal shows 19% volatile matter; the Mayberry coal, about 8 miles farther
west, contains 23% ; and the Bryan Mine coal, about the same distance
west, shows 26%. About 30 miles farther west, the coal shows from
38% to 41.5 % volatile matter, which is also about the percentage in
coals of the McAlester and Lehigh districts.

Analyses of Foreign Coals. (Selected from D. L. Barnes's paper on
American Locomotive Practice, Trans. A. S. C. E., 1893.)

a li i
li

II
-6

1

Great Britain:
South-Wales
South-Wales

8.5
6.2
17.2
17.7
15.05
20.4
17.1
17.5

21.93

88.3
92.3
80.1
79.9
86.8
78.6
63.1
80.1

70.55

3.2
1 .5

2.7
2.4
1.1
1.0

19.8
2.4

7.52

South America:
ChiU, Chiroqui.

.

Patagonia
Brazil

24.11
24.35
40.5

26.8
26.9

15.8
14.98
26.5
6.16

38.98
62.25
57.9

60.7
67.6

64.3
82.39
70.3
63.4

36.91
13.4
1.6

Derbyshire, "
Durham, " *

Staffordshire,
"

Scotlandt
Scotlandj.

Canada:
Nova Scotia
Cape Breton ....

Australia:

12.5
5.5

10
South America:

Chili
Sydney, N.S.W..

Borneo.
2.04
14.2

Tasmania 30.45

* Semi-bit, coking coal. t Boghead cannel gas coal.

i Semi-bit, steam-coal.

An analysis of Pictou, N. S., coal, in Trans. A. I. M. E., xiv. 560, is:

vol., 29.63; carbon, 56.98; ash, 13.39; and one of Sydney, Cape Breton,
coal is: vol., 34.07; carbon, 61.43; ash, 4.50.
Sampling [Coal for Analysis.—J. P. Kimball, Trans. A. I. M. E.,

xii. 317, says: The imsmtable samphng of a coal-seam, or the improper
preparation of the sample in the laboratory, often gives rise to errors in
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in-:

determinations of the ash so wide in range as to vitiate the analysis fc

all practical purposes; every other single determination, excepting moif
tiire, showing its relative part of the error. The determinations of sul-^

phur and ash are especially hable to error, as they are intimately asso-
ciated in the slates.

j

Wm. Forsyth, in his paper on The Heating Value of Western Coals
(Eng'g News, Jan. 17, 1895) , says : This trouble in getting a fairly average
sample of anthracite coal has compelled the Reading R. R. Co., in get-
ting its samples, to take as much as 300 lb. for one sample, drawn direct
from the chutes, as it stands ready for shipment.
The directions for collecting samples of coal for analysis at the C, B.

& Q. laboratory are as follows:
Two samples should be taken, one marked "average," the other

"select." Each sample should contain about 10 lb., made up of lumps
about the size of an orange taken from different parts of the dump or
car, and so selected that they shall represent as nearly as possible, first,

the average lot; second, the best coal.
An example of the difference between an "average" and a "select"

sample, taken from Mr. Forsyth's paper, is the following of an Illinois
coal:

Moisture. Vol. Mat. Fixed Carbon. Ash.
Average 1.36 27.69 35.41 35.54
Select 1.90 34.70 48.23 15.17

The theoretical evaporative power of the former was 9.13 lbs. of water
from and at 212° per lb. of coal, and that of the latter 11.44 lbs.

For methods of sampling see Kent's "Steam Boiler Economy," 2d
edition (1915), also Report of the Power Test Committee, A. S.M.E.,
1915, and Technical Paper No. 8 of the U. S. Bureau of Mines, 1913.

RELATIVE VALUE OF STEAM COALS.

The heating value of a coal may be determined, with more or less
approximation to accuracy, by three different methods.

1st, by chemical analysis; 2d, by combustion in a coal calorimeter;
3d, by actual trial in a steam-boiler.

"The accuracy of the first two methods depends on the precision of the
method of analysis or calorimetry adopted, and upon the care and skill

of the operator. The results of the third method are subject to numer-
ous sources of variation and error, and may be taken as approximately
true only for the particular conditions under which the test is made.
Analysis and calorimetry give with considerable accuracy the heating
value which may be obtained under the conditions of perfect combus-
tion and complete absorption of the heat produced. A boiler test gives,
the actual result under conditions of more or less imperfect combustion.,
and of numerous and variable wastes. It may give the highest practical
heating value, if the conditions of grate-bars, draft, extent of heating
surface, method of firing, etc., are the best possible for the particular
coal tested, and it may give results far beneath the highest if these con-
ditions are adverse or unsuitable to the coal.

In a paper entitled Proposed Apparatus for Determining the Heating
Power of Different Coals (Trans. A. I. M. E., xiv. 727) the author de-
scribed and illustrated an apparatus designed to test fuel on a large
scale, avoiding the errors of a steam-boiler test. It consists of a fire-

brick furnace enclosed in a water casing, and two cylindrical shells con-
taining a great number of tubes, which are surrounded by cooling water
and through which the gases of combustion pass while being cooled.
No steam is generated in the apparatus, but water is passed through it
and allowed to escape at a temperature below 200° F. The product of
the weight of the water passed through the apparatus by its increase in
temperature is the measure of the heating value of the fuel.
A study of M. Mahler's calorimetric tests shows that the maximum

difference between the results of these tests and the calculated heating
power by Dulong's law in any single case is only a little over 3%,
and the results of 31 tests show that Dulong's formula gives an aver-
age of only 47 thermal units less than the calorimetric tests, the
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average total heating value being over 14.000 B.T.U., a difference of
less than 0.4%.*
The close agreement of the results of calorimetric tests when properly-

conducted, and of the heating power calculated from the ultimate chemi-
cal analysis indicates that either the chemical or the calorimetric method
may be accepted as correct enough for all practical purposes for deter-
mining the total heating power of coal. The results obtained by either
method may be taken as a standard by which the results of a boiler test
are to be compared, and the difference between the total heating power
and the result of the boiler test is a measure of the inefficiency of the
boiler under the conditions of any particular test.
The heating value that can be obtained in boiler practice from any

given coal depends upon the efficiency of the boiler, and this largely
upon the diflQculty of thoroughly burning the volatile combustible
matter in the boiler furnace.
With the best anthracite coal, in which the combustible portion is,

say, 97% fixed carbon and 3% volatile matter, the highest result that
can be expected in a boiler-test with all conditions favorable is 12.2 lb.

of water evaporated from and at 212° per lb. of combustible, which is

79% of 15.47 lb., the theoretical heating-power. With the best semi-
bituminous coals, such as Cumberland and Pocahontas, in which the
fixed carbon is 80% of the total combustible, 12.5 lb., or 76% of the
theoretical 16.4 lb., may be obtained. For Pittsburgh coal, with a
fixed carbon ratio of 68%, 11 lb., or 69% of the theoretical 16.03 lb., is

about the best practically obtainable with the best boilers when hand-
fired, with ordinary furnaces. (The author has obtained 78% with an
automatic stoker set in a "Dutch oven" furnace.) With some good
Ohio coals, with a fixed carbon ratio of 60%, 10 lb., or 66% of the the-
oretical 15.28 lb., has been obtained, Tinder favorable conditions, with a
fire-brick arch over the furnace. With coals mined west of Ohio, Vvith
lower carbon ratios, the boiler efficiency is not apt to be as high as 60%
unless a special furnace, adapted to the coal, is used.
From these figures a table of probable maximum boiler-test results

with ordinary furnaces from coals of different fixed carbon ratios may
be constructed as follows:
Fixed carbon ratio 97 80 68 60 54 50
Evap. from and at 212° per lb. combustible, maximum in boiler-tests:-

12.2 12.5 11 10 8.3 7.0
Boiler efficiency, per cent 80 76 69 66 60 55
Loss, chimney, radiation, imperfect combustion, etc.

:

20 24 31 34 40 45
The difference between the loss of 20% with anthracite and the great-

er losses with the other coals is chiefly due to imperfect combTistion of
the bituminous coals, the more highly volatile coals sending up the
chimney the greater quantity of smoke and unburned hydrocarbon
gases. It is a measure of the inefficiency of the boiler furnace and of the
inefficiency of heating-surface caused by the deposition of soot, the
latter being primarily caused by the imperfection of the ordinary
furnace and its unsuitability to the proper burning of bituminous coal.
If in a boiler-test with an ordinary furnace lower results are obtained
than those in the above table, it is an indication of unfavorable condi-
tions, such as bad firing, wrong proportions of boiler, defective draft, a
rate of driving beyond the capacity of the furnace, or beyond the
capacity of the boiler to absorb the heat produced in the furnace. It is

quite possible, however, with automatic stokers and fire-brick com-
bustion chambers to obtain an eflQciency of 70% with the highly
volatile western coals.
Under exceptionally good conditions, with mechanical stokers, very

large combustion chambers, and the air supply controlled according to
the indications of gas analyses, as high as 81 % efficiency has been
obtained. See under Steam- Boilers, page 898-

* The formula commonly used in the United States is 14,600 C +
62,000 (H - i/sO) + 4050 S. For a description of the Mahler calori-

meter and its method of operation see the author's "Steam Boiler
Economy." Prof. S. W. Parr, of the University of Ilhnois, has put a
calorimeter on the market which gives results practically equal to those
obtained with Mahler's instrument.
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Moist. Ash. B.T.U.

Combustible.

Vol.
I

S.
I

O.
I

B.T.U.

Air-dry,Ash-free

Moist. B.T.U.

I. Anthracite
7.43 14J6 11.891 8.8 0.73 4.04 15.203 1.55

2.70 5.83 14,099 3.6 0.87 1.32 15,413 1.08
2.80 7.83 13.298 ].i 1.00 2.13 14.882 1.43

3.30 9.12 13,351 3.7 0.68 2.41 15,248 0.83
8.5 0.72 2.67 15.410 0.80

II. Semi-anthracite.
2.36 12.08 13.259 14.8 2.33 2.57 15.496 1.45
3.38 11.50 13.156 10.0 0.74 2.17 15.457 0.91

4.80 18.03 11,961 13.1 0.82 4.18 15.500 0.90

III. SEMI-BITUMINOUS.
3.08 3.75 14.681 28.8 0.59 4.45 15.757 1.15
2.38 4.88 14.487 27.9 1.58 3.42 15.620 0.94
5.14 5.00 14.065 15.5 1.29 3.02 15.651 0.60
2.77 9.07 13.774 16.7 3.16 1.69 15,624 0.86
3.21 9.29 13.588 17.0 3.57 1.25 15,530 0.92
0.96 8.62 14,330 23.8 0.58 4.34 15,849 0.83
3.07 9.16 13,990 25.8 0.72 2.29 15,939 1.43

3.80 14.49 12,791 19.4 1.55 5.96 15,653 0.74
3.20 6.70 14,100 16.0 1.02 2.54 15,640 1.10
2.60 6.80 14.360 17.5 0.98 2.47 15,856 0.66
2.05 8.31 14.092 18.3 0.96 2.93 15,721 0.61

2.37 8.83 13,840 21.7 1.15 2.87 15.586 0.53
5.11 8.03 13,662 15.7 1.36 1.87 15,728 0.70
4.25 7.87 13,513 24.8 1.81 5.50 15.376 0.40
1-10 7.41 14,499 17.3 1.63 2.82 15,847 0.65
4.00 4.31 14,520 19.0 0.68 3.42 15,840 0.54
4.10 3.18 14,740 17.5 0.68 2.23 15,910 0.64
5.81 17.04 11,776 16.3 0.48 3.9/ 15,264 1.67
3.71 3.39 14.306 25.3 0.86 4.13 15,399 1.18

1.75 4.58 15,023 19.9 0.60 2.80 16.038 0.69

2.36
1.70
1.80
7.35

IV. Cannel.*
10.49
9.31
3.44

23.24

13,770
14,251
15,330
10,355

55.5
57.0
47.4
67.6

1.38 7.57
1.15 7.61

0.92 5.34
2.32 13.68

15,800
16,013
16,176
14.918

V. Bituminous High-grade .

Ala. . .

.

2.18 2.79 14.816 33.4 1.13 6.99 15,590 1.23 15.400
Ala.... 3.83 5.48 13,799 35.3 1.07 7.00 15,214 1.77 14.947
Colo. .

.

2.64 5.21 13,529 31.3 0.72 9.38 14,681 1.01 14.533
Colo. .

.

2.28 9.16 13,781 33.7 0.56 8.77 15,559 0.87 15.423
Ill 7.81 8.38 12,418 40.0 2.82 9.74 14,818 2.34 14.470
Kan . .

.

2.50 12.45 12,900 39.8 6.68 5.26 15,167 2.86 14.734
Kan... 9.04 15.72 11,142 39.5 4.93 7.27 14,809 2.49 14.436
Ky.... 3.41 5.73 13.928 35.3 0.58 8.05 15.328 1.64 15.095
N.Mex. 2.78 14.57 12.294 41.5 0.74 8.79 14,875 1.64 14,630
N.Mex. 2.45 17.40 12,200 34.4 0.96 6.93 15,221 0.80 15,099
Ohio... 3.53 9.12 13,072 42.9 3.97 7.04 14.965 2.38 14.642
Ohio... 5.59 8.29 12,773 42.8 3.66 9.01 14,832 3.83 14.431
Okla... 2.09 20.07 11,695 35.5 7.36 3.71 15,025 1.38 14.814
Okla... 2.81 8.75 13,320 40.8 2.06 7.35 15,061 1.57 14.825
Pa 2.61 6.17 13.997 38.3 1.38 6.94 15,345 1.42 15.127
Pa 5.13 8.71 13,365 32.4 1.00 7.35 15,511 1.07 15.346
Tenn... 6.39 9.53 12,578 38.4 1.17 7.94 14,960 1.97 14,665
Tenn... 3.89 14.43 12,514 33.8 0.95 6.70 15,320 1.08 15.137
Vk.... 4.44 5.98 13,363 40.2 0.85 12.18 14.918 2.52 14.381
Va.... 3.31 3.76 14,209 35.3 0.97 5.65 15,291 1.49 15.069
Wash.. 2.32 13.58 12,443 44.0 5.23 13.93 14,796 1.55 14.569
W.Va.. 4.21 7.22 13,379 40.0 0.72 10.10 15,107 2.11 14.787
W.Va.

.

2.86 5.83 14,105 36.4 0.73 5.14 15,448 1.36 15,237
Wyo... 5.49 3.12 13,570 39.3 0.99 11.40 14,848 2.13 14,552

* H in combustible
The highest H in the

Ky., 7.13, and 7.46; W. Va., 7.13; Utah, 7.73
other coals is 5.78, a Missouri bituminous.
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Classified List of Coals.-^Continued.

Combustible;

[ Ash.
I

B.T.U. Vol.
I

g.
I

0.
I

fe.T.U.

Air*dry,Asli-free

Moist, B.T.U.

VI. Bituminous Medium GraDB
3.95 14.59 11,785 37.7 1.37 10.45 14,467 2.69
7.06 21.78 9.846 44.2 1.83 14.11 13.838 2.55
6.95 6.23 12.447 53.8 4.80 11.47 14.336 5.19
8.12 8.63 12,064 41.4 1.36 12.02 14,492 5.15
8.86 11.66 11,702 39.3 3.10 9.03 14,724 3.71

16.91 17.37 9,524 40.9 2.88 9.50 14,492 5.48
7.88 14.20 11.146 47.3 6.60 9.96 14,305 5.01

13.88 14.01 10.244 51.2 8.53 8.96 14,206 5.35
8.24 16.00 1 1 .027 40.6 6.64 8.03 14.555 6.24
6.95 12.19 11.905 44.2 9.94 5.64 14,724 4.09
2.50 12.45 12.900 39.8 5.22 5.98 14,922 4.30
7.92 10.06 12.022 44.0 4.29 8.90 14,657 6.52
5.27 14.18 11.950 43.5 5.64 7.46 14,836 2.98
11.91 6.84 11.781 38.8 1.53 9.54 14.499 4.70
11.55 3.25 12.442 37.1 1.11 10.51 14.603 5.59
17.30 23.38 8.240 44.6 4.96 11.83 13.892 3.42
12.67 4.83 12,487 50.2 6.21 6.12 15.134 5.68
3.51 19.50 10.881 34.3 4.86 9.50 14.134 2.42
5.77 10.57 12.281 39.6 0.60 9.77 14.681 2.30
5.02 12.00 12.064 44.3 0.68 12.70 14.539 3.06
4.14 9.38 12.874 37.8 0.63 11.58 14,269 4.69
7.71 11.95 11,515 47.7 5.74 9.44 14,332 3.30
7.04 10.01 12,202 41.7 2.31 9.26 14,711 4.31

5.58 8.99 12.170 45.6 0.60 13.30 14.245 4.98
6.05 4.87 13,151 47.2 0.62 10.93 14.764 2.47
6.02 19.35 10.708 41.8 0.57 12.38 14,348 3.26
3.96 4.77 13.502 39.6 0.84 9.25 14.793 2.73

VII. Bituminous Low Grade.
aska. 10.77 14.87 9.641

11.35 13.40 10.733
14.43 13.28 10.064

d.... 12.11 6.83 11.952
d.... 13.18 15.63 10.030
wa.. . 14.08 10.96 10.723

15.36 10.99 10.460
ont. . 9.76 16.42 10.235
ont.

.

10.88 26.88 7.742
.Mfix. 12.29 6.99 11.252
.Mex. 15.79 9.37 9.970
kla... 8.29 25.05 9.110

tah... i6.35 9.62 10.874
^h... 14.19 9.92 9.927
ash.. 12.05 10.41 10,414

40.8 0.94 18.83 12.964 5.42 1

46.0 6.33 10.53 14.263 6.75
40.8 5.55 12.02 13,921 6.02
42.2 1.78 10.55 14,746 9.60
44.8 6.73 9.69 14,089 6.17
47.5 5.69 9.73 14.305 11.33
47.3 4.85 10.68 14.202 7.37
37.5 0.86 16.21 13.865 7.58
32.6 2.88 16.14 12.438 8.09
42.8 0.78 14.00 13.939 11.70
46.8 2.38 15.69 13.322 7.87
45.9 5.93 10.62 13,667 7.74
48.1 1.65 14,618 11.88
45.4 7.27 10.05 13.586 9.65
44r() 7.10 14.18 13.081 11.47
47.5 0.44 1.7.11 13,423 6.56 1

VIII Sub-bituminous and Lignite.

Ark.... 39.43 9.71 6.356 52.1 0.96 21.17 12.497 22.00 9,75©
Cal. . .

.

18.51 15.49 8,507 53,5 4.62 16.79 12.890 10.95 11,478.

Colo. .

.

19.65 6.00 8,638 41.4 0.44 16.97 11.619 8.21 10.664
Colo. . . 19.28 4.70 9.064 45.5 0.51 16.52 13.239 15.35 10.094
Mont.. 30.00 11.90 6.914 69.0 1.86 23.47 1 1 .900 15.55 10.143;

Mont . . 24.59 14.01 6.208 54.1 0.67 26.64 10.211 25.02 7.65&
N.Dak. 35.96 7.75 7.069 56.7 2.04 17.69 12.557 26.20 8.886
N.Dak. 38.92 5.39 6,739 45.9 0.86 22.67 12,101 11.66 10.885.

Ore. . . . 16.10 13.17 9.031 44.0 1.15 19.68 12.769 10.16 11.4711

Ore. . . . 13.77 7.46 9,054 47.0 5.52 1 1 .493 7.05 10.684
S. Dak. 30.45 12.15 6.944 40.0 0.6H 12.098 15.77 10.189
Tex. . . . 34.70 11.20 7.056 59.6 1.46 18.99 13.043 15.73 11.077
Tex. . . . 33.71 7.28 7.348 49.6 0.90 20.54 12,452 11.82 11.036

{Table continued on p. 830.)
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Classified List of Coals.

—

Continued.

Moist. Ash. B.T.U.

Air-dry,Ash-free

Vol.
I

S.
I

O.
I

B.T.U. Moist. B.T.U.

VIII. Sub-bituminous and Lignite.—Continued.

Utah..
Wash.
Wyo..
Wyo..

16.59 13.44 7,882 46.6 4.88 22.14 11.264 15.35
27.17 10.92 7.569 54.6 0.53 22.06 12.226 17.21
10.26 9.83 10.354 27.8 1.09 10.94 12.956 9.56
31.37 10.12 5.634 50.6 2.17 29.86 9,630 22.69

9.535
10.122
11.573

7.458t

Not Classified.^

R. I... 23.68 30.77 5.976 6.6 0.05 5.59 13.120 1.26 12.955
R.I... 2.41 19.06 10.996 6.3 0.09 3.27 14.002 0.52 13.930
Alaska

.

5.71 34.15 8,386 21.7 10.76 5.28 13.945 4.77 13.279
Ark. . . . 5.26 24.81 10,451 21.0 1.43 6.44 14.945 1.77 14.722
Idaho.. 34.28 13.38 8,613 50.9 4.77 16,457 16.42 13,757

* These two samples are classed as sub-bituminous by the Bureau of
Mines.

t Sample from surface exposure ; coal badly weathered.
t The Rhode Island coals are graphitic and are not used as fuel. The

two samples from Alaska and Arkansas may be classed as semi-bitumi-
nous by their percentage of volatile matter, but they are higher in
oxygen and in moisture, and lower in heating value than other semi-
bituminous coals. The Idaho coal is apparently a cannel coal very
high in moisture, but the ultimate analysis is lacking.

Purchase of Coal under Specifications.—It is customary for large
users of coal to purchase it under specifications of its analysis or heating
value with a penalty attached for failure to meet the specifications. The
following standards for a specification were given by the author in his
"Steam Boiler Economy," 1901. (Revised in 2d edition, 1915):

Anthracite and Semi-anthracite.—The standard is a coal containing
5% volatile matter, not over 2% moisture, and not over 10% ash. A
premium of 0.5 % on the price will be given for each per cent of volatile
matter above 5% up to and including 15%, and a reduction of 2% on
the price wiU be made for each 1% of moisture and ash above the
standard.

Semi-bituminous and Bituminous.—The standard is a semi-bitumi-
nous coal containing not over 20% volatile matter, 2% moisture, 6% ash.
A reduction of 1 % in the price will be made for each 1 % of volatile mat-
ter in excess of 25% , and of 2% for each 1% of ash and moisture in excess
of the standard.

For western coals in which the volatile matter differs greatly in its

percentage of oxygen, the above specification based on proximate analy-
sis may not be sufficiently accurate, and it is well to introduce either the
heating value asdetermined by a calorimeter orthe percentage of oxygen.
The author has proposed the following for Ilhnois coal:
The standard is a coal containing not over 6% moisture and 10% ash

in an air-dried sample, and whose heating value is 14,500 B.T.U. per
pound of combustible. For lower heating value per lb. of the com-
bustible, the price shall be reduced proportionately, and for each 1%
increase in ash or moisture above the specified figures, 2% of the price
shall be deducted.

Several departments of the U. S. government now purchase coal under
specifications. See paper on the subject by D. T. Randall, Bulletin No.
339, U. S. Geological Survey, 1908, also "Steam Boiler Economy,"
2d edition.

Weatliering of Coal. (I. P. Kimball, Trans. A. T. M. E., viii, 204.)—
The effect of the weathering of coal, while sometimes increasing its

weight, is to diminish the carbon ana disposablehydrogen and to increase
the oxygen and indisposable hydrogen. Hence a reduction in the cal-

orific value. An excess of pyrites in coal tends to produce rapid oxida-
tion and mechanical disintegration of the mass, with development of
heat, loss of coking power, and spontaneous ignition.
The only appreciable results of the weathering of anthracite are con-
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fined to the oxidation of its accessory pyrites. In coking coals, however,
weathering reduces and finally destroys the coking power.

Richters found that at a temperature of 158° to 180° Fahr., three coals
lost in fourteen days an average of 3.6% of calorific power. It appears
from the experiments of Richters and Reder that when there is no rise
of temperature of coal piled in heaps and exposed to the air for nine to
twelve months, it undergoes no sensible change, but when the coal
becomes heated it suffers loss of C and H by oxidation and increases in
weight by the fixation of oxygen. (See also paper by R. P. Rothwell,
Trans. A. I. M. E., iv. 55.)
Experiments by S. W. Parr and N. D. Hamilton (Bull. No. 17 of

Unlv'y of 111. Eng'g Experiment Station, 1907) on samples of about
100 lb. each, show that no appreciable change takes place in coal sub-
merged in water. Their conclusions are:

(a) Submerged coal does not lose appreciably in heat value.
{b) Outdoor exposure results in a loss of heat value varying from 2

to 10 per cent.
(c) Dry storage has no advantage over storage in the open except

with high sulphur coals, where the disintegrating effect of sulphur in the
process of oxidation facihtates the escape or oxidation of the hydrocar-
bons.
1^ {d) In most cases the losses in storage appear to be practically com-
plete at the end of five months. From the seventh to the ninth month
the loss is inappreciable.

This paper contains also a historical review of the literature on weath-
ering and on spontaneous combustion, with a summary of the opinions
of various authorities.

Later experiments on storing carload lots of Illinois coals (W. F,
Wheeler, Trans. A. I. M. E., 1908) confirms the above conclusions, ex-
cept that 4 per cent seems to be amply sufficient to cover the losses sus-
tained by Illinois coals imder regular storage-conditions, the larger
losses indicated in the former series being probably due to the small size
of the samples exposed.

Investigations by the U. S. Bureau of Mines in 1910 (Technical
Paper No. 2) showed that New River (Va.) coal lost less than 1% in
heating value in one year by weathering in the open, and Pocahontas
coal less than 0.4%.

Pressed Fuel. (E. F. Loiseau, Trans. A. I. M. E., viii. 314.)

—

Pressed fuel has been made from anthracite dust by mixing the dust with
ten per cent of its bulk of dry pitch, which is prepared by separating
from tar at a temperature of 572° F. the volatile matter it contains. The
mixture is kept heated by steam to 212°, at which temperature the pitch
acquires its cementing properties, and is passed between two rollers, on
the periphery of which are milled out a series of semi-oval cavities. The
lumps of the mixture, about the size of an egg, drop out under the
rollers on an endless belt, which carries them to a screen in eight minutes,
which time is sufficient to cool the lumps, and they are then ready for
delivery.
The enterprise of making the pressed fuel above described was not

commercially successful, on account of the low price of other coal. In
France, however, "briquettes" are regularly made of coal-dust (bitu-
minous and semi-bituminous).

Experiments with briquets for use in locomotives have been made
by the Penna. R. R. Co., with favorable results, which were reported at
the convention on the Am. Ry. Mast. Mechs. Assn. (Eng. News, July 2,
1908). A rate of evaporation as high as 19 lb. per sq. ft. of heating
surface per hour v/as reached. The comparative economy of raw coal
and of briquets was as follows

:

Evap.persq. ft. heat. surf.per hr.,lbs. 8 10 12 14 16
Evap. from and at / Lloydeh coal. . . 9.5 8.8 8.0 7.3 6.6
212° per lb. of fuel \ Briquetted coal. 10.7 10.2 9.7 9.2 8.7
The fuel consumed per draw-bar horse-power with the locomotive

running at 37.8 miles per hour and a cut-off of 25% was: with raw coal,
4.48 lbs.; with round briquets, 3.65 lbs.
Experiments on different binders for briquets are discussed by J. E.

Mills in Bulletin No. 343 of the U. S. Geological Survey, 1908.
Briquetting tests made at the St. Louis exhibition, X904, with
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descriptions of the machines used are reported in Bulletin No. 261 of
the U. S. Geological Survey, 1905. See also paper on Coal Briquetting
in the U. S., by E. W. Parker, Trans. A. I. M. E., 1907.

Spontaneous Combustion of Coal. (Technical Paper 16, U. S.
Bureau of Mines, 1912.)—Spontaneous combustion is brought about
by slow oxidation in an air supply sufficient to support the oxidation,
but insufficient to carry away all the heat formed. Mixed lump and
fine, i. e., run-of-mine, with a large percentage of dust, and piled so as
to admit to the interior a limited supply of air, make ideal conditions
for spontaneous heating. High volatile matter does not of itself in-
crease the liability to spontaneous heating.

Pocahontas coal gives a great deal of trouble with spontaneous
fires in the large storage piles at Panama. The high-volatile coals of the
west are usually very liable to spontaneous heating.
The influence of moisture and that of sulphur upon spontaneous

heating of coal are questions not yet settled. Observation by the
Bureau of Mines in many actual cases has not developed any instances
where moisture could be proven to promote heating. Sulphur has been
shown to have, in most cases, only a minor influence. On the other
hand, a Boston company, using Nova Scotia coal of 3 to 4 per cent
sulphur, has much trouble with spontaneous fires in storage.

Freshly mined coal and even fresh surfaces exposed by crushing
lump coal exhibit a remarkable avidity for oxygen, but after a time be-
come coated with oxidized material, "seasoned," as it were, so that the
action of the air becomes much less vigorous. It is found that if coal
which has been stored for six weeks or two months and has even be-
come already somewhat heated, be rehandled and thoroughly cooled
by the air, spontaneous heating rarely begins again.

While the following recommendations may under certain conditions
be found impracticable, they are offered as being advisable precautions
for safety in storing coal whenever their use does not involve an un-
reasonable expense.

1. Do not pile over 12 feet deep nor so that any point in the interior
wiU be over 10 feet from an air-cooled surface.

2. If possible, store only in lump.
3. Keep dust out as much as possible; therefore reduce handling

to a minimum.
4. Pile so that lump and fine are distributed as evenly as possible;

not, as is often done, allowing lumps to roll down from a peak and form
air passages at the bottom.

5. Rehandle and screen after two months.
6. Keep away external sources of heat even though moderate in

7. Allow six weeks' "seasoning" after mining before storing.
8. Avoid alternate wetting and drying.
9. Avoid admission of air to interior of pile through interstices

around foreign objects such as timbers or irregular brick work; also
through porous bottoms such as coarse cinders.

10. Do not try to ventilate by pipes, as more harm is often done
than good.

COKE.

Coke is the solid material left after evaporating the volatile ingredi-
ents of coal, either by means of partial combustion in furnaces caUed
coke ovens, or by distillation in the retorts of gas-works.
Coke made in ovens is preferred to gas coke as fuel. It is of a dark

gray color, with slightly metallic luster, porous, brittle, and hard.
The proportion of coke yielded by a given weight of coal is very differ-

ent for different kinds of coal, ranging from 0.9 to 0.35.
Being of a porous texture, it readily attracts and retains water from

the atmosphere, and sometimes, if it is kept without proper shelter,
from 0.15 to 0,20 of its gross weight consists of moisture.
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Analyses of Coke.

(From report of John R. Proctor, Kentucky Geological Survey.)

Where Made.
Fixed
Carb'n.

Ash.
Sul-
phur.

Connellsville, Pa. (Average of 3 samples)
Chattanooga, Tenn. " "4 "
Birmingham, Ala " "4 "
Pocahontas, Va. " "3 "
New River, W. Va. " "8 "
Big Stone Gap, Ky. " "7 "

88.96
80.51
87.29
92.53
92.38
93.23

9.74
16.34
10.54
5.74
7.21
5.69

0.810
1.595
1 .195
0.597
0.562
0.749

Experiments in Coking. Connellsville Region.
(John Fulton,:Amer. Mfr., Feb. 10, 1893.)

^ 1 Per cent of Yield.

o' O ^

So
^1
go

a H -P 0) ^4
3a 4

i
%6 il

§+5

:zi EH o < fe ^ H • < s g H fi

h. m. lb. lb. lb. lb. lb.

1 67 00 12.420 99 385 7.518 7,903 0.80 3 10 60 53 63.63 35.57
2 68 00 11,090 90 359 6.580 6,939 0.81 3.24 59.33 6?, 57 36.62
3 45 00 9.120 77 272 5.418 5,690 0.84 2.98 59 41 6?, 39 36.77
4 45 00 9,020 74 349 5.334 5,683 0.82 3.87 59.13 63.00 36.18

These results show, in a general average, that Connellsville coal care-
fully coked in a modern beehive oven will yield 66.17% of marketable
coke, 2.30% of small coke or breeze, and 0.82% of ash.
The total average loss in volatile matter expelled from the coal in

coking amounts to 30.71 %.
The beehive coke oven is 12 feet in diameter and 7 feet high at crown

of dome. It is used in making 48 and 72 hour coke. [The Belgian type
of beehive oven is rectangular in shape.]

In making these tests the coal was weighed as it was charged into the
oven; the resultant marketable coke, small coke or breeze and ashes
weighed dry as they were drawn from the oven.

Coal Washing.—In making coke from coals that are high in ash and
sulphur, it is advisable to crush and wash the coal before coking it. A
coal-washing plant at Brookwood, Ala., has a capacity of 50 tons per
hour. The average percentage of ash in the coal during ten days' run
varied from 14% to 21%, in the washed coal from 4.8% to 8.1%, and in
the coke from 6.1% to 10.5%. During three months the average re-
duction of ash was 60.9%. {Eng. and Mining Jour., March 25, 1893.)
An experiment on washing Missouri No. 3 slack coal is described in

Bulletin No. 3 of the Engineering Experiment Station of Iowa State Col-
lege, 1905. The raw coal analyzed: moisture, 14.37; ash, 28.39; sul-
phur, 4.30; and the washed coal, moisture, 23.90; ash, 7.59; sulphur,
2.89. Nearly 25% of the coal was lost in the operation.

Recovery of By-products in Coke Manufacture.—In Germany
considerable progress has been made in the recovery of by-products.
The Hoffman-Otto oven has been most largely used, its principal feature
being that it is connected with regenerators. In 1884 40 ovens on this
system were running, and in 1892 the number had increased to 1209.
A Hoffman-Otto oven in Westphalia takes a charge of 6 1/4 tons of dry

coal and converts it into coke in 48 hours. The product of an oven
annually is 1025 tons in the Ruhr district, 1170 tons in Silesia, and 960
tons in the Saar district. The yield from dry coal is 75% to 77% of

j

coke, 2.5% to 3% of tar, and 1.1% to 1.2% of sulphate of ammonia in
the Ruhr district; 65% to 70% of coke, 4% to 4.5% of tar. and 1% to
1 .25% of sulphate of ammonia in the Upper Silesia region, and 68% to
72% of coke, 4% to 4.3% of tar and 1.8% to 1.9% of sulphate ol
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ammonia in the Saar district. A group of 60 Hoffman oveus, therefore,
yields annually the following:

District.
Coke,
tons.

Tar,
tons.

Sulphate
Ammo-
nia, tons.

Ruhr . 51.300
48.000
40.500

1.860

3.000
2.400

780
840

Saar . 492

An oven which has been introduced lately into Germany in connection
with the recovery of by-products is the Semet-Solvay, which works hot-
ter than the Hoffman-Otto, and for this reason 73 % to 77 % of gas coal
can be mixed with 23% to 27 % of coal low in volatile matter, and yet
yield a good coke. Mixtures of this kind yield a larger percentage of
coke, but, on the other hand, the amount of gas is lessened, and there-
fore the yield of tar and ammonia is not so great.
The yield of coke by the beehive and the retort ovens respectively is

given as follows in a pamphlet of the Solvay Process Co. : Connellsville
coal: beehive, 66%, retort, 73%; Pocahontas: beehive, 62%, retort, 83%;
Alabama: beehive, 60%, retort, 74%. (See article in Mineral Industry,
vol. viii. 1900.)

References: F. W. Luerman, Verein Deutscher Eisenhuettenleute
1891, Iron Age, March 31, 1892; Amer. Mfr., April 28, 1893. An ex-
cehent series of articles on the manufacture of coke, by John Fulton, of
Johnstown, Pa., is published in the Colliery Engineer, beginning in
January, 1893.

Since the above was written, great progress in the introduction of coke
ovens with by-product attachments has been made in the United States,
especially by the Semet-Solvay Co., Syracuse, N. Y. See paper on The
Development of the Modern By-product Coke-oven, by C. G. Atwater,
Trans. A. I. M. E., 1902.
Generation of Steam from Waste Heat and Gases of Coke-ovens.

(Erskine Ramsey, Amer. Mfr., Feb. 16, 1894.)—The gases from a num-
ber of adjoining ovens of the beehive type are led into a long horizontal
flue, and thence to a combustion-chamber under a battery of boilers.
Two plants are in satisfactory operation at Tracy City, Tenn., and two
at Pratt Mines, Ala.
A Bushel of Coal.—The weight of a bushel of coal in Indiana is 70

lbs.; in Penna., 76 lbs.; in Ala., Colo., Ga., 111., Ohio, Tenn., and "W.
Va., it is 80 lbs.
A Bushel of Coke is almost uniformly 40 lbs., but in exceptional

cases, when the coal is very hght, 38, 36. and 33 lbs. are regarded as a
bushel, in others from 42 to 50 lbs. are given as the weight of a bushel;
in this case the coke would be quite heavy.

Products of the Distillation of Coal.—S. P. Sadler's Handbook of
Industrial Organic Chemistry gives a diagram showing over 50 chemical
products that are derived from distillation of coal. Th6 first derivatives
are coal-gas, gas-liquor, coal-tar, a»d coke. From the gas-liquor are
derived ammonia and sulphate, chloride and carbonate of ammonia.
The coal-tar is split up into oils lighter than water or crude naphtha,
oils heavier than water—^otherwise dead oil or tar, commonly called
creosote,—^and pitch. From the two former are derived a variety of
chemical products.
From the coal-tar there comes an almost endless chain of known com-

binations. The greatest industry based upon their use is the manufac-
ture of dyes, and the enormous extent to which this has grown can be
judged from the fact that there are over 600 different coal-tar colors in
use, and many more which as yet are too expensive for this purpose.
Many medicinal preparations come from the series, pitch for paving
purposes, and chemicals for the photographer, the rubber manufacturers
and tanners, as well as for preserving timber and cloths.
The composition of the hydrocarbons in a soft coal is uncertain and

quite complex; but the ultimate analysis of the average coal shows that
it approaches quite nearly to the composition of CH-i (marsh-gas). (W,
H. Blauvelt, Trans. A. I, M. M., xx. 625.)
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WOOD AS FUEL.
Wood, when newly felled, contains a proportion of moisture which

varies very much in different kinds and in different specimens, ranging
between 30% and 50%, and being on an average about 40%. After 8
or 12 months ordinary drying in the air the proportion of moisture is

from 20 to 25%. This degree of dryness, or almost perfect dryness if

required, can be produced by a few days' drying in an oven supplied with
air at about 240° F. When coal or coke is used as the fuel for that oven,
1 lb. of fuel suffices to expel about 3 lb. of moisture from the wood.
This is the result of experiments on a large scale by Mr. J. R. Napier.
If air-dried wood were used as fuel for the oven, from 2 to 2 H lb. of
wood would probably be required to produce the same effect.
The specific gravity of different kinds of wood ranges from 0.3 to 1.2.
Perfectly dry wood contains about 50% of carbon, the remainder con-

sisting almost entirely of oxygen and hydrogen in the proportions which
form wat^. The coniferous family contains a small quantity of tinpen-
tine, which is a hydrocarbon. The proportion of ash in wood is from
1% to 5% . The total heat of combustion of all kinds of wood, when dry,
is almost exactly the same, and is that due to the 50% of carbon.
The above is from Rankine: but according to the table by S. P. Sharp-

less in Jour. C. I. W., iv. 36, the ash varies from 0.03%, to 1.20% in
American woods, and the fuel value, instead of being the same for all

woods, ranges from 3667 (for white oak) to 5546 calories (for long-leaf
pine) = 6600 to 9883 British thermal luiits for dry wood, the fuel value
of 0.50 lb. carbon bemg 7300 B.T.U.

Heating Value of Wood.—The following table is given in several
books of reference, authority and quality of coal referred to not stated.
The weight of one cord of different woods (thoroughly air-dried) in

pounds is about as follows:
Hickory or hard maple . . 4500 equal to 1800 coal.
White oak 3850 " 1540 "

Beech, red and black oak 3250 " 1300 "

Poplar, chestnut, & elm. . 2350 " 940 "

The average pine 2000 " 800 "
Referring to the figures in the last colunm, it i

(Others give 2000.)
(

" 1715.)
(

"
1450.)

(
"

. 1050.)
(

" 925.)
3 said:

From the above it is safe to assume that 2 1/4 lb. of dry wood are equal
to 1 lb. average quahty of soft coal and that the full value of the same
weight of different woods is very nearly the same—that is, a pound of
hickory is worth no more for fuel than a pound of pine, assuming both to
be dry. It is important that the wood be dry, as each 10% of water or
moistin-e in wood wiU detract about 12% from its value as fuel.

Taking an average wood of the analysis C 51 % , H 6.5% , O 42.0% , ash
0.5%, perfectly dry, its fuel value per pound, according to Diilong's

formula,V 14,600 C + 62,0001t-M 5 8221 British thermal

units. If the wood, as ordinarily dried in air, contains 25% of moisture,
then the heating value of a pound of such wood is three quarters of
8221 = 6165 heat-units, less the heat required to heat and evaporate the
1/4 lb. of water from the atmospheric temperature, and to heat the steam
made from this water to the temperature of the chimney gases, say
150 heat-units per pound to heat the water to 212°, 970 units to evap-
orate it at that temperature, and 100 heat-units to raise the temperature
of the steam to 420° P., or 1220 in all = 305 for 1/4 lb., which, subtracted
from the 6165, leaves 5860 heat-units as the net fuel value of the wood
per poimd, or about 0.4 that of a pound of carbon.

Composition of Wood.
(Analysis of Woods, by M. Eugene Chevandier.)

Woods. Carbon.
Hydro-
gen.

Oxygen. Nitrogen. Ash.

Beech 49.36%
49.64
50.20
49.37
49.96

6.01%
5.92
6.20
6.21
5.96

42.69%
41.16
41.62
41.60
39.56

0.91%
1.29
1.15
0.96
0.96

1.06%

81

Oak
Birch
Poplar 1.86
Willow 3.37

Average 49.70% 6.06%, 41.30% 1.05% \M%
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The following table, prepared by M. Violette, shows the proportion c^
water expelled from wood at gradually increasing temperatures:

Temperature.
Water Expelled from 1 00 Parts of Wood.

Oak. Ash. Elm. Walnut.

257°Fahr 15.26
17.93
32.13
35.80
44.31

14.78
16.19
21.22
27.51
33.38

15.32
17.02
36.94?
33.38
40.56

15.55
302° Fahr 17.43
347° Fahr 21.00
392° Fahr 41.77?
437° Fahr 36.56

The wood operated upon had been kept in store during two years.
When wood which has been strongly dried by means of artificial heat is

left exposed to the atmosphere, it reabsorbs about as much water as it

contains in its air-dried state. •
A cord of wood =4 X4 X8 = 128 cu. ft. About 56% soUd wood and

44% interstitial spaces. (Marcus Bull, Phila., 1829. J. C. I. W., vol.
i. p. 293.)

B. E. Fernow gives the percentage of solid wood in a cord as deter-
mined officially in Prussia (J. C. I. W., vol. ill. p. 20):

Timber cords, 74.07% = 80 cu. ft. per cord;
Firewood cords (over 6" diam.), 69.44% = 75 cu. ft. per cord;
"Billet" cords (over 3" diam.), 55.55% =60 cu. ft. per cord;
"Brush" woods less than 3" diam., 18.52%,; Roots, 37.00%.

CHARCOAL.
Charcoal is made by evaporating the volatile constituents of wood and

peat, either by a partial combustion of a conical heap of the material to
be charred, covered with a layer of earth, or by the combustion of a
separate portion of fuel in a furnace, in which are placed retorts con-
taining the material to be charged.

According to Peclet, 100 parts by weight of wood when charred in a
heap yield from 17 to 22 parts by weight of charcoal, and when charred
in a retort from 28 to 30 parts.

This has reference to the ordinary condition of the wood used in char-
coal-maldng, in which 25 parts in 100 consist of moisture. Of the re-
maining 75 parts the carbon amounts to one half, or 37 H% of the gross
weight of the wood. Hence it appears that on an average nearly half of
the carbon in the wood is lost during the partial combustion in a heap,
and about one quarter during the distillation in a retort.
To char 100 parts by weight of wood in a retort, 12 14 parts of wood

must be burned in the furnace. Hence in tliis process the whole expen-
diture of wood to produce from 28 to 30 parts of charcoal is 112 J^ parts;
so that if the weight of charcoal obtained is compared with the whole
weight of wood expended, its amount is from 25% to 27% and the pro-
portion lost is on an average 11 j-i ^ 37 M = 0.3, nearly.

According to Peclet, good wood charcoal contains about 0.07 of its

weight of ash. The proportion of ash in peat charcoal is very variable
and is estimated on an average at about 0.18. (Rankine.)
Much information concerning charcoal may be found in the Journal of

the Charcoal-iron Workers' Assn., vols. i. to vi. From this source the
following notes have been taken:

Yield of Charcoal from a Cord of Wood,—From 45 to 50 bushels
to the cord in the kiln, and from 30 to 35 in the meiler. Prof. Egleston
in Trans. A. I. M. E., viii, 395, says the yield from kilns in the Lake
Champlain region is often from 50 to 60 bushels for hard wood and 50
for soft wood; the aA^erage is about 50 bushels.

•

The apparent yield per cord depends largely upon whether the cord is

a full cord of 128 cu. ft. or not.
In a four months' test of a kiln at Goodrich, Tenn., Dr. H. M. Pierce

foun4 results as follows: Dimensions of kiln—inside diameter of base,
28 ft. 8 in. ; diam. at spring of arch, 26 ft. 8 in. ; height of walls, 8 ft. ; rise
of arch, 5 ft. ; capacity, 30 cords. Highest yield of charcoal per cord of
wood (measured) 59.27 bushels, lowest 50.14 bushels, average 53.65
bushels. No. of charges 12, length of each turn or period from one

j

charging to another 11 days. (J. C. I. W., vol. vi. p. 26.)
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Eesults from Diflferent Methods of Charcoal-maUna.

Character of Wood Used.

Yield.
^2

as.
Coaling Methods.

O u
11

Odelstjerna's experiments Birch dried at 230 F 35.9

28.3

24.2

27.7

25.8

24.7

18.3

22.0

,7.,

Mathieu's retorts, fuel ex-
(Air dry, av. good yel-
< low pine weighing
( abt.281bs. percu.ft.)

1 Good dry fir and pine,
]

\ mixed. )

1 Poor wood, mixed fir

)

( and pine. )

( Fir and white-pine
] wood, mixed. Av. 25

( lbs. per cu. ft.

f Av. good yellow pine)
1 weighing abt. 25 lbs.

[

( per cu. ft. 3

77.0

65.8

81.0

70.0

72.2

52.5
54.7

42.9

63.4

54.2

66.7

62.0

59.5

43.9
45.0

35.0

15.7

Mathieu's retorts, fuel in-
15.7

Swedish ovens, av. results

Swedish ovens, av. results

Swedish meilers excep-
tional

13.3

13.3

13.3

Swedish meilers, av. results
American kilns, av. results
American meilers, av. re-

13.3
17.5
17.5

Consumption of Charcoal in Blast-furnaces per Ton of Pig Iron:
average consumption according to census of 1880, 1.14 tons charcoal per
ton of pig. The consumption at the best furnaces is much below this
average. As low as 0.853 ton is recorded of the Morgan furnace; Bay
furnace, 0.858; Elk Rapids, 0.884. (1892.)

Absorption of Water and of Gases by Charcoal.—Svedlius, in hig
hand-book for charcoal-burners, prepared for the Swedish Government,
says: Fresh charcoal, also reheated charcoal, contains scarcely any water,
but when cool it absorbs it very rapidly, so that, after twenty-fom' hours,
it may contain 4% to 8 % of water. After the lapse of a few weeks the
moisture of charcoal may not increase perceptibly, and may be esti-

mated at 10% to 15%, or an average of 12%. A thoroughly charred
piece of charcoal ought, then, to contain about 84 parts carbon, 12 parts
water, 3 parts ash, and 1 part hydrogen.
M. Saussure, operating with blocks of fine boxwood charcoal, freshly

burnt, foimd that by simply placing such blocks in contact with certain
gases they absorbed them in the following proportion:

Volumes. Volumes.
Ammonia 90 . 00 Carbonic oxide 9 . 42
Hydrochloric-acid gas 85 . 00
Sulphvu-ous acid 65 . 00
Sulphuretted hydrogen .... 55 . 00
Nitrous oxide (laughing-gcis) 40 . 00
Carbonic acid 35 . 00

Oxygen 9 . 25
Nitrogen 6 . 50
Carburetted hydrogen 5 . 00
Hydrogen 1 . 75

It is this enormous absorptive power that renders of so much value a
comparatively sUght sprinkling of charcoal over dead animal matter, as a
preventive of the escape of odors arising from decomposition.

In a box or case containing one cubic foot of charcoal may be stored
without mechanical compression a Uttle over nine cubic feet of oxygen,
representing a mechanical pressure of one liundredand twenty-sixpoimds
to the square incli. From the store thus preserved the oxgyen can be
drawn by a small hand-pump.

MISCELLANEOUS SOLID FUELS.
Dust Fuel—Dust Explosions.—Dust when mixed in air burns with

such extreme rapidity as in some cases to cause explosions. Explosions
of flour-mills have been attributed to ignition of the dust in confined
passages. Experiments in England in 1876 on the effect of coal-dust in
carrying flame in mines showed that in a dusty passage the flame from a
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blown-out shot may travel 50 yards. Prof. F. A.Abel (Trans.A.I.M.E.,
xiii. 260) says that coal-dust in mines much promotes and extends
explosions, and that it may readily be brought into operation as a
fiercely burning agent which will carry flame rapidly as far as its mixttire
with air extends, and will operate as an explosive agent through the me-
dium of a very small proportion of fire-damp in the air of the mine.
The explosive violence of the combustion of dust is largely due to the
instantaneous heating and consequent expansion of the air. (See also
paper on "Coal Dust as an Explosive Agent." by Dr. R. W. Raymond,
Trans. A. I. M. E., 1894.) Experiments made in Germany in 1893
show that pulverized fuel may be burned without smoke, and with high
economy. The fuel, instead of being introduced into the fire-box in the
ordinary manner, is first reduced to a powder by pulverizers of any con-
struction. In the place of the ordinary boiler fire-box there is a com-
bustion chamber in the form of a closed furnace Uned with fire-brick and
provided with an air-injector. The nozzle throws a constant stream of
fuel into the chamber, scattering it throughout the whole space of the
fire-box. When this powder is once ignited, and it is very readily done
by first raising the lining to a high temperature by an open fire, the
combustion continues in an intense and regular manner under the action
of the current of air which carries it in. {Mjrs. Record, April, 1893.)

Records of tests with the Wegener powdered-coal apparatus, which is

now (1900) in use in Germany, are given in Eng. News, Sept. 16, 1897.
Illustrated descriptions of different forms of apparatus are given in the
author's " Steam Boiler Economy." Coal-dust fuel is now extensively-
used in the United States in rotary kilns for burning Portland cement.

Powdered fuel was used in the Crompton rotary puddling-furnace at
Woolwich Arsenal, England, in 1873. {Jour. I. & S. I., i. 1873, p. 91.)
Numerous experiments on the use of powdered fuel for steam boilers
were made in the U. S. between 1895 and 1905, but they were not com-
mercially successful.

Feat or Turf, as usually dried in the air, contains from 25% to 30% of
water, which must be allowed for in estimating its heat of combustion.
This water having been evaporated, the analysis of M. Regnault gives,
in 100 parts of perfectly dry peat of the best quality: C, 58%; H, 6%;
O, 31%; Ash, 5%. In some examples of peat the quantity of ash is

greater, amounting to 7% and sometimes to 11%.
The specific gravity of peat in its ordinry state is about 0.4 or 0.5. i

It can be compressed bymacliineryto a much greater density. (Rankine.)
Clark (Steam-engine, i. 61) gives as the average composition of dried

Irish peat: C, 59%; H, 6%; O, 30%; N, 1.25%; Ash, 4%.
Applying Dulong's formula to this analysis, we obtain for the heating

value of perfectly dry peat 10,260 heat-units per pound, and for air-
dried peat containing 25% of moisture, after making allowance for
evaporating the water, 7,391 heat-tmits per pound.
A paper on Peat in the U. S., by M. R. Campbell, will be found in

Mineral Resources of the U. S. (U. S. Geol. Survey) for 1905, p. 1319.
Sawdust as Fuel.—The heating power of sawdust is naturally the

same per pound as that of the wood from which it is derived, but if

allowed to get wet it is more hke spent tan (which see below). The
conditions necessary for burning sawdust are that plenty of room should
be given it in the furnace, and sufficient air supplied on the surface of
the mass, preferably by means of a fan-blast. The same applies to shav-
ings, refuse lumber, etc. Sawdust is frequently bm-ned in saw-mills, etc.,

by being blown into the fiirnace by a fan-blast.
Wet Tan Bark as Fuel.— Tan, or oak bark, after having been used

in the processes of tanning, is burned as fuel. The spent tan consists of
the fibro\is portion of the bark. The principal cause of poor economy
in the burning of tan bark besides the difficulty of securing good com-
bustion in the furnace, is the amount of heat that is carried away in the
shape of superheated steam in the chimney gases. If the bark, after
partial drying by compression, were further dried in a rotary drier by
waste heat from the chimney gases, there would be an important gain
in economy. For calculations showing the advantages of drying, and
for illustrations of tan-bark furnaces, see "Steam Boiler Economy."

D. M. Myers {Trans. A. S. M. E., 1909) describes some experiments
on tan as a boiler fuel. One hundred lb. of air-dried bark fed to the
mill will produce 213 lb. of spent tan containing 65% moisture. Tak-
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ing 9500 B.T.U. as the heating vahie per lb. of dry tan and 500° F. as the
temperature of the cliimney gases, the available heat in 1 lb. of wet tan
is 2665 B.T.U. Based on this value as much as 71% efficiency has
been obtained in a boiler test with a special furnace, or 1.93 lb. of
water evaporated from and at 212° per lb. of wet tan. The average
heating value of dry hemlock tan, as found by a bomb calorimeter in six
tests by Dr. Sherman, is 9504 B.T.U. The composition of dry tan is

Ash, 1.42; C, 51.80; H, 6.04; O, 40.74. By Dulong's formula the heatuig
value would be 8152 B.T.U.

Straw as Fuel. {Eng'g Mechanics, Feb. 1893, p. 55.)—Experiments
in Russia showed that winter-wheat straw, dried «,t 230° F., had the
following composition, C, 46.1; H, 5.6; N, 0.42: O, 43.7; Ash, 4.1. Heat-
'ing value in British thermal units: dry straw, 6290; with 6% water.
5770; with 10% water, 5448. With straws of other grains the heating
value of dry straw ranged from 5590 for l^uckwheat to 6750 for flax.

Clark (S. E., vol. 1, p. 62) gives the mean composition of wheat and
barley straw as C, 36; H, 5; O, 38; N, 0.50; Ash, 4.75; Water, 15.75, the
two straws varying' less than 1%. The heating value of straw of this
composition, according to Dulong's formula, and deducting the heat
lost in evaporating the water, is 5155 heat-units. Clark erroneously
gives it as 8144 heat-units.

Bagasse as Fuel in Sugar ManufactUFC.—Bagasse is the name given
to refuse sugar-cane, after the jmce has been extracted. Prof. L. A.
Becuel, in a paper read before the Louisiana Sugar Chemists' Associa-
tion, in 1892, says: " With tropical cane containing 12.5 % woody fibre, a
juice containing 16.13% solids, and 83.87% water, bagasse of, say. 66%
and 72% mill extraction has the following percentage composition:
66% bagasse: Woody Fibre, 37; Combustible Salts, 10; Water, 53.
72% bagasse: Woody Fibre, 45; Combustible Salts. 9; Water, 46.
"Assuming that the woody fibre contains 51% carbon, the sugar and '

other combustible matters an average of 42.1%, and that 12,906 units
of heat are generated for every pound of carbon consumed, the 66%
bagasse is capable of generating 297,834 heat-units per 100 lb. as against
345,200, or a diflerence of 47,366 units in favor of the 72% bagasse.
"Assuming the temperature of the waste gases to be 450° F., that of

the surrounding atmosphere and v/ater in the bagasse at 86° F., and the
quantity of air necessary for the combustion of one pound of carbon at
24 lb., the lost heat will be as follows: In the waste gases, heating air
from 86° to 450°F., and in vaporizing the moisture, etc., the 66% bagasse
will require 112,546 heat-units, and 116,150 for the 72% bagasse.

"Subtracting these quantities from the above, we find that the 66%
bagasse will produce 185,288 available heat-units per 100 lb., or nearly
24% less than the 72% bagasse, which gives 229,050 units. Accordingly
one ton of cane of 2000 lb. at 66% mill extraction will produce 680 lb.

bagasse, equal to 1,259,958 available heat-units, while the same cane at
72% extraction will produce 560 lb. bagasse, equal to 1,282,680 units.
"A similar calculation for the case of Louisiana cane containing 10%

woody flore, and 16% total solids in the juice, assuming 75% mill ex-
traction, shows that bagasse from one ton of cane contains 1,573,956
heat-units, from which 561,465 have to be deducted, which makes such
bagasse worth on an average nearly 92 lb. coal per ton of cane ground.

"It appears that with the best boiler plants, those taking up all the
available heat generated, by using this heat economically the bagasse
can be made to supply all the fuel required by our sugar-houses."
The figures below are from an article by Samuel Vickess {The Engineer,

Chicago, April 1, 1903).
When canes with 12% fibre are ground, the juice extractions and

liquid left in the residual bagasse are generally as follows

:

With
Per Cent of Normal
Juice Extracted on
Weight of Cane.

Per Cent of Liquid
Left in Bagasse on
Weight of Bagasse.

Double crushing 70
62
72
76

82

60
Single crushing
Crusher and double crushing

68
57
50

Crusher and triple crushing with
saturation 50
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The value of bagasse as a fuel depends upon the amount of woody
fibre it contains, and the amount of combustible matter (sucrose,
glucose, and gums), held in the liquid it retains. 100 lb. cane with
triple crushing gives 76 lb. juice, and 24 lb. bagasse, which consists of 12
lb. fibre and 12 lb. juice. The 12 lb. of juice contains 16% or 1.92 lb.
sucrose, 0.5% or 0.06 lb. glucose, 2.5% other organic matter and 1% or
0.12 lb. ash, making a total of 20% or 2.4 lb. of solid matter, and 80%
or 9.6 lb. of water. Reducing these figures to quantities corresponding
to 1 lb. of bagasse, and multiplying by the heating values of the several
substances as given by Stohlmann, viz.: fibre, 7461; sucrose, 6957;
glucose, 6646 ; organic matter, 7461, v/e find the heating value of the com-
bustible in 1 lb. of bagasse to be 4397 B.T.U. This is the gross heating
value which would be obtained in a calorimeter in which the products •

of combustion were cooled to the temperature of the atmosphere. To
find approximately the heat available for generating steam in a boiler
we may assume that 10 lb. of air is used in burning each pound of ba-
gasse, that the atmospheric temperature is 82° and the flue gas tempera-
ture 462°, and that in addition to the 0.4 lb. wa,ter per lb. bagasse half
of the remaining 0.6 lb. is oxygen and hydrogen in proportions which
form water, making 0.7 lb. water which escapes in the flue gas as siiper-
heated steam. The heat lost in the flue gases per pound of bagasse is

10 X 0.24 X (462 - 82) + 0.7 [(212 - 82) + 970 + 0.5 (462 - 212)] = 1770
B.T.U. , which subtracted from 4397 leaves 2627 B.T.U. as the net or
available heating value, which is equivalent to an evaporation of 2.7 lb.

of water from and at 212°. Mr. Vickess states that in practice 1 lb. of
such green bagasse evaporates 2 to 21/4 lb. from feed water at 100°
into steam at 90 lb. pressure. This is equivalent to from 2.31 to 2.59
lb. from and at 212°.

E. W. Kerr, in BuUetin No. 117 of the Louisiana Agricultural Experi-
ment Station, Baton Rouge, La., gives the results of a study of many
different forms of bagasse furnaces. An equivalent evaporation of 21/4
lb. of steam from and at 212° was obtained from 1 lb. of wet bagasse of
a net calorific value of 3256 B.T.U. This net value is that calculated
from the analysis by Dulong's formula, minus the heat reqviired to
evaporate the moisture and to heat the vapor to the temperature of the
escaping chimney gases, 594° F. The approximate composition of
bagasse of 75% extraction is given as 51% free moistiu-e, and 28% of
water combined with 21 % of carbon in the fibre and sugar. For the
best results the bagasse should be burned at a high rate of combustion,
at least 100 lb. per sq. ft of grate per hour. Not more than 1.5 lb. of
bagasse per sq. ft. of heating surface per hour shoiild be burned under
ordinary conditions, and not less than 1.5 boiler horse-power should be
provided per ton of cane per 24 hours.

For illustrations of bagasse furnaces see " Steam Boiler Economy. '

LIQUID FUEL.

Products of the Distillation of Crude Petroleum.
Crude American petroleum of sp. gr. 0.800 may be split up by fractional

distillation as follows (" Robinson's Gas and Petroleum Engines "):

Temp, of
Distillation

Fahr.
Distillate.

Per-
cent-
ages.

Specific
Gravity.

Flashing
Point.
Deg. F.

113°

113 to 140°

140 to 158°

Rhigolene. I
traces.

1.5
10.

2.5
2.

.590 to .625

.636 to .657

.680 to .700

.714 to .718

.725 to .737

Chymogene. )

Gasoline (petroleum spirit) .

.

Benzine, naphtha C.benzolene
( Benzine, naphtha B
\ Benzine, naphtha A

158 to 248°
248°

14

to
347°

32

338° and )

upwards.

)

482°

Kerosene (lamp-oil) 50.

15.

2.

16.

.802 to .820

.850 to .915

100 to 122

230
Paraffine wax
Residue and Loss
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Lima Petroleum, produced at Lima, Ohio, is oi a dark green color,
very fluid, and marks 48° Baume at 15° C. (sp. gr., 0.792).
The distillation in fifty parts, each part representing 2% by volume,

gave the following results:

Per Sp. Per Sp. Per Sp,
cent. Gr. cent. Gr. cent. Gr.

Per
cent.

Sp. Per
Gr. cent.

4
6
8
10
12
14
16

.683 20

.685 22

.690 24

.694 26

.698 28

.700 30

.706 32

18 0.720 34 0.764 50 0.802

Sp. Per Sp.
Gr. cent. Gr.

.728 36

.730 38

.735 40

.740 42

.742 44

.746 46

.760 48

. 768 52
1

.772 to
I-

.778 58 J

.782 60

.788 62

.792 64

.800 66

70
.806 72

73
.800 76
.804 78
.808 82
.812 86

90

92

.825

.830

.830

.810 to

.820 100

.818

.816

0.815
.815

a

16 per cent naphtha, 70° Baume.
68 per cent burning oil.

6 per cent paraffine oil.

10 per cent residuum.

The distillation started at 23° C, this being due to the large amount of
naphtha present, and when 60% was reached, at a temperature of 310° C.
the hydrocarbons remaining in the retort were dissociated, when gases
escaped, Ughter distillates were obtained, and, as usual in such cases, the
temperature decreased from 310° C. down gradually to 200° C, until
75% of oil was obtained, and from this point the temperature remained
constant imtil the end of the distillation. Therefore these hydrocarbons
in statu moriendi absorbed much heat. (Jour. Aj7i. Chem. Soc.)

There is not a good agreement between the character of the materials
designated gasoline, kerosene, etc., and the temperature of distillation
and densiCies employed in different places. The following table shows
one set of values that is probably as good as any.

Name. Boiling
Point.

Specific
Gravity.

Density at
59° F.

°F.
104-158
158-176
176-212
212-248
248-302
302-572

0.650-0.660
.660- .670
.670- 707
.707- .722
.722- .737
.753- .864

°Baume, •

85-80
vGasoline. 80-78
Naphtha C 78-68 '

Naphtha B 68-64
Naphtha A 64-60 S

56-32

GasoUne is different from a simple substance with a fixed boiling
point, and therefore theoretical calculations on the heat of combustion,
air necessary, and conditions for vaporizing or carbureting air are of
little value. (C. E. Lucke.)
Value of Petroleum as Fuel,—Thos. Urquhart, of Russia iProc.

Inst. M. E., Jan., 1889), gives the following table of the theoretical
evaporative power of petroleum in comparison with that of coal, as
determined by Messrs. Favre and Silbermann

:

Fuel.

Specific
Gravity

at
32° F.,

Chem= Comp.
Heating
power,
British
Thermal
Units.

Theoret.
Evap.,
Lb. of

Water per
lb Fuel

= 1.000 C. H. 0. from and
at 212° F.

Penna. heavy crude oil ... .

Caucasian light crude oil . .

Caucasian heavy crude oil

.

Petroleum refuse . . .

0.886
0.884
0.938
0.928
1.380

84.9
86.3
86.6
87.1
80.0

13.7
13.6
12.3
11.7
5.0

1.4
0.1
1.1

1.2
8.0

20,736
22,027
20,138
19.832

14,112

21.48
22.79
20.85
20.53

Good English coal 14.61

In experiments on Russian railways with petroleum as fuel Mr.
Urquhart obtained an actual efficiency equal to 82% of the theoretical
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heating-value. The petroleum is fed to the furnace by Means of a
spray-injector driven by steam. An induced current of air is carried in
around the injector-nozzle, and additional air is supplied at the bottom
of the furnace.

Beaumont, Texas, oil analyzed as follows (Eng. News, Jan. 30, 1902)

:

C, 84.60; H, 10.90; S, 1.63; O, 2.87. Sp. gr., 0.92; flash point, 142° F.;
burning point, 181° F.; heating value per lb., by oxygen calorimeter,
19,060 B.T.U. A test of a horizontal tubular boiler with this oil, by
J. E. Denton gave an efficiency of 78.5 %. As high as 82% has been re-
ported for California oil.

Bakersfleld, Cal., oil: Sp. gr. 16° Baume; Moisture, 1%; Sulphur,
0.5%. B.T.U. per lb.» 18,500.

Redondo, Cal., oil, six lots: Moisture, 1.82 to 2.70%; Sulphur, 2.17 to
2.60% ; B.T.U. per lb., 17,717 to 17,966. Kilowatt-hours generated per
barrel (334 lb.) of oil in a 5000 K.W. plant, using water-tube boilers,
and reciprocating engines and generators having a combined efficiency of
90.2 to 94.75% (boiler economy and steam-rate of engine not stated).
2000 K.W. load, 237.3; 3000 K.W., 256.7; 5000 K.W., 253.4; variable
load, 24 hours, 243.8. (C. R. Weymouth, Trans. A. S. M. E., 1908.)
The following table shows the relative values of petroleum and coal.

It is based on the fohowing assumed data: B.T.U. per lb. of oil, 19,000;
sp. gr., 0.90 =7.57 lb. per gal ; 1 barrel = 42 gal. =315 lb.

Coal, B.T.U. 1 lb. oil 1 barrel oil 1 ton coal
per lb. = lb. coal. = lb. coal. = barrels oil.

10,000 1.9 598 3.34
11.000 1.727 544 3.68
12.000 1.583 499 4.01
13.000 1.462 460 4.34
14.000 1.357 427 4.68
15.000 1.267 399 5.01

From this table we see that if coal of a heating value of only 10,000
I

B.T.U. per lb. costs $3.34 per ton, and coal of 14,000 B.T.U. per lb. costs
$4.68 per ton, then the price of oil will have to be as low as $1 a barrel
to compete with coal; or, if the poorer coal is $3.34 and the better coal
$4.68 per ton, then oil will be the cheaper fuel if it is below $1 per barrel.

Heating Values of California Fuel Oils.

(R. W. Fenn, Eng. News, May 13, 1909.)

?:i ^S

1?

Igg ^1
-u3 1^1

1^ 11 p
•3g

|l ISl

10 1.000 350 18.380 6442 28 0.887 311 19.460 6051
12 0.986 346 18,500 6394 30 0.875 307 19.580 6008
14 0.972 341 18,620 6345 32 0.865 303 19.700 5973
16 0.959 336 18.740 6302 34 0.854 299 19.820 5935
18 0.947 332 18.860 6257 36 0.844 296 19.940 5901
20 0.934 327 18.980 6212 38 0.835 293 20.050 5865
22 0.922 323 19.100 6173 40 0.825 289 20.150 5827
24 0.910 319 19.220 6133 42 0.816 286 20.250 5789
26 0.899 315 19.340 6093 44 0.806 283 20.350 5751

Fuel Oil Burners.—A great variety of burners are on the market,
most of them based on the principle of using a small jet of steam at the
boiler pressure to inject the oil into the furnace, in the shape of finely
divided spray, and at the same time to draw in the air supply and mix it

intimately with the oil. So far as economy of oil is concerned these
burners are all of about equal value, but their successful operation de-
pends on the construction of the furnace. This should have a large
combustion chamber, entirely surrounded with fire brick, and the
jet should be so directed that it will strike a fire-brick surface and re-
bound before touching the heating surface of the boiler. Burners
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using air at high pressure, 40 lb. per sq. in,, without steam, have been
used with advantage. Lower pressures have been found not suflBcient
to atomize the oil. Mechanical atomizers have now (1915) largely
replaced steam jet oil burners. See "Steam Boiler Economy."
When boilers are forced, with a combustion chamber too small to

allow the oil spray to be completely burned in it before passing to the
boiler surface, dense clouds of smoke result, with a deposit of lampblack
or soot.
Crude Petroleum vs. Indiana Block Coal for Steam-raising at

the South Chicago Steel Works.— (E. C. Potter, Trans. A. I.M.E.,
xvii. 807.)—With coal, 14 tubular boilers 16 ft. X 5 ft. required 25 men
to operate them; with fuel oil, 6 men were required, a saving of 19 men
at $2 per day, or $38 per day.
For one week's work 2731 barrels of oil were used, against 848 tons of

coal required for the same work, showing 3.22 barrels of oil to be equiva-
lent to 1 ton of coal With oil at 60 cents per barrel and coal at $2.15
per ton, the relative cost of oil to coal is as $1.93 to $2.15. No evapora-
tion tests were made

Petroleum as a Metallurgical Fuel.—C. E. Felton {Trans. A. I.
M. E., xvii. 809) reports a series of trials with oil as fuel in steel-heating
and open-hearth steel-furnaces, and in raising steam, with results as
follows: 1. In a run of six weeks the consumption of oil, partly refined
(the paraffine and some of the naphtha being removed), in heating 14-
inch ingots in Siemens furnaces was about 6 1/2 gallons per ton of blooms.
2. In melting in a 30-ton open-hearth furnace 48 gallons of oil were used
per ton of ingots. 3. In a six weeks' trial with Lima oil from 47 to 54
gallons of oil were required per ton of ingots. 4. In a six months' trial
with Siemens heating-furnaces the consumption of Lima oil was 6 gal-
lons per ton of ingots. Under the most favorable circumstances,
charging hot ingots and running full capacity, 4V2 to 5 gallons per ton
were required. 5. In raising steam in two 100-H.P. tubular boilers, the
feed-water being supplied at 160° P., the average evaporation was about
12 pounds of water per pound of oil, the best 12 hours' work being 16
pounds.

Specifications for the Purchase of Fuel Oil.—The U. S. government
specifications for the purchase of fuel oil (1914) contain the following
requirements:
The oil should not have been distilled at a temperature high enough

to burn it, nor at a temperature so high that flecks of carbonaceous mat-
ter begin to separate.

It should not flash below 140° F., in a closed Abel-Pensky or Pensky-
Martins tester.
The specific gravity should range from 0.85 to 0.96 at 59° F.
It should flow readily, at ordinary atmospheric temperatures and

under a head of 1 ft. of oil, through a 4-in. pipe 10 ft. in length.
It should not congeal nor become too sluggish to flow at 32° P.
It should have a calorific value of not less than 18,000 B.T.U. per lb.

A bonus is to be paid or a penalty deducted as the fuel oil delivered
IS above or below the standard.

It should be rejected if it contains more than 2% water, more than
1% sulphur, or more than a trace of sand, clay or dirt.

ALCOHOL AS FUEL.

Denatured alcohol is a grain or ethyl alcohol mixed with a denaturant
in order to make it unfit for beverage or medicinal purposes. Under acts
of Congress of June 7, 1906, and March 2, 1907, denatured alcohol
became exempt from internal revenue taxation, when used in the
industries.
The Government formulae for completely denatured alcohol are:

1. To every 100 gal. of ethyl or grain alcohol (of not less than 180%
proof) there shall be added 10 gal. of approved methyl or wood alcohol
and H gal. of approved benzine. (180% proof = 90% alcohol, 10%
water, by volume.)

2. To every 100 gal. of ethyl alcohol (of not less than 180% proof)
there shall be added 2 gal. of approved methyl alcohol and J4 gal. of
approved pyridin (a petroleum product) bases.
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Methyl alcohol, benzine and pyridin used as denaturants must eon*
form to specifications of the Internal Revenue Department.
The alcohol which it is proposed to manufacture under the present

law is ethyl alcohol, C2H5OH. This material is seldom, if ever, obtained
Eure, it being generally diluted with water and containing other alco-
ols when used for engines.

Specific Geavity of Ethyl Alcohol at 60° F. Compabed with
Water at 60°. (Smithsonian Tables.)

Sp. Gr.

Per cent Al-
cohol. Sp. Gr.

Per cent Al-
jcohol. Sp. Gr.

Per cent Al-
cohol.

Weight. Vol. Weight. Vol. Weight. Vol.

0.834
.832
.830
.828

85.8
86.6
87.4
88.1

90.0
90.6
91.2
91.8

0.826
.824
.822
.820

88.9
89.6
90.4
91.1

92.3
92.9
93.4
94.0

0.818
.816

.814

.812

91.9
92.6
93.3
94.0

94.5
95.0

The heat of combustion of ethyl alcohol, 94% by volume, as deter-
mined by the calorimeter, is 11,900 B.T.U. per lb.—a little more than
half that of gasoline (Lucke). Favre and Silbermann obtained 12,9X3
B.T.U for absolute alcohol. Dulong's formula for C2H5OH gives
13,010 B.T.U.
The products of complete combustion of alcohol are H2O and COj.

,
Under certain conditions, with an insufficient supply of air, acetic acid iSj

formed, which causes rusting of the parts of an alcohol engine. This
may be prevented by addition to the alcohol of benzol or acetylene.
With any good small stationary engine as small a consumption as 0.70

lb. of gasoline, or 1.16 lb. of alcohol per brake H.P. hour may reasonably
be expected under favorable conditions (Lucke)

.

References.—H. Diederichs, Intl. Marine Eng'q,^u\y, 1906; Machy.i
Aug., 1906. C. E. Lucke and S. M. Woodward, Farmer's Bulletin, No.
277. U. S. Dept. of Agriculture, 1907. Eng. Bee, Nov. 2, 1907. T, L.
White, E7ig. Mag., Sept., 1908.

Vapor Pressure of Saturation for Various Liquids, in
Millimeters of Mercury.

(To convert into pounds per sq. in., multiply by 0.01934; to convert
into inches of mercury, multiply by 0.03937.)

Tem-
pera-

Pure Pure m Pure Pure
Ethyl
Alco-

Methyl
Alco-

Water.
Gaso-
line.

pera-
Ethyl
Alco-

Methyl
Alco-

Water. Gaso-
line.

ture.
hol. hol. hol. hol.

«C. y^ °C. -p^

32 12 30 5 99 35 95 103 204 42 301

5 41 17 40 7 115 40 104 134 259 55 360
10 50 24 54 9 133 45 113 172 327 71 422
15 59 32 71 13 154 50 122 220 409 92 493
20 68 44 94 17 179 55 131 279 508 117 561

'

25 77 59 123 24 210 60 140 350 624 149 648
30 86 78 1 159 32 251 65 1491 437 761 187 739

Vapor Tension of Alcohol and Water, and Degree of Saturation
OF Air v^ith these Vapors.

Vapor Tension, Inches
Mercury.

1 Pound of Air Contains in Saturated J
Condition, in Pounds. ^|

Temp.,
Degs. F.

At 28.95 Inches. At 26.05 Inches. |{

Alcohol
Vapor.

Water
Vapor.

Alcohol.
Vapor.

Water.
Vapor.

Alcohol
Vapor.

Water.
Vapor.

50
59

1?
86
104
122

0.950
1.283
1.723
2.325
3.090
5.270
8.660

0.359
0.500
0.687
0.925
1.240
2.162
3.620

. 0.055
0.075
0.104
0.144
0.200
0.390
0.827

0.008
0.011
0.016
0.022
0.031
0.063
0.135

0.061
0.084
0.117
0.162
0.227
0.450
1.002

0.009
0.013
0.018
0.025 i

0.036
0.072

i

0.164 \

,
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FUEL GAS.

The following notes are extracted from a paper by W. J. Taylor on
"The Energy of Fuel" (Trans. A. I. M. E., xviii. 205):

Carbon Gas.—In the old Siemens producer, practically all the heat
of primary combustion—that is, the burning of solid carbon to carbon
monoxide, or about 30% of the total carbon energy—was lost, as little
or no steam was used in the producer, and nearly all the sensible heat of
the gas was dissipated in its passage from the producer to the furnace,
which was usually placed at a considerable distance.
Modern practice has improved on this plan, by introducing steam

with the air blown into the producer, and by utilizing the sensible heat of
the gas in the combustion-furnace. It ought to be possible to oxidize
one out of every four lbs. of carbon with oxygen derived from water-
vapor. The thermic reactions in this operation are as follows:

_ ,
Heat-units.

4 lbs. C burned to CO (3 lbs. gasified with air and 1 lb. with
water) develop 17,600

1.5 lbs. of water (which furnish 1.33 lbs. of oxygen to combine
with 1 lb. of carbon) absorb by dissociation 10,333

The gas, consisting of 9.333 lbs. CO, 0.167 lb. H, and 13.39 lbs. N,
heated 600°, absorbs 3,748

Leaving for radiation and loss 3,519

17,600

The steam which is blown into a producer with the air is almost all con-
densed into finely-divided water before entering the fuel, and conse-
quently is considered as water in these calculations.
The 1.5 lbs. of water hberates 0.167 lb. of hydrogen,which is dehvered

to the gas, and yields in combustion the same heat that it absorbs in the
producer by dissociation. According to this calculation, therefore, 60%
of the heat of primary combustion is theoretically recovered by the dis-
sociation of steam, and, even if all the sensible heat of the gas be counted,
with radiation and other minor items, as loss, yet the gas must carry
4 X 14,500 - (3748 + 3519) = 50,733 heat-units, or 87% of the calo-
rific energy of the carbon. This estimate shows a loss in conversion of
13%, without crediting the gas with its sensible heat, or charging it with
the heat renuired for generating the necessary steam, or taking into
account the loss due to oxidizing some of the carbon to CO2. In good
producer-practice the proportion of CO2 in the gas represents from 4%
to 7% of the C burned to CO2, but the extra heat of this combustion should
be largely recovered in the dissociation of more water-vapor, and there-
fore does not represent as much loss as it would indicate. As a con-
veyer of energy, this gas has the advantage of carrying 4.46 lbs. less

nitrogen than would be present if the fourth pound of coal had been
gasified with air; and in practical working the use of steam reduces the
amount of clinkering in the producer.

Anthracite Gas. — In anthracite coal there is a volatile combustible
varying in quantity from 1.5% to over 7%. The amount of energy
derived from the coal is shown in the following theoretical gasification
made with coal of assumed composition: Carbon, 85% ; vol. HC, 5%; ash,

10%: 80 lbs. carbon assumed to be burned to CO; 5 lbs. carbon burned
to CO2; three fourths of the necessary oxygen derived from air, and one
fourth from water.

-Products.-
Process. Pounds. Cubic Feet. Anal, by Vol.

80 lbs. C burned to CO 186.66 2529.24 33.4
5 lbs. C burned to CO2 18.33 157.64 2.0
5 lbs. vol. HC (distilled) 5.00 116.60 1.6

120 lbs. oxygen are required, of
which 30 lbs. from H2O hber-
ateH 3.75 712.50 9.4

90 lbs. from air are associated
With N .....301.05 4064.17 53.6

514.79 7580.15 100.0
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Energy in the above gas obtained from 100 lbs, anthracite:
186 . 66 lbs. CO 807,304 heat-units.

5.00 " CHi 117,500
3.75 " H 232,500

„ .
1,157,304

Total energy in gas per lb 2,248
Total energy In 100 lbs. of coal 1,349,500
Efficiency of the conversion Sq%.

The sum of CO and H exceeds the results obtained in practice. The
sensible heat of the gas will probably account for this discrepancy and,
therefore, it is safe to assume the possibility of delivering at least 82%
of tho energy of the anthracite.

Bituminous Gas. — A theoretical gasification of 100 lbs of coal, con-
taining 55% of carbon and 32% of volatile combustible (which is above
the average of Pittsburgh coal), is made in the following table. It is

assumed that 50 lbs. of C are burned to CO and 5 lbs. to CO2; one fourth
of the O is derived from steam and three fourths from air; the heat value
of the volatile combustible is taken at 20,000 heat-units to the pound.
In computing volumetric proportions all the volatile hydrocarbons,
fixed as well as condensing, are classed as marsh-gas, since it is only by
some such tentative assumption that even an approximate idea of the
volumetric composition can be formed. The energy, however, is calcu-
lated from weight:

-Products.-
Process. Pounds. Cubic Feet. Anal, by Vol.

50 lbs. C burned to CO 116.66 1580.7 27.8
5 lbs. C burned to CO2 18.33 157.6 2.7

32 lbs. vol. HC (aistilled) 32 . 00 746 .

2

13.2
80 lbs. O are required, of which 20

lbs., derived from H2O, liber-
ate H 2.5 475.0 8.3

60 lbs. O, derived from air, are as-
sociated with N 200.70 2709.4 47.8

370.19

Energy in 116.66 lbs. CO 504,554 heat-units.
" 32.00 lbs. vol. HC 640,000

2.50 lbs. H 155,000

1,299,554
Energy in coal 1,437,500

"

Per cent of energy delivered in gas 90.0
Heat-units in 1 lb. of gas • 3,484

Water-gas. — Water-gas is made in an intermittent process, by blow-
ing up the fuel-bed of the producer to a high state of incandescence (and
in some cases utilizing the resulting gas, which is a lean producer-gas),
then shutting off the air and forcing steam through the fuel, which dis-
sociates the water into its elements of oxygen and hydrogen, the former
combining with the carbon of the coal, and the latter being liberated.

This gas can never play a very important part in the industrial field,

owing to the large loss of energy entailed in its production, yet there are
places and special purposes where it is desirable, even at a great excess
in cost per unit of heat over producer-gas; for instance, in small high-
temperature furnaces, where much regeneration is impracticable, or
where the "blow-up" gas can be used for other purposes instead of being
wasted.
The reactions and energy required in the production of 1000 feet ol

water-gas, composed, theoretically, of equal volumes of CO and H, are as
follows:

500 cubic feet of H weigh 2. 635 lbs.

500 cubic feet of CO weigh 36 . 89 "

Total weight of 1000 cubic feet 39. 525 lbs.

Now, as CO is composed of 12 parts C to 16 of O, the weight of C in
36.89 lbs. is 15.81 lbs. and of 21.08 lbs. When this oxygen is derived
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from water it liberates, as above, 2.635 lbs. of hydrogen. The heat de-
veloped and absorbed in these reactions (rougtily, as we will not take
into account the energy required to elevate the coal from the tempera-
ture of the atmosphere to, say, 1800°) is as follows: Heat n't
2.635 lbs. H. absorb in dissociation from water 2.635 X 62,000 ='163,370
15.81 lbs. C burned to CO develops 15.81 X 4400 = 69,564
Excess of heat-absorption over heat-development = 93,806

If this excess could be made up from C burnt to CO2 without loss by
radiation, we would only have to burn an additional 4.83 lbs. C to supply
this heat, and we could then make 1000 feet of water-gas from 20.64 lbs.
of carbon (equal 24 lbs. of 85% coal) . This would be the perfection of
gas-making, as tiie gas would contain really the same energy as the coal;
but instead, we require in practice more tiian double this amount of coal
and do not deliver more than 50% of the energy of the fuel in the gas,
because the supporting heat is obtained in an indirect way and with
imperfect combustion. Besides this, it is not often that the sum of CO
and H exceed 90%, the balance being CO2 and N. But water-gas should
be made with much less loss of energy by burning the "blow-up" (pro-
ducer) gas in brick regenerators, the stored-up heat of which can be
returned to the producer by the air used in blowing-up.
The following table shows what may be considered average volumetric

analyses, and the weight and energy of 1000 cubic feet, of the four types
of gases used for heating and illuminating purposes:

Natural
Gas.

Coal-
gas.

Water-
gas.

Producer-gas.

Anthra.l Bitu.

CO 0.50
2.18
92.6
0.31
0.26
3.61

0.34

6.0
46.0
40.0
4.0
0.5
1.5

0.5
1.5

32.0
735,000

45.0
45.0
2.0

27.0
12.0
1.2

27.

C

H 12.0

CH4 2.5
C2H4 O.i
COz 4.0

2.0
0.5
1.5

45.6
322,000

2.5
57.0
0.3

2.5
N 56.2

; 0.3

Pounds in 1000 cubic feet
Heat-units in 1000 cubic feet. . .

.

45.6
1,100,000

65.6
137,455

65.9
156,917

Natural Gas in Ohio and Indiana.
(Eng. and M. J., April 21, 1894.)

Fos-
toria,
0.

Find- St.
Mary's,

0.

Muncie,
Ind.

Ander-
son,
Ind.

Koko-
mo,
Ind.

Mar-
ion,
Ind.

Hydrogen 1.89
92.84

.20

.55

.20

.35

3.82
.15

1.64
93.35

.35

.41

.25

.39

3.41
.20

1.94
93.85

.20

.44

.23

.35

2.98
.21

2.35
92.67

.25

.45

.25

.35

3.53
.15

1.86

93.07
.47

.73

.26

.42

3.02
.15

1.42
94.16

.30

.55

.29

.30

2.80
.18

1.20

93.57
defiant gas
Carbon monoxide

.

Carbon dioxide
Oxygen

.15

.60

.30

.55

3.42
Hydrogen sulphide .20

Natural Gas as a Fuel for Boilers. —J. M. Whitham {Trans. A. S.
M. E., 1905) reports the results of several tests of water-tube boilers with
natural gas. The foUowing is a condensed statement of the results :

Kind of Boiler. Cook Vertical. Heine. Cahair Vert.

Rated H. P. of boilers 1500 1500 200 200 200 300 300
H.P. developed 1642 1507 155 218 258 340 260
Temperature at chimney 521 494 386 450 465 406 374
Gas pressure at burners, oz. 6.9 6.4 4.8 7to30
Cu. ft. of gas per boiler. .

H.P.-hour 44.9* 41.0* 46. Of 40. 7t 38.3+ 42.3 34
Boiler efficiency, % 72.7 65.8 ... 74.9

*Reduced to 4 oz. press, and 62° F. tReduced to atmos. press, and 32° F.
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Six tests by Daniel Ashworth on 2-flue horizontal boilers gave cu, ft. ol
gas per boiler H.P. hour, 58.0; 59.7; 67.0; 63.0; 74.0; 47.0.
On the first Cook boiler test, the chimney gas, analyzed by the Orsat

apparatus, showed 7.8 CO2; 8.05 O; 0.0 CO; 84.15 N. Tliis shows an
excessive air supply.

White versus Blue Flame. — Tests were made with the air supply throt-
tled at the burners, so as to produce a white flame, and also unthrottled,
producing a blue flame with the following results:

Pressure of gas at burners, oz 4 6 8

Kind of flame
Boiler H.P.made per 250-H.P. boiler
Cu. ft. of gas (at 4 oz. and 60° F.) per

H.P. hour
Chimney temperature

White
247

41

436

Blue
213

41

503

White
297

41.6
478

Blue
271

37.9
511

White
255

40
502

Blue
227

43.1

508

Average of 6 tests — White, 266 H.P., 43.6 cu. ft.; Blue, 237 H.P.,
43.8 cu. ft., showing that the economy is the same with each flame, but 1

the capacity is greatest with the white flame. Mr. Whitham's principal
j

conclusions from these tests are as follows:
(1) There is but little advantage possessed by one burner over another.
(2) As good economy is made with a blue as with a white or straw flame,

and no better.

(3) Greater capacity may be made with a straw-wliite than with a blue
flame.

(4) An efficiency as high as from 72 to 75 per cent in the use of gas is

seldom obtained under the most expert conditions.
(5) Fuel costs are the same under the best conditions with natural gas

at 10 cents per 1000 cu. ft. and semi-bituminous coal at $2.87 per ton of
2240 lbs.

(6) Considering the saving of labor with natural gas, as compared with
hand-firing of coal, in a plant of 1500 H.P., and coal at $2 per ton of 2240
lbs., gas should sell for about 10 cents per 1000 cu. ft.

Analyses of Natural Gas.

Illuminants 0.45 0.15 0.50 1.6
Carbonic oxide 0.00 0.00 0.15 1.8
Hydrogen 0.20 0.30 0.25 0.3
Marsh gas 81.05 83.20 83.40 81.9
Etliane 17.60 15.55 15.40 13.2
Carbonic acid 0.00 0.20 0.00 0.0
Oxygen 0.15 0.10 0.00 0.4
Nitrogen... 0.55 0.50 0.30 0.8
B.T.U. per cu. ft. at 60° F. and

14.7 lbs. barometer 1030 1020 1026 1098

The first three analyses are of the gas from nine wells in Lewis Co.,
W. Va. ; the last is from a mixture from fields in three states supplying
Pittsburg, Pa., used in the tests of the Cook boiler^

Producer-gas from One Ton of Coal.

(W. H. Blauvelt, Trans. A. I. M. E., xviii, 614.)

Analysis by Vol

.

Per
Cent.

Cubic Feet. Lbs. Equal to —

CO 25.3
9.2
3.1

0.8
3.4
58.2

33,213.84
12,077.76
4,069.68
1,050.24
4,463.52

76,404.96

2451.20
63.56
174.66
77.78

519.02
5659.63

1050.51 lbs. C + 1400.7 lbs. 0.
H 63.56 " H.
CH4 174.66 " CH4.
C2H4 77.78 " C2H4.
CO2 141.54 •• C + 377. 44 lbs. 0.
N (by difference) 7350.17 " Air.

100.0 131,280.00 8945.85
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Calculated upon this basis, the 131,280 ft. of gas from the ton of coal
contained 20,311,162 B.T.U., or 155 B.T.U. per cubic ft., or 2270 B. T.U.
per lb.

The composition of the coal from which this gas was made was as
follows: Water, 1.26%: volatile matter, 36.22%; fixed carbon, 57.98%;
sulphur, 0.70%; ash, 3.78%. One ton contains 1159.6 lbs. carbon and
724.4 lbs. volatile combustible, the energy of which is 31,302,200 B.T.U.
Hence, in the processes of gasification and purification there was a loss of
35.2% of the energy of the coal.
The composition of the hydrocarbons in a soft coal is uncertain and

quite complex; but the ultimate analysis of the average coal shows that
it approaches quite nearly to the composition of CH4 (marsh-gas).

Mr. Blauvelt emphasizes the following points as highly important in
soft-coal producer-practice:

First. That a large percentage of the energy of the coal is lost when the
gas is made in the ordinary low producer and cooled to the temperature of
the air before being used. To prevent these sources of loss, the producer
should be placed so as to lose as little as possible of the sensible heat of
the gas, and prevent condensation of the hydrocarbon vapors. A high
fuel-bed should be carried, keeping the producer cool on top, thereby
preventing the breaking-down of the hydrocarbons and the deposit of
soot, as well as keeping the carbonic acid low.

Second. That a producer should be blown with as much steam mixed
with the air as will maintain incandescence. This reduces the percentage
of nitrogen and increases the hydrogen, thereby greatly enriching the gas.
The temperature of the producer is kept down, diminisliing the loss of heat
by radiation through the walls, and in a large measure preventing clinkers.
The Combustion of Producer-gas. (H. H. Campbell, Trans. A. I.

M. E., xix, 128.) — The combustion of the components of ordinary pro-
ducer-gas may be represented by the following formulae:

C2H4 + 6 O = 2 CO2 + 2 H2O; 2 H + O = H2O;
CH4+40= CO2+2H2O; C0+0 = C02.

Average Composition by Volume of Producer-gas: A, made with
Open Grates, no Steam in Blast; B, Open Grates, Steam-jet in
Blast. 10 Samples of Each.

; CO2. O. C2H4, CO. H. CH4. N.
A min 3.6 0.4 0.2 20.0 5.3 3.0 58.7
A max 5.6 0.4 0.4 24.8 8.5 5.2 64.4
A average 4.84 0.4 0.34 22.1 6.8 3.74 61.78
B min 4.6 0.4 0.2 20.8 6.9 2.2 57.2
B max 6.0 0.8 0.4 24.0 9.8 3.4 62.0
B average 5.3 0.54 0.36 22.74 8.37 2.56 60.13

The coal used contained carbon 82%, hydrogen 4.7%.
The following are analyses of products of combustion:

CO2. O. CO. CH4. H. N.
Minimum 15.2 0.2 trace. trace. trace. 80.1
Maximum 17.2 1.6 2.0 0.6' 2.0 83.6
Average 16.3 0.8 0.4 0.1 0.2 82.2

Proportions of Gas Producers aiid Scrubbers. (F. C. Tryon, Power,
Dec. 1, 1908.) — Small inside diameter means excessive draft through the
fire. If a fire is forced, as will be necessary with too small an inside diam-
eter, the results will be clinkers and blow-holes or chimneys through the
fire bed, with excess CO2 and weak gas; clinkers fused to the lining, and
burning out of grates. If sufficient steam is used to keep down the ex^
cessive heat, the result is Ukely to be too much hydrogen in the gas, with
the attendant engine troubles.
The lining should never be less than 9 in. thick even in the smaller sizes,

and a 100-H.P., or larger, producer should have at least 12 in. of generator
lining. The lining next to the fire bed should be of the best quality of
refractory material. A good lining consists of a course of soft common
bricks put in edgewise next to the steel shell of the generator, laid in
Portland cement; then a good firebrick 6 in. thick laid inside to fit the
circle, the bricks being dipped as laid in a fine grouting of ground firebrick.

If we take IV4 lbs. of coal per H.P.-hour as a fair average and 10 lbs. of
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coal per hour per squaie foot of internal fuel-bed cross-section, with 9 in,

of refractory lining up to 100 H.P. and at least 12 in, of lining on larger
sizes, the generator will give good gas without forcing and without excess-
ive heat in the zone of complete combustion. A 200-H.P. producer on
this basis consumes 250 lbs. of coal at full load, and at 10 lbs. per sq. ft.

internal area 25 sq. ft. will be necessary. With a 12-in. lining the outside
diameter will be 92 in.

Practice has shown that the depth of the fuel bed should never be less

than the inside diameter up to 6 ft.; above this size the depth can be
adjusted as experience indicates the best working results. Assuming for
a 200-H.P. producer 18 in. for the ashpit below the grate, 12 in. for the
thickness of the grate and the ashes to protect it, 68 in. depth of fuel bed,
24 in. above the fuel to the gas outlet, the height will be 10 ft. 4 in. to the
top of the generator; above this the coal-feeding hopper, say 32 in. high,
is mounted; this makes the height over all 13 ft.

The wet scrubber of a gas producer should be of ample size to cool the
gas to atmospheric temperature and wash out most of the impurities.
A good rule is to make its diameter three-fourths that of the inside diam-
eter of the generator and the height one and one-half times the height of
the generator shell. For a 100-H.P. producer, 4 ft. inside diam.,thewet
scrubber should be 3 ft. inside diam., and if the generator shell is 8 ft.

6 in. high, the scrubber should be 12 ft. 9 in. high. When filled with the
proper amount of baffling and scrubbing material (coke is commonly
used), the scrubber will have space for about 30 cu. ft. of gas. A 100-H.P.
gas engine using 12,000 B.T.U. per H.P.-hour will use 160 cu. ft. of 125-
B.T.U. gas per minute. The wet scrubber will therefore be emptied 51/3
times every minute, and would require about 8 1/3 gallons of water per
minute; if the diameter of the scrubber were reduced one-third the vol-
ume of water necessary to cool and scrub the gas would have to be doubled.
Gas must be cooled below 90° F. to enable it to give up the impurities it

carries in suspension, and even lower than tliis to condense its moisture.
A separate dry scrubber with two compartments should always be pro-

vided and the piping between the two scrubbers so arranged that the gas
can be turned into either part of the dry scrubber at will. The dry
scrubber should be equal in area to the inside of the generator, and the
depth of each part should be sufficient to accommodate at least 2 cu. ft.

of scrubbing material and give 1 cu. ft. of space next to the outlet. Oil-
soaked excelsior is a good scrubbing material and should be packed as
closely as possible.

Taking as the standard the dimensions above stated for the different
parts of a producer-gas plant, a list of dimensions for different horse-powei
capacities would be about as in the following table.

Dimensions OF Gas Producers and Scrubbers.

Producers. Wet Scrub-
bers.

Dry Scrubbe rs.

H.P.
Inside
Diam.

Out-
side
Diam.

Height. Diam. Height. Diam. Height.

in. in. ft. in. in" ft. in. in. ft. in.

25 24 42 6 6 18 9 9 Single..

.

24 3
35 28 46 6 10 21 10 3 ...do.... 28 3

50 34 52 7 4 26 11 Double. 34 6
60 37 55 7 7 28 11 5 ...do.... 37 6
75 42 60 8 32 12 ...do.... 42 6
100 48 72 8 6 36 12 9 ...do.... 48 7
125 54 78 9 6 41 14 3 ...do.... 52 7
150 58 82 9 10 44 14 9 ...do.... 58 7 6
175 63 87 10 3 48 15 5 ...do.... 63 7 6
200 68 92 10 8 51 16 ...do.... 68 7 6

The inside diameter of the producers corresponds to the formula 'l

H.P. = 6.25d2.
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Gas Producer Practice. — The following notes on gas producers are
condensed from the catalogue of the Morgan Construction Co.
The Morgan Continuous Gas Producer is made in the following sizes:

Diam. inside of lining, ft 6 8 10 12
Area of gas-making surface, sq. ft 28 50 78.5 113
24-hour capacity with good coal, tons 4 7 10 15
Diam. of outlet, in 20 27 33 40

The best coal to buy for a producer in any locality is that which by
analysis or calorimeter test shows the most heat units for a dollar. It

rarely pays to buy gas coal unless it can be had at a moderate cost over the
ordinary steam bituminous grade. For very high temperature melting
operations a fairly high percentage of volatile matter is necessary to give a
Ij'ninous flame and intensify the radiation from the roof of the furnace.
Freely burning gas coals are the mbst easily gasified, and the capacity of
the producer to handle these coals is twice as great as when a slaty, dirty
coal, high in ash and sulphur, is used. It is usually best to use "run-of-
mine" coal,. crushed at the mine to pass a 4-in. ring. It never pays to use
slack coal, for it cuts down the capacity by choking the blast, which has
to be run at high pressure to get through tlie fire, overheating the gas and
lowering the efficiency of the producer.

There is always a certain amiount of CO2 formed, even in the best practice:
in fact, it is inevitable, and if kept within proper limits does not constitute
a net loss of efficiency, especially with very short gas flues, because the
energy of the fuel so burned is represented in the sensible heat or tem-
perature of the gas, and results in delivering a hot gas to the furnace.
Tiie best result is at about 4% CO2, a gas temperature between 1100° and
1200° F., and flues less than 100 ft. long.
The amount of steam required to blow a gas producer is from 33% to

40% of the weight of the fuel gasified. If 30 lbs. of steam is called a
standard horse-power, we have therefore to provide about 1 H.P. of steam
for every 80 lbs. of coal gasified per hour or for every ton of coal gasified in
24 hours.

In the original Siemens air-blown producer about 70% of the whole gas
was inert and 30% combustible. Then with the advent of steam-blown
producers the dilution was reduced to about 60%, with 40% combustible.
Now, -under the system of automatic feed, uniform conditions, perfect
distribution and adjustment of the steam blast here presented, we are able
to reduce the nitrogen to 50% and sometimes less.

In the best practice the volume of gas from the producer is now reduced
to about 60 cu. ft. per pound of coal, of which 30 cu. ft. are nitrogen.
These volumes are measured at 60° F.
The temperature of the gas leaving the producer under best modern

i conditions is about 1200° F. It can be run cooler than this, but not much,
! except at a sacrifice of both quantity and quality. At this temperature,
the sensible heat carried by the gas is 1200 X 0.35 (average specific heat) =
420 B.T.U. per pound. As one pound of good gas is about 16 cu. ft. and
carries about 16 X 180 = 2880 heat units at normal temperature, we see
that the sensible heat carried away represents about one-seventh, or over

j

14% of the combustive energy, which is much too large a percentage to lose
' whenever it can be utilized by using the gas at the temperature at which
: it is made.

Capacity of Producers. — The capacity of a gas producer is a varying
quantity, dependent upon ttie construction of the producer and upon the

,

quality of the coal supplied to it. The point is, not to push the producer so
hard as to burn up the gas within it; also to avoid blowing dust through

,
into the flues. These two limitations in a well-constructed automatically

j
fed gas producer occur at about the same rate of gasification, namely,

;

at about 10 lbs. per sq. ft. of surface per hour with bituminous coal carry-
ing 10% of ash and 1 1/2 % of sulphur. With gas coal, having high volatile

; percentage and low ash, this rate can be safely increased to 12 lbs. and in
some cases to 15 lbs. per sq. ft. At 10 lbs. per sq. ft., the capacity of a

i gas producer 8 ft. internal diameter is 500 lbs. per hour, which with gas
coals may be increased to a maximum of about 700 lbs. It frequently

I happens that the cheapest coal available is of such quahty that neither
of these figures can be reached, and the gasification per sq. ft. has to be cut
down to 6 or 7 lbs. per hour to get the best results.



B52 FUEL

Flues. — It is necessary to provide large flue capacity and to carry the
full area right up to the furnace ports, which latter may be slightly reduced
to give the gas a forward impetus. Generally speaking, the net area of a
flue should not be less than Vie of the area of the gas-making surface in the
producers supplying it. Or it may be stated thus: — The carrying capa-
city of a hot gas flue is equivalent to 200 lbs. of coal per hour per sq. ft. of
section.

Loss of Energy in a Gas Producer.— The total loss from all sources in the
gasification of fuel in a gas producer under fairly good conditions, when
the gas is used cold or when its sensible heat is not utiUzed, ranges between
20% and 25%, which under very bad conditions may be increased to 50%.
The loss under favorable conditions, using the gas hot, is reduced to as
low as 10%, which also includes the heat of the steam used in blowing.

Test of a Morgan Producer. — The following is the record of a test made
in Chicago by Robert W. Hunt & Co. The coal used was Illinois "New
Kentucky" run-of-mine of the following analysis: —

Fixed carbon, 50.87; volatile matter, 37.32; moisture, 5.08; ash (1.12
sulphur), 6.73. The average of all the gas analyses by volumeis as follows:

CO, 24.5; H, 17.8; CH4 and C2H4, 6.8; total combustibles, 49.1%; CO2,
3.7; O, 0.4; N, 46.8; total non-combustibles, 50.9%.

Average depth of fuel bed, 3 ft. 4 in. Average pressure of steam on
blower, 4.7 lbs. per sq. in. Analysis of ash: combustible, 4.66%; non-
combustible, 95.34%. Percentage of fuel lost in the ash, 4.66 X 6.73 -i-

100 = 0.3%.
High Temperature Required for Production of CO.— In an ordinary

coal fire, with an excess of air CO2 is produced, with a liigh temperature.
When the thickness of the coal bed is increased so as to choke the air sup-
ply CO is produced, with a decreased temperature. It appears, however,
that if the temperature is greatly lowered, CO2 instead of CO will be pro-
duced notwithstanding the diminished air supply. Herr Ernst (Eng'g,
April 4, 1893) holds that the oxidation ol C begins at 752° F., and that CO2
is then formed as the main product, with only a small amount of CO,
whether the air be admitted in large or in small quantities. When the
rate of combustion is increased and the temperature rises to 1292° F. the
chief product is CO2 even when the exhaust gases contain 20% by volume
of CO2, which is practically the maximum limit, proving that all the
oxygen has been consumed. Above 1292° F. the proportion of CO rapidly
increases until 1823° F. is reached, when CO is exclusively produced.

Experiments reported by J. K. Clement and H. A. Grine in Bulletin No.
393 of the U. S. Geological Survey, 1909, show that with the rate of flow
of gas and the depth of fuel bed which obtain in a gas producer a temper-
ature of 1100° C. (2012° F.) or more is required for the formation of 90%
CO gas from CO2 and charcoal, and 1300° (2372° F.) for the same percen-
tage from CO2 and coke, and from CO2 and anthracite coal. With a tem-
perature 100° C. (180° F.) lower than these the resultant gas will contain
about 50% CO. It follows that the temperature of the fuel bed of the gas
producer must be at least 1300° C. in order to yield the highest possible
percentage of CO.
The Mond Gas Producer is described by H. A. Humphrey in Proc. Inst.

C. E., vol. cxxix, 1897. The producer, which is combined with a by-prod-
uct recovery plant, uses cheap bituminous fuel and recovers from it 90
lbs. of sulphate of ammonia per ton, and yields a gas suitable for gas
engines and all classes of furnace work. The producer is worked at a much
lower temperature than usual, due to the large quantity of superheated
steam introduced with the air, amounting to more than twice the weight
of the fuel. The gas containing the ammonia is passed through an absorb-
ing apparatus, and treated so that 70% of the original nitrogen of tl^e fuel
is recovered. The result of a test showed that for every ton of fuel about
2.5 tons of steam and 3 tons of air are blown through the grate, the mixture
being at a temperature of about 480° F, The greater part of this steam
passes through the producer undecomposed, its heat being used in a
regenerator to furnish fresh steam for the producer. More than 0.5 ton
of steam is decomposed in passing through the hot fuel, and nearly 4.5 tons
of sras are produced from a ton of coal, equal to about 160,000 cu. ft. at
ordinary atmospheric temperature. The gas has a calorific power of 81%
of that of the original fuel. Mr. Humphrey gives the following tabl?
Showing the relative value of different gases.
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Volume per cent.

T^J CO g

§o"a

-.a .

111

J.

M
n

Hydrogen (H)
Marsh gas (CH4)
C^jHa^ gases

Carbonic oxide (CO)
Nitrogen (N)
Carbonic acid (CO3)
Total volume
Total combustible gases

Theoretical.

Air required for combustion . . .

.

Calorific value per ou. ft., )

in lb. °C. units J

Do., B.T.U. per cu. ft

Do., per litre, gram ° C. units . .

.

24.8
2.3
nil

13.2
46.8
12.9

100.0

40.3

112.4

85.9

154.6

1,374

8.6
2.4
nil

24.4
59.4
5.2

100.0

35.4

101.4

74.7

134.5

1,195

18.73
0.31

0.31

25.07
48.98
6.57

100.0

44.42

113.2

88.9

160.0

1,432

20.0

4.0(?)

21.0
49.5
5.0

100.0
45.0

154.0

115.3

207.5
1,845

56.9
22.6
3.0

8.7
5.8
3.0

100.0
91.2

410.0

284.0

511.2
4,544

48.0
39.5
3.8

7.5
0.5
nil

100.0

581.0

381.0

658.8
6,096

22.0
67.0
6.0

0.6
3.0
0.6

100.

95.6

806.0

495.8

892.4
7,932

Note. — Where the volume per cent does not add up to 100 the sUght
difference is due to the presence of oxygen.

The following is the analysis of gas made in a Mond producer at the
works of the Solvay Process Co. in Detroit, Mich. (Mineral Industry, vol.
viii, 1900): CO2, 14.1; O, 0.3; N, 42.9; H, 25.9; CH4, 4.1; CO, 12.7. Com-
bustible, 42.7%. Calories per litre, 1540, = 173 B.T.U. per cu. ft.

Relative Efflciencies of Different Coals in Gas Producer and
Engine Tests. — The following is a condensed statement of the principal
results obtained in the gas-producer tests of the U. S. Geological Survey
at St. Louis in 1904. (R. H. Fernald, Trans. A. S. M. E., 1905.)

Sample.

B.t.u.

\^.
com-
bus-
tible.

Pounds per elec-
trical Bf.P. hour
at switchboard.

Sample.

B.t.u.

com-
bus-
tible.

Pounds per elec-
trical H.P. hour
at switchboard.

Coal
as

fired.

Dry
coal.

Com-
bus-
tible.

Coal
as

fired.

Dry
coal.

Com-
bus-
tible.

Ala. No. 2....
Colo. No. 3...
111. No. 3

111. No. 4
Ind.No. 1....

Ind.No. 2....

Okla.No. I...

Okla.No. 4...

Iowa No. 2. .

.

Kan. No. 5. .

.

14820
13210
14560
14344
14720
14500
14800
13890
13950
15200

1.71

2.14
1.93

2.01
2.17
1.68
1.92
1.57
2.07
1.69

1.64
1.71

1.79
1.76
1.93

1.55

1.83

1.43
1.73

1.62

1.53

1.58
1.60
1.57
1.71

1 39
1 66
1.17
1.30
1.43

Ky.No.3..
Mo. No. 2..
Mont. No. 1

N.Dak.No.2
TexaslSTo. 1

Texas No. 2

W.Va.No.l
W.Va.No.4
W.Va.No.7
Wyo.No. 2

14650
14280
13580
12600
12945
12450
15350

15600
15800
13820

2.05
1.94
2.54
3.80
3.34
2.58
1.60
1.32
1.53

2.28

,.9,

1.71

2.25
2.29
2.22
1.71

1.57
1.29
1.50
2.07

1.72
1.43
1.98
2.05
1.88
1.52
1.48
1.17
1.40
1.60

The gas was made in a Taylor pressure producer rated at 250 H.P. Its
inside diam. was 7 ft., area of fuel bed 38.5 sq. ft., height of casing 15 ft.;

rotative ash table; centrifugal tar extractor. The engine was a 3-cylinder
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vertical Westinghouse, 19 in. diam., 22 in. stroke, 200 r.p.m,, rated at
235 B.H.P. Comparing the results of the W, Va. No. 7 coal, the best
on the list, with the North Dakota coal, the one which gave the poorest J
results, the heat values per lb. combustible of the coals are as 1 to 0.808;
reciprocal, 1 to 1.24; the lbs. combustible per E. H. P. hour as 1 to 1.75,
and lbs. coal as fired per E. H. P. hour as 1 to 2.88. The relative thermal
efficiencies of the engine with the two coals are as 2.05 to 1.17, or as 1 to
0.578. The analyses by volume of the dry gas obtained from the two
coals was

:

CO2 O CO H CH4 N Total
combustible.

W. Va 10.16 0.24 15.82 11.16 3.74 58 88 30.72
N. Dak 8.69 0.23 20.90 14.33 4.85 51.00 40.08

The dry-gas analysis shows the North Dakota gas to be by far the best;
its much lower result in the engine test is due to the smaller quantity of
gas produced per lb. of coal, which was 22.7 cu. ft. per lb. of coal as fired,

as compared with 70.6 cu. ft. for the W. Va. coal, measured at 62° F. and
14.7 lb. absolute pressure.

* Use of Steam in Producers and in Boiler-furnaces. (R. W. Ray-
mond, Trans. A. I. M. E., xx, 635.) — No possible use of steam can cause
1 gain of heat. If steam be introduced into a bed of incandescent carbon
it is decomposed into hydrogen and oxygen.
The heat absorbed by the reduction of one pound of steam to hydrogen

is much greater in amount than the heat generated by the union of the
oxygen thus set free with carbon, forming either carbonic oxide or car-
bonic acid. Consequently, the effect of steam alone upon a bed of incan-
descent fuel is to chill it. In every water-gas apparatus, designed to
produce by means of the decomposition of steam a fuel-gas relatively
free from nitrogen, the loss of heat in the producer must be compensated
by some reheating device.

This loss may be recovered if the hydrogen of the steam is subsequently
burned, to form steam again. Such a combustion of the hydrogen is

contemplated, in the case of fuel-gas, as secured in the subsequent use of
that gas. Assuming the oxidation of H to be complete, the use of steam
will cause neither gain nor loss of heat, but a simple transference, the
heat absorbed by steam decomposition being restored by hydrogen com-
bustion. In practice, it may be doubted whether this restoration is ever
complete. But it is certain that an excess of steam would defeat the
reaction altogether, and that there must be a certain proportion of steam,
which permits the reaUzation of important advantages, without too great
a net loss in heat.

The advantage to be secured* (in boiler furnaces using small sizes of
anthracite) consists principally in the transfer of heat' from the lower
side of the fire, where it is not wanted, to the upper side, where it is

wanted. The decomposition of the steam below cools the fuel and the
grate-bars, whereas a blast of air alone would produce, at that point,
intense combustion (forming at first CO2), to the injury. of the grate, the
fusion of part of the fuel, etc.

Gas Analyses by Volume and by TVeight. — To convert an analysis
of a mixed gas by volume into analysis by weight: Multiply the percentage
of eaxh constituent gas by its relative density, viz: CO2 by 11, O by 8,
CO and N each by 7, and divide each product by the sum of the products.
Conversely, to convert analysis by weight into analysis by volume, divide
the percentage by weight of each gas by its relative density, and divide
each Quotient by the sum of the quotients.

Gas-fuel for Small Furnaces. — E. P. Reichhelm (Am. Much., Jan.
10, 1895) discusses the use of gaseous fuel for forge fires, for drop-forging,
in annealing-ovens and furnaces for melting brass and copper, for case-
hardening, muffle-furnaces, and kilns. Under ordinary conditions, in
such furnaces he estimates that the loss by draught, radiation, and the
heating of space not occupied by work is, with coal, 80%, with petro-
leum 70%, and with gas above the grade of producer-gas 25%. He
gives the following table of comparative cost of fuels, as used in these
furnaces: *
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Natural gas
Coal-gas, 20 candle-power
Carburetted water-gas
Gasolene gas, 20 candle-power
Water-gas from coke.
"Water-gas from bituminous coal
Water-gas and producer-gas mixed. .

.

Producer-gas.
Naphtha-gas, fuel 21/2 gals, per 1000 ft.

s.a;|J

1° § cQr5

1,000,000
675,000
646,000
690,000
313,000
377,000
185,000

150,000
306,365

750,000
506,250
484,500
517,500
234,750
282,750
138,750

112,500
229,774

°^ 0? 01 p

$1.25
1.00
.90

.40

.45

.20

.15

.15

Coal, $4 per ton, per 1,000,000 heat-units utilized ,

Crude petroleum, 3 cts. per gal., per 1,000,000 heat-units..

I.a a;

$2.46
2.06
1.73

1.70
1.59

1.44
1.33

.65

.73

.73

Mr. Reichhelm gives the following figures from practice in melting
brass with coal and with naphtha converted into gas: 1800 lbs. of metaJ
require 1080 lbs. of coal, at $4.65 per ton, equal to $2.51, or, say, 15 cents
per 100 lbs. Mr. T.'s report: 2500 lbs. of metal require 47 gals, of naphtha,
at 6 cents per gal., equal to $2.82, or, say, III/4 cents per 100 lbs.

Blast-Furnace Gas. — The waste-gases from iron blast furnacf :•

were formerly utilized only for heating the blast in the hot-blast ovens anJ
for raising steam for the blowing-engine pumps, hoists and other auxiliary
apparatus. Since the introduction of gas engines for blowing and other
purposes it has been found that there is a great amount of surplus gas
available for other uses, so that a large power plant for furnishing electric
current to outside consumers may easily be run by it. H. Freyn, in a
paper presented before the Western Society of Engineers (Eng. Rec,
Jan. 13, 1906), makes an elaborate calculation for the design of such a
plant in connection with two blast furnaces of a capacity of 400 tons of
pig iron each per day. Some of his figures are as follows: The two fur-
naces would supply 4,350,000 cu. ft. of gas per hour, of 90 B.T.U. average
heat value per cu. ft. The hot-blast stoves would require 30% of this, or
1,305,000 cu. ft.; the gas-blowing engines 720,000 cu. ft.; pumps, hoists
and lighting machinery, 120,000 cu. ft.; gas-cleaning machinery, 120,000
cu. ft.; losses in piping, 48,000 cu. ft.; leaving available for outside uses, in
round numbers, 2,000,000 cu. ft. per hour. At the rate of 100 cu. ft. of gas
per brake H.P. hour this would supply engines of 20,000 H.P., but assum-
ing that on account of irregular working of the furnaces only half this
amount would be available for part of the time, a 10,000-H.P. plant could
be run with the surplus gas of the two furnaces. Taking into account the
cost of the plant, figured at $61.60 per B.H.P., interest, depreciation,
labor, etc., the annual cost of producing one B.H.P., 24 hours a day, is

$17.88, no value being placed on the blast-furnace gas, and 1 K.W. hour
would cost 0.295 cent, which is far below the lowest figure ever reached
v/ith a steam-engine power plant.

Blast-furnace gas is composed of nitrogen, carbon dioxide and carbon
monoxide, the latter being the combustible constituent. An analysis
reported in Trans. A.I.M.E., xvii, 50, is, by volume, CO2, 7.08; CO, 27.80;
O, 0.10; N, 65.02. The relative proportions of CO2 and CO vary con-
siderably with the conditions of the furnace.

ACETYLENE AND CALCIUM CARBIDE.

Acetylene, C2H2, contains 12 parts C and 1 part H, or 92.3% C,7.7% H.
It is described as follows in a paper on Calcium Carbide and Acetylene
by J. M. Morehead {Am. Gas Light Jour., July 10, 1905. Revised,
Jan., 1915).

Acetylene is a colorlsss and tasteless gas. When pure it has a sweet
etheral odor, but in the commercial form it carries small percentages of
phosphoreted and sulphureted hydrogen which give it a pungent odor.
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Pure acetylene is without toxic or physiological effect. It may be in-
haled or swallowed with impunity. One cu. ft. requires 11.91 cu. ft. of
air for its complete combustion. Its specific gravity is 0.92, air being 1.

It is the nearest approach to gaseous carbon, and it possesses a higher
candle power and flame temperature than any other known substance,
240 candles for 5 cu. ft., 4078° F. when bvirned in air, 7878° F. in oxygen.
Its ignition temperature with air is 804° F., with oxygen 782° F. It is

soluble in its own volume of water, and in varying proportions in ether,
alcohol, turpentine, and acetone. The solubility increases with pressure.
It liquefies under a pressure of 700 lbs. per sq. in. at 70° F. The pres-
sure necessary for Uquefaction varies directly with the temperature up
to 98°, which is its critical temperature, beyond which it is impossible
to liquefy the gas at any pressure.
When calcium carbide is brought into contact with water, the calcimn

robs the water of its oxygen and forms lime and thus frees the hydrogen,
which combines with the carbon of the carbide to form acetylene.
Sixty-four lbs. of calcium carbide combine with thirty-six lbs. of water
and produce twenty-six lbs. of acetylene and 74 lbs. of pure slacked
lime. [The chemical reaction is CaC2 + 2H2O = C2H2 -|- Ca(OH)2.]

Chemically pure calcium carbide will yield at 70° F. and 30 in. mer-
cury 5.83 cu. ft. acetylene per pound of carbide. Commercially pure
carbide is guaranteed to yield 5 cu. ft. of acetylene per poimd, and
usually exceeds the guarantee by a few per cent. The reaction between
calcium carbide and water, and the subsequent slacking of the calcium
oxide produced, give rise to considerable heat. This heat from one pound
of chemically pure calcium carbide amounts to sufficient to raise the
temperature of 4.1 lbs. of water from the freezing to the boiUng point.

There are two types of generators ; one in which a varying quantity of
water is dropped on to the carbide, the other in which the carbide is

dropped into a large excess of water. Owing to the large amount of heat
generated by the reaction, and the susceptibility of the acetylene to
heat, the first, or dry type, is confined to lamps and to small machines.

Acetylene produces 1475 B.T.U. per cubic foot (at 70° F. and 30 in.),

as compared with 1000 for natural gas and 600 for coal or water gas.
At the present state of development of the acetylene industry and the
calcimn carbide manufacture, this gas will not compete with coal gas or
water gas, or with electricity as supplied in our cities.

The explosive limits of acetylene and air are from 3% acetylene and
97% air to 24% acetylene and 76% air, the point of maximum explo-
sibility being 7.7% acetylene and 92.3% air.

The combustion of acetylene requires theoretically 2\^ volumes of
oxygen for 1 volume of acetylene. In autogenous welding and other
oxy-acetylene processes, however, a considerable part of the necessary
oxygen is taken from the air, and hence only from 1.25 to 1.75 cubic feet
of oxygen per cubic foot of acetylene need be suppUed.
Of the 1475 heat units contained in a cubic foot of acetylene, 227 are

endothermic energy, which it is beUeved is higher than that for any
other substance. The balance of the energy is derived from the com-
bination of the carbon and hydrogen of the acetylene with oxygen, as
is the case with other combustible gases.
Due to the extraordinary endothermic energy of acetylene the gas

will explode of itself if it is ignited while at a pressure slightly in excess
of 15 lbs. to the square inch. The compression, storage, use and trans-
portation of unabsorbed acetylene at pressures in excess of this figure
are forbidden by the fire, police, insurance and transportation authorities
in practically all cities. Danger of explosion fi-om compressed acetylene
is removed and the use of compressed acetylene is rendered safe and
feasible for motor car, yacht, railroad train and all other portable uses
by absorbing the acetylene in acetone, which is itself absorbed in turn
in asbestos, Keisselgour or other non-inflammable substances.

Calcium carbide was discovered on May 4, 1892, at the plant of the
Willson Aluminum Co., in North CaroUna. It is a crystalUne body,
hard, brittle and varying in color from almost black to brick red. Its
specific gravity is 2.26. A cubic foot of crushed carbide weighs 138 lbs.,

and in weight, color and most of its physical characteristics is about
like granite. If broken hot, the fracture shows a handsome, bluish
purple iridescence and the crystals are apt to be quite large.
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Calcium carbide, CaC2, contains 62.5% Ca and 37.5% C. It is in-
soluble in most acids and in all alkalies; it is non-inflammable, infusible,
non-explosive, un^-ffected by jars, concussions or time, and, except for
the property of giving off acetylene when brought in contact with water,
it is an inert and stable body. It is made by the reduction in an electric
arc furnace of a mixture of finely pulverized and intimately mixed cal-
cium oxide or quickhme and carbon in the shape of coke (CaO -|- 3C =
CaC2 + CO). The furnaces employ from 12,000 to 15,000 electric H.P.
each and produce from 50 to 75 tons per day. The output is crushed to
different sizes and it is sold in steel drums for $70 per ton at the works.
The entire use for calcimn carbide is for the production of acetylene.

[Wohler, in 1862, obtained calcium carbide by heating an alloy of cal-
cixma and zinc together with carbon to a very high temperature.]

Acetylene Generators and Burners.—Lewes classifies acetylene
generators under four types: (1) Those in which water drips or flows
slowly on a mass of carbide; (2) those in which water rises, coming in
contact with a mass of carbide; (3) those in which water rises, coming in
contact with successive layers of carbide; (4) those in which the carbide
is dropped or plunged into an excess of water. He shows that the first

two classes are dangerous; that some generators of the third-class are
good, but that those of the fourth are the best.
Of the various burners used for acetylene, those of the Naphey type

are among the most satisfactory. Two tubes leading from the base of
the burner are so adjusted as to cause two jets of flame to impinge upon
each other at some little distance from the nozzles, and mutually to
splay each other out into a flat flame. The tips of the nozzles, usually
of steatite, are formed on the principle of the Bunsen burner, insuring a
thorough mixture of the acetylene with enough air to give the best
iUumination. (H. C. Biddle, Cal. Jour, of Tech., 1907.)

Acetylene gas is an endothermic compound. In its formation heat is

absorbed, and there resides in the acetylene molecule the power of spon-
taneously decomposing and liberating this heat if it is subjected to a
temperature or pressure beyond the capacity of its unstable nature to
withstand. (Thos. L. White, Eng. Mag., Sept., 1908.) Mr. White
recommends the use of acetylene for carbureting the alcohol used Ie
alcohol motors for automobiles.

The Acetylene Blowpipe.—(Machy., July, 1907.)—The acetylene
is produced in a generator and stored in a tank at a pressure of 2.2 to 3
lbs. per sq. in. The oxygen is compressed in a tank at about 150 lbs.
pressure. The acetylene is conveyed to the burner through a 1-in. pipe
with one ^-in branch leading to each blowpipe connection. The oxygen
is conveyed through ^-in. pipe with 3^-in. branches. The blowpipe is

of brass, made on the injector principle. As acetylene is so rich in car-
bon—containing 92.3%—it is possible, when mixed with air in a Bunsen
burner, to obtain 3100° F., and when combined with oxygen, 6300° F.,
which is the hottest flame known as a product of combustion, and nearly
equals the electric arc. This is about 1200° higher than the oyx-
hydrogen blowpipe flame.

In lighting the blowpipe, the acetylene is first turned on full; then the
oxygen is added until the fiame is only a single cone. At the apex of this
cone is a temperature of 6300° F. In welding, this point is held from }4
to M in. distant from the metal to be welded. Too much acetylene pro-
duces two cones and a white color; an excess of oxygen is indicated by a
violet tint.

Theoretically, 2 ^ volimies of oxygen are required for complete com-
bustion of 1 volume of acetylene. Practically, however, with the blow-
pipe, the best welding results are obtained with 1.7 volumes of oxygen to
1 volume of acetylene. The acetylene is, therefore, not completely
burned with the blowpipe, according to the reaction:

2C2H2 (4 vol.) 4- 5O2. (10 vol.) = 4CO2 -I- 2H2O,
but it is incompletely burned according to the reaction:

C2H2 (2 vol.) -1- O2 (2 vol.) = 2CO + H2.

The Theory and Practice of Oxy-Acetylene Welding is described in an
illustrated article by J. F. Springer in Indust. Eng'g., Oct., 1909.
The Levoisite process of making oxygen (^99.9% pure), used \n e^cety-
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Marsh-gas,
Ethane,
Propane,
Acetylene,
Propylene,

lene welding, is described by Max Mauran in Met. and Chem. Eng'g.,
June, 1914.

IGNITION TEMPERATURE OP GASES.
\

Mayer and Miinch {Bericht der deutscher Gesellschaft, xxvi, 2241) give ;

the following:
'' CH4,667°C. 1233° F.

C2H6, 616 1141
C3H8, 547 1017
C2H2, 580 1076
C3H6, 504 939

Very different figures are given by other authorities. A French
Commission obtained for hydrogen 1071° F.; CH4, 1436°; C2H4, 1022°;
CO, 1202; CO in presence of a large quantity of CO2, 1292° F. Vivian
Lewes gives for the ignition temperature of cannel coal 668° F.; bi-
tuminous, 766°, semi-bituminous 870° F. W. S. Hutton gives for
anthracite, 925° F.

ILLUMINATING-GAS.
Coal-gas is made by distilling bituminous coal in retorts. The retort

is usually a long horizontal semi-cylindrical or o shaped chamber, holding
from 160 to 300 lbs. of coal. The retorts are set in "benches" erf from
3 to 9, heated by one fire, which is generally of coke. The vapors distilled
from the coal are converted into a fixed gas by passing through the retort,
which is heated almost to whiteness.
The gas passes out of the retort through an "ascension-pipe" into a

long horizontal pipe called the hj^draulic main, where it deposits a por-
tion of the tar it contains; thence it goes into a condenser, a series of iron
tubes surrounded by cold water, where it is freed from condensable vapors,
as ammonia-water, then into a washer, where it is exposed to jets of
water, and into a scrubber, a large chamber partially filled with trays
made of wood or iron, containing coke, fragments of brick or paving-
""tones, which are wet with a spray of water. By the washer and scrubber
the gas is freed from the last portion of tar and ammonia and from some
of the sulphur compounds. The gas is then finally purified from sulphur
compounds by passing it through hme or oxide of iron. The gas is drawn
from the hydraulic main and forced through the washer, scrubber, etc.,

by an exhauster or gas pump.
The kind of coal used is generally caking bituminous, but as usually

this coal is deficient in gases of high illuminating power, there is added to
it a portion of cannel coal or other enricher.
The following table, abridged from one in Johnson's Cyclopedia, shows

the analysis, candle-power, etc., of some gas-coals and enrichers:

Gas-ooals, etc.

C

J3

^33

i.

Coke per
ton of 2240

lbs.

ft- cS

lbs. bush.

Pittsburgh, Pa 36.76
36.00
37.50
40.00
43.00
46.00
53.50

51.93
58.00
56.90
53.30
40.00
41.00
44.50

7.07
6.00
5.60
6.70
17.00
13.00
2.00

Westmoreland, Pa
Sterling O

10,642
10,528

10,765

9,800
13,200

15,000

16.62
18.81

20.41
34.98
42.79
28.70

1544
1480
1540
1320
1380
1056

40
36
36
32
32
44

6420
3993

Despard, W.Va
Darlington, O

2494
2806

Petonia, W.Va 4510
Grahamite, W. Va

The products of the distillation of 100 lbs. of average gas-coal are about
as follows. They vary according to the quality of coal and the tempera-
ture of distillation.

Coke, 64 to 65 lbs.; tar, 6.5 to 7.5 lbs.; ammonia liquor, 10 to 12 lbs.;
purified gas, 15 to 12 lbs.; impurities and loss, 4.5% to 3.5%.
The composition of the gas by volume ranges abotit as follows : Hydro-
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gen, 38% to 48%; carbonic oxide, 2% to 14%; marsh-gas (Methane,
CH4), 43% to 31%; heavy hydrocarbons (Cw&m, ethylene, propylene,
benzole vapor, etc.), 7.57o to 4.5%; nitrogen, 1% to 3%.

In the burning of the gas the nitrogen is inert : the hydrogen and car-
bonic oxide give heat but no Hght. The luminosity of the flame is due to
the decomposition by heat of the heavy hvdrocarbons into lighter hydro-
carbons and carbon, the latter being separated in a state of extreme
subdivision. . By the heat of the flame this separated carbon is heated to
intense whiteness, and the illuminating effect of the flame is due to the
light of incandescence of the particles of carbon.
The attainment of the highest degree of luminosity of the flame de-

pends upon the proper adjustment of the proportion of the heavy hydro-
carbons (with due regard to their individual character) to the nature of
the diluent mixed therewith.

Investigations of Percy F. Frankland show that mixtures of ethylene
and hydrogen cease to have any luminous effect when the proportion of
ethylene does not exceed 10% of the whole. Mixtures of ethylene and
carbonic oxide cease to have any luminous effect when the proportion of
the former does not exceed 20%, while all mixtures of ethylene and
marsh-gas have more or less luminous effect. The luminosity of a mix-
ture of 10% ethylene and 90% marsh-gas being equal to about 18 candles,
and that of one of 20% ethylene and 80% marsh-gas about 25 candles-
The illuminating effect of marsh-gas alone, when burned in an argand
burner, is by no means inconsiderable.

For further description, see the treatises on gas by King, Richards,
and Hughes; also Appleton's Cyc. Mech., vol. i. p. 900.
Water-gas. — Water-gas is obtained by passing steam through a bed

of coal, coke, or charcoal heated to redness or beyond. The steam is

decomposed, its hydrogen being liberated and its oxygen burning the
carbon of the fuel, producing carbonic-oxide gas. The chemical reaction
is, C + H2O = CO + 2 H, or 2 C + 2 H2O = C -H CO2 + 4 H, followed
by a splitting up of the CO2, making 2 CO + 4 H. By weight the normal
gas CO + 2 H is composed of C + O + H = 28 parts CO and 2 parts H,

12 + 16+2
or 93.33% CO and 6.67% H; by volume it is composed of equal parts of
carbonic oxide and hydrogen. Water-gas produced as above described
has great heating-power, but no illuminating-power. It may, however,
be used for lighting by causing it to heat to whiteness some solid sub-
stance, as is done in the Welsbach incandescent light.
An illuminating-gas is made from water-gas by adding to it hydro-

carbon gases or vapors, which are usually obtained from petroleum or
some of its products, A history of the development of modern illumi-
nating water-gas processes, together with a description of the most recent
forms of apoaratus, is given by Alex. C. Humphreys, in a paper on " Water-
gas in the United States," read before the Mechanical Section of the
British Association for Advancement of Science, in 1889. After describ-
ing many earlier patents, he states that success in the manufacture of
water-gas may be said to date from 1874, when the process of T. S. C.
Lowe was introduced. All the later most successful processes are the
modifications of Lowe's, the essential features of which were " an apparatus
consisting of a generator and superheater internally fired; the super-
heater being heated by the secondary combustion from the generator,
the heat so stored up in the loose brick of the superheater being used, in
the second part of the process, in the fixing or rendering permanent of the
hydrocarbon gases; the second part of the process consistirg in the
passing of steam through the generator fire, and the admission of oil or
hydrocarbon at some point between the fire of the generator and the
loose filling of the superheater."

The water-gas process thus has two periods: first the "blow," during
which air is blown through the bed coal in the generator, and the par-
tially burned gaseous products are completely burned in the superheater,
giving up a great portion of their heat to the fire-brick work contained
in it, and then pass out to a chimney; second, the "run" during which the
air blast is stopped, the opening to the chimney closed, and steam is

blown through the incandescent bed of fuel. The resulting water-gas
passing into the carburetting chamber in the base of the superheater is

there charged with hydrocarbon vapors, or spray (such as naphtha and

I
other distillates or crude oil) , and passes through the superheater, where
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the hydrocarbon vapors become converted into fixed illuminating gases,
From the superheater the combined gases are passed, as in the coal-

process, through washers, scrubbers, etc., to the gas-holder. In

The specific gravity of water-gas increases with the increase of the
j

heavy hydrocarbons which give illuminating power. The following
j

figures, taken from different authorities, are given by F. H. Shelton in a I

paper on " Water-gas," read before the Ohio Gas Light Association, in I

1894:

Candle-power.... 19.5 20.22.5 24. 25.4 26.3 28.3 29.6 .30 to 31.9

Sp. gr. (Air= l).. .571 .630 .589 .60 to .67 .64 .602 .70 .65 .65 to .71

Analyses of Water-gas and Coal-gas Compared.

The following analyses are taken from a report of Dr. Gideon E.
Moore on the Granger Water-gas, 1885:

Composition by Vol. Composition by Weight.

Water-gas. Coal-

Hetdel-
berg.

Water-gas.
Coal-
gas.Wor-

cester.
Lake. Wor-

cester.
Lake.

2.64
0.14
0.06
11.29
0.00
1.53

28.26
18.88
37.20

3.85
0.30
0.01
12.80
0.00
2.63
23.58
20.95
35.88

2.15
3.01
0.65
2.55
1.21

1.33
8.88

34.02
46.20

0.04402
0.00365
0.00114
0.18759

0.06175
0.00753
0.00018
0.20454

04559
Carbonic acid 0.09992

01569
05389
03834

0.07077
0.46934
0.17928
0.04421

0.11700
0.37664
0.19133
0.04103

07825
Carbonic oxide 18758

41087
06987

100.00 100.00 100.00 1.00000 1 .00000 1 .00000

Density: Theory 0.5825
0.5915

0.6057
0.6018

0.4580
Practice

B.T.U.fromlcu.ft.:
Water liquid 650.1

597.0
688.7
646.6

642.0
577.0'* vapor

Flame-temperature, °F . .

.

5311.2 5281.1 5202.9

Average candle-power 22.06 26.31

The heating-values (B.T.U.) of the gases are calculated from the
analysis by weight, by using the multipliers given below (computed
from results of J. Thomson), and multiplying ths result by the weight
of 1 cu. ft. of the gas at 62° F., and atmospheric pressure.
The flame-temperatures (theoretical) are calculated on the assumption

of complete combustion of the gases in air, without excess of air.

The candle-power was determined by photometric tests, using a pres-
sure of 1/2-in. water-column, a candle consumption of 120 grains of sper-
maceti per hour, and a meter rate of 5 cu. ft. per hour, the result being
corrected for a temperature at 62'' F. and a barometric pressure of 30 in.
It appears that the candle-power may be regulated at the pleasure of the
person in charge of the apparatus, the range of candle-power being from
20 to 29 candles, according to the manipulation employed.

Calorific Equivalents of Constituents of Illuminating-gas.

Water
Liquid.

Ethylene 21,524.4
Propylene 21,222.0
Benzole vapor .18,954.0

Heat-units from 1 lb.
Water
Vapor.
20,134.8
19,834.2
17.847.0

Heat-units from 1 lb.
Water Water
Liquid. Vapor.

Carbonic oxide . 4,395.6 4,395.6
Marsh-gas 24,021.0 21,592.8
Hydrogen 61 .524.0 51 ,804.0
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SfflclellCSr of a Water-gas Plant.— The practical efficiency of an
iUuminatlng water-gas setting is discussed in a paper by A. G. Glasgow
{Proc. Am. Gaslight Assn., 1890) from wliich the following is abridged:
The results refer to 1000 cu. ft. of unpurified carburetted gas, reduced to

60° F. The total anthracite charged per 1000 cu. ft. of gas was 33.4 lbs.,

ash and unconsumed coal removed, 9.9 lbs., leaving total combustible
consumed, 23.5 lbs., which is taken to have a fuel-value of 14,500 B.T.U.
per pound, or a total of 340,750 heat-units.

Com-
posi-

tion by
Vol.

Weight

100 Cu.
Ft.

Com-
posi-

tion by
W'ht.

Specific
Heat.

I. Carburetted Water-gas.

.

fC02 +H2S
CnH2n. ...

CO
CH4
H
N

3.8

14.6

28.0

17.0

35.6

1.0

.465842
1.139968
2.1868
.75854
.1991464
.078596

0.09647
-.23607

.45285

.15710

.04124

.01627

0.02088
.08720
.11226
.09314
.14041

.00397

100.0 4.8288924 1.00000 .45786

II. Uncarburetted gas

CO2
CO
H

3.5

43.4

51.8
1.3

.429065
3.389540
.289821
.102175

.1019

.8051

.0688

.0242

.02205

.19958

.23424

N .00591

I 100.0 4.210601 1.0000 .46178

CO2 17.4

3.2

79.4

2.133066
.2856096

6.2405224

.2464

.0329

.7207

.05342

.00718
ing from superheater .

.

N .17585

I 100.0 8.6591980 1.0000 .23645

IV. Generator blast-gases.

.

fC02
CO
N

9.7

17.8

72.5

1.189123
1.390180
5.698210

.1436

.1680

.6884

.031075

.041647

.167970

[ 100.0 8.277513 1.0000 .240692

The heat-energy absorbed by the apparatus is 23.5 X 14,500 = 340,750
heat-units = A. Its disposition is as follows:

B, the energy of the CO produced;
C, the energy absorbed in the decomposition of the steam;
D, the difference between the sensible heat of the escaping illuminating-

gases and that of the entermg oil;

E, the heat carried off by the escaping blast proaucts;
F, the heat lost by radiation from the shells; »

G, the heat carried away from the shells by convection (air-currents)

;

H, the heat rendered latent in the gasification of the oil;

/, the sensible heat in the ash and unconsumed coal recovered from
the generator.
The heat equation is A=B+C+D+E-rF+G+H+ I: A

being known. A comparison of the CO in Tables I and II show that j^ .

or 64.5% of the volume of carburetted gas, is pure water-gas, distributed
thus: CO2, 2.3%; CO, 28.0%; H, 33.4%; N, 0.8%; = 64.5%. 1 lb. of CO
at 60° F. = 13,531 cu. ft. CO per 1000 cu. ft. of gas = 280 -h 13.531
= 20.694 lbs. Energy of the CO = 20.694 X 4395.6 = 91,043 heat-
units = B. 1 lb. of H at 60° F. = 189.2 cu. ft. H per M of gas = 334
-^ 189.2 = 1.7653 lbs. Energy of the H per lb. (according to Thomsen,
considering the steam generated by its combustion to be condensed to
water at 75° F.) = 61,524 B.T.U. In Mr. Glasgow's experiments the
steam entered the generator at 331° F.; the heat required to raise the
product of combustion of 1 lb. of H, viz., 8.98 lbs. H2O, from water at 75''

to steam at 331° must therefore be deducted from Thomsen's figure, or
61,524 - (8.98 X 1140.2) = 51,285 B.T.U. per lb. of H. Energy of
the H, then, is 1.7653 X 51,285 = 90,533 heat-units = C. The best
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lost due to the sensible heat in the illuminating-gases, their temperature
being 1450° F., and that of the entering oil 235° F., is 48.29 (weight)
X.45786 (sp. heat) X 1215 (rise of temperature) = 26,864 heat-units = D.
(The specific heat of the entering oil is approximately that of the

issuing gas.)
The heat carried off in 1000 cu. ft. of the escaping blast products is

86.592 (weight) X .23645 (sp. heat) X 1474° (rise of temp.) = 30,180 '

heat-units: the temperature of the escaping blast gases being 1550° F.,
and that of the entering air 76° F. But the amount of the blast gases,
by registration of an anemometer, checked by a calculation from the
analyses of the blast gases, was 2457 cubic feet for every 1000 cubic feet
of carburetted gas made. Hence the heat carried off per M. of carburetted
gas is 30,180 X 2.457 = 74,152 heat-units = E.

Experiments made by a radiometer covering four square feet of the
shell of the apparatus gave figures for the amount of heat lost by radia-
tion = 12,454 heat-units = F, and by convection = 15,696 heat-units
= G.
The heat rendered latent by the gasification of the oil was found by

taking the difference between all the heat fed into the carburetter and
superheater and the total heat dissipated therefrom to be 12,841 heat-
umts = H. The sensible heat in the ash and unconsumed coal is 9.9 lbs.

X 1500° X .25 (sp. ht.) = 3712 heat-units = I.

The sum of all the items B+C+D-^E+F-\-G+H-\-I =
327,295 heat-unitS; which subtracted from the heat-energy of the com-
bustible consumed, 340,750 heat-units, leaves 13,455 heat-units, or 4 per
cent unaccounted for.

Of the total heat-energy of the coal consumed, or 340,750 heat-units,
the energy wasted is the sum of items D, E, F, G, and /, amounting to
132,878 heat-units, or 39 per cent; the remainder, or 207,872 heat-units,
or 61 per cent, being utilized. The efficiency of the apparatus as a heat
machine is therefore 61 per cent.

Five gallons, or 35 lbs. of crude petroleum, were fed into the carburetter
per 1000 cu. ft. of gas made; deducting 5 lbs. of tar recovered, leaves
30 lbs. X 20,000 = 600,000 heat-units as the net heating-value of the
petroleum used. Adding this to the heating-value of the coal, 340,750
B.T.U., gives 940,750 heat-units, of which there is found as heat-energy
in the carburetted gas, as in the table below, 764,050 heat-units, or 81
per cent, which is the commercial efficiency of the apparatus, i.e., the
ratio of the energy contained in the finished product to the total energy
of the coal and oil consumed.
The heating-power per M. cu. ft. of

the carburetted gas is

The heating-power per M. cf the
uncarburetted gas is

CO2 38.0 CO2 35.0
C3H6*146.0 X .117220 x 21222.0=363200 CO 434.0 x.078 100 X 4395.6=148^91
CO 280.0 X.078100 X 4395.6= 96120 H 518.0X.005594X61524.0- 178277
CH4 170.0 X.044620x24021.0^ 1822 10 N 13.0
H 356.0x.005594x61524.0 = 122520
N 10.0 1000.0 327268

1000.0 764050

The candle-power of the gas is 31, or 6.2 candle-power per gallon of oil

used. The calculated specific gravity is .6355, air being 1.

For description of the operation of a modern carburetted water-gas
plant, see paper by J. Stelfox, Eng'g, July 20, 1894, p. 89.

Space Required for a Water-gas Plant. — Mr. Shelton, taking 15
modern plants of the form requiring the most floor-space, figures the
average floor-space required per 1000 cubic feet of daily capacity as
follows:

Water-gas Plants of Capacity Require an Area of Floor-space for each
in 24 hours of 1000 cu. ft. of about

100,000 cubic feet 4 square feet.

200,000 " " 3.5
400,000 " " 2.75 " "
600,000 " " 2 to 2.5 sq. ft.

7 to 10 million cubic feet 1.25 to 1.5 sq. ft.

* The heating-value of the illuminants C^Hj^is assumed to equal that
of CsHe.
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These figures include scrubbing and condensing rooms, but not boiler
and engine rooms. In coal-gas plants of the most modern and compact
forms one with 16 benches of 9 retorts each, with a capacity of 1,500 000
cubic feet per 24 hours, wiU require 4.8 sq. ft. of space per 1000 cu' ft
of gas, and one of 6 benches of 6 retorts each, with 300,000 cu. ft. capacity
per 24 hours, wiU require 6 sq. ft. of space per 1000 cu. ft. The storage-
room required for the gas-making jnaterials is: for coal-gas, 1 cubic foot
of room for every 232 cubic feet of gas made; for water-gas made from
coke, 1 cubic foot of room for every 373 cu. ft. of gas made; and for
water-gas made from anthracite, 1 cu. ft. of room for every 645 cu. ft. of
gas made.
The comparison is still more in favor of water-gas if the case is con-

sidered of a water-gas plant added as an auxiliary to an existing coal-
gas plant; for, instead of requiring further space for storage of coke, part
of that already required for storage of coke produced and not at once
sold can be cut off, by reason of the water-gas plant creating a constant
demand for more or less of the coke so produced.

Mr. Shelton gives a calculation showing that a water-gas of 0.625 sp. gr.
would require gas-mains eight per cent greater in diameter than the same
quantity coal-gas of 0.425 sp. gr. if the same pressure is mainta' " \
holder. The same quantity may be carried in pipes of the t^

eter if the pressure is increased in proportion to the specif; ^

With the same pressure the increase of candle-power about bax^:.^^. „..^

decrease of flow. With five feet of coal-gas, giving, say, eighteen candle-
power, 1 cubic foot equals 3.6 candle-power; with water-gas of 23 candle-
power, 1 cubic foot equals 4.6 candle-power, and 4 cubic feet gives 18.4
candle-power, or more than is given by 5 cubic feet of coal-gas. Water-
gas may be made from oven-coke or gas-house coke as well as from an-
thracite coal. A water-gas plant may be conveniently run in connection
with a coal-gas plant, the surplus retort coke of the latter being used as
the fuel of the former.

In coal-gas making it is impracticable to enrich tne gas to over twenty
candle-power without causing too great a tenaency to smoke, but water-
gas of as high as thirty candle-power is quite common. A mixture of
coal-gas and water-gas of a higher C.P. than 20 can be advantageously
distributed.
Fuel-value of Illuminating-gas. — E. G. Love (School of Mines

gtly, January, 1892) describes F. W. Hartley's calorimeter for determin-
ing the calorific power of gases, and gives results obtained in tests of the
carbureted water-gas made by the municipal branch of the Consoli-
dated Co. of New York. The tests were made from time " ~""'

the past two years, and the figures give the heat-units pe
60° F. and 30 inches pressure: 715, 692, 725, 732, 691, 738,
730, 731, 727. Average, 721 heat-units. Similar tests oi mx-..

coal- and water-gases made by other branches of the same company give

694, 715, 684, 692, 727, 665, 695, and 686 heat-units per foot, or an
average of 694.7. The average of all these tests was 710.5 heat-umts,

and this we may fairly take as representing the calorific power of the

illuminating gas of New York. One thousand feet of this gas, costing

$1.25, would therefore yield 710,500 heat-units, which would be equiva-

'lent to 568,400 heat-units for $1.00.
The common coal-gas of London, with an illuminating power or 16 to

17 candles, has a calorific power of about 668 units per foot. a. 'j^-;-

from 60 to 70 cents per thousand.
. . ^

The product obtained by decomposing steam by mcandescenr ^
-^ o ::,,

as effected in the Motay process, consists of about 40% of CO, anc <*

little over 50% of H. „^^ .^ ,.

This mixture would have a heating-power of about 300 units per cubic

foot, and if sold at 50 cents per 1000 cubic feet would furnish 600,000 units

for $1.00, as compared with 568,400 units for $1.00 from iUuminating gas

at $1.25 per 1000 cubic feet. This illuminating-gas if sold at $1 Id per

thousand would therefore be a more economical heating agent than the

fuel-gas mentioned, at 50 cents per thousand, and be much more a -an-

tageous than the latter, in that one main, service, and meter could D'

to furnish gas for both lighting and heating.
A large number of fuel-gases tested by Mr. Love gave from 184 lu _

heat-units per foot, with an average of 309 units.

Taking the cost of heat from iUuminatine-jsras at the lowest figure fnven
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by Mr. Love, viz., $1.00 for 600,000 heat-units, it is a very expensive fuel,

equal to coal at $40 per ton of 2000 lbs., the coal having a calorific power
of only 12,000 heat-units per pound, or about 83% of that of pure carbon.

600,000: (12,000 X 2000) ::$!.: §40.

FLOW OF GAS IN PIPES.

The rate of flow of gases of different densities, the diameter of pipes

required, etc., are given in King's Treatise on Coal Gas, vol. ii, 374, as

follows:

If d = diameter of pipe in inches,

Q = quantity of gas in cu. ft. per
hour,

I = length of pipe in yards,
,^ _ ,

h = pressure in inches of water, (1350)2^5

s = specific gravity of gas, air . /wi^

being 1, Q = 1350d2 V^ =

Molesworth gives Q = 1000

sl (1350)2/i

1350
S/'

d^h

d%
.. p. Gill, Am. Gas-light Jour., 1894, gives Q = 1291 y .j

-

Tnis formula is said to be based on experimental data, and to make
allowance for obstructions by tar, water, and other bodies tending to check
the flow of gas through the pipe.

King's formula translated into the form of the common formula for the

flow of compressed air or steam in pipes, Q = c '^{Vi — P2) d^/wL, in
wiiich Q = cu. ft. per min., Pi — P2 = difference in pressure in lbs. per
sq. in; w = density in lbs. per cu. ft., L = length in ft., d = diam. in ins.,

gives 56.6 for the value of the coefficient c, which is nearly the same as that
commonly used (60) in calculations of the flow of air in pipes. For values
of c based on Darcy's experiments on flow 01 water in pipes see Flow of
Steam.
An experiment made by Mr. CIegg, in London, with a 4-in. pipe, 6 miles

long, pressure 3 in. of water, specific gravity of gas 0.398, gave a discharge
into the atmosphere of 852 cu. ft. per hour., after a correction of 33 cu. ft.

was made for leakage.
Substituting this value, 852 cu. ft., for Q in the formula Q =C "Vd^/i -^ si,

we find C, the coefficient, = 997, which corresponds nearly with the formula
t-iven by Molesworth.

V\ c^y (Am. Mach., Mar. 20, 1902) gives the following formula for
- 'n long pipes.

Q = 3000 ^/^ix(Pi!z:M =41.3
y^^-x(p.2_p,.)

^

Q= discharge In cu. ft. per hour at atmospheric pressure; d = diam.
of pipe in ins.; Pi = initial and p2 = terminal absolute pressure, lbs. per
sq. m.; I = length of pipe in feet, L = length in miles. For Pi^ - pi^
may be substituted (pi + pg) (Pi - P2). The specific gravity of the
gas is assumed to be 0.65, air being 1. For fluids of any other sp. gr.,

s, multiply the coefficients 3000 or 41.3 by ^0.65/5. For air, s = 1, the
.- fficients become 2419 and 33.3. J. E. Johnson Jr.'s formula for air,
;<.^e619, translated into the same notation as Mr. Cox's, makes the coeffi-
i.ats 2449 and 33.5.

Services for Lamps. (Molesworth.)

Lamps, Ft. from
Main.

Require
Pipe-bore..

Lamps. Ft. from
Main.

Require
Pipe-bore.

2 40
40
50
100

3/8 in.

1/2 in.

5/8 in.

3/4 in.

15 130

150
180
200

1 in
4 20 1 1/4 in.

1 1/2 in.

1 3/4 in.

25
CO 30

(Ir coid climates no service less than 3/4 in. shoqH be used.)
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Factors for Reducing Volumes of Gas to Equivalent Volumes at
60° F. and 30-inches Barometer.

(Multiply the observed voltime by the factor to obtain the
, equivalent volume.)

II

Barometer.

30.0 29.8 29.6 29.4 29.2 29.0 28.8 28.6 28.4 28.2 28.0

-30 1.2095 1.2014 1.1934 1.1853 1.1772 1.1692 1.1611 1.1530 1.1450 1.1369 1.1288
-25 1.1956 1.1876 1.1796 1.1716 1.1637 1.1557 1.1476 1.1398 1.1318 1.1238 1.1159
-20 1.1820 1.1741 1 . 1662 1.1583 1.1505 1.1426 1.1347 1.1268 1.1189 1.1111 1.1032
-15 1 . 1687 1.1609 1.1531 1.1453 1.1375 1.1297 1.1219 1.1141 1.1064 1.0986 1.0908
-10 1.1557 1.1480 1.1403 1.1326 1.1249 1 . 1172 1.1095 1.1018 1.0941 1.0863 1.0786
- 5 1.1430 1.1354 1.1277 1.1201 1.1125 1.1049 1.0973 1.0896 1.0820 1.0744 1.0668

1 . 1306 1.1230 1.1155 1.1079 1.1004 1.0929 1.0853 1.0778 1.0703 1.0627 1.0552
5 1.1184 1.1109 1.1035 1.0960 1.0885 1.0311 1.0736 1.0662 1.0587 1.0513 1.0438
10 1.1065 1.0991 1.0917 1.0843 1.0770 1.0696 1.0622 1.0548 1.0474 1.0401 1.0327
15 1.0948 1.0875 1.0802 1.0729 1.0656 1.0585 1.0510 1.0437 1.0364 1.0291 1.0218

. 20 1.0834 1.0762 1.0689 1.0617 1.0545 1.0473 1.0401 1.0328 1.0256 1.0184! 1.01 12

25 1.0722 1.0651 1.0579 1.0508 1.0436 1.0365 1.0293 1.0222 1.0150 1.0079:1.0007
30 1.0613 1.0542 1.0471 1.0401 1.0330 1.0259 1.0188 1.0118 1,0047 0.9976 0.9905
35 1.0506 1.0435 1.0365 1.0295 1.0225 1.0155 1.0085 1.0015 0.9945 .9875 .9805

40 1.0400 1.0331 1.0261 1.0192 1.0123 1 .0053 0.9984 0.9915 .9845 .9776 .9707

45 1.0297 1.0222 1.0160 1.0091 1.0023 0.9954 .9885 .9817 .9748 .9679 .9611

50 1.0196 1.0128 1.0060 0.9992 0.9924 .9856 .9788 .9720 .9652 .9584 .9516
55 1.0097 '1.0030 0.9962 .9895 .9828 .9761 .9693 .9626 .9559 .9491 .9424
60 1.0000 0.9933 .9867 .9800 .9733 .9667 .9600 .9533 .9467 .9400 .9333
65 0.9905 .9838 .9772 .9706 .9640 .9574 .9508 .9442 .9376 .9310 .9244

70 .9811 .9746 .9680 .9615 .9550 .9484 .9419 .9353 .9288 .9223 .9157

75 .9719 .9655 .9590 .9525 .9460 .9395 .9331 .9266 .9201 .9136 .9071

80 .9629 .9565 .9501 .9437 .9373 .9308 .9244 .9180 .9116 .9052 .8987

85 .9541 .9477 .9414 .9350 .9286 .9223 .9159 .9096 .9032 .8968 .8905

90 .9454 .9391 .9328 .9265 .9202 .9139 .9076 .901^ .8950 .8887 .8824

95 .9369 .9306 .9244 .9181 .9119 .9056 .8994 .8931 .8869 .8807 .8744
100 .9285 .9223 .9161 .9099 .9037 .8976 .8914 .8852 .8790 .8728 .8666

105 .9203 .9141 .9080 .9019 .8957 .8396 .8835 .8773 .8712 .8651 .8589

110 .9122 .9061 .9000 .8940 .8879 .8818 .8757 .8696 .8636 .8575 .8514

115 .9043 .8982 .8922 .8862 .8801 .8741 .8681 .8621 .8560 .8500 .8440

120 .8965 .8905 .8845 .8785 .8726 .8666 .8606 .8546 .8486 .8427 .8367

Formula: Equivalent volume = observed, volume X i+ 459.6 ^ 30

Maximum Supply of Gas through Pipes in cu. ft. per Hour,
Specific Gravity being talien at 0.45, calculated from the

Formula Q = 1000 \/d5h -^ si. (Molesworth .

)

Length of Pipe = 10 Yards.

^ Diameter of Pressure by the Water-gage in Inches.
Pipe in
Inches. 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

1/2 26 37 46 53 59 64 70 74 79 83

V4 73 103 126 145 162 187 192 205 218 230
1 149 211 258 298 333 365 394 422 447 471

IV4 760 368 451 57.1 582 638 689 737 781 823

IV2 411 581 711 821 918 1006 1082 1162 1232 1299

2 843 1192 1460 1686 1886 2066 2231 2385 2530 2667

{Continued on p.
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Maximum Supply of Gas through Pipes in cu. ft. per Hour,
Speciflc Gravity being talten at 0.15, calculated from the
Formula Q = 1000 \/d5/j, -j. si, (Molesworth.)

—

(Continued)

Length of Pipe = 100 Yaeds.

Diam.
of Pipe,
Inches.

Pressure by the Water-gage in Inches.

0.1 0.2 0.3 0.4 0.5 0.75 1.0 1.25 1.5 2 2.5

Vi 23 32 42 46 51 63 73 81 89 103 115
1 47 67 82 94 105 129 149 167 183 211 236
1V4 82 116 143 165 184 225 260 291 319 368 412
1V2 130 184 225 260 290 356 411 459 503 581 649
2 267 377 462 533 596 730 843 943 1033 1193 1333
2 1/2 466 659 807 932 1042 1276 1473 1647 1804 2083 2329
3 73-) 1039 1270 1470 1643 2012 7.323 2598 2846 3786 3674
31/2 1080 1528 1871 2161 2416 2958 3416 3820 4184 4831 5402
4 1508 2133 2613 3017 3373 4131 4770 5333 5842 6746 7542

Length of Pipe = 1000 Yards.

Diam.
of Pipe,
Inches.

Pressure by the Water-gage in Inches.

0.5 0.75 1.0 1.5 2.0 2.5 3.0

1 33 41 47 58 67 75 82

IV2 92 113 130 159 184 205 226
2 189 231 267 327 377 422. 462
2 1/2 329 403 466 571 659 737 807
3 520 636 735 900 1039 1162 1273

4 1067 1306 1508 1847 2133 2385 2613
5 1863 2282 2635 3227 3727 4167 4564
6 2939 3600 4157 5091 5879 6573 7200

Length of Pipe = 5000 Yards.

Diameter of Pressure by the Water-gage in Inches.
Pipe in
Inches. 1.0 1.5 2.0 2.5 3.0

2 119 146 169 189 207

3 329 402 465 520 569
4 675 826 955 1067 1168

5 1179 1443 1667 1863 2041

6 1859 2277 2629 2939 3220
7 2733 3347 3865 4321 4734
8 3816 4674 5397 6034 6610

9 5123 6274 7245 8100 8873
10 6667 8165 9428 10541 11547

12 10516 12880 14872 16628 18215

Mr. A. C. Humphreys says his experience goes to show that these
tables give too small a flow, but it is difficult to accurately check the
tables, on account of the extra friction introduced by rough pipes,
bends, etc. For bends, one rule is to allow 1/42 of an inch pressure for
each right-angle bend.
Where there is apt to be trouble from frost it is well to use no service

of less diameter than 3/4 in., no matter how short it may be. In ex-
tremely cold climates this is now often increased to 1 in., even for a
single lamp. The best practice in the U. S. now condemns any service
less than 3/4 in.



867

STEAM.
The Temperature of Steam in contact with water depends upon

the pressure under which it is generated. At the ordinary atmospheric
pressure (14.7 lb. per sq. in.) its temperature is 212° F. As the pressure
is increased, as by the steam being generated in a closed vessel, its tem-
perature, and that of the water in its presence, increases.

Saturated Steam is steam of the temperatiu-e due to its pressxu-e

—

not superheated.
Superheated Steam is steam heated to a temperature above that due

to its pressiu-e.
Dry Steam is steam which contains no moisture. It may be either

saturated or superheated.
Wet Steam is steam containing intermingled moisture, mist, or

spray. It has the same temperature as dry saturated steam of the same
pressure.
Water introduced into the presence of superheated steam will flash

into steam imtil the temperature of the steam is reduced to that due its

pressure. Water in the presence of saturated steam has the same
temperature as the steam. Should cold water be introduced, lowering
the temperature of the whole mass, some of the steam will be con-
densed, reducing the pressure and temperature of the remainder, until
equilibriimi is established.

Total Heat of Saturated Steam (above 32° P.).—According to Marks
and Davis, the formula for total heat of steam, based on researches
by Henning, Knoblauch, Linde and Klebe, is H = 1150.3 + 0.3745 (( -
212°) - 0.000550 {t - 212)2, in whichH is the total heat in B.T.U. above
water at 32° P. and t is the temperature Pahrenheit.

Latent Heat of Steam.—The latent heat, or heat of vaporization, is

obtained by subtracting from the total heat at any given temperature
the heat of the hquid, or total heat above 32° in water of the same tem-
perature.
The total heat in steam (above 32°) includes three elements: ,

1st. The heat required to raise the temperature of the water to the

'

temperature of the steam. '

2d. The heat required to evaporate the water at that temperature,
called internal latent heat.

3d. The latent heat of volume, or the external work done by the steam
in making room for itself against the pressure of the superincumbent at-
mosphere (or surrounding steam if inclosed in a vessel). '

The sum of the last two elements is called the latent heat of steam.
Heat required to Generate 1 lb. of Steam from water at 32° P.

Heat-units.
Sensible heat, to raise the water from 32° to 212° = 180.0
Latent heat, 1, of the formation of steam at 212° = 897.

6

2, of expansion against the atmospheric
pressure, 2116.4 lb. per sq. ft. X
26.79 cu. ft. = 55,786 foot-pounds -r-

778= 72.8
970.4

Total heat above 32° P 1150.4
The Heat-Unit, or British Thermal Unit.—The old definition of

the heat-unit (Rankine), viz., the quantity of heat required to raise the
temperature of 1 lb. of water 1° P., at or near its temperature of maxi-
mum density (39.1° P.), is now (1909) no longer used. Peabody defines
it as the heat required to raise a pound of water from 62° to 63° P., and
Marks and Davis as i/iso of the heat required to raise 1 lb. of water from
32° to 212° P. By Peabody's definition the heat required to raise 1 lb. of
water from 32° to 212° is 180.3 instead of 180 units, and the heat of va-
porization at 212° is 969.7 instead of 970.4 units.

Specific Heat of Saturated Steam.—When a unit weight of saturated
steam is increased in temperature and in pressure, the volume decreasing
so as to just keep it saturated, the specific heat is negative, and decreases
as temperature increases. (See Wood, Thermodynamics, p. 147; Pea-
body, Thermodynamics, p. 93.)
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Absolute Zero.—The value of the absolute zero has been variously
given as from 459.2 to 460.66 degrees below the Fahrenheit zero. Marks
and Davis, comparing the results of Berthelot (1903) , Buckingham, 1907,
and Ross-Innes, 1908, give as the most probable value — 459.64° F.
The value—460° is close enough for all engineering calculations.
The Mechanical Equivalent of Heat.—The value generally accepted,-

based on Rowland's experiments, is 778 ft.-lb. Marks and Davis givef

the value 777.52 standard ft.-lb., based on later experiments, and on the*

value of = 980.665 cm. per sec.2, = 32.174 ft. per sec. 2, fixed by inter-*

national agreement (1901). [With this value of g and the mean grani''

calorie being taken as equivalent to 4.1834 X 10'^ dyne-centimeters, th@
equivalent of 1 B.T.U. is 777.54 ft.-lb.] These values of the absolute
zero and of the mechanical equivalent of heat have been used by Marka
and Davis in the computation of their steam tables. "In refined in-
vestigations involving the value of the mechanical equivalent of heat
the value of g for the latitude in which the experiments are made must
foe considered.
Marks and Davis give the value of the mean gram-calorie as 4.1834

joules, which is equivalent to 777.54 ft.-lb. = 1 B.T.U. Goodenough,
taking 1 mean calorie = 4.184 joules, gives 1 mean B.T.U. = 777.64
ft.-lb.

Pressure of Saturated Steam.—Holborn and Henning, Zeit. des
Ver. deutscher Ingenieure, Feb. 20, 1909, report results of measurements
of the pressures of saturated steam at temperatures ranging from 50° to
200° C. (112° to 392° F.). Their values agree closely with those ob«
tained in 1905 by Knoblauch, Linde and Klebe. From a table in the
article giving pressures for each degree from 0° to 200° C, the following;
values have been transformed into English measurements (Eng. Digest^
April, 1909).

Deg. F.
Lb. per sq. Deg. F.

Lb. per sq. Deg. F.
Lb. per sq.

in.

32
68
100

0.0885
0.3386
0.9462

150

200
250

3.715
n.527
29.819

300
350
400

66.972
134.508
248.856

Volume of Saturated Steam.—The values of specific volumes of satu-
rated steam are computed by Clapeyron's equation (Marks and Davis's
Tables) , which gives results remarkably close to those found in the ex-
periments of Knoblauch, Linde and Klebe.

Goodenough's Steam Tables. (Properties of Steam and Ammonia,
John Wiley & Sons, 1915.)—-These tables are based on the same original
data as those of Marks and Davis, and on some later ones. They adopt
the same definition of the thermal imit, the mean B.T.U. or i/iso of
the heat required to raise the temperature of 1 lb. of water from 32"
to 212° F. The differences between the figures given in the two sets
of tables are in general small ; the most important being that the latent
heat of steam at 212° F. is given as 971.7 B.T.U. instead of 970.4, the
figure given by Marks and Davis. A comparison of some figures from
the two tables is given on p. 869, Goodenough's values being given in
the upper lines (G), and Marks and Davis's in the lower lines (M),
only the digits which differ from those in the upper lines being given.

Properties of Saturated Steam at High Temperatures.—(From G. A.
Goodenough's Properties of Steam and Ammonia, 1915.)

Temp.
°F.

Pressure Volume of Weight of Heat of Heat of Latent
Lb. per 1 Lb., 1 Cu. ft., Liquid Vapor, Heat,
Sq. in. Cu. ft. Lb. B.T.U. B.T.U. B.T.U.

600 1540 0.272 3.68 604.5 1164.2 488.9
620 1784 0.226 4.43 633 1151 452
640 2057 0.186 5.38 664 1134 409
660 2361 0.151 6.60 700 1112 358
680 2699 0.118 8.5 745 1080 290
700 3075 0.080 12.5 820 1018 171

706.3 3200 0.048 20.90 921 921
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Properties of Saturated Steam.

Comparison of Goodenougli and Marks and Davis (see p. 868.)

Abso-
lute
Pres-
sure.

Tem-
pera-
ture
°F.

Total Heat
Above 32°.

Latent
Heat.

Vol-
ume,
Cu.Ft.

in

ILb.

Weight

1 Cu.Ft.

Entropy.

In
Water.

In
Steam.

Water.
Vapor-
ization.

G. 0.0887 32 1073.0 1073.0 3296 0.000304 2.1826
M. " " "

.4 .4 4
" "

32
G. 0.949 100 68.00 1104.6 1036.6 350.3 0.002855 0.1296 1.8523

M. " "
7.97 3.6 5.6 .8 1 5 05

(}. 14.7 212 180 II5I.7 971.7 26.81 0.03730 0.3120 1.4469

M. " " "
0.4 0.4 .79 2 18 47

<i. 50 281 249.8 1175.6 925.9 8.53 0.1173 0.4108 1.2501

M. 50.1 3.6 3.5 1 5 13 468
(}. 100 327.8 297.9 1188.4 890.5 4.442 0.2251 0.4736 1.1309

M. 8.3 6.3 88.0 29 8 43 277
(J. 150 358.5 329.8 1194.7 864.9 3.020 0.33 II 0.5131 1.0573

M. 30.2 3.4 3.2 12 20 42 50
(}. 200 381.9 354.5 1198.5 844.0 2.292 0.4364 0.5426 1.0030

M. .9 .1 3.2 70 37 19

G. 250 401.1 374.9 1200.6 825.8 1.846 0.542 0.5663 0.9595
M. "

5.2 1.5 6.3 50 1 76 600
G. 300 417.5 392.4 1201.9 809.4 1.545 0.647 0.5863 0.9229
M. "

.7 4.1 11.3 51 5 78 51

G. 400 444.8 422.0 1202.5 780.6 1.162 0.860 0.6190 0.8631
M. " " "

8. 6. 70
"

210 80
G. 500 467.2 446.6 1201.7 755.0 0.928 1.077 0.6455 0.8146
M. .3 8. 10. 62. 30 80 80 220
(;. 600 486.5 468.0 1199.8 731.8 0.770 1.30 0.6679 0.7735
M. .6 9. 210. 41. 60 2 700 830

Volume of Superheated Steam.—Linda's equation (1905)

,

pv = 0.5962 T-pa + 0.0014 p)
A^O.SOO.OOO _ q Qgss),

in wliich p is in lb. per sq. in., v is in cu. ft. and T is the absolute
temperature on the Fahrenheit scale, has been used in the computation
of Marks and Davis's tables.

Specific Heat of Superheated Steam.—Mean specific heats from the
temperature of saturation to various temperatures at several pressures
Enghsh and metric units.—Knoblauch and Jakob (from Peabody's
Tables).

Kg. per
sq. cm. 1 2 4 6 8 10 12 14 16 18 20

Lb. per
sq. m.

.

14.2 28.4 56.9 85.3 113.3 142.2 170.6 199.1 227.5 256.0 284.4
Temp.,
sat.°C.

Temp.,
sat. °F.

99 120 143 158 169 179 187 194 200 206 211

210 248 289 316 336 350 368 381 392 403 412

op °C.
VI? 100

150
200
250

0.463
.462

.462
463

30? 0.478
.475
474

0.515
.502
495

39? 0.530
.514

0.560
.532

0.597
.552

0.635
.570

0.677
.588482 609 635 0.664

572 300 .464 ,475 49? 505 .517 .530 .541 .550 .561 .572 .585
662 350 468 477 497 503 51? 57? 5?9 536 543 550 .557
752 400 .473 .481 .494 .504 .512 .520 .526 .531 .537 .542 .547
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Properties of Superheated Steam.—See the table on page 875, con-
densed from Marks and Davis's tables.
The Specific Density of Gaseous Steam, that is, steam considerably

superheated, is 0.622, that of air being 1. That is to say, the weight of a
cubic foot of gaseous steam is about five-eighths of that of a cubic foot of
air, of the same pressure and temperature.
The density or weight of a cubic foot of gaseous steam is expressible by

the same formula as that of air, except that the multiplier or coefficient
is less in proportion to the less specific density. Thus,

2.7074 pX 0.622 ^ 1.684 p
^ + 460'

D-
f+460

in which D is the weight of a cubic foot, p the total pressure per square
inch and t the temperature Fahrenheit. (Clark's Steam-engine.)

H. M. Prevost Murphy {Eng. News, June 18, 1908) shows that the
specific density is not a constant, but varies with the temperature, and

that the correct value is 0.6113 -!- '

__ •

The Rationalizatiou of Regnault's Experiments on Steam. —
(J. McFarlane Gray, Proc. Inst. M. E., July, 1889.) — The formulae con-
structed by Regnault are strictly empirical, and were based entirely on
his experiments. They are therefore not vaUd beyond the range of tem-
peratures and pressures observed.

Mr. Gray has made a most elaborate calculation, based not on experi-
ments but on fundamental principles of thermodynamics, from which he
deduces formulse for the pressure and total heat of steam, and presents
tables calculated therefrom which show substantial agreement with
Regnault's figures. He gives the following examples of steam-pressures
calculated for temperatures beyond the range of Regnault's experiments.

Temperature. Pounds per
Sq. In.

Temperature. Pounds per
C. Fahr. C. Fahr. Sq. In.

230 446 406.9 340 644 2156.2
240 464 488.9 360 680 2742.5
250 482 579.9 380 716 3448.1

260 500 691.6 400 752 4300.2
280 536 940.0 415 779 5017.1

300 .572 1261.8 427 800.6 5659.9
320 608 1661.9

These pressures are higher than those obtained by Regnault's
formula, which gives for 415° C. only 4067.1 lbs. per square inch.
Available Energy in Expanding Steam. — Rankine Cycle. (J. B.

Stanwood, Powfir, June 9, 1908.) — A simple formula for finding, with the
aid of the steam and entropy tables, the available energy per pound ol

steam In B.T.U, when it is expanded adiabatically from a higher to a
lower pressure is:

U = H - Hi+ T(Ni - N).

U — available B.T.U. in 1 lb. of expanding steam; H and Hi total heat
j

in 1 lb. steam at the two pressures; T = absolute temperature at the
i

lower pressure; N — A^'i, difference of entropy of 1 lb. of steam at the two
pressures.
Example. — Required the available B.T.U. in 1 lb. steam expanded

from 100 lbs. to 14.7 lbs. absolute. H = 1186.3; Hi = 1150.4; T = 672;
N = 1.602; A^i = 1.756. 35.9 + 103.5 = 138.4.

Efficiency of the Cycle. — T^et the steam be made from feed-water at
212°. Heat required = 1186.3 - 180 == 1006.3; efficiency = 138.4 -;-

1006.3 = 0.1375.
Rankine Cycle.—This efficiency is that of the Rankine cycle, which

assumes that the steam is expanded adiabatically to the exhaust pres-
sure and temperature, and that the feed-water from which the steam is

made is introduced into the system at the temperature of the exhaust.
Carnot Cycle.—The Carnot ideal cycle, which assumes that all the

heat entering the system enters at the highest temperature, and in which
the efficiency is (Ti - T2) ^ Ti, gives (327.8 - 212) - (327.8 + 460) =
0.1470 and the available energy in B.T.U. = 0.1470 X 1006.3 = 147.9 B.T.U.



Properties of Saturated Steam.
(Condensed from Marks and Davis's Steam Tables and Diagrams, 1909,

by permission of the publishers, Longmans, Green & Co.)

2 £d Total Heat •-^J, •4i'a a 2 &
i& flT

•

above 32° F. 03 Pq° a

II
1"

11

P

1 ^

1 1

12

1^ II
!> < H .5 w ^ W ^3 > ^ W W
29.74 0.0886 32 0.00 1073.4 1073.4 3294 0.000304 0.0000 2.1832
29.67 0.1217 40 8.05 1076.9 1068.9 2438 0.000410 0.0162 2.1394
29.56 0.1780 50 18.08 1081.4 1063.3 1702 0.000587 0.0361 2.0865
29.40 0.2562 60 28.08 1085.9 1057.8 1208 0.000828 0.0555 2.0358
29.18 0.3626 70 38.06 1090.3 1052.3 871 0.001148 0.0745 1.9868
28.09 0.505 80 48.03 1094.8 1046.7 636.8 0.001570 0.0932 1 .9398

28.50 0.696 90 58.00 1099.2 I04I.2 469.3 O.C02131 0.1114 1.8944
28.00 0.946 100 67.97 1103.6 1035.6 350.8 0.002851 0.1295 1.8505
27.88 ] 101.83 69.8 1104.4 1034.6 333.0 0.00300 0.1327 1.8427
25.85 2 126.15 94.0 1115.0 1021.0 173.5 0.00576 0.1749 1.7431

23.81 3 141.52 109.4 1121.6 1012.3 118.5 0.00845 0.2008 1 .6840

21.78 4 . 153.01 120.9 1126.5 1005.7 90.5 0.01107 0.2198 1.6416
19.74 5 162.28 130.1 1130.5 1030.3 73.33 0.01364 0.2348 1 .6084
17.70 6 170.06 137.9 1133.7 995.8 61.89 0.01616 0.2471 1.5814
15.67 7 176.85 144.7 1136.5 991.8 53.56 0.01867 0.2579 1.5582
13.63 .8 182.86 150.8 1139.0 988.2 47.27 0.02115 0.2673 1.5380
11.60 9 188.27 156.2 1141.1 985.0 42.36 0.02361 0.2756 1.5202
9.56 10 193.22 161.1 1143.1 982.0 38.38 0.02606 0.2832 1.5042
7.52 11 197.75 165.

Z

1144.9 979.2 35.10 0.02849 0.2902 I .4895
5.49 12 201 .96 169.9 1146.5 976.6 32.36 0.03090 0.2967 1 .4760

3.45 13 205.87 173.8 1148.0 974.2 30.03 0.03330 0.3025 1.4639
1.42

lbs.
gage.

14 209.55 177.5 1149.4 971.9 28.02 0.03569 0.3081 1.4523

14.70 212 180.0 1150.4 970.4 26.79 0.03732 0.3118 1.4447
0.3 15 213.0 181.0 1150.7 %9.7 26.27 0.03806 0.3133 1.4416
1.3 16 216.3 184,4 1152.0 967.6 .24.79 0.04042 0.3183 1.4311
2.3 17 219.4 187.5 1153.1 965.6 23.38 0.04277 0.3229 1.4215
3.3 18. 222.4 190.5 1154.2 963.7 22.16 0.04512 0.3273 1.4127
4.3 19 225.2 193.4 1155.2 961.8 21.07 0.04746 0.3315 1.4045

5.3 20 228.0 196.1 1156.2 960.0 20.08 0.04980 0.3355 1 .3965

6.3 21 230.6 198.8 1157.1 958.3 19.18 0.05213 0.3393 1 .3887

7.3 22 233.1 201.3 1158.0 956.7 18.37 0.05445 0.3430 1.3811

8.3 23 235.5 203.8 1158.8 955.1 17.62 0.05676 0.3465 I .3739

9.3 24 237.8 206.1 1159.6 953.5 16.93 0.05907 0.3499 1 .3670

10.3 25 240.1 208.4 1160.4 952.0 16.30 0.0614 0.3532 1 .3604

11.3 26 242.2 210.6 1161.2 950,6 15.72 0.0636 0.3564 1 .3542

12.3 27 244.4 212.7 1161.9 949.2 15.18 0.0659 0.3594 1 .3483

13.3 28 246.4 214.8 1162.6 947.8 14.67 0.0682 0.3623 1 .3425

14.3 29 248.4 216.8 1 163.2 945.4 14.19 0.0705 0.3652 1 .3367

15.3 30 250.3 218.8 1163.9 945.1 13.74 0.0728 0.3680 1.3311

16.3 31 252.2 220.7 1164.5 943.8 13.32 0.0751 0.3707 1 .3257

17.3 32 254.1 222.6 1165.1 942.5 12.93 0.0773 0.3733 1 .3205

18.3 33 255.8 224.4 1165.7 941.3 12.57 0.0795 0.3759 1.3155

19.3 34 257.6 226.2 1166.3 940.1 12.22 0.0818 0.3784 1.3107

20.3 33 259.3 227.9 1166.8 938.9 11.89 0.0841 0.3808 1.3060
21.3 36 26K0 229.6 1167.3 937.7 11.58 0.0863 0.3832 1.3014

22.3 37 262.6 231.3 1167.8 936.6 11.29 0.0886 0.3855 1 .2969

23.3 38 264.2 232.9 1168.4 935.5 11.01 0.0908 0.3877 1 .2925

24.3 39 265.8 234.5 1168.9 934.4 10.74 0.0931 0.3899 1.2882
25.3 40 267.3 236.1 1169.4 933.3 10.49 0.0953 0.3920 1 .2841

^^l 41 268.7 237.6 1169.8 932.2 10.25 0.0976 0.3941 1.2800
27.3 42 270.2 239.1 1170.3 931.2 10.02 3.0998 0.3962 1.2759
28.3 43 271.7 240.5 1170.7 930.2 9.80 3.1020 0.3982 1.2720
29.3 44 273.1 242.0 1171.2 929.2 9.59 3.1043 0.4002 1.2681
30.3 45 274.5 243.4 1171.6 928.2 9.39 3.1065 0.4021 1.2644



Proper ties of Saturated Steam. (Continued.)

£fl £^ Total Heat ^J> .. . .
03 i.

?n ' above 32° F. 'S ^^ o3 ^ ^

Si 15 ^J2
^3

.

•3
W

^i

1 i

i i
S 3

ft

u
<! >

IJ a

31.3 46 275.8 244.8 1172.0 927.2 9.20 0.1087 0.4040 1.2607

32.3 47 277.2 246.1 1172.4 926.3 9.02 0.1109 0.4059 1.2571

33.3 48 278.5 247.5 1172.8 925.3 8.84 0.1131 0.4077 1.2536
34.3 49 279.8 248.8 1173.2 924.4 8.67 0.1153 0.4095 1.2502
35.3 50 281.0 250.1 1173.6 923.5 8.51 0.1175 0.4113 1.2468
36.3 51 282.3 251.4 1174.0 922.6 8.35 0.1197 0.4130 1.2432
37.3 52 283.5 252.6 1174.3 921.7 8.20 0.1219 0.4147 1.2405

38.3 53 284.7 253.9 1174.7 920.8 8.05 0.1241 0.4164 1.2370

39.3 54 285.9 255.1 1175.0 919.9 7.91 0.1263 0.4180 1.2339

40.3 55 287.1 256.3 1175.4 919.0 7.78 0.1285 0.4196 1.2309

41.3 56 288.2 257.5 1175.7 918.2 7.65 0.1307 0.4212 1.2278
42.3 57 289.4 258.7 1176.0 917.4 7.52 0.1329 0.4227 1.2248

43.3 58 290.5 259.8 1176.4 916.5 7.40 0.1350 0.4242 1.2218

44.3 59 291.6 261.0 1176.7 915.7 7.28 0.1372 0.4257 1.2189
45.3 60 292.7 262.1 1177.0 914.9 7.17 0.1394 0.4272 1.2160

46.3 61 293.8 263.2 1177.3 914.1 7.06 0.1416 0.4287 1.2132

47.3 62 294.9 264.3 1177.6 913.3 6.95 0.1438 0.4302 1.2104

48.3 63 295.9 265.4 1177.9 912.5 6.85 0.1450 0.4316 1.2077

49.3 64 297.0 266.4 1178.2 911.8 6.75 0.1482 0.4330. 1.2050

50.3 65 293.0 267.5 1178.5 911.0 6.65 0.1503 0.4344 1.2024

51.3 66 299.0 268.5 1178.8 910.2 6.56 0.1525 0.4358 1.1998

52.3 67 300.0 269.6 1179.0 909.5 6.47 0.1547 0.4371 1.1972

53.3 68 301.0 270.6 1179.3 908.7 6.38 0.1569 0.4385 1 . 1946

54.3 69 302.0 271.6 1179.6 908.0 6.29 0.1590 0.4398 1.1921

55.3 70 302.9 272.6 1179.8 907.2 6.20 0.1612 0.4411 1.1896

56.3 71 303.9 273.6 1180.1 906.5 6.12 0.1634 0.4424 1.1872

57.3 72 304.8 274.5 1180.4 905.8 6.04 0.1656 0.4437 1.1848

58.3 73 305.8 275.5 1180.6 905.1 5.96 0.1678 0.4449 1.1825

59.3 74 306.7 276.5 1180.9 904.4 5.89 0.1699 0.4462 1.1801

60.3 75 307.6 277.4 1181.1 903.7 5.81 0.1721 0.4474 1.1778

61.3 76 308.5 278.3 1181.4 903.0 5.74 0.1743 0.4487 1.1755

62.3 77 309.4 279.3 1181.6 902.3 5.67 0.1764 0.4499 1.1730

63.3 78 310.3 280.2 1181.8 901.7 5.60 0.1786 0.4511 1.1712

64.3 79 311.2 281.1 1182.1 901.0 5.54 0.1808 0.4523 1.1687

65.3 80 312.0 282.0 1182.3 900.3 5.47 0.1829 0.4535 1.1665

66.3 81 312.9 232.9 1182.5 899.7 5.41 0.1851 0.4546 1.1644
67.3 82 313.8 283.8 1182.8 899.0 5.34 0.1873 0.4557 1.1623

68.3 83 314.6 284.6 1183.0 898.4 5.28 0.1894 0.4568 1.1602
69.3 84 315.4 285.5 1183.2 897.7 5.22 0.1915 0.4579 1.1581

70.3 85 316.3 286.3 1183.4 897.1 5.16 0.1937 0.4590 1.1561

71.3 86 317.1 287.2 1183.6 896.4 5.10 0.1959 0.4601 1.1540

72.3 87 317.9 288.0 1183.8 895.8 5.05 0.1980 0.4612 1 . 1520

73.3 88 318.7 288.9 1184.0 895.2 5.00 0.2001 0.4623 1.1500
74.3 89 319.5 289.7 1184.2 894.6 4.94 0.2023 0.4633 1.1481

75.3 90 320.3 290.5 1184.4 893.9 4.89 0.2044 0.4644 1.1461

76.3 91 321.1 291.3 1184.6 893.3 4.84 0.2065 0.4554 1.1442
77.3 92 321.8 292.1 1184.8 892.7 4.79 0.2087 0.4664 1.1423

78.3 93 322.6 292.9 1185.0 892.1 4.74 0.2109 0.4574 1.1404
79.3 94 323.4 293.7 1185.

2

891.5 4.69 0.2130 0.4684 1.1385

80.3 95 324.1 294.5 1185.4 890.9 4.65 0.2151 0.4694 1.1367

81.3 96 324.9 295.3 1185.6 890.3 4.60 0.2172 0.4704 1.1348

82.3 97 325.6 296.1 1185.8 889.7 4.56 0.2193 0.4714 1.1330

83.3 98 326.4 296.8 1186.0 889.2 4.51 0.2215 0.4724 1.1312

84.3 99 327.1 297.6 1186.2 888.6 4.47 0.2237 0.4733 1.1295

85.3 100 327.8 298.3 1186.3 888.0 4.429 0.2258 0.4743 1.1277

87.3 102 329.3 299.8 1186.7 886.9 4.347 0.2300 0.4762 1.1242

89.3 104 330.7 301.3 1187.0 885.8 4.268 0.2343 0.4780 1.1208



Properties of Saturated Steam. {Continued.)

of . 2fl Total Heat K^lJ-
.

(D i.

s-
|w above 32° F.

'A.
S^ 3

t^
!4

-B >
S a'
urn

I i
1 ^

"
1

•si

11 Mc o

< H a W a M ^ > w H
91.3 ~T06~ 332.0 302.7 1187.4 884.7 4.192 02386 0.4798 1.117^

93.3 108 333.4 304.1 1187.7 883.6 4.118 0.2429 0.4816 1.114
95.3 110 334.8 305.5 1 188.

a

882.5 4.047 0.2472 0.4834 1.1106
97.3 112 336.1 306.9 1188.4 881.4 3.978 0.2514 0.4852 1 . 107«

99.3 114 337.4 308.3 1188.7 880.4 3.912 0.2556 0.4869 1.1045
101.3 116 338.7 309.6 1189.0 879.3 3.848 0.2599 0.4886 1.10H
103.3 118 340.0 311.0 1189.3 878.3 3.786 0.264! 0.4903 1.0984
105.3 120 341.3 312.3 1189.6 877.2 3.726 0.2683 0.4919 1 .0954

107.3 122 342.5 313.6 1189.8 876.2 3.668 0.2726 0.4935 1.0924
109.3 124 343.8 314.9 1190.1 875.2 3.611 0.2769 0.4951 1.0895
111.3 126 345.0 316.2 1190.4 874.2 3.556 0.2812 0.4967 1.0865
113.3 128 346.2 317.4 1190.7 873.3 3.504 0.2854 0.4982 1.0837
115.3 130 347.4 318.6 1191.0 872.3 3.452 0.2897 0.4998 1 .0809

117.3 132 348.5 319.9 1191.2 871.3 3.402 0.2939 0.5013 1.0782
119.3 134 349.7 321". 1 1191.5 870.4 3.354 0.2981 0.5028 1.0755
121.3 136 350.8 322.3 1191.7 869.4 a.308 0.3023 0.5043 1.072S
123.3 138 352.0 323.4 1192.0 868.5 3.263 0.3065 0.5057 1.0702
125.3 140 353.1 324.6 1192.2 867.6 3.219 0.3107 0.5072 1.0675
127.3 142 354.2 325.8 1192.5 866.7 3.175 0.3150 0.5086 1.0649
129.3 144 355.3 326.9 1192.7 865.8 3.133 0.3192 0.5100 1.0624
131.3 146 356.3 328.0 1192.9 864.9 3.092 0.3234 0.5114 1.0599
133.3 148 357.4 329.1 1193.2 864.0 3.052 0.3276 0.5128 1.0574
135.3 150 358.5 330.2 1193.4 863.2 3.012 0.3320 0.5142 1.055C
137.3 152 359.5 331.4 1193.6 862.3 2.974 0.3362 0.5155 1.0525
139.3 154 360.5 332.4 1193.8 861.4 2.938 0.3404 0.5169 1.0501
141.3 156 361.6 333.5 1194.1 860.6 2.902 0.3446 0.5182 1 .0477

143.3 158 362.6 334.6 1194.3 859.7 2.868 0.3468 0.5195 1 .0454

145.3 160 363.6 335.6 1194.5 858.8 2.834 0.3529 0.5208 1.0431
147.3 162 364.6 336.7 1194.7 858.0 2.801 0.3570 0.5220 1 .0409

149.3 164 365.6 337.7 1194.9 857.2 2.769 0.3612 0.5233 1 .0387

151.3 166 366.5 338.7 1195.1 856.4 2.737 0.3654 0.5245 1 .0365

153.3 168 367.5 339.7 1195.3 855.5 2.706 0.3696 0.5257 1.0343

155.3 170 368.5 340.7 1195.4 854.7 2.675 0.3738 0.5269 1.0321

157.3 172 369.4 341.7 1195.6 853.9 2.645 0.3780 0.5281 1.O3O0

159.3 174 370.4 342.7 1195.8 853.1 2.616 0.3822 0.5293 1.027fi

161.3 176 371.3 343.7 1196.0 852.3 2.588 0.3864 0.5305 1.0257

163.3 178 372.2 344.7 1196.2 851.5 2.560 0.3906 0.5317 1.0235

165.3 180 373.1 345.6 II96.4 850.8 2.533 0.3948 0.5328 1.0215

167.3 182 374.0 346.6 1196.6 850.0 2.507 0.3989 0.5339 1.0195

169.3 184 374.9 347.6 1196.8 849.2 2.481 0.4031 0.5351 1.0174

171.3 186 375.8 348.5 1196.9 848.4 2.455 0.4073 0.5362 1.0154

173.3 183 376.7 349.4 1197.1 847.7 2.430 0.4115 0.5373 1.0134

175.3 190 377.6 350.4 1197.3 846.9 2.406 0.4157 0.5384 1.0114

177.3 192 378.5 351.3 1197.4 846.1 2.381 0.4199 0.5395 1.0095

179.3 194 379.3 352.2 1197.6 845.4 2.358 0.4241 0.5405 1.0076

181.3 196 380.2 353.1 1197.8 844.7 2.335 0.4283 0.5416 1.0056

183.3 198 381.0 354.0 1197.9 843.9 2.312 0.4325 0.5426 1.0038
185.3 200 381.9 354.9 1198.1 843.2 2.290 0.437 0.5437 1.001^

190.3 205 384.0 357.1 1198.5 841.4 2.237 0.447 0.5463 0.997:
195.3 210 386.0 359.2 1198.8 839.6 2.187 0.457 0.5488 0.992f
200.3 215 388.0 361.4 1199.2 837.9 2.138 0.468 0.5513 0.988=

205.3 220 389.9 363.4 1199.6 836.2 2.091 0.478 0.5538 0.984
210.3 225 391.9 365.5 1199.9 834.4 2.046 0.489 0.5562 0.979?
215.3 230 393.8 367.5 1200.2 832.8 2.004 0.499 0.5586 0.975e
220.3 235 395.6 369.4 1200.6 831.1 1.964 0.509 0.5610 0.9717
225.3 240 397.4 371.4 1200.9 829.5 1.924 0.520 0.5633 0.9676
230.3 245 399.3 373.3 1201.2 827.9 1.887 0.530 0.5655 0.963J



Properties of Saturated Steam. (Coniinued.)
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235.3 250 401.1 375.2 1201.5 826.3 1 .850 0.541 0.5676 0.9600
245.3 260 404.5 378.9 1202.1 823.1 1.782 0.561 0.5719 0.9325
255.3 270 407.9 382.5 1202.6 820.1 1.718 0.582 0.5760 0.9454
265.3 280 411.2 386.0 1203.1 817.1 1.658 0.603 0.5800 0.9385
275.3 290 414.4 389.4 1203.6 814.2 1.602 0.624 0.5840 0.9316
285.3 300 417.5 392.7 1204.1 811.3 1.551 0.645 0.5878 0.9251
295.3 310 420.5 395.9 1204.5 80S. 5 1.502 0.666 0.5915 0.9187
305.3 320 423.4 399.1 1204.9 803.8 1.456 0.687 0.5951 0.9125
3J5.3 330 426.3 402.2 1205.3 803.1 1.413 0.708 0.5986 0.9065
325.3 340 429.1 405.3 1205.7 800.4 1.372 0.729 0.6020 0.9006
335.3 350 431.9 408.2 1206.1 797.8 1.334 0.750 0.6053 0.8949
345.3 360 434.6 411.2 1206.4 795.3 1.298 0.770 0.6085 0.8894
355.3 370 437.2 414.0 1206.8 792.8 1.264 0.791 0.6116 0.8840
365.3 380 439.8 416.8 1207.1 790.3 1.231 0.812 0.6147 0.8788
375.3 390 442.3 419.5 1207.4 787.9 1.200 0.833 0.6178 0.8737
385.3 400 444.8 422 1208 786 1.17 0.86 0.621 0.868
435.3 450 456.5 435 .1209 774 1.04 0.96 0.635 0.844
485.3 500 467.3 448 1210 762 0.93 1.08 0.648 0.822
535.3 350 477.3 459 1210 751 0.83 1.20 0.659 0.801
585.3 600 486.6 469 1210 741 0.76 1.32 0.670 0.783

Properties of Superheated Steam, Marks & Davis and Goodenough
Compared.

V = volume, cu. ft. per lb. ; h = total heat above 32° F. ; n = entropy.
The figures in the upper lines are from Marks and Davis's tables,

those in the lower lines (the differing digits only being given) are inter-
polated from Goodenough 's tables, in which the figures are for steam
of given temperatures, not even degrees of superheat.

Abso-
lute Temp. Superheat, Degrees Fahrenheit.

Pres- Sat.

sure.
Steam. 50 100 150 200 250 300 400 500

20 228.0 V 21.69

8

23.25
3

24.80
.77

26.33
.29

27.85

1

29.37

1

32.39
1

35.40
30

h 1179.9 1203.5 1227.1 1250.6 1274.1 1297.6 1344.8 1392.2

7.3 6.0 9.8 3.5 7.0 300.7 8.5 7.0

n 1.7652 1.7961 1.8251 1.8524 1.8781 1.9026 1.9479 1.9893

86 8000 92 64 823 69 530 956
100 327.8 V 4.79 5.14 5.47 5.80 6.12 6.44 7.07 7.69

3 6 .79 1 3 4

h 1213.8 1239.7 1264.7 1289.4 1313.6 1337.8 1385.9 1434.1

5.9 42.5 8.3 93.6 8.7 43.7 93.6 43.9

n 1.6358 1.6658 1.6933 1.7188 1.7428 1.7656 1.8079 1.8468

84 91 74 235 84 720 159 566
200 381.9 V 2.49 2.68 2.86 3.04 3.21 3.38 3.71

.50 9 5 2 .18 4 .66

h 1229.8 1257.1 1282.6 1307.7 1332.4 1357.0 1405.9

1 8.0 5.7 12.7 9.0 65.1 16.8

n 1.5823 1.6120 1.6385 1.6632 1.6862 1.7082 1.7493

09 5 411 76 922 156 596

300 417.5 V 1.69 1.83 1.96 2.09 2.21 2.33 2.55

2 4 6 .18 .29

h 1240.3 1268.2 1294.0 1319.3 1344.3 1369.2 1418.6

35.0 5.9 5.2 23.3 51.0 78.1 31.5

n 1.5530 1.5824 1.6082 1.6323 1.6550 1.6765 1.7168

458 784 76 44 94 829 265
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Properties of Superheated Steam.
(Condensed from Marks and Davis's Steam Tables and Diagrams.)

=* specific volume in cu. ft. per lb., h = total heat, from water at
32° F. in B.T.U. per lb., n = entropy, from water at 32°.

IJ,
Degrees of Superheat.

20 50 100 150 200 250 300 400 500

20 228. C V 20.08 20.73 21.69 23.25 24.80 26.33 27.85 29.37 32.39 35.40
h 1156.2 1165.7 1179.9 1203.5 1227.1 1250.6 1274.1 1297.6 1344.8 1392.2
n 1.7320 1.7456 1.7652 1.7961 1.8251 1.8524 1.8781 1.9026 1.9479 1.9893

40 267.3 V 10.49 10.83 11.33 12.13 12.93 13.70 14.48 15.25 16.78 18.30
h 1169.4 1179.3 1194.0 1218.4 1242.4 1266.4 1290.3 1314.1 1361.6 1409.3
n 1.6761 i.6895 1.7089 1.7392 1.7674 1.7940 1.8189 1.8427 1.8867 1.9271

60 292.7 v7.17 7.40 7.75 8.30 8.84 9.36 9.89 10.41 11.43 12.45
h 1177.0 1187.3 1202.6 1227.6 1252.1 1276.4 1300.4 1324.3 1372.2 1420.0
n 1.6432 1.6568 1.6761 1.7062 1.7342 1.7603 1.7849 1.8081 1.8511 1.8908

80 312.0 v5.47 5.65 5.92 6.34 6.75 7.17 7.56 7.95 8.72 9.49
h 1182.3 1193.0 1208.8 1234.3 1259.0 1283.6 1307.8 1331.9 1379.8 1427.9
n 1.6200 1.6338 1.6532 1.6833 1.7110 1.7368 1.7612 1.7840 1.8265 1.8658

100 327.8 v4.43 4.58 4.79 5.14 5.47 5.80 6.12 6.44 7.07 7.69
h 1186.3 1197.5 1213.8 1239.7 1264.7 1289.4 1313.6 1337.8 1385.9 1434.1
n 1.6020 1.6160 1.6358 1.6658 1.6933 1.7188 1.7428 1.7656 1.8079 1.8468

120 341.3 v3.73 3.85 4.04 4.33 4.62 4.89 5.17 5.44 5.96 6.48
h 1189.6 1201.1 1217.9 1244.1 1269.3 1294.1 1318.4 1342.7 1391.0 1439.4
n 1.5873 1.6016 1.62i6 1.6517 1.6789 1.7041 1.7280 1.7505 1.7924 1.831

140 353.1 V3.22 3.32 3.49 3.75 4.00 4.24 4.48 4.71 5.16 5.61
h 1192.2 1204.3 1221.4 1248.0 1273.3 1298.2 1322.6 1346.9 1395.4 1443.8
n 1.5747 1.5894 1.6096 1.6395 1.6666 1.6916 1.7152 1.7376 1.7792 1.8177

160 363.6 v2.83 2.93 3.07 3.30 3.53 3.74 3.95 4.15 4.56 4.95
h 1194.5 1207.0 1224.5 1251.3 1276.8 1301.7 1326.2 1350.6 1399.3 1447.9
n 1.5639 1.5789 1.5993 1.6292 i.6561 1.6810 1.7043 1.7266 1.7680 1.8063

180 373.1 v2.53 2.62 2.75 2.96 3.16 3.35 3.54 3.72 4.09 4.44
h 1196.4 1209.4 1227.2 1254.3 1279.9 1304.8 1329.5 1353.9 1402.7 1451.4
n 1.5543 1.5697 1.5904 1.6201 1.6468 1.6716 1.6948 1.7169 1.7581 1.7962

200 381.9 v2.29 2.37 2.49 2.68 2.86 3.04 3.21 3.38 3.71 4.03
h 1198.1 1211.6 1229.8 1257.1 1282.6 1307.7 1332.4 1357.0 1405.9 1454.7
n 1.5456 1.5614 1.5823 1.6120 1.6385 1.6632 1.6862 1.7082 1.7493 1.7872

220 389.9 v2.09 2.16 2.28 2.45 2.62 2.78 2.94 3.10 3.40 3.69
h 1199.6 1213.6 1232.2 1259.6 1285.2 1310.3 1335.1 1359.8 1408.8 1457.7
n 1.5379 1.5541 1.5753 1.6049 1.6312 1.6558 1.6787 1.7005 1.7415 1.7792

240 397.4 V 1.92 1.99 2.09 2.26 2.42 2.57 2.71 2.85 3.13 3.40
h 1200.9 1215.4 1234.3 1261.9 1287.6 1312.8 1337.6 1362.3 1411.5 1460.5
n 1.5309 1.5476 1.5690 1.5985 1.6246 1.6492 1 .6720 1.6937 1.7344 1.7721

260 404.5 V 1.78 1.84 1.94 2.10 2.24 2.39 2.52 2.65 2.91 3.16
h 1202.1 1217.1 1236.4 1264.1 1289.9 315.1 1340.0 1364.7 1414.0 1463.2
n 1.5244 1.5416 1.5631 1.5926 1.6186 .6430 1.6658 1.6874 1.7280 1.7655

280 411.2 V 1.66 1.72 1.81 1.95 2.09 2.22 2.35 2.48 2.72 2.95
h 1203.1 1218.7 1238.4 1266.2 1291.9 317.2 1342.2 1367.0 1416.4 1465.7
n 1.5185 1.5362 1.5580 1.5873 1.6133 .6375 1.6603 1.6818 1.7223 1 7597

300 417.5 V 1.55 1.60 1.69 1.83 1.96 2.09 2 21 2.33 2.55 2.77
h 1204.1 1220.2 1240.3 1268.2 1294.0 319.3 1344.3 1369.2 1418.6 1468.0
n 1.5129 1.5310 1.5530 .5824 1.6082 .6323 1.6550 1.6765 1.7168 1.7541

350 431.9 V 1.33 1.38 1.46 .58 1.70 .81 1.92 2.02 2.22 2.41
h 1206.1 1223.9 1244.6 272.7 1298.7 324.1 1349.3 1374.3 1424.0 1473.7
n 1.5002 1.5199 1.5423 .5715 1.5971 .6210 1.6436 1.6650 1.7052 1.7422

400 444.8 V 1.17 1.21 1.28 .40 1.50 .60 1.70 1.79 1.97 2.14
h 1207.7 1227.2 1248.6 276.9 1303.0 328.6 1353.9 1379.1 1429.0 1478.9
n 1.4894 1.5107 1.5336 .5625 1.5880 .6117 1.6342 1.6554 1.6955 1.7323

450 456.5 V 1.04 1.08 1.14 .25 1.35 .44 1.53 .61 1.77 1.93
h 1209 1231 1252 281 1307 333 1358 383 1434 484
n 1.479 1.502 1.526 .554 1.580 .603 1.626 .647 1.687 .723

500 467.3 vO.93 0.97 1.03 .13 .22 .31 1.39 .47 1.62 .76
hl210 1233 1256 285 311 337 362 388 1438 489

.^^_
n 1.470 1.496 1.519 .548 .573 .597 .619 1.640

1

1.679 .715
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FLOW OF STEAM.

Flow of Steam through a Nozzle. (From Clark on the Steam,
engine.) — The flow of steam of a greater pressure into an atmosphere of a
less pressure increases as the difference of pressure is increased, until the
external pressure becomes only 58% of the absolute pressure in the boiler,

The flow of steam is neither increased nor diminished by the fall of the ex-
ternal pressure below 58%, or about 4/7 of the inside pressure, even to
the extent of a perfect vacuum. In flowing through a nozzle of the best
form, the steam expands to the external pressure, and to the volume cue to
this pressure, so long as it is not less than 58% of the internal pressure.
For an external pressure of 58%, and for lower percentages, the ratio of
expansion is 1 to 1 .624.
When steam of varying initial pressures is discharged into the atmos-

phere — the atmospheric pressure being not more than 58% of the initial

pressure—the velocity of outflow at constant density, that is, supposing the

initial density to be maintained, is given by the formula V = 3.5953 ^//i•

V = velocity in feet per second, as for steam of the initial density;
U = the height in feet of a column of steam of the given initial pressure,

the weight of which is equal to the pressure on the unit of base.
The lowest initial pressure to which the formula applies, when the steam

is discharged into the atmosphere at 14.7 lbs. per sq. in., is (14.7 X 100/58)
= 25.37 lbs. per sq. in.

From the contents of the table below it appears that the velocity of out-
flow into the atmosphere, of steam above 25 lbs. per sq. in. absolute pres-
sure, increases very slowly with the pressure, because the density, and the
weight to be moved, increase with the pressure. An average of 900 ft. per
sec. may, for approximate calculations, be taken for the velocity of out-
flow as for constant density, that is, taking the volume of the steam at the
initial volume. For a fuller discussion of this subject see "Steam Tur-
bines, page 1085-
Outflow of Steam into the Atmosphere. — External pressure per

square inch, 14.7 lbs. absolute. Ratio of expansion in nozzle, 1.624.
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lbs. H.P.

25.37 863 1401 22 ..81 45.6 90 895 1454 77.94 155.9
30 867 1408 26.84 53.7 100 898 1459 86.34 172.7
40 874 1419 35.18 70.4 115 902 1466 98.76 197.5
50 880 1429 44.06 88.1 135 906 1472 115.61 231.2
60 885 1437 52.59 105.2 155 910 1478 132.21 264:4
70 889 1444 61.07 122.1 165 912 1481 140.46 280.9
75 891 1447 65.30 130.6 215 919 1493 181.58 363.2

Rateau's Formula. — A. Rateau, in 1895-6, made experiments with
converging nozzles 0.41, 0.59 and 0.95 in. diam., on steam of pressures from
1.4 to 170 lbs. per sq. in. In liis paper read at the Intl. Eng'g. Congress at
Glasgow (Eng. Rec, Oct. 16, 1901) he gives the following formula, appli-
cable when the final pressure, absolute, is less than 58% of the initial.
Pounds per hour per sq. in. area of orifice = 3.6 P (16.3 — 0.96 log P).
P = absolute pressure, lbs. per sq. in.

Napier's Approximate Rule. — Flow in pounds per second = ab-
solute pressure X area in square inches -5- 70. This rule gives results
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which closely correspond with those in the above table, and with results
. computed by Rateau's formula, as shown below.

Abs T)r6ss lbs
per sq. in....'... 25.37 40 60 75 100 135 165 215

;

Discharge permin.

,

by table, lbs.... 22.81 35.18 52.59 65.30 86.34 115.61 140.46 181.58
By T?,ateau's for-
mula 22.76 35.43 52.49 65.25 86.28 115.47 140.28 181.39

JBy Napier's rule. 21.74 34.29 51.43 64.29 85.71 115.71 141.43 184.29

Flow of Steam in Pipes.— The commonly accepted formula for

:flow of air, steam or gas in pipes is W = c \j '.
' ^' ^P^ - P'^ ^\ in which

W = the weight in poimds per minute, pi and pi = initial and final
1pressures in pounds per square inch, w = density in pounds per cubic
:foot, d = internal diameter of the pipe in inches, and L = length in
:feet, and c an experimental coefficient, which varies with the diameter
'Of the pipe. It varies also with the velocity and with the smoothness
of the pipe, but there are no authentic data for the amount of the
variations due to these causes. For the derivation of the formula, see
Ency. Brit., 11th ed., vol. xiv, p. 67, also "Steam," 1913 edition,
pubhshed by the Babcock & Wilcox Co.
The value of the coefficient c, as deduced by G. H. Babcock from

a study ofpubhshed experiments, is 87 Vtt^ It is probably as
- 3.6/d

nearly correct as can be derived from the few experimental records that
are available. For the different standard sizes of lap welded pipe the
value of c computed from Babcock's formula are as below:

Values of c for Standard Sizes of Lap-welded Pipe

Inter. Inter. Inter.
Size, Diam., c Size, Diam., e S*ize, Diam., c

In. In. . In. In. In. In.

a/2 0.622 33.4 4 4.026 63.2 12 12.00 76.3
3/4 0.824 37.5 41/2 4.506 64.8 13 13.25 77.1

a 1.049 41.3 5 5.047 66.5 14 14.25 77.7
'1 1/4 1.380 45.8 6 6.065 68.7 15 15.25 78.2
11/2 1.610 48.4 7 7.023 70.7 17 0.D. 16.214 78.7
2 2.067 52.5 8 7.981 72.2 18 0.D. 17.182 79.1
21/2 2.469 55.5 9 8.941 73.4 20 O.D. 19.182 79.8
3 3.068 59.0 10 10.02 74.5 22 0.D. 21.25 80.4
31/2 3.548 61.3 11 11.00 75.5 24 O.D. 23.25 81.0

The table, page 878, calculated from the formula with the above
"values of c gives the flow of steam in pounds per minute for a drop of
1 lb. pressure per 1000 ft. of length. For any other ratio of drop to
length multiply the figures in the table by the factors given below.

Factors for Correction of Table of Flow of Steam.
Drop lb. per

20
4.47

1000 ft. Vi y2 2 3 4 6 8 10 15
Factor 0.5 0.707 1.414 1.732 2 2.45 2.83 3.16 3.87
For Flow of Steam at low pressures, see Heating and Ventilation,

page 699.
Flow of Steam in Long Pipes, Ledoux's Formula. — In the flow

of steam or other gases in long pipes, the volume and the velocity are
increased as the drop in pressure increases. Taking this into account a
correct formula for flow would be an exponential one. Ledoux gives

^ = 0.699 y^^,:,,^-^.
Ures. {Annales des Mines, 1S92; Trans. A.S.M.E., xx., 365; Pow^r, June^

1907.) See Johnson's formula for flow of air, page 619.

, his notation being reduced to EngUsh meas-
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Carrying Capacity of Extra Heavy Steam Pipes.
(Power Specialty Co.)

.S^ ^
200 150 100 50 .S «

rt
200 150 100 50

"^S"^
lbs. lbs. lbs. lbs. 3^-, lbs. lbs. lbs. lbs.

Pounds of steam per
hour.

in- Pounds of steam per
hour.

1 0.71 1210 87:^ 618 362 6 25.93 40800 31600 27600 13210
11/4 1.27 2000 1555 1105 646 7 34.47 54600 42250 30000 17600
1 1/2 1.75 2750 2140 1525 894 8 44.18 69500 54000 38400 22450
2 2.9:5 4610 3590 7,550 1525 9 58.47 92000 71500 50800 29800
2V9 4.20 6610 5150 3660 2140 10 74.66 117300 91500 65000 38100
3 6.56 10300 8050 5720 3450 11 90.76 142800 111500 79200 46300
31/2 « K5 13900 10820 7720 4570 12 108.43 170500 133000 94750 55400
4 11.44 18000 14000 10000 5850 14 153.94 242000 188200 133900 78600
41/2 14.18 22300 17350 12320 7230 16 176.71 277500 216200 153800 90500
5 18.19 28610 22250 15800 9300 18 226.98 357000 278000 197500 115700

The quantities in the above table are based on the following velocities:
Steam superheated degrees F. 50 100 150 200 250
Velocity, ft. per min 8000 8500 8950 9450 9900 10450
Resistance to Flow by Bends, Valves, etc. (From Briggs on

Warming Buildings by Steam.) — The resistance at the entrance to a
tube when no special bell-mouth is given consists of two parts. The
head v'^ ^ 2g is expended in giving the velocity of flow; and the head
0.505 v"^ -^2g in overcoming the resistance of the mouth of the tube.
Hence the whole loss of head at the entrance is 1.505 v^ -^ 2g. This resist-
ance is equal to the resistance of a straight tube of a length equal to about
60 times its diameter. The loss at each sharp right-angled elbow is the
same as in flowing through a length of straight tube equal to about 40
times its diameter. For a globe steam stop-valve the resistance is

taken to be IV2 times that of the right-angled elbow.
Sizes of Steam-pipes for Stationary Engines. — An old common

rule is that steam-pipes supplying engines should be of such size that the
mean velocity of steam in them does not exceed 6000 feet per minute, in
order that the loss of pressure due to friction may not be excessive. The
velocity is calculated on the assumption that the cyUnder is filled at each
stroke. In modern practice with large engines and high pressures, this
rule gives unnecessarily large and costly pipes. For such engines the
allowable drop in steam pressure should be assumed and the diameter
calculated by means of the formulae given above.
An article in Power, May, 1893, on proper area of supply-pipes for

engines gives a table showing the practice of leading builders. To facili-
tate comparison, all the engines have been rated in horse-power at 40
pounds mean effective pressure. The table contains all the varieties of
simple engines, from the shde-valve to the Corhss, and it appears that
there is no general difference in the sizes of pipe used in the different types.
The averages selected from this table are as follows:

Diameters of Cylinders corresponding to Various Sizes of
Steam-pipes based on Piston-speed of Engine of 600 ft. per
Minute, and Allowable Mean Velocity of Steam in Pipe of
4000, 6000, AND 8000 FT. PER Minute. (Steam assumed to be
Admitted during Full Stroke.)

Diam. of pipe, inches. . 2 2V2 3
Vel. 4000 5.2 6.5 7.7
Vel. 6000 6.3 7.9 9.5
Vel. 8000 7.3 9.1 10.9
Horse-power, approx. . . 20 31 45
Diam. of pipes, inches.78 9
Vel. 4000 18.1 20.7 23.2
Vel. 6000 22.1 25.3 28.5
Vel. 8000 25.6 29.2 32.9
Horse-power, approx. .. 245 320 406

31/2
9.0

11.1
12.8
62

10
25.8
31.6
36.5
500

4
10.3
12.6
14.6

11
28.4
34.8
40.2
606

41/2
11.6
14.2
16.4
100

12
31.0
37.9
43.8
718

Formula. Area of pipe
Area of cylinder X piston-speed

.

5
12.9
15.8
18.3
125

13
33.6
41.1
47.5
845

6
15.5
19.0
21.9
180
14

36.1
44.3
51.1
981

' mean velocity of steam in pipe
For piston-speed of 600 ft. per min. and velocity in pipe of 4000, 6000,
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pi
T]

and 8000 ft. per min., area orpipe = respectively 0.15, 0.10, and 0.075X
area of cylinder. Diam. of pipe = respectively 0.3873,0.3162, and 0.2739X
diam. of cylinder. Thereciprocalsof these are2. 582, 3.162 and 3.651.

The first Hne in the above table may be used for proportioning exhaust-

lipes, in which a velocity not exceeding 4000 ft. per minute is advisable.

Jhe last line, approx. H.P. of engine, is based on the velocity pf 6000 It.

per min. in the pipe, using the corresponding diameter of piston, and

taking H.P. == 1/2 (diam. of piston in inches) .

Sizes of Steam-pipes for Marine Engines. — In marine-engine
practice the steam-pipes are generally not as large as in stationary practice

for the same sizes of cyhnder. Seaton gives the following rules:

Main Steam-pives should be of such size that the mean velocity of flow

does not exceed 8000 ft. per min.
, ^, , ,^ x 1

In large engines, 1000 to 2000 H.P., cutting off at less than half stroke,

the steam-pipe may be designed for a mean velocity of 9000 ft., ana.

10,000 ft. for still larger engines.
In small engines and engines cutting off later than half stroke, a velocity

of less than 8000 ft. per minute is desirable.
Taking 8100 ft. per min. as the mean velocity, S speed of piston in feet

per min., and D the diameter of the cylinder,

Diam. of main steam-pipe -= Vd^s h- 8100 = Z> V^ -^ 90.

Stop and Throttle Valves should have a greater area of passages than the
area of the main steam-pipe, on account of the friction through the cir-

cuitous passages. The shape of the passages should be designed so as to
avoid abrupt changes of direction and of velocity of flow as far as possible.

Area of Steam Ports and Passages =
I

Area of piston X speed of piston in ft. per min. (Diam.)^X speed

! 6000
" ~

7639
Opening of Port to Steam. — To avoid wire-drawing during admission

the area of opening to steam should be such that the mean velocity of
flow does not exceed 10,000 ft. per min. To avoid excessive clearance
the width of port should be as short as possible, the necessary area being
obtained by length (measured at right angles to the line of travel of the
valve). In practice this length is usually 0.6 to 0.8 of the diameter of
the cylinder, but in long-stroke engines it may equal or even exceed the
diameter.

Exhaust Passages and Pipes. — The area should be such that the mean
velocity of the steam should not exceed 6000 ft. per min., and the area
should be greater if the length of the exhaust-pipe is comparntively long.
The area of passages from cylinders to receivers should be &L;ch that the.
velocity will not exceed 5000 ft. per min.

'The following table is computed on the basis of s. mean velocity of flow
of 8000 ft. per min. for the main steam-pipe, 10,000 for opening to bteam,
and 6000 for exhaust. A = area of piston. D its diameter.

Steam and Exhatjst Openings.

Piston-
speed,

ft. per min.

Area of Diam. of Area of Opening
Steam-pipe

^ D.
Steam-pipe

-i- A.
Exhaust Exhaust

i- A.
to Steam

300 0.194 0.0375 0.223 0.0500 0.03
400 0.224 0.0500 0.258 0.0667 0.04
500 0.250 0.0625 0.288 0.0833 0.05
600 0.274 0.0750 0.316 0.1000 0.06
700 0.296 0.0875 0.341 0.1167 0.07
800 0.316 0.1000 0.365 0.1333 0.08
900 0.335 0.1125 0.387 0.1500 0.09
1000 0.353 0.1250 0.400 0.1667 0.10

.Proportioning Steam-Pipes for Minimum Total Loss by Radiation
axia Friction. — For a given size of pipe and quantity of steam to be
carried the loss of pressure due to friction is calculated by formulae given
above, or taken from the tables. The work of friction, being converted
into heat, tends to dry or superheat the steam, but its influence is usually
so small that it may be neglected. The loss of heat by radiation tends to
destroy the superheat and condense some of the steam into water. Foi
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well-covered steam-pipes this loss may be estimated at about 0.3
B.T.U. per sq. ft. of external surface of the pipe per hour per degree of
difference of temperature between that of the steam and that of the
surrounding atmosphere (see Steam-pipe Coverings, p. 584).
A practical problem in power-plant design is to find the diameter of

pipe to carry a given quantity of steam with a minimum total loss of
available energy due to both radiation and friction, considering also the
money loss due to interest and depreciation on the value of the pipe
and covering as erected. Each case requires a separate arithmetical
computation, no formula yet being constructed to fit the general case.
An approximate method of solution, neglecting the slight gain of heat by
the steam from the work of friction, and assuming that the water con-
densed by radiation of heat is removed by a separator and lost, is as fol-

lows: Calculate the amount of steam required by the engine, in pounds
per minute. From a steam pipe formula or table find the several drops
of pressure, in lbs. per sq. in., in pipes of different assumed diameters, for
the given quantity of steam and the given length of pipe. Compute from
a theoretical indicator diagram of steam expanding in the engine the loss
of available work done by 1 lb. of steam, due to the several drops already
found, and the corresponding fraction of 1 lb. of steam that will have to
be supplied to make up for this loss of work. State this loss as equiva-
lent to so many pounds of steam per 1000 lbs. of steam carried. Calcu-
late the loss in lbs. of steam condensed by radiation in the pipes of the
different diameters, per 1000 lbs. carried. Add the two losses together
for each assumed size of pipe, and by inspection find which pipe gives the
lowest total loss. The money loss due to cost and depreciation may also
be figured approximately in the same unit of lbs. of steam lost per 1000
lbs. carried, by taking the cost of the covered pipe, assuming a rate of
interest and depreciation, finding the annual loss in cents, then from the
calculated value of steam, wliich depends on the cost of fuel, find the
equivalent quantity of steam which represents this money loss, and
the equivalent lbs. of steam per 1000 lbs. carried. This is to be added to
the sum of the losses due to friction and radiation, and it will be found to
modify somewhat the conclusion as to the diameter of pipe and the drop
wMch corresponds to a minimum total loss.

Instead of determining the loss of available work per pound of steam
from theoretical indicator diagrams, it may be computed approximately
on the assumption, based on the known characteristics of the engine,
that its efficiency is a certain fraction of that of an engine working between
the same hmits of temperature on the ideal Carnot cycle, as shown in
the table below, and from the efficiency thus found, compared with the
efficiency at the given initial pressure less the drop, the loss of work may
be calculated.

Available Maximum Thermal Efficiency of Steam Expanded
between the given pressures and 1 lb. absolute, based on
THE Carnot Cycle. (E = Ti - T2) -i- Ti.

Maximum Initial Absolute Pressures.

less than Maxi- 100 125 1 150 1 175 1 200 | 225 | 250 |
275 1 300

mum, Lbs. Maximum Thermal Efficiency.

2
5 ,. .. .

0.287
.286
.284
.280
.272

0.302
.301

.299

.296

.290

0.314
.313
.312
.309

.304

0,324
.323
.322
.320

.316

0.333
.332
.331

.329

.326

0.341
.340
.339
.337

.335

0.348
.347

.346

.345

.342

0.354
.354
.353

.352

.349

0.360
.359
.359

10

20
.358
.356

.This table shows that if the initial steam pressure is lowered from
100 lbs. to 80 lbs., the efficiency of the Carnot cycle is reduced from
0.287 to 0.272, or over 5%, but if steam of 300 lbs. is lowered to 280 lbs.
the efficiency is reduced only from 0.360 to 0.356 or 1.1%. With high-
pressure steam, therefore, much greater loss of pressure by friction of
steam pipes, valves and ports is allowable than with steam of low pressure.

TheoreticaUy the loss of efficiency due to drop in pressure on account
of friction of pipes should be less than that indicated in the above table,
since the work of friction tends to superheat the steam, but practically
most, if not all, of the superheating is lost by radiation.
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By a method of calculation somewhat similar to that above outlined,
the following figures were foimd, in a certain case, of the cost per day
of the transmission of 50,000 lbs. of steam per hour a distance of 1000
feet, with 100 lbs. initial pressure.

Diameter of Pipe. 6 in. 7 in. Sin. 10 in. 12 in.

1. Interest, etc., 12% per annum.

.

$0.39
1.51

0.86

$0.46
1.76
0.38

$0.53
2.01
0.19

$0.66
2.51
0.06

$0.84
3.02

3. Friction 0.02

Total per day $2.76 $2.60 $2.73 $3.23 $3.88

STEAM-PIPES.
Bursting-tests of Copper Steam-pipes. (From Heport of Chief

Engineer Melville, U. S. N., for 1892.) — Some tests were made at the
New York Navy Yard which show the unreUabihty of brazed seams in
copper pipes. Each pipe was 8 in. diameter inside and 3 ft. 1 s/g in. long.
Both ends were closed by ribbed heads and the pipe was subjected to a
hot-water pressure, the temperature being maintained constant at 371° F.
Three of the pipes were made of No. 4 sheet copper (Stubs gauge) and the
fourth was made of No. 3 sheet.
The following were the results, in lbs. per sq. in., of bursting-pressure:

Pipe number 1 2 3 4 4'

Actual bursting-strength . . 835 785 950 1225 1275
Calculated " " 1336 1336 1569 1568 1568
Difference 501 551 619 343 293

The tests of specimens cut from the ruptured pipes show the injurious
action of heat upon copper sheets; and that, while a white heat does not
change the character of the metal, a heat of only slightly greater degree
causes it to lose the fibrous nature that it has acquired in rolling, and a
serious reduction in its tensile strength and ductility results,
A Failure of a Brazed Copper Steam-pipe on the British steamer

Prodano was investigated by Prof. J. O. Arnold. He found that the
brazing was originally sound, but that it had deteriorated by oxidation
of the zinc in the brazing alloy by electrolysis, which was due to the
presence of fatty acids produced by decomposition of the oil used in the
engines. A full account of the investigation is given in The Engineer,
April 15, 1898.
Reinforcing Steam-pipes. (Eng., Aug. 11, 1893.) — In the Italian

Navy copper pipes above 8 in. diam. are reinforced by wrapping them with
a close spiral of copper or Delta-metal wire. Two or three independent
spirals are used for safety in case one wire breaks. They are wound at a
tension of about 1 1/2 tons per sq. in.

Materials for Pipes and Valves for Superheated Steam. (M. "W.
Kellogg, Trans. A. S. M. E., 1907.) — The latest practice is to do away
with fittings entirely on high-pressure steam lines and put what are known
as "nozzles" on the piping itself. This is accomplished by welding
wrought-steel pipe on the side of another section, so as to accomplish
the same result as a fitting. In this way rolled or cast steel flanges and a
Rockwood or welded joint can be used. This method has three distinct
advantages: 1. The quaUty of the metal used. 2. The lightening of the
entire work. 3. The doing away with a great many joints.

As a general average, at least 50% of the joints can be left out; some-
times the proportion runs up as high as 70%.

Above 575° F. the limit of elasticity in cast iron is reached with a
pressure varying from 140 to 175 pounds. Under such conditions the
material is strained and does not resume its former shape, eventually-
showing surface cracks which increase until the pipe breaks. [This state-
ment concerning cast iron does not seem to agree with the one on page
464, to the effect that no diminution in its strength takes place under
900° F.]

Tests by Bach on cast steel show that at 572° F. the reduction in break-
ing strength amounts only to 1.1% and at 752° F. to about 8%. '

The effect of temperature on nickel is similar to that on cast steel and
in consequence this material is very suitable for use in connection with
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Wghv/ superheated steam. Bach recommends that bronze alloys be
done away with for use on steam lines above a temperature of about
390° F.
The old-fasliioned screwed joint, no matter how well made, is not

suitable for superheated steam work.
. In making up a joint, the face of all flanges or pipe where a joint is made
should be given a fine tool finish and a plane surface, and a gasket should
be used. The best results have been obtained with a corrugated soft
Swedish steel gasket with ""Smooth-on" appUed, and with the McKim
gasket, which is of copper or bronze surrounding asbestos. On super-
heated steam Unes a corrugated copper gasket will in time pit out in
some part of the flange nearly through the entire gasket.

Specifications for pipes and fittings for superheated steam service were
pubhshed by Crane Co., Chicago, in the Valve World, 1907.
Riveted Steel Steam-pipes have been used for high pressures. See

paper on A Method of Manufacture of Large Steam-pipes, by Chas. H.
Manning, Trans. A. S. M. E., vol. xv.
Valves in Steam-pipes. — Should a globe-valve on a steam-pipe have

the steam-pressure on top or underneath the valve is a disputed question.
With the steam-pressure on top, the stuffing-box around the valve-stem
cannot be repacked without shutting off steam from the whole line of
pipe; on the other hand, if the steam-pressure is on the bottom of the
valve it aU has to be sustained by the screw-thread on the valve-stem,
and there is danger of stripping the thread.
A correspondent of the American Machinist, 1892, says that it is a very

uncommon thing in the ordinary globe-valve to have the thread give out,
but by water-hammer and merciless screwing the seat will be crushed
down quite frequently. Therefore with plants where only one boiler is

used he advises placing the valve with the boiler-pressure underneath it.

On plants where several boilers are connected to one main steam-pipe
he would reverse the position of the valve, then when one of the valves
needs repacking the valve can be closed and the pressure in the boilei
whose pipe it controls can be reduced to atmospheric by lifting the safety-
valve. The repacking can then be done without interfering with the
operation of the other boilers of the plant.
He proposes also the following other rules for locating valves: Place

valves with the stems horizontal to avoid the formation of a water-pocket.
Never put the junction-valve close to the boiler if the main pipe is above
the boiler, but put it on the liighest point of the junction-pipe. If the other
plan is followed, the pipe fiUs with water whenever this boiler is stopped
and the others are running, and breakage of the pipe may cause serious
results. Never let a junction-pipe run into the bottom of the main pipe,
but into the side or top. Always use an angle-valve where convenient,
as there is more room in them. Never use a gate valve under high pressure
unless a by-pass is used with it. Never open a blow-off valve on a boiler
a little and then shut it; it is sure to catch the sediment and ruin the
valve; throw it well open before closing. Never use a globe-valve on an
indicator-pipe. For water, always use gate or angle valves or stop-cocks
to obtain a clear passage. Buy if possible valves with renewable disks.
Lastly, never let a man go inside a boiler to work, especially if he is to
hammer on it, unless you break the joint between the boiler and the
valve and put a plate of steel between the flanges.
The " Steam-Loop " is a system of piping by which water of con-

densation in steam-pipes is automatically returned to the boiler. In its

simplest form it consists of three pipes, wliich are called the riser, the
horizontal, and the drop-leg. When the steam-loop is used for returning
to the boiler the water of condensation and entrainment from the steam-
pipe through which the steam flows to the cylinder of an engine, the riser
is generally attached to a separator; tliis riser empties at a suitable
height into the horizontal, and from thence the water of condensation is

led into the drop-leg, which is connected to the boiler, into which the
water of condensation is fed as soon as the hydrostatic pressure in the
drop-leg in connection with the steam-pressure in the pipes is sufficient to
overcome the boiler-pressure. The action of the device depends on the
following principles: Difference of pressure may be balanced by a water-
column; vapors or liquids tend to flow to the point of lowest pressure;
rate of flow depends on difference of pressure and mass; decrease of static

pressure in a gteara-pipe or chamber is proportional to rjite of condeii-
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sation; in a steam-current water will be carried or swept along rapidly
by friction. (Illustrated in Modern Mechanism, p. 807. Patented by
J. H. Blessing, Feb. 13, 1872, Dec. 28, 188.3.) Mr. Blessing thus describes
the operation of the loop in Eng. Review, Sept., 1907.
The heating system is so arranged that the water of condensation from

the radiators gravitates towards some low point and thence is led into the
top of a receiver. After this is done it is found that owing to friction
caused by the velocity of the steam passing through the different pipes
and condensation due to radiation, the steam pressure in the small drip
receiver is much less than that in the boiler. This difference will deter-
mine the height, or the length of the loop, that must be employed so that
the water will gravitate through it into the boiler; that is to say, if there is

10 lbs. difference in pressure, the descending leg of the loop should extend
about 30 feet above the water-level in the boiler, since a column of water
2.3 ft. is equal to 1 lb. pressure, and a difference in pressure of 10 lbs.
would require a column 23 ft. high. If we make the loop 30 feet high
we shall have an additional length of 7 ft. with which to overcome fric-
tion. The water, after it reaches the top of the loop, composed of a
larger section of pipe, will fiow into the boiler through the descending
leg with a velocity due to the extra 7 ft. added to the discharging leg.
Loss from an Uncovered Steam-pipe. (Bjorling on Pumping-

engines.) — The amount of loss by condensation in a steam-pipe carried
down a deep mine-shaft has been ascertained by actual practice at the
Clay Cross Colhery, near Chesterfield, where there is a pipe 71 2 in. internal
diam., 1100 ft. long. The loss of steam by condensation was ascertained
by direct measurement of the water deposited in a receiver, and was found
to be equivalent to about 1 lb. of coal per I.H.P. per hour for every 100 ft.

of steam-pipe; but there is no doubt that if the pipes had been in the up-
cast shaft, and well covered with a good non-conducting material, the loss
would have been less. (For Steam-pipe Coverings, see p. 584, ante.)
Condensation in an Underground Pipe Line. (W. W. Christie,

Eng. Rec, 1904.) — A length of 300 ft. of 4-in. pipe, enclosed in a box
of 11/4-in. planks, 10 ins. square inside, and packed with mineral wool,
was laid in a trench, the upper end being 1 ft. and the lower end 5 ft. below
the surface. With 80 lbs. gauge pressure in the pipe the condensation
was equivalent to 0.275 B.T.U. per minute per sq. ft. of pipe surface
when the outside temperature was 31° F., and 0.222 per min. when the
temperature was 62° F.
Steam Receivers on Pipe Lines. (W. Andrews, Steam Eng'g, Dec,

10,- 1902.) — In the four large power houses in New York City, with
an ultimate capacity of 60,000 to 100,000 H.P. each, the largest steam
mains are not over 20 ins. in diameter. Some of the best plants have
pipes which run from the header to the engine two sizes smaller than that
called for by the engine builders. These pipes before reaching the engine
are carried into a steel receiver, which acts also as a separator. This
receiver has a cubical capacity of three times that of the high-pressure
cylinder and is placed as close as possible to the cylinder. The pipe from
the receiver to the cylinder is of the full size called for by the engine
builder. The objects of this arrangement are: First, to have a full supply
of steam to the throttle; second, to provide a cushion near the engine on
which the cut-off in the steam chest may be spent, thereby preventing
vibrations from being transmitted through the piping system; and
third, to produce a steady and rapid flow of steam in one direction only,
by having a small pipe leading into the receiver. The steam flows
rapidly enough to make good the loss caused during the first quarter of
the stroke. Plants fitted up in this way are successfully running where
the drop in steam pressure is not greater than 4 lbs., although the engines
are 500 ft. away from the boilers.

Equation of Pip«s. — For determining the number of small sized
pipes that are equal in carrying capacity to one of greater size the table
given under Flow of Air, page 625, is commonly used. It is based on the

equation A'' = Vrfs^Tdj^ in which N is the number of smaller pipes of
diameter di equal in capacity to one pipe of diameter d. A more
accurate equation, based on Unwin's formula for flow of fluids, is iV =

-—
f'"*"

^"^
; id and di in inches). Fqy d^ 2di, the first formula gives
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AT = 5.7, and the second N = 6.15, an unimportant difference, but for
d == 8di, the first gives N = 181 and the second A'' = 274, a considerable
difference. (G. F. Gebhardt, Power, June, 1907).

Identiflcation of Power House Piping by Different Colors. (W.
H. Bryan, Trans. A. S. M. E., 1908.) —In large power plants the multi-
plicity of pipe hnes carrying different fluids causes confusion and may
lead to danger by an operator opening a wrong valve. It has therefore
become customary to paint the different hnes of different colors. The
paper gives several tables showing color schemes that have been adopted
in different plants. The following scheme, adopted at the New York
Edison Co.'s Waterside Station, is selected as an example.

Pipe Lines. Colors of Pipe.
Bands, Cou-

plings, Valves,
etc.

Steam, high pressure to engines, boiler
cross-overs, leaders and headers Black

Buff
Orange
Orange
Green

Slate
Dark Brown

Blue
Maroon

Green
Slate
Blue

Vermilion
Brown
Brown
Brown
Black

Brass
Black
Red

Steam, drips including traps Black
Black

Blow-offs, drips from water columns
Red

Drains from crank pits Blue
Cold water to primary heaters and

Red

Hot-water mains, primary heaters to
pumps, and cooling-water returns. . .

.

Red
Black

C9oling water, pumps to engines Black

Black

Engine oil , Red
Pneumatic system Same

THE STEAM-BOILER.
The Horse-power of a Steam-boiler. — The term horse-power hag

two meanings in engineering: First, an absolute unit or measure of the rate

of work, that is, of the work done in a certain definite period of time, by
a source of energy, as a steam-boiler, a waterfall, a current of air or water,
or by a prime mover, as a steam-engine, a water-wheel, or a wind-mill.
The value of tliis unit, whenever it can be expressed in foot-pounds of
energy, as in the case of steam-engines, water-wheels, and waterfalls, is

33,000 foot-pounds per minute. In the case of boilers, where the work
done, the conversion of water into steam, cannot be expressed in foot-
pounds of available energy, the usual value given to the term horse -power
is the evaporation of 30 lbs. of water of a temperature of 100° F. into
steam at 70 lbs. pressure above the atmosphere. Both of these units are
arbitrary; the first, 33,000 foot-pounds per minute, first adopted by James
Watt, being considered equivalent to the power exerted by a good London
draught-horse, and the 30 lbs. of water evaporated per hour being con-
sidered to be the steam reauirement Der indicated horse-power of an
average engine (in 1876).
The Committee ofJudges of the Centennial Exhibition, 1876, in report-

ing the trials of competing boilers at that exhibition adopted the unit,
30 lb. of water evaporated into dry steam per hour from feed-water at
100° P., and under a pressure of 70 lb. per square inch above the atmos-
phere, these conditions being considered by them to represent fairly
average practice.
The A. S. M. E. Committee on Boiler Tests, 1884, accepted the same

unit, and defined it as equivalent to 34.5 lb. evaporated per hour from a
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feed-water temperature of 212" into steam at the same temperature.
The committee of 1899 adopted 34.5 lb. per hour, from and at 212°, as
the unit of commercial horse-power, and it was reaffirmed in the Boiler
Code of the Power Test Committee, 1915. Using the figures for
total heat of steam given in Marks and Davis's steam tables (1909),
34 y2 lb. from and at 212°, is equivalent to 33,479 B.T.U. per hour, or to ;

an evaporation of 30.018 lb. from 100° feed-water temperature into i

steam at 70 lb. pressure.
The second definition of the term horse-power Is an approximate meas'

ure of the size, capacity, value, or ''rating" of a boiler, engine, water-
wheel, or other source or conveyer of energy, by which measure it maybe
described, bought and sold, advertised, etc. No definite value can be
given to this measure, which varies largely with local custom or indivi-
dual opinion of makers and users of machinery. The nearest
approach to uniformity which can be arrived at in the term "horse-
power," ' used in this sense, is to say that a boiler, engine, water-wheel,
or other machine, "rated" at a certain horse-power, should be capable
of steadily developing that horse-power for a long period of time under
ordinary conditions of use and practice, leaving to local custom, to the
judgment of the buyer and seller, to written contracts of purchase and
sale, or to legal decisions upon such contracts, the interpretation of
what is meant by the term "ordinary conditions of use and practice."
{Trans. A. S. M. E., vol. vii, p. 226.)
Contracts for power-plant apparatus should specify the leading

dimensions of the apparatus and its rated capacity. If a specific
guarantee of capacity is made, either working or maximum capacity,
the operating conditions imder which the guarantee is to be met should
be clearly set forth; such, for example, as steam pressure, speed, vacuum,
quality of fuel, force of draft, etc. Ijikewise if a contract contains a
guarantee of economy all the conditions should be fully specified.
The commercial rating of capacity determined on for power-plant

apparatus, whether for the purpose of contracts for sale or otherwise,
should be such that a sufficient reserve capacity beyond the rating
is available to meet the contingencies of practical operation; such con-
tingencies, for example, as the loss of steam pressure and capacity due
to cleaning fires, inferior coal, oversight of the attendants, sudden de-
mand for an unusual output of steam or power, etc.

The Committee of 1899 says: A boiler rated at any stated capacity
should develop that capacity when using the best coal ordinarily sold in
the market where the boiler is located .when fired by an ordinary fireman,
without forcing the fires, while exhibiting good economy; and further, the
boiler should develop at least one-third more than the stated capacity
when using the same fuel and operated by the same fireman, the full
draught being employed and the fires being crowded; the available draught
at the damper, unless otherwise understood, being not less than 1/2 inch
water column.

Unit of Evaporation. (Abbreviation, U. E.)—It is the custom to
reduce results of boiler-tests to the common standard of the equivalent
evaporation from and at the boiling-point at atmospheric pressure, or
"from and at 212° F." This unit of evaporation, or one pound of water
evaporated from and at 212°, is equivalent to 970.4 British thermal
units. 1 B.T.U. = the mean quantity of heat 'equired to raise 1 lb. of
water 1° F. between 32° and 212°.

Measures for Comparing the Duty of Boi ers.— The measure of
the efficiency of a boiler is the number of pounds )f water evaporated per
potmd of combustible (coal less moisture and ash), the evaporation
being reduced to the standard of "from and ai 212°."
The measure of the capacity of a boiler is the amount of " boiler horse-

power" developed, a horse-power being defined as the evaporation of
34.5 lb. per hour from and at 212°.
The measure of relative rapidity of steaming of boilers is the number

of pounds of water evaporated from and at 212° per hour per square
foot of water-heating, surface.
The measure of relative rapidity of combustion of fuel in boiler-

furnaces is the number of pounds of coal burned per hour per square
fpot Of grate-surfa,ce,
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STEAM-BOILER PROPORTIONS.
Proportions of Grate and Heating Surface required for a given

Horse-power.—The term horse-power here means capacity to evap-
orate 34.5 lb. of water from and at 212° F.

Average proportions for maximum economy for land boilers fired with
good anthracite coal (ordinary hand firing)

:

Heating surface per horse-power 11 . 5 sq. ft.

Grate surface per horse-power 1/3 "
Ratio of heating to grate surface 34 .

5

"Water evap'd from and at 212° per sq. ft. H.S. per hr . . . 3 lb.
Combustible burned per H.P. per hour 3
Coal with 1/6 refuse, lb. per H.P. per hour 3.6 "
Combustible burned per sq. ft. grate per hour 9
Coal with 1/6 refuse, lb. per sq. ft. grate per hour 10.8 "
Water evap'd from and at 212° per lb. combustible. ... 11.5 "

Water evap'd from and at 212° per lb. coal (i/e refuse). 9.6 "

Heating-surface. — For maximum economy with any kind of fuel a
boiler should be proportioned so that at least one square foot of heating-
surface should be given for every 3 lbs. of water to be evaporated from
and at 212° F. per hour. Still more liberal proportions are required if a
portion of the heating-surface has its efficiency reduced by: 1. Tendency
of the heated gases to short-circuit, that is, to select passages of least

resistance and flow through them with high velocity, to the neglect of
other passages. 2. Deposition of soot from smoky fuel. 3. Incrusta-
tion. If the heating-surfaces are clean, and the heated gases pass over
Lt uniformly, little if any increase in economy can be obtained by increasing
the heating-surface beyond the proportion of 1 sq. ft. to every 3 lbs. of
water to be evaporated, a.nd with all conditions favorable but little

decrease of economy will take place if the proportion is 1 sq. ft. to every
4 lbs. evaporated; but in order to provide for driving of the boiler beyond
Its rated capacity, and for possible decrease of efficiency due to the causes
above named, it is better to adopt 1 sq. ft. to 3 lbs. evaporation per hour
as the minimum standard proportion.
Where economy may be sacrifled to capacity, as where fuel is very

cheap, it is customary to proportion the heating-surface much less liber-

ally. The following table shows approximately the relative results that
may be expected ^vith different rates of evaporation, with anthracite coal.

Lbs. water evapor'd from and at 212° per sq. ft. heating-surface per hour:
2 2.5 3 3.5 4 5 6 7 8 9 10

Sq. ft. heating-surface required per horse-power:
17.3 13.8 11.5 9.8 8.6 6.8 5.8 4.9 4.3 3.8 3.5

Ratio of heating to grate surface if 1/3 sq. ft. of G.S. is required per H.P.:
62 41.4 34.5 29.4 25.8 20.4 17.4 13.7 12.9 11.4 10.5

Probable relative economy:
100 100 100 95 90 85 80 75 70 65 60

Probable temperature of chimney gases, degrees F.:
450 450 450 518 585 652 720 787 855 922 990

The relative economy will vary not only with the amount of heating-
surface per horse-power, but with the efficiency of that heating-surface as
regards its capacity for transfer of heat from the heated gases to the water,
which wdll depend on its freedom from soot and incrustation, and upon the
circulation of the water and the heated gases.
With bituminous coal the efficiency will largely depend upon the

thoroughness with which the combustion is effected in the furnace.
The efficiency with any kind of fuel will greatly depend upon the amount

of air supplied to the furnace in excess of that required to support com-
bustion. With strong draught and thin fires this excess may be great,
causing a serious loss of economy. The subject is further discussed below.
Measurement of Heating-surface.—The usual rule is to consider as

heating-svu-face all the surfaces that are surroimded by water on one side
and by flame or heated gases on the other, using the external instead of
the internal diameter of tubes, for greater convenience in calculation,
external diameters of boiler-tubes usually being made in even inches or
half inches. This method, however, is inaccurate, for the true heating-
surface of a tube is the side exposed to the hot gases, the inner surface in a
flre-tube boiler and the outer surface in a water-tube boiler. The re-
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distance to the passage of heat from the hot gases on one side of a tube or
plate to the water on the other consists almost entirely of the resistance to
the passage of the heat from the gases into the metal, the resistance of the
metal itself and that of the wetted surface being practically nothing.
See paper by C. W. Baker, Trans. A. S. M. E., vol. xix.
Rule for finding the heating-surface of vertical tubular boilers: Multiply

the circumference of the fire-box (in inches) by its height above the grate; '

multiply the combined circumference of all the tubes by their length, and
to these two products add the area of the lower tube-sheet; from this sum
Bubtract.the area of all the tubes, and divide by 144: the quotient is the
number of square feet of heating-surface.
Rule for finding the heating-surface of horizontal tubular boilers: Take

the dimensions in inches. Multiply two-thirds of the circumference of the :

shell by its length; multiply the sura of the circumferences of all the tubes
by their common length; to tne sum ot tnese proaucts aaa two tmras of
the area of both tube-sheets; from this sum subtract twice the combined]
area of all the tubes; divide the remainder by 144 to obtain the result ini
square feet.

i

Rule for finding the square feet of heating-surface in tubes: Multiply!
the number of tubes by the diameter of a tube in inches, by its length in^
feet, and by 0.2618.

I

Horse-power, Builder's Rating. Heating-surface per Horse-
power. — It is a general practice among builders to furnish about 10
square feet of heating-surface per horse-power, but as the practice is not
uniform, bids and contracts should always specify the amount of heating-

j

surface to be furnished. Not less than one-third square foot of grate-sur-
face should be furnished per horse-power with ordinary chimney draught,
not exceeding 0.3 in. of water column at the damper, for anthracite coal,
and for poor varieties of soft coal high in ash, with ordinary furnaces. A
smaller ratio of grate surface may be allowed for high grade soft coal and
for forced draught.
Horse-power of Marine and Locomotive Boilers. — The term horse-

power is not generally used in connection with boilers in marine practice,
or with locomotives. The boilers are designed to suit the engines, and
are rated by extent o"f grate and heating-surface only.

Grate-surface. — The amount of grate-surface required per horse-
power, and the proper ratio of heating-surface to grate-surface are ex-
tremely variable, depending chiefly upon the character of the coal and
upon the rate of draught. With good coal, low in ash, approximately
equal results may be obtained with large grate-surface and light draught
and with small grate-surface and strong draught, the total amount of coal
burned per hour being the same in both cases. With good bituminous
coal, hke Pittsburgh, low in ash, the best results apparently are obtained
with strong draught and high rates of combustion, provided the grate-
surfaces are cut down so that the total coal burned per hour is not too great
for the capacity of the heating-surface to absorb the heat produced.
With coals high in ash, especially if the ash is easily fusible, tending to

choke the grates, large grate-surface and a slow rate of combustion are
required, unless means, such as shaking grates, are provided to get rid of
the ash as fast as it is made. The amount of grate-surface required per
horse-power under various conditions may be estimated as follows

:

Pounds of Coal burned per square

^11

foot of Grate per hour.

8 1 10
i

12
I

15
1 20 1

25
1
30 1 35 1 40

Sq. Ft. Grate per H.P.

Good coal and no 3.45 ,43 ,35 .28 .23 .17 .14 .11 .10 ,0?

boiler, 1 9 3.83 ,48 .38 .32 .25 .19 .15 .13 .11

( 8.61 4. 50 40 ,33 26 ,20 ,16 .13 .12

Fair coal or boiler. 8 4.31 ,54 ,43 .36 .29 ,22 .17 .14 .13

( 7 4.93 .62 .49 .41 .33 .24 .20 .17 .14

( 6.9 5. 63 50 42 34 25 ,20 ,17 .15

Poor coal or boiler. 6 5.75 ,72 ,58 .48 ,38 29 ,23 .19 .17

( 5 6.9 .86 .69 .58 .46 .35 .28 .23 .22

Lignite and poor
J3.43

10. 1.25 1.00 .s, .67 .50 .40 .33 .29 .25



PERFOEMANCE OF BOILERS. 889

In designing a boiler for a given set of conditions, the grate-surface
should be made as liberal as possible, say sufficient for a rate of combus-
tion of 10 lbs. per square foot of grate for anthracite, and 15 lbs. per square
foot for bituminous coal, and in practice a portion of the grate-surface
may be bricked over if it is found that the draught, fuel, or other condi-
tions render it advisable.

Proportions of Areas of Flues and other Gas-passages. — Rules
are usually given making the area of gas-passages bear a certain ratio to
the area of the grate-surface; thus a common rule for horizontal tubular
boilers is to make the area over the bridge wall 1/7 of the grate-surface,
the flue area Vs, and the chimney area l/g.

For average conditions with anthracite coal and moderate draught, say
a rate of combustion of 12 lbs. coal per square foot of grate per hour, and a
ratio of heating to grate surface of 30 to 1, this rule is as good as any, but
it is evident that if the draught were increased so as to cause a rate of com-
bustion of 24 lbs., requiring the grate-surface to be cut down to a ratio of
60 to 1, the areas of gas-passages should not be reduced in proportion.
The amount of coal burned per hour being the same under the changed
conditions, and there being no reason why the gases should travel at a
higher velocity, the actual areas of the passages should remain as before,
but the ratio of the area to the grate-surface would in that case be
doubled.

Mr. Barrus states that the highest efficiency with anthracite coal is

obtained when the tube area is 1/9 to Vio of the grate-surface, and with
bituminous coal when it is 1/6 to 1/7, for the conditions of medium rates of
combustion, such as 10 to 12 lbs. per square foot of grate per hour, and 12
square feet of heating-surface allowed to the horse-power.
The tube area should be made large enough not to choke the draught

and so lessen the capacity of the boiler; if made too large the gases are apt
to select the passages of least resistance and escape from them at a high
velocity and high temperature.

This condition is very commonly found in horizontal tubular boilers
where the gases go chiefly through the upper rows of tubes; sometimes
also in vertical tubular boilers, where the gases are apt to pass most rapidly
through the tubes nearest to the center. It may to some extent be
remedied by placing retarders in those tubes in which the gases travel the
quickest.
Air-passages through Grate-bars. — The usual practice is, air-

opening = 30% to 50% of area of the grate; the larger the better, to avoid
stoppage of the air-supply by chnker; but with coal free from chnker much
smaller air-space may be used without detriment. See paper by F. A.
Scheffler. Trans. A. S. M. E., vol. xv, p. 503.

Distance from Dead Plate to Shell in Horizontal Tubular Boiler
Settings.—Rules of the Department of Smoke Inspection, Chicago,
1912.
Diameter of shell, in 72 66 60 54 48 42 36
Dead plate to shell, in. . . 42 40 38 36 34 32 30
The department has required that all boilers be set higher than has

formerly been the practice in order to provide greater combustion
space and to aUow the installation of proper furnaces.

PERFORMANCE OF BOILERS.
The performance of a steam-boiler comprises both its capacity for gener-

ating steam and its economy of fuel. Capacity depends upon size, both of
grate-surface and of heating-surface, upon the kind of coal burned, upon the
draught, and also upon the economy. Economy of fuel depends upon the
completeness with which the coal is burned in the furnace, on the proper
regulation of the air-supply to the amount of coal burned, and upon the
thoroughness with which the boiler absorbs the heat generated in the
furnace. The absorption of heat depends on the extent of heating-sur-
face in relation to the amount of coal burned or of water evaporated, upon
the arrangement of the gas-passages, and upon the cleanness of the sur-
faces. The capacity of a boiler may increase with increase of economy
when this is due to more thorough combustion of the coal or to better regu-
lation of the air-supply, or it may increase at the expense of economy
when the increased capacity is due to overdriving, causing an increased
loss of heat in the chimney gases. The relation of capacity to economy
is therefore a complex one, depending on many variable conditions^
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A formiila expressing the relation between capacity, rate of driving,
or evaporation per square foot of tieating-surface, to the economy, or
evaporation per pound of combustible is given on page 893.

Selecting the highest results obtained at different rates of driving with
anthracite coal in the Centennial tests (in 1876) and the highest results
with anthracite reported by Mr. Barrus in his book on Boiler Tests, the
author has plotted two curves showing the maximum results which may
be expected with anthracite coal, the first under exceptional conditions
such as obtained in the Centennial tests, and the second unaer the best
conditions of ordinary practice. {Trans. A. S. M. E., xviii, 354).
From these curves the following figures are obtained.

Lbs. water evaporated from and at 212° per sq. ft. heating-surface
per hour:

1.6 1.7 2 2.6 3 3.5 4 4.5 5 6 7 8

Lbs. water evaporated from and at 212° per lb. combustible:
Centennial... 11.8 11.9 12.0 12.1 12.05 12 11.85 11.7 11.5 10.85 9.8 8.5
Barrus 11.4 11.5 11.55 11.6 11.6 11.5 11.2 10.9 10.6 9.9 9.2 8.5
Avg. Cent'l 12.0 11.6 11.2 10.8 10.4 10.0 9.6 8.8 8.0 7.2

The figures in the last line are taken from a straight line drawn as nearly
as possible through the average of the plotting of all the Centennial tests.
The poorest results are far below these figures. It is evident that no for-

mula can be constructed that will express the relation of economy to rate ol
driving as well as do the three lines of figures given above.

For semi-bituminous and bituminous coals the relation of economy to
the rate of driving no doubt follows the same general law that it does with
anthracite, i.e., that beyond a rate of evaporation of 3 or 4 lbs. persq. ft. oJ

heating-surface per hour there is a decrease of economy, but the figures
obtained in different tests will show a wider range between maximum and
average results on account of the fact that it is more difficult with bitumi-
nous than with anthracite coal to secure complete combustion in the
furnace.

The amount of the decrease in economy due to driving at rates exceeding
4 lbs. of water evaporated per square foot of heating-surface per houi
differs greatly with different boilers, and with the same boiler it may differ

with different settings and with different coal. The arrangement and size

of the gas-passages seem to have an important effect upon the relation ol
economy to rate of driving.
A comparison of results obtained from different types of boilers leads to

the general conclusion that the economy wiiii which different types ol
boilers operate depends much more upon their proportions and the con-
ditions under which they work, than upon their type; and, moreover,
that when the proportions are correct, and when the conditions are favor-
able, the various types of boilers give substantially the same economic
result.

Conditions of Fuel Economy in Steam-boilers.— 1. That the boiler
has sufficient heating surface to absorb from 75 to 80% of all the heat
generated by the fuel. 2. That this surface is so placed, and the gas pas-
sages so controlled by baffles, that the hot gases are forced to pass uni-
formly over the surface, not being short-circuited. 3. That the furnace is

of such a kind, and operated in such a manner, that the fuel is completely
burned in it, and that no unburned gases reach the heating surface of the
boiler. 4. That the fuel is burned with the minimum supply of air re-

quired to insure complete combustion, thereby avoiding the carrying of an
excessive quantitj^ of heated air out of the chimney.

There are two indices of high economy. 1. High temperature, ap-
proaching 3000° F. in the furnace, combined with low temperature, below
600° F., in the flue. 2. Analysis of the flue gases showing between 4 and
8% of free oxygen. Unfortunately neither of these indices is available
to the ordinary fireman; he cannot distinguish by the eye any temperature
above 2000°, and he cannot know whether or not an excessive amount oJ
oxygen is passing through the fuel. The ordinary haphazard w^ay of firing

ther-efore gives an average of about 10% lower economy than can be
obtained when the firing is controlled, as it is in many large plants, by re-

cording furnace pyrometers, or by continuous g s analysis, or by both.
LowC02in the flue gases may indicate either excessive air supply in the
furnace, or leaks of air into the setting, or deficient air supply with the
presence of CO, and therefore imperfect combustion. The latter, if exces-
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sive, is indicatedby low furnace temperature. Theanalysis for CO2 should
be made both of the gas sampled just beyond the furnace and of the gas
sampled at the flue. Diminished CO2 in the latter indicates air-leakage.

Less than 4% of free oxygen in the gases is usually accompanied with
CO, and it therefore indicates imperfect combustion from deficient air
supply. More than 8% means excessive air supply and corresponding
v/asteof heat.
Air Leakage or infiltration of air through the firebrick setting is a

common cause of poor economy. It may be detected by analysis as above
Stated, and should De Px evented by stopping all visible cracks in the brick-
work, and by covering it with a coating impervious to air.
Autographic CO2 Recorders are used in many large boiler plants for

the continuous recording of the percentage of carbon dioxide in the gases.
When the percentage of C02is between 12 and 16.it indicates good fur-
nace conditions, when below 12 the reverse.

Continuous Records are an important element in securing maximum
economy in modern boiler plants. They include records of coal and
water consumption, of draft at the furnace and the chimney, of the
analyses of the gases, of the flue temperature, and of the steam de-
Uvered. For description of steam flow meters and other recording
apparatus see Steam Boiler Economy, 2d edition.

Efficiency of a Steam-boiler.—The efiiciency of a boiler is the
percentage of the total heat generated by the combustion of the fuel
which is utilized in heating the water and in raising steam. With anthra-
cite coal the heating-value of the combustible portion is very neaJly
14,800 B.T.U. per lb., equal to an evaporation from and at 212° of 14,800
-*- 970 = 15.26 lbs. of water. A boiler wlaich when tested with anthra-
cite coal shows an evaporation of 12 lbs, of water per lb. of combustible,
has an efficiency of 12 -^ 15.26 = 78.6%, a figure wliich is approximated,
but scarcely ever quite reached, in the best practice. With bituminous
coal it is necessary to have a determination of its heating-power made
by a coal calorimeter before the efficiency of the boiler using it can be
determined, but a close estimate may be made from the chemical analysis
of the coal. (See Coal.)
The difference between the efficiency obtained by test and 100% is

the sum of the numerous wastes of heat, the chief of which is the necessary
loss due to the temperature of the chimney-gases. If we have an analysis
and a calorimetric determination of the heating-power of the coal (properly
sampled), and an average analysis of the chimney-gases, the amounts
of the several losses may be determined with approximate accuracy by
the method described below.

Data given:
1. Analysis op the Coal,. 2. Analysis of the Dry Chimney-

Cumberland Semi-bituminous. gases, by Weight.
Carbon 80.55
Hydrogen 4 . 50
Oxygen 2.70
Nitrogen 1.08 _

Moisture 2.92 N =75.0= 75.00
AgJ-> o 05'—

100.0 3.80 21.20 75.00
100.00

Heating-value of the coal by Dulong's formula, 14,243 heat-units.
The gases being collected over water, the moisture in them is not deter-

mined.
3. Ash and refuse as determined by boiler-test, 10.25, or 2% more than

that found by analysis, the difference representing carbon in the ashes
obtained in the boiler-test.

4. Temperature of external atmosphere, 60° F.
5. Relative humidity of air. 60%, corresponding (see air tables) to

0.007 lb. of vapor in each lb. of air.

6. Temperature of chimney-gases, 560° F.

The carbon in the chimney-gases being 3.8% of their weight, the total

weight- of dry gases per lb. of carbon burned is 100 -^ 3.8 = 26.32 lbs.

Since the carbon burned is 80.55 - 2 = 78.55% of the weight of the coal,

the weight of the dry gases per lb. of coal is 26.32 X 78.55 -^ 100 =
20.67 lbs.

c. 0.
CO2 = 13.6 = 3.71 9.89
CO = 0.2 = 0.09 0.11

= 11.2 = .... 11.20
N = 75.0 = ....
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Each poiind of Goal furnishes to the dry chimney-gases 0.7855 lb. 0,
and 0.0108 N, a total of 0.7963, say 0.80 lb. This subtracted from
20.67 lbs. leaves 19.87 lbs. as the quantity of dry aiv (not including
rnoistiu-e) which enters the furnace per pound of coal, not counting the
iair required to burn the available hydrogen, that is, the hydrogen
minus one-eighth of the oxygen chemically combined in the coal. Each
lb. of coal burned contained 0.045 lb. H, wliich requires 0.045 X 8 =
0.36 lb. O for its combustion. Of this, 0.027 lb. is fiirnished by the coal
itself, leaving 0.333 lb. to come from the air. The quantity of air

needed to supply this oxygen air containing 23 % by weight of oxygen)
is 0.333 -r- 0.23 = 1.45 lb., which added to the 19.87 lbs. already found
gives 21.32 lbs. as the quantity of dry air suppUed to the furnace per
lb. of coal burned.
The air carried in as vapor is 0.0071 lb. for each lb. of dry air, or 21.3

X 0.0071 = 0.15 lb. for each lb. of coal. Each lb. of coal contained
0.029 lb. of moisture, which was evaporated and carried into the
chimney-gases. The 0.045 lb. of H per lb. of coal when burned formed
0.045 X 9 = 0.405 lb. of H2O.
From the analysis of the chimney-gas it appears that 0.09 -4- 3.80 =

2.37% of the carbon m the coal, or 0.0237 X 0.7855 = 0.0186 lb. O
per lb. of coal, was burned to CO instead of to CO2.
We now have the data for calculating the various losses of heat, as

follows, for each pound of coal burned

:

Heat- Per cent of
units. Heat-value

of the Coal.
20.67 lbs. dry gas X (560° - 60°) X sp. heat 0.24 = 2480 .4 17.41
0.15 lb. vapor in air X (560° -60°) Xsp. ht. 0.46 - " "

0.029 lb. moist, in coal heated from 60° to 212° =

0.029 lb. evap. from and at 212°; 0.029 X 970 =

0.029 lb. steam (heated 212° to 560°) X 348X 0.46 =
0.405 lb. H2O from H in coal X (152 + 970 +

348 X 0.46)
0.0186 lb. C burned to CO; loss by incomplete

combustion, 0.0186 X (14,600 - 4450)
0.02 lb. carbon lost in ashes: 0.02 X 14,600

Kadiation and unaccoimted for, by difference

Utilized in making steam, equivalent evapora-
tion 10.37 lbs. from and at 212° per lb. of coal

14,243.0 100.00
The heat lost by radiation from the boiler and furnace is not easily

determined directly, especially if the boiler is enclosed in brickwork, or
Is protected by non-conducting covering. It is customary to estimate
the heat lost by radiation by difference, that is, to charge radiation with
all the heat lost which is not otherwise accounted for. One method of
determining the loss by radiation is to block off a portion of the grate-
surface and build a small fire on the remainder, and drive this fire with
just" enough draught to keep up the steam-pressm-e and supply the heat
lost by radiation without allowing any steam to be discharged, weighing
the coal consumed for this piirpose during a test of several hours' dura-
tion.

Estimates of radiation by difference are apt to be greatly in error, as
in this difference are accumulated aU the errors of the analyses of the
coal and of the gases. An average value of the heat lost by radiation
from a boiler set in brickwork is about 3 % . When several boilers are in
a battery and enclosed in a boiler-house the loss by radiation may be very
much less, since much of the heat radiated from the boiler is returned to
it in the air supplied to the furnace, which is taken from the boiler-room.
An important source of error in making a "heat balance" such as the

one above given, especially when higlily bituminous coal is used, may be
due to the non-combustion of part of the hydrocarbon gases distilledfrom
the coalimmediately after firing, when the temperatvire of the furnacemay
be reduced below the point of ignition of the gases. Each pound of hydro-
gen which escapes burning is equivalent to a loss of heat in the furnace of

34.5
4.4

28.1
4.6

0.24
0.03
0.20
0.03

519.2 3.65

188.8
292.0
676.1

1.33
2.05
4.75

4228.1 29.69

10,014.9 70.31
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62,000heat-units. AnotHersourceoferror, especiallywith ytliminous slack
coal mgn in moisture, is due to the lormation of water-^cls, CO + H, by the
decomposition of the water, and the consequent a^^ROrption of heat, this
water-q'as escaping unburned on account of the ehdking of the air supply
when fine fresh coal is supplied to the fire,

In analyzing the chimney-gases by the usual method the percentages of
the constituent gases are obtained by volume instead of by weight. To
reduce percentages by volume to percentages by weight, multiply the per*
centage by volume of each gas by its specific gravity as compared with air,

and divide each product by the sum of the products.
Instead of using the percentages by weight of the gases, the percentage

by volume may be used directly to find the weight of gas per pound of
carbon by the formula given below.

If O, CO, CO2, and N represent the percentages by volume of oxygen,
carbonic oxide, carbonic acid, and nitrogen, respectively, in the gases of
combustion:

Lb. of air required to burn ) _ 3.032 N
one poimd of carbon j CO2 +CO

"

N
Ratio of total air to the theoretical requirement = t^_o yoo ('o_i/ nn) '

Lb. of air per potmd { ^ j Lb. of air per pound ) ^ j Per cent of car- )

of coal j i of carbon )
^

\ bon in coal j

^^ . . ^ ^ r V. 11 C02+80+7(CO+N)
Lb, dry gas produced per pound of carbon =

3 (qq 4-00)

Relation of Boiler Efficiency to the Rate of Driving, Air Supply,
etc.—In the author's Steam Boiler Economy (p. 294) a formula is de-
veloped showing the efficiency that may be expected, when the com-
bustion of the coal is complete, under different conditions. The;
formula is

Ea_ K - tcf 970 ac'P W
Ep~ Ka + RS/W) K iK- tcf) S

'

K = heating value per lb. of combustible; Ea= actual evaporation from
and at 212° per lb. of combustible; Ep = possible evaporation = K -^

970; t = elevation of the temperature of the water in the boiler above
the atmospheric temperature; c = specific heat of the chimney gases,,

taken at 0.24; / = weight of flue gases per lb. of combustible; S = square
feet of heating surface; W = pounds of water evaporated per hour;
W/S = rate of driving; R== radiation loss, in units of evaporation per
sq. ft. of heating-surface per hour; a is a coefficient found by experiment;
it may be called a coefficient of inefficiency of the boiler, and it depends
on and increases with the resistance to the passage of heat through the
metal, soot or scale on the metal, imperfect combustion, short-circuiting,
air leakage, or any other defective condition, not expressed in terms in
the formula, which may tend to lower the efficiency. Its value is between
200 and 400 when records of tests show high efficiency, and above 400 for
lower efficiencies.
The coefficient a is a criterion of performance of a boiler when all the

other terms of the formula are known as the results of a test. By trans-
position its value is

n- r K-tcf 1 . c^p W
1970 a + RS/W) ""J • {K- tcf) S

'

On the diagram below (Fig. 159), with abscissas representing rates of
driving and ordinates representing efficiencies are plotted curves showing
the relation of the efficiency to rate of driving for values of a= 100 to
400 and values of f^ from 20 to 35. together with a broken line showing
the maximum efficiencies obtained by six boilers at the Centennial Exhi-
bition, and other lines showing the poor results obtained from five other
boilers. The curves are also based on the following values, K = 14.800:
C = 0.24; t= 300 (except one curve, t = 250); R = 0.1.

An inspection of the curves shows the following. 1. The maximum
Centennial results all he below the curve / = 20, a = 200, by 2 to 4%,
but they follow the general direction of the curve. This curve maj
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therefore be taken as representing the maxmmm possible boiler per-
formance with anthracite coal, as the results obtamed in 1876 have never
been exceeded with anthracite.

2. With/ = 20 and a = 200 the efficiency for maximum performance,
according to the curve, is a little less than 82% at 2 lbs. evaporation pei
sq. ft. of heating-surface per hour, but it decreases very slowly at highei
rates, so that it is 80% at 31/2 lbs., and 76% at 53/4 lbs.
With a = 200 and / greater than 20. the efficiency has a lower maxi-

mum, reaches the maximum at a lower rate of driving, and falls off
rapidly as the rate increases, the more rapidly the higher the value of /.
showing excessive air supply to be a potent cause of low economy.
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3. An increase in the value of a from 200 to 400 with / = 20is much
less detrimental to efficiency than an increase in / from 20 to 30.

In the diagram, Fig. 160, are plotted, together with the curve for/ = 20,
c= 200, t = 300, and K = 15,750, marked R = 0.1, a straight line, R = 0,
showing the theoretical maximum efficiency when there is no loss by
radiation,fand the plottings of the results of two series of tests, one of a
Thomycroft boiler, with WIS from 1.24 to 8.5, and the other of a Babcock
& Wilcox marine boiler with W/S from 5.18 to 13.67, together with the
maximum Centennial tests. The calculated value of a in all these tests
except one ranged from 191 to 454, the highest values being those show-
ing the largest departure from the curve R = 0.1. The one exception
is the Thornycroft test showing over 86% efficiency ; this gives a value
of a = 57, which indicates an error in the test, as such a low value is far
below the lowest recorded in any other test.

In the second edition of Steam Boiler Economy (page 316), there is
developed a modification of the efficiency formula, so that it takes
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account, in addition to the other variables, of hydrogen and moisture in

the coal and of incomplete combustion. It is

Ea Ki-tcfi 970.4 aiC2/i2 W
Ep~ K+aRS/W) K K{Ki-tcfx) S

The notation is the same as in the original formula except that K
JT- 101.5 C;

CO——— ^ 970.4 (0.09 H + 0.01 M) in which C, H and
CO + OO2

M are respectively the percentages of carbon, hydrogen and moisture
in the coal, and CO and CO2 percentages by volume of the dry flue

gases, and fi = f+ 0.28H H- 0.03 M.
.

Computing the results of six series of boiler tests, 47 tests m all,

which have given high efficiencies, the value of Oi is found to average
about 200. Values from 160 to 240 may be obtained in duphcate tests
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in which all the conditions, as far as known, are identical, the dif-

ference between individual and average values being probably due to

errors. Values above 300, if not due to errors, represent defective per-

formance which may be due to short-circuiting or to unclean heating

Effect of Quality of Coal upon Efficiency.—Calculations have been
made, using the formula given above, of the theoretical efficiencies

obtainable from five different kinds of coal and an average fuel oil, the
analyses of which are given below, on the assumption of complete com-
bustion with 20% excess air supply, Ci = 200, t = 300, c = 0.24 and rates

of driving W/S from 1 to 14 lb. The results are shown in the table.

Analyses of Fuei^s.

Anthracite
Dry and Free
from Ash.

Semi-bitum.
Pittsburgh
Ash and
Sul. Free.

Illinois Lignite.
California
Fuel Oil.

C 94.3

H 2.3

2.4

N 1.0

B.T.U. per
lb. 15.000

Moist. 1.7

N.S.Ash 4.6

C 85.0

H 4.5

3.2

14.950

Moist. 2.0

C 83.0

H 5.5

8.0

N 1.0

14.908

Moist. 10.8

C 61.0

H 4.2

9.6

N 1.2

Ash, SI 3.2

10.640

Moist.27.0
C 47.4

H 3.3

12.0

N 1.0

8.250

0.2

84.9

11.9

1.9

S 1.1

19.600

Relation of Efficiency to Quality of Coal.

Rate of
Driving, W/S. . 2 3 4 6 8 10 12 14

Anthracite
Semi-bitum
Pittsburgh bitum . .

81.85
80.41
79.78
78.28

84.56
82.96
82.30
80.59

Ef

84.71
83.00
82.34
80.44

ficienc

84.16
82.38
81.71
79.64
76.52
81.74

es

82.39
80.42
79.76
77.34
73.98
80.52

80.25
78.10
77.45
74.71
70.90
78.97

77.95
75.64
75.01
71.93

75.59
73.12
72.48
69.09

73.19
70.54
69.92
66.20

Lignite 75.83! 77.76! 77.51 67.791 64.62 61.40

Fuel Oil 78.78 81.61 82.01 77.26 75.48 73.58
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Effect of Imperfect Combustion and Excess Air Supply.—Taking
a Pittsburgh bituminous coal, having a composition, free from sul-
phur and ash, of 83 C, 5.5 H, 8 O, 1.5 N, and 2 Moisture, and a heating
value of 14,908 B.T.U. per lb. fuel = 15,222 B.T.U. per lb. combustible,
and assuming it to be burned with different quantities of air, as in the
table below, we may compute the weight of air supplied per potmd of
fuel and per pound of carbon, and the analysis by volume of the gases,
giving results as follows:

Per
Cent
of C

Burned
to CO.

Per
Cent
Excess
Air.

Dry
Gas

per lb.

Fuel
= /.

Dry
Gas

per lb.

Car-
bon.

Analysis of Dry Gas by Volume.

Case.

CO2. CO. 0. N.

(1)

(2)

(3)

(4)
A
B

%:.:::::

5
5

10

20

20
50
100

20

11.60
13.83
17.16
22.72
11.36
13.23
11.12
10.65

13.98
16.66
20.67
27.37
13.69
15.93
13.40
12.83

18.45
15.30
12.18
9.10
17.85
15.18
17.21

15.88

0.94
0.80
1.92
3.97

3.56
7.09
10.57

3.12

81.55
81.14
80.73
80.33
81.21
80.90
80.87
80.15

H2O in gases per lb. fuel = 0.09 H + 0.01 M, in all cases = 0.515 lb.

Case (1) is an ideal but not a practicable case, since it is not possible
in practice to burn all the C to CO2 without excess of air. Cases
(2), (3), (4), A and B are all within the range of ordinary practice
(which sometimes shows 200% or more excess air) and cases C and D
represent either the condition of too heavy firing and choked air supply,
or the condition existing for a minute or two after firing of fine moist
slack coal, which temporarily chokes the air supply and causes the for-
mation of a great volume of smoky gas.

Cases 2 and A represent the best possible practice, reached only
when all conditions are most favorable.

Applying the formula given above, we take K= 14,908; i = 300;
c = 0.24; jB = 0.1; Oi = 200; /= the values given in the table; Ki and
/i = values given by the formulae in the preceding paragraph, ^nd
W/S different values from 0.5 to 14, and obtain the theoretical eflQciencies
given below:

Theoretical Efficiencies WITH Pittsburgh Coal Under Dif-
ferent Conditions.

Case (1) (2) (3) (4) A B C D
Per cent C to CO. 5 5 10 20
Per cent excess air 20 50 100 20

W/S = Efficiencies, Per Cent.

0.5 74.76 73.68 72.05 68.97 72.53 71.61 69.77 65.79
i 81.13 79.78 77.7.3 73.72 78.69 77.54 76.23 71.34
2 84.06 82.30 79.60 73.90 81.53 80.02 78.98 73.87
3 84.49 82.34 79.02 71.72 81.91 80.09 79.35 74.16
4 84.24 81.71 77.79 68.91 81.64 79.50 79.09 73.85
6 83.03 79.76 74.65 62.60 80.43 77.65 77.91 72.64
8 81.47 77.45 71.17 55.87 78.87 75.48 76.39 71.11

10 79.77 75.01 67.55 49.20 77.17 73.15 74.74 69.45
12 77.99 1 72.^8 63.86 42.37 75.41 70.76 73.02 67.72
14 76.16 1 69.92 60.12 35.48 73.58 68.32 71.27 65.97

The figures in the table show the great falling off in efficiency at high
rates of driving when the air supply is excessive, and the necessity of
gas analysis (or of a CO 2 or an oxygen indicator) if high eflQciencies are
to be obtained at high rates of driving.
The Straight-line Formula for Efficiency.—An examination of the

curves plotted from the table given above shows that when the rate of
driving is in excess of 3 lb. per sq. ft. of heating surface per hour, and
the effect of the radiation loss is therefore of small importance, the
curves become approximately straight lines, the formula of which is
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E = E r C(W/S — 3), in which E is the eflEiciency at any rate of

driving above W/S = 3, E ^q^^^ is the efficiency when W/S = 3, and C
is a constant which depends on the quality of the coal and on the
furnace conditions. Taking from the above table the efficiencies at
W/S = 3 and W/S = 14 and calculating the value of C in the above
equation of a straight line between these points, we obtain the following
formulae for efficiency for the several cases named:

Per Cent
C to CO2

Per Cent
Excess Air.

Formula.

1

2
3
4
A
B
C
D

5
5
10
20

20
50
100

20

= 84.5 - 0.76(WS - 3)
= 82.3 - \.\^{W|S, - 3)
= 79.0 - \.ll{WIS--i)
= 71.7 - 3.39(W/S - 3)
= 81.9 - 0.76(T^/S -3)
= 80.1 - l.07(W/S - 3)
= 79.4 - 0.74(W/S -3)
= 74.2 - 0.75(W/5 - 3)

The efficiencies calculated by these formulas in every case in which
W/S is between 3 and 14 are slightly lower than those calculated from
the complex formula, but in no case is the difference as great as 1%.
It must be noted that all the efficiencies are theoretical ones, based on
the assumptions that there are no leaks of air into the boiler setting, no
loss due to unburned hydrocarbons, and no short circuiting or deposit
of soot on the tubes. In cases 1, A, C and D, in which there is no excess
air supply, there would in practice be probably some loss from unburned
hydrocarbons.
The straight line formulae obtained from the figures in the table

showing the relation of quality of coal to efficiency, assmning complete
combustion and 20% excess air supply, are

Anthracite E = 84.7- 1.05(pr/S- 3)
Semi-bituminous £ = 83. 0-1. Vi{,W/S - 3)
Pittsburgh bitummous i; = 82 . 3 - 1 . 13 ( W/S - 3)
Illinois bituminous E= 80.4 - \.m{W/S - 3)
Lignite E = 77.5- \.m{W/S- 3)
Fuel oil E = 82.0- 0.77(IF/5- 3)

Efficiencies Obtained in Practice.—In the best modern practice,
under the most favorable furnace conditions, the highest figures in
the above tables have almost been reached. A few tests with fuel oil

have shown figures slightly higher than those given above. The best
record yet obtained with coal is that of the ten best out of the sixteen
tests at the Delray station of the Detroit Edison Co., reported by D.
S. Jacobus in Trans. A. S. M. S., 1911. A straight line drawn through
the plotting of these tests corresponds to the formula

£= 81- 1.33 (W/S- 3).

No account is taken in the above calculation of any loss due to un-
consumed hydrogen or hydrocarbons, nor of absorption of heat by
decomposition of moisture in the coal by the reaction C + H2O = 2H
+ CO. Serious losses may be due to these causes if the air supply is

deficient and the furnace temperature low from the firing of a thick
layer of fresh and moist coal, or if the combustible gases are chilled by
the surface of the boiler to a temperature below that of ignition. No
accoimt, either, has been taken of the loss due to moisture in the air,

which loss is usually not over 0.5%, but may reach 2% with excessive
air supply of high temperature and humidity.
The highest efficiencies are obtained with low rates of driving, say

3 to 4 lb. evaporated from and at 212° per sq. ft. of heating surface
per hour. With liigher rates of driving high efficiencies can be obtained
only when the air supply is carefully regulated according to the in-
dications of gas analyses, when the coal is nearly dry, when it is fed at
a regidar rate by a mechanical stoker, and when the gases from the
coal are completely burned in a large fire-brick comliustion chamber
before they are chilled by the comparatively cool surfaces of the boiler.

Modern practice tends to extremely large combustion chambers.
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With water-tube boilers of the Babcock & Wilcox type the tubes a/e
often placed 12 feet or more above the grate bars. In the Stirling
boilers of the Detroit Edison Co. the combustion chambers are over
25 ft. high.
The range of efficiency between the highest possible and that which

may be found in ordinary practice is very large. While 80 per cent
efficiency is possible with anthracite and semi-bituminous coals, and
with bituminous coals containing not over 3% moisture and not over
35% volatile matter in the combustible, it is difficult to get over 65%
with Illinois coals, high in volatile matter and in moisture, even with
mechanical stokers and with gas analysis. With ordinary hand-
firing the average efficiency is apt to be at least 15% lower than these
figures. For numerous records of boiler tests under various conditions,
with a discussion of the results, see "Steam Boiler Economy," 2d
edition.
Maximum Boiler Efficiencies at Different Bates of Driving.—The

ten best tests of the large boilers of the Detroit Edison Co., reported
by D. S. Jacobus in Jour. A. S. M. E., Nov., 1911, with rates of driving
from 3.24 to 7.29 lb. water evaporated from and at 212° per sq. ft. of
heating surface per hour gave efficiencies which are represented (v/ithin

1%) by the formula E = 81 - 1.33 (iJ - 3), in which E is the efficiency
per cent and R the rate of driving. Eight tests of Babcock & Wilcox
marine boilers built for the U. S. war-vessels Cincinnati and Wyoming
(Indust. Eng'g, March, 1911), at rates of driving from 8.42 to 14.76
lb. correspond within 3%, with the formula £ = 80-1.43 (-B-3).
The Detroit tests were made with bituminous coal, low in moisture,
containing about 30% volatile matter, with mechanical stokers and
very large combustion chambers. The marine boiler tests were made
with semi-bituminous coal containing about 20% volatile matter, with
hand-firing. These tests establish a world's record for boiler efficiencies.

The formulae give the following efficiencies for the several rates of
driving named, the first being used for rates of driving of 3 to 7 lb. and
tl'e second for rates of 7 to 15 lb.

B = 3 4 5 6 7 8 10 12 14 15
E = 81 79.7 78.3 77.0 75.7 72.9 70.0 67.1 64.3 62.8

Some High Bates of Evaporation.—Eng'g, May 9, 1884, p. 415.
Locomotive. Torpedo-boat.

Waterevap. per sq.ft. H.S. per hour. 12.57 13.73 12.54 20.74
Water evap. per lb. fuel from and at

212° 8.22 8.94 8.37 7.04
Thermal units transf'd per sq. ft. of
H.S 12,142 13,263 12,113 20,034

Efficiency 0.586 0.637 0.542 0.468
It is doubtful if these figures were corrected for moisture in the steam.

BOILERS USING WASTE GASES.
Steam-boilers Fired with Waste Gases from Puddling and Heat-

ing-Furnaces.—The Iron Age, April 6, 1893, contains a report of a
]number of tests of steam-boilers utilizing the waste heat from puddling
|

and heating-furnaces in rolling-mills. The following principal data are
f

selected: in Nos. 1,2, and 4 the boiler is a Babcock & Wilcox water-tube
]

boiler, and in No. 3 it is a plain cylinder boiler, 42 in. diam. and 26 ft.

long. No. 4 boiler was connected with a heating-furnace, the others '

with niiddling furnaces.
No. 1 No. 2 No. 3 No. 4

Heating-surface, sq. ft 1026 1196 143 1380
Grate-surface, sq. ft 19.9 13.6 13.6 16.7
Ratio H.S. to G.S 52 87.2 10.5 82.8
Water evap. per hour, lbs 3358 2159 1812 3055
Water evap. per sq. ft. H.S. per hr. lbs. .. 3.3 1.8 12. 7 2.2
Water evap. per lb. coal from and at 212° 5.9 6 . 24 3 . 76 6.34
Water evap. per lb. combustible from

and at 212° 7.20 4.31 8.34
In No. 2, 1.38 lb. of iron were puddled per lb. of coal.
In No. 3, 1.14 lb. of iron were puddled per lb. of coal.
No. 3 shows that an insufficient amount of heating-surface was

j

provided for the amovint of waste heat available,
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Water-tube Boilers using Blast-furnace Gases.—D. S. Jacobus
(Trans. A. I. M. E., xvii, 50) reports a test of a water-tube boiler using
blast-furnace gas as fuel. The heating-surface was 2535 sq. ft. It
ciGveloped 328 H.P., or 5.01 lb. of water from and at 212° per sq. ft. of
heating-surface per hoiu-. Some of the principal data obtained were as
follows: Calorific value of 1 lb. of the gas, 1413 B.T.U., including the
effect of its initial temperature, which was 650° F. Amount of air used
to burn 1 lb. of the gas = 0.9 lb. Chimney draught, li/s in. of water.
Area of gas inlet 300 sq. in. ; of air inlet, 100 sq. in. Temperature of the
chimney gases, 775° P. Efficiency of the boiler calculated from the
temperatures and analyses of the gases at exit and entrance, 61 %. The
average analyses were as follows, hydrocarbons being included in the
nitrogen

:

By Weight. By Volume.

At Entrance. At Exit. At Entrance. At Exit.

C02. 10.69
0.11

26.71
62.48
2.92
11.45
14.37

26.37
3.05
1.78

68.80
7.19
0.76
7.95

7.08
0.10

27.80
65.02

18.64
0. . 2.96
CO 1.98

Nitrogen 76.42
C in CO2
C in CO
Total C

RULES FOR CONDUCTING BOILER TESTS.
Object of an Evaporation Test.—The principal object of an

evaporation test of a steam-boiler is to find out how many pounds
of water it evaporates under a certain set of conditions in a given
time and how many pounds of coal are required to effect this evapo-
ration. The test may be made for one or more of several purposes,
viz:

1. To determine whether or not the stipulations of a contract
between the seller and the buyer of a boiler (or of an appendage to
ths boiler, such as a furnace) have been performed.

2. To determine the relative economy of different kinds of fuel, of
diiferent kinds of furnaces, or of different methods of driving.

3. To determine whether or not the boilers, as ordinarily run under
the every-day conditions of the plant, are operated as economically
as they should be.

4. To determine, in case the boilers either fail to furnish easily the
quantity of steam desired, or else furnish it at what is supposed to be
an excessive cost for fuel, whether any additional boilers are needed
or whether some change in the conditions of running is a suflicient
remedy for the difficulty.

For the first of the above-named purposes, it is necessary that the
test should be made with every precaution to insure accuracy, such
as those described in the Code of the Committee of the American
Society of Mechanical Engineers,* which is printed in abridged form
below.

Instbuctions Regarding Tests in Genebal.

(Code of 1915).

Ascertain the specific object of the test, and keep this in view not
only in the work of preparation, but also during the progress of the
test.

If questions of fulfillment of contract are Involved, there should be

* Trans. A.S.M.E., 1915. Reprinted in pamphlet form by the
Society. The first committee of the society on boiler-tests reported
in 1885, the second in 1899. In 1909 a committee on Tests of Power
Plant Apparatus was appointed; its preliminary report was published
In 1912. and its final reoort in 1915.
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a clear understanding between all the parties, preferably in writing,
as to the operating conditions which should obtain during the trial,

the methods of testing to be followed, corrections to be made in case 1

the conditions actually existing during the test differ from those I

specified, and all other matters about which dispute may arise, unless
these are already expressed in the contract itself.

PREPAKATIONS.

Dimensions —Measure the dimensions of the principal parts of
the apparatus to be tested, so far as they bear on the objects in view,
or determine them from working drawings. Notice the general
features of the apparatus, both exterior and interior, and make sketches,
if needed, to show unusual points of design.

The areas of the heating surfaces of boilers and superheaters to be
found are those of surfaces in contact with the fire or hot gases.
The submerged surfaces in boilers at the mean water level should
be considered as water-heating surfaces, and other surfaces which
are exposed to the gases as superheating surfaces.

Examination of Plant.—Make a thorough examination of the phys-
ical condition of all parts of the plant or apparatus which concern
the object in view, and record the conditions found.

In boilers examine for leakage of tubes and riveted or other metal
joints. Note the condition of brick furnaces, grates and baffles.
Examine brick walls and cleaning doors for air leaks, either by shut-
ting the damper and observing the escaping smoke or by candle-
flame test. Determine the condition of heating surfaces with refer-
ence to exterior deposits of soot and interior deposits of mud or scale.

If the object of the test is to determine the highest efficiency or
capacity obtainable, any physical defects, or defects of operation,
tending to make the result unfavorable should first be remedied; all

fouled parts being cleaned, and the whole put in first-class condition.
If, on the other hand, the object is to ascertain the performance under
existing conditions, no such preparation is either required or desired.

Precautions against Leakage.—In steam tests make sure that there
is no leakage through blow-offs, drips, etc., or any steam or water con-
nections, which would in any way affect the results. All such con-
nections should be blanked off, or satisfactory assurance should be
obtained that there is leakage neither out nor in. •

. x
Apparatus and Instruments.—See that the apparatus and instru-

ments are substantially rehable, and arrange them in such a way
as to obtain correct data.

Weighing Scales.—For determining the weight of coal, oil, water, etc.,

ordinary platform scales serve every purpose. Too much depend-
ence, however, should not be placed upon their reliabuity without
first calibrating them by the use of standard weights, and carefully

examining the knife-edges, bearing plates, and ring suspensions,

to see that thev are all in good order.
For testing locomotives and some classes of marine boilers, where

room is lacking, sacks or bags are sometimes required to facilitate

the handUng of coal, the sacks being weighed at the time of fllhng.

/ SAMPLING AND DRYING COAL.

Select a representative shovelful from each barrow-load as it is

drawn from the coal-pile or other source of supply, and store the

samples in a cool place in a covered metal receptacle. When all

the coal has thus been sampled, break up the lumps, thoroughly mix
the whole quantity, and finally reduce it by the process of repeated
quartering and crushing to a sample weighing about 5 lbs., the largest

pieces being about the size of a pea. From this sample two 1-qt.

air-tight glass fruit-jars, or other air-tight vessels, are to be promptly
filled and preserved for subsequent determinations of moisture, calorific

value, and chemical composition.
When the sample lot of coal has been reduced by quartering to
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gay 100 lbs., a portion weighing say 15 to 20 lbs. should be with^
drawn for the purpose of immediate moisture determination. This
Is placed in a shallow iron pan and dried on the hot iron boiler flue

for at least 12 hours, being weighed before and after drying on scales

reading to quarter ounces.
The moisture thus determined is approximately rehable for an-

thracite and semi-bituminous coals, but not for coals containing much
inherent moisture. For such coals, and for all absolutely reliable

determinations the method to be pursued is as follows:

Take one of the samples contained in the glass jars, and subject it

to a thorough air drying, by spreading it in a thin layer and exposing
it for several hours to the atmosphere of a v.^arm room, weighing it

before and after, thereby determining the quantity of surface moisture
it contains. Then crush the whole of it by running it through an
ordinary coffee mill or other suitable crusher adjusted so as to pro-
duce somewhat coarse grains (less than Vie in.), thoroughly mix the
crushed sample, select from it a portion of from 10 to 50 grama
(sa,y H oz. to 2 oz.), weigh it in a balance which will easily show a
variation as small as 1 part in 1000, and dry it for one hour in an
air or sand bath at a temperature between 240 and 280° F. Weigh
it and record the loss, then heat and weigh again until the minimum
weight has been reached. The difference between the original and
the minimum weight is the moisture in the air-dried coal. The
sum of the moisture thus found and that of the surface moisture
is the total moisture.

If a larger drying oven is available the moisture may be deter-
mined by heating one of the glass jars full of coal, the cover being
removed, at a temperature between 240° and 280° F. until it reaches
the minimum weight.

SAMPLING STEAM.

Construct a sampling pipe or nozzle made of y2-in. iron pipe and
Insert it in the steam main at a point where the entrained moisture
is likely to be most thoroughly mixed. The inner end of the pipe,
which should extend nearly across to the opposite side of the main,
should be closed and the interior portion perforated with not less
than twenty Vg-in. holes equally distributed from end to end and
Ereferably drilled in irregular or spiral rows, with the first hole not
;ss than half an inch from the Wall of the pipe.

The sampling pipe should not be placed near a point where water may
pocket or where such water may affect the amount of moisture
contained in the sample.

Rules for Conducting Evaporative Tests of Boilers.

object and preparations.

Deterniine the object of the test, take the dimensions, note the
physical conditions, examine for leakages, install the testing appli-
ances, etc., as pointed out in the general instructions and make prep-
arations for the test accordingly.

Determine the character of fuel to be used. For tests of maximum
efficiency or capacity of the boiler to compare with other boilers,
the coal should be of some kind which is commercially regarded as
a standard for the locality where the test is made.
A coal selected for maximum efficiency and capacity tests should

be the best of its class, and especially free from slagging and imusual
Chnker-forming impurities.
For guarantee and other tests with a specified coal containing not

more than a certam amount of ash and moisture, the coal selected
should not be higher in ash and in moisture than the stated amounts
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because any increase is liable to reduce the efficiency and capacity
more than the equivalent proportion of such increase.

OPERATING CONDITIONS.

Determine what the operating conditions and method of firing,

should be to conform to the object in view, and see that they prevail
throughout the trial, as nearly as possible.

DURATION.

The duration of tests to determine the efficiency of a hand-fired
boiler should be at least ten consecutive hours. In case the rate of
combustion is less than 25 lbs. per sq. ft. of grate per hour the tests
should be continued for such a time as may be required to burn a total
of 250 lbs. of coal per square foot of grate. Tests of longer -duration
than 10 hours are advisable in order to obtain greater accuracy.

In the case of a boiler using a mechanical stoker, the duration,
where practicable, should be at least 24 hours. If the stoker is of
a type that permits the quantity and condition of the fuel bed at
beginning and end of the test to be accurately estimated, the dura- i

tion may be reduced to 10 hours, or such time as may be required
|

to burn the total of 250 lbs. per square foot.

STARTING AND STOPPING.

The conditions regarding the temperature of the furnace and
boiler, the quantity and quality of the live coal and ash on the grates,

:

the water level, and the steam pressure, should be as nearly as pos- ',

sible the same at the end as at the beginning of the test.
To secure the desired equality of conditions with hand-fired boilers,

the following method should be employed:

The furnace being well heated by a preliminary run, burn the fire lowt
and thoroughly clean it. leaving enough hve coal spread evenly
over the grate (say 2 to 4 ins.),* to serve as a foundation for the
new fire. Note quickly the thickness of the coal bed as nearly as
it can be estimated or measured, also the water level,! the steam
pressure, and the time, and record the latter as the starting time.
Fresh coal should then be fired from that weighed for the test, the ash-pit
thoroughly cleaned and the regular work of the test proceeded with.

Before the end of the test the tire should again be burned low
and cleaned in such a manner as to leave the same amount of live
coal on the grate as at the start. When this condition is reached,
observe quickly the water level, f the steam pressure, and the
time, and record the latter as the stopping time. If the water
level is lower than at the beginning, a correction should be made
by computation, rather than by feeding additional water. Finally
remove the ashes and refuse from the ashpit.

In a plant containing several boilers where it is not practicable
to clean them simultaneously, the fires should be cleaned one after
the other as rapidly as may be, and each one after cleaning charged
with enough coal to maintiain a thin fire in good working condition.
After the last fire is cleaned and in working condition, burn all

the fires low (say 4 to 6 ins.), note quickly the thickness of each,
also the water levels, steam pressure, and time, which last is taken
as the starting time. Likewise when the time arrives for closing
the test, the fires should be quickly cleaned one by one, and when
this work is completed they should all be burned low the same
as at the start and the various observations made as noted.

* 1 to 2 ins. for small anthracite coals.
t Do not blow down the water-glass column for at least one hour

before these readings are taken. An erroneous indication may other-
wise be caused by a change of temperature and density of the water
within the column and connecting pipe.
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In the case of a large boiler having several furnace doors requiring
the fire to be cleaned in sections one after the other, the above
directions pertaining to starting and stopping in a plant of several
boilers may be followed.

To obtain the desired equality of conditions of the fire when a
mechanical stoker other than a chain grate is used, the procedure
should be modified where practicable as follows:

Regulate the coal feed so as to burn the fire to the low condition
required for cleaning. Shut off the coal-feeding mechanism and
fill the hoppers level full. Clean the ash or dump plate, note quickly
the depth and condition of the coal on the grate, the water level,
the steam pressure, and the time, and record the latter as the
starting time. Then start the coal-feeding mechanism, clean the
ashpit, and proceed with the regular work of the test.
When the time arrives for the close of the test, shut off the coal-

feeding mechanism, fill the hoppers and burn the fire to the same
low point as at the beginning. When this condition is reached,
note the water level, the steam pressure, and the time, and record
the latter as the stopping time. Finally clean tlie ash plate and
haul the ashes.

In the case of chain-grate stokers, the desired operating conditions
should be maintained for half an hour before starting a test and
for a like period before its close, the height of the stoker gate or
throat plate and the speed of the grate being the same during both
these periods.

RECORDS.

Half-hourly readings of the instruments are usually sufficient. If
there are sudden and wide fluctuations, the readings in such cases
should be taken every fifteen minutes, and m some instances oftener.

The coal should be weighed and delivered to the firemen in portions
sufficient for one hour's run, thereby ascertaining the degree of
uniformity of firing. An ample supply of coal should be maintained
at all times, but the quantity on the floor at the end of each hour
should be as small as practicable, so that the sam.e may be readily
estimated and deducted from the total weight.
The records should be such as to ascertain also the consumption

of feed-water each hour, and thereby determine the degree of uni-
formity of evaporation.

QUALITY OF STEAM.

If the boiler does not produce superheated steam the percentage
of moisture in the steam should be determined by the use of a throttling
or separating calorimeter. If the boiler has superheating surface,
the temperature of the steam should be determined by the use of
a thermometer inserted in a thermometer well.

SAMPLING AND DRYING COAL.

During the progress of the test the coal should be regularly sampled
for the purpose of analysis and determination of moisture.

ASHES AND REFUSE.

The ashes and refuse withdrawn from the furnace and ash-pit
during the progress of the test and at its close should be weighed so
far as possible in a dry state. If wet. the amount of moisture should
be ascertained and allowed for, a sample being taken and dried for
this purpose. This sample may serve also for analysis and the deter-
mination of imburned carbon.

CALORIFIC TESTS AND ANALYSES OF COAL.

The quality of the fuel should be determined by" calorific tests and
analyses of the coal sample above referred to.
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ANALYSES OF FLUE GASES.

For approximate determinations of the composition of the flue
,

gases, the Orsat apparatus, or some modification thereof, should
\

be employed. If momentary samples are obtained the analyses .1

should be made as frequently as possible, say every 15 to 30 minutes, ^.

depending on the skill of the operator, noting at the time the sample
is drawn the furnace and firing conditions. If the sample drawn
is a continuous one, the intervals may be made longer.

SMOKE OBSERVATIONS.

In tests of bitmninous coals requiring a determination of the amount
of smoke produced, observations should be made regularly through-
out the trial at intervals of five minutes (or if necessary every minute)

,

noting at the same time the furnace and firing conditions. For tests
of furnaces, methods of firing, or smoke prevention devices, observations
every 10 or 15 seconds, continued during an hour, are advisable.

CALCULATION OF RESULTS.

(a) Corrections for Quality of Steam.—When the percentage of moisture
is less than 2'per cent it is sufficient merely to deduct the percentage
from the weight of water-fed, in which case the factor of correction
for quality is

_ % moisture

100
' When the percentage is greater than 2 per cent, or if extreme accu^

;
racy is required, the factor of correction is

^ H-h
in which P is the proportion of moisture, H the total heat of 1 lb.

of saturated steam, hi the heat in w^ater at the temperatvire of satu-
rated steam, and h the heat in water at the feed temperature.
When the steam is superheated the factor of correction for quality

of steam is

Hs-h
H -h

in which H^ is the total heat of 1 lb. of superheated steam of the
observed temperature and pressure.

(&) Correction for Live Steam, if any, used for Aiding Combustion.—The
quantity of steam^ or power, if any, used for producing blast, inject-
ing fuel, or aiding combustion should be determined and recorded in
the table of data and results.

(c) Equivalent Evaporation.—^The equivalent evaporation from and
at 212° is obtained by multiplying the weight of water evaporated,
corrected for moisture in steam, by the "factor of evaporation."
The latter equals

H -h
970.4

in which H and h are respectively the total heat of saturated steam
and of the feed-water entering the boiler.
The "factor of evaporation" and the "factor of correction for

quality of steam" may be combined into one expression in the
case of superheated steam as follows:

Hs~h
970.4

id) Efficiency.—The "efficiency of boiler, furnace and grate" is the
relation between the heat absorbed per pound of coal fired, and
the calorific value of 1 lb. of coal,

s The "efficiency based on combustible" is the relation between
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the heat absorbed per pound of combustible burned, and the
calorific value of 1 lb. of combustible. This expression of eflBciency
furnishes a means for comparing the results of different tests,
when the losses of imburned coal due to grates, cleanings, etc., are
ehminated.
The "combustible burned" is determined by subtracting from

the weight of coal supplied to the boiler, the moisture in the coal,
the weight of ash and unbm-ned coal withdrawn from the furnace
and ash-pit, and the weight of dust, soot, and refuse, if any, with-
drawn from the tubes, flues, and combustion chambers, including ash
carried away in the gases, if any, determined from the analyses of
coal and ash. The "combustible" used for determining the cal-
orific value is the weight of coal less the moisture and ash found by
analysis.
The "heat absorbed" per poimd of coal or combustible is cal-

culated by multiplying the equivalent evaporation from and at
212° per pound of coal or combustible by 970.4.

CHART.
In trials having for an object the determination and exposition

of the complete boiler performance, the entire log of readings and
data should be plotted on a chart and represented graphically.

Data and Results of Evaporative Test.*

1. Test of boiler located at
2. Number and kind of boilers
3. Kind of furnace .

4. Grate surface (width length ) sq. ft.

5. Water heating surface sq. ft.

6. Superheating surface sq. ft.

7 Total heating surface sq. ft.

e. Distance from center of grate to nearest heating
surface ft.

DATE, DURATION, ETC.

8. Date
9. Duration hrs.

10. Kind and size of coal

AVERAGE PRESSURES, TEMPERATURES, ETC.

11. Steam pressure by gage lbs. per sq. in.

12. Temperature of steam, if superheated degs.
13. Temperature of feed-water entering boiler degs.
14. Temperature of escaping gases leaving boiler degs.
15. Force of draft between damper and boiler ins.

c. Draft in furnace ins.

d. Draft or blast in ash-pit ins.

16. State of weather
a. Temperature of external air degs.
&. Temperature of air entering ash-pit degs.
c. Relative humidity of air entering ash-pit degs

QUALITY OP STEAM

17. Percentage of moisture in steam or degrees of super-
heating % or degs.

18. Factor of correction for quahty of steam % or degs.

TOTAL QUANTITIES.

19. Total weight of coal as fired lbs.

20. Percentage of moisture in coal as fired- per cent.
21. Total weight of dry coal fired lbs.

* This table contains the principal items of the tab!e in the Code
of 1915 of the A.S.M.E. Committee on Power Tests.
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22. Total ash, clinkers, and refuse (dry) lbs.
23. Total combustible burned (Item 21—Item 22) lbs.
24. Percentage of ash and refuse in dry coal per cent.
25. Total weight of v/ater fed to boiler lbs.
26. Total water evaporated, corrected for quality of steam

(Item 25 X Item 18) lbs.
27. Factor of evaporation based on temperature of water

entering boiler
28. Total equivalent evaporation from and at 212° (Item

26 X Item 27) lbs.

HOUKLY QUANTITIES AND RATES.

29. Dry coal per hour lbs.
30. Dry coal per square foot of grate siu'face per hour lbs.
31. Water evaporated per hour, corrected for quality of

steam lbs.
32. Equivalent evaporation per hour from and at 212°. . . . lbs.
33. Equivalent evaporation per hour from and at 212° per

square foot of water-heating surface lbs.

CAPACITY.

34. Evaporation per hr. from and at 212° (same as Item 32) lbs.

a. Boiler horse-power developed (Item 34 -=- 34 V2) ... Bl. H.P.
35. Rated capacity per hour, from and at 212° lbs.

a. Rated boiler horse-power Bl. H.P.
36. Percentage of rated capacity developed per cent.

ECONOMY.

37. Water fed per pound of coal as fired (Item 25 -4- Item 19) lbs.

38. Water evaporated per pound of dry coal (Item 26 -^

Item 21) ; . . . lbs.

39. Equivalent evaporation from arid at 212° per pound of
coal as fired (Item 28 -=- Item 19) lbs.

40. Equivalent evaporation from and at 212° per poimd of
dry coal (Item 28 -^ Item 21) lbs.

41. Equivalent evaporation from and at 212° per pound of
combustible (Item 28 ^ Item 23) lbs.

EFFICIENCY.

42. Calorific value of 1 lb. of dry coal by calorimeter B.T.U.
43. Calorific value of 1 lb. of combustible by calorimeter. . B.T.U.
44. Efficiency of boiler, furnace and grate per cent.

inn V Item 40X970 .4
^""^

Item 42

45. Efficiency based on combustible per cent.

, Item 41 X 970.4
100 X -

Item 43

COST OF EVAPORATION.

46. Cost of coal per ton of. . . .lbs. delivered in boiler room, dollars.
47. Cost of coal required for evaporating 1000 lbs. of water

under observed conditions dollars.
48. Cost of coal required for evaporatmg 1000 lbs. of water

from and at 212° dollars.

SMOKE DATA.

49. Percentage of smoke as observed per cent.

FIRING DATA.

50. Kind of firing, whether spreading, alternate, or coldng
a. Average interval between times of leveling or

breaking up min.
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% ANALYSES AND HEAT BALANCE..

51. Analysis of dry gases by volume.
a. Carbon dioxide (CO2) per cent.
b. Oxygen (O) per cent.
c. Carbon monoxide (CO) per cent.
d. Hydrogen and hydrocarbons per cent.
e. Nitrogen, by difference (.N) per cent.

52. Proximate analysis of coal

Dry Coal. Combustible.

a. Moisture
b. Volatile Matter
c. Fixed carbon
d. Ash

100% 100% 100%
€. Sulphur, separately determined, referred to dry coal

.

per cent.

Ultimate analysis of dry coal.
a. Carbon (C) per cent.
b. Hydrogen (H) per cent.
c. Oxygen (O) per cent.
d. Nitrogen (N) per cent.
e. Sulphur (S) per cent.
/. Ash > per cent.

54. Analysis of ash and refuse, etc. . .

.

55. Heat balance, based on dry cpal and com-
bustible.

a. Heat absorbed by the boiler (Item 40
or 41 X 970.4)

b. Loss due to evaporation of moisture
in coal

C. Loss due to heat carried away by
steam formed by the burning of
hydrogen

d. Loss due to heat carried away in the
dry flue gases

e. Loss due to carbon monoxide
/. Loss due to combustible in ash and

refuse
g. Loss due to heating moisture in air

h. Loss due to unconsumed hydrogen
and hydrocarbons, to radiation,
and unaccounted for

i. Total calorific value of 1 lb. of dry
coal or combustible. (Items 42
and 43)

If it is desired that the heat balance be based on coal "as flred," or
on combustible burned, the items in the first column are multiplied by
(100 - Item 20) -H 100 for coal as fired or by 100 -7- (100 - Item 55/,
per cent) for combustible.

Principal Data and Results of Boiler Test.

1. Grate surface (width length ) sq. ft.

2. Total heating surface sq. ft.

3. Date
4. Duration hrs.
5. Kind and size of coal

Dry Coal.

B.T.U. Per cent.

100
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6. Steam pressure by gage .lbs. per sq. in,

7. Temperature of feed water entering boiler degs.
8. Percentage of moisture in steam or number of degrees

of superheating % or deg.
9. Percentage of moisture in coal per cent.

10. Dry coal consumed per hour lbs.

11. Dry coal consumed per square foot of grate surface per
hour lbs.

12. Equivalent evaporation per hour from and at 212° .... lbs.

13. Equivalent evaporation per hour from and at 212° per
square foot of heating surface lbs.

14. Rated capacity per hour, from and at 212° lbs,
15. Percentage of rated capacity developed per cent.
16. Equivalent evaporation from and at 212° per pound

of dry coal lbs.
17. Equivalent evaporation from and at 212° per pound

of combustible lbs.
18. Calorific value of 1 lb. of dry coal by calorimeter B.T.U.
19. Calorific value of 1 lb. of combustible by calorimeter. . B.T.U.
20. Efficiency of boiler, furnace and grate per cent.
21. Eflaciency based on combustible per cent.

FACTORS OF EVAPORATION.
The figures in the table on the next four pages are calculated from the

formula F ==(11 — h) -i- 970.4, in which H is the total heat above 32° of
1 lb. of steam of the observed pressure, h the total heat above 32° of the '

feed-water, and 970.4 the heat of vaporization, or latent heat, of steam at
212° F. The values of these total heats and of the latent heat are those
given in Marks and Davis's steam tables.
The factors are given for every 3° of feed -water temperature between

32** and 212°, and for every 5 or 10 lbs. steam pressure within the ordinary
working limits of pressure. Intermediate values correct to the third
decimal place may easily be found by interpolation.
The factors in the table are for dry saturated steam only.

STRENGTH OF STEAM-BOILERS. VARIOUS RULES FOR
CONSTRUCTION.

There is a great lack of uniformity in the rules prescribed by different
writers and by legislation governing the construction of steam-boilers.
In the United States, boilers for merchant vessels must be constructed
according to the rules and regulations prescribed by the Board of Super-
vising Inspectors of Steam Vessels; in the U. S. Navy, according to rules
of the Navy Department, and in some cases according to special acts of
Congress. On land, in some States, such as Massachusetts and Ohio,
and in some cities in other States, the construction of boilers is governed
by local laws; but in many places there are no laws upon the subject,
and boilers are constructed according to the idea of individual en-
gineers and boiler-makers. In recent years, however, there has been a
great improvement in this matter. The wide pubUcation of the
Massachusetts boiler rules, the activity of the American Boiler Manu-
facturers' Association, of the American Society for Testing Materials,
and the work of a committee of the American Society of Mechanical
Engineers, which completed its "Boiler Code" in 1915 (issued in pam-
phlet form by the Society), have all tended to bring about a great
degree of uniformity in the materials and the methods of boiler con-
struction. The matter on the following pages consists chiefly of ex-
tracts from the Massachusetts rules and the A. S. M. E. Boiler Code,
and is condensed from a fuller treatment of the subject in the second
edition of the author's "Steam Boiler Economy."

Materials Used in Boilers.—For the shells, tubes, rivets and braces
the material now in almost universal use is a special kind of soft open-
hearth steel, low in sulphur and phosphorus and of a tensile strength
not exceeding 65,000 lb. per sq. in. for shell plates and not exceeding
55,000 lb. per sq. in. for rivets.

Cast iron is used for fire-doors, grate-bars, manhole and handhole
{Continued on p. 913.)
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Lbs.
Gauge press. .0.3 10.3 20.3 30.3 40.3 50.3 60.3 70.3 80.3 85.3
Abs. press. ...15. 25. 35. 45. 55. 65. 75. 85. 95. 100.

Feed
water. Fa'jtors of Evaporation.

212° F. 1 .0003 1.0103 1.0169 1.0218 1 .0258 1.0290 1.0316 1.0340 1.0361 l.OJ/O
209 34 34 1 .0200 50 89 1.0321 47 71 92 1.0401
206 65 65 31 81 1.0320 52 79 1.0402 1.0423 32
203 96 96 62 1.0312 51 83 1.0410 33 54 63
200 1.0127 1.0227 93 43 82 1.0414 41 64 85 94
197 58 58 1 .0324 74 1.0413 45 72 95 1.0516 1.0525
194 89 89 55 1.0405 44 76 1.0503 1.0526 47 56
191 1 .0220 1.0320 86 36 75 1.0507 34 57 78 87
188 51 51 1.0417 67 1 .0506 38 65 88 1.0609 1.0618
185 82 82 48 98 37 69 96 1.0619 40 49
182 1.0313 1.0413 79 1 .0529 68 1.0600 1 .0627 50 7! 80
179 44 44 1.0510 60 99 31 58 81 1 .0702 1.0711

176 75 75 41 91 1 .0630 62 89 1.0712 33 42
173 1.0406 1.0506 72 1 .0622 61 93 1.0720 43 64 73

170 37 37 1 .0603 53 92 1.0724 51 74 93 1.0804
167 68 68 34 84 1.0723 55 82 1.0805 1.0826 35
164 99 99 65 1.0715 54 86 1.0812 36 57 66
161 1.0530 1 .0630 96 45 85 1.0817 43 67 88 97
158 61 61 1.0727 76 1.0816 47 74 98 1.0919 1 .0928

155 92 92 58 1.0807 46 78 1 .0905 1 .0929 50 59

152 1 .0623 1.0723 89 38 77 1.0909 36 60 80 90
149 54 54 1 .0820 69 1.0908 40 67 91 1.1011 1.1021

146 85 85 51 1.0900 39 71 98 1.1022 42 52
143 1.0715 1.0815 81 31 70 1.1002 1.1029 52 73 82
140 46 46 1.0912 62 1.1001 33 60 83 1.1104 1.1113

137 77 77 43 93 32 64 91 1.1114 35 44
134 1 .0808 1.0908 74 1.1023 63 95 1.1121 45 66 75

131 39 39 1.1005 54 93 1.1125 52 76 97 1.1206
128 70 70 36 85 1.1124 56 83 1.1207 1.1227 37
125 1 .0901 1.1001 67 1.1116 55 87 1.1214 38 58 68
122 31 31 97 47 86 1.1218 45 69 89 98
119 62 62 1.1128 78 1.1217 49 76 99 1.1320 1.1329

116 93 93 59 1.1209 48 80 1.1306 1 . 1330 51 60
113 1.1024 1.1124 90 39 79 1.1310 37 61 82 91

no 55 55 1.1221 70 1.1309 41 68 92 1.1412 1.1422

107 86 86 52 1.1301 40 72 99 1.1423 43 53

104 1.1116 1.1216 82 32 71 1.1403 1.1430 53 74 83

101 47 47 1.1313 63 1.1402 34 61 84 1.1505 1.1514

98 78 78 44 93 33 65 91 1.1515 36 45

95 1.1209 1.1309 75 1.1424 63 95 1.1522 46 66 76

92 40 40 1.1406 55 94 1.1526 53 77 97 1.1607

89 71 71 37 86 1.1525 57 84 1.1608 1.1628 37
86 1.1301 1.1401 67 1.1518 56 88 1.1615 38 59 68
83 32 32 98 48 87 1.1619 46 69 90 99
80 63 63 1.1529 78 1.1618 50 76 1.1700 1.1721 1.1730

77 94 94 60 1.1609 48 80 1.1707 31 51 61

74 1.1425 1.1525 91 40 79 1.1711 38 62 82 92
71 55 55 1.1621 71 1.1710 42 69 92 1.1813 1.1822

68 86 86 52 1.1702 41 73 1.1800 1.1823 44 53

65 1.1517 1.1617 83 33 72 1.1804 30 54 75 84

62 48 48 1.1714 63 1.1803 35 61 85 1.1906 1.1915

59 79 79 45 94 33 65 92 1.1916 37 46

56 1.1610 1.1710 76 1.1825 64 96 1.1923 47 67 77

53 41 41 1.1807 56 95 1.1927 54 78 98 1 .2008

50 72 72 38 87 1.1926 58 85 1.2009 1.2029 39

47 1.1703 1.1803 69 1.1918 57 89 1.2016 40 60 70

44 34 34 1.1900 49 88 1.2020 47 71 91 1.2101

41 65 65 31 80 1.2019 51 78 1.2102 1.2122 32
38 96 96 62 1.2011 50 82 1.2109 33 53 63
35 1.1827 1.1927 93 42 81 1.2113 40 64 84 94
32 58 58 1.2024 73 1.2113 44 71 95 1.2216 1.2225
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Lbs. "^

Gauge press. 90.3 95.3 100.3 105.3 110.3 115.3 120.3 125.3 130.3 135.3 140.:

Abs. press. .105. 110. 115.
'

120. 125. 130. 135. 140. 145. 150. 155.

Feed
water.

Factors of Evaporation.

212° F. 1.0379 1 .0387 1 .0396 I .0404 1.0411 1.0418 1.0425 1.0431 1.0437 1.0443 I.0449t

209 1.0410 1.0419 1 .0427 35 42 49 56 62 68 74 m
206 41 50 58 66 73 81 87 93 99 1.0505 1.0511
203 72 81 89 97 1 .0504 1.0512 1.0518 1.0524 1 .0530 36 43

200 1.0504 1.0512 1 .0520 1 .0528 35 .43 49 55 61 67 74
197 35 43 51 59 66 74 80 86 92 98 1.0505

194 66 74 82 90 97 1.0605 1.0611 1.0617 1.0623 1.0629 36
191 97 1 .0605 1.0613 1 .0621 1 .0629 36 42 48 54 60 67
188 I .0628 36 44 52 60 67 73 79 85 9! 98

185 59 67 75 83 91 98 1.0704 i.07i0 1.0716 1.0722 1.0729
182 90 98 1 .0706 1.0714 1.0721 1.0729 35 41 47 53 60

179 1.0721 1 .0729 37 45 52 60 65 72 78 84 91

176 52 60 68 76 83 91 97 1.0803 1.0809 1.0815 1.0822

173 82 91 99 1 .0807 1.0814 1.0822 1.0828 34 40 46 53

170 1.0813 1 .0822 1.0830 38 45 53 59 65 7! 77 83

167 44 53 61 69 76 84 90 96 1.0902 1.0903 1.0914

164 75 84 92 1 .0900 1.0907 1.0914 1.0921 1 .0927 33 39 45

161 1.0906 1.0914 1 .0923 31 38 45 52 58 64 70 76

158 37 45 54 62 69 76 82 89 95 1.1001 1.1007

155 68 76 85 93 1.1000 1.1007 1.1013 1.1020 1.1026 32 38
152 99 1.1007 1.1015 1.1024 31 38 44 51 57 63 69

149 1.1030 38 46 55 62 69 75 81 88 94 1.1 100

146 61 69 77 86 93 1.1100 1.1106 1.1112 1.1119 1.1125 31

143 92 1.1100 1.1108 1.1116 1.1124 31 37 43 49 55 62

140 1.1123 31 39 47 54 62 68 74 80 85 93

137 53 62 70 78 85 93 99 1.1205 I. 1211 1.1217 1.1224

134 84 93 1.1201 1.1209 1.1216 1.1223 1.1230 35 42 48 54

131 1.1215 1.1223 32 40 47 54 60 67 73 79 85

128 46 54 62 71 78 85 91 98 1.1304 1.1310 1.I3I6

125 77 85 93 1.1302 1.1309 1.1316 ! . 1322 1.1328 35 41 47

122 1.1308 1.1316 1.1324 32 40 47 53 59 65 71 78

119 39 47 55 63 70 78 84 90 9j 1.1402 1.1409

116 69 78 86 94 1.1401 1.1408 1.1415 1.1421 1.1427 33 39

113 1.1400 1.1408 1.1417 1.1425 32 39 45 52 58 64 70

110 31 39 47 56 63 70 76 82 89 95 1.1501

107 62 70 78 87 94 1.1501 1.1507 1.1513 1.1519 1.1526 32

104 92 1.1501 1.1509 1.1517 1.1525 32 38 44 50 56 63

101 1.1523 32 40 48 55 63 69 75 81 87 93

98 54 62 71 79 86 93 1.1600 1.1606 1.1612 1.1518 1.1524

95 85 93 1.1602 1.1610 1.1617 1.1624 30 37 43 49 55

92 1.1616 1.1624 32 41 48 55 61 67 74 80 86

89 47 55 63 71 79 86 92 98 1.1704 1.1711 1.1717

86 78 86 94 1.1702 1.1710 1.1717 1.1723 1.1729 35 41 48

83 1.1708 1.1717 1.1725 33 40 48 54 60 66 72 78

80 39 47 56 64 71 78 85 91 97 1.1803 1.1809

77 70 78 86 95 1.1802 1.1809 1.1815 1.1822 1.1828 34 40

74 1.1801 1.1809 1.1817 1.1826 33 40 45 52 59 (.5 71

71 32 40 48 56 64 71 77 83 89 96 1.1902

68 62 71 79 87 94 1.1902 1.1908 1.1914 1.1920 1.1926 33

65 93 1.1902 1.1910 1.1918 1.1925 33 39 45 51 57 63

62 1.1924 32 41 49 56 63 70 76 82 88 94

59 55 63 72 80 87 94 1.2000 1 .2007 1.2013 1.2019 1.2025

56 86 94 1.2002 1.2011 1.2018 1.2025 31 38 44 50 56

53 1.2017 1.2025 33 42 49 56 62 68 75 81 87

50 48 56 64 73 80 87 93 99 1.2106 1.2112 1.2118

47 79 87 95 1.2104 1.2111 1.2118 1.2124 1.2130 37 43 49

44 1.2110 1.2118 1.2126 35 42 49 55 61 68 74 80

41 41 49 57 66 73 80 86 92 99 1.2205 1.2211

38 72 80 88 97 1 .2204 1.2211 1.2217 1 ,2223 1.2230 35 42
35 1.2203 1.2211 1.2219 1.2228 35 42 48 55 61 67 73

32 34 42 51 59 66 73 79 86 92 98 1.2304
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150.3 155.3 160.3 165.3 170.3 175.3 180.3 185.3 190.3 195.3
165. 170. 173. 180. 185. 190. 195. 200. 205. 210

Feed
' water.

Factors of Evaporation.

212° F. 1.0454 1 .0460 1 .0464 1.0469 1.0474 1.0478 1.0483 1.0487 1.0492 1.0496 1.0499
209 86 91 95 1.0500 1.0505 1 .0509 1.0514 1.0519 1.0523 1.0527 1 .0530

i 205 1.0517 1.0522 1 .0526 31 36 40 45 50 54 58 61

203 48 53 57 62 67 71 77 81 85 89 92

I
200 79 84 88 93 98 1.0602 1.0608 1.0612 1.0316 1.0620 1 .0623
197 1.0610 1.0615 1.0619 1.0624 1.0629 33 39 43 47 51 54
194 41 46 50 55 60 64 70 74 78 82 85
191 72 77 81 86 91 95 1.0701 1.0705 1.0709 1.0713 1.0716
188 1.0703 1.0708 1.0712 1.0717 1 .0722 1.0727 32 36 40 44 47
185 34 39 43 48 53 58 63 67 71 75 78
182 65 70 74 79 84 88 94 98 1.0802 1.0806 1.0809
179 96 1.0801 1.0805 1.0810 1.0815 1.0819 1.0825 1 0829 33 37 40
176 1 .0827 32 35 41 46 50 56 60 64 68 71

: 173 58 63 67 72 77 81 87 91 95 99 1.0902
170 89 94 98 1.0903 1.0908 1.0912 1.0917 1 0922 1.0926 1.0930 33
167 1 .0920 1.0925 1.0929 34 i9 43 48 53 57 61 64
164 51 56 60 65 70 74 79 84 88 92 95
161 81 87 91 96 1.1001 1.1005 1.1010 1 1014 1.1019 1.1023 1 . 1026

158 1.1012 1.1018 1.1022 1.1027 32 36 41 45 49 54 57
155 43 48 53 58 63 67 72 76 80 85 88
152 74 79 83 89 94 98 1.1103 1.1107 1.1111 1.1115 1.1119
149 1.1105 1.1110 1.1114 1.1120 1.1125 1.1129 34 38 42 45 49
146 36 41 45 50 56 60 65 69 73 77 80
143 67 72 76 81 86 91 96 1.1200 1.1204 1.1208 1.I21I

140 98 1.1203 1.1207 1.1212 1.1217 1.1221 1.1227 31 35 39 42
137 1.1229 34 38 43 48 52 58 62 66 70 73

134 59 65 69 74 79 83 88 92 97 1.1301 1.1304

131 90 95 1.1300 1.1305 1.1310 1.1314 I.13I9 1.1323 1.1327 32 35

128 1.1321 1.1326 30 36 41 45 50 54 58 62 66

125 52 57 61 66 72 76 81 85 89 93 96

122 83 88 92 97 1.1402 1.1407 1.1412 1.1416 1.1420 1.1424 1.1427

119 1.1414 1.1419 1.1423 1.1428 33 37 43 47 51 55 58

116 45 50 54 59 64 68 73 78 82 86 89

113 75 81 85 90 95 99 1.1504 1.1508 1.1512 1.1515 1.1520

110 1.150& 1. 1511 1.1515 1.1521 1.1526 1.1530 35 39 43 47 50

107 37 42 46 51 57 61 66 70 74 78 81

104 68 73 77 82 87 92 97 1.1601 1.1605 1.1609 1.1612

101 99 1.1604 1.1608 1.1613 1.1618 1.1622 1.1627 32 36 40 43

1
98 1.1629 35 39 44 49 53 58 62 67 71 74

1
95 60 65 70 75 80 84 89 93 97 1.1701 1.1705

92 91 95 1.1700 1.1705 1.1711 1.1715 1.1720 1.1724 1.1728 32 35

89 1.1722 1.1727 31 36 42 45 51 55 59 63 66

86 53 58 62 67 72 76 82 86 90 94 97

83 84 89 93 98 1.1803 1.1807 1.1812 1.1817 1.1821 1.1825 1.1828

80 1.1814 1.1820 1.1824 1.1829 34 38 43 47 52 56 59

77 45 50 54 60 65 69 74 78 82 86 90

74 76 81 85 90 96 1.1900 1.1905 1.1909 1.1913 1.1917 1.1920

71 1.1907 1.1912 1.1916 1.1921 1.1926 31 36 40 44 48 51

68 38 43 47 52 57 61 67 71 75 79 82

65 69 74 78 83 88 92 97 1.2002 1.2006 1.2010 1.2013

62 99 1.2005 1.2009 1.2014 1.2019 1.2023 1.2028 32 36 41 44

59 1.2030 35 40 45 50 54 59 63 67 72 75

56 61 66 70 76 81 85 90 94 98 1.2102 1.2106

53 92 97 1.2101 1.2107 I. 2112 1.2116 1.2121 1.2125 1.2129 33 36

50 1.2123 1.2128 32 37 43 47 52 56 60 64 67

47 54 59 63 • 68 74 78 83 87 91 95 98

44 85 90 94 1.2200 1.2205 1.2209 1.2214 1.2218 1.2222 1.2226 1.2229

41 1.2216 1.2221 1.2225 31 36 40 45 49 53 57 60

38 47 52 56 62 67 71 76 80 84 88 91

35 78 83 88 93 98 1.2302 1.2307 1.2311 1.2315 1.2320 1.2323

32 1.2309 1.2315 1.2319 1.2324 1.2329 33 38 42 46 51 54
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Lbs. 1 1 i 1 1 1

Gauge press. 200.3 295.31 210.31 215.31 220.3| 225. 3| 230.3| 235.3 240.3 245.3 250.»

Abs. press. . .215. 220.
1
223.

1 230. 1 235.
1
243.

1
245.

1
250. 255. 253. 265.

j

Feed
witer. Factors of Evaporation. '

212° F. 1.0503 1.0507 1.0510 1.0513 1.0517 1.0520 1.0523 1.0527 1.0529 1.0533 1.0535
209 34 38 41 44 48 52 55 58 60 64 66

206 65 69 72 75 79 83 86 89 91 95 97

203 96 1 .0600 1.0603 1.0606 1.0611 1.0614 1.0617 1 .0620 1.0622 1.0626 1.0629
200 1 .0627 31 34 37 42 45 48 51 53 57 60

197 58 62 65 68 73 76 79 82 84 83 91

194 89 93 96 1 .0700 1 .0704 1 .0707 1.0710 1.0713 1.0715 1.0719 1 .0722

191 1 .0720 I .0724 1 .0727 31 35 38 41 44 46 50 53

188 51 55 58 62 66 69 72 75 78 81 84
185 82 86 89 93 97 1 .0800 1 .0803 1 .0806 1.0809 1.0812 1.0815
182 1.0813 1.0817 1 .0820 1 .0823 1.0828 31 34 37 39 43 46

179 44 48 51 54 59 62 65 68 70 74 77

176 75 79 82 86 90 93 96 99 1 .0901 1 .0905 1 .0908

173 1 .0906 1.0910 1.0913 1.0916 1 .0921 1.0924 I .0927 1 .0930 32 36 39
170 37 41 44 47 51 55 58 61 63 67 69
167 68 72 75 78 . 82 86 89 92 94 98 1.1001

164 99 1.1003 1.1006 1.1009 1.1013 1.1016 1.1019 1.1023 1.1025 1.1029 31

161 1.1030 34 37 40 44 47 50 54 56 60 62
158 61 65 68 71 75 78 81 85 87 91 93

155 92 96 99 1.1102 1.1106 1.1109 1.1112 1.1115 1.1118 1.1122 1.1124
152 1.1123 1.1127 1.1130 33 37 40 43 46 49 53 55

149 54 58 61 64 68 71 74 77 80 83 86

146 84 89 92 95 99 1.1202 1.1205 1.1208 1.1211 1.1214 1.1217

143 1.1215 1.I2I9 1.1223 1.1226 1.1230 33 36 39 42 45 48
140 46 50 53 56 61 64 67 70 72 76 79

137 77 81 84 87 92 95 98 1.1301 1.1303 1.1307 1.1310

134 1.1308 1.1312 1.1315 1.1318 1.1322 1.1326 1.1329 32 34 38 40

131 39 43 46 49 53 56 59 62 65 69 71

128 70 74 77 80 84 87 90 93 96 1.1400 1.1402

125 1.1400 1.1405 1.1408 1.1411 1.1415 1.1-418 1.1421 1.1424 1.1427 30 33

122 31 35 39 42 46 49 52 55 58 61 64
119 62 66 69 72 77 80 83 86 88 92 95

116 93 97 1.1500 1.1503 1.1507 1.1511 1.1514 1.1517 1.1519 1.1523 1.1525

113 1.1524 1.1528 31 34 38 41 44 48 50 54 56

110 55 59 62 65 69 72 75 78 81 85 87

107 85 90 93 96 1.1600 1.1603 1.1606 1.1609 1.1612 1.1615 1.1618

104 1.1616 1.1620 1.1624 1.1627 31 34 37 40 43 46 49

101 47 51 54 57 61 65 68 71 73 77 80
98 78 82 85 88 92 95 98 1.1702 1.1704 1.1708 1.1710

95 1.1709 1.1713 1.1716 1.1719 1.1723 1.1726 1.1729 32 35 39 41

92 39 44 47 50 54 57 60 63 66 69 72

89 70 75 78 81 85 88 91 94 97 1.1800 1.1803

86 1.1801 1.1805 1.1808 1.1812 1.1816 1.1819 1.1822 1.1825 1.1827 31 34
83 32 36 39 42 46 50 53 56 58 62 64

80 63 67 70 73 77 80 83 87 89 93 95

77 94 98 1.1901 1.1904 1.1908 1.1911 1.1914 1.1917 1.1920 1.1924 1.1926

74 1.1924 1.1929 32 35 39 42 45 48 51 54 57

71 55 59 63 66 70 73 76 79 82 85 88

68 86 90 93 96 1.2001 1.2004 1.2007 1.2010 1.2012 1.2016 1.2019

65 1.2017 1.2021 1.2024 1.2027 31 35 38 41 43 47 49

62 48 52 55 58 62 65 68 72 74 78 80

59 79 83 86 89 93 96 99 1.2102 1.2105 1.2109 1.2111

56 1.2110 1.2114 1.2117 1.2120 1.2124 1.2127 1.2130 33 36 40 42

53 41 45 48 51 55 58 61 64 67 70 73

50 71 76 79 82 86 89 92 95 98 1.2201 1.2204

47 1.2202 1.2207 1.2210 1.2213 1.2217 1.2220 1.2223 1.2226 1.2229 32 35

44 34 38 41 44 48 51 54 57 60 63 66

41 65 69 72 75 79 82 85 88 91 94 97

38 96 1.2300 1.2303 1.2306 1.2310 1.2313 1.2316 1.2319 1.2322 1.2325 1.2328

35 1.2327 31 34 37 41 44 47 50 53 57 59

32 58 62 65 68 72 75 78 82 84 88 90
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plates, headers of water-tube boilers (for pressures under 160 lb.), mud
drums (not exceeding 18 in. diameter), and nozzles for pipe attach-
ments, but there is a tendency to substitute rolled or forged steel for all
these purposes except grate-bars.

Quality of Steel. (A. S. M. E. Boiler Code, 1915.)

Flange. Firebox.
( Plates 3/4 in. thick

Carhnn ) and under . . . 12— . 25

%

^^^'^^^ i Plates over 3/4 in.

( thick 0.12— 0.30
Manganese 0.30—0.60% 0.30—0.50
Pho<?r.}iorn<? i ^cid Not over 0.05 Not over 0.04rnospnorus

-j g^^j^, j^^^ ^^^^j, q q^ -^^^ ^^^^ 0. 035
Sulphur , Not over 0.05 Not over 0. 04
Copper Not over 0.05

Tensile strength, lb. per sq. in 55,000—65,000 55,000—63,000
Yield point, min., lb. per sq. in. . . 0.5 tens. str. 0.5 tens. str.

1,500,000 1,500,000
Elongation in S-in., min., per cent

Tens. str. Tens. str.

. For material over 3/4 in. in thickness a deduction of 0.5 from the
percentage of elongation shall be made for each increase of Vs in. in
thickness above 3/4 in., to a minimum of 20%.

Cold bending and quench bending tests are also required, and for fire-

box steel a homogeneity test (see page 507).,
Rivet steel: Tensile strength, 45,000-55,000, Elongation in 8 in.

1,500,000 -^-tensile strength, but need not exceed 30%. Stay bolt steel,

T. S., 50,000-60,000.
Quench-bend Tests.—The test specimen, when heated to a light

cherry red as seen in the dark (not less than 1200° F.), and quenched
at once in water the teniperature of which is between 80° and 90°, shall
bend through 180° without cracking on the outside of the bent portion,
as follows: For material 1 in. or under in thickness, flat on itself: for
material over 1 in. in thickness, around a pin of a diameter equal to the
thickness.

Boiler tubes are now generally made of soft steel, but charcoal iron
tubes are still preferred by some users.

Shells; Water and Steam Drums.—The cylindrical structure, in-
cluding the ends, of a fire-tube boiler, is usually called the sheU. The
cylinder superposed on the tubes of a water-tube boiler is called a
water and steam drum. Shells of marine boilers of the Scotch type
have been built of diameters as large as 16 ft. Water and steam drums
of water-tube boilers are rarely made of greater diameter than 42 in.

The thickness of shell for a given pressure is found from the common
formula for safe strength of thin cyhnders,

P= 2tTf ~dF; whence t= PdF ^2T f.

P = safe working pressure; T = tensile strength of plate, both in lb.

per sq. in., t = thickness of plate in inches; / = ratio of the strength of a
riveted joint to that of the solid plate; F = factor of safety allowed; and
d = diameter of shell or drum in inches.
The value taken for T is commonly that stamped on the plates by the

manufacturer, / is taken from tables of strength of riveted joints or is

computed, and F must be taken at a figure not less than is prescribed
by local or State laws, or, in the case of marine boilers, by the rules
of the U. S. Board of Supervising Inspectors, and may be more than \3his

figure if a greater margin of safety is desired.
Strength of Circumferential Seam.—Safe working pressure P =

4tTf-^dF; t = PdF~-4cTf, notation as above. The strength of a
shell against rupture on a circumferential line is twice that against
rupture on a longitudinal fine, therefore single riveting is sufficient
on the cirrumferential seams while double, triple or quadruple rivet-
ing is usea for the longitudinal seams.

Thickness of Plates; Riveting. (Mass. Boiler Rules, 1910).—The
longitudinal joints of a boiler, the shell or drum of which exceeds 36 in.

diameter, shall be of butt and double strap construction; if it does not
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exceed 36 in. lap-riveted construction may be used, the maximum
pressure on such shells being 100 lb. per sq. in.

JNIinimum thickness of plates in flat-stayed surfaces, s/^g in.
The ends of staybolts sliall be riveted over or upset.
Rivets shall be of sufficient length to completely fill the rivet holes

and form a head equal in strength to the body of the rivet.
Rivets shall be machine driven wherever possible, vath sufficient

pressure to fill the rivet holes, and shaU be allowed to cool and shrink
under pressure.

Rivet holes shall be drilled full size with plates, butt straps and
heads bolted in position; or they may be punched not to exceed 1/4 in.

less than full size for plates over 5/ie in. thick, and i/s in. or less for
plates not exceeding s/ie in. thick, and then drilled or reamed to full

size with plates, butt straps and heads bolted up in position.
The longitudinal joints of horizontal return-tubular boilers shall be

located above the fire-line of the setting.
The thickness of plates in a shell or drum shall be of the same gage.

Minimum thickness of shell plates (Mass. Rules and A. S. M. E. Code)

:

Diam. 36 in. or under, 1/4 in.; over 36 to 54 in., 5/i6 in.; over 54 to 72
in., 3/8 in.; over 72 in., 1/2 in.

Minimiun thickness of butt straps:

;s, in. 1/4 to II/32 3/8 to 18/32 7/l6 to 15/32 V2 to Vl^Ws to 3/4 7/8 1 to U/S HA
Straps, in.

I

I/4 5/i6 |
3/8

|

' 7/m \
I/2 Is/sl 3/4 l/s'

Minimum thickness of tube sheets:

Diam. of tube
sheet, in ... .

Thickness, in. .

42 or under Over 42 to 54 Over 54 to 72 Over 72

7/I6 1/2 9/16

Convex or Bumped Heads.—^Minimum thickness of convex heads,
t = i/id F P -^ T; d = diameter in inches ; F = 5 = factor of safety ; P =
working pressure, lb. per sq. in. ; T = tensile strength stamped on the
head.
When a convex head has a manhole opening the thickness is to be

increased not less than 1/8 in.

When the head is of material of the same quaUty and thickness as
that of the shell, the head is of equal strength with the shell when the
radius of curvature of the head equals the diameter of the shell, or when
the rise of the curve = 0.134 diam. of shell.

[The A. S. M. E. Boiler Code specifies a higher factor of safety, 5.5,
and adds l/s in. to the thickness, making the formula t = 2.75 PR/T
-\- 1/8 in., il being the radius to which the head is dished, in inches.
When B is less than 0.8 d the thickness shall be at least that foimd by
the forrq^la when R = 0.8 d. Dished heads with the pressure on the
convex side are ahowed a maximum working pressure equal to 60%
of that for heads of the same dimensions with the pressure on the
concave side. When the dished head has a manhole opening the thick-
ness as found by these rules shall be increased by not less than i/g in.
The corner radius of a dished head shall be not less than 1 y^ in. nor
more than 4 in., and not less than 0.0312. A manhole opening in a
dished head shall be fianged to a depth not less than three times the
thickness of the head measured fi-om the oiitside.]

Efficiency of Riveted Joints. (Mass. Boiler Rules, 1910.)*

K = efficiency = ratio of strength of unit length of riveted joint to
the strength of the same length of a solid plate.

T = tensile strength of the material, in poimds per square inch.
t = thickness of plate, in inches.
b = tliickness of butt strap, in inches.
P = pitch of rivets, in inches, on the row having the greatest pitch.
d = diameter of rivet, after driving, in inches.
a = cross-section of rivet after driving, in square inches,
s = strength of rivet in single shear, in pounds per square inch.
S = strength of rivet in double shear, in pounds per square inch.

* The same rules are given in the A. S. M. E. Boiler Code of 1914,
Which was modeled on the Massachusetts Rules.
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c ~ cinisMng strength of rivet, in pounds per square inch.
n = number of rivets in single shear in a length of joint equal to P.N = number of rivets in double shear in the same length of joint.

For single-riveted lap joints:
A = strength of solid plate = PtT.
B = strength of plate between rivet holes = (P — d)tT.
C = shearing strength of one rivet = nsa.
D = crushing strength of plate in front of one rivet = dtc.

X = -^ or— or
-J,

whichever is least.

For double-riveted lap joints:
A and B as above, C and D to be taken for two rivets.
X = B, C, ov D (whichever is least) divided by A.

For butt and double strap joint, double-riveted:
A = strength of solid plate = PtT.
B = strength of plate between rivet holes in the outer row =

(P - d)tT.
C = shearing strength of two rivets in double shear, plus shearing

strength of one rivet in single shear = NSa + nsa.
D = strength of plate between rivet holes in the second row, plus

the shearing strength of one rivet in single shear in the outer
row= (P- 2d)tT+ nsa.

E = strength of plate between rivet holes in the second row, plus
the crushing strength of butt strap in front of one rivet in
the outer row = (P - 2d)tT + dbc.

F = crushing strength of plate in front of two rivets, plus the
crushing strength of butt strap in front of one rivet =
Ndtc + ndbc.

G = crushing strength of plate in front of two rivets, plus the
shearing strength of one rivet in single shear = Ndtc + nsa.

X= B,C, D, E, F, or G (whichever is least) divided by A.
For butt and double strap joint, triple-riveted:

The same as for double-riveted, except that four rivets instead oi
tv.ro are taken for N in computing C, F, and G.

For butt and double strap joint, quadruple-riveted:
A, B, and D the same as for double-riveted joints,
C = shearing strength of eight rivets in double shear and three

rivets in single shear = NSa + nsa.
E = strength of plate between rivet holes in the third row (the

outer row being the first) plus the shearing strength in single
shear of two rivets in the second row and one rivet in the
outer row = (P — Ad)tT + nsa.

F = strength of plate between rivet holes in the second row, plus
the crushing strength of butt strap in front of one rivet m
the outer row = (P - 2d)tT + dbc.

G = strength of plate between rivet holes in the third row, plus
the crushing strength of butt strap in front of two rivets
in the second row- and one rivet in the outer row=

(P -4d)tT + ndbc.
H = crushing strength of plate in front of eight rivets, plus the

crushing strength of butt strap in front of three rivets =
Ndtc + ndbc.

I = crushing strength of plate in front of eight rivets, plus the
shearing strength in single shear of two rivets in the second
row and one in the outer row = Ndtc + nsa.

X= B, C, D, E, F, G, H, or I (whichever is least) divided by A.

The Massachusetts Rules allow the crushing strength of mild steel to
be taken at 95,000 lb. per sq. in. The maximum shearing strength of
rivets, in lb. per sq. in. of cross-section, is taken as foUows:

In single shear, iron, 38,000; steel, 42,000.
In double shear, iron, 70,000; steel, 78,000.
The A. S. M. Boiler Code aiso allows 95,000 lb. per sq. in. for crush'

ing strength, but for shearing strength of rivets allows:
In single shear, iron 38,000; steel 44,000.
In double shear, iron 76,000; steel 88,000.
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Allowable Stresses on Braces and Staybolts. (Massachusetts Rules.)
•—The maximum allowable stress per square inch net cross-sectional
area of stays and staybolts shall be as follows: Weldless mild steel,
head to head or through stays, 8000 lb., 9000 lb.; diagonal or crow-
foot stays, 7500 lb., 8000 lb.; mild steel or wrought-iron staybolts
6500 lb., 7000 lb. The first figure in each case is for size up to 1 1/4
in. diameter or equivalent area, the second for size over l'i/4 in. or
equivalent area.
The A. S. M. E. Boiler Code allows for welded stays 6000 lb. per sq.

in.; for unwelded stays (a) 7500; (b) 9500; (c) 8500. (a) less than 20
diameters long, screwed through plates with ends riveted over; (&)
lengths between supports not exceeding 120 diameters; (c) exceeding 120
diameters.

Allowable Pressure on Staybolted Surfaces.—The U. S. Supervising
Inspectors' rule (for steamboat service) is:

P = allowable pressure, Jb. per sq. in., S = maximum pitch in inches,
t = thickness in sixteenths of an inch, fc = 112 for plates up to 7/i6 in.,
and 120 for plates over 7/iq in.
The A. S. M. E. Boiler Code gives the same formula with the follow-

ing values of the constants: For stays screwed through plates with
ends riveted over, plates not over 7/i6 in. thick, C = 112; over 7/i6 in.
thick, C = 120; for stays screwed through plates and fitted with single
nuts outside of plate, C= 135; for stays fitted with inside nuts and
outside washers, the diameters of washers not less than 0.4 5 and
thickness not less than t, C = 175.

Staybolts.—Staybolts in water-legs are subject not only to longi-
tudinal stress due to the boiler pressure, and to corrosion, but also to
bending stress caused by relative motions of the outer and inner sheets
of the fm-nace or waterleg due to the variations in temperature to
which the two are subjected. A staybolt usually fails by transverse
fracture close to the outer sheet, which is supposed to be due to the
fact that the fire-box sheet is generally thinner than the outer sheet, and
therefore holds the end of the stay less rigidly. Staybolts are some-
times drilled with a small hole at one end through which water will be
blown out as soon as a fracture extends far enough across the section
to reach the hole, thus calling attention to the failure of the stay. A
better form is one in which the hole extends the whole length of the stay.
The inner portion of the stay is turned to i/g in. smaller diameter than
the ends, in order to make the stay more flexible and diminish the
chances of fracture.
Tube Spacing in Horizontal Tubular Boilers.—Tn modern practice

the tubes are arranged in vertical and horizontal rows (not staggered
|

as in earlier practice), with not less than 1 in. space between adjacent!
tubes, not less than 2 in. between the two central vertical rows, and I
not less than 2 M in. between the shell and the nearest tube. In boilers 1
60 in. diameter and larger a manhole is put- in the front head beneath

J
the central rows of tubes. I

Tubes and Tube Holes. (Mass. Boiler Rules).—Tube holes shall be
J

drilled full size, or they may be punched not to exceed J4 in. less than I

the full size, and then drilled, reamed or finished full size with a rotating]
cutter. The edge of tube holes shall be chamfered to a radius of about
1/16 in. A flre-tube boiler shall have the ends of the tubes substantially
beaded. The ends of all tubes, suspension tubes and nipples shall be
flared not less than i/g in. over the diameter of the tube hole on all

water-tube boilers and superheaters, and shall project through the tube
sheets or headers not less than 1/4 in. nor more than 1/2 in. Separately
fired superheaters shall have the tube ends protected by refractory ma-
terial where they connect with drums or headers.

Holding Power of Expanded Tubes. (The Locomotive, Sept., 1893.)—Tubes 3 in. external diameter, 0.109 in. thick were expanded in a
3/8-in. plate by .rolling with a Dudgeon expander, without the pro-
jecting part being flared or beaded. Stress was applied to draw the
tubes out of the plates. The observed stress which caused yielding
was, in three specimens, 6500, 5000 and 7500 lb. Two other specimens
were flared so that the diameter of the extreme end of the tube pro-
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jecting 8/16 in. beyond the plate was 3.2 in., the diameter of the tube
where it entered the plate being 3.1 in. The observed stress which
caused the yielding of these specimens was 21,000 and 19,500 lb.

The Locomotive estimates that the factor of safety of the plain rolled
tubes •!§ nearly 4 and that of the flared tubes about 15 against the stress
to which they are subjected in a boiler at 100 lb. gage pressure. It is

considered that the tubes act as stays for that portion of the flat head
that is within two inches of the upper row of tubes, and that the seg-
ment above this (except that portion that lies with 3 in. of the shell) re-
quires to be braced.

Size of Boiler Tubes.—The following table gives the dimensions of
the tubes commonly used in steam-boilers, together with their calculated
surface per foot of length, and the length per square foot of surface,
internal and external:

Dimensions of Standard BoUer Tubes

11n % Inside

Sur-

face

per

Foot

of

Length.

1= ,

Outside

Sur-

faceperFoot

of

Length,

Sq.

ft.

1^

2 0.095 1.810 0.4738 2.110 0.5236 1.910 0.0179 0.0218

2V4 .095 2.060 .5393 1.854 .5890 1.698 .0231 .0276
2 1/2 .109 2.282 .5974 1.674 .6545 1.528 .0284 .0341

2 3/4 ,109 2.532 .6629 1.508 .7199 1.389 .0350 .0412
3 .109 2.782 .7283 1.373 .7854 1.273 .0422 .0491

31/4 .120 3.010 .7880 1.269 .8508 1.175 .0494 .0576
31/2 .120 3.260 .8535 •1.172 .9163 1.091 .0580 .0668
33/4 .120 3.510 .9189 1.088 .9817 1.018 .0672 .0767
4 .134 3.732. .9770 1.024 1.0472 0.955 .0760 .0873

Flues Subjected to External Pressure.—The rules of the U. S. Board
of Supervising Inspectors, Steamboat Inspection Service, 1909, give the
following rules for flues subjected to external pressure only:

Plain lap-welded flues 7 to 13 in. diameter.
Furnaces.—The tensile strength of steel used in the construction of

corrugated or ribbed furnaces shall not exceed 67,000, and be not less
than 54,000 lb. ; and in all other furnaces the minimum tensile strength
shall not be less than 58,000, and the maximum not more than 67,000
lb. The minimum elongation in 8 inches shall be 20%.

All corrugated furnaces having plain parts at the ends not ex-
ceeding 9 inches in length (except flues especially provided for), when
new, and made to practically true circles, shall be allowed a steam
pressure in accordance with the formula P = C X T ^ D.
P = pressure in lb. per sq. in., T = thickness in inches, C = a con-

stant, as below.
Leeds suspension bulb furnace. . . C = 17,000, T not less than s/ie in.
Morison corrugated type C = 15,600, T not less than 5/i6 in.
Fox corrugated type C = 14,000, T not less than 5/i6 in.
Purves type, rib projections C = 14,000, T not less than 7/u in.
Brown corrugated type C = 14,000, T not less than s/ig in.

Type having sections 18 ins. long C = 10,000, T not less than 7/ie in.

Limiting dimensions from center of the corrugations or projecting
ribs, and of their depth, are given for each furnace.
Working Pressure on Boilers with Triple Riveted Joints.—^A triple

riveted double butt and strap joint, carefiilly designed, may be made
to have an eflQciency something higher than 85 per cent. Good boiler
plate steel may be considered to have a tensile strength of 55,000 lb.
per sq. in. Taking these figures and a tactor of safety of 5, we have
safe working pressure

P = 2T^ ^ 2 X 55,000 XitX 0.85 _ 18700^

dF bd d '

from which the following table is calculated.
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Safe Working Pressure for Shells with Joints of 85% Efficiency.

Thickness, In. . . 1/4 5/16 3/8 7/16 1/2 9/16 5/8 11/16 3/4 13/16 7/8 15/16 1

Diameter, In.
24 195

156
130

111

247
195

162
139

122
108

234
195

167
146

130
117
106

227
195
170

151

136
124

114

260
223
195

173

156
142
130

120

250
219
195

175
159

146

135
125

117

243
216
195

177

162
150
139

130

121

238
214
195
179

165

153
143

134

233
212
195
180

167
156
146

230
211
195
181

169
158

227
210
195

182
170

225
209
195
183

30
36
42
48
54
60
66
72
78...
84 ??3

90 ?08

96 195

Shells of externally fired boilers are rarely made over S/jq in. ttiick.

Pressures Allowed on Boilers. (Mass. Boiler Rules.)—The pressure
allowed on a boiler constructed wholly of cast iron shall not exceed
25 lb. per sq. in.
The pressure allowed on a boiler the tubes of which are secured to

cast-iron headers shall not exceed 160 lb. per sq. in.

The maximum pressure to be allowed on a shell or drum of a boiler
shall be determined from the minimum thickness of the shell plates, the
lowest tensile strength stamped on the plates by the manufacturer, the
efficiency of the longitudinal joint or of the ligament between the tube
holes, whichever is least, the inside diameter of the outside course, and
a factor of safety not less than five.

The lowest factor of safety to be used for boilers the shells or drums
of which are exposed to the products of combustion, and the longi-
tudinal joints of which are lap riveted, shall be as follows: 5 for boilerj
not over 10 years old; 5.5 for boilers over 10 and not over 15 years old;
5.75 for boilers over 15 and not over 20 years old; 6 for boilers over 20
years old. The lowest factor of safety to be used for boilers the longi-
tiidinal joints of which are of butt and double strap construction is 4.5
A hydrostatic test is to be applied if in the judgment of the in-

spector or of the insurance company it is advisable. The maximum
pressure in a hydrostatic test shall not exceed 1 Vi times the maximum
allowable working pressure, except that twice the maximum allowable
working pressure may be applied on boilers permitted to carry not
over 25 lb. pressure, or on pipe boilers.

Fusible Plugs.— (A. S. M. E. Code.) Fusible plugs, if used, shall be
filled with tin with a melting point between 400 and 500° F. The least
diameter of fusible metal shall be not lessithan y^ in., except for maximum
allowable working pressures of over 175 lb. per sq. in. or when it is

necessary to place a fusible plug in a tube, in which case the least
diameter of fusible metal shall be not less than S/g in.

Steam-domes.—Steam-domes or drums were formerly almost uni-
versally used on horizontal boilers, but their use is now generally discon-
tinued, as they are considered a useless appendage to a steam-boiler, and
unless properly designed and constructed are an element of weakness.

IMPROVED METHODS OF FEEDING COAL.

Mechanical Stokers. (William R. Roney, Trans. A. S. M. E., vol.
xii.)—Mechanical stokers have been used in England to a limited extent
since 1785. In that year one was patented by James Watt. (See D. K.
Clark's Treatise on the Steam-engine.)

After 1840 many styles ofmechanical stokers were patented in England,
but nearly all were variations and modifications of the two forms of
stokers patented by John Jukes in 1841 and by E. Henderson in 1843.
The Jukes stoker consisted of longitudinal fire-bars, connected by
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links, so as to form an endless chain. The small coal was delivered from
a hopper on the front of the boiler, on to the grate, which, slowly moving
from front to rear, gradually advanced the fuel into the furnace and
discharged the ash and clinker at the back.
The Henderson stoker consists primarily of two horizontal fans revolv-

ing on vertical spindles, wliich scatter the coal over the fire.

The first American stoker Avas the Murphy stoker, brought out in
1878, It consists of two coal magazines placed in the side walls of the
boiler furnace, and extending back from the boiler front 6 or 7 feet. In
the bottom of these magazines are rectangular iron boxes, which are
moved from side to side by means of a rack and pinion, and serve to
push the coal upon the grates, which incline at an angle of about 35°
from the inner edge of the coal magazines, forming a V-shaped recep-
tacle for the burning coal. .The grates are composed of narrow parallel
bars, do arranged that each alternate bar lifts about an inch at the lower
end, while at the bottom of the V, and filling the space between the ends
of the grate-bars, is placed a cast-iron tootiied bar. arranged to be
turned by a crank. The purpose of this bar is to grind the clinker com-
ing in contact with It. Over this V-shaped receptacle is sprung a fire-

brick arch.
In the Honey mechanical stoker the fuel to be burned is dumped into a

hopner on the boiler front. Set in the lower part of the hopper is a
"pujher," which, by a vibratory motion, gradually forces the fuel over
the 'dead-plate" and on the grate. The grate-bars in their normal con-
dition form a series of steps. Each bar is capable of a rocking motion
through an adjustable angle. All the grate-bars are coupled together by
a "rocker-bar." A variable back-and-forth motion being given to the
"rocker-bar," through a connecting-rod, the grate-bars rock in unison,
now forming a series of steps, and now approximating to an inclined
plane, with the grates partly overlapping, like shingles on a roof. When
the grate-bars rock forward the fire will tend to work down in a body.
But before the coal can move too far tlie bars rock back to the stepped
position, checking the downAvard motion. The rocking motion is slow,
being from 7 to 10 strokes per minute, according to the kind of coal.
This alternate starting and checking motion is continuous, and finally
lands the cinder and ash on the dumping-grate below.

The HawJey Down-draught Furnace.— A foot or more above the
ordinary grate there is carried a second grate, composed of a series of
water-tubes, opening at both ends into steel drums or headers, through
whicn water is circulated. The coal is fed on this upper grate, and as it

is partially consumed falls through it upon the lower grate, where the
combustion is completed in the ordinary manner. The draught through
the coal on the upper grate is downward through the coal and the grate.
The volatile gases are therefore carried down through the bed of coal,
where tiiey are thoroughly heated, and are burned in the space beneath,
where they meet the excess of hot air drawn through the fire on the lower
grate. In tests in Chicago, from 30 to 45 lb. of coal were biirned per
square foot of grate upon this system, with good economical results.
(See catalogue of the Hawley Down-draught Furnace Co., Chicago.)

The Chain Grate Stoker, made by Jukes in 1841, is now (1909) widely
used in the United States. It is made by the Babcock & Wilcox Co.,
Green Engineering Co., and others.

Under-feed Stokers.—Results similar to those that may be obtained
with downward draught are obtained by feeding the coal at the bottom
of the bed, pushing upward the coal already on the bed which has had
its volatile matter distihed from it. The volatile matter of the freshly
fired coal then has to pass through a body of ignited coke, where it

meets a supply of hot air. (See circular of The Underfeed Stoker Co.

,

Chicago.)

The Taylor Gravity Stoker is a combination of an underfeed stoker
containing two horizontal rows of pushers with an inclined or step grate
through which air is blown by a fan.

The Eiiey Stoker is an underfeed stoker with a single horizontal row
of pushers in combination with moving grate-bars, and moving pushers
at the rear of the furnace for continuously diimping the refuse.
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SMOKE PREVENTION.

The following article was contributed by the author to a "Report on
Smoke Abatement," presented by a committee to the Syracuse Cham-
ber of Commerce, published by the Chamber in 1907.
Smoke may be made in two ways: (1) By direct distillation of tarry

condensible vapors from coal without burning; (2) By the partial burn-
ing or splitting up of hydrocarbon gases, the hydrogen burning and the
carbon oeing left unburned as smoke or soot. These causes usually act
conjointly.
The direct cause of smoke is that the gases distilled from the coal are

not completely burned in the furnace before coming in contact with the
surface of the boiler, which chills them below the temperature of ignition.
The amount and quality of smoke discharged from a cliimney may

vary ail the way from a dense cloud of jet-black smoke, which may be
carried by a light wind for a distance of a mile or more before it is finally
dispersed into the atmosphere, to a thin cloud, which becomes invisible
a few feet from the chimney. Often the same chimney will for a few
minutes immediately after firing give off a dense black cloud and then a
few minutes later the smoke will have entirely disappeared.
The quantity and density of smoke depend upon many variable causes.

Anthracite coal produces no smoke under any conditions of furnace. Semi-
bituminous, containing 12.5 to 25% of volatile matter in the combustible
part of the coal, will give off more or less smoke, depending on the con-
ditions under which it is burned, and bituminous coal, containing from
25 to 50% of volatile matter, will give off great quantities of smoke with
all of the usual old-style furnaces, even with skillful firing, and this smoke
can only be prevented by the use of special devices, together with proper
methods of firing the fuel and of admission of air.

Practically the whole theory of smoke production and prevention may
be illustrated by the flame of an ordinary gas burner or gas stove.
When the gas is turned down very low every particle of gas, as it emerges
from the burner, is brought in contact with a sufficient supply of hot air to
effect its complete and instantaneous combustion, with a pale blue or
almost invisible flame. Turn on the gas a httle more and a white flame
appears. The gas is imperfectly burned in the center of the flame. Par-
ticles of carbon ha~-e been separated which are heated to a white heat.
If a cold plate is brought in contact with the white flame, these carbon
particles are deposited as soot. Turn on the gas still higher, and it burns
with a dull, smoky flame, although it is surrounded with an unhmited
quantity of air. Now, carry this smoky flame into a hot fire-brick or
porcelain chamber, where it is brought in contact with very hot air, and
it will be made smokeless by the complete burning of the particles.
We thus see: (1) That smoke may be prevented from forming if each

particle of gas, as it is made by distillation from coal, is immediately
mixed thoroughly with hot air, and (2) That even if smoke is formed
by the absence of conditions for preventing it, it may afterwards be
burned if it is thoroughly mixed with air at a sufficiently high temperature.
It is easy to burn smoke when it is made in small quantities, but when
made in great volumes it is difficult to get the hot air mixed with it unless
special apparatus is used. In boiler firing the formation of smoke must
be prevented, as the conditions do not usually permit of its being burned.
The essential conditions for preventing smoke in boiler fires may be
enumerated as follows:

1. The gases must be distilled from the coal at a uniform rate.
2. The gases, when distilled, must be brought into intimate mixture

with sufficient hot air to burn them completely.
3. The mixing should be done in a fire-brick chamber.
4. The gases should not be allowed to touch the comparatively cold

surfaces of the boiler until they are completely burned. This means that
the gases shall have sufficient space and time in which to burn before they
are allowed to come in contact with the boiler surface.

Every one of these four conditions is violated in the ordinary method
of burning coal under a steam boiler. (1) The coal is fired intermittently
and often in large quantities at a time, and the distillation proceeds at so
rapid a rate that enouerh air cannot be introduced into the furnace to burn
the gas. (2) The piling of fresh coal on the grate in itself chokes the air
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supply. (3) The roof of the furnace is the cold shell, or tubes, of the
boiler, instead of a fire-brick arch, as it should be, and the fiu-nace is not of
a su(ficieut size to allow the gases time and space in which to be thoroughly
mixed with the air supply.

In order to obtain the conditions for preventins: smoke it is necessary:

(1) That the coal be deUvered into the furnace in small quantities at a
time. (2) That the draught be sufficient o carry enough air into the
furnace to burn the gases as fast as they are distilled. (3) That the air

itself be thoroughly heated either by passing through a bed of white-hot
coke or by passing" through channels in hot brickwork, or by contact with
hot fire-brick surfaces. (4) That the gas and the air be brought into
the ^nost complete and intimate mixture, so that each paiticle ot carbon
ir the gas meets, before it escapes from the furnace, its necessary supply
ol air. (5) That the flame produced by the burning shall be completely
extinguished by the burning of every particle of the carbon into invisible
carbon dioxide.

If a white flame touches the surface of a boiler, it is apt to deposit
soot and to produce smoke. A white flame itself is the visible evidence
of incomplete combustion.
The first remedy for smoke is to obtain anthracite coal. If this is not

commercially practicable, then obtain, if possible, coal with the smallest
amount of volatile matter. Coal of from 15 to 25% of volatile matter
makes much less smoke than coals containing higher percentages. Pro-
vide a proper furnace for burrdng coal. Any furnace is a proper furnace
which secures the conditions named in the preceding paragraphs. Next,
compel the firemen to follow instructions concerning the method of
firing.

It is impossible with coal containing over 30% of volatile matter and
with a water-tube boiler, with tubes set close to the grate and vertical
gas passages, as in an anthracite setting, to prevent smoke even by the
njost skillful firing. This style of setting for a water-tube boiler should
be absolutely condemned. A Dutch oven setting, or a longitudinal
setting with fire-brick baffle walls, is highly recommended as a smoke-
preventing furnace, but with such a furnace it is necessary to use con-
siderable skill in firing.

Mechanical mixing of the gases and the air by steam jets is sometimes
successful in preventing smoke, but it is not a universal preventive,
especiafly when the coal is very high in volatile matter, when the firing
is done unskillfuUy, or when the boiler is being driven beyond its normal
capacity. It is essential to have suf^cient draught to burn the coal prop-
erly and this draught may be obtained either from a chimney or a fan.
There is no especial merit in forced draught. except that it enables a larger
quantity of coal to be burned and the boiler to be driven harder in case
of emergency, and usually the harder the boiler is driven, the more
difficult it is to suppress smoke.

Down-draught furnaces and mechanical stokers of many different kinds
are successfully used for smoke prevention, and when properly designed
and installed and handled skillfully, and usually at a rate not beyond
that for which they are designed, prevent all smoke. If these appliances
are found giving smoke, it is always due either to overdriving or to un-
skillful handling. It is necessary, however, that the design of these
stokers be suited to the quahty of the coal and the quantity to be burned,
and great care should be taken to provide a sufficient size of furnace with
a fire-brick roof and means of introducing air to make them completely
successful.

Burning Illinois Coal without Smoke. (L. P. Breckenridge,
Bulletin No, 15 ot the Univ. of 111. Eng'g Experiment Station, 1907.)— Any fuel may be burned economically and without smoke if it is

mixed with the proper amount of air at a proper temperature. The
boiler plant of the University of Illinois consists of nine units aggregating
2000 H.P. Over 200 separate tests have been made. The following is a
condensed statement of the results in regard to smoke prevention.

Boilers Nos. 1 and 2. Babcock & Wilcox. Chain-grate stoker. Usual
vertical baffling. Can be run without smoke at from 50 to 120% of rated
capacity.

No. 3. Stirling boiler, Chain-grate stoker. Usual baffling and com-
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bustion arches. Can be run without smoke at capacities of 50 to
140%.
No. 4. National water-tube. Chain-grate stoker. Vertical bafHing.

No smoke at capacities of 50 to 120%. With the Murphy furnace it was
smokeless except when cleaning fires.

No. 5. Babcock & Wilcox. Roney stoker. Vertical baflfling. Nearly
smokeless (maximum No. 2 on a chart in which 5 represents black smoke)
up to 100% of rating, but cannot be run above 100% without objection-
able smoke.

No. 6. Babcock & Wilcox. Roney stoker. Horizontal tile-roof baf-
fling. Can be run without smoke at capacities of 50 to 100% of rating.

Nos. 7 and 8. Stirling, equipped with Stirling bar-grate stoker. Usual
baffling and combustion arches. Can be run without smoke at 50 to
140% of rating.

No. 9. Heine boiler. Chain-grate stoker. Combustion arch and tile-
roof furnace. Can be run without smoke at capacities of 50 to 140%,
It is almost impossible to make smoke with this setting under any con-
dition of operation. As much as 46 lbs. of coal per sq. ft. of grate surface
has been burned without smoke.

Conditions of Smoke Prevention. — Bulletin No. 373 of the U. S.
Geological Survey, 1909 (188 pages), contains a report of an extensive
research by D. T. Randall and J. T. Weeks on The Smokeless Combustion
of Coal in Boiler Plants. A brief summary of the conclusions reached is

as foHows:
Smoke prevention is both possible and economical. There are many

types of furnaces and stokers that are operated smokelessly.
Stokers or furnaces must be set so that combustion will be complete

before the gases strike the heating surfaces of the boiler. When partly
burned gases at a temperature of say 2500° F. strike the tubes of a
boiler at say 350° F., combustion may be entirely arrested.
The most economical hand-flred plants are those that approach most

nearly to the continuous feed of the mechanical stoker. The fireman is

so variable a factor that the ultimate solution of the problem depends on
the mechanical stoker — in other words, the personal element must be
eliminated.
A well designed and operated furnace will burn many coals without

emoke up to a certain number of pounds per hour, the rate varying with
different coals. If more than this amount is burned, the efficiency will
decrease and smoke will be made, ov/ing to the lack of furnace capacity
to supply air and mix gases.

High volatile matter in the coal gives low efficiency, and vice versa.
When the furnace was forced the efficiency decreased.
With a hand-fired furnace the best results were obtained when firing

was done most frequently, with the smallest charge.
Small sizes of coal burned with less smoke than large sizes, but developed

lower capacities.
Peat, hgnite, and sub-bituminous coat burned readily in the tile-roofed

furnace and developed the rated capacity, with practically no smoke.
Coals which smoked badly gave efficiencies three to five per cent lower

than the coals burning witli little smoke.
Briquets were found to be an excellent form for using slack coal in a

hand-fired plant.
In the average hand-fired furnace washed coal burns with lower effi-

ciency and makes more smoke than raw coal. Moreover, washed coal
offers a means of running at high capacity, with good efficiency, in a
well-designed furnace.

Forced draught did not burn coal any more efficiently than natural
draught. It supplied enough air for high rates of combustion, but as the
capacity of the boiler increased, the efficiency decreased and the per-
centage of black smoke increased.

Fire-brick furnaces of sufficient length and a continuous, or nearly
continuous, supply of coal and air to the fire make it possible to burn
most coals efficiently and without smoke.

Coals containing a large percentage of tar and heavy hydrocarbons
are difficult to burn without smoke and require special furnaces and moro
than ordinary care in firing.
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FORCED COMBUSTION EV STEAM-BOILERS.

For the purpose of increasing the amount of steam that can be gener-
ated by a boiler of a given size, forced draught is of great importance.
It is universally used in the locomotive, the draught being obtained by a
steam-jet in the smoke-stack. It is now largely used in ocean steamers,
especially in ships of war, and to a small extent in stationary boilers.
Economy of fuel is generally not attained by its use, its advantages be-
ing confined to the securing of increased capacity from a boiler of a
given bulk, weight, or cost.

There are three different modes of using the fan for promoting com-
bustion: 1, blowing direct into a closed ash-pit; 2, exhausting the gases
by the suction of the fan; 3, forcing air into an air-tight boiler-room
or stoke-hold. Each of these three methods has its advantages and dis-
advantages.

In the use of the closed ash-pit the blast-pressure frequently forces
the gases of combustion from the joint around the furnace doors in so
great a quantity as to affect both the efficiency of the boiler and the
health of the firemen.
The chief defect of the second plan is the great size of the fan required

to produce the necessary exhaustion, on accoimt of the higher exit tem-
perature enlarging the volume of the waste gases.
The third method that of forcing cold air by the fan into an air-tight

boiler-room—the closed stoke-hold system—though it overcame the
difficulties in working belonging to the two forms first tried, has serious
defects of its own, as it cannot be worked, even with modem high-class
boiler-construction, much, if at all, above the power of a good chimney
draught, in most boilers, without damaging them. (J. Howden, Proc.
Eng'g Congress at Chicago, in 1893.)

In 1880 Mr. Howden designed an arrangenient intended to overcome
the defects of both the closed ash-pit and the closed stoke-hold systems.
An air-tight chamber is placed on the front end of the boiler and sur-

rounding the furnaces. This reservoir, which projects from 8 to 10
inches from the end of the boiler, receives the air under pressure, which
is passed by valves into the ash-pits and over the fires in proportions
suited to the kind of fuel and the rate of combustion. The air used above
the fires is admitted to a space between the outer and inner furnace-
doors, the inner having perforations and an air-distributing box through
which the air passes under pressure. By means of the balance of pres-
sure above and below the fires all tendency of the fire to blow out at
the door is removed.
A feature of the system is the combination of the heating of the air of

combustion by the waste gases with the controlled and regulated admis-
sion of air to the furnaces. This arrangement is effected most conve-
niently by passing the hot fire-gases after they leave the boiler through
stacks of vertical tubes enclosed in the uptake, their lower ends being
immediately above the smoke-box doors. Installations on Howden's
system have been arranged for a rate of combustion to give an average
of from 18 to 22 I.H.P. per square foot of fire-grate with fire-bars from
5 to 5 J^ ft. in length. It is beheved that with suitable arrangement of
proportions even 30 I.H.P. per square foot can be obtained.

For an account of uses of exhaust-fans for increasing draught, see
paper by W. R. Roney, Trans. A. S. M. E., vol. xv.

Calculations for Forced Draft.—In designing a forced draft installa-
tion the principal data needed are: 1, The maximum number of pounds
of coal that will have to be burned per hour at the m.ost rapid rate of
driving, when the efficiency of the boiler, furnace and grate is lowest;
2, the number of pounds of air used per pound of coal. If C, H and O
are respectively tlie carbon, hydrogen and oxygen in 1 lb. of coal, then
the number of pounds of air required, theoretically, for complete com-
bustion is 34.56 (C/3 -I- H + 0/8). With mechanical stokers and CO2
apparatus for control of the air supply 50% excess air supply is ample,
but with ordinary hand-firing the actual air supply maj^ be 100% or
more in excess. In the author's " Steam Boiler Economy," 2d ed. 1915,
p. 242, there is given a calculation of the number of cubic feet of air
per minute required per boiler horsepower developed, giving results as
follows:
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Cubic Feet of Air per Minute at 70° F. per Boiler Horsepower.
Serai- East. West.

Fuel Anth. bit. Bitu. Bitu. Lignite Oil
Air 50% excess 11.52 11.30 10.99 11.86 13.63 11.13
Air 100% excess 15.36 15.07 14.65 15.82 16.17 14.84
Note that these figures are based not upon the rated horse-power of

the boiler, but upon that actually developed, which may be far in excess
of the rated power. For induced draft the figures given should be
multipUed by (r+ 460) -^ 530, in which T is the temperature of the
gases to be handled by the induced draft fan.

FUEL ECONOMIZERS.
Economizers for boiler plants are usually made of vertical cast-iron

tubes contained in a long rectangular chamber of brickwoili. The feed-
water enters the bank of tubes at one end, while the hot gases enter the
chamber at the other end and travel in the opposite direction to the
water. The tubes are made of cast iron because it is more non-corrosive
than wrought iron or steel when exposed to gases of combustion at low
temperatures. An automa.tic scraping device is usually provided for
the purpose of removing dust from the outer surface of the tubes.
The amount of saving of fuel that may be made by an economizer

varies greatly according to the conditions of operation. "With a given
quantity of chimney gases to be passed through it, its economy will be
greater (1) the higher the temperature of these gases; (2) the lower the
temperature of the water fed into it ; and (3) the greater the amount of its
heating surface. From (1) it is seen that an economizer will save more
fuel if added to a boiler that is overdriven than if added to one driven at
a nominal rate. From (2) it appears that less saving can be expected
from an economizer in a power plant in which the feed-water is heated by
exhaust steam from auxiliary engines than when the feed-water entering
it is taken directly from the condenser hot-well. The amount of heat-
ing surface that should be used in any given case depends not only on
the saving of fuel that may be made, but also on the cost of coal, and on
the annual costs of maintenance, including interest, depreciation, etc.
The following table shows the theoretical results possibly attainable

from economizers under the condifions specified. It is assumed that the
coal has a heating value of 15,000 B.T.U. per lb. of combustible; that it

is completely burned in the furnace at a temperature of 2500° F. ; that
the boiler gives efficiencies ranging from 60 to 75 % according to the rate
of driving; and that sufficient economizer surface is provided to reduce
the temperature of the gases in all cases to 300° F. Assuming the specific
heat of the gases to be constant, and neglecting the loss of heat by radi-
ation, the temperature of the gases leaving the boiler and entering the
economizer is directly proportional to (100— % of boiler eflBciency),
and the combined efficiency of boiler and economizer is (2500 — 300)
-=- 2500 = 88%, which corresponds to an evaporation of (15,000 -^ 970)
X 0.88 = 13.608 lb. from and at 212° per lb. of combustible; or as-
suming the feed-water enters the economizer at 100° F. and the boiler
makes steam of 150 lb. absolute pressure, to an evaporation of 11.729
lb. under these conditions. Dividing this figure into the number of
heat units utilized by the economizer per lb. of combustible gives the
heat-units added to the water, from which, by reference to a steam
table, the temperature may be found. With these data we obtain the
results given in the table below.

Boiler Efficiency, per cent.

B.T.U. absorbed by boiler per lb. combustible. .

B.T.U. in chimney gases leaving boiler

Estimated temp, of gases leaving boiler
Estimated temp, of gases leaving economizer. . .

B.T.U. saved by economizer
Efficiency gained by economizer, per cent
Equivalent water evap. per lb. comb, in boiler. .

B.T.U. saved by econ. equivalent to evap. of lb..

Temp, of water leaving economizer.
Efficiency of the economizer, per cent

60 65 70

9000 9750 10500
6000 5250 4500
1000° 875" 750°
300° 300° 300°

4200 3450 2700
28 23 18

9.278 10.051 10.824
4.330 3.557 2.884
448" 389° 327°

70 65.7 60

11250
3750
625°
300°

1950
13

1 1 .598

2.010
265°

52
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Equation of the Economizer.-—Let W= lb. of water evaporated
by the boiler, under actual conditions of feed-water temperature and
steam pressure, per lb. of combustible; G = lb. of flue-gas per lb.

combustible; Ti and T2 = temperatures of gas entering and leaving
the economizer; ^1 and t2 = temperatures of water entering and leaving
the economizer; then assuming no loss by radiation and leakage, and
taking the specific heat of the gas at 0.24 and that of the water at 1,

in which F has the values in the following table for given values of
W and G.

w = 8 9 10 11 12

F = 0.24.G/T^.

G = 18

2!

24
27
30

0.54
0.63
0.72
0.81

0.90

0.48
0.56
0.64
0.72
0.80

0.43
0.50
0.58
0.65
0.72

0.39
0.46
0.52
0.59
0.65

0.36
0.42
0.48
0.54
0,60

by the condenser and feed-water heater conditions.
Taking Ti at 800°, 700° and 600°, corresponding values of F at 0.49,

0.39 and 0.36, and ti = 100°,

tz - 100 = 0.43(800 - Ti) ; let T2 = 300, then t2 = 0.43(500) -\- 100 =315°
0.39(700- T2); 250, 0.39(450) + 100 =266°
0.36(600 - T2); 220, 0.36(380) -\- 100 =237°

The mean temperature difference between the flue gas and the
water,

Ti + Ta _ ^2+^1 _ Ti-t2 +T2-ti
2

im=~

For the three cases given tm = 343°, 292°, 242°.
If M5 = lb. of water heated by the economizer per hour from ti to fe,

iS = sq. ft. of economizer surface, and C = heat-units transmitted per
square foot of surface per hour per degree of mean temperature dif-
ference, then w{t2— ti) = SCtm. The value of C is given by manu-
facturers as ranging between 2 and 4 for difl'erent conditions of practice.
It probably increases in some proportion to the increase of tm, but no
records of experiments have been published from which the law of this
increase may be determined.
Amount of Heating Surface.—^The Fuel Economizer Co. says: We

have found in practice that by allowing 4 sq. ft. of heating surface per
boiler H.P. (34 3^ lb. evap. from and at 212° = 1 H.P.) we are able to
raise the feed-water 60° F. for every 100° reduction in the temperature,
the gases entering the economizer at 450° to 600°. With gases at 600°
to 700° we have allowed a heating surface of 4,i/2 to 5 sq. ft. per H.P.,
and for every 100° reduction in temperature of the gases we have
obtained about 65° rise in temperature of the v/ater; the feed-water
entering at 60 to 120°. With 5000 sq. ft. of boiler-heating surface (plain
cylinder boilers) developing 1000 H.P. we should recommend 5 sq. ft. of
economizer surface per boiler H. P. developed, or an economizer of about
500 tubes, and it should heat the feed-water about 300°.
Heat Transmission in Economizers. (Carl S. Dow, Indust. Eng'g, .

April, 1909.)—The rate of heat transmission (C) per sq. ft. per hour per
degree of difference between the average temperatures of the gases and
the water passing through the economizer varies with the mean tem-
perature of the gas about as follows: Gas, 600°, C= 3.25; gas 500°,
C = 3; gas 400°, C = 2.75; gas 300°, C = 2.25.

Calculation of the Saving made by an Economizer.—The usual
method of calculating the saving of fuel by an economizer when the
boiler and the economizer are tested together as a unit is by the formula
(Hi — h) -i- (Hz — h), in which h is the total heat above 32° of 1 lb. of
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water entering, Hi the total heat of 1 lb. Of water leaving the economizer, t

and Hi the total heat above 32° of 1 lb. of steam at the boiler pressure.
If h = 100, Hi = 210, Hi = 1200, then the saving accordmg to the for-
mula is (210 - 100) -e- 1100 = 10%. This is correct if the saving is

defined as the ratio of the heat absorbed by the economizer to the total
heat absorbed by the boiler and economizer together, but it is not
correct if the saving is defined as the saving of fuel made by running the

;

combined unit as compared with running the boiler alone making the
same quantity of steam from feed-water at the low temperature, so as to
cause the boiler to furnish Hi— h heat-units per lb. instead of Hi — Hu
In this case the boiler is called on to do more work, and in doing it it may
be overdriven and work with lower efficiency.

In a test made by F. G. Gasche, in Kansas City in 1897, using Mis-
souri coal analyzing moisture 7.58; volatile matter, 36.69; fixed carbon,
35.02; ash, 15.69; sulphur, 5.12, he obtained an evaporation of 5.17 lb.
from and at 212° per lb. of coal with the boiler alone, and when the
boiler and economizer were tested together the equivalent evaporation
credited to the boiler was 5.55, to the economizer 0.72, and to tlie com-
bined unit 6.27, the saving by the combined unit as compared with the
boiler alone bemg (6.27- 5.17) -^ 6.27= 17.5%, while the saving of
heat shown by the economizer in the combined test is only (6.27 -

5.55) -H 6.27 = 11.5%, or as calculated by Mr. Gasche from the formula
(Hi - h) ^ (Hi - h), (172.1 - 39.3) -=- (1181.8 -^ 39.3) = 11.6%.
The maximum saving of fuel which may be made by the use of an

economizer when attached to boilers that are working with reasonable
economy is about 15% . Take the case of a condensing engine using
steam of 125 lb. gage pressure, and with a hot-well or feed-water
temperature of 100° F. The economizer may be expected under the
best conditions to raise this temperature about 170° or to 270°. Then
h = 68, Hi = 239, Ha = 1190. (Hi- h).-i-:(H2 - h) = 171 -^1122 = 15.24%.

If the boilers are not working with fair economy on account of being
overdriven, then the saving made by the addition of an economizer may
be much greater.

Test of a Large Economizer. (R. D. TomUnson, Power, Feb., 1904.)—Two tests were made of one of the sixteen Green economizers at the
74th St. Station of the Rapid Transit Railway, New York City. Four
520-H.P. B. & W. boilers were connected to the economizer. It had 512
tubes, 10 ft. long, 4 9/i6 in. external diam. ; total heating surface 6760 sq.
ft., or 3.25 sq. ft. per rated H.P. of the boilers. Draught area through
economizer, 3 sq. in. per H. P. The stack for each 16 boilers and four
economizers was 280 ft. high, 17 ft. internal diam. The first test was
made with the boilers driven at 94% of rating, the second at 113%.
The results are given below, the figures of the second test being in
parentheses.
Water entering economizer 96° (93.5°) ; leaving 200° (203.8°) ; rise

104 (110.3).
Gases entering economizer 548° (603°) ; leaving 295 (325) ; drop 253

(278).
Steam, gage pressure, 166 (165). Total B. T.U. per lb. from feed

temp. 1132 (1134).
Saving of heat by economizer, per cent, 9.17 (9.73).
Reduction of draiight in passing through economizer, in. of water,

0.16 (0.23).
Results from Seven Tests of Sturtevant Economizers (Catalogue of

B. F. Sturtevant Co.)

Plants
Tested.

Gases Gases Water Water Increase in
Entering. Leaving. Entering. Leaving. Tempera-
Deg. F. Deg. F. Deg. F. Deg. F. ture.

I 650 275 180 340 160

2 575 290 160 320 160
3 470 230 130 260 130
4 500 240 110 230 120

5 460 200 90 230 140
6 440 220 120 236 116
7 525 225 180 320 140
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Explosions of Economizers.—Explosions of economizers are rare,
but their possibility should be recognized and guarded against. They
may occur from over-pressure, due to closing of the outlet valve or
other causes, which may be prevented by means of a safety valve.
When the gas inlet damper is closed there is a possibility that it may
leak combustible gas into the economizer flue, making an explosive
mixture which might be ignited by a Mghted torch. The headers or
tubes may be weakened by internal or external corrosion, and a rup-
ture might occur at the normal working pressure. This should be
guarded against by annual inspection and hydraulic test at 50 per
cent in excess of the working pressure.

THERMAL STORAGE.
In Druitt Halpin's steam storage system (Industries and Iron, Mar. 22,

1895) he employs only sufficient boilers to supply the mean demand, and
storage tanks sufficient to supply the maximum demand. These latter
not being subjected to the fire suffer but little deterioration. The boilers
working continuously at their most economical rate have their excess of
energy during Ught load stored up in the water of the tank, from which
it may be drawn at will during heavy load. He proposes that the boilers

and tanks shall work under a pressure of 265 lbs. per square inch when
fully charged, which corresponds to a temperature of 406° F., and that
the engines be worked at 130 lbs. per square inch, which corresponds to
347° F. The total available heat stored when the reservoirs are charged
is that due to a range of 59°. The faUing in temperature of I41/4 lbs. of
water from 407° to 347° will yield 1 lb. of steam. To allow for radia-
tion of loss and imperfect working, this may be taken at 16 lbs. of water
per pound of steam. The steam consumption per effective H.P. maybe
taken at 18 lbs. per hour in condensing and 25 lbs. per hour in non-con-
densing engines. The storage-room per effective H.P. by this method
would, therefore, be (16 X 18) -r- 62.5= 4.06 cu. ft. for condensing and
(16 X 25) -V- 62.5 = 6.4 cu. ft. for non-condensing engines.
Gas storage, assuming that illuminating gas is used, would require

about 20 cu. ft. of storage room per effective H.P. hour stored, and if

ordinary fuel gas were stored it would require about four times this

capacity. In water storage 317 cu. ft. would be required at an elevation
of 100 ft. to store one H.P. hour, so that of the three methods of storing
energy the thermal method is by far the most economical of space.

In the steam storage method the boiler is completely filled with water
and the storage tank nearly so. The two are in free communication by
means of pipes, and a constant circulation of water is maintained between
the two, but the steam for the engines is taken only from the top of the
storage tank through a reducing valve.

In the feed storage system, the excess of energy during light load is

stored iri the tank as before, but the boilers are not completely filled. In
this system the steam is taken exclusively from the boilers, the super-
heated water of the storage tanks being used during heavy load as feed-
water to the boilers.

A third method is a combination of these two. In the "combined"
feed and steam storage system the pressure in boiler and storage tank is

equalized by connecting the steam spaces in both by pipe, and the steam
for the engines is, therefore, taken from both. In other words thqy work
in parallel.

INCRUSTATION AND CORROSION.
Incrustation or Scale. — Incrustation (as distinguished from mere

sediments due to dirty water, which are easily blown out, or gathered
up, by means of sediment-collectors) is due to the presence of salts in the
feed-water (carbonates and sulphates of lime and magnesia for the most
part), which are precipitated when the water is heated, and form hard
deposits upon the boiler-plates. (See Impurities in Water, p. 720, ante.)
Where the quantity of these salts is not very large (12 grams per

gallon, say) scale preventives may be found effective. The chemical
preventives either form with the salts* other salts soluble in hot water;
or precipitate them in the form of soft mud, which does not adhere to
the plates, and can be washed out from time to time. The selection of
the chemical must depend upon the composition of the water, and it
gliould be introduced regularly with the feed,
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Examples.—Sulphate-of-lime scale prevented by carbonate of soda:
The sulphate of soda produced is soluble in water; and the carbonate of
lime falls down in grains, does not adhere to the plates, and may there-
fore be blown out or gathered into sediment-collectors. The chemical
reaction is:

Sulphate of lime +Carbonate of soda= Sulphate of soda +Carbonate of lime
CaS04 NaaCOs Na2S04 CaCOa

Where the quantity of salts is large, scale preventives are not of much
use. Some other source of supply must be sought, or the bad water
purified before it is allowed to enter the boilers. The damage done to
boilers by imsuitable water is enormous.

Piire water may be obtained by collecting rain, or condensing steam
by means of surface condensers. The water thus obtained should be
mixed with a little bad water, or treated with a little alkali, as undiluted,
pure water corrodes iron; or, after each periodic cleaning, the bad water
may be used for a day or two to put a skin upon the plates.

Carbonate of lime and magnesia may be precipitated either by heat-
ing the water or by mixing milk of lime (Porter-Clark process) with it,

the water being then filtered.
Corrosion may be produced by the use of pure water, or by the presence

of acids in the water, caused perhaps in the engine-cylinder by the ac-
tion of high-pressure steam upon the grease, resulting in the production
of fatty acids. Acid water may be neutrahzed by the addition of lime.
Amount of Sediment which may collect in a 100-H. P. steam-boiler,

evaporating 3000 lbs. of water per hour, the water containing different
amoimts of impurity in solution provided that no water is blown off:

Grains of solid impurities per U. S. gallon;
5 10 20 30 40 50 60 70 80 90 100

Equivalent parts per 100,000:
8.57 17.14 34.28 51.42 68.56 85.71 102.85 120 137.1 154.3 171.4

Sediment deposited in 1 hour, pounds:
0.257 0.514 1.028 1.542 2.056 2.571 3.085 3.6 4.11 4.63 5.14

In one day of 10 hours, pounds:
2.57 5.14 10.28 15.42 20.56 25.71 30.85 36.0 41.1 46.3 51.4

In one week of 6 days, pounds:
15.43 30.85 61.7 92.55 123.4 154.3 185.1 216.0 246.8 277.6 308.5

If a 100-H.P. boiler has 1200 sq. ft. heating-surface, one week's running
without blowing off, with water containing 100 grains of solid matter per
gallon in solution, would make a scale nearly 0.02 in. thick, if evenly depos-
ited all over the heating-surface, assuming the scale to have a sp. gr. of
2.5 = 156 lbs. oer cu. ft.: 0.02 X 1200 X 156 X Vl2 = 312 lbs.

Effect of Scale on Boiler Efficiency. — The following statement,
or a similar one, has been pubhshed and republished for 40 years or more
bj[ makers of "boiler compounds," feed-water heaters and water-puri-
fying apparatus, but the author has not been able to trace it to its original
source:*

"It has been estimated that scale i/.50 of an inch thick requires the
burning of 5 uer cent of additional fuel: scale 1/25 of an inch thick

requires 10 per cent more fuel; Vie of an inch of scale requires 15 per

cent additional fuel; l/s of an inch, 30 per cent., and 1/4 of an inch, 66 per

cent."
The absurdity of the last statement may be shown by a simple calcu-

lation. Suppose a clean boiler is giving 75% efficiency with a furnace
temperature of 2400° F. above the atmospheric temperature. Neglecting
the radiation and assuming a constant specific heat for the gases, the
temoerature of the chimney gases will be 600°. A certain amount of
fuel and air supply will f^^^riish 100 lbs. of gas. In the boiler with 1/4 ia<

"^ A committee of the Am. Ky. Mast. Mechs. Assn. in 1872 quoted
from a paper by Dr. Jos. G. Rodgers before the Am. Assn. for Adv. of
Science (date not stated): "It has been demonstrated [how and by
whom not stated] that a scale 1/18 in. thick requires the expenditure of
15% more fuel As the scale thickens the ratio increases; thus when i%
is 1/4 in. thick, 60% more is required."
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Bcale 66% more fuel will make 66 lbs. more gas. As the extra fuel doea
no work in evaporating water, its heat must aU go into the chimney
g&6. We have then in the chimney gases

100 lbs. at 600° F., product 60,000
66 lbs. at 2400° F., product 158,400 ^, ^ .^^^io,40u

which divided by 166 gives 1370° above atmosphere as the temperature
of the chimney ga.s, or more than enough to make the flue connection and
damper red hot. (Makers of boiler compounds, etc., please copy.)

Another writer says: "Scale of Vie inch thickness will reduce boiler
efficiency Vs, and the reduction of efficiency increases as the square of
the thickness of the scale.

"

This is still more absurd, for according to it if Vie in. scale reduces the
efficiency 1/8, then s/ie in. will reduce it 9/8, or to below zero.
From a series of tests of locomotive tubes covered with different thick-

nesses of scale up to Vs in. Prof. E. C. Schmidt (Bull. No. 11 Univ. of
111. Experiment Station, 1907) draws the following conclusions:

1. Considering scale of ordinary thickness, say varying up to i/s inch,
the loss in heat transmission due to scale may vary in individual cases
from insignificant amounts to as much as 10 or 12 per cent.

2. The loss increases somewhat with the thickness of the scale.

3. The mechanical structure of the scale is of as much or more impor-
tance than the thickness in producing this loss.

4. Chemical composition, except in so far as it affects the structure
of the scale, has no direct influence on its heat-transmitting qualities.

In 1896 the author made a test of a water-tube boiler at Aurora. III.,

which had a coating of scale about 1/4 in. thick throughout its whole
heating surface, and obtained practically the same evaporation as in
another test, a few days later, after the boiler had. been cleaned. This
is only one case, but the result is not unreasonable when it is known
that the scale was very soft and porous, and v/as easily removed from the
tubes by scraping.

Prof. R. C. Carpenter (Am. Electrician, Aug., 1900) says: So far as I am
able to determine by tests, a lime scale, even of great thickness, has no
appreciable effect on the efficiency of a boiler, as in a test which was
conducted by myself the results were practically as good when the boiler
was thickly covered with Ume scale as when perfectly clean. . . . Ob.
servations and experiments have shown that any scale porous to v/ater
has little or no detrimental effect on economy of the boiler. There
is, I think, good philosophy for this statement; the heating capacity is

affected principally by the rapidity with which the heated gases will
surrender heat, as the water and the metal have capacities for absorbing
heat more than a hundred times faster than the air will surrender heat.
A thin film of grease, being impermeable to water, keeps the latter

from contact with the metal and generally produces disastrous results.

It is much more harmful than a very thick scale of carbonate of hme..
Boiler-scale Compounds.—The Bavarian Steam-boiler Inspection

Assn. in 1885 reported as follows:
Generally the unusual substances in water can be retained in soluble

form or precipitated as mud by adding caustic soda or lime. This is

especially desirable when the boilers have small interior spaces.
It is necessary to have a chemical analysis of the water in order to fully

determine the kind and quantity of the preparation to be used for the
above purpose.

All secret compounds for removing boiler-scale should be avoided.
(A list of 27 such compounds manufactured and sold by German firms is

then given wliich have been analyzed by the association.)
Such secret preparations are either nonsensical or fraudulent, or

contain either one of the two substances recommended by the association
for removing scale, generally soda, which is colored to conceal its presencCj
and sometimxcs adulterated with useless or even injurious matter.

These additions as well as giving the compound some strange, fanciful
name, are meant siraplv to deceive the boiler owner and conceal from him
the fact that he is buying colored soda or sim.ilar substances, for which
he is paying an exorbitant price.
Kerosene and other Petroleum Oils: Foaming.— Kerosene ha^

been recommended as a scale preventive. See paper by L. F. l^fts^
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(Trans. A. S. M. E., ix. 247). The Am. MachT, May 22. ISQO.'says:
Kerosene used in moderate quantities will not make the boiler foam;
it is recommended and used for loosening the scale and for preventing th©
formation of scale. The presence of oil in combination with other im-
purities increases the tendency of many boilers to foam, as the oil with the
impurities impedes the free escape of steam from the water surface.
The use of common oil not only tends to cause foaming, but is dangerous
otherwise. The grease appears to combine with the impurities of the
water, and when the boiler is at rest this compound sinks to the plates
and clings to them in a loose, spongy mass, preventing the water from
coming in contact with the plates, and thereby producing overheating,
which may lead to an explosion. Foaming may also be caused by forcing
the fire, or by taking the steam from a point over the furnace or where
the ebullition is violent ; the greasy and dirty state of new boilers is another
good cause for foaming. Kerosene should be used at first in small quan-
tities, the effect carefully noted, and the quantity increased if necessary
for obtaining the desired results.

E. C. Carpenter {Trans. A. S. M. E., vol. xi) says: The boilers of the
State Argicultural College at Lansing, Mich., were badly incrusted with
a hard scale. It was fully s/g in. thick in many places. The first appli-
cation of the oil was made while the boilers were being but little used,
by inserting a gallon of oil, filling with water, heating to the boiling-point
and allowing the water to stand in the boiler two or three weeks before
removal. By this method fully one-half the scale was removed during
the warm season and before the boilers were needed for heavy firing.

The oil was then added in small quantities when the boiler was in actual
use. For boilers 4 ft. in diam. and 12 ft. long the best result's were
obtained by the use of 2 qts. for each boiler per week, and for each boiler
6 ft. in diam. 3 qts. per week. The water used in the boilers has the fol-

lowing analysis: CaCOs, 206 parts in a million; MgCOs, 78 parts; Fe2C03,
22 parts; traces of sulphates and chlorides of potash and soda. Total
solids, 325 parts in 1,000,000.

Petroleum Oils heavier than kerosene have been used with good re-

sults. Crude oil should never be used. The more volatile oils it contains
make explosive gases, and its tarry constituents are apt to form a spongy
Incrustation.

Removal of Hard Scale. — When boilers are coated with a hard scale
difficult to remove the addition of 1/4 lb. caustic soda per horse-power,
and steaming for some hours, according to the tliickness of the scale, just

before cleaning, will greatly facilitate that operation, rendering the scale

soft and loose. This should be done, if possible, when the boilers are not
otherwise in use. {Steam.)

Corrosion in Marine Boilers. {Proc. Inst. M. E., Aug., 1884.) —
The investigations of the Committee on Boilers served to show that the
internal corrosion of boilers is greatly due to the combined action of air

and sea-water when under steam, and when not under steam to the com-
bined action of air and moisture upon the unprotected surfaces of the
metal. There are other deleterious infiuences at work, such as the corro-

sive action of fatty acids, the galvanic action of copper and brass, and the
inequalities of temperature; these latter, however, are considered to be of

minor importance.
Of the several methods recomm.ended for protecting the internal sur-

faces of boilers, the three found most effectual are: First, the formation
of a thin layer of hard scale, deposited by working the boiler with sea-

water; second, the coating of the surfaces with a thin wash of Portland
cement, particularly wherever there are signs of decay; third, the use of

Einc slabs suspended in the water and steam spaces.

As to general treatment for the preservation of boilers when laid up
[n the reserve, either of the two following methods is adopted. First,

the boilers are dried as much as possible by airing-stoves, after which
2 to 3 cwt. of quickUme is placed on trays at the bottom of the boiler and
Dn the tubes. The boiler is then closed and made as air-tight as possible.

Inspection is made every six months, when if the lime be found slacked

t is renewed. Second, the boilers are filled with sea or fresh water,

tiaviDg added soda to it in the proportion of 1 lb. to every 100 or 120 lbs.

>f water. The sufficiency of the saturation can be tested by introducing

a piece of clean new iron an4 leaving it in the boiler for ten or twelve
1
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hours rif it shows signs of rusting, more soda should be added. It is

essential that the boilers be entirely filled, to the complete exclusion of
air.

Mineral oil has for many years been exclusively used for internal
lubrication of engines, with the view of avoiding the effects of fatty acid,
as this oil does not readily decompose and possesses no acid properties

Of all the preservative methods adopted in the British service, the use
of zinc properly distributed and fixed has been found the most effectual
in saving the iron and steel surfaces from corrosion, and also in neutral-
izing by its own deterioration the hurtful influences met with in water as
ordinarily suppUed to boilers. The zinc slabs now used in the navy
boilers are 12 in. long, 6 in. wide, and Yi in. thick; this size being foimd
convenient for general application. The amount of zinc used in new
boilers at present is one slab of the above size for every 20 I.H.P., or
about 1 sq. ft. of zinc surface to 2 sq. ft. of grate surface. Rolled zinc is

found the most suitable for the purpose. JEspecial care must be taken
to insure perfect metalUc contact between the slabs and the stays or
plates to which they are attached. The slabs should be placed in such
positions that all the surfaces in the boiler are protected. Each slab
should be periodically examined to see that its connection remains per-
fect, and to renew any that may have decayed; this examination is

us"ally miide at intervals not exceeding three months. Under ordinary
circumstances of working these zinc slabs may be expected to last in fit

condition from 60 to 90 days, immersed in hot sea-water; but in new
boilers they at first decay more ^apidlJ^ The slabs are generally
seciu"ed by means of iron straps 2 in. X ^/g In., and long enough to
reach the nearest stay, to which the strap is attached by screw-bolts.
To promote the proper care of boilers when not in use the following

order has been issued to the French Navy by the Government: On board
aU ships in the reserve, as well as those which are laid up, the boilers will
be completely fiUed with fresh water. In the case of large boilers with
large tubes there will be added to the water a certain amoimt of milk of
lime, or a solution of soda. In the case of tubulous boilers with small
tubes milk of Ume or soda may be added, but the solution will not be
so strong as in the case of the larger tube, so as to avoid any danger of
contracting the effective area by deposit from the solution; but the
strength of the solution will be just sufRcient to neutralize any acidity of
the water. {Iron Age, Nov. 2, 1893.)
Use of Zinc.—Zinc is often used in boilers to prevent the corrosive

action of water on the metal. The action appears to be an electrical
one, the iron beiug one pole of the battery and the zinc being the other.
The hydrogen goes to the iron sheU and escapes as a gas into the steam.
The oxygen goes to the zinc.
On accoxmt of this action it is generally beUeved that zinc will always

prevent corrosion, and that it cannot be harmful to the boiler or tank.
Some experiences go to disprove this belief, and in numerous cases zinc
has not only been of no use, but has even been harmful. In one case a
tubular boiler had been troubled with a deposit of scale consisting chiefly
of organic matter and lime, and zinc was tried as a preventive. The
beneficial action of the zinc was so obvious that its continued use was
advised, with frequent opening of the boiler and cleaning out of detached
scale tuitil aU the old scale should be removed and the boiler become
clean. Eight or ten months later the water-supply was changed, it be-
ing now obtained from another stream supposed to be free from lime
and to contain only organic matter. Two or three months after its

introduction the tubes and shell were found to be coated with an ob-
stinate adhesive scale, composed of zinc oxide and the organic matter
or sediment of the water used. The deposit had become so heavy in
places as to cause overheating and bulging of the plates over the fire.

iThe Locomotive.)
Efifect of Deposit on the Fire-surface of Flues. (Rankine.)—An

external crust of a carbonaceous kind is often deposited from the fiame
and smoke of the ftu-naces in the flues and tubes, and if allowed to accu-
mulate, seriously impairs the economy of fuel. It is removed from time
to time by means of scrapers and wire brushes. The acciimulation of
this crust is the probable cause of the fact that in some steamships the
consumption of coal per I.H.P. per hour goes on gradually increasing
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Tintil it reaches one and a half times its original amoui^ and"sometimes
more.
Dangerous Steam-boilers discovered by Inspection, —The Hartford

Steam-boiler Inspection and Insurance Co. reported in The Locomotive
the following summary of defects in boilers discovered by its inspectors
in the year 1912:

Number of visits of inspection made 183,519
Total number of boilers examined 337,178
Niunber found uninsurable 977

Nature of Defects
Cases of sediment or loose scale
Cases of adhering scale
Cases of grooving
Cases of internal corrosion
Cases of external corrosion
Cases of defective bracing
Cases of defective staybolting
Settings defective
Fractured plates and heads
Burned plates
Laminated plates
Cases of defective riveting
Cases of leakage around tubes
Cases of defective tubes or flues
Cases of leakage at seams
Water-gages defective
Blow-offs defective
Cases of low Avater
Safety-valves overloaded
Safety-valves defective
Pressure-gages defective-.
Boilers without pressure-gages
Miscellaneous defects

Whole
Number Dangerous
26,299 1,553
40,336 1,436
2,700 252

15,403 823-
10,411 895'
1,391 331
1,712 345
8,119 768
3,288 510
4,965 517
445 55

1,816 405-
10,159 1,607
11,488 4,780'
5,304 401
3,663 816
4,429 1,398.
447 151

1,349 380'
1,534 419'
6,765 568
633 102

2,268 420'

Total 164,924 18,932

The above-named company publishes annually a summary like the
above, and a,lso a classified list of boiler-explosions, compiled chiefly from
newspaper reports, showing that from 200 to 300 explosions take place in
the United States every year, killing from 200 to 300 persons, and in-
juring from 300 to 450. The hsts are not pretended to be complete, and
may include only a fraction of the actual number of explosioiLs.

Steam-boilers as Magazines of Explosive Energy.—Prof. R. H.
Thurston (Trans. A. S. M. E., vol. vi), in a paper with the above title,

presents calculations showing the stored energy in the hot water and
stea.m of various boilers. Concerning the plain tubular boiler of average
form and dimensions he says: It is 60 in. in diameter, containing 66
3-in. tubes, arrd is 15 ft. long. It has 850 sq. ft. of heating and 30 sq . ft. of I
grate surface; is rated at 60 H.P., but is oftener driven up to 75; weighs 1
9500 lb., and contains nearly its own weight of water, but only 21 lb.*
of steam when under a pressure of 75 lb. per sq. in., which is below its

safe allowance. It stores 52,000,000 foot-pounds of energy, of which
but 4% is in the steam, and this is enough to drive the boiler just about
one mile into the air, with an initial velocity of nearly 600 ft. per second.

SAFETY-VALVES.

Calculation of Weight, etc., for Lever Safety-valves.

Let W = weight of ball at end of lever; w = weight of lever itself; V =
weight of valve and spindle, all in pounds; L = distance between ful-
crum and center of ball; I = distance between fulcrum and center of
valve; g = distance betv/een fulcrum and center of gravity of lever, all in
inches; A = area of valve, in sq. in.; P = pressure of steam, in lb. pes
BQ. in., at which valve will open.
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Then PA X I ^ W X L + w x g -\- V x I; ,„^ , ,
whence P = {WL + wg + VI) ^ Al; W = {PAl - wg - VI) ^ L; L =.

{PAl -wg- VI) - W.

Example.—Diameter of valve, 4 in. ; distance from fulcrum to center
of ball, 36 in. ; to center of valve, 4 in. ; to center of gravity of lever,
15 H in.; weight of valve and spindle, 3 lb.; Aveight of lever, 7 lb.; re-
quired the weight of bah to make the blowing-ofl pressure 80 [lb. per sq.
in.; area of 4-in. valve = 12.566 sq. in. Then

W = ^^^ -wg -VI ^ 80 X 12.566 X 4 - 7 X 151/2 - 3 X 4 ^ ^^g ^ j^^
Z» 36

By the rules of the U. S. Supervising Inspectors of Steam Vessels the
use of lever safety-valves is prohibited on all boilers built for steam
vessels after Jime 30, 1906.
A method for calculating the size of safety-valve is given in The Loco-

motive, July, 1892, based on the assumption that the actual opening
should be sufficient to discharge all the steam generated by the boiler.

Napier's rule for flow of steam is taken, viz., flow through aperture of one
sq. in. in lbs. per second = absolute pressure -^ 70, or in lbs. per hour =
51.43 X absolute pressure.

If the angle of the seat is 45°, the area of opening in sq. in. = circum-
ference of the disk X the hft X 0.71, 0.71 being the cosine of 45°; or

diameter of disk X hft X 2.23.

Spring-loaded Safety-Valves.

Spring-loaded safety-valves to be used on U. S. merchant vessels must
conform to the rules prescribed by the Board of Supervising Inspectors,
and on vessels for the U. S. Navy to specifications made by the Bureau
of Steam Engineering, U. S. N. Valves to be used on stationary boilers
must conform in many cases to the special laws made by various states.
Few of these rules are on a logical basis, in that they take no account of
the lift of the valve, and it is quite clear that the rate of steam discharge
through a safety-valve depends upon the area of opening, which varies
with the circumference of the valve and the hft. Experiments made by
the Consohdated Safety Valve Co. showed that valves made by the differ-
ent manufacturers and employing various combinations of springs with
different designs of valve lips and huddling chambers give widely different
lifts. Lifts at popping point of different makes of safety-valves, at 200
lbs. pressure, are as follows:

4-in. stationary valves, in., 0.031, 0.056, 0.064, 0.082, 0.094, 0.094, 0.137.
Av. 0.079 in.

3V2-in. locomotive valves, in., 0.040, 0.051, 0.065, 0.072, 0.076, 0.140 ins.
Av. 0.074 in.

United States Supervising Inspectors' Rule (adopted in 1904). A =
0.2074 W/P. A = area of safety valve in sq. in. per sq. ft. of grate
surface; W = lbs. of water evaporated per sq. ft. of grate surface per
hour; P = boiler pressure, absolute, lbs. per sq. in. This rule assumes
a lift of 1/32 of the nominal diameter, and 75% of the flow calculated by
Napier's rule. This 75% corresponds nearly to the cosine of 45°, or 0.707.

Massachusetts Rule of 1909. A = 770 W/P, in which W = lbs. evapo-
rated per sq. ft. of grate per second; A and P as above. This is the
same as the U. S. rule with a 3.2% larger constant.

Philadelphia Rule. —A = 22.5 G -^ (P + 8.62). A = total area of
valve or valves, sq. in.; G = grate area, sq. ft.; P = boiler pressure
(gauge). TMs rule came from France in 1868. It was recommended
to the city of Philadelphia by a committee of the Franklin Institute,
although the committee "had not found the reasoning upon which the
rule had been based."

Philip G. Darling (Trans. A. S. M. E., 1909) commenting on the above
rules says: The principal defect of these rules is that they assume that
valves of the same nominal size have the same capacity, and they rate
them the same without distinction, in spite of the fact that in actual prac-
tice some have but one-third of the caoacitv of others. There are other
.defects, such as varying the assumed lift as the valve diameter, while in
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reality with a given design the lifts arc more nearly the same in the dif-
ferent sizes, not varying nearly as rapidly as the diameters. And
further than this, the actual hfts assumed for the larger valves are
nearly double the actual average obtained in practice. The direct con-
clusion is that existing rules and statutes are not safe to follow.

Rules of the A. S. M. E. BoiSer Code Committee.—In 1914 the Com-
mittee had several conferences with the principal safety- valve manu-
facturers of the country and an agreement was finally reached on the
rules given in condensed form below. The discharging capacity of a
valve is based on Napier's rule with a coefficient of discharge of 0.96.
The formula being W = 3600 X 3.1416 X I> i- X 0.96 X 0.707 X -P/70
or W = 109.66 D L P pounds per hour for a 45° bevel seat valve.
For flat seat valves the factor 0.707 is omitted and the formula becomesW = 155.11 DLP poimds per hour. The following table is calcu-
lated from the first formula.

Discharge Capacities of Direct Spring-Loaded Pop Safety-Valves witli

45° Bevel Seats. Pounds per Hour.

Diam. 1 in. Diam. 1% in. Diam. 2 in. Diam. 2 14 in.

ft^
Lift, in.

r'S^ Mill. Tnt. Max. Min. Tnt. Max. Min. Int. Max. Min. Int. Max.o— 0.02 0.04 0.05 0.03 0.05 0.06 0.04 0.06 0.07 0.04 0.06 0.08

15 65 131 163 146 245 293 261 391 456 326 488 651

25 87 174 218 196 326 392 349 523 610 435 653 871

50 142 284 354 320 532 639 568 851 994 710 1064 1419

75 197 393 497 443 738 886 787 1181 1377 984 1475 1968

inn 7,52 503 67,9 566 944 1133 1007 1510 1761 1758 1887 2516
175 307 613 767 689 1149 1379 1724 1836 7145 1537 7799 3064

i5n 367 773 904 813 1355 1625 1438 2158 2579 1806 7710 3613

175 416 833 1040 936 1561 1872 1664 2497 7913 7081 3171 4161

?nn 471 941 1178 1060 1766 2119 1884 2826 3296 2354 3537 4709
?.?.5 526 1052 1315 1183 1972 2366 2104 3154 3680 7629 3944 5258

25n 581 1161 1451 1307 2177 2613 2322 3484 4064 2903 4355 5807

775 635 1771 1589 1430 2383 2861) 2542 3813 4448 3177 4766 6355

300 698 1397 1746 3155 2589 3107 2762 4143 4832 3452 5177 6903

Capacities of Safety-Valves.

—

Continued.

fi
Diam. 3 in. Diam. 3 V2 in- Diam. 4 in. Diam. 4V^ in.

9* S
Lift, in.

Min. Int. Max. Min. Int. Max. Min. Int. Max. Min. Int. Max.
Od 0.05 0.08

782

0.10 0.06 0.09 0.11 0.07 0.10 0.12 0.08 0.11 0.13

15 489 977 684 1026 1254 912 1303 1564 1173 1613 1906

75 653 1046 1307 914 1377 1676 1719 1742 2090 156H 7156 2547

50 1064 1703 2129 1490 2235 7,737 1987 2839 3406 2555 3513 4151

75 1475 2361 2951 2066 3099 3788 2754 3935 4777 3542 4870 5756
100 1887 3019 3774 2642 3963 4843 3522 5032 6038 4529 6227 7358

175 7799 3677 4596 3718 4826 5899 4790 6178 7354 5516 7583 8963
150 7710 4335 5419 3794 5690 6954 5058 7776 8670 6503 8940 10566

175 3121 4993 6242 4369 6553 8010 5824 8320 9984 7490 10298 12173

7no 3532 5051 7064 4946 7418 9068 6593 9470 11305 8475 11655 13773

7,75 3944 6310 7890 5521 8280 10120 7361 10514 12616 9465 13013 15383

750 4355 6968 8708 6097 9143 11175 8131) 11614 13938 10448 14366 16980

775 4766 767,0 9533 6672 10005 17333 8895 17707 15748 11438 15778 18585

300 5177 8280 10358 7248 10875 13290 9668 13807 16568 12428 17088 20195

Safety-Valve Requirements.—Each boiler shall have two or more
safety-valves, except a boiler for wliich one safety-valve 3-in. size or
smaller is required by these Rules.
The safety-valve capacity for each boiler shall be such that the

safety-valve or valves will discharge all the steam that can be generated
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by the boiler without allowing the pressure to rise more than 6% above
the maximum allowable working pressure, or more than 6 % above the
highest pressure to which any valve is set.

One or more safety-valves on every boiler shall be set at or below
the maximum allowable working pressure. The remaining valves may
be set within a range of 3% above the maximum allowable working
pressure, but the range of setting of all of the valves on a boiler shall

not exceed 10% of the highest pressure to which any valve is set.

Safety-valves shall be of the direct spring-loaded pop type. The
vertical Uft of the valve disk may be made any amount desired up to a
maximum of 0.15 in. The diameter measured at the inner edge of the
valve seat shall be not less than i in. or more than 4 >2 in.

Each safety-valve shall have plainly stamped or cast on the body:
(a) The name or trade-mark of the manufacturer, (b) The nominal
diameter with the words "Bevel Seat" or "Flat Seat." (c) The steam
pressure at which it is set to blow, (d) The lift of the valve disk from
its seat, measured immediately after the sudden lift due to the pop.
(e) The weight of steam discharged in pounds per horn- at the pressure
for which it is set to blow.
The minimum capacity of a safety-valve or valves to be placed on a

boiler shall be determined on the basis of 6 lb. of steam per hour per
sq. ft. of boiler heating surface for water tube boilers, and 5 lb. for all

other types of power boilers, and upon the relieving capacity marked
on the valves by the manufacturer, provided siich marked capacity
does not exceed that given in the table, in which case the minimum
safety-valve capacity shall be determined on the basis of the maximum
relieving capacity given in the table for the particular size of valve and
working pressure for which it was constructed. The heating surface
shall be computed for that side of the boiler surface exposed to the
products of combustion, exclusive of the superheating surface.

Valves 1 }4 in. diam. with hfts 0.03, 0.04 and 0.05 in. give a discharge
for 0.04-in. lift the same as that of a 1-in. valve with 0.05-hi. lift; with
0.03-in. Uft 25% less and with 0.05-in. hft 25% greater.
The discharge capacity of a flgt seat valve is 1.41 times that of a

45° bevel seat valve of the same diameter and lift.

Safety-Valves for Locomotives.—A Committee oftheAmericanRailway
Master Mechanics Association presented a report on safety-valves in
1912, giving the following formula for 45° bevel seat valves: D L P =
0.036 H, in which D = total of the diameters of the inner edge of
the seats of the valves required; L = vertical lift in inches; P =
absolute pressure, lb. per sq. in. ; H = total heating surface of -boiler,

sq. ft. (superheating surface not included). Every locomotive should
be equipped with not less than two and not more than three safety-
valves, the size to be determined by the formula. The valves are to
be set as follows: The first at boiler pressure, second 2 lb. in excess,
third 3 lb. in excess of the second. Manufacturers should be required
to stamp on the valve the lift in inches as determined by actual test.
The formula corresponds to the discharge calculated by Napier's

rule with a coefficient of flow of 0.973 and an evaporation of 4 lb. per
square foot of heating surface per hour. It is evident that safety-
valves proportioned according to this formula will have a relieving
capacity much less than the evaporative capacity of locomotive
boilers with large flre-boxes and short flues. The Consolidated Safety
Valve Co. suggests the formula D L P = Ci Hi 4- C2 i?2 in which Hi is

fire-box and H2 flue heating-surface, sq. ft., and Ci and C2 are constants
to be determined by experiment, Ci being considerably larger than C2.
Unequal expansion of safety-valve parts under steam temperatures

tends to cause leakage, and as this temperature effect becomes more
serious in the large sizes the manufacturers do not recommend the use
of valves larger than 4 1/2 ins. If greater relieving capacity be required
it is the best practice to use duplex valves or additional single valves.

For an extended discussion on safety-valves, see Trans. A. 3. M. E.,
1909.

^
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THE EVJECTOE.
Equation of the Injector.

Let S be the number of pounds of steam used-
, , .^ .. „ k^»i«..W the number of pounds of water hfted and forced Into the DOller;

h the height in feet of a column of water, equivalent to the absolute

pressure in the boiler;

Tin the height in feet the water is lifted to the injector;
_

ti the temperature of the water before it enters the mjector;

ti the temperature of the water after leaving the injector;

H the total heat above 32° F. in one pound of steam m the boiler,

in heat-units;
, , ^ , , ^ j. ^i

L the work in friction and the equivalent lost work due to radiation

and lost heat;
778 the mechanical equivalent of heat.

Then

An equivalent formula, neglecting Who + L as small, is

or S--
W[(h-ti)d + 0.1851 p]

.p.
144'

778j H-{t2-32°)
n.

' [H - it2- 32°)] d -0.1851 p'

In which d = weight of 1 cu. ft. of water at temperature t2; p = absolute
pressure of steam, lbs. per sq. in.

The rule for finding the proper sectional area for the narrowest part of
the nozzles is given as follows by Rankine, S. E., p. 477:

Area in square inches= cubic feet per hour gross feed-water

800 Vpressure in atmospheres

An important condition which must be fulfilled in order that the injec-
tor will work is that the supply of water must be suflBcient to condense
the steam. As the temperature of the supply or feed-water is higher,
the amount of water required for condensing purposes will be greater.
The table below gives the calculated value of the maximum ratio of

water to the steam, and the values obtained on actual trial, also the
highest admissible temperature of the feed-water as shown by theory
and the highest actually found by trial with several injectors.

Maximum Ratio Water
to Steam.

Gauge-
pres-
sure,

pounds
per

sq. m.

Maximum Temperature
of Feed-Water.

Gauge-
pres-

Calculated
from

Theory.

Actual Ex-
periment.

Theoreti-
cal.

Experimental
Results.

pounds

lib H. P. M.
per

sq. in.
H. P. M.

S.

10 36.5
25.6
20.9
17.87
16.2
14.7
13.7
12.9
12.1

11.5

30.9
22.5
19.0
15.8
13.3
11.2
12.3
11.4

10

20
30
40
50
60
70
80
90
100
120
150

137°

20
30

19.9
17.2
15.0
14.0
11.2
11.7
11.2

21.5
19.0
15.86
13.3
12.6
12.9

142°

132

126
120
114

109
105

99
95
87
77

173°

162
156
150
143

139
134

129
125

117
107

135° 120° 130° 134
134

40
50

140 113 125 132
131

60
70
80
90

iVi*
141*

115

ii8

123

123
122

130

130
131

100 13?*
134*
121*

.
* Temperature of delivery above 212°. Waste-valve closed.
H, Hancock inspirator; P, Park injector; M, Metropolitan injector;

S, Sellers 1876 injector.
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Efflcifeucy of the Injector. — Experiments at Cornell University
described by Prof. R. C. Carpenter, in Cassier's Magazine, Feb., 1892
show that the injector, when considered merely as a pump, has an exceed-
ingly low efficiency, the duty ranging from 161,000 to 2,752,000 undei
different circumstances of steam and delivery pressure. Small direct-
acting pumps, such as are used for feeding boilers, show a duty of from
4 to 8 million ft.-lbs., and the best pumping-engines from 100 to 140 mil-
lion. When used for feeding water into a boiler, however, the injector
has a thermal efficiency of 100%, less the trifling loss due to radiation,
since all the heat rejected passes into the water which is carried into the
boiler.
The loss of work in the injector due to friction reappears as heat which

is carried into the boiler, and the heat which is converted into useful
work in the injector appears in the boiler as stored-up energy.

Although the injector thus has a perfect efficiency as a boiler-feeder. It

is not the most economical means for feeding a boiler, since it can draw
only cold or moderately warm water, while a pump can feed water which
has been heated by exhaust steam which would otherwise be wasted.
Performance of Injectors. — In Am. Mach.,_ April 13, 1893, are a

number of letters from different manufacturers of injectors in reply to the
question: "What is the best performance of the injector in raising or
lifting water to any height?" Some of the replies are tabulated below.
W. Sellers & Co. — 25.51 lbs. water delivered to boiler per lb. of steam;

temperature of water, 64°; steam pressure, 65 lbs.

Schaeffer & Budenberg — 1 gal. water delivered to boiler for 0.4 to
0.8 lb. steam.

Injector will lift by suction water of

140° F. 136° to 133° 122° to 118° 113° to 107»
If boiler pres. is 30 to 60 lbs. 60 to 90 lbs. 90 to 120 lbs. 120 to 150 lbs.

If the water is not over 80° P., the injector wiU force against a pres-
sure 75 lbs. higher than that of the steam.

Hancock Inspirator Co.:
Lift in feet 22 22 22 H
Boiler pressure, absolute, lbs 75.8 54.1 95.5 75.4
Temperature of suction 34.9° 35.4" 47.3° 53.2"
Temperature of deUvery 134° 117.4° 173 .

7° 131 .

1°

Water fed per lb. of steam, lbs 11.02 13.67 8.18 13.3
The theory of the injector is discussed in Wood's, Peabody's, and

Rontgen's treatises on Thermodynamics. See also "Theory and Practice
of the Injector," by Strickland L. Kneass, New York, 1910.
Boiler-feeding Pumps. — Since the direct-acting pump, commonly

used for feeding boilers, has a very low efficiency, or less than one-tenth
that of a good engine, it is generally better to use a pump driven by belt
from the main engine or driving shaft. The mechanical work needed to
feed a boiler may be estimated as follows: If the combination of boiler
and engine is such that half a cubic foot, say 32 lbs. of water, is needed
per horse-power, and the boiler-pressure is 100 lbs. per sq. in., then the
work of feeding the quantity of water is 100 lbs. X 144 sq. in. X V2 ft.-

Ib. per hour = 120 ft.-lbs. per min. = 120/33,000 = .0036 H.P., or less
than 4/10 of 1% of the power exerted by the engine. If a direct-acting
pump, which discharges its exhaust steam into the atmosphere, is used
for feeding, and it has only 1/10 the efficiency of the main engine, then the
steam used by the pump will be equal to nearly 4% of that generated by
the boiler.
The low efficiency of boiler-feeding pumps, and of other small auxiliary

steam-driven machinery, is, however, of no importance if all the exhaust
steam from these pumps is utilized in heating the feed-water.

The following table by Prof. D. S. Jacobus gives the relative steam
consumption of steam and power pumps and injector, with and with-
out heater, as used upon a boiler with 80 lbs. gauge-pressure, the pump
having a duty of 10,000,000 ft.-lbs. per iOO lbs. of coal when no heater
is used; the injector heating the water from 60° to 150° F.

Direct-acting pump feeding water at 60°, without a heater 1 .000
Injector feeding water at 150°, without a heater 0.985
Injector feeding water through a heater in which it is heated from

150° to 200° 0.938
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Direct-acting pump feeding water through a heater, in which it is

heated from 60° to 200° 0.879
Geared pump, run from the engine, feeding water through a heater,

in which it is heated from 60° to 200° .868

Gravity Boiler-feeders. — If a closed tank be placed above the level
of the water in a boiler and the tank be filled or partly filled with water,
then on shutting off the supply to the tank, admitting steam from the
boiler to the upper part of the tank, so as to equaUze the steam-pressure
in the boiler and in the tank, and opening a valve in a pipe leading from
the tank to the boiler, the water will run into the boiler. An apparatus
of this kind may be made to work with practically perfect efficiency as a
boiler-feeder, as an injector does, when the feed-supply is at ordinary
atmospheric temperature, since after the tank is emptied of water and the
valves in the pipes connecting it with the boiler are closed the conden-
sation of the steam remaining in the tank will create a vacimm which will
lift a fresh supply of water into the tank. The only loss of energy in the
cycle of operations is the radiation from the tank and pipes, which may-
be made very small by proper covering'.
When the feed-water supply is hot, such as the return water from a

heating system, the gravity apparatus may be made to work by having
two receivers, one at a low level, which receives the returns or other
feed-supply, and the other at a point above the boilers. A partial vacuum
being created in the upper tank, steam-pressure is applied above the
water in the lower tank by which it is elevated into the upper. The
operation of such a machine may be made automatic by suitable arrange-
ment of valves.

FEED-WATER HEATERS.

Percentage of Saving for Each Degree of Increase in Temperature
of Feed-water Heated by Waste Steam.

Initial Steam Pressure in Boiler, lbs. per sq. in. above Atmosphere.
Temp.

of
Feed. 20 40 60 80 100 120 140 160 180 200

Temp.

32° .0872 .0861 .0855 .0851 .0847 .0844 .0841 .0839 .0837 .0835 .0833 32°

40 .0878 .0867 .0861 .0856 .0853 .0850 .0847 .0845 .0843 .0841 .0839 40
50 .0886 .0875 .0868 .0864 .0860 .0857 .0854 .0852 .0850 .0848 .0846 50
60 .0894 .0883 .0876 .0872 .0867 .0864 .0862 .0859 .0856 .0855 .0853 60
70 0902 .0890 .0884 .0879 .0875 .0872 .0869 .0867 .0864 .0862 .0860 70

80 .0910 .0898 .0891 .0887 .0883 .0879 .0877 .0874 .0872 .0870 .0868 80
90 .0919 .0907 .0900 .0895 .0888 .0887 .0884 .0883 .0879 .0877 .0875 90
100 .0927 .0915 .0908 .0903 .0899 .0895 .0892 .0890 .0887 .0885 .0883 100

no .0936 .0923 .0916 .0911 .0907 .0903 .0900 .0898 .0895 .0893 .0891 110

120 .0945 .0932 .0925 .0919 .0915 .0911 .0908 .0906 .0903 .0901 .0899 120

130 .0954 .0941 .0934 .0928 .0924 .0920 .0917 .0914 .0912 .0909 .0907 130

140 .0963 .0950 .0943 .0937 .0932 .0929 .0925 .0923 .0920 .0918 .0916 140

150 .0973 .0959 .0951 .0946 .0941 .0937 .0934 .0931 .0929 .0926 .0924 150

160 .0982 .0968 .0961 .0955 .0950 .0946 .0943 .0940 .0937 .0935 .0933 160

170 .0992 .0978 .0970 .0964 .0959 .0955 .0952 .0949 .0946 .0944 .0941 170

180 .1002 .0988 .0981 .0973 .0969 .0965 .0961 .0958 .0955 .0953 .0951 180

190 .1012 .0998 .0989 .0983 .0978 .0974 .0971 .0968 .0964 .0962 .0960 190

200 .1022 .1008 .0999 .0993 .0988 .0984 .0980 .0977 .0974 .0972 .0969 200
210 .1033 .1018 .1009 .1003 .0998 .0994 .0990 .0987 .0984 .0981 .0979 210

220 .1029 .1019 .1013 .1008 .1004 .1000 .0997 .0994 .0991 .0989 220

230 .1039 .1031 .1024 .1018 .1012 .1010 .1007 .1003 .1001 .0999 230

240 .1050 .1041 .1034 .1029 .1024 .1020 .1017 .1014 .1011 .1009 240

250 .1062 .1052 .1045 .1040 .1035 .1031 .1027 .1025 .1022 .1019 250

An approximate rule for the conditions of ordinary practice is that a
saving of 1% is made by each increase of 11° in the temperature of the
feed-water. This corresponds to 0.0909% per degree.

The calculation of saving is made as follows: Boiler-pressure, 100 lbs.
gauge; total heat in steam above 32° = 1185 B.T.U. Feed-water, original
temperature 60°, final temperature 209° F. Increase in beat-units, 150.
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Heat-units above 32° in feed-water of original temperature =28. Heat-
units in steam above that in cold feed-water, 1185 — 28 = 1157. Saving
by the feed-water heater = 150/1157 = 12.96%. The same result is
obtained by the use of the table. Increase in temperature 150° X
tabular figure 0.0864 = 12.96%. Let total heat of 1 lb. of steam at the
boiler-pressure = H\ total heat of 1 lb. of feed-water before entering the
heater = hi, and after passing through the heater = hi; then the saving

made by the heater is ^j _ , •

Strains Caused by Cold Feed-water. — A calculation is made In
The Locomotive of March, 1893, of the possible strains caused in the sec-
tion of the shell of a boiler by cooling it by the injection of cold feed-
water. Assuming the plate to be cooled 200° F., and the coefficient of
expansion of steel to be 0.0000067 per degree, a strip 10 in. long would
contract 0.013 in., if it were free to contract. To resist this contraction,
assuming that the strip is firmly held at the ends and that the modulus
of elasticity is 29,000,000, would require a force of 37,700 lbs. per sq. In.

Of course this amount of strain cannot actually take place, since the strip
is not firmly held at the ends, but is allowed to contract to some extent
by the elasticity of the surrounding metal. But, says The Locomotive,
we may feel pretty confident that in the case considered a longitudinal
strain of somewhere in the neighborhood of 8,000 or iO.OOO lbs. per sq. in.
may be produced by the feed-water striking directly upon the plates;
and this, in addition to the normal strain produced by thesteam-pressiu'e,
is quite enough to tax the girth-seams beyond their elastic limit, if the
feed-pipe discharges anywhere near them. Hence it is not surprising that
the girth-seams develop leaks and cracks in 99 cases out of every 100 in
which the feed discharges directly upon the fire-sheets.
Capacity of Feed-water Heaters. (W. R. Billings, Eng. Rec,

Feb., 1898.) — Closed feed-water heaters are seldom provided with
sufficient surface to raise the feed temperature to more than 200°. The
rate of heat transmission may be measured by the number of British
thermal units which pass through a square foot of tubular surface in one
hour for each degree of difference in temperature between the water and
the steam. One set of experiments gave results as below:

15°
F 67 B.T.U. 1 Transmitted in one

6° " 79 " hour by each sq. ft.

8° " 89 "
I of surface for each

11°" 114 " f degree of average
15° " 129 "

I
difference in temper-

18°" 139 " J atures.

Even with the rate of transmission as low as 67 B.T.U. the water was
still 5° from the temperature of the steam. At what rate would the heat
have been transmitted if the water could have been brought to within
2° of the temperature of the steam, or to 210° when the steam is at 212°?

For commercial purposes feed-water heaters are given a H.P. rating
which allows about one-third of a square foot of surface per H.P. — a
boiler H.P. being 30 lbs. of water per hour. If the figures given in the
table above are accepted as substantially correct, a heater which is to
raise 3000 lbs. of water per hour from 60° to 207°, using exhaust steam
at 212° as a heating medium, should have nearly 84 sq. ft. of heating
surface or nearly a square foot of surface per H.P. That feed-water
heaters do not carry this amount of heating surface is well known.

Calculation of Surface of Heaters and Condensers. — Qi. L. Hep;
burn. Power, April, 1902.) Let W = lbs. of water per hour; A = area of
surface in sq. ft.; Ts = temperatiu-e of the steam; / = initial tempera-
ture of the water; F = final temperature of the water; S = lbs. of steam
per horn-; H = B.T.U. above 32° F. in 1 lb. of steam; N = B.T.U. in
1 lb. of condensed steam; U = B.T.U. transmitted per sq. ft. per hr. per
deg. of mean difference of temperature between the steam and the water.

Then AU = W loge J ~
j^ , for heaters.

Is ~ if

^„ ^H - N ^ Ts - I ,aU '=i S p _ J
X loge yp E? . for condensers.
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The value of U varies widely according to the condition of the surfawj
whether clean or coated with grease or scale, and also with the velocity
of the water over the surfaces. Values of 300 to 350 have been obtained
in experiments with corrugated copper tubes, but ordinary heaters give
much lower values. From the experiments of Loring and Emery on the
U. S. S. Dallas, Mr. Hepburn finds U — 192. Using this value he finds
the number of square feet of heating surface required per 1000 lbs. of
feed-water per hour to be as follows, the temperature of the entering
water being 60° F.

Steam Temperature, 212°. Steam 25 in. Vacuum.

F B F S F S F S

194 11.11 204 15.34 90 2.38 115 6.78
196 11.73 206 16.85 95 3.03 120 8.60
198 12.44 208 18.93 100 3.76 125 11.15
200 13.20 210 22.52 105 4.62 130 16.25
202 14.17 212 Infinite 110 5.65 133 Infinite

F = final temperatiu-e of feed-water, S = sq. ft. of surface. From this
table it is seen that if 30 lbs. of water per hour is taken to equal 1 H.P.
and a feed-water heater is made with 1/3 sq. tt. per H.P., it may be ex-
pected to heat the feed-water from 60° to something less than 194°, or ii

made with 1/2 sq. ft. per H.P. it may heat the water to 204° F.

For a further discussion of this subject, see Heat, pages 587 to 591.

Proportions of Open Type Feed-water Heaters.— C. L. Hubbard
{Practical Engineer, Jan. 1, 1909) gives the following:

Exhaust heaters should be proportioned according to the quality of
the water to be used, the size being increased with the amount of mud
or scale-producing properties which the water contains regardless of the
quantity of water to be heated. The general proportions of an open
heater will depend somewhat upon the arrangement of the trays or pans,
but an approximation of the size of shell for a cyUndrical heater is as
follows: A = H -i- aL; L = H -i- aA; in which A == sectional area of shell
in sq. ft.; L = length of shell in hnear ft.; H = total weight of water to
be heated per hour divided by the weight of steam used per horse-power
per hour by the engine; a = 2.15 for very muddy water, 6.0 for slightly
muddy water, and 8.0 for clear water.
The pan or tray surface varies according to the quality of the water,

both as regards the amount of mud and the scale-making ingredients.
The surface in square feet for each 1000 lbs. of water heated per hour
may be taken as follows, for the vertical and horizontal types respectively:

Very bad water 8.5 and 9.1
Medium muddy water 6 and 6.5
Clear and little scale 2 and 2.2

The space between the pans is made not less than 0.1 the width for
rectangular and 0.25 the diameter for round pans. Under ordinary
circumstances it is not customary to use more than six pans in a tier,
in order to obtain a low velocity over each pan. The size of the storage
or settUng chamber in the horizontal type varies from 0.25 to 0.4 of the
volume of the shell, depending on the quahty of the water; 0.33 is about
the average. In the case of vertical heaters, this varies from 0.4 to 0.6
of the volume of the shell. Filters occupy from 10 to 15% of the volume
of the shell in the horizontal type and from 15 to 20% in the vertical.

Open versus Closed Feed-water Heaters. (W. E. Harrington, St.
Rwy. Jour., July 22, 1905.) — There still exists some difference of opinion
as to the relative desirabiUty of open or closed type of feed-water heater,
but the degree of perfection which the open heater has attained has elimi-
nated formerly objectionable features. The chief objection which attended
the early use of the open heater, namely, that the oil from the exhaust
steam was carried into the boiler, did much to discourage its more general
adoption. This objection does not hold good against the better designs
of open heaters now on the market. There are thousands of installations
in which the open heater is now being used where no difficulty is experi-
enced from the contamination of the feed-water by oil. The perfection of
oil separators for use in the exhaust steam connection to the heater has
rendered ttiis possible.
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STEAM SEPABATOBS.
If moist 'Steam flowing at a high velocity in a pipe has its direction

suddenly ^changed, the particles of water are by their momentum pro-
jected ia their original direction against the bend in the pipe or wall of
the (Chamber in which the change of direction takes place. By making
jwtoper provision for drawing off the water thus separated the steam may
toe *ied to a greater or less extent. For long steam-pipes a large drum
fsb^ald be provided near the engine for trapping the water condensed in
ttbe pipe. A drum 3 ft. diameter, 15 ft. high, has given good results in
separating the water of condensation of a steam-pipe 10 in. diameter
iand 800 ft. long.

Efficiency of Steam Separators.—Prof. R. C. Carpenter, in 1891,
made a series of tests of six steam separators, furnishing them with
steam containing different percentages of moisture, and testing the
Quality of steam before entering and after passing the separator^ A
condensed table of the principal results is given below.

''S'S

Test with Steam of about 10%
of Moisture.

Tests with Varying Moisture.

n Quality
of Steam
before.

Quality
of Steam
after.

Efficiency,

per cent.

Quality of
Steam
before.

Quality of
Steam after.

Av'ge
Effi-

ciency.

B

%
C
E
F

87.0%
90.1

89.6

90.6
88.4

88.9

98.8%
98.0

95.8

93.7
90.2

92.1

90.8
80.0

59.6
33.0
15.5

28.8

66.1 to 97.5%
51.9 " 98
72.2 " 96.1

67.1 " 96.8

68.6 " 98.1

70.4 " 97.7

97.8 to 99%
97.9 " 99.1

95.5 " 98.2
93.7 " 98.4

79.3 " 98.5

84.1 " 97.9

87.6

76.4

71.7
63.4

36.9
28.4

Conclusions from the tests were: 1. That no relation existed between
the volume of the several separators and their efficiency. 2. No marked
decrease in pressure was shown by any of the separators, the most being
1.7 lbs. in E. 3. Although changed direction, reduced velocity, and per-

haps centrifugal force are necessary for good separation, still some means
must be provided to lead the water out of the current of the steam. The
high efficiency obtained from B and A was largely due to this feature. In
B the interior surfaces are corrugated and thus catch the water thrown
out of the steam and readily lead it to the bottom. In A, as so on as the
water falls or is precipitated from the steam, it comes in contact with the
perforated diaphragm through which it rung into the space below, where
it is not subjected to the action of the steam. Experiments made by
Prof. Carpenter on a "Stratton" separator in 1894 showed that the
moisture in the steam leaving the separator was less than 1% when that

in the steam supphed ranged from 6% to 21%.
Experiments by Prof. G. F. Gebhardt (Power, May 11, 1909) on six

separators of different makes led to the following conclusions: (1) The
efficiency of separation decreases as the velocity of the steam increases.

((2.) The efficiency increases as the percentage of moisture in the enter-

ing steam increases. (3) The drop in pressure increases rapidly with the
increase in velocity. The six separators are described as follows:

"IJ: 2-in. vertical; no baffles; current reversed once.

V: 4-in. horizontal with single baffle plate of the fluted type; current

Teversed once.
W: 4-in. vertical with two baffle plates of the smooth type; current

reversed once.
, ^

X: 3-in. horizontal; several fluted baffle plates; no reversal of current.

Y: 6-in. vertical; centrifugal type; current reversed once.

Z: 3-in. horizontal; current reversed twice; steam impinges on hori-

zontal fluted baffle during reversal.

The efficiency is defined as the ratio of the water removed from the

Steam by the separator to the water injected into the dry steam for the
purpose of the test. With steam at 100 lbs. pressiu-e containing 10%
water, the efficiencies, taken from plotted curves, were as follows:UVWXYZ
At 2000 ft. per min 64 69 86 88 79 66
At 3000 ft. per min 37 45 80 60 61 48
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DETERMINATION OF THE MOISTURE IN STEAM—STEAM
CALORIMETERS.

In all boiler-tests it is important to ascertain the quality of the steam,
i.e., 1st, whether the steam is "saturated" or contains the quantity of
heat due to the pressure according to standard experiments: 2d, whether
the quantity of heat is deficient, so that the steam is wet; and 3d, whether
the heat is in excess and the steam superheated. The best method of
ascertaining the quality of the steam is undoubtedly that employed by a
committee which tested the boilers at the American Institute Exhibition
of 1871-2, of which Prof. Thurston was chairman, i.e., condensing all the
water evaporated by the boiler by means of a surface condenser, weighing
the condensing water, and taking its temperature as it enters ana as it

leaves the condenser; but this plan cannot always be adopted.
A substitute for this method is the barrel calorimeter, which with careful

operation and fairly accurate instruments mav generally be relied on to
give results within two per cent of accuracy (that is, a sample of steam
which gives the apparent result of 2% of moisture m?y contain anywhere
between and 4%). This calorimeter is described as follows: A sample
of the steam is taken by inserting a perforated 1/2-inch pipe into and
through the main pipe near the boiler, and led by a hose, thoroughly
felted, to a barrel, holding preferably 400 lbs. of water, which is set upon
a platform scale and provided with a cock or valve for allowing the water
to flow to waste, and with a smaU propeller for stirring the water.
To operate the calorimeter the barrel is filled with water, the weight

and temperature ascertained, steam blown through the hose outside the
barrel until the pipe is thoroughly warmed, when the hose is suddenly
thrust into the water, and the propeller operated until the temperature
of the water is increased to the desired point, say about 110° usually.
The hose is then withdrawn quickly, the temperature noted, and the
weight again taken.
An error of 1/10 of a' pound in weighing the condensed steam, or an

error of 1/2 degree in Ihe temperature, v/ill cause an error of over 1% in
the calculated percentage of moisture. See Trans. A. S. M. E., vi, 293.
The calculation of the percentage of moistiire is made as below:

Q = quality of the steam, dry saturated steam being unity.

H = total heat of 1 lb. of steam at the observed pressure.

T = total heat of 1 lb. of water at the temperature of steam of the
observed pressure.

h — total heat of 1 lb. of condensing water, original.

hi = total heat of 1 lb. of condensing water, final.
. , x rW = weight of condensing water, corrected for water-equivalent of

the apparatus.
w = weight of the steam condensed.

Percentage of moisture = 1 — Q.
If Q is greater than unity, the steam is superheated, and the degrees of

superheating = 2.0833 (H - T) (Q - 1).

Difficulty of Obtaining a Correct Sample. — Experiments by Prof.
D. S. JacobUiS (Trans. A. S. M. E., xvi, 1017), show that it is practically
impossible to obtain a true average sample of the steam flowing in a pipe.
For accurate determinations all the steam made by the boiler should be
passed through a separator, the water separated should be weighed and
a calorimeter test made of the steam just after it has passed the separator.

Coil Calorimeters. — Instead of the open barrel in which the steam
is condensed, a coil acting as a surface-condenser may be used, which is
placed in the barrel, the water in coil and barrel being weighed separately.
For a description of an apparatus of this kind designed by the author,
which he has found to give results with a probable error not exceeding
1/2 per cent of moisture, see Trans. A. S. M. E.,vi, 294. This calorimeter
may be used continuously, if desired, instead of intermittently. In this
case a continuous flow of condensing- water into and out of the barrel
must be established, and the temperature of inflow and outflow and of
ttie condensed steam read at short intervals of time
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Throttling Calorimeter. — For percentages of moisture not exceed-
ing 3 per cent the throttling calorimeter is most useful and convenient
and remarkably accurate. In tliis instrument the steam which reaches
it in a 1/2-inch pipe is throttled by an orifice i/J6 inch diameter, opening
into a chamber which has an outlet to the atmosphere. The steam in
this chamber has its pressure reduced nearly or quite to the pressure of the
atmosphere, but the total heat in the steam before throttling causes the
steam in the chamber to be superheated more or less according to whether
the steam before throttling was dry or contained moisture. The only
observations required are those of the temperature and pressure of the
steam on each side of the orifice.

The author's formida for reducing the observations of the throttling
calorimeter is as follows (Experiments on Ttu-ottUng Calorimeters, Am.

Mach., Aug. 4, 1892) : w = 100 X ^ ~ ^ ~^ ^^ - ^\ in which w =

percentage of moisture in the steam; J? = total heat, and L= latent
heat of steam in the main pipe ; h = total heat due the pressure in
the discharge side of the calorimeter, = 1150.4 at atmospheric pressure;K = specific heat of superheated steam ; T = temperature of the
throttled and superheated steam in the calorimeter; t = temperature due
to the pressure in the calorimeter, = 212° at atmospheric pressure.

Taking K at 0.46 and the pressure in the discharge side of the calo-
rimeter as atmospheric pressiu-e, the formula becomes

^ = ioox-^~^^'"-^-^-^'^^-"^^°>»

From this formtda the following table is calculated:

Moisture in Steam—Determinations by throttling CALORIMETEE.

Degree of

Super-
heating
T - 212°.

Gauge-pressures.

5 1 10
1
20 1 30 1 40 1 50

1
60 1 70

1
75 1 80 1 85 1 90

Per Cent of Moisture in Steam.
0° 0.51 0.90 1.54 2.06 2.50 2.90 3.24 3.56 3.71 3.86 3.99 4.13
10° 0.0

1

0.39 1.02 1.54 1.97 2.36 2.71 3.02 3.17 3.37 3.45 3.58
20° 0.51

0.00

1.02

0.50
1.45

0.92
1.83

1.30

2.17

1.64

2.48
1.94

2.63
2.09

2.77
2.23

2.90
2.35

3 03
30° 2.49
40° 0.39 0.77

0.24
1.10

0.57

0.03

1.40

0.87

0.33

1.55

1.01

0.47

1.69

1.15

0.60

0.06

1.80

1.26

0.72

0.17

1 94
50° 1.40
60° 0.85
70° 31

Dif. p. deg. . . .0503 .0507 .0515 .0521 .0526 .0531 .0535 .0539 .0541 .0542 .0544 .0546

Degree of

Super-
heating
T - 212°.

Gauge-pressures.

100
1
no 1 120

1
130

i

140
1
150 1 160

|
170

|
180 ! 190 | 200 | 250

Per Cent of Moisture in Steam.
0° 4.39 4.63 4.85 5.08 5.29 5.49 5.68 5.87 6.05 6.22 6.39 7.16
10° 3.84 4.08 4.29 4.52 4.73 4.93 5.12 5.30 5.48 5.65 5.82 6.58
20° 3.29 3.52 3.74 3.96 4.17 4.37 4.56 4.74 4.91 5.08 5.25 6.00
30° Z.74 7,.97 3.18 3.41 3.61 3.80 3.99 4.17 4.34 4.51 4.67 5.41
40° 2.19 2.47. 2.63 2.85 3.05 3.24 3.43 3.61 3.78 3.94 4.10 4.83
50° 1.64 1.87 2.08 2.29 2.49 2.68 2.87 3.04 3.21 3.37 3.53 4.25
60° 1.09 1.32 1.52 1.74 1.93 2.12 2.30 2.48 2.64 2.80 2.96 3.67
70° 0.55 0.77 0.97 1.18 1.38 1.56 1.74 1.91 2.07 2.23 2.38 3.09
80° 0.00 0.22 0.42 0.63 0.82 1.00 1.18 1.34 1.50 1.66 1.81 2.51
90° 0.07 0.26 0.44 0.61 0.78 0.94 1.09 1.24 1.93
100° 0.05 0.21 0.37 0.52 0.67

0.10
1.34

110° 0.76

Dif . p. deg. . . .0549 .0551 .0554 .0556 .0559 .0561 .0564 .0566 .0568 .0570 .05721.0581

Separating Calorimeters.—For percentages of moisture beyond the
range of the throttling calorimeter the separating calorimeter is used.
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which is simply a steam separator on a small scale. An improved forn
of this calorimeter is described by Prof. Carpenter in Power, Feb., 1S93

For fuller information on various kinds of calorimeters, see papers bj
Prof. Peabody, Prof. Carpenter, and Mr. Barrus in Trans. A. S, M. E.
vols. X, xi, xii, 1889 to 1891; Appendix to Report of Com. on Boiler Tests
A. S. M. E., vol. vi, 1884; Circular of Schaeffer & Budenberg, N. Y.
"Calorimeters, Throttling and Separating."

Identification of Dry Steam by Appearance of a Jet. — Prof
Denton {Trans. A. S. M. E., vol. x) found that jets of steam show un
mistakable change of appearance to the eye when steam varies less than
1% from the condition of saturation in the direction of either wetness
or of superheating.

If a jet of steam flow from a boiler into the atmosphere under circum-
stances such that very little loss of heat occurs through radiation, etc.,

and the jet be transparent close to the orifice, or be even a grayish-white
color, the steam may be assumed to be so nearly dry that no portable
condensing calorimeter will be capable of measuring the amount of water
in the steam. If the jet be strongly white, the amount of water may bei

roughly judged up to about 2%, but beyond this only a calorimeter can
determine the exact amount of moisture.
A common brass pet-cock may be used as an orifice, but it should, I:

possible, be set into the steam-drum of the boiler and never be placed
further away from the latter than 4 feet, and then only when the inter-
mediate reservoir or pipe is well covered.
Usual Amount of Moisture in Steam Escapin^^ from a Boiler. —

In the common forms of horizontal tubular land boilers and water-tube
boilers with ample horizontal drums, and suppUed with water free from
substances likely to cause foaming, the moisture in the steam does not
generally exceed 2% unless the boiler is overdriven or the water-level is
carried too high.

CHIMNEYS.
Chimney Draught Theory. — The commonly accepted theory of

chimney draught, based on Peclet's and Rankine's hypotheses (Rankine,
B E.), is discussed by Prof. De Volson "Wood, Trans. A. S, M, E,, vol, xi.

Peclet represented the law of draught by the formula

2q\ m/
in which h is the "head," defined as such a height of hot gases as, if added

to the column of gases in the chimney, would produce the
same pressure at the furnace as a column of outside air, of

the same area of base, and a height equal to that of the
chimney;

u is the required velocity of gases in the chimney;
G a constant to represent the resistance to the passage of air

through the coal;

I the length of the flues and chimney;
, „. .. ^m the mean hydrauUc depth or the area of a cross-section divided

by the perimeter;
/ a constant depending upon the nature of the surfaces over

which the gases pass, whether smooth, or sooty and rough.

. Rankine's formula (Steam Engine, p. 288), derived by giving certain

values to the constants (so-called) in Peclet's formula, is

^f 0.080?) / -r \

ft=^4 r^H-H=(0.96^-l)ff;
Lo(o.084) ^ - ^

in which H = the height of the chimney in feet;

To= 493° F., absolute (temperature of melting ice);

Ti= absolute temperature of the gases in the chimney;

T2= absolute temperature of the external air.
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Prof, Wood derives from this a still more complex formula which gives
the height of chimney required for burning a given quantity of coal per
second, and from it he calculates the following table, showing the height
of chimney required to burn respectively 24, 20, and 16 lbs. of coal per
square foot of grate per hour, for the several temperatures of the chimney-
gases given.

Chimney Gas. Coal per sq. ft. of grate per hour, lbs.

Outside Air. 24 20 16
T2.

Absolute.
Temp.
Fahr.

Height H, feet.

520° 700 239 250.9 157.6 67.8
absolute or 800 . 339 172.4 115.8 55.7

59° F. 1000 539 149.1 100.0 48.7
1100 639 148.8 98.9 48.2
1200 739 152.0 100.9 49.1
1400 939 159.9 105.7 51.2
1600 1139 168.8 111.0 53.5
2000 1539 206.5 132.2 63.0

Rankine's formula gives a maximum draught when t = 21/12 ^2, or
622° F., when the outside temperature is 60°. Prof. Wood says: "This
result is not a fixed value, but departures from theory in practice do not
affect the result largely. There is, then, in a properly constructed chimney
properly working, a temperature giving a maximum draught,* and that
temperature is not far from the value given by Rankine, although in
special cases it may be 50° or 75° more or less."

All attempts to base a practical formula for chimneys upon the theoret-
ical formula of Peclet and Rankine have failed on account of the impos-
sibihty of assigning correct values to the so-called "constants" G and /.
(See Trans. A. S. M. E.,xi, 984.)
Force or Intensity of Draught. — The force of the draught is equal

to the difference between the weight of the column of hot gases inside of
the chimney and the weight of a column of the external air of the same
height. It is measured by a draught-gauge, usually a U-tube partly
filled with water, one leg connected by a pipe to the interior of the flue,

and the other open to the external air.

If D is the density of the air outside, d the density of the hot gas inside,
in lbs. per cubic foot, h the height of the chimney in feet, and 0.192 the
factor for converting pressure in lbs. per sq. ft. into inches o:^water column,
then the formula for the force of draught expressed in inches of water is,

F == 0.192/1 (D - d).

The density varies with the absolute temperature (see Rankine). *

.

"^0

0.084; D = 0.0807 -

T2

where tq is the absolute temperature at 32° F., = 493, ti the absolute
temperature of the chimney gases and t2 that of the external air. Sub-
stituting these values the formula for force of draught becomes

y =0.192 » (22JS _ 1L«) =ft (LM _ L^).
\ T2 Tl / \ T2 Tl /

* Much confusion to students of the theory of chimneys has resulted
from their understanding the words maximum draught to mean maxi-
mum intensity or pressure of draught, as measured by a draught-gauge.
It here means maximum quantity or weight of gases passed up the
chimney. The maximum intensity is found only with maximum tem-
perature, but after the temperature reaches about 622° F. the density of
the gas decreases more rapidly than its velocity increases, so that the
weight is a maximum about 622° F., as shown by Rankine. — W. K.



946 CHIMNEYS.

To find the maximum intensity of draught for any given chimney, the
heated column being 600° F., and the external air 60°, multiply the height
above grate in feet by 0.0073, and the product is the draught in inches
of water.

Heifflit of Water Column Due to Unbalanced Pressure in Chimney
100 Feet High. (The Locomotive, 1884.)

•S i Temperature of the External Air— Barometer, 14.7 lbs per sq. in.

H 6
0° 10° 20° 30° 40° 50° 60° 70° 80° 90° 100°

200 0.453 0.419 0.384 0.353 0.321 0.292 0.263 0.234 0.209 0.182 0.157

220 .488 .453 .419 .388 .355 .326 .298 .269 .244 .217 .192

240 .520 .488 .451 .421 .388 .359 .330 .301 .276 .250 .225

260 ,555, ,528 ,484 ,453 ,420 ,392 .363- ,334 ,309 282 .257

280 .584 .549 .515 .482 .451 .422 .394 ,365 .340 .313 .288

300 .611 .576 ,541 ,511 ,478 .449 .420 ,392 ,367 .340 .315

320 .637 .603 .568 .538 .505 .476 .447 .419 .394 ,367 .342

340 .662 .638 .593 .563 .530 .501 .472 .443 .419 .392 .367

360 ,687 .653 .618 .588 .555 .526 .497 .468 .444 .417 .392

380 .710 .676 .641 .611 .578 .549 .520 .492 .467 .440 .415

400 732 697 662 632 598 ,570 ,541 ,513 488 .461 .436

420 .753 .718 .684 .653 .620 .591 .563 .534 .509 .482 .457

440 774 ,739 ,705 ,674 .641 .612 .584 ,555 .530 ,503 .478

460 .793 .758 .724 .694 .660 .632 .603 .574 ,549 .522 .497

480 ,810 .776 ,741 .710 .678 .649 .620 .591 .566 ,540 .515

500 .829 .791 .760 .730 .697 .669 .639 .610 .586 .559 .534

For any other height of chimney than 100 ft. the height of water column
is found by simple proportion, the height of water column being directly
proportioned to the height of chimney.
The calculations have been made for a chimney 100 ft. high, with

various temperatures outside and inside of the flue, and on the supposition
that the temperature of the chimney is uniform from top to bottom.
This is the basis on which all calculations respecting the draught-power
of chimneys have been made by Rankine and other writers, but it is very
far from the truth in most cases. The difference will be shown by com-
paring the reading of the draught-gauge with the table given. In one
case a chimney 122 ft. high showed a temperature at the base of 320°,
and at the top of 230°.

Box, in his*" Treatise on Heat," gives the following table:

Draught Powers of Chimneys, etc., with the Internal Air at 552°
AND the External Air at 62°, and with the Damper nearly
Closed.

^ a i .
Theoretica Velocity ««.s

M Theoretical Velocity

5^.

p-i

in feet per second.

ill

in feet per second.

m Cold Air Hot Air Cold Air Hot Air

«3 Entering. at Exit. «6 Entering. at Exit.

10 0.073 17.8 35.6 80 0.585 50.6 101.2
20 0.146 25.3 50.6 90 0.657 53.7 107.4
30 0.219 31.0 62.0 100 0.730 56.5 113.0

40 0.292 35.7 71.4 120 0.876 62.0 124.0
50 0.365 40.0 80.0 150 1.095 69.3 138.6
.')0 0.438 43.8 87.6 175 1.277 74.3 149.6
70 0.511 47.3 94.6 200 1.460 80.0 160.0
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Rate of Combustion Due to Height of Chimney. — Trowbridge's
"Heat and Heat Engines" gives the following figures for the heights of
chimney for producing certain rates of combustion per sq. ft. of grate.
They may be approximately true for anthracite in moderate and large
sizes, but greater heights than are given in the table are needed to secure
the given rates of combustion with small sizes of anthracite, and for
bituminous coal smaller heights will suffice if the coal is reasonably free
from ash — 5% or less.

Lbs. of Lbs. of Lbs. of Lbs. of

Height, Coal per Height, Coal per Height, Coal per Height, Coal per
feet. Sq. Ft. of feet. Sq.Ft.of

Grate.
feet. Sq. Ft. of feet. Sq. Ft. of

Grate.Grate. Grate.

20 7.5 45 12.4 70 15.8 95 18.5
25 8.5 50 13.1 75 16.4 100 19.0
30 9.5 55 13.8 80 16.9 105 19.5

35 10.5 60 14.5 85 17.4 110 20.0
40 11.6 65 15.1 90 18.0

W. D. Ennis {Eng. Mag., Nov., 1907), gives the following as the force
of draught required for burning No. 1 buckwheat coal:

Draught, in. of water
Lbs. coal per sq. ft. grate per hour.

0.3
10

0.45
15

0.7
20

1.0
25

Thurston's rule for rate of combustion effected by a given height of
chimney (Trans. A. S. M. E., xi, 991) is: Subtract 1 from twice the square
root of the height, and the result is the rate of combustion in pounds per

square foot of grate per hour, for anthracite. Or rate = 2 \^h — 1, in
which h is the height in feet. This rule gives the following:

_ h = 50 60 70 80
2^/1-1 = 13.14 14.49 15.73 le.Si

90 100 110 125 150 175 200

17.97 19 19.97 21.36 23.49 25.45 27.28

The results agree closely with Trowbridge's table given above. In
practice the high rates of combustion for high chimneys given by the
formula are not generally obtained, for the reason that with high chimneys
there are usually long horizontal flues, serving many boilers, and the
friction and the interference of currents from the several boilers are apt to
cause the intensity of draught in the branch flues" leading to each boiler
to be much less than that at the base of the chimney. The draught of
each boiler is also usually restricted by a damper and by bends in the gas-
passages. In a battery of several boilers connected to a chimney 150 ft.

high, the author found a draught of 3/4-inch water-column at the boiler
nearest the chimney, and only 1/4-inch at the boiler farthest away. The
first boiler was wasting fuel from too high temperature of the chimney-
gases, 900°, having too large a grate-surface for the draught, and the last
boiler was working below its rated capacity and with poor economy, on
account of insufficient draught.
The effect of changing the length of the flue leading into a chimney

60 ft. high and 2 ft. 9 in. square is given in the following table, from Box
on "Heat":

Length of Flue in

feet.
Horse-power. Length of Flue in

feet.
Horse-power.

50
100
200
400
600

107.6
100.0
85.3
70.8
62.5

800
1,000

1,500

2,000
3,000

56.1
51.4
43.:

38.2
31.7

The temperature of the gases in this chimney was ?issiimed to be 552° ?.»
and that of the atmosphere 62°.
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High Chimneys not Necessary. — Chimneys above 150 ft. in height
are very costly, and their increased cost is rarely justified by increased efla-

ciency. In recent practice it has become somewhat common to build two .

or more smaller chimneys instead of one large one. A notable example
is the Spreckels Sugar Refinery in Pliiladelphia, where three separate

,

chimneys are used for one boiler-plant of 7500 H.P. The three chimneys •

are said to have cost several thousand dollars less than a single chimney
of their combined capacity would have cost. Very tall chimneys have
been characterized by one writer as "monuments to the folly of their
builders."
Heights of Chimney required for Different Fuels. — The minimum

height necessary varies with the fuel, wood requiring the least, then good
bituminous coal, and fine sizes of anthracite the greatest. It also varies
with the character of the boiler — the smaller and more circuitous the
gas-passages the higher the stack required ; also with the number of boilers,
a single boiler requiring less height than several that discharge into a
ihorizontal flue. No general rule can be given.

C. L. Hubbard (Am. Electrician, Mar., 1904) says: The following heights
have been found to give good results in plants of moderate size, and to
produce sufficient draught to force the boilers from 20 to 30 per cent,
above their rating:

With free-burning bituminous coal, 75 feet; with anthracite of medium
and large size, 100 feet: with slow-burning bituminous coal, 120 feet; with
anthracite pea coal, 130 feet; with anthracite buckwheat coal, 150 feet..

For plants of 700 or 800 horse-power and over, the chimney should not
be less than 150 feet high regardless of the kind of coal to be used.

SIZE OF CHIMNEYS.
The formula given below, and the table calculated therefrom for chim-

neys up to 96 in. diameter and 200 ft. high, were first pubhshed by the
author in 1884 (Trans. A. S. M. E., vi, 81). They have met with much
approval since that date by engineers who have used them, and have been
frequently published in boiler-makers' catalogues and elsewhere. The
table is now extended to cover chimneys up to 12 ft. diameter and 300 ft.

high. The sizes corresponding to the given commercial horse-powers
are believed to be ample for all cases in which the draught areas through
the boiler-flues and connections are sufficient, say not less than 20%
greater than the area of the chimney, and in which the draught between
the boilers and chimney is not checked by long horizontal passages and
right-angled bends.

Note that the figures in the table correspond to a coal consumption of 5 lbs.

of coal per horse-power per hour. This liberal allowance is made to cover
the contingencies of poor coal being used, and of the boilers bemg driven
beyond their rated capacity. In large plants, with economical boilers

and engines, good fuel and other favorable conditions, which will reduce

the maximum rate of coal consumption at any one time to less than 5 lbs.

per H.P. per hour, the figures in the table may be multiplied by the ratio

of 5 to the maximum expected coal consumption per H.P. per hour.

Thus, with conditions which make the maximum coal consumption only

2.5 lbs. per hour, the chimnev 300 ft. high X 12 ft. diameter should be
sufficient for 6155X 2 = 12,310 horse-power. The formula is based on
the following data:

, „ .

,

1. The draught power of the chimney varies as the square root ot the
height.

, .^ ^
2. The retarding of the ascending gases by friction may be considered

as equivalent to a diminution of the area of the chimney, or to a hnmg of

the chimnev bv a layer of gas which has no velocity. The thickness of

this lining is assumed to be 2 inches for all chimneys, or the diminution
of area equal to the perimeter X 2 inches (neglecting the overlapping of
the corners of the lining). Let D = diameter in feet, A = area, and E =
effective area in square feet:

For square chimneys, E = D^ —jy °^ ^ ~ 3
^^•

Foi round chimneys, JS? =
^ (^^ - ^f) = 4 - 0.591 v^.
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For simplifying calculations, the coefficient of *^A. may be taken as 0.6
for both square and round chimneys, and the formula becomes

£? = ^ - 0.6 VI.

3. The power varies directly as this effective area E.
4. A chimney should be proportioned so as to be capable of giving

suflacient draught to cause the boiler to develop much more than its rated
power, in case of emergencies, or to cause the combustion of 5 lbs. of fuel
per rated horse-power of boiler per hour.

5. The power of the cliimney varying directly as the effective area, E,
and as the square root of the height, H, the formula for horse-powCT of

boiler for a given size of chimney will take the form H.P. = CE '^H, in
which C is a constant, the average value of which, obtained by plotting
the results obtained from numerous examples in practice, the author
finds to be 3.33.

The formula for horse-power then is

H.P. = 3.33 E Vff, or H.P. = 3.33 {A - 0.6 VI) ^H.

If the horse-power of boiler is given, to find the size of chimney, the
height being assumed,

E = 0.3 H.P. -J- Vf; = a - 0.6 VI.

For round chimneys, diameter of chimney = diam. oi E + 4".

For square chimneys, side of chimney = ^E + 4".

If effective area E is taken in square feet, the diameter in inches is d =
13.54jy^£J + 4", and the side of a square chimney in inches is s ==

1 2 V^ + 4".

If horse-power is given and area assumed, the height H == (
' ^, '

'
1 •

[

An approximate formula for chimneys above 1000 H.P. is H.P. =
2.5 Z)2 Vij. This gives the H.P. somewhat greater than the figures ia
the table.

In proportioning chimneys the height should first be assumed, with due
consideration of the heights of surrounding buildings or hilis near to ihe
proposed chimney, the length of horizontal flues, the character of coal to
be used, etc. ; then the diameter required for the assumed height and horse-
power is calculated by the formula or taken from the table.
For Height of Chimneys see pages 947 and 948. No formula for

height can be given which will be satisfactory for different classes of coal,
kinds and amounts of ash, styles of grate-bars, etc. A formula in " Ingeni-
eurs Taschenbuch," translated into English measures, ish==0.216 R^ + 6d.
h= height in ft; R = lbs. coal burned per sq. ft. of grate per hour; d =
diam. in ft. This formula gives an insufficient height for small sizes of
anthracite, and a height greater than is necessary for free-burning bitu-
minous coal low in ash.
The Protection of Tall Chimney-shafts from Lightning. — C.

Molyneux and J. M. Wood {Industries, March 28, 1890) recommend for
tall chimneys the use of a coronal or heavy band at the top of the chimney,
with copper points 1 ft. in height at intervals of 2 ft. throughout the cir-
cumference. The points should be gilded to prevent oxidation. The
most approved form of conductor is a copper tape about 3/4 in. by Vs in.

thick, weigliing 6 ozs. per ft. If iron is used it should weigh not less than
21/4 lbs. per ft. There must be no insulation, and the copper tape should
be fastened to the chimney with holdfasts of the same material, to pre-
vent voltaic action. An allowance for expansion and contraction should
be made, say 1 in. in 40 ft. SUght bends in the tape, not too abrupt,
answer the purpose. For an earth terminal a plate of metal at least 3 ft.

sq. and Vie in. thick should be buried as deep as possible in a damp spot.
The plate should be of the same metal as the conductor, to which it

should be soldered. The best earth terminal is water, and when a deep
well or other large body of water is at hand, the conductor should be
carried down into it. Right-angled bends in the conductor should be
avoided. No bend in it should be over 30°,
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Velocity of Gas in Cliimneys.—The velocity of the heated gas, based
on the chimney porportions given in the table, may be foimd from the
following data:

A = Lb. coal per hour = boiler horsepower X 5

;

B = Lb. gas per lb. coal = say 20 lb.

;

C = Cu. ft. of gas per lb. of gas = 12.4 X (temp, of gas + 460) -^ 492;
- 25 cu. ft. for 532° P. = 500 cu. ft.

per lb. coal;

V = Velocity of gas, feet per second = j^^.
"^ ^ ^ "^ ^ , ,, ^^^^ .

•> >= '
^ Chimney area (sq. ft.) X 3600

Based on a gas temperature of 532° F., 5 lb. coal per hour per rated
H.P., and 20 lb. gas per lb. of coal we have

Cu. ft. gas per second per lb. of coal per hour = 0.1389;
Cu. ft. gas per second per boiler horse-power = 0.6944;

and the velocities in feet per second, based on the effective areas given
in the table, corresponding to different heights of chimney are:

Height, ft.,

Velocity, ft,

per sec. .

,

70 80 90 100

19.4 20.7 22.0,23.2

300

40,1

Chimney Table for OU Fuel. (C. R. Weymouth, Journal A. S. M.E.,
October, 1912.)—Conditions: Sea level; atmospheric temperature,
80° F. ; draught at chimney side of damper, 0.30 in. ; excess air, less than
50% , assumed 50% for calculationsof efficiency and chimney dimensions

;

temperature of gases leaving chimney, 500° F. ; boiler efficiency, 73 %

;

actual boiler horse-power, 150 per cent of rated; lb. gas per actual
boiler H.P., 54.6 ; height of chimneyabove pointof draught measurement,
12 ft. less than tabulated height. When building conditions permit
select chinxneys of least height in table for minimum cost of chimney.
Chimney capacities stated are maximum for continuous load equally
divided on all boilers. For large plants or swinging load, reduce capacity
10 to 20%. Breeching 20% in excess of stack area; length not exceed-
ing 10 chimney diameters.

Size of Cliimneys for Oil Fuel

Height in Feet above Boiler Room Floor.
Diam.,
In.

Area,
Sq. ft.

80 90 1 100 110
1

120
1

130
1

140 1 150
1

160

Actual Horse -power = 1 50 Per cent of Rated.

18 1.77 63 75 84 91 96 101 104 108 110
24 3.14 123 148 166 180 191 201 208 215 221

30 4.91 206 249 280 304 324 340 354 366 377
35 7.07 312 379 427 466 497 523 545 564 581

42 9.62 443 539 609 665 711 749 782 810 830
48 12.57 599 729 827 904 967 1.020 1.070 1.110 1.145

54 15.90 779 951 1.080 1.180 1,270 1.340 1.400 1.460 1,500

60 19.64 985 1.200 1.370 1.500 1.610 1,710 1.790 1,860 1.920

66 23.76 1.220 1,490 1.700 1.860 2.000 2.120 2.220 2.310 2.390

72 28.27 1.470 1.810 2.060 2.260 2,430 2.580 2.710 2.820 2.910

78 33.18 1,750 2.150 2.460 2.710 2.910 3.000 3.250 3.380 3.500
84 38.49 2,060 2.530 2.900 3.190 3.440 3,650 3.840 4.000 4.150
96 50.27 2.750 3.390 3.880 4.290 4.630 4.920 5,180 5,400 5.610
108 63.62 3,550 4,380 5.020 5,550 6,000 6.390 6.730 7.030 7.300

120 78.54 4,440 5.490 6.310 6.990 7.560 8.060 8.490 8.890 9.240

132 95.03 5.450 6.740 7.760 8.600 9.310 9.930 10.500 1 1 ,000 11.400

144 113.1 6.550 8.120 9,350 10.400 1 1 .200 12.000 12,700 13,300 13.800

156 132.7 7.760 9,630 11.100 12,300: 13.400 14.300 15.100 15.800 16.500

168 153.9 9.060 11.300; 13.000 14.400 15.700 16.800 17,700 18.600,19.400

180 176.7 10.500 13.000 15.100 16.700 18.200 19.500 20.600 21.600 22.600

In using the above table it must be noted that the conditions upon
which it is based are all fairly good. With unskilful handling of oil
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fuel the excess air is apt to be much more than 50% and the efficiency
much less than 73%. In that case the actual horse-power developed

;

by a given size of chimney may be much less than the figure given in :

the table

Draught of Chimneys 100 Ft. High—Oil Fitel.

Temp."of gases enter-
ing chimney 300 400 500 600 700

Net chimney draught, inches of water
r 60° F. 0.367 0.460 0.534 0.593 0.642

Temp, of outside air. ! 80 0.325 0.417 0.490 0.550 0.599
[100 0.284 0.377 0.451 0.510 0.559

The net draught is the theoretical draught due to the difference in
weight of atmospheric air and chimney gases at the stated temperatures,
multiplied by a coeflacient, 0.95, for temperature drop in stack, and by
6/fi as a correction for friction. For high altitudes the draught varies
directly as the normal barometer. For other heights than 100 feet
(measured above the level of entrance of the gases) the draught varies
as the square root of the height.

Chimneys with Forced Draught.—When natural, or chimney, draught
only is used, the function of the chimney is 1, to produce such a dif- ,

ference of pressure, or intensity of draught, between the bottom of the
chimney and the ash-pit as will cause the flow of the required quantity
of air through the grate-bars and the fuel bed, and the flow of the gases
of combustion through the gas passages, the damper and the breeching;
aud 2, to convey the gases above the tops of surrounding buildings and
to such a height that they will not become a nuisance. With forced
draught the blower produces the difference of pressure, and the only use
of the chimney is that of conveying the gases to a place where they will
cause no inconvenience; and in that case the height of the chimney may
)e much less than that of a chimney for natural draught.
With oil or natural gas for fuel, the resistance of the grates and of the

/uel bed is eliminated, and the height of the chimney may be much less

than that of one desired for coal firing. When oil or gas is substitiited
for coal, and the chimney is a high one, it may be necessary to restrict

its draught power by a damper or other means, in order to prevent its

creating too greata negative pressure in the furnace and thereby too great
an admission of air, which will cause a decrease in efficiency.

The Largest Chimney in the World, in 1908, is that of the Montana
emelter, at Great Falls, Mont. Height 506 ft. Internal diam. at top
50 ft. Built of Custodis radial brick. Designed to remove 4,000,000 cu.
ft. of gases per minute at an average temperature of 600° F. Erected on
top of a hill 500 ft. above the city, and 246 ft. above the floor of the fur-
naces, which are about 2000 ft. distant. Designed for a wind pressure of
331/3 lbs. per sq. ft. of projected area; bearing pressure limited to 21 tons
per sq. ft. at any section. Foundation: 111 ft. max. diam., 221/2 ft. deep;
bearing pressure on bottom (shale rock) 4.83 tons per sq. ft.; octagonal
outside, 103 ft. across at bottom, 81 ft. at top, with inner circular open-
ing 47 ft. diam. at bottom, 64 ft. at top; made of 1 cement, 3 sand, 5
crushed slag. Four flue openings in the base, each 15 ft. wide, 36 ft.

high. The stack proper consists of an octagonal base, 46 ft. in height,
which has a taper of 8%, and above this a circular barrel, the first 180 ft.

above the base having a taper of 7%, the next 100 ft. of 4%, and the
remaining 180 ft. to the cap 2%.
The chimney wall varies from 66 in. at the base to 181/8 in. at the top

by uniform decrements of 2 in. per section, excepting at the section imme-
diately above the top of the base, where the thickness decreases from 60 In.
to 54 in. The outside diameters of the stack are 78 1/2 ft. at the base,
53 ft. 9 in. at the base of the cap; the inside diameters range from 66 1/2 ft.

at the foundation line to 50 ft. at the top. The chimney is Uned with 4-
inch acid-proof brick, laid in sections carried on corbels from the main
shell. A description of the methods of design and of erection of the
Great Falls chimney Is given in Eng. Bee, Nov. 28, 1908.
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Some Tall Brick Chimneys (1895).
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i

s

s

Outside
Diameter.

Capacity by th«
Author's
Formula.

i
d

H.P.
Pounds
Coal

Hour.

1. Hallsbriickner Hutte,
460
454
435

3671/2

350

335

282' 9"

250

250

238

214

200

150

15.7' 33'

32
40

33' 10"

30

28' 6"

16' 13,221 66,105
2. Townsend's, Glasgow
3. Tennant's, Glasgow
4. Dobson & Barlow, Bol-

13' 6"

13' 2"

11

11

12

10

10

14

8

9

50" X 120"

21

14

9,795

8,245

5,558

5,435

5,980

3,839

3,839

7,515

2,248

2,771

1,541

48,975

41,225

27,790

27,175

29,900

19,195

19,195

37.575

11,240

13,855

7,705

5. Fall River Iron Co., Bos-

6. Clark Thread Co., New-
ark, N. J

7. Merrimac Mills, Lowell,

8. Washington Mills, Law-
rence, Mass

9. Amoskeag Mills, Man-
chester N. H

10. Narragansett E. L. Co.,
Providence, R. I

1 1 . Lower Pacific Mills, Law-
rence, Mass

12. Passaic Print Works,
Passaic, N. J

13. Edison Station Brooklyn,
each

Notes on the Above Chimneys. — 1. This chimney is situated near
Freiberg, at an elevation of 219 ft. above that of the foundry works, so
that its total height above the sea will be 7113/4 ft. The furnace-gases
are conveyed across river to the chimney on a bridge, through a pipe
3227 ft. long. It is built of brick, and cost about $40,000. — Mfr. & Bldr.

2. Owing to the fact that it was struck by lightning, and somewhat
damaged, as a precautionary measure a copper extension subsequently
was added to it, making its entire height 488 feet.

1, 2, 3, and 4 were built of these great heights to remove deleterious
gases from the neighborhood, as well as for draught for boilers.

5. The structure rests on a .solid granite foundation, 55 X 30 feet, and
16 feet deep. In its construction there were used 1,700,000 bricks,
2000 tons of stone, 2000 barrels of mortar, 1000 loads of sand, 1000 barrels
of Portland cement, and the estimated cost is $40,000. It is arranged for
two flues, 9 feet 6 inches by 6 feet, connecting mth 40 boilers, which are
to be run in connection mth four triple-expansion engines of 1350 horse-
power each.

6. It has a uniform batter of 2.85 ins. to every 10 ft. Designed for
21 boilers of 200 H.P. each. It is surmounted by a cast-iron coping
which weighs six tons, and is composed of 32 sections bolted together
by inside flanges so as to present a smooth exterior. The foundation
is 40 ft. square and 5 ft. deep. Two qualities of brick were used; the
outer portions were of the first quality North River, and the backing up
was of good quality New Jersey brick. Every twenty feet in vertical

measurement an iron ring, 4 ins. wide and 3/4 to 1/2 in. thick, placed edge-
wise, was built into the walls about 8 ins. from the outer circle. As the
chimney starts from the base it is double. The outer wall is 5 ft. 2 Ins.

in thickness, and inside of this is a second wall 20 ins. thick and spaced
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off about 20 ins. from main wall. From the interior surface of the main
wall eight buttresses are carried, nearly touching this inner or main flue
wall in order to keep it in Une should it tend to sag. The interior wall,
starting with the thickness described, is gradually reduced until a height
of about 90 ft. is reached, when it is diminished to 8 inches. _ At 165 ft.

it ceases, and the rest of the chimney is without lining. The total weight,
of the chimney and foundation is 5000 tons. It was completed in Sep-^
tember, 1888.

7. Connected to 12 boilers, with 1200 sq. ft. of grate. Draught 1 9/i6 ins.

8. Connected to 8 boilers, 6 ft. 8 in. diam. X 18 ft. Grate 448 sq. ft.

9. Connected to 64 Manning vertical boilers, total grate surface 1810~

sq. ft. Designed to burn 18,000 lbs. anthracite per hour.
10. Designed for 12,000 H.P, of engines; (compound condensing).
11. Grate-surface 434 square feet; H.P. of boilers about 2500.
13. Eight boilers (water-tube) each 450 H.P.; 12 engines, each 300

H.P. For the first 60 feet the exterior wall is 28 ins. thick, then 24 ins. for
20 ft., 20 ins. for 30 ft., 16 ins. for 20 ft., and 12 ins. for 20 ft. The inte-
rior wall is 9 ins. thick of fire-brick for 50 ft., and then 8 ins. thick of red
brick for the next 30 ft. lUustrated in Iron Age, Jan. 2, 1890.
A number of the above chimneys are illustrated in Power, Dec, 1890.
More Recent Brick Chimneys (1909). — Heller & Merz Co., Newark,

N. J. 350 ft. high, inside diam., 8 ft. Outside diam., top 9 ft. 101/4 in.,

bottom 27 ft. 6V2 in. Outside taper 5.2 in 100. Outer shell 71/8 in. at
the top, 38 in. at the bottom. Custodis radial brick laid in mortar of
1 cement, 2 lime, 5 sand. The changes in thickness are made by 2-in.

offsets on the inside every 20 ft. Iron band 31/2 X 5/i6 in., three courses
below the top. Lined with 4 in. of special brick to resist acids. The
lining is sectional, being carried on corbels projecting from the shell every
20 ft. An air space of 2 ins. is left between the lining and the shell.

The lining bricks are laid in a mortar made of silicate of soda and white
asbestos wool, tempered to the consistency of fire-clay mortar. This
mortar is acid-proof, and its binding power, which is considerable in
comparison to that of fire-clay mortar, is unaffected by temperatures up
to 2000° F. {Eng. News, Feb. 15, 1906.) Supported on 324 piles driven
60 ft. to soUd rock, and covering an area 45 ft. square. Total cost $32,000.
The standard Custodis radial brick is 41/2 in. thick and 6 1/2 in. wide;
radial lengths are 4. 51/2, 7i/8, 85/8 and lOVsins. The smallest size has
six vertical perforations, 1 in. square, and the largest fifteen.

Eastman Kodak Co., Rochester, N. Y. Height 366 ft.; internal diam.
at top 9 ft. 10 ins., at bottom 20 ft. 10 ins.; outside diam., top 11 ft., bottom
27 ft. 10 ins. Radial brick, with 4-in. acid-resisting brick Uning.

JSome notable tall chimneys built by the Alphonse Custodis Chimney
Construction Co. are: Dolgeville, N. Y., 6 X 175 ft.; Camden, N. J., 7 X 210
ft.; Newark, N. J., 8X 350 ft.; Rochester, N. Y., 9X 366 ft.; Constable
Hook, N. J., 10 X 365 ft.; Providence. R. I.. 16 X 308 ft.: Garfield. Utah,
30 X 300 ft. ; Great Falls Mont., 50 X 506 ft.

Interior Stack of the Equitable Building, New York City (Eng.,

News, Nov. 12, 1914).—The stack is 11 ft. outside diam., 596 ft. high,

made of steel plates s/iq in. thick. It is supported on the steelwork of
the building at every other story. It has a 2-in. lining of J. & M.
Vitribestos, alternate layers of plain and corrugated asbestos board
coated with a supposedly vitrified compound. The rated H.P. of this

chimney, taking 10 ft. 7 in. as the inside diameter, is 6710, equivalent
to the burning of 33,550 lb. of coal per hour.

Stability of Chimneys. — Chimneys must be designed to resist the
maximum force of the wind in the locahty in which they are built, A
general rule for diameter of base of brick chimneys, approved by many
years of practice in England and the United States, is to make the diam-
eter of the base one-tenth of the height. If the chimney is square or
rectangular, make the diameter of the inscribed circle of the base one-
tenth of the height. The "batter" or taper of a chimney should be
from 1/16 to 1/4 inch to the foot on each side. The brickwork should be
one brick (8 or 9 inches) thick for the first 25 feet from the top, increasing

1/2 brick (4 or 41/2 inches) for each 25 feet from the top downwards. If

the inside diameter exceeds 5 feet, the top length should be II/2 bricks:

and if under 3 ieet. it may be 1/2 brick for ten feet.

(From The Locomotive, 1884 and 1886.) For chimneys of four feetm
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diameter and one hundred feet high, and upwards, the best form is cir-
cular witn a straignt Darter on tne outsiac.

Chimnej's of any considerable height are not built up of uniform
thickness from top to bottom, nor witli a uniformly varying thickness of
wall, but the wail, heaviest of course at the base, is reduced by a series
of steps.

Where practicable the load on a chimney foundation should not exceed
two tons per square foot in compact sand, gravel, or loam. Where a
soUd rock-bottom is available for foundation, the load may be greatly

• increased. If the rock is sloping, all unsound portions should be removed,
and the face dressed to a series of horizontal steps, so that there shall be

' no tendency to sUde after the structure is finished.
All boiler-chimneys of any considerable size should consist of an outer

stack of sufficient strength to give stabihty to the structure, and an inner
stack or core independent of the outer one. This core is by many engineers
extended up to a height of but 50 or 60 feet from the base of the chimney,
but the better practice is to run it up the whole height of the chimney: it

may be stopped off, say, a couple of feet below the top, and the outer shell
contracted to the area of the core, but the better way is to run it up to
about 8 or 12 inches of the top and not contract the outer shell. But
under no circumstances should the core at its upper end be built into or
connected with the outer stack. This has been done in several instances
by bricklayers, and the result has been the expansion of the inner core
which lifted the top of the outer stack squarely up and cracked the brick-
work.

For a height of 100 feet we would make the outer shell in three steps, the
first 20 feet high, 16 inches thick, the second 30 feet high, 12 inches thick,
the third 50 feet high and 8 inches thick. These are the minimum
thicknesses admissible for chimneys of this height, and the batter should
be not less than 1 in 36 to give stabihty. The core should also be built
In three steps, each of which may be about one-third the height of tha
chimney, the lowest 1 2 inches, the middle 8 inches, and the upper step
4 inches ttiick. This will insure a good sound core. The top of a chhnney
may be protected by a cast-iron cap; or perhaps a cheaper and equally
good plan is to lay the ornamental part in some good cement, and plaster
the top with the same material.

C. L. Hubbard (Am. Electrician, Mar., 1904) says: The following
approximate method may be used for determining the thickness of walls.
If the inside diameter at the top is less than 3 ft. the walls may be 4 ins.
thick for the first 10 ft., and increased 4 ins. for each 25 ft. downward.
If the inside diameter is more than 3 ft. and less than 5 ft., begin with a
wall 8 ins. thick, increasing 4 ins. for each 25 ft. downward. If the diam-
eter is over 5 ft., begin with a 12-in. wall, increasing below the first 10 ft.

as before. The lining or core may be 4 ins. thick for the first 20 ft. from
the top, 8 ins. for the next 30 ft., 12 ins. for the next 40 ft., 16 ins. for
the next 50 ft., and 20 ins. for the next 50 ft. .Using this method for an
outer wall 200 ft. high and assuming a cubic foot of brickwork to weigh
130 lbs., it gives a maximum pressure of 8.2 tons per sq. ft. of section at
the base; while a Uning 190 ft. high would have a maximum pressure of
8.6 tons per sq. ft. The safe load for brickwork may be taken at from
8 to 10 tons per sq. ft., although the strength of best pressed brick will run
much higher.

James B. Francis, in a report to the Lawrence Mfg. Co. in 1873 (Eng.
News, Aug. 28, 1880), concerning the probable effects of wind on that
company's chimney as then constructed, says:

The stabihty of the chimney to resist the force of the wind depends
mainly on the weight of its outer sheU, and the width of its base. The.
cohesion of the mortar may add considerably to its strength; but it is too
uncertain to be relied upon. The inner shell will add a little to the
stability, but it may be cracked by the heat, and its beneficial effect, if

any, is too uncertain to be taken into account.

The effect of the joint action of the vertical pressure due to the weight
of the chimney, and the horizontal pressure due to the force of the wind is

to shift the center of pressure at the base of the chimney, from the axis
toward one side, the extent of the shifting depending on the relative
magnitude of the two forces. If the center of pressure is brought too near
the side of the chimney, it will crush the brickwork on that side, and the
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chimney will fall. A line drawn through the center of pressure, perpen
dicular to the direction of the wind, must leave an area of brickwork^
between it and the side of the chimney, sufficient to support half the weight,^
of the chimney: the other half of the weight being supported by the brick- ^i

work on the windward side of the line.
j

Different experimenters on the strength of brickwork give very different
results. Kirkaldy found the weights which caused several kinds of ^

bricks, laid in hydraulic Ume mortar and in Roman and Portland cements,

.

to fail slightly, to vary from 19 to 60 tons (of 2000 lbs.) per sq. ft. If :

we take in this case 25 tons per sq. ft. as the weight that would cause it

to begin to fail, we shall not err greatly.

Eankine, in a paper printed in the transactions of the Institution of '

Engineers, in Scotland, for 1867-68, says: "It had previously been ascer-i
tained by observation of the success and failure of actual chimneys, and I

especially of those which respectively stood and fell during the violen'tj
storms of 1856, that, in order that a round chimney may be sufficiently

j
stable, its weight should be such that apressureof wind, of about 55 lbs. per
sq. ft, of a plane surface, directly facing the wind, or 27 1/2 lbs. per sq. ft.

of the plane projection of a cylindrical surface, , . , shall not cause the
resultant pressure at any bed-joint to deviate from the axis of the
chimney by more than one-quarter of the outside diameter at that
Joint.

"

Steel Chimneys are largely used, especially for tall chimneys of iron-
works, from 150 to 300 feet in height. The advantages claimed are:
greater strength and safety; smaller space required; smaller cost, by
30 to 50 per cent, as compared with brick chimneys; avoidance of infiltra-

tion of air and consequent checking of the draught, common in brick
ciiimneys. They are usually made cyhndrical in shape, with a wide curved
flare for 10 to 25 feet at the bottom. A heavy cast-iron base-plate is

provided, to which the chimney is riveted, and the plate is secured to a
massive foundation by holding-down bolts. No guys are used.

Design of Self-supporting Steel Chimneys. — John D. Adams
(Eng. News, July 20, 1905) gives a very full discussion of the design of steel
chimneys, from which the following is adapted. The bell-shaped bottom
of the chimney is assumed to occupy one-seventh of the total height, and
the point of maximum strain is taken to be at the top of this bell portion.
Let D = diam. in inches, H = height in feet, T = thickness in inches,
S = safe tensile stress, lbs. per sq. in. The general formula for moment
of resistance of a hollow cyUnder is M = 1/32 tt (D* — Di*) S/D. When
the thickness is a small fraction of the diameter this becomes approxi-
mately M - 0.7854 D^TS.

With steel plate of 60,000 lbs. tensile strength, riveting of 0.6 efficiency,
and a factor of safety of 4, we have S — 9000 pounds per sq, in., and the
safe moment of resistance = 7070 D'^T.

The effect of the wind upon a cylinder is equal to the wind pressure
multiplied by one-half the diametral plane, and taking the maximum
wind pressure at 50 lbs. per sq. ft., we get

Total wind pressure = 50 X 1/12 D X V2 X e/rfl" = 25 Di2'/14.
The distance of the center of pressure above the top of the beU por-

tion = 3/7 H, multiplied by the total wind pressm-e, gives us the bend-
ing moment due to the wind,

inch-pounds, 25 DH/14 X 3/7-?? X 12 = 9.184 DH^.
Equating the bending and the resisting moment we have T = 0.0013

With this formula the maximum thickness of plates was calculated
"for different sizes of chimneys, as given in the table on p. 957.

In the above formula, no attention has been paid to the weight of the
steel in the stack above the bell portion, which weight has a tendency
to decrease the tension on the windward side and increase the com-
pression on the leeward side of the stack. A column of steel 150 ft.

high would exert a pressure of approximately 500 lb. per sq. in., which,
with steel of 60,000 lb. tensile strength, is less than 1 % of the ultimate
strength, and may safely be neglected.
From the table it appears that a chimney 12 X 120 ft. requires, as far

as fracture by bending of a tubular section is concerned, a thickness of
but little over i/g m. In designing a stack of such extreme proportions
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as 12 X 120 ft., therfe are othef factors besides betidinf to take into con-

sideration that ordinarily could be neglected. For instance, such a stack

should be provided with stiffening angles, or else made heavier, to guard
against lateral flattening. Ordinarily, however, the strength of the
chimney determined as a tubular section will be the prime factorm deter-

mining the maximum thickness of plates.

Thickness of Base-ring Plates of Self-supporting Steel Stacks.

For normal wind pressure of 50 lbs. per sq. ft. on half the diametral plane-

Diameter of Stack in feet.

^- 3.5 4 5 6 7 8 8.5 9 9.5 10 u .i

70 152 n^ .106

.139

.175

.217

.262

.312

.366

.425

.487

.555

.626

.702

8n 0.!98
0.224
0.310
0.375
0.446
0.523
0.607
0.696

.182

.219

.271

328
.390

.458

.531

.609

.693

.116

.146

.181

.218

.260

.305

.354

.406

.462

.52Z

.585

.652

-.099

.125

.155

.187

.223

.262

.303

.348

.396

.447

.501

.559

.620

.682

QO .111

.135

.164

.195

.228

.265

.305

.346

.391

.439

.489

.542

.596

.655

.717

inn .127

.154

.183

.215

.250

.286

.326

.368

.413

.460

.510

.562

.617

.674

.734

.120

.146

.173

.203

.236

.271

.308

.348

.390

.434

.481

.531

.582

.637

.693

.752

no
120

130

140

150
160

170

.138

.164

.193

.223

.257

.292

.330

.370

.411

.456

.503

.552

.603

.657

.713

.131

.156

.183

.212

.244

.277

.313

.351

.391

.433

.478

.524

.573

.624

.677

.119

.142

.166

.193

.222

.252

.285

.319

.356

.394

.434

.476

.521

.567

.615

.153

.180

.203

.231

.261
180 .293
IQO .326
700 .361
710 .398
770 .437
7^0 477
?40 .520
250 .564

Foundation. — Neglecting the increase of wind area due to the flare
at the base of the chimney, which has but a very small turning effect,
if all dimensions be taken in feet, we have

Total wind pressure = 1/2 D X ff X 50 = 25 DH; lever-arm =1/2 -H":

hence, turning moment = 12.5 D//2.
Let d — diameter and h = height of foundation. For average con-

ditions h = OAd, then volume of foundation = 0.7854 d'^h, and for
concrete at 150 lbs. per cu. ft., weight of foundation = W = 0.7854 d^h
X 150 = 47.124 #.
The stability of the foundation or the tendency to resist overturning

is equal to the weight of the foundation multiplied by its radius or H Wd
= 23.562 d<. Applying a factor of safety of 2V^, which is indicated by
current practice, gives safe stability = 9.425 d^. Equating this to the

overturning moment we obtain d = 1.07\^DH'^, in which all dimensions
are in feet.

Anchor-bolts. — The holding power of the bolts depends on three
factors: the number of bolts, the diameter of the bolt circle, and the
diameter of the bolts. The number of bolts is largely conventional and
may be selected so as not to necessitate bolts of too large a diameter.
The diameter of the bolt circle is also more or less arbitrary. The bolts
will be stretched and therefore strained, in proportion to their distance
from the axis of turning, assuming, as we must, that the cast-iron ring
at the base of the chimney is rigid. The leverage at which any bolt acts
is also directly proportional to its distance from the axis of turning.
Therefore, since the effectiveness of any one bolt, as regards overturning,
depends upon the strain in that bolt, multiplied by its leverage, it is

evident that the effectiveness of any bolt varies as the square of its dis-
tance from the axis of turning. If we lay out, say, 12 or 24 bolts equi-
distant on a circle and add all the squares of these distances, we will find
that we may consider the total as though the bolts were all placed at a,

distance of -Vg the diameter of the bolt circle from the axis of turning,,
which is the tangent to the bolt circle.

Let & = diameter of bolt in inches, n = number of bolts, diameter
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of bolt circle = ^zd. Take safe working stress at 8000 pounds per sq.

Inch. Then resistance to overturning = 0.7854 &- X 8000 X 2/3^ x 3/8 XN = 6283 &2iVd/4. Equatmg this to the turning moment, 12.5 BB.\
gives & = 0.0257 Hy/PTd for 12 bolts, 0.0222 H\/D7d for 18 bolts,

and 0.0182 H VD/d for 24 bolts.
Reinforced Concrete Chimneys began extensively to come into use

in the United States in 1901. Some hundreds of them are now (1909)
in use. The following description of the method of construction of these
chimneys is condensed from a circular of the Weber Chimney Co., Chicago.
The foundation is comparatively light and made of concrete, consisting

of 1 cement, 3 sand, and 5 gravel or macadam. The steel reenforcement
consists of two networks usually made of T steel of small size. The bars
for the lower network are placed diagonally and the bars for the second
network (about 4 to 6 ins. above the first one) run parallel to the sides.
The vertical bars, forming the reenforcement of the chimney itself, also
go down into the foundation and a number of these bars are bent in order
to secure an anchorage for the chimney.
The chimney shaft consists of two parts, the lower double shell and the

single shell above, which are united at the offset. The inside shell is
usually 4 ins. thick, while the thickness of the outer shell depends on the
height and varies from 6 to 12 ins. The single shell is from 4 to 10 ins.
thick. The height of the double shell depends upon the purpose of the
chimney, nature and heat of the gases, etc.
Between the two shells in the lower part there is a circular air space 4

ins. in width. An expansion joint is provided where the two shells unite.
The concrete above the ground level consists of one part Portland

cement and three parts of sand. No gravel or macadam is used.
The bending forces caused by wind pressure are taken up by the vertical

steel reenforcement. The resistance of the concrete itself against tension
is not considered in calculation.
The vertical T bars are from 1 X 1 X Vs to 1 1/2 XI 1/2 X I/2 in., the weight

and number depending upon the dimensions of the chimney. The bars
are from 16 to 30 ft. long and overlap not less than 24 ins. They are
placed at regular intervals of 18 ins. and encircled by steel rings bent to
the desired circle.

The following is a list of some of the tallest concrete chimneys that
have been built of their respective diameters: Butte, Mont., 350 X 18
ft.; Seattle, Wash., 278 X 17 ft.; Portland, Ore., 230 X 12 ft.; Lawrence,
Mass., 250 X 11 ft.; Cincinnati, Ohio, 200 X 10 ft.; ¥7orcester. Mass,
220 X 9 ft.; Atlanta. Ga., 225 X 8 ft.; Chicago. 175 X 7 ft.; Rockville,
Conn., 175 X 6 ft.; Seymour, Ind., 150 X 5 ft.; lola, Kans., 143 X 4 ft.;

St. Louis, Mo., 130 X 3 ft. 4 in.; Dayton, Ohio, 94 X 3 ft.

Sizes of Foundations for Steel Chimneys.
(Selected from circular of Phila. Engineering Works.)

Half-Lined Chimneys. •

Diameter, clear, feet 3 4
Height, feet 100 100
Least diam. foundation.. 15'9" 16'4''

Least depth foundation. . 6' 6'

Height, feet 125
Least diam. foundation 18'5

Least depth foundation 7'

Weight of Sheet-iron Smoke-stacks per Foot.
(Porter Mfg. Co.)

5 6 7 9 11
150 150 150 150 150
20'4" 21'10'' 22'7" 23'8" 24'8'

9' 8' 9' 10' 10'

?,00 200 250 275 300
23'8" 25' 29'8" 33'6" 36'

10' 10' 12' 12' 14'

Diam. Thick- Weight Diam. Thick- Weight Diam. Thick- Weight
inches. W. G.

per ft. inches. W. G.
per ft. inches. W. G.

per ft.

• 10 No. 16 7.20 26 No. 16 17.50 20 No. 14 18.33

12 8.66 28 18.75 22
"

20.00

14 9.58 30 20.00 24
" 21.66

16
«'

11.68 10 No. 14 9.40 26 23.33

20
••

13.75 12 11.11 28
" 25.00

22
•• 15.00 14 13.69 30 26.66

24 16.25 16 1 " 15.00 -
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THE STEAM-ENGINE.
Expansion of Steam. Isothermal and Adiabatic. — According to

Mariotte's law, the volume of a perfect gas, the temperature being kept
constant, varies inversely as its pressure, or p cc i/v; pi;= a constant. The
curve constructed from this formula is called the isothermal curve, or
curve of equal temperatures, and is a common or rectangular hyperbola.
The expansion of steam in an engine is not isothermal, since the temper-
ature decreases with increase of volume, but its expansion curve approxi-
mates the curve ot pv = a, constant. ' The relation of the pressure and
volume of saturated steam, as deduced from Regnault's experiments, and
as given in steam tables, is approximately, according toRankine (S. E.,

p. 403), for pressures not exceeding 120 lbs., p <x IZ-yH, or p oc-y-ii or pvi^^ =
p^i-062s = a constant. Zeuner has found that the exponent 1.0646 gives a
closer approximation.
When steam expands in a closed cylinder, as in an engine, according to

Rankine (S. E., p. 385), the approximate law of the expansion is p oc l/^yV,

or p «iv~^^' or pvi'"i= a constant. The curve constructed from this
formula is called the adiabatic curve, or curve of ho transmission of heat.

Peabody (Therm., p. 112) says: "It is probable that this equation was
obtained by comparing the expansion Unes on a large number of indicator-
diagrams. . . . There does not appear lo be any good reason for using an
exponential equation in tliis connection, . . . and the action of a lagged
steam-engine cyUnder is far from being adiabatic. . . . For general pur-
poses the hyperbola is the best curve for comparison with the expansion
curve of an indicator-card. . . ." Wolft and Denton, Trans. A. S. M. E.,
ii, 175, say: "From a number of cards examined from a variety of steam-
engines in current use, we find that the actual expansion line varies between
the 10/9 adiabatic curve and the Mariotte curve."

Prof. Thurston {Trans. A.S.M.E.,n, 203) says he doubts if the exponent
ever becomes the same in any two engines, or even in the same engine
at different times of the day and under varying conditions of the day.
Expansion of Steam according to Mariotte's Law and to the

Adiabatic Law. (Trans. A. S. M. E., ii, 156.) — Mariotte's law pi;=

pivi; values calculated from formula— = -5 (1 + hyp log R), in which

R = V2 -^ vi, pi = absolute initial pressure, P^ = absolute mean pressure,

vi = initial volume of steam in cylinder at pressure pi, vz = final volume
of steam at final pressure. Adiabatic law: pv^^ = pivv^; values calcu-

p
lated from formula -^=10 R~^-QR-^-

Ratio
of Ex-
pansion

Ratio of Mean
to Initial

Pressure.

Ratio
of Ex-
pansion

Ratio of Mean
to Initial

Pressure.

Ratio
of Ex-
pansion

Ratio of Mean
to Initial
Pressure.

R. Mar. Adiab. R. Mar. Adiab. R. Mar. Adiab.

1.00 1.000 1.000 3.7 0.624 0.600 6. 0.465 0.438
1.25 .978 .976 3.8 .614 .590 6.25 .453 .425

1.50 .937 .931 3.9 .605 .580 6.5 .442 .413

1.75 .891 .881 4. .597 .571 6.75 .431 .403

2. .847 .834 4.1 .588 .562' 7. .421 .393

2.2 .813 .798 4.2 .580 .554 7.25 .411 .383

2.4 .781 .765 4.3 .572 .546 7.5 .402 .374

2.5 .766 .748 4.4 .564 .538 7.75 .393 .365

2.6 .752 .733 4.5 .556 .530 8. .385 .357

2.8 .725 .704 4.6 .549 .523 8.25 .377 .349

3. .700 .678 4.7 .542 .516 8.5 .369 .342
3.1 .688 .666 4.8 .535 .509 8.75 .362 .335

3.2 .676 .654 4.9 .528 .502 9. .355 .328
3.3 .665 .642 5.0 .522 .495 9.25 .349 .321

3.4 .654 .630 5.25 .506 .479 9.5 .342 .315
3.5 .644 .620 5.5 .492 .464 9.75 .336 .309

3.6 .634 .610 5.75 .478 .450 10. .330 .303
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Mean Pressure of Expanded Steam. — For calculations of engiruia
it is generally assumed that steam expands according to Mariotte's law,
the curve of the expansion line being a hyperbola. The mean pressure,
measured above vacuum, is then obtained from the formula

p^^^^ 1 + hyplogig
^ ^^ p^^p^ ^^ ^ j^yp ^^g ^^^

in which P^ is the absolute mean pressure, pi the absolute initial pressure

taken as uniform up to the point of cut-off, P^ the terminal pressure, and
J? the ratio of expansion. If I = length of stroke to the cut-off, L = total
stroke. j^

p^Z+piZhyplogy
P^= r -; and if fl = -

1 + hyp log R
'

R
"

Mariotte's Law. — TheMean and Terminal Absolute Pressures.
values in the following table are based on Mariotte's law, except those
in the last column, which give the mean pressure of superheated steam,
which, according to Rankine, expands in a cyUnder according to the

law y'ocv~H, These latter values are calculated from the formula

Pi

17-16 /e~T5

R R 15 may be found by extracting the square root

of -^ four times. From the mean absolute pressures given deduct the meanK
back pressure (absolute) to obtain the mean effective pressure.

Rate
of

Expan-
sion.

Cut-
off.

Ratio of
Mean to
Initial

Pressure.

Ratio of
Mean to
Terminal
Pressure.

Ratio of
Terminal
to Mean
Pressure.

Ratio of
Initial

to Mean
Pressure.

Ratio of
Mean to
Initial

Dry Steam.
30
28

0.033
0.036
0.038
0.042
0.045
0.050
0.055
0.062
0.066
0.071
0.075
0.077
0.083
0.091
0.100
0.111

0.125
0.143
0.150
0.166
0.175
0.200
0.225
0.250
0.275
0.300
0.333
0.353
0.375
0.400
0.450
0.500
0.550
0.600
0.625
0.650
0.675

0.1467
0.1547
0.1638
0.1741
0.1860
0.1998
0.2161
0.2358
0.2472
0.2599
0.2690
0.2742
0.2904
0.3089
0.3303
0.3552
0.3849
0.4210
0.4347
0.4653
0.4807
0.5218
0.5608
0.5965 -

0.6308
0.6615
0.6995
0.7171
0.7440
0.7664
0.8095
0.8465
0.8786
0.9066
0.9187
0.9292
0.9405

4.40
4.33
4.26
4.18
4.09
4.00
3.89
3.77
3.71
3.64
3.59
3.56
3.48
3.40
3.30
3.20
3.08
2.95
2.90
2.79
2.74
2.61
2 50

2.39
2 29

2.20
2.10
2.05
1.98
1.91

1.80
1.69
1.60
1.51

1.47

1.43
1.39

0.227
0.231

0.235
0.239
0.244
0.250
0.256
0.265
0.269
0.275
0.279
0.280
0.287
0.294
0.303
0.312
0.321
0.339
0.345
0.360
0.364
0.383
0.400
0.419
0.437
0.454
0.476
0.488
0.505
0.523
0.556
0.591
0.626
0.662
0.680
0.699
0.718

6.82
6.46
6.11

5.75
5.38
5.00
4.63
4.24
4.05
3.85
3.72
3.65
3.44
3.24
3.03
2.81

2.60
2.37
2.30
2.15
2.08
1.92
1.78
1.68
1.58
1.51

1.43

1.39
1.34
1.31

1.24
1.18
1.14
1.10

1.09

1.07
1.06

0.136

26
24
22
20
18

0.186

16

15

14

13.33
13

0.254

12

11

10

9
0.314

8
7

0.370

6.66
6.00

0.417

5.71

5.00
4.44

0.506

4.00
3.63

0.582

3.33
3.00

0.6 8

2.86
2.66

0.707

2.50
2.22
2.00
1.82
1.66

1.60

0.756
0.800
0.840
0.874
0.900

1.54
1.48

0.926
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Calculation of Mean Effective Pressure, Clearance and Com-
pression Considered, — In the above tables no account is taken ol

clearance, which in actual
i(.Q^ ;_.^' steam-engines modifies the

ratio of expansion and the
mean pressure ; nor of com-
pression and back-pressure,
which diminish the mean
effective pressure. In the
following calculation these
elements are considered.
L = length of stroke, I =

length before cut-off, x =
length of compression part of
stroke, c = clearance, pi =
initial pressure, pb = back
pressure, Pc = pressure of

clearance steam at end of
compression. All pressures
are absolute; that is, measured
from a perfect vacuum.

Area of ABCD = 2?i « + c) (l + hyp logy^) ;

B = Po {L-x);

C = PeC (l + hyp log ^^) =P& i^+c) (l + hyp log ~^'>

= ipi-pc) c= pic-ph {x + c).

Area of A = ABCD - (B + C -H D)

= Pi (Z + c) (l + hyp log^^)
- \Pb (L-x) + Pb(x-i- c) (l + hyp log ^

^ J+pic-pb
{x -»-c)J

= Pia+c)(n-hyplog^)

- pb U.L -x) + {x + c) hyp log—^J -p\c.

a, ^. area of A
Mean effective pressure =

^

Example.— Let L= l, 2= 0.25, a:= 0.25, c = 0.1, pi = 60 lbs., p6 = 21bs

Area A = 60 (0.25 + 0.1) (l + hyp log ^^
- 2 ["(l -0.25) + 0.35 hyp log ^1 -60 X 1.

= 21 (1 + 1.145) -2 [0.75 + 0.35 X 1.253] - 6

= 45.045 -2.377 -6 = 36.668 = mean effective pressure.

The actual indicator-diagram generally shows a mean pressure con-
siderably less than that due to the initial pressure and the rate of expan-
sion. The causes of loss of pressure are: 1. Friction in the stop-valves

and steam-pipes. 2. Friction or wire-drawing of the steam during

admission and cut-off. due chieflv to defective valve-gear and contracted

steam-passages. 3. Liquefaction during expansion. 4. Exhausting
before the engine has completed its stroke. 5. Compression due to early

closure of exhaust. 6. Friction in the exhaust-ports, cassages, ana
pipes.
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^
Re-evaporation during expansion of the steam condensed during admis-

sion, and vaive-Ieakage after cut-off, tend to elevate the expansion line
of the diagram and increase the mean pressure.

If the theoretical mean pressure be calculated from the initial pressure
and the rate of expansion on the supposition that the expansion curve
follows Mariotte's law, pv = a, constant, and the necessary corrections
are made for clearance and compression, the expected mean pressure in
practice may be found by multiplying the calculated results by the factor
(commonly called the "diagram factor") in the following table, according
to Seaton.

Particulars of Engine. Factor.

Expansive engine, special valve-gear, or with a sepa-
rate cut-off valve, cylinder jacketed 0.94

Expansive engine having large ports, etc., and good
ordinary valves, cyUnders jacketed . 9 to . 92

Expansive engines with the ordinary valves and gear
as in general practice, and unjacketed . 8 to . 85

Compound engines, with expansion valve to h.p.
cyhnder; cyUnders jacketed, and with large ports,
etc . 9 to . 91

Compound engines, with ordinary shde-valves, cylin-

ders jacketed, and good ports, etc . 8 to . 85
Compound engines as in general practice in the

merchant service, with early cut-off in both cylin-
ders, without jackets and expansion-valves 0.7 to 0.8

Fast-running engines of the type and design usually
fitted in war-ships . 6 to .

8

If no correction be made for clearance and compression, and the engine
is in accordance with general modern practice, the theoretical mean i
pressure may be multiplied by 0.96, and the product by the proper factor I
in the table, to obtain the expected mean pressure. 1

Given the Initial Pressure and the Average Pressure, to Find the
Ratio of Expansion and the Period of Admission.

P = initial absolute pressure in lbs. per sq. in.;

p = average total pressure during stroke in lbs. per sq. in.;

, L = length of stroke in inches;
I = period of admission measured from beginning of stroke;
c = clearance in inches;

R = actual ratio of expansion = , (1)

_ P(l+hyplogJg)
^ R

'

To find average pressure p, taking account of clearance,

_ Pq + c) +Pa + c)hyplog Jg-Pc

whence pL + Pc = P{l + c) (1 + hyp log R) ;

hyplogB-f±|^-l=^-l. . . . (3)

Given p and P, to find R and I (by trial and error). — There being two
unknown quantities R and I, assume one of them, viz., the period of
admission I, substitute it in equation (3) and solve for R. Substitute this

value of R in the formula (1), or Z = —75 c, obtained from formula

(1), and find I. If the result is greater than the assumed value of I,

then the assumed value of the period of admission is too long; if less, the
assumed value is too short. Assume a new value of I, substitute it in
formula (3) as before, and continue by this method of trial and error till

the required values of R and I are obtained.

(2)
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Example. — P=70, p = 42.78, L= 60 in., c = 3 in., to find I. Assume
£ = 21 in.

|L-fc ^'x604-3
hyplogfi= ^^^^ -1=

21 + 3
1 = 1.653-1=0.653;

hyp log /e = 0.653, whence i2 = 1.92.

which Is greater than the assumed value, 21 inches.
Now assume I = 15 inches:

hyp log i2 =
15 + s

1 = 1-204, whence ii;= 3.5;

I = —o c= r-p— 3 = 18 — 3 = 15 inches, the value assumed.

Therefore R = 3.5, and Z= 15 inches.

Period of Admission Required for a Given Actual Ratio of Expansion:

l==—

5

c, in inches (4)

- . , X 1 » 100 + p. ct. clearance ^ ,In percentage of stroke, 1= p. ct. clearance . (5)

P(l + c) P
Terminal pressure = -^H—•

= -^ (6)L + c R
Pressure at any other Point of the Expansion. — Let Li = length of

stroke up to the given point.

Pressure at the given point = (7)

Mechanical Energy of Steam Expanded Adiabatically to Various
Pressures. — The figures in the following table are taken from a chart
constructed by R. M. Neilson in Power, Mar. 16, 1909. The pressures
are absolute, lbs per sq. in.

3^)

i"
20 25 40 60 80 100 120 140 170 200 250

"3 i
Mechanical Energy, Thousands of Foot-Pounds per Lb. of Steam.

fed.

I") 17 29.5 55.5 77.5 94.5 107 116.5 121 136 5 146 160
12 12 29 41 66.5 88 104 116 126 135 145 154.5 168.5
10 22 39 50.5 75.5 97 113 125 135.5 144 154 163 5 176
8 34 50 62 86.5 109 124 136 147 155 165 5 174.5 186
6 49 64 76 101 123 138 150 160 168.5 179 5 188 199
4 68 85 95.5 120 142 157 168 177.5 186 196 204.5 216
2 100 116 128 151 171 186.5 197,5 207 215 224 232.5 244
1 131 147 157.5 181.5 200.5 215 225 234.5 243 250.5 260.5 270.5

Measures for Comparing the Duty of Engines. — Capacity is meas-
ured in horse-powers, expressed by the initials, H.P.: 1 H.P.= 33,000
ft .-lbs. per minute, =550 ft.-lbs. per second, = 1,980,000 ft.-lbs. per hour.
1 ft.-lb. = a pressure of 1 lb. exerted through a space of 1 ft.

Economy is measured, 1, in pounds of coal per horse-power per hour;
2, in pounds of steam per horse-power per hour. The second of these
measures is the more accurate and scientific, since the enerine uses steam
and not coal, and it is independent of the economy of the boiler. A still

more accurate measure is the heat xmits per minute (or per hour) per
horse-power.
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In gas-engine tests the common nicasure is tlie nunlbfer o! cutilc fefet

ol gas (measured at atmospheric pressure) per horse-power, but as ali gas
is not of the same quahty, it is necessary for comparison of tests to give
the analysis of the gas. When the gas for one engine is made in one
gas-producer, then the number of pounds of coal used in the producer per
hour per horse-power of the engine is a measure of economy. Since
different coals vary in heating value, a more accurate measure is the
number of heat units required per horse-power per hour.
Economy, or duty Of an engine, is also measured in the number of foot-

pounds of work done per pound of fuel. As 1 horse-power is equal to
1.980,000 ft.-lbs. of work in an hour, a duty of 1 lb. of coal per H.P. pet
hour would be equal to 1,980,000 ft.-lbs. per lb. of fuel; 2 lbs. per H.P.
per hour equals 990,000 ft.-lbs. per lb. of fuel, etc.
The duty of pumping-engines is expressed by the number of foot-

pounds of work done per 100 lbs. of coal, per 1000 lbs. of steam, or per
mihion heat umts, «

When the duty of a pumping-engine is given, in ft.-lbs. per 100 lbs. of
coal, the equivalent number of pounds of fuel consumed per horse-power
per hour is found by dividing 198 by the number of millions of foot-pounds
of duty. Thus a pumping-engine giving a duty of 99 millions is equiva-
lent to 198/99 = 2 lbs. of fuel per horse-power per hour.

Efficiency Measured in Thermal Units per Minute.— The efficiency
of an engine is sometimes expressed in terms of the number of thermal
units used by the engine per minute for each indicated horse-power, instead
of by the number of pounds of steam used per hour.
The heat chargeable to an engine per pound of steam is the difference

between the total heat in a pound of steam at the boiler-pressure and that
in a pound of the feed-water entering the boiler. In the case of con-
densing engines, suppose we have a temperature in the hot-well of 100° F.,

corresponding to a vacuum of 28 in. of mercury; we may feed the water
into the boiler at that temperature. In the case of a non-condensing
engine, by using a portion of the exhaust steam in a good feed-water
heater, at a pressure a trifle above the atmosphere (due to the resistance
of the exhaust passages through the heater), we may obtain feed-water
at 212°. One pound of steam used by the engine then would be equivalent
to thermal units as follows:

Gauge pressure 50 75 100 125 150 175 200
Absolute pressure.... 65 90 115 140 165 190 215
Total heat in steam above 32°:

1178.5 1184.4 1188.8 1192.2 1195.0 1197.3 1199.2

Subtracting 68 and 180 heat-units, respectively, the heat above 32° in
feed-water of 100° and 212° F., we have —

Heat given by boiler per pound of steam:

Feed at 100°, 1110.5 1116.4 1120.8 1124.2 1127.0 1129.3 1131.2
Feed at 212° , 998.5 1004.4 1008.8 1012.2 1015.0 1017.3 1019.2

Thermal units per minute used by an engine for each pound of steam
used per indicated horse-power per hour:

Feed at 100°.. .... 18.51 18.61 18.68 18.74 18.78 18.82 18.85
Feed at 212° 16.64 16.76 16.78 16.87 16.92 16.96 16.99

Examples. — A triple-expansion engine, condensing, with steam at
175 lbs. gauge, and vacuum 28 in., uses 13 lbs. of water per I.H.P. per hour,
and a high-speed non-condensing engine, with steam at 100 lbs. gauge,
uses 30 lbs. How many thermal units per minute does each consume?

Ans. — 13 X 18.82 = 244.7, and 30 X 16.78 = 503.4 thermal units
per minute.
A perfect engine converting all the heat-energy of the steam into

work would reouire 33,000 ft.-lbs. ~- 777.54 = 42.44 thermal units per
minute per indicated horse-power. This figure, 42.44, therefore, divided
by the number of thermal units per minute per I.H.P. consumed by an
engine, gives its efficiency as comnared with an ideally perfect engine.
In the examples above, 42.44 divided by 244.7 and by 503.4 gives
J 7.34% and 8.43% eificiency, respectively.
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ACTUAL EXPANSIONS
With DiflPerent Clearances and CUt-oftSo

Computed by A. F. Nagle,

Per Cent of Clearance.
Cut-
off.

1 2 3 4 5 6 7 8 9 10

.01 100 00 50 5 340 25 75 20 8 17 5 15 14 13 38 12.00 10.9 10

,02 50.00 33.67 25.50 20.60 17.33 15.00 13.25 11.89 10.80 9.91 9.17;
.03 33 33 25 25 20.40 17.16 14.86 13,12 11,78 10 70 9 82 9 08 8.46
.04 25.00 20.20 17.00 14.71 13.00 11.66 10,60 9.73 9.00 8.39 7.86
.05 20.00 16.83 14.57 12.87 11.55 10.50 9.64 8.92 8 31 7 79 7.33
.06 16.67 14.43 12.75 11.44 10.40 9.55 8.83 8.23 7,71 7.27 6M
.07 14.28 12.62 11.33 10.30 9.46 8.75 8.15 7.64 7.20 6.81 6.47
.08 12 50 11,22 10,2 9,36 8.67 8.08 7.57 7 13 6 75 6.41 6.11
.09 11.11 10.10 9.27 8.58 8,00 7.50 7.07 6.69 6.35 6.06 5.79
.10 10.00 9.18 8.50 7.92 7.43 7.00 6.62 6.30 6.00 5,74 5.50
.11 9 09 8 42 7 84 7 36 6 93 6.56 6 24 5 94 5 68 5 45 5.24
n 8.33 7.78 7.29 6.86 6.50 6.18 5.89 5.63 5.40 5.19 5.09
.14 7 14 6 73 6 37 6.06 5.78 5 53 5.30 5,10 4 91 4 74 4.58
.16 6.25 5 94 5 67 5,42 5.20 5 00 4,82 4.65 4.50 4.36 4 25
.20 5 00 4.81 4.64 4.48 4.33 4.20 4.08 3.96 3.86 3.76 3 67
.25 4.00 3 88 3 77 3 68 3 58 3 50 3 42 3 34 3 27 3.21 3.14
30 3 33 3.26 3.19 3.12 3.06 3.00 2.94 2.90 2.84 2.80 2 75

.40 2 50 2 46 2 43 2 40 2 36 2,.33 2,30 2 28 2 25 2 22 2.20

.50 2.00 1.98 1.96 1.94 1.92 1.90 1.89 1.88 1.86 1.85 1.83

-60 1 67 1.66 1.65 1.64 1.63 1.615 1.606 1.597 1.588 1.580 1.571

.70 1.43 1 42 1.42 1.41 1.41 1.400 1.395 1.390 1.385 1,380 1.375
m 1 7,5 1 75 1.244 1.241 1.238 1.235 1.233 1.230 1.227 1.224 1.222M 1.111 1.11 1.109 1,108 1.106 1.105 1.104 1.103 1 102 1 101 1 .100

1.00 1.00 1.00 1.000 1.000 1.000 1. 000 1.000 1.000 1.000 1.000 1.000

Relative Eflficiency of 1 lb. of Steam with and without Clearance;
back pressure and compression not considered.

, , ^ , , P (l + c) + P (l + c) hyp log R - Pc
Mean total pressure = p = —^ ^^ ——^^—
Let P = 1; L = 100; 3 = 25; c = 7.

32 + 32 hyp log ?^^- 7 32 + 32X1.207-7^^333;32
^ 100 100

If the clearance be added to the stroke, so that clearance becomes
z^s.-), the same quantity of steam being used, admission I being tbiBU
^ / + c = 32. and stroke L +^c = 107,

Pi= -

32 32 + 32 X 1.207
0.660.

107 107

The woik of one stroke = pi{L + c) = 0.660 X 107 = 70.6. I5he
amount ol the clearance 7 being added to both admission and the
stroke, the same quantity of steam will do more work than when the
-clearance is 7 in the ratio 706 : 636, or 11% more.
Back Pressure Considered.—If backpressure =0.10ofP,thisamount

has to be subtracted from p and pi giving p = 0.536, pi — 0.560, the
wark of a given quantity of steam used without clearance being greater
than when clearance is 7% in the ratio (560 X 1.07) : 536, or 12% more.

Effect of Compression.—By early closure of the exhaust, so that a
portion of the exhaust-steam is compressed into the clearance space,
much of the loss due to clearance may be avoided. If expansion is con-
tinued down to the back pressure, if the back pressure is uniform through-
out the exhaust-stroke, and if compression begins at such point tha^ the
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exhaust-steam remaining in the cylinder is compressed to the initial
pressure at the end of the back stroke, then the work of compression of the
exhaust-steam equals the work done during expansion by the clearance-
steam. The clearance-space being filled by the exhaust-steam thus com-
pressed, no new steam is required to fill the clearance-space for the next
forward stroke, and the work and efficiency of the steam used in the
cylinder are just the same as if there were no clearance and no compression.
When, however, there is a drop in pressure from the final pressure of the
expansion, or the terminal pressure, to the exhaust or back pressure (the
usual case), the work of compression to the initial pressure is greater than
the work done by the expansion of the clearance-steam, so that a loss of
efficiency results. In this case a greater efficiency can be attained by
inclosing for compression a less quantity of steam than that needed to fill

the clearance-siiace with steam of the initial pressure. (See Clark,
S. E., p. 399, et seq.; also F. H. Ball, Trans. A. S. M. E., xiv, 1067.) It is

shown by Clark that a somewhat greater efficiency is thus attained
whether or not the pressure of the steam be carried down by expansion.
to the back exhaust-pressure.

Cylinder-condensation may have considerable effect upon the best
point of compression, but it has not yet (1893) been determined by
experiment. (Trans. A. S. M. E., xiv, 1078.)
Clearance in Low- and High-speed Engines. (Harris Tabor, Am.

Mach., Sept. 17, 1891.) — The construction of the high-speed engine is

such, with its relatively short stroke, that the clearance must be much
larger than in the releasing-valve type. The short-stroke engine is,

of necessity, an engine with large clearance, which is aggravated when
variable compression is a feature. Conversely, the engine with releasing-
valve gear is, from necessity, an engine of slow rotative speed, where
great power is obtainable from long stroke, and small clearance is a
feature in its construction. In one case the clearance will vary from
8% to 12% of the piston-displacement, and in the other from 2% to 3%.
Ill the case of an engine with a clearance equahng 10% of the piston-
displacement the waste room becomes enormous when considered in con-
nection with an early cut-off. The system of compounding reduces the
waste due to clearance in proportion as the steam is expanded to a lower
pressure.. The farther expansion is carried through a train of cyhnders
the greater will be the reduction of waste due to clearance. This is shown j

from the fact that the high-speed engine, expanding steam much less than J:

the Corliss, will show a greater gain when changed from simple to com-jl
pound than its rival under similar conditions. <)

CylindBr-eondensation. — Rankine, S, E., p. 421, says: Conduction
of heat to and from the metal of the cylinder, or to and from Uqiiid water
contained in the cylinder, has the effect of lowering the pressure at the
beginning and raising it at the end of the stroke, the lowering effect being
on the whole greater than the raising effect. In some experiments the
(luantity of steam wasted through alternate liquefaction and evaporation
in the cylinder has been found to be greater than the quantity which
performed the work.

Percentage of Loss by Cylinder-condensation, taken at Cut-off.

(From circular of the Ashcroft Mfg. Co. on the Tabor Indicator, 1889.)

Si Per cent of Feed-water ac-
counted for by the Indicator.

Per cent of Feed-water due
to Cylinder-condensation.

Simple
Engines.

Compound
Engines,
h.p. cyl.

Triple-ex-
pansion
Engines,
h.p. cyl.

Simple
Engines.

Compound
Engines,
h.p. cyl.

Triple-ex-
pansion
Engines,
h.p. cyl.

5 58
66
71

74
78
82
86

42
34
29
26
22
18

14

10 74
76
78
82
85
88

26
24
22
18

15

12

15
20
30
40
50

78
80
84
87
90

22
20

16
13

10
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Theoretical Compared with Actual Water-consumption, Single-
cylinder Automatic Cut-off Engines. (From the catalogue of the
Buckeye Engine Co.) — The following table has been prepared on the
basis of the pressures that result in practice with a constant boiler-pressure
of 80 lbs. and different points of cut-off, with Buckeye engines and others
with similar clearance. Fractions are omitted, except in the percentage
column, as the degree of accuracy their use would seem to imply is not
attained or aimed at. ^ -

Mean Total Indicated Assurp ^^
Cut-off Effective Terminal Rate, lbs. Product
Part of
Strolce.

Pressure,
lbs. per
sq. in.

Pressure,
lbs. per
sq. in.

Water per
I.H.P. per

hour.

of Cols. ,

1 and 6.
Act'lRate. % Loss.

0.10 18 11 20 32 58 5.8
0.15 27 15 19 27 41 6J,5
0.20 35 20 19 25 31.5 6.3
0.25 42 25 20 25 25 6.25
0.30 48 30 20 24 21.8 6.54
0.35 53 35 21 25 19 6.6^
0.40 57 38 22 26 16.7 6.68
0.45 61 43 23 27 15 6.75
0.50 64 48 24 27 13.6 6.8;

It will be seen that while the best indicated economy is when the cut-off
Is about at 0.15 or 0.20 of the stroke, giving about 30 lbs. M.E.P., arid a
terminal 3 or 4 lbs. above atmosphere, when we come to add the per-
centages due to a constant amount of unindicated loss, as per sixth
column, the most economical point of cut-off is found to be about 0-.30 of
the stroke, giving 48 lbs. M.E.P. and 30 lbs. terminal pressure. _Thi3
showing agrees substantially with modern experience under automatic
cut-off regulation.
The last column,shows that the actual amount of cylinder condensation

Is nearly a constant quantity, increasing only from 5.8% of the cylinder
volume at 0.10 cut-off to 6.8% at 0.50 cut-oft".

Experiments on Cylinder-condensation. — Experiments by Major
Thos. Enghsh (Eng'g, Oct. 7, 1887, p. 386) with an engine 10 X 14 in.,

jacketed in the sides but not on the ends, indicate that the net initial
condensation (or excess of condensation over re-evaporation) by the
clearance surface varies directly as the initial density of the steam,' and
inversely as the square root of the number of revolutions per unit of time.
The mean results gave for the net initial condensation by clearance-space
per sq. ft. of surface at one rev. per second 6.06 thermal units in the engine
when run non-condensing and 5.75 units when condensing.

G. R. Bodmer (Eng'g, March 4, 1892, p. 299) says: Within the ordinary-
limits of expansion desirable in one cylinder the expansion ratio has
practically no influence on the amount of condensation per stroke, which
for simple engines can be expressed by the following formula for the
weight of water condensed [per minute, probably; the original does not

state]: W = (7 ^ ~ -» where T denotes the mean admission temper-
L ^]^2

ature, t the mean exhaust temperature, S clearance-surface (square feet)*

N the number of revolutions per second, L latent heat of steam at the
mean admission temperature, and C a constant for any given type of .

engine.
Mr. Bodmer found from experimental data that for high-pressure non-

jacketed engines C = about 0.11, for condensing non-jacketed engines
0.085 to 0.11, for condensing jacketed engines 0.085 to 0.053. The
figures for jacketed engines apply to those jacketed in the usual way,
and not at the ends.
C varies for different engines of the same class, but is practically con-

stant for any given engine. For simple high-pressure non-jacketed
engines it was found to range from 0.1 to 0.112.

Applying Mr. Bodmer's formula to the case of a Corliss non-jacketed
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non-condensing engine, 4-ft. stroke, 24 in. diam., 60 revs, per min., initial
pressure 90 lbs. gauge, exhaust pressure 2 lbs., we have T - f = 112°,
^ = 1, L = 880, iS = 7 sq. ft.; and, taking C = 0.112 and TF= lbs.

water condensed per minute, W = ^'^^f x 880
^

""

^ ^"^^ ^^- ^^^

minute, or 5.4 lbs. per hour. If the steam used per I.H.P. per hour
i&ccordmg to the diagram is 20 lbs., the actual water consumption is
25.4 lbs., corresponding to a cylinder condensation of 27%.

INDICATOR-DIAGRAM OF A SINGLE-CYLINDER ENGINE.
r Definitions. — The Atmospheric Line, AB, is a line drawn by the pencil

of tlie indicator when the connections with the engine are closed and both
sides of the piston
are open to the
atmosphere.

The Vacuum Line,
OX, is a reference
line usually drawn
about 14.7^ pounds
by scale below the
atmospheric Une.

The Clearance
Line, OY, is a refer-
ence line drawn at a
distance from the
end of the diagram
equal to the samQ
per cent of its length
as the clearance and

B waste room is of the
piston-displacement.

-X The Line of Boiler-
pressure, JK, is

drawn parallel to theFig. 162.

atmospheric line, and at a distance from it by scale equal to the boiler-

pressure shown by the gauge.
The Admission Line, CD, shows the rise of pressure due to the admission

of steam to the cylinder by opening the steam-valve.
! The Steam Line, DE, is drawn when the steam-valve is open and steam
is being admitted to the cyhnder.

The Point of Cut-off, E, is the point where the admission of steam is

stopped by the closing of the valve. It is often difficult to determine
the exact point at which the cut-off takes place. It is usually located
where the outline of the diagram changes its curvature from convex to
concave.

The Expansion Curve, EF, shows the fall in pressure as the steam in the
(jyllnder expands doing work.
',. The Point of Release, F, shows when the exhaust-valve opens.
^ The Exhaust Line, EG, represents the change in pressure that takea
place when the exhaust-valve opens.

The Back-pressure Line, GH, shows the pressure against which the
piston acts during its return stroke.

The Point of Exhaust Closure, H, is the point where the exhaust-valve
closes. It cannot be located definitely, as the change in pressure is at first

due to the gradual closing of the valve.
The Compression Curve, HC, shows the rise in pressure due to the com-

pression of the steam remaining in the cylinder after the exhaust-valve
has closed.

, The Mean Height of the Diagram equals its area divided by its length.
The Mean Effective Pressure is the mean net pressure urging the piston

forward == the mean height X the scale of the indicator-spring.
To find the Mean Effective Pressure from the Diagram. — Divide the

length, LB, into a nurriber, say 10, equal parts, setting off half a part at
Xi, half a part at B, and nine other parts between; erect ordinates perpen-
dicular to the atmospheric line at the points of division of LB, cutting
tUe diagram; add together the lengths of these ordinates intercepted
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between the upper and lower lines of the diagram and divide by their
number. This gives the mean height, which muitiphed by the scale oif

the indicator-spring gives the M.E.P. Or hud the area by a planimeter,
or other means (see Mensuration, p. 56), and divide by the length LB
to obtain the mean lieight.

The Initial Pressure is the pressure acting on the piston at the beginning
of the stroke.

The Terminal Pressure is the pressure above the line of perfect vacuum
that would exist at the end of the stroke if the steam had not been released
earlier. It is found by continuing the expansion-curve to the end of the
diagram.
A single indicator card shows the pressure exerted by the steam at

each instant on one side of the piston; a card taken simultaneously from
the opposite end of the engine shows the pressure exerted on the other
side. By superposing these cards the pressure or tension on the piston
rod may be determined. The pressure or pull on the crank pin at any
instant is the pressure or tension in the rod modified by the angle of the
connecting rod and by the effect of the inertia of the reciprocating parts.
For discussion of this subject see Klein's "High-speed Steam Engine,"
also papers by S. A. Moss, Trans. A. S. M. E., 1904, and by F. W. Holl-
mann, in Power, April 6, 1909.
Errors of Indicators.— The most common error is that of the spring,

which may vary from its normal rating; the error may be determined by
proper testing apparatus and allowed for. But after making this correc-
tion, even with the best work, the results are hable to variable errors
which may amount to 2 or 3 per cent. See Barrus, Trans. A, S. M. E.,
v, 310; Denton, Trans. A. S. M. E., xi, 329; David Smith, U. S. N., Prot.
Eng'g Congress, 1893, Marine Division.

Other errors of indicator diagrams are those due to inaccuracy of the*
straight-line motion of the indicator, to the incorrect design or position,
of the "rig" or reducing motion, to long pipes between the indicator arid
the engine, to throttUng of these pipes, to friction or lost motion iii the
indicator mechanism, and to drum-motion distortion. For discussion of
the last named see Power, April, 1909. For methods of testing indicators,
see paper by D. S. Jacobus, Trans. A. S. M. E., 1898.

Indicator "Rigs," or Reducing-motions; Interpretation of Diagrams
for Errors of Steam-distribution, etc. For these see circulars of manu-
facturers of Indicators; also works on the Indicator.
Pendulum Indicator Rig.

—

Power (Feb., 1893) gives a graphical'
representation of the errors in indicator-diagrams, caused by the use of
incorrect forms of the pendulum rigging. It
is shown that the "brumbo" pulley on the C E
pendulum, to which the cord is attached,
does not generally give as good a reduction
as a simple pin attachment. When the end
of the pendulum is slotted, working in a pin
on the crosshead, the error is apt to be con-
siderable at both ends of the card. With a
vertical slot in a plate fixed to the cross-
head, and a pin on the pendulum working in
this slot, the reduction is perfect, when the
cord is attached to a pin on the pendulum,
a slight error being introduced if the brumbo
pulley is used. With the connection be-
tween the pendulum and the crosshead made
by means of a horizontal hnk, the reduction
is nearly perfect, if the construction is such that the connecting link,,
vibrates equally above and below the horizontal, and the cord is attached
by a pin. If the link is horizontal at mid-stroke a serious error is intro-
duced, which is magnified if a brumbo pulley also is used. The adjoin*-
ing figures show the two forms recommended.
The Manograph, for indicating engines of very high speed, invented:

by Prof. Hospitaller, is described by Howard Greene in Power, June, 1907.
It is made by Carpentier, of Paris. A small mirror is tilted upward and ;

downward by a diaphragm which responds to the pressure variations in
the cylinder, and the same mirror is rocked from side to, side by a reducing^
mechanism which is geared to the engine and reproduces the reciprocationi-

Fig. 163.
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of the engine piston en a smaller scale. A beam of light is reflected by
the mirror to the ground-glass screen, and this beam, by the oscillations
of the mirror, is made to traverse a path corresponding to that of the
pencil point of an ordinary indicator. The diagram, therefore, is made
continuously but varies with varying conditions in the cyhnder.
A plate-holder carrying a photographic dry plate can be substituted for

,

the ground-glass screen, and the diagram photographed, the exposure
i

required varying from half a second to three seconds. By the use ot
special diaphragms and springs the effects of low pressures and vacuums
can be magnified, and thus the instrument can be made to show with
remarkable clearness the action of the valves of a gas engine on the suction
and exhaust strokes.
The Lea Continuous Recorder, for recording the steam consumption

of an engine, is described by W. H. Booth in Power, Aug. 31, 1909. It
comprises a tank into which flows the condensed steam from a condenser,
a triangular notch through which the water flows from the tank, and a
mechanical device through which the variations in the level of the water
in the tank are translated into the motion of a pencil, which motion Is

made proportionate to the quantity flowing, and is recorded on paper
moved by clockwork.

DEDICATED HORSE-POWER OF EXGINES, STNGLE-CTI.INDER.

Indicated Horse-power, I.H.P. = -^^-777^7^

.

oo,UUU

in which P = mean effective pressure in lbs. per sq. in.: L = length of
stroke in feet; a = area of piston in square inches. For accuracy, on*
half of the sectional area of the piston-rod must be subtracted from the
area of the piston if the rod passes through one head, or the whole area of
the rod if it passes through both heads; n = No. of single strokes per min.
=» 2 X No. of revolutions of a double-acting engine.

' I.H.P. ==^^-7r7r7: i in which /S= piston speed in feet per minute,
oo,uUU

' ' I.H.P. =^^^ = ^^^ = 0.0000238 PLd2n= 0.0000238 Pd'^S,
42,017 42,017

In which d = diam. of cyl. in inches. (The figures 238 are exact, since
7854 -^ 33 = 23.8 exactly.) If product of piston-speed X mean effec-

tive pressure = 42,017, then the horse-power would equal the square of
the diameter in inches.
Handy Rule for Estimating the Horse-power of a Single-cylinder

Engine. — Square the diameter and divide by 2. This is correct whenever
the product of the mean effective pressure and the piston-speed = 1/2

of 42,017, or, say, 21,000, viz., when M.E.P. = 30 and S = 700: when
M.E.P. = 35 and 5 = 600; when M.E.P. = 38.2 and S = 550; and when
M.E.P. =• 42 and S = 500. These conditions correspond to those of
ordinary practice with both Corliss engines and shaft-governor high-speed
engines!
Given Horse-power, Mean Effective Pressure, and Piston-speed,

to find Size of Cylinder. —
A,ea-*«0||ia?. Diameter- 205 V/^-

Brake Horse-power is the actual horse-power of the engine as measured
at the fly-wheel by a friction-brake or dynamometer. It is the indicated
horse-power minus the friction of the engine.

Electrical Horse-power is the power in an electric current, usually
measured in kilowatts, translated into horse-power. 1 H.P. = 33,000
ft. lbs. per min.; 1 K.W.= 1.3405 H.P.; 1 H.P. = 0.746 kilowatts, or
746 watts.
Example. — A 100-H.P. engine, with a friction loss of 10% at rated

load, drives a generator whose efficiency is 90%, furnishing current to a
motor of 90% effy., through a line whose loss is 5%. I.H.P. = 100;
B.H.P. = 90; E.H.P. at generator 81, at end of line 76.95. H.P. delivered
by motor 69.26.
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Table for Roughly Approximating the Horse-power of a Com-
pound Engine from the Diameter of its Low-pressure Cylinder. —
The indicated horse-power of an engine being -r^jrry, in which P=
mean effective pressure per sq. in., s = piston-speed in ft. per min., and
d = diam. of cyUnder in inches; if s = 600 ft. per mift., which is approxi-
mately the speed of modern stationary engines, and P = 35 IBs"., whtCTi is

an approximately average figure for the M.E.P. of single-cylinder engines,
and of compound engines referred to the low-pressure cylinder, then
I.H.P.= i/2C^^; hence the rough-and-ready rule for horse-power given
above: Square the diameter in inches and divide by 2. This appUes to
triple and quadruple expansion engines as well as to single cyUnder and
compound. For most economical loading, the M.E.P. referred to the
low-pressure cyUnder of compound engines is usually not greater than
that of simple engines; for the greater economy is obtained by a greater
number of expansions of steam, of higher pressures, and the greater the
number of expansions for a given initial pressure the lower the mean
effective pressure. The following table gives approximately the figures
of mean total and effective pressures for the different types of engines,
together with the factor by which the square of the diameter is to be
multipHed to obtain the horse-power at most economical loading, for a
piston-speed of 600 ft. per minute.

Type of Engine.
5I§ is

^3 C
01.=

as
i.ss

Non-condensing.

Single Cylinder .

.

Compound
Triple

100

120
160

200

5.

7.5
10.

12.5

20
16

16

16

0.522
.402

.330

.282

52.2
48.2
52.8
56.4

15.5

15.5
15.5

15.5

36.7
32.7
37.3
40.9

600 0.524
.-467

533
Quadruple .584

Condensing Engines.

Single Cylinder .

.

Compound
Triple

100
120

160

200

10.

15.

20.

25.

10

8
8
8

0.330
.247
.200
.169

33.0
29.6
32.0
33.8

2
2
2
2

31.0
27.6
30 :o

31.8

600 0.443
:390

.429

Quadruple .454

For any other piston-speed than 600 ft. per min., multiply the figurei
in the last column by the ratio of the piston-speed to 600 ft.

Horse-power Constant of a given Engine for a Fixed Speed =-

product of its area of piston in square inches, length of stroke in feet

and number of single strokes per minute divided by 33,000, or
^

-= C. The product of the mean effective pressure as found by the dia-
gram and this constant is the indicated horse-power.
Horse-power Constant of any Engine of a given Diameter of

Cylinder, whatever the length of stroke, = area of piston -r- 33,000 = square
of the diameter of piston in inches X 0.0000238. A table of constants
derived from this formula is given on page 973.
The constant multiplied by the piston-speed in feet per minute and

by the M.E.P. gives the I.H.P.
Table of Engine Constants for Use in Figuring Hprse-power. —

"Horse-power constant" for cylinders from 1 inch to 60 inches in diam-
eter, advancing by 8ths. for one foot of piston-speed per minute and one
pound of M.E.P. Find the diameter of the cyhnder in the column at the
side. If the diameter contains no fraction the constant will be found in
the column headed Even Inches. If the diameter is not in even inches,
follow the line horizontally to the column corresponding to the required
fraction. The constants multiplied by the pigtOR-speed and by tb^
li.E.P. give the horse-power. _ \_ ,
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Engine Constants, Constant X Piston Speed X M.E.P. =H.P.

piam.of Even
Inches. + 1/8 + 1/4 + 3/8 + 1/2 + 5/8 + 3/4 + 7/8

, .0000238 .0000301 .0000372 .0000450 .0000535 .0000628 .0000729 .0000837

2 .0000952 .0001074 .0001205 .0001342 .0001487 .0001640 .0001800 .0001967

3 .0002142 .0002324 .0002514 .0002711 .0002915 .0003127 .0003347 .0003574

4 .0003808 .0004050 .0004299 .0004554 .0004819 .0005091 .0005370 .0005656

5 .0005950 .0006251 .0006560 .0006876 .0007199 .0007530 .0007869 .0008215

6 .0008568 .0008929 .0009297 .0009672 .0010055 .0010445 .0010844 .0011249

7 .0011662 .0012082 .0012510 .0012944 .0013387 .0013837 .0014295 .0014759
8 .0015232 .0015711 .0016198 .0016693 .0017195 .0017705 .0018222 .0018746

9 .0019278 .0019817 .0020363 .0020916 .0021479 .0022048 .0022625 .0023209

10 .0023800 .0024398 .0025004 .0025618 .0026239 .0026867 .0027502 .0028147

11 .0028798 .0029456 .0030121 .0030794 .0031475 .0032163 .0032859 .0033561

12 .0034272 .0034990 .0035714 .0036447 .0037187 .0037934 .0038690 .0039452
13 .0040222 .0040999 .0041783 .0042576 .0043375 .0044182 .0044997 .0045819
14 .0046648 .0047484 .0048328 .0049181 .0050039 .0050906 .0051780 .0052661

15 .0053550 .0054446 .0055349 .0056261 .0057179 .0058105 .0059039 .0059979
16 .0060928 .0061884 .0062847 .0063817 .0064795 .0065780 .0066774 .0067774
17 .0068782 .0069797 .0070819 .0071850 .0072887 .0073932 .0074985 .0076044
18 .0077112 .0078187 .0079268 .0080360 .0081452 .0082560 .0083672 .0084791

19 .0085918 .0087052 .0088193 .0089343 .0090499 .0091663 .0092835 .0094013
20 .0095200 .0096393 .0097594 .0098803 .0100019 .0101243 .0102474 .0103712
21 .0104958 .0106211 .0107472 .0108739 .0110015 .0111299 .0112589 .0113886

22 .0115192 .0116505 .0117825 .0119152 .0120487 .0121830 .0123179 .0124537
23 .0125902 .0127274 .0128654 .0130040 .0131435 .0132837 .0134247 .0135664
24 .0137088 .0138519 .0139959 .0141405 .0142859 .0144321 .0145789 .0147266
25 .0148750 .0150241 .0151739 .0153246 .0154759 .0156280 .0157809 .0159345
26 .0160888 .0162439 .0163997 .0165563 .0167135 .0168716 .0170304 .0171899
27 .0173502 .0175112 .0176729 .0178355 .0179988 .0181627 .0183275 .0184929
28 .0186592 .0188262 .0189939 .0191624 .0193316 .0195015 .0196722 .0198436
29 .0200158 .0201887 .0203634 .0205368 .0207119 .0208879 .0210645 .0212418
30 .0214200 .0215988 .0217785 .0219588 .0221399 .0223218 .0225044 .0226877
31 .0228718 .0230566 .0232422 .0234285 .0236155 .0238033 .0239919 .0241812
32 .0243712 .0245619 .0247535 .0249457 .0251387 .0253325 .0255269 .0257222
33 .0259182 .0261149 .0263124 .0265106 .0267095 .0269092 .0271097 .0273109
34 .0275128 .0277155 .0279189 .0281231 .0283279 .0285336 .0287399 .0289471
35 .0291550 .0293636 .0295729 .0297831 .0299939 .0302056 .0304179 .0306309
36 .0308448 .0310594 .0312747 .0314908 .0317075 .0319251 .0321434 .0323624
37 .0325822 .0328027 .0330239 .0332460 .0334687 .0336922 .0339165 .0341415
38 .0343672 .0345937 .0348209 .0350489 .0352775 .0355070 .0357372 .0359681
39 .0361998 .0364322 .0366654 .0368993 .8371339 .0373694 .0376055 .0378424
40 .0380800 .0383184 .0385575 .0387973 .0390379 .0392793 .0395214 .0397642
41 .0400078 .0402521 .0404972 .0407430 .0409895 .0412368 .0414849 .0417337
42 .0419832 .0422335 .0424845 .0427362 .0429887 .0432420 .0434959 .0437507
43 .0440062 .0442624 .0445194 .0447771 .0450355 .0452947 .0455547 .0458154

- 44 .0460768 .0463389 .0466019 .0468655 .0471299 .0473951 .0476609 .0479276
45 .0481950 .0484631 .0487320 .0490016 .0492719 .0495430 ,0498149 .0500875
46 .0503608 .0506349 .0509097 .0511853 .0514615 .0517386 .0520164 .0522949
47 .0525742 .0528542 .0531349 .0534165 .0536988 .0539818 .0542655 .0545499
48 .0548352 .0551212 .0554079 .0556953 .0559835 .0562725 .0565622 .0568526
49 .0571438 .0574357 .0577284 .0580218 .0583159 .0586109 .0589065 .0592029
50 .0595000 .0597979 .0600965 .0603959 .0606959 .0609969 .0612984 .0616007
51 .0619038 .0622076 .0625122 .0628175 .0632235 .0634304 .0637379 .0640462
52 .0643552 .0646649 .0649753 .0652867 .0655987 .0659115 .0662250 .0665392
53 .0668542 .0671699 .0674864 .0678036 .0681215 .0684402 .0687597 .0690799
54 .0694008 .0697225 .0700449 .0703681 .0705293 .0710166 .0713419 .0716681
55 .0719950 .0724226 .0726510 .0729801 .0733099 .0736406 .0739719 .0743039
56 .0746368 .0749704 .0753047 .0756398 .0759755 .0763120 .0766494 .0769874
57 .0773262 .0776657 .0780060 .0783476 .0786887 .0790312 .0793745 .0797185
58 .0800632 .0804087 .0807549 .0811019 .0814495 .0817980 .0821472 .0824971
59 .0828478 .0831992 .0835514 .0839043 .0842579 .0846123 .0849675 .0853234
60 .0856800 .0860374 .0863955 .0867543 .0871139 .0874743 .0878354 .0881973
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Horse-power per Pound Mean Eflfective Pressure.
Formula, Area in sq. in. X piston-speed -s- 33,000.

Diamof
Cylinder,
inches.

Speed of Piston in feet per minute.

100 200 300 400 500 600 700
1
800 900

4 .0381 .0762 .1142 .1523 .1904 .2285 .2666 .3046 .3427

41/2 .0482 .0964 .1446 .1928 .2410 .2892 .3374 .3856 .4338
5 .0595 .1190 .1785 .2380 .2975 .3570 .4165 .4760 .5335

51/2 .0720 .1440 .2160 .2880 .3600 .4320 .5040 .5760 .6480
6 .0857 .1714 .2570 .3427 .4284 .5141 .5998 .6854 .7711

61/2 .1006 .2011 ,3017 .4022 .5028 .6033 .7039 .8044 .9050
7 .1166 .2332 .3499 .4665 .5831 .6997 .8163 .9330 1.0496
71/2 .1339 .2678 .4016 .5355 .6694 .8033 .9371 1.0710 1.2049
8 .1523 .3046 .4570 .6093 .7616 .9139 1.0662 1.2186 1.3709
81/2 .1720 .3439 .5159 .6878 .8598 1.0317 1.2037 1.3756 1.5476
9 .1928 .3856 .5783 .7711 .9639 1.1567 1 .3495 1.5422 1.7350
91/2 .2148 .4296 .6444 .8592 1 .0740 1.2888 1.5036 1.7184 1.9532
10 .2380 .4760 .7140 .9520 I. 1900 1.4280 1.6660 1.9040 2.1420
11 .2880 .5760 .8639 1.1519 1.4399 1.7279 2.0159 2.3038 2.5818
12 .3427 .6854 1.0282 1 .3709 1.7136 2.0563 2.3990 2.7418 3.0845
13 .4022 .8044 1 .2057 1 .6089 2.0111 2.4133 2.8155 3.2178 3.6200
14 .4665 .9330 1 .3994 1.8659 2.3324 2.7989 3.2654 3.7318 4.1983
15 .5355 1.0710 1.6065 2.1420 2.6775 3.2130 3.7485 4.2840 4.8195
16 .6093 1.2186 1.8278 2.4371 3.0464 3.6557 4.2650 4.8742 5.4835
17 .6878 1.3756 2.0635 2.7513 3.4391 4.1269 4.8147 5.5026 6.1904
18 .7711 1.5422 2.3134 3.0845 3.8556 4.6267 5.3978 6.1690 6.9401
19 .8592 1.7184 2.5775 3.4367 4.2959 5.1551 6.0143 6.8734 7.7326
20 .9520 1 .9040 2.8560 3.8080 4.7600 5.7120 6.6640 7.6160 8.5660
21 1 .0496 2.0992 3.1488 4.1983 5.2479 6.2975 7.3471 8.3966 9.4462
22 1.1519 2.3038 3.4558 4.6077 5.7596 6.9115 8.0634 9.2154 10.36/
23 1.2590 2.5180 3.7771 5.0361 6.2951 7.5541 8.8131 10.072 11.331

24 1 .3709 2.7418 4.1126 5.4835 6.8544 8.2253 9.5962 10.967 12.338
25 1.4875 2.9750 4.4625 5.9500 7.4375 8.9250 10.413 11.900 13.388
26 1.6089 3.2178 4.8266 6.4355 8.0444 9.6534 11.262 12.871 14.480
27 1.7350 3.4700 5.2051 6.9401 8.6751 10.410 12.145 13.880 15.615
28 1.8659 3.7318 5.5978 7.4637 9.3296 11.196 13.061 14.927 16.793
29 2.0016 4.0032 6.0047 8.0063 10.008 12.009 14.011 16.013 18.014
30 2.1420 4.2840 6.4260 8.5680 10.710 12.852 14.994 17.136 19.278
31 2.2872 4.5744 6.8615 9.1487 11.436 13.723 16.010 18.297 20.585
32 2.4371 4.8742 7.3114 9.7485 12.186 14.623 17.060 14.497 21.934
33 2.5918 5.1836 7.7755 10.367 12.959 15.551 18.143 20.735 23.326
34 2.7513 5.5026 8.2538 11.005 13.756 16.508 19.259 22.010 24.762
35 2.9155 5.8310 8.7465 1 1 .662 14.578 17.493 20.409 23.324 26.240
36 3.0845 6.1690 9.2534 12.338 15.422 18.507 21.591 24.676 27.760
37 3.2582 6.5164 9.7747 13.033 16.291 19.549 22.808 26.066 29.324
38 3.4367 6.8734 10.310 13.747 17.184 20.620 24.057 27.494 30.930
39 3.6200 7.2400 10.860 14.480 18.100 21.720 25.340 28.960 32.580
40 3.8080 7.6160 11.424 15.232 19.040 22.848 26.656 30.464 34.272
41 4.0008 8.0016 12.002 16.003 20.004 24.005 28.005 32.006 36.007
42 4.1983 8.3866 12.585 16.783 20.982 25.180 29.378 33.577 37.775

43 4.4006 8.8012 13.202 17.602 22.003 26.404 30.804 35.205 39.606

44 4.6077 9.2154 13.823 18.431 23.038 27.646 32.254 36.861 41.469
45 4.8195 9.6390 14.459 19.278 24.098 28.917 33.737 38.556 43.376

46 5.0361 10.072 15.108 20.144 25.180 30.216 35.253 40.289 45.325

47 5.2574 10.515 15.772 21 .030 26.287 31.545 36.802 42.059 47.317

48 5.4835 10.967 16.451 21.934 27.418 32.901 38.385 43.868 49.352

49 5.7144 11.429 17.143 22.858 28.572 34.286 40.001 45.715 51.429

50 5.900 11.900 17.850 23.800 29.750 35.700 41.650 47.600 53.550

51 6.1904 12.381 18.571 24.762 30.952 37.142 43.333 49.523 55.713

52 6.4355 12.871 19.307 25.742 32.178 38.613 45.049 51.484 57.920

53 6.6854 13.371 20.056 26.742 33.427 40.113 46.798 53.483 50.169

54 6.9401 13.880 20.820 27.760 34.700 41 .640 48.581 55.521 32.461

55 7.1995 14.399 21.599 28.798 35.998 43.197 50.397 57.596 54.796

56 7.4637 14.927 22.391 29.855 37.318 44.782 52.246 59.709 D7.173

57 7.7326 15.465 23.198 30.930 38.663 46.396 54.128 61.861 39.597

58 8.0063 16.013 24.019 32.025 40.032 48.038 56.044 64.051 72.054

59 8.2848 16.570 24.854 33.139 41 .424 49.709 57.993 66.278 74.563
<0 K44 77 11-7
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Nominal Horse-power.— The term " nominal horse-power "originated
in the time of Watt, and was used to express approximately the power
of an engine as calculated from its diameter, estimating the mean pressure
in the cylinder at 7 lbs. above the atmosphere. It has long been obsolete.
Horse-power Constant of a given Engine for Varying Speeds =

|roduct of its area of piston and length of stroke divided by 33,000.
tills multiplied by the mean effective pressure and by the number of
jingle strokes per minute is the indicated horse-power.
To draw the Clearance-line on the Indicator-diagram, the ac-

tual clearance not being known. — The clearance-line may be obtained
approximately by drawing a straight line, .c6ad, across the compression

Fig. 164.
curve, first having drawn OX parallel to the atmospheric Une and 14.7
lbs. below. Measure from a the distance ad, equal to c6, and draw YO
perpendicular to OX through d; then will TB divided by ^T be the per-
centage of clearance. The clearance may also be found from the expan-
sion-line by constructing a rectangle ejhg, and drawing a diagonal gj
to intersect the hne XO. This will give the point O, and by erecting a
perpendicular to XO we obtain a clearance-Une OY.
Both these methods for finding the clearance require that the expan-

sion and compression curves be hyperbolas. Prof. Carpenter {Power,
Sept., 1893) says that with good diagrams the methods are usuaUy very
accurate, and give results which check substantially.
The Buckeye Engine Co., however, says that, as the results obtained are

seldom correct, being sometimes too httle, but more frequently too much,
and as the indications from the two curves seldom agree, the operation
has little practical value, though when a clearly defined and apparently
undistorted compression curve exists of sufficient extent to admit of the
application of the process, it may be reUed on to give much more correct
results than the expansion curve.
To draw the Hyperbolic Curve on the Indicator-diagram.— Select

any point / in the actual curve, and
from this point draw a line perpen-
dicular to the hne JB, meeting the
latter in the point J. The hne JB
may be the fine of boiler-pressure,
but this is not material; it may be
drawn at any convenient height near
the top of the diagram and parallel
to the atmospheric line. From J
draw a diagonal to K, the latter
point being the intersection of the

^ vacuum and clearance Unes; from 1
Fig. 165. draw IL parallel with the atmos-

,
pheric line. From L, the point of

iBtfn«etion of tbi diagoaal JK and tb@ boiisoatal Une /JD, draw tbe verti-



WATER-CONSUMPTION OF ENGINES. 975

calUne LM. The point M is the theoretical point of cut-off, and LM the
cut-off line. Fix upon any number of points 1, 2, 3, etc., on the line JB,
and from these points draw diagonals to K. From the intersection of these
diagonals with LM draw horizontal lines, and from 1, 2, 3, etc., vertical
lines. Where these lines meet will be points in the hyperbolic curve.

Theoretical Water-consumption calculated from the Indicator-
card. — The following method is given by Prof. Carpenter {Power,
Sept., 1893): p = mean effective pressure, I = length of stroke in feet,

a = area of piston in square inches, a -^ 144 = area in square feet, c =
percentage of clearance to the stroke, 6 = percentage of stroke at point
where water rate is to be computed, n = number of strokes per minute,
60 n = number per hour, w = weight of a cubic foot of steam having a
pressure as shown by the diagram corresponding to that at the point where
water rate is required, w' = that corresponding to pressure at end of
compression.

Number of cubic feet per stroke =Z (tao") TIZ'

Corresponding weight of steam per stroke in lbs. =Z ("Tq^) f^ ^«

Volume of clearance = rrTKK'14,400

Weight of steam in clearance= Trjnf)

Total weight of 1 , /h+ c\ wa _ leaw' _ la .., .
,,

steam per stroke J
'' \ loO / 144 14,400 14,400 ^^ "^ ^ w-cw j.

Total weight of steam ) _ QO nla r,^ . n
Dm diaeram Der hour I t a dan ^^" ^ ^^ ^ ^^ ••from diagram per hour j 14,400

lorse-power is p
: per indicated 1

AQj-{-c)w — cw']

The indicated horse-power is plan -i- 33,000. Hence the steam-con-
sumption per hour per indicated horse-power is

QOnla
j^^^QQ[(.-rw----j 137.50,

pZan-.33,000
- -J- H^ + c) w - cw'].

Changing the formula to a rule, we have: To find the water rate from
the indicator diagram at any point in the stroke.

Rule. — To the percentage of the entire stroke which has been com-
pleted by the piston at the point under consideration add the percentage
of clearance. Multiply this result by the weight of a cubic foot of steam,
having a pressure of that at the required point. Subtract from this the
product of percentage of clearance multiplied by weight of a cubic foot
of steam having a pressure equal to that at the end of the compression.
Multiply tills result by 137.50 divided by the m.ean effective pressure.*
Note. — This method applies only to points in the expansion curve

or between cut-off and release.

The beneficial effect of compression in reducing the water-consumption
of an engine is clearly shown by the formula. If the compression is

carried to such a point that it produces a pressure equal to that at the
point under consideration, the weight of steam per cubic foot is equal,
and w = w'. In this case the effect of clearance entirely disappears, and
the formula becomes 137.5 {hw) -r- p.

In case of no compression, w' becomes zero, and the water-rate =
137.5 [(&+C) w] -p.

Prof. R. C. Carpenter (Sibley Jour, of Eng'g, Dec, 1910) states that
tests of engines show that economy is really decreased by high com-
pression. Armand Duchesne (Power, Jan. 10, 1911) gives as a reason
for this that the steam undergoing compression is superheated and
the work of compressing the superheated steam is greater than the work
which it gives out later when it is in the condition of saturated steam.

* For compound or triple-expansion engines read: divided by the
eqviivalent mean effective pressure, on the supposition that all work is

done in one cylinder.
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Prof. Denton (Trans. A. S. M. E., xiv, 1363) gives the following tabl«
of tiieoretical water-consumption for a perfect Maiiotte expansion with
steam at 150 lbs. above atmosphere, and 2 lbs. absolute back pressure:

Ratio of Expansion, r. M.E.P., lbs. per sq. in.
Lbs. of Water per hour
per horse-power, W

.

10

15

20
25
30
35

52.4
38.7
30.9
25.9
22.2
19.5

9.68
8.74
8.20
7.84
7.63
7.45

The difference between the theoretical water-consumption found by the
formula and the actual consumption as found by test represents "water
not accounted for by the indicator," due to cylinder condensation, leak-
age through ports, radiation, etc.

Leakage of Steam. — Leakage of steam, except in rare instances, has
so little effect upon the hnes of the diagram that it can scarcely be
detected. The only satisfactory way to determine the tightness of an
engine is to take it when not in motion, apply a full boiler-pressure to
the valve, placed in a closed position, and to the piston as well, which
Is blocked for the purpose at some point away from the end of the stroke,
and see by the eye whether leakage occurs. The indicator-cocks pro\ide
means for bringing into view steam which leaks through the steam-
valves, and in most cases that which leaks by the piston, and an opening
made in the exhaust-pipe or observations at the atmospheric escape-
pipe,-are generally sufficient to determine the fact with regard to the
exhaust-valves.
The steam accounted for by the indicator should be computed for both'

the cut-off and the release points of the diagram. If the expansion-line
departs much from the hyperbolic curve a very different result is shown
at one point from that shown at the other. In such cases the extent of
the loss occasioned by cylinder condensation and leakage is indicated in a
ihuch more truthful manner at the cut-off than at the release. (Tabor
Indicator Circular.) >

COMPOUND ENGINES.

Compound, Triple- and Quadruple-expansion Engines. — A com-
pound engine is one having two or more cylinders, and in which the steam
after doing work in the first or high-pressure cylinder completes its
expansion in the other cylinder or cylinders.
The term "compound" is commonly restricted, however, to engines in

which the expansion takes place in two stages only — high and low
pressure, the terms triple-expansion and quadruple-expansion engines
being used when the expansion takes place respectively in three and
four stages. The number of cylinders may be greater than the number
of- stages of expansion, for constructive reasons; thus in the compound or
two-stage expansion engine the low-pressure stage may be effected in two
cylinders so as to obtain the advantages of nearly equal sizes of cylinders
and of three cranks at angles of 120°. In triple-expansion engines there
are frequently two low-pressure cylinders, one of them being placed
tandem with the high-pressure, and the other with the intermediate
cylinder, as in mill engines with two cranks at 90°. In the triple-expan-
sion engines of the steamers Camvania and Lucania, with three cranks at
120°, there were five cylinders, two high, one intermediate, andtwolow,
the high-pressure cylinders being tandem with the low.
Advantages of Compounding—The advantages secured by divid-

ing the expansion into two or more stages are twofold: 1. Reduction
qf wastes of steam by cylinder-condensation, clearance, and leakage;
a. Dividing the pressures on the cranks, shafts, etc., in large engines so
as to avoifi excessive pressures and consequent friction. The dimir^ished
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toss by cylinder-condensation is effected by decreasing the range of tem-
perature of the metal surfaces of the cylinders, or the difference of tempera-
ture of the steam at admission and exhaust. When high-pressure steam
is admitted into a single-cylinder engine a large portion is condensed by
the comparatively cold metal surfaces; at the end of the stroke and during
the exhaust the water is re-evaporated, but the steam so formed escapes
into the atmosphere or into the condenser, doing no work; while if it is

taken into a second cylinder, as in a compound engine, it does work.
The steam lost in the first cylinder by leakage and clearance also does
work in the second cylinder. Also, if there is a second cylinder, the
temperature of the steam exhausted from the first cylinder is higher than
if there is only one cylinder, and the metal surfaces therefore are not
cooled to the same degree. The difference in temperatures and in pres-
sures corresponding to the work of steam of 150 lbs. gauge-pressure ex-
panded 20 times, in one, two, and three cylinders, is shown in the
following table, by W. H. Weightman, Am. Mach., July 28, 1892:

Diameter of cylinders, in. .

Area ratios
Expansions
Initial steam-pressures —
absolute— pounds

Mean pressures, pounds. .

.

Mean effective pressures,
pounds

Steam temperatures into
cylinders.

Steam temperatures out
of the cylinders

Difference in temperatures

Single
.Cyl-
inder.

165

32.96

28.96

366°

184.2°

181.8

Compound
Cylinders.

165

86.11

53.11

366°

259.9°
106.1

61

3.416
4

33
19.68

15.68

259.9°

J 84.
2°

75.7

Triple-expansion
Cylinders.

28
1

2.714

165

121.44

60.64

366°

293.5°
72.5

2.70
2.714

60.8
44.75

22.35

293.5°

234.1°
59.4

4.740
2.714

22.4
16.49

12.49'

23^.1°

184.2°

49.9

"Woolf * and Receiver Types of Compound Engines.— The
compound steam-engine, consisting of two cyhnders, is reducible to two
forms, 1, in which the steam from the h.p. cylinder is exhausted direct
into the l.p. cylinder, as in the Woolf engine; and 2, in which the steam
from the h.p. cylinder is exhausted into an intermediate reservoir, whence
the steam is suppUed to, and expanded in, the Lp. cyhnder, as in the
"receiver-engine."

If the steam be cut off in the first cylinder before the end of the stroke,
the total ratio of expansion is the product of the two ratios of expansion;
that is, the product of the ratio of expansion in the first cyhnder, into the
ratio of the volume of the second to that of the first cylinder.

Thus, let the areas of the first and second cylinders be as 1 to 31/2, the
strokes being equal, and let the steam be cut off in the first at 1/2 stroke;
then
Expansion in the 1 st cylinder 1 to 2
Expansion in the 2d cylinder 1 to 31/2

Total or combined expansion, the product of the two ratios 1 to 7

Woolf Engine, without Clearance — Ideal Diagrams. — The
diagrams of pressure of an ideal Woolf engine are shown in Fig. 166, as
they would be described by the indicator, according to the arrows.- In
these diagrams pq is the atmospheric line, mn the vacuum line, cd the
admission line, dg the hyperbohc curve of expansion in the first cylinder,
and gh the consecutive expansion-line of back pressure for the return-
Btroke of the first piston, and of positive pressure for the steam-stroke
of the second piston. At the point h, at the end of the stroke of the
second piston, the steam is exhausted into the condenser, and the pressure
falls to the level of perfect vacuum, mn.
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The diagram of the second cylinder, below gh, is characterized by the
absence of any specific period of admission; the whole of the steam-line

gh being expansional, generated by the
a -— q expansion of the initial body of steam

an IK
contained in the first cylinder into the

-wibs. second. When the retnrn-stroke is
completed, the whole of the steam
transferred from the first is shut into
the second cylinder. The final pres-
sure and volume of the steam in the
second cylinder are the same as if the
whole of the initial steam had been
admitted at once into the second cylin-
der, and then expanded to the end of
the stroke in the manner of a single-
cylinder engine. The net work of the
steam is also the same, according to
both distributions.
Receiver-engine, without Clear-^ "' ance — Ideal Diagrams. — In the

Fig. I66.-W00LF Engine, Ideal jdeal receiver-engine the pistons of the

Indicator-diagrams. *7'liS7i'^S.^'"f
connected to cranks

at right angles to each other on the
same shaft. The receiver takes the steam exhausted from the first cyUn-
der and supplies it to the second, in which the steam is cut off and then
expanded to the end of the stroke. On the assumption that the initial

pressure in the second cylinder is equal to the final pressure in the first,

and of course eoual to the pressure in the receiver, the volume cut off in
the second cyUnder must be equal to the volume of the first cyUnder, for
the second cylinder must admit as much steam at each stroke as is dis-
charged from the first cylinder.

In Fig. 167, cd is the line of admission and hg the exhaust-line for the
first cylinder; and dg is the expansion-curve and pq the atmospheric line,

d d
-60 lbs.

^-%-k

-40 ——%- ^ '-%j—^

-20 /
/ h

- P
k

-0 I

^
Fig. 168. — Receiver Engine, Ideal
Diagrams Reduced and Combined.

Fig. 167.— Receiver-engine,
Ideal Indicator-diagram

In the region below the exhaust-line of the first cylinder, between it and
the line of perfect vacuum, ol, the diagram of the second cylinder is

formed; hi, the second line of admission, coincides with the exhaust-line
hg of the first cylinder, showing in the ideal diagram no intermediate
fall of pressure, and ik is the expansion-curve. The arrows indicate
the order in which the diagrams are formed.

In the action of the receiver-engine, the expansive working of the
steam, though clearly divided into two consecutive stages, is, as in the
Woolf engine, essentially continuous from the point of cut-off in the first

cyUnder to the end of the stroke of the second. cyUnder, where it is

delivered to the condenser; and the first and second diagrams may he
placed together and combined to form a continuous diagram. For this
purpose take the second diagram as the basis of the combined diagram^
namely, hiklo, Fig. 168. The period of admission, hi, is one-third of the
stroke, and as the ratios of the cylinders areas 1 to 3, hi is also the propor-
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Produce oh up-
the

tional length of the first diagram as applied to the second. ^
wards, and set off oc equal to the total height of the first diagram above the
vacuura-hne; and, upon the shortened base/ii, and the height he, complete
the lirst diagram with the steam-line cd and the expansion line di.

It is shown by Clark (S. E., p. 432 et seq.) in a series of arithmetical calcu-.

lations, that the receiver-engine is an elastic system of compound engine, in
which considerable latitude is afforded for adapting the pressure in the re=-

ceiver to the demands of the second cylinder, without considerably dimin.
ishing the effective work of the engine. In the Woolf engine, on the
contrary, it is of much importance that the intermediate volume of space
between the first and second cyhnders, which is the cause of an interme-
diate fah of pressure, should be reduced to the lowest practicable amount.

Supposing that there is no loss of steam in passing through the engine,
by cooling and condensation, it is obvious that whatever steam passes
through the first cylinder must also find its way through the second
cylinder. By varying, therefore, in the receiver-engine, the period of
admission in the second cylinder, and thus also the volume of steam ad-
mitted for each stroke, the steam will be measured into it at a higher
pressure and of a less bulk, or at a lower pressure and of a greater bulk;
the pressure and density naturally adjusting themselves to the volume
that the steam from the receiver is permitted to occupy in the second
cylinder. With a sufficiently restricted admission, the pressure in the
receiver may be maintained at the pressure of the steam as exhausted
from the first cyhnder. On the contrary, with a wider admission, the
pressure in the receiver may fall or "drop" to three-fourths or even one-
half of the pressure of the exhaust steam from the first cyUnder.

(For a more complete discussion of the action of steam in the Woolf
and receiver engines, see Clark on the Steam-engine.)
Combined Diagrams of Compound Engines. — The only way of

making a correct combined diagram from the indicator-diagrams of

the several cyhnders f

in a compound engine A
| _ B _

is to set off all the
diagrams on the same
horizontal scale of vol-
umes, adding the
clearances to the cyl-
inder capacities prop-
er. When this is
attended to, the suc-
cessive diagrams fall

exactly into their right
places relatively to one
another. . and would
compare properly with
any theroretical ex-
pansion-curve, (Prof.
A. B. W. Kennedy,
Proc. Inst. M. E., Oct.,
1886.)

This method ofcom-
bining diagrams is

commonly adopted,
but there are objec-
tions to its accuracy,
since the whole quan-
tity of steam con- Fig. 169.
sumed in the first cylinder at the end of the stroke is not carried forward
to the second, but a part of it is retained in the first cyUnder for com-
pression. For a method of combining diagrams in which compression
is taken account of, see discussions by Thomas Mudd and others, in Proc.
Inst. M. E., Feb., 1887, p. 48. The usual method of combining diagrams
is also criticised by Frank H. Ball as inaccurate and misleading {Am.
Mach., April 12, 1894; Trans. A. S. M. E., xiv, 1405, and xv, 403).

Figure 169 shows a combined diagram of a quadruple-expansion engine,
drawn according to the usual method, that is, the diagrams are first
reduced in length to relative scales that correspond with the ^-elative
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piston-displacement of the three cylinders. Then the diagrams are
placed at such distances from the clearance-line of the proposed combined
diagram as to represent correctly the clearance in each cylinder.
Proportions of Cylinders in Compound Engines. — Authorities

differ as to the proportions by volume of the high and lojw pressure

cylinde£s v and F. _ Thus Grashof gives V -^ v = 0.85 V'r; Hrabak,
0.90 v'r; Werner, Vr; and Rankine, ^/r^, r being the ratio of expansion.

Busley makes the ratio dependent on the boiler-pressure thus:

Lbs. per sq. in 60 90 105 120
V -i- V =3 4 4.5 5

(See Seaton's Manual, p. 95, etc., for analytical method; Sennett, p. 496,
etc.; Clark's Steam-engine, p. 445, etc.; Clark's Rules, Tables, Data, p. 849,
etc.)

Mr. J. McFarlane Gray states that he finds the mean effective pressure
in the compound engine reduced to the low-pressure cyUnder to be approx-
imately the square root of 6 times the boiler-pressure.
Ratio of Cylinder Capacity in Compound 3Iarine Engines. (Sea-

ton.) — The low-pressure cylinder is the measure of the power of a com-
pound engine, for so long as the initial steam-pressure and rate of expansion
are the same, it signifies very little, so far as total power only is concerned,
whether the ratio between the low and high pressure cylinders is 3 or
4; but as the power developed should be nearly equally divided between
the two cylinders, in order to get a good and steady working enginer
there is a necessity for exercising a considerable amount of discretion
in fixing on the ratio.

In choosing a particular ratio the objects are to divide the power evenly
and to avoid as much as possible "drop" and high initial strain. [Some
writers advocate drop in the high-pressure cyUnder making it smaller
<.han is the usual practice and making the cylinder ratio as high as 6 or 7.]

If increased economy is to be obtained by increased boiler-pressures
the rate of expansion should vary with the initial pressure, so that the
pressure at which the steam enters the condenser should remain constant.
In this case, with the ratio of cylinders constant, the cut-off in the high-
pressure cylinder will vary inversely as the initial pressure.

Let R be the ratio of the cylinders; r the rate of expansion; pi the
initial pressure: then cut-off in high-pressure cylinder = R -ir r; r varies jl

with pi, so that the terminal pressure p^ is constant, and consequently I

r = Pi-5- p^; therefore, cut-off in high-pressure cylinder = R X p^ -s- pi,l

Ratios of Cylinders as Found in Marine Practice. — The rate of
expansion may be taken at one-tenth of the boiler-pressure (or about one-
twelfth the absolute pressure), to work economically at full speed. There-
fore, when the diameter of the low-pressure cylinder does not exceed
100 inches, and the boiler-pressure 70 lbs., the ratio of the low-pressure
to the high-pressure cyUnder should be 3.5; for a boiler-pressure of 80 lbs.,

3.75; for 90 lbs., 4.0; for 100 lbs., 4.5. If these proportions are adhered
to, there will be no need of an expansion-valve to either cylinder. If,

however, to avoid "drop," the ratio be reduced, an expansion-valve
should be fitted to the high-pressure cylinder.
Where economy of steam is not of first importance, but rather a large

power, the ratio of cyUnder capacities may with advantage be decreased,
so that with a boiler-pressure of 100 lbs. it may be 3.75 to 4.

In tandem engines there is no necessity to divide the work equally.
The ratio is generaUy 4, but when the steam-pressure exceeds 90 lbs,
absolute 4.5 is better, and for 100 lbs. 5.0.
When the power requires that the l.p. cylinder shall be more than 100 in.

diameter, it should be divided in two cylinders. In this case the ratio of the
combined capacity of the two l.p. cylinders to that of the h.p. mav be
3.0 for 85 lbs. absolute, 3.4 for 95 lbs., 3.7 for 105 lbs., and 4.0 for 115 lbs.

Receiver Space in Compound Engines should be from 1 to 1.5 times
the capacity of the high-pressure cylinder, when the cranks are at an^,
angle of from 90° to 120°. When the cranks are at 180° or nearly this,
the space may be very much reduced. In the case of triple-compound
engines, with cranks at 120°, and the intermediate cyUnder leading the
high-pressure, a very small receiver wiU do. The pressure in the receiver,
Should never exceed half the boiler-pressure. (Seaton.) ^
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formula for Calculating the Expansion and the Work of Steam
in Compound Engines.

(Condensed from Clark on the "Steam-engine.")

a = area of the first cylinder in square inches;
a' = area of the second cylinder in square inches;
r = ratio of the capacity of the second cyUnder to that of the first;

L = length of stroke in feet, supposed to be the same for both cylinders

;

I = period of admission to the first cyUnder in feet, excluding clearance;
c == clearance at each end of the cyhnders, in feet;

U == length of the stroke plus the clearance, in feet;

V= period of admission plus the clearance, in feet;

s = length of a given part of the stroke of the second cylinder, in feet;
P = total initial pressure in the first cylinder, in lbs. per square inch,

supposed to be uniform during admission;
P' = total pressure at the end of the given part of the stroke s;

p = average total pressure for the whole stroke;
R = nominal ratio of expansion in the first cyUnder, or L -i- I;

R' = actual ratio of expansion in the first cyhnder, or L' -i- V;
R" = actual combined ratio of expansion, in the first and second cylin-

ders together;
n = ratio of the final pressure in the first cylinder to any intermxediate

fall of pressure between the first and second cyhnders;
N = ratio of the volume of the intermediate space in the Woolf engine,

reckoned up to, and including the clearance of, the second pis-
ton, to the capacity of the first cylinder plus its clearance. The
value of N is correctly expressed by the actual ratio of the
volumes as stated, on the assumption that the intermediate space
is a vacuum when it receives the exhaust-steam from the first

cylinder. In point of fact, there is a residuum of unexhausted
steam in the intermediate space, at low pressure, and the valup
of A'' is thereby practically reduced below the ratio here stated

n— 1

w = whole net work in one stroke, in foot-pounds.

Ratio of expansion in the second cylinder:

In the Woolf engine, -

In the receiver-engine,

1 + N
(n-l)r

Total actual ratio of expansion = product of the ratios of the three
consecutive expansions, in the first cylinder, in the intermediate space,
and in the second cylinder,

In the Woolf engine, R' (r -=-, + Nj;

In the receiver-engine, r -p-t or rR'.

Work done in the two cylinders for one stroke, with a given eut-oCf
and a given combined actual ratio of expansion:

Woolf engine, w=aP [l'{\ + hyp log R") -c\;

Receiver engine, w^aP \l' (1 + hyp log R") -c ( 1 H—^ j j»

when there is no intermediate fall of pressure.
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When there is an intermediate fall, when the pressure falls to 3/4, 2/3,

1/2 of the final pressure in the 1st cylinder, the rediiction of work is 0.2%,
1.0%, 4.6% of that when there is no fall.

Total work in the two cylinders of a receiver-engine, for one stroke
for any intermediate fall of pressure,

»-^ [.
("-±i . h,p !„,«.) -c (1 . <-^^^^#-a)J.

Example. — Let a = 1 sq. in., P = 63 lbs., V = 2.42 ft., 71 = 4, R" =
5.969, c = 0.42 ft., r = 3,R' = 2.653;

= 1 X 63 [2.42 (5/4 hyp log 5.969) - .42 ( 1 + ^^^^^3 ) ]
= 421 .55 ft .-lbs.

Calculation of Diameters of Cylinders of a compound condensing
engine of 2000 H.P. at a speed of 700 feet per minute, with 100 lbs. boiler-
pressure.

100 lbs. gauge-pressure = 115 absolute, less drop of 5 lbs. between
boiler and cylinder = 110 lbs. initial absolute pressure. Assuming
terminal pressure in l.p. cylinder = 6 lbs., the total expansion of steam
in both cyUnders = 110 -e- 6 = 18.33. Hyp log 18.33 = 2.909. Back
pressure in l.p. cylinder, 3 lbs. absolute.
The following formulae are used in the calculation of each cylinder:

,,, ^ „ ,. , H.P. X 33,000
(1) Area of cyhnder=

^^
, „ ^ ^^

——^ ^.
M.E.P. X piston-speed

(2) Mean effective pressure = mean total pressure — back pressure.
(3) Mean total pressure = terminal pressure X (1 + hyp log R).
(4) Absolute initial pressure = absolute terminal pressure X ratio of

expansion.
First calculate the area of the low-pressure cylinder as if all the work

were done in that cylinder.
From (3), mean total pressure = 6 X (1 + hyp log 18.33) = 23.454

lbs.

From (2), mean effective pressure = 23.454 — 3 = 20.454 lbs. .

From (1), area of cylinder=
20 454 X 7nn

=4610sq.ins. = 76.6ins.diamjj

If half the work, or 1000 H.P.', is done in the l.p. cyUnder the M.E.P.I
^/ill be half that found above, or 10.227 lbs., and the mean total pressure I

10.227+ 3 = 13.227 lbs.

From (3), 1 + hyp log R = 13.227 -4- 6 = 2.2045. !

Hyp log R = 1.2045, whence R in l.p. cyl. = 3.335.
From (4), 3.335X6 = 20.01 lbs. initial pressure in l.p. cyl. and ter-

minal pressure in h.p. cyl., assuming no drop between cylinders.
110 ^ 20.01 = 18.33 -^ 3.335 = 5.497, i? in h.p. cyl.

From (3), mean total pres. in h.p. cyl. = 20.01 X (1 + hyp log 5.497)
= 54.11.
From (2), 54.11 - 20.01 = 34.10, M.E.P. in h.p. cyl.

„ /IN fu 1 1000X33,000 ,„o^ . ... ,.From (1), area of h.p. cyl. == —
• = 1382 sq. ins. = 42 ins. diam.

Cylinder ratio = 4610 -^ 1382 = 3.336.
The area of the h.p. cylinder may be found more directly by dividing

the area of the l.p. cyl. by the ratio of expansion in that cylinder. 4610
-V- 3.3.35 = 1382 sq. ins.

In the above calculation no account is taken of clearance, of com-
pression, of drop between cylinders, nor of area of piston-rods. It also
assumes that the diagram in each cylinder is the full theoretical diagram,
with a horizontal steam-line and a hyperbolic expansion line, with no
allowance for rounding of the corners. To make allowance for these,
the mean effective pressure in each cylinder must be multiplied by a
diagram factor, or the ratio of the area of an actual diagram of the class
of engine considered, with the given initial and terminal pressures, to the
area of the theoretical diagram. Such diagram factors will range from
0.6 to 0.94, as in the table on p. 962.
Best Ratios of Cylinders. — The question what is the best ratio of

areas of the two cylinders of a compound engine is still (1901) a disputed
one, but there appears to be an increasing tendency in favor of large
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ratios.'-even as greatas 7or 8 to 1, with considerable terminal drop in
the high-pressure cylinder. A discussion of the subject, together with a
description of a new method of drawing theoretical diagrams of multiple-
expansion engines, taking into consideration drop, clearance, and com-
pression will be foimd in a paper by Bert C. Ball, in Trans. A. S. M. E.,
xxi, 1002.

TRIPLE-EXPANSION ENGEVES.

Proportions of Cylinders. — H. H. Siiplee, Mechanics, Nov., 1887,
gives the following method of proportioning cyUnders of triple-expansion
engines:
As in the case of compound engines the diameter of the low-pressure

cylinder is first determined, being made large enough to furnish the entire
power required at the mean pressure due to the initial pressure and
expansion ratio given; and then this cylinder is given only pressure enough
to perform one-third of the work, and the other cyUnders are proportioned
so as to divide the other two-thirds between them.

Let us suppose that an initial pressure of 150 lbs. is used and that
900 H.P. is to be developed at a piston-speed of 800 ft. per min., and that
an expansion ratio of 16 is to be reached with an absolute back-pressure
of 2 lbs.
The theoretical M.E.P. with an absolute initial pressure of 150 +14.7 =»

164.7 lbs. initial at 16 expansions is

P(l+hypIogl6) ^ ^g^^ ^ 37726 _ 33^3^
16 1"

less 2 lbs. back pressure, = 38.83 - 2 = 36.83.
In practice only about 0.7 of this pressure is actually attained, so thai

36.83 X 0.7 = 25.781 lbs. is the M.E.P. upon which the engine is to be
proportioned.
To obtain 900 H.P. we must have 33,000 X 900 = 29,700,000 foot >

pounds, and this divided by the mean pressure (25.78) and by the speec/
in feet (800) will give 1440 sq. in. as the area of the l.p. cylinder, aboul
ecfuivalent to 43 in. diam.
Now as one-third of the work is to be done in the l.p. cylinder, the

M.E.P. in it will be 25.78 ^ 3 = 8.59 lbs.

The cut-off in the high-pressure cylinder is generally arranged to cut off
at 0.6 of the stroke, and so the ratio of the h.p. to the l.p. cylinder is equal
to 16 X 0.6 = 9.6, and the h.p. cylinder will be 1440 -f- 9.6 = 150 sq.
in. area, or about 14 in. diameter, and the M.E.P. in the h.p. cylinder is
equal to 9.6 X 8.59 ^ 82.46 lbs.

If the intermediate cylinder is made a mean size between the other two,
its size would be determined by dividing the area of the l.p. cyhnder by
the square root of the ratio between the low and the high; but in practice
this is found to give a result too large to equalize the stresses, so that
Instead the area of the int. cylinder is found by dividing the area of the
l.p. piston by 1.1 times the square root of the ratio of l.p. to h.p. cylinder,

which in this case is 1440 •* (1.1 V9.6) = 422.5 sq. in., or a little more
than 23 in. diam.
The choice of expansion ratio is governed by the initial pressure, and is

generally chosen so that the terminal pressure in the l.p. cylinder shall be
about 10 lbs. absolute.

Formulae for Proportioning Cylinder Areas of Triple-Expansion
Engines. — The following formulae are based on the method of first
finding the cylinder areas that would be required if an ideal hyperboUc dia-
gram were obtainable from each cylinder, with no clearance, compression,
wire-drawing, drop by free expansion in receivers, or loss by cylinder
condensation, assuming equal work to be done in each cylinder, and
then dividing the areas thus found by a suitable diagram factor, such as
those given on page 962, expressing the ratio which the area of an actual
diagram, obtained in practice from an engine of the type under consider-
ation, bears to the ideal or theoretical diagram. It will vary in different
classes of engine and in different cylinders of the same engine, usual
values ranging from 0.6 to 0.9. When any one of the three stages of
expansion takes place in two cylinders, the combined area of these
cylinders equals the area found by the formulae.
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Notation.

Pi = initial pressure in the high-pressure cyhnder.
p^= terminal pressure in the low-pressure cylinder.

i?5 = back pressure in the low-pressure cylinder.

P2 = term, press, in h.p. cyl. and initial press, in intermediate cyl.

Pi= term, press, in int. cyl. and initial press, in l.p. cyl.
Bi, R'i, Ri, ratio of exp. in h.p. int. and l.p. cyls.
B = total ratio of exp. = Bi X B2 X B3.
P = M.E.P. of the combined ideal diagram, referred to the l.p. cyL
Pi, P2, Ps = M.E.P. in the h.p., int., and l.p. cyls.
H P = horse-power of the engine = PLA3N -f- 33,000.
L = length of stroke in feet ; N = number of single strokes per min.
Ai, A2, A3, areas (sq. ins.) of h.p. int. and l.p. cyls. (ideal).W = work done in one cylinder per foot of stroke.
7"2 = ratio of A2 to Ai; rs = ratio of A3 to Ai.
Fi, Fi, F3, diagram factors of h.p. int. and l.p. cyl.
fli, flz, as, areas (actual) of h.p. int. and l.p. cyl.

Formuloe.

(1) B = Pi -*
pt.

(2) P =Pta + hyp log R) - P5.

(3) Ps = 1/3 P.
(4) Hyp log Rs = (Ps - Pt+ Pb) ^Vt-
(5) RiRi = R -i- Rz; Ri = R2 = VRiR^
(6) pi^ = Pt X R3.

(7) P2 = Pz y R2.
(8) pi = P2 X Ri.
(9) P2 = P3 (hyp log R2) = PzRz.

(10) Pi = P2 (hyp log Ri) = P2R2,
(11) W = 11,000 /7P H- LN.
(12) Ai = W-^ Pi; A2 = W ^ P2, As = W ^ Pz.
(13) r2 = ^2 -^ ^1 = Pi -^ P2 = Ri or R2; rz = Az -i- Ai =* Pi ~
(14) ai = At -5- Pi: a2 = A2 -i- P2; az = Az -^ Fz.

From these formulae the figures in the following tables have 1

calculated:

Theoretical Mean Effective Pressures, Cylinder Ratios, I
OF Triple-Expansion Engines.

Back pressure, 3 lbs. Terminal pressure, 8 lbs, (absolute).

Pi. R. P. Pz. R3.
Ri, R2,
or r2.

Vz- V2. P2. Pi. rs.

120 15 26.66 8.89 1.626 3.037 13.01 39.51 14.45 43.89 4.939
140 17.5 27.90 9.30 1.712 3.197 13.70 43.79 15.92 50.89 5.472
160 '^0 2K.9/ 9.66 1.790 3.343 14.32 47.86 17.29 57.76 5.980
180 22.5 29.91 9.97 1.861 3.477 14.89 51.77 18.55 64.52 6.471

200 25 30.75 10.25 1.928 3.601 15.42 55.54 19.76 71.16 6.942
220 27.5 31.51 10.50 1.990 3.718 15.91 59.16 20.90 77.69 7.397
240 30 32.21 10.74 2.049 3.826 16.39 blJl 22.00 84.16 7.839

Theoretical Mean Effective Pressures? Cylinder Ratios, Etc.,
OF Triple-Expansion Engines.

Back pressure, 3 lbs. Terminal pressure, 10 lbs, (absolute).

Pu R. P. Ps. Rz.
Ri, R2,
or r2. P3. P2. P2. Pi. rz.

120 ]?. 31.85 10.62 1.436 2.890 14.36 41.50 15.24 44.04 4.148

140 14 33.39 11.13 1.5II 3.044 15.11 45.99 16.82 51.20 4.600

160 16 34.73 11.58 1.580 3.182 15.80 50.28 18.29 58.20 5.027

180 18 35.90 11.97 1.643 3.310 16.43 54.38 19.66 65.09 5.439

200 20 36.96 12.32 1.702 3.428 17.02 58.34 20.97 71.88 5.834

220 7,2 37.91 12.64 1.757 3.538 17.57 62.15 22.20 78.54 6.215

240 24 38.78 12.93 1.809 3.642 18.09 65.88 23.38 85.15 6.587

Given the required H.P. of an engine, its speed and length of stroke.
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a,nd the assumed diagram factors Fi, Fi, Fs for the three cylinders, tne
areas of the cylinders may be found by using formulae (11), (12), and
(14), and the values of Pi, P2, and P3 in the above table.

A Common Rule for Proportioning the Cylinders of multiple-
expansion engines is: for two-cyhnder compound engines, the cyhnder
ratio is the square root of the number of expansions, and for triple-

expansion engines the ratios of the high to the intermediate and of the
intermediate to the low are each equal to the cube root of the number of
expansions, the ratio of the high to the low being the product of the two
ratios, that is, the square of the cube root of the number of expansions.
Applying this rule to the pressures above given, assuming a terminal
pressure (absolute) of 10 lbs. and 8 lbs. respectively, we have, for triple-

expansion engines:

Boiler-
Terminal Pressure, 10 lbs. Terminal Pressure, 8 lbs.

pressure
(Absolute).

No. of Ex-
pansions.

Cylinder Ratios,
areas.

Nc. of Ex-
pansions.

Cylinder Ratios,
areas.

130

140
150
160

13

14

15

16

1 to 2.35 to 5.53
1 to 2.41 to 5.81

1 to 2.47 to 6.0s
1 to 2.52 to 6.35

161/4
171/2
183/4
20

1 to 2.53 to 6.42
1 to 2.60 to 6.74
1 to 2.66 to 7.06
1 to 2.71 to 7.37

The ratio of the diameters is the square root of the ratios of the areas,
and the ratio of the diameters of the first and third cylinders is the same
as the ratio of the areas of first and second.

Seaton, in his Marine Engineering, says: When the pressure of steam
employed exceeds 115 lbs. absolute, it is advisable to employ three
cylinders, through each of which the steam expands in turn. The ratio
of the low-pressure to high-pressure cylinder in this system should be 5,
when the steam-pressure is 125 lbs. absolute; when 135 lbs., 5.4; when
145 lbs., 5.8; when 155 lbs., 6.2; when 165 lbs., 6.6. The ratio of low-
pressure to intermediate cyhnder should be about one-half that between
low-pressure and high-pressure, as given above. That is, if the ratio
of l.p. to h.p. is 6, that of l.p. to int. should be about 3, and consequentl.v
that of int. to h.p. about 2. In practice the ratio of int. to h.p. is nearly
2.25, so that the diameter of the int. cyhnder is 1.5 that of the h.p. The
introduction of the triple-compound engine has admitted of ships being
propelled at higher rates of speed than formerly obtained without exceed-
ing the consumption of fuel of similar ships fitted with ordinary com-
pound engines; in such cases the higher power to obtain the speed has been
developed by decreasing the rate of expansion, the low-pressure cylin-
der being only 6 times the capacity of the liigh-pressure, with a working
pressure of 170 lbs. absolute. It is now a very general practice to make
the diameter of the low-pressure cylinder equal to the sum of the diameters
of the h.p. and int. cyhnders; hence,

Diameter of int. cyhnder =1.5 diameter of h.p. cyhnder;
Diameter of l.p. cyhnder = 2.5 diameter of h.p. cyhnder.

In this case the ratio of l.p. to h.p. is 6.25; the ratio of int. to h.p. is 2.26;
and ratio of l.p. to int. is 2.78.

Ratios of Cylinders for Different Classes of Engines. (Proc. Inst,

M. E., Feb., 1887, p. 36.)— As to the best ratios lor the cyhnders in a
triple engine there seems to be great difference of opinion. Considerable
latitude, however, is dUe to the requirements of the case, inasmuch as
it would not be expected that the same ratio would be suitable for an
economical land engine, where the space occupied and the weight were of
minor importance, as in a war-ship, where the conditions were reversed.
In the land engine, for example, a theoretical terminal pressure of about
7 lbs. above absolute vacuum would probably be aimed at, which would
give a ratio of capacity of high pressure to low pressure of 1 to 8 1/2 or 1 to
9; whilst in a war-ship a terminal pressure would be required of 12 to 13
lbs. which would need a ratio of capacity of 1 to 5; yet in both these
instances the cyhnders were correctly proportioned and suitable to the
requirements of the case. It is obviously unwise, therefore, to introduce
anv hard-and-fast rule.

' Types of Three-stage Expansion Engines.— 1. Three cranks at
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120 deg. 2. Two cranks with 1st and 2d cylinders tandem. 3. Two
cranks with 1st and 3d cylinders tandem. The most common type is the
first, with cylinders arranged in the sequence high, intermediate, low.

Sequence of Cranks. — Mr. WylUe {Proc. Inst. M. E., 1887) favors
the sequence high, low, intermediate, while Mr. Mudd favors high, inter-
mediate, low. The former sequence, high, low, intermediate, gave an;
approximately horizontal exhaust-Une, and thus minimizes the range of
temperature and the initial load; the latter sequence high, intermediate,
low, increased the range and also the load.

Mr. Morrison, in discussing the question of sequence of cranks, pre-,

sented a diagram showing that with the cranks arranged in the sequence^
high, low, intermediate, the mean compression into the receiver was
191/2 per cent of the stroke; with the sequence liigh, intermediate, low.
It was 57 per cent.

In the former case the compression was just what was required to keep
the receiver-pressure practically uniform; in the latter case the compression
caused a variation in the receiver-pressure to the extent sometimes of
221/2 lbs.

Velocity of Steam through Passages in Compound Engines.
(^Proc. Inst. M. E., Feb., 1887.) — In the SS. Para, taking the area of the
cyhnder multiplied by the piston-speed in feet per second and dividing
by the area of the port the velocity of the initial steam through the high-
pressure cylinder port would be about 100 feet per second; the exhaust
would be about 90. In the intermediate cyhnder the initial steam had
a velocity of about 180, and the exhaust of 120. In the low-pressure
cylinder, the initial steam entered through the port with a velocity of 250,
and in the exhaust-port the velocity was about 140 feet per second.

A Double-tandem Triple-expansion Engine, built by Watts,
Campbell & Co., Newark, N. J., is described in Am. Mach., April 26, 1894.
It is two three-cyUnder tandem engines coupled to one shaft, cranks at
90°, cyhnders 21, 32 and 48 by 60 in. stroke, 65 revolutions per minute,

I ated H.P. 2000; fly-wheel 28 ft. diameter, 12 ft. face, weight 174,000
bs.; main shaft 22 in. diameter at the swell; main journals 19 X 38 in.;

;rank-pins 91/2 X 10 in.; distance between center lines of two engines
24 ft. 71/2 in.; Corliss valves, with separate eccentrics for the exhaust*
calves of the l.p. cylinder.

QUADRUPLE-EXPANSION ENGINES.

H. H. Suplee (Trans. A. S. M. E., x, 583) states that a study of 14
different quadruple-expansion engines, nearly all intended to be operated
at a pressure of 180 lbs. per sq. in., gave average cylinder ratios of 1 to 2,
to 3.78, to 7.70, or nearly in the proportions 1, 2, 4, 8.

If we take the ratio of areas of any two adjoining cylinders as the fourth
root of the number of expansions, the ratio of the 1st to the 4th will be
the cube of the fourth root. On this basis the ratios of areas for different
pressures and rates of expansion will be as follows:

Gauge- Absolute Terminal Ratio of Ratios of Areas
pressures. Pressures. Pressures. Expansion. of Cylinders.

(12 14.6 1 : 1.95:3.81 : 7.43
160 175

J
10 17.5 . 1 : 2.05: 4. 18: 8.55
8 21.9 1 : 2.16: 4.68: 10.12

(12 16.2 1:2.01 :4.02: 8.07
180 195 10 19.5 1 : 2.10: 4.42: 9.28

8 24.4 1 : 2.22: 4.94: 10.98
:2 17.9 1 :2.06: 4.23: 8.70

200 215 10 21.5 1 : 2.15: 4.64: 9.98

I 8 26.9 1:2.28:5.19: 11.81

(12 19.6 1:2.10:4.43: 9.31
220 235 10 23.5 1 : 2.20: 4.85: 10.67

8 29.4 1 : 2.33: 5.42: 12.62

Seaton says: When the pressure of steam employed exceeds 190 lbs.

absolute, four cylinders should be employed, with the steam expanding
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I

j

through each successively ; and the ratio of I.p. to h.p. should be at least

7.5, and if economy of fuel is of prime consideration it should be 8; then
the ratio of first intermediate to h.p. should be 1.8, that of second inter-
mediate to first int. 2. and that of I.p. to second int. 2.2.

>In a paper read before the North East Coast Institution of Engineers
and Shipbuilders, 1890, William Russell Cummins advocates the use of a
four-cylinder engine with four cranks as being more suitable for high
speeds than the three-cyUnder three-crank engine. The cylinder ratios,

he claims, should be designed so as to obtain equal initial loads in each
cyhnder. The ratios determined for the triple engine are 1, 2.04, 6.54,
and for the quadruple, 1, 2.08, 4.46, 10.47. He advocates long stroke,
high piston-speed, 100 revolutions per minute, and 250 lbs. boiler-pressure,
unjacketed cylinders, and separate steam and exhaust valves.

ECONOMIC PERFORMANCE OF STEA]>I-ENGINES.

Economy of Expansive Working under Various Conditions, Single
Cylinder.

(Abridged from Clark on the Steam Engine.)

1. Single Cylinders with Superheated Steam, Non-condensing.—
Inside cylinder locomotive, cylinders and steam-pipes enveloped by the
hot gases in the smoke-box. Net boiler pressure 100 lbs.; net maximum'
pressure in cyUnders 80 lbs. per sq. in.

Cut-off, per cent 20 25 30 35 40 50 60 70 80
Actual ratio of expan-
sion 3.91 3.31 2.87 2.53 2.26 1.86 1.59 1.39 1.23

Water per I.H.P. per
hour, lbs 18.5 19.4 20 21.2 22.2 24.5 27 30 33

2. Single Cylinders with Superheated Steam, Condensing. —
The best results obtained by Hirn, with a cylinder 233/4 x 67 in. and steam
superheated 150° F., expansion ratio 33/4 to 41/2, total maximum pressure
in cyUnder 63 to 69 lbs., were 15.63 and 15.69 lbs. of water per I.H.P. per
hour.

3. Single Cylinders, not Steam-jacketed, Condensing. — The best
result is from a Corliss-Wheelock engine 18 X 48 in.; cut-off, 12.5%-,
actual expansion ratio, 6.95; maximum absolute pressure in cyUnder
104 lbs.; steam per I.H.P. hour, 19.58 lbs. Other engines, with lower
steam pressures, gave a steam consumption as high as 26.7 lbs.

Feed-water Consumption of Different Types of Engines. — The
following tables are taken from the circular of the Tabor Indicator (Ash-
croft Mfg. Co., 1889). In the first of the two columns under Feed-water
required, in. the tables for simple engines, the figures are obtained by
computation from nearly perfect indicator diagrams, with allowance
for cylinder condensation according to the table on page 936, but without
allowance for leakage, with back-pressure in the non-condensing table
taken at 16 lbs. above zero, and in the condensing table at 3 lbs. above zero.
The compression curve is supposed to be hyperbolic, and commences at
0.91 of the return-stroke, with a clearance of 3% of the piston-displace-
ment.

Table No. 2 gives the feed-water consumption for jacketed compound-
condensing engines of the best class. The water condensed in the jackets
is included in the quantities given. The ratio of areas of the two cylinders
is as 1 to 4 for 120 lbs. pressure: the clearance of each cylinder is 3%
and the cut-off in the two cylinders occurs at the same point of stroke.
The initial pressure in the I.p. cyUnder is 1 lb. per sq. in. below the back-
pressure of the h.p. cyUnder. The average back-pressure of the whole
stroke in the I.p. cyUnder is 4.5 lbs. for 10% cut-off; 4.75 lbs. for 20%
cut-off; and 5 lbs. for 30% cut-off. The steam accounted for by the
indicator at cut-off in the h.p. cyUnder (allowing a small amount for leak-
age) is 0.74 at 10% cut-off, 0.78 at 20%, and 0.82 at 30% cut-off. The
loss by condensation between the cylinders is such that the steam ac-
counted for at cut-off in the I.p. cylinder, expressed in proportion of that
shown at release in the h.p. cylinder, is 0.85 at 10% cut-off, 0.87 at 20%
cut-off, aad 0.89 at 30% cut-off.
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TABLE No. 1.

Feed-water Consumption, Simple Engines,

Non-condensing Engines. Condensing Engines.

i^ Feed-water Re- i: Feed-water Re-
o

1
-Q quired per LH.P. o

a s quired per I.H.P."
per Hour. ;Q per Hour.

<
>

£ <i flT

kA ^
i i-S i'S^oj

s £ S S J Qi <1 a 3 M .

d
03 Ph

ii

111OMC3

5Sil to
c3 £ OH^

6

1

h
11

>

1
Corresponding

tual

Results

A

in

Practice,

ing

Slight

Lea 1
6
a

u

h 1

1

Hi Corresponding

tual

Results

A

in

Practice,

ing

Slight

Le

80 16.07 27.61 29.88 80 29.72 17.30 18.89
10

J
90 19.76 25.43 27.43 10 90 33.41 17.15 18.70

[

100 23.45 23.90 25.73 100 37.10 17.02 18.56

80 32.02 24.04 25.68
(

80 38.28 17.60 19.09 ,

20 90 37.47 23.00 24.57 '5 90 42.92 17.45 18.91
!00 42.92 22.25 25.77 ( 100 47.56 17.32 18.74-

{
80 43.97 24.71 26.29

(
80 45.63 18.27 19.69

30
}

90 50.73 23.91 25.38 20 90 51.08 18.14 19.51

( 100 57.49 23.27 24.68 ( 100 56.53 18.02 19.36

(
80 53.25 25.76 27.17

(
80 57.57 19.91 21.25

<T 90 61.01 25.03 26.35 30 90 64.32 19.78 21.06

I ?00 68.76 24.47 25.73 ( 100 71.08 19.67 20.93

80 60.44 26.99 28.38 ( 80 66.85 21.36 22.56
50 90 68.96 26.32 27.62 40 90 74.60 21.24 22.41

,
100 77.48 25.78 26.99 I 100 82.36 21.13 22.24

TABLE No. 2
Feed-water Crnsumption for Compound CoNr ensing ]Engines.

Cut-off
per cent.

Initial Pressure above
Atmosphere. Mean Effective Press.

Fe
R

per

ed-water
equired
I.H.P. per

1

h.p. Cyl.,lb.|l.p.CyL,lb.! i.p.Cyl.,lb. l.p.C^>rl.,lb. Hour, lb.

80 4.0 11.67 2.()5 6.92
10 100 7.3 15.33 3.(57 5.00

120 n.o 18.54 5. 23 3.86

( 80 4.3 26.73 5. i8 4.60
20 \

100 8.1 33.13 7. 56 3.67

\ 120 12.1 39.29 9. 74 3.09

( 80 4.6 37.61 7. 48 4.99
30 \

100 8.5 46.41 10. 4.21

i 120 11.7 56.00 12. 26 3.87

Sizes and Calculated Performances of Vertical High-speed
Engineso — The following tables are taken from an old circular, describ-
ing the engines made by the Lake Erie Engineering Works, Buffalo, N. Y.
The engines are fair representatives of the type largely used for driving
'dynamos directly without belts. The tables were calculated by E. P.
Williams, designer of the engines. They are here somewhat abriaged to
save space.
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1 Simple Engines — Non-condensing*
'^

• H.P.when H.P. when H.P.when Dmien-
.^.

6^^
.a ^ cutting off cuttmg off cutting off

sions of
Wheels,
dia. face

a

2

-1

|i

37C

at l/s stroke at 1/4 stroke at 1/3 stroke a
6

^

70 80 90 70 80 90 70 80 90 is
m lbs

~2(

lbs lbs

"'~3C

lbs lbs lbs

~3^

lbs lbs lbs

7~T 4 4 7i7o

«^
10 3

»V? 12 31t 2i 3.I 3S 3 4 4- 4 4 ^ 5f 41/0 5 73/1 31/0
lUi/? 14 2;y 4 4<) 6t !j I 6.- 7 6 7 \

8= 5' 9" 6 1/0 31/n 4
|I2 16 24t 5: 6^ ' yy 6 1 8 9. 8 I 9 1 11 6' 8" 9 ' 4 41/2
131/. 18 222 6f 8() 9e 8 1 10 IK) 10 I 17 1 13f 71/3 1 4
16 20 18 95 II. I3t 12 1 14^ I6() 14 1 17 ?, |9f 8'4" 15 41/9 6
!>« 24 bfc IIS 14^ \L 15 18 20f^ 18 5 71 7 74? 10 19

5^'
7

|22 28 I3fc 17S 2I() 26 22 7 77 '. 31 77 1 37 4 37 1 V8" 28 6 8
1241/,, 32 121 22 26 322 28 33 1 38 1 34 ) 40 1 46f 13' 4" 34 7 9
\2J 34 \\i 26^ 32. 392. 34 Z 40 ) 47 ) 41 i 48 J 56( 14'2'-- 41 8 10

M.E.P.,Ib3.... 24 29 35 30 7 36 ) 47 37 43 7 50

Ratio of exp. . .

.

Note. — The
5 4 3 nominal-power

Term'I press.
rating of the en-
gines is at 80 lbs.

(about), lbs. . 17. ) 20 22.. 22. 4 25 27. 3 29. S33. iibA? gauge pressure,
Cyl. cond'n, %. 26 26 26 24 24 24 21 21 21 steam cut-off at
Steam perl.H.P
hour, lbs

1/4 stroke.
32. ) 30 27. }31.2|29. )27.<) 32 |31. 4 30

Compound Engines — Non-condensing — High-pressure Cylinder
and Receiver Jaclieted.

H.P., cutting off H.P., cutting off H.P., cutting off

Diam.
Cylinder,
inches.

S at 1/4 Stroke at 1/3 Stroke at 1/2 Stroke

1
a
2

in h.p. Cylinder. in h.p. Cylinder. in h.p. Cylinder.

Cyls. Cyls. Cyls. Cyls. Cyls. Cyl?

2 11

31/3: I. 41/2: I. 31/3:1. 41/2: 1. 31/3: 1. 41/2 : s.

tLt Ph ^ 80 90 130 150 80 90 130 150 80 90 no 150

w w >A bs. bs. bs. bs. bs. lbs. lbs. bs. lbs. lbs lbs. lb3.

53/4 6l/, 17. 10 370 7 15 19 32 23 31 35 46 44 55 64 79
63/8 llh 131/0 12 318 9 19 24 40 29 39 45 59 56 7( 81 101
>^/4 9 161/0 14 7.77 14 28 36 60 43 58 67 87 83 10^ 121 I59>

9 lov. 19 16 7,46 18 37 47 78 57 76 87 114 109 136 m 196
toi/?, 12 221/9 18 222 26 53 68 112 81 109 125 164 156 195 226 781
12 !3Vo 25 20 185 32 65 84 139 100 135 154 202 192 24 i 279 346
S3 1/7 131/, 281/9 24 158 43 88 112 186 135 181 206 271 258 323 37^ 464
16 181/9 331/9 28 138 bl 118 151 749 180 242 277 363 346 433 502 623
18 201/, 38 32 120 74 152 194 371 232 312 357 468 446 55< 647 803
20 221/0 43 34 112 94 194 749 417 797 400 457 601 572 715 829 103(t

^41/7 281/9 32 42 93 138 285 365 603 436 587 670 880 838 1048 1215 150S
2«l/2 33 60 48 80 180 374 477 789 570 767 877 151 1096 1370 1589 1973

Mean eff. pressure, lbs- 3.3 6.8 8.7 4.4 0.4 4.0 16 21 20 25 29 36

Ratio of expansion 131/2
1

181/4 101/4
1

133/4 63/4 91/4

Cyl. condensation, % .

.

14 14 16 16 12 12 13 13 10 10 II 11

Ter.pres. (abt.), lbs... 7.3 7 7 7 9 9 9 2 4 5 12 14 15 5 14 6 17 8
Loss from expanding
below atmosphere, % 34 15 17 3 5 (»

Bt. per I.H.P. hour, Iba. 55 S 47 29 .13.3 27.7 28.7b 5.4 _30 26.2 21 20!
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Compound Engines —- Condensing — Steam-jacketed

H.P. when H.P. when H.P. when
cutting off at cutting off at cutting off at

Diam ^ 1/4 Stroke 1/3 Stroke 1/2 Stroke

Cylinder,
inches.

s ^ in h.p. Cylinder. in h.p. Cylinder. in h.p. CyUnder.

G Ratio, Ratio, Ratio, Ratio, Ratio, Ratio,

2
1.1

31/3: 1. 4: I. 31/3: 1. 4: 1. 31/3: 1. 4: 1.

Ph PM p^ 80 110 115 125 80 110 115 125 80 110 115 125

W

61^ 12

m rt lbs. lbs. lbs. lbs. lbs. lbs. lbs. lbs. lbs. lbs. lbs. lbs.

6 10 370 44 59 53 62 55 70 68 75 70 97 95 106

6V-> 71/0 131/. 12 318 56 76 67 78 70 90 87 95 90 123 120 134

Rl/l 9 161/2 14 277 83 112 100 lie 104 133 129 141 133 183 1/9 20U

91/0 ini/o 19 16 246 109 147 131 152 136 174 169 185 174 239 234 261

n 12 221/-> 18 222 156 210 187 218 195 250 242 265 250 343 335 374
]?y-> ni/o 25 20 185 192 260 231 269 241 308 298 327 308 423 414 462

14 151/. 28l/-> 24 158 258 348 310 361 323 413 400 439 413 568 555 619

17 IS 1/0 3? 1/0 28 138 346 467 415 484 433 554 536 58fc 554 761 744 830

19 ?,01^ 38 32 ^20 446 602 535 624 558 714 691 758 714 981 959 1070

21 ^^l/. 43 34 112 572 772 686 801 715 915 887 972 915 125fc 1230 1373

26

30

?mh 52 42 93 838 1131 1006 1174 1048 1341 1299 1425 1341 1844 1801 2012

33 60 48 80 1096 1480 1316 1534 1370 1757 1699 1863 1757 2411 2356 2632

Mean eff. press., lbs

Vo...

20 27 24 28 25 32 31 34 32 44 43 48

Ratio of expansion 131/2 161/4 10 121/4 63/4 81/4

Cyl. condensation, ^ 18
I

18 20 1 20 15 1 15 18
I

18 12 1
12 14

1
14

St. per I.H.P. hour lbs. 17.31 16.6 16.6|l5.2 17.0|l6.4|16.3|15.8|17.5|17.0 16.8|16.r

Triple-expansion Engines, Non-condensing— Keceiver
«Jacli:eted.

only

u Horse-power Horse-power Horse-power
Diameter ni a when cuttmg when cutting when cutting
Cylinders, -d M off at 42% of off at 50% of off at 67% of
inches. C3 Stroke in First Stroke in First Stroke in First

i
g

02

Cylinder. Cylinder. CyUnder.

H.P. I.P. L.P. 180 lbs. 200 lbs. 180 lbs. 200 lbs. 1£0 lbs. 2C0 lbs.

43^4 7l/-> 12 10 370 55 64 70 84 95 108

51/-^ 81/7 131/? 12 318 70 81 90 106 120 137

6 1/9 101/?, 161/? 14 277 104 121 133 158 179 204
71/0 12 19 16 246 136 158 174 207 234 267
9 141/? 221/? 18 222 195 226 250 296 335 382
10 16 25 20 185 241 279 308 366 414 471

11 v-^ 18 281/? 24 158 323 374 413 490 555 632
13 22 331/? 28 138 433 502 554 657 744 848
15 241/9 38 32 120 558 647 714 847 959 1093

17 27 43 34 112 715 829 915 1089 1230 1401

20 33 52 42 93 1048 1215 1341 1592 1801 2053

231/2 38 60 48 80 1370 1589 1754 2082 2356 2685

Mean eflf. press., lbs 25 29 32 38 43 49

No. of expansions 16 13 10

Cyl. condensation, % 14 12 10

Steam p. I.H.P.p.hr., lbs. 20.76 1 19.36 19.25
1

17.00 17.89 17.20
Lbs. coal at 81b. evap., lbs. 2.59 1 2.39 J 2.40 1 2.12 2.23 2.15
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Triple-expansion Engines — Condensing -— Steam-jacketed.

u Horse- Horse- Horse- Hors^
Diameter ^ P< power when power when power when power when
Cylinders, 9. a cutting off cutting off cutting off cutting off

inches. c at 1/4 Stroke at 1/3 Stroke at 1/2 Stroke at 3/4 Stroke

i
2

•o.S

in First Cyl. in First Cyl. in First Cyl. in First CyL

P^
fin

fk 120 140 160 120 140 160 120 140 160 120 140 160

W

71/9 12

02

10 370

lbs.

35

lbs.

42

lbs.

48

lbs.

44

lbs.

53

lbs. lbs.

57

lbs.

72

lbs.

84

lbs.

81

lbs.

97

lbs.

43/4 59 no
Si^ 81/9 131/9 12 318 4!> 53 62 56 67 76 73 92 10/ 104 123 140

fiV 101/9 16 1/9 14 277 67 J9 92 83 100 112 108 137 159 154 183 208

71/. 12 19 16 246 87 103 120 109 131 147 141 180 208 201 239 272

9 I4V9 221/9 18 222 125 148 172 156 187 211 203 257 299 289 343 390

10 16 25 20 185 154 183 212 192 231 260 250 317 368 356 423 481

i]ih 18 281/9 24 158 206 245 284 258 310 348 335 426 494 477 568 645

13 22 331/9 28 138 277 329 381 346 415 467 450 571 663 640 761 865

15 241/9 38 32 120 357 424 491 446 535 602 580 736 854 825 981 1115

J7 27 43 34 112 458 543 629 572 686 772 744 944 1095 1058 1258 1430

20 33 52 42 93 670 796 922 838 1006 1131 1089 1383 1605 1551 1844 209vJ

231/2 38 60 48 80 877 104! 1206 1096 1316 1480 1424 1808 2099 2028 2411 2740

Mean eff. press., lbs 16 19 22 20 24 27 26 33 38.3 37 44 50

No. of expansio 26.8 20.1 13.4 8.9

L:
Cy!. condensation, ^ 19 19 19 16 16 16 12 12 12 8 8 8
St. p. I.H.P.p.hr.,
Coal at 8 lbs. evap.

14.

y

13 9 13 3 14 3 13 9 13 2 14 3 13.6 13 15.7|14.9!14.7
lbs. 1.8 1.73 1.66 1.78 1.7 41.65 1.78 1.70 1.62 1.96 1.86|1.72

The Willans Law. Total Steam Consumption at Different Loads.— Mr. Willans found with his engine that when the total steam consump-
tion at different loads was plotted as ordinates, the loads being abscissas,
the result would be a straight inclined hne cutting the axis of ordinates at
some distance above the origin of coordinates, this distance representing
the steam consumption due to cylinder condensation at zero load. This
statement applies generally to throttling engines, and is known as the
Willans law. It applies also approximately to automatic cut-off engines
of the Corliss, and probably of other types, up to the most economical
load. In Mr, Barrus's book there is a record of six tests of a 16 X 42-in.
Corliss twin-cylinder non-condensing engine, which gave results as follows:

I.H.P 37 100 146 222 250* 287 342
Feed-water per I.H.P. hour. 73.63 38.28 31.47 25.83 25.0* 25.39 25.91
Total feed-water per hour... 2724 3825 4595 5734 6250 7287 8861

* Interpolated from the plotted curve.

The first five figures in the last line plot in a straight line whose equa-
tion is y = 2122 + 16.55 H.P., and a straight line through the plotted
position of the last two figures has the equation y = 28.62 H.P. — 927.
These two lines cross at 253 H.P., which is the most economical load, the
water rate being 24.96 lbs. and the total feed 6314 lbs. The figure 2122
represents the constant loss due to cylinder condensation, which is just
over one-third of the total feed-water at the most economical load.

In Geo. H. Barrus's book on "Engine Tests " there is a diagram of
condensation and leakage in tight or fairly tight simple engines using sat-
urated steam. The average curve drawn through the several observations
shows the condensation and leakage to be about as follows for different
percentages of cut-off:

Cut-off, % of stroke = Z 5 10 15 20 25 30 35 42
Condens. and leakage, % = p. . . 60 43 35 29 24 20 17 15
c = ZX p -^ (100 - p) = 7.5 7.5 8 8.2 7.9 7.5 7.2 7.4

The figures in the last line represent the condensation and leakage as

ft percentage of the volume of the stroke of the piston, tha^t is, in the same
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terms as the first line, instead of as a percentage of the total steam sup-
plied, in which terms the figures of the second line aje expressed. They
indicate that the amount of cylinder condensation is nearly a constant
quantity for a given engine with a given steam pressure and speed, what-
ever may be the point of cut-off.

Economy of Engines under Varying Loads. (From Prof. W. C.
Unwin's lecture before the Society of Arts, London, 1S92.) — The general
result of numerous trials with large engines was that with a constant load an
indicated horse-power should be obtained with a consumption of 1 1/2 lbs.

of coal per I.H.P. for a condensing engine, and 13/4 lbs. for a non-conden-
sing engine, corresponding to about 13/4 lbs. to 2i/8 lbs. per effective H.P.

In electric-lighting stations the engines work under a very fluctuating
load, and the results are far more unfavorable. An excellent Willans
non-condensing engine, which on full-load trials worked with under
2 lbs. per effective H.P. hour, in the ordinary daily working of the station
used 7 1/2 lbs. in 1886, which was reduced to 4.3 lbs. in 1890 and 3.8 lbs. in
1891 . Probably in very few cases were the engines at electric-light stations
working under a consumption of 41/2 lbs. per effective H.P. hour. In the
case of small isolated motors working with a fluctuating load, still more
extravagant results were obtained.

At electric-lighting stations the load factor, viz., the ratio of the average
load to the maximum, is extremly small, and the engines worked under
-very unfavorable conditions, wliich largely accounted for the excessive
fuel consumption at these stations.

In steam-engines the fuel consumption has generally been reckoned on
the indicated horse-power. At full-power trials this was satisfactory
enough, .as the internal friction is then usually a small fraction of the total.

Experiment has, however, shown that the internal friction is nearly
constant, and hence, when the engine is lightly loaded, its mechanical
efficiency is greatly reduced. At full load small engines have a mechan-
ical efficiency of 0.8 to 0.85, and large engines might reach at least 0.9,
but if the internal friction remained constant this efficiency would be
much reduced at low powers. Thus, if an engine working at 100 I.H.P.
had an eflaciency of 0.85, then when the I.H.P. fell to 50 the effective H.P.
would be 35 H.P. and the efficiency only 0.7. Similarly, at 25 H.P. the
effective H.P. would be 10 and the efficiency 0.4.

Experiments on a Corliss engine at Creusot gave the following results:

Effective power at full load 1.0 0.75 0.50 0.25 0.125
Condensing, mechanical efficiency 0.82 0.79 0.74 0.63 0.48
Non-condensing, mechanical efficiency. . 86 0.83 0.78 0.67 0.52

Steam Consumption of Engines of Various Sizes. — W. C. Unwin
(Cassier's Magazine, 1894) gives a table showing results of 49 tests of
engines of different types. In non-condensing simple engines, the steam
consumption ranged from 65 lbs. per hour in a 5-horse-power engine to 22
lbs. in a 134-H.P. Harris-CorUss engine. In non-condensing compound
engines, the only type tested was the Willans, which ranged from 27 lbs.

in a 10-H.P. slow-speed engine, 122 ft. per minute, with steam-pressure
of 84 lbs., to 19.2 lbs. in a 40-H.P. engine, 401 ft. per minute, with steam-
pressure 165 lbs. A Willans triple-expansion non-condensing engine,
39 H.P., 172 lbs. pressure, and 400 ft. piston speed per minute, gave a
consumption of 18.5 lbs. In condensing engines, nine tests of simple
engines gave results ranging only from 18.4 to 22 lbs. In compound-
condensing engines over 100 H.P., in 13 tests the range is from 13.9 to
20 lbs. In three triple-expansion engines the figures are 11.7, 12.2, and
12.45 lbs., the lowest being a Sulzer engine of 360 H.P. In marine com-
pound engines, the Fusiyama and Colchester, tested by Prof. Kennedy,
gave steam consumption of 21.2 and 21.7 lbs.; and the Meteor and Tartar
triple-expansion engines gave 15.0 and 19.8 lbs.
Taking the most favorable results which can be regarded as not excep-

tional it appears that in test trials, with constant and full load, the ex-
penditure of steam and coal is about as follows:

lbs. Per I.H.P. hour . Per Effective H.P. hr.

Kind of Engine. ^^^ Steam,' 'o^. Steam,'

Non-condensing 1.80 16.5 2.00 18.0
Condensing 1.50 13.5 1.75 15.

«
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These may be regarded as minimum values, rarely surpassed by the
most efficient machinery, and only reached with very good macliinery in
thejavorable conditions of a test trial.

Small Engines and Engines with Fluctnating Loads are usually
very wasteful of fuel. The following figures, illustrating their low econ-
omy, are given by Prof. Unwin, Cassier's Magazine, 1894. Small engines
in workshops in Birmingham, Eng.

Probable I.H.P. at full
load

Average I.H.P. during
observation

Coal per I.H.P. per hour
during observation, lbs.

60 45 75 60 60

2.96 7.37 8.2 8.6 23.64 19.08 20.08

36.0 21.25 22.61 18.13 ll.f 9.53 8.50

It is largely to replace such engines as the above that power will be
distributed from central stations.

Tests at Royal Agricultural Society's show at Plymouth, Eng. EngU
neering, June 27, 1890.

Rated
H.P.

Com-
pound or
Simple.

Diam. of
Cylinders. Stroke,

ins.

Max.
Steaoi-
pressure.

Per Brake H.P.
per hour. ^£-^

h.p. l.p. Coal. Water. ii^

5
3
2

simple
compound
simple

7
3

41/2

"6'
10

6
71/2

75

no
75

12.12
4.82
11.77

78.1 lbs.

42.03 "

89.9 "

6.11b.
8.72"
7.64"

Steam-consumption of Engines at Various Speeds. (Profs. Deii-
ton and Jacobus, Trans. A.. S. M. E., x, 722.) — 17 X 30 in. engine,
non-condensing, fixed cut-off, Meyer valve. (From plotted diagrams.)

Revs, per min,. 8 12 16 20 24
1/8 cut-off, lbs. . . 39 35 32 30 29.3
a/4 cut-ofT, lbs. . . 39 34 31 29.5 29

32 40 48 56 72 88
29 28.7 28.5 28.3 28 27.7

28.4 28 27.5 27.1 26.3 25.6
a/2 cut-off, lbs. . . 39 36 34 33 32 30.8 29.8 29.2 28.8 28.7

Steam-consumption of same engine ; fixed speed, 60 revs, per minute.
Varying cut-off compared with throttling-engine for same horse-powc
and boiler-pressures:

Cut-off, fraction
of stroke 0.1 0.15 0.2 0.25 0.3 0.4 0.5 0.6 0.7 0.8

Steam, 90 lbs,.. 29 27.5 27 27 27.2 27.8 28.5
Steam, 60 lbs. . . 39 34.2 32.2 31.5 31.4 31.6 32.2 34.1 36.5 39

Throttiing-engine, 7/8 cut-off, for corresponding horse-powers.

iSteaiS.^O lbs... 42 37 38.8 31.5 29.8 , ...
Steaffli, 60 lbs 50.1 49 46.8 44.6 41 ... „

Some of the principal conclusions from this series of tests are as follows:

1. There is a distinct gain in economy of steam as the speed increases
for 1/2, 1/8, and 1/4 cut-off at 90 lbs. pressure. The loss in economy for
about 1/4 cut-off is at the rate of i/i? lb. of water per I.H.P. per hour for each
decrease of a revolution per minute from 86 to 26 revolutions, and at the
rate of s/g lb. of water below 26 revolutions. Also, at all speeds the i/4

cut-off is more economical than either the 1/2 or i/s cut-off.

2. At 90 lbs. boiler-pressure and above 1/3 cut-off, to produce a given
H.P. requires about 20% less steam than to cut off at 7/8 stroke and regu-
late by the throttle.

3. For the same conditions mth 60 lbs. boiler-pressure, to obtain, by
throttling, the same m.ean effective pressure at 7/8 cut-off that is obtained
by cutting off about Vs, re«[Uires about 30% more steam than for the
latter condition.

Capacity and ll^iaosay ©f St6«tm Fire Engines. (Eng. ]\ews.
Mar. 28, 188S,)—^Tests of fire^mgiaes by Dexter Brackett for the Board
of Fire Commissioners, Bost^s, Mass. are tabulated on p. 994.
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Results of Tests of Steam Fire Engines.

No. of
engine. 52

Oo^ "c3 £ g:^

a 3
|2

to M is

^- ^^
lbs. lbs.
90.2 143.2
92.3 124.0
78.4 123.3
75.7 113.8
71.5 136.4
102.7 121.2
72.1 119.6
92.7 143.0
68.8 119.2
101.3 112.8
76.5 111.5
59.0 102.1
87.8 126.8
74.7 128. t

I..

I..

2..

3..

4..

5..

5..

6..

7..

8..

9..
10..

10..

11..

101.0

85.0
74.0
86.5
86.0

86.0
112.0
140.5
174.0
225.0

229.0

lbs.
191.0
184.0
191.0
141.6
138.4
163.7
103.3
181.6
117.3
172.1

142.5
91.1
151.4
148.4

lbs.

2.26

2.66
3.57
2.88

5.87
3.45
4.94
3.51
4.49
4.22
4.10
3.76

7,619,800
9,632,700
5,900,000

5,882,000

8,112,900

8,736,300

14,026,000

9,678,400
10,201,600

7,758,300

7,187,400

6,482,100
7,993,400

7,265,000

galls.
549
499
535
482
459
449
545
536
596
910
482
419
564
572

Nos. 1, 2, 3 and 4, Amoskeag engines; Nos. 5, 6, 7 and 8, Clapp &
Jones; Nos. 9, 10, 11, Silsby. The engines all show an exceedingly high
rate of combustion, and correspondingly low boiler eflBciency and pump
duty.
Economy Tests of High-speed Engines. (F. W. Dean and A. C.

Wood, Jour. A.S.M. E., June, 1908.) — Some of these engines had been in
service for a long time, and therefore their valves may not have been in
the best condition. The results may be taken as fairly representing the
economy of average engines of the type, under usual working conditions.
The engines were all non-condensing. The 16 X 15-in. engine was
vertical, the others horizontal. They were all direct-connected to gen-
erators.

No. of Test.

Size of engine, ins

—

Hours in service
Revs, permin
Valves
Generator, K.W
Steam per I.H.P.-hr.
Steam per K.W.-hr .

.

1

15X14
15,216
240
Iflat
100

37. 2,t 36.2*
60.2, 58.4

2

16X15
20,000
240

1 flat
2-50

36.7.t 35.8
61.0 59.7

3

14X12
28,644
300

Iflat
2-40

31.7,t 32.0
57.1, 57.4

4

16X14
719
270

4 flat

125

37.5,* 36.7
54.9, 54.7

No. of Test.

Size of engine, ins.

Hours in service. .

.

Revs, per min

Valves

Generator, K.W
Steam per I.H.P.-hr..

.

Steam per K.W.-hr

7

12 X 18

10,800
190

i 2 flat inlet

( 2 Corliss exh.
75

44.0, t 36.7, 34.1 §
79.3, 60.5, 53.7

* 3/4 load ; 1 1/2 load ; $ 1 1/4 load ;
§1 1/2 load ; the others full load.

Some of the conclusions of the authors from the results of these tests
are as follows:
The performances of the perfectly balanced flat valve engines are so !

relatively poor as to disqualify them, unless this type of valve can be made
with some mechanism by which wear will not increase leakage. The four
valve engines, which were built to be more economical than single-valve
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engines, have utterly failed in their object. The duplication of valves
used in both four-valve engines simply increased the opportunity for leak-
age. The most economical result was obtained from a piston valve engine,
No. 5, heavily loaded. With the lighter loads that are comparable the
flat valve engine, No. 3, surpassed No. 5 in economy. The flat valve
engines give a flatter load curve than the piston valve engines. Compar-
ing the results of the flat valve engines, the most economical results \\ere
obtained from engine No. 3, winch had a valve which automatically takes
up wear, and if it does not cut, must maintain itself tight for long periods.
From the results we are justified in thinking that most high-speed en-

gines rapidly deteriorate in economy. On the contrary, slower running
Corliss or gridiron valve engines improve in economy for some time and
then maintain the economy for many years. It is difficult to see that
the speed is the cause of tliis, and it must depend on the nature of the
valve.
The steam consumption of small single-valve high-speed engines non-

condensing, is not often less than 30 lbs. per I.H.P, per hour. Two Water-
town engines, 10 X 12 tested by J. W. Hill for the Philadelphia Dept. of
PubUc Works in 1904, gave respectively 30.67 and 29.70 lbs. at full load,
61.8 and 63.9 I.H.P., and 28.87 and 29.54 lbs. at approximately half-load,
37.63 and 36.36 I.H.P.
ITigh Piston-speed in Engines. {Proc. Inst. M. E., July, 1883, p.

321.) — The torpedo boat is an excellent example of the advance towards
high speeds, and shows what can be accomplished by studying lightness
and strength in combination. In running at 22 1/2 knots an hour, an engine
with cylinders of 16 in. stroke will make 480 revolutions per minute, which
gives 1280 ft. per minute for piston-speed; and it is remarked that engines
running at that high rate work much more smoothly than at lower speeds,
and that the difficulty of lubrication diminishes as the speed increases.

A High-speed Corliss Engine. — A Corliss engine, 20 X 42 in., has
been running a wire-rod mill at the Trenton Iron Co.'s works since 1877, at
160 revolutions or 1120 ft. piston-speed per minute (Trans. A. S. M. E., ii,

72). A piston-speed of 1200 ft. per min. has been reahzed in locomotive
practice.

The liimltation of Engine-speed. (Chas. T. Porter, in a paper on the
Limitation of Engine-speed, Trans. A. S. M. E., xiv, 806.) — The practical
limitation to high rotative speed in stationary reciprocating steam-engines
is not found in the danger of heating or ox excessive wear, nor, as is gen-,

erally believed, in the centrifugal force of the fly-wheel, nor in the tendency
to knock in the centers, nor in vibration. He gives two objections to very
high speeds: First, that "engines ought not to be run as fast as they can
be; " second, the large amount of waste room in the port, which is required
for proper steam distribution. In the important respect of economy ot
steam, the high-speed engine has thus far proved a failure. Large gain
was looked for from high speed, because the loss by condensation on a
given surface would be divided into a greater weight of steam, but this
.expectation has not been realized. For this unsatisfactory result we have
to lay the blame chiefly on the excessive amount of waste room. The
ordinary method of expressing the amount of waste room in the percentage
added by it to the total piston displacement, is a misleading one. It

should be expressed as the percentage which it adds to the length of
steam admission. For example, if the steam is cut off at 1/5 of the stroke,
8% added by the waste room to the total piston displacement means
40% added to the volume of steam admitted. Engines of four, five and
six feet stroke may properly be run at from 700 to 800 ft. of piston travel
per minute, but for ordinary sizes, says Mr. Porter, 600 ft. per minute
should be the limit.

British High-speed Engines. (John Davidson, Power, Feb. 9, 1909.)— The following figures show the general practice of leading builders:

I.H.P. 50 100
Revs, per min-,

600-700 550-600
Piston speed, ft. per min.

600 650

Rapid strides have been made during the last few years, despite the

200 500 750 1000 1500 2000

500 350-375 325 250 200 160-180

675 750 775 800 900 1000
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competition of the steam turbine. The single-acting type (Brotherhood*
Willans and others) has been superseded by double-acting engines with
forced lubrication. There is less wear in a high-speed than in a iDw-speed
engine. A 500-H.P. 3-crank engine after running 7 years, 12 hoUrs pef
day and 300 days per year, showed the greatest wear to be as foUowsi
crank pins, 0.003 in.; main bearings, 0.003 in.; eccentric sheaves, 0.015 in;;
crosshead pins, 0.005 in. All pins, where possible,, are of steel, case»
hardened. High-speed engines have at least as high economy and effl*

ciency as any other type of engine manufactured, A triple-expangioa
miU engine, with steam at 175 lbs., vacuum 26 ins., superheat 100*^ F.,
gave results as shown below, [figures taken from curves in the original].

Fraction of full
^load 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0:
Lbs. steam per
^ I.H.P. hour.. 12.7 11,85 11.4 11.1 10.9 lO.S 10.75 10.75 10.8 11.0
Lbs. steam per
B.H.P.hour.. 16.0 14.8 13.7 12.9 12.4 12.05 11.85 11.8 11.8 ll.»:

Owing to the forced lubrication and throttle-governing, the economical::
performance at hght loads is relatively much better than in slow-spe<j(|:
engines. The piston valves render the use of superheat practical^..
At 200° superheat the saving in steam consumption of a triple-expan^ison;
engine is 26%. [A curve of the relation of superheat to saving .s;^ws;
that the percentage of saving is almost uniformly 1.4% for each additional;
10° from 0° to 160° of superheat.]
The method of governing small high-speed engines is by mtans of a,

plain centrifugal governor fixed to the crank shaft and acting directly-
on a throttle. Several makers use a governor which at hght loads acts;
by throttling, and at heavy loads by altering the expansion in the high--
pressure cyhnder. The crank-shaft governor used in America has beent
found impracticable for high speeds, except, perhaps for small engines.

Advantage of High Initial and Low Back Pressure.—The theoretifeaE
advantage due to the use of high steam pressure and low back pressiffies

or high vacuum is shown in the following table, which gives the offl-
ciencies of an ideal engine operating on the Rankine cycle with diffenentr.

initial and back pressiu-es, using dry saturated steam. The methodJ
of calculating the Rankine cycle efficiency, and a table showing, tshes

efficiencies with superheated steam will be foimd under Steam Turbines.,
page 1089.

Ba^kklne ey«!e Efficiencies—Saturated Steam.

Inii^ial
Vacuum, In. of Mercury.

Pressure,
Absolute,

26 27 1 28 28.5 29

Lb. Efficiencies, Per Cent.

100 13.9
16.7
18.7
19.4
20.0

23.6
25.9
27.4
28.0
28.6

24.8
27.0
28.5
29.1
29.7

26.3
28.4
29.9
30.5
31.0

27.4
29.4
30.9
31.4
32.0

28.9
150 30.8
200 32.2:

225 32.7

250 33.2'

In practice the efficiencies given in the above table cannot be reached!
on account of the imperfection of the engine and its losses due tc
cylinder condensation, leakage, radiation and friction. The relative^

advantages of high pressure and low back pressure are probably pro-
portional to the figures in the table, provided the expansion is divided!

,

into two or more stages at pre^ures above 100 lb. The possibility of
obtaining very high vacua is limited by the temperature of the con-
densing water available and by the imperfections of the air pump.'.

The use of high initial pressures is limited by the safe working pressure^

of the boiler and ^ngiae.
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Ckimparisoii of the Economy of Compound and Single-cylinder Corliss
Condensing Engines, each expanding about Sixteen Times. (D. S.
Jacobus, Trans., A. S. M. E., xii, 943.)

The engines used in obtaining comparative results are located at
Stations I and II of the Pawtucket Water Co.
. The tests show that the compound engine is about 30% more economical
than the single-cylinder engine. The dimensions of the two engines are
as follows: Single 20 X 48 ins.; compound 15 and 301/8 X 30 ins. The
steam used per I.H.P. hour was: single 20.35 lbs., compound 13.73 lbs.

Both of the engines are steam-jacketed, practically on the barrels only,
with steam at full boiler-pressure, viz., single 106.3 lbs., compound 127.5 lbs.
The steam-pressure in the case of the compound engine is 127 lbs., or

21 lbs. higher than for the single engine. If the steam-pressure be raised
this amount in the case of the single engine, and the indicator-cards be
increased accordingly, the consumption for the single-cylinder engine
would be 19.97 lbs. per hour per horse-power.
Two-cylinder vs. Three-cylinder Compound Engine. — A Wheelock

triple-expansion engine, built for the Merrick Thread Co., Holyoke, Mass.,
is constructed so that the intermediate cylinder may be cut out of the
circuit and the high-pressure and low-pressure cylinders run as a two-
cylinder compound, using the same conditions of initial steam-pressuro
and load. The diameters of the cylinders are 12, 16, and 2413/32 ins., the
stroke of the first two being 36 ins. and that of the low-pressure cylinder
48 ins. The results of a test reported by S. M. Green and G. I. Rockwood,
Trans. A. S. M. E., vol. xiii, 647, are as follows: In lbs. of dry steam used
per I.H.P. per hour, 12 and 2413/32 in, cylinders only used, two tests 13.08
and 12,76 lbs., average 12.91. All three cylinders used, two tests 12.67
and 12.90 lbs., average 12.79, The difference is only 1%, and would
indicate that more than two cylinders are unnecessary in a compound
engine, but it is pointed out by Prof, Jacobus, that the conditions of the
test were especially favorable for the two-cylinder engine, and not rela-

tively so favorable for the three cylinders. The steam-pressure was 142
lbs, and the number of expansions about 25, (See also discussion on.

the Rockwood type of engine, Trans. A. S. M. E., vol. xvi.)

Economy of a Compound Engine. (D, S. Jacobus, Trans.A.S.M.E.,
1903.) — A Rice & Sargent engine, 20 and 40 X 42 ins., was tested with
steam about 149 lbs., vacuum 27.3 to 28.8 ios. or 0.82 to 1.16 lbs. abso-
lute. r.D.m. 120 to 122. with results as follows:

I.H.P 1004 853 820 627 491 340
Water per I.H.P. per hr... 12.75 12.33 12.55 12.10 13.92 14.58
B.T.U. per I.H.P. per min. 231.8 226.3 229.9 222.7 256.8 267.7

The Lentz Compound Engine is described in The Engineer (London),
July 10, 1908. It is the latest development of the reciprocating engine
with four double-seated poppet valves to each cylinder, each valve op-
erated by a separate eccentric mounted on a lay-shaft driven by bevel-
gearing from the main shaft. The throw of the high-pressure steam
eccentrics is varied by slide-blocks which are caused to slide along the lay-
shaft by the action of a centrifugal inertia governor, which is also mounted
on the lay-shaft. No elastic packing is used in the engine, the piston-rod
stuffing box being fitted with ground cast-iron rings, and the valve stems
being provided with grooves and ground to fit long bushings to 0.001 in.
Two tests of a Lentz engine built in England, I41/2 and 243/4 by 271/2 in,,
gave results as follows:

Saturated steam, 170 lbs., vacuum 26 in., I.H.P, 366, steam per I.H.P,
per hour 12.3 lbs. Steam 170 lbs. superheated 150° F,, vac, 26 in., I.H.P.
366, steam ner 1.11,P. v<^v hour, 10.4 lbs. Revs, Der min. in both rases
167, Piston speed 767 ft. per min. Engines are built for speeds up to
900 ft. per min., and up to 350 r.p.m. The Lentz engine is built in the
United States by the Erie City Iron Works.
The Stumpf Uniiiow Engine is a single cylinder engine with a very

long piston and with exhaust ports in the middle of the cylinder which
are uncovered as the piston travels beyond them. The inlet ports are
at the ends. The exhaust steam therefore does not have to flow back
to the ends of the cylinder in order to escape, and the cooling of the
ends and of the ports is thereby avoided. It is claimed that tliis single
cylinder engine gives a steam economy equal to that of a compound
engine. Uniflow engines are built by Ames Iron Works, Oswego, N.Y.
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Steam Consumption of Sulzer Compound and Triple-expansion
Engines with Superheated Steam.

The j9gures in the table below were furnished to the author in 1902
by Sulzer Bros., Winterthur, Switzerland. Results of official tests:

Saturated Steam.

a?

Superheated Steam.

d
"So 6"°5 i4

A 00 F^ k4
-rtS ifl ^M P-i B^. C as 3^ PL| 6^
5 Ah 1^ ^ |ffi^ s

H ^w i^ t-3 m
130 356 26.4 850 13.30 A

1

132

122

428
482

26.4
26.6

842
1719

12.05
12.42

136 357 28 481 13.00 )
\

135 547 28 515 11.32
134 356 28 750 13.10 [ B \ 132 533 27.8 788 11.52
135 356 27.6 1078 14.10 \ I 134 546 27.2 1100 11.88
130 358 28.2 1076 14.10

\ ^ ]

132 496 28.3 1071 11.73
129 358 28 1316 14.50 136 527 * 1021 15.37
190 397 27,2 2880 11.28 D 188 606 28 2860 8.97
196 381 26.2 3040 11.57 E 189 613 27 2908 9.41

Superheatec . Steam. ) i 127 655 27.2 788 9.91-
13^ 557

1
26.4 519

1
lO.SOt

h'"1
127 664 27.2 797 9.68-

135 554 1 26.4 347 10.35t 128 572 21.] 788 10.70t

Normal, H.P.
1500 to 1800
800 to 1000
950 to 1150

3000 triple expan.
3000 triple expan.
400 to 500
1000 to 1200

Cylinders, In.

30.5 & 49.2 X 59.1
24 & 40.4 X 51.2
26 & 42.3 X 51.2
32 1/4, 47 1/4, & 58X59
34, 49, & 61 X 51
17.7 & 30.5 X 35.4
26.9 & 47.2 X 66.9

R.P.M.
83
83
86
85
&3.5
110
65

* Non-condensing, t With intermediate superheating. Tempera-
ture of steam at entrance to low-pressure cyUnder, 307 to 349° F.

Test of a Non-condensing Engine with Superheated Steam.—Prof, 1

J. A. Moyer reports in Power, Dec. 2, 1913, the following results of tests
]

of a simple Lentz horizontal engine, cyUnder, 19 1/32 in. X 20i5/i6 in. i

stroke, 207 to 211 r.p.m. Steam pressure, absolute, 170.1 to 171.9 lb.

Back pressure, to 0.34 in. of mercury.

Indicated horse-power 162 . 7 227 . 6 282 . 1 322 .

5

Steam per I. H.P. hour, lb 17.25 15.78 15.24 15.48
Superheat, deg. F 98.3 139.4 141.5 159.7

Saving of Steam due to Superheating.—The following figures are
given by Power Specialty Co., makers of the Foster superheater.
A 3300 horse-power Lentz cross-compound engine having 37 1/2-in.

and 63-in. cylinders, 55-in. stroke, at Charlottenburg, Germany, with
192-lb. gage pressure, 26-in. vacuum, 107 revs, per min., gave the follow-

ing steam consumption:

Temp.
of

Steam.

Super-
heat.

Load. V4 V2 3/4 Vi 5/4

570°
660°

185° F.
275° F.

Steam per I.H.P. hr., lb

Steam per I.H.P. hr.. lb. . . .

11.1

10.6
10.1

9.7
9.5
9.0

9.2
8.8

9.7
9.2

The saving in steam effected by superheating 100 degrees, as com-
pared with saturated steam, is, approximately, for steam turbines,

10 per cent; triple-expansion engines, 12 per cent; compoimd engmes,
14 per cent; simple engines, 18 per cent and over.
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Tests of Buckeye engine-s, simple, 12 X 16 in., and compound, 10 and
171/2 X 16 in., with steam at 100 to 110 lb. pressure, gave the following:

Per
Cent of
Rated
Load.

Degrees of Superheat.

Engine. 1 50 100 150 200

Lb. Steam per I.H.P. Hr.

Simple, non-eondensing 30
50
100
100

100

35
31.5
28.5

28
25.5
24.0

24
22
20
17.5
14

21.5
19

18

15.5
12.5

19.5
17.5
17.5

Compound, non-condensing
Compound, condensing

14.6
18 16.5 11.5

Steam Consumption of Different Types of Engines.
Tests of a Ridgway 4-valve non-condensing engine, 19 X 18 in., at

200 r.p.m. and 100 lb. pressure, are reported in Power, June, 1909, as
follows:

Load 1/4 1/2 3/4 FuU II/4
Steam per I.H.P. hour. .. . 30.7 24.4 23.2 23.8

I
25.4

The best result obtained at 130 lb. pressure was 21.6 lb.; at 115 lb.

pressure, 22.6 lb. ; and at 85 lb. presstire, 24.3 lb. Maintained economy
in this type of engine is dependent upon reduction of unnecessary over-
travel, properly fitted valves, valves which do not span a wide arc, close
approach of the movement of the valves to that of a Corliss engine, and
good materiials.

The probable steam consumption of condensing engines of different
types with different pressures of steam is given in a set of curves by
R. H. Thurston and L. L. Brinsmade, Trans. A. S. M. E., 1897, from
which curves the following approximate figures are derived.

Steam pressure, absolute, lbs. per sq. in.

200
Ideal Engine

(Rankine cycle)
Quadruple Exp.

Wastes 20%
Triple Exp.

Wastes 25%
Compound.

Wastes 33%
Simple Engine.

Wastes 50%
The same authors give the records of tests of a three-cylinder engine

at Cornell University, cyUnders 9, 16 and 24 ins., 36-in. stroke, first as a
triple-expansion engine; second, with the intermediate cylinder omitted,
making a compound engine with a cyhnder ratio of 7 to 1 • and third,
omitting the third cyhnder, making a compound engine with a ratio of
a little over 3 to 1. The boiler pressure in the first case was 119 lbs.,
in the second 115, and in the third 117 lbs. Charts are given showing
the steam consumption per I.H.P. and per B.H.P. at different loads,
from which the following figures are taken.

Indicated Horse-power. .. . 40 60 80 100 110 120 130
Steam consrunption per I.H.P. per hour.

Triple Exp 19.1 16.7 15.3 14.2 13.7 13.8 14.4
Comp. 7 to 1 19.6 18.2 17.0 16.3 16. 15.8 15.8
Comp. 3 to 1 19.7 18.4 18.1 18.5

Steam consumption per B.H.P. hour.
Triple Exp 30.5 23.0 19.6 17.1 16.2 26.2 16.7
Comp. 7 to 1 26.2 21.7 19.3 18.7 18.5 18.4 18.5
Comp. 3 to 1 23.4 20.6 20. 20

The most economical performance was as follows:
Triple Comp. 7 to 1 Comn. 3 to 1

Indicated Horse-power 112.7 130.0 67.7

Steam per I.H.P. hour 13.68 15.8 18.03

400 300 250

6.95 7.5 7.9

8.75 9.15 9.75

9.25 9.95 10.50

0.50 11.25 11.80

14.00 15.00 15.80 16.80

150 100 75 60

9.20 10.50 11.40 12.9

1.60 13.0 14.0 15.6

2.30 14.0 15.1 16.7

L3.90 15.6 16.9 18.9

8.40 20.4 22.7 25.2
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A test of a 7500-H.P. enriine, at the 59th St. Station of the Interborough
Rapid Transit Co., New York, is reported in Power, Feb., 1906. It is a
double cross compound engine, with horizontal h.p. and vertical l.p.

cylinders. With steam at 175 lbs. g-auere and vacuum 25.02 ins., 75 r.p.m.

it developed 7365 I.H.P., 5079 K.W. at s\^itchboard. Friction and elec-

trical losses 417.3 K.W. Dry steam per K.W. hour 17.34 lbs.; per I.H.P.

hour, 11.96 lbs.

A test of a Fleminer 4-valve engine. 15 and 40.5 in. diam., 27-in. stroke,

positive-driven Corliss valves, flv-Vv^heel governor, is reported by B. T.
Allen in Trans. A. S. M. E., 1903. The following: results were obtained.
The speed was a.bove 150 r.p.m. and the vacuum 26 in.

Fraction of fuUload about i/e s/g 7/io FuUload 1.1
Horse-power 87.1 321.5 348.3 501.6 553.5
Steam per I.H.P. hour 14.42 13.59 12.33 12.66 12.7

Relative Economy of Compound Non-condensing Engines
under Variable Loads. — F. M. Rites, in a paper on the Steam Dis-
tribution in a Form of Single-acting Engine {Trans. A. S. M. E., xiii, 537),
discusses an engine designed to meet the following problem: Given an
extreme range of conditions as to load or steam-pressure, either or both,
to fluctuate together or apart, violently or with easy gradations, to.

construct an engine whose economical performance should be as good as
though the engine were specially designed for a momentary condition—
the adjustment to be complete and automatic. In the ordinary non-con-
densing compound engine with light loads the high-pressure cylinder is

frequently forced to supply all the power and in addition drag along with
it the low-pressure piston, whose cylinder indicates negative work. Mr.
Rites shows the peculiar value of a receiver of predetermined volume
which acts as a clearance chamber for compression in the high-pressure
cylinder. The Westinghouse compound single-acting engine is designed
upon this principle. The following results of tests of one of these engines
rated at 175 H.P. for most economical load are given:

Water Rates under Varying Loads, lbs. per H.P. per Hour.

Horse-power „ 210 170 140 115 100 80 50
Non-condensing 22.6 21.9 22.2 22.2 22.4 24.6 28.8
Condensing... ....18.4 18.1 18.2 18.2 18.3 18.3 20.4

Efficiency of Non-condensing Compound Engines. (W. Lee
Church, Am. Mach., Nov. 19, 1891.) — The compound engine, non-con-
densing, at its best performance will exhaust from the low-pressure cylin-
der at a pressure 2 to 6 pounds above atmosphere. Such an engine will
be limited in its economy to a very short range of power, for the reason
that its valve-motion will not permit of any great increase beyond its
rated power, and any material decrease below its rated power at once
brings the expansion curve in the low-pressure cylinder below atmos-
phere. In other words, decrease of load tells upon the compound engine
somewhat sooner, and much more severely, than upon the non-compound
engine. The loss commences the moment the expansion line crosses a
line parallel to the atmospheric line, and at a distance above it repre-
senting the mean effective pressure necessary to carry the frictional load
of the engine. When expansion falls to this point the low-pressure
cylinder becomes an air-pump over more or less of its stroke, the power
io drive wliich must come from the high-pressure cylinder alone. Under
the light loads common in many industries the low-pressure cylinder is

thus a positive resistance for the greater portion of its stroke. A careful
study of this problem revealed the functions of a fixed intermediate
clearance, always in communication with the high-pressure cylinder,
and having a volume bearing the same ratio to that of the high-pressure
cylinder that the high-pressure cylinder bears to the low-pressure. Engines
laid down on these Unes have fully confirmed the judgment of the de-
signers. The effect of this constant clearance is to supply sufficient steam
to the low-pressure cyUnder under light loads to hold its expansion curve
up to atmosphere, and at the same time leave a sufficient clearance volume
in the high-pressure cylinder to permit of governing the engine on its

compression under light loads.

Tests of two non-condensing Corliss engines by G. H. Barrus are re-
ported in Power, April 27, 1909. The engines were built by Rice &
Sargent, One is a simple engine 22 X 30, and the other a tandenj
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compound 22 and 36 X 36 ins. Both engines are jacketed in bof;h
heads, and the compound engine has a reheatingr receiver with 0.6 sq. ft.
01 brass pipes per rated H.P. (600). The guarantees were: compound
engine, not to exceed 19 lbs. of steam per I.H.P. per hour, with 130 lbs.
steam pressure and 1 lb. back pressure in the exhaust pipe, and the
simple engine not to exceed 23 lbs. The friction load, engine run with
the brushes off the generator and the field not excited, was not to exceed
41/2 H.P. in either engine. The results were: compound engine, 99.2
r.p.m., 608.3 H.P.; 18.33 lbs. steam per I.H.P. per hour; friction load
3.8% of 600 H.P.; simple engine, 98.5 r.p.m.; 306.2 I.H.P.: 20.98 lbs. per
LH.P. per hour: friction 3.6% of 300 H.P„
A single-cylinder engine 12 X 12 ins., made by the Buffalo Forge Co.,

was tested by Profs. Reeve and Allen. {El. World, May 23, 1903.)
Some of the results were:
I.H.P 16.39 37.20 56.00 69.00 74.10 81.4 89.3 125.9* 86.42t
Water-rate... 52.3 35.3 33.3 31.9 30.6 34.6 33.1 27.6 27.5

* Steam pressure 125 lbs. gauge, all the other tests 80 lbs. t Con-
densing, other tests all non-condensing.

Effect of Water contained in Steam on the Efficiency of the
Steam-engine. (From a lecture by Walter C. Kerr, before the Franklin
Institute, 1891.) — Standard writers make little mention of the effect
of entrained moisture on the expansive properties of steam, but by
common consent rather than any demonstration they seem to agree that
moisture produces an ill effect simply proportional to the percentage
amount of its presence. That is, 5% moisture will increase the water rate
of an engine 5%.

Experiments reported in 1893 by R. C. Carpenter and L. S. Marks,
Trans. A. S. M. E., xv, in which water in varying quantity was intro-
duced into the steam-pipe, cau.sing the quality of the steam to range from
99% to 58% dry, showed that throughout the range of qualities used the
consumption of dry steam per indicated horse-power per hour remains
practically constant, and indicated that the water was an inert quantity,
doing neither good nor harm-

Influence of Vacuum and Superheat on Steam Consumption. (Eng.
Digest, Mar., 1909.) — Herr Roginsky ('"Die Turbine") discusses the
economies effected by the use of superheat and high vacuums.

In a certain triple-expansion engine, working under good average
conditions, there was found a saving of approximately 6% for each 10%
increase in vacuum beyond 50%.
The Batulli-Tumlirz formula for superheated steam is: p (v + a) = RT.

in which p = steam pressure in kgs. per sq. meter, v = cubic meters in
1 kg. of superheated steam at pressure p, a = 0.0084, R = 46.7, and
T = absolute temperature in deg. C.
Using this expression, it is found that, neglecting the fue! used for

superheating, for each 10° C. of superheat at pressures ranging from
100 to 185 lbs. per sq. in. there is an average increase of volume of 2.8%.
The work done by the expansion of superheated steam, as shown by
diagrams, is about 1.6% less for 10° of superheating, so that the net
saving for each 10° of superheat is 2.8 - 1.6 = 1.2%, approx. (0.66%
for each 10° F.).

,
Bateau's formula for the steam consumption (K) per H.P.-hr, of an

ideal steam turbine, in which the steam expands from pressure pi to pa, Is

K = 0.85 (6.95 - 0.92 log P2) /(log Pi ~ log Pa),

K being in kilograms and pi and p2 in kgs. per sq. meter. From this
formula the following table is calculated, the values being transformed
into British units.

Pi
Lbs. per

Lbs. Steam
at 50%
Vacuum.

Reduction of Steam Consumption (%) by
using a Vacuum of

sq. in. 60% 70% 80% 90% 95%

184.9
156.5
128
99.6

11.11

11.75
12.57
13.84

5.

5.8
6.6
7.6

11.1

11.8
12.9
14.4

18.1

19.3
20.5
22.

27.8
28.8
20.8
33.3

34.6
36.4
38.5
40.6
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From the entropy diagram it is seen that in expanding from pressures
in excess of 100 lbs. per sq.in. down to 1.42 lbs. absolute, approximately
1 % more work is performed for every 10° F. of superheat. The effect of
increasing the degree of vacuum is summed up in the following table:

Increasing Decreases Steam Consumption.

the
Vacuum from

in Reciprocating
Engines.

in Steam
Turbines.

50% to 60%
50% to 70%
50% to 80%
50% to 90%
50% to 95%

5.8%
11.6%,
17.3%
23.1%
26.0%

6.2%
12.6%
20.0%
30.1%
37.4%

In the last case (from 50% to 95%) the decrease in steam consumption
is 44% greater for a steam turbine than for a reciprocating engine.

The following results of tests of a compound engine using superheated
steam are reported in Power, Aug., 1905. The cylinders were 21 and
36 X 36 ins. The steam pressure was about 117 lbs. gauge. R.p.m. 100,
vacuum 26.5 ins.

Test No. 12 3
Indicated H.P 481 461 347
Superheat of steam

entering h.p. cyl. . . 253° F 242* 221°
B.T.U. supphed per

I.H.P. per min.... 198.2
B.T.U. theoretically

required. Rankine
cycle..... 142.4

Efficiency ratio 0.72
Thermal efficiency % 21.39
Lbs. steam per I.H.P.

hour 9.098 9.267

4
145

5
333

6
258

201.7 197.6 192.1 194.0 194.0

142.5 130.2 128.0 126.0 128.5
0.71 0.66 0.67 0.65 0.66
21.02 21.46 22.07 21.86 21.86

Tests Using Steam. Highly Superheated.

Mod-
erately
Super-
heated

Saturated.

Initial pressure in h.p. cyl.
(absolute), lbs 187.3

582
2,900

9.64
477

195.5

585
2,779

9.67
482

188.4

614
2,868

9.56
479

190.3

531

2,850
10.29

447

194.6

381

2,951

11.77
438

195 9
Temp, of steam in valve

381
TotaiV.Hf:. .•.•.•::::::;::

Lbs. steam per I.H.P. hour
Watt hours per lb. of coal.

2,999
11.75

435

8.585 8.682 8.742

The Practical Application of Superheated Steam is discussed in a
paper by G. A. Hutchinson in Trans. A. S. M. E., 1901. Many different
forms of superheater are illustrated.

Some results of tests on a 3000-H.P., four-cyUnder, vertical, triple-ex-
pansion Sulzer engine, using steam from Schmidt independently fired
superheaters, are as follows. {Eng. Rec, Oct. 13, 1900.)

The saving due to the use of highly superheated steam is (482-438) -v-

482=9.1%,
Tests of a 4000-H.P. double-compound engine (Van den Kerchove, of

Brussels) with superheated steam are reported in Power, Dec. 29, 1908.
The cyUnders are 341/4 and 60 ins., stroke 5 ft. Ratio of areas 2.97. The
following are the principal results, the first figures given being for the full-

load test, and the second (in parentheses") for the half-load test. Steam
pressure at drier, 136.5 lbs. (137.9). R.p.m. 84.3 (84.06). Temp, of
steam entering engine 519° F. (498), leaving l.p. cyl. 121.5° (121.5).
Vacuum in condenser, ins., 27.5 (27). I.H.P. 3776 (2019). Steam per
I.H.P. hour, lbs., 9.62 (9.60).
The saving due to the use of superheated steam is reported in numerous
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tests as being all the way from less than 10% to more than 40%, The
greater saving is usually found with eneanes that are the most inefficient
with saturated steam, such as single-cylinder engines with light loads, in
which the cylinder condensation is excessive.

R. P. Bolton (Eng. Mag., May, 1907) states that tests of superheated
steam in locomotives, by the Prussian Railway authorities in 1904, with
50°, 104° and 1.58° F. superheat, showed a saving of water respectively
of 2.5, 10 and 16%, and a saving of coal of 2, 7 and 12%. Mr. Bolton's
paper concludes with a long Ust of references on the subject of super-
heated steam, A paper by J. R. Bibbins in Elec. Jour., March, 1906, gives
a series of charts showing the saving made by different degrees of super-
heating in different types of engines, including steam turbines.

For description of the Foster superheater, see catalogue of the Power
Specialty Co., New York.
The Wolf (French) semi-portable compound engine of 40 H.P. with

superheater and reheater, the engine being mounted on the boiler, is
reported by R. E. Mathot, Power, July, 1906, to have given a steam
consumption as low as 9.9 lbs. per I.H.P. hour, and 10.98 lbs. per B.H.P.
hour. The steam pressure in the boiler was 172.6 lbs., and was super-
heated initially to 657° F., and reheated to 361° before entering the l.p.
cylinder. This is a remarkable record for a small engine.
A test'of a Rice & Sargent cross-compound horizontal engine 16 and

28X42 Ins.; with superheated steam, is reported by D. S. Jacobus in
Trans. A. S. M. E. , 1904. The steam pressure at the throttle was 140 lbs.

gauge, the superheating was 350 to 400°, and the vacuum 25 to 26 ins.,

r.p.m. 102. In three tests with superheated and one with saturated,
steam the results were:
I.H.P. developed 474.5 420.4 276.8 406.7
Water consumption per I.H.P. hour 9.76 9.56 "9.70 13.84
Coal consumption per I.H.P, hour 1.265 1.257 1.288 1.497
B.T.U, per min. per I.H.P 205.0 203.7 208.8 248.2
Temp, of steam entering h.p. cyl 634 659 672
Temp, of steam leaving h.p. cyl 346 331 288 262
Temp, of steam entering l.p. cyl 408 396 354 269
Temp.of steam leaving l.p. cyl 135 141 117
Performance of a Quadruple Eng;ine.—O. P. Hood (Trans. A. S,

M. E., 1906) describes a test of a high-duty air compressor, with four
steam cylinders, 14.5, 22, 38 and 54 in. diam., 48-in. stroke. The clears
ances were respectively 6, 5.7, 4.4 and 3.5%. R.p.m. 57. Steam pressure,
gauge, near throttle, 242.8 lbs., in 1st. receiver 120.7 lbs., in 2d, 30.8 lbs.,

in 3d, vac, — 1.24 ins. Moisture in steam near throttle, 5.74%. Steam
in No. 1 receiver, dry; in No. 2, 17° superheat; in No. 3, 9° superheat.
The engine has poppet valves on the h.p. cylinder and Corliss valves on
the other cylinders. The feed-water heaters are four in number, in series,
on the Nordberg system; No. 1 receives its steam from the exhaust of
No, 4 cyUnder; No. 2 from the jacket of No. 4 cyl.; No. 3 from the jackets
of No. 3 cylinder and No. 3 reheater; No. 4 from the jacket of No. 2
cjflinder. The reheaters are supplied with steam from the boilers. The
temperatures of steam and water were as follows: Temperatures of steam:
Fed to No. 1 engine, 403°; leaving receivers. No. 1, 351°; No. 2, 291°;
No. 3, 216°, Exhaust entering preheater, 114°. Temperature corre-
sponding to condenser pressure, 109.6°. Temperatures of water: Fed to
preheater, 93°; fed to heaters. No. 1, 114°; No. 2, 173°; No. 3. 202°; No. 4,
269°; leaving heater No. 4 as boiler feed, 334°.
The principal results of the test are as follows:

Cylinder 1 2 3 4
I.H.P. developed in steam cylinders 181.47 256.96 275.71 275.56
I.H.P. used-in the cyUnders 220.04 222.12 226.20 214.84
Total indicated horse-power, steam cylinders 989.7
Total horse-power used in air cylinders 883.2
Total indicated horse-power of auxiliaries 11-0
Horse-power representing friction of the

machine 95.5
Per cent of friction 9.65%
Mechanical efficiency engine and compressor 90.35%
Heat consumed by engine per hour per I.H.P., 10,157 B.T.U. ; per
B.H.P., 11,382 B.T.U, Equivalent standard coal consumption per
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hour assuming 10,000 B.T.U. imparted to the boiler per pound coal, per
I.H.P., 1,016 lbs.; per B.H.P., 1,138 lbs. Dry steam per hour per
I.H.P., 11.23 lbs.; per B.H.P., 12.58 lbs. Heat units consumed per
minute, per I.H.P., 169.29 B.T.U. ; per B.H.P., 189.70 B.T.U.
Eflaciency of Carnot cycle between the temperature of incoming
steam and that corresponding to pressure in the condenser... 34.0 %

Actual heat efficiency attained by this engine 25.05%
Relative efficiency compared with Carnot cycle 73.69%
Relative efficiency compared with Rankine cycle 88.2 %
Duty, ft.-lbs. per milhon B.T.U. suppUed 194,930,000

This engine establishes a new low record for the heat consumed per hour
per I.H.P., being 9% lower than that used by the Wildwood pumping
engine reported in 1900. (See Pumping Engines.)
The Use of Reheaters in the receivers of multiple-expansion engines is

discussed by R. H.Thurston in Trans. A.S.M.E. ,xxi, 893. Heshows that
such receivers improve the economy of an engine very little unless they
are also superheaters; in which case marked economy may be effected
by the reduction of cyhnder condensation. The larger the amount of
cyUnder condensation and the greater the losses, exterior and interior,
the greater the effect of any given amount o£ superheating. The same
statement will hold of the use of reheaters: the more wasteful the engine
without them and the more effectively they superheat, the larger the
gain by their use. A reheater should be given such area of heating surface
as win insure at least moderate superheating.

Influence of the Steam-jacket. — Tests of numerous engines with
and without steam-jackets show an exceeding diversity of results, ranging
all the way from 30% saving down to zero, or even in some cases showing
an actual loss. The opinions of engineers at this date (1894) is also as
diverse as the results, but there is a tendency towards a general belief
that the jacket is not as valuable an appendage to an engine as was for-
merly supposed. An extensive resume of facts and opinions on the steam-
jacket is given by Prof. Thurston in Trans. A. S. M. E., xiv, 462. See
also Trans. A, S. M. E., xiv, 873 and 1340; xiu, 176; xii, 426 and 1340;
and Jour. F. I., April, 1891, p. 276. The following are a few statements
selected from these papers.
;The results of tests reported by the research committee on steam-jackets

appointed by the British Institution of Mechanical Engineers in 1886,
indicate an increased efficiency due to the use of the steam-jacket of from
1% to over 30%, according to varying circumstances.

Professor Unwln considers that "in all cases and on all cylinders the
jacket is useful; provided, of course, ordinary, not superheated, steam is
used ; but the advantages may diminish to an amount not worth the in-
terest on extra cost."

Professor Cotterill says: Experience shows that a steam-jacket is advan-
tageous, but the amount to be gained will vary according to circumstances.
In many cases it may be that the advantage is smaU. Great caution Is
necessary in drawing conclusions from any special set of experiments oa
the influence of jacketing.

In the Pawtucket pumping-engine, 15 and 30V8X 30 in., 50 revs, per
min., steam-pressure 125 lbs. gauge, cut-off lAin h.p. and 1/3 in l.p. cyUnder,
the barrels only jacketed, the saving.by the jackets was from 1% to 4%.
The superintendent of the Holly Mfg. Co. (compound pumping-engines)

says: "In regard to the benefits derived from steam-jackets on our steam-
cylinders, I am somewhat of a skeptic. From data taken on our own
engines and tests made I am yet to be convinced that there is any practical
value in the steam-jacket."

Professor Schrooter from his work on the triple-expansion engines at
Augsburg, and frlm the results of his tests of the jacket efficiency on a
small engine of the Sulzer type in his own laboratory, concludes: (1) The
value of the jacket may vary within very wide limits, or even become
negative. (2) The shorter the cut-off the greater the gain by the use of a
jacket. (3) The use of liigher pressure in the jacket than in the cylinder
produces an advantage. The greater this difference the better. (4) The
high-pressure cyUnder may be left unjacketed without great loss, but the
other should always be jacketed.
The test of the Laketon triple-expansion pumping-engine showed a gain
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of 8.3% by the use of the jackets, but Prof. Denton points out (Trans.

A.S.M.E., xiv, 1412) that all but 1.9% of the gain was ascribable to the

greater range of expansion used with the jackets.

Test of a Compound Condensing Engine with and without Jackets
at different Loads. (R. C. Carpenter, Trans. A.S.M. E., xiv, 428.) —
Cylinders 9 and 16 in. X 14 in. stroke; 112 lbs. boiler- pressure; rated

capacity 100 H. P.; 265 revs, per min. Vacuum, 23 in. From the results

of several tests curves are plotted, from which the following prmcipal

figures are taken.
.

Indicated H.P
Steam per I.H.P. per hr.

With jackets, lbs
Without jackets, lbs
Saving by jacket, %

60 70

19.6 19

22 20.5
10.9 7.3

no 120

19.5 20.4
19.3 20.1

-I.0|-1.5

This table gives a clue to the great variation in the apparent saving
due to the steam-jacket as reported by different experimenters. With
this particular engine it appears that when running at its most econom-
ical rate of 100 H.P., without jackets, very Uttle saving is made by use
of the jackets. When rmming light the jacket makes a considerable

saving, but when overloaded it is a detriment.
At the load which corresponds to the most economical rate, with no

steam in jackets, or 100 H.P., the use of the jacket makes a saving of

only 1%; but at a load of 60 H.P. the saving by use of the jacket is

about 11%, and the shape of the curve indicates that the relative ad-
vantage of the jacket would be still greater at lighter loads than 60 H.P.
The Best Economy of the Piston Steam-Engine at the Advent of

the Steam Turbine is the subject of a paper by J. E. Denton at the
International Congress of Arts and Sciences, St. Louis, 1904. (Power
Oct. 26, 1905.) Prof. Denton says:

During the last two years the following records have been established:

(1) With an 850-H.P. Rice & Sargent compound Corliss engine, running
at 120 r.p.m., having a 4 to 1 cyUnder ratio, clearances of 4% and 7%,
live jackets on cylinder heads and Uve steam in reheater. Prof. Jacobus
found for 600 H.P. of load, with 150 lbs. saturated steam, 28.6 ins. vacuum,
and 33 expansions, 12.1 lbs. of water per I.H.P., with a cylinder-conden-
sation loss of 22%, and a jacket consumption of 10.7% of the total steam
consumption.

(2) With a 250-H.P. Belgian poppet-valve compound engine, 126 r.p.m..
with 2.97 to 1 cyUnder ratio, clearances of 4%, steam-chest jackets on
barrels and head, and no reheater, Prof. Schroter, of Munich, found with
117 H.P. of load, 130 lbs. saturated steam, 27.6 ins. of vacuum, and 32 ex-
pansions, 11.98 lbs. of water per H.P. per hour, with a cylinder-condensa-
tion loss of 23.5%, and a jacket consumption of 7% of the total steam
•consumption in the high cyhnder jacket and 7% in the low jacket.

(3) With the Westinghouse twin compound combined poppet-valve
and Corliss-valve engine, at the New York Edison plant, running 76 r.p.m.,
with 5.8 to 1 cyhnder ratio, clearances of 10.5% and 4%, without jackets
or reheater, Messrs. Andrew, Whitham and Wells found for the full load
of 5400 H.P., 185 lbs. steam pressure, 27.3 ins. vacuum, and 29 expan-
sions, 11.93 lbs. of water per I.H.P. per hour, with an initial condensation
.of about 32%.

These facts show that the minimum water consumption of the compound
engine of the present date, using saturated steam, is not dependent upon
any particular cylinder ratio and clearance nor upon any system of jacket-
ing, but that tne essential condition is the use of a ratio of expansion
of about 30, above which the cyhnder-condensation loss is Uable to prevail
over the influence of the law of expansion. The conclusion appears
warranted, therefore, that if this ratio of expansion is secured with any
of the current cyhnder and clearance ratios, and with any existing system
of jackets and reheaters, or without them, a water consumption of 12.4 lbs.

per horse-power is possible, and that a variation of 0,4 lb. below or above
this figure ma.y occur b.y the accidental favorable, or unfavorable, jacket
and cylinder-wall expenses which are beyond the control of the designer.
Compound Piston Engine Economy vs. that of Steam Turbine.—In order

to compare the economy of the piston engine with that of the steam tur-
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bine, we must use the water consumption per brake horse-power, since no
tnciicator card is possible from the turbine; and furthermore, we must use
the average water consumption for the range of loads to which engines are
subject in practice.

In all of the public turbine tests to date, with one exception the output
was measured through the electric power of a dynamo whose efficiency is

not given for the range of loading employed, so that the average brake
horse-power is not known. This exception is the Dean and Main test of
a 600-H.P. Westinghouse-Parsons turbine using saturated steam at 1 50 lbs.

pressure, and a 28-in. vacuum. We may compare the results of this test

with that of the 850-H.P. Rice & Sargent and of the 250-H.P. Belgian
engine, by assuming that the power absorbed by friction in these en-
gines is 3 % of the indicated load plus the power shown by friction cards
taken witli the engine luiloaded. The latter showed 5% of the rated
power in the R.& S. engine and 8% in the Belgian engine. The results are:

Per cent of full load 41 75 100 125 Avg. 85%
Lbs. Water per Brake H.P. Hour.

600-H.P. Turbine 13.62 13.91 14.48 16.05 14.51
800-H.P. Comp. Engine 13.78 13.44 13.66 17.36 14.56
250 H.P. Belgian Engine 15.10 14.15 13.99 15.31 14.64

These figures show practical equality in economy of the types of engines.
The full report of the Van den Kerchove Belgian engine is given in Power^
June, 1903.

For large-sized units Prof. Denton compares the Elberfeld test of a
Parsons turbine at the full load of 1500 electric H.P., allowing 5% for
attached air pump, 95% for generator efficiency, with the 5400-H.P.
Westinghouse compound engine at the New York Edison station, whose
friction at full load was found to be 4%. The turbine with 150 lbs. steam
and 28 ins. vacuum required 13.08 lbs. of saturated steam per B.H.P.
hour, a gain of 4% over the 600-H.P. turbine. The engine with 18.5 lbs.

boiler pressure gave 12.5 lbs. per B.H.P. hour. Crediting the turbine
with the possible influence of the difference in size and steam pressure,
there is again practical equality in economy between it and the piston
engine.

Triple-expansion Pumping Engines. — The triple-expansion engine has
failed to supplant the compound for electric fight and mill service, be-
cause the gain in fuel economy due to its use was not sufficient to over-
come its higher first cost, depreciation, etc. It is, however, almost uni-
versally used in marine practice, and also in large-sized pumping engines.
Prof. Denton says: Pumping engines in the United States have been de-
veloped in the triple-expansion fly-wheel type to a degree of economy
superior to that afforded by any compound mill or electric engine, and,
for saturated steam, superior to that of the pumping engines of any other
country. This is because their slow speed permits of greater benefit
from jackets and reheaters and of less losses from wire-drawing and back
pressure. These causes, together with the greater subdivision of the range
of expansion, have resulted in records made between 1894 and 1900 of
11.22, 11.26 and 11.05 lbs. of saturated steam per I.H.P., with 175 lbs.

steam pressure and from 25 to 33 expansions, in the cases of the Leavitt,
Snow and Allis pumping engines, respectively, the corresponding heat
consumption being by different dispositions of the jacket drainage, 204,
208 and 212 thermal units per I.H.P. minute; while later the AUis pump,
with 185 lbs. steam pressure, has lowered the record to 10.33 lbs. of satu-
rated steam per I.H.P., with 196 B.T.U. per H.P. minute.

Gain from Superheating. — In the Belgian compound engine above de-
scribed, with steam at 130 lbs., vacuum 27.6 ins., the average consumption
of saturated steam, between 45 and ]25% of load, was 12.45 lbs. per
I.H.P. hour, or 225 B.T.U. per I.H.P. minute. With steam superheated
224° F. the average consumption for the same loads was 10.09 lbs. per
I.H.P. hour, computed to be equivalent to 209 B.T.U. per H.P. minute,
a gain due to superheating of 7%. With steam superheated 307° and
the load about 80% of rating the water consumption was 8.99 lbs. per
I.H.P. hour, equivalent to 192 B.T.U. per H.P. minute. The same load
with saturated steam requires 221 B.T.U., showing a gain due to super-
beating of 13%.
.The best performaace reported for superheated steam used in the tur«
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bine is that of Brown & Boveri Parsons, Frankfort, 4000-H.P. machine,
w,iich, with 183 lbs. gauge pressure and 190° F. superheat, afforded 10.28
lbs. per B.H.P. hour, assuming a generator efficiency of 0.95. Reckoning
from the feed temperature of its vacuum of 27.5 ins., the heat consumption
Is 214 B.T.U. per H.P. minute.

The heat consumption of the 250-H.P. Belgian compound engine per
B.H.P. hour at the highest superheating of 307° F. is 220 B.T.U. The
turbine, therefore, probably holds the record for brake horse-power econ-
omy over the piston engine for superheated steam by a margin of about
3%, although had the compound engine been of the same horse-power as
the turbine, so that its friction load would be only 8% of its power instead
of the 13% here allowed, it would have excelled the turbine in brake
horse-power economy by a margin of about 2.5%.

The Sulphur-dioxide Addendum. — If the expansion in piston engines
could continue until the pressure of 1 pound was attained before exhaust
occurred, considerable more work could be obtained from the steam.
Tliis cannot be done, for two reasons: first, because the low cylinder would
have to be about five times greater in volume, which is commercially
impracticable; and, second, because the velocity of exit through the
largest exhaust ports possible is so great that the frictional resistance of
the steam makes the back pressure from 1 to 3 pounds higher than the
condenser pressure in the best engines of ordinary piston speed.

All the work due to this extra expansion can be obtained by exhausting

"

the steam at 6 lbs. pressure against a nest of tubes containing sulphur
dioxide which is thereby boiled to a vapor at about 170 lbs. pressure.

Professor Josse, of Berlin, has perfected this sulphur-dioxide system
of improvement, and reliable tests have shown that if cooling water of
65° is available, and to the extent of about twice the quantity usually em-
ployed for condensing steam under 28 ins. of vacuum, a sulphur-dioxide
cylinder of about half the size of the high-pressure cylinder of a com-
pound engine will do sufficient work to improve the best economy of
such engines at least 15%. The steam turbine expands its steam to the
pressure of its exhaust chamber, and as unlimited escape ports can be
provided from this chamber to a condenser, it follows that the turbine
can practically expand its steam to the pressure of the condenser. . There-
fore a steam turbine attached to a piston engine to operate with the latter's
exhaust should effect the same saving as the sulphur-dioxide cylinder.

Standard Dimensions of Direct-connected Generator Sets. From
a report by a committee of the A. S. M. E., 1901.
Capacity of unit, K.W 25 35 50 75 100 150 200
Revolutions per minute 310 300 290 275 260 225 200
Armature bore, center crank engines... 4 4 41/2 51/2 6 7 8
Armature bore, side-crank engines 41/2 51/2 6I/2 71/2 8I/2 10 11
The diameter of the engine shaft at the armature fit is 0.001 in.

greater than the bore, for bores up to and including 6 ins., and 0.002
in. greater for bores 6 1/2 ins. and larger.
Dimensions of Some Parts of Large Engines in Electric Plants.

—

The Electrical World, Sept. 27, 1902, gives a table of dimensions of
the engines in the five large power stations in New York City at that
date. The following figures are selected from the table.

Name of station
Metro-
politan.

Manhat-
tan.

Kings-
bridge.

Rapid
Transit.

Edison.

Type of engine
Vert.
Cross-
Comp.

Double,
2hor.
2 vert.
Cyls.

Vert.
Cross-
Comp.

Double
2hor.
2 vert.
Cyls.

3 Cyl. Vert.

Rated H.P
Cylinders, (60" stroke)
Piston rods, diam., in.

Crank pins
Wrist pins
Shaft length

max. diam
bearings

4500
46, 86 in.

9. 10

14 X 14

14 X 14

27 ft. 4 in.

37 in.

34 X60

8000
44. 88 in.

8
18 X 18

12 X 12

25 ft. 3 in.

37 in.

34 X60

4500
46. 86 in.

9. 10

14 X 14

14 X 14

27 ft.

39 in.

34 X60

8900
42, 86 in.

8. 10

20 X 18

12 X 12

25 ft. 3 in.

37 in.

34 X60

5200
43i/2,2-75l/2in.

9
22 & 16 X14

14 X 14

35 ft.

293/8 in.

26 X60



1008 THE STEAM-ENGINE.

The shafts are hollow, with a 16-in. hole, except the Edison which ha§
10 In. The speed of all the engines is 75 r.p.m., or 750 ft. per min. The
crank-pins of the Manhattan and Rapid Transit engines each are at-
tached to two connecting-rods, side by side, hor. and vert., each rod hav-
ing a bearing 9 in. long on the pin. The crank-pins of the Edison en-
gine are 16 in. diam. for the side-cranks, and 22 in. for the center-crank.
The four 8000-horse-power engines in the Manhattan station, new in

1902, were replaced in 1914-15, although still as good as new, by four
30,000 K.W. steam turbines occupying the same space. The turbines
will have a water rate 30 per cent lower than the engines. (Power,
April 27, 1915.)

Some Large BoIIing-Mill Engines.

Cylinders. Type.

t'

Fly-wheel.

Location.

i
Diam.
Ft.

Wt.
Lbs.

Builders.

1

2

44 & 82 X60

46 & 80 X60

65

80

Cross-C

.

Tandem.

140

150

24

24

150,000

110.000

Republic I. & S.
Co., Youngs-
town, Ohio.
Carnegie S. Co.,
Donora, Pa.

FUer &,
Sto^sell.,

Wiscon-
sin Eng..
Co.

Wm. Tij^
Co.

AUis

3

4

52 & 90X60.

2 each

Tandem.

Double.
Tandem.

Double.
Tandem.

150

150

25

no

250.000

ne

Carnegie S. Co.,
Youngstown,
Ohio.

Carnegie S. Co.,
S. Sharon, Pa.

f Carnegie S. "1

Co.,Du-
quesne, Pa.
Jones &
Laughlin
Steel Co.,
Aliquippa.Pa.

5

42 & 70X54

2 each
44 & 70 X60

60 none

Chal-
mers Co.

Mackin-
tosh,
Hemp-
hiU&
Co.

Some details: Main bearings, No. 1, 25 X 431/2 in.; No. 2, 30 X 52 in.;

No. 3, 30 X 60 in. Shaft diam. at wheel pit, No. 1, 26 in.; No. 3, 36 in.
Crank pins, No. 1, h.p. 14 X 14; l.p., 14 X 23 in.; No. 2, 18 X 18 in.

Crosshead pins, No. 1, 12 X 14: No. 2, 16 X 20 in. No. 4 is a reversing
engine, with the Marshall gear. No. 5 is a reversing engine with piston
valves below the cylinders.
Counterbalancing Engines. — Prof. Unwin gives the formula for

counterbalancing vertical engines: Wi = PF2 r/p, (1)
in which Wi denotes the weight of the balance weight and p the radius to
Its center of gravity, W2 the weight of the crank-pin and half the weight of
the connecting-rod, and r the length of the crank. For horizontal engines:

Wi = 2/3 (TF2 + Wz) rIp to 3/4 (TF2 + Wz) rip, . . (2>

In which Ws denotes the weight of the piston, piston-rod, cross-head, and
the other half of the weight of the connecting-rod.
The American Machinist, commenting on these formulae, says: For

horizontal engines formula (2) is often used; formula (1) will give a coun-
terbalance too light for vertical engines. We should use formula (2) for
computing the counterbalance for both horizontal and vertical engines,
excepting locomotives, in which the counterbalance should be heavier.

For an account of experiments on counterbalancing large engines, with
a method of recording vibrations, see paper by D. S. Jacobus, Trans.
A. S. M. E., 1905.
Preventing Vibrations of Engines. — Manv suggestions have been

made for remedying the ^nbration and noise attendant on the working
of the big engines which are employed to run dynamos. A plan which has
given great satisfaction is to build hair-felt into the foundations of the
engine. An electric company has had a 90-horse-power engine removed
from tts foundations, which were then taken up to the depth of 4 feet. A
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layer of felt 5 inches thick was then placed on the founfiatlens and run
up 2 feet on all sides, and on the top of this the brickwork, wm built up. —
Safety Valve.
Steam-engine Foundations Embedded in Air*— In the sugar-

refinery of Ciaus Spreckels, at Philadelphia, Pa., the emgines are distrib-
uted practically all over the buildings, a large proportion of them being
on upper floors. Some are bolted to iron beams or girders, and are con-
sequently innocent of all foundation. Some of these engines ran noise-
lessly and satisfactorily, while others produced more or less vibration and
rattle. To correct the latter the engineers suspended foundations from
the bottoms of the engines, so that, in looking at them from the lower
floors, they were hterally hanging in the air. — Iron Age^ Mar. 13, 1890.

COMMERCIAL. ECONOMY. — COSTS OF POWER.
The Cost of Steam Power is an exceedingly variable quantity. The

principal items to be considered in estimating total annual cost are: load
factor ; hours run per year ; percentage of full load at different hours of
the day ; cost and quality of fuel ; boiler efficiency and steam consumption
of engines at different loads ; cost of water and other supplies ; cost of
labor, first cost of plant, depreciation, repairs, interest, insurance and taxes.

In figuring depreciation not only should the probable life of the several
parts of the plant, such as buildings, boilers, engines, condensers, etc., be
considered, but also the possibility of part of the plant, or the whole of it,

depreciating rapidly in value on account of obsolescence of the machinery
or of changes in the conditions of the business.
When all of the heat in the exhaust steam from engines and pumps, in-

cluding water of condensation, is used for heating purposes the fuel cost of
steam-engine power may be practicaUy nothing, since the exhaust contains
all of the heat in the steam delivered to the engine except from 5 to 10
per cent which is converted into work, and a trifling amount lost by
radiation.
Most Economical Point of Cut-off in Steam-engines, (See paper

by Wolff and Denton, Trans. A. S. M. E., vol. u, p. 147-281; also, Ratio
of Expansion at Maximum Efficiency, .R. H. Thurston, vol. ii, p. 128.)—The problem of the best ratio of expansion is not one of economy of con-
sumption of fuel and economy of cost of boiler alone. The question of in-
terest on cost of engine, depreciation of value of engine, repairs of engine,
etc., enters as well; for as we increase the rate of expansion, and thus,
within certain hmits fixed by the back-pressure and condensation of
steam, decrease the amount of fuel required and cost of boiler per unit of
work, we have to increase the dimensions of the cyhnder and the size
of the engine, to attain the required power.

Type of Engine to be used where Exhaust-steam is needed for-
Heating. — In many factories more or less of the steam exhausted from
the engines is utiUzed for boiUng, drying, heating, etc. Where all the
exhaust-steam is so used the question of economical use of steam in the:
engine itself is eliminated, and the high-pressure simple engine is entirely
suitable. Where only part of the exhaust-steam is used, and the quantity
so used varies at different times, the question of adopting a simple, a.
condensing, or a compound engine becomes more complex. Tliis problem.
is treated by C. T. Main in Trans. A. S. M. E., vol. x, p. 48. He shows;
that the ratios of the volumes of the cylinders in compound engines should'
vary according to the amount of exhaust-steam that can be used for-

heating. A case is given in which three different pressures of steam are-
required or could be used, as in a worsted dye-house: the high or boiler'
pressure for the engine, an intermediate pressure for crabbing, and low-
pressure for boiling, drying, etc. If it did not make too much compli-
cation of parts in the engine, the boiler-pressure might be used in the high-
pressure cylinder, exhausting into a receiver from which steam could be;

taken for running small engines and crabbing, the steam remaining in the^

receiver passing into the intermediate cyUnder and expanded there toi

from 5 to 10 lbs. above the atmosphere and exhausted into a secondi
receiver. From this receiver is drawn the low-pressure steam needed for
drying, boiling, warming mills, etc., the steam remaining in the receiver
passing into the condensing cylinder.

Cost of Steam-power. (Chas. T. Main, Trans. A. S. M. E., x, 48.)

—

Estimated costs in New England in 1888, per horse-power, using com-
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pound condensing, and non-condensing engines, and based on engines
of 1000 H.P. are as follows:

Compound Condens- Non-con-
Englne. ing Engine, densing

Engine.
1. Cost engine and piping, complete $25.00 $20.00 $17.50
2. Engine-house 8.00 7.50 7.50
3. Engine foundations 7.00 5.50 4.50

4. Total engine plant 40.00 33.00 29.50

5. Depreciation, 4% on total cost. i 60 1.32 1.18
6. Repairs, 2% on total cost 80 0.66 0.59
7. Interest, 5% on total cost 2 00 1.65 1,475
8. Taxation, 1.5% on 3/4 cost 0.45 0.371 0.332
9. Insurance on engine and house 0.165 0.138 0.125

10. Total of lines 5, 6, 7, 8, 9 5.015 4.139 3.702

11. Cost boilers, feed-pumps, etc 9.33 13.33 leioo"
12. Boiler-house 2 92 4.17 5.00
13. Chimney and flues 6.11 7.30 8.00

14. Total boiler-plant 18.36 24,80 29.00

15. Depreciation, 5% on total cost 0.918 1.240 1,450
16. Repairs, 2% on total cost 0.367 0.496 0.580
17. Interest, 5% on total cost 0.918 1.240 1.450
18. Taxation, 1.5% on 3/4 cost 0.207 0.279 0.326
19. Insurance, 0.5% on total cost 0.092 0.124 0.145

20. Total of lines 15 to 19 2.502 3.379 3.951

21. Coal used per I.H.P. per hour, lbs. . . 1.75 2.50 3,00

22. Cost of coal per I.H,P.per day of 101/4 cts. cts. cts.
hours at $5.00 per ton of 2240 lbs. ..

.

4.00 5.72 6.86
23. Attendance of engine per day 0.60 0.40 0.35
24. Attendance of boilers per day 0.53 0,75 0.90
25. Oil, waste, and supplies, per day . . ,

.

0.25 0.22 0.20

26. Total daily expense 5.38 7,09 8,31

27. Yearly running expense, 308 days, per
I.H.P $16,570 $21,837 $25,595

28. Total yearly expense, lines 10, 20,
and 27 24.087 29.355 33.248

29. Total yearly expense per I.H.P. for
power if 50% of exhaust-steam is
used for heating 12.597 14,907 16.663

30. Total if all exhaust-steam is used for
heating 8,624 7.916 7.700

When exhaust-steam or a part of the receiver-steam is used for heating,
or if part of the steam in a condensing engine is diverted from the con-
denser, and used for other purposes than power, the value of such steam
should be deducted from the cost of the total amount of steam generated
in order to arrive at the cost properly chargeable to power, . The figures
in lines 29 and 30 are based on an assumption made by Mr, Main of losses
of heat amounting to 25% between the boiler and the exhaust-pipe, an
allowance which is probably too large.

See also two papers by Chas. E. Emery on "Cost of Steam Power,"
Trans. A. S. M. E., vol. xii, Nov., 1883, and Trans. A. 7. E. E., vol. x.
Mar., 1893.

Cost of Coal for Steam-power.—The following table shows the
amount and the cost of coal per day and per year for various horse-powers
from 1 to 1000, based on the assumption of 4 lbs. of coal being used per
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hour per horse-power. It is useful, among other things, in estimating the
saving that may be made in fuel by substituting more economical boilers
and engines for those already in use. Thus with coal at $3.00 per ton of
2000 ibs., a saving of $9000 per year in fuel may be made by replacing a
steam plant of 1000 H.P., requiring 4 lbs. of coal per hour per horse-power,
with one requiring only 2 lbs.

Coal Consumption, at 4 lbs.
per H.P. hour; 10 hours a
day; 300 days per Year. $2 per

Short
Ton.

S3 per
Short
Ton. 1

4per
hort

V
Short
Tons.

ron.

1

Lbs. Long Tons.

Cost in Cost in Cost In
o Per Per Per Per Per Dollars. Dollars. Dollars.
R Day. Day. Year. Day. Yr.

Day. Yr. Day. Yr. Day. Yr.

I 40 0.0179 53.57 0.02 6 0.04 12 0.06 18 0.08 24
10 400 0.1786 53.57 0.20 60 0.40 120 0.60 180 0.80 240
25 1,000 0.4464 133.92 0.50 150 1.00 300 1.50 450 2.00 600
50 2,000 0.8928 267.85 1.00 300 2.00 600 3.0D 900 4.00 1.200
75 3,000 1 .3393 401.78 1.50 450 3.00 900 4.50 1,350 6.00 1.800
!00 4,000 1.7857 535.71 2.00 600 4.00 1,200 6.00 1.800 8.00 2,400
150 6,000 2.6785 803.56 3.00 900 6.00 1,800 9.00 2,700 12.00 3,600 •

200 8,000 3.5714 1,071.42 4.00 1,200 8.00 2.400 12.00 3,600 16.00 4,800
250 10,000 4.4642 1,339.27 5.00 1,500 10.00 3,000 15.00 4.500 20.00 6,000
300 12,000 5.3571 1,607.13 6.00 1,800 12.00 3.600 18.00 5,400 24.00 7,200
350 14,000 6.2500 1,874.98 7.00 2,100 14.00 4,200 21.00 6,200 28.00 8,400
400 16,000 7.1428 2,142.84 8.00 2,400 16.00 4,800 24.00 7,200 32.00 9.600
450 18,000 8.0356 2,410.69 9.00 2,700 18.00 5,400 27.00 8,100 36.00 10,800
500 20.000 8.9285 2.678.55 10.00 3,000 20.00 6,000 30.00 9,000 40.00 12,000
600 24.000 10.7142 3,214.26 12.00 3,600 24.00 7,200 36.00 10,800 48.00 14,400
700 28,000 12.4999 3.749.97 14.00 4,200 28.00 8,400 42.00 11,600 56.00 16.800
800 32,000 14.2856 4,285.68 16.00 4,800 32.00 9,600 48.00 12,400 64.00 19,200
900 36,000 16.0713 4.821.39 18.00 5,400 36.00 10,800 54.00 14,200 72.00 21,600
1000 40.000 17.8570 5,357. 10 20.00 6.000 40.00 12,000 60.00 18.000 80.00 24,000

It is usual to consider that a factory working 10 hours a day requires
10 1/2 hours coal consumption on account of the coal used in banking or
in starting the fires, and that there are 306 working days in the year. For
these conditions multiply the costs given in the table by 1.071. For
24 hours a day 365 days in the year, multiply them by 2.68. For other
rates of coal consumption than 4 lbs. per H.P. hour, the figures are to be
modified proportionately.

Relative Cost of Different Sizes of Steam-engines.
(From catalogue of the Buckeye Engine Co., Part III.)

Horse-power.... 50 75

Cost perH.P.,$ 20 171/2

150

141/2

200

131/2

300
123/4

600 700 800
131/4 14 15

Power Plant Economics. (H. G. Stott, Trans. A. I. E. E., 1906.)

—

The table on the following page gives an analysis of the heat losses fovmd
in a year's operation of one of the most efficient plants in existence.
The following notes concerning power-plant economy are condensed

from Mr. Stott's paper.
Item 1. B.T.U. per lb. of coal. The coal is bought and paid for qo

the tj^sis Qf the B-T.U. fgimci by a bomb calorimet/er,



340 2.4
3,212 22.7
1,131 8.0

441 3.1
960 6.8

28 0.2
223 1.6
203 1.4
152 1.1
61 0.4
31 0.2
111 0.8
36 0.3
28 0.2

8,524 60.1
29 0.2

15,551 109.9 14,099 99.8
-14,099 99.6
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AVBBAQE LOSSES IN THE CONVERSION OF 1 LB. OF COAL INTO ELECTRICITYo

B.T.U. % B.T.U. %
1. B.T.U. per lb, of coal supplied 14,150
2. Loss in ashes
3. Loss to stack
4. Loss in boiler radiation and air leakage
5. Returned by feed-water heater 441
(6. Returned by economizer

^'^^

7. Loss in pipe radiation
S. Delivered to circulator
'9. Delivered to feed pump

10. Loss in leakage and high-pressure drips
11. Delivered to small auxiliaries .

12. Heating
13. Loss in engine friction
14. Electrical losses
15. Engine radiation losses
16. Rejected to condenser
1.7, To house auxiliaries

Delivered to bus bar 1.452 10.3

Item 3. The chimney loss is very large, due to admitting too much air

Ito the combustion chamber. This loss can be reduced about half by the
use of a CO2 recorder and proper management of the fire.

Item 4. This loss is largely due to infiltration of air into the brick
setting. It can be saved by having an air-tight sheet-iron casing enclosing
a magnesia lining outside of the brickwork.

Item 5. All auxiUaries should be driven by steam, so that their exhaust
may be utilized in the feed-water heater.

Item 6, " In all cases where the load factor exceeds 25% the investment
in economizers will be justified.

Item 7. The pipes are covered with two layers of covering, each about
1.5 in. thick.

Item 10. The high-pressure drips can be returned to the boiler, so
practically all the loss under this heading is recoverable.

Item 13. Recent tests of a 7500-H.P. reciprocating engine show a
imechanical efficiency of 93.65%, or an engine friction of 6.35%. The
lengine is lubricated by the flushing system.

Item 16. The maximum theoretical efficiency of an engine working
Ibetween 175 lbs. gauge and 28 ins. vacuum is

(Ti - T2) -i-Ti = (837 - 560) 4- 837 = 33%.
'The actual best efficiency of this engine is 17 lbs. per K.W.-hour = 16.7%
thermal efficiency; dividing by 0.98, the generator efficiency, gives the net
thermodynamic efficiency of the engine, = 17%. The difference between
the theoretical and the actual efficiency is 33 — 17 = 16%, of which 6.35%
IS due to engine friction, and the balance, 9.65%, is due to cylinder con-
densation, incomplete expansion, and radiation. [Some of this difference
is due to the fact that the engine does not work on the Carnot cycle, in
which the heat is all received at the liighest temperature, and part of this
loss might be saved by the Nordberg feed-water heating system. There
may also be a slight loss from leakage. W.K.] Superheated steam, to
such an extent as to insure dry steam at the point of cut-off in the low-
pressure cylinder, might save 5 or 6%.
The present type of power plant using reciprocating engines can be im-

proved in efficiency as follows: Reduction of stack losses, 12%; boiler
radiation and leakage, 5%; by superheating, 6%; resulting in a net in-
crease of thermal efficiency of the entire plant of 4.14% and bringing the
total from 10.3 to 14.44%.

The Steam Turbine. — The best results from the steam turbine up to
date show that its economy on dry saturated steam is practically equal
to that of the reciprocating engine, and that 200° superhtat reduces its

Steam consumption 13.5%. Tlie ghape of the economy cixi've is mudi
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Maintenance and Operation Costs of Different Types of Plant.

Recip-
rocating
Engines.

Steam
Turbines

Recip-
rocating
Engines
and

Steam
Turbines.

Gas-
Engine
Plant.

Gas
Engines
and

Steam
Turbines.

Maintenance.
1. Engine room mechan-

2.57

4.61

0.58
1.12

2.26
1.06
0.74
7.15

0.17
61.30
7.14

6.71

1.77
0.30
2.52

0.51

4.30

0.54
1.12

2.11
0.94
0.74
6.68

0.17
57.30
0.71

1.35

0.35
0.30
2.52

1.54

3.52

0.44
1.12

1.74
0.80
0.74
5.46

0.17
46.87
5.46

4.03
1.01

0.30
2.52

2.57

1.15

0.29
1.12

1.13
0.53
0.74
1.79

0.17
26.31

3.57

6.71

1.77
0.30
2.52

1.94
2. Boiler room or pro-

ducer room
3. Coal- and ash-han-

dling apparatus..

.

4. Electrical apparatus
Operation.

5. Coal- and ash-han-

1.95

0.29
1.12

1.13
6. Removal of ashes. . .

.

7. Dock rental
0.53
0.74

8. Boiler-room labor
9. Boiler-room oil.waste,

etc

3.03

0.17
10. Coal 25.77
11. Water 2.14
J2. Engine-room me-

chanical labor 4.03
1.06

14. Waste, etc 0.30
15. Electrical labor 2.52

Relative cost of mainte-
nance and operation .

.

100.00 79.64 75.72 50.67 46.32

Relative investment in
100.00 82.50 77.00 100.00 91.20

flatter [from 3300 to 8000 K.W. the range of steam consumption isbetween
14.6 and 15.0 lbs. per K.W.-hour], so that the all-day efficiency would be
considerably better than that of the reciprocating engine, and the cost
would be about 33% less for the combined steam motor and electric
generator.

High-pressure Reciprocating Engine with Low-pressure Turbine.— The
reciprocating engine is more efficient than the turbine in the higher pres-
sures, while the turbine can expand to lower pressures and utilize the gain
of full expansion. The combination of the two would therefore be more
eflBcient than a turbine alone.

The Gas Engine. — The best result up to date obtained from gas pro-
ducers and gas engines is about as follows: Loss in producer and auxiliaries,
20%; in jacket water, 19%; in exhaust gases, 30%; in engine friction,

6.5%; in electric generator, 0.5%. Total losses, 76%. Converted into
electric energy, 24%. Only one important objection can be raised to this
motor, that its lange of economical load is practically limited to between
50% and full load. This lack of overload capacity is probably a fatal
defect for the ordinary railway power plant acting under a violently
fluctuating load, unless protected by a large storage-battery.

At light loads the economy of gas and liquid fuel engines fell off even
more rapidly than in steam-engines. The engine friction was large and
nearly constant, and in some cases the combustion was also less perfect
at light loads. At the Dresden Central Station the gas-engines were kept
-working at nearly their full power by the use of storage-batteries. Tne
results of some experiments are given below:
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Brake-load, per Gas-engine, cu. ft. Petroleum Eng., Petroleum Eng^
cent of full of Gas per Brake Lbs. of Oil per Lbs. of Oil per

Power. H.P. per hour. B.H.P. per hr. B.H.P. per hr.

100 22.2 0.96 0.88
75 23.8 1.11 0.99
59 28.0 1.44 1.20
20 40.8 2.38 1.82
121/2 66.3 4.25 3.07

Combination of Gas Engines and Turbines. — A steam turbine unit can
be designed to take care of 100% overload for a few seconds. If a plant
were desj'?ned with 50% of its normal capacity in gas engines and 50%
in steam turbines, any fluctuations in load likely to arise in practice could
be taken care of. By utilizing the waste heat of the gas engine in econ-
omizers and superheaters there can be saved approximately 37% of this
waste heat, to make steam for the turbines. The average total thermal
efficiency of such a combination plant would be 24.5%. This combina-
tion offers the possibility of producing the kilowatt-hour for less than one-
half its present cost.
The table on p. 1013 shows the distribution of estimated relative main-

tenance and operation costs of five different types of plant, the total cost
of current with the reciprocating engine plant being taken at 100.

Storing Heat in Hot Water. —(See also p. 927.) There is no satisfac-
tory method for equalizing the load on the engines and boilers in electric-
light stations. Storage-batteries have been used, but they are expensive
in first cost, repairs, and attention. Mr. Halpin, of London, proposes to
store heat during the day in specially constructed reservoirs. As the
water in the boilers is raised to 250 lbs. pressure, it is conducted to cylin-
drical reservoirs resembling English horizontal boilers, and stored there
for use when wanted. In this way a comparatively small boiler-plant
can be used for heating the water to 250 lbs. pressure all through the
twenty-four hours of the day, and the stored water may be drawn on at
any time, according to the magnitude of the demand. The steam-engines
are to be worked by the steam generated by the release of pressure from
this water, and the valves are to be arranged in such a way that the steam
shall work at 130 lbs. pressure. A reservoir 8 ft. in diameter and 30 ft.

long, containing 84,000 lbs. of heated water at 250 lbs. pressure, would
supply 5250 lbs. of steam at 130 lbs. pressure. As the steam consump-
tion of a condensing electric-light engine is about 18 lbs. per horse-power
hour, such a reservoir would supply 286 effective horse-power hours. In
1878, in France, this method of storing steam was used on a tramway.
M. Francq, the engineer, designed a smokeless locomotive to work by
steam-power supplied by a reservoir containing 400 gallons of water at
220 lbs. pressure. The reservoir was charged with steam from a stationar-^
boiler at one end of the tramway.
An installation of the Rateau low-pressure turbine and regeneratoi

system at the roUing mill of the International Harvester Co., in Chicago,
Is described in Power, June, 1907. The regenerator is a cylindrical shell
11 1/2 ft. diam., 30 ft. long, containing six large elliptical tubes perforated
with many 3/4-in. holes through which exhaust steam from a reversini
blooming-mill engine enters the water contained in the shell. A larg<

steam pipe leads from the shell to the turbine. A series of tests of thf

combination was made, giving results as follows: The 42 X 60 in. bloomini
mill engine developed 820 I.H.P. on the average, with a water rate of 6'

lbs. per I.H.P. hour. It deUvered its exhaust, averaging a httle above at-

mospheric pressure, to the regenerator, at an irregular rate correspondinr
to the varying work of the rolling-mill engine. The regenerator furnishe(
steam to the turbine, which in four different tests developed 444, 544^
727 and 869 brake H.P. at the turbine shaft, with a steam consumption
of 47.7, 37.1, 30.7 and 33.7 lbs. of steam per B.H.P. hour at the turbine.
Had the turbine been of sufficient capacity to use all the exhaust of the
mill engine, 1510 H.P. might have been delivered at the switchboard,
which added to the 820 of the mill engine would make 2330 H.P. for

52,400 lbs. of steam, or a steam rate of 22,5 lbs. per H,P, hour for tUe
^QrobjuatiQu,

a
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trriLIZIXG THE SUN'S HEAT AS A SOURCE OF POWER.
John Ericsson, 1868-1875, experimented on "solar engines," in which

reflecting surfaces concentrated the sun's rays at a central point causing
them to boil water. A large motor of this type was built at Pasadena,
Cal., in 1898. The rays were concentrated upon a water heater through
which ether or sulphur dioxide was pumped in pipes, and utilized in a
vapor engine. The apparatus was commercially unsuccessful on account
of variable weather conditions. Eng. Neivs, May 13, 1909, describes the
solar heat systems of F. Shuman and of H. E. Willsie and John Boyle, Jr.

In the Shuman invention a tract of land is rolled level, forming a shallow
trough. This is lined with asphaltum pitch and covered with about
3 ins. of water. Over the water about i/ie in. of paraffine is flowed, leaving
between this and a glass cover about 6 ins. of dead air space. It is esti-
mated that a power plant of this type to cover a heat-absorption area of
160,000 sq. ft., or nearly four acres, would develop about 1000 H.P.
Provision is made for storing hot water in excess of the requirements of
a low-pressure turbine during the day, to be utilized for running the
turbine during the period when there is no absorption of heat. The
heated water is run from the heat absorber to the storage tank, thence
to the turbine, through a condenser and back to the heat absorber. The
water enters the thermally insulated storage tank, or the turbine, at about
202° F. With a vacuum of 28 ins. in the condenser, the boihng-point of
the water is reduced to 102°, and as it enters the turbine nearly 10%
explodes into steam. Mr. Shuman estimates that a 1000-H.P. plunt built
upon his plan would cost about $40,000.
The Willsie and Boyle plant also utilizes the indirect system of absorb-

ing solar heat and storing the hot water in tanks. This hot water cir-
culates in a boiler containing some volatile liquid, and the vapor generated
Is used to operate the engine, is condensed, and returned to the boiler
to be used again. Mr. Willsie compares the cost per H.P.-hour in a
400-H.P. steam-electric and solar-electric power plant, and finds that the
steam plant would have to obtain its coal for $0.66 a ton to compete with
the sun power plant in districts favorable to the latter.

BULES FOR CONDUCTING TESTS FOR RECIPROCATING
STEAM-ENGINES.

(Abstract of the 1915 Code of the Power Test Committee of the
Am. Soc. M. E.)

The code for steam engine tests applies to tests for determining
the performance of the engine alone (including reheaters and jackets,
if any) apart from that of steam-driven auxiliaries which are neces-
sary to its operation. For tests of engine and auxiliaries combined,
and tests of multiple expansion engines from which steam is with-
drawn ^for heating feed water or otherwise, refer to the Code for Com-
plete Steam Power Plants.

OBJECT AND PREPARATIONS.

Determine the object of the test, take the dimensions, and note
the physical conditions, not only of the engine, but of all parts of

the plant that are concerned in the determinations, examine for

leakages, install the testing appliances, etc., and prepare for the
test accordingly

.

. ^ .

The determination of the heat and steam consumption of an engme
by feed-water test requires the measurement of the various supplies

of water fed to the boiler; that of the water wasted by separators

and drips on the main steam line, that of steam used for other purposes
than the main engine cylinders, and that of water and steam which
escape by leakage of the boiler and piping; all of these last being de-

ducted from the total feed water measured.

Where a surface condenser is provided and the steam consumption
is determined from the water discharged by the air pump, no such
measurement of drips and leakage is required, but assurance must
be had that all the steam passmg into the cy^mders finds its way
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into the condenser. If the condenser leaks, the defects causing
such leakage should be remedied, or suitable correction should be
made.
When no other method is available the steam consumption may

oe determined by the use of a steam meter, bearing in mind the caution
that it should be cahbrated under the exact conditions of use.
The steam consumed by steam-driven auxiliaries which are re-

quired for the operation of the engine should be included in the total
steam from which the heat consumption is calculated and the quan-
tity of steam thus used should be determined and reported.

OPERATING GONDITIONS.

Determine what the operating conditions should be to conform
to the object in view, and see that they prevail throughout the trial.

DURATION.

A test for steam or heat consumption, with substantially constant
load, should be continued for such time as may be necessary to obtain
a number of successive hourly records, during which the results are
reasonably uniform. For a test involving the measurement of feed-
water for this purpose, five hours' duration is sulHcient. Where a
surfa,ce condenser is used, and the measurement is that of the water
discharged by the air pump, the duration may be somewhat shorter.
In this case, successive half-hourly records may be compared and the
time correspondingly reduced.
When the load varies widely at different times of the day, the

duration should be such as to cover the entire period of variation.

STARTING AND STOPPING.

The engine and appurtenances having been set to work and thor-
cmghly heated under the prescribed conditions of test (except in cases
where the object is to obtain the performance under working condi-
tions) note the water levels in the boilers and feed reservoir, take the
time and consider this the starting time. Then begin the measiu"e-
anents and observations and carry them forward until the end of the
period determined on. When this time arrives, the water levels and
steam pressure should be brought as near as practicable to the same
points as at the start. This being done, again note the time and
consider it the stopping time of the test. If there are differences in
the water levels, proper corrections are to be applied.
Where a surface condenser is used, the collection of water dis-

charged by the air pump begins at the starting time, and the water
is thereafterlmeasured or weighed imtil the end of the test.

RECORDS.

Half-hourly readings of the instruments are suflflcient, excepting
where there are wide fluctuations. A set of indicator diagrams should
be obtained at intervals of 15 or 20 minutes, and oftener if the nature
of the test makes it necessary. Mark on each card the cylinder and
the end on which it was taken, also the time of day. Record on one
card of each set the readings of the steam pressure and vacuum gages.
These records should be subsequently entered on the general log,
together with the areas, pressures, lengths, etc., measured from the
diagrams, when these are worked up.

CALCULATION OF RESULTS.

Dry Steam.—The quantity of dry steam consumed is determined
by deducting the moisture, if any, found by the calorimeter test
from the total amount of feed-water (the latter being corrected
for leakages and other losses) or from the amount of air-pump dis-
charge, as the case may be. If the steam is superheated, no cor-
rection is to be made for the superheat.

\JIeat Consumption.—The number of heat-imits consumed by the
\ engine is found by multiplying the weight of feed-water consiuned,
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corrected for moisture in the steam, if any, and for plant leakages
and other exterior losses, by the total heat of 1 lb. of steam (sat-
urated or superheated) less the heat in 1 lb. of water at the tem-
perature corresponding to the pressure in the exhaust pipe near
the engine. .

Indicated Horse-power.— In a single double-acting cylinder the indi-
cated horse-power is foxmd by using the formula

PLAN
33,000'

in which P represents the average mean effective pressure in pounds
per square inch measured from the indicator diagrams, L the length
of stroke in feet, A the area of the piston less one-half the area,
of the piston rod, or the mean area of the rod if it passes through
both cylinder heads, in square inches, and N the number of single
strokes per minute.

Brake Horse-power.—The brake horse-power is found by multiplying;
the net pressm-e or weight in pounds on the brake arm (the gross;
weight minus the weight when the brake is entirely free from the:
pulley) in pounds, the circumference of the circle whose radius;
is the horizontal distance between the center of the shaft and the;
bearing point at the end of the brake arm in feet, and the number'
of revolutions of the brake shaft per minute; and dividing tha
product by 33,000.

Electrical Horse-power.—The electrical horse-power of a direct-con-
nected generator is found by dividing the output at the terminals:
expressed in kilowatts, by the decimal 0.7457. With alternating
current generators the net output is to be used, this being the total,
output less that consumed for excitation and for separately-driven,
ventilating fans.

Efficiency.—The thermal efficiency, that is, the percentage of the;
total heat consumption which is converted into work, is found'
by dividing the quantity 2546.5, which is the B.T.U. equivalent,
of one H.P.-hour, by the number of heat-units actually consumed,
per H.P.-hour.
The Rankine cycle efficiency is found by dividing the heat con-

sumption of an ideal engine conforming to the Rankine cycle by
the actual heat consumption.

Steam Accounted for by Indicator Diagrams at Points Near Cut-off
and Release.—The steam accounted for, expressed in pounds per
I.H.P. per hour, may be found by using the formula

j^|f-[(C + E)Wc-iH-^ E) W^],

in which
M.E.P. = mean effective pressure;

C = proportion of direct stroke completed at points on ex-
pansion line near cut-off or release;

E = proportion of clearance;
H = proportion of return stroke uncompleted at point on

compression line just after exhaust closure;
Wq = weight of 1 cu. ft. steam at pressure shown at cut-off or

release point;

Wfi = weight of 1 cu. ft. steam at pressure shown at compres-
sion point.

In multiple expansion engines the mean effective pressure to be
used in the above formula is the aggregate M.E.P. referred to the
cylinder under consideration. In a compound engine the aggregate
M.E.P. for the h.p. cylinder is the sum of the actual M.E.P. of
the h.p. cylinder and that of l.p. cylinder multiplied by the cyl-
inder ratio. Likewise the aggregate M.E.P. for the l.p. cylinder
is the sum of the actual M.E.P. of the l.p. cylinder and the M.E.P.
of the h.p. cylinder divided by the cylinder ratio.

The relation between the weight of steam shown by the indicator
at any point in the expansion line and the weight of the mixture
of steam and water in the cylinder, may be represented graphically
by plotting on the diagram a saturated steam curve snowing the
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total consumption per stroke (including steam retained at com-
pression) and comparing the abscissae of this curve with the abscissae
of the expansion line, both measured from the line of no clearance.

Cut-off and Ratio of Expansion.—To find the percentage of cut-off,
or what may best be termed the "commercial cut-off," the fol-
lowing rule should be observed:

Through the point of maximum pressure during admission
draw a line parallel to the atmospheric line. Through a
point on the expansion line where the cut-off is complete,
draw a hyperbolic curve. The intersection of these two lines
is the point of commercial cut-off, and the proportion of cut-off
is found by dividing the length measured on the diagram
up to this point by the total length.

To find the ratio of expansion divide the volume corresponding
to the piston displacement, including clearance, by the volume of
the steam at the commercial cut-off, including clearance.

In a multiple expansion engine the ratio of expansion is found
by dividing the volume of the l.p. cylinder, including clearance,
by the volume of the h.p. cylinder at the commercial cut-off, in-
cluding clearance.

DATA AND RESULTS.

The data and results should be reported in accordance with the
form given herewith, adding lines for data not provided for, or omitting
those not required, as may conform to the object in view. If the
principal data and results pertaining to steam consumption only are
desired, the subjoined abbreviated table may be used.

DATA AND RESULTS OF STEAM-ENGINE TEST
Code of 1915.

1. Test of engine located at
To determine
Test conducted by •

DIMENSIONS, ETC.

2. Type of engine (simple or multiple expansion).
~ ^las '

• '
- ^

3. Class of service (mill, marine, electric, etc.)

4. Auxiliaries (steam or electric driven)
5. Rated power of engine

6. Diameter of cylinders in.

7. Stroke of pistons ft.

(a) Diameter of piston-rod, each end.

8. Clearance (average) in per cent of piston
displacement 1 to —

9. H. P. constant 1 lb. 1 rev H.P
(a) Cylinder ratio (based on net pis-

ton displacement 1 to —
10. Capacity of generator or other apparatus

consuming power of engine H.P

DATE AND DURATION.
11. Date
12. Duration hr.

Average Pressures and Temperatures.

13. Pressure in steam pipe near throttle, by gage lbs. per sq, in.

14. Barometric pressure ins.

.

15. Pressure in 1st receiver, by gage lbs. per sq. in.

16. Pressure in 2d receiver, by gage lbs. per sq. in.

17. Vacuum in condenser ins.

18. Pressure in jackets and reheaters lbs. per sq. in.

19. Temperature of steam near throttle, if superheated degs,

20. Temperature corresponding to pressure in exhaust pipe
near engine ,.,.,.,.,,.,..,,.,.,.,.,.,...... degs,
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QUALITY OF STEAM.

21. Percentage of moisture in stsam near throttle, or degrees
of superheating % or deg.

TOTAL QUANTITIES.

22. Water fed to boilers, from main supply lbs.

23. Water fed to boilers from additional supplies lbs.
24. Total water fed to boilers lbs.

25. Total condensed steam from surface condenser (corrected
for condenser leals;age) lbs.

26. Total dry steam consumed (Item 24 to 25 less moisture
in steam) lbs.

' HOURLY QUANTITIES.

27. Water fed to boilers from main supply per hour lbs.
28. Water fed to boilers from additional suppHes per hour. . lbs.
29. Total water fed to boilers or drawn from surface con-

denser per hour lbs.
30. Total dry steam consumed for all purposes per hour

(Item 26 -altera 12) lbs.

31. Steam consumed per hour for all purposes foreign to the
main engine (including drips and leakage of plant) . . . lbs.

32. Dry steam consumed by engine per hour (Item 30 —
Item 31) lbs.

33. Heat units consumed by engine per hour (Item 32 X
total heat of steam per lb. above exhaust temperature

. of Item 20) B.T.U.

INDICATOR DIAGRAMS.
lstCyl.2dCyl. 3dCyI.

34. Commercial cut-off in per cent of stroke,
per cent

35. Initial pressure above atmosphere
lbs. per sq. In

36. Back pressure at lowest point above or
below atmosphere lbs. per sq. in

37. Mean effective pressure lbs. per sq. in
38. Aggregate M.E.P. referred to each cyl-

inder lbs. per sq. in ,

39. Steam accounted for per I.H.P.-hr. at
point on expansion line shortly after
cut-off lbs

40. Steam accounted for per I.H.P.-hr. at
point on expansion line just before
release lbs

SPEED.

41. Revolutions per minute R.P.M.
42. Piston speed per minute ft.

(a) Variation of speed between no load and full load

.

per cent.

(&) Momentary fluctuation of speed on suddenly
changing from full load to half load per cent.

POWER.

'43. Indicated H.P. developed, whole engine I.H.P.
(a) I.H.P. developed by 1st cyhnder I.H.P.
(6) I.H.P. developed by 2d cylinder I.H.P.
(c) I.H.P. developed by 3d cyhnder I.H.P.

44. Brake H.P B.H.P.
45. Friction of engine (Item 43 - Item 44) H.P.

(a) Friction expressed in percentage of I.H.P. (Item
45 ^ Item 43 X 100) per cent.

(&) Indicated H.P. with no load, at normal speed. . .

.

I.H.P.
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ECONOMY EESULTS.

46. Dfy steam consumed by engine per I.H.P. per hr lbs.

47. Dry steam consumed by engine per bralce H.P.-hr lbs.

48. Percentage of steam consumed by engine accounted for
by indicator at point near cut-off per cent.

49. Percentage of steam consumed near release per cent.
50. Heat-units consumed by engine per I. H.P.-hr. (Item

33 -f- Item 43) B.T.U.
•51. Heat-units consumed by engine per brake H.P.-hr. (Item

33 H- Item 44) B.T.U.
52. Heat-units consumed per H.P.-hr. by ideal engine,

based on Rankine cycle B.T.U.

EFFICIENCY EESULTS.

53. Thermal efficiency of engine referred to I.H.P. (2546.5 -f-

Item 50) per cent.
54. Thermal efficiency of engine referred to Brake H.P.

(2546.5 ^ Item 51) per cent.
65. Efficiency of engine based on Rankine cycle referred to

I.H.P. (Item 52 -i- Item 50) per cent.
56. Efficiency of engine referred to Brake H.P. (Item 52 -h

Item 51) per cent,

WOBK DONE PER HEAT-UNIT.

57. Foot-pounds of net work per B.T.U. consumed by
engine (1,980,000 h- Item 51) ft.-lbs.

SAMPLE DIAGRAMS.

68. Sample diagrams from each cylinder
Note:—For an engine driving an electric generator the form should

be enlarged to include the electrical data, embracing the average •

voltage, number of amperes each phase, number of watts, number
of watt-hours, average power factor, etc.; and the economy results
based on the electric output embracing the heat-units and steam
consumed per electric H.P. per hour and per kw.-hr., together with
the efficiency of the generator.

Likewise, in a marine engine having a shaft dynamometer, the
form should include the data obtained from this instrument, in which
case the Brake H.P. becomes the Shaft H.P.

Principal Data and Results of Reciprocating Engine Test.

1. Dimensions of cylinders
2. Date
3. Duration hrs.
4. Pressure in steam pipe near throttle by gage lbs. per sq. in.

5. Pressure in receivers lbs. per sq. in.

6. Vacuum in condenser ins.

7. Percentage of moisture in steam near throttle or
number of degrees of superheating % or deg.

8. Net steam consumed per hour. .
." lbs.

9. Mean effective pressure in each cylinder lbs. per sq. in„

10. Revolutions per minute R.P.M.
11. Indicated horse-power developed H.P.
12. Steam consumed per I.H.P. per hr lbs.

13. Steam accounted for at cut-off each cylinder lbs.

14. Heat consumed per I.H.P. per hr B.T.U.
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DIMENSIONS OF PARTS OF ENGINE^^

The treatment of this subject by the leading authorities on the steam-
fengine is very iinsatisfactory, being a confused mass of rxiles and for-
mulae based partly upon theory and partly upon practice. The practice
of builders shows an exceeding diversity of opinion as to correct dimen-
sions.- The treatment given below is chiefly the result of a study of the
works of Rankine, Seaton, Unwin, Thurston, Marks, and Whitham, and
is largely a condensation of a series of articles by 'che author published
in the American Machinist, in 1894, with many alterations and much
additional matter.

(Two notable papers on the subject, however, have appeared: 1, Cur-
rent Practice in Engine Proportions, by Prof. John H. Barr, 1897; and
2, Current Practice in Steam-engine Design, by Ole N. Trooien, 1909.
Both of these are abstracted on pages 1039 and 1040.)

Cylinder. (Whitham)— Length of bore = stroke + breadth of pis-
ton-ring — 1/8 to 1/2 in. ; length between heads = stroke + thickness of
piston + sum of clearances at both ends; thickness of piston = breadth
of ring + thickness of flange on one side to carrj' the ring + thickness
of foUower-plate.

Thickness of flange or follower. . . S/gto I/2 in. 3/4 in. 1 in.

For cylinder of diameter 8 to 10 in. 36 in, 60 to 100 in;.

Clearance of Piston. (Seaton.)—The clearance allowed varies with'
the size of the engine from i/g to s/g in. for roughness of castings and'
1/16 to Vs in. for each working joint. Naval and other very fast-running
engines have a larger allowance. In a vertical direct-acting engine the:
parts which wear so as to bring the piston nearer the bottom are three,,
viz., the shaft journals, the crank-pin brasses, and piston-rod gudgeon-
brasses.

Thickness of Cylinder.—In the earlier edition.? of this book elevem
formulae, from seven different authorities, were given for thickness of
cylinders and they were applied to six engines, the dimensions of which,
are given in the foUowing table.

Dimensions, etc., op Engines.

Engine, No. and 2. 3 and 4. 5 and 6.

Indicated horse-po ,v"er I.H.P.
Diam. of cyl., in D
Stroke, feet L
Revs, per min r
Piston speed, ft. per min S
Area of piston, sq. in a
Mean effective pressure M.E.P.
Max. total unbalanced pressure P
Max. total pressure per sq. in p

50
10

1 . .2
250... 125

500
78.54
42

7854
100

450
30

2 1/2- -.5
130 ... 65

650
706.86
32.3

70,686
100

1250
50

4 ... 8

90 . . . 45.

700
1963.5.

30
196.350

100.

The thickness of the cylinders of these engines, according to the'
eleven formulae, ranges for engines 1 and 2 from 0.33 to 1.13 in., for-

3 and 4 from 0.99 to 2.00 in., and for 5 and 6 from 1.56 to 3.00 in,.

The averages of the eleven are, for 1 and 2, 0.76 in.; for 3 and 4, 1.48'.

in. ; for 5 and 6, 2.26 in.

The average corresponds nearly to the formula t = 0.00037 Dp + 0.4'=

in. A convenient approximation is t = 0.0004 Dp + 0.3 in., which gives;
for

Diameters 10 20 30 40 50 60 in,.

Thicknesses 0.70 1.10 1.50 1.90 2.30 2.70 in\.

The last formula corresponds to a tensile strength of cast iron of
12,500 lb., with a factor of safety of 10 and an allowance of 0.3 in. for:

reboring.
" Thiclmess of Cylinder and Its Connections for Marine Engines;.
(Seaton.)

—

D = the diam. of the cylinder in inches; p = load on the-
safety-valves in lb. per sq. in. ; /, a constant multipUer, = thickness of
barrel + 25 in.
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Thickness of metal of cylinder barrel or liner, not to be less thant
pXD-h 3000 when of cast iron.*

Thickness of cyhnder-barrel = p X D -^ 5000 + 0.6 in.
Thickness of liner = 1.1 X /
Thickness of Uner when of steel = p X D -^ 6000 + 0.5 in.
Thickness of metal of steam-ports =0.6 Xf.
Thickness of metal valve-box sides = 0.65 X /.

Thickness of metal of valve-box covers = 0.7 Xf." " cylinder bottom =1.1 X /, if single thickness.
= 0.65 X/. if double

" " " covers = 1.0 x/, if single .

"
>

= 0.6 X/, if double
" cylinder flange = 1.4 X/. ;" " cover-flange = 1.3 Xf." " valve-box flange = 1.0 X/." " door-flange = 0.9 Xf-" " face over ports = 1.2 X/." " " " =1.0 X /, when there is a false-

face.
" " false-face =0.8 X /, when cast iron,
" '• " =0.6 X /, when steel or bronze.

Cylinder-heads.—^Applying six different formulae to the engines of 10,
30, and 50 inches diameter, with maximum imbalanced steam-pressure
of 100 lb. per sq. in., we have

For cylinder 10 in. diam., 0.35 to 1.15 in.; for 30 in. diam., 0.90 to
1.75 in. ; for 50-in. diam., 1.50 to 2.75 in. The averages are respectively
0.65, 1.38, and 2.10 in.

The average is expressed by the formula t = 0.00036 Dp + 0.31 inch.

Web-stiffened Cylinder-covers.—Seaton objects to webs for
stiffening cast-iron cylinder-covers as a source of danger. The strain on
the web is one of tension, and if there should be a nick or defect in the
outer edge of the web the sudden application of strain is apt to start
a crack. He reconmaends that high-pressure cylinders over 24 in. and
low-pressure cylinders over 40 in. diam. should have their covers cast
hollow, with two thicknesses of metal. The depth of the cover at the
middle should be about 1/4-the diam. of the piston for pressures of 80 lb.
and upwards, and that of the low-pressure cylinder-cover of a com-
pound engine equal to that of the high-pressure cyUnder. Another
rule is to make the depth at the middle not less than 1.3 times the
diameter of the piston-rod. In the British Navy the cyhnder-covers
are made of steel castings, 3/4 to 1 1/4 in. thick, generally cast without
webs, stiffness being obtained by their form, which is often a series of
corrugations.

Cylinder-head Bolts.—Diameter of bolt-circle for cylinder-head =
diameter of cylinder + 2 X thickness of cyUnder + 2 X diameter of bolts.
The bolts should not be more than 6 in. apart (Whitham)

.

Marks gives for number of bolts & = 0.7854 D2p ~- 5000 c, in which
c = area of a single bolt, p = boiler-pressure in lb. per sq. in.; 5000 lb.

is taken as the safe strain per sq. in. on the nominal area of the bolt.
Thurston says: Cylinder flanges are made a Uttle thicker than the

cylinder, and usually of equal thickness with the flanges of the heads.
CyUnder-bolts should be so closely spaced as not to allow springing of the
flanges and leakage, say, 4 to 5 times the thickness of the flanges. Their
diameter should be proportioned for a maximiun stress of not over 4000
to 5000 lb. per square inch.

If D = diameter of cylinder, p = maximum steam-pressure, 6 =
number of bolts, s = size or diameter of each bolt, and 5000 lb. be
allowed per sq. in. of actual area at the root of the thread, 0.7854 D^p =
3927 bs2] whence bs^ = 0.0002 D^p.

s = 0.01414 D^
J-.

For the three engines we have:

* When made of exceedingly good material, at least twice melted,
the thickness may be 0.8 of that given by the above rules.
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Diameter of cylinder, inches 10 30 50
Diameter of bolt-circle, approx 13 35 57.5
Circumference of circle, approx 40.8 110 180
Minimum no. of bolts, circ. -7-6 7 18 30

Diam of bolts, s = 0.01414 -D^/y 3/4 in. 1 . 00 1 . 29

The diameter of bolt for the 10-inch cylinder is 0.54 in. by the formula,
but 3/4 inch is as small as should be taken, on account of possible over-
strain by the wrench in screwing up the nut.
The Piston. Details of Construction of Ordinary Pistons. (Seaton.)—Let D be the diameter of the piston in inches, p the effective pressure

per square inch on it, a; a constant multipUer, foxmd as follows:

x= (Z> ^ 50) X Vp+ 1.

The thickness of front of piston near the boss =0.2 X x.
" rim =0.17X2:.

back " = 0.18 X x." boss around the rod = 0.3 X x." flange inside packing-ring = 0.23 X x."at edge = 0.25 X x." packing-ring = 0.15 X x." jimk-ring at edge = 0.23 X a;." " inside packing-ring = 0.21 X a:,"at bolt-holes = 0.35 X x." metal around piston edge = 0.25 X x.
The breadth of packing-ring = 0.63 X x.
" depth of piston at center =1.4 x x.
*' lap of junk-ring on the piston = 0.45 X x.
" space between piston body and packing-ring = 0.3 X x.
*' diameter of junk-ring bolts =0.1 X x +0.25 in.
" pitch of junk-ring bolts = 10 diameters.
*' number of webs in the piston = (D + 20) 4-12.
" thickness of webs in the piston = 0.18 X a:.

Marks gives the approximate rule: Thickness of piston-head =*yiD',
in which I = length of stroke, and D = diameter of cylinder in inches.
Whitham says: In a horizontal engine the rings support the piston, or at
least a part of it, imder ordinary conditions. The pressure due to the
weight of the piston upon an area equal to 0.7 the diameter of the
cylinder X breadth of ring-face, should never exceed 200 lb. per sq. in.

He also gives a formula much used in this country: Breadth of ring-
face = 0.15 X diameter of cylinder.

For our engines we have diameter = 10 30 50
Thickness of piston-head.

Marks, '^/ZD"; long stroke 3.31 5.48 7.00
Marks, a^zd"; short stroke 3.94 6.51 8.32
Seaton, depth at center = lAx 4 . 20 9 . 80 15 . 40
Seaton, breadth of ring = 0.63 x 1 . 89 4.41 6 . 93
Whitham, breadth of ring = 0. 15 D 1 . 50 4 . 50 7 . 50

Diameter of Piston Packing-rings.—These are generally turned,
before they are cut, about 1/4 inch diameter larger than the cyhnder,
for cylinders up to 20 inches diameter, and then enough is cut out of the
rings to spring them to the diameter of the cyhnder. For larger cyUn-
ders the rings are turned proportionately larger. Seaton recommends
an excess of 1 % of the diameter of the cyhnder.
A theoretical paper on Piston Packing Rings of Modern Steam En-

gines by O. C. Reymami will be found in Jour. Frank. Inst., Aug., 1897.
Cross-section of the Rings.—The thickness is commonly made

1/30 of the diam. of cyl. + i/g inch, and the width = thickness + i/g inch.
For an eccentric ring the mean thickness may be the same as for a ring
of uniform thickness, and the minimvma thickness = 2/3 the maximum.
A circular issued by J. H. Dunbar, manufacturer of packing-rings,

Youngstown, Ohio, says: Unless otherwise ordered, the thickness of
rings will be made equal to 0.03 X their diameter. This thickness has
been foimd to be satisfactory in practice. It admits of the ring being
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made abcyeft'^/ie in. to the foot larger than the cyluider, and has, when
new, A tension of about two pounds per inch of circumference, which is

;|

ampfte to prevent leakage if the surface of the ring and cylinder arei
SBIOOth.

As regards the width of rings, authorities "scatter" from very narrow
tto very wide, the latter being fully ten times the former. For instance,
'Unwm #ves W = 0.014 d + 0.08. Whitham's formula is TF = 0.15 d.
- In both, formulae W is the width of the ring in inches, and d the diameter
t of thet^ylinder in inches. Unwin's formula makes the Width of a 20-inj
ring fr = 20 X 0.014 + 0.08 = 0.36 in., while Whitham's is 20 X 0.15 =
3 ifi. for the same diameter of ring. There is much less difference in the
pi4f<;tice of engine-builders in this respect, but there is still room for a

; sta.ndard width of ring. It is beUeved that for cyhnders over 16 in.
^'{S:ameter 3/4 in. is a popular and practical width, and 1/2 in. for cyhnders
't>f that size and under.

Fit of Piston-rod into Piston. (Seaton.)—The most convenient
and rehable practice is to turn the piston-rod end with a shoulder of i/ie

'

inch for small engines, and 1/8 inch for large ones, make the taper 3 in. to

:

the foot xmtil the section of the rod is three-fourths of that of the body,
then turn the remaining part paraUel ; the rod should then fit into the
piston so as to leave i/s in, between it and the shoulder for large pistons
and 1/16 in. for small. The shoulder prevents the rod from splitting the
piston, and allows of the rod being turned true after long wear without
encroaching on the taper.
The piston is secured to the rod by a nut, and the size of the rod should

be such that the strain on the section at the bottom of the thread does
not exceed 5500 lb. per sq. in. for iron, 7000 lb. for steel. The depth

:

of this nut need not exceed the diameter which would be found by allow-
ing these strains. The nut should be locked to prevent its working
loose.
Diameter of Piston-rods.—Taking d = diam. of piston-rod, D =

diam. of piston, I = length of stroke, p = maximum unbalanced pres-

sure, lb. per_^q. in., Unwin gives, for iron rods, d = 0.0167 D\/p; steel,

10.0144 D\/p. Marks gives: (1) d = 0.0179 DVp'toT iron; (2) 0.0105

D\/pS'C>r steel; and (3) d = 0.0390 ^DH^p for iron; (4) 0.0352 '^DH'^p
for #ieel. Deduce the diameter of the rod by (1) or (2) and if this
diauBaeter is less than 1/12^ then use (3) or (4). Applying these four
fentaulse to the six engines and taking the average results, we have the
IfeMowing:

Diameter of Piston-rods.

10 30 50

fStroke, inches 12 24
1.49 1.82
1.33 1.59

30
4.30
3.83

60
5.26
4.52

48 96
IDiam. of rod, average for iron

" " average for steel

7.11 8.74
6.33 7.46

An empirical formula which gives results approximating the above
averages is d" = c \/Dlp, the values of c being for short stroke engines,
iron, 0.0145; steel, 0.0129; and for long stroke engines, iron, 0.0126,-

; steel, 0.0108.
'

The calculated results for this formula, for the six engines, are, re-
spectively:

Iron 1.59 1.95 4.35 5.36 7.11 8.73
Steel 1.31 1.67 3.87 4.58 6.32 7.48

In considering an expansive engine, p, the effective pressure, should be
taken as the absolute working pressure, or 15 lb. above that to which
the boiler safety-valve is loaded; for a compound engine the value of p
for the high-pressure piston should be taken as the absolute pressure,
less 15 lb., or the same as the load on the safety-valve; for the medium-
pressure the load may be taken as that due to half the absolute boiler-
pressure; and for the low-pressure cylinder the pressure to which the
escape-valve is loaded + 15 lb., or the maximum absolute pressure
which can be got in the receiver, or about 25 lb. It is an advantage to
make all the rods of a compound engine alike, and this is now the rule.

Piston-rod Guides.—The thrust on the guide, when the connecting-



DIMENSIONS OF PARTS OF ENGINES. 1025

rod is at its maximum angle with the hne of the piston-rod, is foimd from
the formula: Thrust = total load on piston X tangent ofmaximum angle
of connecting-rod = p tan 0. This angle, 0, is the angle whose sine =
half stroke of piston -=- length of connecting-rod.

Ratio of length of connecting-rod to stroke . . 2
Maximum angle of connecting-rod with line

of piston-rod 14° 29'
Tangent of the angle 0.258
Secant of the angle 1 .0327

21/2 3

11° 33' 9° 36'
0.204 0.169
1.0206 1.014

Thurston says: The rubbing surfaces of guides are so proportioned
that if V be their relative velocity in feet per minute, and p be the in-
tensity of pressure on the guide in lb. per sq. in., pV < 60,000 and
pV> 40,000.
The lower is the safer limit; but for marine and stationary engines it

is allowable to take p = 60,000 -;- V. According to Rankine, for loco-
44,800 , . ^, ... • . T/motives, p == -^ , where p is the pressure m lb. per sq. m. and V

the velocity of rubbing in feet per minute. This includes the sum of
all pressures forcing the two rubbing surfaces together.
Some British builders of portable engines restrict the pressure between

the guides and cross-heads to less than 40, sometimes 35 lb. per sq. in.
For a mean velocity of 600 feet per minute. Prof. Thurston's formulae

give, p < 100, p > 66.7; Rankine's gives p = 72.2 lb. per sq. in.
Whitham gives,

„ ,., . . , P 0.7854 d^piA = area of shdes m square inches = -^=. = —
^

po vn^ — 1 Pa Vn2 — 1

in which P = total unbalanced presstu-e, pi = pressure per square inch
on piston, d = diameter of cyhnder, po = pressure aUowable per square
inch on slides, and n = length of connecting-rod -h length of crank.
This is equivalent to the formula, A = P tan -^ po. For n = 5, pi =
100 and po = 80, A = 0.2004 d^. For the three engines 10, 30, and 50 in.

diam., this would give for area of shdes, A = 20, 180, and 500 sq. in.,

respectively. Whitham says: The normal pressure on the slide may be
as high as 500 lb. per sq. in., but this is when there is good lubrication
and freedom from dust. Stationary and marine engines are usually
designed to carry 100 lb. per sq. in., and the area in this case is reduced
from 50% to 60% by grooves. In locomotive engines the pressure
ranges from 40 to 50 lb. per sq. in. of shde, on accoiont of the inaccessi-
bility of the slide, dirt, cinder, etc.

The Connecting-rod. Ratio of length of connecting-rod to length of
stroke.—Experience has led generally to the ratio of 2 or 2 1/2 to 1, the
latter giving a long and easy-working rod, the former a rather short, but
yet a manageable one (Thurston) . Whitham gives the ratio of from 2
to 4 1/2 and Marks from 2 to 4.

Dimensions of the Connecting-rod.—The calculation of the diameter
of a connecting-rod on a theoretical basis, considering it as a strut sub-
ject to both compressive and bending stresses, and also to stress due to
its inertia, in high-speed engines, is quite comphcated. See V/hitham,
Steam-engine Design, p. 217; Thurston, Manual of S. E., p. 100.
Applying seven formulae given by different authorities to the six

engines the average diameters (at the middle of the rod) are given
below:

Diameter of Connecting-rods.

Diameter of Cylinder, inches 10 30 50

12

30
2.24

24
60

2.26

30
75

6.38

60
150
6.27

48
120
10.52

96
Length of connecting-rod I 240
Diameter of rod, inches 10.26

The average figures show but httle difference in diameter between
long- and short-stroke engines; this is what might be expected, for while
the connecting-rod, considered simply as a column, would require an
increase of diameter for an increase of length, the load remaining the
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same, yet in an engine generally the shorter the connecting-rod the
greater the number of revolutions, and consequently the greater the
strains due to inertia. The influences tending to increase the diameter
therefore tend to balance each other, and to render the diameter to
some extent independent of the length, The^average figures correspond

nearly to the simple formula d = 0.021 D\/p. The diameters of rod for
the three diameters of engine by this formula are, respectively, 2.10,
6.30, and 10.50 in. Since the total pressure on_the piston P = 0.7854

Z)2p, the formula is equivalent to d == 0.0237 a/P.
Seaton and Sennett give the diameter at the necks of a connecting-

rod = 0.9 the diam. at the middle. Whitham gives it as 1.0 to 1.1 the
diam. of the piston-rod.

Connecting-rod Ends.—For a connecting-rod end of the marine
type, where the end is secured with two bolts, each bolt should be pro-
portioned for a safe tensile strength equal to two-thirds of the maximmn
pull or thrust in the connecting-rod.
The cap is to be proportioned as a beam loaded with the maximmn

pull of the connecting-rod, and supported at both ends. The calcula-
tion should be made for rigidity as well as strength, allowing a maximum
deflection of Vioo inch. For a strap-and-key connecting-rod end the
strap is designed for tensile strength, considering that two-thirds of the
pull on the connecting-rod may come on one arm. At the point where
the metal is slotted for the key and gib, the straps must be tliickened to
make the cross-section equal to that of the remainder of the strap. Be-
tween the end of the strap and the slot the strap is liable to fail in double
shear, and sufficient metal must be provided at the end to prevent such
failure.
The breadth of the key is generally one-fourth of the width of the

strap, and the length, parallel to the strap, should be such that the cross-
section will have a shearing strength equal to the tensile strength of the
section of the strap. The taper of the key is generally about 5/8 inch
to the foot.
Tapered Connecting-rods.—In modern high-speed engines it is cus-

tomary to make the connecting-rods of rectangular instead of circular
section, the sides being parallel, and the depth increasing regularly from
the cross-head end to the crank-pin end. According to Grashof, the
bending action on the rod due to its inertia is greatest at 6/io the length
from the cross-head end, and, according to this theory, that is the point
at which the section should be greatest, although in practice the section
is made greatest at the crank-pin end.

Professor Thurston furnished the author with the following rule for
tapered connecting-rods of rectangular section: Take the section as com-

puted by the formula (f" =0.1 \IdL\/p'+ 3/4 for a circular section,
and for a rod 4/3 the actual length, placing the computed section at
2/3 the length from the smaU end, and carrying the taper straight
through this fixed section to the large end. This brings the computed
section at the surge point and makes it heavier than the rod for which
a tapered form is not required.

Taking the above formula, multiplying L by V3, and changing it to I

in inches, it becomes d = i/so y Dl \/p'+ 3/4 in. Taking a rectangular
section of the same area as the round section whose diameter is d,

and making the depth of the section h = twice the thickness t, we have

0.7854 d^= ht = 2 t^, whence t = 0.627; d = 0.0209 ^l Dl\/^+ 0.47 in.,

which is the formula for the thickness or distance between the parallel
sides of the rod. Making the depth at the cross-head end = 1.5 ^ and
at 2/3 the length = 2 t, the equivalent depth at the crank end is 2.25 t.

Applying the formula to the short-stroke engines of our examples, we have

Diameter of cylinder, inches
Stroke, inches
Length of connecting-rod

Thickness, t = 0.0209 ^ Dl Vp'+ 0.47 = .

Depth at cross-head end, 1 .5 ^ =
Depth at crank end, 21/4^
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The thicknesses t, found by the formula t = 0.0209V Dls/p-^- 0.47,

agree closely with the more simple formula t = 0.01 D\/~p + 0.60 in., the
thicknesses calculated by this formula being respectively i.6, 3.6, and
5.6 in.

The Crank-Pin.—A crank-pin should be designed (1) to avoid heat-
ing, (2) for strength, (3) for rigidity. The heating of a crank-pin
depends on the pressure on its rubbing surface, and on the coefficient
of friction, which latter varies greatly, according to the effectiveness of
the lubrication. It also depends upon the facihty with which the heat
produced may be carried away: thus it appears that locomotive crank-
pins may be prevented to some degree from overheating by the coohng
action of the air through which they pass at a high speed.
Marks states as a general law, within reasonable hmits as to pressure

and speed of rubbing, the longer a bearing is made, for a given pressure
and number of revolutions, the cooler it will work; and its diameter has
no effect upon its heating.
Whitham recommends for pressure per square inch of projected area,

for naval engines 500 pounds, for merchant marine engines 400 pounds,
for paddle-wheel engines 800 to 900 pounds.

Thurston says the pressure on a steel crank-pin should, in the steam-
engine, never exceed 1000 or 1200 pounds per square inch. He gives
the formula for length of a steel pin, in inches.

l = PR^ 600,000,

in which P and B are the mean total load on the pin in poimds, and the
nrnnber of revolutions per minute. For locomotives, the divisor may be
taken as 500,000. Pins so proportioned, if well made and weU lubri-
cated, may always be depended upon to run cool; if not well formed,
perfectly cylindrical, well finished, and kept well oiled, no crank-pin
can be relied upon. It is assumed above that good bronze or white-
metal bearings are used.
By calculating lengths of iron crank-pins for the engines 10, 30, and

i53 mches dia,m.eter, long and short stroke, by the formulae given by dif-

ferent writers, it is found that there is a great difference in the results,

so that one formula in certain cases gives a length three times as great
as another.
The average of the calculated lengths of iron crank-pins for the

several cases by five formulae are given In the table below, together
with the calculated lengths by two formulae for steel.

Length of Crank-pins.

Diameter of cylinder D
Stroke L (ft.)

Revolutions per minute R
Horse-power I.H.P.
Maximum pressure lbs.

Mean pressure per cent of max
Mean pressure P.
Length of crank-pin, average for iron . .

10

1

250
50

7,854
42

3.299
2.72

10 30 30
2 21/9 5

12S no 65
50 450 450

7,854:70.686 70,686
42

i

32.3 32.3

3.299 22.832 22.832
1.361 9.86 4.93

0.421 3.0
1

1.5

0.69 4.95 2.47

90
1,250

45
1.250

196,350 196.350
30 30

58.905 58.905
17.12

I

8.56

Unwin, best steel, Z =0.1 I.H.P. -^r

Thurston, steel, l=PR ^600,000.

.

5.21 2.61

4.42

The calculated lengths for the long-stroke engines are too low to pre-
vent excessive pressures. See "Pressures on the Crank-pins," below.
The Strength of the Crank-pin is determined substantially as is that

of the crank. In overhung cranks the load is usually assumed as
carried at the middle of the pin, and, equating its moment with that of
the resistance of the pin,

1/2 P?= 1/32 ^T#, and d= V/^^t^'

in which d = diameter of pin in inches, P = maximum load on the
piston, t = the maximum allowable stress on a square inch of the metal.
For iron it may be taken at 9000 lbs. For steel the diameters found by
this formula may be reduced 10%. (Thurston.)
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Unwin gives the same formula in another form, viz.:

,_^5^^_^V/p
the last form to be used when the ratio of length to diameter is assumed.

For wrought iron, t = 6000 to 9000 lbs. per sq. in.,

\Jb.\/t= 0.0947 to 0.0827; V5.1/i = 0.0291 to 0.0238.

For steel, t = 9000 to 13,000 lbs. per sq. in.,

^5.1/i = 0.0827 to 0.0723: Vs.l/i = 0.0238 to 0.0194.

Marks, calculating the diameter for rigidity, gives

d = 0.066 ^JvW = 0.945 '^y(H.P.)^3 -*- LN;

p = maximum steam-pressure in pounds per square inch, D = diameter
of cylinder in inches, L = length of stroke in feet, N = number of single
strokes per minute. He says there is no need of an investigation of the
strength of a crank-pin, as the condition of rigidity gives a great excess
of strength.

Marks's formula is based upon the assumption that the whole load
may be concentrated at the outer end, and cause a deflection of 0.01 in.

at that point. It is serviceable, he says, for steel and for wrought iron
aUke.

Using the average lengths of the crank-pins already found, we have
the following for our six engines:

Diameter of €rank-pins.

Diameter of cylinder.

,

Stroke, ft

Length of crank-pin.

.

Unwin, d = J -^—
Marks, d = 0.066-^pPD\.

10

1

2.72

2.29

1.39

10

2
1.36

1.82

0.85

30
21/2
9.86

7.34

6.44

30
5

4.93

5.82

3.78

50
4

17.12

12.40

12.41

50
8

8 56

9.84

7 39

Pressures on the Crank-pins. — If we take the mean pressure upon
the crank-pin = mean pressure on piston, neglecting the effect of the
varying angle of the connecting-rod, we have the following, using the
average lengths already found, and the diameters according to Unwin 1

and Marks; '

Engine No . I 2 3 4 5 6

Diameter of cylinder, inches 10

1

3,299
6.23
3.78
530
873

10

2
3,299
2.36
1.16

1,398
2,845

30
21/2
22,832
72.4
63.5
315
360

30
5

22,832
28.7
18.6
796

1,228

50
4

58,905

212.3
212.5
277
277

50
8

Mean pressure on pin, pounds 58 905
Projected area of pin, Unwin 84.2

63 3
Pressure per square inch, Unwin
Pressure per square inch, Marks

700
930

The results show that the application of the formulse for length and
diameter of crank-pins give quite low pressures per square inch of pro-
jected area for the short-stroke high-speed engines of the larger sizes, but
too high pressures for all the other engines. It is therefore evident that
after calculating the dimensions of a crank-pin according to the formulae
given, the results should be modified, if necessary, to bring the pressure
per square inch down to a reasonable figure.

In order to bring the pressures down to 500 pounds per square inch,
we divide the mean pressures by 500 to obtain the projected area, or
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product of length by diameter. Making I = 1.5 d for engines Nos. 1,
2, 4, and 6, the revised table for the six engines is as follows:

Engine No 1 2 3 4 5 6
Length of crank-pin, inches. . 3.15 3.15 9.86 8.37 17.12 13.30
Diameter of crank-pin 2.10 2.10 7.34 6.58 12.40 8.87

Crosshead-pin or Wrist-pin.—Seaton says the area, calculated by
multiplying the diameter of the journal by its length, should be such
that the pressure does not exceed 1200 lb. per sq. in., taking the maxi-
mum load on the piston as the total pressure on the pin.
For small engines with tiie gudgeon shrunk into the jaws of the con-

necting-rod, and working in brasses fitted into a recess in the piston-rod
end and secured by a wrought-iron cap and two bolts, Seaton gives:

Diameter of gudgeon = 1.25 X diam. of piston-rod,
Length of gudgeon = 1 . 4 X di-ara. of piston-rod.

If the pressure on the section, as calculated by multipljang length by
diameter, exceeds 1200 lbs. per sq. in., this length should be increased.

J. B. Stanwood, in his "Ready Reference" book, gives for length of
crosshead-pin 0.25 to 0.3 diam. of piston, and diam. = 0.18 to 0.2
diam. of piston. Since he gives for diam. of piston-rod 0.14 to 0.17
diam. of piston, his dimensions for diameter and length of crosshead-pin
are about 1.25 and 1.8 diam. of piston-rod respectively. Taking the
maximum allowable pressure at 1200 lbs. per sq. in. and making the

length of the crosshead-pin = 4/3 of its diameter, we have d= Vp-;- 40, 1=
\^P-i- 30, in which P= maximum total load on piston in lbs., d = diam.
and 1= length of pin in inches. For the engines of our example we have:

Diameter of piston, inches 10 30 50
Maximum load on piston, lbs 7854 70,686 196,350
Diameter of crosshead-pin, inches 2.22 6.65 11.08
Length of crosshead-pin, inches 2.96 8.86 14.77
Stanwood's rule gives diameter, ins 1.8 to 2 5.4to6 9.0 to 10
Stanwood's rule gives length, inches. .. 2.5 to 3 7.5 to 9 12.5 to 15
Stanwood's largest dimensions give

pressure per sq. in., lbs 1309 1329 1309
These pressures are greater than the maximum allowed by Seaton.
The Crank-arm. — The crank-arm is to be treated as a lever, so that

if ais the thickness in adirection parallel to the shaft-axis and b its breadth
at a section x inches from the crank-pin center, then, bending momentM at that section = Px, P being the thrust of the connecting-rod, and
/ the safe strain per square inch,

fah^ , aXb"^ T 6 7- 4/6 T
Px = '— and _^ = _.ora==^,3^;&=

\/
j---

It a crank-arm were constructed so that b varied as v^ (as given by
the above rule) it would be of such a curved form as to be inconvenient
to manufacture, and consequently it is customary in practice to find the
maximum value of b and draw tangent lines to the curve at the points;
these lines are generally, for the same reason, tangential to the boss of
the crank-arm at the shaft.

The shearing strain is the same throughout the crank-arm; and, con-
^sequently, is large compared with the bending strain close to the crank-
pin; and so it is not sufficient to provide there only for bending strains.
'The section at this point should be such that, in addition to what is given
by the calculation from the bending moment, there is an extra square
iinch for every 8000 lbs. of thrust on the connecting-rod (Seaton).

The length of the boss h into which the shaft is fitted is from 0.75 to
1.0 of the diameter of the shaft D, and its thickness e must be calculated
from the twisting strain PL. (L = length of crank.)

For different values of length of boss h, the following values of thick-
ness of boss e are given by Seaton:

When h = D, then e = 0.35 D; if steel, 0.3.

h = 0.9D. then e = 0.38 D; if steel, 0.32.
h = 0.8D, then e = 0.40 D; if steel, 0.33.
h = 0.7D, then e = 0.41 D\ if steel, 0.34.
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The crank-eye or boss into which the pin is fitted should bear the same
i

relation to the pin that the boss does to the shaft.

The diameter of the shaft-end onto which the crank is fitted should
be 1.1 X diameter of shaft.
Thurston says: The empirical proportions adopted by builders will

commonly be foimd to fall well within the calculated safe margin.
These proportions are, from the practice of successful designers, about
as follows:
The hub is 1.75 to 1.8 times the least diameter of that part of the

shaft carrying full load; the eye is 2.0 to 2.25 the diameter of the inserted

|

portion of the pin and theiir depths are, for the hub, 1.0 to 1.2 the
diameter of shaft, anu for the eye, 1.25 to 1.5 the diameter of pin. The
web is made 0.7 to 0.75 the width of the adjacent hub or eye, and is

given a depth of 0.5 to 0.6 that of the adjacent hub or eye.
The crank-shaft is usually enlarged at the seat of the crank to about

1.1 its diameter at the journal. l"he size should be nicely adjusted to
allow for the shrinkage or forcing on of the crank. A difference of
diameter of 0.2 % will usually suffice.
The formulse given by different writers for crank-arms practically

agree, since they all consider the crank as a beam loaded at one end and
fixed at the other. The relation of breadth to thickness may vary
according to the taste of the designer. Calculated dimensions for our
six engines are as follows:

Dimensions of Crank-arms.

Diam. of cylinder, ins 10 10 30 30 50 50

Stroke *S, ins 12 24 30 60 48 96

Max. pressure on pin P
(approx.) lbs 7854

2.10
7854
2.10

70,686
7.34

70,686
5.58

196,350

12.40
196,350
8.87Diam p.rank-nin d

Dia.shaft.aY''—^.D L4 3.46 7.70 9.70 12.55 15.82

(o = 4.69, 5.09 and 5.22)....
J

Lengthof boss, 0.8 D 2.19 2.77 6.16 7.76 10.04 12.65
Thickness of boss, 0.4 D. . .

.

1.10 1.39 3.08 3.88 5.02 6.32
Diam. of boss, 1.8 D 4.93 6.23 13.86 17.46 22.59 28.47
Length crank-pin eye, 0.8 d 1.76 1.76 5.87 4.46 9.92 7.10
Thickness of crank-pin eye,
QAd.. 0.88 0.88 2.94 2.23 4.46 3.55

Max. mom. T at distance
1/25- 1/2O from center of

pin, inch-lbs 37,149 80,661 788,149 1,848,439 3,479,322 7,871,671

Thickness of crank-arm a =
0.75D 2.05

3.48

2.60

4.55

5.78

9.54

7.28

13.0

9.41

15.7

11.87

21.0

Greatest breadth.

b=V6T -i- 9000 a
Min. mom. To at distance
d from center of pin = Pd

.

Least breadth,
16,493

2.32

16,493

2.06

528,835

7.81

394,428

6.01

2,434,740

13.13

1,741,625

9.8961=^6 7^0-^9000

The Shaft. — Twisting Resistance. — From the general formula

for torsion, we have: = 0.19635 d^S, whence d =

in which T = torsional moment in inch-pounds, d = diameter in inches,
and S = the shearing resistance of the material, lb. per sq. in.

If a constant force P were applied to the crank-pin tangentially to its
path, the work done in foot-pounds per minute would be

PXLX 2TrXR-^ 12 = 33,000 X I.H.P.,

in which L = length of crank in inches, and R = revs, per min., and the
mean twisting moment T = I.H.P. -^ RX 63,025. Therefore

d= '^5TY1^= -^321,427 I.H.P. -f- RS.
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This may take the form

d = v^I.H.P. X F/R,ov d = a \/l.H.P. h- R,
in which F and a are factors that depend on the strength of the material
and on the factor of safety. Taking S at 45,000 pounds per square inch
for wrought iron, and at 60,000 for steel, we have, for simple twisting by
a uniform tangential force,

^ Factor of safety =5 6 8 10 5 6 8 10
!

Iron F = 35.7 42.8 57.1 71.4 a =3.3 3.5 3.85 4.15
Steel F= 26.8 32.1 42.8 53.5 a = 3.0 3.18 3.5 3.77

Unwin, taking for safe working strength of wrought iron 9000 lbs.,
steel 13,500 lbs., and cast iron 4500 lbs., gives a = 3.294 for wrought
iron, 2.877 for steel, and 4.15 for cast iron. Thurston, for crank-axles
of wrought iron, gives a = 4.15 or more.

Seaton says: For wrought iron, /, the safe strain per square inch, should
not exceed 9000 lbs., and when the shafts are more than 10 inches dianpeter,
8000 lbs. Steel, when made from the ingot and of good materials, will

admit of a stress of 12,000 lbs. for sm.all shafts, and 10,000 lbs. for those
above 10 inches diameter.
The difference in the allowance between large and small shafts is to com-

pensate for the defective material observable in the heart of large shaft-
ing, owing to the hammering failing to affect it.

The formula d = a ^/l.H.P. -4- /? assumes the tangential force to be
uniform and that it is the only acting force. For engines, in which the
tangential force varies with the angle between the crank and the connect-
ing-rod, and with the variation in steam-pressure in the cyUnder, and also
is influenced by the inertia of the reciprocating parts, and in which also
the shaft may be subjected to bending as well as torsion, the factor
a must be increased, to provide for the maximum tangential force and
for bending.

Seaton gives the following table showing the relation between the
maximum and mean twisting moments of engines working under various
conditions, the momentum of the moving parts being neglected, which is

allowable:

Description of Engine.

Single-crank expansive ,

Two-cylinder expansive, cranks at 90°

,

Steam Cut-off

Max.
Twist

Divided
by

Mean
Twist.
Moment

Cube
Root
of the
Ratio.

Three-cylinder compound, cranks 120°. .

.

Three-cylindercompound , 1 .p . cranks op- )

posite one another, and h.p. midway j

0.2
0.4
0.6
0.8
0.2
0.3
0.4
0.5
0.6
0.7
0.8

h.p. 0.5, l.p.0.66

2.625
2.125
1.835
1.698
1.616
1.415
1.298
1.256
1.270
1.329
1.357
1.40

1.26

1.38
1.29

1.22
1.20
l.t7

1.12
1.09
1.08
1.08
1.10
ill
1.12

For the engines we are considering it will he a very liberal allowance for
ratio of maximum to mean twisting moment if we take it as equal to the
ratio of the maximum to the mean pressure on the piston. The factor a,

then, in the formula for diameter of the shaft will be multiplied by the cube

root of this ratio, orm- 1.34, = 1.45, and V 30
for the 10, 30, and 56-in. engines, respectively. Taking «'= 3.5, which
corresponds to a shearing strength of 60,000 and a factor of safety of 8 for
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steel, or to 45,000 and a factor of 6 for iron, we have for the new coeffi-

cient ai in the formula dt = ai '\JI.B..F. -^ R, the values 4.69, 5.08, and
5.22 from which we obtain the diameters of shafts of the six engines as
follows:

Engine No 1 2
Diam. of cyl , 10 10
Horse-power, I.H.P 50 50
Revs, per min., /e 250 125
Diam. of shaft d = 2.74 3.46

These diameters are calculated for twisting only. When the shaft is
also subjected to bending strain the calculation must be modified as
below:
Resistance to Bending. — The strength of a circular-section shaft

to resist bending is one-half of that to resist twisting. If B is the bending
moment in inch-lbs., and d the diameter of the shaft in inches,

8 4 5 6
HO 30 50 50

450 450 1250 1250
130 65 90 45

7.67 9.70 12.55 15.82

B X /; and d
</f

X 10.2;

/ is the safe strain per square inch of the material of which the shaft Is

composed, and its value may be taken as given above for twisting (Seaton).
Equivalent Twisting Moment. — When a shaft is subject to both

twisting and bending simultaneously, the combined strain on any section
of it may be measured by calculating what is called the equivalent twisting
moment; that is, the two strains are so combined as to be treated as a
twisting strain only of the same magnitude and the size of shaft calculated
accordingly. Rankine gave the following solution of the combined action
of the two strains.

If r = the twisting moment, and B = the bending moment on a section

of a shaft, then the equivalent tvdsting moment Ti = B+ V52 + fz
The two principal strains vary throughout the revolution, and the

maximum equivalent twisting moment can only be obtained accurately
by a series of calculations of bending and twisting moments taken at
fixed intervals, and from them constructing a ciu^ve of strains.

Considering the engines of our examples to have overhung cranks, the
maximum bending moment resulting from the thrust of the connecting-
rod on the crank-pin wiU take place when the engine is passing its centers
(neglecting the effect of the inertia of the reciprocating parts), and it will
be the product of the total pressure on the piston by the distance between
two parallel lines passing through the centers of the crank-pin and of the
shaft bearing, at right angles to their axes; which distance is equal to -

1/2 length of crank-pin bearing + length of hub + 1/2 length of shaft-
bearing + any clearance that may be allowed between the crank and the
two bearings. For our six engines we may take this distance as equal
to 1/2 length of crank-pin + thickness of crank-arm + 1.5 X the diam-
eter of the shaft as already found by the ' ' • -

.... ^.

calculation of diameter is then as below:

Engine No. 1 2 3 4 5 6

Diam. of cyl., in.... 10 10 30 30 50 50
Horse-power 50 50 450 450 1250 1250
Revs, per min 250 125 130 65 90 45
Max. press, on pis.P 7;854 7,854 70,686 70,686 196,350 196,350
Leverage,* L in 6.32 7.94 22.20 26.00 36.80 42.25
Bd.mo.PZ,=£in.-lb 49,637 62,361 1,569,222 1,837,836 7,225,680 8,295,788
Twist, mom. T .... 47,124 94,248 1,060,290 2,120,580 4,712,400 9,424,800
Equiv. twist mom.
ri=S+ V52+y2
(approx.) 118,000 175,000 3,463,000 4,647,000 15,840,000 20,850,000

* Leverage = distance between centers of crank-pin and shaft bearingr
-= l/2i + 2.25 d.

Having already found the diameters, on the assumption that the shafts
were subjected to a twisting moment T only, we may find the diameter
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for resisting combined bending and twisting by multiplying the diameters
already found by the cube roots of the ratio Ti -^ T, or

1.40 1.27 1.46 1.34 1.64 1.36
Giving corrected diameters a'l = 3.84 4.39 11.35 12.99 20.58 21.52
By plotting these results, using the diameters of the cylinders for abscis-

sas and diameters of the shafts for ordinates, we find that for the long-
stroke engines the results He almost in a straight Une expressed by the
formula, diameter of shaft = 0.43 X diameter of cylinder; for the short-
stroke engi.nes the line is slightly curved, but does not diverge far from a
straight line whose equation is, diameter of shaft = 0.4 diameter of
cylinder. Using these two formulas, the diameters of the shafts will be
4.0 4.3, 12.0, 12.9, 20.0, 21.5.

J. B= Stanwood, in Engineering, June 12, 1891, gives dimensions of
shafts of CorUss engines in American practice for cylinders 10 to 30 in.
diameter. The diameters range from 4l5/i6 to 14l5/i6, following precisely
the equation, diameter of shaft = 1/2 diameter of cylinder — Vie inch.
Fly-wheel Shafts. — Thus far we have considered the shaft as resist-

ing the force of torsion and the bending moment produced by the pressure
on the crank-pin. In the case of fly-wheel engines the shaft on the
opposite side of the bearing from the crank-pin has to be designed with
reference to the bending moment caused by the weight of the fly-wheel,
the weight of the shaft itself, and the strain of the belt. For engines
in which there is an outboard bearing, the weight of fly-wheel and shaft
being supported by two bearings, the point of the shaft at which the
bending moment is a maximum may be taken as the point midway
between the two bearings or at the middle of the fly-wheel hub, and the
amount of the moment is the product of the weight supported by one of
the bearings into the distance from the center of that bearing to the
middle point of the shaft. The shaft is thus to be treated as a beam
supported at the ends and loaded in the middle. In the case of an over-
hung fly-wheel, the shaft having only one bearing, the point of maximum
moment should be taken as the middle of the bearing, and its amount is
very nearly the product of half the weight of the fly-wheel and the shaft
into the distance of the middle of its hub from the middle of the bear-
ing. The bending moment should be calculated and combined with the
twisting moment as above shown, to obtain the equivalent twisting
moment, and the diameter necessary at the point of maximum momeaj
calculated therefrom.

In the case of our six engines we assume that the weights of the fly-

wheels, together with the shaft, are double the weight of fly-wheel rim

obtained from the formula W= 785,400 -^^ (given under Fly-wheels);

that the shaft is supported by an outboard bearing, the distance between
the two bearings being 2 1/2, 5, and 10 feet for the 10-in., 30-in., and 50-in.
engines, respectively. The diameters of the fly-wheels are taken such
that their rim velocity will be a little less than 6000 feet per minute.
Engine No 12 3 4 6 6
Diam. of cyl., inches.;... 10 10 30 30 60 50
Diam. of fly-wheel, ft.... 7.5 15 14.5 29 21 42
Revs, per min 250 125 130 65 90 45
Half wt. fly-wheel and

shaft, lbs 268 536 5,968 11,936 26,384 52,769
Lever arm for maximum
moment, in 15 15 30 30 60 60

Maximum bending mo-
ment, in.-lbs 4020 8040 179,040 358,080 1,583,070 3,166,140

As these are very much less than the bending moments calculated from
the pressures on the crank-pin, the diameters already found are suflBcient

for the diameter of the shaft at the fly-wheel hub.
In the case of engines with heavy band fly-wheels and with long fly-

wheel shafts it is of the utmost importance to calculate the diameter of

the shaft with reference to the bending moment due to the weight of the
fly-wheel and the shaft.

B. H, Coffey (Power, October, 1892) gives the formula for combined
bending airo twisting resistance, Ti = 0.196 d^S, in which Ti = B +
^^B^+T^; r being the maximum, not the mean twisting moment; and
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finds empirical working values for 0.196 S as below. He says: Four
points should be considered in determining this value: First, the nature
of the material; second, the manner of applying the loads, with shock
or otherwise; third, the ratio of the bending moment to the torsional
moment — the bendmg moment in a revolving shaft produces reversed
strains in the material, which tend to rupture it; fourth, the size of the
section. Inch for inch, large sections are weaker than small ones. He
puts the dividing hne between large and small sections at 10 in. diameter,
and gives the following safe values of xS X 0.196 for steel, wrought iron,
and cast iron, for these conditions.

Value OF S X 0.196.

Ratio.
Heavy Shafts
with Shock.

Light Shafts
with Shock.
Heavy Shafts
No Shock.

Light Shafts 1
No Shock. 1

BtoT. Steel.
Wro't
Iron.

Cast
Iron.

Steel.
Wro't
Iron.

Cast
Iron.

Steel.
Wro't
Iron.

Cast
Iron.

3 to 10 or less

3 to 5 or less

1 to 1 or less

B greater than T. .

.

1045
941
855
784

880
785
715
655

440
393
358
328

1566
1410
1281

1176

1320
1179
1074
984

660
589
537
492

2090
1882
1710
1568

1760
1570
1430
1310

880
785
715
655

Mr. Coffey gives as an example of improper dimensions the fly-wheel
shaft of a 1500 H.P. engine at WilUmantic, Conn., which broke while the
engine was running at 425 H.P. The shaft was 17 ft. 5 in. long between
centers of bearings, 18 in. diam. for 8 ft. in the middle, and 15 in. diam.
for the remainder, including the bearings. It broke at the base of the
fillet connecting the two large diameters, or 561/2 in. from the center of
the bearing. He calculates the mean torsional moment to be 446,654
inch-pounds, and the maximum at twice the mean; and the total weight
on one bearing at 87,530 lbs., which, multiplied by 561/2 in., gives
4,945,445 in.-lbs. bending moment at the fiUet. Applying the formula
Ti =5 +V52 + 2^2_ gives for equivalent twisting moment 9,971,045 in.-
lbs. Substituting this value in the formula 7'i = 0.196 Sd^ gives for S
the shearing strain 15,070 lbs. persq. in., or if the metal had a shearing
Strength of 45,000 lb., a factor of safety of only 3. Mr. Coffey considers
that 6000 lb. is all that should be allowed for S under these circum-
stances. This would give d = 20.35 in. If we take from Mr. Coffey's
table a value of 0.196 S = 1100, we obtain d^ = 9000 nearly, ovd= 20.8
in. instead of 15 in., the actual diameter.
Length of Shaft-bearings.—There is as great; a difference of opinion

among writers, and as great a variation in practice concerning length of
journal-bearings, as there is concerning crank-pins. The length of a
journal being determined from considerations of its heating, the observa-
tions concerning heating of crank-pins apply also to shaft-bearings, and
the formulae for length'of crank-pins to avoid heating may also be used,
using for the total load upon the bearing the resultant of all the pres-
sures brought upon it, by the pressure on the crank, by the weight of the
fly-wheel, and by the pull of the belt. After determining this pressure,
however, Ave must resort to empirical values for the so-called constants
of the formulae, really variables, which depend on the power of the
bearing to carry away heat, and upon the quantity of heat generated,
which latter depends on the pressure, on the number of square feet of
rubbing surface passed over in a minute, and upon the coefficient of
friction. Tills coefficient is an exceedingly variable quantity, ranging
from 0.01 or less with perfectly polished journals, having end-play, and
lubricated by a pad or oil-bath, to 0.10 or more with ordinary oil-cup
lubrication.

Thurston says that the maximum allowable mean intensity of pressure
may be, for all cases, computed by his formula for journals, I = PV -r-

60,000 d, or by Rankine's, 1 = P(V-i- 20) ^ 44,800 d, in which P is the
mean total pressure in pounds, V the velocity of rubbing surface in feet
per minute, and d the diameter of the shaft in inches. It must be borne
In mind, he says, that the friction work on the main bearing nejat the crank
is the sum of that due the action of the piston on the pin and that due
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that portion of the weight of wheel and shaft and of pull of the belt which
is carried there. The outboard bearing carries practicaUy only the
latter two parts of the total. The crank-shaft journals wiU be made
longer on one side, and perhaps shorter on the other, than that of the
crank-pin, in proportion to the work faUing upon each, i.e., to their
respective products of mean total pressure, speed of rubbing surfaces, and
coefficients of friction,
Unwin says: Journals running at 150 revolutions per minute are often

only one diameter long. Fan shafts running 150 revolutions per minute
have journals six or eight diameters long. The ordinary empirical mode
of proportioning the length of journals is to make the length proportional
to the diameter, and to make the ratio of length to diameter increase
with the speed. For wrought-iron journals:

Revs, per min= 50 100 150 200 250 500 1000 Z/d = 0.004 22+1.
Length -i- diam. = 1.2 1.4 1.6 1.8 2.0 3.0 5.0.

Cast-iron journals may have l-^d == 9/io, and steel journals Z-^(f=li/4,
of the above values.
Unwin gives the following, calculated from the formula Z= . 4 H.P. -^ r,

in which r is the crank radius in inches, and H.P. the horse-power trans-
mitted to the crank-pin.

Theoretical Journal Length in Inches.

Load on Revolutions of Journal per minute.

Pounds. 50 1 100 1 200 1 300 500 1000

1,000

2,000

4,000
5,000
10,000

15,000

20,000
30,000
40,000

50,000

0.2
0.4
0.8
1.0

2.

3.

4.

6.

8.

10.

0.4
0.8
1.6

2.

4.

6.

8.

12.

16.

20.

0.8
1.6

3.2
4.

8.

12.

16.

24.

32.

40.

1.2

2.4
4.8
6.

12.

18.

24.

36.

2.

4.

8.

10.

20.

30.

40.

4.

8.

16.

20.

40.

Applying six different formulae to our six engines, we have:

Engine No

Diam. cyl
Horse-power
Revs, per min
Mean pressure on crank-pin = S
Half wt. of fly-wheel and shaft = Q
Resultant pressure on bearing

Diam. of shaft journal
Length of shaft journal:

Marks, 1 = 0.000032'} fRiN(f=0. ]0)

Whitham, Z = 0. 0000515 fRiR{f =0.10)
Thurston, Z =PF^ (60,000 d)
Rankine, Z = P(y+ 20) -^ (44,800 d)..

.

Unwin, 1= (0.004 R+\)d
Unwin, Z= 0.4H.P.H-r

Average

1 2 3

10 10 30
50 50 450

250 125 130

3,299 3,299 23,185
268 536 5,968

3,310 3,335 23.924

3.84 4.39 11.35

5.38 2.71 20.87
4.27 2.15 16.53
3.61 1,82 14.00
5.22 2.78 21.70
7.68 6.59 17.25

3.33 1.60 12.00

4.92 2.99 17.05

If we divide the mean resultant pressure on the bearing by the prq?
jected area, that is, by the product of the diameter and length of the
journal, using the greatest and smallest lengths out of the seven lengthg
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for each journal given above, we obtain the pressure per square inch
upon the bearing, as follows:

Engine No I 2 3 4 5 6

Press, per sq. in., shortest journal 259
112
175

455
115
254
173

176
97
124

336
123
202
155

151

83
106

353
145

Average journal 191

Journal of length = diam 175

Many of the formulae give for the long-stroke engines a length of journal
less than the diameter, but such short journals are rarely used in practice.

The last line in the above table has been calculated on the supposition
that the journals of the long-stroke engines are made of a length equal
to the diameter.

In the dimensions of Corliss engines given by J. B. Stanwood (Eng.,
June 12, 1891), the lengths of the journals for engines of diam. of cyl.

10 to 20 in. are the same as the diam. of the cylinder, and a little more
than twice the diam. of the journal. For engines above 20 in. diam. of

cyl. the ratio of length to diam. is decreased so that an engine of 30 in.

diam. has a journal 26 in. long, its diameter being 14i5/i6 in. These
lengths of journal are greater than those given by any of the formulae
above quoted.

There thus appears to be a hopeless confusion in the various formulae
for length of shaft journals, but this is no more than is to be expected
from the variation in the coefficient of friction, and in the heat-conducting
power of journals in actual use, the coefficient varying from 0.10 (or
even 0.16 as given by Marks) down to 0.01, according to the condition
of the bearing surfaces and the efficiency of lubrication. Thurston's

formula, I = -^ ,_, , , reduces to the form I = 0.000004363 PR, in which
dU,UUU a

P = mean total load on journal, and R == revolutions per minute. This
Is of the same form as Marks's and Whitham's formulae, in which, if /, the
coefficient of friction, be taken at 0.10, the coefficients of PR are, respec-
tively, 0.0000065 and 0.00000515. Taking the mean of these three
formulae, we have I = 0.0000053 PR, if / = 0.10 or I = 0.000053 fPR
for any other value of /. The author believes this to be as safe a formula
as any for length of journals, with the Umitation that if it brings a result
of length of journal less than the diameter, then the length should be
made equal to the diameter. Whenever, with/ = 0.10 it gives a length
which is inconvenient or impossible of construction on account of limited
space, then provision should be made to reduce the value of the coefficient
of friction below 0.10 by means of forced lubrication, end play, etc., and
to carry away the heat, as by water-cooled journal-boxes. The value of
P should be taken as the resultant of the mean pressure on the crank,
and the load brought on the bearing by the weight of the shaft, fly-wheel,

etc., as calculated by the formula already given, viz., Ri — '^Q^ + S^ for

horizontal engines, and Ri = Q { S for vertical engines.
For our six engines the formula I = 0.0000053 PR gives, with the

limitation for the long-stroke engines that the length shall not be less

than the diameter, the following:

Engine No 12 3 4 5 6
Length of journal 4.39 4.39 16.48 12.99 30.80 21.52
Pressure per square inch
on journal 196 173 128 155 102 171

Crank-shafts with Center-crank and Double-crank Arms.—In
center-crank engines, one of the crank-arms, and its adjoining journal,
called the after journal, usually transmit the power of the engine to the
work to be done, and the journal resists both twisting and bending mo-
ments^ while the other journal is subjected to bending moment only.
For the after crank-journal the diameter should be calculated the same
as for an overhung crank, using the formula for combined bending and
twisting moment, Ti = B +V -B^ + 7^2, in which Ti is the equivalent
twisting moment, B the bending moment, and T the twisting moment.
This value of Ti is to be used in the formula, diameter -- 4^ 5.1 TIS. The
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bending moment is taken as the maximum load on piston multiplied Dy
one-fourtii of the length of the crank-shaft between middle points of the
two journal bearings, if the center is midway between the bearings, or
by one-half the distance measured parallel to the shaft from the middle
of the crank-pin to the middle of the after bearing. Tliis supposes the
crank-shaft to be a beam loaded at its middle and supported at the ends,
but Whitham would make the bending moment only one-half of this,
considering the shaft to be a beam secured or fixed at the ends, with a
point of contraflexure one-fourth of the length from the end. The first

supposition is the safer, but since the bending moment will in any case
be much less than the twisting moment, the resulting diameter will be
but little greater than if Whitham's supposition is used. For the for-
ward journal, which is subjected to bending moment only, diameter of

shaft = ^10.2 B/S, in which B is the maximum bending moment and

S the safe shearing strength of the metal per square inch.
For our six engines, assuming them to be center-crank engines, and

considering the crank-shaft to be a beam supported at the ends and
loaded in the middle, and assuming lengths between centers of shaft
bearings as given below, we have:

Engine No .

,

Length of shaft,
assumed, in., L.

.

Max. press, on
crank-pin, P

Max. bending mo-
ment, £ = 1/4 PL,

Twisting mom., T
Equiv. twist, mom.
B + Vb^ + T^...

Diam. of after jour.

Diana, offorw.jour.
' 0.2B

.1 1 I I

20

7,854

39,270

47,124

101,000

3.9

24

7,854

49,637

94,248

156,000

4.60

3.99

48

70,686

848,232
1,060,290

2,208,000

11.15

10.2

60

70,686

1,060,290

2,120,580

76

196,350

3,729,750

4,712,400

16.82

96

196,350

4,712,400

9,424,800

18.18

The lengths of the journals would be calculated in the same manner a:}

In the case ol overhung cranks, by the formula I = 0.000053 fPR, in
which P is the resultant of the mean pressure due to pressure of steam or
the piston, and the load of the fly-wheel, shaft, etc., on each of the two
bearings. Unless the pressures are equally divided between the twc
bearings, the calculated lengths of the two will be different; but it is

usually customary to make them both of the same length, and in no cast
to make the length less than the diameter. The diameters also are usually
made aUke for the two journals, using the largest diameter found by
calculation.
The crank-pin for a center crank should be of the same length as for

an overhung crank, since the length is determined from considerations
of heating, and not of strength. The diameter also will usually be the
same, since it is made great enough to make the pressure per square inch
on the projected area (product of length by diameter) small enough to

allow of free lubrication, and the diameter so calculated will be greater
than is required for strength.

Crank-shaft with Two Cranks coupled at 90°. — If the whole
power of the engine is transmitted through the after journal of the alter

crank-shaft, the greatest twisting moment is equal to 1.414 times the
maximum twisting moment due to the pressure on one of the crank-pins.

If r == the maximum twisting moment produced by the steam-pressure
on one of the pistons, then 2'i, the maximum twisting moment on the
after part of the crank-shaft, and on the line-shaft produced, when each
crank makes an angle of 45° with the center hne of the engine, is 1.414 T.

Substituting tliis value in the formula for diameter to resist simple

torsion, viz.. d = ^ 5.1 T -i- S, we have d = ^ 5.1 X 1-414 r -^ 5, or
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d = 1.932 *y TIS, in which T is the maximum twisting moment pro-
duced by one of the pistons, d = diameter in inches, and S = safe
working shearing strength of the material. For the forward journal of
the after crank, and the after journal of the forward crank, the torsional
moment is that due to the pressure of steam on the forward piston only,
and for the forward journal of the forward crank, if none of the power
of the engine is transmitted through it, the torsional moment is zero, and
Its diameter is to be calculated for bending moment only.
For Combined Torsion and Flexure. — Let 5i = bending moment

on either journal of the forward crank due to maximum pressure on
forward piston, B2 = bending moment on either journal of the after crank
due to maximum pressure on after piston, Ti = maximum twisting
moment on after journal of forward crank, and T2 = maximum twisting
moment on after journal of after crank, due to pressure on the after
piston.
Then equivalent twisting moment on after journal of forv/ard crank —

Bi + V5i2 + Ti\
On forward journal of after crank = B2 + ^B<^ + T^.

On after journal of after crank = ^2 + ^B-P' + (Ti + Ti)"-.

These values of equivalent twisting moment are to be used In the

formula for diameter of journals d = yj^.l T IS, For the forward

Journal of the forward crank-shaft d = '\/l0.2BilS.
It is customary to make the two journals of the forward crank of one

diameter, viz., that calculated for the after journal.
For a Three-cylinder Engine with cranks at 120°, the greatest

twisting moment on the after part of the shaft, if the maximum pressures
on the three pistons are equal, is equal to t^vice the maximum pressure on
any one piston, and it takes place when two of the cranks make angles
of 30° with the center line, the third crank being at right angles to it.

(For demonstration, see Whitham's "Steam-engine Design," p. 252.)
For combined torsion and flexure the same method as above given for
two crank engines is adopted for the first tv/o cranks; and for the
third, or after crank, if all the power of the three cyUnders is transmitted
through it, we have the equivalent twisting moment on the forward

Journal = ^3 + V^s^ + (Ti + T2Y, and on the after journal = i?3 +
VB32+ (7'i+ 7^2+ 7^3)2, Bz and Tz being respectively the bending and
twistmg moments due to the pressure on the third piston.

Crank-shafts for Triple-expansion Marine Engines, according to
an article in The Engineer, April 25, 1890, should be made larger than the
formulae would call for, in order to provide for the stresses due to the
racing of the propeller in a sea-way, which can scarcely be calculated,
A kmd of unwritten law has sprung up for fixing the size of a crank-
shaft, according to which the diameter of the shaft is made about 0.45 D,
where D is the diameter of the high-pressure cvlinder. This is for solid
shafts. When the speeds are high, as in war-ships, and the stroke short,
the formula becomes 0.4 D, even for hollow shafts.
The Valve-stem or Valve-rod. — The valve-rod should be designed

to move the valve under the most unfavorable conditions, which are when
the stem acts bv thrusting, as a long column, when the valve is unbalanced
([a balanced valve may become unbalanced by the joint leaking) and when
It is imperfectly lubricated. The load on the valve is the product of the
area into the greatest unbalanced pressure upon it per square inch, and
the coefficient of friction may be as high as 20%. The product of this
coaincient and the load is the force necessary to move the valve, which
equals the maximum thrust on the valve-rod. Prom this force the
diameter of the valve-rod may be calculated by the usual formula for
columns. An empirical formula given by Seaton is: Diam. of rod =
d = \/lbp/F, in which I = length, and & = breadth of valve, in inches;

V = maximum absolute pressure on the valve in lb. per sq. in., and
F a coefficient whose values are, for iron: long rod 10,000, short 12,000;
for steel: long rod 12,000, short 14,500.
Whitham gives the short empirical rule; Diam. of v«ilye-ro<i = 1/30

diam. of cyl - 1/3 4iam. of pistQU-rod,
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The Eccentric—Diam. of occon trie-sheavo = 2.4 x throw of eccen-
tric + 1.2 X diam. of shaft. D = diam. of valve rod (Seaton).

Breadth of the sheave at the shaft = 1.15 X D + 0.65 in.
Breadth of the sheave at the strap = D -{- 0.6 in.
Thickness of metal around the shaft. . . . = 0.7 X -D + 0.5 in.
Tliickness of metal at circumference ....=0.6 X-D-|-0.4in.
Breadth of key =0.7 X Z) + 0.5 in.
Thickness of key = 0.25 X D + 0.5 in.
Diam. of bolts connecting parts of strap. =0.6 X£>-i-0.1in.

Thickness of Eccentric-strap.

When of bronze or malleable cast iron

:

Thickness of eccentric-strap at the middle. . . = 0.4 X -D + 0.6 in.
Thickness of eccentric-strap at the sides. ..:,=0.3 X£> + 0.5in.
When of wrought iron or cast steel:

Thickness of eccentric-strap at the middle. . . = 0.4 X D 4- 0.5 in.
Tiiickness of eccentric-strap at the sides = 0.27 X -D + 0.4 in.

The Eccentric-rod.—The diameter of the eccentric-rod in the body
and at the eccentric end may be calculated in the same way as that of
the connecting-rod, the length being taken from center of strap to
center of pin. Diameter at the link end = 0.8 JD + 0.2 in.

This is for wrought iron; no reduction in size should be made for steel.
Eccentric-rods are often made of rectangular section.
Reversing-gear should be so designed as to have more than suflBcient

strength to withstand the strain of both the valves and their gear at the
same time under the most unfavorable circumstances; it will then have
the stiffness requisite for good worldng.
Assuming the work done in reversing the link-motion, W\ to be only

that due to overcoming the friction of the valves themselves through their
whole travel, then, if T be the travel of valves in inches, for a compound
engine

12 V 5 /^12V 5 /'

It, bu and pi being length, breadth, and maximum steam-pressure on
valve of the second cylinder; and for an expansive engine

To provide for the friction of Unk-motion, eccentrics, and other gear,
and for abnormal conditions of the sam_e, take the work at one and a half

times the above amount.
To find the strain at any part of the gear having motion.when reversing,

divide the work so found by the space moved through by that part in
feet ; the quotient is the strain in pounds ; the size may be foxmd from the
ordinary rules of construction for any of the parts of the gear. (Seaton.)

Current Practice in Engine Proportions, 1897. (Compare pages 1021
to 1039.)—A paper with this title by Prof. John H. Barr, in Trans.
A. S. M. E., xviu, 737, gives the results of an examination of the propor-
tions of parts of a great number of single-cyhnder engines made by
different builders. The engines classed as low speed (L. S.) are Corhss
or other long-stroke engines usually making not more than 100 or 125 revs.
per min. Those classed as liigh speed (H. S.) have a stroke generally of
1 to 1 1/2 diameters and a speed of 200 to 300 revs, per min. The results

are expressed in formulas of rational form with empirical coefficients,

and are here abridged as follows (dimensions in inches):
Thickness of Shell, L. S. only. — t = CD+B; D = diam. of piston in

in. ; B = . 3 in. ; C varies from . 04 to . 06, mean = . 05.
Flanges and Cylinder-heads.— 1 to 1.5 X thickness of shell, mean 1.2.
Cylinder-head Studs. — No studs less than 3/4 in. nor greater than Is/gin.

diam. Least number, 8, for 10 in. diam. Average number = 0.7 D.
Average diam. = D/40 -f 1/2 in.

Ports and Pipes. — a = area' of port (or pipe) in sq. in.; ^ = area of
piston, sq. in.; V = mean piston-speed, ft. per min.: a = AV /C,in which
C=mean velocity of steam through the port or pipe in ft. per min.
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Ports, H. S. (same ports for steam as for exhaust). — C = 4500 td
6500, mean 5500. For ordinary piston-speed of 600 ft, per min. a ==

2f^; /f = 0.09 to 0.13, mean 0.11
Steam-ports, L. S. — C = 5000 to 9000, mean 6800; K = 0.08 to 0.10,

mean 0.09.
Exhaust-ports, L. S. — C= 4000 to 7000, mean 5500; K = 0.10 to 0.125,

mean 0.11.

_
Steam-pipes, K. S. — C = 5800 to 7000, mean 6500. If d = diam. of

pipe and D = diam. of piston, d =
. 29 D to . 32 D, mean . 30 D. _

Steam-pipes, L. S. — C = 5000 to 8000, mean 6000 ; d = . 27 to . 35 I>;
mean 0.32 D,

Exhaust-pipes, H. S. — C = 2500 to 5500, mean 4400; d = 0.33 to
0.50 D, mean 0.37 D

Exhaust-pipes, L. S. — C.= 2800 to 4700, mean 3800; d = 0.35 to
0.45 D, mean 0.40 D
n l?f ?ffj^^'^^^- —F^ face: D = diameter. F = CD. H. S.: C =
0..30 too. 60, meanO.46. L. S.:C = 0.25 to 0.45, mean 0.32.

riston-rods . — d = diam. of rod; D = diam. of piston; L = stroke, in.:

d=C ^DL. H. S.: C'= 0.12 to 0.175, mean 0.145. L. S.: C= 0.10 to
0.13, mean 0.11.

Connectinq-rods. — H. S. (srenerally 6 cranks lone, rectane:ular sectionV.
= breadth; h = height of section; Li = length of connecting-rod;

D = diam. of piston; 6 = C ^DLv, C = 0.045 to 0.07, mean 0.057;
h = Kb: AT = 2.2 to 4, mean 2.7. L. S. (generally 5 cranks long, cir-
cular sections only): C = 0.082 to 0.105. mean 0.092.

Cross-head Slides. — Maximum pressure in lbs. per sq. in. of shoe, due
to the vertical component of the force on the connecting-rod. H. S.:
10.5 to 38, mean 27. L. S.: 29 to 58, mean 40.

Cross-head Pins. — I == length; d = diam.; projected area = a = dl —
CA; A = area of piston; I = Kd. H. S.: C = 0.06 to 0.11, mean 0.08;
K = 1 to2, mean 1.25. L. S.: G = 0.054 to 0.10, mean 0.07; K = 1 to
1.5, mean 1.3.

Crank-pin. — H.P.= horse-power of engine; Z/= length of stroke;
1 = length of pin; I = C X B..F./L+ B; d = diam. of pin; A= area of
piston; dl = KA. H. S.: C = 0.13 to 0.46, mean 0.30; B = 2.5 in.;

K = 0.17 to 0.44, mean 0.24. L. S.: C = 0.4 to 0.8, mean 0.6; B =
2 in.; jK = 0.065 to 0.115, mean 0.09.

Crank-shaft Main Journal. — d= C a^H.P.-;- N;d= diam.; Z=length;

N = revs, per min.; projected area = MA; A = area of piston. H. S.:

C = 6.5 to 8.5, mean 7.3; l= Kd; K = 2 to 3, mean 2.2; M = 0.37 to
0.70, mean 0.46. L. S.: C = 6 to 8, mean 6.8; K= 1.7 to 2.1, mean
1.9; M = 0.46 to 0.64, mean 0.56.

Piston-speed. — H. S.: 530 to 660, mean 600; L. S.: 500 to 850, mean
600.

Weight of Reciprocating Parts (piston, piston-rod, cross-head, and one-
half of connecting-rod). — W = CD^ h- LN^; D = diam. of piston;
L = length of stroke, in.; N = revs, per min. H. S. only: C = 1,200,000
to 2,300,000, mean 1,860,000.

Belt-surface per I.H.P. — 5= C X H.P. + J5; 5 = product of width of
belt in feet by velocity of belt in ft. per min. H. S.: C = 21 to 40, mean
28; 5 = 1800. L. S.; S =CX H.P., C = 30 to 42, mean = 35.

Fly-wheel (H. S. only). — Weight of rim in lbs.: W = C X H.P.-?-
Di^N^; Dl = diam. of wheel in in.; C = 65 X lO^o to 2 X lO^^ mean =
12 X 10", or 1,200,000,000,000.

Weight of Engine per I.H.P. in lbs., including fly-wheel. — TF =
C X H.P. H. S.: C= 100 to 135, mean 115. L. S.: C = 135 to 240,
mean 175.
Current Practice in Steam-engine Design, 1909. (Ole N. Trooien,

Bull. Univ'y of Wis., No. 252; Am. Mach., April 22, 1909.) — Practice in
proportioning standard steam-engine parts has settled down to certain
definite values, which have by long usage been found to give satisfactory
results. These values can readily be expressed in formulas showing the
relation between the more important factors entering the problem of
design.
These formulae may be considered as partly rational and partly em-
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jrirical; rational in the sense that the variables enter in the same manner
as in a strict analysis, and empirical in the sense that the constants,
instead of being obtained from assumed working strength, bearing
pressures etc., are derived from actual practice and include elements
whose values are not accurately known but wliich have been found safe
and economical.
The following symbols of notation are used in the formulas given:D = diameter of piston. A = area of piston. L = length of stroke.

p = unit steam pressure, taken as 125 lbs. per sq. in. above exhaust as
a standard pressure. H.P. = rated horse-power. N = revs, per min.
Cand K, constants, and d = diam. and ?= length of unit under consider-
ation. All dimensions in inches.
The commercial point of cut-off is taken at I/4 of the stroke. H. S.,

high-speed engines. L. S., low-speed, or long-stroke engines.

PMon Rod. — d = C ^^'diJ. H. S.: C = 0.15 (min., 0.125; max..
0.187): L. S.: C = 0.114 (min., 0.1; max., 0.156).

Cylinder. — Thickness of wall in ins. = CD -1- 0.28. C =0.054
(min., 0.035: max., 0.072). Clearance volume 5 to 11% for H. S. engines,
and from 2 to 5% for Corliss engines.

Stud Bolts. — Number=0 . 72 D for H. S. (0 .65 D for Corliss.) Diam.
in ins. = 0.04 D -4- 0.375.

Ratio (C) of Stroke to Cylinder Diameter (L/D). — For iV > 200,
(7 = 1.07 (min.. 0.82; max., 1.55): for N = 110 to 200, G = 136 (min..
1 . 03: max.. 1 . 88) : for iV < 110 (Corliss engines), C = (L - 8) /D = 1 . 63
(min., 1.15; max., 2.4).

Piston. — Width of face in ins. = CD +1. Mean value of C = 0.32
for H. S. (0.26 for CorUss). Thickness of shell = thickness of cylinder
wall X . 6 (0 . 7 for CorUss).

Piston Speeds. — H. S., 605 ft. per min. (min. 320; max., 920)- Corliss,
592 ft. per min. (min., 400; max., 800).

Cross-head. — Area of shoes in sq. ins. =0.53 A (min., 0.37; max.,
0.72).

Cross-head Pin. — Diameter = . 25 D (min., 0.17; max., 0.28).
Length for H. S. = diam. X 1.25 (min., I; max., 1.5); for Corliss =
diam. X 1.43 (min., 1; max., 1.9).

Connecting-rods. — Breadth for H. S. =0.073 '^L^D (min., 0.55; max.,

0.094). Height = breadth X 2.28 (min., 1.85; max., 3). For L. S., diam.

of circular rod =0.092 Vl^Z) (min., 0.081; max., 0.104). L^ = length

center to center of bearings.
Crank-pin. — Diam. for H. S. center-crank engines = . 4 Z) (min.,

0.28; max., 0.526). Diam. for side-crank Corliss = 0.27 D (min.,
0.21; max., 0.32). Length for H. S. = diam. X0.87 (man., 0.66;
max., 1.25). Length for CorUss = diam. X 1.14 (min., 1; max., 1.3).
Main Journals of Crank-shaft. — For H. S. center-crank engines, diam.

= 6.6 \/H.F./Ar (min., 5.4; max., 8.2). For Corliss, diameter = 7.2

[^(H.P./A^)-0.3] (min., 6.4; max., 8).

Fly-wheels.— Total weight in pounds for H. S. up to 175 H.P.
= 1,300,000,000,000 n.F./Di^N^, where Di = diam. of wheel in ins.

(min., 660,000,000,000; max., 2,800,000,000,000). For larger H. S.
engines, weight = (C X B..P. /Dy^N^) + 1000, where C = 720,000,000,000
(min., 330,000,000,000; max., 1,140,000,000,000). For CorUss engines,
weight = (C X H.P. /Di^N^)-K, where C = 890,000,000,000 (min., 625,-
000,000,000; max., 1,330,000,000,000), and K=4000 (min., 2,800; max.,
6000). Diam. in ins.= 4.4X length of stroke.

Belt Surface per I.H.P. — Square feet of belt surface per minute (S)
for H. S. = H.P. X 26.5 (min., 10; max., 55). For Corliss engines,
S = 1000 + (21 X H.P.) (min., 18.2: max., 35).

Velocity of Wheel Rim. — For H. S. 70 ft. per sec. (min., 48; max.,
70); for Corliss, 68 ft. per sec. (min., 40; max., 68).

Weight of Reciprocating Parts (Piston + piston rod + crosshead + V2
connecting-rod). — Weight in lbs. W ^ (D^ I LN^) X 2,000,000 (min.,
1,370,000; max., 3,400,000). Balance weight opposite crank-pin =
0.75 TF.

Weight of engine per I.H.P.—Lbs. per I.H.P. for belt-connected H. S.
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engines = H.P. X 82 (min., 52; max., 120). Do., for Corliss == H.P.
X 162 (min., 102; max., 164).
Shafts and Bearings of Engines. (James Christie, Proc.

Engrs. Club of Phila., 1898.) — The dimensions are determined by two
independent considerations: 1. Sufficient size to prevent excessive
deflection or torsional yield. 2. To provide sufficient wearing surface;
to prevent excessive wear of journals. Usually, when the first condi-
tion is preserved, the other is provided for. When the bearings are
flexible, — and excessive deflection within the limit of ordinary safety
affects nothing external to the bearings,— considerable deflection can be
tolerated. When bearings are rigid, or deflection may derange external
mechanism, — for example, an overhung crank, — then the deflection
must be more restricted. The effect of deflection is to concentrate
pressure on the ends of journals, rendering the apparent bearing surface
IneflHcient.

In direct-driven electric generators a deflection of 0.01 in. per foot of
length has caused much trouble from hot bearings. I have proportioned
such shafts so that the deflection will not exceed one-half this extent.

In some shafts, especially those having an oscillating movement,
torsional elasticity is a prime consideration, and the limits can be known
only by experience. Reuleaux says : "Limit the torsional yield to 0.1
degree per foot of length." This in some cases can be readily tolerated;
in others, it has proved excessive. I have adopted the following as a
general guide: Permissible twist per foot of length = 0.10 degree for
easy service, without severe fluctuation of load; 0.075 degree for fluctu-
ating loads suddenly applied ; 0.050 degree for loads suddenly reversed.

Sufficiency of wearing surface and the limitation of pressure per imit
Of surface are determined by several conditions: 1. Speed of movement.
2. Character of material. 3. Permissible wear of journals or bearings.
4. Constancy of pressure in one direction. 5. Alternation of the direction
of pressure.

Taking the product of pressure per sq. in. of surface in lbs., and speed
of movement in ft. per min., we obtain a quantity, which we can term
the permissible foot-pounds per minute for each sq. in. of wearing surface.
This product varies in good practice under various conditions from
50,000 to 500,000 ft.-lbs. per min. For instance, good practice, in later
years, has largely increased the area of crosshead slide surfaces. For
crossheads having maximum speed of 1000 feet per minute, the pressure
per inch of wearing surface should not exceed 50 pounds, giving 50,000
ft.-lbs. per min.; whereas crank-pins of the requisite grade of steel, with
good lining metal in the boxes and efficient lubrication, will endure
200,000 ft.-lbs. per min. satisfactorily, and more than double this when
speeds are very high and the pressure intermittent. On main shafts,
with pressures constant in one direction, it is advisable not to exceed
50,000 ft.-lbs. per min. for heavily loaded shafts at low velocity. This
may be increased to 100,000 for lighter loads and higher velocities. It
can be inferred, therefore, that the product of speed and pressure cannot
be used, in any comprehensive way, as a rational basis for proportioning
wearing surfaces. The pressure per unit of surface must be reduced as the
speed is increased, but not in a constant ratio. A good example of
journals severely tested are the recent 110,000-pound freight cars, which
bear a pressure of 400 lbs. per sq. in. of journal bearing, and at a speed
of ten miles per hour make about 60,000 foot-pounds per minute.
Calculating the Dimensions of Bearings. (F. E. Cardullo, Mach'y,

Feb., 1907.) — The durability of the lubricating film is affected in great
measure by the character of the load that the bearing carries. When the
load is unvarying in amount and direction, as in the case of a shaft carry-
ing a heavy bandwheel, the film is easily ruptured. In those cases where
the pressure is variable in amount and direction, as in railway journals
and crank-pins, the film is much more durable. When the journal only
rotates through a small arc, as with the wrist-pin of a steam-engine, the
circumstances are most favorable. It has been found that when all other
circumstances are exactly similar, a car journal will stand about twice
the unit pressure that a fly-wheel journal will. A crank-pin, since the
load completely reverses every revolution, will stand three times, and a
wrist-pin will stand four times the unit pressure that the fly-wheel journal
wiU.
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The amount of pressure that commercial oils will endure at low speeds
without breaking down varies from 500 to 1000 lbs. per sq. in., where the
load is steady. It is not safe, however, to load a bearing to this extent,
since it is only under favorable circumstances that the film will stand this
pressure without rupturing. On this account, journal bearings should
not be required to stand more than two-thirds of this pressure at slow
speeds, and the pressure should be reduced when the speed increases.
The approximate unit pressure which a bearing will endure without
seizing is p = PK -^ {DN + K) (1). p = allowable pressure in lbs. per
sq. in. of projected area, D = diam. of the bearing in ins., N = r.p.m.
and P and K depend upon, the kind of oil, manner of lubrication, etc.

P is the maximum safe unit pressure for the given circumstances, at a
very slow speed. In ordinary cases, its value is 200 for collar thrust
bearings, 400 for shaft bearings, 800 for car journals, 1200 for crank-pins,
and 1600 for wrist-pins. In exceptional circumstances, these values
may be increased by as much as 50%, but only when the workmanship
is of the best, the care the most skillful, the bearing readily accessible,

and the oil of the best quality, and unusually viscous. In the great units
of the Subway power plant in New York, the value of P for the crank-
pins is 2000.
The factot K depends upon the method of oiling, the rapidity of cool-

ing, and the care which the journal is likely to get. It will have about
the following values: Ordinary work, drop-feed lubrication, 700; first-

class care, drop-feed lubrication, 1000; force-feed lubrication or ring-
oiling, 1200 to 1500; extreme Umit for perfect lubrication and air-cooled
bearings. 2000. The value 2000 is seldom used, except in locomotive
work where the rapid circulation of the air cools the journals. Higher
values than this may only be used in the case of water-cooled bearings.

In case the bearing is some form of a sliding shoe, the quantity 240 V
should be substituted for the quantity DN, V being the velocity of rubbing
in feet per second. There are a few cases where a unit pressure sufficient
to break down the oil film is allowable, such as the pins of punching and
shearing machines, pivots of swing bridges, etc.

In general, the diameter of a shaft or pin is fixed from considerations of
strength or stiffness. Having obtained the proper diameter, we must
next make the bearing long enough so that the unit pressure shall not
exceed the required value. This length may be fomid by the equation:

L = (TF -J- PiiT) X (iV + KID) (2)

where L is the length of the bearing in ins., W the load upon it in lbs.,
and P, K, N, and D are as before.
A bearing may give poor satisfaction because it is too long, as well as

because it is too short. Almost every bearing is in the condition of a
loaded beam, and therefore it has some deflection.

Shafts and crank-pins must not be made so long that they will allow
the load to concentrate at any point. A good rule for the length is to

make the ratio of length to diameter about equal to Vs ^N. This
quantity may be diminished by from 10 to 20% in the case of crank-pins
and increased in the same proportion in the case of shaft bearings, but
it is not wise to depart too far from it. In the case of an engine making
100 r.p.m., the bearings would be by this rule from 11/4 to IV2 diams. in
length. In the case of a motor running at 1000 r.p.m., the bearings
would be about 4 diams. long.
The diameter of a shaft or pin must be such that it will be strong and

stiff enough to do its work properly. In order to design it for strength
and stiffness, it is first necessary to know its length. This may be assumed
tentatively from the equation

L= 20 W^-i-PK. (3)

The diameter may then be found by any of the standard equations for
the strength of shafts or pins given in the different works on machine
design. [See The Strength of the Crank-pin, page 1027.] The length is

then recomputed from formula No. 2, taking this new value if it does
not differ materially from the one first assumed. If it does, and espe-
cially if it is greater than the assumed length, take the mean.value of the
assumed and computed lengths, and try again.
Example.—We will take tJie case gf tliQ crank-pm of an engwe with a
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20-in. cylinder, running at 80 r.p.m., and having a maximum unbalanced
steam pressure of 100 lbs. per sq. in. The total steam load on the piston

is 31 ,400 pounds. P is taken at 1200. and K as 1000. We will therefore

obtain for our trial length:

L = (20X 31,400 X V80)-i- (1200X1000) = 4.7, or say 43/4 ins.

In order that the deflection of the pin shall not be sufficient to destroy

the lubricating film we have
D-0.09 \JWL\

which limits the deflection to 0.003 in. This gives D= 3.85_or say 37/8

ins. With this diameter, formula No. 2 gives L = 8.9, say 9 ins. .

The mean of this value and the one obtained before is about 7^ins.

Substituting this in the equation for the diameter, we get 5 1/4 ins. teub-

stituting this new diameter in equation No. 2 we have L = 7.05, say

Probably most good designers would prefer to take about half an inch

off the length of this pin, and add it to the diameter, making it 53/4 X61/2

inches, and this will bring the ratio of the length to the diameter nearer

Engine-frames or Bed-plates.—No definite rules for the design

of engine-frames have been given by authors of works on the steam-

engine. The proportions are left to the designer who uses rule of

thumb" or copies from existing engines. F. A. Halsey (Am. Mach.,
Feb. 14, 1895) has made a comparison of proportions of the frames of
horizontal Corliss engines of several builders. The method of comparison
is to compute from the measurements the number of square inches in the
smallest cross-section of the frame, that is, immediately behind the
pillow block, also to compute the total maximum pressure upon the piston,
and to divide the latter quantity by the former. The result gives the
number of pounds pressure upon the piston allowed for each square inch
of metal in the frame. He finds that the number of lbs. per sq. in. of
smallest section of frame ranges from 217 for a 10 X 30 in. engine up to
575 for a 28 X 48 in. A 30 X 60 in. engine shows 350 lbs., and a 32-in.
engine which has been running for many years shows 667 lbs. Generally
the strains increase with the size of the engine, and more cross-section of
metal is allowed with relatively long strokes than with short ones.
From the above Mr. Halsey formulates the general rule that in engines

of moderate speed, and having strokeK up to 1 1/2 times the diameter of the
cylinder, the load per square inch of smalles-t section should be for a 10-in.
engine 300 lbs., which figure should be increased for larger bores up to 500
lbs. for a 30-in. cylinder of the same relative stroke. For high speeds or
for longer strokes the load per square inch should be reduced.

FLY-WHEELS.
The function of a fly-wheel is to store up and to restore the periodical

fluctuations of energy given to or taken from an engine or machine, and
thus to keep approximately constant the velocity of rotation. Rankine

calls the quantity —7^ the coefficient of fluctuation of speed or of un-

steadiness, in which Eq is the mean actual energy, and AE the excess
of energy received or of work performed, above the mean, during a
given interval. The ratio of the periodical excess or deficiency of energy
AE to the whole energy exerted in one period or revolution General
Morin found to be from Ve to 1/4 for single-cylinder engines using expan-
sion; the shorter the cut-off the higher the value. For a pair of engines
with cranks coupled at 90° the value of the ratio is about 1/4, and for
three engines with cranks" at 120°, 1/12 of its value for single-cylinder
engines. For tools working at intervals, such as punching, slotting and
plate-cutting machines, coining-presses, etc., AE is nearly equal to the
whole work performed at each operation.

' 2Eo^
about 1/32 for ordinary machinery, and V50 or Veo for machinery for fine
purposes.
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Ifm be the reciprocal of the intended value of the coeflacient of fluc-

tuation of speed, AB the fluctuation of energy, / the moment of inertia

of the fly-wheel alone, and a^ its mean angular velocity, J = -~— As

the rim of a fly-wheel is usually heavy in comparison with the arms,
/ may be taken to equal TFr^, in which W = weight of rim in pounds, and

r the radius of the wheel; then W = „ „ = —^— , if u be the velocity

of the rim in feet per second. The usual mean radius of the fly-wheel
In steam-engines is from three to five times the length of the crank. Tha
ordinary values of the product mg, the unit of time being the second, lie

between 1000 and 2000 feet. (Abridged from Rankine, S. E., p. 62.)
Thurston gives for engines with automatic valve-gear W = 250,000

porfg ' i^^ which A = area of piston in square inches, S = stroke in feet,

p = mean steam-pressure in lbs. per sq. in., R = revolutions per minute,
D — outside diameter of wheel in feet. Thurston also gives for ordinary
forms of non-condensing engine with a ratio of expansion between 3 and

5, TF = ^^, in which a ranges from 10,000,000 to 15,000,000, averaging

12,000,000. For gas-engines, in which the charge is fired with every
revolution, the American Machinist gives this latter formula, with a
doubled, or 24,000,000. Presumably, if the charge is fired every other
revolution, a should be again doubled.

Rankine ("Useful Rules and Tables," p. 247) gives TF= 475,000

YDiLi > ^^ which V is the variation of speed, per cent of the mean speed

Thurston's first rule above given corresponds with this if we take V = 1.9.

Hartneli {Proc. Inst. M. E., 1882, 427) says: The value of V, or the
variation permissible in portable engines, should not exceed 3% with an
ordinary load, and 4% when heavily loaded. In fixed engines, for ordi-
nary purposes, V = 21/2 to 3%. For good governing or special purposes,
such as cotton-spinning, the variation should not exceed II/2 to 2%.

F. M. Rites (Trans. A. S. M. E., xiv, 100) develops a new formula for
C X I H P

weight of rim, viz., W — —pg C^g

'

, and weight of rim per horse-power

= sftrT. ill which C varies from 10,000,000,000 to 20,000,000,000; also

using the latter value of C, he obtains for the energy of the fly-wheel
Mv^ ^ JW_ (3.14)2 D^igg ^ CX H.P. (3.14)2 D2jg2 ^ 850.000 H.P. pj

2 64.4 3600 i23£>2 x 64.4 X 3600 R
wheel energy per H.P. = 850,000 -^ R.
The limit of variation of speed with such a weight of wheel from excess

of power per fraction of revolution is less than 0.0023.
The value of the constant C given by Mr. Rites was derived from

practice of the Westinghouse single-acting engines used for electric-

lighting. For double-acting engines in ordinary service a value of C -»

5,000,000,000 would probably be ample.
From these formulas it appears that the weight of the fly-wheel for a

given horse-power should vary inversely with the cube of the revolutions
and the square of the diameter.

J. B. Stanwood (Eng'g, June 12, 1891) says: Whenever 480 feet Is the
lowest piston-speed probable for an engine of a certain size, the fly-wheel

weight for that speed approximates closely to the formula

W = 700,000 d^s ^ D^R\
W = weight in pounds, d =. diameter of cylinder in inches, s = stroke

in inches, D = diameter of wheel in feet, R = revolutions per minute,
corresponding to 480 feet piston-speed.

, ^. .

In a Ready Reference Book published by Mr. Stanwood, Cincinnati
1892, he gives the same formula, with coefficients as follows: For slide-

valve engines, ordinary dutv, 350,000: same, electric fighting, 700,000;

for automatic high-speed engines, 1,000,000; for Corliss engines, ordinary

duty 700,000, electric lighting 1,000,000.
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Thurston's formula above given,W = aAS 4- BW^ with a =12,000,000
if reduced to terms of d and s in ins., becomes W = 785,400 d^s -r- BW^.

If we reduce it to terms of horse-power, we have I.H.P. = 2 ASPB -r-

33,000, in wtiich P = mean effective pressure. Taking this at 40 lbs.,
we obtain W = 5,000,000,000 I.H.P. -f- BW2. If mean effective pres-
sure = 30 lbs., then W = 6,666,000,000 I.H.P. -=- iJ3Z)2.

Emil Theiss (Am. Mach., Sept. 7 and 14, 1893) gives the following
values of d, the coeflQcient of steadiness, which is the reciprocal of what
Rankine calls the coeflQcient of fluctuation:
For engines operating

—

Hammering and crushing machinery d= 5
Pumping and shearing machinery d = 20 to 30
Weaving and paper-making machinery d = 40
Milling macliinery d = 50
Spinning machinery d = 50 to 100
Ordinary driving-engines (mounted on bed-

plate) , belt transmission d = 35
Gear-wheel transmission d = 50

Mr. Theiss's formula for weight of fly-wheel in pounds is W = iX
*? X I H P—
^^

' ' -', where d is the coeflQcient of steadiness, V the mean velocity

of the fly-wheel rim in feet per second, n the number of revolutions per
minute, t = a coeflQcient obtained by graphical solution, the values of
which for diflferent conditions are given in the following table. In
the lines under "cut-oflf," p means "compression to initial pressure,"
and O "no compression."

Values of i. Single-cylinder Non-condensing Engines.

Piston- Cut-off, 1/6. Cut-off, 1/4. Cut-off, 1/3. Cut-off, 1/2.

speed, ft.

per min.
Comp.

V
Comp.

V
Comp.

V
Comp.

V
200
400
600

272.690
240.810
194.670
158.200

218.580
187.430
145.400
108.690

242.010
208.200
168.590
162.070

209.170
179.460
136.460
135.260

220,760
188.510
165.210

201.920
170.040
146.610

193.340
174.630

182,840
167.860

800

Single-cylinder Condensing Engines.

c"^ s Cut-off, 1/8. Cut-off, 1/6. Cut-off, 1/4. Cut-off, 1/3. Cut-off, 1/2.

Comp.
V

Comp.
V

Comp.
V

Comp.
P

Comp.
V

200
400

265.560
194,550
148.780

176,560
117.870
140,090

234.160
174.380

173.660
118.350

204.210
164.720

167,140
133.080

189.600
174.630

161.830
151.680

172,690 156.990

600

Two-cylinder Engines, Cranks at 90°

Piston- Cut-off, 1/6. Cut-off, 1/4. Cut-off, 1/3. Cut-off, 1/2.

speed, ft.

per min.
Comp.

V
Comp.

V
Comp.

V
Comp,

V
200
400
600
800

71.980
70,160
70.040
70.040

1 Mean
f
60.140

J

59,420
57.000
57.480
60.140

Mean
f
54.340

J

49.272
49.150
49.220

Mean
( 50.000

J

35.000
(Mean
f 36.950

Three-cylinder Engines, Cranks at 120°.

Piston- Cut-off, 1/6. 1 Cut-off, 1/4. Cut-off, 1/3. Cut-off, 1/2.

speed, ft.

per min.
Comp.

V
Comp,

V
Comp.

V
Comp.

V
200
800

33.810
30.190

32.240
31.570

33.810
35.140

35.500
33.810

34.540
36.470

33.450
32.850

35,260
33,810

32.370
32.370

As a mean value of i for these engines we may use 33,810.
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Weight of Fly-wheels for AJternating-current Units.— (J. Begtrup,
Am. Mach., July 10, 1902.)—

In which W~ weight of rim of fiy-wheel in pounds, D — mean diameter
of rim in feet, Wi = weight of armature in pounds, Di= mean diameter
of armature in feet, H = rated horse-power of engine, C/ = a factor of
steadiness, N = number of revolutions per minute, V = maximum
instantaneous displacement in degrees, not to exceed 5 degrees divided
by the number of poles on the generator, according to the rule of the
General Electric Company.
For simple horizontal engines, length of connecting-rod = 5 cranks,

U = 90; (ditto, no account being taken of angularity of connecting-iod,
17 = 64) ; cross-compound horizontal engines, connecting-rod = 5 cranks.
C7 = 51; ditto, vertical engines, heavy reciprocating parts, unbalanced,
U = 78; vertical compound engines, cranks 180 degrees apart, recipro-
cating parts balanced, U = 60.
The small periodical variation in velocity (not angular displacement)

can be determined from the following formula:

„ ^ 387,700,000 HZ

in which H = rated horse-power, Z = a, factor of steadiness, N = revs,
per min., D = mean diameter of fly-wheel rim in feet, W= weight of fly-

wheel rim in pounds, Di = mean diameter of armature or field in feet,

Wi = weight of armature, F = variation in per cent of mean speed.
For simple engines and tandem compounds, Z = 16; for horizontal

cross-compounds, Z = 8.5; for vertical cross-compounds, heavy recip
rocating parts, Z = 12.5; for vertical compounds, cranks opposite,
weights balanced, Z = 14. F represents here the entire variation,
between extremes — not variation from mean speed. It generally varies
from 0.25% of mean speed to 0.75% — evidently a negligible quantity.
A mathematical treatment of this subject will be found in a paper

by J. L. Astrom, in Trans. A. S. M. E., 1901.
Centrifugal Force in Fly-wheels. — Let W = weight of rim in

pounds; R = mean radius of rim in feet; r = revolutions per minute,
g = 32.16; V = velocity of rim in feet per second = 2TTRr -h 60.

Centrifugal force of whole rim = F = -^ = Zqq =0.000341 WRrK
The resultant, acting at right angles to a diameter, of half of this force

tends to disrupt one half of the wheel from the other half, and is resisted
by the section of the rim at each end of the diameter. The resultant of
half the radial forces taken at right angles to the diameter is 1 -^ i/27r =
2/7r of the sum of these forces ; hence the total force F is to be divided by
2 X 2 X 1 . 5708 = 6 . 2832 to obtain the tensile strain on the cross-section
of the rim, or, total strain on the cross-section = 5 = 0. 00005427 WRr^.
The weight Wi of a rim of cast iron 1 inch square in section is 2 jt^ X
3.125 = 19.635/2 pounds, whence strain per square inch of sectional
area of rim = 5i = 0.0010656 R^r^ = 0.0002664 D^r^ = 0.0000270 y«.

In which D = diameter of wheel in feet, and V is velocity of rim in feet

per minute. <Si = . 0972 v"^, if v is taken in feet per second.

For wrought iron:

Si = 0.0011366 R^-r^ = 0.0002842 D-V" == 0.0000288 V^.

Si = 0.0011593 R"'r^ = 0.0002901 D'Y' = 0.0000294 V^.

For wood:
Si = 0.0000888 RY = 0.0000222 D^ = 0.00000225 V\

The specific gravity of the wood being taken at 0.6 = 37.5 lbs. per cu.

ft., or i/i2 the weight of cast iron.

Example.—Required the strain per square inch in the rim of a cast-

iron wheel 30 ft. diameter, 60 revolutions per minute.
Answer.~15^~ X 6O2 X 0.0010656 = S63 . 1 lbs.

Required the strain per square inch in a cast-iron wheel-rma running
a mile a minute. Answer.— 0.000027 X 5280= = 752.7 lbs.
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In. cast-iron fly-wheel rims, on account of their thickness, there is

difficulty in securing soundness, and a tensile strength of 10,000 lbs.

per sq. in. is as much as can be assumed with safety. Using a factor of

safety of 10 gives a maximum allowable strain in the rim of 1000 lbs.

per sq. in., wliich corresponds to a rim velocity of 6085 ft. per minute.
For any given material, as cast iron, the strength to resist centrifugal

fo^ce depends only on the velocity of the rim, and not upon its bulk or
weight.

Chas. E. Emery (Cass. Maj., 1892) says: It does not appear that fly-

wheels of customary construction should be unsafe at the comparatively
low speeds now in common use if proper materials are used in con-
struction. The cause of rupture of fly-wheels that have failed is usually
either the "running away" of the engine, such as may be caused by
the breaking or slackness of a governor-belt, or incorrect design or de-
fective materials of the fly-wheel.

Chas. T. Porter {Trans. A. S. M. E., xiv, 808) states that no case of the
bursting of a fly-wheel with a sohd rim in a high-speed engine is known.
He attributes the bursting of wheels built in segments to insufficient
strength of the flanges and bolts by which the segments are held together.
[The author, however, since the above was written, saw a solid rim fly-

wheel of a high-speed engine which had burst, the cause being a large
shrinkage hole at the junction between one of the arms and the rim. The
wheel was about 6 ft. diam.. Fortunately no one was injured by the
accident.] (See also Thurston, "Manual of the Steam-engine," Part II,

page 413.)
Diameters of Fly-wheels for Various Speeds. — If 6000 feet per

minute be the maximum velocity of rim allowable, then 6000 = nRD,
in which R = revolutions per minute, and D = diameter of wheel in feet,

whence D = 6000 -i- nR == 1910 -i- R.
W. H. Boehm, Supt. of the Fly-wheel Dept. of the Fidelity and Casu-

alty Co. (Eng. News, Oct. 2, 1902), says: For a given material there is a
definite speed at which disruption will occur, regardless of the amount
of material used. This mathematical truth is expressed by the formula:

V = 1.6 v>s7F,

In which V is the velocity of the rim of the wheel in feet per second at
wlaich disruption will occur, W the weight of a cubic inch of the material
used, and S the tensile strength of 1 square inch of the material.

For cast-iron wheels made in one piece, assuming 20,000 lbs. per sq.
In. as the strength of small test bars, and 10,000 lbs. per sq. in. in large

castings, and applying a factor of safety of 10, V = 1.6 ViooO/0.26 =
100 ft. per second for the safe speed. For cast steel of 60,000 lbs. per

sq. in., V = 1.6 V6000 -h 0.28 = 233 ft. per second. This is for wheels
made in one piece. If the wheel is made in halves, or sections, the
efficiency of the rim joint must be taken into consideration. For belt
wheels with flanged and bolted rim joints located between the arms, the
joints average only one-fifth the strength of the rim, and no such joint
can be designed having a strength greater than one-fourth the strength
of the rim. If the rim is tliick enough to allow the joint to be reinforced
by steel hnks shrunk on, as in heavy balance wheels, one-third the
strength of the rim may be secured in the joint; but this construction can
not be applied to belt wheels having thin rims.

For hard maple, having a tensile strength of 10,500 lbs. per sq. in.,

and weighing 0.0283 lb. per cu. in., we have, using a factor of safety of
20, and remembering that the strength is reduced one-half because the

wheel is built up of segments, F= 1.6 V262.5 -^ 0.0283 = 154 ft. per
second. The stress in a wheel varies as the square of the speed, and the
factor of safety on speed is the square root of the factor of safety on
strength.

Mr. Boehm gives the following table of safe revolutions per minute
of cast-iron wheels of different diameters. The flange joint is taken at

. 25 of the strength of a wheel with no joint, the pad joint, that is a wheel
made in six segments, with bolted flanges or pads on the arms, = . 50,
and the link joint == 0.60 of the strength of a solid rim.
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Safe Revoltttions per Minute of Cast-Iron Fly-wheels.

No Flange Pad Link No Flange Pad Link
joint. joint. joint. joint. joint. joint. joint. joint.

Diam. Diam.
in R.P.M. R.P.M. R.P.xM. R.P.M. in R.P.M. R.P.M. R.P.M. R.P.M.
Ft. Ft.

I 1910 955 1350 1480 16 120 60 84 92

2 955 478 675 740 17 112 56 79 87

3 637 318 450 493 18 106 53 75 82
4 478 239 338 370 19 100 50 71 78

5 382 191 270 296 20 95 48 68 74

6 318 159 225 247 21 91 46 65 70

7 273 136 193 212 22 87 44 62 67

8 239 119 159 185 23 84 42 59 64
9 212 106 150 164 24 80 40 56 62

10 191 96 135 148 25 76 38 54 59

11 174 87 123 135 26 74 37 52 57

12 159 80 113 124 27 71 35 50 55

13 147 73 104 114 28 68 34 48 53

14 136 68 96 106 29 66 33 47 51

\5 128 64 90 99 30 64 32 45 49

Tiie table is figured for a margin of safety on speed of approximately
3, which is equivalent to a margin on stress developed, or factor of safety
in the usual sense, of 9. (Am. Mach., Nov. 17, 1904.)

Strains in the Rims of Fly-band Wheels Produced by Centrif-
ugal Force. (James B. Stanwood, Trans. A. S. M. E., xiv, 251.) —
Mr. Stanwood mentions one case of a fly-band wheel where the periphery
velocity on a 17 ft. 9 in. wheel is over 7500 ft. per minute.

In band-saw mills the blade of the saw is operated successfully over
wheels 8 and 9 ft. in diameter, at a periphery velocity of 9000 to 10,000 ft.

per minute. These wheels are of cast iron throughout, of heavy thick-
ness, with a large number of arms.

In shingle-machines and cliipping-macliines where cast-iron disks
from 2 to 5 ft. in diameter are employed, with knives inserted radially,
the speed is frequently 10,000 to 11,000 ft. per minute at the periphery.

If the rim of a fly-wheel alone be considered, the tensile strain in pounds
per square inch of the rim section is T = V^ jlQ nearly, in which V =
velocity in feet per second; but this strain is modified by the resistance
of the arms, which prevent the uniform circumferential expansion of the
rim, and induce a bending as well as a tensile strain. Mr. Stanwood
discusses the strains in band-wheels due to transverse bending of a section
of the rim between a pair of arms.
When the arms are few- in number, and of large cross-section, the rim

will be strained transversely to a greater degree than \\ith a greater num-
ber of fighter arms. To illustrate the necessary rim thicknesses for vari-
ous rim velocities, pulley diameters, number of arms, etc., the foUowing
table is given, based upon the formula

i = 0.475d-^iV^(|,-3^).

in which t= thickness of rim in inches, d= diameter of pulley in inches,
N = number of arms, V = velocity of rim in feet per second, and F= the
freatest strain in pounds per square inch to which any fiber is subjected,
"he value of F is taken at 6000 lbs. per sq. in.
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Thickness of Rims in Solid "Wheels.

Diameter of
Pulley in
inches.

Velocity of
Rim in feet per

second.

Velocity of
Rim in feet per

minute.
No. of Arms. Thickness in

inches.

24
24
48
108

108

50
88
88
184
184

3,000
5,280
5,280
11,040

11,040

6
6
6
16

36 1/2

If the limit of rim velocity for all wheels be assumed to be 88 ft. pet
second, equal to 1 mile per minute, F = 6000 lbs., the formula becomes

t = 0.475 c - 0.67 iV2 = 0.7d -i- N\
When wheels are made in halves or in sections, the bending strain may

be such as to make t greater than that given above. Thus, when the
joint comes half way between the arms, the bending action is similar to
a beam supported simply at the ends, uniformly loaded, and t is 50%
greater. Then the formula becomes t = 0.712 d-i-N^\

\F2 lo;*
or for a

fixed maximum rim velocity of 88 ft. per second and F = 6000 lbs., (=
1.05 d -i- N^. In segmental wheels it is preferable to have the joints
opposite the arms. Wheels in halves, if very thin rims are to be em-
ployed, should have double arms along the line of separation.

Attention should be given to the proportions of large receiving and
ightening pulleys. The thickness of rim for a 48-.in. wheel (shown in
a')le) with a rim velocity of 88 ft. per second, is 15/i6in. Many wrecks
iiave been caused by the failure of receiving or tightening pulleys whose
rims have been too thin. Fly-wheels calculated for a given coefficient
of steadiness are frequently lighter than the minimum safe weight. This
is true especially of large wheels. A rough guide to the minimum weight
of wheels can be deduced from our formulae. The arms, hub, lugs, etc.,

usually form from one-quarter to one-tMrd the entire weight of the wheel.
If b represents the face of a wheel in inches, the weight of the rim (con-
sidered as a simple annular ring) will be w = . 82 dtb lbs. If the limit
of speed is 88 ft. per second, then for solid wheels t == 0.7 d -^ N^. For
sectional wheels (joint between arms) t = 1.05 d -^ N^. Weight of rim
for soUd wheels, w = 0.57 d^b -^ N^, in pounds. Weight of rim in sec-
tiona* wheels with joints between arms, w = 0.80 d^b -i- N^, in pounds.
Total weight of wheel: for solid wheel, W = 0.76 d^b h- N^ to 0.86 d^b h-

N^, in pounds. For segmental wheels with joint between arms, W =
1 . 05 d26 ^ iV2 to 1 . 3 d^b -f- N\ in pounds.

(This subject is further discussed by Mr. Stanwood, in vol. xv, and by
Prof. Gaetano Lanza, in vol. xvi, Trans. A. S. M. E.)
Arms of Fly-wheels and Pulleys. — Professor Torrey (Am. Much..

July 30, 1891) gives the following formula for arms of eUiptical cross-
section of cast-iron wheels:W = load in pounds acting on one arm; S — strain on belt in pounds
per inch of width, taken at 56 for single and 112 for double belts; v =
width of belt in inches; n = number of arms; L = length of arm in feet;
6 = breadth of arm at hub; d == depth of arm at hub, both in inches;
W == Sv -^ n; & = WL -^ 30 cf2. The breadth of the arm is its least
dimension = minor axis of the ellipse, and the depth the major axis.
This formula is based on a factor of safety of 10.

In using the formula, first assume some depth for the arm, and calcu-
late the required breadth to go with it. If it gives too round an arm,
assume the depth a little greater, and repeat the calculation. A second
trial will almost always give a good section.
The size of the arms at the hub having been calculated, they may be

somewhat reduced at the rim end. The actual amount cannot be cal«
culated, as there are too many unknown quantities. However, the depth
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and breadth can be reduced about one-third at the rim without danger,
and this wiU give a well-shaped arm.

Pulleys are often cast in halves, and bolted together. When this is

done the greatest care should be taken to provide sufficient metal in the
bolts. Ttiis is apt to be the very weakest point in such pulleys. The
combined area of the bolts at each joint should be about 28/100 the
cross-section of the pulley at that point. (Torrey.)

Unwin gives d = 0.6337 \J BDIri for single belts;

tZ = . 798 \lBDIn for double belts

;

D being the diameter of the pulley, and B the breadth of the rim, both in
inches. These formulae are based on an eUiptical section of arm in which
h = 0.4dord = 2.55 on a width of belt = 4/5 the width of the pulley
rim, a maximum driving force transmitted by the belt of 56 lbs. per inch
of width for a single belt and 112 lbs. for a double belt, and a safe working
stress of cast iron of 2250 lbs. per square inch.

If in Torrey's formula w^e make 6 = 0.4 d, it reduces to

WLy WL ^ VtFL

^=V 18775'^= y
—

Example. — Given a pulley 10 feet diameter; 8 arms, each 4 feet long;
face, 36 inches wide; belt, 30 inches: required the breadth and depth of the
arm at the hub. According to Unwin,

d = 0.6337 -^BDIn =0.633 •^36^020/8 = 5. 16 for single belt; & = 2. 06';

d = 0.798 -^BDIn = .l^S, ^36 X 120/8 = 6.50 for double belt, & = 2.60.

According to Torrey, if we take the formula h = WL -^ 30 cP and
assume d = 5 and 6.5 inches, respectively, for single and double belts,

we obtain h = 1.08 and 1.33, respectively, or practically only one-half
of the breadth according to Unwin, and, since transverse strength is pro-
portional to breadth, an arm only one-half as strong.

Torrey's formula is said to be based on a factor of safety of 10, but this
factor can be only apparent and not real, since the assumption that the
strain on each arm is equal to the strain on the belt divided by the num-
ber of arms, is, to say the least, inaccurate. It would be more nearly
correct to say that the strain of the belt is divided among half the number
of arms. Unwin makes the same assumption in developing his formula,
but says it is only in a rough sense true, and that a large factor of safety-

must be allowed. He therefore takes the low figure of 2250 lbs. per square
inch for the safe working strength of cast iron. Unmn says that his
equations agree well wdth practice.
A Wooden-rim Fly-wheel, built in 1891 for a pair of Corliss engines

at the Amoskeag Mfg. Co.'s mill, Manchester, N.H., is described by
C. ,H. Manning in Trans. A. S. M. E., xiii, 618. It is 30 ft. diam. and
108 in. face. The rim is 12 inches thick, and is built up of 44 courses of
ash plank, 2, 3, and 4 inches thick, reduced about 1/2 inch in dressing,
.set edgewise, so as to break joints, and glued and bolted together. There
are two hubs and two sets of arms, 12 in each, all of cast iron. The weights
are as follows:

Weight (calculated) of ash rim 31,855 lbs.

Weight of 24 arms (foundrv 45,020) 40,349
Weight of 2 hubs (foundry'35,030) 31,394± "

Counter-weights in 6 arms 664
Total, excluding bolts and screws 104,262± "

The wheel was tested at 76 revs, per min., being a surface speed of
nearly 7200 feet per minute.
Wooden Fly-wheel of the W^illimantic Linen Co. (Illustrated in

Power. March, 1893.) — Rim 28 ft. diam., 110 in. face. The rim is

carried upon three sets of arms, one under the center of each belt, with
12 arms in each set.

The material of the rim is ordinary whitewood, 7/a in. in thickness, cut
into segments not exceeding 4 feet in length, and either 5 or 8 inches in
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width. These were assembled by building a complete circle 13 inches iA
width, first with the 8-inch inside and the 5-inch outside, and then beside
it another circle with the widths reversed, so as to break joints. Each
piece as it was added was brushed over with glue and nailed with three-
inch wire nails to the pieces already in position. The nails pass through
three and into the fourth thickness. At the end of each arm four 14-
inch bolts secure the rim, the ends being covered by wooden plugs glued
and driven into the face of the wheel.
Wire-wound Fly-wheels for Extreme Speeds. (Eng'g News,

August 2, 1890.) — The power required to produce the Mannesmann
tubes is very large, varying from 2000 to 10,000 H.P., according to the
dimensions of the tube. Since tliis power is needed for only a short time
(it takes only 30 to 45 seconds to convert a bar 10 to 12 ft. long and 4 in.

in diameter into a tube), and then some time elapses before the next bar
is ready, an engine of 1200 H.P. provided with a large fiy-wiifccl lor stor-

ing the energy will supply power enough for one set of rolls. These
fly-wheels are so large and run at such great speeds that the ordinary
method of constructing them cannot be followed. A wheel at the Mannes-
mann Works, made in Komotau, Hungary, in the usual manner, broke at
a tangential velocity of 125 ft. per second. The fly-wheels designed to
hold at more than double this speed consist of a cast-iron hub to which
two steel disks, 20 ft. in diameter, are bolted; around the circumference
of the wheel thus formed 70 tons of No. 5 wire are wound under a tension
of 50 lbs. In the Mannesmann Works at Landore, Wales, such a wheel
makes 240 revolutions a minute, corresponding to a tangential velocity
of 15,080 ft. or 2.85 miles per minute.

THE SLIDE-VALVE.
Deflnitions. — Travel = total distance moved by the valve.
Throw of the Eccentric = eccentricity of the eccentric = distance from

the center of the shaft to the center of the eccentric disk = 1/2 the travel
of the valve.
Lap of the valve, also called outside lap or steam-lap = distance the

outer or steam edge of the valve extends beyond or laps over the steam
edge of the port when the valve is in its central position.

Inside lap, or exhaust-lap = distance the inner or exhaust edge of the
valve extends beyond or laps over the exhaust edge o^the port when the
valve is in its central position. The inside lap is sometimes made zero,
or even negative, in which latter case the distance between the edge of
the valve and the edge of the port is sometimes called exhaust clearance,
or inside clearance.

Lead of the valve = the distance the steam-port is opened when the
engine is on its center and the piston is at the beginning of the stroke.

Lead-angle = the angle between the position of the crank when the
valve begins to be opened and its position when the piston is at the
beginning of the stroke.
The valve is said to have lead when the steam-port opens before the

piston begins its stroke. If the piston begins its stroke before the admis-
sion of steam begins, the valve is said to have negative lead, and its amount
is the lap of the edge of the valve over the edge of the port at the instant
when the piston stroke begins.

Lap-angle = the angle through which the eccentric must be rotated to
cause the steam edge to travel from its central position the distance of
the lap.

Angular advance of the eccentric = lap-angle + lead-angle.
Linear advance = lap + lead.
Effect of Lap, Lead, etc., upon the Steam Distribution. — Given

valve-travel 28/4 in., lap 3/4 in., lead i/ie in., exhaust-lap i/s in., required
crank position for admission, cut-off, release and compression, and
greatest port-opening. (Halsey on Slide-valve Gears.) Draw a circle
of diameter fh = travel of valve. From O the center set off Oa = lap
and ab = lead, erect perpendiculars Oe, ac, bd; then ec is the lap-angle
and cd the lead-angle, measured as arcs. Sef off fg = cd, the lead-
angle; then Og is the position of the crank for steam admission. Set off

2 ec + cd from h to i; then Oi is the crank-angle for cut-off, and fk -i- fh
Is the fraction of stroke completed at cut-off. Set off 01 = exhaust*

I
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lap and draw Im; em Is the exhaust-lap angle. Set off hn == ec + cd ~ em,
and On is the position of crank at release. Set off /p = ec + cd + cm,
and Op is the position of crank for compression, fo -h fh is the fraction
of stroke completed at release, and hq h- hf is the fraction of the return
stroke completed when compression begins; Oh, the throw of the eccentric,
minus Oa the lap, equals all the maximum port-opening.

ICut-off

Fig. 170.

If a valve has neither lap nor lead, the line joining the center of the
eccentric disk and the center of the snaft being at right angles to the line

of the crank, the engine would follow full stroke, admission of steam
beginning at th-e beginning of the stroke and ending at the end ot the
stroke.

Adding lap to the valve enables us to cut off steam before the end ot
the stroke. The eccentric being advanced on the shaft an amount equal
to the lap-angle enables steam to be admitted at the beginning of the
stroke, as before lap was added, and advancing it a further amount equal
to the lead-angle causes steam to be admitted before the beginning of the
stroke.

Having given lap to the valve, and having advanced the eccentric
on the shaft from its central position at right angles to the crank,
through the angular advance = lap-angle + lead-angle, the four events,
admission, cut-off, release or exhaust-opening, and compression or exhaust-
closure, take place as follows: Admission, when the crank lacks the lead-
angle of having reached the center; cut-off, when the crank lacks two
lap-angles and one lead-angle of having reached the center. During
the admission of steam the crank turns through a semicircle less twice
the lap-angle. The greatest port-opening is equal to half the travel of the
valve less the lap. Therefore for a given port-opening the travel of the
valve must be increased if the lap is increased. When exhaust-lap is

added to the valve it delays the opening of the exhaust and hastens its
closing by an angle of rotation equal to the exhaust-lap angle, which is
the angle through which the eccentric rotates from its middle position
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while the exhaust edge of the valve uncovers its lap. Release then
takes place when the crank lacks one lap-angle and one lead-angle minus
one exhaust-lap angle of having reached the center, and compression when
the crank lacks lap-angle + lead-angle + exhaust-lap angle of having
reached the center.
The above discussion of the relative position of the crank, piston, and

valve for the different points of the stroke is accurate only with a con-
necting-rod of infinite length.

For actual connecting-rods the angular position of the rod causes a
distortion of the position of the valve, causing the events to take place too
late in the forward stroke and too early in the return. The correction of
this distortion may be accomplished to some extent by setting the valve
so as to give equal lead on both forward and return stroke, and by alter-
ing the exhaust-lap on one end so as to equalize the release ana com-
pression. F. A. Halsey, in his Slide-valve Gears, describes a method of
equalizing the cut-off without at the same time affecting the equality of
the lead. In designing slide-valves the effect of angularity of the con-
necting-rod should be studied on the drawing-board, and preferably by
the use of a model.

Svreet's Valve-diagram. — To find outside and inside lap of valve
for different cut-offs and compressions (see Fig. 171): Draw a circle

whose diameter equals travel of valve. Draw diameter BA and con-
tinue to A'^, so that the length AA^ bears the same ratio to XA as the

Fig. 171.— Sweet's Valve Diagram,
length of connecting-rod does to length of engine-crank. Draw small
circle K with a radius equal to lead. Lay off AC so that ratio of ^C to
AB = cut-off in parts of the stroke. Erect perpendicular CD. Draw
DL tangent to K; draw XS perpendicular to DL; XS is then outside lap
of valve.
To find release and compression: If there is no inside lap, draw FE

through X parallel to DL. F and E will be position of crank for release
and compression. If there is an inside lap, draw a circle about X, in
which radius XY equals inside lap. Draw HG tangent to this circle and
parallel to DL; then H and G are crank positions for release and for com-
pression. Draw HN and MG, then .A A'' is piston position at release and
A'M piston position at compression, AB being considered stroke of
engine.
To make compression alike on each stroke it is necessary to increase

the inside lap on crank end of valve, and to decrease by the same amount
the inside lap on back end of valve. To determine this amount, throughM with a radius MM^ = AA^, draw arc MP, from P draw PT perpen-
dicular to AB, then TM is the amount to be added to inside lap on crank
end, and to be deducted from inside lap on back end of valve, inside lap
being XY.

For the Bilgram Valve-Diagram, see Halsey on Slide-valve Gears.
The Zeuner Valve-diagram is given in most of the works on the

Siteam-engine, and in treatises on valve-gears, as Zeuner's, Peabody's, and
Spangler's. The following paragraphs show how the Zeuner valve-diagram
may be employed as a convenient means (1) for finding the lap, lead,
etc., of a slide-valve when the points of admission, cut-off, and release
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are given; and (2) for obtaining the points of admission, cut-ofif, release,
and compression, etc., when the travel, the laps, and the lead of the valve
are given. In working out these two problems, the connecting-rod is

supposed to be of infinite length.
Determination of the Lap, Lead, etc., of a Slide-valve for Given Steam

Distribution. — Given the points of admission, cut-off, and release, to find
the point of compression, the lap, the lead, the exhaust lap, the angular
advance, and the port-openings at different fractions of the stroke.
Draw a straight line AA', Fig. 172, to represent on any scale the travel

of the valve, and on it draw a circle, with the center O, to represent the
path of the center of the eccentric. The fine and the circle will also repre-
sent on a different scale the length of stroke of the piston and the path
of the crank-pin. On the circle, which is called the crank circle, mark B,

>
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Fig. 172.—Zeuner's Valve Diagram.

the position of the crank-pin when admission of steam begins, the direc*
tion of motion of the crank being shown by the arrow; C, the position of
the crank-pin at cut-off; and L, its position at release. From these points
draw perpendiculars BM, CN, and LV, to the line AA'; M, N, and V
will then represent the positions of the piston at admission, cut-off, and
release respectively, the admission taking place, as shown, before the
piston reaches the end of the stroke in the direction OA, and release
taking place before the end of the stroke in the direction OA'.

Bisect the arc BC at D, and draw the diameter DOD' . On DO draw
the circle DHOGE, called, the valve circle. Draw OB, cutting the valve
circle at G; and OC, cutting it at H. Then OG = OH is the lap of the
valve, measured on the scale in which OA is the half-travel of the valve.
With OG as radius draw the arc GFH, called the steam-lap circle, or, for

short, the lap circle.
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Mark the point E, at which the valve circle cuts the line OA. The
distance FE represents the lead of the valve, and BO = AF is the max-
imum port-opening. A perpendicular drawn from OA at E will cut the
valve circle and tne crank circle at D, since the triangle DEO is a right-
angled triangle drawn in the semicircle DEGO.

Erect the perpendicular FJ, then angle DOJ = AOB is the lead-angle
and JOK is the lap-angle, OK being a perpendicular to AA' drawn from
O. DOK is the sum of the lap and lead angles, that is, the angular
advance, by which the eccentric must be set beyond 90° ahead of the
crank. Set off KF = KD-, then Y is the position of the center of the
eccentric when the crank is in the position OA.
To find the point of compression, set off D'P = D'L; then P is the

point of compression.
Draw OP and OL. On OD' draw the valve circle ORD'S, cutting

OL at R and OP at S. With OR as a radius draw the arc of the exhaust-
lap circle, RTS; OR = OS is the exhaust lap.

The port-opening at any part of the stroke, or corresponding position
of the crank, is represented by the radial distances, as EF, DW, and J'X^
intercepted between the lap and the valve circles on radii drawn from O.
Thus, on the radius OB, the port-opening is zero when steam admission is
about to begin; on the radius OA, when the crank is on the dead center
the opening is EF, or equal to the lead of the valve; on the radius DO,
midway between the point of admission and the point of cut-off, the
opening is a maximum DW = AF = BG; on the radius DC it is zero
again when steam has just been cut off.

In like manner the exhaust opening is represented by the radial dis-
tances intercepted between the exhaust-lap circle, RR'TS, and the valve
circle, ORD'S. On the radius OL it is zero when release begins; on OD'
it is TD', a maximum; and on OP it is zero again when compression begins.

Determination of the Steam Distribution, etc., for a Given Valve. — Given
the valve travel, the lap, the lead, and the exhaust lap, to find the maxi-
mum port-opening, the angular advance, and the points of admission,
cut-off, release, and compression.

This problem is the reverse of the preceding. Draw AOA' to represent
the valve travel on a certain scale, O being the middle point, and on this
line on the same scale set off OF = the lap, FE = the lead, and OR' =
the exhaust lap. AF then will be the maximum port-opening. Draw the
perpendiculars OK and ED. DOK is the angular advance.
Draw the diameter DOD', and on DO and D'O draw the two valve

circles. From 0, the center, with a radius OF, the lap, draw the arc of
the steam-lap circle cutting the valve circle in G and H. Through G
draw OB, and through H draw OC; B then is the point of admission,
and C the point of cut-off. With OR, the exhaust lap, as a radius, draw
the arc of the exhaust-lap circle, RTiS, cutting the valve circle in R and
S. Through R draw OL, and through S draw OP. Then L is the point
of release and P the point of compression. Draw the perpendiculars
BM, CN, LV, and PP', to find M, N, V, and P', the respective positions
on the stroke of the piston when admission, cut-off, release, and com-
pression take place.

Practical Application of Zeuner's Diagram. — In problems solved by
;neans of the Zeuner diagram, the results obtained on the drawings are
relative dimensions or the ratios of the several dimensions to a given
dimension the scale of which is known, such as the valve travel, the

,

maximum port-opening, or the length of stroke. In problenis similar to
j

the first problem given above, the known dimensions are usually the i

length of stroke, the maximum port-opening, AF, which is calculated i

from data of the dimensions of cylinder, the piston speed, and the allow- '

able velocity of steam through the port. The length of the stroke being
represented on a certain scale by AA', the points of admission, cut-off,

release, and compression, in fractions of the stroke, are measured respec-
tively by A'M, AN, AV, and A'P on the same scale. The actual dimen-
sion of the maximum port-opening is represented on a different scale by
AF, therefore the actual dimensions of the lap, lead, and exhaust lap are
measured respectively by OF, FE, and OR' on the same scale as AF;
or, in other words, the lap, lead, and exhaust lap are respectively the

ratios -T-p- -r^' and -jp • each multiplied by the maxiroum port-opening.
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In problems similar to the second problem, the actual dimensions of
the lap, the lead, the exhaust lap, and the valve travel are all known,
and are laid down on the same scale on the line AA', representing the
valve travel; and the maximum port-opening is found by the solution of
the problem to be AF, measured on the same scale; or the maximum
port-opening = 1/2 valve travel minus the lap. Also in tliis problem
AA' represents the known length of stroke on a certain scale, and the
pjints of admission, cut-off, release, and compression, in fractions of the
stroke, are represented by the ratios which A'AI, AN, AV, and A'P,
respectively, bear to AA'.
Port-opening. — The area of port-opening is usually made such that

the velocity of the steam in passing through it should not exceed 6000 ft.

per min. The ratio of port area to piston area will vary with the piston-
speed as follows:

^°^ft^^per°nSn.^^^'} ^^O 200 300 400 500 600 700 800 900 1000 1200

Port area^=^piston
j ^^^^ ^33 q^ ^^^ Qg3 ^ ^^^ .^33 ^^ ^^^ 2

For a velocity of 6000 ft. per min.,

Port area = sq. of diam. of cyl.X piston speed -^ 7639.

The length of the port-opening may be equal to or something less thaiv
the diameter of the cyUnder, and the width = area of port-opening -*-

its length.
The bridge between steam and exhaust ports should be wide enough

to prevent a leak of steam into the exhaust due to overtravel of the
valve.
The width of exhaust port = width of steam port + 1/2 travel of valve

+ inside lap — width of bridge.
Lead. (From Peabody's Valve-gears.) — The lead, or the amount

that the valve is open when the engine is on a dead point, varies, with the
type and size of the engine, from a very small amount, or even nothing,
up to 3/8 of an inch or more. Stationary-engines running at slow speed
may have from i/64 to 1/16 inch lead. The effect of compression is to fill

the waste space at the end of the cylinder with steam; consequently,
engines having much compression need less lead. Locomotive-engines
having the valves controlled by the ordinary form of Stephenson link-
motion may have a small lead when running slowlj' and with a long
cut-off, but when at speed with a short cut-off the lead is at least 1/4 inch

;

and locomotives that have valve-gear which gives constant lead com-
monly have 1/4 inch lead. The lead-angle is the angle the crank makes
with the line of dead points at admission. It may vary from 0° to 8°.

Inside Lead. — Weisbach (vol. ii, p. 296) says: Experiment shows
that the earlier opening of the exhaust ports is especially of advantage,
and in the best engines the lead of the valve upon the side of the exhaust,
or'the inside lead, is 1/25 to 1/15; i.e., the slide-valve at the lowest or highest
position of the piston has made an opening whose height is 1/25 to i/i5 of
the whole throw of the sUde-valve. The outside lead of the slide-valve
or the lead on the steam side, on the other hand, is much smaller, and is

often only 1/100 of the whole throw of the valve.

Effect of Changing Outside Lap, Inside Lap, Travel and
Angular Advance. (Thurston.)

Admission. Expansion. Exhaust. Compression.

Incr.
O.L.

is later,

ceases sooner
occurs earlier,

continues longer is unchanged
begins at
same point

Incr.
I.L.

unchanged begins as before,
continues longer

occurs later,

ceases earlier
begins sooner,
continues longel

Incr.
T.

begins sooner,
continues longer

begins later,
ceases sooner

begins later,

ceases later
begins later,

ends sooner

Incr.
AA.

begins earlier,

period unaltered
begins sooner,
per. the same

begins earlier,

per. unchanged
begins earlier,

per. the same
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Zeuner gives the following relations (Weisbach-Dubois, vol. ii, p. 307);

It S = travel of valve, p = maximum port opening;

L = steam-lap, I = exhaust-lap;

R = ratio of steam-lap to half travel = ^ ^ _^
, L= — XS;

r = ratio of exhaust-lap to half travel

0.5 5'

I

--2p+ 2L= 2p+ RXS;S-- 2p
'l-R

It a = angle BOC between positions of crank at admission and at
cut-off, and /S = angle LOP between positions of crank at release and at

^, „ ,, sin (180°-a) ., sin(180°-^)
eompression, then R = 1/2 ^

—

7-. -; r = 1/2
sin 1/2 sin 1/2 i3

Crank-angles for Connecting-rods of Different Lengths.

Forward and Return Strokes.

°il
Ratio of Length of Connecting-rod to Length of Stroke.

G 2 §

lii
2 21/2 3 31/2 4 5

Infi-

nite

fa^l F^.
"^ffi § For. Ret. For. Ret. For. Ret. For. Ret. For. Ret. For. Ret. or

Ret.

.01 10.3 13.2 10.5 12.8 10.6 12.6 10.7 12.4 10.8 12.3 •10.9 12.1 11.5

.02 14.6 18.7 14.9 18.1 15.1 17.8 15.2 17.5 15.3 17.4 15.5 17.1 16.3

.03 17.9 22.9 18.2 22.2 18.5 21.8 18.7 21.5 18.8 21.3 19.0 21.0 19.9

.04 20.7 26.5 21.1 25.7 21.4 25.2 21.6 24.9 21.8 24.6 22.0 24.3 23.1

.05 23.2 29.6 23.6 28.7 24.0 28.2 24.2 27.8 24.4 27.5 24.7 27.2 25.8

.10 33.1 41.9 33.8 40.8 34.3 40.1 34.6 39.6 34.9 39.2 35.2 38.7 36.9

.15 41 51.5 41.9 50.2 42.4 49.3 42.9 48.7 43.. 2 48.3 43.6 47.7 45.6

.20 48 59.6 48.9 58.2 49.6 57.3 50.1 56.6 50.4 56.2 50.9 55.5 53.1

.25 54.3 66.9 55.4 65.4 56.1 64.4 56.6 63.7 57.0 63.3 57.6 62.6 60.0

.30 60.3 73.5 61.5 72.0 62.2 71.0 62.8 70.3 63.3 69.8 63.9 69.1 66.4

.35 66.1 79.8 67.3 78.3 68.1 77.3 68.8 76.6 69.2 76.1 69.9 75.3 72.5

.40 71.7 85.8 73.0 84.3 73.9 83.3 74.5 82.6 75.0 82.0 75.7 81.3 78.5

.45 77.2 91.5 78.6 90.1 79.6 89.1 80.2 88.4 80.7 87.9 81.4 87.1 84.3

.50 82.8 97.2 84.3 95.7 85.2 94.8 85.9 94.1 86.4 93.6 87.1 92.9 90.0

.55 88.5 102.8 89.9 101.4 90.9 100.4 91.6 99.8 92.1 99.3 92.9 98.6 95.7

.60 94.2 108.3 95.7 107.0 96.7 106.1 97.4 105.5 98.0 105.0 98.7 104.3 101.5

.65 100.2 113. 9 101.7 112.7 102.7 111.9 103.4 111.2 103.9 110.8 104.7 110.1 107.5

.70 105.5 119. 7 108.0 118.5 109.0 117.8 109.7 117.2 110.2 116.7 110.9 116.1 113.6

.75 113.1 125.7 114.6 124.6 115.6 123.9 116.3 123.4 116.7 123.0 117.4 122.4 120.0

.80 120.4 132 121. 8 131.1 122.7 130.4 123.4 129.9 123.8 129.6 124.5 129.1 126.9

.85 128.5 139 129.8 138.1 130.7 137.6 131.3 137.1 131.7 136.8 132.3 136.4 134.4

.90 138.1 146.9 139.2 146.2 139.9 145.7 140.4 145.4 140.8 145.1 141.3 144.8 143.1

.95 150.4 156.8 151.3 156.4 151.8 156.0 152.2 155.8 152.5 155.6 152.8 155.3 154.2

.96 153.5 159.3 154.3 158.9 154.8 158.6 155.1 158.4 155.4 158.2 155.7 158.0 156.9

.97 157.1 162.1 157.8 161.8 158.2 161.5 158.5 161.3 158.7 161.2 159.0 161.0 160.1

.98 161.3 165.4 161.9 165.1 162.2 164.9 162.5 164.8 162.6 164.7 162.9 164.5 163.7

,99 166.8 169.7 167.2 169.5 167.4 169.4 167.6 169.3 167.7 169.2 167.9 169,1 168.5

1.00 180 180 180 180 180 180 180 180 180 180 180 180 180

Ratio of Lap and of Port-opening to Valve-traveL — The table
on page 1059, giving the ratio of lap to travel of valve and ratio of travel
to port-opening, is abridged from one given by Buel in Weisbach-Dubois,

|
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ol. ii. It is calculated from the above formulae. Intermediate values
may be found by the formulae, or with sufficient accuracy by interpolation
from the figures in the table. By the table on page 1068 the crank-angle
may be found, that is, the angle between its position when the engine is
on the center and its position at cut-off, release, or compression, when
these are known in fractions of the stroke. To illustrate the use of the
tables the following example is given by Buel: width of port = 2.2 in.;
width of port-opening = width of port + 0.3 in.; overtravel = 2.5 in.;
length of connecting-rod = 21/2 times stroke; cut-off = 0.75 of stroke;
release = 0.95 of stroke; lead-angle, 10°. From the first table we find
crank-angle = 114.6; add lead-angle, making 124.6°. From the second
table, for angle between admission and cut-off, 125°, we have ratio of
travel to port-opening = 3.72, or for 124.6° = 3.74, which, multipUed
by port-opening 2.5, gives 9.45 in. travel. The ratio of lap to travel,
by the table, is 0.2324, or 9.45 X 0.2324 = 2.2 in. lap. For exhaust-
lap, we have for release at 0.95, crank-angle = 151.3; add lead-angle
10° = 161.3°. From the second table, by interpolation, ratio of lap to
travel = 0.0811, and 0.0811 X 9.45 = 0.77 in., the exhaust-lap.

Lap-angle = 1/2(180° — lead-angle — crank-angle at cut-off);
- 1/2(180° - 10 - 114.6) = 27.7°.

Angular advance = lap-angle + lead-angle = 27.7 + 10 = 37.7°.
Exiiaust lap-angle = crank-angle at release + lap-angle + lead-angle — 180*

= 151.3+27. 7+10-180° = 9°.

Crank-angle at com- )

pression measured [
= 1 80° — lap-angle — lead-angle — exhaust lap-angle

on return stroke )

= 180-27.7-10-9=133.3°; corresponding, by
table, to a piston position of .81 of the return stroke; or
Crank-angle at compression = 180°— (angle at release— angle at cut-off)

+ lead-angle
= 180 - (151.3-114.6) +10= 133.3°.

The positions determined above for cut-off and release are for the
forward stroke of the piston. On the return stroke the cut-off will take
place at the same angle, 114.6°, corresponding by table to 66.6% of the
return stroke, instead of 75%. By a slight adjustment of the angular
advance and the length of the eccentric-rod the cut-off can be equalized.
The width of the bridge should be at least 2.5 + .25 - 2.2 = .55 in.

Lap and Travel of Valve
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30° 0.4830 58.70 85° 0.3686 7.61 135° 0.1913 3.24

35 .4769 43.22 90 .3536 6.83 140 .1710 3.04

40 .4699 33.17 95 .3378 6.17 145 .1504 2.86

45 .4619 26.27 too .3214 5.60 150 .1294 2.70

50 .4532 21.34 105 .3044 5.11 155 .1082 2.55

55 .4435 17.70 no .2868 4.69 160 .0868 2.42

60 .4330 14.93 115 .2687 4.32 165 .0653 2.30

65 .4217 12.77 120 .2500 4.00 170 .0436 2.19

70 .4096 11.06 125 .2309 3.72 175 .0218 2.09

75 .3967 9.68 130 .2113 3.46 180 .0000 2.00

80 .3830 8.55
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Relative Motions of Crosshead and Grank. — L ^ length of con-r
necting-rod, R = length of crank, Q = angle of crank with center line of
engine, D = displacement of crosshead from the beginning of its stroke,
V = velocity of crank-pin, Fi = velocity of piston.

For R=-l, D = ver sin e± (L- VL2_sin2 0),

cos \

Fi=Fsin0/l±-

From these formulae Mr. A. F. Nagle computes the following:
Piston Displacement and Piston Velocity fob each 10° op Motion

OF Crank. Length of crank = 1. Length of connecting-rod = 5.
Piston velocity Vi for vel. of crank-pin = 1.

Angle
Displacement. Velocity.

Angle

Cr'nk

Displacement. Velocity.

Cr'nk For-
ward. Back. For-

ward.
Back.

For-
ward.

Back. For-
ward. Back.

10°

20°
30°
40°
50°

0.018
0.072
0.159
0.276
0.416

0.012
0.048
0.109
0.192
0.298

0.207
0.406
0.587
0.742
0.865

60°
70°
80°
84°
90°

0.576
0.747
0.924
1.000

1. 101

0.424
0.569
0.728

"6;899'

954
1.005
1.019
1.011

1.000

0.778
0.875
0.950

i^ooo

PERIODS OF ADMISSION, OR CUT-OFF, FOR VARIOUS LAPS
AND TRAVELS OF SLIDE-VALVES.

The two following tables are from Clark on the Steam-engine. In the
first table are given the periods of admission corresponding to travels of
valve of from 12 in. to 2 in., and laps of from 2 in. to 3/8 in., with 1/4 in.
and 1/8 in. of lead. With greater leads than those tabulated, the steam
would be cut off earlier than as shown in the table.
The influence of a lead of ^/i& in. for travels of from l-Vg in. to 6 in.,

and laps of from 1/2 in. to II/2 in., as calculated for in the second table,
is exhibited by comparison of the periods of admission in the table, for
the same lap and travel. The greater lead shortens the period of admis-
sion, and increases the range for expansive working.

Periods of Admission, or Points of Cut-off, for Given Travels and
Laps of Slide-valves.

Periods of Admission, or Points of Cut-off, fc r theu
1

following Laps of Valves in inches.

i'^ 2 13/4 IV2 11/4 1 7/8 3/4 5/8 1/2 3/8

in. in. % % % % % S % /o % %
12 l/i 88 90 93 95 96 98 98 99 99

10 1/4 82 87 89 92 95 96 97 98 98 99
8 1/5 72 78 84 88 92 94 95 96 98 98
6 1/4 50 62 71 79 86 89 91 94 96 97

51/2 1/8 43 56 68 77 85 88 91 94 96 97
5 1/8 32 47 61 72 82 86 89 92 95 97

41/2 1/8 14 35 51 66 78 83 87 90 94 96
4 1/8 17 39 57 72 78 83 88 92 95
31/2 1/8

1/8

1/8

1/8

20 44
23

63
50
27

71

61

43

79
71

57
33

84
79

70
52

90
86
80
70

94
^ ' 91

21/2 88
? 81
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Periods of Admission, or Points of Cut-off, for given Travels and
Laps of Slide-valves.

Constarft lead, 5/i6-

Travel. Lap.

Inches. 1/2 5/8 3/4 7/8 1 11/8 11/4 13/8 11,2

15/8 19

13/4 39
J 7/8 47

55
61

65
68
71

lA
76

78
80
81

83
84

17

34
42
50
55
59
63
67
70

73

74
76
78

2

21/8 14

30
38
45
49
56
59
62
65
68
71

21/4
23/8 13

27
36
43
47
50
55

. 59
62

21/?
25/8 12

26
32
38
44
48
51

23/4

27/8 11

23
30
34
40

3''

31/8 10

22
29

31/4
338 9

31/2 85 80 73 64 53 45 34 20
35/8 86 81 75 66 57 49 38 26 9
33/4 87 82 76 68 60 52 42 32 19

37/8 87 83 78 70 63 55 46 36 25
4 88 84 79 72 66 58 49 40 29
41/4 89 86 81 76 70 63 56 47 37
41/2 90 87 83 79 73 67 61 54 45

43/4 92 89 85 81 76 70 65 58 51

5 93 90 87 83 78 73 67 62 56

51/2 94 92 89 86 82 78 73 68 63
6 95 93 91 88 85 82 78 74 69

Piston-valve. — The piston-valve is a modified form of the shde-
valve. The lap, lead, etc., are calculated in the same manner as for the
common slide-valve. The diameter of valve and amount of port-opening
are calculated on the basis that the most contracted portion of the steam- •

passage between the valve and the cylinder should have an area such that
the velocity of steam through it will not exceed 6000 ft. per minute. The
area of the opening around the circumference of the valve should be about
double the area of the steam-passage, since that portion of the opening
that is opposite from the steam-passage is of little effect.

Setting the Valves of an Engine.— The principles discussed above
are applicable not only to the designing of valves, but also to adjustment
of valves that have been improperly set; but the final adjustment of the
eccentric and of the length of the rod depends upon the amount of lost
motion, temperature, etc.; and can be effected only after trial. After
the valve has been set as accurately as possible when cold, the lead and
lap for the forward and return strokes being equalized, indicator diagrams
should be taken and the length of the eccentric-rod adjusted, if necessary,
to correct slight irregularities.
To Put an Engine on its Center. — Place the engine in a position

where the piston will have nearly completed its outward stroke, and
opposite some point on the crosshead, such as a corner, make a mark
upon the guide. Against the rim of the pulley or crank-disk place a
pointer and mark a line with it on the pulley. Then turn the engine over
the center until the crosshead is again in the same position on its inward
stroke. This Mall bring the crank as much below the center as it was
above it before. ' With the pointer in the same position as before make
a second mark on the pulley rim. Divide the distance between the marks
in two and mark the middle point. Turn the engine until the pointer
is opposite this middle point, and it \sill then be on its center. To avoid
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tlio error that may arise from the looseness of crank-pin and wrist-pin
bearings, the engine should be turned a little above the center and
then be brought up to it, so that the crank-pin will press against the
same brass that it does when the first two marks are made.
Link Motion.—Link-motions, of which the Stephenson link is the

most commonly used, are designed for two purposes: first, for reversing
the motion of the engine, and second, for varying the point of cut-off
by varying the travel of the valve. The Stephenson link-motion is a
combination of two eccentrics, called forward and back eccentrics, with
a Knk connecting the extremities of the eccentric-rods ; so that by vary-
ing the position of the link the valve-rod may be put in direct connec-
tion with either eccentric, or may be given a movement controlled in
part by one and in part by the other eccentric. When the link is moved
by the reversing lever into a position such that the block to which the
valve-rod is attached is at either end of the link, the valve receives its

maximum travel, and when the Unk is in mid-gear the travel is the
least and cut-off takes place early in the stroke.

In the ordinary shifting-link with open rods, that is, not crossed, the
lead of the valve increases as the link is moved from full to mid-gear,
that is, as the period of steam admission is shortened. The variation oi
lead is equalized for the front and back strokes by curving the link to
the radius of the eccentric-rods concavely to the axles. With crossed
eccentric-rods the lead decreases as the Mnk is moved from full to mid-
gear. In a valve-motion with stationary link the lead is constant.
(For illustration see Clark's "Steam-engine," vol. ii, p. 22.)
The linear advance of each eccentric is equal to that of the valve in

full gear, that is, to lap + lead of the valve, wheii the eccentric-rods
are attached to the link in such position as to cause the half-travel of
the valve to equal the eccentricity of the eccentric.
The angle between the two eccentric radii, that is, between lines

drawn from the center of the eccentric disks to the center of the shaft,
equals 180° less twice the angular advance.

Buel, inAppleton's "Cyclopedia of Mechanics, "vol. ii, p. 316, discusses
the Stephenson link as follows: "The Stephenson link does not give a
perfectly correct distribution of steam; the lead varies for different
points of cut-off. The period of admission and the beginning of ex-
haust are not alike for both ends of the cylinder, and the forward
motion varies from the backward.
"The correctness of the distribution of steam by Stephenson's hnk-

motion depends upon conditions which, as much as the circumstances
will permit, ought to be fulfilled, namely: 1. The link should be curved
in the arc of a circle whose radius is equal to the length of the eccentric-
rod. 2. The eccentric-rods ought to be long, the longer they are in pro-
portion to the eccentricity the more symmetrical will the travel of the
valve be on both sides of the center of motion. 3. The link ought to be
short. Each of its points describes a curve in a vf^rtical plane, whose
ordinates grow larger the farther the considered point is from/ the center
of the link; and as the horizontal motion only is -transmitted to the
valve, vertical oscillation will cause irregularities. 4. The link-hanger
ought to be long. The longer it is the nearer will be the arc in wliich
the link swings to a straight line, and thus the less its vertical oscillation.
If the link is suspended at its center, the curves that are described by
points equidistant on both sides from the center are not alike, and
hence results the variation between the forward aiid backward gears.
If the link is suspended at its lower end, its lower half will have less

vertical oscillation and the upper half more. 5. The center from which
the link-hanger swings changes its position as the' link is lowered or
raised, and also causes irregularities. To reduce them to the smallest
amount the arm of the lifting-shaft should be made as long as the
eccentric-rod, and the center of the lifting-shaft should be* placed at
the height corresponding to the central position of the center on which
the link-hanger swings."

All these conditions can never be fulfilled in practice, and the variations
in the lea d and the period of admission can be somewhat regulated in an
artificial way, but for one gear only. This is accomplished by giving
different lead to the two eccentrics, which difference will be smaller the
longer the eccentric-rods are and the shorter the link, and by suspending
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the link not exactly on its center line but at a certain distance from it,

giving what is called "the offset."
For application of the Zeuner diagram to link-motion, see Holmes on

the Steam-engine, p. 290. See also Clark's Railway Machinery (1855),
Clark's Steam-engine, Zeuner's and Auchincloss's Treatises on Slide-
valve Gea,rs, and Halsey's Locomotive Link Motion. (See page 1119.)
The following rules are given by the American Machinist for laying out

a link for an upright shde-valve engine. By the term radius of link is

meant the radius of the link-arc, ab, Fig. 173, drawn through the center
of the slot ; this radius is generally made equal to the distam-e from the

^g^n^^^^L^W^

Fig. 173.

center of shaft to center of the link-block pin P when the latter stands
midway of its travel. The distance between the centers of the eccentric-
rod pins ei 62 should not be less than 21/2 times, and, when space will

permit, three times the throw of the eccentric. By the throw we mean
twice the eccentricity of the eccentric. The slot Unk is generally sus-
pended from the end next to the forward eccentric at a point in the link-
arc prolonged. This will give comparatively a small amount of slip to the
link-block when the link is in forward gear; but this slip will be increased
when the link is in backward gear. This increase of slip is, however.
considered of little importance, because marine engines, as a rule, work
but very little in the backward gear. When it is necessary that the
motion shall be as efficient in backward gear as in forward gear, then the
link should be suspended from a point midway between the two eccentric-
rod pins; in marine engine practice this point is generally located on the
link-arc; for equal cut-offs it is better to move the point of suspension
a small amount towards the eccentrics.

For obtaining the dimensions of the link in inches: Let L denote the
length of the valve, B the breadth, p the absolute steam-pressure per sq. in .,

and 22 a factor of computation used as below; then R = 0.01 Vl XB X p
Breadth of the link = 72 X 1 .6
Thickness T' of the bar = RX 0.8
Length of sliding-block = RX 2.5
Diameter of eccentric-rod pins = (72 X . 7) + 1/4 in.

Diameter of suspension-rod pin = (72 X . 6) + 1/4 in.

Diameter of suspension-rod pin when overhung. . . = (72 X . 8) + 1/4 in.

Diameter of block-pin when overhung = 72 + 1/4 in.

Diameter of block-pin when secured at both ends. = (^ X 0.8) + 1/410.
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The Isngth of the link, that is, the distance from a to &, measured on a
straight hne joining the ends of the link-arc in the slot, should be such
as to allow the center of the link-block pin P to be placed in a line with
the eccentric-rod pins, leaving sufficient room for the slip of the block.
Another type of link frequently used in marine engines is the double-bar
link, and this type is again divided into two classes: one class embraces
those links which have the eccentric-rod ends as well as the valve-spindle
end between the bars, as shown at B (with these links the travel of the
valve is less than the throw of the eccentric); the other class embraces
those links, shown at C, for wliich the eccentric-rods are made with fork-
ends, so as to connect to studs on the outside of the bars, allowing the
block to shde to the end of the hnk, so tbat the centers of the eccentric-
rod ends and the block-pin are in hne when in full gear, making the travel
of the valve equal to the throw of the eccentric. The dimensions of these
links when the distance between the eccentric-rod pins is 21/2 to 23/4 times
the throw of eccentrics can be found as follows:

Depth of bars = (R X 1 . 25) + l/2in.

Thickness of bars = (R X . 5 ) + 1/4 in.

Diameter of center of sUding-block = R X 1.3

"When the distance between the eccentric-rod pins is equal to 3 or 4
times the throw of the eccentrics, then

Depth of bars = (72 X 1 . 25) + 3/4 in.

Thickness of bars = (RX 0.5 ) + 1/4 in.

All the other dimensions may be found by the first table. These are
empirical rules, and the results may have to be shghtly changed to suit

given conditions. In marine engines the eccentric-rod ends for all

classes of hnks have adjustable brasses. In locomotives the slot-hnk is

usually employed, and in these the pin-holes have case-hardened bushes
driven into the pin-holes, and have no adjustable brasses in the ends of
the eccentric-rods. The link in B is generally suspended by one of the
eccentric-rod pins; and the link in C is suspended by one of the pins in
the end of the link, or by one of the eccentric-rod pins. (See note on
Locomotive Link Motion, p. 11 19.)
The Walschaerts Valve-gear. Fig. 174.—This gear, which was

invented in Belgium, has for many years been used on locomotives in
Europe, and it has now (1909) come largely into use in the United States.
The return crank Q, which takes the place of an eccentric, through the
rod B oscillates the link on the fixed pin F. The block D is raised and
lowered in the link by the reversing rod I, operating through the bell-

Fig. 174.—The Walschaerts Valve-gear.

crank levers H, H, and the supporting rod G. When the block is in its
lowest position the radius rod U has a motion corresponding in direction
to that of the rod B ; when the block is at its upper position U moves in
an opposite direction to B. The valve-rod E is moved by the combined
action of U and a lever T whose lower end is connected through the
rod S to the cross-head B. Constant lead is secm-ed by this gear. (The
main crank and the return crank should be shown in the cut as inclin-
ing to the right to correspond with the position of the cross-head.)
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Other Forms of Valve-gear, as the Joy, Marshall, Hackworth,
Bremme, Walschaerts, Corliss, etc., are described in Clark's Steam-
engine, vol. ii. Power, May 11, 1909, illustrates the Stephenson, Gooch.
Allen, Polenceau, Marshall, Joy, Waldegg, Walschaerts, Fink, and
Baker-Pilliod gears. The design of the Reynolds-Corliss valve-gear is

discussed by A. H. Eldridge in Power, Sept., 1893. See also Henthorn
on the CorUss Engine. Rules for laying down the center lines of the
Joy valve-gear are given in American Machinist, Nov. 13, 1890. For
Joy's "Fluid-pressure Reversing-valve," see Eng'g, May 25, 1894.

GOVERNORS.
Pendulum or Fly-ball Governor. — The inclination of the arms of a

.revolving pendulum to a vertical axis is such that the height of the point
of suspension h above the horizontal plane in which the centerof gravity
of the balls revolves (assuming the weight of the rods to be small compared
with the weight of the balls) bears to the radius r of the circle described
by the centers of the balls the ratio

h ^ weight ^ j£_ ^ gr

r centrifugal force ~ wv^ ~
v^

gr

which ratio is independent of the weight of the balls, v being the velocity
of the centers of the balls in feet per second.

If T = number of revolutions of the balls in 1 second, v = 2nrT = or,
in which a = the angular velocity, or 2 nT, and

a = 32.16. If iV = revs, per minute, h = 35,190 -^ N^.

For revolutions per minute .... 40 45 50 60 75 .

The height in inches will be .. . 21.99 17.38 14.08 9.775 6.256

Number of turns per minute required to cause the arms to take a given
angle with the vertical axis: Let I = length of the arm in inches from
the center of suspension to the center of gyration, and a the required
angle; then _

^ =t/35190.^ ^g^ 3 / 1 ^ ^g, g
^l,

y I cos a 1 I COS a t ft

The simple governor is not isochronous; that is, it does not revolve
at a uniform speed in all positions, the speed changing as the angle of the
arms changes. To remedy this defect loaded governors, such as Porter's,

are used. From the balls of a common governor whose collective weight
is A let there be hung by a pair of hnks of lengths equal to the pendulum
arm's a load B capable of shding on the spindle, having its center of gravity
in the axis of rotation. Then the centrifugal force is that due to A alone,

and the effect of gravity is that due to A'+ 2B: consequently the alti-

tude for a given speed is increased in the ratio (A + 2 B) : A, as com-
pared with that of a simple revolving pendulum, and a given absolute
variation in altitude produces a smaller proportionate variation in speed
than in the common governor. (Rankine, S. E., p. 551.)

,

For the weighted governor let Z= the length of the arm from the point

of suspension to the center of gra^aty of the ball, and let the length of the

suspending-link U = the length of the portion of the arm from the point

of suspension of the arm to the point of attachment of the hnk; G == the

weight of one ball, Q = half the weight of the shding v/eight, h = the

height of the governor from the point of suspension to the plane of revolu-

tion of the balls, a = the angular velocity = 2itT,T being the number of

./32.16A , 2hQ\ , 32.16 ^ ,
2ltQ\

revolutions per second; then a= i/ —j-— ^1 + ~j~^); »="
^2 v "T G^

in feet, or 7i = ^^^(l + X s)
^^ inches, N being the number of revo-

lutions per minute.
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J. H. Ban gives h = (^^^V ^ ^^ ^ .^n which B is the combined

weight of the two balls and W the central weight.
For various forms of governor see App. Cyl. Mech., vol. ii, 61, and

Clark's Steam-engine, vol. ii, p. 65.
To Change the Speed of an Engine Having a FJy-baii Governor. —

A shght difference in the speed of a governor changes the position of its

weights from that required for full load to that required for no load.
It is evident therefore that, whatever the speed of the engine, the normal
speed of the governor must be that for wliich the governor was designed;
i.e., the speed of the governor must be kept the same. To change the
speed of the engine the problem is to so adjust the pulleys which drive
the governor that the engine at its new speed shall drive it just as fast as
it was driven at its original speed. In order to increase the engine-speed.
we must decrease the pulley upon the shaft of the engine, i.e., the driver,
or increase that on the governor, i.e., the driven, in the proportion that
the speed of the engine is to be increased.
Fly-wheel or Shaft-governors. — At the Centennial Exhibition in

1876 there were shown a few steam-engines in which the governors were
contained in the fly-wheel or band-wheel, the fly-balls or weights revolving
around the shaft in a vertical plane with the wheel and sliifting the eccen-
tric so as automatically to vary the travel of the valve and the point of
cut-off. This form of governor has since come into extensive use, espe-
cially for high-speed engines. In its usual form two weights are carried on
arms the ends of which are pivoted to two points on the pulley near its

circumference, 180° apart. Links connect these arms to the eccentric.
The eccentric is not rigidly keyed to the shaft but is free to move trans-
versely across it for a certain distance, having an oblong hole which allows
of this movement. Centrifugal force causes the weights to fly towards
the circumference of the wheel and to pull the eccentric into a position of
minimum eccentricity. This force is resisted by a spring attached to
each arm which tends to pull the weights towards the shaft and shift the
eccentric to the position of maximum eccentricity. The travel of the v?'ve
is thus varied, so that it tends to cut off earher in the stroke as the engine
increases its speed. Many modiflcations of this general form are in use.
In the Buckeye and the Mcintosh & Seymour engines the governor shifts

the eccentric around on the shaft so as to vary the angular advance
In the Sweet "Straight-line" engine and in some others a single weight
and a single spring are used. For discussions of this form of governor
see Hartnell, Proc. Inst. M. E., 1882, p. 408: Trans. A. S. M. E., ix, 300-
xi. 1081; xiv, 92: xv, 929; Modern Mechanism, p. 399: Whitham's Con-
structive Steam Engineering; J. Begtrup, Am. Mach., Oct. 19 and Dec. 14,
1893, Jan. 18 and March 1, 1894.
More recent references are: J. Richardson, Proc. Inst. M. E., 1895

(includes electrical regulation of steam-engines); A. K. Mansfield, Trans.
A. S. M. E., 1894; F. H. Ball, Trans. A. S. M. E., 1896; R. C. Carpenter,
Power, May and June, 1898; Thos. Hall, El. World, June 4, 1898: P. M.
Rites, Power, July, 1902; E. R. Briggs, Am. Mach., Dec. 17, 1903
The Rites Inertia Governor, which is the most common form of the

shaft governor at this date (1909). has a long bar, usually made heavy at
the ends, like a dumb-bell, instead of the usual weights. This is carried
on an arm of the fly-wheel by a pin located at some distance from the
center line of the- bar, and also at some distance from its middle point.
To pins located at two other points are attached the valve-rod and the
spring. The bar acts both by inertia and by centrifugal force. When
the wheel increases its speed the inertia of the bar tends to make it fall

behind, and thus to change the relative position of the fly-wheel arm and
the bar, and to change the travel of the valve. A small book on "Shaft
Governors " (Hill Pub. Co., 1908) describes and illustrates this and many
other forms of shaft governors, and gives practical directions for adjusting
them.

Calculation of Springs for Shaft-governors. (Wilson Hartnell,
Proc. Inst. M. E., Aug., 1882.) — The springs for shaft-governors may be
conveniently calculated as follows, dimensions being in inches:

Let W = weight of the balls or weights, in pounds:
n and ri = the maximum and minimum radial distances of the

center of the balls or of the centers of gravity of the weights;
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U and h = the leverages, i.e., the perpendicular distances from the
center of the weight-pin to a line in the direction of the centrif-
ugal force drawn through the center of gravity of the weights
or balls at radii n and rz;

mi and m2 = the corresponding leverages of the springs;
Ci and Ci = the centrifugal forces, for 100 revolutions per minutCs

at radii n and r^;

Pi and Pi = the corresponding pressures on the spring;
(It is convenient to calculate these and note them down for refer-
ence.)

Cs and d = maximum and minimum centrifugal forces;
S = mean speed (revolutions per minute);
Si and S2 = the maximum and minimum number of revolutions

per minute;
Pz and Pi = the pressures on the spring at the limiting number

of revolutions (*Si and S2) ;

P4 — Ps = D = the difference of the maximum and minimum
pressures on the springs;

V = the percentage of variation from the mean speed, or the
sensitiveness;

t = the travel of the spring;
u = the initial extension of the spring;
V = the stiffness in pounds per inch;
w = the maximum extension = u + t.

The mean speed and sensitiveness desired are supposed to be given.
Then

'^^-'^-100'

Ci=0.28XriX W; C2=0.28Xr2X W;

^'-'''xJ^= Pi = C2X^\
m.2

^'-^'=<(^o)'= -—©'

-?.«
V

P4

It is usual to give the spring-maker the values of P4 and of v or w.
To ensure proper space being provided, the dimensions of the spring should
be calculated by the formulae for strength and extension of springs, and
the least length of the spring as compressed be determined.

The governor-power= x— X r-^-

With a straight centripetal line, the governor-power

_ C3+C4 [ r2-ri \~ 2 ^ I 12 j"

For a preliminary determination of the governor-power it may be taken
as equal to this in all cases, although it is evident that with a curved cen-.

tripetal line it will be slightly less. The difference D must be constant for
the same spring, however great or httle its initial compression. Let the
spring be screwed up until its minimum pressure is P5. Then to find the
speed Pe = Ps + I>, _

^5=iooy|2; ^g=ioov^^.

The speed at which the goverrior would be isochronous would be

Vpi^.-
Suppose the pressure on the spring with a speed of 100 revolutions, at

tbe maximum and minimum radii, was 200 lbs. and 100 lbs., respectively,
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then the pressure of the spring to suit a variation from 95 to 105 revolu«

tlons will be 100 x(^)'' = 90.2 and 200 x(j^)''= 220 .5 That is, the

Increase of resistance from the minimum to the maximum radius must be
220-90 = 130 lbs.

The extreme speeds due to such a spring, screwed up to different
pressures, are shown in the following table:

Revolutions per minute, balls shut
Pressure on springs, balls shut
Increase of pressure when balls open fully,

Pressure on springs, balls open fully
,

Revolutions per minute, balls open fully .

.

Variation, per cent of mean speed

80 90 95 100 no
bA 81 90 100 121

130 130 130 130 130m 211 220 230 251

98 102 105 107 112
10 6 5 3 1

120

M4
130

274
117

-I

The speed at which the governor would become isochronous is 114.
Any spring will give the right variation at some speed; hence in experi-

menting with a governor the correct spring may be found from any wrong
one by a very simple calculation. Thus, if a governor with a spring
whose stiffness is 50 lbs. per inch acts best when the engine runs at 95, 90

being its proper speed, then 50 X
/90\2

V95/
= 45 lbs. is the stiffness of spring

required.
To determine the speed at which the governor acts best, the spring

may be screwed up until the governor begins to "hunt " and then be
slackened until it is as sensitive as is compatible with steadiness.

Another formula is: Q =
WH
R

CONDENSERS, AIR-PUMPS, CIRCULATING-PUMPS, ETC.

The Jet Condenser. — In practice the temperature in the hot-well
varies from 110° to 120°, and occasionally as much as 130° is maintained.
To find the quantity of injection-water per pound of steam to be condensed

:

Let Ti = temperature of steam at the exhaust pressure; To = temper-
ature of the cooling-water; T2 = temperature of the water after condensa-
tion, or of the hot-well; Q = pounds of the cooling-water per lb. of steam
condensed; then

„^ 1114° + 0.3 ^1-^2
^ T2-Tq

in which W is the weight of steam con-

densed, H the units of heat given up by 1 lb. of steam in condensing, and
R the rise in temperature of the cooling-water. This is apphcable both
to jet and to surface condensers.

Quantity of Cooling-water. •— The quantity depends chiefly upon
its initial temperature, which in Atlantic practice may vary from 40° in
the winter of temperate zone to 80° in subtropical seas. To raise the
temperature to 100° in the condenser will require three times as many
thermal units in the former case as in the latter, and therefore only one-
third as much cooling-water will be required in the former case as in the
latter. It is usual to provide pumping power sufficient to supply 40 times
the weight of steam for general traders, and as much as 50 times for ships
stationed in subtropical seas, when the endues are compound. If the
circulating pump is double-acting, its capacity may be 1/53 in the former
and 1/42 in the latter case of the capacity of the low-pressure cylinder.
(Seaton.)
The following table, condensed from one given by W. V. Terry in Power,

Nov. 30, 1909, shows the amount of circulating water required under
different conditions of vacuum, temperature of water entering the con-
denser, and drop. The "drop" is the difference between the temperature
of steam due to a given vacuum and the temperature of the water leaving
the condenser.
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Pounds of Circulatinq Water per Pound OF Steam Condensed.

Vac- Drop. Inject on Water Temperature, Deg. F.

Ins. 45 50 55 60 65 70 75 80 85 90

29.B 6
12

18

37.5
47.8
65.7

45.7
61.8
95.5

58.3
87.5

80.8

28^ 6
12

18

25.6
30.0
36.2

29.2
35.0
43.8

33.9
42.0
55.3

40.3
52.5
75.0

50.0
70.0

65.7 95.5

128.0 6
12

18

21.5
24.4
28.4

23.9
27.7
32.8

26.9
31.8
38.9

30.9
37.5
47.8

36.3
45.7
61.8

43.8
58.3
87.5

55.3
80.8

75.0

127.0 6
12

18

16.4
18.1

20.2

17.8
19.8

22.4

19.5
21.9
25.0

21.5
24.4
28.4

23.9
27.7
32.8

27.0
31.8
38.9

30.9
37.5
47.8

36.2
45.7
61.8

43.8
58.3
87.5

55.3
80.8

126.0 6
12
18

14.0
15.2
16.8

15.0
16.4
18.1

16.2
17.8
19.8

17.5
19.5

21.9

19.1

21.5
24.4

21.0
23.9
27.7

23.4
26.9
31.8

26.3
30.9
37.5

30.0
36.3
45.7

35.0
43.8
58.3

Ejector Condensers. — For ejector or injector condensers (Bulkley's,
I'Schutte's, etc.) the calculations for quantity of condensing-water is the
;same as for jet condensers.

The Barometric Condenser consists of a vertical cylindrical chamber
mounted on top of a discharge pipe whose length is 34 ft. above the level
of the hot well. The exhaust steam and the condensing water meet in the
upper chamber, the water being delivered in such a manner as to expose
a large surface to the steam. The external atmosphere maintains a col-
umn of water in the tube, as a column of mercury is maintained in a
barometer, and no air pump is needed. The Bulkley condenser is the
original form of the type. In some modern forms a small air pump draws
from the chamber the residue of air which is not drawn out by the de-
scending column of water, discharging it into the column below the
chamber.
The Surface Condenser — Cooling Surface. — In practice, with the

compound engine, brass condenser-tubes, 18 B.W.G. thick, 13 lbs. of
steam per sq. ft. per hour, with the cooling-water at an initial temperature
tof 60°, is considered very fair work when the temperature of the feed-
water is to be maintained at 120°. It has been found that the surface in

;the condenser may be half the heating surface of the boiler, and under
•some circumstances considerably less than this. In general practice the
following holds good when the temperature of sea-water is about 60°:

Terminal pres., lbs., abs. . 30 20 15 121/2 10 8 6
Sq. ft. per I.H.P 3 2.50 2.25 2.00 1.80 1.60 1.50

For ships whose station is in the tropics the allowance should be in-

creased by 20%, and for ships which occasionally visit the tropics 10%
increase will give satisfactory results. If a ship is constantly employed
in cold climates 10% less suffices. (Seaton, Marine Engineering.)
Whitham (Steam-engine Design, p. 283, also Trans. A. S. M. E., ix, 431

)

gives the following: S= ,. _. -, in which S = condensing-surface in

sq. ft.; Ti = temperature Fahr. of steam of the pressure indicated by the
vacuum-gauge; t = mean temperature of the circulating water, or the
arithmetical mean of the initial and final temperatures; L = latent heat
of saturated steam at temperature Ti; k = perfect conductivity of 1 sq.

ft. of the metal used for the condensing-surface for a range of 1° F. (or

550 B.T.U. per hour for brass, according to Isherwood's experiments);

c = fraction denoting the efficiency of the condensing-surface; W ==
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pounds of steam condensed per hour. From experiments by Loring and
Emery, on U.S.S. Dallas, c is found to be 0.323, and ck = 180; making

the equation S = j^^j^r^^-
Whitham recommends this formula for designing engines having inde-

pendent circulating-pumps. When the pump is worked by the main
engine the value of S should be increased about 10%.

Taking Ti at 135° F., and L = 1020, corresponding to 25 in, vacuum,

and t for summer temperatures at 75°, we have: /S=-H7r7T77^^

—

wi:\ = -, crT
-

loO(loo — VO'' loO
Much higher results than those quoted by Whitham are obtained from

modern forms of condensers. The Uterature on the subject of condensers
from 1900 to 1909 has been quite voluminous, and much difference of
opinion as to rules of proportioning condensers is shown.
Coefficient of Heat Transference in Condensers. (Prof. E. Josse

of Berlin. Condensed from an abstract in Power, Feb. 2, 1909. See also
Transmission of Heat from Steam to Water, pages 587 to 589.)
The coefficient U, the number of heat units transferred per hour through

1 sq. ft. of metallic condenser wall when the temperature of the steam is
1° F. higher than that of the water, can be deduced from the formula

l/t; = lMi+ diL + IM2,
in which iMi is the resistance to transmission from steam to metal, IM2
the resistance to transmission from metal to water, and dIL the resistance
to transmission of heat through the metal, d being the usual thickness of
condenser tubes (1 m.m. or .0393 in.). For this thickness the value of
L is fairly well known and may be given as 18,430 for brass, 6,500 for
copper, 11,270 for iron, 5740 for zinc, 11,050 for tin and 2660 for alumi-
num. The middle term dIL would have the value of 1/18,430 and be of
comparatively little importance.
The term IIAi is the most important and has been investigated with

the aid of two concentric tubes, water being sent both through the innei
tube and the annular jacket. The values of various experimenters differ
greatly. Ser gives the approximate formula_

J. - 2 = 510 ^/F,

where V is the velocity of water through the tubes in ft. per sec. This
velocity is far more important than the material of the condenser tubes
and their thickness, and also of greater consequence than the velocity
of the steam, about which, or, rather, the term 1/^4 1, there is even less

agreement. Prof. Josse adopts the figure 3900. The velocity of the
steam has its influence, but the whole term does not count for much.
For water flowing at the rate of 1 .64 ft. per sec. Josse's formula would be:

IjU = 1/3900 + 1/18,430 + 1/653 = 1/445,

and U = 445.
If ^1 be increased to twice its value U would rise only to 475, and if the

tube thickness be doubled U would hardly be affected. An increase,
however, in the rate of flow of water from 1.64 to 5 feet per second would
raise U to 625. As an increase of the steam flow is undesirable the best
plan is to accelerate the flow of the circulating water, and by introducing
the baffle strips or retarders into his condenser tubes, in order to break the
water currents up into vortices, Josse raised the value of tJ at a velocity of
3.28 feet per second from 614 to 922.

Opinions differ concerning the increase of U with greater differences of
temperature. According to some the heat transferred should increase
proportionately to the difference; according to Weiss and others, pro-
portionally to the square of the temperature differences. Josse's investi-
gations were conducted by placing thermo couples in different portions
of the condenser tubes. If the heat transferred increases as a linear
function of the difference, then the rise of the temperature in the cool-
ing water should follow an exponential law, and it was found to be so.

Curves showing the relation of the extent of surface to the temperatures
of steam and water show an agreement with the formula

Surface == aS = ^ log^ T~^*
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where tg is the saturation temperature and fgthe temperature of the cooling-

water at entrance, t being the discharge temperature.
Air Leakage. — Air passes into the condenser with the exhaust steam,

the temperature of the air being that of the steam; the pressure of the
mixture will be the sum of the partial steam pressure and of the partial
air pressure. The air must be withdrawn by the air-pump. If the with-
drawal takes place at the temperature corresponding to the condenser
pressure the partial steam pressure would be equal to the condenser
pressure, and the pump would have to deal with an enormous air volume.
The air temperature should, therefore, be lowered, at the spot where the
air is withdrawn, below the saturation temperature of the condenser
pressure.

In steam turbines it is more easy to keep air out than in reciprocating
engines. Experiments with a 300-kw. Parsons turbine show that not more
than 1/2 lb. of air was delivered per hour when 6600 lbs. of steam was used
per hour.

Condenser Pumps. — The air and condensed water may either be
removed separately, by a so-called dry-air pump, or both together, by
a wet-air pump. As dry-air pumps have to deal with high compression
ratios, with high vacua and single-stage pumps, the clearances must be
small. When the clearance amounts to 5% the vacuum cannot be main-
tained at more than 95%, and the clearance must be reduced, or other
expedients adopted. Three are mentioned: (1) the air-pump may be
built in two stages; (2) the pump may be fitted with an equalizing pipe
so that the two sides of the piston are connected near the end of each
stroke; the volumetric efficiency is raised by this expedient, but consider-
ably more power is absorbed to accomphsh the result; (3) with the wet-
air pump the clearance space is made to receive the condensed water,
which will fill at least part of it.

Contraflow and Ordinary Flow. — Prof. Josse questions the distinction
between contraflow and ordinary flow. For the greater portion of the
condenser there is a rise of temperature only on the water side; the tem-
perature of the steam side remains that of the saturated steam, and the
term "contraflow" should, strictly speaking, only be applied if there is a
temperature faU in the one direction and a corresponding temperature rise
in the opposite direction. As far as the condensation is concerned, it is

ir jmaterial in which direction the water flows. The contraflow principle
is, however, correct and necessary for the smaller portion of the condenser
in which the condensed liquid is cooled together with the air; for the
air must be withdrawn from the coldest spot. It seems inadvisable to
attempt to direct the flow of the steam on the contraflow principle, as that
would obstruct the steam flow and create a pressure difference between
diff'erent portions of the condenser which would be injurious to the main-
tenance of high vacua.
The Power Used for Condensing Apparatus varies from about

1 1/2 to 5% of the indicated power of the main engine, depending on the
efficiency of the apparatus, on the degree of vacuum obtained, the tem-
perature of the coohng-water, the load on the engine, etc. J. R. Bibbins
(Power, Feb., 1905) gives the records of test of a 300-kw. plant from which
the following figures are taken. Cooling-water per lb. of steam 32 to 37
lbs. Vacuum 27.3 to 27.8 ins. Temp. cooUng-water 73. Hot-well 102
to 105.

Indicated H.P
% of total power used
% for air cylinder
% for water pump ...

151 220 238 260 291 294 457

4.69 3 51 3.22 3.22 3.08 2.97 2.80
1.63 I 36 1.27 1.21 1.19 1.09 0.95

3.07 2.14 1.95 2.00 1.90 1.89 1.85

589
2.47
0.85
1.52

Vacuum, ins. of Mercury, and Absolute Pressures.—The vacuum
as shown by a mercury column is not a direct measure of pressure, but
only of the dift'erence between the atmospheric pressure and the absolute
pressure in the vacuum chamber. Since the atmospheric pressure varies
with the altitude and also with atmospheric conditions, it is necessary
when accuracy is desired to give the reading of the barometer as well as
that of the vacuum gauge, or preferably to give the absolute pressure ia
lbs. per sq. in. above a perfect vacuum.
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Temperatures, Pressures and Volumes of Saturated Air.—(D. B,
Morison, on the influence of Air on Vacuum in Surface Condensers,
Eng'g, April 17, 1908.)

Volume OF 1 Lb. of Air with Accompanying Vapor.

Vacuum, ins. of Mercury, and lbs, absolute.

24 in.,

2.947.
26 in.,

1.962.

27 in.,

1.474.

28 in.,

0.9823.
28.5 in.,

0.7368.
28.8 in.,

0.5894.
29 in..

0.4912.

50
60
70
80

0.17
0.25
0.36
0.50
0.69
0.94
1.26
1.68

P
2.78
2.70
2.59
2.45
2.26
2.01
1.69
1.27

V
68
71

75
81

90
103
125

170

P
1.79
1.71

1.60
1.46
1.27
1.02
0.70
0.28

V
105

113
124
137

163
203
304
770

P
1.30
1.22
l.ll

0.97
0.78
0.53
0.21

V
147
158

178
204
260
390
(a)

P
0.81
0.73
0.62
0.48
0.29
0.042

V
233
263
315
420
700

(&)

P
0.57
0.49
0.38
0.24
0.05

V
336
393
520
832

(0

P
0.42
0.34
0.23
0.09

V
450
566
852
(d)

P
0.32
0.24
0.13

V
592
800
1536

Qn
100
iin
120

P = partial pressure of air, lbs.
air with accompanying vapor, cu.
(c) about 4000; {d) over 2000.

3er sq. in. V= volume of 1 lb. of
ft. (a) -over 1000; (6) nearly 6000;

Temperatures and Pressures of Saturated Air.

Vacuum, Ins. Proportions of Air and Steam by Weight.

with Barom.
at 30 in.

Saturated
Steam.

Air, 0.25.

Steam, 1.

Air, 0.5.

Steam, 1.

Air, 0.75.

Steam, I.

Air, 1.

Steam, I.

29
28
27
26
25
24

79.5° F.
101.5
115

126
134
141

75
96.5
110
120.2
128.4
135.2

71

92.4
105.6
115.5
123.5
130.3

67.5
88.8
1C1.7
ni.5
119 2
125.8

64.5
85.3
98.6
108.3
116.2
122.3

From this table it is seen that a temperature of 126° F. corresponds to
a 24-in. vacuum if the steam in the condenser has 75% of its weight of
air mingled with it, and to a 26-in. vacuum if it is free from air.

One cubic foot of air measured at 60° F. and atmospheric pressure
becomes 10 cu. ft. at 27 in. and 30 cu, ft. at 29 in. vacuum at the same
temperature; 10.9 cu. ft. at 105° and 27 in.; 30.5 cu. ft. at 70° F. and
29 in. The same cu. ft. of air saturated with water vapor at 70° F, and
29 in. becomes 124.3 cu, ft., or 44.9 cu. ft. at 105° and 27 in. vacuum.
The temperatures 105° and 70° are about 10% below the temperatures
of saturated steam at 27 in. and 29 in. respectively.
Condenser Tubes are generally made of solid-drawn brass tubes, and

tested both by hydraulic pressure and steam. They are usually made of
a composition of 68% of best selected copper and 32% of best Silesian
spelter. The Admiralty, however, always specify the tubes to be made
of 70% of best selected copper and to have 1% of tin in the composition,
and test the tubes to a pressure of 300 lbs. per sq. in, (Seaton.)
The diameter of the condenser tubes varies from I/2 in, in small con-

densers, when they are very short, to 1 in. in very large condensers and
long tubes. In the mercantile marine the tubes are, as a rule, 3/4 in.

diam. externally, and 18 B.W.G. thick (0.049 inch); and 16 B.W.G.
(0 .065), under some exceptional circumstances. In the British Navy the
tubes are also, as a rule, 3/4 in. diam., and 18 to 19 B.W.G., tinned on
both Sides; when the condenser is brass the tubes are not required to be
tinned. Some of the smaller engines have tubes s/s in. diam.. and 19
B. W. G. The smaller the tubes, the larger is the surface which can be
put in a certain space. (Seaton.)

In the merchant service the almost universal practice is to circulate
the water through the tubes.
Whitham says the velocity of flow through the tubes should not be

less than 400 nor more than 700 ft. per min.
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Tube-plates are usually made of brass. Rolled-brass tube-plates
should be from 1.1 to 1.5 times the diameter of tubes in tliickness,
depending on the method of packing. When the packings go completely
through the plates, the latter thickness, but when only partly through,
the former, is sufficient. Hence, for 3/4-in. tubes the plates are usually
7/8 to 1 in. thick with glands and tape-packings, and 1 to II/4 ins. thick
with wooden ferrules. The tube-plates should be secured to their seat-
ings by brass studs and nuts, or brass screw-bolts: in fact there must be
no wrought iron of any kind inside a condenser. When the tube-plates
are of large area it is advisable to stay them by brass rods, to prevent
them from collapsing.
Spacing of Tubes, etc. — The holes for ferrules, glands, or india-

rubber are usually 1/4 inch larger in diameter than the tubes; but when
absolutely necessary the wood ferrules may be onlv 3/32 inch thick.
The pitch of tubes when packed with wood ferrules is usuallv 1/4 inch

more than the diameter of the ferrule-hole. For example, the tubes are
generally arranged zigzag, and the number which mav be fitted into a
square foot of plate is as follows:

Pitch of

Tubes,
In.

No. in a
Sq. Ft.

Pitch of

Tubes,
In.

No. in a
Sq. Ft.

Pitch of

Tubes,
In.

No. in a
Sq. Ft.

1

1 I/I6

11/8

172
150

137

1 5/32

13/16
1 7/32

128

121

116

11/4
19/32
15/16

no
106
99

Air-Pump.—The air-pump in all condensers abstracts the water con-
densed and the air originally contained in the water when it entered the
boiler. In the case of jet-condensers it also pumps out the water of con-
densation and the air which it contained. The size of the pump is calcu-
lated from these conditions, making allowance for efficiency of the pump.

In surface condensation allowance must be made for the water oc-
casionally admitted to the boilers to make up for waste, and the air
contained in it, also for shght leaks in the joints and glands, so that the
air-piunp is made about half as large as for jet-condensation.

Seaton says: The efficiency of a single-acting air-piimp is generally
taken at 0.5 and that of a double-acting pump at 0.35. When the
temperature of the sea is 60°, and that of the (jet) condenser is 120°,
Q being the volume of the cooling-water and q the volmne of the con-
densed water in cubic feet, and n the number of strokes per minute.
The volume of the single-acting pimap = 2.74 (Q + q) ^ n.
The volume of the double-acting pump = 4. {Q + q) ^ n.
W. H. Booth, in his "Treatise on Condensing Plant," says the

volume to be generated by an air-pump bucket should not be less than
0.75 cu. ft. per pound of steam dealt with by the condensing plant.
Mr. R. W. Allen has made tests with as little air-pump capacity as 0.5
cu. ft. and he gives 0.6 cu. ft. as a minimum. An Edwards pump with
three 14-in. barrels, 12-in. stroke, single-acting, 150 r.p.m., is rated at
45,000 lbs. of steam per hour from a siu-face condenser, which is equiva-
lent to 0.66 cu. ft. per pound of feed-water.

In the Edwards pump, the base of the pump and the bottom of the
piston are conical in shape. The water from the condenser flows by
gravity into the space below the piston, which descending projects it

through ports into the space in the barrel above the piston, whence on
the ascending stroke of the piston it is discharged through the outlet
valves. There are no bucket or foot-valves, and the pump may be run
at much higher speeds than older forms of pimip. (See Catalogue of
the Wheeler Condenser and Engineering Co.)
The Area through Valve-seats and past the valves should not be

less than will admit the full quantity of water for condensation at a
velocity not exceeding 400 ft. per minute. In practice the area is gen-
erally in excess of this. (Seaton.)

Area through foot-valves = D^X S ^ 1000 square inches.
Area through head-valves = £>' X S_ji_ 800 square inches.

Diameter of discharge-pipe = D X \/S -e- 35 inches.
D = diam. of air-pump in inches, S = its speed in ft. per min.

James Tribe {Am. Mach., Oct. 8, 1891) gives the following rule for air-
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pumps usedwith jet-condensers : Volumeof single-acting air-pumpdriven
by main engine= volume of low-pressure cylinder in cubic feet, multiplied
by 3.5 and divided by the number of cubic feet contained in one pound
of exhaust steam of the given density,. For a double-acting air-pump the
same rule will apply, but the volume of steam for each stroke of the
pump will be but one-half. Should the pump be driven independently
of the engine, then the relative speed must be considered. Volume of jet-
condenser= volume of air-pump X 4. Area of injection valve = vol. of
air-pump in cubic inches -5- 520.
The Work done by an Air-pump, per stroke, is a maximum the-

oretically, when the vacuum is between 21 and 22 ins. of mercury. As-
suming adiabatic compression, the mean effective pressure per stroke

is P = 3 .46 Pi I ( — ) ~ 1 1 ' where p= absolute pressure of the vacuum

and Pi the terminal, or atmospheric, pressure, = 14 .7 lbs. per sq. in. The
horse-power required to compress and deliver 1 cu. ft. of air per minute,
measured at the lower pressure, is, neglecting friction, P X 144 -J- 33,000.
The following table is calculated from these formulae (R. R. Pratt, Power.

Sept. 7, 1909).

Vac. in

Ins. of
Mer-

Abs.
Press.,
Ins. of m Theo-

retic.

Theo-
retic.

V^ac. in

Ins. of
Mer-

Abs.
Press.,
Ins. of m Theo-

retic.

Theo-
retic.

Mer- Vx M.E.P. H.P. Mer- Vi M.E.P. H.P.
cury. cury.

cury.
cury.

29 I 30.00 2.86 0.0124 18 12 2.50 6.21 0.0271

28 2 15.00 4.05 0.0177 16 14 2.14 5.89 0.0256
27 10.00 4.83 0.0211 14 16 1.87 5.42 0.0236
26 7.50 5.40 0.0235 12 18 1.67 4.88 0.0212
25 6.00 5.78 0.0252 10 20 1.50 4.23 0.0184
24 5.00 6.05 0.0264 8 22 1.36 3.52 J153
23 4.28 6.23 0.0271 6 24 1.25 2.73 0.0119
22 8 3.75 6.33 0.0276 4 26 1.15 1.88 0.0082
21 9 3.33 637 0.0278 2 28 1.07 0.96 0.0042
20 10 3.00 6.36 0.0277 1 29 1.03 0.49 0021

The work done by the air-pump is to compress the saturated mixture
3f air and water vapor at the condenser pressure to atmospheric pressure
and to discharge it into the atmosphere together with the water of
condensation (and with the cooling water in the case of jet condensers
operated rith an air-pump). The amount of air to be discharged
varies with the amount of air in the feed-water and with the leakage of
air through the stufflng-boxes. Geo. A. Orrok {Jour. A. S. M. E., 1912,
p. 1625) found the volmne of air in city water at 52 deg. F. to be over 4
per cent; and in feed-water at 187 degrees less than 1 per cent. With
tiwbines of from 5,000 to 20,000 kw. capacity the air discharged by
the air-pump at atmospheric pressure and temperature varied from
1 cu. ft. per min. with the units in the best condition to 15 or 20 when
ordinary leakage was present, or to 30 to 50 when the units were in bad
condition. Stodola states that we may ordinarily expect the air to
amount to 1.5 to 2.5 cu. ft. per min. for each 1000 kw. capacity.
T. C. McBride {Power, Jidy 14, 1908) gives results of tests in which
the amount of air varied from 18 to 74 volumes per 10,000 volumes of
exhaust steam. C. L. W. Trinks {Proc. Engrs. Soc. of W. Penna., June,
1914) gives the weight of air normally expected by builders of air-

pumps as 0.25 to 0.50 per cent of the weight of steam.
W. H. Herschel {Power, June 1, 1915), after quoting the above figures,

gives the results of calculations based upon assumed air leakages of
20, 40, and 60 volumes of air per 10,000 volumes of steam, corresponding
respectively to 0.31, 0.62, and 0.93 per cent of the weight of steam, or
approximately to 15, 30, and 45 cu. ft. per min. for every 1000 kw.
capacity, the smallest amount being that which may be obtained with
stuffing-boxes in the best condition, while the largest value may be
reached, or even exceeded, with stufilng-boxes in poor condition.
Following are his figures for the extreme conditions:
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Total Work op an Aib-PUMP , Including Discharge of Cooling Water.

Om •

Vacuimi, In., Leakage 0.31 %. Vacuum, In., Leakage 0.93%.

29 28.5 1 28 27 1 26 29 1 28.5 28 27 26

^6^ Temperature of Condenser °F. Temperature of Condenser °F.

32° 63 71 78 87 96 32° 55 62 68 77 77
50° 68 77 83 92 100 50° 64 71 78 85 91
60° 71 79 86 96 104 60° 68 75 82 88 96
70° 76 83 89 100 109 70" 72 80 86 95 103
80° 86 94 104 111 80° 82 92 99 106

Ft.-lb.Workper Lb. Steam Condensed Ft.-lb. Work per Lb. Steam Condensed.
32° 2150 1560 1280 1000 840 32° 3840 2880 2380 1840 1530
50° 3300 2120 1650 1210 990 50° 5760 3730 2920 2150 1760
60° 48?,() 2740 2000 1410 1120 60° 8440 4720 3450 2440 1960
70° 8220 4010 2670 1700 1280 70° 13250 6610 4410 2850 2210
80° 7750 3930 2110 1530 80° 11330 6960 3520 2560

Lb. Cooling Water per Lb. Steam. Lb. Cooling Water per Lb. Steam.
32° 32 1 25.6 21.7 18.2 15 6 32° 42.7 32.8 28 24 5 21.5
50° 55 36.7 30.2 24.7 19 9 50° 70.8 47.3 35 5 28 6 24.5
60° 89.8 52.3 37.9 27.5 22.6 60° 123.8 66.0 45.1 35 7 27.8
70° 164 75 8 52 2 32 8 75 ?, 70" 494.0 98.8 61 8 39 6 30.1
80° 164.0 70.0 41.0 31.8 80° 493.0 82.0 52.0 38.1

Most Economical Vacuum for Turbines.—Mr. Herschel, taking the
air-pump work given in the above table for the several conditions
named, an efflciency of 50 per cent for the air-pump, and assuming a
turbine working with dry steam 150-lb. gage, without superheat, cal-
culates the net work of the turbine in foot-pounds per lb. of steam
with the most economical vacuum for different temperatures of cooling
water. He compares the results with those calculated for the same
air-pump conditions, but for a turbine using steam -of 140 lb. super-
heated 218° F. The results are tabulated below, the vacuum giving
the best economy being given in parentheses. The lines marked S are
for the superheated steam turbine. It appears that 29 in. vacuum is

the most economical only for low temperatures of cooling water, and
that the vacuum giving the best economy decreases with increase of
leakage and with increasing temperature of the cooling water.

Temperature of cooling water, °F. 32
I

50 | 60 [70 1 . 80

Net Work of Turbine, Ft.-lb. per Lb. of Steam.

T pnlr<,cr. nf f n ^r 0/ I
56000(29)

I

53700(29) I 52120(28.5) I 50360(28) I 48980(27)

ot c? I

'^
I
S. 76200(29) 73900(29) 71620(28.5) | 69080(28.5) |

65240(28)

weight of
1

steam. 0.93% j 52620(29) 1 50140(28.5) I 48800(28) I 47500(27)

I
S. 72820(29) 1 69640(28.5) | 67660(28.5) | 64280(28)

46160(27)
62060(27)

Circulating-pump. — Let Q be the quantity of cooling-water in
cubic feet, n the number of strokes per minute, and S the length of stroke
in feet.

Capacity of circulating-pump = Q -i- n cubic feet.

Diameter of circulating-pump = 13.55 ^Q-i-nS inches.

The clear area through the valve-seats and past the valves should be
such that the mean velocity of flow does not exceed 450 feet per minute.
The flow through the pipes should not exceed 500 ft. per min, in small
pipes and 600 in large pipes. (Seaton.)

For Centrifugal Circulating-pumps, the velocity of flow in the inlet and
outlet pipes should not exceed 400 ft. per min. The diameter of the fan-
wheel is from 21/2 to 3 times the diam. of the pipe, and the speed at it9

periphery 450 to 500 ft. per min.
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The Leblanc Condenser (made by the Westinghouse Machine Co-)'
accomplishes the separate removal of water and air by means of a pair ot
relatively small turbine-type rotors on a common shaft in a single casing^
which is integral with or attached directly to the lower portion of the
condensing chamber. The condensing chamber itself is but Uttle more
than an enlargement of the exhaust pipe. The injection water is pro-
jected downwards through a spray nozzle, and the combined injection
water and condensed steam flow downward to a centrifugal discharge
pump under a head of 2 or 3 ft., which insures the filling of the pump.
The space above the water level in the condensing chamber is occupied
by water vapor plus the air which entered with the injection water and
with the exhaust steam, and this space communicates with the air-pump-
through a relatively small pipe.
The air-pump differs from pumps of the ejector type in that the vanes:

in traversing the discharge nozzle at high speed constitute a series of:

pistons, each one of which forces ahead of it a small pocket of air, the
high velocity of which effectually prevents its return to the condenser..
A small quantity of water is supplied to the suction side of the air-pump^
to assist in the performance of its functions. The power required for the
pumps is said to approximate 2 to 3 per cent of the power generated by
the main engine.
Feed-pumps for Marine Engines. — With surface-condensing

engines the amount of water to be fed by the pump is the amount con-
densed from the main engine plus what may be needed to supply auxiliary
engines and to supply leakage and waste. Since an accident may happen
to the surface-condenser, requiring the use of jet-condensation, the pumps
of engines fitted with surface-condensers must be sufficiently large to do
duty under such circumstances. With jet-condensers and boilers using
salt water the dense salt water in the boiler must be blown off at intervals
to keep the density so low that deposits of salt will not be formed. Sea-
water contains about 1/32 of its weight of solid matter in solution. The
boiler of a surface-condensing engine may be worked with safety when
the quantity of salt is four times that in sea-water. If Q = net quantity
of feed-water required in a given time to make up for what is used as
steam, n = number of times the saltness of the water in the boiler is to
that of sea-water, then the gross feed-water=??Q-^ (n— 1). In order to be
caoable of filling the boiler rapidly each feed-pump is made of a capacity
equal to twice the gross feed-water. Two feed-pumps should be supphed

,

so that one may be kept in reserve to be used while the other is out of
repair. If Q be the quantity of net feed-water in cubic feet, I the length
of stroke of feed-pump in feet, and n the number of strokes per minute,

Diameter of each feed-pump plunger in inches = '^550 Q-^nl.

If W be the net feed-water in pounds,

Diumeter of each feed-pump plunger in inches == v'S.Q W-i-nl.

An Evaporative Surface Condenser built at the Virginia Agricul-
tural College is described by James H. Fitts (Trans. A.S. M. E., xiv, 690).
It consists of two rectangular end chambers connected by a, series of
horizontal rows of tubes, each row of tubes immersed in a pan of water.
Through the spaces between the surface of the water in each pan and the
bottom of the pan above air is drawn by means of an exhaust-fan. At
the top of one of the end chambers is an inlet for steam, and a horizontal
diaphragm about midway causes the steam to traverse the upper half
of the tubes and back through the lower. An outlet at the bottom leads
to the air-pump. The passage of air over the water surfaces removes
the vapor as it rises and thus hastens evaporation. The heat necessary
to produce evaporation is obtained from the steam in the tubes, causing
the steam to condense. It was designed to condense 800 lbs. steam per
hour and give a vacuum of 22 in., with a terminal pressure in the cylinder
of 20 lbs. absolute. Results of tests show that the cooling-water required
is practically equal in amount to the steam used by the engine. And
since the consumption of steam is reduced by the application of a con-
denser, its use will actually reduce the total quantity of water required.
The Continuous Use of Condensing-water is described in a series

of articles in Power, Aug.-Dec, 1892, It finds its apphcation in situations

where water for condensing purposes is expensiye or diflScult to obtain.
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The different methods described include cooling pans on the roof;

fountains and other spray pipes in ponds, fine spray discharged at an
elevation above a pond ; trickling the water discharged from the hot-well

over parallel narrow metal tanks contained in a large wooden structure,

while a fan blower drives a current of air against the films of water falling

from the tanks, etc. These methods are suitable for small powers, but
for large powers they are cumbersome and require too much space, and
are practically supplanted by cooling towers.

The Increase of Power that may be obtained by adding a condenser
giving a vacuum of 26 inches of mercury to a non-condensing engine may

Fig. 175.

be approximated by considering it to be equivalent to a net gain of 12 lbs.

mean effective pr essure per sq. in. of piston area. If A = area of piston

in sq ins., S = piston speed in ft. per min., then 12 AS •«- 33,000 =«

AS X 2750 = H.P. made available by the vacuum. If the vacuum =
13.2 lbs. per sq. in. = 27.9 in. of mercury, then H.P. = AS j 2500.

_

The saving of steam for a given horse-power will be represented approxi-

mately by the shortening of the cut-off when the engine is run with the

condenser. Clearance should be included in the calculation. To the

mean effective pressure non-condensing, with a given actual cut-ott,

clearance considered, add 3 lbs. to obtain the approximate mean total

pressure, condensing. From tables of expansion of steam find what

actual cut-off wiU give this mean total pressure The difference between

this and the original actual cut-off, divided by the latter and by 100, will

^'"TheXgSm' Fto Irflfrom catalogue otH. R. WortMngton) shows

the percentage of power that may be gained by attaching a condenser

to a non-condensing engine assummg that the vacuum is 12 lbs. per sq.
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in. The diagram also shows the mean pressure in the cylinder for a given
initial pressure and cut-oflf, clearance and compression not considered.
The pressures given in the diagram are absolute pressures above a

vacuum.
To find the mean effective pressure produced in an engine cylinder with

90 lbs. gauge (= 105 lbs. absolute) pressure, cut-off at 1/4 stroke: find
105 in the left-hand or initial-pressure column, follow the horizontal line
to the right until it intersects the oblique line that corresponds to the V4
cut-off, and read the mean total pressure from the row of figures directly
above the point of intersection, which in this case is 63 lbs. From this
subtract the mean absolute back pressure (say 3 lbs. for a condensing
engine and 15 lbs. for a non-condensing engine exhausting into the
atmosphere) to obtain the mean effective pressure, which in this case, for
a non-condensing engine, gives 48 lbs. To find the gain of power by the
use of a condenser with this engine, read on the lower scale the figures
that correspond in position to 48 lbs. in the upper row, in this case 25%.
As the diagram does not take into consideration clearance or compression,
the results are only approximate.
Advantage of High Vacuum in Reciprocating Engines. (R. D.

Tomhnson, Power, Feb. 23, 1909.) — Among the transatlantic liners,
the best ships with reciprocating engines are carrying from 26 to 28 and
more inches of vacuum. Where the results are looked into, the engineers
are required to keep the vacuum system tight and carry all the vacuum
they can get, and while it is true that greater benefits can be derived
from high vacua in a steam turbine than in a reciprocating engine, it is

also true that, where primary heaters are not used, the higher the vacuum
carried the greater is the justifiable economy which can be obtained from
the plant.
The Interborough Rapid Transit Company, New York City, changed

the motor-driven air-pump and jet-condenser for a barometric type of
condenser and increased the vacuum on each of the 8000-H.P. Allis-
Chalmers horizontal vertical engines at the 74th Street station from
26 to 28 ins., thereby increasing the power on each of the eight units
approximately 275 H.P., and the economy of the station was increased
nearly in the same ratio. This change was made about seven years ago
and the plant is still operating with 28 ins. of vacuum, measured with
mercury columns connected to the exhaust pipe at a point just below the
exhaust nozzle of the low-pressure cylinders.
A careful test made on the 59th Street station showed a decrease in

fiteam consumption of 8% when the vacuum was raised from 25 to 28 ins.
These engines drive 5000-kw. generators.
The Choice of a Condenser. — Condensers may be divided into two

general classes:
First. — Jet condensers, including barometric condensers, siphon

condensers, ejector condensers, etc., in which the cooling-water mingles
with the steam to be condensed.

Second. — Surface condensers, in which the cooling-water is separated
from the steam, the cooling-water circulating on one side of this surface
and the steam coming into contact with the other.

In the jet-condenser the steam, as soon as condensed, becomes mixed
with the coohng-water, and if the latter should be unsuitable for boiler-
feed because of scale-forming impurities, acids, salt, etc.. the pure distilled
water represented by the condensed steam is wasted, and, if it were
necessary to purchase other water for boiler-feeding, this might represent
a considerable waste of money. On the other hand, if the cooling-water
is suitable for boiler-feeding, or if a fresh supply of good water is easily
obtainable, the jet-condenser, because of its simpUcity and low cost, is
unexcelled.

Surface condensers are recommended where the coohng-water is un-
fitted for boiler-feed and where no suitable and cheap supply of pure
boiler-feed is available.
Where a natural supply of cooUng-water, as from a well, spring, lake or

river, is not available, a water-cooUng tower can be installed and the same
coonng-water used over and over. (Wheeler Condenser and Eng. Co.)
Owing to their great cost as compared with jet-condensers, sm-face

condensers should not be used except where absolutely necessary, i.e.,
Where lack of feed-water for the boiler warrants the extra cost. Of course
tnere are cases, such as at sea, where surface condensers are indispensable.
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On land, suitable feed-water can always be obtained at some expense,
and that cost capitalized makes it a simple arithmetical problem to
determine the extra investment permissible in order to be able to return
condensed steam as feed-water to the boiler. Unfortunately there is

another point which greatly comphcates the matter, and one which makes
it impossible to give exact figures, viz., the corrosion and deterioration of
the condenser tubes themselves, the exact cause of which is not often
understood. With clean, fresh water, free from acid, the tubes of a con-
denser last indefinitely, but where the cooling-water contains sulphur,
as in drainage from coal mines, or sea-water contaminated by sewage,
such as harbor water, the deterioration is exceedingly rapid.
A better vacuum may possibly be obtained from a surface condenser

where there is plenty of cooling-water easily handled. The better vacuum
is due to the fact that the air-pump mil have much less air to handle inas-
much as the air carried in suspension by the cooling-water does not have
to be extracted as in the case of jet-condensers. Water in open rivers,

the ocean, etc., is said to carry in suspension 5% by volume of air. It

may be said that except for leakages, which should not exist, the air-

pump will have no work to do at all inasmuch as the water will have no
opportunity to become aerated. On the other hand, if the cooling-water
is limited, these advantages are offset by the fact that a surface condenser
cannot heat the cooling-water so near to the temperature of the exhaust
steam as can a jet-condenser. (F. Hodgkinson, El. Jour., Aug., 1909.)
A barometric condenser used in connection with a 15,000-k.w. steam-

engine-turbine unit at the 59th St. station of the Rapid Transit Co., New
York, contains approximately 25,000 sp. ft. of cooling surface arranged in

the double two-pass system of water circulation, with a 30-in. centrifugal
circulating pump having a maximum capacity of 30,000 gal. per hour.
Thf dry vacuum pump is of the single-stage type, 12- and 29-in. X 24-in.,

wit/1 Corliss valves on the air cylinder. The condensing plant is capable
of maintaining a vacuum within 1.1 in. of the barometer when condensing
150,000 lb. of steam per hour when supplied with circulating water at 70° F,— (H. G. Stott, Jour. A.S.M.E., Mar., 1910.)
Cooling Towers are usually made in the shape of large cylinders of

sheet steel, filled with narrow boards or lath arranged in geometrical
forms, or hollow tile, or wire network, so arranged that wliile the water,
which is sprayed over them at the top, trickles down through the spaces it

is met by an ascending air column. The air is furnished either by disk
fans at the bottom or is drawn in by natural draught. In the latter case
the tower is made very high, say 60'to 100 ft., so as to act like a chimney.
When used in connection with steam condensers, the water produced by
the condensation of the exhaust steam is sufficient to compensate for the
evaporation in the tower, and none need be supplied to the system. There
is, on the contrary, a slight overflow, which carries with it the oil from
the engine cylinders, and tends to clean the system of oil that would
otherwise accumulate in the hot-well.
The cooling of water in a pond, spray, or tower goes on in three ways —

first, by radiation, which is practically negligible; second, by conduction
or absorption of heat by the air, which may vary from one-fifth to one-
third of the entire effect; and, lastly, by evaporation. The latter is the
chief effect. Under certain conditions the water in a cooHng tower can
actually be cooled below the temperature of the atmosphere, as water is

cooled by exposing it in porous vessels to the winds of hot and dry chmates.
The evaporation of 1 lb. of water absorbs about 1000 heat units. The

rapidity of evaporation is determined, first, by the temperature of the
water, and, second, by the vapor tension in the air in immediate contact
with the water. In ordinary air the vapor present is generally in a con-
dition corresponding to superheated steam, that is, the air is not saturated.
If saturated air be brought into contact with colder water, the coohng
of the vapor will cause some of it to be precipitated out of the air; on the
other hand, if saturated air be brought into contact with warmer water,
some of the latter will pass into the form of vapor. This is what occurs in
the coohng tower, so that the latter is in a large measure independent
of cUmatic conditions; for even if the air be saturated, the rise in tem-
perature of the atmospheric air from contact with the hot water in the
coohng tower will greatly increase the water-carrying capacity of the air,

enabling a large amount of heat to be absorbed through the evaporation
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Of the water. The two things to be sought after in cooling-tower design
are, therefore, first, to present a large surface of water to the air, and,
second, to provide for bringing constantly into contact with this surface
the largest possible volume of new air at the least possible expenditure of
energy. (Wheeler Condenser and Engineering Co.)
The great advantage of the cooling tower lies in the fact that large

surfaces of water can be presented to the air while the latter is kept in
rapid motion.

Calculation of the Air Supply for a Cooling Tower.—Let Ti and T2
be the temperatures of the water entering and leaving ; ti temperature
of the air supply; z its relative hiunidity; t2, temperature of the air
leaving; mi m2, poimds of moisture in one pound of saturated air at
temperatures ^1, ^2; ei, 62, total heat, B.T.U., above 32° F. per pound
of water vapor at temperatures ti, t2', A = lb. of air supphed per lb. of
entering water. All temperatures are in degrees F.

Then, for each 1 lb. of water entering the tower the heat (B.T.U.)
carried in is: by the water, Ti—32; by the air, 0.2375 A {ti—32) +Ami e\z.

The heat carried out is: by the water, [1— (m2—mi2)] X (r2—32); by
the air, 0.2375 A (^2—32) + A {m2 62). Neglecting loss by radiation, the
heat carried into the tower equals the heat leaving it. Equating these
quantities and solving for A we have:

^ ^ Ti - r2 + (m2 - miz) (r2-32)
_

0.2375 {t2 - ti) + 1711.62 — mieiz'

Prom this equation the table on p. 1081 has been calculated.
Water Evaporated in a Cooling Tower.—The following table

gives the values of {m2—m\z) per pound of air in the coohng-tower formula.
Multiplying these values by the number of pounds of air per pound of
water for the given conditions, will give the amount of water evapo-
rated, or make-up water required with sm-face condensers, per pound
of the inflowing water.

Pounds Water Evaporated per Pound of Air.

h = 50° 70° 80°

ri= 100° 2; =0.5 0.7 0.9 0.5 0.7 0.9 0.5 0.7 0.9

( 92
«2=

i
88

1 84

.02912

.02503

.02141

.02761

.02352

.01990

.02610

.02201

.01839

.02510

.02101

.01739

.02198

.01789

.01427

.01887

.01478

.01116

.02188

.01779

.01417

.01748

.01339

.00977

.01308

.00899

.00537

Ti= 110° h = 50° 70^ _
90°

( 102

«2=i 98
1 94

.04179

.03626

.03135

.04028

.03475

.02984

.03877

.03324

.02833

.03777

.03224

.02733

.03465

.02912

.02421

.03154

.02601

.02110

.03017

.02464

.01972

.02402

.01848

.01357

.01785

.01232

.00741

ri=120° <i=50° 70» 90°

(112
f2= I1O8

(104

.05905

.05151

.04482

.05754

.05000

.04331

.05603

.04845

.04180

.05503

.04749

.04080

.05191

.04437

.03768

.04880

.04126

.03457

.04743

.03989

.03320

.04127

.03373

.02704

.03511

.02757

.02088

Tests of a Cooling Tower and Condenser are reported by J. H. Vail
in Trans. A.S. M . E ., 1898. The tower was of the Barnard type, with two
chambers, each 12 ft. 3 in. X 18 ft. X 29 ft. 6 in. high, containing gal-
vanized-wire mats. Four fans supphed a strong draught to the two cham-
bers. The rated capacity of each section was to cool the circulating
water needed to condense 12,500 lbs. of steam, from 132° to 80° F., when
the atmosphere does not exceed 75° F. nor the humidity 85%. The fol-
lowing is a record of some observations.

Date, 1898.
Jan.

31.
Feb.

June
20.

July.
Aug.
26.

Nov.
4.

Aug. 2.

Max-I Min.

Temperature atmosphere

.

Temp, condenser discharge
Temp, water from tower.

.

Heat extracted by tower.

.

Speed of fans, r.p.m
Vacuum, inches

30°
110°
65°
45°

36
251/2

36°
110°
84°
26°

26

78°
120°
84°
36°

145

25

96°
130°
93°
37°

162

241/2

85°
118°
88°
30°

150

251/2

59°
129°
92°
37°

148
25

103°
128°
98°
32°

160

26

83°
106°
91°
21°

140

26

The Quantity of steam condensed or of water circulated is not stated,
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rounds of Air per Pound of Circulating Water.
Outflowing air saturated.

Ti=100'

T2 h

(92
70^88

(84

(92
80^88

I 84

(92
90^88

84

0.739
0.846
0.975

0.508
0.580
0.665

0.280
0.313
0.356

0.767
0.884
1.026

0.527
0.605
0.699

0.287
0.326
0.372

0.5 0.7 0.9

0.798
0.926
1.083

0.547
0.632
0.737

0.297
0.338
0.390

0.962
1.124
1.366

0.644
0.767
0.927

0.348
0.409
0.491

1.044
1.278
1.604

0.713
0.869
1.086

0.382
0.460
0.569

0.5 0.7 0.9

1.175
1.482
1.944

0.800
1.004
1.312

0.424
0.527
0.680

1.144
1.428
1.850

0.783
0.971
1.253

0.422
0.514
0.655

1.382
1.831
2.598

0.939
1.239
1.751

0.496
0.647
50.904

1.755
2.562
4.394

1.187
1.725
2.947

0.619
0.888
1.500

Ti=110' 90°

( 102

\ 98
I 94

( 102
I 98
I 94

( 102
\ 98
\ 94

0.710
0.804
0.915

0.546
0.617
0.700

0.383
0.430
0.484

729
829
948

561
636
724

392
442
501

0.750
0.856
0.983

0.576
0.655
0.751

0.402
0.455
0.518

0.838
0.975
1.144

0.644
0.746
0.873

0.449
0.517
0.602

0.898
1.056
1.260

0.688
0.807
0.960

0.478
0.558
0.659

0.966
1.155
1.403

0.739
0.880
1.067

0.512
0.606
0.730

1.135
1.406
1.796

0.868
1.071
1.364

0.600
0.736
0.931

1.388
1.821
2.543

1.055
1.382
1.898

0.726
0.942
1.311

1.790
2.596
4.395

1.358
1.962
3.312

0.926
1.328
2.229

Ti=130° h

(112
70^ 108

I 104

( 112
80-^ 108

\ 104

(112
90-^ 108

I 104

0.651
0.733
0.828

0.533
0.599
0.675

0.416
0.465
0.522

0.663
0.749
0.849

0.544
0.612
0.692

0.423
0.475
0.535

0.677
0.766
0.871

0.554
0.625
0.710

0.432
0.485
0.548

0.732
0.839
0.967

0.599
0.687
0.787

0.468
0.531
0.607

0.767
0.886
1.031

0.627
0.722
0.838

0.487
0.558
0.645

0.806
0.939
1.104

0.656
0.764
0.896

0.510
0.590
0.688

0.894
1.061
1.278

0.729
0.863
1.037

0.565
0.666
0.796

1.007
1.227
1.530

0.820
0.996
1.246

0.633
0.765
0.947

1.155
1.458
1.918

0.938
1.180
1.548

0.721
0.902
1.178

Temp. deg.F, . 50
B. T. U 1081.4

Temp. deg. F. . . 94
B. T. U 1101.0

Values of ei or ez.

70 80 84
1090.3 1094.8 1096.6

98 102 104
1102.7 1104.5 1105.4

88 92
1098.3 1100.1

108 112
1107.1 1108.9

Weight of Water Vapor Mixed with 1 Lb. of Air at Atmospheric
Pressure.

Full Saturation. Values interpolated from table on page 613.

^f:
Mois-
ture,
lb.

Deg.
F.

Mois-
ture,
lb.

Deg. Mois-
ture,
lb.

Deg. Mois-
ture,
lb.

Deg.
F.

Mois-
ture,
lb.

32 0.00374 54 0.00874 76 0.01917 98 0.04002 120 0.08099
34 .00406 56 .00940 78 .02054 100 .04270 122 .08629
36 .00439 58 .01012 80 .02200 102 .04555 124 .09193
38 .00475 60 .01089 82 .02353 104 .04858 126 .09794
40 .00514 62 .01171 84 .02517 106 .05182 128 .10437
42 .00555 64 .01259 86 .02692 108 .05527 130 .11123
44 .00600 66 .01353 88 .02879 110 .05893 132 .11855
46 .00648 68 .01453 90 .03077 112 .06281 134 .12637
48 .00699 70 .01557 92 .03288 114 .06695 136 .13473
50 .00753 72 .01669 94 .03511 116 .07134 138 .14367
52 .00812 74 .01789 96 .03750 118 .07601 140 .15324
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but in the two tests on Aug. 2 the H.P. developed was 900 I.H.P. in the
first and 400 in the second, the engine being a tandem compound, Corliss
type, 20 and 36 X 42 in., 120 r.p.m.

J. R. Bibblns (Trans. A.S.M.E., 1909) gives a large amount of informa-
tion on the construction and performance of difTerent styles of cooling
towers. He suggests a type of combined fan and natural draft tower
suited to most efficient running on peak as well as fight loads.
Evaporators and Distillers are used with marine engines for the pur-

pose of providing fresh water for the boilers or for drinking purposes.
Weir's Evaporator consists of a small horizontal boiler, contrived so as

to be easily taken to pieces and cleaned. The water in it is evaporated by
the stpam from the main boilers passing through a set of tubes placed in
its bottom. The steam generated in this boiler is admitted to the low-*
pressure valve-chest, so that there is no loss of energy, and the water con-
densed in it is returned to the main boilers.

In Weir's Feed-heater the feed-water before entering the boiler is heated
up very nearly to boiUng-point by means of the waste water and steam
from the low-pressure valve-chest of a compound engine.

ROTARY STEAM-ENGINES —STEAM TURBINES.
Rotary Steam-engines, other than steam turbines, have been invented

by the thousands, but not one has attained a commercial success, as regards
economy of steam. For all ordinary uses the possible advantages, such
as saving of space, to be gained by a rotary engine are overbalanced by
its waste of steam. Rotary engines are in use, however, for special pur-
poses, such as steam fire-engines and steam feeds for sawmills, in which
steam economy is not a matter of importance.
Impulse and Reaction Turbines.— A steam turbine of the simplest

form is a wheel similar to a water wheel, which is moved by a jet of steam
impinging at high velocity on its blades. Such a wheel was designed
by Branca, an Italian, in 1629. The De Laval steam turbine, which is

similar in many respects to a Pelton water wheel, is of this class. It is
known as an impulse turbine. In a book written by Hero, of Alexan-
dria, about 150 B.C., there is shown a revolving hollow metal ball, into
which steam enters through a trunnion from a boiler beneath, and
escapes tangentiafiy from the outer rim through two arms which are
bent backwards, so that the steam by its reaction causes the ball to
rotate in an opposite direction to that of the escaping jets. This wheel
is the prototype of a reaction turbine. In most modern steam turbines
both the impulse and reaction principles are used, jets of steam striking
blades or buckets inserted in the rim of a wheel, so as to give it a forward
impulse, and escaping from it in a reverse direction so as to react upon
it. The name impulse wheel, however, is now generally given to wheels
like the De Laval, in which the pressure on the two sides of a wheel con-
taining the blades is the same, and the name reaction wheel to one in
which the steam decreases in pressure in passing through the blades.
The Parsons turbine is of this class.
The De Laval Turbine. — The distinguishing features of this turbine

are the diverging nozzles, in which the steam expands down to the at-
mospheric pressure in non-condensing, and to the vacuum pressure in
condensing wheels; a single forged steel disk carrying the blades on its
periphery; a slender, flexible shaft on which the wheel is mounted and
which rotates about its center of gravity; and a set of reducing gears,
usuafiy 10 to 1 reduction, to change the very high speed of the turbine
to a moderate speed for driving machinery. Following are the sizes
and speeds of some De Laval turbines:

Horse-power 5 30 100 300
Revolutions per minute.... , 30,000 20,000 13,000 10,000
Diam. to center of blades, ins. 3.94 8.86 19.68 29.92

The number and size of nozzles vary with the size of the turbine.
The nozzles are provided with valves, so that for light loads some of
them may be closed, and a relatively high efficiency is obtained at light
loads. The taper of the nozzles differs for condensing and non-condeus-
ing turbines. Some turbines are provided with two sets of nozzles, one
for condensing and the other for non-condensing operation.
The disk of the De Laval turbine is not moimted midway between

the shaft bearings, but considerably nearer to the spherical bearing
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at the governor end. At Iotv speeds the shaft bends, but as the speed
increases the gyroscopic action of tlie disk causes it to rotate in a plane
at right angles to an axis tlu-ough the center of gravity of the shaft
and disk. The speed just below that at which this takes place, and at
winch the vibration of the shaft is greatest, is called the critical speed.
It is about 1/5 to 1/8 of the normal speed of the turbine.
The diameter of the shaft of a De Laval 100-H.P. turbine is 1 in.,

and that of a 300-H.P. about 15/i6 in. The teeth of the pinions of
the reducing gear are cut in an enlarged section of the shaft. The pitch
of the gears is very small, 0.15 in. in the smallest and 0.26 in. in the
largest sizes. The shaft is said to be made of 0.60 to 0.80 C steel and
the gears of 0.20 C steel.

The Zolley or Rateau Turbine.— The ZoUey or Rateau turbines
are aeveiopments of the De Laval and consist of a number of De Laval
elements in series, each succeeding element utilizing the exhaust steam
from the preceding. The steam is partly expanded in the first row of
nozzles, strikes the first row of buckets and leaves them with practically
zero velocity. It is then further expanded through the second row of
nozzles, strikes a second row of moving buckets and again leaves them
with zero velocity. This process is repeated until the steam is com-
pletely expanded.
The Parsons Turbine. — In the Parsons, or reaction type of turbine,

there are a large num.ber of rows of blades, mounted on a rotor or revolv-
ing drum. Between each pair of rows there is a row of stationary blades
attached to the casing, which take the place of nozzles. A set of sta-
tionary blades and the following set of moving blades constitute what is

known as a stage. The steam expands and loses pressure in both sets.

The speed of rotation, the peripheral speed of the blades and the velocity
of the steam through the blades are very much lower than in the De.Laval
turbine. The rotor, or drum, on which the moving blades are carried,
Is usually made in three sections of difterent diameters, the smallest at
the high-pressure end where steam is admitted, and the largest at the
exnaust end. In each section the radial length of the blades and also
their width increase from one end to the other, to correspond with the
increased volume of steam. The Parsons turbine is built in the United
States by the Westinghouse Machine Co. and by the AUis-Chalmers Co.
The TVestingliouse Double-flow Turbine.—For sizes above 5000 K.W.

a turbine is built in which the impulse and reaction types are combined.
It has a set of non-expanding nozzles, an impulse wheel with two velocity
stages (that is two wheels with a set of stationary non-expanding blades
between), one intermediate section and two low-pressure sections with
Parsons blading. After steam has passed through the impulse wheel
and the intermediate section it is divided into two parts, one going to
the right and the other to the left hand low-pressure section. There is
an exhaust pipe at each end. In this turbine, the end thrust, which has
to be balanced in reaction turbines of the usual type, is almost entirely
avoided. Other advantages are the reduction in size and weight, due to
higher permissible speed; blades and casing are not exposed to high
temperatures; reduction of size of exhaust pipes and of length of shaft;
avoidance of large balance pistons.
The Curtis Turbine, made by the General Electric Company, is an

impulse wheel of several stages. Steam is expanded in nozzles and
enters a set of three or more blades, at least one of wliich is stationary.
The blades are all non-expanding, and the pressure is practically the same
on both sides of any row of blades. In smaller sizes of turbines, only
one set of stationary and movable blades is used, but in large sizes there
are from two to five sets, each forming a pressure stage, separated by
diaphragms containing additional sets of nozzles. The smaller sizes have
horizontal shafts, but the larger ones have vertical shafts supported on a
step bearing suppUed with oil or water under a pressure sufficient to
support the whole weight of the shaft and its attached rotating disks.

Curtis turbines are made in sizes from 15 K.W. at 3600 to 4000 revs, per
minute up to 9000 K.W. at 750 revs, per minute.
The Spire Turbine consists of two " herring-bone" helical gear wheels

meshed together and revolving in a closely fitting casing. The steam
enters through two non-expanding nozzles at mid-length of the gears,

expands into the spaces between adjacent gear teeth and escapes at
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the outer ends of the teeth when they pass the line of contact between
the two rotors. The tiirbine is made in small sizes, under 100 H.P.,
and is used non-condensing. Its merits are compactness and simplicity,

but it is not economical of steam.
Mechanical Theory of the Steam Turbine.—In the impulse turbine

of the De Laval type, with a single disk containing blades at its rim,
steam at high pressure enters the smaller end or throat of a tapering
nozzle, and, as it passes through the nozzle, is expanded adiabatically
down to the pressure in the casing of the turbine, that is to the pressure
of the atmosphere, in a non-condensing turbine, or to the pressure of
the vacuum, if the turbine is connected to a condenser. The steam
thus expanded has its volume and its velocity enormously increased,
its pressure energy being converted into energy of velocity. It then
strikes tangentially the concave surfaces of the curved blades, and thus
drives the wheel forward. In passing through the blades it has its direc-
tion reversed, and the reaction of the escaping jet also helps to drive the
wheel forward. If it were possible for the direction of the jet to be com-
pletely reversed, or through an arc of 180°, and the velocity of the blade
in the direction of the entering jet was one-half the velocity, of the jet,

then all the kinetic energy due to the velocity of the jet would be con-
verted into work on the blade, and the velocity of the jet with reference
to the earth would be zero. This complete reversal, however, is impos-
sible, since room has to be allowed between the blades for the passage of
the steam, and the blades, therefore, are curved through an arc consid-
erably less than 180°, and the jet on leaving the wheel still has some
kinetic energy, which is lost. The velocitjr of the entering steam jet
also is so great that it is not practicable to give the wheel rim a velocity
equal to one-half that of the jet, since that would be beyond a safe speed.
The speed of the wheel being less than half that of the entering jet, also
causes the jet to leave the wheel with some of its energy unutilized.
The mechanical efficiency of the wheel, neglecting radiation, friction, and
other internal losses, is expressed by the fraction (Ei — E2) -r- Ei, in
which El is the kinetic energy of the steam jet impinging on the wheel
ind E2 that of the steam as it leaves the blades.
In multiple-stage impulse turbines, the high velocity of the wheel is

reduced by causing the steam to pass through two or more rows of
blades, which rows are separated by a row of stationary curved blades
which direct the steam from the outlet of one row to the inlet of the
next. The passages through all the blades, both movable and secondary,
are parallel, or non-expanding, so that the steam does not change its

gressure in passing through them. The wheel with two rows of movable
lades running at half the velocity of a single-stage turbine, or one with

three rows at one-third the velocity, causes the same total reduction in
velocity as the single-stage wheel; and a greater reduction in the velocity
of the wheel can be obtained by increasing the number of rows. It is,

therefore, possible by having a sufficient number of rov/s of blades, or
velocity stages, to run a wheel at comparatively slow speed and yet
have the steam escape from the last set of blades at a lower absolute
velocity than is possible with a single-stage turbine. In the reaction
turbine the reduction of the pressure and its conversion into kinetic
energy, or energy of velocity, takes place in the blades, which are made
of such shape as to allow the steam to expand while passing through them.
The stationary blades also allow of expansion in volume, thus taking
the place of nozzles.

In all turbines, whether of the impulse, reaction, or combination
type, the object is to take in steam at high pressure and to discharge it

into the atmosphere, or into the condenser, at the lowest pressure and
largest volume possible, and with the lowest possible absolute velocity,

or velocity with reference to the earth, consistent with getting the steam
away from the wheel, and to do this with the least loss of energy in the
wheel due to friction of the steam through the passages, to shock due
to incorrect shape, or position of the blades, to windage of frictional

resistance of the steam in contact with the rotating wheel, or other
causes. The minimizing of these several losses is a problem of extreme
difficulty which is being solved by costly experiments.
Heat Theory of the Steam Turbine.—The steam turbine may also be

considered as a heat engine, the object of which is to take a pound of
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Steam containing a certain quantity of heat, Hi, transform as great a
IMWt of this heat as possible into work, and discharge the remaining part,
Hi, into the condenser. The thermal efficiency of the operation is

(Hi — H2) -T- Hi, and the theoretical limit of this efficiency is (Ti — T2)
-5- T2, in which Ti is the initial and T2 the final absolute temperature.
Referring to temperature entropy dia-

gram, Fig. 176, the total heat above 32° F.
of 1 lb. of steam at the temperature Ti is

represented by the area OACDG and its

entropy is 4>i- Expanding adiabatically to
T2 part of its heat energy is converted into
work, represented by the area BCDF,
while OABFG represents the heat dis-
charged into the condenser. The total
heat of 1 lb. of dry saturated steam at T^
is greater than this by the area EFGH, the
fraction FE -i- BE representing moisture in
the 1 lb. of wet steam discharged. If
Hi = heat units in 1 lb. of dry steam at the
state-point £>, and H2 = heat units in 1 lb.

of dry steam at the state-point E, at the
temperature T2, then the energy converted
into work =BCDF=Hi -H2+ (02 - 0i) T2.
This quantity is caUed the available en-
ergy Ea, of 1 lb. of steam between the
temperatures Ti and T2.

If the steam is initially wet, as repre-
sented by the state-point d and entropy
<}>x, then the work done in adiabatic expan-
sion is BCdfB, which is equal to E^ =
Hi - H2 + (02 - 0i) T2 - (01 - 0^) iTi - To).

The quantity 4>i- (t>x = {L/Ti) (l-z), in which L = latent heat
of evaporation at the temperature Ti, and x = the moisture in 1 lb. of
steam. The values of Hi, if2, 0i, 02. etc., for different temperatures,
may be taken from steam tables or diagrams.

If the steam is initially superheated to the temperatiire Ts, as repre-
sented by the state-point j, the entropy being (p^, then the total heat at
j is Hi + C {Ts— Ti), in wloich C is the mean specific heat of super-
heated steam between Ti and Tj. The increase of entropy above 0i
is 03 —01 = C loge (Ts/Ti). The energy converted into work is Ea =
H1-H2+ (02 - 0i) T2 + [1/2 (r^ + Ti) - T2] (03 - 0i).

Velocity of Steam in Nozzles.—Having obtained the total available
energy in steam expanding adiabatically between two temperatures, as
shown above, the maximum possible flow into a vacuum is obtained
from the common formula. Energy, in foot-pounds, = 1/2 W/g X V~, in
which Wis the weight (in this case 1 lb.), V^ is the velocity in feet per
second, and g = 32.2. As the energy E^ is in heat units, it is multi-
plied by 778 to convert it into foot-pounds, and we have

V=\/ 778X2 gEa = 223.8 V Ea.

This is the theoretically maximum possible velocity. It cannot be
obtained in a short nozzle or orifice, but is approximated in the long
expanding nozzles used in turbines. In the throat or narrow section of
an orifice, the velocity and the weight of steam, flowing per second may
be foimd by Napier's or Rateau's formula, see page 876, or from Gras-
hof's formula as given by Moyer, F = y4oPiO-97 ^ 60, or ^o = 60 F -^

PO.97, m which Ao is the area of the smallest section of the nozzle,

sq. in., F is the flow of steam (initially dry saturated) in lbs. per sec,
and P is the absolute pressure, lbs. per sq. in. This formula is appli-

cable in all cases where the flnal pressure P2 does not exceed 58% of the
initial pre£:sure. For wet steam the formula becomes F = ^oPiO-97 -j-

60 \/~z, Ao = 60 F \/~x -i- PiO.97, In which x is the dryness quality of the
inflowing steam, 1 - x being the moisture. _
For superheated steam F = AoPiO-97 (i + 0.00065 D) -^ 60; Ao =

60 F -r P1O.97 (1 4- 0.00065 D), D being the superheat in degrees F.
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"When the final pressure P2 is greater than 0.58 Pi, a coeflBcient is loll
be applied to F in the above formulae, the value of which is most con-i
veniently taken from a curve given by Rateau. The values of this co-l
efficient, c, for different ratios of P1/P2, are approximately as follows:

Pi~Pi= 0.58 0.60 0.62 0.64 0.66 0.68 0.70. 0.72 0.74 0.76 0.781
C= 1. 0.995 0.985 0.975 0.965 0.955 0.945 0.93 0.91 0.88 0.851

Pa-f-Pi= 0.80 0.82 0.84 0.86 0.88 0.90 0.92 0.94 0.96 0.98 1.00

1

c= 0.82 0.79 0.76 0.72 0.675 0.625 0.57 0.51 0.42 0.30 0.00 1

The quality of steam after adiabatic expansion, X2, is found from the '

formula xz = (xiLi/Ti +61- 62) T2/L2, (8)

in which Oi and 62 are the entropies of the liquid, Lt and L2 the latent
heats of evaporation, and Xi and X2 the dryness quality, at the initial
and final conditions respectively. Curves of steam quality are plotted in
an entropy-total heat chart given in Moyer's "Steam Turbines" and
also in Marks and Davis's "Steam Tables and Diagrams."
The area of the smallest section or throat of the nozzle being found,

the area of any section beyond the throat is inversely proportional to the
velocity and directly proportional to the specific volume and to the
dryness, or Ai/A^^ Vq/Vi X Vi/Vq X x^/xo, in which A is in the area in
sq. ins., V the velocity in ft. per sec, v the volume of 1 lb. of steam in
cu. ft., and x the dryness fraction, the subscript referring to the
smallest section and the subscript 1 to any other section. The ratio
.4i/^o for the largest cross section of a properly designed nozzle depends
upon the ratio of the initial to the final pressure. Moyer gives it as
Ai/Ao = 0.172 P1/P2 + 0.70, and for Pi/Pz greater than 25, Ai/Ao = 0.175
(Pi/P2)0.94 + o.70.
In practice expanding nozzles are usually made so that an axial sec-

tion shows the inner walls in straight lines. The transverse section is
usually either a circle or a square with rounded corners. The diver-
gence of the walls is about 6 degrees from the axis for the non-condens-
ing and as much as 12 degrees for condensing turbines for low vacuums.
'Moyer gives an empirical formula for the length between the throat and

the mouth, L = Vi5 .4ci inches. The De Laval turbine uses a much '

longer nozzle for mechanical reasons. The entrance to the nozzle above
the throat should be well rounded. The efficiency of a well-made nozzle
with smooth surfaces as measured by the velocity is about 96 to 97%,
corresponding to an energy efficiency of 92 to 94%.

Speed of the Blades.— If VS = peripheral velocity of the blade,

Vi = absolute velocity of the steam entering the blades and a the nozzle

angle, or angle of the nozzle to the plane of the wheel, then (in impulse
turbines with equal entrance and exit angles of the blade with the plane
of the wheel) for maximum theoretical efficiency of the blade, Vb = 1/2 Vi

cos a. The nozzle angle is usually about 20°, cos a = 0.940, and the
efficiency of a single row of blades is (0.94 - V^/Vi) 4 Vb/Vi.

For Vi = 3000 ft. per sec, the efficiency for different blade speeds is

about as follows:
_^ ^ ««„^

Vb= 200 400 600 800 1000 1200 1400 1600 1800 2000

Efficiency, % 23 44 60 72 81 87 89 87 80 71
The highest efficiency is obtained when

Vf, = about 1/2 V2. It is difficult, for mechan-
ical reasons, to use speeds much greater than
500 ft. per sec, therefore the highest effi-

ciencies are often sacrificed in commercial
machines. The blade speeds used in practice
vary from 500 to 1200 ft. per sec. For an
impulse wheel with more than one row of mov-
ing blades in a single pressiu-e stage, efficiency

4NVb f NVb\
= -vr- K'^--vrJ-

Referring to Fig. 177, if Vi is the absolute

p,-^ , 77 direction and velocity of the entering jet, Vj,
j^iG. 1//.

^.^^ direction and velocity of the blade, the
resultant, Vr, is the velocity and direction of the jet relatively to the

blade, and the edge of the blade is made tangent to this direction. Also
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V^, the resultant of V^ and V'^'^at the other edge of the blade, is the

absolute velocity and direction of the steam escaping from the wheel.
If iS is the angle between Vj. and Vjf,, the maximum energy is abstracted

from the steam when the angle between V^ and Vjj, = 90 — 1/2 0, and
the eflaciency is cos -^ cos2 1/2 /?.

For details of design of blades, and of turbines in general, see Moyer,
Foster, Thomas, Stodola and other works on Steam Turbines, also
Peabody's "Thermodynamics." Calculations of stages, nozzles, etc.,

are much facilitated by the use of Peabody's " Steam Tables" and Marks
and Davis's "Steam Tables and Diagrams."

Comparison of Commercial Impulse and Reaction Turbines. (Moyer.)
Impulse. Reaction.

1. Few stages. 1. Many stages.
2. Expansion in nozzles. 2. No nozzles.
3. Large drop in pressure in a 3. Small drop in pressure in a

stage. stage.
4. Initial steam velocities 1000 to 4. All steam velocities low, 300 to

4000 ft. per sec. 600 ft. per sec.
6. Blade velocities 400 to 1200 ft. 5. Blade velocities 150 to 400 ft.

per sec. per sec.

6. Best efficiency VN^hen the blade 6. Best efficiency when the blade
velocity is nearly half the ini- velocity is nearly equal to
tial velocity of steam. the highest velocity of the

steam.

Loss due to Windage (or friction of a turbine wheel rotating in steam).— Moyer gives for the friction of a plain disk without blades, Fy^, and of

one row of blades without the disk, F5, in horse-power:

F^= 0.08 d2 (m/100)2-8 w-r- (1 + 0.00065 D)\
Fj, = 0.3 d Ii.6(w/100)2"8 w-i- a + 0.00065 D)\

in which d — diam. of disk to inner edge of blade, in feet; u = peripheral
velocity of disk, in ft. per sec: w = density of dry saturated steam at
the pressure surrounding the disk, in lbs. per cu. ft., and D = super-
heat in degrees F. The sum of F^^, and Ff^ is the friction of the disk and
blades. For moist sieam the term 1 + 0.00065 D is to be omitted, and
the expression multiplied by a coefficient c, whose value is approxi-
mately as follows:
Per cent mois-

ture in steam 2 4 6 8 10 12 16 20 24

Coefficient c. . . 1.01 1.05 1.10 1.16 1.25 1.37 1.65 .2.00 2.44
At liigh rotative speeds the rotation loss of a non-condensmg turbme
with wheels revolving in steam at atmospheric pressure is quite large,

and in small turbines it may be as much as 20% of the total output.

The loss decreases rapidly with increasing vacuum. In a turbme with

more than one stage part of the friction loss of rotation is converted into

heat wMch in the next stage is converted into kinetic energy, thus partly

compensating for the loss.
., , ,

Efficiency of the 3Iachine. — The maximum possible thermodynamic
efficiency of a steam turbine, as of any other steam engine, is expressed

bv the ratio which the available energy between two temperatures bears

to the total heat, measured above absolute zero, of the steam at the

higher temperature. In the temperature-entropy diagram Fig. 176 it is

represented by the ratio of the area BCDF to OACDG. Of this avail-

able energy from 50 to 75 and possibly 80 per cent is obtainable at the

shaft of turbines of different sizes and designs. As with steam engines,

the liighest mechanical and thermal efficiencies are reached only with

large sizes and the most expensive designs. The several losses which

tend to reduce the efficiency of turbines below the theoretical maximum
are- 1 residual velocity, or the kinetic energy due to the velocity of the

steam' escaping from the turbine; 2, friction and imperfec^ expansion

in the nozzles; 3, windage, or friction due to rotation of the wheel in

steam; 4, friction of the steam traveUng through the blades; 5 shocks,

impacts, eddies, etc., due to imperfect shape or roughness of blades; 6,

leakage around the ends of the blades or through clearance spaces; 7, shaft

friction- 8, radiation. The sum of all these losses amounts to about

25% of the available energy in the largest and best design and to 50%
or more in small sizes or poor designs.
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Steam Consumption of Turbines. — The steam consumption of any
steam turbine is so greatly influenced by the conditions of pressure,
moisture or superheat, and vacuum, that it is necessary to know the effect
of these conditions on any turbines whose performances are to be com-
pared with each other or with a given standard. Manufacturers usually
furnish with their guarantees of performance under standard conditions
of pressure, superheat and vacuum, a statement or set of curves showing
the amount that the steam consumption per K.W.-hour will be increased
or diminished by stated variations from these standard conditions.
When a test of steam consumption is made under any conditions varying
from the standard, the results should be corrected in order to compare
them with other tests, Moyer gives the following example of applying
corrections to a pair of tests made in 1907, to reduce them both to a steam
pressure of 179 lbs. gauge, 28.5 ins. vacuum, and 100° F. superheat.

7500-K.W.
Westing-
house-

Parsons.

Correc-
tions,

per cent.

9000-K.W,
Curtis.

Correc-
tions,

per cent.

Average steam pressure
Average vacuum, ins., referred
to 30-in. barometer

Average superheat, deg. F
Averageload on generator.K.W.
Steam cons., lbs. per K.W.-hr..
Net correction, per cent
Corr. St. cons., lbs. per K.W.-hr.

177.5

27.3
95.7

9830.5
15.15

-3.36
-0.29

179

29.55
116

8070
13.0

+ 12.39

+ 1.28

14.57 14.77

For the 7500-K.W. turbine, the following corrections given by the manu-
facturer were used: pressure, 0.1% for each pound; vacuum, 2.8% for
each inch: superheat, 7% for each 100° F. For the 9000-K.W. turbine,
the following corrections were used: superheat, 8% for 100° F.; vacuum,
8% for each inch.
The results as corrected show that the two turbines would give practi-

cally the same economv if tested under uniform conditions. The results
are 'equivalent respectively to 9.58 and 9.72 lbs. per I.H.P.-hour, as-
suming 97% generator eificiency and 91% mechanical efQciency of a
steam-engine.
The proper correction for moisture in a steam turbine test is stated to

be a little more than twice the percentage of moisture. There is a large
increase in the disk and blade rotation losses when wet steam is used.

Effect of Vacuum on Steam Turbines.—M. R. Bump (Power, June
15, 1909) gives the following as the steam consumption per K.W. hour
of a 1000 K.W. turbine at full rated load, 175 lb. gage pressure, 100°
superb -^at:

25 24 23 22 21Vacuum, in. . 29 28 27 26
Steam per
K,W. hr. lb. . 15.35 16.55 17.50 18.55 19.35 20.00 20.6 21.1 21.6

The gain in economy per inch of vacuum at different vacuums is

given as follows in Mech. Engr., Feb. 24, 1906.

Inches of Vacuum. 28 27 26 25

Curtis, per cent gnin per inch of vacuum.

.

Parsons, per cent gain per inch of vacuum
Westi. ghouse-Parsons, per cent gain per

5.1

5.0

3.14
5.2

4.8
4.0

3.05
4.4

4.6
3.5

2.95
3.7

4.2
3.0

2 87
Theoretical per cent gain per inch of vac. 3.0

Tests of Turbines.—The following results of tests of turbines are
selected from a series of tables in Meyer's "Steam Turbines."
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^
,

>" B S '. . SPh'
i

-^' a

li. i^ Mi 'S^' fw Si Mi 3 03 mW o

^« 6« s^ ;4^i |M S^ s^ m^^ > 5«-"

2000 (

c.
i

555 155 204 28.5 18.09
300 (

W.-P.j

233 145 4.1 28.0 15.99

1067 170 120 28.4 16.31 461 145 4.8 28.0 13.99

2024 166 207 28.5 15.02 688 140 7.0 27.2 15.73

5374 182 133 29.4 13.15 383 153 2 28.2 14.15

9000 8070 179 116 .-'.9.4 13.00 756 149 1 27.8 13.28

C.
"

10186 176 147 29.5 12.90 500 1122 149 5 26.5 14.32

13900 198 140 29.3 13.60 W.-P. 386 148 3 0.8 24.94

1500 (
530

1071

145

131

110

124
28.9
28.3

21.58
18.24

767

1144
147

126
3
11

0.8
0.8

22.10
24.36

1585 128 125 27.5 17.60
1000 (

W.-P.j

752 151 27.5 14.77

300/
P. I

303
297

158

161

26.6 23.15
34.20

1503

2253
147

145
27.0
25.2

13.61

15.29

r
J94 371 47 27 7 31 97 3000 ( 2295 m 102 26.2 12.36

1000 J 425 144 21 27.6 24191 W.-P.l 4410 144 87 26.2 11.85

R. 871 166 11 23.6 24.61
300 (

^
1

196 198 16 27.4 15.62

[ 1024 164 10 25.0 21.98 298 197 64 . 27.4 14.35
352 199 84 27.2 13.94

C, Curtis; P., Parsons; W.-P., Westinghouse-Parsons; R., Rateau;
D., De Laval. Note that the figures of steam consumption in the first

half of the table are in lbs. per K.W.-hour; in second half, in lbs. per Brake
H.P.-hour.
A test of a Westinghouse double-flow turbine at the Williamsburg

power station, Brooklyn N. Y., gave the following results {Eng. News,
Dec. 30, 1909): Speed, 750 r.p.m.; Steam pressure at throttle, 203.4 lbs.;

Superheat, 80.1° F.; Vacuum, 28.6 ins.; Load, 13,384 K.W.; Steam per
K.W.-hour. 14.4 lbs.; Efficiency of generator, 98%; Windage, 2.0%;
Eiuivalent B. H. P., 18,620; Steam per B. H. P.-hour, 10.3 lb.

Efficiency of the Rankine Cycle, and the Rankine Cycle Ratio.—
An ideal engine operating on the Rankine cycle expands the steam
adiabatically to the condenser pressure and the exhaust steam heats
the feed water to the condenser temperature. It has no clearance nor
loss by leakage or radiation. The efficiency of the Rankine cycle is

the quotient of the number of heat-units converted into work by the
ideal engine per lb. of steam divided by the difference between the
total heat per lb. of the entering steam and the total heat of 1 lb. of
feed-water at the condenser temperature.
The Rankine Cycle Ratio is the ratio between the thermal efficiency

of an actual engine or turbine and the efficiency of an ideal engine
operating on the Rankine cycle between the same temperature and
pressure limits as those of the actual engine.
The available energy of 1 lb. of steam supplied = heat utilized per

lb. in an ideal engine operating on the Rankine cycle = U = H -Hz +
TziNi - Ns) in which
H = heat-units per lb. of the entering steam, whether saturated or

superheated.
H2 = heat units per lb. of the exhaust steam.
T2 = absolute temperature of the exhaust.
N and N2 = respectively the entropy of the ente«\ng and of the

exhaust steam.
If the exhaust steam is superheated (as it m^j oe in the case of the

high-pressure cylinder of a triple expanse ^ii engine using highly super-
heated steam) U = Hg - H2 - T-iiN^ Nz). (These formulae may be

derived from a study of th£> *jitropy temperature diagram, page 1085.)

Example.—^A steam curbine operating with 225 lb. absolute prep-

cure, 150"* superheat, and 28.5 in. vacuum uses 10 lb. of steam per
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brake horse-power hour. Required the available energy per lb. steam,
the Rankine cycle eflaciency and the Rankine cycle ratio.

ffs= 1285.9; if2= 1099.2; r2= 549.6; h = heat units per lb. of
feed-water at the temperatm-e 72 = 58. TF = lb. steam per H.P.-hour =
10. A = heat equivalent of one H.P.-hour = 1,980,000 ^ 777.54 =
2546.5 B.T.U.; iV^ = 1.6296; JV2 = 2.0058 W{H^^ - h) = total heat
supply per H.P.-hour = 10 X (1285.9 - 58) = 12,279 B.T.U. Thermal
eflQciency E = 2546.5 ^ WiH - h) = 20.74%. Available energy per
lb., U = 1285.9 - 1099.2 + 549.6 (2.0058 - 1.6296) = 393.5 B.T.U.
Rankine cycle efficiency Er = U ^- (Hg - h) = 393.5 -^ 1227.9 = 32.04%.
Rankine cycle ratio R = E ^ Er -= 20.74 ^ 32 = 64.7%.

Factors for Reduction to Equivalent Rankine Efficiency.—When
engines are tested with different pressures, superheat and vacuum,
it is often desirable to reduce the results to a common standard of
assumed conditions. The conditions stated in the above example
correspond with good modern practice and they probably furnish as
good a standard for comparison as any other. The Rankine cycle
efficiency Er, for this set of conditions is 32.04% ; the thermal efficiency,
for W= 10 lb. is 20.74% ; and the ratio E ^Er is 64.7 %. For another
set of conditions, pressure 150 lb., vacuum 27 in., and dry saturated
steam Er is 27.0. The quotient 32.04 ^ 27.0 = 1.187, may be used
as a factor to reduce the Rankine efficiency, the Rankine cycle ratio,
and the steam consTunption per H.P.-hour to the equivalent for stand-
ard conditions; thus, equivalent E = 27 X 1.187 = 32.04, equivalent R
(assuming W= 11.87 and E = 17.48%) = 17.48 X 1.187 = 20.74, and
equivalent W= 11.87 -^ 1.187 = 10 lb., provided the percentage losses
due to friction, radiation and leakage are the same for the two condi-
tions. The factor is used as a multiplier to obtain the equivalent
thermal efficiency and Rankine cycle ratio, and as a divisor to obtain
the equivalent steam consumption. The factor may be found also

32.04 {Hg-h),
from the equation F = rj— in which Hg, h, and U are the

values for the given set of conditions. The factors computed by this
formula and the efficiency of the Rankine cycle for different conditions
are given in the table at the top of p. 1091.

Effect of Increase 5n Pressure,Vacuumand Superheaton Efficiency.

—

Selecting from the table on p. 109 1 the figures for Rankine cycle efficiency
given in the table below and comparing them by taking differences
between consecutive figures in both the horizontal and the vertical rows,
we find that the increase of efficiency due to increasing either the pres-
sm*e, the superheat or the vacuum cannot be expressed as a constant
percentage, but that it varies with variations in each condition.

Effect op Varying Conditions on Rankine Cycle Efficiency.

Pressure, Vacuum,
In.

Superheat.

Absolute

.

O^' Diff. 150° Diff. 300° Diff.

.27.... 27.0

1.4

0.5 27.5 1.1

1.5

28.6
i.4

150 28.... 28.4
7.4

0.6 29.0 1.0

2.4

30.U
2.4

( 29.... 30.8 0.6 31.4 1.0 32.4

.27.... 28.5

1.4

0.6 (1.5) 29.1 1.0 (1.6)

1.4

30.1

1.4

(1.51

200 23.... 29.9
2.3

0.6 (1.5) 30.5
2.3

'•«<•'' 31.5
2.3

(1-5)

(29.... 32.2 0.6 (1.4) 32.8 1.0(1.4) 33.8 (1.4)

.27.... 29.7
1.3

0.6 (1.2) 30.3 0.9 (1.2)

1.3

31.2
1.4

(1.1/

250 ^28.... 31.0 0.6(1.1) 31.6 1.0(1.1) 32.6 (l.'J*

/ 1 2.2 2.3 2.8

(29.... 33.2 1 0.6 (1.0) 33.9 0.9(1.1) 34.2 (U,

The figures in parentheses show the increase in efficiency due ta
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Efficiency of Bankine Cycle, JEr (per cent) and Factor Ffor Reduction
to Standard Conditions,

(225 Lb. Absolute Pressure, 150° Superheat, 28.5 In. Vacuum and
Rankine Cycle efficiency of 32 per cent being taken as standard.)

Absolut.
Pres- Vacuum Superheat, Degrees Fahrenheit.
sure, In.

Lb. per
Sq. In.

Mercury

.

50 100 150 200 250 300

27 {f»-
27.0 27.1 27.3 27.5 27.8 28.2 28.6
1.187 1.182 1.174 1.163 1.150 1.136 1.122

28 ]f-
28.4 28.5 28.7 29.0 29.3 29.6 30.0
1.127 1.122 1.115 1.105 1.094 1.081 1.068

150
28.5 jf"

29.4 29.6 29.8 30.0 30.3 30.6 31.0
1.088 1.083 1.076 1.067 1.057 1.046 1.033

29 jf"
30.8 31.0 31.1 31.4 31.7 32.0 32.4
1.040 1.035 1.028 1.020 l.OIl 1.001 0.989

27 jf»
28.5 28.6 28.8 29.1 29.4 29.7 30.1

1.124 1.119 l.Ill I.IOO 1.090 1.078 1.064

28 \1-
29.9 30.0 30.2 30.5 30.8 31.1 31.5
1.072 1.067 1.060 1.051 1.041 1.030 1.018

200
28.5 {f»

30.9 31.0 31.2 31.5 31.8 32.1 32.4
1.038 1.033 1.026 1.018 1.009 0.998 0.988

29 {f«
32.2 32.3 32.6 32.8 33.1 33.4 33.8

0.995 0.990 0.984 0.977 0.968 0.959 0.949

27 jf«
29.1 29.2 29.5 29.7 30.0 30.3 30.7
l.IOl 1.096 1.087 1.078 1.068 1.056 1.044

28 If"
30.5 30.6 30.8 31.1 31.3 31.7 32.0
1.052 1.047 1.040 1.031 1.022 1.011 1.000

225
28.5{f»

31.4 31.6 31.8 32.0 32.3 32.6 33.0
1.019 1.014 1.008 1.000 0.991 0.981 0.971

2, {f«
32.7 32.9 33.1 33.4 33.6 34.0 34.3

0.978 0.973 0.967 0.960 0.952 0.943 0.934

27 ]f»
29.7 29.8 30.0 30.3 30.5 30.9 31.2
1.079 1.075 1.068 1.059 1.049 1.038 1.026

28 {f«
31.0 31.1 31.3 31.6 31.9 32.2 32.6
1.033 1.029 1.022 1.014 1.005 0.995 0.984

250
28.5 If"

32.0 32.1 32.3 32.6 32.8 33.2 33.5
1.002 0.998 0.992 0.984 0.975 0.966 0.956

29 tr
33.2 33.4 33.6 33.9 34.1 34.5 34.8

0.963 0.959 0.953 0.946 0.938 0.930 0.920

increase of 50 lb. in pressure, the superheat and the vacuiun being
constant.

Constant. Increase of

Pressure and vacuum] Superheat from
^^0

to 150°

Pressure and j Vacuum " 27 " 28
Superheat j " " 28 " 29

Superheat and J Pressure
" 150 " 200

vacuum \

" " 200 " 250

Increases
Efficiency.

0.5 to 0.6 av. 0.6
0.9
1.3
2.2
1.4
1.0

1.1 " 1.0
1.5

"
1.4

2.4 "
2.3

1.6
"

1.5
1.2 " 1.1

W. H. Wallis (Eng'g, April 21, 1911) finds as the results of tests of
a compound reaction turbine that the percentage reduction of steam
consumption by increasing the vacuum from 25 in. to the figures given
was as follows: Vacuum, 27 in. ; reduction, 71/2%; 28 in., 12% ; 28.6 in.,

16%.

Steam Consumption and Heat Consumption of the Idea! Engine.—
If the Rankine cycle efficiency is given for a stated set of conditions,
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the corresponding theoretical steam consumption per H. P.-hour may b§

^ ^ ,^ „
1 TXT 2546.5 2546.5

found by the formula W = —j-,— = -^—tyt r-U Ee {Hg - h)

For the extreme cases in the table on p. 1090, we have:

Pres-
sure.
Lb.

Vac,
In.

Super-
heat.

Hs' h.
^i^.

U. w. Hs-h WiHs-h).

150
250

27
29 300°

1193.4
1363.5

82.0
44.6

27.0
34.8

299.7
459.1

8.49
5.60

1114.4
1318.9

9461

7376

The figures in the last column, WiHg — h), show the B.P.U. con-

sumed (or supplied by the boiler) per H.P.-hour. The number of
pounds of steam supplied under the second set of conditions is 33.3 % less
than that supplied under the first set, but the saving of heat is only
(9461 - 7376) n- 9461 = 22%.
Westinghouse Turbines at the Manhattan 'Jith Street Station,

New York.—Each of the 30,000 Kw. cross-compound units consists
of two turbines, a high and a low pressure, side by side. Each half
drives a generator, the high pressure running 1500 r.p.m. and the low
pressure 750, the generators being tied together electrically. The tur-
bines are reaction throughout, having no impulse wheel. The h.p.
is a single flow machine and the I. p. a double flow. The turbines are
to have a vacuum of 97% = 29.1 in. mercury, or 0.442 lb. per sq. in.

absolute. The boilers will run at 215 lb. pressure, and at peak of the
load, twice each day of 24 hours, will run at 300% of rating. Under-
feed stokers. Superheat at throttle, 120=. (Pou?er, April 27, 1915).

A Steam Turbine Guarantee.—A 22,500-Kw. steam turbine built
in 1913 by C. A. Parsons Co., Newcastle, England, for the Common-
wealth Edison Co., Chicago, was guaranteed as follows: At 750 r.p.m.
200 lb. pressure by gage, 29 in. vacuum in the condenser
Load, Kw 10,000 15,000 20.000 25,000
Steam per Kw.-hour, lb 12.50 11.65 11.25 11.65

Efficiency of a 5000-Kw. Steam Turbine Generator. (F. W. Ballard,
Trans. A. S. M. E., 1914.)—A plotted diagram of a series of tests shows
that the total steam consumption at different loads follows the Willans
straight-line law up to tlie point of maximum efficiency. The turbine
was of the AUis-Chalmers-Parsons type, rated at 5000 Kw., 1800 r.p.m.,
11,000 volts, A.C. With steam at 225 lb. gage, superheat 125° F.,
vacuum 28 1/2 in., 90% power factor, the steam consumption at
different loads was as follows (figures approximate, from the chart)

:

Load, Kw 2,000 4,000 5,000 6,000 6,500 7,000 7,900
Steam per Kw.-

hour, lb 15.5 13.75 13.50 13.20 13.00 13.10 13.30
Total steam per

hour, lb 31,000 55,000 67,500 79,000 85,000 91,500 105,000

Up to a load of 6500 Kw. the total consumption is 9000 + 12 X
Kw. load, nearly. The efficiency ratio on the Rankine cycle was 0.68
at 6500 Kw.

Comparison of Large Turbines and Reciprocating Engines.—^Moyer
gives a set of curves of the steam consumption of a standard 5000-Kw.
turbine generator and a 4-cylinder compound reciprocating steam-
engine generator, assuming both units, operating under the same Con-
ditions. The following figures are taken from the curves:

Load in Kilowatts 3000 4000 5000 6000 7000 7500

Lb. Steam per Kilowatt-hour.
Turbine 16.0 15.5 15.3 15.25 15.4 15.5

Reciprocating engine:
Withequalwork in cylinders. 18.0 17.4 17.8 19.0 20.8 22.0
Unequal work in cylinders. . 18.4 17.0 17.2 17.5 18.4 19.0
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Steam Consumption of Small Steam Turbines. — Small turbines,
from 5 to 200 H.P., are extensively used for purposes where high speed ol
rotation is not an objection, such as for driving electric generators, cen-
trifugal fans, etc., and where economy of fuel is not as important aa
saving of space, convenience of operation, etc. The steam consump-
tion of these turbines varies as greatly as does that of small high-speed
steam-engines, according to the design, speed, etc. A paper by Geo. A.
Orrok in Trans. A. S. M. E., 1909, discusses the details of several makes
of machines. From a curve presented by R. H. Rice in discussion of
this paper the following figures are taken showing the steam consumption
in lbs. per B.H.P.-hour of different makes of impulse turbines.

Type. Sturte-
vant.

Terry. Bliss. Bliss. Kerr. Curtis. Curtis.

Rated H.P

^f« Full load..
^* [l 1/4 load. .

.

20
72
65
61

58

50
59
49
46
44

100

58
48
43
40

200
55
47
42
39

150

52
44
41

39

50
44
36
33
31

200
32
30
29
28

Dry steam, 150 lbs. pressure; atmospheric exhaust.
Mr. Orrok shows that the steam consumption of these turbines largely

depends on their peripheral speed. From a set of curves plotted with
speed as the base it appears that the steam consumption per B.H.P.-hour
ranges about as follows:

Peripheral speed, ft.

per min 5,000 10,000 15,000 20,000 25,000
Steam per B.H.P.-hour 45 to 70 38 to 60 31 to 52 29 to 45 29 to 40

Low-Pressure Steam Turbines.—Turbines designed to utilize the ex-
haust steam from reciprocating engines are used to some extent. For
steam at or below atmospheric pressure the turbine.has a great advan-
tage over reciprocating engines in its abihty to expand the steam down
to the vacuum pressure, while a reciprocating condensing engine generally
does not expand below 8 or 10 lbs. absolute pressure. In order to ex-
pand to lower pressures the low-pressure cylinder would have to be
inordinately large, and therefore costly, and the increased loss from
cylinder condensation and radiation would more than counterbalance
the gain due to greater expansion.

Mr. Parsons (Proc. Inst. Nav. Arch., 1908) gives the following figures
showing that the theoretical economy of the combination of a recipro-
•cating engine and an exhaust steam turbine is about the same whether
the turbine receives its steam at atmospheric pressure or at 7 lbs. abso-
lute, the initial steam pressure in the engine being 200 lbs. absolute and
the vacuum 28 ins.

Back pressure of engines, lbs. abs. 16 13V2 8
Initial pressure, turbine, lbs. abs 15 12 V2 7

Theoretical B.T.U. (!SfSr%?ne iS Jll fo?
utilized per lb. of steam

j iJtaL
^^

; ; ; ; ; ; ; :::::: : Ji iJ ^S
The following figures, by the General Electric Co., show the percentage

over the output of a condensing reciprocating engine that may be made
iby installing a low-pressure turbine between the engine and the con-
denser, the vacuum being 281/2 ins.

Inches vacuum at admission
valve 4 8 12 16 20 24

]Fx3r cent of work gained .. . 26.1 26.5 26.8 26.3 25.3 23.6 20
It appears that a well-designed reciprocating compound engine work-

ing down to about atmospheric pressure is a more efficient machine than
a turbine with the same terminal pressure, and that between the atmos-
phere and the condenser pressure the turbine is far more economical;
therefore a combination of an engine and a turbine can be designed
which will give higher economy than either an engine or a turbine work-
ing through the whole range of pressure.
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When engines are run intermittently, such as rolling-mill and hoisting
engines, their exhaust steam may be made to run low-pressure turbines
by passing it first into a heat accumulator, or thermal storage system,
where it gives up its heat to water, the latter furnishing steam continu-
ously to the turbines. (See Thermal Storage, pages 927 and 1014.)
The following results of tests of a Westinghouse low-pressure turbine

are reported by Francis Hodgkinson.

Steam press.,
lb. abs.... 17.4

Vacuum, ins. 26.0
Brake H.P. . 920
Steam per

B.H.P.-hr.,
lbs 27.9 37.1 29.9 37.3 64.4 28.0 30.4 38.6 54.?

Tests of a 1000-K.W. low-pressure double-flow Westinghouse turbine
are reported to have given results as follows. (Approximate figures,
from a curve.)

Load, Brake H.P 200 400 600 800 1000 1200 1500 2000
Pressure at inlet, lbs.

i

^abs 4.1 5.1 6.1 7.2 8.3 9.4 11.0 13.5]
"^eamper

) 271/2 in vac. 75 47.5 38 33 30 28 26.5 24.5
D.ri-.r.- i on in tT-3n RO AO QQ OQ 07 OK K OA K OO C

12.4 11.8 7.7 5.2 11.6 8.7 6.1 ^i
26.0 27.0 27.0 27.0 27.8 28.0 27.9 28 m
472 592 321 102 586 458 234 111

hour, lbs.
28 in. vac. 62 42 33 29 27 25.5 24.5 22.5!

The total steam consumption per hour followed the Willans law,
being directly proportional to the power after adding a constant for

j

load, viz.: for 271/2-in. vacuum the total steam consumption per hour
;

was 12,000 lbs. + 18 X H.P., and for 28-in. vacuum, 9000 lbs. + 18 X i

H.P. (approx.).
j

The guaranteed steam consumption of a 7000-K.W. Pi,ateau-Smoot
j

low-pressure turbine generator is given in a curve by R. C. Smoot (Power,
1

June 22, 1909), from which the following figures are taken. The admis-.j
sion pressure is taken at 16 lbs. absolute and the vacuum 28 1/2 ins.

K.W. output 1500 2000 3000 4000 5000 6000 7000
Steam per K.W.-hr., lb.. .. 40 37 32,5 29.5 27.6 26.2 25.7
Over-all efficiency, % 43 47 54 60 65 68 70;

The performance of a combined plant of several reciprocating 2000-
K.W. engines and a 7000-K.W. low-pressure turbine is estimated as fol-
lows, the engines expanding the steam from 215 to 16 lbs. absolute, and
the turbines from 16 lbs. to 0.75 lb., the vacuum being 28.5 ins. with
the barometer at 30 ins.

Engine. Turbine.
Theoretical steam per K.W.-hour, lbs 18 17.8
Steam per K.W.-hr. at switchboard, lbs . 27.7 26.6
Combined efficiency of engine and dynamo, per cent.. . 65 67
Steam per K.W.-hour for combined plant = 1 -h (1/27.7 + 1/26.6) =

13.6 lbs.
The combined efficiency is 66%, representing the ratio of the energy

at the switchboard to the available energy of the steam delivered to the
engine and expanded down to the condenser pressure, after aUowing for
all losses in engine, turbine, and dynamo.

Very Uttle difference is made in the plant efficiency if the intermediate
pressure is taken anywhere from 3 or 4 lbs. below atmosphere to 15 or
20 lbs. above.

M. B. Carroll (Gen. Elec. Rev., 1909) gives an estimate of the steam
consumption of a combined unit of a 1000-K.W. engine and a low-pres-
sure turbine. The engine, non-condensing, will develop 1000 H.P.,
with 32,000 lbs. of steam per hour. Allowing 8% for moisture in the
exhaust, 29,440 lbs. of dry steam wil) be available for the turbine, which
at 33 lbs. per K.W.-hour will develop 893 K.W., making a total output of
1893 K.W. for 32,000 lbs. steam, or 16.9 lbs. per K.W.-hour. The engine
alone as a condensing engine will develop 1320 K.W. at 24.2 lbs. per K.W.-
hour. The combined unit therefore develops 573 K.W., or 43.5% more
than the condensing engine using the same amount of steam. The
maximum capacity of the engine, non-condensing, is 1265 K.W., and
condensing, 1470 K.W., and of the combined unit 2500 K.W.
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Tests of a 15,000 K.W. Steam-Engine-Turbine Unit are reported
by H. G. Stott and R. J. S. Pigott in Jour. A.S.M.E., Mar., 1910. The
steam-engine is one of the 7500 K.W. Manhattan type engines at the 59th
St. station of the Rapid Transit Co., New York, with two 42-in. horizontal
h.p. and two 86-in. vertical l.p. cylinders, and the turbine, also 7500 K.W.,
is of the vertical three-stage impulse type. The principal results are sum-
marized as follows: An increase of 100% in the maximum capacity and
146% in the economical capacity of the plant; a saving of about 85% of
the condensed steam for return to the boilers [it was previously wasted];
an average improvement in economy of 13% over the best high-pressure
turbine results, and of 2.5% (between 7500 and 15,000 K.W.) over the re-

sults obtained by the engine alone; an averas:e therm.al efficiency between
6500 and 15,500 K.W. of 20.6%-, [This efficiency is not quite equal to
that reached by triple-expansion pumping engines. See page 806.]

Reduction Gear for Steam Turbines.—Double spiral reduction gears,

usually of a ratio of 1 to 10, are used with the DeLaval turbine to obtain
a velocity of rotation suitable for dynamos, centrifugal pumps, etc. G. W.
Melville and J. H. McAIpine have designed a similar gear, with the pinion
carried in a floating frame supported at a single point between the bear-
ings to equalize the strain on the gear teeth, for reducing the speed of
large horizontal turbines to suitable speeds for marine propellers. A
6000 H.P. gear with reduction from 1500 to 300 r.p.m. has given an effi-

ciency of 98.5% {Eng'g, Sept. 17; Eng. News, Oct. 21 and Dec. 30, 1909).

The Fottinger Transformer or Hydraulic Pinion is an apparatus for
reducing the speed of a propeller shaft below the speed of the steam-
turbine shaft. It consists Of a turbine wheel or water motor, mounted
on the end of the propeller shaft, and a centrifugal pump mounted on
the shaft of the steam turbine. The water Is delivered by the pump
to the motor and from the motor it passes to a tank and thence to the
inlet of the pump. The ratio of reduction is determined by the design
of the turbine and pump. The ratios hitherto applied range from 1.2:1
to 6:1. Reversing is accomplished by means of a second tm-bine on
the propeller shaft, a valve directing the water to either the ahead or
astern turbine as required. Hydraulic pinions transmitting 10,000
shaft horse-power have shown an over-all efficiency of about 92 per cent.
An illustrated description will be foimd in Engineering of Sept. 25, 1914.

HOT-Am ENGINES.
Hot-air (or Caloric) Enginei^.—Hot-air engines are used to some

extent, but their bulk is enormous compared with their effective power.
For an account of the largest hot-air engine ever built (a total failure) see
Church's Life of Ericsson. For theoretical investigation, see Rankin's
Steam-engine and Roentgen's Thermodynamics. For description of con-
structions, see Appleton's Cyc. of Mechanics and Modern Mechanism, and
Babcock on Substitutes for Steam, Trans. A. S. M. E., vii, p. 693.
Test of a Hot-air Engine (Robinson).—A vertical double-cylinder

(Caloric Engine Co.'s) 12 nominal H.P. engine gave 20.19 I.H.P. in the
worldng cylinder and 11.38 I.H.P. in the pump^ leaving 8.81 net I.H.P.;
while the effective brake H.P. was 5.9, giving a mechanical efficiency of
67%. Consumption _of coke, 3.7 lbs. per brake. H.P. per hour. Mean
pressure on pistons 15.37 lbs. per square inch, and in pumps 15.9 lbs., the
area of working cylinders being twice that of the pumps. The air was
supplied about 1160° F. and rejected at end of stroke about 890° F.

INTERNAL-COMBUSTION ENGINES.
Beferences.—For theory of the internal-combustion engine, see

paper by Dugald Clerk, Proc. Inst. C. E., 1882, vol. Ixix; and Van
Nostrand's Science Series, No. 62. See also Wood's Thermodynamics;
Standard works on gas-engines are " A Text-book on Gas, Air, and Oil
Engines," by Bryan Donkin; "The* Gas and Oil Engine," by Dugald
Clerk; "Internal Combustion Engines," by Carpenter and Diederichs;
" Gas Engine Design," by C. E. Lucke: "Gas and Petroleum Engines,"
by W. Robinson; " The Modern Gas Engine and the Gas Producer," by
A. M. Levin, and "The Gas Engine," by C. P. Poole. For prac-
tical operation < f gas and oil engines, see " The Gas Engine,' by
F- R. Jones, anJ " The Gas Engine Handbook," by E. W. Roberts.
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For descriptions of large gas-engines using blast furnace gas see papers!
in Proc. Iron and Steel Inst, 1906, and Tra7is. A. I. M. E., 1906. Many ^

papers on gas-engines are in Trans. A.S.M.E., 1905 to 1909.
An Internal-combiistion Engine is an engine in which combustible

gas, vapor, or oil is burned in a cylinder, generating a high temperature
and high pressure in the gases of combustion, which expand behind a
piston, driving it forward. ^^ Rotary gas-engines or gas turbines, are still,

1915, in the experimental stage.)
Four-cycle and Two-cycle Gas-Engines.—In the ordinary type of

single-cylinder gas-engine (for example the Otto) known as a four-cycle
engine, one ignition of gas takes place in one end of the cylinder every
two revolutions of the fly-wheel, or every two double strokes. The fol-

lowing sequence of operations takes place during four consecutive strokes:
(a) inspiration of a mixture of gas and air during an entire stroke; (b)

compression during the second (return) stroke; (c) ignition at or near the
dead-point, and expansion during the third stroke; (rf) expulsion of the
burned gas during the fourth (return) stroke. Beau de Rochas in 1862
laid down the law that there are four conditions necessary to realize the
best results from the elastic force of gas: (1) The cylinders should have
the greatest capacity with the smallest circumferential surface; (2) the
speed should be as high as possible; (3) the cut-off should be as early as
possible; (4) the initial pressure should be as high as possible.

(Strictly speaking four-cycle should be called four-stroke-cycle, but the
term four-cycle is generally used in the trade.)
The two great sources of waste in gas-engines are: 1. The high tempera-

ture of the rejected products of combustion; 2. Loss of heat through the
cylinder walls to the water-jacket. As the temperature of the water-
jacket is increased the efficiency of the engine becomes higher.

Fig. 178 is an indicator diagram of a four-cycle gas-engine. AB, the
lower line, shows the admission of the mixture, at a pressure slightly

below the atmosphere on account of the re-
sistance of the inlet valve, BC is the com-
pression into the clearance space, ignition
taking place at C and combustion with
increase of pressure continuing from C to D.
The gradual termination of the combustion
is shown by the rounded corner at D. DE
is the expansion line, EF the line of pressure
drop as tl;ie exhaust valve opens, and FA the
line of expulsion of the burned gases, the
pressure being slightly above the atmos-

tpt- 1 -7Q
B phere on account of the resistance of the

j?iG.i/». exhaust valve.

In a two-cycle single-acting engine an explosion takes place with every
revolution, or with each forward stroke of the piston. Referring to the
diagram Fig. 178 and beginning at E, when the exhaust port begins to

open to allow the burned gases to escape, the pressure drops rapidly to F.
Before the end of the stroke is reached an inlet port opens, admitting
a mixture of gas and air from a reservoir in which it has been compressed.
This mixture being under pressure assists in driving the burned gases

out through the exhaust port. The inlet port and the exhaust port close

early inj the return stroke, and during the remainder of the stroke BC
the mixture, which may include some of the burned gas, is compressed and
the ignition takes place at C, as in the four-cycle engine.

In one form of the two-cycle engine only compressed air is admitted
while the exhaust port is open, the fuel gas being admitted under pressure j
after the exhaust port is closed. By this means a greater proportion of|
the burned gases are swept out of the cylinder. This operation is known!
as " scavenging."

'

. -.^ ^ .

Theoretical Pressures and Temperatures inGas-Engines.—Refernng
to Fig. 178, let Pg be the absolute pressure at B, the end of the suction

stroke, Pg the pressure at C, the end of the compression stroke; P^jthe

maximum pressure at D, when the gases of combustion are at their

highest temperature; Pg the pressure at E, when the exhaust valve begins

to open. For the hypothetical case of a cylinder with walls incapable of

absorbing or conducting heat, and of perfect and instantaneous combustion
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or explosion of the fuel, an ideal diagram might be constructed which

would have the following characteiibUcs. In a tour-cycle engine receiv-

ing a charge of air and gas at atmospheric pressure and temperature,

the pressure at B, or P^, would be 14.7 lbs. per sq. in. absolute, and tne

temperature say 62° F., or 522° absolute. The pressure at C, or P^, would

depend on the ratio Vi -^ F2, Vi being the original volume of the mixture
in the cyUnder before compression, or the piston displacement plus the

volume of the clearance space, and V2 the volume after compression, or

the "clearance volume, and its value would ho. P(^ = Psiyi/V^) . The

absolute temperature at the end of compression would be T^. = 522 X
(Fi/y2)"~\ or it may be found from the formula PgVs^ Tg = Pc^c^ ^c
the subscripts s and c referring respectively to conditions at the beginning

and end of compression. The compression would be adiabatic, and the

value of the exponent n would be about the value for air, or 1.406. The
work done in compressing the mixture would be calculated by the formula
for compressed air (see page 634 ). The theoretical rise of tempera-
ture at the end of the explosion, T^, above the temperature at the end of

the compression T^ may be found from the formula {T^ - T^ C^ = H^

in which H is the amount of heat in British thermal units generated by
the combustion of the fuel in 1 lb. of the mixture, and C^ the mean specific

heat, at constant volume, of the gases of combustion between the tem-
peratures T^ and Tf.. Having obtained the temperature, the correspond-

ing pressure P^. may be found from the formula P-j; = Pc'X (J'x/^c)"^"'*

In like manner the pressure and temperature at the end of expansion,

Pg and Tg, and the work done during expansion, may be calculated by

the formula for adiabatic expansion of air.

The ideal diagram of the adiabatic compression of air, instantaneous

heating, and adiabatic expansion, differs greatly from the actual diagram

of a gas-engine, and the pressures, temperatures, and amount of worK
done are different from those obtained by the method descnbed above.

In the first place the mixture at the beginning of the compression stroke

is usually below atmospheric pressure, on account of the resistance or

the inlet valve, in a four-cycle engine, but may be above atrnosphenc

pressure in a two-cycle engine, in which the mixture is delivered from a

receiver under pressure. Then the temperature is much higher tnan

that of the atmosphere, since it is heated by the walls of the cyhnaer

as it enters. The compression is not adiabatic, since heat is receivea

from the walls during the first part of the stroke. If the clearance ^Pace

is small and the pressure and temperature at the end of compression there-

fore high, the gas may give up some heat to the walls during the latter

part of the stroke. The explosion is not instantaneous, and dunng its

continuance heat is absorbed by the cylinder walls, and therefore neitner

the temperature nor the pressure found by calculation will be actuany

reached. Poole states that the rise in temperature produced by com-
bustion is from 0.4 to 0.7 of what it would be with instantaneous com-
bustion and no heat loss to the cylinder walls. Finally the expansion

is not adiabatic, as the gases of combustion, at least during the first part

of the expanding stroke, are giving up heat to the cyUnder.
Calculation of the Power of Gas-Engines.—If the mean efTective pres-

sure in a gas-engine cylinder be obtained from an indicator diagram its

power is found by the usual formula for steam-engines, H.P. = P^^.,'
33,000, in which P is the mean effective pressure in lbs. per sq. m., ^ ^"^
length of stroke in feet, A the area of the piston in square inches, ana iv

the number of explosion strokes per minute. .,,

For purposes of design, however, the mean effective pressure _
eitner

has to be assumed from a knowledge of that found in other engines 01

the same type and working under the same conditions as those oj.^ne

design, or it may be calculated from the ideal air diagram and modinea

by the use of a coefficient or diagram factor depending on the kind or

fuel used and the compression pressure. Lucke gives the following
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factors for four-cycle engines by wliich the mean effective pressure
of a theoretical air diagram is to be multiphed to obtain the actual M.E.P.
for the several conditions named.

Kind of Fuel and Method of Use.

Kerosene, when previously vaporized
Kerosene, injected on a hot bulb, may be as low ai

GasoHne, used in carburetor requiring a vacuum.
Gasoline, with but little initial vacuum
Producer gas
Coal gas
Blast-furnace gas
Natural gas

Compres-
sion.
Gauge

Pressure.

Factor.
Per Cent.

Lb.
45-75

80-130
100-160

Av. 80
130-180
90-140

30-40
20
25-40
50-30
56-40

Av.45
48-30
52-40

Factors for two-cycle engines are about 0.8 those for four-cycle engines.
Pressures and Temperatures at end of Compression and at Re-

lease.— The following tables, greatly condensed from very fuU tables
given by C. P. Poole, show approximately the pressures and tempera-
tures that may be reaUzed in practice under different conditions. Poole
says that the value of n, the exponent in the formula for compression,
ranges from 1.2 to 1.38, these being extreme cases; the values most
commonly obtained are from 1.28 to 1.35. The tables for compression
pressures and temperatures are based on n = 1.3 and 1.4, on compres-
sion ratios or 71/72 from' 3 to 8, on absolute pressures in the cyhnder
before compression from 13 to 16 lbs., and on absolute temperatures
before compression of 620° to 780° (160° to 320° F.). The release pres-
sures and temperatures are based on values of n of 1.29 and 1.32, abso-

,

lute pressures at the end of the explosion from 240 to 360 lbs. per sq. in., '

and absolute temperatures at the end of the explosion of 1800° to 3000° F. i

Compression Pressures.

3.00
4.00
5.00
6.00
7.00
8.00

n = 1.3.

P„ = 13 13.5 14 15

54.2
78.8
105.4
133.5
163.2
194.0

56.3
8i.9
109.4
138.7
169.4
201.5

58.4
84.9
113.5

143

175.7
209.0

62.6
90.9
121.6
154.1

188.3

223.9

66.7
97.0
129.7
164.3
200.8
238.7

!h O

a » rt

3.00
4.00
5.00
6.00
7.00
8.00

n= 1.34.

P,= 13 13.5 14

56.7
83.3
112.3
143.4
176.3
210.9

58.9
86.5
116.7
148.9
183.1

219.0

61.0
89.7
121.0
154.5
189.9
227.1

65.4
96.1

129.6
165.5
203.5
243.4

69.7
102.5
138.

176.

217
259.6

il

Compression Temperatures.

4) J.
n = 1.3 i .« n=1.34.

m ao o

620°
660° 700° 740° 780° a fS 620°

660° 700° 740° 780°

3.00 862 918 973 1029 1084 3.00 901 959 1017 1075 113^
4.00 940 1000 1061 1122 1182 4.00 993 1057 1122 1186 1250
5.00 1005 1070 1134 1199 1264 5.00 1072 1141 1210 1279 1348
6.00 1061 1130 1198 1267 1335 6.00 1140 1214 1287 1361 1434
7.00 1112 1183 1255 1327 1398 7.00 1201 1279 1357 1434 1517
8.00 1157 1232 1306 1381 1456 8.00 1257 1338 1420 1501 1582
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Absolute Pressuees per Square Inch at Release.
Corresponding to Explosion Pressures commonly obtained.

Note: — The expansion ratios in the left-hand column are based on
the volume behind the piston when the exhaust valve begins to open.

3.00
4.00
5.00
6.00
7.00
8.00

n,= 1.29.

Value of P^
240 270 300 330

58 7. 65 4 72 7 80.0
40 1 45.2 50.2 55.2
30 1 33 9 37.6 41.4
23 8 26.8 29.7 32.7
19 5 21 9 24.4 26.8
16.4 18.5 20.5 22.6

87.2
60.2
45.1

35.7
29.2
24.6

3.00
4.00
5.00
6.00
7.00

= 1.32.

Value of Pj.

270 300 "330

56 3 63 3 70.4 77.4
38 5 43 3 48 1 52.9
7.8 7 32.3 35.8 39.4
22 5 25,4 28.2 31.0
18 4 7.0 7 23 -25.3

15.4 17.3 19.3 21.2

84.4
57.8
43.0
33.8
27.6
23.1

Absolute Temperatures at Release.
Corresponding to Explosion Temperatures commonly obtained.

1.^ ng=1.29. 1^ ng=1.32.

§.2 Value of T^ Value of T^

^^ 1800 2100 2400 2700 3000 W« 1800 2100 2400 2700 3000

3.00 1309 1527 1745 1963 2182 3.00 1266 1478 1689 1900 2111

4 00 1204 1405 1606 1806 2007 4.00 1155 - 1348 1540 1733 1925

5.00 117,9 1317 1505 1693 1881 5 no 1075 1255 1434 1613 1792

6 00 1070 17,49 147.7 1606 1784 6.00 1015 1184 1353 1522 1691

7.00 1024 1194 1365 1536 1706 7 00 966 1127 1288 1449 1610

8.00 985 1149 1313 1477 1641 8.00 925 1079 1234 1388 1542

Pressures and Temperatures after Combustion. — According to

Poole, the maximum temperature after combustion may be as high as

3000° absolute, F., and the maximum pressure as high as 400 lbs. per

sq in. absolute; these are high figures, however, the more usual figures

being about 2300° and 250 lbs. Poole gives the following figures for

the average rise in pressure, above the pressure at the end of compres-

sion, produced by combustion of different fuels, with different ratios of

compression.

Average Pressure Rise in lbs. per sq. in. Produced by
Combustion.

.2
*

.2 ^5
_d OP d

a ^
03

d
S

6
j2S

1
a

a

OH

So
1°

§«
'T30
gin

PL,

d
S

feo«

1 2
s

4.0 146 195 168 5.0 192 6.0 225 7.0 211

4.2 156 208 179 5.2 202 6.2 234 7.2 218

4.4 166 221 190 5.4 211 6.4 243 7.4 225

4.6 175 734 702 5.6 221 6.6 252 7.6 232

4.8 185 247 213 5.8 230 6.8 261 7.8 239

5.0 195 260 224 6.0 240 7.0 270 8.0 246

* Per cubic foot measured at 32° F.

The following figures are given by Poole as a rough approximate
puide to the mean effectiye pressures in lbs. per sq. in. obtained witU
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different fuels and different compression pressures in a four-cycle engine.
In a two-cycle engine the mean effective pressure of the pump diagram
should be subtracted. The delivery pressure is usually from 4 to 8 lbs.
per sq. in. above the atmosphere, and the corresponding mean effectiv*
pressure of the pump about 3.8 to 7.

Probable Mean Effective Pressure.

Suction Anthracite Producer Gas. MoND Producer Gas.

Engine
Compression Pressure,
abs. lbs. per sq. in. Engine Compression Pressure.

100 115 130 145 160 100 115 130 145 160

10 55 60 65 10 65 65 65

25 60 65 70 75 25 60 65 65 70 75
50 65 70 75 80 80 50 65 70 70 75 80
100 70 75 80 85 85 100 65 70 75 80 85
250 75 80 85 90 90 250 70 75 80 85 90
500 80 85 90 90 90 500 75 80 85 90 90

Natural and Illuminating Gases.

Engine
Compression Pressure.

Engine
H.P.

Compression Pressures.

65 75 85 100 115 75 85 100 115 130

ID

25
50

60
65

70

65
70
75

70
75
80

75
80
90

85*

90

100

250
500

80
85

85
90
95

90
95
100

95
100

1 105

100

105

110

Kerosene Spray. Gasoline Vapor.

Engge

J

Compression Pressures.

Engine
H.P.

Compression Pressures.

65 75 85 100 115 65 75 85 100

85

90
90
95

5
10

25
50

50
55

60
65

55
60
65
70

60
65
70
75

65
70
75

80

70
75
80
85

5

10

25
50

70

75

80

85

75

80
85
90

80
85
90
95

Sizes of L,arge Gas Engines. — From a table of sizes of the Nfirnberg
gas engine, as built by the Allis-Chalmers Co., the following figures are
taken. These figures relate to two-cylinder tandem double-acting engines.

Diam. cyl., Ins 18 20
Stroke cyl., ins 24 24
Revs, per min 150 150
Piston speed, ft. per
min 600 600

21
30
125

22
30
125

24 24 26 28

125 115 115 115 100 100

Rated B.H.P...
625 625 625 690

260 320 370 405 490 545 630 740 855

62
62
78

FactorC 0.8 0.8 0.84 0.84 0.85 0.95 0.93 0.94 0.95

Diam..ins 34 36 38 40 42 44 46 48 50
Stroke, ins 42 48 48 48 54 54 54 60 60
Revs, per min 100 92 92 92 86 86 86 78 78
Piston speed 700 736 736 736 774 774 774 780 780 780
Rated B.H.P 1105 1300 1460 1630 1875 2080 2280 2475 2720 2950
FactorC 0.96 1 1.01 1.02 1.06 1.07 108 1,07 1.09 1.09

The figures "factor C" are the values of C in the equation B.H.P. =
C X i)2, in which D = diam. of cylinder in ins. For twin-cylinder double-
acting engines, multiply the B.H.P. and the value of C by 0.95; for twin-
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tandem double-acting engines, multiply by 2; for two-cylinder single-
acting, or for single-cylinder double-acting engines, divide by 2; for
single-acting single-cylinders, divide by 4. The figures for B.H.P. corre-
spond to mean effective pressures of about 66, 68, and 70 lbs. per sq. in.
for 20, 40, and 50 in, cylinders respectively if we assume 0.85 as the me-
chanical efficiency, or the ratio B.H.P. -*- I.H.P.
Engine Constants for Gas Engines. — The following constants for

figuring the brake H.P. of gas engines are given in Power, Dec. 7, 1909.
They refer to four-stroke cycle single-cylinder engines, single acting; for
double-acting engines multiply by 2. Producer gas, 0.000056. Illumi-
nating gas, 0.000065. Natural gas, 0.00007. Constant X diam.2 x stroke
in ins. X revs, per min. = probable B.H.P. A deduction should be made
for the space occupied by the piston rods, about 5% for small engines up
to 10% for very large engines.
Rated Capacity of Automobile Engines.—The standard formula for

the American Licensed Automobile Manufacturers Association (called
the A. L. A. M. formula) for approximate rating of gasoline engines
used in automobiles is Brake H.P. = Diam.2 x Nq. of cylinders -h 2.5.
It is based on an assumed piston speed of 1000 ft. per min. The following
ratings are derived from the formula:

Bore, ins 2V2
Bore, mm 64
H.P., 1 cylinder 21/2
H. P., 2 cylinders. . . 5
H.P.. 4 " ... 10
H.P., 6 " ... 15

A committee of the Institution of Automobile Engineers recommends
the following formula: B.H.P. = 0.45 (d + 5) (rf-1.18)iV. in which
d = diam., in., s = stroke, in., iV = number of cylinders. The formula
was derived from the results of tests of engines in first-class condition
on the test bench. For ordinary engines on the road the result should
be multiplied by 0.6. (Eng'g, Feb. 10, 1911.)
The American Power Boat Association's formula for rating 2-cycle

engines is H.P. = area of piston X number of cylinders X length of
stroke X 1-5.

Approximate Estimate of the Horse-power of a Gas Engine. —
From the formula I.H.P. = PLAN ^ 33,000, in which P= mean effective

pressure in lbs. per sq. in., L = length of stroke in ft., A = area of piston
insq. ins., A''= No. of explosion strokes per min., we have I.H.P. = Pd25-^
42,017, in which d= diam. of piston, and S= piston speed in ft. per min.,
for an engine in which there are tvv^o explosion strokes in each revolution,
as in a 4-cycle double-acting, 2-cyIinder engine, or a 2-cycle, 2-cylinder,
single-acting engine. If the mechanical efficiency is taken at 0.84. then
the brake horse power B.H.P. = Pd^S -J- 50,000. Under average con-
ditions the product of P and S is in the neighborhood of 50,000, and in
that case B.H.P. = d^. Generally, B.H.P. = C X d^ in which C is a
coefficient having values as below:

3 31/2 4 41/2 5 •51/2 6
76 89 102 114 127 140 154
3.6 4.9 6.4 8.1 10 12.1 14.4
7.2 9.8 12.8 16.2 20 24.2 28, S

14.4 19.6 32.4 40 48.4 57.6
21.6 29.4 38.4 48.6 60 72.6 86.4

M.E.P. Piston Speed, Ft. per Minute.

Lbs. per 500 600 700 800 900 1000
Sq. In. Value of C for Two Explosions per Revolution.

50 0.50 0.60 0.70 0.80 0.90 1.00
60 0.60 0.72 0.84 0.96 1.08 1.20
70 0.70 0.84 0.98 1.12 1.26 1.40
80 0.80 0.96 1.12 1.28 1.44 1.60
90 0.90 1.08 1.26 1.44 1.62 1.80
100 1.00 1.20 1.40 1.60 1.80 2.00
no 1.10 1.32 1.54 1.76 1.98 2.20

These values of C apply to 4-cylinders, 4-cycle, single-acting, to 2-
cyl., 2-cycle, single-acting, and to 1-cyl., 2-cycle double-acting. For
single cylinders, 4-cycle, single-acting, divide by 4; for single cylinders,
4-cycle, double-acting, or 2-cycle, single-acting, divide by 2.

Oil and Gasoline Engines.—The lighter distillates of petroleum, such
as gasoline, are easily vaporized at moderate temperatures, and a gaso-
line engine differs from a gas-engine only in having an atomizer attached
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for spraying a fine jet of the liquid into the air-admission pipe./ With
kerosene and other heavier distillates, or crude oils, it is necessary to
provide some method of atomizing and vaporizing the oil at a high
temperature, such as injecting it into a hot vaporizing chamber at the
end of the cyhnder, or into a chamber heated by the exhaust gases.

The Diesel Oil Engine.—The distinguishing features of the Diesel
engine are: It compresses air only, to a predetermined temperature above
the firing point of the fuel. This fuel is blown as a cloud of vapor (by
air from a separate small compressor) into the cyUnder when compres-
sion has been completed, ignites spontaneously without explosion,
solely by reason of the heat of the air generated by the compression,
and burns steadily with no essential rise in pressure. The temperature
of gases, developed and rejected, is much lower than with engines of the
explosive type. The engine uses crude oil and residual petroleum prod-
ucts. Guarantees of fuel consumption are made as low as 8 gallons of
oil (not heavier than 19° Baum^) for each 100 brake H.P. hour at any
load between half and full rated load.

American Diesel engines are built for stationary purposes, in sizes of
120, 170, and 225 H.P. in three cylinders, and in "double units" (six
cylinders) of 240, 340 and 450 H.P. See catalogue of the American
Diesel Engine Co., St. Louis, 1909.
Much larger sizes have been built in Europe, where they are also

built for marine purposes, including submarines in the French and other
navies. For the theory of the Diesel engine see a lecture by Rudolph
Diesel, in Zeit. des Ver Deutscher Ing., 1897, trans, in Progressive Age,
Dec. 1 and 15, 1897, and paper by E. D. Meier in Jour. Frank. Inst,
Oct. 1898.

The De La Vergne Oil Engine is described in Eng. News, Jan. 13, 1910.
It is a four-cycle engine. After the charge of air is compressed to about
200 lbs. per sq. in., the charge of oil is injected, by a jet of air at about
600 lbs. per sq. in., into a vaporizing bulb at the end of the cyhnder. Ig-
nition of the oil is caused by the high temperature in this bulb. Average
results of tests of an engine developing 128 H.P. showed an oil consump-
tion per B.H.P. hour of 0.408 lb. with Solar fuel oil, and 0.484 lb. with
CaUfornia crude oil.

Alcohol Engines. — Bulletin No. 392 of the U.S. Geol. Survey (1909,)
on Comparisons of Gasolene and Alcohol Tests in Internal Combustion
Engines, by R. M. Strong, contains the following conclusions:
The "low" heat value of completely denatured alcohol will average

10,500 B.T.U. per lb., or 71,900 B.T.U. per gallon. The low heat value
of 0.71 to 0.73 sp. gr. gasolene will average 19,200 B.T.U, per lb., or
115,800 B.T.U. per gallon.
A gasolene engine having a compression pressure of 70 lbs. but other-

wise as well suited to the economical use of denatured alcohol as gasolene,
will, when using alcohol, deUver about 10% greater maximum power
than when using gasolene.
When the fuels for which they are designed are used to an equal advan-

tage, the maximum B.H.P. of an alcohol engine having a compression
pressure of 180 lbs. is about 30% greater than that of a gasolene engine
of the same size and speed having a compression pressure of 70 lbs.

Alcohol diluted with water in any proportion, from denatured alcohol,
which contains about 10% water, to mixtures containing about as much
water as denatured alcohol, can be used in gasolene and alcohol engines if

the engines are properly equipped and adjusted.
When used in an engine having constant compression, the amount of

pure alcohol required for any given load increases and the maximum
available horse-power of trie engine decreases with diminution in the
percentage of pure alcohol in the diluted alcohol suppUed. The rate of
increase and decrease, . respectively, however, is such that the use of
80% alcohol instead of 90% has but Uttle effect upon the performance;
so that if 80% alcohol can be had for 15% less cost than 90% alcohol and
could be sold without tax when denatured, it would be more economical
to use the 80% alcohol.

Ignition. — The "hot-tube" method of igniting the compressed mixture
of gas and air in the cylinder is practically obsolete, and electric systems
are used instead. Of these the *' make-and-break " and the " jump-
§p»rls " isysteroi are in copiniQn v§e, In tU§ fproaer two insulated contact
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pieces are located in the end of the cylinder, and through them an electric
current passes wliiie tliey are in contact. A spark-coil is included in the
circuit, and when the circuit is suddenly broken at the proper time for
ignition, by mechanism operated from the valve-gear shaft, a spark is
made at the contacts, which ignites the gas. In the "jump-spark"
system two insulated terminals separated about 0.03 in. apart are located
in the cyhnder, and the secondary or high-tension current of an induction
coil causes a spark to jump across the space between them when the
circuit of the primary current is closed by mechanism operated by the
engine. In some oil engines the mixture of air and oil vapor is ignited
automatically by the tem.perature generated by compression of the vapor,
in a chamber at the end of the cyhnder, called the vaporizer, which is

not water-jacketed and therefore is kept hot by the repeated ignitions.
Before starting the engine the vaporizer is heated by a Bunsen burner
or other means.
Timing. — By adjusting the cam or other mechanism operated by the

valve-gear shaft for causing ignition, the time at which the ignition takes
place, with reference to the end of the compression stroke, can be regulated.
The mixture is usually ignited before the end of the stroke, the advance
depending upon the inflammability of the mixture and on the speed of
the engine. A slow-burning mixture requires to be ignited earlier than
a rapid-burning one and a high-speed earlier than a slow-speed engine.
Governing. — Two methods of governing the speed of an engine are

in common use, the " hit-and-miss " and the throttling methods. In the
former the engine receives its usual charge of air and gas only when the
engine is running at or below its normal speed;' at higher speeds the ad-
mission of the charge is suspended until the engine regains its normal
speed. One method of accomplishing triis is to interpose between the
valve-rod and its cam or other operating mechanism, a push-rod, or
other piece, the position of wliich with reference to the end of the valve-
rod is controlled by a centrifugal governor so that it hits the valve-rod if

the speed is at or below normal and misses it if the speed is above normal.
The hit-and-miss method is economical of fuel, but it involves irregularity
of speed, making a large and heavy fly-wheel necessary if reasonable
uniformity of speed is desired. The throttling method of regulating is

siniilar to that used in throttling steam engines; the quantity of mixture
admitted at each charge being varied by varying the position of a butter-
fly valve in the inlet pipe. Cut-off methods of governing are also used,
such as varying the time of closing the admission valve during the suction
stroke, or varying the time of admission of the gas alone, or " quality
regulation."
Gas and Oil Engine Troubles. — The gas engine is subject to a

greater number of troubles than the steam engine on account of its greater
mechanical complexity and of the variable quality of its operating fluid.

\mong the causes of troubles are: the variable composition of the fuel;

too much or too little air supply; compression ratio not right for the
kind of fuel; ignition timer set too late or too early; pre-ignition; back-
firing; electrical and mechanical troubles with the igniting system;
carbon deposit? in the cyhnder and on the igniting contacts. For a very
full discussion of these and many other troubles and the remedies for

them, see Jones on the Gas-Engine.
Conditions of Maximum ElHciency.—The conditions which appear

to give the highest thermal efficiency in gas and oil engines are: 1, high
temperature of cooUng water in the jackets; 2, high pressure at the end
of compression; 3, lean mixture; 4, proper timing of the ignition; 5,

maximum load. The higher economy of a lean mixture may, be due to

the fact that high compressions may be used with such a mixture, while
with rich mixtures high compression pressures cannot be used without
danger of pre-ignition. ;rhe effect of different timing on economy is

Khown in a test by J. R. Bibbins, reported by Carpenter and Diederichs, of

an engine using natural gas of a lower heating value* of 934 B.T.U. per
CM. ft., delivering 71 H.P. at 297 revs, per min. The maximum thermal
efficiency, 23.3%, was obtained when the timing device was set for igni-

* By "lower heating value" is meant the value computed after sub-
tracting the latent heat of evaporation of 9 lbs. of water per pound of
hydrogen contained in the gas. See page 561.
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tion 30° in advance of the dead center, while the efficiency with Ignition
at the center was 19%, and with ignition 55° in advance 17.3%.

Other things being equal, the hotter the walls of the cyUnder the lesK
heat is transferred into them from the hot gases, and therefore the highei
the efficiency. Cool walls, however, allow of higher compression without
pre-ignition, and high compression is a cause of high efficiency. Cool
walls also tend to give the engine greater capacity, since with hot walls
the fuel mixture expands more on entering the cylinder, reducing the
weight of charge admitted in the suction stroke.

Heat Losses in the Gas Engine,—The difference between the thermal
efficiency, wliich is the proportion of heat converted into work in the
engine, and 100%,isthe loss of heat, which includes the heat carried away
in the jacket water, that carried away in the waste gases, and that lost

by radiation. The relative amounts of these three losses vary greatly,
depending on the size of the engine and on the amount of water used for
cooling. Thurston, in Heat as a Form of Energy, reports a test in which
the heat distribution was as follows: Useful work, 17.3%; jacket water,
52%; exhaust gas, 16%; radiation, 15%. Carpenter and Diederichs
quote the following, showing that the distribution of the heat losses
varies with the rate of compression and with the speed.

Ratio
of

Com-
pres-
sion.

R.p.m.

M.E.P.
lbs.

per sq.
in.

Ratio
Air to
Gas.

Heat-
ing

Value
of

Charge,
B.T.U.

Work
done
by 1

B.T.U.,
Ft.-lbs.

Ex-
haust
Temp.
Deg.F.

Heat Distribution,
Per Cent.

Work. Jacket
Water.

Ex-
haust.

2.67
2.67
4.32
4.32

187

247
187

247

54.3
51.5
69.3
65.2

7.11

7.35
7.43
7.40

18.5
17.4
17.0
16.8

140

141

190
184

1022
1137
867
992

18.0
18.1

24.4
23.7

51.2
45.6
53.8
49.5

30.8
36.3
21.8
26.8

In the long table of results of tests reported by Carpenter and Diede-
richs, figures of the distribution of heat show that of the total heat re-
ceived by the engines the heat lost in the jacket water ranged from 25.0
to 50.4%. and that lost in the exhaust gases from 55 to 23.4%.

In small air-cooled gasoline engines, such as those used in some auto-
mobile engines, in which the cylinders are surrounded by thin metal
ribs to increase the radiating surface, and air is propelled against them
by a fan, the air takes the place of the jacket water, and the total loss
of heat is that carried away by the air and by the exhaust gases.

Economical Performance of Gas Engines. — The best performance
of a gas engine using producer gas (1909) is about 30% better than the
best recorded performance of a triple-expansion steam engine, or about
0.71 lb. coal per I.H.P. hour, as compared with 1.06 lbs. for the steam
engine. It is probable that the performance of the combination of a
high-pressure reciprocating engine, using superheated steam generated in
a well-proportioned boiler supplied with mechanical stokers and an econo-
mizer, and a low-pressure steam turbine will ere long reduce the steam
engine record to 0.9 lb. per I.H.P. hour. As compared with an ordinary
steam engine, however, the gas engine with a good producer is far more
economical than the steam engine. Where gas can be obtained cheaply,
such as the waste-gas from blast furnaces, or natural gas, the gas-engine
can furnish power much more cheaply than it can be obtained from the
same gas burned under a boiler to furnish steam to a steam engine.

In tests made for the U. S. Geological Survev at the St. Louis Exhibi-
tion, 1904, of a 235-H.P. gas engine with different coals, made into gas
in the same producer, the best result obtained was 1.12 lbs. of West
Virginia coal per B.H.P. hour, and the poorest result 3.23 lbs. per B.H.P.
hour, with North Dakota Hgnite.
A 170-H.P. Crossley (Otto) engine tested in England in 1892, using

producer gas, gave a consumption of 0.85 lb. coal per I.H.P. hour, or a
thermal efficiency of engine and producer combined of 21.3%.

Experiments on a Taylor gas producer using anthracite coal and a
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100-H.P. Otto gas engine showed a consumption of 0.97 lb. carbon per
I.H.P. hour. {Iron Age, 1893.)

In a table in Carpenter and Diederichs on Internal Combustion Engines
the lowest recorded coal consumption per B.H.P. hour is 0.71 lb., with
a Tani,'ye engine and a suction gas producer, using Welsh anthracite coal.
Other tests show figures ranging from 0.74 lb. to 1.95, the last with a
Westingnouse 500-H.P. engine and a Taylor producer using Colorado
bituminous coal.

In the same book are given the following figures of the thermal efficiency
on brake H.P. with different gas and liquid fuels. Illuminating gas,
6 tests, 16.1 to 31.0%; natural gas, 4 tests, 16.1 to 29.0%; coke-oven gas,
1 test, 27.5%: Mond gas, 1 test, 23.7%; blast-furnace gas, 3 tests, 20.4 to
28.2%; gasoline, 8 tests, 10.2 to 28%; kerosene, Diesel engine, 3 tests,
25.8 to 31.9%: kerosene, other engines, 8 tests, 9.2 to 19.7%; crude oil,

Diesel engine, 1 test, 28.1%; alcohol, 4 tests, 21.8 to 32.7%.
Tests of Diesel engines operating centrifugal pumps in India are

reported in Eng. News, Nov. 25, 1909. Using Borneo petroleum residue
of 0.934 sp. gr., and a fuel value of 18,600 B.T.U. per lb., an average of
151 B.H.P. during a season, for a total of 6003 engine hours, was obtained
with a consumption of 0.462 lb. of fuel per B.H.P. hour, or one B.H.P.
for about 8600 B.T.U. per hour, equal to a thermal efficiency of 29.5%.
The pump efficiency at maximum lift of 14 to 16 ft. was 70%, and the
fuel consumption per water H.P. hour at the same lift was 0.7 lb.

Utilization of Waste Heat from Gas Engines.—The exhaust gases
from a gas engine may be used to heat air by passing them across a nest
of tubes through which air is flowing. A design of this kind, for heating
the Ives hbrary building. New Haven, Conn., by Harrison Engineering
Co., New York, is illustrated in Heat, and Vent. Mag., Jan., 1910.
The waste heat might also be used in a boiler to generate steam at or

below atmospheric pressure, for use in a low pressure steam turbine. On
account of the comparatively low temperature of the exhaust gases,
however, the boiler would require a much greater extent of heating sur-
face for a given capacity than a boiler with an ordinary coal-fired furnace.

RULES FOR CONDUCTING TESTS OF GAS AND OIL
ENGINES.

(Abstract from the A. S. M. E. Code of 1915.)

Object and Preparations.

Determine the object, take the dimensions, note the physical condi-
tion of the engine and its appurtenances, install the testing appUances,
etc., as explained in the general instructions, and make preparations
for the test accordingly.

Operating Conditions.

Determine what the operating conditions should be to conform
to the object in view, and see that they prevail throughout the trial.

Duration.

The test of a gas or oil engine with substantially constant load
should be continued for such time as may be necessary to obtain a
nimiber of successive records covering periods of half an hour or less

during which the results are found to be uniform. In such cases a
diu-ation of three to five hours is sufBcient for all practical purposes.

Starting and Stopping.

The engine having been set to work under the prescribed condi-
tions, the test is begun at a certain predetermined time by commencing
to weigh the oil, or measure the gas. as the case may be, and taking
other data concerned; after which the regular measxirements and
observations are carried forward until the end.

Calorific Tests and Analyses.

The quality of the oil or gas should be determined by calorific tests

and analyses made on representative samples.
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calculation of Results.

The ascertained volume of gas is reduced to the equivalent volume at
a temperature of 60 deg. and at atmospheric pressure of 30 in.

The number of heat units consumed by the engine is found by mul-
tiplying the heat units per lb. of oil or per cu. ft. of gas (higher value),
as determined by calorimeter test, by the total weight of oil in lb. or
volume of dry gas In cu. ft. consumed.
The indicated horse-power, brake horse-power, and efficiency are

computed by the same methods as those explained in the Steam Engine
Code.

Heat Balance.

The various quantities showing the distribution of heat in the heat
balance are computed in the following manner:
The heat converted into work per I.H.P.-hour (2546.5 B.T.U.) is

found by dividing the work representing 1 H.P., or 1,980,000 ft.-lb.,

per hour by the number of ft.-lb. representing 1 B.T.U. , or 777.5.
The heat rejected in the cooling water is obtained by miiltiplying

the weight of water suppUed by the number of degrees rise of tem-
perature, and dividing the product by the indicated horse-power.
The heat rejected in the -dry exhaust gases per I.H.P.-hr. is found

by multiplying the weight of these gases per I.H.P.-hr. by the sensible
heat of the gas reckoned from the temperature of the air in the room
and by its specific heat. The weight of the dry exhaust gases per
I.H.P.-hr. is the product of the weight of fuel per I.H.P.-hr. by the
weight of the dry gaJses per lb. of fuel. The latter is the product of
the proportion of carbon in 1 lb. of fuel by the weight of the dry gases
per lb. of carbon, which may be found by the formula

11 CO2 +80+7 (CO + N)
3^ (CO2 + CO )

in. which CO2, O, CO, and N are percentages of the dry exhaust gases
by volume.
When the weight of air supplied per lb. of fuel is determined the

weight of dry gas per pound of fuel may be foimd by the formula
1 + lb. air per lb. fuel - 9 H

in which H is the proportion of hydrogen in 1 lb. of fuel.
The heat lost in the moisture formed by the burning of hydrogen

in the fuel gas is found by multiplying the total heat of 1 lb. of super-
heated steam at the temperature of the exhaust gases, reckoning from
the temperature of the air in the room, by the proportion of the
hydrogen in the fuel as determined from the analysis, and multiplying
the result by 9.

The heat lost in superheating the moisture contained in the gas
and air is determined by multiplying the difference between the
temperature of the exhaust gases and that of the gas and air by the
average specific heat of superheated steam for the range of temperature
and pressure.
The heat lost through incomplete combustion is obtained by analyz-

ing the exhaust gases and computing the heat of the unburned products
which would have been produced by their combustion.
The above rules do not apply to engines with hit-and-miss governors.

Data and Results.

The data and results should be reported in accordance with the
form given herewith, adding lines for data not provided for, or omitting
those not required, as may conform to the object in view. If a shorter
form is desired, items designated by letters of the alphabet may be
omitted. Unless otherwise indicated, the items should be the aver-
ages of the data.

DATA AND RESULTS OF GAS OR OIL ENGINE TEST.

Code of 1915.

1. Test of engine, located at
To determine

.

Test conducted by

.
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Dimensions, Etc.

2. Type of engine, whether oil or gas
3. Class of engine, (mill, marine, motor for vehicle, pumping, or

other)
(a) Niunber of strokes of piston for one cycle, and class of cycle.
(b) Method of ignition
(c) Single or double acting
(d) Arrangement of cylinders
(e) Vertical or horizontal

5. Diameter of working cylinders in.

6. Stroke of pistons ft.

4. Rated power H.P

Date, Duration, Etc.

7. Date
8. Dm-ation hr.
9. Kind of oil or gas

Average Pressure and Temperature.

10. Pressure of gas near meter in.

11. Temperature of gas near meter deg.
(a) Temperature of cooling water, inlet

(&) Temperature of cooUng water, outlet
(c) Temperature of air by dry-bulb thermometer ...
(d) Temperature of air by wet-bulb thermometer ...
(e) Temperature of exhaust gases at cyUnder

Total Quantities.
12. Gas or oil consimied cu. ft. or lb,

13. Moisture in gas, in per cent by weight, referred to dry gas per cent
14. Equivalent dry gas at 60 deg. and 30 in cu. ft.

(a) Air supplied jn cu. ft.

15. Cooling water supphed to jackets lb.

(a) Water or steam fed to cylinder "

16. Calorific value of oil per lb., or of dry gas per cu. ft. at
60 deg. and 30 in. by calorimeter test (higher value) . .B.T.U.

Hourly Quantities.

17. Gas or oil consumed Der hour cu. ft. or lb.

18. Equivalent dry gas per hour at 60 deg. and 30 in cu. ft.

19. CooUng water supplied per hour lb.

20. Heat units consumed per hour (Item 16 X Item 18) B.T.U.

Analyses.

21-24. Analysis of oil: C; H; O; S; moisture
25-30. Analysis of Fuel Gas by Volume: CO2; CO; O; H;

CH4 ; Cn Hrn ; N by difference
31-34. Analysis of Exhaust Gases by Vohmie: CO2; CO;

O; N.

Indicator Diagrams.

35. Pressure in lb. per sq. in. above atmosphere lb.

(a) Maximum pressiire
"

(b) Pressure at beginning of stroke
"

(c) Pressure at end of expansion
"

(d) Exhaust pressure at lowest point
"

36. Mean effective pressure in lb. per sq. in
"

Speed.
37. Revolutions per minute rev.
38. Average number of explosions or firing strokes per

minute
(a) Variation of speed between no load and full load . . rev.

(&) Momentary fluctuation of speed on suddenly
changing from full load to half load
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Power.

39. Indicated horse-power I.H.P.
40. Brake horse-power br. H.P.
41 Friction horse-power by difference (Item 39 — Item 40)* fr.-H.P.

(a) Friction horse-power by friction diagrams
42. Percentage of indicated horse-power lost in friction

Item 41 per cent

Economy Results.

43. Heat units consumed by engine per I.H.P.-hourf. B.T.U.
44. Heat units consumed by engine per B.H.P.-hour
45. Pounds of oil or cubic feet of dry gas at 60 deg. and 30

in. consiuned per I.H.P. hour lb. cu. ft.

46. Poimds of oil or cubic feet of dry gas per B.H.P.-hour. .

Efflciency.

47. Thermal efficiency referred to indicated horse-power . . . per cent
48. Thermal efficiency referred to brake horse-power "

Work Done per Heat Unit.

49. Ft.-lb. of net work per B.T.U. consumed (1,980,000 -j-

Item 40) , . ft.-lb.

HEAT BALANCE.

50. Heat balance, based on B.T.U. per I.H.P. per hour

B.T.U. Per cent
(a) Heat converted into work 2546.6
(6) Heat rejected in cooling water
(c) Heat rejected in the dry exhaust gases
(d) Heat lost due to moisture formed by

burning of hydrogen
(e) Heat lost in superheating moisture in

gas and air

(/) Heat lost by incomplete combustion
(<7) Heat imaccounted for, including radia-

tion
(h) Total heat consumed per I.H.P.-hr.,

same as Item 43

Sample Diagrams.

51. Sample indicator diagrams from each cylinder and if

possible a stop-motion light-spring diagram showing
inlet and exhaust pressures

LOCOMOTIVES.
Resistance of Trains.

—

Resistance due to Speed.—^Various formulae
and tables for the resistance of trains at different speeds on a straight
level track have been given by different writers. Among these are
the following:

By D. L. Barnes, Eng. Mag., Jime, 1894:
Speed, miles per hour 50' 60 70 80 90 100
Resistance, pounds per gross ton.. 12 12.4 13.5 15 17 20
By Engineering News, March 8, 1894:

Resistance in lbs. per ton of 2000 lbs, = ikv + 2.

Speed 5 10 15 20 25 30 35 40 50 60 70 80 90 100
Resistance. 3 1/4 4.5 53/4 7 8 1/4 9.5 IO3/4 12 14.5 17 19.5 22 24.5 27

* In two cycle engines this includes the power required for compres-
sion.

t If these results, in the case of a gas engine, are based on the low
value of the heat of combustion that fact should be so stated.
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This formula seems to be more generally accepted than the others.
It gives results too small, however, below 10 miles an hour. At starting,
the resistance is about 17 lbs. per ton, dropping to 4 or 5 lbs. at 5 miles
an hour.
By Baldwin Locomotive Works:

Resistance in lbs. per ton of 2000 lbs. = 3 + v + 6.

Speed 5 10 15 20 25 30 35 40 45 50 55 60 70 80 90 100
Resistance. 3.8 4.7 5.5 6.3 7.2 8 8.8 9.7 10.5 11.3 12.2 13 14.7 16.3 18 19.7

The resistance due to speed varies with the condition of the track, the
number of cars in a train, and other conditions.

For tables showing that the resistance varies with the area exposed to
the resistance and friction of the air per ton of loads, see Dashiell, Trans.
A, S. M. E., vol. xiii. p. 371.

P. H. Dudley (Bulletin International Ry, Congress, 1900, p. 1734)
shows that the condition of the track is an important factor of train
resistance which has not hitherto been taken account of. The resist-
ance of heavy trains on the N. Y. Central R. R. at 20 miles an hour is

only about 31/2 lbs. per ton on smooth 80-lb. Si/g-in. rails. The resist-
ance of an 80-car freight train, 60,000 lbs. per car, as given by indicator
cards, at speeds between 15 and 25 miles per hour, is represented by the
formula R = 1 +1/8^, in which R = resistance in lbs. per ton and
V == miles per hour. These values are much below the average and
should not be used in estimating the hauling power needed.
New Formulce for Resistance. — The Amer. Locomotive Co. (Bulletin

No; 1001, Feb., 1910) states that the figures obtained from the old formulae
for train resistance are much too high for modern loaded freight cars
of 40 to 50 tons capacity, and in some instances too low for very light
or empty cars. The best data available show that the resistance varies
from about 2.5 to 3 lbs. per ton (of 2000 lbs.) for 72-ton cars (including
weight of empty car) to 6 to 8 lbs. for 20-ton cars. From speeds between
5 to 10 and 30 to 35 miles an hour, the resistance of freight cars is prac-
tically constant. The resistance of the engine and tender is figured
separately, and is composed of the following factors: (a) Engine friction =
22.2 lbs. per ton, or 1.11% of the weight on drivers. (6) Head air resist-
ance = cross-sectional area (taken at 120 sq, ft.) X 0.002 V^, V being
the speed in miles per hour, (c) Resistance due to weight on engine
trucks and trailing wheels, and to the tender, the same per ton as that
due to the cars, (d) Grade resistance = 20 lbs. per ton for each per
cent of grade, (e) Curve resistance, which varies with the wheel-base
of the locomotive, and is taken as 0.4 + cD lbs. per ton, in which D is

the degree of the curve and c a constant whose value is.

For wheel-base, ft. 5 6 7 8 9 12 13 15 16 20
Value of c 0.380 .415 .460 .485 .520 .625 .660 .730 .765 .905

Tbe sum of these resistances is to be deducted from the tractive force of
the locomotive to obtain the available tractive force for overcoming the
resistance of the cars. (See Tractive Force, below.) The maximum
tractive force is taken for low speeds at 85% of that due to the boiler

Eressure; for piston speeds over 250 ft. per min. this is to be multiplied
y a speed factor to obtain the actual force. Speed factors and percent-

ages of maximum horse-power corresponding to different piston speeds
are given below. <S = piston speed, ft. per min., F = speed factor,
P = % of maximum H.P.

S ,.250 300 350 400 450 500 550 600 650 700 750
F 1.00 .954 .908 .863 .817 .772 .727 .680 .636 .592 .550
P 60.4 69.177.2 83.7 89.0 93.5 96.8 98.7 99.7 100 100

S 800 850 900 950 1000 1100 1200 1300 1400 1500 1600
F 0.517 .487 .460 .435 .412 .372 .337 .307 .283 .261 .241
P 100 100 100 100 100 99 97.8 96.8 95.7 94.7 93.5

The resistance of freight cars, according to experiments on the Penna.
R.R., varies with the weight in tons per car as follows:
Tons per car 10 20 25 30 40 50 60 70 72
Eesistance, lbs. per ton

13,10 7.84 6.62 5.78 4.66 3-94 3.44 3.06 3.09
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From plotted curves of resistances of trains of empty and loaded cars
the following figures are derived. R = resistance in lbs. per ton.

Wt. loaded, tons 75 70 65 60 65 50
Wt. empty, tons 21 20.3 19.5 18.6 17.6 16.5
Per cent of loaded wt 28 29 30 31 32 33
ieioaded 2.90 3.07 3.24 3.43 3.65 3.90
/eempty 5.63 5.82 6.00 6.26 6.50 6.85

Wt. loaded, tons 45 40 35 30 25 20 15
Wt. empty, tons 15.3 14.0 12.6 11.1 9.5 7.8 6.0
Per cent of loaded wt 34 35 36 37 38 39 40
72 loaded 4.18 4.40 4.74 5.07 5.44 5.91 6.40
i2 empty 7.26 7.65 8.05 8.45 9.05 9.60 10.3

The resistance of passenger cars is derived from the formula E = 5.4 +
0.002(7 — 15)2+ 100 -i- (F + 2)3. V in miles per hour, R = resistance
in lbs. per ton (2000 lbs.) H.P. = horse-power per ton.

F = 5 10 15 20 25 30 35
i2 = 5.89 5.51 5.42 5.46 5.60 5.85 6.20
H.P. = 0.079.147 .217 ,291 ,374 .469 .578

F = 40 45 50 60 70 80 90
fi= 6.65 7.20 7.85 9.45 11.45 13.85 16.65
H.P.= 709 .864 1.047 1,515 2.135 2.95 4.00

Resistance of Electric Railway Cars and Trains. — W. J. Davis, Jr.
(Street Ry. Jour., Dec. 3, 1904), gives as a result of numerous experiments
the following formulae:

(A) For light open platform street cars, 8 tons to 20 tons; maximum
speed, 30 miles per hour; cross-section, 85 sq. ft.

R = 6-!-0.11V + ^^^[l + 0.1 (n- 1)1.

(B) For standard interurban electric cars, 25 tons to 40 tons; maximum
epeed, 60 m.p.h.; cross section, 100 sq. ft.

R = 5+0.13F+0.3FV7'fl+ 0.1 (w - 1)].

(C) For heavy interurban electric cars, or steam passenger coaches,
40 tons to 50 tons; maximum speed, 75 m.p.h.; crosss-ection, 110 sq. ft.

i2 = 4 + 0.13 F -I- 0.33 V^/T [1 + 0.1 (n - 1)].

(D) For heavy freight trains, cars weighing 45 tons loaded; maximum
speed, 35 m.p.h.; average cross-section, 110 sq. ft.

i2 = 3.5 -I- . 13 F + 0.385 V^/T [1 + 0.1 (n - 1)].

R = resistance in lbs. per ton of 2000 lbs., F= speed in miles per hour
T = weight of train in tons, n = number of cars in train, including lead-
ing motor car. The cross-section includes the space bounded by the wheels
between the top of rails and the body.

Resistance due to Grade. — The resistance due to a grade of 1 ft. per
mile is, per ton of 2000 lbs., 2000 X 1/5280 = 0.3788 lb. per ton, or if

Rg = resistance in lbs. per ton due to grade and G = ft. per mile Rg =
0.3788 G.

If the grade is expressed as a percentage of the length, the resistance Is

20 lbs. per ton for each per cent of grade.
Resistance due to Curves. — Mr. G, R. Henderson in his book entitled

"Locomotive Operation" gives the resistance due to curvature at 0.7
lb. per ton of 2000 lbs. per degree of the curve. (For definition of
degrees of a railroad curve see p. 54.) For locomotives, this factor is

sometimes doubled, making the resistance in lbs. per ton = 0.7 c for cars
and 1.4 c for locomotives, c being the number of degrees.
The Baldwin Locomotive Works take the approximate resistance due

to each degree of curvature as that due to a straight grade of 1 1/2 ft. per
mile. This corresponds to R^ = 0.5682 c.

The Amer. Locomotive Co. takes 0.8 lb. per ton per degree of curva-
ture for the resistance of cars on curves.
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For mine cars, with short wheel-bases and wheels loose on the axles,
experiments quoted by the Baldwin Locomotive Works, 1904, lead to the
formula, Resistance due to curvature, in pounds, = 0.20 X wheel-base X
weight of loaded cars in pounds. -^ radius of curve in feet.

Resistance due to Acceleration. — This may be calculated by the ordi-
nary formula (see page 529), or reduced to common railroad units, and
including the rotative energy of wheels and axles, which increases the
effect of the weight of the cars by an equivalent of about 5%, we ha re

P = 70 -^ =95.6 -^=70 ^ .where P= the accelerating force in

pounds per ton, V = the velocity in miles per hour, S = the distance
in feet, and t = the time in seconds in which the acceleration takes
place. V\ and Fs = the smaller and greater velocities, respectively,
in miles per hour, for a change of speed.

Total Resistance. — The total resistance in lbs. per ton of 2000 lbs. due
to speed, to grade, to curves, and to acceleration is the sum of the resist-
ances calculated above.
The Baldwin Locomotive Works in their "Locomotive Data" take the

total resistance on a straight level track at slow speeds at from 6 to 10 lbs,

per ton, and in a communication printed in the fourth edition (1898) of
this Pocket-book, p. 1076, say: "We know that in some cases, for in-
stance in mine construction, the frictional resistance has been shown to
be as much as 60 lbs. per ton at slow speed. The resistance should be
approximated to suit the conditions of each individual case, and thf
increased resistance due to speed added thereto."

Resistance due to Friction. — In the above formulse no account has beeii
taken of the resistance due to the friction of xhe working parts. This is

rather an obscure subject. Mr. Henderson estimates the percentage ol

the indicated power consumed by friction to be 0.15 V + c, where
V = speed in miles per hour and c = a constant, whose value may
vary from 2 to 8, the latter figure being the safest to use for heavy work
at slow speeds. Ordinarily 8% of the indicated power is consumed by
internal resistance under these conditions. Professor Goss gives tlie

follov^dng formula, obtained from tests at the Purdue locomotive testing
laboratory:

Let d = diameter of cylinder: S = stroke of piston; D = diameter of
drivers, all in inches. Then the internal friction= 3.8d25/D,in pounds
at the circumference of the drivers.

Concerning the effect of increasing speed on tractive force, Mr. Hender-
son says (1906):
From a number of tests and information from various roads and au-

thorities it seems as if, for ordinary simple engines, the coefficient 0.8

D
cordance with the speed in order to obtain the actual tractive force at
various speeds about as follows:

Revs, per min. = 20 40 60 80 100 120 140 160
Coefficient =0.80 0.80 0.80 0.70 0.61 0.53 0.46 0.40

Revs, per min. = 180 200 220 240 260 280 300 320 340 .

Coefficient = 0.35 0.31 0.28 0.26 0.24 0.23 0.21 0.20 0.19

Effleiency of the Mechanism of a Liocomotive. — Frank C.Wagner
{Proc. A. A. A. S., 1900, p. 140) gives an account of some dynamometer
tests which indicate that in ordinary freight service the power used to
drive the locomotive and tender arid to overcome the friction of the
mechanism is from 10% to 35% of the total power developed in the steam-
cylinder. In one test tho weight of the locomotive and tender was 16%
of the total weight of the train, while the power consumed in the loco-
motive and tender was from 30% to 33% of the indicated horse-power.
Adhesion. — The Umit of the hauling capacity of a locomotive is the

adhesion due to the weight on the driving wheels. Holmes gives the
adhesion, in English practice, as equal to 0.15 of the load on the driving
wheels in ordinary dry weather, but onljr 0.07 in damp weather or when
the rails are greasy. In American practice it is generally taken as from
1/4 to 1/5 of the load on the drivers.
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Tractive Force of a Locomotive. — Single Expansion.
Let F = indicated tractive force in lbs.

p = average effective pressure in cylinder in lbs. per sq. in.
*S = stroke of piston in inches.
d — diameter of cylinders in inches.
D = diameter of driving-wheels in inches. Then

4 nd?vS ^ (PpS

4:7:D D '

The average effective pressure can be obtained from an in-licator*
diagram, or by calculation, when the initial pressure and ratio ot expan-
sion are known, together with the other properties of the valve-motion.
The subjoined table from Auchincloss gives the proportion of mean
effective pressure to boiler-pressure above atmosphere for various pro-
portions of cut-off.

Stroke,
Cut-oflf at —

M.E.P.
(Boiler-

pres. = 1).

Stroke,
Cut-oflf at—

M.E.P.
(Boiler-

pres. = 1).

Stroke,
Cut-off at —

M.E.P.
(Boiler-

pres. =-1).

1/8

0.1

.125

.15

.175

.2

.25 = 1/4

0.15
.2

.24

.28

.32

.4

.46

0.333 = 1/3
.375 = 3/8

.45

.5

.55

= 1/2

0.5 =
.55

.57

.62

.67

.72

1/2 0.625 = 5/8
.666 = 2/3

:75 =3/4
.8

.875 = 7/8

0.79
.82
.85

These values were deduced from experiments with an English locomo-
tive by Mr. Gooch. As diagrams vary so much from different causes,
this table will only fairly represent practical cases. It is evident that
the cut-off must be such that the boiler will be capable of supplying
sufficient steam at the given speed.
We can, however, allow for wire drawing to the steam chest and drop in

pressure due to expansion, and internal friction by writing the formula:
8 P(PS

Actual Tractive Force= ——^r , d, S, and D being as before and P
representing boiler pressure in lbs. per sq. in.

Compound Locomotives. — The Baldwin Locomotive Works give the fol-

lowing formulae for compound engines of the Vauclain four-cylinder type:

C^S X 2/3 P c^S X 1/4 P^~ D ^ D
'

T= tractive force in lbs. C= diam. of high-pressure cylinder in ins.

C= diam. of low-pressure cylinder in ins. P= boiler-pressure in lbs.

S= stroke of piston in ins. Z)= diam. of driving-wheels in ins.

For a two-cylinder or cross-compound engine it is only necessary to con-
sider the high-pressure cylinder, allowing a sufficient decrease in boiler
pressure to compensate for the necessary back-pressure. The formula is

C^SXVsP
^ D

The above formulae are for speeds of from 5 to 10 miles an hour, or
less; above that the capacity of the boiler limits the cut-off which can be
used, and the available tractive force is rapidly reduced as the speed
increases. For a full discussion of this, see page 375 of Henderson's
"Locomotive Operation."
The Size of Locomotive Cylinders is usually taken to be such that

the engine will just overcome the adhesion of its wheels to the rails under
favorable circumstances.
The adhesion is taken by a committee of the Am. Ry. Master Mechan-

ics' Assn. as 0.25 of the weight on the drivers foP passenger engines, 0.24
for freight, and 0.22 for switching engines; and the mean effective pres-
siire in the cylinder, when exerting the maximum tractive force, is taken
at 0.85 of the boiler-pressure.
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Let W = weight on drivers in ll)s.; P = tractive force in lbs., = say
0.25 W; pi = boiler-pressure in lbs. per sq. in.; p = mean effective
pressure, = 0.85 pi; d = diam. of cylinder, S = length of stroke, and
D = diam. of driving-w^heels, all in inches. Then

4 d^pS _ 4 d2 X 0.85 piS
D DTF=4P =

d=0.5^l|f= 0.542 A/|2.
Von Borries's rule for the diameter of the low-pressure cylinder of a

compound locomotive is d- = 2ZD -r- ph, in which d= diameter of l.p.

cylinder in inches; D = diameter of driving-wheel in inches; p =- mean
effective pressure per sq. in., after deducting internal machine friction;
h = stroke of piston in inches; Z = tractive force required, usually 0.14
to 0.16 of the adhesion.
The value of p depends on the relative volume of the two cylinders,

and from indicator experiments may be taken as follows:

nioco rvf -pntn-no Ratlo of Cylinder » in percent of p for Boiler-pres-
Class 01 ±.ngine. Volumes. Boiler-pressure, sure of 176 lbs.

Large-tender eng's. 1 : 2 or 1 : 2.05 42 74
Tank-engines 1 : 2 or 1 : 2.2 40 71

Horse-power of a Locomotive. — For each cylinder the horse-powei
is H.P. = pLaN -T- 33,000, in which p = mean effective pressure, L =
stroke in feet, a = area of cylinder = 1/4 nd^, N = number of single
strokes per minute, LN = piston speed, ft. per min. Let M = speed of
train in miles per hour, S = length of stroke in inches, and D = diam-
eter of driving-wheel in inches. Then LN = M X 88 X 2 S -r^ nD.
Whence for the two cylinders the horse-power is

2 X ?> X 1/4 nd"^ X 17Q S X M _ pd^SM
zD X 33,000 375 D

'

Revolutions PER Minute for Various Diameters or Wheels
AND Speeds.

Miles per Hour
Diameter
of Wheel. \

10 20 30 4U 50 60 70 80

50 in. 67 134 201 268 336 403 470 538
56 in. 60 120 180 240 300 360 420 480
60 m. 56 112 168 224 280 336 392 448
62 in. 54 108 162 217 271 325 379 433

66 in. 51 102 153 204 255 306 357 408
68 in. 49 99 148 198 247 296 346 395

72 in. 47 93 140 187 233 279 326 373

78 in. 43 86 129 172 215 258 301 344
80 in. 42 84 126 168 210 252 294 336
84 in. 40 80 120 160 200 240 280 320

90 in. 37 75 112 150 186 224 261 299

The Size of Locomotive Boilers. (Forney's Catechism of the Loco-
motive.) — They should be proportioned to the amount of adhesive
weight and to the speed at which the locomotive is intended to work.
Thus a locomotive with a great deal of weight on the driving-wheels
could null a hea\ner load, would have a greater cylinder capacity than
one with Uttle adhesive weight, would consume more steam, and there-

fore should have a larger boiler.
The weight and dimensions of locomotive boilers are in nearly all

cases determined by the limits of weight and space to which they are
necessarily confined. It may be stated generally that within these limits

a locomotive boiler cannot be made too large. Jn other words, boilers for
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locomotives should always be made as large as is possible under the
conditions that determine the weight and dimensions of the locomotives.
(See also Holmes on the Steam-engine, pp. 371 to 377 and 383 to 389,
and the Report of the Am. Ry. M. M. Ass'n. for 1897, pp. 218 to 232.)
Holmes gives the following from English practice:

Evaporation, 9 to 12 lbs. of water from and at 212°.
Ordinary rate of combustion, 65 lbs. per sq. ft. of grate per hour.
Ratio of grate to heating surface, 1 : 60 to 90.
Heating surface per lb. of coal burnt per hour. 0.9 to 1.5 sq. ft.

Mr. Henderson states the approximate heating surface needed per
indicated horse-power as follows:

Compound Locomotives 2 square feet.
Simple Locomotives (cut-off 1/2 stroke or less) 21/3 square feet.
Simple Locomotive? (cut-off 1/2 to 3/4 stroke) 22/3 square feet.
Simple Locomotives (full stroke) 3 square feet.

For the ratio of heating surface to grate area the Master Mechanics
Ass'n Committee of 1902 advised as below:

Fuel.

Passenger. Freight.

Simple. Com-
pound. Simple. Com-

pound.

65 to 90
50 to 65
40 to 50

35 to 40

28 to 35

75 to 95
60 to 75

35 to 60

30 to 35

24 to 30

70 to 85
45 to 70
35 to 45

30 to 35

25 to 30

65 to 85
50 to 65
45 to 50

Bituminous slack and free burning.

.

40 to 45

Low grade jaituminous, lignite and
30 to 40

A. E. Mitchell, (Eng'g News, Jan. 24, 1891) says: Square feet of boiler-
heating surface for bituminous coal should not be less than 4 times the
square of the diameter in inches of a cylinder 1 inch larger than the
cylinder to be used. One tenth of this should be in the fire-box. On
anthracite locomotives more heating-surface is required in the fire-box, on
account of the larger grate-area required, but the heating-surface of the
flues should not be materially decreased.
Wootten's Ijocoinotive. (Clark's Steam-engine; see also Jour.

Frank. Inst. 1891, and Modern Mechanism, p. 485.) — J. E. Wootten
designed and constructed a locomotive boiler for the combustion of an-
thracite and lignite, though specially for the utilization as fuel of the
waste produced in the mining and preparation of anthracite. The special
feature of the engine is the fire-box, which is made of great length and
breadth, extending clear over the wheels, giving a grate-area of from
64 to 85 sq. ft. The draught diffused over these large areas is so gentle
as not to lift the fine particles of the fuel. A number of express-engines
having this type of boiler are engaged on the fast trains between Phila-
delphia and Jersey City. The fire-box shell is 8 ft. 8 in. wide and 10 ft.

5 in. long; the fire-box is 8 X 91/2 ft., making 76 sq. ft. of grate-area.
The grate is composed of bars and water-tubes alternately. The regular
types of cast-iron shaking grates are also used. The height of the fire-

box is only 2 ft. 5 in. above the grate. The grate is terminated by a
bridge of fire-brick, beyond which a combustion-chamber, 27 in. long,
leads to the flue-tubes, about 184 in num.ber, 13/4 in. diam. The cylin-
ders are 21 in. diam., with a stroke of 22 inches. The driving-wheels,
four-coupled, are 5 ft. 8 in. diam. The engine weighs 44 tons, of which
29 tons are on driving, wheels. The heating-surface of the fire-box is

135 sq. ft., that of the flue-tubes is 982 sq. ft.; together, 1117 sq. ft., or
14.7 times the grate-area. Hauhng 15 passenger-cars, weighing with
passengers 360 tons, at an average speed of 42 miles per hour, over ruling
gradients of 1 in 89, the engine consumes 62 lbs, of fuel per Aiile, or
341/4 I'Js. per sq. ft. of grate per hour.
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Grate-surface, Smoke-stacks, and Exhaust-nozzles for liOcomo-
motives.— A. E. Mitchell, Supt. of Motive Power of the Erie R. R., says
(1895) that some roads use the same size of stack, 13 1/2 in. diam. at
throat, for all engines up to 20 in. diam. of cyUnder.
The area of the orifices in the exhaust-nozzles depends on the quantity

and quality of the coal burnt, size of cylinder, construction of stack,
and the condition of the outer atmosphere. It is therefore impossible
to give rules for computing the exact diameter of the orifices. All that
can be done is to give a rule by which an approximate diameter can be
found. The exact diameter can only be found by trial. Our experi-
ence leads us to believe that the area of each orifice in a double exhaust-
nozzle should be equal to 1/400 part of the grate-surface, and for single
nozzles 1/200 of the grate-surface. These ratios have been used in finding
the diameters of the nozzles given in the following table. The same
sizes are often used for either hard or soft coal-burners. [These sizes are
small at the present day (1909) as locomotives have enormously in-
creased in size.]

Double Single

Size of
Grate-area
for Anthra-
cite Coal, in

Grate-area
for Bitumin-
ous Coal, in

Diameter
9f Stacks,
in inches.

Nozzles. Nozzles.

Cylinders,
in inches. Diam. of Diam. of

sq. in. sq. in. Orifices, in
inches.

Orifices, in
inches.

12x20 1591
•

1217 91/2 2 213/16
13x20 1873 1432 101/2 21/8 3
14x20 2179 1666 111/4 25/16 31/4
15x22 2742 2097 121/2 29/16 311/16
16x24 3415 2611 14 27/8 41/16
17x24 3856 2948 15 31/16 45/16
18x24 4321 3304 153/4 31/4 45/8
19x24 4810 3678 161/2 37/16 413/16
20x24 5337 4081 171/2 35/8 51/16

Exhaust-nozzles in Locomotive Boilers. — A committee of the
Am. Ry. Master Mechanics' Ass'n. in 1890 reported that they had, after
two years of experiment and research, come to the conclusion that,
owing to the great diversity in the relative proportions of cylinders and
boilers, together with the difference in the quality of fuel, any rule which
does not recognize each and all of these factors would be worthless.
The committee was unable to devise any plan to determine the size

of the exhaust-nozzle in proportion to any other part of the engine or
boiler. The conditions desirable are: That it must create draught
enough on the fire to make steam, and at the same time impose the least
possible amount of work on the pistons in the shape of back pressure.
It should be large enough to produce a nearlj^ uniform blast without
lifting or tearing the fire, and be economical'in its use of fuel. The
Annual Report of the Association for 1896 contains interesting data on
this subject.
Much important information regarding stacks and exhaust nozzles is

embodied in the tests at Purdue University, reported to the Master
Mechanics' Ass'n. in 1896 and in the tests "^ reported in the American
Engineer in 1902 and 1903.
Fire-brick Arches in Locomotive Fire-boxes. — A committee of

the Am. Ry. Master Mechanics' Ass'n. in 1890 reported strongly in favor
of the use of brick arches in locomotive fire-boxes. They say: It is the
unanimous opinion of all who use bituminous coal and brick arch, that
it is most efficient in consuming the various gases composing black
smoke, and by impeding and delaying their passage through the tubes,
and mingling and subjecting them to the heat of the furnace, greatly
lessens the volume ejected, and intensifies combustion, and does not in
the least check but rather augments draught, with the consequent saving
of fuel and increased steaming capacity that might be expected from
such results. This in particular when used in connction with extension
front,
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Arches now (1900) M^ not quite so much In favor, largely oh aecbUttt

of the difficulty and delay caused to workmen when flues must be calked,

as occurs frequently in 'bad water districts, and some of tu<-ir former
advocates are now omitting them altogether.

Economy of High Pressures. — Tests of a Schenectady locomotive
with cyHnders 16 X 24 ins,, at the Purdue University locomotive testing

plant, gave results as follows: {Eng. Digest, Mar., 1909; Bull. No. 26, Univ.
of 111. Expt. Station).

Boiler pressure, lbs. per sq. in. 120 140 160 180 200 220 240
Steam per 1 H.P. hour, lbs. 29.1 27.7 26.6 26. 25.5 25.1 24.7
Coal per 1 H.P. hour, lbs. 4 3.77 3.59 3.50 3.43 3.37 3.31

In the same series of tests the economy of the boiler at different rates of
driving and different pressures was determined, the results leading to the
formula E = 11.305 - 0.221 H, in which E = lbs. evaporated from and
at 212" per lb. of Youghiogheny coal, and H the equivalent evaporation
per sq. ft. of heating surface per hour, with an average error for any
pressure which does not exceed 2.1%.

Leading American Types of Loconiotive tor Freight and
Passenger Servicec

1. The eight-wheel or *• American" passenger type, having four coupled
driving-wheels and a four-wheeled truck in front.

2. The "ten-wheel" type, for mixed traffic, having six coupled drivers
and a leading four-wheel truck.

3. The "Mogul" freight type, having six coupled driving-wheels and
a pony or two-wheel truck in front.

4. The "Consolidation" type, for heavy freight service, having eight
coupled driving-wheels and a pony truck in front.

Besides these there is a great variety of types for special conditions of
service, as four-wheel and six-wheel switching-engines, without trucks;
the Forney type used on elevated railroads, with four coupled wheels
under the engine and a four-wheeled rear truck carrying the water-tank
and fuel; locomotives for local and suburban service with four coupled
driving-wheels, with a two-wheel truck front and rear, or a two-wheel
truck front and a four-wheel truck rear, etc. "Decapod" engines for
heavy freight service have ten coupled driving-wheels and a two-wheel
truck in front.

n O O o O e

O O O OF
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Classification of Locomotives (Penna. R. R. Co., 1900). — Class A,
two pairs of drivers and no truck. -Class B, three pairs of drivers and no
truck. Class C, four pairs of drivers and no truck. Class D, two pairs of
drivers and four-wheel truck. Class E, two pairs of drivers, four-wheel
truck, and trailing wheels. Class F, three pairs of driving-wheels and
two-wheel truck. Class G, three pairs of drivers and four-wheel truck.
Class H, four pairs of drivers and two-wheel truck. Class A is com-
monly called a "four-wheeler"; B, a "six-wheeler"; D, an "eight-
wheeler," or "American" type; E, "Atlantic" type; F, "Mogul";
G, "ten-wheeler"; H, "ConsoUdation."
Modern Classification. — The classes shown above, lettered A, B, C,

etc., are commonly reoresented respectively by the symbols 0-4-0;
0-6-0; 0-8-0, 4-4-0; 4-4-2, 2-6-0; 4-6-0; 2-8-0; the first figure being
the number of wheels in the truck, the second the driving-wheels, and the
tliird the trailers. Other types are the "Pacific," 4-6-2; the "Prairie," 2-6-2;

o
o

o.
o Ob

O O O Oc
o o o o
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ihd the **8ahta Fev" 2-10-2. Engines on the Mallet sj'stem, with two
locomotive engines under one boiler, are classified 0-8-8-0, 2-6-6-2, etc.

Formulae for Curves. (Baldwin Locomotive Works.)
Approximate Formula for Radius. Approximate J'ormula for Swing.

R = 0.7646 PF -J- 2 P. {T - W) T -^ 2 S = B.

&) &) o_s> o o

R =^ radius of min. curve in feet.

P = play of driving-wheels in
decimals of 1 ft.

W = rigid wheel-base in feet.

W — rigid wheel-base.
T = total wheel-base.
R = radius of curve.
S = swing on each side of centre.

Steam-distribution for High-speed Locomotives.
(C. H. Quereau, Eng'g News, March 8, 1894.

Balanced Valves. — Mr. Philip Wallis, in 1886, when Engineer of Tests
for the C, B. & Q. R. R., reported that while 6 H.P. was required to
work unbalanced valves at 40 miles per hour, for the balanced valves
2.2 H.P. only was necessary.

[Later tests were reported by the Master Mechanics' Committee in 1896.
Unbalanced valves required from 3/4 to 2 1/2 per cent of the I.H.P. for
their motion, balanced valves from 1/3 to 1/2 as much, and piston valves:
about Vs or i/g. Generally in balanced valves, the area of balance =
area of exhaust port + area of two bridges + area of one steam port.

J

Effect of Speed on Average Cylinder-pressure. — Assume that a loccmo-
tive has a train in motion, the reverse lever is placed in the running
notch, and the track is level; by what is the maximum speed limited?
The resistance of the train and the load increase, and the power of the
locomotive decreases with increasing speed till the resistance and power
are equal, when the speed becomes uniform. The power of the engine
depends on the average pressure in the cylinders. Even though the
cut-off and boiler-pressure remain the same, this pressure decreases as
the speed increases; because of the higher piston-speed and more rapid
valve-travel the steam has a shorter time in which to enter the cjdinders
at the higher speed. The following table, from indicator-cards taken
from a locomotive at varying speeds, shows the decrease of average
pressure with increasing speed:

Miles per hour 46 51 51 53 54 57 60 66
Speed, revolutions 224 248 248 258 263 277 292 321
Average pressure per sq. in.:

Actual 51.5 44.0 47.3 43.0 41.3 42.5 37.3 36.3
Calculated 46.5 46.5 44.7 43.8 41.6 39.5 35.9

The "average pressure calculated" was figured on the assumption that
the mean effective pressure would decrease in the same ratio that the
speed increased. The main difference lies in the higher steam-line at
the lower speeds, and consequent higher expansion-line, showing that
more steam entered the cylinder. The back pressure and compression-
lines agree quite closely for all the cards, though they are slightly better
for the slower speeds. That the difference is not greater may safely be
attributed to the large exhaust-ports, passages, and exhaust tip, which
is 5 in. diameter. These are matters of great importance for high speeds.

Boiler-pressure. — Assuming that the train resistance increases as the
speed after about 20 miles an hour is reached, that an average of 50_lbs.
per sq. in. is the greatest that can be realized in the cylinders of a given
engine at 40 miles an hour, and that this pressure furnishes just sufficient

power to keep_ the train at this speed, it follows that, to increase the:

speed to 50 miles, the mean effective pressure must be increased in the
same proportion. To increase the capacity for speed of any locomotive;
its power must be increased, and at least by as much as the speed is ta*

be increased. One way to accomplish this is to increase the boiler*^
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Eressure. That this is generally realized, is shown by the increase In
oiler-pressure in the last ten years. For twenty-three single-expansion

locomotives described in the railway journals this year the steam-pres-
sures are as follows: 3, 160 lbs.; 4, 165 lbs.; 2, 170 lbs.; 13 180 lbs.;

1, 190 lbs.
Valve-travel. — An increased average cylinder-pressure may also be

obtained by increasing the valve-travel without raising the boiler-

f)ressure, and better results will be obtained by increasing both. The
onger travel gives a higher steam-pressure in the cylinders, a later
exhaust-opening, later exhaust-closure, and a larger exhaust-opening —
aU necessary for liigh speeds and economy. I believe that a 20-in.
port and 61/2-in. (or even 7-in.) travel could be successfully used for
high-speed engines, and that frequently by so doing the cylinders could
be economically reduced and the counter-balance lightened. Or, better
still, the diameter of the drivers increased, securing lighter counterbal-
ance and better steam-distribution.

Size of Drivers. — Economy will increase with increasing diameter of
drivers, provided the work at average speed does not necessitate a cut-off
longer than one fourth the stroke. The piston-speed of a locomotive
with 62-in. drivers at 55 miles per hour is the. same as that of one with
68-in. drivers at 61 miles per hour.

Steam-ports. — The length of steam-ports ranges from 15 in. to 23 in.,

and has considerable influence on the power, speed, and economy of the
locomotive. In cards from similar engines the steam-line of the card
from the engine with 23-in. ports is considerably nearer boiler-pressure
than that of the card from the engine with 171/4-in. ports. That the
higher steam-line is due to the greater length of steam-port there is little

room for doubt. The 23-in. port produced 531 H.P. in an 18i/2-in.

cylinder at a cost of 23.5 lbs. of water per I.H.P. per hour. The 171/4
in. port, 424 H.P., at the rate of 22.9 lbs. of water, in a 19-in. cylinder.

Allen Valves. — There is considerable difference of opinion as to the
advantage of the Allen ported-valve. (See Eng. News, July 6, 1893.)
A Report on the advantage of Allen valves was made by the Master

Mechanics' Committee of 1896.
Speed of Railway Trains. — In 1834 the average speed of trains on

the Liverpool and Manchester Railway was 20 miles an hour; in 1838 it

was 25 miles an hour. But by 1840 there were engines on the Great
Western Railway capable of running 50 miles an hour with a train and
80 miles an hour without. (Trans. A. S. M. E., vol. xiii, 363.)
The limitation to the increase of speed of heavy locomotives seems at

present to be the difficulty of counterbalancing the reciprocating parts.
The unbalanced vertical component of the reciprocating parts causes
the pressure of the driver on the rail to vary with every revolution.
Whenever the speed is high, it is of considerable magnitude, and its.

change in direction is so rapid that the resulting effect upon the rail is 1

not inappropriately called a "hammer blow." Heavy rails have been
kinked, and bridges have been shaken to their fall under the action of
heavily balanced drivers revolving at high speeds. The means by
which the evil is to be overcome has not yet been made clear. See
paper by W. F. M. Goss, Trans. A. S. M. E., vol. xvi.
Much can be accomplished, however, by carefully designing and

proportioning the counter-balance in the wheels and by using hght, but
strong, reciprocating parts. Pages 41-74 of "Locomotive Operation,"
gives complete rules and results.

Balanced compound locomotives, with 4 cylinders, the adjacent pis-
tons and crossheads being connected 180° apart have also done much
to reduce the disturbance of the moving parts.
Engine No. 999 of the New York Central Railroad ran a mile in 32

seconds equal to 112 miles per hour. May 11, 1893.

Speed in ) circum. of driving-wheels in in. X no. of rev. per min. X 60
miles per \

= ^ ^

hour )
63,360

= diam., of driving-wheels in in. X no. of rev. per min. X.003
(approximate, giving result s/^q of 1 per cent too great).

Performance of a High-speed Loeoraotive. — The Baldwin com-
pound locomotive No. 1027, on the Phila. & Atlantic City Ry., in 1897
made a record as follows:
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For the 52 days the train ran, from July 2d to August 31st, the average
time consumed on the run of 551/2 miles from Camden to Atlantic City
was 48 minutes, equivalent to a uniform rate of speed from start to stop
Of 69 miles per hour. On July 14th the run from Camden to Atlantic
City was made in 461/2 min., an average of 71.6 miles per hour for the total

distance. On 22 days the train consisted of 5 cars and on 30 days it was
made up of 6, the weight of cars being as follows: combination car, 57,200
lbs.; coaches, each, 59,200 lbs.; PuUman car, 85,500 lbs.

The general dimensions of the locomotive are as follows: cylinders,
13 and 22 X 26 in.; height of drivers, 841/4 in.; total wheel-base, 26 ft.

7 in.; driving-wheel base, 7 ft. 3 in.; length of tubes, 13 ft.; diameter of
boiler, 583/4 in.; diameter of tubes, 1 3/4 in.; number of tubes, 278; length
of fire-box, 1137/8 in.; width of fire-box, 96 in.; heating-surface of fire-

box, 136.4 sq. ft.; heating-surface of tubes, 1614.9 sq. ft.; total heating-
surface, 1835.1 sq. ft.; tank capacity, 4000 gahons; boiler-pressure,
200 lbs. per sq. in.; total weight of engine and tender, 227,000 lbs.;

weight on drivers (about), 78,600 lbs.

Fuel Efficiency of American Locomotives. — Prof. W. M. Goss, as
a result of a series of tests run on the Purdue locomotive, finds' the dis-
position of the heat developed by burning coal in a locomotive fire-box
to be on the average about as shown in the following table:

Absorbed by steam in the boiler, 52 %; by the superheater, 5 %;
total, 57 %. Losses: In vaporizing moisture in the coal, 5 %; discharge
of CO., 1 %; high temperature of the products of combustion, 14 %;
unconsumed fuel in the form of front-end cinders, 3 % ; cinders or sparks
passed out of the stack, 9 %; unconsumed fuel in the ash, 4 %; radia-
tion, leakage of steam and water, etc., 7 %. Total losses, 43 %.

It is probable that these losses are considerably less than the losses
which are experienced in the average locomotive in regular railway
service. — (Bulletin No. 402, U.S. Geol. Survey, 1909.)

Locomotive Link l>Iotion, — Mr. F. A. Halsey, in his work on " Loco-
motive Link Motion," 1898, shows that the location of the eccentric-rod
pins back of the link-arc and the angular vibrations of the eccentric-
rods introduce two errors in the motion which are corrected by the
angular vibration of the connecting-rod and by locating the saddle-stud
back of the link-arc. He holds that it is probable" that the opinions of
the critics of the locomotive link motion are mistaken ones, and that it

comes little short of all that can be desired for a locomotive valve motion.
The increase of lead from full to mid gear and the heavy compression at
mid gear are both advantages and not defects. The cylinder problem of
a locomotive is entirely different from that of a stationary engine. With
the latter the problem is to determine the size of the cylinder and the dis-
tribution of steam to drive economically a given load at a given speed.
With locomotives the cyhnder is made of a size which will start the
heaviest train which the adhesion of the locomotive will permit, and the
problem then is to utilize that cylinder to the best advantage at a greatly
increased speed, but under a greatly reduced mean effective pressure.

Negative lead at full gear has been used in the recent practice of some
railroads. The advantages claimed are an increase in the power of the
engine at full gear, since positive lead offers resistance to the motion of
the piston; easier riding; reduced frequency of hot bearings; and a
slight gain in fuel economy. Mr. Halsey gives the practice as to lead on
several roads as follows, showing great diversity:

Full Gear
Forward, in.

Full Gear
Back, in.

Reversing
Gear, in.

New York, New Haven &
Hartford

I/I6 pos.

1/32 pos.
I/I6 neg.

3/18 neg.

1/4 neg.

1/4 neg.

1/4 pos.

Maine Central
abt 3/16

5/ig pos.Lake Shore 9/64 neg.
Chicago Great Western 3/16 to S/16
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DIMENSIONS OF SOME LARGE AMERICAN
LOCOMOTIVES, 1893 AND 1904.

Of the four locomotives described in the table on the next page the
{

first two were exhibited at the Chicago Exposition in 1893. The dimen-
sions are from Engineering News, June, 1893. The first, or Decapod
engine, has ten-coupled driving-wheels. It is one of the heaviest and
most powerful engines built up to that date for freight service. The
second is a simple engine, of the standard American 8-wheel type, 4
driving-wheels, and a 4-wheel truck in front. I'his engine held the
world's record for speed in 1893 for short distances, having run a mile
In 32 seconds.
The other two engines formed part of the exhibit of the Baldwin

Locomotive Works at the St. Louis Exposition in 1904. The Santa Fe
type engine has five pairs of driving-wheels, and a two-wheeled truck at
the front and at the rear. It is equipped with Vauclain tandem com-
pound cyUnders.

Dimensions of Some American Locomotives.
(Baldwin Loco. Wks. 1904-8.)

si

Boilers. Tubes. Heating
Surface.

Driving
Wheels

Diam.,

Weight, lbs.

c-2

Brn
cr«-

No. b̂C Is i^ on Total

"s^; ^
M

2 c
O •" s- g

1-5 s^ t^
ins. Drivers Engine

ft. in.

150 42 9 97 2 11 7 41 586 37 44,420 52,720
160 50 14.6 16U 2 10 6 75 873 48 72,150 84,650
200 60 25.9 287 2 M 7 135 1733 69 83,680 124,420
2(M) 62 30 111 2 16 1 136 ?,779 68 112,000 159,000

200 76 37.2 298 21/4 13 10 200 2414 51 164,000 179,500
200 68 35 306 21/4 14 6 195 2593 56 166,000 186,000

200 66 49 5 273 21/4 18 10 190 3015 79 101,420 193,760

a 200 70 53.5 318 21/4 19 195 3543 79 144,600 209,210
9 210 70 55 303 21/^ 21 190 3772 74 151,290 230,940
10 225 78 53.5 463 21/4 19 210 5155 57 237,800 267,800
11 200 84 68.4 401 21/4 21 232 4941 57 394,150 425,900

Type and cylinder size: 1, Mogul, 13 X 18; 2, Mogul, 16 X 20; 3, Am-
erican, 18 X 24; 4, 10-wlieel balanced compound, 16 X 26 and 26 X 28;
5, Consolidation, 22 X 28; 6, Consolidation, 23 and 35 X 32; 7, Atlantic,
15 and 25 X 26; 8, Prairie, 17 and 28 x 28; 9, Pacific, 22 X 28; 10, Deca-
pod, 19 and 32 X 32; 11, Mallet, two each 26 and 40 X 30.
The Mallet Compound Locomotive.—The Mallet articulated loco-

raotive consists principally of two sets of engines flexibly connected un-
der one boiler; the rear, which is a high-pressure engine of two cylinders,
fixed rigid with tlie boiler and receiving the steam direct from the dome.
The front or low-pressure engine, also provided with two cylinders, is

capable of lateral movement to adjust itself to the curvature of the road
on the same general principle as a radial truck. The high-pressure
engine exhausts into a receiver flexibly connecting the cylinders of the
two sets of engines, from which the low-pressure engine receives its

steam supply and is exhausted from the latter through a flexible pipe
to the stack. Each cylinder has its independent valve and gear con-
nected to and operated with a common reversing rigging. By this
means the tractive power can be doubled over that of the ordinary
engine for a given weight of rail witli a substantial saving in fuel.

(See paper by C. J. Mellin, Trans. A. S. M. E., 1909.)
This type of locomotive is adapter! to a wider range of service than per-

haps any other design. It was originally intended for narrow-gage roads
of light construction, necessitating sharp curves and steep grades, in com-
bination with light rails. The characteristics of this design are flexibility

and uniform distribution of weight combined with the use of two separate
engines which would not slip at thesame time, and the total weight carried

on the drivers, giving great tractive power, The first engine of this class
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Baldwin.
N.Y., L.E.
& W.R.R.
Decapod
Freight.

N.Y. C.&
H.R.R.
Empire
State

Express.
No. 999.

Baldwin.
Santa Fe
Type
2-10-2

Freight.

Baldwin.
Pacific

Type 4-6-2

Passenger.

Running-gear:
Driving-wheels, diam. .

Truck " " ..

Journals, driving-axles
truck-

" tender-
Wheel-base :

Driving
Total engine

tender
eng. and tender.

.

Wt. in working-order:
On drivers
On truck-wheels
Engine, total
Tender "

Eng. and tend., loaded
Cylinders:
h.p.(2)
l.p.(2)
Piston-rod, diam
Connecting-rod, I'gth.

.

Steam-ports

Exhaust-ports
Valves, out. lap, h.p. .

.

out. lap, l.p
" in. lap, h.p
" in. lap, l.p
" max. travel . .

.

" lead, h.p
lead, l.p

Boiler.— Type
Diam. barrel inside . . .

.

Thickness of plates . .

.

Height from rail to
center line

Length of smoke-box .

.

Working pressure
Firebox.— type
Length inside
Width "
Depth at front
Thickness side plates.

.

back plate .

.

"
crown-sheet.
tube sheet..

.

Grate-area
Stay-bolts, IVsin

Tubes— iron
Pitch....
Diam., outside
Length

Heating-surface

:

Tubes, exterior ,

.

Fire-box
Miscellaneous:
Exhaust-nozzle, diam .

Stack, smal'st diam. .

.

height from
^ rail to top

50 in.

30
"

9 XlOin.
5 XIO"
41/2X 9

*•

18 ft. 10 in.

27 " 3
"

16 " 8
"

53" 4
'•

170,000 lbs.

29,500 "

192,500 "

117,500 "

310,000 "

16X28 in.

27X28
"

4 in.
9' 87/16"

281/2X2 in.

281/2X8
"

V/8 in.

5/8"

86 in.

40
"

9 X 121/2 in
6I/4XIO "

41/8X 8 "

8 ft. 6 in.
23" 11

"

15 "21/2 '

47 " 81/8
"

84,000 lbs.

40,000
"

124,000 "

80,000
"

204,000 "

19X24 in.

33/8 in.

8 ft. 11/2 in.

ll/2Xl8in.

23/4X18
"

6 in.

V16 in.

5/16
"

Straight
6 ft. 21/2 in.

3/4 in.

8 ft. in.

5 " 77/8
"

180 lbs.

Woo tten
10' 119/ie"

8 ft. 21/8 in.

4 " 6 "

5/16 in.

5/16
"

3/8
"

1/2
"

89.6 sq. ft.

pitch, 41/4 in.

354

23/4 in.

2
11 ft. II in.

2,208.8 ft.

234.3
"

5 in.

I ft. 6 in.

15ft.6l/2in.

Vioin.

'si/aYn.'

Wagon top
4ft. 9 in.

9/16 in.

7 ft. 11 1/2 in.4-8 "

190 lbs.

Buchanan
9 ft. 63/8 in.

3 " 47/8 "

6 " 11/4 "

5/16 in.

5/16
"

3/8"
1/2

"

30.7 sq.ft.
4 in.

57 in.
29 1/4 & 40"

II X12"
6I/2XIO"
71/2X12" =

19 ft. 9 in.

35 " II
"

77 in.

331/2 & 45"

I0Xl2in.
6X10

"

8X12 " *

13 ft. 4 in.

33 " 4
"

234,580 lbs.

52,660
"

287,240 "

62' 83/4"

141,290

81,230
222,520

19X32 in.

32X32 "
22X28 in.

22X28
"

293/4X15/8'
and 13/4"

293/4X63/4"
7/8 in.

3/4
"

neg. l/4in.

neg.3/8
"

6 in.
"

Vs
"

Wagon to
783/4 in.

7/8& 15/16"

307/8X11/2"

307/8X3"
1 in.

neg. l/ie"

6 in.

3/32 in.

Straight
70 in.

11/16 in.

78 "

801/4 in.

781/4
"

9/16
"

58.5 sq.ft.
391

68
64

'

3/8 "

1/2 "

49.5 sq.ft.
245

2 in.

12 ft. in.

1,697 sq.ft.
233 "

31/2 in.

1 ft. 3 1/4 in.

14ft. 10 in.

21/4 in.

20 ft.

4,586 so. ft.

210 *"

21/4 in.

20 ft.

2,874 sq.ft.
179 "

* Back truck journalSc
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was built about 1887, and in 1909 there were approximately 500 running in
Europe. They are now extensively in use in the United States for the
heaviest service. The largest locomotive yet built is described in Eng.
News, April 29, 1909. It was built by the Baldwin Locomotive Works
for use on the heavy grades of the Southern Pacific R.R. The principal
dimensions areas follows: Cylinders, 26 and 40 X 30 ins.; valves, balanced
piston; boiler (steel): diameter, 84 ins.; thickness, i3/ig and 27/32 ins.; work-
ing pressure, 200 lbs. per sq. in.; fuel, oil; fire-tubes, 401, 21/4 ins. dia. X
21 ft.; firebox: length, 126 ins., width, 78i/4ins., depth, front, 751/2 ins.,

depth, back, 70 1/3 ins.; water spaces, 5 ins.; grate area, 68.4 sq. ft.;

feed-water heater: length, 63 ins., tubes, 401, 2 1/4 ins. dia.; heating sur-
face: firebox, 232 sq. ft., fire-tubes, 4941 sq. ft., feed-water heater tubes,
1220 sq. ft.; smokebox superheater, 655 sq. ft.; wheels: driving (16),
57 ins. O. dia., main journals, 11 X 12 ins., other journals, 10 X 12 ins.;
truck (4), 30 1/2 ins. dia., journals, 6 X 10 ins.; tender (8), 33 V2 ins. dia.,

journals, 6X11 ins.; wheelbase: driving, 39 ft. 4 ins., rigid, 15 ft., total
engine, 56 ft. 7 ins., total engine and tender, 83 ft. 6 ins.; length over all,

93 ft. 6V2 ins.; weight: on drivers, 394,150 lbs., on front truck, 14,500 lbs.,

on back truck, 17,250 lbs., total engine 425,900 lbs., total engine and
tender 596,000 lbs.; tender: water tank capy., 9000 gals., oil tank capy.,
2850 gals.

Indicated Water Consumption of Single and Compound Loco-
motive Engines at Varying Speeds.

C. H, Quereau, Eng'g News, March 8, 1894.

Two-cylinder Compound. Single-expansion

Revolutions.
Speed,

miles per
hour.

Water per
I.H.P. per

hour.
Revolu-
tions,

Miles per
Hour. Water.

100 to 150

150 to 200
200 to 250
250 to 275

21 to 31

31 to 41

41 to 51

51 to 56

18.33 lbs.
18.9 lbs.

19.7 lbs.

21.4 lbs.

151

219
253
307
321

31

45
52
63
66

21.70
20.91
20.52
20.23
20.01

It appears that the compound engine is the more economical at low
speeds, the economy decreasing as the speed increases, and that the
simple engine increases in economy with increase of speed within ordinary
limits, becoming more economical than the compound at speeds of more
than 50 miles per hour.
The C, B. & Q. two-cylinder compound, which was about 30% less

economical than simple engines of the same class when tested in passenger
service, has since been shown to be 15% more economical in freight
service than the best single-expansion engine, and 29% more economical
than the average record of 40 simple engines of the same class on the
same division.
The water rate is also affected by the cut-off; the following table gives

what we should consider very good results in practice, though better
(i.e. lower results) have occasionally been obtained.
1906.)
Cut-off per cent of stroke 10 20
Lbs. water per I.H.P. hour — simple. . 26 23
Lbs. water per I.H.P. hour— compound .

.

(G. R. Henderson,

Cut-off per cent of stroke . . .

Lbs. water per I.H.P. hour -

Lbs. water per I H.P. hour -
- simple . . .

-compound

60
24
18 1/2

70
26
191/2

30
22
18

80
29
201/2

40

90
33
221/3

50
23
18

100
38
25

Indicator-tests of a Locomotive at High Speed. (Locomotive
Eng'g, June, 1893.) - Cards were taken by Mr. Angus Sinclair on the
locomotive drawing the Empire State Express.
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Results OF IlSTDICATGR-DIAGRAMS.

MUes Miles
Card No. Revs. per hour. I.H.P. Card No. Revs. per hour. I.H.P.

1 • 160 37.1 648 7 304 70.5 977
2 260 60.8 728 8 296 68.6 972
3 190 44 551 9 300 69.6 1,045
4 250 58 891 10 304 70.5 1,059
5 260 60 960 11 340 78.9 1,120
6 298 69 983 12 310 71.9 1,026

The locomotive was of the eight-wheel type, built by the Schenectady
Locomotive Worlis, with 19 X 24 in. cylinders, 78-in. drivers, and a
large boiler and fire-box. Details of important dimensions are as fol-
lows: Heating-surface of fire-box, 150.8 sq. ft. ; of tubes, 1670.7 sq. ft.

;

of boiler, 1821.5 sq. ft. Grate area, 27.3 sq. ft. Fire-box: length,
8 ft.; width, 3 ft. 4 7/8 in. Tubes, 268; outside diameter, 2 in. Ports:
steam, 18 X 1 Vi in.; exhaust, 18X2 3/4 in. Valve-travel, 51/2 in.
Outside lap, 1 in. ; inside lap, 1/54 in. Journals: driving-axle, 8 1/2 X 10 1/2

in.; truck-axle, 6 X 10 in.

The train consisted of four coaches, weighing, with estimated load,
340,000 lbs. The locomotive and tender weighed in working order 200,-
000 lbs., r .aking the total weight of the train about 270 tons. During
the time that the engine was first Ufting the train into speed diagram
No. 1 was taken. It shows a mean cylinder-pressure of 59 lbs. Accord-
ing to this, the power exerted on the rails to move the train is 6553 lbs.,
or 24 lbs. per ton. The speed is 37 miles an hour. When a speed of
nearly 60 miles an hour is reached the average cylinder-pressure is

40.7 lbs., representing a total traction force of 4520 lbs., without mak-
ing deductions for internal friction. If we deduct 10% for friction, it

leaves 15 lbs. per ton to keep the train going at the speed named. Cards
6, 7, and 8 represent the work of keeping the train rimning 70 miles an
hour. They were taken three miles apart, when the speed was almost
uniform. The average cylinder-pressure for the three cards is 47.6 lbs.
Deducting 10% again for friction, this leaves 17.6 lbs. per ton as the
power exerted in keeping the train up to a velocity of 70 miles.
Throughout the trip 7 lbs. of water were evaporated per lb. of coal.
The work of pulling the train from New York to Albany was done on a
coal consumption of about 3 Vs lbs. per H. P. per hour. The highest
power recorded was at the rate of 1120 H.P.

Locomotive-testing Apparatus at the Laboratory of Purdue Uni-
versity. (W. F. M. Goss, Trans. A. S. M. E., vol. xiv, 826.)—The
locomotive is mounted with its drivers upon supporting wheels which
are carried by shafts turning in fixed bearings, thus allowing the engine
to be run without changing its position as a whole. Load is supplied by
four friction-brakes fitted to the supporting shafts and offering resistance
to the turning of the supporting wheels. Traction is measured by a
dynamometer attached to the draw-bar. The boiler is fired in the
usual way, and an exhaust-blower above the engine, but not in pipe
connection with it, carries off all that may be given out at the stack.
A Standard Method of Conducting Locomotive-tests is given in a report by

a Committee of the A.S.M.E. in vol. xiv of the Transactions, page 1312
Locomotive Tests of the Penna. R, R. Co.—Eight locomotives were

tested in the dynamometer testing plant built by the P. R. R. Co. at
the St. Louis Exhibition in 1903. Among the principal results obtained
and conclusions derived are the following:

Boiler Performance.
Coal per sq. ft. grate per hour. lbs.

20 40 60 80 100 120
Equiv. evap. per sq. ft. H. S. per hour

3-5 5-7.5 7-10 8.2-12 10.4-14 11.4-15.3
Coal per sq. ft. H. S. per hour

0.6 0.8 1.0 1.2 1.4 1.6 1.8
Equiv. evap. per lb. dry coal

10-11.5 9-10.5 8.2-9.7 7.7-9.1 7.1-8.5 6.6-8.1 6.2-7.7
Equiv. evap. per sq. ft. H. S. per hour

4 6 8 10 12 14
Eqtuv. evap. per lb. dry coal

9.7-12.1 8.8-11.3 7.8-10.5 6.8-9.6 5.8-8.8 5.5-8
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r. The coal used tri tliese t'estS Ms A, ^feml-bilUmlv.au§, containing 16.25%i
volatile combustibie, 7,. 00% ash ^nd 0.i90% moisture.
,,
The maximum boilet Capacity ranged from 8V2 to more than 16 lbs..

9f water eva;porited '^er hour per sq. ft. of heating surface. Little or no-^

advantage was found in the use of Serve or ribbed tubes.
The bQileT efficiency decreases as the rate of power developed increases:,

r: jpurnace losses due to excess air are no greater with large grates properly
,'fired than with smaller ones. The boilers with small grates were inferior
In capacity to those with large grates.
No special advantage is derived from large fire-box heating surface; the'

tube heating surface is effective in absorbing heat not taken up by the*
fire-box.

Engine Performance.
Maximum I.H.P., four freight locomotives, 1041
Maximum I.H.P., four passenger locomotives, 81€

, 1050, 1098, 1258"'-

, 94.5, 1622, 1641.

Kind of Locomotive.

Simple
Freight.

Com-
pound
Freight.

Com-
pound'
Passen-
ger.

Minimum water per I.H.P. hour... 23.67
23.83
28.95

20.26
22.03
25.31

18.86
Water per I.H.P. hr. at maximum load
Water per I.H.P. hr. at max. consumption. ..

21.39
24.41i

The steam consumption of simple locomotives operating at all speeds
and cut-offs commonly employed on the road falls between the hmits
of 23.4 and 28.3 lbs. per I.H.P. hour; compound locomotives between
18.6 and 27 lbs.; and with superheating the minimum steam consumption
was reduced to 16.6 lbs. of superheated steam.
Comparing a simple and a compound locomotive, the simple eneine

used 40% more steam than the compound at 40 revs, per min., 27% more
at 80 revs., and only 7% more at 160 revs, per min.
The frictional resistance of the engines showed an extreme variation

ranging from 6 to 38% of the indicated horse-power. The frictional

losses increased rapidly at speeds in excess of 160 revs, per min. It

appears that the matter of machine friction is closely related to that of
lubrication. With oil lubrication a stress at the draw-bar of approxi-
mately 500 lbs. is required to overcome the friction of each coupled axle,
while with grease the required force is from 800 to 1100 lbs.

The lowest figures for dry coal consumed per dynamometer H.P. hour
were approximately as follows:

Revs, per min.

Compound freight engine, { ]5 h^j?^

Compound passenger engine,
|
^^jj^p^

A complete report of the St. Louis locomotive tests is contained in a
book of 734 pages and over 800 illustrations, published by the Penna. E.R.
Co., Philadelphia, 1906. See also pamphlet on Locomotive Tests, pub-
lished by Amer. Locomotive Co., New York, 1906, and Trans. A. S. M. E.,

sxvii, 610.

Weights and Prices of Loeoinotives» 1885 and 1905.
(Baldwin Loco. Wks.)

40 80 160 240

9.^o 2.25 3.25
500 800 800

2.8 2.3 3.0
600 900 1000

Type. W'gt Price
Price
per
lb.

1

Type. W'ght Price
Price

1
American
Mogul
Ten wheel . .

.

Consolidation

80,857
72,800
85,000
92.400

$6,695
6,662

7.583

7.888

$ 0828
.0912
.0892
.0854

American
Atlantic
Pacific

102,000

187,200

227,000
156,000

192,460

$9,410
15,750

15,830

13,690

14,500

$.092
.083

.070

Ten wheel
Consolidation .

.088

.075
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The price per pound is figured from the weight of the engine in working
order, without the tender.
Depreciation of Locoitiotives.—(Baldwin Loco. Wks.)—It is suggested

that for the first five years the full second-hand value of the locomotive
(75% of first cost) be taken; for the second five years 85% of this value;
for the third five years, 70%; after 15 years, 50% of the second-hand value;
and after 20 years, and as long as the engine remains in use, 25% of the
first cost.

The Average Train Loads of 14 railroads increased from 229 tons of
2000 lbs. in 1895 to 385 tons in 1904. On the Chicago, Milwaukee & St.
Paul Ry. the average load increased from 152 tons in 1895 to 281 tons in
1903, and on the Lake Shore & Micliigan Southern Ry. from 318 tons in
1895 to 615 tons in 1903. In the same time the average cost of transpor-
tation per ton mile on the C, M. & St. P. Ry. decreased from 0.67 to 0.58
cent; and on the L. S. & M. S, Ry. increased from 0.39 to 0.41 cent, the
decrease in cost due to heavier train loads being offset by higher cost for
labor and material.

Tractive Force of Locomotives, 1S93 and 1905.
(Baldwin Loco. Wks.)

Passenger, 1893.

Weight Trac-
tive

Driver. Force.
Passenger, 1905,

Weight
on

Driver

Trac-
tive

Force.

American, single-ex.
American, comp . . . .

.

American, single-ex.,
American, comp .. . .

Ten-wheel type, com.

75,210
83,860
64,560
78,480
93.850

Average .

,

17,270

12,900
15,550

14,050

16,480

15,250

Atlantic, comp
Atlantic, single-ex..
Pacific, single -ex, . .

Pacific, single-ex. . .

Atlantic, single-ex.

,

lOI.

103,600
141,290
114,890

80,930

22,180
23,800
29,910
25.610
21,740

24,648

Freight, 1893. Freight, 1905.

Consolidation, comp.
Ten-wheel, s'gle-ex..
Mogul, single-ex
Decapod, compound

120,600

101,000

91,340
172,000

21,190
23,310
21,030
35,580

Sante Fe type, comp.
Consol., 2-cyl. comp..
Consol., single-ex.. .,

Consol., single-ex....
Consol., single-ex. . .

.

234,580
166,000
151.490

171,560

165.770

62,740
40,200
40,150

Average

.

46,468

Waste of Fuel in Locomotives. — In American practice economy
of fuel is necessarily sacrificed to obtain greater economy due to heavy
train-loads, D, L. Barnes, in Eng. Mag., June, 1894, gives a diagram
showing the reduction of efficiency of boilers due to high rates of com-
bustion, from which the following figures are taken:

Lbs. of coal per sq. ft. of grate per hour. .. 12 40 80 120 160 200
Per cent efficiency of boiler 80 75 67 59 51 43

A rate of 12 lbs. is given as representing stationary-boiler practice, 40
lbs. English locomotive practice, 120 lbs. average American, and 200
lbs. maximum American, locomotive practice.

Pages 473 and 475 of Henderson's "Locomotive Operation" givf
diagrams of evaporation per lb. of various kinds of coal for different
rates of combustion per sq. ft. grate area and heating surface.

Advantages of Compounding. — Report of a Committee of the

American Railway Master Mechanics' Association on Compound Loco,
motives {Am, Mach., July 3, 1890) gives the following summary of the

advantages gained by compounding: (a) It has achieved a saving in the
fuel burnt averaging 18% at reasonable boiler-pressures, with encourag-
ing possibilities of further improvement in pressure and in fuel and water
economy. (6) It has lessened the amount of water (dead weight) to be
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hauled, so that (c) the tender and its load are materially reduced in
weight, (d) It has increased the possibilities of speed far beyond 60
miles per hour, without unduly straining the motion, frames, axles, oi
axle-boxes of the engine, (e) It has increased the haulage-power at
full speed, or, in other words, has increased the continuous H.P. devel-
oped, per given weight of engine and boiler . (/) In some classes has
increased the starting-power, (g) It has materially lessened the slide-
valve friction per H.P. developed, (h) It has equalized or distributed
the turning force on the crank-pin, over a longer portion of, its path,
which, of course, tends to lengthen the repair life of the engine, (i) In
the two-cylinder type it has decreased the oil consumption, and has even
done so in the Woolf four-cylinder engine, (j) Its smoother and steadier
draught on the fire is favorable to the combustion of all kinds of soft
coal; and the sparks thrown being smaller and less in number, it lessens
the risk to property from destruction by fire, (k) These advantages
and economies are gained without having to improve the man handling
the engine, less being left to his discretion (or careless indifference) than
in the simple engine. (0 Valve-motion, of every locomotive type, can
be used in its best working and most effective position, '{m) A wider
elasticity in locomotive design is permitted; as, if desired, side-rods can
be dispensed with or articulated engines of 100 tons weight, with inde-
pendent trucks, used for sharp curves on mountain service, as suggested
by Mallet and Brunner.

Of 27 compound locomotives in use on the Phila. and Reading Rail-
road (in 1892), 12 are in use on heavy mountain grades, and are designed
to be the equivalent of 22 X 24 in. simple consolidations; 10 are in some-
what lighter service and correspond to 20 X 24 in. consolidations; 5 are
in fast passenger service. The monthly coal record shows:

Gain in Fuel
Class of Engine. No. Economy.

Mountain locomotives.., ....o 12 25% to 30%
Heavy freight service ...... 10 12% to 17%
Fast passenger. 5 ., 9% to 11%

(Report of Com. A. R. M. M. Assn. 1892.) For a description of the
various types of compound locomotive, with discussion of their relative
merits, see paper by A. Von Borries, of Germany, the Development of
the Compound Locomotive, Trans. A. S. M. E., 1893, vol. xiv, p. 1172.

As a rule compounds cost considerably more for repairs, and require
a better class of engineers and machinists to obtain satisfactory results.
(Henderson.)
Balanced Compound Locomotives,— There are two high-pressure

cylinders placed between the frames and two low-pressure cylinders
outside. The inside crank shaft has cranks 90° apart, and each outside
crank pin is 180° from the inside crank pin on the same side, -so that the
engine on each side is perfectly balanced. The balanced piston valve is

so made that high-pressure steam may be admitted to the low-pressure
cyUnder for starting. See circular of the Baldwin Loco. Wks., No. 62, 1907.

Superheating in Locomotives. {R. R. Age Gazette, Nov. 20, 1908.) —
Superheating steam in locomotives has been found to effect a saving of
10 to 15% in the fuel consumption of a locomotive, and 8 to 12% of the

j

water used, or with the same fuel to increase the horse-power and the
tractive force. The Baldwin Locomotive Works builds a superheater io
the smoke-box, where it utiUzes part of the heat of the waste gases in
drying the steam and superheating it 50 to 100° F. The heating surface
of the superheater is from 1 2 to 22% of the heating surface in the tubes and
fire-box of the boiler. It is recommended to use a boiler pressure of about
160 lbs. when a superheater is used, and to have cylinders of larger dimen-
sions than when ordinary steam of 200 lbs. pressure is used. For an illus-

trated and historical description of the use of superheating in locomotives,
see paper by H. H. Vaughan, read before the Am. Ry. Mast. Mechs.' Assn.,
Eng. News, June 22, 1905.
Counterbalancing Locomotives. — Rules for counterbalancing,

adopted by different locomotive-builders, are quoted in a paper by Prof.
Lanza {Trans. A. S. M. E., x, 302.) See also articles on Counterbalan-
cing Locomotives, in R. R. & Eng. Jour., March and April, 1890; Trans.
A. S. M. E., vol, xvi, 305; and Trans. Amo Ry. Master Mechanics' Assn-
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1897. W. E. Dalby's book on the "Balancing of Engines" (Longmans,
Green & Co., 1902) contains a very full discussion of this subject. See
also Henderson's "Locomotive Operation" {The Railway Age, 1904).
Narrow-gauge Railways in 3Ianufacturing Works. — A tramway

of 18 inches gauge, several miles in length, is in the works of the Lan-
cashire and Yorkshire Railway. Curves of 13 feet radius are used.
The locomotives used have the following dimensions (Proa. Inst. M. E.,
July, 1888) : The cylinders are 5 in. in diameter with 6 in. stroke, and
2 ft. 31/4 in. centre to centre. Wheels 16i/4in. diameter, the wheel-base
2 ft. 9 in.; the frame 7 ft. 41/4 in. long, and the extreme width of the
engine 3 feet. Boiler, of steel, 2 ft. 3 in. outside diam. and 2 ft. long
between tube-plates, containing 55 tubes of 13/g in. outside diam.; fire-

box, of iron and cylindrical, 2 ft. 3 in. long and 17 in. inside diam. Heat-
ing-surface 10.42 sq. ft. in the fire-box and 36.12 in the tubes, total 46.54
sq. ft.; grate-area, 1.78 sq. ft.; capacity of tank, 261/2 gallons; working-
pressure, 170 lbs. per sq. in. tractive power, say, 1412 lbs., or 9.22 lbs. per
lb. of effective pressure per sq. in., on the piston. Weight, empty, 2.80
tons; full and in working order, 3.19 tons.

For description of a system of narrow-gauge railways for manufac-
tories, see circular of the C, W. Hunt Co., New York.
Light Locomotives. — For dimensions of light locomotives used for

mining, etc., and for much valuable information concerning them, see
catalogue of H. K. Porter Co., Pittsburgh.
Petroleum-burning Locomotives, (From Clark's Steam-engine.) —

The combustion of petroleum refuse in locomotives has been success-
fully practised by Mr. Thos. Urquhart, on the Grazi and Tsaritsin Rail-
way, Southeast Russia. Since November, 1884, the whole stock of 143
locomotives under his superintendence has been fired with petroleum
refuse. The oil is injected from a nozzle through a tubular opening in
the back of the fire-box, by means of a jet of steam, with an induced
current of air.

A brickwork cavity or "regenerative or accumulative combustion,
chamber" is formed in the fire-box, into which the combined current
breaks as spray against the rugged brickwork slope. In this arrange-
ment the brickwork is maintained at a white heat, and combustion is
complete and smokeless. The form, mass, and dimensions of the brick'
work are the most important elements in such a combination.
Compressed air was tried instead of steam for injection, but no appre-

ciable reduction in consumption of fuel was noticed.
The heating-power of petroleum refuse is given as 19,832 heat-units,

equivalent to the evaporation of 20.53 lbs. of water from and at 212° F.,
or to 17.1 lbs. at 8 1/2 atmospheres, or 125 lbs. per sq. in., effective pres-
sure. The highest evaporative duty was 14 lbs. of water under 8V2
atmospheres per lb. of the fuel, or nearly 82% efficiency.

There is no probability of any extensive use of petroleum as fuel for
locomotives in the United States, on account of the unlimited supply of
coal and the comparatively limited supply of petroleum. Texas and
California oils are now (1902) used in locomotives of the Southern Pacific
Railway and the Santa Fe System.

Self-propelled Railway Cars.— The use of single railway cars con-
taining a steam or gasolene motor has become quite common in Europe.
For a description of different systems see a paper on European Railway
Motor Cars by B. D. Gray in Trans A. S. M. E., 1907.

Tireless Locomotive. — The principle of the Francq locomotive Is

that it depends for the supply of steam on its spontaneous generation
from a body of heated water in a reservoir. As steam is generated and
drawn off the pressure falls; but by providing a sufficiently large volume
of water heated to a high temperature, at a pressure correspondingly
high, a margin of surplus pressure may be secured, and means may thu?
be provided for supplying the required quantity of steam for the trip.
The fireless locomotive designed for the service of the Metropolitan

Railway of Paris has a cylindrical reservoir having segmental ends,
about 5 ft. 7 in. in diameter, 26 1/4 ft. in length, with a capacity of about
620 cubic feet. Four-fifths of the capacity is occupied by water, which
is heated by the aid of a powerful jet of steam supplied from stationary
boilers. The water is heated until equilibrium is established between
the boilers and the reservoir. The temperature is raised to about 390° F.,
«?OTrespondin|; to 225 lbs. per sq. in. The steam from the reservQlr i*
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passed through a reducing-valve, by which the steam is reduced to the
required pressure. It is then passed through a tubular superheater
situated within the receiver at the upper part, and thence through the
ordinary regulator to the cylinders. The exhaust-steam is expanded to
a low pressure, in order to obviate noise of escape. In certain cases the
exhaust-steam is condensed in closed vessels, which are only in part
filled with water.

In working off the steam from a pressure of 225 lbs. to 67 lbs., 53G
cubic feet of water at 390° F. is sufficient for the traction of the trains,
for working the circulating-pump for the condensers, for the brakes,
and for electric-lighting of the train. At the stations the locomotive
takes from 2200 to 3300 lbs. of steam — nearly the same as the weight
of steam consumed during the run between two consecutive charging
stations. I'here is 210 cubic feet of condensing water. Taking the
initial temperature at 60° F., the temperature rises to about 180° F.
after the longest runs underground.
The locomotive has ten wheels, on a base 24 ft long, of which six are

coupled. 41/2 ft. in diameter. The extreme wheels are on radial axles.
The cylinders are 231/2 in, in diameter, with a stroke of 231/2 in.

The engine weighs, in working order, 53 tons, of which 36 tons are on
the coupled wheels. The speed varies from 15 miles to 25 miles per hour.
The trains weigh about 140 tons.
Compressed-air Locomotives. — A compressed-air locomotive con-

sists essentially of a storage tank mounted upon driving wheels, with two
engines similar to those of a steam locomotive. One or more reservoirs or
storage tanks are located on the line, from which the locomotive tank is

charged. These reservoirs are usually riveted steel cylinders, designed
for about 1000 lbs, working pressure; but sometimes seamless steel cylinders
of small diameter, designed for a working pressure of 2000 lbs. or upwards,
are used. The customary maximum pressure in the locomotive tank is

800 lbs. gauge, and the working pressure in the cylinders is from 130 to
140 lbs. The following table is condensed from one in a circular of the
Baldwin Locomotive Works, No. 46, 1904.
See account of the Mekarski compressed-air locomotives, page 652 ante.

Dimensions and Tractive Power of Four Coupled CoMPRESSED-Am
Locomotives Having Two Storage Tanks.

Class 4-4-C 4-64:) 4-8-C 4-10-C 4-I2-C 4-16-C 4-I8-C

Cylinders, inches
Diam, of" drivers. . . ,

.

WheeJ base

5X10
22"

4/ 0"

10,000
26"

75
4.5.

4t 10"

Gauge
+24"

12' 0"

1350
1290
940
510

6X10
24"
4^3"
14,000
28"

100
4r 10"

y r
Gauge

14' 0"

1785
1700
1240
670

7X12
24"

4' 5"

18,000
30"

130
y 0^

y 6"

Gauge

15' 0"

2915
2780
2025
1100

8X14
26"

5' 3"

23,000
32"

170
y 4"

y 10"

Gauge
+28''

17' 0"

4100
3900
2840
1540

9X14
28"

5' 5"

27,000
34"

200
5' 8"

6' 3*

Gauge
+30"

18' 0"

4820
4580
3345
1815

11X14
28"

5' 6"

37,000
38"

280
6' 0"

7' 0*

Gauge
+32"

20' 0"

7200
6860
4995
2710

12X16
30"

6' 0"

Approx. weight, lbs..

Inside dia. of tanks.

.

Aggregate tank vol.,

cu. ft..

44,00??

40*

32C
6' 4*

App. width ever
7' 4*

A.pp. width over cyl- Gauge
+33"

A-pp. length over
bumpers 20^ 6*

gt. Full stroke
•^ 1 3/4 Stroke cut-off

§ V2 Stroke cut-off
^^i 1/4 Stroke cut-off

9140
8705
6340
3440

Draw-bar pull on any grade= tractive power - (.0075 + % of grade)
X weight of engine.
"Working pressure in cylinders 140 lbs.; tank storage pressure, 800 lbs.
Other sizes of engines are 51/2 X 10 in., 6X12 in., and 8 X12in., 24-in

Ham. of driveis; 9 Xl-i in., 26-in. drivers, and 10 X 14 in.. 28-ia. 4rivers.
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Cubic Feet of Air, at Different Storage Pressures, Required to
Haul One Ton One Mile at Half Stroke Cut-off, with 20, 30
AND 40 LBS. Friotional RESISTANCE PER ToN. (Baldwin Loco. Wks.)

Storage pressure
Cylinder working

600

130

700

135

800

140

600

130

700

135

800

140

600

130

700

135

800

140

Grade. R V V V R V V V R V V V

Level
1/2%

2%'.'.'.'.'.'.'.'.'.'.'.'.'.'.

3%
4%
5%

20.0
31.2
42.4
64.8
87.2
109.6
132.0

1.16
1.81

2.47
3.78
5.08
6.39
7.69

0.99
1.56

2.12
3.24
4.35
5.48
6.60

0.87
1.36
1.85

2.83
3.81

4.79
5.77

30.0
41.2
52.4
74.8
97.2
119.6
142.0

1.74
2.40
3.05
4.35
5.67
6.97
8.27

1.50
2.05
2.61

3.73
4.86
5.97
7.09

1.31

I 79

2.28
3.26
4.25
5.22
6.20

40.0
51.2
62.4
84.8
107.2
129.6
152.0

2.33
2.98
3.64
4.94
6.25
7.56
8.86

1.99

2.56
3.11

4.24
5.35
6.47
7.60

1.74
2.23
2.73
3.70
4.69
5.67
6.64

R= resistance per ton of 2240 lbs. in pounds. V= cubic feet of air.

Air Locomotives with Compound Cylinders and Atmospheric Interheaters
are built by H. K. Porter Co. The air enters the high-pressure cylinder
at 250 lbs. gauge pressure and is expanded down to 50 lbs., overcoming
resistance, while the temperature drops about 140° F. This loss of heat
is practically all restored in the atmospheric interheater, which is a
cylindrical reservoir filled with brass tubes located in the passage-way
from the high- to the low-pressure cylinder. The air enters the low-
pressure cylinder at 50 lbs. gauge and a temperature within 10 or 20° of
that of the surrounding atmosphere. The exhaust is used to induce a
draught of atmospheric air through the tubes of the interheater. This
combination permits of expanding the air from 250 lbs. down to atmos-
phere without unmanageable refrigeration.
The following calculation shows the relative economy of a single-cylinder

locomotive using air at 150 lbs. and of a compound using air at 250 lbs.

in the high-pressure and 50 lbs. in the low-pressure cylinder, non-expan-
sive working being assumed in both cases.

11.2 cu. ft. of free air at 150 lbs. gauge and atmospheric temperature
would fill a cylinder of 1 cu. ft. capacity, and in moving a piston of 1 sq.
ft. area one foot would develop 144 X 150 = 21,600 ft. lbs. of energy.

11.2 cu. ft. of free air at 250 lbs. gauge if used in a cylinder 0.623 sq. ft.

area and 1 ft. stroke would develop 0.623 X 144 X 250= 22,425 ft lbs.

If expanded in two cylinders with a ratio of 4 to 1 the energy developed
would be 0.623 X 144 X 200 plus 4 X 0.623 X 144 X 50 = 35,880 ft. lbs., if

the heat is restored between the two cylinders. Gain by compounding
with interheating, over simple cylinders with 150 lbs. initial pressure,
35,880 -i- 21,600 = 1.66.

_
These results are about the best that can be obtained with either

simple or compound locomotives, as any improvement due to expansive
working just about balances the losses due to clearance and initial refrig-
eration. The work done per cubic foot of free air in the two systems is:

v/ith simple cylinders, 21,600^ 11.2 = 1840 ft. lbs.; with compound
cylinders and atmospheric interheater, 35,880 ^ 11.2 = 3205 ft. lbs.
The above calculations have been practically confirmed by actual

tests, which show 1900 ft. lbs. of work per cubic foot of free air with the
simple locomotive and 3000 ft. lbs. with the compound, the gain due to
expansive working and the losses due to internal friction being some-
what greater in the compound than in the simple machine.

In the operation of compressed-air locomotives the air compressor is

generally delivering compressed air at a pressure fiuctuating between
800 and 1000 lbs. per sq. in. into the storage reservoir, and it requires an
average of about 12,000 ft. lbs. per cubic foot of free air to compress and
deliver it at these pressures. The efficiency of the two systems then is:

1900 -f- 12000 = 16% for the simple locomotive, and 3000 -i- 12000 =>

35% for the compound with atmospheric interheater.
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(See also Torsional Strength; also Shafts of Steam Engines.)
For shafts subjected to torsion only, let d = diam. of the shaft in ins.,

P = a force in lbs. apphed on a lever arm at a distance = a ins. from
the axis, S = shearing resistance at the outer fiber, in lbs. per sq. in., then

.ff= 0.1963... a^'sji^^^y^i-
nd^S d^S ^,„^^^,„ ^ 5.1 Pa Pa

It R = revolutions per minute, then the horse-power transmitted =

Pa 2 nR nd^S X2nR RSd^ .

H.P. =
33,000X12 16X33,000X12 321,000

V321,000H.P. ,VCXH
^=V RS = \~-R-

In practice, empirical values are given to S and to the coefficients
K = S/5.1and C = 321,000/5, according to the factor of safety assumed,
depending on the material, on whether the shaft is subjected to steady,
fluctuating, bending, or reversed strains, on the distance between bear-
ings, etc. Kimball and Barr (Machine Design) state that the following
factors of safety are indicated by successful practice: For head shafts,
15; for hne shafts carrying pulleys, 10; for small short shafts, counter-
shafts, etc., 7. For steel shafting the allowable stress, S, for the above
factors would be about 4000, 6000 and 8500 lbs. respectively, whence

for head shafts d= i/^^^^' < for line shafts d= <J ^^ ^^'
; for short

-i"^
Jones & Laughlin Steel Co. gives the following for steel shafts:

Turned. Cold-rolled.
For simply transmitting power)
and short countershafts, bear- [ H.P, = d^R -^ 50 H.P = d^R -J- 40
ings not more than 8 ft. apart

)

As second movers, or hne shafts, J w -p _ w3k> • on w t> wsj? • vn
bearings 8 ft. apart }

^-^^ " ^^ "=" ^^ ^•^' = ^^ ^ ^^
As prime movers or head shafts!

carrying mairi driving pulley I tt p _ w3/? ^ 12^ H P - rf3p ^ inn
or gear, well supported byf^-^'-^^ • ^"^^ ti.i^. - d K . 100

bearings J

Jones & Laughlins give the following notes: Receiving and transmit-
ting -pulleys should always be placed as close to bearings as possible;
and it is good practice to frame short "headers" between the main tie-

beams of a mill so as to support the main receivers, carried by the head
shafts, with a bearing close to each side as is contemplated in the for-

mulae. But if it is preferred, or necessary, for the shaft to span the full

width of the "bay" without intermediate bearings, or for the pulley to
be placed away from the bearings towards or at the middle of the bay,
the size of the shaft must be largely increased to secure the stiffness
necessary to support the load without undue deflection.

Diameter of shaft D to carry load at center of bays from 2 to 12 ft.

</¥'span, Z) = i/-d*, in which d is the diameter derived from the formula

for head shafts, c = length of bay in inches, and Ci = distance in inches
between centers of bearings in accordance with the formula for horse-
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S)wer of head shafts. (Jones & Laughlia Steel Co.) Values of Ci for
fferent diameters d are as follows:

d Ci d c^ d Cl d Cl d c. d c,

ltd 3/8 15 213/16 25 315/16 & 4 37 5 1/4 & 5 3/8 55 63/8 71 73/8 88
111/16 & 1 3/4 16 27/8 to 3 26 43/16 40 51/2 5; 61/3 73 71/2 9i

113/16 & 17/8 17 31/8 to 31/4 28 41/4 41 55/8 59 65/8 75 75/8 93
115/16 to 21/8 18 33/8 30 47/16 & 41/: 44 53/4 bl 63/4 77 73/4 96

23/16 & 21/4 19 3 7/16 & 3 1/2 31 43/4 4/ 57/8 63 67/8 79 77/8 99

25/16 to 27/16 20 3 9/16 & 3 5/8 33 413/16 49 6 65 7 81 8 10!

21/2 to 25/8 24 311/16 & 33/4 34 5 i)l 61/8 67 71/8 84 81/2 112

211/16 & 23/4 22 37/8. 36 51/8 52 61/4 69 71/4 86 9 123

Should the load be applied near one end of the span or bay instead of
at the center, multiply the fourth power of the diameter of the shaft
required to carry the load at the center of the span or bay by the prod-
uct of the two parts of the shaft when the load is near one end, and
divide this product by the product of the two parts of the shaft when
the load is carried at the center. The fourth root of this quotient will
be the diameter required.
The shaft in a Une which carries a receiving-pulley, or wliich carries a

transmitting-puUey to drive another Une, should always be considered a
head-shaft, and should be of the size given by the rules for shafts carrying
main pulleys or gears.
The greatest admissible distance between bearings of shafts subject to

no transverse strain except from their own weight is for cold-rolled shafts,

L = ^S30,Q08X D^, and for turned shafts, L = ^319,586 X D^. D =
diam. and L = length of shaft, in inches. These formulae are based on
an allowable deflection at the center of i/so in. per foot of length, weight
of steel 490 lbs. per cu. ft., and modulus of elasticity = 29,000,000 for
turned and 30,000,000 for cold-rolled shafting. [In deriving these formulae
the weight of the shaft has been taken as a concentrated instead of a dis-
tributed load, giving additional safety.]

Kimball and Barr say that the lateral deflection of a shaft should not
exceed 0.01 in. per foot of length, to insure proper contact at the bear-
ings. For ordinary small shafting they give_the following as the allow-

able distance between the hangers: L = 7 -\J
d"^, for shaft without pulleys;

L = 5 ^^^2, for shaft carrying pulleys. (L in ft., d in ins.)

Deflection of Shafting. (Fencoyd Iron Works.) — For continuous
line-shafting it is considered good practice to limit the deflection to a
maximum of i/ioo of an inch per foot of length. The weight of bare shaft-
ing in pounds = 2.6 d'^L = W, or when as fully loaded with pulleys as is

customary in practice, and allowing 40 lbs. per inch of width for the
vertical pull of the belts, experience shows the load in pounds to be about
13 d^L = W. Taking the modulus of transverse elasticity at 26,000,000
lbs., we derive from authoritative formulae the following:

L = -«y873 d2, d = VL3/873, for bare shafting;

L = '^nSd^, d = v^LV175, for shafting carrying pulleys, etc.,

L being the maximum distance in feet between bearings for continuous
shafting subjected to bending stress alone, d = diam. in inches.

The torsional stress is inversely proportional to the velocity of rota-

tion, while the bending stress will not be reduced in the same ratio. It

is therefore impossible to write a formula covering the whole problem
and sufficiently simple for practical application, but the following rules

are correct within the range of velocities usual in practice.

For continuous shafting so proportioned as to deflect not more than
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4 5 6 7 8 9
2U.U 21.6 22.9 24.1 25.2 26.2

Vioo of an inch per foot of length, allowance being made for the weaken-
ing effect of key-seats,

d = '^HoIlpTTT, L = ^720 d2, for bare shafts;

d = KjlQ H.P. -T- R, L = yi40 d2, for shafts carrying pulleys, etc.

d = diam. in inches, L = length in feet, R = revs, per min.

The following are given by J. B. Francis as the greatest admissible dis-
tances between the bearings of continuous steel shafts subject to no trans-
verse strain except from their own weight, as would be the case were the
power given off from the shaft equal on all sides, and at an equal distance
from the hanger-bearings.

Diam. of shaft, in. . . . 2 3
Dist. bet. bearings, ft. 15.9 18.2

These conditions, however, do not usually obtain in the transmission of
power by belts and pulleys, and the varying circumstances of each case
render it impracticable to give any rule which would be of value for
universal apphcation.

For example, the theoretical requirements would demand that the
bearings be nearer together on those sections of shafting where most
power is delivered from the shaft, while considerations as to the location
and desired contiguity of the driven machines may render it impracti-
cable to separate the driving-pulleys by the intervention of a hanger at
the theoretically required location. (Joshua Rose.)

Horse-Power Transmitted by Cold-rolled Steel Shafting at Different
Speeds as Prime Movers or Head Shafts Carrying Main Driving
Pulley or Gear, w^ell Supported by Bearings.

Formula H.P. = d^JR h- 100.

Revolutions per minute. Revolutions per minute.

Diam. 100 200 300 400 500 Diam. 100 200 300 400 500

IV2 3.4 6.7 10.1 13.5 16.9 27/8 24 48 72 95 119

19/16 3.8 7.6 11.4 15.2 19.0 215/16 25 51 76 101 127

15/8 4.3 8.6 12.8 17.1 21 3 27 54 81 108 135

111/16 4.8 9.6 14.4 19.2 24 31/8 31 61 91 122 152

13/4 5.4 10.7 16.1 21 27 33/16 32 65 97 129 162

113/16 5.9 11.9 17.8 24 30 31/4 34 69 103 137 172

17/8 6.6 13.1 19.7 26 33 33/8 38 77 115 154 192
1 15/16 7.3 14.5 22 29 36 37/16 41 81 122 162 203

2 8.0 16.0 24 32 40 31/2 43 86 128 171 214

21/16 8.8 17.6 26 35 44 39/16 45 90 136 180 226

21/8 9.6 19.2 29 38 48 35/8 48 95 143 190 238

23/16 10.3 21 31 42 52 311/16 50 100 150 200 251

21/4 11.4 23 34 45 57 33/4 55 105 158 211 264

25/16 12.4 25 37 49 62 37/8 58 116 174 233 291

23/8 13.4 27 40 54 67 315/16 61 122 183 244 305

27/16 14.5 29 43 58 72 4 64 128 192 256 320

21/3 15.6 31 47 62 78 43/16 74 147 221 294 367

29/16 16.8 34 50 67 84 41/4 77 154 230 307 383

25/8 18.1 36 54 72 90 47/16 88 175 263 350 438

211/16 19.4 39 58 77 97 41/2 91 182 273 365 456

23/4 21 41 62 83 104 43/4 107 214 322 429 537

213/16 22 44 67 89 111 5 125 250 375 500 625

For H.P, transmitted by turned steel shafts,
multiply the figures by 0.8.

For shafts, as second movers or line shafts, )

bearings 8 ft. apart, multiply by j

For simply transmitting power, short counter-
shafts, etc., bearings not over 8 ft. apart, multi-
ply by

as prime movers, etc.,

Cold-rolled Turned
1.43 1.11
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The horse-power is directly proportional to the number of revolutions
per- minute.

Speed o:p Shafting. — Machine shops 120 to 240
Wood-working 250 to 300
Cotton and woollen mills . . 300 to 400

Flange Couplings. — The bolts should be designed so that theli
combined resistance to a torsional moment around the axis of the shaft

;is at least as great as the torsional strength of the shaft itself; and the
'bolts should be accurately fitted so as to distribute the load evenly
: among them. Let D = diam. of the shaft, d = diam. of the bolts,
r = radius of bolt circle, in inches, n = number of bolts, S = allowable shear-

\ing stress per sq. in., then nd'^S-^l%=yA nd'^rS, whence d= 0.5 '^D^/inr)-
KimbaU and Barr give ?i = 3 +D/2, but this number may be modified for
convenience in spacing, etc.

Effect of Cold Rolling. — Experiments by Prof. R. H. Thurston in
1902 on hot-rolled and cold-rolled steel bars (Catalogue of Jones &
Laughlin Steel Co.) showed that the cold-rolled steel in tension had its
elastic limit increased 15 to 97%; tensile strength increased 20 to 45%;
ductility decreased 40 to 69%. In transverse tests the resistance in-
creased 11 to 30% at the elastic hmit and 13 to 69% at the yield point.
In torsion the resistance at the yield point increased 31 to 64%, and at
the point of fracture it decreased 4 to 10%. The angle of torsion at
the elastic hmit increased 59 to 103%, while the ultimate angle de-
creased 19 to 28%. Bars turned from 13/4 in. diam. to various sizes
down to 0.35 in. showed that the change in quality produced by cold
rolling extended to the center of the bar. The maximum strength of
the cold-rolled bar of full size was 82,200 lbs. per sq. in., and that of the
smallest bar 73,600 lbs. In the hot-rolled steel bars the maximum
jstrength of the full-sized bar was 62,900 lbs. and that of the smaUest bar
.58,600 lbs. per sq. in.

Hollow Shafts. — Let d be the diameter of a soUd shaft, and did2 the
'external and internal diameters of a hollow shaft of the same material,

d i _ ^,i
'Then the shafts will be of equal torsional strength when # =— •

A 10-inch hollow shaft with internal diameter of 4 inches will weigh 16%
(less than a soUd 10-inch shaft, but its strength will be only 2.56% less.

If the hole were increased to 5 inches diameter the weight would be
:25% less than that of the solid shaft, and the strength 6.25% less.

Table for Laying Out Shafting, — The table on the next page
(from the Stevens Indicator, April, 1892) is used by Wm. Sellers & Co. to
facihtate the laying out of shafting.
The wood-cuts at the head of this table show the position of the hangers

and position of couplings, either for the case of extension in both direc-

tions from a central head-shaft or extension in one direction from that
head-shaft.

Sizes of Collars for Shafting, Wm. Sellers & Co., A7n. Mach. Jan. 28,
1897. — D, diam. of collar; T, thickness; d, diam. of set screw; I, length.

All in inches.

Loose Collars.

Shaft D
13/4

T
3/4 7/16

I Shaft D T
13/16

d

5/8

I Shaft D t

17/8

d

3/41 5/16 21/4 33/8 4 513/16

11/4 17/8 13/16 7/16 3/8 2ih, 3 3/4 11/4 5/8 11/16 41/2 6V/16 IV/8

iv-> 21/^ 15/16 7/16 7/16 23/4 4 IWifi 5/8 11/16 5 b 10/16 IV/8 3/4

15/8 25/8 1 7/16 7/16 3 41/-^ lV/16 5/8 1^/16 :>i/2 >l/2 2

13/4 23/4 IVirt Vo 9/1 fi 31/4 4V/8 IW8 3/4 13/16 6 8 2 3/4

2 3 11/8 5/8 9/16 31/2 53/16113/4 1 3/4 115/16

Fast Collars.

Shaft D T Shaft D T Shaft D
45/8

T Shaft D T
11/2 2 1/2 21/0 31/4 9/16 31/-^ 7/8 51/2 IV^ 13/18

13/4 21/4 1/9 23/4 35/8 5/8 4 53/8 15/16 6 Bi/4 11/4

2 75/f? Ih 3 4 11/16 41/2 6 1 t)l/2 9 13/8

21/4 3 ' 9/16 31/4 41/4 11/16 5 7 11/8 7 I 93/4 11/2,
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PULLEYS.
Proportions of Pulleys. (See also Fly-wheels, page 1049.) — Let

n = number of arms, D = diameter of pulley, S = thickness of belt,
t = thickness of rim at edge, I' = thickness in middle, B = width of rim,
fi
= width of belt, h = breadth of arm at hub, hi = breadth of arm at

rim, e = thickness of arm at hub, ei = thickness of arm at rim, c =
amount of crowning; dimensions in inches.

Unwin. Reuleaux.
-B = width of rim 9/^(^+0,4) 9/8/? to 5/4 ^3

t = thickness at edge of rim 0.7 S+0 .005 D { ^ij^hto^iUh^'^
T = thickness at middle of rim ... 2t+ c

h = breadth of arm at hub.

For single .
/BD

belts = 0.6337V If ^ ^— l/4in.+ 2-+^^
For double
belts = .798 ^f

hi = breadth of arm at rim 2/3/1 0,8 /i

e = thickness of arm at hub Ah .5 h
Ci = thickness of arm at rim Ahi .5hi

n = number of arms, for a single set 3 + j^q 1/2(5+ -r-^
)

{B for sin.-arm.
pulleys.

2 B for double-
arm pulleys.

M == thickness of metal in hub hXo^Uh
c = crowning of pulley 1/24 B
The number of arms is really arbitrary, and may be altered if necessary,

(Unwin.)
Pulleys with two or three sets of arms may be considered as two or three

separate pulleys combined in one, except that the proportions of the arms
should be .8 or .7 that of single-arm pulleys. (Reuleaux.)
Example. — Dimensions of a pulley 60 in. diam., 16 in. face, for double

belt 1/2 in. thick.

Solution by n h hi e ei t T L M c
Unwin 9 3.792.531.521.010.651.9710.73.80.67

Reuleaux 4 5.0 4.0 2.5 2.0 1.25 16 5
The following proportions are given in an article in the Amer. Machinist

authority not stated:
ft = .0625 D+0.5 in., ?n = .04 D + .3125 in., e = .025 D + .2

in., ei = 0.016 D+ 0.125 in.
These give for the above example: h =- 4.25 in., hi = 2.71 in., e =

1 .7 in., ei = 1 .09 in. The section of the arms in all cases is taken as
eUiptical.
The follov/ing solution for breadth of arm is proposed by the author:

Assume a belt pull of 45 lbs. per inch of v/idth of a single belt, that the
whole strain is taken in equal proportions on one-half of the arms, and that
the arm is a beam loaded at one end and fixed at the other. We have
the formula for a beam of eUiptical section fP = .0982 Rbd^ -rZ, in which
P = the load, R = the modulus of rupture of the cast iron, b = breadth,
d = depth, and I = length of the beam, and / = factor of safety. Assume
a modulus of rupture of 36,000 lbs., a factor of safety of 10, and an addi-
tional allowance for safety in taking I = 1/2 the diameter of the pulley
instead of 1/2 D less the radius of the hub.
Take d = h, the breadth of the arm at the hub, and b = e -= Ah

the thickness. We then have/P - 10 X -^^ = 900 - = ?^^^ X .

4
/i».

2 n 1/2 D
V9OO BD ^1BD

whence ^ = y "oToT— = • 633\ /
, which is practically the same as

the value reached by Unwin from a different set of assumptions.
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R -

Trial
Sum of Ratio.

Trial Diams. Values of
(D - dT-

Amount
to be
Added.

Corrected Values.

Z) dD+ d 12.561, D 1 d
50
50
50
50

4
3
2
1

40
37.5
33.333
25

10

12.5
16.666
25

0.7165
.4975
.2212
.0000

0.0000
.2190
.4953

.7165

40
37.7190
33.8286
25.7165

10

12.7190
17.1619
25.7165

Relation of Belt Width to Pulley Face. {Am. Mach., Feb. 11,

1915.)—Carl G. Barth recommends that the relation between the face

of the pulley and the belt be expressed by the formula F = 1 3/i6 B + 3/8
i|

In., in which F and B are the widths respectively of the pulley face

and belt, both in inches. If the limits of design make it impractical
to use the dimension given by the equation, the following equation
may be substituted : F = 1 3/32 B + 3/i6 in.

Convexity of Pulleys.—Authorities differ. Morin gives a rise equal
to 1/10 of the face; Molesworth, 1/24; others from i/s to 1/96. Scott A.
Smith says the crown should not be over i/s inch for a 24-inch face.

Pulleys for shifting belts should be " straight," that is, without crowning. -

Mr. Barth uses the formula H = 0.03125 F ^1^, in which H is the height
Of crown and F the width of face in inches.

CONE OR STEP PULLETS.
To find the diameters for the several steps of a pair of cone-pulleys:
1. Crossed Belts. — Let D and d be the diameters of two pulleys

connected by a crossed belt, L = the distance between their centers,
and ^ = the angle either half of the belt makes with a Hne joining the

' 18

+ 2 L cos ^. /? == angle whose sine is ^^ . LCos0= JL^ - (^y^) *

The length of the belt is constant when D + dis constant; that is, in a
pair of step-pulleys the belt tension will be uniform when the sum of the
diameters of each opposite pair of steps is constant. Crossed belts are
seldom used for cone-pulleys, on account of the friction between the
rubbing parts of the belt.

To design a pair of tapering speed-cones, so that the belt may fit

equally tight in all positions: When the belt is crossed, use a pair of equal
and similar cones tapering opposite ways.

2. Open Belts. — When the belt is uncrossed, use a pair of equal
and similar conoids tapering opposite ways, and bulging in the middle,
according to the following formula: Let L denote the distance between
the axes of the conoids; R the radius of the larger end of each; r the radius
of the smaller end; then the radius in the middle, tq, is found as follows:

ro=-^- + -g-2g^. (Rankine.)

If Do = the diameter of equal steps of a pair of cone-pulleys, D and
d = the diameters of unequal opposite steps, and L = distance between
., ^ D+d , (D - d)2
theaxes. Do = -^-+ ^275^^3

•

If a series of differences of radii of the steps, i2 — r, be assumed, then
R + r (R — r)2

for each pair of steps—-— = ro — • , ^^ / , and the radii of each may
be computed from their half sum and half difference, as follows:

R+ r R - r _ _ R+r R -r
2 2'^ 2 2 *

A. J. Frith (Trans. A. S. M. E., x, 298) shows the following application
of Rankine's method: If we had a set of cones to design, the extreme
diameters of which, including thickness of belt, were 40 ins. and 10 ins.,
and the ratio desired 4, 3, 2, and 1, we would make a table as follows,
L being 100 ins.:

The above formulae are approximate, and they do not give satisfactory
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results when the difference of diameters of opposite steps is large and
when the axes of the pulleys are near together, giving a large belt-angle.
Two more accurate solutions of the problem, one by a graphical method,
and another by a trigonometrical method derived from it, are given by
C. A. Smith {Trans. A. S. M. E. x, 269). These were copied in earher
editions of this Pocket-book, but are now replaced by formulae derived
from a graphical solution by Burmester {" Lehrbuch der Kinematic";
Mach'y Reference Series, No. 14, 1908), which give results far more
accurate than are required in practice.

In all cases 0.8 of the thickness of the belt should be subtracted from
the calculated diameter to obtain the actual diameter of the pulley.
This should be done because the belt drawn tight aroiind the pulleys is

not the same length as a tape-line measure around them.— (C. A. Smith.)
Using Burmester's diagram the author has devised an algebraic solu-

tion of the problem (Indust. Eng., June, 1910) which leads to the follow-
ing equations:

Let L = distance between the centers.
To = radius of the steps of equal diameter on the two cones.

1*1, r2 = radii of any pair of steps.
a = 0.79057 L - ro.

If ri is given, rg = ^1.25 L2 - (0.79057 L - ro + n)^ - 0.79057 L + Tq.
If the ratio r2 -r- rt is given, let r2/ri = c: r2 = cri.

We then have a+ crt = '^R^- (a + n)^, which reduces to

(1 + c2) ri2 + 2 a (1 + c) 7-1 = 1.25 L2 - 2 as, a quadratic equation, In
which a = 0.79057 L - Tq. Substituting the value of a we have

(l-h £2)7-12+ (1.58114 L - 2ro) (1+ c)rt = 3.16228 Zro- 2ro2,

m which L, ro and c are given and rt is to be found.
Let L = 100, c = 4, ro = 12.858 as in Mr. Frith's example, page 1136.
Then 17ri2-h 10ari,= 12,500 -8764.62, from which r, =5.001, r2=20.004.
If c = 3, ri = 6.304, n = 18.912. If c = 2, ri = 8.496, rg = 16.992.
Checking the results by the approximate formula for length of belt,

page 1148, viz, Length = 2 L + ?r (ri + r2) + (rg - ri)2 -v- L, we have
fore = 1, 200+ 80.79+ = 280.79

2, 200+80.07 + 0.72 = 280.79
3, 200+79.22+ 1.59 = 280.81
4, 200+78.56 + 2.25 = 280.81

The maximum difference being only 1 part in 14,000.
J. J. Clark (Indust. Eng., Aug., 1910) gives the following solution:
Using the same notation as above,

^^~^^ri2+ jr(c+l)ri=2;rro (1)

.(c+l)r. + L.(|§^)=2.ro (2)

a;=(r2-ri)2-e-L2 (3)

The quadratic equation (1) gives the value of n with an approximation
to accuracy sufficient for all practical purposes. If greater accuracy is for
any reason desired it may be obtained by (2) and (3), using in (3) the values
of ri and rs, = cti, already found from (1). Taking n = 3.1415927, the re-
sult will be correct to the seventh figure.

Speeds of Shaft with Cone Pulleys. — If >S = speed (revs, per min.)
of the driving shaft,

.Si, S2, s^, s^= speeds of the driven shaft,

Di, D2, Dz, Z)^= diameters of the pulleys on the driving cone,

di, di, dz, d^=diams. of corresponding pulleys on the driven cone,

SDi= Sidi; SD2 =S2d2, etc.

Si/S= Di/di = n; Sn/S = D^/dn, = r„.

The speed of the driving shaft being constant, the several speeds of
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the driven shaft are proportional to the ratio of the diameter of the
driving pulley to that of the driven, or to B/d.

Speeds in Geometrical Progression. — If it is desired that the speed
ratios shall increase by a constant percentage, or in geometrical progres-
sion, thenr2/ri = n/r-i = rn/r^_^ = c, a constant.

Example. If the speed ratio of the driven shaft at its lowest speed,
to the driving shaft be 0.76923, and at its highest speed 2.197, the speeds
being in geometrical progression, what is the constant multiplier if n=5?

Log 2.197 = 0.341830
Log 0.76923 = 1.886056

0.455774

Divide by n- 1,= 4, 0.113943 = log of 1.30.
If Di/di = 1, then Di/di = 1 -i- 1.3 = 0.769; Dzdz= 1.30: Di/dt'*

1.69; D^/di = 2.197.

BELTINa.
Theory of Belts and Bands. — A pulley is driven by a belt by means

of the friction between the surfaces in contact. Let Ti be the tension on
the driving side of the belt, T2 the tension on the loose side; then S, = T\
— Ti, is the total friction between the band and the pulley, which is

equal to the tractive or driving force. Let / = the coefficient of friction,

6 the ratio of the length of the arc of contact to the length of the radius,
a = the angle of the arc of contact in degrees, e = the base of the Nape-
rian logarithms = 2.71828, m= the modulus of the common logarithms =
0.434295. The following formulae are derived by calculus (Rankine'a
Mach'y and Millwork, p. 351; Carpenter's Exper. Eng'g, p. 173):

|i=e/0; 2^2= -^i Ti-T,= Tx-^^ = Txil-e'f^).

Ti-T2 = Ti (1 - e-f^) = Ti (1 - 10-/^"*) = ri(i-io-^-^'5«»;

If the arc of contact between the band and the pulley expressed in

turns and fractions of a turn = n, = 2nn; ef^= lo^-'^ss/w. that is, e/'^ is

the natural number corresponding to the. common logarithm 2 .7288/n.
The value of the coefficient of friction /depends on the state and mate-

rial of the rubbing surfaces. For leather belts on iron pulleys, Morin
found / = .56 when dry, .36 when wet, .23 when greasy, and .15
when oily. In calculating the proper mean tension for a belt, the smallest
value, / = .15, is to be taken if there is a probability of the belt becom-
ing wet with oil. The experiments of Henry R. Towne and Robert
Briggs, however {Jour. Frank. Inst., 1868), show that such a state of
lubrication is not of ordinary occurrence; and that in designing machinery
we may in most cases safely take / = .42. Reuleaux takes / = .25.

Later writers have shown that the coefficient is not a constant quantity,
but is extremely variable, depending on the velocity of slip, the condition
of the surfaces, and even on the weather.
The following table shows the values of the coefficient 2.7288 /, by

which n is multiplied in the last equation, corresponding to different
values of /; also the corresponding values of various ratios among the
forces, when the arc of contact is half a circumference:

Lete

/= 0.15 0.25 0.42 0.56
2.7288/= 0.41 0.68 1.15 1.53

= JT and n = 1/2, then
Ti -J- 2^2 = 1 .603 2.188 3.758 6.821
Ti -J- ^ = 2.66 1.84 1.36 1.21

Tx + Ti -8- 25= 2.16 1.34 0.86 0.71
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Tn ordinary practice it is usual to assume T2=S;Ti=2S; Ti + Tz -i-

2 ;S == 1,5. This corresponds to / = 0.22 nearly.
For a wire rope on cast iron / may be taken as 0.15 nearly; and if the

groove of the pulley is bottomed with gutta-percha, .25. (Rankine.)
Centrifugal Tension of Belts. — When a belt or band runs at a high

velocity, centrifugal force produces a tension in addition to that existing
when the belt is at rest or moving at a low velocity. This centrifugal
tension diminishes the effective driving force.

Rankine says: If an endless band, of any figure whatsoever, runs at a
given speed, the centrifugal force produces a uniform tension at each
cross-section of the band, equal to the weight of a piece of the band whose
length is twice the height from which a heavy body must fall in oraer
to acquire the velocity of the band. (See Cooper on Belting, p. 101.)

If Tf.=' centrifugal tension;

F= velocity in feet per second;
g= acceleration due to gravity = 32.2;W= weight of a piece of the belt 1 ft. long and 1 sq. In. sectional

area, —
Leather weighing 56 lbs. per cubic foot gives Tf = 56 + 144 = .388.

Ta = WV^ -J-
fir
= 0.388 V^ -5- 32.2 = .012F2.

Belting Practice. Handy Formulae tor Belting. — Since in the
practical application of the above formulae ttie value of the coefficient of
friction must be assumed, its actual value varying within wide limits
(15% to 135%), and since the values of Ti and Tz also are fixed arbi-
trarily, it is customary in practice to substitute for these theoretical
formulae more simple empirical formulae and rules, some of which are
given below.

Let d= diam. of pulley in inches; 7rrf = circumference;
F= velocity of belt in ft. per second; v= ve[. in ft. per minute;
o= angle of the arc of contact:
I/=length of arc of contact in feet = nda -f- (12 X 360);
F=tractive force per square inch of sectional area of belt;
t/;= width in inches; t = thickness;
iS= tractive force per inch of width = F X t;

r.p.m. = revs. per minute; r.p.s. = revs, per second = r.p.m. -;- 60.

,= |xr.p.s.^gx^=0.004363.Xr.p.,..= l^t£SL,

D= ^ X r.p.m.; = .2618 d X r.p.m.

Svw ^ SVw ^ Swd X r.p.m.
_

33000 550 126050
If F= working tension per square inch =275 lbs., and 1= 7/32 inch,

S = 60 lbs. nearly, then

^0 .000476 wd X r.p.m. =
"

^^
2101

'""'
' ^^^

If F = 180 lbs. per square inch, and t = Vg inch, ^S = 30 lbs., then

H.P. = j~ = 0.055 Vw =0.000238 wd X r.p.m. - ^"^^02'""'
• (2)

If the working strain is 60 lbs. per inch of width, a belt 1 inch wide
traveling 550 ft. per minute will transmit 1 horse-power. If the working
strain is 30 lbs. per inch of width, a belt 1 inch wide traveling 1100 ft.
per minute will transmit 1 horse-power. Numerous rules are given by
different writers on belting which vary between these extremes. A rule
commonly used is: 1 inch wide traveling 1000 ft. per min. = m.P.

H.P.= j^=0.06Fit.=0.000262t(;dXr.p.m.= ^^^^|^HJIL-. (3)

This corresponds to a working strain of 33 lbs. per inch of width.
Many writers give as safe practice for single belts in good condition a

working tension of 45 lbs. per inch of width. This gives
•"'"

_ wd Xr.p.m.

2800 '
^^'

Horse-power, H.P.=-^
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For double belts of average thickness, some writers say that the trans-
mitting efficiency is to that of single belts as 10 to 7, which would give^

H.P. = ~~ = 0.1169 Vw = 0.00051 wd X r.p.m. = ^'^

igep

'°^'
(5)

Other authorities, however, make the transmitting power of double belts
twice that of single belts, on the assumption that the thickness of a double
belt is twice that of a single belt.

Rules for horse-power of belts are sometimes based on the number of
square feet of surface of the belt which pass over the pulley in a minute.
Sq. ft. per min. = wv -i- 12. The above formulae translated into this
form give:

(1) For <S = 60 lbs. per inch wide; H.P. = 46 sq. ft. per minute.
(2) " /S == 30 " " " H.P. = 92
(3) " 5 = 33 " " " H.P. = 83 "

(4) •• S = 45 " '• •• H.P. = 61 •

<5) " 5 = 64.3" " " H.P. = 43 " " (double belt).

The above formulae are all based on the supposition that the arc of con-
tact is 180°. For other arcs, the transmitting power is approximately
proportional to the ratio of the degrees of arc to 180°.
Some rules base the horse-power on the length of the arc of contact in

feet. Smce L = ^^^leo ^^^ ^'P- = 33000 = 33000 >< 12 >< ^'P'^' >< 180*

we obtain by substitution H.P. = ,^^^^ X LX r.p.m., and the five for-
iboOO

mulae then take the following form for the several values of S:

H.P. =
wL X r.p.m. wL X r.p.m.

^^' 550 ''"''•275

H.P. (double belt) _wL X r.p.m.

257

wLXjvpjn. wLXr^^n
500 ^'^^' 367 ^^^•'

(5)»

None of the handy formulae take into consideration the centrifugal
tension of belts at high velocities. When the velocity is over 3000 ft.

per minute the effect of this tension becomes appreciable, and it should
be taken account of, as in Mr. Nagle's formula, which is given below. •

Horse-power of a Leather Belt One Inch wide. (Nagle.)
Formula: H.P. = CVtw {S - 0.012 V^) -=- 550.

For/ = 0.40, a = 180°, C = 0.715, w = 1.

-1
Laced Belts, S = 275.

§1

Riveted Belts, S = 400.

h Thickness in inches = t. Thickness in inches = t.

>^ 1/7 1/6 3/16 7/32 1/4 5/16 1/3 7/32 1/4 5/16 1/3 3/8 7/16 1/2

10 0,51 0,59 0,63 0,73 84 1 05 1,18 15 I 69 1 94 2 47 ?. 58 2 91 3,39 3,87
15 0,75 0.88 1,00 1 16 1 37. 1 66 1 77 70 ? 7,4 7 57 3 71 3 47 3 85 4,49 ^,13
20 1.00 1.17 1.32 1.54 1.75 2.19 2.34 7,5 2.79 3 19 3.98 4.25 4.78 5.57 6.37
23 1.23 1.43 1.61 1,88 2 16 2 69 ?. 86 30 3 31 3 79 4 74 5 05 5 67 6 62 7.58
30 1.47 1.72 1.93 2.25 2 58 3 22 3 44 35 3 87 4 37 5 46 5 83 6 56 7 65 8,75
35 1.69 1.97 2.22 2.59 2 96 3 70 3 94 40 4 33 4 95 6 19 6 60 7 47 8 66 9.90
40 1.90 2.22 2.49 2.90 3 32 4 15 4 44 45 4 85 5 49 6 86 7 37 8 43 9 70 10,98
45 2.09 2.45 2.75 3.21 3,67 4,58 4 89 50 5 7,6 6 01 7 51 8 07 9 07 10 52 12,03
50 2.27 2.65 2.98 3.48 3,98 4,97 5 30 55 5 68 6 50 8 17 8 66 9 74 11,36 13.00
55 2.44 2.84 3.19 3.72 4.26 5.32 5 69 60 6 09 6 96 8 70 9 78 10 43 12 17 13.91

60 2.58 3.01 3.38 3.95 4.51 5.64 6 n?, 65 6 45 7 37 9 7,7 9 83 11 06 12 90 14.75
65 2.71 3.16 3.55 4.14 4.74 5.92 6 37. 70 6 78 7 75 9 69 10 33 11 62 13 56 15.50
70 2.81 3.27 3.68 4.29 4.91 6.14 6 54 75 7 09 8 11 10 13 10 84 17 16 14 18 16.21
75 2.89 3.37 3.79 4.42 5.05 6.31 6 73 m 7 36 8 41 10 51 11 71 12 61 14 71 16,81
80 2.94 3.43 3.86 4.50 5.15 6.44 6 86 85 7 58 8 66 10 87 11 55 13 00 15,16 17.32
«5 2.97 3.47 3.90 4.55 5.20 6.50 6 93 90 7 74 8 85 11 06 11 80 13 27 15,48 17,69
m 2.97 3.47 3.90 4.55 5.20 6.50 6.93 100 7.96 9.10 11.37 12.13 13.65 15.92 18.20

The H.P. becomes a maximum The H.P. becomes a maximum at
at 87.41 ft. per sec. = 5245 ft. p. min. 105.4 ft. per sec. = 6324 it. per min.
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In the above table the angle of subtension, a, is taken at 180°.

Should it be I 90°|100°|110°|120°1130°|140°]150°]160°|170°1180°|200«'
Multiply above

values by 1.651 -701 .751 .791 .SSl .87l^.9ir .941 ,.97| 1 |l.05

A. F. Nagle's Formula {Trans. A. S. M. E., vol. ii, 1881, p. 91.
Tables published in 1882),

H.P.= en»(--Lf-^;
C = 1 - 10-0-00758 /a: ^_ thickness in inches;
a = degrees of belt contact; v= velocity in feet per second;
/ = coefficient of friction; S= stress upon belt per square Inch.
to == width in inches:
Taking S at 275 lbs. per sq. in. for laced belts and 400 lbs. per sq. In.

for lapped and riveted belts, the formula becomes
H.P.= CVtw (0 .50 - .0000218 V^) for laced belts;
H.P.= CVtw (0 .727-0 .0000218 V^) for riveted belts.

Values OF C= 1- 10-0-00758 /a, (Nagle.)

Degrees of contact = a.

/ = coefficient
_ of friction.

90° 100° 110° 120° 130° 140° 150° 160° 170° 180° 200»

0.15 210 0.230 0.250 0.270 0.288 0.307 0.325 0.342 0.359 0.376 0.408
.20 270 .295 ,319 .342 .364 .386 .408 .428 .448 .467 .503

.25 V5 354 381 407 .432 ,457 ,480 ,503 524 544 582

.30 376 408 438 ,467 .494 ,520 544 ,567 ,590 610 649

.35 47,3 457 ,489 .520 .548 575 600 624 ,646 667 ,705

.40 4fi7 507. 536 .567 ,597 624 649 ,673 695 715 .753

.45 507 .544 .579 .610 .640 .667 .692 ,715 .737 .757 .792

.50 .543 .582 .617 .649 .679 .705 .730 .753 .772 .792 .826
.55 57S 617 .652 .684 .713 .739 .763 .785 ,805 87.7. .853
.60 610 ,649 .684 .715 .744 .769 .792 .813 .832 848 877

1.00 .792 .825 .853 .877 .897 .913 .927 .937 .947 .956 .969

The following table gives a comparison of the formulae already given
for the case of a belt one inch wide, with arc of contact 180°.

Horse-power of a Belt One Inch wide. Arc of Contact 180°.
Comparison of Different Formula,

.S « .Ba -^.S Form. 1 Form .2 Form. 3 Form. 4
Form. 5

double Nagle's Form.

H.P. =
wv

H.P. =
wv

H.P. =
wv

H.P. =
wv

belt
H.P.=

7/32-in. smgie
belt.

^£, »2
550 1100 1000 733 -

513 Laced. Riv't'd

10 600 50 1.09 0.55 0.60 0.82 1.17 0.73 1.14
20 1200 100 2.18 1.09 1.20 1.64 2.34 1.54 2.24
30 1800 150 3.27 1.64 1.80 2.46 3.51 2.25 3.31

40 2400 200 4.36 2.18 2.40 3.27 4.68 2.90 4.33
50 3000 250 5.45 2.73 3.00 4.09 5.85 3.48 5.26
60 3600 300 6.55 3.27 3.60 4.91 7.02 3.95 6.09

70 4200 350 7.63 3.82 4.20 5.73 8.19 4.29 6.78
80 4800 400 8.73 4.36 4.80 6.55 9.36 4.50 7.36

90 5400 450 9.82 4.91 5.40 7.37 10.53 4.55 7.74
100 6000 500 10.91 5.45 6.00 8.18 11.70 4.41 7.96

110 6600
7200

550
600

4.05
3.49

7.97

120 7.75

Width of Belt for a Given Horse-power. — The width of belt
required for any given horse-power may be obtained by transposing the
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formulae for horse-power so as to give the value of w. Thus:

, ,,, 550 H.P. 9.17 H.P. 2101 H.P. 275 H.P.
From formula (1), w= —

From formula (2), w =

From formula (3), w =

dX r.p.m. LXr.p.m,
1100 H.P. _ 18 . 33 H.P. _ 4202 H.P. ^ 530 H.P. .

"dXr.p.m. L Xr.p.m,
1000 H.P. 16.67 H.P. _ 3820 H.P. 500 H.P.

733 H.P.

513 H.P.

V
18.33 H.P.

V
16.67 H.P.

V
12.22 H.P.

. V
8.56 H.P.

d X r.p.m.

2800 H.P.

'dxr.p.xn.
1960 H.P.

L Xr.p.m.
360 H.P.
L Xr.p.m.*
257 H.P.

From formula (4), w=

From formula (5),* t^= — „ :t^ ;,^— .

V V d Xr.p.m. L Xr.p.m.
Many authorities use formula (1) for double belts and formula (2) or

(3) for single belts.

To obtain the width by Nagle's formula, '^ =cVtif-^Z2 F»)
' °^

divide the given horse-power by the figure in the table corresponding to
the given thickness of belt and velocity in feet per second.

The formula to be used in any particular case is largely a matter of judg-
ment. A single belt proportioned according to formula (1), if tightly
stretched, and if the surface is in good condition, will transmit the horse-
power calculated by the formula, but one so proportioned is objectionable,
first, because it requires so great an initial tension that it is apt to stretch,
Blip, and require frequent restretching and relacing; and second, because
this tension will cause an undue pressure on the pulley-shaft, and therefore
an undue loss of power by friction. To avoid these difficulties, formula
(2), (3), or (4), or Mr. Nagle's table, should be used; the latter especially
in cases in which the velocity exceeds 4000 ft. per min.
The following are from the notes of the late Samuel Webber. (Am.

Mach. May 11, 1909.)
Good oak-tanned leather from the back of the hide weighs almost

exactly one avoirdupois ounce for each one-hundredth of an inch in thick-
ness, in a piece of leather one foot square, so that

Lbs.
per Sq.
Ft.

Approx.
Thick-
ness.

Actual
Thick-
ness.

Vel. per
Inch for

1 H.P.

Safe Strain
per Inch
Width.

Single belt.,. 16 oz.
24 "

28 '''

33 "
45 ..

1/6 in.

9/lfi •

0.16 in.

0.24
"

0.28
'•

0.33
••

0.43
"

625 ft.

417
"

357
"

303
"

222
"

52.8 Ibq.
Light double 78.1 *•

Medium. , 92.5 "
Standard 109

3-pIy... 148 "

The rule for velocity per inch width for 1 H.P. is:

Multiply the denominator of the fraction expressing the thickness ol
the belt in inches by 100, and divide it by the numerator;

Good, well-calendered rubber belting made with 30-ounce duck and
new Ci. e., not reclaimed vulcanized) rubber will be as follows:

Nomenclature. Approximate
Thickness.

Safe Working
Strain for 1 Inch

Width.

Velocity per Inch for
for 1 H.P.

3.ply

5
"

6 "

7
"

8 "

0.18 in.
0.24 "

0.30 ••

0.35 ••

0.40 ••

45
"

45 pounds
65 "
85 ••

105 "
125 "
145 "

735 ft. per min.
508" " "
388 " " "
314 " "
264 " " "
218 " •• "

The thickness of rubber belt does not necessarily govern the strength,
but the weight of duck does, and with 30-ounce duck, the safe working
strains are as above.

Belt Factors. W. W. Bird (Jour. Worcester Polyt. Inst, Jan. 1910.)— The factors given in the table below, for use in the formula H.P. =i
vw -i- F,m which F is an empirical factor, are based on the following
assumptions: A belt of single thickness will stand a stress on the tight

* For double_foelts.
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side, Ti, of 60 lbs. per inch of width, a double belt 105 lbs., and a
triple belt 150 lbs., and have a fairly long life, requiring only occasional
taking up; the ratio of tensions T1/T2 should not exceed 2 on smaU,
2. 5 on medium and 3 on large pulleys; the creep (travel of the belt
relative to the sm-face of the pulley due to the elasticity of the belt
and not to slip) should not exceed 1 %—this requires that the differ-
ence m tensions Ti - T2 should not be greater than 40 lbs. per incn 0/
width for single, 70 for double and 100 for triple belts.

Pulley diam,
Under
Sin.

8 to
36 in.

Over
3 ft.

Under
14 in.

14 to
60 in.

Over
5 ft.

Under
21 in.

21 to
84 in.

Over
7 ft.

Belt thick-
ness.

Single. S'gle. S'gle. Dbl. Dbl. Dbl. Triple. Triple. Triple.

Factor

Creep, %...

.

Tt^n
Ti

1100
30

0.74
2
60

920
36

0.89
2.5

60

830
40

0.99
3

60

630
52.5
0.74
2
105

520
63

0.89
2.5
105

470
70

0.99
3
105

440
75

0.74
2
150

370
90

0.89
2.5
150

330
100

0.99
3
150

These factors are for an arc of contact of 180°. For other arcs they
are to be multiplied by the figures given below.
Arc 220° 210° 200° 190° 170° 160° 150° 140° 130° 120°
Multiply by .. . 0.89 0.92 0.95 0.97 1.04 1.07 1.11 1.16 1 21 1 27

Taylor's fiules for Belting.— F. W. Taylor {Trans. A. S. M.' E.,
XV, 204) describes a nine years' experiment on belting In a machine shop,
giving results of tests of 42 belts running night and day. Some of these
belts were run on cone puUeys and others on shifting, or fast-and-loose,
pulleys. The average net working load on the sliifting belts was only
0.4 of that of the cone belts.

The shifting belts varied in dimensions from 39 ft. 7 in. long, 3.5 in.
wide, .25 in. thick, to 51 ft. 5 in. long, 6 .5 in. wide, .37 in. thick. The
cone belts varied in dimensions from 24 ft. 7 in. long, 2 in. wide, .25 in.
thick, to 31 ft. 10 in. long, 4 in. wide, .37 in. thick.

Belt-clamps were used having spring-balances between the two pairs
of damns, so that the exact tension to which the belt was subjected was
accurately weighed when the belt was first put on, and each time it wa;
tightened. The tension under which each belt was spliced was care
fully figured so as to place it under an initial strain—while the belt
was at rest immediately after tightening—of 71 lbs. per inch of width
of double belts. This is equivalent, in the case of

Oak tanned and fulled belts, to 192 lbs. per sq. in. section;
Oak tanned, not fulled belts, to 229 " " " "
Semi-raw-hide belts, to 253 " " " " "
Raw-hide belts to 284 " " •

" "

From the nine years experiment Mr. Taylor draws a number of con-
clusions, some of which are given in an abridged form below.

In using belting so as to obtain the greatest economy and the most
satisfactory results, the following rules should be observed:

' Other Types'
of Leather
Belts and
6- to 7-ply

Rubber Belts.

A double belt, having an arc of contact of
180°, will give an effective pull on the face
of a pulley per inch of width of belt of.

.

Or, a different form of same rule:

The number of sq. ft. of double belt passing
around a pulley per minute required to
transmit one horse-power is

Or: The number of lineal feet of double
belting 1 in. wide passing around a pulley
per minute required to transmit one horse-
power is

Or: A double belt 6 in. wide, running 4000 to
5000 ft. per min., will transmit

90 sq. ft.

1 100 ft.

25 H.P.
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The terms "initial tension," "effective pull," etc., are thus explained
by Mr. Taylor: When pulleys upon which belts are tightened are at rest
both strands of the belt (the upper ana lower) are unaer the same stress
per in. of width. By "tension," "initial tension," or "tension while at
rest," we mean the stress per in. of width, or sq. in. of section, to which
one of the strands of the belt is tightened, when at rest. Alter the belts
are in motion and transmitting power, the stress on the slack side, or
strand, of the belt becomes less, while that on the tight side — or the side
which does the pulling — becomes greater than when the belt was at rest.
By the term "total load" we mean the total stress per in. of width, or
sq. in. of section, on the tight side of belt while in motion.
The difference between the stress on the tight side of the belt and its

slack side, while in motion, represents the effective force or pull which is
transmitted from one pulley to another. By the terms "working load,"
"net working load," or "effective pull," we mean the difference in the
tension of the tight and slack sides of the belt per in. of width, or sq. in.
section, while in motion, or the net effective force that is transmitted from
one pulley to another per in. of width or sq. in. of section.
The discovery of Messrs. Lewis and Bancroft {Trans. A. S. M. E.,

vii, 549) that the "sum of the tension on both sides of the belt does not
remain constant," upsets all previous theoretical belting formulae.
The belt speed for maximum economy should be from 4000 to 4500 ft.

per minute.
The best distance from center to center of shafts is from 20 to 25 ft.

Idler pulleys work most satisfactorily when located on the slack side
of the belt about one-quarter way from the driving-pulley.

Belts are more durable and work more satisfactorily made narrow and
thick, rather than wide and tliin.

It is safe and advisable to use: a double belt on a pulley 12 in. diameter
or larger; a triple belt on a pulley 20 in. dia.meter or larger; a quadruple
belt on a pulley 30 in. diameter or larger.
As belts increase in width they should also be made thicker.
The ends of the belt should be fastened together by splicing and cement-

ing, instead of lacing, wiring, or using hooks or clamps of any kind.
A V-splice should be used on triple and quadruple belts and when

idlers are used. Stepped splice, coated with rubber arxd vulcanized in
place, is best for rubber belts.

For double belting the rule works well of making the splice for all belts
up to 10 in. wide, 10 in. long; from 10 in. to 18 in. wide the splice should
be the same width as the belt, 18 in. being the greatest length of sphce
required for double belting.

Belts should be cleaned and greased every five to six months.
Double leather belts will last well when repeatedly tightened under

a strain (when at rest) of 71 lbs. per in. of width, or 240 lbs. per sq. in.
section, but they will not maintain this tension for any length of time.

Belt-clamps having spring-balances between the pairs of clamps should
be used for weighing the tension of the belt each time it is tightened.

The stretch, duraoility, cost of maintenance, etc., of belts proportioned
(A) according to the ordinary rules of a total load of 111 lbs. per inch of
width, corresponding to an effective pull of 65 lbs. per inch of width, and
(B) according to a more economical rule of a total load of 54 lbs., corre-
sponding to an effective pull of 26 lbs. per inch of width, are found to be
as follows:
When it is impracticable to accurately weigh the tension of a belt in

tightening it, it is safe to shorten a double belt one-half inch for every
10 ft. of length for (A) and one inch for every 10 ft. for (B), if it requires
tightening.

Double leather belts, when treated with great care and run night and
day at moderate speed, should last for 7 years (A); 18 years (B).
The cost of all labor and materials used in the maintenance and repairs

of double belts, added to the cost of renewals as they give out, through a
term of years, will amount on an average per year to 37% of the original
cost of the belts (A) ; 14% or less (B).

In figuring the total expense of belting, and the manufacturing cost
chargeable to this account, by far the largest item is the time lost on the
machines while belts are being relaced and repaired.
The total stretch of leather belting exceeds 6% of the original length.
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The stretch during the first six months of the life of belts is 36% of
their entire stretch (A); 15% (B).

A double belt will stretch 0.47% of its length before requiring to be
tightened (A); 0.81% (B).
The most important consideration in making up tables and rules for the

use and care of belting is how to secure the minimum of interruptions to
manufacture from tliis source.

The average double belt (A), when running night and day in a macliine-
shop, will cause at least 26 interruptions to manufacture during its life,

or 5 interruptions per year, but with (B) interruptions to manufacture
will not average oftener for each belt than one in sixteen months.
The oak-tanned and fulled belts showed themselves to be superior in

all respects except the coefficient of friction to either the oak-tanned
not fulled, the semi-raw-hide, or raw-liide with tanned face.

Belts of any width can be successfully shifted backward and forward
on tight and loose pulleys. Belts running between 5000 and 6000 ft.

per min. and driving 300 H.P, are now being daily shifted on tight and
loose pulleys, to throw hnes of shafting in and out of use.

The best form of belt-shifter for wide belts is a pair of rollers twice the
width of belt, either of which can be pressed onto the flat surface of the
belt on its slack side close to the driven pulley, the axis of the roller
making an angle of 75° with the center Une of the belt.

Remarks on Mr. Taylor's Rules. (W. Kent, Trans. A. S. M. E., xv»
242.)—'The most notable feature in Mr. Taylor's paper is the great dif-

ference between his rules for proper proportioning of belts and those
given by earlier writers. A very commonly used rule is, one horse-power
may be transmitted by a single belt 1 in. wide running x ft. per min., sub-
stituting for X various values, according to the ideas of different engineers,
ranging usually from 550 to 1100,
The practical mechanic of the old school is apt to swear by the figure

600 as being thorouglily reliable, wliile the modern engineer is more apt
to use the figure 1000. Mr. Taylor, however, instead of using a figure
from 550 to 1100 for a single belt, uses 950 to 1100 for double belts. If

we assume that a double belt is twice as strong, or will carry twice as much
power, as a single belt, then he uses a figure at least twice as large as that
used in modern practice, and would make the cost of belting for a given
shop twice as large as if the belting were proportioned according to the
most liberal of the customary rules.

This great difference is to some extent explained by the fact that the
problem which Mr. Taylor undertakes to solve is quite a different one
from that which is solved by the ordinary rules with their variations. The
problem of the latter generally is, " How wide a belt must be used, or how
narrow a belt may be used, to transmit a given horse-power?" Mr.
Taylor's problem is: " How wide a belt must be used so that a given horse-

f)ower may be transmitted with the minimum cost for belt repairs, the
ongest life to the belt, arid the smallest loss and inconvenience from stop-
ping the machine while the belt is being tightened or repaired?"
The difference between the old practical mechanic's rule of a 1-in.-

wlde single belt, 600 ft. per min., transmits one horse-power, and the rule
commonly used by engineers, in which 1000 is substituted for 600, is duo
to the belief of the engineers, not that a horse-power could not be trans-
mitted by the belt proportioned by the older Tule, but that such a pro-
portion involved undue strain from overtightening to prevent slipping,
which strain entailed too much journal friction, necessitated frequent
tightening, and decreased the length of the life of the belt.

Mr. Taylor's rule substituting 1100 ft. per min. and doubling the belt.

Is a further step, and a long one, in the same direction. Whether it will

be taken in any case by engineers will depend upon whether they appre-
ciate the extent of the losses due to shppage of belts slackened by use
under overstrain, and the loss of time in tightening and repairing belts,

to such a degree as to induce them to allow the first cost of the belts to
be doubled in order to avoid these losses.

It should be noted that Mr. Taylor's experiments were made on rather
narrow belts, used for transmitting power from shafting to machinery,
and his conclusions may not be aoDlicable to heavy aad wide belts, suqU
iS engine fly-wheel belts, -

-
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Earth's Studies on Belting. {Trans. A. S. M. E., 1909.)— Mr.
Carl G. Barth has made an extensive study of the work of eariier writers
on the subject of belting, and has derived several new formulae and dia-
grams showing the relation of the several variables that enter into the
belt problem. He has also devised a sUde rule by which calculations of
belts may easily be made. He finds that the coefficient of friction de-
pends on the velocity of the belt, and may be expressed by the formula

/ = 0.54 -
^QQj^y , in which V is the velocity in feet per minute.

Taking Mr. Taylor's data as a starting point, Mr Barth has adopted
the rule, as a basis for use of belts on belt-driven machines, that for the
driving belt of a machine the minimum initial tension must be such
that when the belt is doing the maximum amount of work intended, the
sum of the tension in the tight side of the belt and one-half the tension in
the slack side will equal 240 lbs. per square inch of cross-section for all
belt speeds; and that for a belt driving a countershaft, or any other belt
inconvenient to get at for retightening or more readily made of liberal
dimensions, this sum will equal 160 lbs. Further, the maximum initial
tension, that is, the initial tension under which a belt is to be put up in
the first place, and to which it is to be retightened as often as it drops
to the minimum, must be such that the sum defined above is 320 lbs.

for a machine belt, and 240 lbs. for a counter-shaft belt or a belt simi-
larly circumstanced.
From a set of curves plotted by Mr. Barth from his formula the follow-

ing tables are derived. The figures are based upon the conditions named
in the above rule, and on an arc of contact = 180°.

Belts on Machines. Tension in tight side + 1/2 tension in slack side
= 240 lbs.

Velocity, ft. per min... 500 1000 2000 3000 4000 5000 6000
Initial tension, io 124 120 121 128 136 144 152
Centrifugal tension t^ . + 3 13 31 56 . 86 124
Difference, fo - «c 123 117 108 97 80 58 28
Tension on tight side, fi 210 212 211 207 198 187 173
Tension on slack side, fe 60 54 57 68 84 107 134
Effective pull, ft - fe . . 150 158 154 139 114 80 39
Sum of tensions ti + fe 270 268 269 274 282 294 307
H.P. per sq. in. of sec-

tion 2.27 4.79 9.33 12.64 13.82 12.12 7.09
H.P. per in. width, 5/ie

in. thick 0.71 1.50 2.82 3.95 4.32 3.71 2.22

Belts driving countershafts, ti + V2 fe = 160 lbs.

Velocity of belt, ft. per min 500 1000 2000 3000 4000 5000
Initial tension, to 82 81 83 89 96 lOii

Tension on tight side, fi 140 141 140 134 125 114
Tension on slack side, ti 40 38 . 41 53 69 92
Effecrive pull, ti - t2 100 103 99 81 56 22
Sum of tensions 180 179 181 187 194 206
H.P. per sq. in. of section 1.51 3.12 6.04 7.36 6.79 3.33
H.P. per in. width. 5/16 in. thick 0.47 0.97 1.87 2.30 2.12 1.04

MISCELLANEOUS NOTES ON BELTING.
Formulse are useful for proportioning belts and pulleys, but they fur-

nish no means of estimating how much power a particular belt may be
transmitting at any given time, any more than the size of the engine is a
measure of the load it is actually drawing, or the known strength of a
horse is a measure of the load on the wagon. The only reliable means of
determining the power actually transmitted is some form of dynamometer.
(See Trans. A. S. M. E., vol. xii, p. 707.)

If we increase the thickness, the power transmitted ought to increase
In proportion; and for double belts we should have half the width required
for a single belt under the same conditions. With large pulleys and
moderate velocities of belt it is probable that this holds good. With
small pulleys, however, when a double belt is used, there is not such per-
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feet contact between the puiiey-face and tlie belt, due to the ngidity ot
the latter, and more worii is necet^sary to bend lae belt-fibers than when a
thinner and more pliable belt is used. Tne centriiugal force tending to
throw the belt irohi the pulley also increases with tlie tiiickness ana for
these reasons the width of a double belt required to transmit' a given,
horse-power when used with small Dulieys is generally assumed not less
than seven-tenths the width of a single belt to transmit the same power
(Flather on "Dynamometers and Measurement of Power.")

F. W. Taylor, however, finds that great pliabihty is objectionable and
favors thick belts even for small pulleys. The power consumed in bending
the belt around the pulley he considers inappreciable. According to
JElankine's formula for centrifugal tension, this tension is proportional to
the sectional area of the belt, and hence it does not increase with increase
of thickness when the width Is decreased in the same proportion, the
•ectional area remaining constant.

Scott A. Smith (Trans. A. S. M. E., x, 765) says: The best belts are mada
from all oak-tanned leather, and curried with the use of cod oil and
tallow, all to be of superior quality. Such belts have continued in use
thirty to forty years when used as simple driving-belts, driving a proper
amount of power, and having had suitable care. The flesh side should
not be run to the pulley-face, for the reason that the wear from contact
with the pulley should come on the grain side, as that surface of the belt
is much weaker in its tensile strength than the flesh side; also as the grain
is hard it is more enduring for the wear of attrition; further, if the grain is
actually worn off, then the b^lt may not suffer in its integrity from a
ready tendency of the hard grain side to crack.
The most intimate contact of a belt with a pulley comes, first, in the

smoothness of a pulley-face, including freedom from ridges and hollows
left by turning-tools; second, in the smoothness of the surface and even-
ness in the texture or body of a belt ; tiiird, in having the crown of the driv-
ing and receiving pulleys exactly alike, — as nearly so as is practicable
in a commercial sense; fourth, in having the crown of pulleys not over
1/8 in. for a 24-in. face, that is to say, that the pulley is not to be over
l/i in. larger indiameter in its center; fifth, in having the crown other
than two planes meeting at the center; sixth, the use of any material
on or in a belt, in addition to those necessarily used in the currying
process, to keep them pliable or increase their tractive quality, should
whoUy depend upon ihe exigencies arising in the use of belts; non-use is

safer than ov6r-use; seventh, with reference to the lacing of belts, it

seems to be a good practice to cut the ends to a convex shape by using a
former, so that there may be a nearly uniform stress on the lacing through
the center as compared with the edges. For a belt 10 ins. wide, the center
of each end should recede i/io in.

Lacing of Belts. — In punching a belt for lacing, use an oval punch,
the longer diameter of the punch being parallel with the sides of the belt.

Punch two rows of holes in each end, placed zigzag. In a 3-in. belt there
should be four holes in each end — two in each row. In a 6-in. belt,

seven holes — four in the row nearest the end. A 10-in. belt should have
nine holes. The edge of the holes should not come nearer than 3/4 in.

from the sides, nor i/s in. from the ends of the belt. The second row
should be at least 13/4 ins. from the end. On wide belts these distances
should be even a little greater.

Begin to lace in the center of the belt and take care to keep the ends
exactly in line, and to lace both sides with equal tightness. The lacing
should not be crossed on the side of the belt that runs next the puUey.
In taking up belts, observe the same rules as in putting on new ones.

Setting a Belt on Quarter-twist. — A belt must run squarely on to
the pulley. To connect with a belt two horizontal shafts at right angles
with each other, say an engine-shaft near the floor with a line attached to
the ceiling, will require a quarter-turn. First, ascertain the central point
on the face of each pulley at the extremity of the horizontal diameter
where the belt will leave the pulley, and then set that point on the driven
pulley plumb over the corresponding point on the driver. This will cause
the belt to run squarely on to each pulley, and it will leave at an sngle
greater or less, according to the size of the pulleys and their distance from
each other.

In quarter-twist belts, in order that the belt may remain on the pulley*
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the central plane on each pulley must pass through the point of delivery
of the other pulley. This arrangement does not admit of reversed
motion.
To find the liengih of Belt required for two given Pulleys. —

When the length cannot be measured directly by a tape-line, the follow-
ing approximate rule may be used: Add the diameter of the two pulleys
together, divide the sum by 2, and multiply the quotient by 31/4, and
add the product to twice the distance between the centers of the shafts.
(See accurate formula below.)
To find the Angle of the Arc of Contact of a Belt. — Divide the

difference between the radii of the two pulleys in inches by the distance
between their centers, also in inches, and in a table of natural sines find
the angle most nearly corresponding with the quotient. Multiply this
angle by 2, and add the product to 180° for the angle of contact with the
larger pulley, or subtract it from 180° for the smaller pulley.

Or, let R = radius of larger pulley, r = radius of smaller;
L = distance between centers of the pulleys;
a = angle whose sine is (R — r) -^ L.

Arc of contact with smaller pulley = 180° — 2 a;
Arc of contact with larger puUey = 180° + 2 a.

To find the Length of Belt in Contact with the Pulley. — For the
larger pulley, multiply the angle a, found as above, by .0349, to the
product add 3.1416, and multiply the sum by the radius of the pulley.
Or length of belt in contact with the pulley

= radius X (t + .0349 a) = radius X ^(1 4- a/90).

For the smaller pulley, length= radius X (t— .0349 a)

= radius X ^(1 - a) -^90.

The above rules refer to Open Belts. The accurate fojmula for length
of an open belt is,

Length = nR(l + a/90) + irr(l -a/90) + 2 L cos a.
= Riw+ 0.0349 a) + r(7r- 0.0349 a) + 2 Z, cos a,

in which R = radius of larger pulley, r = radius of smaller pulley,
L = distance between centers of pulleys, and a = angle whose

sine is

(R -r) -^ L; cos a = VL^ - {R - r)^ ^ L.

An approximate formula Is

Length = 2 L +7: {R +r) ¥ {R - r)'^/L
For Z/ = 4, 72 = 2, r = l, this formula gives length = 17.6748, the

accurate formula giving 17.6761

For Crossed Belts the formula is

Length of belt = ir R{1 +j3/90) + Trr (1 + i8/90) + 2 L cos /3

= (/<; + r) X (t + 0.0349 ^) + 2 L cos j3,

In which /3 = angle whose sine is (i2 + r) -J- Z- ; cos ^ = ^U' — (i2 + r)^ -^ L.

To find the Length of Belt when Closely Rolled. ~ The sum of the
diameter of the roll, and of the eye in inches, X the number of turns made
by the belt and by 0.1309, = length of the belt in feet.

To find the Approximate Weight of Belts. — Multiply the longth
of belt, in feet, by the width in inches, and divide the product by 13 for
single and 8 for double belt.
Good oak-tanned leather from the back of the hide weighs almost

exactly 1 oz. per sq. ft. per 0.01 in. thickness. The thickness of single

belts is 0.16 in. ; of light double belts, 0.24 in. ; of miedium weight double
belt, 0.28 in.; of standard double belt, 0.33 in.; of 3-ply belts, 0.45 in.

(W. O. Webber, in Trans. Natl. Assoc. Cotton Mfrs., 1908, p. 345.)
Relations of the Size aid Speeds of Driving and Driven Pulleys.—The driving pulley is called the driver, D, and the driven pulley the

driven, d. If the number 01 teeth in gears is used instead of diameter,
in these calculations, number of teeth must be substituted wherever
diameter occurs. B = revs, per min. of driver, r = revs, per min. of
driven.

D = dr-i-B;
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Diam. of driver = diam. of driven X tevs. of driveil 4- fevs. of driver.
d = DB^r;

Diam. of driven = diam. of driver X revs, of driver -r revs, of driven.'
R = dr -i- D;

Revs, of driver = revs, of driven X diam. of driven -f- diam. of driver*

r = DR -^ d;

Revs, of driven = revs, of driver X diam. of driver 4- diam. of drivenv

Evils of Tight Belts. (Jones and Laughlins.) — Clamps with power-
ful screws are often used to put on belts with extreme tightness, and with,
most injurious strain upon the leather. They should be very judiciously
used for horizontal belts, which should be allowed sufficient slackness'

to move with a loose undulating vibration on the returning side, as a test
that they have no more strain imposed than is necessary simply to trans-
mit the power.
On this subject a New England cotton-mill engineer of large experience

says: I beUeve that three-quarters of the trouble experienced in broken.
puUeys, hot boxes, etc., can be traced to the fault of tight belts. The
enormous and useless pressure thus put upon pulleys must in time break
them, if they are made in any reasonable proportions, besides wearing:
out the whole outfit, and causing heating and consequent destruction of
the bearings. Below are figures showing the power taken, in average)
modern mills with first-class shafting, to drive the shafting alone:

Mill
No.

Wliole Shafting Alone.
Mill
No.

Whole
Load,
H.P.

Shafting Alone.

Load,
H.P.

Horse-
power.

Per cent
of whole.

Horse-
power.

Per cent
of whole-

1

2
3

4

199

472
486
677

51

111.5
134
190

25.6
23.6
27.5
28.1

5

6
7
8

759
235
670
677

172.6
84.8

262.9
182

22.7
36.1 1

39.2 i

26.8

These may be taken as a fair showing of the power that is required in
many of our best mills to drive shafting. It is unreasonable to think that
all that power is consumed by a legitimate amount of friction of bearings
and belts. I know of no cause for such a loss of power but tight belts.
These, when there are hundreds or thousands in a mill, easily multiply
the friction on the bearings, and would account for the figures.

Sag of Belts. Distance between Pulleys.— In the location of shafts
that are to be connected with each other by belts, care should be taken
to secure a proper distance one from the other. This distance should be
iuch as to allow of a gentle sag to the belt when in motion.
A general rule may be stated thus: Where narrow belts are to be run

over small pulleys 15 feet is a good average, the belt having a sag of
il/2 to 2 inches.
For larger belts, working on larger pulleys, a distance of 20 to 25 feet,

does well, with a sag of 21/2 to 4 inches.
For main belts working on very large pulleys, the distance should be 25;

to 30 feet, the belts working well with a sag of 4 to 5 inches.
If too great a distance is attempted, the belt wiU have an unsteady/

flapping motion, which will destroy both the belt and machinery.
Arrangement of Belts and Pulleys. — If possible to avoid it, con^

uected shafts should never be placed one directly over the other, as in^

such case the belt must be kept very tight to do the work. For fhisj

purpose belts should be carefully selected of well-stretched leather.
It is desirable that the angle of the belt with the floor should not exceed!

45°. It is also desirable to locate the shafting and machinery so that;

belts should run off from each shaft in opposite directions, as this arrange-
ment will relieve the bearings from the friction that would result whem
the belts all pull one way on the shaft.

In arranging the belts leading from the main line of shafting to tfte

counters, those pulling in an opposite direction should be placed as near
each other as practicable, while those pulling in the same direction

should be separated. This can often be accomplished by changmg the

relative positions of the pulleys on the counters. By this procedure

much of the friction on the journals may be avoided.

If possible, machinery should be so placed that the direction of the bei^
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motion shall be from the top of the driving to the top of the driven pulley
when the sag will increase the arc of contact.
The pulley should be a little wider than the belt required for the wori
The motion of driving should run with the laps of the belts.
Tightening or guide pulleys should be applied to the slack side of belt!

and near the smaller pulley.
Jones and Laughlins, in their Useful Information, say: The diameter o

the pulleys should be as large as can be admitted, provided they will not
produce a speed of more than 4750 feet of belt motion per minute.
They also say: It is better to gear a mill with small pulleys and ruL

them at a high velocity, than with large pulleys and to run them slower
A mill thus geared costs less and has a much neater appearance than witl
large heavy pulleys.

M. Arthur Achard {Proc. Inst. M. E., Jan., 1881, p. 62) says: When thL
belt is wide a partial vacuum is forme 1 between the belt and the pullej
at a high velocity. The pressure is then greater than that computed fron
the tensions in the belt, and the resistance to slipping is greater. Thii
has the advantage of permitting a greater power to be transmitted by
given belt, and of diminishing the strain on the shafting.
On the other hand, some writers claim that the belt entraps air betweei

Itself and the pulley, which tends to diminish the friction, and reduci
the tractive force. On this theory some manufacturers perforate thi

belt with numerous holes to let the air escape.
Care of Belts. — Leather belts should be well protected against water

loose steam, and all other moisture, with which they should not come ii

contact. But where such conditions prevail fairly good results ar
obtained by using a special dressing prepared for the purpose of water

Eroofing leather, though a positive water-proofing material has not ye
een discovered.
Belts made of coarse, loose-fibered leather will do better service in dr]

and warm places, but if damp or moist conditions exist then the ver^
finest and firmest leather should be used. (Fayerweather & Ladew.)
Do not allow oil to drip upon the belts. It destroys the Ufe of the leather
Leather belting cannot safely stand above 130° of heat.
"Duxbak" waterproof belt is advertised to withstand any amourf

of moisture, and temperatures up to 200 degrees.
Strength of Belting.—The ultimate tensile strength of belting doe

not generally enter as a factor in calculations of power transmission.
The strength of the sohd leather in belts is from 2000 to 5000 lbs. pe

square inch; at the lacings, even if well put together, only about 1000 t(

1500. If riveted, the joint should have half the strength of the sohd
belt. The working strain on the driving side is generally taken at not*
over one-third of the strength of the lacing, or from one-eighth to one-
sixteenth of the strength of the soUd belt. Dr. Hartig found that the
tension in practice varied from 30 to 532 lbs. per sq. in. , averaging 273 lbs.

Effect of Humidity Upon a Leather Belt. (W. W. Bird and P. W.
Roys, Trans. A. S. M. E., 1915.)—Tests with a 4-in. oak-tanned single
belt, with constant horse-power transmitted, and with the center dis-
tance and humidity varying, showed increase of the sum of the tensions
as the humidity decreased, figures taken from curves of the results
being as follows:

Center distance: 9 ft. 6 in., 9 ft. 61 /2 in., 9 ft. 7 in., 9 ft. 71/2 in.
Relative Humidity. Sum of the Tensions, pounds.
90 95 210 325 445
55 125 260 400 550
20 150 310 465 620

Increase of temperature as well as increase of humidity tends to-

lengthen the belt and decrease the tension. The most important con-
clusions are:

1. If a belt be set up at a medium relative humidity, the tensions will
not be excessive at lower relative humidities, nor will there be any
great danger of slipping at high relative hmnidities unless there are
•excessive temperature changes.

2. If a belt be set up at any relative humidity with a spring or
gravity tightener, a load 50 per cent greater than the standard can
be transmitted at either high or low humidity without danger of stretch-
ing the belt, slipping, or excessive pressure on the bearings.
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Adhesion Independent of Diameter. (Schultz Belting Co.) —
1. The adhesion of the belt to the pulley is the same — the arc or number
of degrees of contact, aggregate tension or weight being the same —
without reference to width oi belt or diameter of pulley.

2. A belt will slip just as readily on a pulley four feet in diameter as It

will on a pulley two feet in diameter, provided the conditions of the faces
Df the pulleys, the arc of contact, the tension, and the number of feet
the belt travels per minute are the same in both cases.

3. To obtain a greater amount of power from belts the pulleys may be
covered with leather; this will allow the belts to run very slack and give
25% more durability.
Endless Belts. — If the belts are to be endless, they should be put on

and drawn together by "belt clamps" made for the purpose. If the belt
is made endless at the belt factory, it should never be run on to the pulleys,
lest the irregular strain spring the belt. Lift out one shaft, place the
belt on the pulleys, and force the shaft back into place.
Belt Data. — A fly-wheel at the Amoskeag Mfg. Co., Manchester, N.H.,

30 feet diameter, 110 inches face, running 61 revs, per min., carried two
heavy double-leather belts 40 inches wide each, and one 24 inches wide.
The engine indicated 1950 H.P., of which probably 1850 H.P. was trans-
mitted by the belts. The belts were heavily loaded, but not overtaxed,
the speed being 323 ft. per min. for 1 H.P. per inch of width.
Samuel VVebDer {Am. Mach., Feb. 22, 1894) reports a case of a belt 30

ins. wide, s/g ia. tliick, running for six years at a velocity of 3900 It. per
rain., on to a pulley 5 ft. diameter, and transmitting 556 H.P. This gives
a velocity of 210 ft. per rain, for 1 H.P. per in. of width. By Mr. Nagle's
table of riveted belts this belt would be designed for 332 H.P. By Mr.
Taylor's rule it would be used to transmit only 123 H.P.
The above may be taken as exaraples of what a belt may be made to

do, but they should not be used as precedents in designing. It is not
stated how much power was lost by the journal friction due to over-
tightening of these belts.

The United States Navy Department Specifications for Leather
Belting.— Belting to be cut from No. 1 native packer steer hides or
their equal. All hides to be tanned with white or chestnut oak by
slow process (six to eight months) and chemical processes must not be
used. The leather is to be thoroughly cured by hand and must not
be stuffed or loaded for artificial weight. Leather must not crack
open on grain side when doubled strongly by hand with grain side
out. Belting is to be cut from central part of the hide no further
than 15 in. from backbone or more than 48 in. from tail toward shoulder.

Belts 8 in. and over must be cut to include backbone. All leather
is to be stretched 6 in. in lengthwise direction of the butt and is

not to exceed 54 in. after stretching. Centers and sides are to be
stretched 6 in. separately. That is, all side leathers from which widths
under 8 in. are to be cut, must be stretched after the belting is removed
from the backbone center section. Center sections are to be stretched
in exactly the same size for which they are to be used.

For single belts up to 6 in., laps must not exceed 6 in. nor be less'

than 3 1/2 in. long. For single belts over 6 in. laps must not be more
than 1 in. wider than belt.

For double belts, laps must not exceed 5 1/2 in. nor to be less than
3 1/2 in. No filling straps will be permitted. All laps must be held
securely at every part with the best quahty of belt cement, and when
pulled apart shall show no resinous, vitreous, oily or watered condition.
Belting is to be stretched again after manufactxire.

Belting is to weigh for all sizes of single belts 16 oz. per sq. ft. and
for double belts per sq. ft. as follows: 1 to 2 in., 26 oz.; 21/2 to 4 in.,

28 oz.; 41/2 to 5 in., 30 oz.; 6 in. and over, 32 oz.
Only hand cut, green slaughter hides of the best quality are to be

used for lacing. Raw hide laces to be cut 1/4, s/ie, s/g, 7/i6, 1/2, s/g,

and 3/4-in. sizes. They must be cut lengthwise from the hide and
have an ultimate tensile strength of not less than

Width, in 1/4 5/16 3/8 7/16 V2 5/8 8/4

Tensile strength, lb. .. . 95 125 155 165 180 205 230

Belt Dressings.—We advise that no belt dressing should be used
except when the belt becomes dry and husky, and in such instances wa
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recommend the use of a dressing. Where this is not used beef tallow at
blood-warm temperature should be applied and then dried in, either by-
artificial heat or the sun. The addition of beeswax to the taUow will be
of some service if the belts are used in wet or damp places. Resin
should never be used on leather belting. (Fayerweather & Ladew.)

Belts should not be soaked in water before oiling, and penetrating oils
should only be used when a belt gets very dry and husky from neglect.
It may then be moistened a little, and neatsfoot oil applied. Frequent
applications of such oils to a new belt render the leather soft and flabby,
thus causing it to stretch, and making it liable to run out of line. A
composition of tallow and oil, with a httle resin or beeswax, is better to
use. Prepared castor-oil dressing is good, and may be applied with a
brush or rag while the belt is riuming. (Alexander Bros.)
Some forms of belt Qressing, the compositions of which have not been

published, appear to have the property of increasing the coefficient of
friction between the belt and the pulley, enabling a given power to be
transmitted with a lower belt tension than with undressed belts. C. W.
Evans {Power, Dec, 1905), gives a diagram, plotted from tests, which
shows that three of these compositions gave increased transmission for
a given tension, ranging from about 10% for 90 lbs. tension per inch of
width to 100% increase with 20 lbs. tension.
Cement for Doth or Leather. (Molesworth.) — 16 parts gutta-

percha, 4 india-rubber, 2 pitch, 1 shellac, 2 linseed-oil, cut small, melted
together and well mixed.
Rubber Belting. — The advantages claimed for rubber belting are

perfect uniformity in width and thickness; it will endure a great degree of
neat and cold without injury; it is also specially adapted for use in damp
or wet places, or where exposed to the action of steam; it is very durable,
and has great tensile strength, and when adjusted for service it has the
most perfect hold on the nuUevs. hence is less liable to slip than leather.
Never use animal oil or grease on rubber belts, as it will soon destroy]

them.
Rubber belts will be improved, and their durability increased, by

putting on with a painter's brush, and letting it dry, a composition made
of equal parts of red lead, black lead, French yellow, and litharge, mixed

• with boiled linseed-oil and japan enough to make it dry quickly. The
effect of this will be to produce a finely polished surface. If, from dust
or other cause, the belt should slip, it should be lightly moistened on the
pulley side with boiled linseed-oil. (From manufacturers' circulars.)

The best conditions are large pulleys and high speeds, low tension and
reduced width of belt. 4000 ft. per min. Is n(jt an excessive speed on
proper sized pulleys.

H.P. of a 4-plv rubber belt = (length of arc of contact on smaller pulley
i

in ft. X mdth of belt in ins. X revs, per min.) -^ 325. For a 5-ply belt )

multiply by 1 1/3, for a 6-ply by 12/3, for a 7-ply by 2, for an 8-ply by 21/3.

When the proper weight of duck is used a 3- or 4-ply rubber belt is equal
to a sinsrle leather belt and a 5- or 6-0! y rubber to a double leather belt.

. When <:he arc of contact is 180°, H.P. of a 4-ply belt = width in ins. X
velocity in ft. per min. -^ 650. (Boston Belting Co.)

Steel Belts.—The Eloesser-Kraftband-Gesellschaft, of Berlin, has
introduced a steel belt for heavy power transmission at high speeds
{Am. Mach., Dec. 24, 1908). It is a thin flat band of tempered steel.

The ends are soldered and then clamped by a special device consisting of
two steel plates, tapered to thin edges, which are curved to the radius
of the smallest pulley to be used, and joined together by smaU screws
which pass through holes in the ends of the belt. It is stated that the
slip of these belts is less than 0.1 %; they are about one-flfth the width
of a leather belt for the same power, and they are run at a speed of 10,000
ft. per minute or upwards. The following figures give a comparison of
a rope drive with six ropes 1.9 ins. diam., a leather belt 9.6 ins. wide and
a steel belt 4 ins. wide, for transmitting 100 H.P. on pulleys 3 ft. diam.
30 ft. apart at 200 r.p.m.

Rope Leather Steel

Drive. Belt. Belt.

Weight of pulley, lbs 2200 1120 460

;

Weight of rope or belt, lbs 530 240 30
Total cost of drive $335 $425 $250
Power lost, per cent of 100 H.P...,,..,..... 13 6 0.5
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ROLLER CHAIN AND SPROCKET DRIVES.
The following is abstracted from an article by A. E. INIichel, in

Mach'y, Feb., 1905. (Revised, March, 1915.)
Steel chain of acciirate pitch, high tensile strength, and good wearing

qualities, possesses, when used within proper limitations, advantages
enjoyed by no other form of transmission. It is compact, affords a posi-
tive speed ratio, and at slow speeds is capable of transmitting heavy
strains. On short transmissions it is more efficient than belting and will
operate more satisfactorily in damp or oily places. There is no loss of
power from stretch, and as it allows of a low tension, journal friction is
minimized.

Roller chain has been known to stand up at a speed of 4,000 ft. per
min., and transmit 25 H.P. at 1,250 ft. per min. ; but speeds of 1,000 ft.

per min. and under give better satisfaction. Block chain is adapted to
slower speeds, say 700 ft. per min. and under, and is extensively used on
bicycles, small motor cars and machine tools. Where speed and pull are
not fixed quantities, it is advisable to keep the speed high, and chaia
puh low, yet it should be borne in mind that high speeds are more de-
structive to chains of large than to those of small pitch.
The following table of tensile strengths, based on tests of " Diamond"

chains taken from stock, may be considered a fair standard:

Roller Chain.

Pitch, m 1/2 5/8 3/4 1 11/4 11/2 13/4 2
Tens, strength,

lbs 2,500 3,900 5,600 10,000 15,600 18,500 30,500 40,000
Block chain. . . 1 inch, 1,200 to 2,500; II/2 mch, 5.000.

The safe working load of a chain is dependent on the amount of rivet
bearing surface, and varies from i/e to 1/30 of the tensile strength, ac-
cording to the speed, size of sprockets, and other conditions peculiar to
each case. The tendency now is to use the widest possible chain in
order to secure maximum rivet bearing siu-face, thus insuring minimum
wear from friction. Manufacturers are making heavier chains than
heretofore for the same duty. As short pitch is always desirable,
special double and even triple width chains are now made to conform
to the requirements when a heavy single width chain of greater pitch
is not practical. A double chain has a Uttle more than twice the rivet
bearing surface and half again as much tensile strength as the corre-
sponding single one.
The length of chain for a given drive may be foimd by the following

formula:
AU dimensions in inches. D = Distance between centers of shafts.

A = Distance between limiting points of contact. R = Pitch radius of
large sprocket, r = Pitch radius of small sprocket. N = Number of
teeth of large sprocket, n = Number of teeth of small sprocket. P =
Pitch of chain and sprockets. (180° + 2 a) = angle of contact on large
sprocket. (180° — 2 a) = angle of contact on small sprocket. a =
angle whose sine is (R — r)/D. A = D cos a.

Length of chain required:

360 -^' -^ T 360
For block chain, the total length specified in ordering should be in

multiples of the pitch. For roller chain, the length should be in multi-
ples of twice the pitch, as a union of the ends can be effected only with
an outside and an inside link.
Wherever possible, the distance between centers of shafts should per-

mit of adjustment in order to regulate the sag of the chain. A chain should
be adjusted, in proportion to its length, to show slack when running, care
being taken to have it neither too tight nor too loose, as either condition
is destructive. If a fixed center distance must be used, and results in
too much sag, the looseness should be taken up by an idler, and when
there is any considerable tension on the slack side, this idler must be
a sprocket. Where an idler is not practical, another combination of
sprockets giving approximately the same speed ratio may be tried, and
in this manner a combination giving the proper sag may always be
obtained. The Diamond Chain and Mfg. Co. says that the center
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line distance between sprockets should not be less than II/2 times the
diameter of the larger sprocket nor more than 10 or 12 ft.

In automobile drives, too much sag or too great a distance between
shafts causes the chain to whip up and down—a condition detrimental
to smooth running and very destructive to the chain. In this class
of work a center distance of over 4 ft. has been used, but greater eflQ-

ciency and longer hfe are secured from the chain on shorter lengths,
say 3 ft. and under.

Sprocket Wheels. Properly proportioned and machined sprockets are
essential to successful chain gearing. The important dimensions of a
sprocket are the pitch diameter and the bottom and outside diameters.
For block chain these are obtained as follows:
N = Is o. of teeth, b = Diameter of round part of chain block. B

Center to center of holes in chain block. A = Center to center of holes
in side links, a = l80°/iV. Tan Q = sin a -=- (B/A + cos a).

Pitch diameter = A /sin Q.

Bottom diam. = pitch diam. — b. Outside diam. = pitch diam. + b.

For roller chain: N = Number of teeth. P = Pitch of chain. D =
Diameter of roller, a = 1S0°/N. Pitch diameter = P/sin a.

Bottom diam. = pitch diam. — D.
For sprockets cf 17 teeth and over, outside diam. = pitch diam. + D.
The outside diameters of small sprockets are cut down so that the

teeth will clear the roller perfectly at high speeds.

Outside diam. = pitch diam. + D — E.

Pitch.

Values of E.

8 to 12
Teeth.

13 to 16

Teeth.

1/2 in. to 3/4 in

1 in. to 2 in

0.062 in.

0.125 in.

0.031 in.

0.062 in.

Sprocket diameters should be very accurate, particularly the base
diameter, which should not vary more than 0.002 in. from the calculated
values. Sprockets should be gauged to discover thick teeth and inaccur-
ate diameters. A poor chain may operate on a good sprocket, but a bad
sprocket will ruin a good chain. Sprockets of 12 to 60 teeth give best
results. Fewer may oe used, but cause undue elongation m the cnain,
wear the sprockets and consume too much power. Eight-tooth sprockets
ruin almost every roUer chain applied to them, and ten and eleven teeth
are fitted only for medium and slow speeds with other conditions unusu-
ally favorable.

Sprocket teeth seldom break from insufficient strength, but the tooth 1

must be properly shaped. A chain will not run well unless the sprockets I

have sidewise clearance and teeth narrowed at the ends by curves begin-
niag at the pitch line.

Calling W the width cf the chain between the links,

^ = 1/2 TF = width of tooth at top. B = uniform width below pitch linee

B = W — 1/64 in. when W = 1/4 in. or less.

= TF— 1/32 in. when W = 5/i6 to s/g in. inclusive.
= W— 1/16 in. when W = 3/4 in. or over.

If the sprocket is flanged the chain must seat itself properly without the
|

side bars coming into contact with the flange.
j

The principal cause of trouble within the chain is elongation. It is
j

the result of stretch of material or natural wear of rivets and their bearings. \

To guard against the former, chain makers use special materials of high ;

tensile strength, but a chain subjected to jars and jolts beyond the limit
of elasticity of the material may be put in worse condition in an instant
than in months of natural wear. If for any reason a link elongates
unduly it should be replaced at once, as one elongated hnk will eventually
ruin the entire chain. Such elongation frequently results from all the
load being thrown on at once.
To minimize natural wear, chains should be well greased inside and

out protected from mud and heavy grit, cleaned often and replaced to
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run in the same direction and same side up. A new chain should never
be applied to a much-worn sprocket.

Importance of pitch line clearances: In a sprocket with no clearances
a new chain fits perfectly, but after natural wear the pitch of chain and
sorocket become unlike. The chain is then elongated and climbs the
teeth, which act as wedges, producing enormous strain, and it quickly
wrecks itself. With the same chain on a driven sprocket, cut with
clearances, all rollers seat against their teeth. After long and useful life,

the working roller shifts to the top, and the other rollers still seat with
the same ease as when new. Theoretically, all the rollers share the load.
This never occurs in practice, for infinitesimal wear within the chain
causes one, and only one, roller to bear perfectly seated against the
working face of the sprocket tooth at any one time. Clearance alone on
the driver will not provide for elongation. To operate properly the
pitch of the driver must be lengthened, which is done by increasing the
pitch diameter by an amount dependent upon the clearance allowed.
For theoretical reasoning on this subject see " Roller Chain Gear," a
treatise on English practice, by Hans Renold.
When the load reverses, each sprocket becomes alternately driver and

driven. This happens in a motor car during positive and negative accel-
eration, or in ascending or descending a hill. In this event, the above
construction is not applicable, for a driven sprocket of longer pitch than
the chain will stretch it. No perfect method of equalizing the pitch of a
roller chain and its sprockets under reversible load and at all periods of
chain elongation has been found. This fault is eliminated in the " silent

"

type of chain; hence it runs smooth at a very much greater speed than
roller chain will stand.

In practice there are comparatively few roller chain drives with chain
pull always in the same direction, so manufacturers generally cut the
driver sprockets for these with normal pitch diameter, same as the
driven. Recent experiments have proven that the difficulties are greatly
lessened by cutting both driver and driven with liberal pitch line clear-
ance. Accordingly, chain makers now advise the following pitch line
clearance for standard rollers:

Pitch, in.,

Clearance, In.,

Cutters may be obtained from Brown & Sharpe Mfg. Co. with this
clearance.

Belting versus Chain Drives.—Chains are suitable for positive
transmissions of very heavy powers at slow speed. They are properly
used for conveying ashes, sand, chemicals and hquids which would cor-
I'ode or destroy belting. Chains of tliis liind are generally made of
maUeable iron. For conveyers for clean substances, flour, wheat anTi
other grains, belts are preferable, and in the best installations leather is

preferred to cotton or rubber, being more durable. Transmission
chains have to be carefully made. If the chain is to run smoothly,
noiselessly, and without considerable friction, l5oth the links and the
sprockets must be mathematically correct. This perfection of design
is fovmd only in the highest and best makes of steel chain.

Deterioration of chains starts in with the beginning of service. Even
in such light and flexible duty as bicycle transmission, a chain is sub-
jected to sudden severe strains, which either stretch the chain or distort
the bearing surfaces. Either mishap is fatal to smooth, frictionless
nmning. If the transmission is po.sitive, as from motor or shaft to a
machine tool, sudden variations in strain become sledge-hammer blows,
and the chain must either break or the parts yield. To avoid the evils
arising from the stretching of the chain, self-adjusting forms of teeth
have been invented, and the Renold and the JSIorse silent-chain gears
are examples.

Chain drives are recommended for use under the following conditions:
(1) Where room is lacking for the proper size pulleys for belts. (2)

Where the centers between shafts are too short for belts. (3) Where a
positive speed ratio is desired. (4) Where there is moisture, heat or
dust that would prevent a belt working properly. (5) Where a maxi-
mum power per inch of width is desired.
The Renold and the Morse chain gears use springs in the sprocket

1/2 3/4 1 11/4 11/2 13/4 2
1/32 1/16 3/32 3/16 7/32 1/8 5/32
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wheel to absorb the shock when a reversal of strain takes place, whicli
is infrequent in ordinary power transmission, but is found in reciprocat-
ing air-compressors and pumps, in gas-engine drives where an insufflcient
balance wheel is supplied, and where a heavy shock load occurs and it is

desirable to cushion the effect by mounting the wheel on springs.
Nickel steel is generally used for the chains. The joint pins are

made from 31/2% nickel chrome steel, heat-treated. The ends of the
joint pins are softened by an electric arc to faciUtate riveting to the
chain links.

Data Used in the Preliminary Design of Morse Silent Chain Drives

Pitch, in 1/2 5/8 3/4 9/10 12/10 1 1/2 2 3

Minimum no. of teeth

:

Small sprocket driver..

Small sprocket driven

.

13

17

13

17

13

21

15

25
15

29
17

29
17

31

17

35

Desirable no. of teeth
in small sprockets 15-17 17-21 17-21 17-23 17-23 17-27 17-31 19-31

Maximum no. of teeth in

large sprockets. (See
Note 3.; 99 109 115 125 129 129 129 131

Desirable no. of teeth in
large sprockets 55-75 55-75 55-85 55-95 55-105 55-115 55-115 55-1.15

Pitch diam. of wheel =
no. of teeth X 0.159 0.199 0.239 0.2865 0.382 0.477 0.636 0.955

Addendum for outside
diam. of sprockets 20 tj
130 T. (See Note!.), in. 0.10 0.12 0.15 0.18 0.24 0.30 0.40 0.60

Maximum r.p.m 2400 1800 1200 1100 850 600 400 250

Tension per in. width of

chain, lb.

:

Small sprocket driver..
Small sprocket driven

.

80
65

100
80

120

95
150
120

200
160

270
210

450
350

750
600

Radial clearance beyond
tooth required for
chain, in 0.50 0.62 0.75 0.90 1.2 1.5 2.0 3.0

Approx. weight of chain
per in. wide, I ft. long,

1.00 1.20 1.50 1.80 2.50 3.00 4.00

0.058

6.00

C for solid pinions 0.0045 0.0063 0.009 0.013 0.023 0.035 0.145

C for armed sprockets .

.

0.16 0.25 0.35 0.45 0.7 1.0 2.0 4.0

Approximate Weights for Solid and Armed Sprockets.
T = Number of teeth. F = Face in inches.
C = Constant in lb. per in. in face per tooth as per table.
Weight of armed sprocket = T X F X C.
Add 25 % for split and 50% for spring and spUt sprockets.
Weight of soUd pinion = r2 x (F + 1) X C.

Notes.
1.—^Number of teeth = T.

Exact outside diameter = D.
For T less than 20 teeth, D = pitch diameter.
For T more than 20 teeth, D — pitch diameter + addendum.

2.—Use sprockets having an odd number of teeth whenever possible.
3.—When specially authorized, a larger number of teeth than shown

may be cut in large sprocket.
4.—Thickness of sprocket rim, including teeth, should be at least

1.2 times the chain pitch.
5.—The number of grooves in the sprocket, their width and distance

apart, varies according to pitch and width of chain. Leave the
designing and turning of grooves to the manufacturer.

6.—The width of the sprocket should be i/g to 1/4 in. greater on small
drives, and 1/4 to 1/2 in. greater on large drives than the nominal
width of the chain.
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7.—An eveii number of links in the chain and an odd number of teeth
in the wheels are desirable.

8.—Horizontal drives preferred; tight chain on top necessary fot
short drives without center adjustment, and desirable for long
drives with or without center adjustment.

9.—Adjustable wheel centers desirable for horizontal drives and
necessary for vertical drives.

10.—Avoid vertical drives.
11.—Allow a side clearance for chain (parallel to axis of sprockets and

measured from nominal width of chain) equal to the pitch.
12.—Maximum linear velocity for commercial service, 1200 to 1600

ft. per min.

Comparison of Rope and Chain Drives.—Horse-power, 1200; 240
to 80 r.p.m.

Rope. Chain.
Distance between centers . . . . ; 42 ft. 8 ft. 4 in.
Diameter driving sheave or sprocket 6 ft. 4 1/2 in. 30.21 in.
Diameter driven sheave or sprocket 20 ft. 89.42 in.
The rope drive has 30 ropes, each 1 3/4 in. diameter. The chain drive

has a Morse silent chain, length, 33.5 ft.; width, 27 in.; pitch, 3 in.

Data of Some Cliain Drives that Have Given Good Service

Sprockets,
No of
Teeth.

17 & 75
95 & 95
59 & 95
29 & 57
61 & 77
61 & 83
30 & 89
26 & 120

A chain transmission gear of 5000 H.P. has been built, with the
total width of chain 168 in. The efiiciency of the best chain drives
when in good condition is claimed to be from 98 to 99 %.

GEARING.
TOOTHED-WHEEL GEARING.

Pitch, Pitch-circle, etc. — If two cylinders with parallel axes are
pressed together and one of them is rotated on its axis, it will drive the
other by means of the friction between the surfaces. The cyhnders may
be considered as a pair of spur-wheels with an infinite number of very small
teeth. If actual teeth are formed upon the cylinders, making alternate
elevations and depressions in the cylindrical surfaces, the distance between
the axes remaining the same, we have a pair of gear-wheels which will

drive one another by pressure upon the faces of the teeth, if the teeth are
properly shaped. In making the teeth the cyhndrical surface may
entirely disappear, but the position it occupied may still be considered as
a cyhndrical surface, which is caUed the "pitch-surface," and its trace
on the end of the wheel, or on a plane cutting the wheel at right angles to
its axis, is called the "pitch-circle" or "pitch-hne. " The diameter of
this circle is called the pitch-diameter, and the distance from the face
of one tooth to the corresponding face of the next tooth on the same
wheel, measured on an arc of the pitch-circle, is called the "pitch of the
tooth," or the circular pitch.

If two wheels having teeth of the same pitch are geared together so
that their pitch-circles touch, it is a property of the pitch-circles that
their diameters are proportional to the number of teeth in the wheels,
and vice versa; thus, if one wheel is twice the diameter (measured on the
pitch-circle) of the other, it has twice as many teeth. If the teeth are
properly shaped the hnear velocities of the two wheels are equal, and the
angular velocities, or speeds of rotation, are inversely proportional to the

Speed,
Pitch, Width, Ft. per
In. In. Min.
5/8 21/2 1550

11/2 12 1150
11/2 18 715
2 5 1400
3 12 1450
3 24 1450
3 27 1870
2 24 780

Center Rev. H.P.
Distance, per Trans-

In. Mm. mitted.
25.5 1750 & 397 7.5
85 97 & 97 200
169 97 & 60 200
68 418 & 290 85
135 95 & 75 500
103 95 & 70 1000
100 240 & 80 1200
144 300 & 65 350
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Thus the wheel that has twice asnumber of teeth and to the diameter.
many teeth as the other will revolve
just half as many times in a minute.
The "pitch," or distance meas-

ured on an arc of the pitch-circle
from the face of one tooth to the
face Of the next, consists of two
parts — the "tliickness" of the
tooth and the "space" between it

and the next tooth. The space is

larger than the thickness by a small
amount called the "backlash,"
which is allowed for imperfections
of workmanship. In finely cut
gears the backlash may be almost
nothing.
The length of a tooth in the

direction of the radius of the wheel
is called the "depth," and this is divided into two parts: First, the
"addendum," the height of the tooth above the pitch line; second, the
"dedendum," the depth below the pitch-line, which is an amount equal to
the addendum of the mating gear. The depth of the space is usually
given a little "clearance" to allow for inaccuracies of workmanship,
especially in cast gears.

. , ,

Referring to Fig. 178, pi, pi are the pitch-hnes, al the addendum-line,
rl the root-line or dedendum-line, cl the clearance-line, and b the back-
lash. The addendum and dedendum are usually made equal to each
Other. (Some writers make the dedendum include the clearance.)

^.' , , ., ^ No of teeth 3.1416
Diametral pitch

—
arcuiar pitch

diam. of pitch-circle in inches

diam.X 3.1416 3.1416

" circular pitch'

. of teeth diametral pitch

Some writers use the term diametral pitch to mean
diam.

No. of teeth

but the first definition is the more common and the more I

arcuiar pitch

3.1416
convenient. A wheel of 12 in. diam. at the pitch-circle, with 48 teeth, is

48/12 = 4 diametral pitch, or simply 4 pitch. The circular pitch of the
same wheel is 12 X 3.1416 -=- 48 = 0.7854, or 3.1416 -=- 4 = 0.7854 in.

Relation of Diametral to Circular Pitch.

Diame-
tral

Pitch.

Circular
Diame-

tral
Pitch. Pitch.

3. 142 in. 11

2.094 12

1.571 14

1.396 16

1.257 18

1.142 20
1.047 22
0.898 24
.785 26
.628 28
.524 30
.449 32
.393 36
.349 40
.314 48

Diame-
Circular Circular tral Circular
Pitch. Pitch. Pitch. Pitch.

0.286 in. 3 1.047 15/16

.262 2 1/2 1.257 7/8

.224 2 1.571 13/16

.196 17/8 1.676 3/4

.175 13/4 1.795 11/16

.157 1 5/8 1.933 5/8

.143 1 1/2 2.094 9/16

.131 1 7/15 2.185 1/2

.121 1 3/8 2.285 7/16

.112 1 5/16 2.394 3/8

.105 1 1/4 2.513 5/16

.098 1 3/16 2.646 1/4

.087 1 1/8 2.793 3/16

.079 1 1/16 2.957 1/8

.065 1 3.142 1/16

Diame-
tral

Pitch.

1

U/2
2

21/4
2 1/2

2 3/4

3

3 1/2

4
5

6
7
8

9
10

3.351
3.590
3.867
4.189
4.570
5.027
5.585
6.283
7.181
8.378
10.053
12.566
16.755
25.133
50.266

.^ , diam. X 3.1416 ,. circ. pitch X No. of teeth
Since circ. pitch = ~r^ j-

—

-.—
. diam. = ttttt^ •

No. ot teeth 3.1416

which always brings out the diameter as a number with an inconvenient I

fraction if the pitch is in even inches or simple fractions of an inch. By
{



TOOTHED-WHEEL GEARING. 1159

the diametral-pitch system this inconvenience is avoided. The diameter
may be in even inches or convenient fractions, and the number of teeth
is usually an even multiple of the number of inches in the diameter.

Diameter of Pitch-line of Wheels from 10 to 100 Teeth of 1 in.
Circular Pitch.

fs is ii i.a ri l.s ^1 ii i.s
H 5 H 5 H Q H p H Q H Q
10 3.183 26 8.276 41 13.051 56 17.825 71 22.600 86 27.375
11 3.501 27 8.594 42 13.369 57 18.144 72 22.918 87 27.693
12 3.820 28 8.913 43 13.687 58 18.462 73 23.236 88 28.011
13 4.138 29 9.231 44 14.006 !?9 18.781 74 23.555 89 28.329
14 4.456 30 9.549 4t> 14.324 60 19.099 75 23.873 90 28.648
15 4.775 31 9.868 46 14.642 61 19.417 76 24.192 91 28.966
16 5.093 32 10.186 47 14.961 62 19.735 77 24.510 92 29.285
17 5.411 33 10.504 48 15.279 63 20.054 78 24.878 93 29.603
18 5.730 34 10.823 49 15.597 64 20.372 79 25.146 94 29.921
19 6.048 35 11.141 50 15.915 65 20.690 80 25.465 95 30.239
7,0 6.366 36 11.459 51 16.234 66 21 .008 81 25.783 96 30.558
?.] 6.685 37 11.777 52 16.552 67 21.327 87, 26.101 97 30.876
?.?. 7.003 38 12.096 53 16.870 68 21 .645 83 26.419 98 31.194
?3 7.321 39 \1A\A 54 17.189 69 21.963 84 26.738 99 31.512
?A 7.639 40 12.752 55 17.507 70 22.282 85 27.056 100 31.831
25 7.958

For diameter of wheels of any other pitch than 1 in., muUiply the figures
in the table by the pitch. Given the diameter and the pitch, to find the
number of teeth. Divide the diameter by the pitch, look in the table
under diameter for the figure nearest to the quotient, and the number
of teeth win be found opposite.

Proportions of Teeth. Circular Pitch = 1.

1 1. 1 2. 3. 1 4. 5. 1 6.

Uepth of tooth above pitch-line. ......
3epth of tooth below pitch-line
Working depth of tooth

0.35
.40

.70

.75

.05

.45

.54

.09

0.30
.40

.60

.70

.10

.45

.55

.10

0.37
.43

.80

.07

.47

.53

.06

47

0.33

";66'

.75

0.30
.40

0.30
.35

Total depth of tooth .70 65
Dlearance at root
Thickness of tooth .45

.55

.10

45

.475

.525

.05
70

485
Width of space 515
Backlash 03
rhi^knp^s of rim 65

7. 1 8.
1

9. 1—lo:^

—

Depth of tooth above pitch-
line

Depth of tooth below pitch-
line.

Working depth of tooth. .

.

0.25 to 0.33

.35 to .42

0.30

.35 +.08"

0.318

.369

.637

.687

.04 to .05

.48 to .5 •

52 t<-> 5 .

i-^p

1.157^P
1-P

Total depth of tooth.;.... .6 to .75 .65 +.08" 2.]57^P
157-v-P

Thickness of tooth...

Width of space

.48 to .485

.52 to .515

.04 to .03

.48-.03"

52+ 03"

1.51 -^Pto
1.57 ^P
1.57 ^Pto

Backlash MA-.06" .0 t .04
1.63 -

.Oto
- P
06-

P

* In terms of diametral pitch.

Authorities. — 1. Sir Wm. Fairbairn. 2, 3. Clark, R. T. D.; "used
by engineers in good practice. " 4. Molesworth. 5,6. Coleman Sellers:

5 for cast, 6 for cut wheels. 7, 8. Unwin. 9, 10. Leading American
manufacturers of cut gears.
The Chordal Pitch (erroneously called "true pitch" by some authors)

s the length of a straight line or chord drawn from center to center of two
id.iacent teeth. The term is now but little used, except in connection
with chain and sprocket gearing.
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Chordal pitch= diam. of pitch-circle X sine of
180"

Chordal
No. of teeth

pitch of a wheel of 10 in. pitch diameter and 10 teeth, 10 X sin 18° =»

3.0902 in. Circular pitch of same wheel = 3.1416. Chordal pitch is

used with chain or sprocket wheels, to conform to the pitch of the chain.
Gears with Short Teeth. — There is a tendency in recent years to

depart widely from the proportions of teeth given in the above and to
use much shorter teeth, especially for heavy machinery. C. W. Hunt
gives addendum and dedendum each = 0.25, and the clearance 0.05 of
the circular pitch, making the total depth of tooth 0.55 of the circular
pitch. The face of the tooth is involute in form, and the angle of action
is 141/2°, C. H. Logue uses a 20° involute with the following proportions:
Addendum 0.25F' = 0.7854 -^P; dedendum 0.30 P' = 0.9424 -^ P;
clearance, 0.05P' = 0.157P: whole depth 0.55P' = 1.7278 -^ P. P' =
circular pitch, P = diametral pitch. See papers by R. E. Flanders and
Norman Litchfield in Trans. A. S. M. E., 1908.
John Walker {Am. Mach., Mar. 11, 1897) says: For special purposes of

slow-running gearing with great tooth stress I should prefer a length of
tooth of 0.4 of the pitch, but for general work a length of 0.6 of the pitch.
In 1895 Mr. Walker made two pairs of cut steel gears for the Chicago
cable railway with 6-in. circular pitch, length = 0.4 pitch. The pinions
had 42 teeth and the gears 62, each 20-in. face. The two pairs were
set side by side on their shafts, so as to stagger the teeth, maldng the
total face 40 ins. The gears transmitted 1500 H.P. at 60 r.p.m. replac-
ing cast-iron gears of 7V2 in. pitch which had broken in service.

Formulae for Determining the Dimensions of Small Gears.
(Brown & Sharpe Mfg. Co.)

P = diametral pitch or the number of teeth to one inch of diameter of
pitch-circle;

D'= diameter ot pitch-circle..

D = whole diameter
N = number of teeth
V = velocity

d' = diameter of pitch-circle.

.

d = whole diameter.
n = number of teeth
V = velocity

Larger
Wheel.

Smaller
Wheel.

These
wheels run
together.

o = distance between the centers of the two wheels;
b = number of teeth in both wheels;
t = thickness of tooth or cutter on pitch-circle;
s = addendum;

£>'' = working depth of tooth;
/ = amount added to depth of tooth for rounding the corners and for

clearance;
D" + / = whole depth of tooth;
n = 3.1416.

P' = circular pitch, or the distance from the center of one tooth to the
center of the next measured on the pitch-circle.

Formulae for a single wheel: ">

p =
D

N_
D''

P-^;

P = ^; D = D'

3183 P'\

Formulae for a pair of wheels:

p
& = 2aP; n= —

^=y; v=-

2a(N+2)
b

2 a (n+2)
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NV,
V ' n

b

bv

v + v''
-^^"

bV
v +V ^ v +V

„ 2aV

Width of Teeth. — The width of the faces of teeth is generally made
from 2 to 3 times the circular pitch, that is from 6.28 to 9.42 divided by
the diametral pitch. There is no standard rule for width.
The following sizes are given in a stock list of cut gears in "Grant's

Gears:"

Diametral pitch . . 3 4 6 8 12 16
Face, inches 3 and 4 2 1/2 13/4 and 2 11/4 and II/2 8/4 and 1 1/2 and 5/8

The Walker Company gives:

Circular pitch, in.. 1/2 s/g 3/4 T/g 1 1 1/2 2 21/2 3 4 5 6
Face, in I1/4 IV2 13/4 2 21/2 41/2 6 71/2 9 12 16 20
The following proportions of gear-wheels are recommended by Prof.

Coleman Sellers. (Stevens Indicator, April, 1892.)

Proportions of Gear-wheels.

Circular
Pitch.
P

Outside of
Pitch-line.

P X0.3.

Inside of Pitch-line

.

Width of Space.

Diametral
Pitch.

For Cast
or Cut
Bevels or
for Cast

For Cut
Spurs.
PX0.35.

For Cast
Spurs or
Bevels.

For Cut
Bevels or
Spurs.

Spurs. PX0.525. P X0.51

.

PX0.4.
1/4 0.075 0.100 0.088 0.131 0.128

12 0.2618 .079 .105 .092 .137 .134
10 0.31416 .094 .126 .11 .165 .16

3/8 .113 .150 .131 .197 .191
8 0.3927 .118 .157 .137 .206 .2
7 0.4477 .134 .179 .157 .235 .228

1/2 .15 .20 .175 .263 .255
6 0.5236 .157 .209 .183 .275 .267

9/16 .169 .225 .197 .295 .287

5/8 .188 .25 .219 .328 .319
5 0.62832 .188 .251 .22 .33 .32

0.7854
.225 .3 .263 .394 .383

4 .236 .314 .275 .412 .401

7/8 .263 .35 .307 .459 .446

1 .3 .4 .35 .525 .51

3 1 .0472 .314 .419 .364 .55 .534

11/8 .338 .45 .394 .591 .574
2 3/4 1.1424 .343 .457 .40 .6 .583

11/4 .375 .5 .438 .656 .638
21/2 1.25664 .377 .503 .44 .66 .641

"3/8 .413 ,55 .481 .722 .701

11/2 .45 .6 .525 .788 .765
2 1.5708 .471 .628 .55 .825 .801

13/4 .525 .7 .613 .919 .893

2 .6 .8 .7 1.05 1.02
IV2 2.0944 .628 .838 .733 1.1 1.068

21/4 .675 .9 .788 1.181 1.148

21/5 .75 1.0 .875 1.313 1.275

23/4 .825 1.1 .963 1.444 1.403

3 .9 1.2 1.05 1.575 1.53

3.1416 .942 1.257 1.1 1.649 1.602

31/4 .975 1.3 1.138 1.706 1.657

31/2 1.05 14 1 225 1 838 1.785

Thickness of rim below root = depth of tooth.
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Rules for Calculating the Speed of Gears and Pulleys, — The
relations of the size and speed of driving and driven gear-wheels are the
jsame as those of belt pulleys. In calculating for gears, multiply or
divide by the diameter of the pitch-circle or by the number of teeth, as
may be requiied. In calculating for pulleys, multiply or divide by their
diameter in inches.

If D = diam. of driving wheel, d = diam. of driven, R = revolutions
per minute of driver, r = revs, per min. of driven, RD = rd;

R = rd :^ D; r = RD - d; D = dr ^ R; d = DR -r- r.

It N = No. of teeth of driver and n = No. of teeth of driven, NR = fir;

N = nr ^ R; n = NR -^ r; R = rn -^ N; r= RN -r- n.

To find the number of revolutions of the last wheel at the end of a
train of spur-wheels, all of which are in a line and mesh into one another,
when the revolutions of the first wheel and the number of teeth or the
diameter or tne first and last are given: Multiply the revolutions of the
first wheel by its number of teeth or its diameter, and divide the product
by the number of teeth or the diameter of the last wheel.
To find the number of teeth in each wheel for a train of spur-wheels,

each to have a given velocity: Multiply the number of revolutions of
the driving-wheel by its number of teeth, and divide the product by the
number of revolutions each wheel is to make.
To find the number of revolutions of the last wheel in a train of wheels

and pinions, when the revolutions of the first or driver, and the diameter,
the teeth, or the circumference of all the drivers and pinions are given;
Multiply the diameter, the circumference, or the number of teeth of all

the driving-wheels together, and this continued product by the number
of revolutions of the first wheel, and divide this product by the contin-
ued product of the diameter, the circumference, or the number of teeth
of all the driven wheels, and the quotient will be the number of revolutions
of the last wheel.
Example. — 1. A train of wheels consists of four wheels each 12 in.

diameter of pitch-circle, and three pinions 4, 4, and 3 in. diameter. The
large wheels are the drivers, and the first makes 36 revs, per min. Re-
quired the speed of the last wheel.

2. What is the speed of the first large wheel if the pinions are the
drivers, the 3-in. pinion being the first driver and making 36 revs, per min.?

Milling Cutters for Interchangeable Gears.—The Pratt & Whit-
ney Co. makes a series of cutters for cutting epicycloidal teeth. The
number of cutters to cut from a pinion of 12 teeth to a rack is 24 for

each pitch coarser than 10. The Brown & Sharpe Mfg. Co. makes a
similar series, and also a series for involute teeth, in which eight cutters

are made for each pitch, as follows:
No 1 2 3 4 5
Wm cut from . 135 55 35 26 21

to Rack 134 54 34 25

FORMS OF THE TEETH.
In order that the teeth of wheels and pinions may run together smoothly

and with a constant relative velocity, it is necessary that their working
faces shall be formed of certain curves called odontoids. The essential

property of these curves is that when two teeth are in contact the com-
mon normal to the tooth curves at their point of contact must pass through
the pitch-point, or point of contact of the tv/o pitch-circles. Two such
curves are in common use — the cycloid and the involute.

The Cycloidal Tooth. — In Fig. 179 let PL and pi be the pitch-

circles of two gear-wheels: GC and gc are two equal generating-ciicies,

whose radii should be taken as not greater than one-half of the ramus
of the smaller pitch-circle. If the circle qc be rolled to the left on tne

larger pitch-circle PL, the point will describe an epicycloid, Oefgh. U
the other eenerating-circle GC be rolled to the right on PL. the point-

will describe a hypocycloid abed. These two curves, which are tangent

6 7 8
17 14 12
20 16 13
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at 0, form the two parts of a tooth curve for a gear whose pitch-circle is

PL. The upDer part Oh is called the face and the lower part Odis called
the flank. If the same circles be rolled on the other pitch-circle pi, they
will describe the cnrve for a tooth of the gear pi, which will work properly
with the tooth on PL.
The cycloidal curves may be drawn without actually rolling' the gen-

erating-circle, as follows: On the line PL, from 0, step off and mark equal
distances, as 1. 2, 3, 4, etc. From 1, 2, 3, etc., draw radial lines toward
the center of PL, and from 6, 7, 8, etc., draw^ radial hues from the same
center, but beyond PL. With the radius of the generating-circle, and
with centers successively placed on these radial lines, draw arcs of circles

tangent to PL at 1,2, 3, 6, 7, 8, etc. With the dividers set to one of the

equal divisions, as 01, step off on the generating circle gc the points a', b'

c', d', then take successively the chordal distances Oa ,
06', Oc, Od,

and lay them off on the several arcs 6e, If, 8g, 9h, and la, 2o, 3c, 4a;
through the points efgh and abed draw the tooth curves^

Fig. 179.

The curves for the mating tooth on the other wheel may be found In
like manner by drawing arcs of the generating-circle tangent at equidistant
points on the pitch-circle pi.

The tooth curve of the face Oh is limited by the addendum-line r or ri,
and that of the flank OH by the root curve R or Ri. R and r represent
the root and addendum curves for a large number of small teeth, and Rir
the like curves for a small number of large teeth. The form or appearance
of the tooth therefore varies according to the number of teeth, while the
pitch-circle and the generating-circle may remain the same.

In the cycloidal system, in order that a set of wheels of different diam-
eters but equal pitches shall all correctly work together, it is necessary
that the generating-circle used for the teeth of all the wheels shall be
the same, and it should have a diameter not greater than half the diam-
eter of the pitch-line of the smaUest wheel of the set. The customary
standard size of the generating-circle of the cycloidal system is one having
a diameter equal to the radius of the pitch-circle of a wheel having 12
teeth., (Some gear-makers adopt 15 teeth") This circle gives a radial

flank to the teeth of a wheel having 12 teeth. A pinion of 10 or even a
smaller number of teeth can be made, but in that case the flanks will bf
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undercut, and the tooth will not be as strong as a tooth with radial!
flanks. If in any case the describing circle be half the size of the pitch-

''

circle, the flanks will be radial; if it be less, they will spread out toward
,

the root of the tooth, giving a stronger form; but if greater, the flanks
wiU curve in toward each other, whereby the teeth become weaker and
difiBcult to make.

In some cases cycloidal teeth for a pair of gears are made with the
generating-circle of each gear having a radius equal to half the radius
of its pitch-circle. In this case each of the gears will have radial flanks.
This method makes a smooth working gear, but a disadvantage is that
the wheels are not interchangeable with other wheels of the same pitch
but different numbers of teeth.
The rack in the cycloidal system is equivalent to a wheel with an

infinite number of teeth. The pitch is equal to the circular pitch of
the mating gear. Both faces and flanks are cycloids formed by rolling
the generating-circle of the mating gear-wheel on each side of the
straight pitch-line of the rack.
Another method of drawing the cycloidal curves is shown in Fig. 180.

It is known as the method of tangent arcs. The generating-circles, as
before, are drawn with equal radii, the length of the radius being less

than half the radius of pi, the smaller pitch-circle. Equal divisions 1, 2,

Fig. 180.

3, 4, etc., are marked off on the pitch-circles and divisions of the same
length stepped off on one of the generating-circles, as 0, a, b, c. From the
points 1, 2, 3, 4, 5 on the linepO, with radii successively equal to the chord
distances Oa, Ob, Oc, Od, Oe, draw the five small arcs F. A hne drawn
through the outer edges of these small arcs, tangent to them all, will be
the hypocycloidal curve for the flank of a tooth below the pitch-Une pi.
From the points 1, 2, 3, etc., on the line OZ, with radii as before, draw the
small arcs G. A line tangent to these arcs will be the epicycloid for the
face of the same tooth for which the flank curve has already been drawn.
In the same way, from centers on the line PO, and OL, with the same
radii, the tangent arcs H and K may be drawn,, which will give the tooth
for the gear whose pitch-circle is PL.
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If the generating-circle had a radius just one-half of the radius of pi,

the hypocycloid F would be a straight line, and the flank of the tooth
would have been radial.

The Involute Tooth. — In drawing the involute-tooth curve, Fig. 181,

the angle of obliquity, or the angle which a common tangent to the teeth,
when they are in contact at the pitch-point, makes with a line joining
the centers of the wheels, is first arbitrarily determined. It is customary
to take it at 15°. The pitch-Unes pi and PL being drawn in contact at O,
the line of obHquity AB is drawn through O normal to a common tangent
to the tooth curves, or at the given angle of obhquity to a common tan-
gent to the pitch-circles. In the cut the angle is 20°. F.rom the centers
of the pitch-circles draw circles c and d tangent to the line AB. These
circles are called base-lines or base-circles, from which the involutes F
and K are drawn. By laying off convenient distances, 0, 1, 2, 3, which
should each be less than Vio of the diameter of the base-circle, small arcs
can be drawn with successively increasing radii, which will form the
involute. The involute extends from the points F and K down to their

Fig. 181.

respective base-circles, where a tangent to the involute becomes a radius
of the circle, and the remainders of the tooth curves, as G and H, are
radial straight lines.

To draw the teeth ofa rack which is to gear with an involute wheel (Fig.
182). — Let AB be the pitch-line of the rack and AI= 11'= the pitch.
Through the pitch-point / draw EF at the given angle of obliquity,

E_ G ^G'

Fig. 182.

Draw AE and I'F perpendicular to EF. Through E and F draw lines
EGG' and FH parallel to the pitch-line, EGG' will be the addendum-
line and HF the flank-Une. From / draw IK perpendicular to AB equal
to the greatest addendum in the set of wheels of the given pitch and
obliquity plus an allowance for clearance equal to i/s of the addendum.
Through K, parallel to AB, draw the clearance-line. The fronts of the
teeth are planes perpendicular to EF, and the backs are planes inclined
at the same angle to AB in the contrary direction. The outer half of the
working face AE may be slightly curved. Mr. Grant makes it a circular

arc drawn from a center on the pitch-line' with a radius = 2.1 inches
divided by the diametral pitch, or 0.67 in. X circular pitch.

In the involute system the customary standard form of tooth is one
having an angle of obliquity of 15° (Brown and Sharpe use 14 1/2°). aa
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addendum of about one-third the circular pitch, and a clearance ofabout
one-eighth of the addendum. In this system the smallest gear ol: a set

has 12 teeth, this being the smallest number of teeth that will gear together

when made with this angle of obliquity. In gears with less than 30 teeth

the points of the teeth must be slightly rounded over to avoid interference

(see Grant's Teeth of Gears). All involute teeth of the same" pitch and
with the same angle of obUquity work smoothly together. The rack to

gear with an involute-toothed wheel has straight faces on its teeth, which
make an angle with the middle Hne of the tooth equal to the angle of

ObUquity, or in the standard form the faces are inclined at an angle of

30° with each other. ^ ^ xt.

To Draw an Angle of \b° without using a Protractor. — From C, on the

line AC, with radius AC, draw an arc AB, and from A, with the same

radius, cut the arc at B. Bisect
the arc BA by drawing small arcs
at D from A and B as centers,
with the same radius, which must
be greater than one-half of AB.
Join DC, cutting BA at E. The
angle ECA is 30°. Bisect the arc
AE in hke manner, and the angle
FCA will be 15°.

A property of involute-toothed
wheels is that the distance between
the axes of a pair of gears may be
altered to a considerable extent
without interfering with their ac-
tion. The backlash is therefore
variable at will, and may be ad-

FiG. 183. justed by moving the wheels farther
from or nearer to each other, and

may thus be adjusted so as to be no greater than is necessary to prevent
jamming of the teeth.
The relative merits of cycloidal and involute-shaped teeth are a

subject of dispute, but there is an increasing tendency to adopt the
involute tooth for all purposes.

Clark (R. T. D., p. 734) says: Involute teeth have the disadvantage of
being too much inchned to the radial line, by which an undue pressure is
exerted on the bearings.
Unwin (Elements of Machine Design, 8th ed., p. 265) says: The obUquity

of action is ordinarily alleged as a serious objection to involute wheels.
Its importance has perhaps been overrated.

George B. Grant {Am. Mach., Dec. 26, 1885) says:
1. The work done by the friction of an involute tooth is always less

than the same work for any possible epicycloidal tooth.
2. With respect to work done by friction, a change of the base from a

gear of 12 teeth to one of 15 teeth makes an improvement for the epicycloid
of less than one-half of one per cent.

3. For the 12-tooth system the involute has an advantage of 11/5 per
cent, and for the 15-tooth system an advantage of 3/4 per cent.

4. That a maximum improvement of about one per cent can be accom-
plished by the adoption of any possible non-interchangeable radial flank
tooth in preference to the 12-tooth interchangeable system.

5. That for gears of very few teeth the involute has a decided advan-
tage.

6. That the common opinion among millwrights and the mechanical
public in general in favor of the epicycloid is a prejudice that is founded
on long-continued custom, and not on an intimate knowledge of the
properties of that curve.

Wilfred Lewis (Proc. Engrs. Club of PMla., vol. x, 1893) says a strong
reaction in favor of the involute system is in progress, and he believes
that an involute tooth of 221/2° obUquity will finally supplant all other
forms.

Approximation by Circular Arcs. — Having found the form of the
actual tooth-curve on the drawing-board, circular arcs may be found by
trial which will give approximations to the true curves, and these may be
used in completjBg th§ arawinj. and. the patterii of the gear-wUeels, The
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root of the cili've is comiected to the clearance by a fillet, wliich should
be as large as possible to give increased strength to the tooth, provided
it is not large enough to cause interference.
Molesworth gives a method of construction by circular arcs as follows

:

From the radial hne at the edge of the tooth on the pitch-line, lay off the
line HK at an angle of 75° with the radial hne; on this line will be the
centers of the root AB and the point EF. The hues struck from these
centers are shown in thick lines. Circles drawn through centers thus
found wih give the lines in which the remaining centers will be. The
radius DA for striking the root AB is the pitch + the thickness of the
tooth. The radius CE for striking the point of the tooth EF = the pitch.

Fig. 184.

George B. Grant says: It is sometimes attempted to construct the curve
by some handy method or empirical rule, but such methods are generally
worthless.

Stub Gear Teeth.—^The stub gear tooth developed by the Fellows
Gear Shaper Co. has been largely adopted for automobile drives. The
stub gear tooth has a shorter addendum and dedendum than the
ordinary involute tooth. The pressure angle is 20° and the teeth are
based on two diametral pitches, one of which is used to obtain the
dimensions of the addendiim and dedendum, while the other is used
for the dimensions of the tooth tliickness, the number of teeth and
pitch diameter. Stub tooth gears are designated by a fraction as
4/5 pitch. 10/12 pitch, etc. The numerator designates the pitch deter-
mining the thickness of the tooth and number of teeth. The denomi-
nator designates the pitch determining depth of the tooth. The
clearance is (0.25 -^ diaraetral pitch). The advantages of this form
of tooth compared to the ordinary involute gear tooth are: greater
strength; same arc of rolling contact as in 141/2° involute tooth; avoid-
ance of extreme sliding contact; more even wearing contact. Dimen-
sions of the Fellows system of stub gear teeth are given in the table
below:

Fellows Stub Gear Tooth System (Dimensions in Inches).

Depth of

Diametral
Pitch.

Thick-
ness of
Tooth.

Adden-
dum.

Working
Depth.

Space
Below
Pitch
Line.

Clear-
au e.

Whole
Depth of
Tooth.

4/5 0.3927 0.2000 0.4000 0.2500 0.0500 0.4500
5/7 .3142 .1429 .2858 .1786 .0357 .3214
6/8 .2618 .1250 .2500 .1562 .0312 .2812
7/9 .2244 .1111 .2222 .1389 .0278 .2500
8/10 .1963 .1000 .2000 .1250 .0250 .2250
9/11 .1745 .0909 .1818 .1136 .0227 .2045
10/12 .1571 .0833 .1667 .1041 .0208 .1875
12/14 .1309 .0714 .1429 .0993 .0179 .1607

Another system of stub gear teeth is also in use, in wliich the tooth
dimensions are based upon circular pitch. The addendum is 0.250 X
circular pitch, and the dedendum is 0..'iOO X circular pitch. The former
system is the one in more general use.
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Stepped txears. — Two gears of the same pitch and diameter mounted
side by side on the same shalt will act as a single gear. If one gear is
keyed on the shaft so that the teeth of the two wheels are not in line,
but the teeth of one wheel slightly in advance of the other, the two gears
form a stepped gear. If mated with a similar stepped gear on a parallel
shaft the number of teeth in contact will be twice as
great as in an ordinary gear, which will increase the
strength of the gear and its smoothness of action.
Twisted Teeth. — If a great number of very thin

gears were placed together, one slightly in advance of
the other, they would still act as a stepped gear. Con-
tinuing the subdivision until the thickness of each
separate gear is infinitesimal, the faces of the teeth
instead of being in steps take the form of a spiral or
twisted surface, and we have a twisted gear. The twist
may take any shape, and if it is in one direction for half
the width of the gear and in the opposite direction for
the other half, we have what is known as the herring-
bone or double heUcal tooth. The obUquity of the
twisted tooth if twisted in one direction causes an end
thrust on the shaft, but if the herring-bone twist is Fig. 185.

used, the opposite obliquities neutralize e9.ch other. This form of tooth
h) much used in heavy rolling-mill practice, where great strength and
resistance to shocks are necessary. They are frequently made of steel
castings (Fig. 185). The angle of the tooth with a line parallel to the
axis of the gear is usually 30°.

Spiral or Helical Gears. — If a twisted gear has a uniform twist it

becom.es what is commonly called a spiral gear (properly a helical gear).
The line in which the pitch-surface intersects the face ofthe tooth is part
of a helix drawn on the pitch-surface, A spiral wheel may be made with
only one helical tooth wrapped around the cylinder several times, in
wliich it becomes a screw or worm. If it has two or three teeth so
wrapped, it is a double- or triple-threaded screw or worm. A spiral-gear
meshing into a rack is used to drive the table of some forms of planing-
machine. For methods of lajdng out and producing spiral gears see
Brown and Sharpe's treatise on Gearing and Halsey's Worm and Spiral
Gearing, also Machy., May 1906 and Machifs Reference Series No. 20.
Worm-gearing. — When the axes of two spiral gears are at right

angles, and a wheel of one, two, or three threads works with a larger wheel
of many threads, it becomes a worm-gear, or endless screw, the smaller
wheel or driver being called the worm, and the larger, or driven wheel,
the worm-wheel. With this arrangement a high velocity ratio may be
obtained with a single pair of wheels. For a one-threaded wheel the veloc-
ity ratio is the number of teeth in the worm-wheel. The worm and wheel
are commonly so constructed that the worm v/ill drive the wheel, but the
wheel will not drive the worm.

To find the diameter of a worm-wheel at the throat, number of teeth and
pitch of the worm being given: Add 2 to the number of teeth, multiply

the sum by 0.3183, and
by the pitch of the worm
in inches.

To find the number of
teeth, diameter at throat
and pitch of worm being
given: Divide 3.1416
times the diameter by the
pitch, and subtract 2
from the Quotient.

In Fig.* 186 ah is the
diam. of the pitch-circle,
cd is the diam. at the
throat.
Example. — Pitch of

worm 1/4 in., number of teeth 70; required the diam. at the throat, (70
+ 2) X 0.3183 X 0.25 = 5.73 in.
For design of worm gearing see Kimball and Barr's Machine Design.

For e£aciency of worm-gears see page 1171.
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The Hindley Worm. — In the Hinclley worm-erear the worm, in-
stead of being cylindrical ia outline, is of an hour-glass shape, the pitch
line of the worm being a curved hne corresponding to the pitch line of the
gear. It is claimed that there is surface contact between the faces of
the teeth of the worm and gear, instead of only hne contact as in the case
of the ordinary worm gear, but this is denied by some writers For
discussion of the Hindley worm see Avi. Mach., April 1, 1897 and
Machy., Dec. 1908. The Hindley gear is made by the Albro-Clem
Elevator Co., Pliiladelpliia,

Teeth of Bevel-wheels. (Rankine's Machinery and Millwork.) —
The teeth of a bevel-wheel have acting surfaces of the conical kind, gen-
erated by the motion of a line traversing the apex of the conical pitch-
surface, while a point in it is carried round the traces of the teeth upon
a spherical surface described about that apex.
The operations of drawing the traces of the teeth of bevel-wheels exactly,

whether by involutes or by rolhng curves, are in every respect analogous
to those for drawing the traces of the teeth of spur-wheels; except that in
the case of bevel-wheels all those operations are to be performed on the
surface of a sphere described about the apex, instead of on a plane, sub-
stituting poles for centers and great circles for straight lines.

In consideration of the practical difficulty, especially in the case of
large wheels, of obtaining an accurate spherical surface, and of drawing
upon it when obtained, the follow-
ing approximate method, proposed
originally by Tredgold, is generaUy
used:

Let O, Fig. 187, be the common
apex of the pitch-cones, OBI, OB'I,
of a pair of bevel-wheels; OC, OC

,

the axes of those cones; 01 their
line of contact. Perpendicular to
01 draw AIA', cutting the axes in
A, A'; make the outer rims of the
patterns and of the wheels portions
of the cones ABI, A'B'I, of which
the narrow zones occupied by the
teeth will be sufficiently near for
practical purposes to a spherical
surface described about 0. As the
cones ABI, A'B'I cut the pitch-
cones at right angles in the outer pitch-circles IB, IB', they may be called

the normal cones. To find the traces of the teeth upon the normal cones,
draw on a flat surface circular arcs, ID, ID' , with the radii AI, A'l; those
arcs will be the developments of arcs of the pitch-circles IB, IB' when the
conical surfaces ABI, A'B'I are spread out fiat. Describe the traces of
teeth for the developed arcs a3 for a pair of spur-wheels, then wrap the
developed arcs on the normal cones, so as to make them coincide with
the pitch-circles, and trace the teeth on the conical surfaces.

For formulse and instructions for designing bevel-gears, and for much
other valuable information on the subject of gearing, see "Practical
Treatise on Gearing," and "Formulas in Gearing," published by Brown
& Sharpe Mfg. Co.; and "Teeth of Gears," by George B. Grant, Lexington,
Mass. The student may also consult Rankine's Machinery and Millwork,
Reuleaux's Constructor, and Unwin's Elements of Machine Design. See
also article on Gearing, by C. "W. MacCord in App. Cyc. Mech., vol. ii.

Annular and Differential Gearing, (S. W. Balch, Am. Mach.,
Aug. 24, 1893.) — In internal gears the sum of the diameters of the desciib-
ing circles for faces and flanks should not exceed the difference in the
pitch diameters of the pinion and its internal gear. The sum may be
equal to this difference or it may be less; if it is equal, the faces of the
teeth of each wheel will drive the faces as well as the flanks of the teeth of
the other wheel. The teeth will therefore make contact with each other
at two points at the same time.

Cycloidal tooth-curves for interchangeable gears are formed with de-
scribing circles of about s/g the pitch diameter of the smallest gear of the
series. To admit two such circles between the pitch-circles of the pinion
and internal gear the number of teeth in the internal gear should exceed
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the number in the pinion by 12 or more, if the teeth are of the customary
proportions and curvature used in interchangeable gearing.
Very often a less difference is desirable, and the teeth may be modified

in several ways to make tliis possible.
First. The tooth curves resulting from smaller describing circles may

be employed. These will give teeth which are more rounding and nar-
rower at their tops, and therefore not as desirable as the regular forms.

Second. The tips of the teeth may be rounded until they clear. This
is a cut-and-try method which aims at modifying the teeth to such out-
lines as smaller describing circles would give.

Third. One of the describing circles may be omitted and one only
used, which may be equal to the difference between the pitch-circles.
This will permit the meshing of gears differing by six teeth. It will usu-
ally prove inexpedient to put wheels in inside gears that differ by much
less than 12 teeth.

If a regular diametral pitch and standard tooth forms are determined
on, the diameter to wliich the internal gear-blank is to be bored is calcu-
lated by subtracting 2 from the number of teeth, and dividing the re-
mainder by the diametral pitch.
The tooth outlines are the match of a spur-gear of the same number

of teeth and diametral pitch, so that the spur-gear will fit the internal
gear as a punch fits its die, except that the teeth of each should fail to
bottom in the tooth spaces of the other by the customary clearance of one-
tenth the thickness of the tooth.

Internal gearing is particularly valuable when employed in differential
action. This is a mechanical movement in which one of the wheels is

mmmted on a crank so that its center can move in a circle about the center
of the other wheel. Means are added which restrain the wheel on the
crank from turning over and confine it to the revolution of the crank.
The ratio of the number of teeth in the revolving wheel compared with

the difference between the two will represent the ratio between the revolv-
ing wheel and the crank-shaft by which the other is carried. The advan-
tage in accomplishing the change of speed with such an arrangement, as
rompared with ordinary spur-gearing, lies in the almost entire absence of
friction and consequent wear of the teeth.
But for the limitation that the difference between the wheels must not

be too small, the possible ratio of speed might be increased almost indefi-
nitely, and one pair of differential gears made to do the service of a whole
train of wheels. If the problem is properly worked out with bevel-gears
this limitation may be completely set aside, and external and internal
bevel-gears, differing by but a single tooth if need be, made to mesh per-
fectly with each other.

EFFICIENCY OF GEAEEVG.
An extensive series of experiments on the efficiency of gearing, chieily

worm and spiral gearing, is described by Wilfred Lewis in Trans. A. S.
M. E., vii, 273. The average results are shown in a diagram, from
which the following approximate average figures are taken:

Efficiency of Spur, Spiral, and Worm-Gearing.

Gearing. Pitch.
Velocity at pitch-line in feet per min.

3 10 40 100 200

0.90
.81

.75

.67

.61

.51

.43

.34

0.935
.87

.815

.75

.70

.615

.53

.43

0.97
.93

.89

.845

.805

.74

.72

.60

0.98
.955
.93

.90

.87

.82

.765

.70

0.985
.965

.945

.92

.90

.86

.815

.765

Spiral pinion 45°

30
20
15

10

7
5

f< n
« «

Spiral pinion or worm

The experiments showed the advantage of spur-gearing over all other
kinds in both durability and efficiency. The variation from the mean
results rarely exceeded 5% in either direction, so long as no cutting
occurred, but the variation became much greater and very irregular as
soon as cutting began. The loss of power varies with the speed, the
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pressure, the temperature, and the condition of the surfaces. The high
friction of worm- and spiral-gearing is largely due to end thrust on the
collars of the shaft, and may be considerably reduced by roller-bearings
for the collars.

When two worms with opposite spirals run in two spiral worm-gears
that also work with each other, and the pressure on one gear is opposite
that on the other, there is no thrust on the shaft. Even with hght loads
a worm will begin to heat and cut if run at too high a speed, the limit for

safe working being a velocity of the rubbing surfaces of 200 to 300 ft.

per minute, the former being preferable where the gearing has to work
continuously. The wheel teeth will keep cool, as they form part of a
casting having a large radiating surface; but the worm itself is so small
that its heat is dissipated slowly. Whenever the heat generated increases
faster than it can be conducted and radiated away, the cutting of the
worm may be expected to begin. A low efficiency for a worm-gear means
more than the loss of power, since the power which is lost reappears as
heat and may cause the rapid destruction of the worm.
Unwin (Elements of Machine Design, p. 294) says: The efficiency is

greater the less the radius of the worm. Generally the radius of the
worm = 1 .5 to 3 times the pitch of the thread of the worm or the circular
pitch of the worm-wheel. For a one-threaded worm the efficiency is

only 2/5 to 1/4: for a two-threaded worm, 4/7 to 2/15; for a three-threaded
worm, 2/3 to 1/2 . As so much work is wasted in friction it is natural that
the wear is excessive. The table below gives the calculated eflQciencies
of worm-wheels of 1, 2, 3, and 4 threads and ratios of radius of worm to
pitch of teeth of from 1 to 6, with a coefficient of friction of 0.15.

No. of Radius of Worm ^ Pitch.

Threads. 1 1 1/4 11/2 13/4 2 21/2 3 4 6

1 0.50 0.44 0.40 0.36 0.33 0.28 0.25 0.20 0.14
2 .67 .62 ,57 ,53 ,50 .44 ,40 33 ,25

3 .75 .70 .67 .63 .60 .55 .50 .43 .33

4 .80 .76 .73 .70 .67 .62 .57 .50 .40

Efficiency of "Womi Gearing. — Worm gearing as a means of trans-
mitting power has generally been looked upon with suspicion, its efficiency
being considered necessarily low and its life short. When properly pro-
portioned, however, it is both durable and reasonably eflBcient. Mr. F.
A. Halsey discusses the subject in Am. Machinist, Jan. 13 and 20, 1898.
He quotes two formulas for the efficiency of worm gearing:

_ tana (1 —/tana) ._ ^ tana (1 —/tan a)
""

. (1) E= ,^r.^^or approx.... (2)tana + / ,..kj^
tan a +2/

In which E = efficiency; a = angle of thread, being angle between thread
and a line perpendicular to the axis of the worm:/ = coefficient of friction.

Eq. (1) applies to the worm thread only, while (2) applies to the worm
and step combined, on the assumption that the mean friction radius of the

two is equal. Eq. (1) gives a maximum for E when tan a = Vl +P —f
. . . (3) and eq. (2) a maximum when tan a = V2 + 4/2 — 2/ .... (4)
Using 0.05 for /gives a in (3) = 43° 34' and in (4) = 52° 49'.

On plotting equations (1) and (2) the curves show the striking influence
of the pitch-angle upon the efficiency, and since the lost work is expended
in friction and wear, it is plain why worms of low angle should be short-
lived and those of high angle long-lived. The following table is taken
from Mr. Halsey's plotted curves:

Relation of Thread-angle, Speed and Efficiency of Worm-Gears.
Velocity of Angle of Thread.

Feet per
Minute.

5 10 20 1 30 40 45

Efficiency.

3 35 52 66 73 76 77

5 40 56 69 76 79 80

10 47 62 74 79 82 82

20 52 67 78 83 85 86

40 60 74 83 87 88 88

100 70 62 88 91 91 91

,.
200 76 85 91 92 92 92
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The experiments of Mr. Wilfred Lewis on worms show a very satisfac-

tory correspondence with the theory. Mr.Halsey gives a collection of
data comprising 16 worms doing heavy duty and having pitch-angles
ranging between 4° 30' and 45°, which show that every worm having an

,

angle above 12° 30' was successful in regard to durability, and every worm
below 9° was unsuccessful, the overlapping region being occupied by
worms some of which were successful and some unsuccessful. In several
cases worms of one pitch-angle had been replaced by worms of a different
angle, an increase in the angle leading in every case to better results and a
decrease to poorer results. He concludes with the following table from
experiments by Mr. James Christie, of the Pencoyd Iron Works, and gives
data connecting the load upon the teeth with the pitch-line velocity of
the worm.

Limiting Speeds and Pressures of Worm Gearing.

Single-thread
Worm 1" Pitch,
27/8 Pitch Diam.

Double-
thread

Worm r
Pitch, 27/'8

Pitch Diam.

Double-
thread

Worm 21/2'

Pitch, 41/2

Pitch Diam.

Revolutions per minute
Velocity at pitch-line, feet per

128

96

201 272 425

150 205 320

128

96
1100

201

150

1100

272

205
1100

201

235
1100

272

319
700

425

498

Limiting pressure, pounds 1700|1300|I100| 700 400

Efficiency of Automobile Gears. (G. E. Quick, Horseless Age, Feb. 12,
1908.)—A set of slide gears was tested by an electric-driven absorption
dynamometer. The following approximate results are taken from a
series of plotted ciu'ves:

Horse-power input. 2
I

4
I

6
I

8
I

10
I

14 18

Direct driven, third speed. . ....
Direct driven, third speed
Second speed, ratio 1 .76 to 1 . .

.

Second speed, ratio 1 .76 to 1 . .

.

First speed, ratio 3.36 to I

First speed, ratio 3.36 to 1

Reverse speed, ratio 4.32 to 1..

.

Reverse speed, ratio 4.32 to 1...

Worm-gear axle, ratio 6.83 to 1..

Worm-gear axle, ratio 6.83 to 1 ..

Worm-gear axle, ratio 6.83 to 1 ..

r.p.m, Efficiency, per cent.

800
1,500

800
1,500

800
1,500

800
1,500

400
800

1.500

95
89
92.5
88
87.5
84
84
70
87
87
85

97.5
95
95
94
94
92
87
83
85.5
89
88.5

97.5
96.5
94
95

94
93

86
86
84
89

97.5
97
93
95
93.5
92
82.5
87

89

94
92.5

1
Two bevel-wheel axles were tested, one a floating type, ratio 15 to 32i

141/2° involute; the other a solid wheel and axle type, ratio 13 to 54, 20"^

involute. Both gave efficiencies of 95 to 96 % at 800 to 1500 r.p.m.,
and 10 to 26 H.P., with lower efficiencies at lower power and at lower
speed. The friction losses include those of the journals and thrust ball
bearings.
The worm was 6-threaded, lead, 4.69 in.; pitch diam., 2,08 in.; the

gear had 41 teeth; pitch diam., 10.2 in. The worm was of hardened
steel and the gear of phosphor-bronze. A test of a steel gear and steel

worm gave somewhat lower efficiencies. In both tests the heating was
excessive both in the gears and in the thrust bearings, the balls in which
were 7/iq in. diam.

STRENGTH OF GEAH-TEETH.
The strength of gear-teeth and the horse-power that may be transmitted

by them depend upon so many variable and uncertain factors that it is

not surprising that the formulas and rules given by different writers
show a wide variation. In 1879 John H. Cooper (Jour. Frank. Inst.,

July, 1879) found that there were then in existence about 48 well-estab-
lished rules for horse-power and working strength, differing from each
other in extreme cases about 500%. In 1886 Prof. Wm. Harkness
(Proc. A. A. A. S., 1886), from an examination of the bibliography of the
subject, begiuumg in 1796, found thstib cbCCorcUng to tlie couststuts and

i



STRENGTH OF GEAR-TEETH. 1173

'formulse used by various authors there were differences of 15 to 1 in tho
?ower wliich could be transmitted by a given pair of geared wheels,
he various elements which enter into the constitution of a formula to

represent the working strength of a toothed wheel are the following:
1. The strength of the metal, usually cast iron, which is an extremely
variable quantity. 2. The shape of the tooth, and especially the relation
of its thickness at the root or point of least strength to the pitch and to
the length. 3. The point at which the load is taken to be applied,
assumed by some authors to be at the pitch-line, by others at the extreme
end, along the whole face, and by still others at a single outer corner.
4. The consideration of whether the total load is at any time received
by a single tooth or whether it is divided between two teeth. 5. The
influence of velocity in causing a tendency to break the teeth by shock.
6. The factor of safety assumed to cover all the uncertainties of the
other elements of the problem.

Prof. Harkness, as a result of his investigation, found that all the
formulae on the subject might be expressed in one of three forms, viz.:

Horse-power = C7p/, or CVp% or CVp^f;

In which C is a coefficient, V == velocity of pitch-line in feet per second^
p = pitch in inches, and/ = face of tooth in inches.
From an examination of precedents he proposed the following formula

for cast-iron wheels:

H.p. = 0-9^0 ypf
.

Vi + 0.65 V
He found that the teeth of chronometer and watch movements were

subject to stresses four times as great as those which any engineer woulr'\
dare to use in Uke proportion upon cast-iron wheels of large size.

It appears that ail of the earUer rules for the strength of teeth neglected
the consideration of the variations in their form; the breaking strength, as
said by Mr. Cooper, being based upon the thickness of the teeth at the
pitch-Une or circle, as if the thickness at the root of the tooth were the
same in all cases as it is at the pitch-hne.

Wilfred Lewis {Proc. EngWs Club, Phila., Jan., 1893; Am. Mach.,
June 22, 1893) seems to have been the first to use the form of the tooth
in the construction of a working formula and table. He assumes that
in well-constructed macliinery the load can be more properly taken as
well distributed across the tooth than as concentrated in one corner, but
that it cannot be safely taken as concentrated at a maximum distance
from the root less than the extreme end of the tooth. He assumes that
the whole load is taken upon one tooth, and considers the tooth as a
beam loaded at one end, and from a series of drawings of teeth of the
involute, cycloidal, and radial flank systems, determines the point of
weakest cross-section of each, and the ratio of the thickness at that section
to the pitch. He thereby obtains the general formula,

W = spfy;

in which W is the load transmitted by the teeth, in pounds; s is the safe
working stress of the material, taken at 8000 lbs. for cast iron, when the
working speed is 100 ft. or less per minute; p = pitch; / = face, in
inches; y = a factor depending on the form of the tooth, whose value for
different cases is given in the table on page 1174.
The values of s in the above table are given by Mr. Lewis tentatively,

in the absence of sufficient data upon which to base more definite values,
but they have been found to give satisfactory results in practice.

Example. Required to find the working strength of a 12-toothed pm-
ion, 1-inch pitch, 2 J^-inch face, driving a wheel of 60 teeth at 100 feet or
less per minute, and let the teeth be of the 20-degree involute form. In
the formula W = spfy we have for a cast-iron pinion s = 8000, pf =2.5,
and y = 0.078; and multiplying these values together, we have W —
1560 pounds. For the wheel we have y = 0.134 and W = 2680 pounds.
The cast-iron pinion is, therefore, the measure of strength; but if a

steel pinion be substituted we have s = 20,000 and W = 3900 pounds, in
which combination the wheel is the weaker, and it therefore becomes the
measure of strength.
For bevel-wheels Mr. Lewis gives the following, referring to Fig. 188:
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D = large diameter of bevel; d = small diameter of bevel; p = pitch
at large diameter; n = actual number of teeth; / = face of bevel;

N = formative nimiber of teeth = n X secant a, or

\ the number corresponding to radius B; y = factor de-
h pending upon shape of teeth and formative number N;
^W = working load on teeth, assimied to be applied at
fi the large end of the bevel gear on the pitch hne.

J
W = spfy 32).>(^_ (^)

; o^' inoj^e simply, W = spfy ^ ;

/^ ^ I which gives almost identical results when d is not less
\l than 2/3 D, as is the case in good practice.

In Am. Mach., June 22, 1893, Mr. Lewis gives the
following formulse for the working strength of the three

Pig 188 systems of gearing, which agree very closely with those
obtained bv use of the table:

0.912 ^
For involute, 20° obliquity,

For involute 15°, and cycloidal,

For radial flank system,

W spf (0.

W == spf (0.

154-

W = spf (0.075-

ia which the factor within the parenthesis corresponds to y in the general
formula. For the horse-power transmitted, Mr. Lewis's general formula

W = spfy = 33.000 H.P.
^ ^^^^ ^^^ ^^^^ ^^ _ 0~x> in which

V d3,UUU
p = velocity in feet per minute; or since v = dn X r.p.ra. -^ 12 =
?) .2618 d X r.p.m., in which d = diameter in inches,

Wv spfy X dX r.p.m.
H.P.= ; = .000007933 dspfy X r.p.m.

33,000 126,050
It must be borne in mind, however, that in the case of machines which

"onsume power intermittently, such as punching and shearing machines,
the gearing should be designed with reference to the maximum load W,
which can be brought upon the teeth at any time, and not upon the
average horse-power transmitted.

Values of y in Lewis's Formula.

Factor for Strength y.

No. of

Teeth.

Factor for Strength, y.

No. of
Teeth.

Involute
20° Ob-

Involute
15° and

Radial
Flanks.

Involute
20° Ob-

Involute
15° and

Radial
Flanks.

liquity, Cycloidal liquity. Cycloidal

12 0.078 0.067 0.052 27 0.111 0.100 0.064
13 .083 .070 .053 30 .114 .102 .065
14 .088 .072 .054 34 .118 .104 .066
15 .092 .075 .055 38 .122 .107 .067
16 .094 .077 ,056 43 .126 .110 .068
17 .096 .080 .057 50 .130 .112 .069
18 .098 .083 .058 60 .134 .114 .070
19 .100 .087 .059 75 .138 .116 .071
20 .102 .090 .060 100 .142 .118 .072
21 .104 .092 .061 150 .146 .120 .073
23 .106 .094 .062 300 .150 .122 .074
25 .108 .097 .063 Rack. .154 .124 .075

Safe Working Stress, s , FOR Different Speeds.

Speed of Teeth in
Ft. per Minute.

100 or
less.

200 300 600 900 1200 1800 2400

Cast iron 8000 6000 4800 4000 3000 2400
6000

2000
5000

1700

Steel 20000 15000 12000 10000 7500 4300

Comparison of the Harkness and Lewis Formulae.— Take an
average case in whicli the safe working strength of the material, s = 6000,
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1^= 200 ft. per min., and y = 0.100, the value in Mr. Lewis's table for an
involute tooth of 15° obliquity, or a cycloidal tooth, the number of teeth
in the wheel being 27.

spfyv _ 6000 vfvX 0.100 _ vfv _
'^'

33,000 33,000
if V is taken in feet per second.

Prof. Harkness gives H.P. = 0.910 Vyf

= i^= 1.091 pfV,

If the V in the denominator
Vl + 0.65 V

be taken at 200 -4- 60 = 31/3 ft. per sec, H.P. = 0.571 pfV, or about
52% of the result given by Mr. Lewis's formula. This is probably as
close an agreement as can be expected, since Prof. Harkness derived his
formula from an investigation of ancient precedents and rule-of-thumb
practice, largely with common cast gears, while Mr. Lewis's formula was
derived from considerations of modern practice witn maclnue-molded
and cut gears.

Mr. Lewis takes into consideration the reduction in working strength
of a tooth due to increase in velocity by the hgures in his table of the
values of the safe working stress s for different speeds. Prof. Harkness
gives expression to the same reduction by means of the denominator of

his formula, "V^l + 0.65 V. The decrease in strength as computed by
this formula is somewhat less than that given in Mr. Lewis's table, and as
the figures given in the table are not based on accurate data, a mean
between the values given by the formula and the table is probably as
near to the true value as may be obtained from our present knowledge.
The following table gives the values for different speeds according to Mr.
Lewis's table and Prof. Harkness's formula, taking for a basis a working
stress s, for cast-iron 8000, and for steel 20,000 lbs. at speeds of 100 ft»

per minute and less:

V = speed of teeth, ft. per min.

.

V = speed of teeth, ft. per sec . .

100

1 2/3

200
31/3

300 600
10

900
15

1200
20

1800
30

2400
40

bate stress s, cast iron, Lewis .

.

Relative do., s -^ 8000
8000

1

69^0

6000
0.75

.5621

0.811
6488
6200
15500
15000

4800
0.6

.4850

0.700
5600
5200
13000
12000

4000
0.5

.3650
0.526
4208
4100
10300
10000

3000
0.375

.3050
0.439
3512
3300
8100
7500

2400
0.3

.2672
0.385
3080
2700
6800
6000

2000
0.25

.2208
0.318
2544
2300
5700
5000

1700

0.212?

1 ^ V\ +0.65 V .1924

Relativeval.cH- 0.693
.-^i.^SOOOx (c-^0.693)
Mean of s and si, cast-iron = S2.

Mean of s and .sj, for steel = S3..

Safe stress for steel, Lewis

i

8000
8000

20000
20000

0.277
2216
2000
4900
4300

In Am. Mach., Jan. 30, 1902, Mr. Lewis says that 8,000 lbs. was given
as safe for cast-iron teeth, either cut or cast, and that 20,000 lbs. was
intended for any steel suitable for gearing whether cast or forged.
These were the unit stresses for static loads.
The iron should be of good quaUty capable of sustaining about a ton

on a test bar 1 in. square between supports 12 in. apart, and the steel
should be solid and of good quality. The value given for steel was in-
tended to include the lower grades, 'but when the quahty is known to be
high, correspondingly liigher values may be assigned.
Comparing the two formulae for the case of s = 8000, corresponding to

a speed of 100 ft. per min., we have

Harkness: H.P. = 1 ^ Vi + o.65 V X .910Vpf= 1 .053 pf,

. spfyv ^ spfyV _ 8000 X 1 2/3 pfy

33,000 650 550

in which y varies according to the shape and number of the teeth.

For radial-flank gear with 12 teeth y = 0.052; 24.24 p/y = 1.260pf;
For 20° inv., 19 teeth, or 15° inv., 27 teeth?/ = 0.100; 24.24 p/?/ = 2.424p/;
For 20° involute, 300 teeth y = 0.150; 24.24: pfy = 3.636?/.

Thus the weakest-shaped tooth, according to Mr. Lev^is, will transmit
20 per cent more horse-power than is given by Prof. Harkness's formula,
in which the shape of the tooth is not considered, and the average-shaped

Lewis: H.P. = 24.24 p/2/
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tooth, according to Mr. Lewis, will transmit more than double the
horse-power given by Prof. Harkness's formula.

Comparisou of Other Formulae.—Mr. Cooper, in summing up hi9
examination, selected an old English rule, which Mr. Lewis considers as
a passably correct expression of good general averages, viz.: X = 2000 vf,
X = breaking load of tooth in pounds, p = pitch, / = face. If a factor
o* safety of 10 be taken, this would give for safe working load W =200 vf-

George B. Grant, in his Teeth of Gears, page 33, takes the breaking
load at 3500 vf, and, with a factor of safety of 10, gives W = 350 pf.

Nystrom's Pocket-Book, 20th ed., 1891, says: "The strength and dura-
bility of cast-iron teeth require that they shall transmit a force of 80 lbs.
per inch of pitch and per inch breadth of face. " This is equivalent toW ^ SQ pf, or only 40% of that given by the English rule.

F. A. Halsey (Clark's Pocket-Book) gives a table calculated from the
formula H.P. = pfd X r.p.m. -^ 850.

Jones «fe Laughlins give H.P. = pfd X r.p.m. -^ 550.
These formulae transformed give IF = 128 p/ and W = 218 pf, respec-

"

lively.
Unwin, on the assumption that__the load acts on the corners of the

teeth, derives a formula p = K ^W, in which K is a coejQBlcient derived
from existing wheels, its values being: for slowly moving gearing not sub-
ject to much vibration or shock K = 0.04; in ordinary mill-gearing,
running at greater speed and subject to considerable vibration, K = .05;
and in wheels subjected to excessive vibration and shock, and in mortise
gearing, K = .06. Reduced to the form W = Cpf, assuming that/ =
2 p, these values of K give W = 262 pf, 200 pf. and 139 pf, respectively.
Unwin also give the following, based on the assumption that the pres-

sure is distributed along the edge of the tooth: p = Ki ^p/f^W, where
Ki = about .0707 for iron wheels and .0848 for mortise wheels when
the breadth of face is not less than twice the pitch. For the case of /=
2 p and the given values of Ki this reduces to T7 = 200 p/and W = 139 pf,
respectively.

Box, in his Treatise on Mill Gearing, gives H.P. = 12 p^f^^dn t- 1000,
in which n = number of revolutions per minute. Tliis formula differs
2rom the more modern formulas in making the H.P. vary as p^f, instead
of as pf, and in this respect itjs no doubt incorrect.

Making the H.P. vary as '^dn or as ^v, instead of directly as v, makes ;

the velocity a factor of the working strength as in the Harkness and
|

Lewis formulae, the relative strength varying as l/V^, which for different
|

velocities is as follows:

Speed of teeth in ft. per
J
^QQ 200 300 600 900 1200 1800 2400

Relative strength = 1 0.707 0.574 0.408 0.333 0.289 0.236 0.20

showing a somewhat more rapid reduction than is given by Mr. Lewis.
For the purpose of comparing different formiulse they may in general

be reduced to either of the following forms:

H.P. == Cpfv, H.P. = Cipfd X r.p.m., W = cpf,

in which p = pitch, / = face, d = diameter, all in inches; v = velocity
in feet per minute, r.p.m. revolutions per minute, and C, Cx and c coeffi-
cients. The formulae for transformation are as follows:

H.P. = Wv -^ .33,000 = WXdX r.p.m. -5- 126,050;

^_ 33.000 H.P. ^ 126^50 H.P._ pj._H^, H^ W
V dx r.p.m.

' ^•'
'

^' Cv CidX r.p.m. c

C, = 0.2618 C; C = 33,000 C; C = 3.82 Ci, = ^„^^, ; c = 126,050 Ci.

In the Lewis formula C varies with the form of the tooth and with the
speed, and is equal to sy -i- 33,000, in which y and s are the values taken
from the table, and c = sy.

In the Harkness formula C varies with the speed ana is equal to
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.
— (F being in feet per second) , = 0.01517 -^ Vl + 0.011 v.

V 1 + 0.65 V
In the Box formula C varies with the pitch and also with the velocity;

and equals ^^ ^
Tifn^o!''^'"'' = -02345 -^, c = 33,000 C = 774 -^.

For V = 100 ft. per min. C= 77.4 p: for -y = 600 ft. per min., c = 31.6 p.
In the other formulse considered C, Ci, and c are constants. Reducing

the several formulae to the form W = cpf, we have the following:

COMPARISION OF DIFFERENT FORMULA FOR STRENGTH OF GeAR-TeETH.
Safe working pressure per inch pitch and per inch of face, or value ol

C in formula W = cpf:
V = ft. per min. 100 600

Lewis: Weak form of tooth, radial flank, 12 teeth c = 416 208
Mediumtooth,inv. 15°, or cycloid, 27 teeth .c = 800 400
Strong form of tooth, inv. 20°, 300 teeth, .c == 1200 600

Harkness: Average tooth c = 347 184
Box: Tooth of 1 inch pitch c= 77.4 31.6
Box: Tooth of 3 inches pitch c = 232 95
The Gleason Works gives for ft. per min. 500 1000 1500 2000 2500
working stress in pounds = p.f. X 480 400 340 290 240

These are for cut gears, 18 teeth or more, rigidly supported, for average
steady loads. Hammering loads, as in rolling mills and sav/ mills, require
heavier gears.

C. W. Hunt, Trans'. A.S.M.E., 1908, gives a table of working loads of
cut cast gears with a strong short form of tooth, which is practically
equivalent to W= 700 pf.

Various, in wliich c is independent of form and speed: Old English
rule, c = 200; Grant, c = 350; Nystrom, c = 80; Halsey, c = 128; Jones
& LaughUns, c = 218; Unwin, c = 262, 200, or 139, according to speed,
shock, and vibration.
The value given by Nystrom and those given by Box for teeth of small

pitch are so much smaller than those given by the other authorities thai
they may be rejected as having an entirely unnecessary surplus of strength.
The values given by Mr. Lewis seem to rest on the most logical basis, the
form of the teeth as well as the velocity being considered; and since they
are said to have proven satisfactory in an extended macliine practice,
they may be considered reliable for gears that are so well made that
the pressure bears along the face of the teeth instead of upon the corners.
For rough ordinary vv'ork the old English rule W = 200 pf is probably
as good as any, except that the figure 200 may be too high for weak forms
of tooth and for high speeds.
The formula TF= 200 vfis equivalent to B..F. = pfd X r.p.m.T-630= pfv

-M65 or, H.P. = 0.0015873 pfd X r.p.m. = .006063 pfv.
Raw-hide Pinions. — Pinions of raw-hide are in common use for

gearing shafts driven by electric motors to other shafts which, carry
machine-cut cast-iron or steel gears, in order to reduce vibration, noise
and wear. A formula for the maximum horse-power to be transmitted
by sTich gears, given by the New Process Raw-Hide Co., Syracuse, N. Y.,
is H.P. = pitch diam. X circ. pitch X face X r.p.m. -^ 850, or pfd X
r.p.m. -> 850. This is about 3/4 of the H.P. for cast-iron teeth by the old
English rule. The formula is to be used only when the circular pitch
does not exceed 1.65 ins.

Composite gears also are made, consisting of alternate sheets of raw-
hide or fibre and steel or bronze, so that a high degree of strength ia

combined with the smooth-running quality of the fibre.

Maximum Speed of Gearing. — A. Towler, Eng'g, April 19, 1889,
p. 388, gives the maximum speeds at which it was possible under favor-
able conditions to run toothed gearing safely as follows, in ft. per min.:
Ordinary cast-iron wheels, 1800; Hehcal, 2400; Mortise, 2400; Ordinary
cast-steel wheels, 2600; Helical, 3000: special cast-iron machine-cut
wheels, 3000.

Prof. Coleman Sellers (Stevens Indicator, April, 1892) recommends that

fearing be not ryn over 1200 ft. per minute, to avoid great noise. The
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Walker Company, Cleveland, Ohio, say that 2200 ft. per min. for iron

gears and 3000 ft. for wood and iron (mortise gears) are excessive, and
should be avoided if possible. The Corliss engine at the Philadelphia
Exhibition (1876) had a flv-wheel 30 ft. in diameter running 35 r.p.m.

geared into a pinion 12 ft. diam. The speed of the pitch-line was 3300 ft.

per min.
A Heavy Machine-cut Spur-gear was made in 1891 by the Walker

Company, Cleveland, Ohio, for a diamond mine in South Africa, with
dimensions as follows: Number of teeth, 192; pitch diameter, 30 ft.

6.66 ins.; face, 30 ins.; pitch, 6 ins.; bore, 27 ins.; diameter of hub, ft.

2 ins.; weight of hub, 15 tons; and total weight of gear, 668/4 tons. The
rim was made in 12 segments, the Joints of the segments being fastened
with two bolts each. The spokes were bolted to the middle of the seg-
ments and to the hub with four bolts in each end.

Frictional Gearing. — In frictional gearing the wheels are toothless,
and one wheel drives the other by means of the friction between the two
surfaces which are pressed together. They may be used where the power
to be transmitted is not very great; when the speed is so high that toothed
wheels would be noisy; when the shafts require to be frequently put into
and out of gear or to have their relative direction of motion reversed;
or when it is desired to change the velocity-ratio while the machinery
is in motion, as in the case of disk friction-wheels for changing the feed
In machine tools.

Let P = the normal pressure in pounds at the line of contact by which .

two wheels are pressed together, T = tangential resistance of the driven J

wheel at the line of contact, / = the coefficient of friction, V the veloc-.l
ity of the pitch-surface in feet per second, and H.P. == horse-power; then
T may be equal to or less than/P; H.P. = TF -^^ 550. The value off
for metal on metal may be taken at 0.15 to 0.20; for wood on metal,
0.25 to 0.30; and for wood on compressed paper, 0.20. The tangential
driving force T may be as high as 80 lbs. per inch width of face of the
driving surface, but this is accompanied by great pressure and friction on
the journal-bearings.

In frictional grooved gearing circumferential wedge-shaped grooves are
cut in the faces of two wheels in contact. If P = the force pressing the
•wheels together, and N = the normal pressure on all the grooves, P = N
(sin a + f cos a), in which 2 a = the inclination of the sides of the grooves,
and the maximum tangential available force T = fN. The inclination
of the sides of the grooves to a plane at right angles to the axis is usually
30°.

Frictional Grooved Gearing. — A set of friction-gears for trans-
mitting 150 H.P. is on a steam-dredge described in Proc. Inst. M. E.,
July, 1888. Two grooved pinions of 54 in. diam., with 9 grooves of 13/4in.
pitch and angle of 40° cut on their face, are geared into two wheels of
1271/2 in. diam. similarly grooved. The wheels can be thrown in and out
of gear by levers operating eccentric bushes on the large wheel-shaft.
The circumferential speed of the wheels is about 500 ft. per min. Allow-
ing for engine friction, if half the power is transmitted through each set
of gears the tangential force at the rims is about 3960 lbs., requiring, if
the angle is 40° and the coefficient of friction 0.18, a pressure of 7524 lbs,
between the wheels and pinion to prevent slipping.
The wear of the wheels proving excessive, the gears were replaced by

spur-gear wheels and brake-wheels with steel brake-bands, which arrange-
ment has proven more durable than the grooved wheels. Mr. Daniel
Adamson states that if the frictional wheels had been run at a higher
speed the results would have been better, and says they should run at
least 30 ft. per second.
Power Transmitted by Friction Drives. (W. F. M. Goss, Trans.

A. 8. M. E., 1907.)—A friction drive consists of a fibrous or somewhat
yielding driving wheel working in rolling contact with a metallic driven
wheel. Such a drive may consist of a pair of plain cylinder wheels
mounted upon parallel shafts, or a pair of beveled wheels, or of any
other arrangement which will serve in the transmission of motion by
rolling contact.

Driving wheels of each of the materials named in the table below wer^
tested in peripheral contact with driving wheels of iron, aluminum and
type metal. All the wheels were 16 in. diam. ; the face of the driving



FRICTION CLUTCHES. 1179

wheels was I3/4 in., and tbat of the driven wlieels 1/2 in. Records were
made of the pressure of contact, of the coefficient of friction developed,
and of the percentage of slip resulting from the development of the said
coefficient of friction. Curves were plotted showing the relation of the
coefficient and the slip for pressures of 150 and 400 lbs. per inch width
or race in contact. Another series of tests was made in which the slip
was maintained constant at 2% and the pressures were varied. In most
of the combinations it was found that with constant slip the coefficient
ot friction diminished very slightly as the pressure of contact was in-
creased, so that it may be considered practically constant for all pres-
sures between 150 and 400 lbs. per sq. in.
The crushing strength of each material under the conditions of the

test was determined by running each combination with increasing loads
until a load was found under which the wheel failed before 15,000 revo-
lutions had been made. The results showed the failure of the several
fiber wheels under loads per inch of width as follows: Straw fiber
750 lbs.; leather fiber, 1,200 lbs.; tarred fiber, 1,200 lbs.; leather, 750 lbs.;
sulphite fiber, 700 lbs. One-fifth of these pressures is taken as a safe
working load. The coefficient of friction approaches its maximum
value when the sUp between driver and driven wheel is 2%. The safe
working horse-power of the drive is calculated on the basis of 60% the
coefficient developed at a pressure of 150 lbs. per inch of width, a re-
duction of 40% being made to cover possible decrease of the coefficientm actual service and to cover also loss due to friction of the journals.
From these data the following table is constructed showing the H.P.
that may be transmitted by driving wheels of the several materials
named when in frictionai contact with iron, aluminum and type metal.

The formula for horse-power is H.P. = ^X ^^^^qqq'^^ = KdWN, in

which d = diam. in inches, TF= width of face in inches, P = safe work-
ing pressure in lbs. per in. of width, N = revs, per min., / = coefficient
of fnction, 0.6 a factor for the decrease of the coefficient in service and
for the loss in journal friction, K a coefficient including P, / and the
numerical constants.

Coefficients of Friction and Horse-power of Friction Drives.

On Iron. On Aluminum. On Type Metal.

/ k / k / k

Straw fiber 0.255
0.309
0.150
0.330
0.135

0.00030
0.00059
0.00029
0.00037
0.00016

0.273
0.297
0.183
0.318
0.216

0.00033
0.00057
0.00035
0.00035
0.00026

0.186
0.183
0.165
0.309
0.246

00022
Leather fiber
Tarred fiber

0.00035
0.00031

Sulphite fiber

Leather
0.00034
0.00029

Horse-power = K X dWN.
Friction Clutches. — Much valuable information on different forms of

friction clutches is given in a paper by Henry Souther in Trans. A. S. M.
E., 1908, and in the discussion on the paper. All friction clutches contain
two surfaces that rub on each other when the clutch is thrown into gear,
and until the friction between them is increased, by the pressure with
which they are forced together, to such an extent that the surfaces bind
and enable one surface to drive the other. The surfaces may be metal
on metal, metal on wood, cork, leather or other substance, leather on
leather or other substance, etc. The surfaces may be disks, at right
angles to the shaft, blocks sliding on the outer or inner surface, or both,
of a pulley rim, or two cones, internal and external, one fitting in the
other, or a band or ribbon around a pulley. The driving force which is

just sufficient to cause one part of the clutch to drive the other is the
product of the total pressure, exerted at right angles to the direction of
sliding, and the coefficient of friction. The latter is an 3xceedingly
variable quantity, depending on the nature and condition of the sliding
surfaces and on their lubrication. The surfaces must have sufficient

area so that the pressure per square inch on that area will not be suffi-

cient to cause undue heating and wear. The total pressure on the parts
of the mechanism that forces the surfaces together also must not cause
undue wear of these parts.
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For cone clutches, Reuleaiix states that the angle of the cone should
not be less than 10°, in order that the parts may not become wedged
together. He gives the coefficient of cast iron on cast iron, for such
clutches, at 0.15.

For clutches with maple blocks on cast iron Mr. Souther gives a coeffi-
cient of 0.37, and for a speed of 100 r.p.m. he gives the following table of
capacity of such clutches, made by the Dodge Mfg. Co.

power.
Block

Area, Ins.
Diam. at
Block, Ins.

Circumferen-
tial Pull at

Block Center,
Lbs.

Total
Pressure.

Total Pres-
sure per
Sq. In.

25
32
50
98

120
14!

208
280

16

18

21.5
27.5

1.960

2,240
2.900
4.500

5.300
6.000
7.800
12.000

44
44.5
37.5
43.5 •

Prof. I. N. Hollis has found the coefficient of cork on cast iron to be
from 0.33 to 0.37, or about double that of cast iron on cast iron or on
bronze. A set of cork blocks outlasted a set of maple blocks in the ratio
of five to one. Prof. C. M. Allen has found the torque for cork inserts
to be nearly double that of a leather-faced clutch for a given dimension.

Disk clutches for automobiles are made with frictional surfaces of
leather, bronze, or copper against iron or steel. The Cadillac Motor Car
Co. give the following: Mean radius of leather frictional surface 45/i6 ins;
area of do., 36V2sq.ins.; axial pressure, 1000 to 1200 lbs.; H.P. capacity
at 400 r.p.m., 51/2 H.P.: at 1400 r.p.m., 10 H.P.

C. H. Schlesinger (Horseless Age, Oct. 2, 1907) gives the following
formula for the ordinary cone clutch:

H.P. = PfrR -f- 63,000 sin. 9,

in which P = assumed pressure of engaging spring in lbs., / = coeff. of
fric^'on, which in ordinary practice is about 0.25; r = mean radius of
ihe ,}one, ins.; i?=r.p.m. of the motor; 6 = angle of the cone with the
axis. Mr. Souther says the value of / = 0.25 is probably near enough
for a properly lubricated leather-iron clutch.
The Hele-Shaw clutch, with V-shaped rings struck up in the surfaces

of disks, is described in Proc. Inst. M. E., 1903. A clutch of this form
18 ins. diam. between the V's transmitted 1000 H.P. at 700 or 800 r.p.m.

Coil Friction Clutches. (H. L. Nachman, Am. Mach., April 1, 1909.)— Friction clutches are now in use which will transmit 1000, and even
more, horse-power. A type of clutch which is satisfactory for the trans-
mission of large powers is the coil friction clutch. It consists of a steel
coil wound on a chilled cast-iron drum. At each end of the coil a head
is formed. The head at one end is attached to the pulley or shaft that is

to be set in motion, while that at the other end of the coil serves as a
point of application of a force which pulls on the coil to wind it on the
drum, thus gripping it firmly.
The friction of the coil on the drum is the same as that of a rope or

belt on a pulley. That is, the relation of the tensions at the two ends of

the coil may be found from the equation PjQ=eP-°- where P=pull at fixed
end of coil; Q = pull at free end of coil; e= base of natural logarithms =
2.718; p. == coefficient of friction between coils and drum; and oi= Angle
subtended by coil in radian measure, = 6.283 for each turn of coil.

Values of PjQ for different numbers of turns are as follows, assuming
iV = 0.05 for steel on cast iron, lubricated:

No. of turns 1234567 8

PlQ = 1.37 1.87 2.57 3.51 4.81 6.58 8.60 12.33

If D = diam. of drum in ins., N = revs., per min., then H.P. =;rZ)ATP -e-

(12 X 33,000) = 0.00000793 DNP.
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HOISTING AND CONVEYING.
strength of Ropes and Chains.—For the weight and strength of rope

for hoisting see notes and tables on pages 410 to 416. For strength of
chains see page 264.

Working Strength of Bloclis.

(Boston and Lockport Block Co., 1908.)

REGULAR BLOCKS WITH LOOSE HOOKS—LOADS IN POUNDS
Size, Inches. 5 6 8 10 12 14

Rope diameter, inches ....
2 single blocks

9/16

150
250
400

3/4

250
400
650

7/8

700
1200
1900

1

2000
4000
6000

1 1/8

4000
8000
12000

1 1/4

7000
2 double blocks 12000

19000

LOADS IN TONS.

Wide Mortise with
Loose Hooks.

Extra Heavy with
Shackles.

Size, inches
Rope, diam., in. .

.

2 single blocks . . . .

2 double blocks. . .

2 triple hlocks . . . .

2 fourfold blocks .

.

12

15/16
4
6

16

13/4
10

12

14

18 20 22 24
2 21/4 2 1/2 3

WORKING LOADS FOR A PAIR OF WIRE-ROPE BLOCKS-TONS
Loose Hooks.

Sheave Two Two Two
Diam., In. Singles. Doubles. Triples.

Two
Singles.

Two
Doubles.

Two
Triples.

8
10
12
14
16
18 10

10
12
15
20

6
10

12

15

20
25

Chain Blocks. — Referring to the table on the next page, the speed
of a chain block is governed by the pull required on the hand chain
and the distance the hand chain must travel to lift the load the re-
quired distance. The speeds are given for short lifts with men ac-
customed to the work; for continuous easy hfting two-thirds of these
speeds are attainable. The triplex block lifts rapidly, and the speed
increases for light loads because the length of hand chain to be overhauled
is small. This fact also enables the operator to lower the load very
quickly with the triplex block. The 12- to 20-ton triplex blocks are
provided with two separate hand wheels, thus permitting two men tO'
hoist simultaneously, thereby securing double speed. In the triplex
block the power is transmitted to the hoisting-chain wheel by means of a
train of spur gearing operated by the hand chain. In the duplex block
the power is transmitted through a worm wheel and screw. In the dif-
ferential block the power is applied by pulling on the slack part of the
load chain and the force is multiplied by means of a differential sheave.
(See page 539.) The relative efficiency and durability of the three types
are as follows:

Differen-
tial.

Duplex. Triplex.

Relative efficiency 35
20
40

50
80
80

100
Relative durability 100
Relative cost 100
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Chain Block Hoisting Speeds.

(Yale & Towne Mfg. Co., 1908.)

Pull
Feet of Hand- Hoisting Speeds. Feet per Minute
Chain to be Attainable and No. of Men re-

quired on
Hand-Chain

to Lift
Full Loads.

Pullea by quired for Hoisting Full Loads
a Operator to

Lift Load
One Foot
High.

without PuUing over 80 Lb.

^m
Triplex. Duplex. Differ-

ential.

-d -d '6
'"

D
i i ^- i

«' h o
ii J

=3
.

.3 °fl
a a

3
^•^ a a

3
^^ 3 fl^ n^ zs 3

o S 3 1^
H Q Q H P Q l^ <y P^

6

-1-

1/4 . 72
122 ii' "40

18

24

—

p

1/2 62 68 8. 16. 24. 1 4. 1

I 82 87 216 31 59 M) 4. 8. 12 1 :^ 1 3 70
11/2 IIU 94 246 35 80 36 4 8 9.6 14 4 2 ?, 40 ? ^ 50
2 120 115 30i 42 93 42 3 6 7.2 10 8 2 I 80 ? ? 30
3 114 132 557 69 126 38 2 3 4.6 6 9 2 I 10 ? ? 30
4 124

no
130

135

140
130*
135*
140*

142

145

145

160

160

84
126

126

168

210
126*
168*
210*

155

195

252
310
390

1.7
1.3

1.1

0.8
0.6
I.l

n 8

3.5
2.6
2.2
1.6

1.2

2.2
1 6

5.2
3.9
3.3
2.4
1.8

3.3
2.4
1.8

2
2
2
2
2
4
4
4

0.80
0.65
0.50
0.35
0.30

2
2
2
2
2

5
6
8
10

12

16

20 '.'.'.'.

. : .
;' 0.6 1.2

* Oa each of the two hand-chains.
t The number of men Is based on each man pulling not over 80 lb.

One man pulling 160 lb. or less, as given in the first two columns, can lift
the full capacity of any Triplex or Duplex Block.

Efficiency of Hoisting Taclile. — (S. L.- Wonson, Eng. News, June '

11, 1903.

1 1/4 to 2-in. Manila rope.

Parts of line. 2 3 4 5 6 7 8 9

Ratio of load to pull
Efficiency, per cent

1.91

96
2.64 3.30
88 83

3.84
77

4.33
72

4.72
67

5.08
64

5.37
60

3/4-in. Wire rope. ]

Parts of line. 3 4 5 6 7 8 9 10 11 12 13

Ratio load to pull

Efficiency, per cent
2.73
91

3.47
87

4.11
82

4.70
78

5.20
74

5.68
71

6.08
68

6.46
65

6.78
62

7.08 7.34
59 56

Proportions of Hooks.—The following formulae are given by Henry
R. Towne, in his Treatise on Cranes, as a result of an ejctensive experi-
mental and mathematical investigation. They apply to hooks of
capacities from 250 lb. to 20,000 lb. Each size of hook is made from
some commercial size of round iron. The basis in each case is, there-
fore, the size of iron of which the hook is to be made, indicated by A

j

in the diagram. The dimension D is arbitrarily assumed. The other
ij

dimensions, as given by the formulae, are those which, while preserving i

a proper bearing-face on the interior of the hook for the ropes or chains !

which may be passed through it, give the greatest resistance to spread- i

ing and to ultimate rupture, which the amount of material in the original!'
bar admits of. The symbol A is used to indicate the nominal capacity !

of the hook in tons of 2000 lb. The formulae which determine the lines
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Fig. 189.

6 S 10 tons

21/4 21/2 2 7/8 3 1/4 in.

of the other parts of the hooks of the several sizes are as follows, the
measurements being all ' *

inches

:

Z> = 0.5 A + 1.25;

E= 0.64 A+ 1.60;

F= 0.33 A + 0.85;

G = 0.75 D;
fi"= 1.08 A;
I = 1.33 A;
J'= 1.20 yl;

K= LISA;
L = 1.05 A;M = 0.50 A;
N= 0.85 B- 0.16;

= 0.363 A + 0.66;

Q = 0.64 A+ 1.60;

C/= 0.866 A.
The dimensions A are necessarily

based upon the ordinary merchant sizes
of round iron. The sizes which it has
been found best to select are the follow-
ing:

Capacity of hook:
1/8 1/4 1/2 1 11/2 2 3
Dimension A:
5/8 11/16 3/4 11/16 11/4 13/8 13/4

Experiment has shown that hooks made according to the above formulae
wiU give way first by opening of the jaw, which, however, will not
occur except with a load much in excess of the nominal capacity of the
hook. This yielding of the hook when overloaded becomes a source of
safety, as it constitutes a signal of danger which cannot easily be over-
looked, and which must proceed to a considerable length before rupture
will occur and the load be dropped.
Heavy Crane Hooks.—A. E. Holcomb, vice-pres. of the Earth Mov-

ing Machinery Co., contributes the following (1908). Seven years ago,
while engaged in the design of a 100-ton crane, I made a study of the
variations in strength with the different sectional forms for hooks in most
common use. As a result certain values which gave the best results were
substituted in "Gordon's" formula and a formula was thereby obtained
whichwasgood forhooks ofany size desired, provided the proper allowable
fiber stress per square inch was made use of when designing. From this
formula the enclosed table was made up and was published in the American
Machinist of Oct. 31, 1901. Smee that time hundi-eds of hooks of cast

or hammered steel have been designed and made according to my formula,
and not one of them, so far as I know, has ever failed.

The Industrial Works, Bay City, Michigan, manufacturers of heavy
cranes, in December, 1904, made the following test under actual working
conditions:
A hook was made of hammered steel having an elastic limit or yield

point at approximately 36,000 lbs. per sq. in. fiber stress and having the
following important dimensions: d = 7^/8in.; r = 4l/2in.; Z) = 207/i6in.
When the appUed load reached 150,000 lbs. the hook straightened out

until the opening at the mouth of the hook was 21/2 in. larger than
formerly, and the distance from center of action line of load to center of
gravity of section was found to have decreased 1/2 in., at which point the
nook held the load. Upon increasing the load still further, the hook
opened still more. From the dimensions of the hook as originally formed,
we find from the formula or table that the fiber stress with a load of
150,000 lbs. was 37,900 lbs. per sq. in., or in excess of the yield point,
whereas making use of the dimensions obtained from the hook when it
held we find that the fiber stress per square inch was reduced to 35,940 lbs.,
or under the yield point.

The desiener must use his own judgment as to the selection of a proper
^llowa})le fiber stress , being governed therein by thenatureof thematerial

k
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to beused and the probability of the hooKbeing overloaded at some time.
Cinder average conditions I have made use of the following values for (/):

Values of (/) in pounds for a load of —

1,000 to
5000

lbs.

5,000 to
15,000

lbs.

15,000

to
30,003
lbs.

30,000
to

60,000
lbs.

60,000
to

100,000
lbs.

100,000

lbs.

and up.

Cast iron 2,000

6,003
12,000

2,500

8,000
16,000

10,000

20,000
11,250

22,500
12,500

25,000Hammered steel 27,500

Mr. Hoicomb's formula is given below, and his table in condensed
form is given on page 1185.

Directions. — F and /being known, assume r to suit the requirements
for which the hook is to be designed. Divide P bv/and find the quotient
in the column headed by the required r. At the side of the Table, in the
same row, will be found the necessary depth of section, d.

Notation. — P = load. -S = area of section. R"^ = square of the radius
of gyration. / = allowable fiber stress in lbs. per sq. in., 20,000 lbs. for

hammered steel. For other letters see Fig. 190.

P S

1 + Ml
R^

General formula.

'i \

~

r\
^v :t

y\ ^

>s=4^x^.

" 18(b2 + 2 be + c")

*

6 + c '^S" • "

/& + 2 c ^, d\

(1)

(2)

(3)
I

/&_+2c d\
^0

Assuming 6

we have:

P_
/

D

+ r.

7.44 d+ 12.393 r

0.5 d.

2r+ 1.5d.

. . (4)

= 0.22d,

(5)
I

Fig. 190.

For values of K and r intermediate to those given in tne taoie approx-
imate values of d may be found by interpolation. Thus, for K = 3.700,

r = 2.75.

Tabular values, r = 2.5 3.0 Int. for 2.75

d = 6.50 K == 3.462 3.213 3.338
d = 7.00 K = 4.128 3.842 3.985

!«--|||ljx(,o.Whence: = 6.5+ • 6.5) = 6.78.
I (3.985

In like manner, if d and r are given the value of K and the corresponding
safe load may be found.
Strength of Hooks and Shackles. (Boston and Lockport Block Co.,

1908.)—Tests made at the Watertown arsenal on the strength of hooks
and shackles showed that they failed at the loads given in the table on
page 1 185. In service they should be subjected to only 50% of the figures
In the table Ordinarily the hook of a block gives way first, and where
heavy weights are to be handled shackles are superior to hooks and
should be used wherever possible.
Horse-power Required to Raise a Load at a Given Speed.— H.P,

Gross weight m lb.
^ ^^^^^ .^ ^^ p^^ ^^ ^^ ^^^ ^^^ 25% to 50% forf

33,000
friction, contingencies, etc. The gross weight includes the weight o|
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Values of K.

d.
r.

0.50 1 0.75 1.00 1 1.50 1
2.00

1 2.50 1 3.00 | 3.50
i
4.00 | 5.00 | 6.00

2.00 0.379( 0.331

.496 .437

.629 .559

0.292
.391

.504

.632

.776

.953

1.129
1. 321

1.530
1.754
1.995

2.253
2.527
2.828
3.124
3.447
3.787
4.516
5.311
6.173
7.102
8.096
9.158

0.240
.329

.420

.532

.659

.801

.957

1.148
1.336
1.544
1.760
1.996

2.248
2.525
2.801
3.101
3.418
4.100
4.848
5.661
6.540
7.485
8.496
9.574
10.788
12.098
13.374
14.717
16.126
17.601

0.203
.275

.360

.460

.572

.700

.841

.998
1.187
1.373
1.575
1.793
2.072
2.281
2.538
2.818
3.115
3.754
4.459
5.227
6.061

6.960
7.924
8.954
10.220
11.381

12.608
13.901
15.261

16.686
18.178
19.735

21.359
23.050
24.807
26.630
28.520

0.176
.239

.316

.404

.506

.621

.750

.893

1.067
1.239
1.426
1.627
1.843

2.081
2.321
2.583
2.861
3.463
4.128
4.855
5.648
6.504
7.424
8.409
9.460
10.746
11.922
13.173

14.485
15.862
17.305
18.814
20.389
22.031
23.738
25.511
27.351

0.155
.212
.281

.360

.454

.559

.677

.808

.953

1.129
1.321

1.490
1.691

1.913
2.140
2.385
2.646
3.213
3.842
4.533
5.287
6.104
6.984
7.928
8.932

10 008
11.316
12.518
13.785

15.117
16.514
17.976
19.504
21.098
22.758
24.483

2.25
2.50
2.75 .778

.944
1.143
1.342
1.558
1.790
2.038
2.304
2.586
2.884
3.214
3.532

.697

.852

1.039
1.226
1.429
1.649
1.886
2.138
2.408
2.694
3.008
3.315
3.651
4.003
4.757
5.578

3.00 0.411
.508
.617

.738

.873

1.038
1.214
1.374
1.563
1.770

1.983
2.215
2.461
2.998
3.594
4.252
4.970
5.750
6.593
7.498
8.467
9.499
10.766
11.926
13.150
14.442
15.792
17.210
18.694
20.242
21.846
23.535

3.25
3.50
3.75
4.00 0.805

0.943
1.124
1.275

1.453

1.647
1.849
2.067
2.300
2.809
3.377
4.003
4.689
5.436
6.243
7.113
8.044
9.039
10.267
11.388
12.572
13.820
15.132
16.508
17.948
19.453
21.023
22.658
24.358

4.25
4 50
4.75
5 00
5 25
5.50
5.75
6.00
6.50
7.00
7.50

1.628
1.825
2.035
2.496
3.012
3.584
4.213
4.900
5.645
6.450
7.316
8.241
9.228
10.448
11.558
12.730
13.965
15.263
16.624
18.049
19.536
21.088
22.704

2.246
2.719
3.244

8 00 3 825
8.50 4.460
9 00 5 152

9.50 5.901

10.00

10.50
11.00

II 50

6.708
7.573
8.498
9 482

12.00
12 50

10.697
11 802

13.00 12.967
13 50 14.195
14 00 15 484
14 50 16.835
15 00 18 248
15.50 19.724

16.00 26.274 25.388 21.262

Strength of Hooks and Shackles.

Hooks.*
1

Shackles.

1

f

4

ml Description of
Fracture. 1

i

H

H

Description of
Fracture.

9/16

11/8

11/4

1,890

2.560

3,020
4,470
6,280
12,600

13,520

16,800

13/8

11/2

21/2

17,310
20,940
23,670

27.420

36,120
38,100

55.380

103,750
119,800

125,900

146,804

162,700
196,600

210,400

Eye of shackle.

Eye of shackle.
20,700
38,100
51,900
62,900

75,200

Eye of shackle.
Eye of shackle.
Eye of shackle.
Sheared shackle

pin.
Eye of shackle.

Sheared shackle
pin.

Eye of shackle.
Shackle at neck

of eye.
Eye of shackle.

1

*AU1ihe hooks failed by str£ligHteiling the hook.
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cage, rope, etc. In a shaft with two cages balancing each otlier use the
net load + weight of one rope, instead of the gross weight.

To find the load which a given pair of engines will start. — Let A = area
of cylinder in square inches, or total area of both cyhnders, if there are
two; P = mean effective pressure in cylinder in lb. per sq. in.; ^S = stroke
of cylinder, inches; C = circumference of hoisting-drum, inches; L =
load lifted by hoisting-rope, lb.; i^ = friction, expressed as a diminution

of the load. Then L = ^ XP X2S
__ ^

An example in ColVy Engr., July, 1891, is a pair of hoisting-engines
24 X 40 , drum 12 ft. diam., average steam-pressure in cylinder =
59.5 lb.; A = 904.8; P = 59.5; >S = 40; C = 452.4. Theoretical load,
not allowing for friction, A X P X 2 S -i- C = 9589 lb. The actual load
that could just be hfted on trial was 7988 lb., making friction loss F =
1601 lb., or 20 + per cent of the actual load lifted, or 162/3% of the theo-
retical load.
The above rule takes no account of the resistance due to inertia of

the load, but for all ordinary cases in which the acceleration of speed of
the cage is moderate, it is covered by the allowance for friction, etc. The
resistance due to inertia is equal to the force required to give the load the
velocity acquired in a given time, or, as shown in Mechanics, equal to the

product of the mass by the acceleration, ot B = ^* in which R =
resistance in lb. due to inertia; W = weight of load in lb.; F = maximum
velocity in ft. per second; T = time in seconds taken to acquire the
velocity V;q = 32.16. '

Safe Loads for Bopes and Chains.—The table on p. 1187 was pre-
pared by the National Founder's Association and published in Indust.
Eng., Sept., 1914. It shows the safe loads that can be carried by wire
rope, crane chain and manila rope of the sizes given when used in the
positions and combinations shown. The loads in the table are lower

1

than those usually specified, in order to insure absolute safety. When
\

handling molten metal, the ropes and chains should be 25 per cent
stronger than the figures in the table.

Effect of Slack Rope upon Strain in Hoisting. — A series of tests
with a dynamometer are published by the Trenton Iron Co., which show
that a dangerous extra strain may be caused by a few inches of slack rope.
In one case the cage and full tubs weighed 11,300 lb.; the strain when the
load was lifted gently was 11,525 lb.; with 3 in. of slack chain it was
19,025 lb.; with 6 in. slack 25,750 lb., and with 9 in. slack 27,950 lb.

Liirait of Depth for Hoisting. — Taking the weight of a cast-steel
hoisting-rope of IVs in. diameter at 2 lb. per running foot, and its break-

:

Ing strength at 84,000 lb., it should, theoretically, sustain itself until
\

42,000 feet long before breaking from its own weight. But taking the
usual factor of safety 01 7, then the safe working length of such a rope
would be only 6000 ft. If a weight of 3 tons is now hung to the rope,
which is equivalent to that of a cage of moderate capacity with its loaded
cars, the maximum length at which such a rope could be used, with the
factor of safety of 7, is 3000 ft., or

2 2+ 6000 = 84,000 -r- 7; .*. x = 3000 feet.

This limit may be greatly increased by using special steel rope of higher
strength, by using a smaller factor of safety, and by using taper ropes.
(See paper by H. A. Wheeler, Trans. A. I. M. E., xix. 107.)
Large Hoisting Records. — At a colliery in North Derbyshire during

the first week in June, 1890, 6309 tons were raised from a depth of 509
yards, the time of winding being from 7 a.m. to 3.30 p.m.

At two other Derbyshire pits, 170 and 140 yards in depth, the speed of
winding and changing has been brought to such perfection that tubs are
drawn and changed three times in one minute. (Proc. Inst. M. E., 1890.)

At the Nottingham CoUiery near Wilkesbarre, Pa., in Oct., 1891, 70,152
tons were shipped in 24.15 days, the average hoist per day being 1318 inine

cars. The depth of hoist was 470 ft., and all coal came from one opening.
The engines were first motion, 22 X48 in. , conical drums 4 f t . 1 in. long, 7 ft.

diameter at small end and 9 ft. at large end. {Eng'g News, Nov. 1891.)
Large Engines.—Two 34 X 60 in. four-cylinder engines built by

Nordberg Mfg. Co. for the Tamarack copper mine at Calumet. Mich., are
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Safe Loads for Ropes and Chains.

Note. The safe loads in

table are for each Single
rope or chain. When used
double or in other multiples
the loads may be increased
proportionately.

When Used
Straight.

Plow Steel Wire
Rope.

[6 strands of 1 9 or
37 wires.]

If crucible steel rope
is used red ace loads
one-fifth.

When Used
at 60°

Angle.

A
Lb.
1,500
2,400
4,000
6,000
8,000
10,000
13,000
16,000
19,000
22,000

When Used
at 45°
Angle.

/\
Lb.
1,275
2,050
3,400
5,100
6,800
8,500
11,000
13,500
16,000
19,000

When Used
at 30°

Angle.

^i2i^

Lb.
1,050
1,700
2,800
4,200
5,600
7,000
9,000
11,000
13,000
16,000

Lb.
750

1,200
2,000
3,000
4,000
5,000
6,500
8,000
9,500
11,000

Crane Chain.

[Best grade of
wrought iron, hand-
made, tested, short-
link chain.]

jll/8

U/4

600
1,200
2,400
4,000
5,500
7,500
9,500
12,000
15,000
22,000

500
1,025
2,050
3,400
4,700
6,400
8,000
10,200
12,750
19,000

425
850

1,700
2,800
3,900
5,200
6,600
8,400
10,500
16,000

300
600

1,200
2,000
2,750
3,700
4,700
6,000
7,500
11,000

Manila Rope.

[Best long fibre

grade.]

Dia.
In.

3/8

1/2

5/8

3/4

,Va

U/8
11/4
11/2
13/4

21/2
3

Cir.
In.

I

11/2
2
21/4
23/4

3 1/2

3 3/4

41/2
51/2
6
71/2
9

120 100
250 210
360 300
520 440
620 520
750 625

1,000 850
1,200 1,025
1,600 1,350
2,100 1,800
2,800 2,400
4,000 3,400
6,000 5.100

85
175
250
360
420
525
700
850

1,100
1,500
2,000
2,800
4,200

60
125
180
260
300
375
500
600
800

1,050
1,400
2,000
3,000

designed to lift a load from a depth of 6,000 ft. at an average hoisting
speed of 5,000 ft. per min. The load is made up of ore, 12,000 lbs. ; cage
and cars, 8,500 lbs.; 6,500 ft. of IK-in. rope, 21,200 lbs.; total, 41,700
lbs. The center lines of the cylinders are placed 90° apart and the cranks
135° apart. By this arrangement three of the four cylinders are al-
ways available for starting the hoist.
Pneumatic Hoisting. (H. A. Wheeler, Trans. A. I. M. E. xix, 107.)

—

A pnevunatic hoist was installed in 1876 at Epinac, France, consisting
of two continuous air-tight iron cylinders extending from the bottom to
the top of the shaft. Within the cylinder moved a piston from which
was hung the cage. It was operated by exhausting the air from above
the piston, the lower side being open to the atmosphere. Its use was
discontinued on account of the failure of the mine. Mr. Wheeler gives
a description of the system, but criticizes it as not being equal on the
whole to hoisting by steel ropes.
Pneumatic hoisting-cylinders using compressed air have been used at

blast-furnaces, the weighted piston counterbalancing the weight of the
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cage, and the two being connected by a wire rope passfiig over a pulIeyV

sheave above the top of the cylinder. In the more modem furnaces,

steam-engine or electric hoists are generally used.

Electric Mine-Hoists.—An important paper on this subject, by Dr
B. Rushmore and K. A. Paidy, will be found in Trans. A. I, M. E.r
1910. See also Electrical Hoisting, page 1464.

Counterbalancing of Winding-engines. (H. W. Hughes, Columbia
Coll. Qly.) — Engines running unbalanced are subject to enormous
variations in the load; for let W = weight of cage and empty tubs, say

4480
lb.

6270 lb.; c = weight of coal, say 4480 lb.;r = weight of hoisting rope,
say 6000 lb.; r' = weight of counterbalance rope hanging down pit, say
6000 lb. The weight to be hfted will be:

If weight of rope is unbalanced. II weight of rope is balanced.
At beginning of lift: "\

W+c+r-Wox 10,480 lb. TT + c + r - (TT + r'),

At middle of lift:

TF+c+|-(TF + 0or448Olb. ^ + c + ^ +^-(l^ + ^+ ^).
At end of lift:

TF + c - (TF + r) or minus 1520 lb. TF + c + r' - (Tf + r),

,

That counterbalancing materially affects the size of winding-engines Is
shown by a formula given by Mr. Robert Wilson, which is based on the
fact that the greatest work a winding-engine has to do is to get a given
mass into a certain velocity uniformly accelerated from rest, and to raise
a load the distance passed over during the time this velocity is being
obtained.
Let W = the weight to be set in motion: one cage, coal, number of empty

tubs on cage, one winding rope from pit head-gear to bottom,
and one rope from banking level to bottom.

V = greatest velocity attained, uniformly accelerated from rest;

g — gravity = 32.2;
t = time in seconds during which v is obtained;
L = unbalanced load on engine;
R = ratio of diameter of drum and crank circles;
P = average pressure of steam in cylinders;
N = number of cyhnders;
S = space passed over by crank-pin during time t;

C = 2/3, constant to reduce angular space passed through by crank to
the distance passed through by the piston during the time t;

A = area of one cylinder, without margin for friction. To this an
addition for friction,, etc., of engine is to be made, varying
from 10 to 30% of A.

1st. Where load is balanced.

KI^X^DI^
^ "

PNSC
2d. Where load is unbalanced:
The formula is the same, with the addition of another term to allow for

the variation in the lengths of the ascending and descending ropes. In
itliis case

/ij = reducea length of rope in t attached to ascending cage;
A2 = Increased length of rope in t attached to descending cage;
y) ea weight of Topc per foot in pounds. Then

Applying the above formula when designing new engines, Mr. Wilson 1

found that 30 in. diameter of cylinders would produce equal results, when
balanced, to those of the 36-in. cylinder in use, the latter being unbalanced.

Counterbalancing may be employed in the following methods:
(a) Tapering Rope. — At the initial stage the tapering rope enables us

to wind from greaterdepths than is possiblewith ropesofuniform section.



The thickness of such a rope at any point should only be siich as to safely
bear the load on it at that point.
With tapering ropes we obtain a smaller difference between the initial

and final load, but the difference is still considerable, and for perfect
equalization of the load we must rely on some other resource. The theory
of taper ropes is to obtain a rope of uniform strength, thinner at the cage
end where the weight is least, and thicker at the drum end where it is

greatest.
(&) The Counterpoise System consists of a heavy chain working up and

down a staple pit, the motion being obtained by means of a special small
drum placed on the same axis as the winding drum. It is so arranged
that the 'chain hangs in full length down the staple pit at the commence-
ment of the winding; in the center of the run the whole of the chain rests
on the bottom of the pit, and , finally, at the end of the winding the counter-
poise has been rewound upon the small drum, and is in the same con-
dition as it was at the commencement.

(c) Loaded-wagon System. — A plan, formerly much employed, was to
have a loaded wagon running on a short incline in place of this heavy
chain; the rope actuating this wagon being connected in the same manner
as the above to a subsidiary drum. The incline was constructed steep
at the commencement, the inclination gradually decreasing to nothing.
At the beginning of a wind the wagon was at the top of the incline, and
during a portion of the run gradually passed down it till, at the meet of
cages, no pull was exerted on the engine — the wagon by this time being
at the bottom. In the latter part of the wind the resistance was all

against the engine, owing to its having to pull the wagon up the incline,
and this resistance increased from nothing at the meet of cages to its
greatest quantity at the conclusion of the lift.

(d) The Endless-rope System is preferable to aM others, if there is suffi-
cient sump room and the shaft is free from tubes, cross timbers, and other
impediments. It consists in placing beneath the cages a tail rope, similar
in diameter to the winding rope. And, after conveying this down the pit,
it is attached beneath the other cage.

(e) Flat Ropes Coiling on Reels. — This means of winding allows of a
certain equalization, for the radius of the coil of ascending rope continues to
increase, while that of the descending one continues to diminish. Conse-
quently, as the resistance decreases in the ascending load the leverage
increases, and as the power increases in the other, the leverage diminishes.
The variation in the leverage is a constant quantity, and is equal to the
thickness of the rope where it is wound on the drum.
By the above means a remarkable uniformity in the load may be ob-

tained, the only objection being the use of flat ropes, whicli weigh heavier
and only last about two-thirds the time of round ones.

(/) Conical Drums. — Results analogous to the preceding may be
obtained by using round ropes coiling on conical drums, which may either
be smooth, with the successive coils lying side by side, or they may be
provided with a spiral groove. The objection to these forms is, that
perfect equalization is not obtained with the conical drums unless the sides
are very steep, and consequently there is great risk of the rope slipping;
to obviate tbis. scroll drums were proposed. They are, however, expen-
sive, and the lateral displacement of the winding rope from the center
line of pulley becomes very great, owing to their necessary large width.

(g) The Koepe System, of Winding.—An iron pulley with a single cir-

cular groove takes the place of the ordinary drum. The winding rope
passes from one cage, over its head-gear pulley, roimd the drum, and,
after passing over the other head-gear pulley, is connected with the second
cage. The winding rope thus encircles about half the periphery of the
drum in the same manner as a driving-belt on an ordinary pulley. There
is a balance rope beneath the cages, passing round a pulley in the sump;
the arrangement is like an endless rope, with the cages as points of
attachment.

CRANES.

Classification of Cranes. (Henry R. Towne, Trans. A. S. M.E. iv.,

288. Revised in Hoisting, published by The Yale & Towne Mfg. Co.)
A Hoist is a machine for raising and lowering weights. A Crane is a

hoist with the added capacity of moving the load in a horizontal ot
lateral direction.
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Cranes are divided into two classes, as to their motions, viz. Rotary and
Rectilinear, and into four groups, as to their source ofmotive power, viz.:

Hand. — When operated by manual power.
Po^ver. — When driven by power derived from line shafting.

Steam, Electric, Hydraulic, or Pneumatic. — When driven by an engine
or motor attached to the crane, and operated by steam, electricity, water,
or air transmitted to the crane from a fixed source of supply.

Locomotive. — When the crane is provided with its own boiler or other
generator of power, and is self-propelUng; usually being capable of both
rotary and rectiUnear motions.

Rotary and RectiUnear Cranes are thus subdivided.

, Rotary Cranes.
(1) Swing-cranes. —Having rotation, but no trolley motion.
(2) Jib-cranes. — Having rotation, and a trolley traveling on the jib.

(3) Column-cranes. — Identical with the jib-cranes, but rotating around
a fixed column (which usually supports a floor above).

(4) Pillar-cranes. — Having rotation only; the pillar or column being
supported entirely from the foundation.

(5) Pillar Jib-cranes. — Identical with the last, except in having a jib

and trolley motion.
(6) Derrick-cranes. — Identical with jib-cranes, except that the head of

the mast is held in position by guy-rods, instead of by attachment to a
roof or ceiling.

(7) Walking-cranes.—Consisting of a pillar or jib-crane mounted on
wheels and arranged to travel longitudinally upon one or more rails.

(8) Locomotive-cranes.—Consisting of a pillar-crane mounted on a
truck, and provided with a steam-engine capable of propeUing and rotat-
ing the crane, and of hoisting and lowering the load.

Rectilinear Cranes.
(9) Bridge-cranes. — Having a fixed bridge spanning an opening, and a

troUey moving across the bridge.
(10) Tram-cranes. — Consisting of a truck, or short bridge, traveling

longitudinally on overhead rails, and without trolley motion.
(11) Traveling-cranes. — Consisting of a bridge moving longitudinally

on overhead tracks, and a trolley moving transversely on the bridge.
(12) Gantries. — Consisting of an overhead bridge, carried at each end

by a trestle traveling on longitudinal tracks on the ground, and having
a trolley moving transversely on the bridge.

(13) Rotary Bridge-cranes. — Combining rotary and rectilinear move-
ments and consisting of a bridge pivoted at one end to a central pier or
post, and supported at the other end on a circular track; provided with a
trolley moving transversely on the bridge.

For descriptions of these several forms of cranes see Towne's " Treatise
on Cranes."

Stresses in Cranes. — See Stresses in Framed Structures, p. 541, ante.
Position of the Inclined Brace in a Jib-crane. — The most econom-

ical arrangement is that in which the inclined brace intersects the jib at
a distance from the mast equal to four-fifths the effective radius of the
crane. {Hoisting.)

Electric Overhead Traveling Cranes. (From data supplied by
Alliance Machine Co., Alliance, O., and Pawling & Harnischfeger, Mil-
waukee.)— Electric overhead traveling cranes usually have 3 motors, for
hoisting, traversing the hoist trolley on the bridge and for moving the
bridge, respectively. The usual range of motor sizes is as follows: Hoist,
15-50 H.P.; trolley, 3-15 H.P.; bridge, 15-50 H.P. The speeds at which
the various motions are made range as follows, the figures being feet per
minute: Hoist, 8-60; trolley traverse, 75-200; bridge travel, 200-600.
These speeds are varied in the same capacity of crane to suit each par-
ticular installation. In general, the speed of the bridge in feet per minute
should not exceed (length of runway + 100). If the runway is long and
covered by more than one crane, the speed may be made equal to the
average distance between cranes + 100. Usually 300 ft. per min. is a
good speed. For small cranes in special cases, the speeds may be increased,
but for cranes of over 50 tons capacity the speed should be below 300 ft,

per min. unless the building is made especially strong to stand the strains

incident to starting and stopping heavy cranes geared for high speeds
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Cranes of over 15 tons capacity usually have an auxiliary hoist of 1/5 the
capacity of the main hoist, and usually operated by a separate motor.
Wire rope is now almost exclusively used for hoisting with cranes. The
diameter of the drums and sheaves should be not less than 30 times
the diameter of the hoisting rope, and should have a factor of safety of 5.

Cranes are equipped with automatic load brakes to sustain the load when
lifted and to regulate the speed when lowering, it being necessary for the
hoist to drive the load down.
The voltage now standard for crane service is 220 volts at the crane

motor, although 110 volts for small cranes is not objectionable. Voltages
of 500-600 are inadvisable, especially in foundries and steel works, where
dust and metallic oxides cover many parts of the crane and necessitate
frequent cleaning to avoid grounds. On account of the danger from the
higher voltages, the operators are apt to neglect this part of their work.
Power Required to Drive Cranes. (Morgan Engineering Co.,

Alhance, O., 1909.) — The power required to drive the different parts of
cranes is determined by allowing a certain friction percentage over the
power required to move the dead load. On hoist motions 331/3% is

allowed for friction of the moving parts, thus giving a motor of 1/3 greater
capacity than if friction were neglected. For bridge and trolley motions,
a journal friction of the track wheel axles of 10% of the total weight of
the crane and load is allowed. There is then added an allowance of 33 1/3%
of the horse-power required to drive the crane and load plus the track wheel
axle friction, to cover friction of the gearing. In selecting motors, the
most important consideration is the maximum starting torque which
the motor can exert. With alternating-current motors, this is less than
with direct-current motors, requiring a larger motor, particularly on the
bridge and trolley motions which require the greatest starting torque.

Walter G. Stephan says {Iron Trade Rev., Jan. 7, 1909) that the bridge
girders should be made of two plates latticed, or box girders, their depth
varying from 1/10 to 1/20 of the span. Ihe important feature of crane
girder design is ample strength and stiffness, both vertically and laterally.
Especial attention should be given to the transverse strain on the bridge
due to sudden stopping or starting of heavy loads. The wheel base on
the end trucks should have a ratio to the crane span of 1 to 6, although
for long spans this ratio must necessarily be reduced to 1 to 8. Quick-
traveling cranes should have as long a wheel base as possible, since the
tendency to twist increases with the speed. Where several wheels are
necessary at each end to support the crane, equalizing means should be
used.
A recent development in cranes is the four- or six-girder crane for han-

dling ladles of molten metal in steel works. The main trolley runs on the
outer girders, with the hoist ropes depending between the outer and inner
girders. The auxiliary trolley runs on the inner girders, thus being able
to pass between the main ropes, and tilt the ladle in either direction.

Dimensions and Wlieel Loads of Electric Traveling Cranes.

Based on 60-ft. span and 25-ft. lift; wire rope hoist.

(Alliance Machine Co., 1908.)

Capacity,
Tons (2000

Lb.).

5

10

25
40
50

Distance Run-
way Rail to

Highest Point.

Ft.
6
6

7

Distance
Center of

Rail to Ends
of Crane.

In.
9
10

12

12

12

Wheel Base of
End Truck.

Ft.
9
10

11

12

12

Maximum
Load per

Wheel; Trol-
ley at End of

Bridge.

Pounds.
20,000
27,000
51,000
82,000
48,000*

* Has 8 track wheels on bridge.

Standard cranes are built in intermediate sizes, varying by 5 tons, up
to 40 tons.
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Standard Hoisting and Traveling Speeds of Electric Cranes.
(Pawling & Harnischfeger, 1908.)

Capacity, Hoisting Bridge Travel
Speed, Ft. per

Capacity Speed Aux.
Tons (2000 Speed, Ft. per Aux. Hoist, Hoist, Ft. per

Lb.). Min. Min. Tons. Min.

5 25-100
20-75

300-450
300-45010 3 30-75

23 10-40 25Q-350
3
10

50-125

)

25-60 \

40 9-30 250-350 ' f
5
10

40-100 1

25-60 \

50 8-30 200-300 f
5
10

40-100 J

25-60 I

75 6-25 200-250 15 20-50

125 5-15 200-250 25 20-50

150 5-15 200-250 25 20-50

Trolley travel speed from 100-150 ft. per min. in all c

Notable Crane Installations. (1909.)

X H.P.of >i <D

h
.Sa

Is

, a

"

1

1

1

6

i'i

r
Hoist
Motor.

73

^1

III

.fire

6

a
^t 1

m ^ o ^ <TS w M W w Eh Q {^ S
Ft. In. Ft.In.

150 65 1 25 75t

^f
30 75 8-24 150-200 100-150 7 4 1

150 55 1 30 120 35 50 8 150-200 75-100 5

150 65 2 15 75t 30t 18- 75 10-25 150-200 100-150 7 6 4

125* 2 110 m (301

1l5f
100| 10 200

],^}
5 10 6

120 56 7 2 10 50t
18' lot 52t 10-^25 150-300 100-150 5 5 7

100 65 2 10 50 18 10- 50 10-25 200-250 100-150 5 5 8
80 74 2 10 40- 18t

10-- 40 10-25 200-250 100-150 5 101/2 9
50 129 111/4 1 15 50 25 7L/0 50 10 100-150 80-100 8 6 10

50 125 10 1 15 50 25 71/9 50 10 100-150 80-100 8 6 11

50 121 2 1 5 75 15 15 75 ni/2 225 125 8 4 12

* Four-girder ladle crane, t On each trolley.

J Divided equally between 2 motors for series-parallel control.

1. Pawling & Harnischfeger; 2. AUiance Mach. Co.; 3. Morgan En-
gineering Co.; 4. Mid vale Steel Co., Phila.; 5. Homestead Steel Works,
Munhall, Pa.; 6. Indiana Steel Co., Gary, Ind.; 7. Oregon Ry. & Nav.
Co., Portland, Ore.; 8. EI Paso & S. W. Ry., El Paso, Tex.; 9. C. & E. I.

Ry., Danville, 111.; 10. 3d Ave. Ry., N. Y. City; 11. United Rys. Co.,
Baltimore; 12. Carnegie Steel Co., Youngstown, Ohio.
A 150-ton Pillar-crane was erected in 1893 on Finnieston Quay,

Glasgow. The jib is formed of two steel tubes, each 39 in. diam. and 90
ft. long. The radius of sweep for heavy hfts is 65 ft. The jib and its load
are counterbalanced by a balance-box weighted with 100 tons of iron and
steel punchings. In a test a 130-ton load was lifted at the rate of 4 ft. per
minute, and a complete revolution made with this load in 5 minutes.
Eng'g News, July 20, 1893.
Compressed-air Traveling-cranes.— Compressed-air overhead travel-

ing-cranes have been built by the Lane &^ Bodley Co., of Cincinnati.
They are of 20 tons nominal capacity, each about 50 ft. span and 400 ft.

length of travel, and are of the triple-motor type, a pair of simple reversing-
engines being used for each of the necessary operations, the pair of engines
for the bridge and the pair for the trolley travel being each 5-inch bore by
7-incli stroke, while the pair for hoisting is 7-inch bore by 9-inch stroke.
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The air-pressure when required is somewhat over 100 pounds. The air-
compressor IS allowed to run continuously without a governor, the speea
being regulated by the resistance of the air in a receiver. An auxiliary
receiver is placed on each traveler, whose object is to provide a supply
of air near the engines for immediate demands and independent of the
hose connection. Some of the advantages said to be possessed by this
type of crane are: simplicity; absence of all moving parts, excepting
those required for a particular motion when that motion is in use; no
danger from fire, leakage, electric shocks, or freezing; ease of repair;
variable speeds and reversal without gearing; almost entire absence of
noise; and moderate cost.

, Quay-cranes. — An illustrated description of several varieties of sta-
tionary and traveling cranes, with results of experiments, is given in a >

paper on Quay-cranes in the Port of Hamburg by Chas. Nehls, Trans.
A. S. C. E., 1893.
Hydraulic Cranes, Accumulators, etc. — See Hydraulic Pressure

Transmission, page 812, ante.
Electric versus Hydraulic Cranes for Docks. — A paper by V. L,

H-aven, in Trans. A. S. M. E., 1904. describes some tests of capacity and
efficiency of electric and hydraulic power plants for dock purposes at Mid-
dlesbrough, Eng, In loading two cargoes of rails, weighing respectively
1210 and 1225 tons, the first was done with a hydraulic crane, in 7 hours,
with 3584 lbs. of coal burned in the power station, and the second with
an electric crane in 5V4 hours, with 2912 lbs. of coal. The total cost in-

cluding labor, per 100 tons, was 327 pence with the hydraulic and 245
pence for the electric crane, a saving by the latter of 25 %.
Loading and Unloading and Storage Machinery for coal, ore, etc.,

is described by G. E. Titcomb in Trans. A. S. M. E., 1908. The paper
illustrates automatic ore unloaders for unloading ore from the hold of a
vessel and loading it onto cars, and car-dumping machinery, by which
a 50-ton car of coal is lifted, turned over and its contents discharged
through a chute into a vessel. Methods of storage of coal and of re-
loading it on cars are also described.
Power Required for Traveling-Cranes and Hoists. — Ulrich Peters,

in Machij, Nov. 1907, develops a series of formulae for the power re-
quired to hoist and to move trolleys on cranes. The following is a brief
abstract. Resistance to be overcome in moving a trolley or crane-
bridge. Pi = rolling friction of trolley wheels, P2 = journal friction
of wheels or axles, P3 = inertia of trolley and load. P = sum of these

resistances= Pi + P2 +Pz= (T +L) (^^^^ + f^f^)
^^ which r=weight

of trolley, L = load, fi = coeff. of rolling friction,"about 0.002, (0.001 to
0.003 for cast iron on steel) ;/2= coeff. of journal friction, = 0.1 for start-

ing and 0.01 for running, assuming a load on brasses of 1000 to 3000 lb.

per sq. in.; [/a is more apt to be 0.05 unless the lubrication is perfect. See
Friction and Lubrication, W. K.] d = diam. of journal; D = diam. of
wheels; v = trolley speed in ft. per min.; t = time in seconds in which
the trolley under full load is required to come to the maximum speed.
Horse-power = sum of the resistances X speed, ft. per min. -^ 33,000.

Force required for hoisting and lowering: Fh = actual hoisting force,

Fo = theoretical force or pull, L = load, v = speed in ft. per min. of
the rope or chain, c = hoisting speed of the load L, c/v = transmission
ratio of the hoist, e = efficiency = Fo/Fh^. The actual work to raise

the load per minute = Fhv = Lc = Fqv -^ e. The efficiency e is the
product of the efficiencies of all the several parts of the hoisting mech-
anism, such as sheaves, windlass, gearing, etc. Methods of calculating
these efficiencies, with examples, are given at length in the original paper
by Mr. Peters.

Lifting Magnets. — (From data furnished by the Electric Controller
and Mfg. Co., Cleveland, and the Cutler-Hammer Clutch Co., Milwaukee).
Lifting magnets first came into use about 1898. They have had wide
application for handling pig iron, scrap, castings, etc. A lifting magnet
comprises essentially a maynet winding, a pole-piece, a shoe and a pro-
tecting case, which is ribbed to afford ample radiating surface to dissi-

pate the heat generated in operation. The winding usually consists of
coils, each wound with copoer ribbon and insulated with asbestos. The
insulation must be designed to withstand a higher voltage than the line
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voltage, due to the inductive kick when the circuit is opened. The weaiV
ing plate, which takes the shocks incident to picking up the load, is usually

,

made of manganese steel. The shape of the pole piece or lifting surface of
the magnet must be varied, as the same shape is not usually applicable '

to ail classes of materials. For handling pig iron, scrap, etc., a concave
pole surface is usually superior to a flat one, which is adapted to hand-
ling plates or fiat material of similar character, and which bear equally
on the piece to be lifted at both the edge and center. A test of a lift-

ing magnet made at the works of the Youngstown Sheet and Tube Co.,
in 1907, showed the following results:

Total pig iron unloaded, 109,350 pounds; weight of average lift, 785
pounds; time required, 2 hours, 15 minutes; current on magnet, 1 hour
15 minutes; current required, 30 amperes.
The No. 3 and No. 4 magnets are particularly fitted for use on steam-

driven locomotive cranes, and when so used are usually supplied with
current from a small steam-driven generator set mounted on the crane, .

steam being drawn from the boiler of the crane. Nos. 5 and 6 are adapted
for use with overhead electric traveling cranes in cases where large lifts

and high speed of handling are essential.

Sizes and Capacities of the Electric Controller & Mfg. Co.'s
Type S-A Lifting Magnets (1909).

Size. Diam. Weight.
Average

Current at
220 Volts.

Lifts in Machine Cast
Pig Iron.

Maximum
Lift.

Average
Lift.

3
4
5

6

In.
36
43
52
61

Lb.
2.100
3.200
4.800
6.600

Amp.
11

27
35
45

Lb.
1.405

2.180
3.087
4.589

Lb.
750

1.250

1.800

2.600

Sizes and Capacities of Lifting Magnets (Cutler-Hammer), 1908.

Size,
In.

Weight
Lb.

Maximum*
Lifting

Capacity,
Lb.

Average
Lifting

Capacity,

Current
Required

at 220 Volts,
Amperes.

Head-room
Required,

10 75
1.650
5.000

800
5,000

20.000

100-300
500-1 .000

1.000-2.000

1

15-18
30-35

35
50

4
6

* This capacity can be obtainea only under the most favorable con-
ditions, with complete magnetic contact between the magnet and the
piece to be lifted.

The capacity of a lifting magnet in service depends on many other
factors than the design of the magnet. Most important is the character
of the material handled. Much more can be handled at a single lift

with material like billets, ingots, etc., than with scrap, wire, pig iron,

etc. The speed of the crane, from which the magnet is suspended, and
the distance it must transport the material are also important factors to
be considered in calculating the capacity of a given magnet under given
conditions. The following results have been selected from a great num-
ber of tests of the Electric Controller and Mfg. Co.'s No. 2 Type S magnets
in commercial service, and represent what is probably average practice.
It should be borne in mind that the average lift is determined from a large
number of lifts, including lifts made from a full car of, say, pig iron,
where the magnetic conditions are very favorable, and also the " lean

"

lifts where the car is nearly empty, and magnetic conditions unfavorable;
the magnet can reach only a few pigs at one time on the lean lifts, with a
consequent heavy decrease in the size of the load. The average hft is

therefore less than the maximum lift in handling a given lot of material.
When operated from an ordinary electric overhead traveling crane a

magnet of the type used in these trials will handle from 20 to 30 tons
per hour of the scrap used by open-hearth furnaces. If operated from
a special fast crane, the amount may be somewhat increased. Average
lifts in pounds for various materials are as follows

:
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Skull cracker balls up to 20,000; ingot (or if ground man places

magnet, two), each, 6,000; billet slabs, 900-6,000.
The above- weights depend on dimensions and whether in pile or

stacked evenly.
Machine cast pig iron, 1,250; sand cast pig iron, 1,150.
These are values obtained in unloading railway cars, including lean

lifts in cleaning up.
Machine cast pig iron, 1,350; sand cast pig iron, 1,200.
The above are average lifts from stockpile.

Heavy melting stock (billets, crop ends of billets, rails or structural
shapes, 1,250; boiler plate scrap, 1,100; farmers' scrap (harvesting
machinery parts, plow points, etc.), 900; small risers from steel castings,

1,600; fine wire scrap, scrap tubing not over 3 ft. long, loose even or
lamination scrap, 500; bundled scrap, 1,200; miscellaneous junk deal-
ers' scrap, 400-800.

Commercial Results with a 52-inch, 5,000 pound Magnet.
(Electric Controller & Mfg. Co., 1908.)

Hoist
Crane.

Distance
moved. 1,

i
-J

ii h
speed,
ft. per
min.

Trolley Bridge ^ . k
speed, speed, -g S M "S -.s
ft. per ft. per

If
|s¥ ^SH d II t^

min. min. H iz; < H 6

60 80 315 5 6 3 60 73 1,650 75 \*

60 80 315 3 6 6 35 55 1,275 60 2
60 80 315 10 36 15 39.3 60 1,328 60 3
60 80 315 10 20 40 33.9 55 1,234 55 4
50 200 550 3 6 3 78. 132 1,182 135 5

50 200 550 4 7 8 78 168 929 190 6

50 200 550 5 8 26 30 173 45 7
50 200 550 4 6 3 80 300 534 300 8

240 171 160 12 30 12 25 25 2,000 80 9
240 171 160 15 10 150 112 56 4,000 120 10

240 171 160 7 12 5 7 8 1,740 15 11

240 171 160 5 13 5 4 2,660 10 12

* 1. Machine cast pig handled from stock pile to charging boxes. 2.

Bull heads, ditto. 3. Sand cast pig unloaded from car to stock pile.

4. Baled tin and wire unloaded from car to stock pile. 5. Boiler plate
scrap handled from stock pile to charging boxes. 6. Farmers' scrap, com-
prising knotters and butters from threshing and binding machines, sections
of cutter bars from mowers, broken steel teeth from hay rakes, plow points,
etc., from stock pile to charging boxes. 7. Small risers from steel castings,
handled from stock pUe to charging boxes. 8. Laminated plates from
armatures and transformers, mixed sizes, from stock pile to charging
boxes. 9.' Cast iron sewer pipe, 3 feet diameter, weighing 2,000 pounds
each, lifted from cars to flat boat. Each nipe had to be blocked and
lashed to prevent washing overboard. 10. Pennsylvania Railroad East-
River tunnel section castings, convex on one side, concave on other,
weighing 4,000 pounds each. Handled from local float to barge for ship-
ment. 11. Steel plate 1/2-inch X 10 inches X 6 feet inches handled
from car to float. 12. Steel rails, 40 pounds per yard, 25 feet long.
Handled from car to lighter, about 8 rails per lift.

The above results of tests relate to the Electric Controller & Mfg.
Co.'s No. 2 Type " S " magnet, 52 in. diameter and weighing 5200 lbs.

and are the average of a large number of tests made at various plants
between the years 1905 and 1908. This type of magnet is being super-
seded by the No. 4 Type S-A magnet which is 43 in. diameter, W§Jgll§
3SQ0 ifes. and giveg substantially th© same average lift,
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TELPHERAGE.

Telpherage Is a name given to a system of transporting materials In
which the load is suspended from a trolley or small truck running on a
cable or overhead rail, and in which the propelling force is obtained
from an electric motor carried on the trolley. The trolley, with its

motor, is called a " telpher." A historical and illustrated description
Of the system is given in a paper by C. M. Olark, in Trans. A. I. E. E.,
1902. A series of circulars of the Link Belt Co., Philadelphia, show
numerous illustrations of the system in operation for handling diiOferent
classes of materials. Telpherage is especially applicable for moving
packages in warehouses, on wharfs, etc. The moving machinery
consists of the telpher or the conveying power, with accompanying
trailers; the portable electric hoist or the vertical elevating power, and
the carriers containing the load. Among the accessories are brakes,
switches and controlhng devices of many kinds.
An automatic line is controlled by terminal and intermediate switches

which are operated by the men who do the loading and unloading, no
additional labor being required. A non-automatic line necessitates a
boy to accompany the telpher. The advisability of using the non-
automatic rather than the automatic line is usually determined by the
distance between stations.

COAL-HANDLING MACHINERY,

The following-notes and tables are supplied by the Link-Belt Go.

In large boiler-houses coal is usually delivered from hopper-cars into
a track-hopper, about 10 feet wide and 12 to 16 feet long. A feeder set
under the track-hopper feeds the coal at a regular rate to a crusher, which
reduces it to a size suitable for stokers.

After crushing, the coal is elevated or conveyed to overhead storage-
bins. Overhead storage is preferred for several reasons:

1. To avoid expensive wheeling of coal in case of a breakdown of the
coal-handling machinery.

2. To avoid running the coal-handling machinery continuously.
S. Coal kept under cover indoors will not freeze in winter and clog the

supply-spouts to the boilers.
4. It is often cheaper to store overhead than to use valuable ground-

space adjacent to the boiler-house.
5. As distinguished from vault or outside hopper storage, it is cheaper

to build steel bins and supports than masonry pits.

Weight of Overhead Bins. — Steel bins of approximately rectangular
cross-section, say 10 X 10 feet, will weigh, exclusive of supports, about
one-sixth as much as the contained coal. Larger bins, with sloping
bottoms, may weigh one-eighth as much as the contained coal. Bag
bottom bins of the Berquist type will weigh about one-twelfth as much as
the contained coal, not including posts, and about one-ninth as much,
including posts.

Supply-pipes from Bins. — The supply-pipes from overhead bins to
the boiler-room floor, or to the stoker-hoppers, should not be less than 12
inches in diameter. They should be fitted at the top with a flanged cast-
ing and a cut-off gate, to permit removal of the pipe when the boilers are
to be cleaned or repaired.
Types of Coal Elevators. — Coal elevators consist of buckets of

various shapes attached to one or more strands of link-belting or chain, or
to rubber belting. The buckets may either be attached continuously or
at intervals. The various types are as follows:

Continuous bucket elevators consist usually of one strand of chain and
two sprocket-wheels with buckets attached continuously to the chain.
Each bucket after passing the head wheel acts as a chute to direct the
flow from the next bucket. This type of elevator will handle the larger
sizes of coal. It runs at slow speeds, usually from 90 to 175 feet per min-
ute, and has a maximum capacity of about 120 tons per hour.

Centrifugal discharge elevators consist usually of a single strand of chain,
Vvith the buckets attached thereto at intervals. They are used to handle
the smaller sizes of coal in small quantities. They run at high speeds,
usuallv 34 to 40 revolutions of the head wheel per minute, and have a
capacity up tO 40 tons per Iiour.
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Perfect discharge elevators consist of two strands of chain, with buckets
at intervals between them. A pair of idlers set under the head wheels
eatise the buckets to be completely inverted, and to make a clean delivery
Unto the chutes at the elevator head. This type of elevator is useful in
Ihandling material which tends to cling to the buckets. It runs at slow
fspeeds, usually less than 150 feet per minute. The capacity depends on
>the size of the buckets.

Combined Elevators and Conveyors are of the following types:
Gravity discharge elevators, consisting of two strands of chain, with

tspaced V-shaped buckets fastened between them. After passing the head
wheels the buckets act as conveyor-flights and convey the coal in a trough
"to any desired point. This is the cheapest type of combined elevator and
•conveyor, and is economical of power. A machine carrying 100 tons of
-•cofal per hour, in buckets 20 inches wide, 10 inches deep, and 24 inches long,

^spaced 3 feet apart, requires 5 H.P. when loaded and 1 1/2 H.P. when empty
:ior each 100 feet of horizontal run, and 1/9 H.P. for each foot of vertical lift.

Rigid bucket-carriers consist of two strands of chain with a special
bucket rigidly fastened between them. The buckets overlap and are so
shaped that they will carry coal around three sides of a rectangle. The
coal is carried to any desired point and is discharged by completely
inverting the bucket over a turn-wheel.

Pivoted bucket-carriers consist of two strands of long pitch steel chain to
which are attached, in a pivotal manner, large malleable iron or steel
buckets so arranged that their adjacent lips are close together or overlap.
Overlapping buckets require special devices for changing the lap at the
corner turns. Carriers in which the buckets do not overlap should be
fitted with auxiliary pans or buckets, arranged in such a manner as to
catch the spill which falls between the lips at the loading point, and so
shaped as to return the spill to the buckets at the corner turns. Pivoted
bucket-carriers will carry coal around four sides of a rectangle, the buckets
being dumped on the horizontal run by striking a cam suitably placed.
Buckets for these carriers are usually of 2 ft. pitch, and range in width
from 18 in, to 48 in. They run at low speeds, usually not over 50 ft. per
minute, 40 ft. per minute being most usual. At the latter speed, the
capacities when handling coal vary from 40 tons per hour for the 18 in.

width to 120 tons for the 48 in. width. On account of the superior con-'
struction of these carriers and the slow speed at which they run, they are
economical of power and durable. The rollers mounted on the chain
joiuts are usually 6 in. diameter, but for severe duty 8-in. rollers are often
used. It is usual to make these hollow to carry a quantity of oil for
Internal lubrication.

Coal Conveyors. — Coal conveyors are of four general types, viz.,
scraper or flight, bucket, screw, and belt conveyors.

The flight conveyor consists of a trough of any desired cross-section and
a single or double strand of chain carrying scrapers or flights of approxi-
mately the same shape as the trough. The flights push the coal ahead of
them in the trough to any desired point, where it is discharged through
openings in the bottom of the trou'gh.

For short, low-capacity conveyors, malleable link hook-joint chains
are used. For heavier service, malleable pin-joint chains, steel link chains,
or monobar, are required. For the heaviest service, two strands of steel
link chain, usually with rollers, are used.

Flight conveyors are of three types: plain scraper, suspended flight, and
roller flight.

In the plain scraper conveyor, the flight is suspended from the chain
and drags along the bottom of the trough. It is of low first cost and is

useful where noise of operation is not objectionable. It has a maximum
capacity of about 30 tons per hour, and requires more power than either
of the other two types of flight conveyors.

Suspended flight conveyors use one or two strands of chain. The flights

are attached to cross-bars having wearing-shoes at each end. These wear-
ing-shoes slide on angle-iron tracks on each side of the conveyor trough.
The flights do not touch the trough at any point. This type of conveyor
is used where quietness of operation is a consideration. It is of higher
first cost than the plain scraper conveyor, but requires one-fourth less
power for operation. It is economical up to a capacity of about 80 tons
per hour.
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The roller flight conveyor is similar to the suspended flight, except
that the wearing-shoes are replaced by rollers. It is highest in first
cost of all the flight conveyors, but has the advantages of low power
consumption (one-half that of the scraper), low stress in chain, long
life of chain, trough, and flights, and noiseless operation. It has an
economical maximum capacity of about 120 tons per hour.
The following formula gives approximately the horse-power at the

head wheel required to operate flight conveyors:
H.P. = (ATL + BWS) ^ 1000.

T = tons of coal per hour; L = length of conveyor in feet, center to
center; W = weight of chain, flights, and shoes (both runs) in pounds;
S = speed in feet per minute; A and B constants depending on angle
of incline from horizontal. See example below.
Example.—Required the H.P. for a monobar conveyor 200 ft,

center to center carrying 100 tons of coal per hour, up a 10° incline at
a speed of 100 feet per minute. Conveyor has No. 818 chain and 8 X19
suspended flights, spaced 18 inches apart.

„ -D 0.5X100X200-1-0.008 (400X5.7 + 267X15. 55) X 100 ,^,^H.P. = ^^ = 15.15.

The following table shows the conveying capacities of various sizes
of flights at 100 feet per minute in tons, of 2000 lb., per hour. The
values are true for continuous feed only.

Horizontal Conveyors, Tons. Inclined Conveyors, Tons.

Size of
Flight.

Flight
Every
16".

Flight
Every
18".

Flight Pounds
Coal per
Flight.

10°

Flights
Every
24".

20°

Flights
Every
24".

30°

Flights
Every
24".

6X14
8X19

69.75 62
130

46.5
97.5
172.5
220
268
315

31

65
115
147

179

210

40.5
78
150
184
225
264

31.5
62
120
146
177
210

22.5
52

10X24 90

10X30 116

10X36 142

10X42 167

Bucket Conveyors. — Rigid bucket-carriers are used to convey large
quantities of coal over a considerable distance when there is no inter-
mediate point of discharge. These conveyors are made with two strands
of steel roller chain. They are built to carry as much as 10 tons of coal
per minute.
Screw Conveyors. — Screw conveyors consist of a helical steel flight,

either in one piece or in sections, mounted on a pipe or shaft, and running
in a steel or wooden trough. These conveyors are made from 4 to 18
inches in diameter, and in sections 8 to 12 feet long. The speed ranges
from 20 to 60 revolutions per minute and the capacity from 10 to 30 tons
of coal per hour. It is not advisable to use this type of conveyor for coal,
as it will only handle the smaller sizes and the flights are very easily dam-
aged by any foreign substance of unusual size or shape.

Belt Conveyors. — Rubber and cotton belt conveyors are used for
handling coal, ore, sand, gravel etc., in all sizes. They combine a high
carrying capacity with low power consumption.

In some cases the belt is flat, the material being fed to the belt at its

center in a narrow stream. In the majority of cases, however, the belt
is troughed by means of idler pulleys set at an angle from the horizontal
and placed at intervals along the length of the belt. Rubber belts are
often made more flexible for deep troughing by removing some of the
layers of cotton from the belt and substituting therefor an extra thickness
of rubber.

Belt conveyors may be used for elevating materials up to about 23°
Incline. On greater inclines the material slides back on the belt and spills.

With many substances it is important to feed the belt steadily if the con-
veyor stands at or near the limiting angle. If the flow is interrupted
the material may slide back on the belt.

Belt conveyors are run at any speed from 200 to 800 feet per minute,
ftad M% mad@ io widths varying from 12 inches to 60 ip.obes,
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Values of A and B.

1199

Angle,
Deg.

A B Angle,
Deg. A B Angle,

Deg. A B

0.343 O.OI 10 0.50 0.01 30 0.79 0.009
2 0.378 0.01 14 0.57 0.01 34 0.84 0.008
4 0.40 O.OI 18 0.63 0.009 38 0.88 0.008
6 0.44 0.01 22 0.69 0.009 42 0.92 0.007
8 0.47 0.01 26 0.74 0.009 46 0.95 0.007

For suspended flight conveyors take B as 0.8 and for roller flights as
0.6, of the values given in the table.

Weight of Chain in Pounds per Foot.

Link-belting. MONOBAR.

Chain Pitch of FUghts, Inches. Chain
Pitch of Flights, Inches.

No. 12 18 24 36 No.* 12 18 24 36 48 54 72

78 2.4
2.8
3.1
4.6
4.9
5.6
6.3
8.1

8.9

2.3
2.7
2.8

8^4

2.26
2.6
2.7
4.3
4.4
4.9
5.9
7.4
8.2

2.2
2.5
2.6
4.2
4.1
4.7
5.7
7.2
7.9

612
618
818
824
1018
1024
1224
1236
1424

3.9
'sio
5.7

3.6

4!9

9;6
14.7

3.5
2.8
5.5

i6!7

ii!8

88
85
103
108
110
114
122

* '4.'7*

*9.b7

14.04

11

Yo.V

* 4.6'

*8.8'

13.8
11.34

124 20.5 19.7 19.4

* In monobar the first one or two figures in the number of the chain
denote the diameter of the chain in eighths of an inch. The last two
figures denote the pitch in inches.

Pin Chains. Roller Chains.

No.
Pitch of Flights, Inches.

No.
Pitch of Flights, Inches.

12 18 24

5.4
6.4
9.1

36 12

7.7
9.5
10.5

18

"679

8.8
9.5

24

6.2
8.0
9.0

36

7.5
7.8

720
730
825

5.9
6.9
9.6

5.6
6.6
9.3

5.3
6.3
8.9

1112
1113
1130

Weight of Flights with Wearing-shoes and Bolts.

Size, Inches. Steel. Malleable Iron.
Suspended Flights.

Size. Weight, Lb.

4X10 3.5 4.3 6X14 12.37

4X12 3.9 4.7 8X19 15.55

5X10 4.1 5.2 10X24 25.57
5X12 4.6 5.7 10X30 29.37

53.175X15 5.8 5.9 10X36
6X18 8.1 9.2 10X42 34.97
8X18 10.1 12.7
8X20 11.0 13.4
8X24 12.6 14.4

10X24 15.2 17.4

Capacity of Belt Conveyors in Tons of Coal per Hour.

Width
of

Velocity, Feet per Width
of Velocity, Feet per Minute.

Belt, Belt,
Ins.Ins. 300 350 400 300 350 400 450 500

12 34 20 96 112 128
14 47 24 139 162 186 210
16 62 72 82 30 218 254 290 326
18 78 91 104 36 315 368 4*20 472 520
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For materials other than coal, the figures in the above table should be
multiplied by the coeflacients given in the table below:

Material. Coefficient. Material. Coefficient.

0.86
1.76
1.26
0.60

Earth 1.4
Sand 1.8

Clay Stone (crushed) 2.0

Coke

Belt Conveyor Construction. <C. K. Baldwin, Trans. A. S. M. B.i
1908.)—The troughing idlers should be spaced as follows, depending
on the weight of the material carried:

Belt width 12-16 in. 18-22 in. 24-30 in. 32-36 in.

Spacing, ft. 4^-5 4-4M 3>i-4 3-3H
The stress in the belt should not exceed 18 to 20 lb. per inch of width

per ply with rubber belts. This may be increased about 20% with
belts in which 28 oz. duck is used. Where the power required is small
the stiffness of the belt fixes the nimiber of plies. The minimum num-
ber of pUes is as foUows:

Belt width, in. 12-14 16-20 22-28 30-36
Minimmn pUes 3 4 5 6

Pulleys of small diameter should be avoided on heavy belts, or the con-
stant bending of the belt under heavy stress will cause the friction to
lose its hold and destroy the belt. In many cases it is advisable to
cover the driving pulley with a rubber lagging to increase the tractive
power, particularly in dusty places. The minimum size of driving
pulleys to be used is shown in the table below.

Smallest Diameter of Driving Pulleys for Belt Conveyors.

Width of
Belt.

Diameter
of Pulley.

Width of
Belt.

Diameter of
Pulley.

Width of
Belt.

Diameter of
Pulley.

In.
12

14

16

18

In.
16-18
16-18
20-24
20-24
20-24

In.
22
24
26
28
30

In.
20-30
24-30
24-30
24-30
30-36

In.
32
34
36

In.
30-36
30-42
30-48

20

Horse-power to Drive Belt Conveyors. (C. K. Baldwin, Trans'.
A. S. M. E., 1908.) — The power required to drive a belt conveyor de-
pends on a great variety of conditions, as the spacing of idlers, type of
drive, thickness of belt, etc. In figuring the power rec[uired, the belt
should run no faster than is necessary to carry the desired load.' If it

should be necessary to increase the speed, the load should be increased
in proportion and the power figured accordingly.

For level conveyors H.P. = GXTXL ^ 1000.
For inclined conveyors

H.P. = {C XT XL ~ 1000) + (r X H 4- 1000).
C = power constant from table below; T = load, tons per hour; L =

length of conveyor, center to center, ft. ; if = vertical height material is
^ lifted, ft.; S = belt speed, ft, per minute; B = width of belt, in.

For each movable or fixed tripper add horse-power in colxunn 3 of
table. Add 20% to horse-power for each conveyor under 50 ft. long.
Add 10% to horse-power for each conveyor between 50 ft. and 100 ft.

long. The formulse above do not include gear friction, should the
conveyor be gear-driven.

When horse-power and speed are known the stress in the belt in pounds
per inch of width is

Stress - H.P. X 33,000
,btress- g^g

From this the number of plies can be found, using 20 lb. per ply per
inch of width as a maximum for rubber belts.

Relative Wearing Power of Conveyor Belts. (T. A. Bennett,
Trans. A. S. M. E., 1908.)—Different materials used in the construction
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Constants for Formulae for Belt Conveyors.

1 2 3 4 5

C for Mate- C for Mate-
H.P. Re-
quired for
Each Mov-Width of rial Weigh- ria] Weigh- Minimum Maximum

Belt ing from 25 ing from 75 Plies of Plies of

In/ Lb. to 75 Lb. Lb. to 125 Lb. Fixed Belt. Belt.
per Cu. Ft. per Cu. Ft. Tripper.

12 0.234 0.147 1/2 3 4
14 0.226 0.143 1/2 3 4
16 0.220 0.140 3/4 4 5
18 0.209 0.138 1 4 5
20 0.205 0.136 1 1/4 4 6
22 0.199 0.133 1 1/2 5 6
24 0.195 0.131 1 3/4 5 7
26 0.187 0.127 2 5 7
28 0.175 0.121 2 1/4 5 8
30 0.167 0.117 21/2 6 8
32 0.163 0.115 2 3/4 6 9
34 0.161 0.114 3 6 10
36 0.157 0.112 3 1/4 6 10

Of conveyors were subjected to tlie uniform action of a sand blast for 45
minutes, and the relative abrasive resisting qualities were found to be as
follows, taking the volume of rubber belt worn away as 1.0:

Rubber belt 1.0 Woven cotton belt, high grade 6.5
Rolled steel bar 1.5 Stitched duck, high grade 8.0
Cast iron 3.5 Woven cotton belt, low grade, 9.0 to
Balata belt, including gum cover 5.0 15.0

A Symposium on Hoisting and Conveying was presented at the Detroit
meeting of the A. S. M. E, 1908 {Trans., vol. xxx.), in papers by G. E.
Titcomb, S. B. Peck, C. K. Baldwin, C. J. Tomlinson and E. J. Haddock.
Among the subjects discussed are the loading and unloading of cargo
steamers; car unloaders; storing of ore and coal; continuous conveying of
merchandise; conveying in a Portland cement plant, and suspension,
cableways.

PNEUMATIC CONVEYING
Pneumatic Conveying.—A pneumatic conveying system consists of

a pipe line, a feeding hopper, a blower or exhauster, and a receiver. It
is used for conveying grain, slack coal, sawdust, shavings, and other
light material. Grain has been carried over 2,000 ft. horizontally and
raised to any desired height. The pressure system is simpler and
reqiures less pipe than the vacuum system, but the latter is more com-
mon and is adapted to a greater variety of conditions. The principal
advantages of the pneumatic system, as against aU types of mechanical
conveyors, are simpUcity, adaptability to peculiar conditions, the little

attention required, few repairs, and shut-downs. (For details of
apparatus, etc., see bulletins of the Connersville Blower Co.)

Pneumatic Postal Transmission.—A paper by A. Falkenau (Eng'rs
Club of Philadelphia, April, 1894), entitled the "First United States
Pneumatic Postal System," gives a description of the system used in
London and Paris, and that recently introduced in Philadelphia between
the main post-oflSce and a substation. In London the tubes are 2 ^ and
3-inch lead pipes laid in cast-iron pipes for protection. The carriers
used in 2 K-inch tubes are but 1 M inches diameter, the remaining space
being taken up by packing. Carriers are despatched singly. First,

vacuxun alone was used ; later, vacuum and compressed air. The tubes
used in the Continental cities in Europe are wrought iron, the Paris tubes
being 2 3^ inches diameter. There the carriers are despatched in trains
of six to ten, propelled by a piston. In Philadelphia the size of tube
adopted is 6 3^ inches, the tubes being of cast iron bored to size. The
lengths of the outgoing and return tubes are 2928 feet each. The pressure
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at the main station is 7 lb., at the substation 4 lb., and at the end of the
return pipe atmospheric pressure. The compressor has two air-cylinders
18 X 24 in. Each carrier holds about 200 letters, but 100 to 150 are
taken as an average. Eight carriers may be despatched in a minute,
giving a delivery of 48,000 to 72,000 letters per hour.* The time
required in transmission is about 57 seconds.
Pneumatic oostal transmission tubes were laid in 1898 by the Batcheller

Pneumatic Tube Co. between the general post-offices in New York and
Brooklyn, crossing the East River on the Brooklyn bridge. The tubes
are cast iron, 12-ft. lengths, bored to Si/s in. diameter. The joints are
bells, calked with lead and yarn. There are two tubes, one operating
in each direction. Both lines are operated by air-pressure above the
atmospheric pressure. One tube is operated by an air-compressor in the
New York office and the other by one located in the Brooklyn office.
The carriers are 24 in. long, in the form of a cylinder 7 in. diameter,

and are made of steel, with fibrous bearing-rings which fit the tube. Each
carrier will contain about 600 ordinary letters, and they are despatched
at intervals of 10 seconds in each direction, the time of transit between
the two offices being 31/2 minutes, the carriers travelling at a speed of
from 30 to 35 miles per hour.
One of the air-compressors is of the duplex type and has two steam-

cyUnders 10 X 20 in. and two air-cyhnders 24 X 20 in., delivering
1570 cu. ft. of free air per minute, at 75 r.p.m. The power is about 50 H.P,
Two other duplex air-compressors have steam-cylinders 14 X 18 in.

and air-cyUnders 261/4 X 18 in. They are designed for 80 to 90 r.p.m,
and to compress to 20 lb. per sq. in.

Another double hue of isneumatic tubes has been laid between the
main office and Postal Station H, Lexington Ave. and 44th St., in New
York City. This line is about 31/2 miles in length. There are three
intermediate stations. The carriers can be so adjusted when they are
put into the tube that they will traverse the line and be discharged auto-
matically from the tube at the station for which they are intended. The
tubes are of the same size as those of the Brooklyn line and are operated
in a similar manner. The initial air-pressure is about 12 to 15 lb. On
the Brooklyn line it is about 7 lb.

There is also a tube system between the New York Post-offlce and the
Produce Exchange. For a very complete description of the system and
its machinery see "The Pneumatic Despatch Tube System," by B. C.
Batcheller, J. B. Lippincott Co., Philadelphia, 1897.

WIRE-ROPE HAULAGE.
Methods for transporting coal and other products by means of wire rope,

though varying from each other in detail, may be grouped in five classes:
I. The Self-acting or Gravity Inclined Plane.

TI. The Simple Engine-plane.
III. The Tail-rope System.
IV. The Endless-rope System.
V. The Cable Tramway.

The following brief description of these systems is abridged from a
pamphlet on Wire-rope Haulage, by Wm. Hildenbrand, C.E., published
by John A. Roebling's Sons Co., Trenton, N, J.

I. The Self-acting Inclined Plane. — The motive power for the
eelf-acting inclined plane is gravity: consequently this mode of transport-
ing coal finds application only in places where the coal is conveyed from a
higher to a lower point and where the plane has sufficient grade for the
loaded descending cars to raise the empty cars to an upper level.

At the head of the plane there is a drum, which is generally constructed
of wood, having a diameter of seven to ten feet. It is placed high enough
to allow men and cars to pass under it. Loaded cars coming from the pit

are either singly or in sets of two or three switched on the track of the
plane, and their speed in descending is regulated by a brake on the drum.

Supporting rollers, to prevent the rope dragging on the groimd, are

* A report of a U. S. Postal Commission states that up to the present
time (1910), the sending and receiving apparatus does not permit the
successful operation of carrier service with an interval of less than
13 to 15 seconds between carriers, for 6- and 8-in. tubes.
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generally of wood, 5 to 6 in. in diameter and 18 to 24 in. long, with
3/4 to v/s in, iron axies. The distance between the rollers varies from 15 to
30 ft., steeper planes requiring less rollers than those with easy grades.
Considering only the reduction of friction and what is best for the preserva-
tion of rope, a general rule may be given to use rollers of the greatest
possible diameter, and to place them as close as economy will permit
The smallest angle of inclination at which a plane can be made self-

acting will be when the motive and resisting forces balance each other.
The motive forces are the weights of the loaded car and of the descending
rope. The resisting forces consist of the weight of the empty car and
ascending rope, of the roIUng and axle friction of the cars, and of the axle
friction of the supporting rollers. The friction of the drum, stiffness of
rope, and revjstance of air may be neglected. A general rule cannot be
given, because a change in the length of the plane or in the weight of the
cars changes the proportion of the forces; also, because the coefficient ot
friction, depending on the condition of the road, construction of the cars,
etc., is a very uncertain factor.

For working a plane with a 5/g-in. steel rope and lowering from one to
four pit cars weighing empty 1400 lb. and loaded 4000 lb., the rise in 100 ft.
necessary to make the plane self-acting will be from about 5 to 10 ft.,

decreasing as the number of cars increase, and increasing as the length of
plane increases.
A gravity inclined plane should be slightly concave, steeper at the top

than at the bottom. The maximum deflection of the curve should be at
an inchnation of 45 degrees, and diminish for smaller as well as for steeper
inclinations.

II. The Simple Engine-plane. — The name " Engine-plane" is given
to a plane on which a load is raised or lowered by means of a single wire
rope and stationary steam-engine. It is a cheap and simple method of
conveying coal underground, and therefore is applied wherever circum-
stances permit it. Under ordinary conditions such as prevail in the
Pennsylvania mine region, a train of twenty-five to thirty loaded cars will
descend, with reasonable velocity, a straight plane 5000 ft. long on a
grade of I3/4 ft. in 100, while it would appear that 21/4 ft. in 100 is neces-
sary for the same number of empty cars. For roads longer than 5000 ft.

or containing sharp curves, the grade should be correspondingly larger.
III. The Tail-rope System. — Of all methods for conveying coal

underground by wire rope, the tail-rope system has found the most appi;^-

cation. It can be appUed under almost any condition. The road may b 3
straight or curved, level or undulating, in one continuous line or with side
branches. In general principle a tail-rope plane is the same as an engine-
plane worked in both directions with two ropes. One rope, called the
" main rope," serves for drawing the set of full cars outward; the other,
called the " tail-rope," is necessary to take back the empty set, which on
a level or undulating road cannot return by gravity. The two drums may
be located at the opposite ends of the road, and driven bj^ separate engines,
but more frequently they are on the same shaft at one end of the plane,
In the first case each rope would require the length of the plane, but in the
second case the tail rope must be twice as long, being led from the drum
around a sheave at the other end of the plane and back again to its starting-
point. When the main rope draws a set of full cars out, the tail-rope drum
runs loose on the shaft, and the rope, being attached to the rear car, un-
winds itself steadily. Going in, the reverse takes place. Each drum is

provided with a brake to check the speed of the train on a down grade and
prevent its overrunning the forward rope. As a rule, the tail rope is

strained less than the main rope, but in cases of heavy grades dipping out-
ward it is possible that the strain in the former may become as large, or
even larger, than in the latter, and in the selection of the sizes reference
should be had to this circumstance.
IV. The Endless-rope System. — The principal features of this

! system are as follows:
1. The rope, as the name indicates, is endless. 2. Motion is given to

I the rope by a single wheel or drum, and friction is obtained either by a
1
grip-wheel or by passing the rope several times around the wheel. 3, The

! rope must be kept constantly tight, the tension to be produced by artificial

means. It is done in placing either the return-wheel or an extra tension
wheel on a carriage and connecting it with a weight hanging over a
pulley, Qv attaeUag it to a fixed post by a screw which occasionallycm be
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shortened. 4. Tlie cars are attached to the rope by a grip or clutch,
which can take hold at any place and let go again, starting and stopping
the train at will, without stopping the engine or the motion of the rope
5. On a single-track road the rope works forward and backward, but on a
double track it is possible to run it always in the same direction, the full
cars going on one track and the empty cars on the other.

This method of conveying coal, as a rule, has not found as general an in-
Production as the tail-rope system, probably because its efficacy is not so
apparent and the opposing difficulties require greater mechanical skill and
more compUcated appliances. Its advantages are, first, that it requires
•one-third less rope than the tail-rope system. This advantage, however,
iis partially counterbalanced by the circumstance that the extra tension in
the rope requires a heavier size to move the same load than when a main
.•and tail rope are used. The second and principal advantage is that it is
possible to start and stop trains at will without signaling to the engineer.
On the other hand, it is more difficult to work curves with the endless sys-
item, and still more so to work different branches, and the constant stretch
•of the rope under tension or its elongation under changes of temperature
frequently causes the rope to shp on the wheel, in spite of every attention,
causing delay in the transportation and injury to the rope.

Stress in Hoisting-ropes on Inclined Planes.

(Trenton Iron Co., 1906.)
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5 2° 52' 140 55 28° 49' 1003 110 47° 44' 1516

10 50 43/ 240 60 30° 58' 1067 120 50° 12' 1573

15 8° 32' 336 65 33° 02' 1128 130 52° 26' 1620

20 IP 18' 432 70 35° 00' 1185 140 54° 28' 1663

25 14° 03' 527 75 36° 53' 1238 150 56° 19' 1699

30 16° 42' 613 80 38° 40' 1287 160 58° 00' 1730

35 19° 18' 700 85 40° 22' 1332 170 59° 33' 1758

40 21° 49' 782 90 42° 00' 1375 180 60° 57' 1782

45 24° 14' 860 95 43° 32' 1415 190 62° 15' 1804

50 26° 34' 933 100 45° GO' 1454 200 63° 27' 1822

The above table is based on an allov/ance of 40 lb. per ton for roUing
friction, but an additional allowance must be made for stress due to the
weight of the rope proportional to the length of the plane. A factor oi

safety of 5 to 7 should be taken.
In hoisting the slack-rope should be taken up gently before beginning

the lift, otherwise a severe extra strain will be brought on the rope.
V. Wire-rope Tramways. — The methods of conveying products on

;a suspended rope tramway find especial application in places where a mine
is located on one side of a river or deep ravine and the loading station on
the other. A wire rope suspended between the two stations forms the
track on which material in properly constructed " carriages " or " buggies"
is transported. It saves the construction of a bridge or trestlework and is

practical for a distance of 2000 feet without an intermediate support.
There are two distinct classes of rope tramways:

1 . The rope is stationary, forming the track on which a bucket holding
the material moves forward and backward, pulled by a smaller endless
wire rope. 2. The rope is movable, forming itself an endless line, which
serves at the same time as supporting track and as puUiing rope.
Of these two the first method has found more general application, and

is especially adapted for long spans, steep inclinations, and heavy loads.;
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The second method is used for long distances, divided into short spans,
and is only applicable for light loads delivered at regular intervals.

For detailed deacrlptions or the several systems of wire-rope transporta-
tion, see circulars of John A. Roebling's Sons Co., The Trenton Iron Co.,
A. Leschen & Sons Rope Co. See also paper on Two-rope Haulage Sys-
tems, by R. Van A. Norris, Trans. A. S. M. E., xii. 626.

In the Bleichert System of wire-rope tramways, in which the track rope
is stationary, loads up to 2000 lb. are carried at a speed of 3 to 4 miles per
hour. While the average spans on a level are from 150 to 200 ft., in cross-
ing rivers, ravines, etc., spans up to 1500 ft. are frequently adopted. In a
tramway on this system at Bingham, Utah, the total length of the Une is

12,700 ft. with a fall of 1120 ft. The line operates by gravity and carries
35 tons per hour. The cost of conveying on this carrier is 73/4 cents per
ton of 2000 lb. for labor and repairs, without any apparent deterioration
in the condition of track cables and traction rope.

The Aerial Wire-rope Tramway of A. Leschen & Sons Co. is of the
double-rope type, in which the buckets travel upon stationary track
cables and are propelled by an endless traction rope. The buckets are
attached to the traction rope by means of clips — spaced according to
the desired tonnage. The hold on the rope is positive, but the clip ia

easily removable. The bucket is held in its normal position in the frame
by two malleable iron latches — one on each side. A tripping bar
engages these latches at the unloading terminal when the bucket dis-
charges its material. This operation is automatic and takes place while
the carriers are moving. At the loading terminal, the bucket is auto-
matically returned to its normal position and latched. Special carriers
are provided for the accommodation of any class of material. At each
of the terminal stations is a 10-ft. sheave wheel around which the trac-
tion rope passes, these wheels being provided with steel grids for the
control of the traction rope. When the loaded carriers travel down
grade and the difference in elevation is sufficient, this tramway will
operate by the force due to gravity, otherwise the power is applied to
the sheaves through bevel gearing. Numerous modifications of the
system are in use to suit different conditions.
An Aerial Tramway 31.5 miles long, with an elevation of the loading

end above the discharging end of 11,500 ft., built by A. Bleichert & Co.
for the government of the Argentine Republic, connecting the mines of
La Mejicana with the town of Chilecito, is described by Wm. Hewitt in
Indust. Eng., Aug. 15, 1909. Some of the inclinations are as much as
45 deg., there are some spans nearly 3000 ft. long, and there is a tunnel
nearly 500 ft. long. The line is divided into eight sections, each with
an independent traction rope. The gravity of the descending loaded
carriers is sufficient to make the line self-operating when it is once set
in motion, but in order to ensure full control, and to provide for carrying
four tons upward while the descending carriers are empty, four steam
engines are installed, one for each two sections. The carriers hold 10 cu.
ft., or about 1100 lbs. of ore. The speed is 500 ft. per minute, and the
interval between carriers 45 seconds. The stress in the traction rope is

as high as 11,000 lbs. in some sections.

Suspension Cableways or Cable Hoist-conveyors.

(Trenton Iron Co.)

In quarrying, rock-cutting, stripping, piling, dam-building, and many
other operations where it is necessary to hoist and convey large individual
loads economically, it frequently happens that the application of a system
of derricks is impracticable, by reason of the Umited area of their effi-

ciency and the room which they occupy. To meet such conditions cable
hoist-conveyors are adopted, as they can be operated in clear spans up to
1500 ft., and in lifting individual loads up to 15 tons. Two types are
made— one in which the hoisting and conveying are done by separate
running ropes, and the other applicable only to inclines in which the
carriage descends by gravity, and but one running rope is required. The
moving of the carriage in the former is effected by means of an endless
rope, and these are commonly known as " endless-rope " hoist-conveyors
to distinguish them from the latter, which are termed "mclined" hoist*
conveyors.
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The general arrangement of the endless-rope hoist-conveyors consists
of a main cable passing over towers, A-frames or masts, as may be most
convenient, and anchored firmly to the ground at each end, the requisite
tension in the cable being maintained by a turnbuckle at one anchorage.
Upon this cable travels the carriage, which is moved back and forth

over the line by means of the endless rope. The hoisting is done by a
separate rope, both ropes being operated by an engine specially designed
for the purpose, which may be located at either end of the line, and is

constructed in such a way that the hoisting-rope is coiled up or paid out
automatically as the carriage is moved in and out. Loads may be picked
up or discharged at any point along the line. Where sufficient inclination
can be obtained in the main cable for the carriage to descend by gravity,
and the loading and unloading are done at fixed points, the endless rope can
be dispensed with. The carriage, which is similar in construction to the
carriage used in the endless-rope cableways, is arrested in its descent by a
stop-block, which may be clamped to the main cable at any desired point,
the speed of the descending carriage being under control of a brake on the
engine-drum.
A Double-suspension Cableway, carrying loads of 15 tons, erected near

WilUamsport, Pa., by the Trenton Iron Co., is described by E. G. Spilsbury
in Trans. A. I. M. E., xx. 766. The span is 733 ft., crossing the Susque-
hanna River. Two steel cables, each 2 in. diam., are used. On these
cables runs a carriage supported on four wheels and moved by an endless
cable 1 inch in diam. The load consists of a cage carrying a railroad-car
loaded with lumber, the latter weighing about 12 tons. The power is

furnished by a 50-H.P. engine, and the trip across the river is made in
about three minutes.
A hoisting cableway on the endless-rope system, erected by the Lidger-

wood Mfg. Co., at the Austin Dam, Texas, had a single span 1350 ft. in
length, with main cable 21/2 in. diam., and hoisting-rope 13/4 in. diam.
Loads of 7 to 8 tons were handled at a speed of 600 to 800 ft. per minute.

Another, of still longer span, 1650 ft., was erected by the same company
at Holyoke, Mass., for use in the construction of a dam. The main cable
is the EUiott or locked-wire cable, having a smooth exterior. In the con-
istruction of the Chicago Drainage Canal twenty cableways, of 700 ft. span
and 8 tons capacity, were used, the towers traveling on rails,

Tension required to Prevent Slipping of Rope on Drum. (Trenton
Iron Co., 1906.) — The amount of artificial tension to be applied in an
endless rope to prevent shpping on the driving-drum depends on the char-
acter of the drum, the condition of the rope and number of laps which it

makes. If T and S represent respectively the tensions in the taut and
slack fines of the rope; W, the necessary weight to be applied to the tail-
sheave; R, the resistance of the cars and rope, allowing for friction; n, the
number of half-laps of the rope on the driving-drum; and /, the coeflBcient
of friction, the following relations must exist to prevent shpping:

T = Sef^"", W = T+ S, and R = T - S;

from which we obtain W = -3 ^,

In which e = 2.71828, the base of the Naperian system of logarithms.
The following are some of the values of /:

Dry.
Wire-rope on a grooved iron drum. ... 0. 120
Wire-rope on wood-filled sheaves . 235
Wire-rope on rubber and leather fifiing 0.495

The importance of keeping the rope dry is evident from these figures.

The values of the coefficient

Wet. Greasy
0.085 0.070
0.170 0.140
0.400 0.205

' ^W'^- 1

of/, for one un to six half-laps of the rope on the driving-drum or sheaves,
are given in the table at the top of p. 1207.

When the rope is at rest the tension is distributed equally on the two
lines of the rope, but when rimning there will be a difference in the
tensions of the taut and slack lines equal to the resistance, and the
values of T and 3 may be readily computed from tbe foregoing formula.
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Values OF Coefficient (efn^ + l) -. (e/WTT _ l)

/
n= Number of Half-laps on Driving-wheel.

1 2 13 14 5 6

0.070 9.130 4.623 3.141 2.418 1.999 1.729

0.085 7.536 3.833 2.629 2.047 1.714 1.505

0.120 5.345 2.777 1.953 1.570 1.358 1.232

0.140 4.623 2.418 1.729 1.416 1.249 1.154

0.170 3.833 2.047 1.505 1.268 1.149 1.085

0.205 3.212 1.762 1.338 1.165 1.083 1.043

0.235 2.831 1.592 1.245 1.110 1.051 1.024
0.400 1.795 1.176 1.047 1.013 1.004 1.001

0.495 1.538 1.093 1.019 1.004 1.001

The increase in tension in the endless rope, compared with the main
rope. of the tail-rope system, where the stress in the rope is equal to
the resistance, is about as follows:

n = 123456
Increase in tension in endless rope,
compared with direct stress %... . 40 9 21/3 2/3 1/5 1/10

These figures are useful in determining the size of rope. For instance,
if the rope makes two half-laps on the driving drum, the strength of the
rope should be 9% greater than a main rope in the tail-rope system.

General Formulae for Estimating the Deflection of a Wire Cable
Corresponding to a Given Tension.

(Trenton Iron Co., 1906.)
Let s =- distance between supports or spanrA.S; m and n = arms into

which the span is divided by a vertical through the required point of
deflection x, m representing the arm corresponding to the loaded side;

y = horizontal distance from load to point of support corresponding with
m;w = wt. of rope per ft.; g = load; t = tension; h = required deflection
at any point x; all measures being in feet and pounds.
A B

^

For deflection due to rope alone,

Fig. 191o

, mnw . ws' i i. rh = -^T- at a;, or -^ at center of span.

For deflection due to load alon^e,

h =^ at X, or |^ at center of span.

If y = 1/2 5, ft = |- at X, or^ at center of span.

For total deflection,

, _ wmns + 2 gny
^

2te
^^

wmn + gn

gmn
^

lty=y2S,h= '

ws^ + 4:gy
^

8t

ws^ + 2 (

2t

-rf , wmns + 2 gmn . i
If y = m, h = — —

—

-— at x, or -

8t

at center of span.

- at center of span.

• at center of span.y ^ „,, „ = _ _ «,, ;,, ^, __

If the tension is required for a given deflection, transpose t and h in
above formulse.
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Taper Ropes of Uniform Tensile Strength. — The true form of rope
is not a regular taper but follows a logarithmic curve, the girth rapidly-
increasing toward the upper end. Mr. Chas. D. West gives the following
formula, based on a breaking strain of 80,000 lb. per sq. in. of the rope,
core included, and a factor of safety of 10: log G = F-h3680+ logs', in
which F = length in fathoms, and G and g the girth in inches at any two
sections F fathoms apart. The girth g is first calculated for a safe strain
of 8000 lb. per sq. in., and then G is obtained by the formula. For a
mathematical investigation see The Engineer, April, 1880, p. 267.

TBANSMISSION OF POWER BY
WIRE ROPE.

The following notes have been furnished to the author by Mr. Wm.
Hewitt, Vice-Presicfent of the Trenton Iron Co. (See also circulars of the
Trenton Iron Co. and of the John A. Roebling's Sons Co., Trenton, N. J.;
" Transmission of Power by Wire Ropes," by A. W. Stahl, Van Nostrand's
Science Series, No. 28; and Reuleaux's Constructor.)
The load stress or working tension should not exceed the difference

between the safe stress and the bending stress as determined by the table
on page 1209.
The approximate strength of iron-wire rope composed of wires hav-

ing a tensile strength of 75,000 to 90,000 lbs. per sq. in. is half that of
cast-steel rope composed of wires of a tensile strength of 150,000 to
190,000 lbs. per sq. in. Extra strong steel wires have a tensile strength
of 190,000 to 225,000 and plow-steel wires 225,000 to 275,000 lbs. per
sq. in.

The 19-wire rope is more flexible than the 7-wire, and for the same
load stress may be run around smaller sheaves, but it is not as well
adapted to withstand abrasion or surface wear.
The working tension may be greater, therefore, as the bending stress

is less; but since the tension in the slack portion of the rope cannot be
less than a certain proportion of the tension in the taut portion, to avoid
slipping, a ratio exists between the diameter of sheave and the wires
composing the rope corresponding to a maximum safe working tension.
This ratio depends upon the number of laps that the rope makes about

the sheaves, and the kind of filling in
the rims or the character of the ma-
terial upon which the rope tracks.

For ordinary purposes the maximum
safe stress should be about one-third
the ultimate, and for shafts and eleva-
tors about one-fourth the ultimate.
In estimating the stress due to the load
for shafts and elevators, allowance

•
-^Mi^y&z^yyjr

should be made for the additional
I x«^^^

stress due to acceleration in starting,
s I I For short inclined planes not used for

passengers a factor of safety as low as
2 3/^ is sometimes used, and for derricks,
in which large sheaves cannot be used,
and long life of the rope is not expected,
the factor of safety may be as low as 2.

Fig. 192. The Scale wire rope is made of six
strands of 19 wires, laid 9 around 9

around 1, the intermediate layer being smaller than the others. It is
intermediate in flexibility between the 7-wire and the ordinary 19-wire
rope. (In the Seale cable d = diam. of larger wires.) All ropes 6
strands each. Extra flexible rope has 8 strands.
The sheaves (Fig. 192), are usually of cast iron, and are made as light

as possible consistent with the requisite strength. Various materials
have been used for filling the bottom of the groove, such as tarred oakum,
jute yarn, hard wood, India-rubber, and leather. The filling which
gives the best satisfaction, however, in ordinary transmissions consists of

;

Section

of Rim.

Section /

of Arm.
\
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Approximate Breaking Strengtli of Steel-Wire Bopes.

6 Strands of 19 Wires Each. 6 Strands of 7 Wires Each.

si

i:-

wt.

Lbs.

Approximate Breaking
Stress, Lbs.

^1

Wt.

Lbs.

Approximate Breaking
Stress, Lbs.

Cast
Steel.

Extra
Strong
Steel.

Plow
Steel.

Cast
Steel.

Extra
Strong
Steel.

Plow
SteeU

\^

7/16

3/8

•VlB

8.00
6.30
4.85
4.15
3.55
3.00
2.45
2.00
1.58
1.20
0.89
0.62
0.50
0.39
0.30
0.22
0.15
0.10

312,000
248,000
i92,oeo

168,000

144,000

124,000
100,000

84,000
68,000

52,000

38,800
27,200

22,000

17,600

13,600

10,000

6,800
4,800

364,000
288,000
224,000
194,000

168,000

144,000

116,000
98,000
78,000

60,000
44,000
31,600
25,400

20,200

15,600

11,500

8,100
5400

416,000
330,000
256,000
222,000
192,000

164,000

134,000
1 12,000

88,000

68,000
50,000
36,000
29,000
22,800
17,700

13,100

11/2

Vs

5/8

9/16

1/2

7/16

3/8

5/16

9/32

3.55
3.00
2.45
2.00
1.58
1.20
0.89
0.75
0.62
0.50
0.39
0.30
0.22
0.15
0.125

136,000
116,000

96.000
80,000
64,000
48,000

37,200
31,600
26,400
21,200
16,800

13,200

9,600
6,800

5.600

158.000

136.000
112,000

92,000
74,000
56,000
42,000
36,800
30,200
24,600
19,400

15.000

11.160

7.760

6,440

182.000
156.000

128.000

106,000

84.000
64,000

48,000
42,000
34,000
28,000
22,000
17,100

12.700

1/4

segments of leather and blocks of India-rubber soaked in tar and
packed alternately in the groove. Where the working tension is very
great, however, the wood filling is to be preferred, as in the case of long-
distance transmissions where the rope makes several laps about the
sheaves, and is run at a comparatively slow speed.
Tlie Bending Stress is determined by the formula

k- ^«
2.06 {B^ d) + C

k = bending stress in lbs. ; E = modulus of elasticity = 28,500,000:
a = aggregate area of wires, sq. Ins.; i? = radius of bend; d = diam. of
wires, ins.

For 7-wire rope d =1/9 diam. of rope ; C = 9.27.
" 19-wire " d = 1/15 " " " C = 15.45.
" the Seale cable d = 1/12 " " " C = 12.36.

From this formula the tables below and on p. 1210 have been cal-
culated.

1Send!ng Stresses, 7-wire Rope

Diam. bend. 24 |36 48 60 72 84 96 108 120 \t^-
Diam. Rope.

1/4 826 553 412 333 277 m 208 185 166 IM
»/32 1,120 750 563 451 376 iZi 282 251 ?2f) 206
5/16 1,609 1,078 810 649 541 464 406 361 325 296
3/8 2,774 1,859 1,398 1,120 934 801 702 624 562 511
7/16 4,38i) 2,982 2,2 ly 1,777 1,482 1,272 1,113 990 892 811
1/2 6,200 4,161 3,!3I 2,510 2,095 1,797 1,574 1,400 1,260 1,146

9/16 9,o;2 6,095 4,589 3,679 3,071 2,635 2,308 2,053 1,848 1,681

5/8 8,547 6,438 5,164 4,310 3,699 3,240 2,882 2,595 2,360
11/16 10,922 8,230 6,603 5,513 4,731 4,144 3,687 3,320 3,020
3/4 14,202 10,706 8,591 7,174 6,158 5,394 4,799 4,322 3,931

22,592 17,045 13,685 11,431 9,815 8,599 7,651 6,892 6,269
1 25,476 20,464 17,100 14 686 12,869 11 452 10 317 9 386
11/8 36 289 29 165 24 416 20 942 18 355 16 336 14 718 13 391
11 4 40,020 33;464 28,754 25,206 22437 20,216 18;396
!3/8 44,551 38.290 33.571 29.888 26.933 24.510
IV2 ......

i
57,8351 49,7 1 8143,599138,82 1 134,9871 31.842
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Bending Stresses, 19-wire Rope.

Diam.Bend. n 24: 36 48 60 73 84 96 108 130

Diam.Rope.
1/4

5/16

3/8

7/16

8/16
f^/8

11/8

993
1,863

2,771

4,859

7,125

502
944

1,406

2,473
3,635

5,319

7,452

9,767

12,512

19,436

29,799

336
632
942

1,658

2,440
3,573

5,011

6,572

8,427

13,111

20,136
28,153

38,034

51,609

66,065

252
475
708

1,247

1,836

2,690
3,774
4,953

6,352

9,891

15,205

21,276
28,766

39,067
50,049

62,895

79,749

97,018

202
380
567

1,000

1,472

2,157

3,027
3,973

5,098

7,941

12,214

17,099

23,130
31,430
40,284
50,647

64,252
78,202
94,016
134,319

168

317
473
834

1,228

1,800

2,526
3,317
4,257
6,633

10,206

14,293

19,340

26,290

33,707
42,391

53,798
65,500
78,769
112,611

154,870

144

272
406
716

1,054

1,545

2,169

2,847
3,654
5,696

8,766

12,278

16,618

22,594
28,976
36,450
46,270
56,347
67,778
96,943
133,386

126

238
355
627
923

1,353

1,900

2,494
3,201

4,990

7,681

10,761

14,567

19,811

25,410
31,969
40,590
49,438
59,478
85,103

117,137

112

212
316
557
821

1,203

1,690

2,219

2,848
4,440
6,836

9,578
12,967

17,637

22,625
28,470

36,152
44,039
52,989

75,840
104,417

101

191

285
502
739

1,084

1,522

1,998

2,565

3,999

6,158
8,689
11,683

15,893

20,390

25,661

32,589
39,701

47,777
68,396
94,189

11 4
13/8
U/o
15 8
13 4
17/82'^

21/4

21/2

Horse-Power Transmitted. — The general formula for the amount
of power capable of being transmitted is as follows:

H.P. = [cd2 - 0.000006 {w+gi+ g2)]v;

In which d = diameter of the rope in inches, v = velocity of the rope In
feet per second, lo = weight of the rope, gi = weight of the terminal
sheaves and shafts, g^ = weight of the intermediate sheaves and shaf^.s
(all in lbs.), and c = a constant depending on the material of the rope,
the filling in the grooves of the sheaves, and the number of laps about
the sheaves or drums, a single lap meaning a half-lap at each end. The
values of c for one up to six laps for steel rope are given in the following
table:

c = for steel rope on
Number of laps about sheaves or drums

1 2 3 4 5 6

5.61
6.70
9.29

8.81

9.93
11.95

10.62
11.51
12.70

11.65
12.26
12.91

12.16
12.66
12.97

12.56
Wood 12.83
Rubber and leather 13.00

The values of c for iron rope are one half the above.
When more than three laps are made, the character of the surface in

contact is immaterial as far as slippage is concerned.
From the above formula we have the general rule, that the actual

horse-power capable of being transmitted by any wire rope approximately
equals c times the square of the diameter of the rope in inches, less six mil-
lionths the entire weight of all the moving parts, multiplied by the speed of
the rope, in feet per second.

Instead of grooved drums or a number of sheaves, about which the
rope makes two or more laps, it is sometimes found more desirable,
especially where space is limited, to use grip-pulleys. The rim is fitted
with a continuous se/ies of steel jaws, which bite the rope in contact by-

reason of the pressure of the same against them, but as soon as relieved
of this pressure they open readily, offering no resistance to the egress of
the rope.

In the ordinary or " flying " transmission of power, where the rope
makes a single lap about sheaves lined with rubber and leather or wood,
the ratio between the diameter of the sheaves and the wires of the rope,
corresponding to a maximum safe working tension, is.: For 7-wire rope.



TRANSMISSION 01^ POWER BY WIRE ROPE. 1211

steel, 79.6; iron, 160.5. For 12-wire rope, steel, 59.3; iron, 120. For
19-wire rope, steel, 47.2; iron, 95.8.

Diameters of Minimum Slieaves in Inches, Corresponding to a Maxi-
mum Safe Working Tension.

Diameter
of Rope,

In.

Steel. Iron.

7-Wire. 12-Wire. 19-Wire. 7-Wire. 12-Wire. 19-Wire.

1/4 20 15 12 40 30 24
5/16 25 19 15 50 38 30
3/8 30 22 18 60 45 36
7/16 35 26 21 70 53 42
1/2 40 30 24 80 60 48
9/16 45 33 27 90 68 54
5/8 50 37 30 100 75 60
11/16 55 41 32 110 83 66
8/4 60 44 35 120 90 72

7/8 70 52 41 140 105 84
80 59 47 160 120 ^6

Assuming the sheaves to be of equal diameter, and of the sizes in the
above table, the horse-power that may be transmitted by a steel rope making
a single lap on wood-filled sheaves is given in the table below.
The transmission of greater horse-powers than 250 is impracticable

with filled sheaves, as the tension would be so great that the filling would
quickly cut out, and the adhesion on a metallic surface would be insuffi-
cient where the rope makes but a single lap. In this case it becomes
necessary to use the Reuleaux method, in which the rope is given more
than one lap, as referred to below, under the caption " Long-distauce
Transmissions."
Horse-power Transmitted by a Steel Rope on Wood-filled Sheaves*

Diameter
of Rope,

In.

Velocity of Rope in Feet per Second.

10 20 30 40 50 60 70 80 90 100

1/4

7/16

5/8

iyi6

4
7
10

13

17

22
27
32
38
52
68

if

19

26
34
43
53

63
76
104
135

13

20
28
38
51

65

79
95
103

156

202

17

26
38
51

67
86
104
126

150

206

21

33
47
63
83
106

130

157

186

25
40
56

75
99
128

155

186

223

28
44
64
88
115

147

179

217

32
51

73

99
130

167

203
245

37
57

80
109

144

184

225

40
62
89
121

159

203
24/

3/4

7/8

The horse-power that may be transmitted by iron ropes is one-half of the

This table gives the amount of horse-nower transmitted by wire ropes
under maximum safe working tensionsr In using wood-lined sheaves,

therefore, it is well to make some allowance for the stretching of the
rope, and to advocate somewhat heavier equipments than the above table

would give; that is, if it is desired to transmit 20 horse-power, for in-

stance, to put in a plant that would transmit 25 to 30 horse-power, avoid-

ing the necessity of having to take up a comparatively small amount of

stretch. On rubber and leather filling, however, the amount of power
capable of being transmitted is 40 per cent greater than for wood, so that

this filling is generallv used, and in this case no allowance need be made
tor stretch, as such sheaves will likely transmit the power given by the
table, under all possible deflections of the rope.

, , .^
Under ordinary conditions, ropes of seven wires to the strand, laid

about a hemp core, are best adapted to the transmission of power, but
conditions often occur where 12- or 19-wire rope is to be preferred, as

stated below, under " Limits of Span."

Deflections of the Rope. — The tension of the rope is measured by
the amount of sag or deflection at the center at the span, and the defleo-
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tion corresponding to the maximum safe worldng tension is determined
tiy the lollowing formula, In wmch S represents the span in feet;

Steel Rope. Iron Rope.
Def. of still rope at center, in feet ..h = .00004 52 ^0= .00008 s^

driving " " " ...hi = .000025 /S2 /ii = .00005 aS2
" slack " " " .../i2 = .0000875 >S2 /i2 = .00017 5/S2

liimits of Span.— On spans of less than sixty feet, it is impossible to
splice the rope to such a degree of nicety as to give exactly the required
deflection, and as the rope is further subject to a certain amount of
stretch, it becomes necessary in such cases to apply mechanical means
for producing the proper tension in order to avoid frequent splicing,
which is very objectionable; but care should always be exercised in using
.such tightening devices that they do not become the means, in unskilled
hands, of overstraining the rope. The rope also is more sensitive to
every irregularity in the sheaves and the fluctuations in the amount of
power transmitted, and is apt to sway to such an extent beyond the
narrow limits of the required deflections as to cause a jerking motion,
which is very injurious. For this reason on very short spans it is found
desirable to use a considerably heavier rope than that actually required
to transmit the power; or in other words, instead of a 7-wire rope cor-
responding to the conditions of maximum tension, it is better to use a
19-wire rope of the same size wires, and to run this under a tension con-
siderably below the maximum. In this way are obtained the advantages of
increased weight and less stretch, without having to use larger sheaves,
while the wear will De greater in proportion to the increased surface.

In determining the maximum limit of span, the contour of the ground
and the available height of the terminal sheaves must be taken into con-
sideration. It is customarji; to transmit the power through the lower
portion of the rope, as in this case the greatest deflection in this portion
occurs when the rope is at rest. When running, the lower portion rises
and the upper portion sinks, thus enabling obstructions to be avoided
which otherwise would have to be removed, or make it necessary to erect
very high towers. The maximum limit of span in this case is determined
by the maximum deflection that may be given to the upper portion of
the rope when running, which for sheaves of 10 ft. diameter is about
600 feet.

Much greater spans than this, however, are practicable where the con-
tour of the ground is such that the upper portion of the rope may be the
driver, and there is nothing to interfere with the proper deflection of the
under portion. Some very long transmissions of power have been
effected in this way without an intervening support, one at Lockport,
N.y., having a clear span of 1700 feet.

liong-distance Transmissions. — When the distance exceeds the
limit for a clear span, intermediate supporting sheaves are used, with
plain grooves (not filled), the spacing and size of which will be governed
by the contour of the ground and the special conditions involved. The
size of these sheaves will depend on the angle of the bend, gauged by the
tangents to the curves of the rope at the points of inflection. If the cur-
vature due to this angle and the working tension, regardless of the size of
the sheaves, as determined by the table on the next page, is less than
that of the minimum sheave (see table p. 1211), the intermediate sheaves
should not be smaUer than such minimum sheave, but if the curvature is

greater, smaUer intermediate sheaves may be used.
In very long transmissions of power, requiring numerous intermediate

supports, it is found impracticable to run the rope at the high speeds
maintained . in " flying transmissions." The rope therefore is run under
a higher working tension, made practicable by wrapping it several times
about grooved terminal drums, with a lap about a sheave on a take-up or
counter-weighted carriage, which preserves a constant tension in the slack
portion.

Inclined Transmissions. — When the terminal sheaves are not on
the same elevation, the tension at the upper sheave will be greater than
that at the lower, but this difference is so slight, in most cases, that it

may be ignored. The span to be considered is the horizontal distance
between the sheaves, and the principles governing the limits of span will

I
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hold good in this case, so that for every steep inclinatiosg ft becomes
necessary to resort to tightening devices for maintainirijg fche requisite
tension in the jrope. The limiting case of inclined tranjsfmissions occurs

I

when one wheel is directly above the other. The rope in this case pro-
duces no tension ^Yllateve^ on the lower wheel, while the upper is sub-
ject only to the weight of the rope, which is usually so insis-mficant that-
It may be neglected altogether, and on vertical transmissions, therefore^

; mechanical tension is an absolute necessity.

I
Bending Curvature of Wire Ropes. — The curvature due to any

1
bend in a wire rope is dependent on the tension, and is not always the
[same as the sheave in contact, but may be greater, which explains how
It is that large ropes are frequently run around comparatively small
sheaves without detriment, since it is possible to place these so close that
the bending angle on each will be such that the resulting curvature will
not overstrain the wires. This curvature may be ascertained from
the formula and table below, which give the theoretical radii of
curvature in inches for various sizes of ropes and different angles for one
pound tension in the rope. Dividing these figures by the square root
of the actual tension in pounds, gives the radius of curvature of the rope
when this exceeds the curvature of the sheave. The rigidity of the rope
or internal friction of the wires and core has not been take"n into account
in these figures, but the effect of this is insignificant, and it is on the safe
side to ignore it. By the "angle of bend'^ is meant the angle between
the tangents to the curves of the rope at the points of inflection.- When
the rope Is straight the angle is 180°. For angles less than 160° the
radius of curvature in most cases will be less than that corresponding to.
the safe working tension, and the proper size of eheave to use in such
cases will be governed by the table headed "Diameters of Minimum'
Sheaves Corresponding to a Maximum Safe Working Tension" on p. 1211.
Radius of Curvature of Wire Ropes in Inches for 1-lb. Ten-

sion. Formula: B'^ = Ed^n^ 20t (1 — sin }4 0); in which R = radius of
curvature; E = modulus of elasticity = 28,500,000; d = diameter of wires;
n ^ no. of wires in the rope; e = angle of bend; t = working stress (lbs. and
iflg.). Divide by square root of stress in pounds to obtain radius in inchea.

Diam. of Rope. 120" 140° 160° 165° 170° 174° 176' 178« 178^

J^ 38
61

87
116

155

195

238

66
103

145

198

259

1

56
91

129

174

232
290
355

98
153

216
295

386
489
605

112

181

257
346
46!

578
708

196
306
430
587
769
975
1205

149

242
342
461

615
770
943

261

407
572
782
1024

1298

1606

223
362
513
690
921

1154

1414

391

610
858
1172
1535

1946

2407

373
604
856
1151

1536
'f925

2358

651

1018

1431

1954

2559
3246
4013

559
905
1282

1725

2302
2885
3533

976
1525
2145
2929
3835
4864
6015

tI26
1824

2586
3479
4643
5818
7125

1969
3076
4325
5907
7735
9809
12129

2181
D, 3533.

^ ml
14 • ' ' 673?

^ 1 8991

^ \14,1/8.......... 112^
13797

9
3812
5957

Si

1/ 8375
7/ 11438

1

*
14978

^ \H V..\\... 18994

Im:::::::::: 23487^'

The 7-wire rope has 6 strands of 7 wires each, the i9-wire rope haflj

6 strands of 19 wires each.
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BOPE-DRIVING.
The transmission of power by cotton or manila ropes Is a competitor

with gearing and leather belting when the amount of power is large, or
the distance between the power and the work is comparatively great.
The following is condensed from a paper by C. W. Hunt, Trans. A. S,
M. E., xii, 230:
But few accurate data are available, on account of the long period

required in each experiment, a rope lasting from three to six years.
Installations which have been successful, as well as those in which the
wear of the rope was destructive, indicate that 200 lbs. on a rope one
inch in diameter is a safe and economical working strain. When the
strain is materially increased, the wear is rapid.

In the following equations

C == circumference of rone, inches; g = gravity;
D = sag of the rope in feet; H = horse-power;
F = centrifugal force in pounds; L = distance between pulleys, ft.;

P = pounds per foot of rope; w = working strain in pounds;
R = force in pounds doing useful work;
S = strain in pounds on the rope at the pulley;
T = tension in pounds of driving side of the rope;
t = tension in pounds on slack side of the rope;
V = velocity of the rope in feet per second;
W = ultimate breaking strain in pounds.

W = 720 C2; P = 0.032 C^; w = 20 C^.

This makes the normal working strain equal to 1/36 of the breaking
strength, and about V25 of the strength at the splice. The actual strains]
are ordinarily much greater, owing to the vibrations in running, as well
as from imperfectly adjusted tension mechanism.

|

For this investigation we assume that the strain on the driving side
of a rope is equal to 200 lbs. on a rope one inch in diameter, and an
equivalent strain for other sizes, and that the rope is in motion at vari-

!

ous velocities of from 10 to 140 ft. per second. i

The centrifugal force of the rope in running over the pulley will reduce
the amount of force available for the transmission of power. The cen-

1

trifugal force F = Pv^ -^ g.

At a speed of about 80 ft. per second, the centrifugal force increases
faster than the power from increased velocity of the rope, and at about
140 ft. per second equals the assumed allowable tension of the rope.
Computing this force at various speeds and then subtracting it from the
assumed maximum tension, we have the force available for the trans- '

mission of power. The whole of this force cannot be used, because a
certain amount of tension on the slack side of the rope is needed to give
adhesion to the pulley. What tension should be given to the rope for
this purpose is uncertain, as there are no experiments which give accurate
data. It is known from considerable experience that when the rope runs in
a groove whose sides are inclined toward each other at an angle of 45°
there is sufficient adhesion when the ratio of the tensions T -r- t == 2.

For the present purpose T can be divided into three parts: 1. Tension
doing useful work; 2. Tension from centrifugal force; 3. Tension to
balance the strain for adhesion.
The tension t can be divided into two parts: 1. Tension for adhesion;

2. Tension from centrifugal force.
It is evident, however, that the tension required to do a given work

should not be materially exceeded during the life of the rope.
There are two methods of putting ropes on the pulleys; one in which

the ropes are single and spliced on, being made very taut at first, and
less so as the rope lengthens, stretching until it slips, when it is re-
spliced. The other method is to wind a single rope over the pulleys
as many turns as needed to obtain the necessary horse-power and put a
tension pulley to give the necessary adhesion and also take up the wear.
The tension t on one of the ropes required to transmit the normal horse-
power for the ordinary speeds and sizes of rope is computed by formula
(1), below. The total tension T on the driving side of the rope ia

assumed to be the same at all speeds. The centrifugal force, as well as
an amount equal to the tension for adhesion on the slack side of the
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rope, must be taken from the total tension T to ascertain the amount of
force available for the transmission of power.

It is assumed that the tension on the slack side necessary for giving
adhesion is equal to one half the force doing useful work on the driving
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side of the rope; hence the force for useful work is ff = 2/3 (r - F); and
the tension on the slack side to give the required adhesion is Vs (T — F).
Hence

t = {T - F)/3 + F (1)

The sum of the tensions T and i is not the same at different speeds, as
the equation (1) indicates. As F varies as the square of the velocity,
there is, with an increasing speed of the rope, a decreasing useful force,
and an increasing total tension, t, on the slack side.

With these assumptions of allowable strains the horse-power will be
If = 2«; (T - F) -^ (3 X 550) (2)

Transmission ropes are usually from 1 to 2 inches in diameter. A
computation of the horse-power for four sizes at various speeds and
under ordinary conditions, based on a maximum strain equivalent to
200 lbs. for a rope one inch in diameter, is given in Fig. 193. The
horse-power of other sizes is readily obtained from these. The maxi-
mum power is transmitted, under the assumed conditions, at a speed of
about 80 feet per second.
The wear of the rope is both internal and external; the internal is

caused by the movement of the fibers on each otlier, under pressure in
bending over the sheaves, and the external is caused by the slipping and
the wedging in the grooves of the pulley. Both of these causes of wear

Horse-power of Transmission Rope at Various Speeds.

Computed from formula (2) given above.

"S^ Speed of the Rope in feet per minute. est
.of

hes.

^h 13 p a

s^
1500 2000 2500 3000 3500 4000 4500 5000 6000 7000 8000

ISf^.S

!/•> 1,4^ 1.9 2.3 2.7 3 3.2 3.4 3.4 3.1 2.2 20

.v« 7.3 3 2 3 6 4 2 4.6 5,0 5.3 5.3 4.9 3.4 24

3/< 3,3 43 5 2 5,8 6,7 7.2 7.7 7.7 7.1 4.9 30

v\ 4,5 5.9 7.0 8.2 9.1 9.8 10.8 10.8 9.3 6.9 36
"iS 7 7 9 2 10 7 11 9 12 8 13,6 13,7 12.5 8.8 42

Wa 9?. 12 1 14.3 16.8 18 6 20 21.2 21,4 19.5 13.8 54
1 1/0 13.1 17 4 20 7 23 1 26.8 28.8 30.6 30.8 28.2 19.8 60
I.V1 18 23.7 28,2 32 8 36.4 39.2 41.5 41.8 37.4 27.6 72
2 23.2 30.8 1 36.8 1 42.8 47.6 51.2 54.4 54.81 50 35.2 84
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are, within the limits of ordinary practice, assumed to be directly prO'
portional to the speed.
The rope is supposed to have the strain T constant at all speeds on

the driving side, and in direct proportion to the area of the cross-section;
.

hence the catenary of the driving side is not affected by the speed or by
the diameter of the rope.
The deflection of the rope between the pulleys on the slack side varies

with each change of the load or change of the speed, as the tension equa-
tion (1) indicates.
The deflection of the rope is computed for the assumed value of T and

t by the parabolic formula S = g-^ + PD, S being the assumed strain

T on the driving side, and t, calculated by equation (1), on the slack
side. The tension t varies with the speed.
The following notes are from the circular of the C. W. Himt Co.:
For a temporary installation, it might be advisable to increase the work

to double that given in the table.
For convenience in estimating the necessarjr clearance on the driving

and on the slack sides, we insert a table showing the sag of the rope at
different speeds when transmitting the horse-power given in the pre-
ceding table. When at rest the sag is not the same as when running,
being greater on the driving and less on the slack sides of the rope. The
sag of the driving side when transmitting the normal horse-power is the
same no matter what size of rope is used or what the speed driven at,
because the assumption is that the strain on the rope shall be the same
at all speeds when transmitting the assumed horse-power, but on the
slack side the strains, and consequently the sag, vary with the speed of
the rope and also with the horse-power. The table gives the sag for
three speeds. If the actual sag is less than given in the table, the rope
is strained more than the work requires.

This table is only approximate, and is exact only when the rope is

running at its normal speed, transmitting its full load and strained to the
assumed amount. All of these conditions are varying in actual work.

Sag of the Rope Between Pulleys.

Distance
between Driving Side. Slack Side of Rope.

Pulleys
in feet. All Speeds. 80 ft. per sec. 60 ft. per sec. 40 ft. per sec.

40
60
80
100

120
140

160

Ofeet 4 inches
" 10 "

1
" 5 "

2 " "
2 " 11 "
3 •' 10 "
5 " 1 "

feet 7 inches
1

" 5 "
2 " 4 "
3 » 8 "
5 .. 3 ..

7 " 2 "
9 " 3 "

Ofeet 9 inches
1

" 8 "
2 " 10 "
4 .. 5 u

6 " 3 "
8 " 9 "

11 " 3 "

feet 1 1 inches
1

" 11

3 " 3 "
5 " 2 "
7 •• 4 "
9 .. 9 ..

14 " "

The size of the pulleys has an important effect on the wear of the rope -

the larger the sheaves, the less the fibers of the rope slide on each other,
and consequently there is less internal wear of the rope. The pulleys
should not be less than forty times the diameter of the rope for economical
wear, and as much larger as it is possible to make them.. This rule apnlies
also to the idle and tension pulleys as well as to the main driving-pulley.

Tension on THE Slack Part OF THE Rope

Speed of
Rope, in feet
per second.

Diameter of the Rope and Pounds Tension on the Slack Rope

1/2 5/8 3/4 7/8 1 11/4 11/2 13/4 2

20 10 27 40 54 71 no 162 216 283

30 14 29 42 56 74 115 170 226 296

40 15 31 45 60 79 123 181 240 315

50 16 33 49 65 85 132 195 259 339

60 la 36 53 71 93 145 214 285 373

70 19 39 59 78 101 158 236 310 406

80 21 43 64 85 111 173 255 340 445

90 24 48 70 93 122 190 279 372 487
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The angle of the sides of the grooves in which the rope runs varies,
with diflerent engineers, from 45° to 60°. It is very importa.nt that the
sides of these grooves should be carefully polished, as the fibers of the
rope rubbing on the metal as it comes from the lathe tools will gradually
break fiber by fiber, and so give the rope a short life. It is also neces-
sary to carefully avoid all sand or blow holes, as they will cut the rope
out with surprising rapidity.
Much depends also upon the arrangement of the rope on the pulleys,

especially where a tension weight is used. Experience shows that the
increased wear on the rope from bending the rope first in one direction
and then in the other is similar to that of wire rope. At mines where
two cages are used, one being hoisted and one lowered by the same
engine doing the same work, the wire ropes, cut from the same coil, are
usually arranged so that one rope is bent continuously in one direction
and the other rope is bent first in one direction and then in the other, in
winding on the drum of the engine. The rope having the opposite bends
wears much more rapidly than the other, lasting about three quarters
as long as its mate. This difference in wear shows in manila rope, both
in transmission of power and in coal-hoisting. The pulleys should be
arranged, as far as possible, to bend the rope in one direction.

Diameter of Pulleys and Weight of Rope.

Diameter of Smallest Diameter Length of Rope to Approximate
Rope, of Pulleys, in allow for Splicing, Weight, in lbs. per

In inches. inches. in feet. foot of rope.

1/2 20 6 0.12

5/8 24 6 0.18

34 30 7 0.24

7/8 36 8 0.32
1 42 9 0.49
11/4 54 10 0.60
11/2 60- 12 0.83
13 4 72 13 1.10

2 84 14 1.40

For large amounts of power it is common to use a number of ropes
lymg side by side in grooves, each spliced separately. For lighter drives
some engineers use one rope wrapped as many times around the pulleys
as is necessary to get the horse-power required, with a tension pulley to
take up the slack as the rope wears when first put in use. The weight
put upon this tension puUey should be carefully adjusted, as the over-
straining 9f_the rope from this cause is one of the most common errors
in rope-driving. We therefore give a table showing the proper strain on
the rope for the various sizes, from which the tension weight to transmit
the horse-power in the tables is easily deduced. This strain can be still

further reduced if the horse-power transmitted is usually less than the
nominal work which the rope was proportioned to do, or if the angle of
groove in the pulleys is acute.

With a given velocity of the driving-rope, the weight of rope required
for transmitting a given horse-power is the same, no matter what size
rope is adopted. The smaller rope will require more parts, but the
weight will be the same.
Miscellaneous Notes on Rope-Driving. — Reuleaux gives formulae

for calculating sources of loss in hemp-rope transmission due to (1) journal
friction, (2) stiffness of ropes, and (3) creep of ropes. The constants in
these formluse are, however, uncertain from lack of experimental data.
He calculates an average case giving loss of power due to journal friction
_= 4%, to stiffness 7.8%, and to creep 5%, or 16.8% in all, and says this
is not to be considered higher than the actual loss.

Spencer Miller, in a paper entitled "A Problem in Continuous Rope-
driving " {Trans. A. S.C. E., 1897), reviews the difficulties which occur in
rope-driving, with a continuous rope from a large to a smaU puUey. He
adopts the angle of 45° as a minimum angle to use on the smaller pulley,
and recommends that the larger pulley be grooved with a wider angle to'a
degree such that the resistance to slipping is equal in both wheels.

Mr. Miller refers to a 250-H.P. drive which has been running ten years;
the large pulley being grooved 60° and the smaller 45°. This drive was
aesigned to use a 1 M-in. manila rope, but the grooves were made deep
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Data of Manila Transmission Rope.
' Blue Book " of The American Mfg. Co., New York.

i

Length of m

i.
i

If

Splice, Ft.
i^

s

11
111

4
2
CO

1
1^

3/4 0.5625 0.20 3,950 112 6 8 28 760

7/8 0.7656 0.26 5,400 153 6 8 32 650

1. 0.34 7,000 200 7 10 i4" 36 570

iVs 1.2656 0.43 8,900 253 7 10 16 40 510

11/4 1 . 5625 0.53 10,900 312 7 10 16 46 460

13/8 1.8906 0.65 13,200 378 8 12 16 50 415

IV2
15/8

2.25 0.77 15,700 450 8 12 18 54 380

2.6406 0.90 18,500 528 8 12 18 60 344

13/4 3.0625 1.04 21,400 612 8 12 18 64 330

2 4. 1.36 28,000 800 9 14 20 72 290

21/4 5.0625 1.73 35,400 1,012 9 14 20 82 255

21/3 6.25 2.13 43.700 1,250 10 16 22 90 230

Weight of transmission rope = 0.34 X diam.*
Breaking strength = 7,000 X diam.2
Maximum allowable tension = 200 X diam.2
Diam. smallest practicable

sheave, = 36 X diam.
Velocity of rooe (assumed) = 5.400 ft^ per min.

enough so that a 7/8-in. rope would not bottom. In order to determine the
value of the drive a common 7/8-in. rope was put in at first, and lasted six
years, working under a factor of safety of only 14. He recommends, how-
ever, for continuous rope-driving a factor of safety of not less than 20.

A heavy rope-drive on the separate, or Enghsh, rope system is described
and illustrated in Power, April, 1892. It is in use at the India Mill at Dar-
wen, England, and is driven by a 2000-H.P. engine at 54 revs, per min.
The fly-v/heel is 30 ft. diameter, weighs 65 tons, and is arranged with 30
grooves for 1 3/4-in. ropes. These ropes lead off to receiving-pulleys upon
the several floors, so that each floor receives its power direct from the fly-

wheel. The speed of the ropes is 5089 ft. per min., and five 7-ft. receivers
are used. Lambeth cotton ropes are used. (For much other information
on this subject see " Rope-Driving," by J. J. Flather, John Wiley & Sons.)

Cotton Ropes are advantageously used as bands or cords on the
smaller machine appliances; the fiber, being softer and more flexiblo
than manila hemo, gives good results for small sheaves; but for large
drives, where power transmitted is in considerable amounts, cotton rope,
as compared with manila, is hardly to be considered, on account of
the following disadvantages: It is less durable; it is injuriously affected
by the weather, so that for exposed drives, paper-mill work, or use in
water-wheel pits, it is absolutely unsatisfactory; it is difficult, if not
impossible, to splice uniformly; even the best quality cotton rope is

much inferior to manila in strength, the breaking strain of the highest
grade being but 4000 X diam. 2 as against 7000 X diam. 2 for manila; while,
for the transmission of equal powers, the cost of a cotton rope varies •

from one-third to one-half more than manila. — (" Blue Book " of the
Amer. Mfg. Co.)

A different opinion is found in a paper by E. Kenyon in Proc. hist.
Engrs. and Shipbuilders of Scotland, 1904. He says: Evidences of the
progress of cotton in the manufacture of driving-ropes are so far-reaching
that its superiority may be considered as much an accepted principle in
rope transm.ission as the law of gravitation is in science. As to the longevity
of cotton ropes, 24 cotton ropes 13/4-in. diam. are transmitting 820 H.P. at a
peripheral speed of 4396 ft. per min., from a driving pufley 28 ft. diam.
All the card-room ropes in this drive have been running since 1878, a
period of 26 years, without any attention whatever.
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FRICTION AND LUBRICATION.
, Friction is defined by Rankine as that force which acts between two
bodies at their surface of contact so as to resist their shding on each
other, and which depends on the force with which the bodies are pressed
together.

Coefficient of Friction.—The ratio of the force required to slide a
body along a horizontal plane surface to the weight of the body is called
the coefficient of friction. It is equivalent to the tangent of the angle of
repose, which is the angle of inclination to the horizontal of an inclined
plane on which the body will just overcome its tendency to slide. The
angle is usually denoted by 0, and the coefficient by /. / = tan 0.

Friction of Rest and of Motion.— The force required to start a
body sliding is called the friction of rest, and the force required to con-
tinue its sliding after having started is called the friction of motion.

Rolling Friction is the force required to roll a cyhndrical or spheri-
cal body on a plane or on a curved surface. It depends on the nature of
the surfaces and on the force with which they are pressed together, but
is essentially different from ordinary, or sliding, friction.

Friction of Solids.—Rennie's experiments (1829) on friction of solids,
usually unlubricated and dry, led to the following conclusions:

1. The laws of sliding friction differ with the character of the bodies
rubbing together.

2. The friction of fibrous material is increased by increased extent of
surface and by time of contact, and is diminished by pressure and speed.

3. With wood, metal, and stones, within the limit of abrasion, friction
varies only with the pressure, and is independent of the extent of surface,
time of contact, and velocity.

4. The limit of abrasion is determined by the hardness of the softer of
the two rubbing parts.

5. Friction is greatest with soft and least with hard materials.
6. The friction of lubricated surfaces is determined by the nature of

the lubricant rather than by that of the solids themselves.

Friction of Rest. (Rennie.)

Pressure, Values oIf-
Lbs.

per Square Wrought Iron on Wrought on Steel on Brass on
Inch. Wrought Iron. Cast Iron. Cast Iron. Cast Iron.

187 0.25 0.28 0.30 0.23
224 .27 .29 .33 .22

336 .31 .33 .35 .21

448 .38 .37 .35 .21

560 .41 .37 .36 .23

672 Abraded .38 .40 .23
784 Abraded Abraded .23

Law of Unlubricated Friction. — A. M. Wellington, Eng'g News,
April 7, 1888, states that the most important and the best determined of
all the laws of unlubricated friction may be thus expressed

:

The coefficient of unlubricated friction decreases materially with
velocity, is very much greater at minute velocities of + , falls very
rapidly with minute increases of such velocities, and continues to fall

much less rapidly with higher velocities up to a certain varying point,
following closely the laws which obtain with lubricated friction.

Friction of Steel Tires Sliding on Steel Rails. (Westinghouse &
Galton.)
Speed, miles per hour 10 15 25 38 45 50
Coefficient of friction 0.110 .087 .080 .051 ..047 .040
Adhesion, lbs. per gross ton 246 195 179 128 114 90
Rolling Friction is a consequence of the irregularities of form and

the roughness of surface of bodies rolling one over the other. Its laws
are not yet definitely established in consequence of the imcertainty
which exists in experiment as to how much of the resistance is due to
roughness of surface, how much to original and permanent irregularity
of form, and how much to distortion under the load. (Thurston.)
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0.007 17.41 per ton.
0.0121 27.14
0.0185 41 .60
0.0199 44.48
.0451 101.09

Coefficients of Rolling Friction.—If B = resistance applied at the
circumference of the wheel, W = total weight, r = radius of the wheel,
and / = a coeflacient, B = fW -^ r. /is very variable. Coulomb gives
0.06 for wood, 0.005 for metal, where W is in pounds and r in feet. Tred-
gold made the value of / for iron on iron 0.002. For wagons on soft soil
Morin found / = 0.065, and on hard smooth roads 0.002.
A Committee of the Society of Arts (Clark, R. T. D.) reported a

loaded omnibus to exhibit a resistance on various loads as below:
Pavement. Speed per hour. Coefficient. Resistance.

Granite 2.87 miles.
Asphalt 3.56
Wood ,... 3.34 "
Macadam, graveled 3 .45
Macadam, granite, new.. . . 3.51 "
Thurston gives the value of / for ordinary railroads, 0.003; well-laia

railroad track, 0.002; best possible railroad track, 0.001.
The few experiments that have been made upon the coefficients oi

rolUng friction, apart from axle friction, are too incomplete to serve as a
basis for practical rules. (Trautwlne.)
Laws of Fluid Friction. — For all fluids, whether liquid or gaseous,

the resistance is (1) independent of the pressure between the masses in
contact: (2) directly proportional to the area of rubbing-surface; (3) pro-
portional to the square of the relative velocity at moderate and high
speeds, and to the velocity nearly at low speeds; (4) independent of the
nature of the surfaces of the soUd against which the stream may flow, but
dependent to some extent upon their degree of roughness; (5) proportional
to the density of the fluid, and related in some way to its viscosity.
(Thurston.)
The Friction of Lubricated Surfaces approximates that of solid friction

as the journal is run dry, and that of fluid friction as it is flooded with oil.

Angles of Repose and Coefficients of Friction of Building Materials.
(From Rankine's Applied Mechanics.)

I
e. / = tan e. 1 1 -^ tan

Dry masonry and brickwork. .

.

Masonry and brickwork with
31° to 35°

35° to 162/3°

26 1/2° to 11 1/3°

31° to 111/3°
14° to 81/2°

181/4°
14° to 45°

21° to 37°
45°
17°

39° to 48°

0.6 to 0.7

0.74
about 0.4
0.7 to 0.3
0.5 to 0.2
0.6 to 0.2

0.25 to 0.15
0.51
0.33

0.25 to 1.

0.38 to 0.75
1.0

0.31

0.81

1.67 to 1.4

1.35

2.5
1.43 to 3.3

2 to 5
1.67 to 5

4 to 6.67
1.96

3.

Earth on earth 4to1
Earth on earth, dry sand, clay,

2.63 to 1.33

Earth on earth, damp clay
Earth on earth, wet clay
Earth on earth, shingle and
gravel

1

3.23

1.23 to 0.9

Coefficients of Friction of Journals. (Morin.)

Material. Unguent.
Lubrication.

Intermittent.! Continuous.

Cast iron on cast iron
j

Cast Iron on bronze
|

Cast iron on lignum vitse. .

.

Wrought iron on cast iron . )

Wrought iron on bronze. . j

Iron on lignum vitse =

Bronae on bronze
|

Oil, lard, tallow.
Unctuous and wet
Oil, lard, tallow.
Unctuous and wet
Oil, lard.

Oil, lard, tallow.

Oil, lard.
Unctuous.
Olive oil.

Lard.

0.07 to 0.08
0.14

0.07 to 0.08
0.16

0.03 to 0.054

0.03 to 0.054

0.09

0.07 to 0.08

0.11
0.19
O.IO
0.09

0.03 to 0.054
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Prof. Thurston says concerning the foregoing figures that much better
results are probably obtained in good practice with ordinary machinery.
Those here given are so modified by variations of speed, pressure, and
temperature, that they cannot be taken as correct for general piu-poses.

Friction of Motion.—The following is a table of the angle of repose
e, the coefiicient of friction / = tan e, and its reciprocal, 1 h- /, for the
materials of mechanism—condensed from the tables of General Morin
(1831) and other sources, as given by Rankine:

No.

I

Surfaces.
I 1 ^/-

Wood on wood, dry
" " " soaped .

Metals on oak, dry
" " " wet

soapy
" " elm, dry

Hemp on oak, dry
" " " wet

Leather on oak
** " metals, dry
" *' metals, wet" " " greasy..
" " " oily

Metals on metals, dry
" *' " wet

Smooth surfaces, occasion-
ally greased

Smooth surfaces, continu-
ously greased

Smooth surfaces, best results
Bronze on lignum vitas, con-
stantly wet

14° to 261/2°
1 1 1/2° to 2°

261/2° to 31°

131/2° to 14°

ni/2°
111/2° to 14°

28°
181/2"=*

15° to 191/2°
291/2°
20°
13°

81/2°

81/2° to 11°

161/2°

4° to 41/2°

1 3/4° to 2°

3°?

0.25 to 0.5
0.2 to 0.04
0.5 to 0.6
0.24 to 0.26

0.2
0.2 to 0.25

0.53
0.33

0.27 to 0.38
0.56
0.36
0.23
0.!5

0.15 to 0.2
0.3

0.07 to O.Ofi

0.05
0.03 to 0.036

0.05?

4 to 2
5 to 25

2 to 1 .67

4.17 to 3.85
5

5 to 4

3.7 to 2.86
1.79
2.78
4.35
6.67

6.67 to 5

3.33

14.3 to 12.

S

20

Average Coefficients of Friction.—Journal of cast iron in bronze
bearing; velocity 720 feet per minute; temperature 70° F.; intermittent
feed through an oil-hole. (Thxu-ston on Friction and Lost Work.)

Pressures, Pounds per Square Inch.

16 32 48

Sperm, lard, neatsfoot, etc.

.

Olive, cotton-seed, rape, etc.

Cod and menhaden
Mineral lubricating-oils . ^^.

159 to .250
160 to .283
248 to .278
154 to .261

138 to .192
107 to .245
124 to .167
145 to .233

,086 to .141

,101 to .168
,097 to .102

,086 to .178

.077 to .144

.079 to .131

.081 to .122

.094 to .222

With fine steel journals running in bronze bearings and continuous
lubrication, coefficients far below those above given are obtained.
Thus with sperm-oil the coefficient with 50 lbs. per square inch pres-
sure was 0.0034; with 200 lbs., 0.0051; with 300 lbs., 0.0057.

For very low pressures, as in spindles, the coefficients are much
higher. Thus Mr. Woodbury found, at a temperature of 100° and a
velocity of 600 feet per minute.

Pressures, lbs. per sq. in. . . 1 2 3 4 5
Coefficient 0.38 0.27 0.22 0.18 0.17

These high coefficients, however, and the great decrease in the co-
efficient at increased pressures are limited as a practical matter only to
the smaller pressures which exist especially in spinning machinery,
where the pressure is so hght and the film of oil so thick that the viscos-
ity of the oil is an important part of the total frictional resistance.

Experiments on Friction of a Journal Lubricated by an Oil-
bath (reported by the Committee on Friction, Proc. Inst. M. E.,
Nov., 1883) show that the absolute friction, that is, the absolute tan-
gential force per square inch of bearing, required to resist the tendency
of the brass to go round with the journal, is nearly a constant under all
loads, within ordinary working limits. Most certainly it does not in-
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crease in direct proportion to the load, as it should do' according to the
ordinary theory of soUd friction. The results of these experiments
seem to show that the friction of a perfectly lubricated journal foUowf
the laws of liquid friction much more closely than those of solid friction.

They show that under these circumstances the friction is nearly inde-
pendent of the pressure per square inch, and that it increases with tht
velocity, though at a rate not nearly so rapid as the square of the velocity

The experiments on friction at different temperatures indicate a great
diminution in the friction as the temperature rises. Thus in the case ol

lard-oil, taking a speed of 450 r.p.m., the coefficient of friction at a tem-
perature of 120° is only one-third of what it was at a temperature of 60°.

I

The journal was of steel, 4 ins. diameter and 6 ins. long, and a gun-
metal brass, embracing somewhat less than half the circumference of the

journal, rested on its upper side, on which the load was applied. When
the bottom of the journal was immersed in oil, and the oil therefore carried

under the brass by rotation of the journal, the greatest load carried witt
rape-oil was 573 lbs. per sq. in., and with mineral oil 625 lbs.

In experiments with ordinary lubrication, the oil being fed in at th(
center of the top of the brass, and a distributing groove being cut in tht

brass parallel to the axis of the journal, the bearing would not run coo
with only 100 lbs. per sq. in., the oil being pressed out from the bearing-
surface and through the oil-hole, instead of being carried in by it. Or
introducing the oil at the sides through two parallel grooves, the lubrica^

tion appeared to be satisfactory, but the bearing seized with 380 lbs
per sq. in.

When the oil was introduced through two oil-holes, one near each end
of the brass, and each connected with a curved groove, the brass refused
to take its oil or run cool, and seized with a load of only 200 lbs. per sq. in
With an oil-pad under the journal feeding rape-oil, the bearing fairlj

carried 551 lbs. Mr. Tower's conclusion from these experiments is thai
the friction depends on the quantity and uniformity of distribution of th(

oil, and may be anything between the oil-bath results and seizing, accord-
ing to the perfection or imperfection of the lubrication. The lubricatior
may be very small, giving a coefficient of Vioo; but it appeared as thougl
it could not be diminished and the friction increased much beyond thi!

point without imminent risk of heating and seizing. The oil-bath prob
ably represents the most perfect lubrication- possible, and the limit
beyond which friction cannot be reduced by lubrication; and the expert'
ments show that with speeds of from 100 to 200 feet per minute, bj
properly proportioning the bearing-surface to the load, it is possible t(

reduce the coefficient of friction to as low as Viooo- A coefficient of i/iso

is 'easily attainable, and probably is frequently attained, in ordinarj
engine-bearings in which the direction of the force is rapidly alternatini
and the oil given an opportunity to get between the surfaces, while th(

duration of the force in one direction is not sufficient to allow time foi

the oil film to be squeezed out.
Observations on the behavior of the apparatus gave reason to believ«

that with perfect lubrication the speed of minimum friction was fron
100 to 150 feet per minute, and that this speed of minimum friction tend!
to be higher with an increase of load, and also with less perfect lubrica
tion. By the speed of minimum friction is meant that speed in approach
ing which from rest the friction diminishes, and above which the frictior

increases.
Coeflficients of Friction of Motion and of Rest of a Journal. —

A cast-iron journal in steel boxes, tested by Prof. Thurston at a sneed o:

rubbing of 150 feet per minute, with lard and with sperm oil, gave the

following

:

Press, per sq. in., lbs . 50 100 250 500 750 lOOC
Coeflf . , with sperm ...0.013 . 008 . 005 . 004 . 0043 . 00£
Coeflf., with lard 0.02 0.0137 0.0085 0.0053 0.0066 0.12f

,
The coefficients at starting were:

Withsperm 0.07 0.135 0.14 0.15 0.185 CIS
Withlard 0.07 0.11 0.11 0.10 0.12 0.15

The coefficient at a speed of 150 feet per minute decreases with in-

crease of pressure until 500 lbs. per sq. in. is reached; above this it in-

creases. The coefficient at rest or at starting increases with the pressure

throughout the range of the tests.
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Coefficients of Friction of Journal witli Oil-bath.— Abstract of

results of Tower's experiments on friction {Proc. Inst. M. E., Nov.,
1883). Journal, 4 in. diam., 6 in. long; temperature, 90° F.

I

Nominal Load, in Lbs, per Sq. In.

^~625
( 520

I
415 |

310 j 205
|
153 | 100Lubricant in Bath.

Coefficient of Friction.

Lard oil: 157 ft. per min
" "471 " "

Mineral grease: 157 ft. per min..

.

471 " " ...

Sperm-oil: 157 ft. per min. . .

" " 471 " "

Rape-oil: 157 ft. per min
" "471 " "

Mineral-oil: 157 ft. per min
"471 " "

Rape-oil fed by
siphonlubricator:{]57ft.permin.

Rape-oil, pad

underiournal: {^J^ft, per min,

(5731b.
.001

.001

.002

.0009

.0017

.0014

.0022

seiz'd

.001

.0015

.0012

.0018

0012
0021

,0016

.0027
0015
0021

,0009

,0016

.0012

.002

0014
0029
0022
.004
0011

.0019

0008
0016
.0014

0024

0056
0068

0020
.0042

.0034

.0066

.0016

.0027

.0014

.0024

.0021

.0035

.0098

.0077

0027
0052
.0038
,0083

.0019

0037

002
004

.0042
,009

.0076
0151
003
0064

,004

.007
004
007

0125
,0152

,0099 .0105 0099
0099 .0078 0133

Comparative friction of different lubricants under same circumstances,
temperature 90°, oil-bath: sperm-oil, 100; rape-oil, 106; mineral oil, 129;
lard, 135; olive oil, 135; mineral grease, 217.
Value of Anti-friction Metals. (Denton.) — The various white

metals available for lining brasses do not afford coefficients of friction
lower than can be obtained with bare brass, but they are less liable to
"overheating," because of the superiority of such material over bronze
!n ability to permit of abrasion or crushing, without excessive increase of
friction.

Thurston (Friction and Lost Work) says that gun-bronze, Babbitt,
and other soft white alloys have substantially the same friction; in other
words, the friction is determined by the nature of the unguent and not
by that of the rubbing-surfaces, when the latter are in good order. The
soft metals run at higher temperatures than the bronze. This, however,
does not necessarily indicate a serious defect, but simply deficient con-
ductivity. The value of the white alloys for bearings lies mainly in their
ready reduction to a smooth surface after any local or general injury by
alteration of either surface or form.
Cast Iron for Bearings. (Joshua Rose.) — Cast iron appears to be an

exception to the general rule, that the harder the metal the greater the
resistance to wear, because cast iron is softer in its texture and easier to
cut with steel tools than steel or wrought iron, but in some situations it

is far more durable than hardened steel ; thus when surrounded by steam
it will wear better than will any other metal. Thus, for instance, ex-
perience has demonstrated that piston-rings of cast iron will wear smoother,
better, and equally as long as those of steel, and longer than those of
either wrought iron or brass, whether the cyUnder in which it works be
composed of brass, steel, wrought iron, or cast iron; the latter being the
more noteworthy, since two surfaces of the same metal do not, as a rule,
wear or work well together. So also slide-valves of brass are not found
to wear so long or so smoothly as those of cast iron, let the metal of which
the seating is composed be whatever it may; while, on the other hand, a
cast-iron slide-valve will wear longer of itself and cause less wear tc
its seat, if the latter is of cast iron, than if of steel, wrought iron, or
brass.

Friction of Metals under Steam-pressure. — The friction of brass

upon iron under steam-pressure is double that of iron upon iron. (G. H.
Babcock, Trans. A. S. M. E., i, 151.)

Morin's "Laws of Friction.'*—k The friction between two bodies

is directly proportioned to the pressure; i.e., the coefficient is constant
i %)r all pressures.
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2. The coefiQcient and amount of friction, pressure being the same, are
Independent of the areas in contact.

3. The coefScient of friction is independent of velocity, although static
friction (friction of rest) is greater than the friction of motion.

Eng'g News, April 7, 1888, comments on these "laws" as follows:
From 1831 till about 1876 there was no attempt worth speaking of to
enlarge our knowledge of the laws of friction, wliich during all that period
was assumed to be complete, although it was really worse than nothing,
since it was for the most part wholly false. In the year first mentioned
Morin began a series of experiments wliich extended over two or three
years, and which resulted in the enunciation of these three "funda-
mental laws of friction," no one of wliich is even approximately true.

For fifty years these laws were accepted as axiomatic, and were quoted
as such without question in every scientific work pubhshed during that
whole period. Now that they are so thoroughly discredited it has been
attempted to explain away their defects on the ground that they cover
only_ a very limited range of pressures, areas, velocities, etc., and that
Morin himself only announced them as true within the range of his con-
ditions. It is now clearly estabUshed that there are no limits or con-
ditions within which any one of them even approximates to exactitude,
and that there are many conditions under which they lead to the wildest
kind of error, while many of the constants were as inaccurate as the laws.
For example, in Morin's "Table of Coefficients of Moving Friction of
Smooth Plane Surfaces, perfectly lubricated," which may be found in
hundreds of text-books now in use, the coefficient of wrought iron on
brass is given as 0.075 to 0.103, which would make the rolling friction of
railway trains 15 to 20 lbs. per ton instead of the 3 to 6 lbs. which it

actually is.

General Morin, in a letter to the Secretary of the Institution of Mechan-
ical Engineers, dated March 15, 1879, writes as follows concerning his
experiments on friction made more than forty years before: "The results
furnished by my experiments as to the relations between pressure, surface,
and speed on the one hand, and sliding friction on the other, have always
been regarded by myself, not as mathematical laws, but as close approxi-
mations to the truth, within the limits of the data of the experiments
themselves. The same holds, in my opinion, for many other laws of
practical mechanics, such as those of roUing resistance, fluid resistance,

Prof. J. E. Denton (Stevens Indicator, July, 1890) says: It has been
generally assumed that friction between lubricated surfaces follows the
simple law that the amount of the friction is some fixed fraction of ^

the pressure between the surfaces, such fraction being independent of the '

intensity of the pressure per square inch and the velocity of rubbing,
|

between certain limits of practice, and that the fixed fraction referred to
is represented by the coefficients of friction given by the experiments of
Morin or obtained from experimental data wliich represent conditions of
practical lubrication, such as those given in Webber's Manual of Power.
By the experiments of Thurston, Woodbury, Tower, etc., however, it

appears that the friction between lubricated metallic surfaces, such as .,

machine bearings, is not directly proportional to the pressure's not'
independent of the speed, and that the coefficients of Morin and Webber
are about tenfold too great for modern journals.

Prof. Denton offers an explanation of this apparent contradiction of
authorities by showing, with laboratory testing-machine data, that
Morin's laws hold for bearings lubricated by a restricted feed of lubricant,
Buch as is afforded by the oil-cups common to machinery; whereas the
modern experiments have been made with a surplus feed or superabun*
flance of lubricant, such as is provided only in railroad-car journals, and
a, few special cases of practice. .

^

That the low coefficients of friction obtained under the latter conditions
are realized in the case of car-journals, is proved by the fact that the
temperature of car-boxes remains at 100° at high velocities; and experi-
ment shows that this temperature is consistent only with a coefficient of _
friction of a fraction of one per cent. Deductions from experiments onJ
train resistance also indicate the same low degree of friction. But these*
low coefficients do not account for the internal friction of steam-enginesl
as well as do the coefficients of Morin and Webber.
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In American Machinist, Oct. 23, 1890, Prof. Denton says: Morin's
measurements of friction of lubricated journals did not extend to light
pressures. They apply only to the conditions of general shafting and
engine work.
He clearly understood that there was a frictional resistance, due solely

to the viscosity of the oil, and that therefore, for very light pressures,
the laws which he enunciated did not prevail.
He applied his dynamometers to ordinary shaft-journals without

special preparation of the rubbing-surfaces, and without resorting to
artificial methods of supplying the oil.

Later experimenters have with few exceptions devoted themselves
exclusively to the measurement of resistance practically due to viscosity
alone. They have eliminated the resistance to which Morin confined his
measurements, namely, the friction due to such contacts of the rubbing-
surfaces as prevail with a very thin film of lubricant between compara-
tively rough surfaces.

Prof. Denton also says {Trans. A. S. M. E., x, 518): "I do not believe
there is a particle of proof in any investigation of friction ever made,
that Morin's laws do not hold for ordinary practical oil-cups or restricted
rates of feed."
Laws of Friction of Well-lubricated Journals. — John Goodman

(Trans. Inst. C. E., 1886, Eng'g News, April 7 and 14, 1888), reviewing
the results obtained from the testing-machines of Thurston, Tower, and
Stroudley, arrives at the following laws:

Laws of Friction: Well-lubricated Surfaces.
(Oil-bath.)

1. The coefficient of friction with the surfaces efficiently lubricated is
from i/e to i/io that for dry or scantily lubricated surfaces.

2. The coefficient of friction for moderate pressures and speeds varies
approximately inversely as the normal pressure; the frictional resistance
varies as the area in contact, the normal pressure remaining constant.

3. At very low journal speeds the coefficient of friction is abnormally
high; but as the speed of sliding increases from about 10 to 100 ft. per
min.j the friction diminishes, and again rises when that speed is exceeded,
varying approximately as the square root of the speed.

4. The coefficient of friction varies approximately inversely as the
temperature, within certain limits, namely, just before abrasion takes
place.
The evidence upon which these laws are based is taken from various

modern experiments. That relating to Law 1 is derived from the " First
Report on Friction Experiments," by Mr. Beauchamp Tower.

Method of Lubrication.
Coefficient of
Friction.

Comparative
Friction.

Oil-bath . 0.00139
0.0098
0.0090

1 00
7.06

Pad under journal 6.48

With a load of 293 lbs. per sq. in. and a journal speed of 314 ft. per
min. Mr. Tower found the coefficient of friction to be .0016 with an oil-

bath, and 0.0097, or six times as much, with a pad. The very low co-
efficients obtained by Mr. Tower will be accounted for by Law 2, as he
found that the frictional resistance per square inch under varying loads
is nearly constant, as below: „ „
Load in lbs. per sq. in. 529 468 415 363 310 258 205 153 100
Fnctioiial resist, per

J
q ^^g 05^4 q 498 0.472 0.464 0.438 0.43 0.458 0.45

The frictional resistance per square inch is the product of the coefficient

of friction into the load per square inch on horizontal sections of the brass.

Hence, if this product be a constant, the one factor must vary inversely

as the other, or a high load will give a low coefficient, and vice versa.

For ordinary lubrication, the coefficient is more constant under varying
loads- the frictional resistance then varies directly as the load, as shown
by Mr. Tower in Table VIII of liis report (Proc. Inst. M. E.', 1883).
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With respect to Law 3, A. M. Wellington {Trans. A. S. C. E., 1884),
in experiments on journals revolving at very low velocities, found that

!

the friction was then very great, and nearly constant under varying
. conditions of the lubrication, load, and temperature. But as the speed
increased the friction fell slowly and regularly, and again returned to
the original amount when the velocity was reduced to the same rate.
This is shown in the following table:
Speed, feet per minute:
0+ 2.16 3.33 4.86 8.82 21.42 35.37 53.01 89.28 106.02,
Coefficient of friction

:

0.118 0.094 0.070 0.069 0.055 0.047 0.040 0.035 0.030 0.026
It was also found by Prof. Kimball that when the journal velocity!

was increased from 6 to 110 ft. per min., the friction was reduced;
70% ; in another case the friction was reduced 67% when the velocity
was increased from 1 to 100 ft. per min. ; but after that point was reached
the coefficient varied approximately with the square root of the velocity.
The following results were obtained by Mr. Tower:

Feet per minute 209 262 3H 366 419 471
Nominal Load
per Sq. In.

Coeff . of friction 0.0010
.0013
.0014

0.0012
.0014
.0015

0.0013
.0015
.0017

0.0014 0.0015
.0017 .0018
.0019 .0021

0.0017
.002
.0024

520 lbs.

468 lbs.

415 lbs.

The variation of friction with temperature is approximately in the
inverse ratio. Law 4. Take, for example, Mr. Tower's results, at
262 ft. per minute:

Temp. F. 110° 100° 90° 80° 70° 60°

0.0044
0.00451

0.0051
0.00518

0.006 n 0073 0.0092
0.00964

0.0119
0.01252Calculated 0.006081 0.00733

This law does not hold good for pad or siphon lubrication, as then the^
coefficient of friction diminishes more rapidly for given increments of
temperature, but on a gradually decreasing scale, until the normal
temperature has been reached; this normal temperature increases"
directly as the load per sq. in. This is shown in the following table
taken from Mr. Stroudley's experiments with a pad of rape-oil:

Temp. F 105° 110° 115° 120° 125° 130° 135° 140° 145°

Coefficient 0.022 0.0180
0.0040

0.0160 0.0140
0.0020 0.0020

0.0125
0.0015

0.0115
0010

0.0110
0.0005

0.0106
0.0004

0.0102
0.0002

In the Galton-Westinghouse experiments it was fouMd that with
velocities below 100 ft. per min., and with low pressures, the frictionali
resistance varied directly as the normal pressure; but when a velocity of
100 ft.per min. was exceeded, the coefficient of friction greatly diminished; l

from tne same experiments Prof. Kennedy found that the coefficient of
friction for high pressures was sensibly less than for low.
Allowable Pressures on Bearing-surfaces. (Proc. Inst. M. E.,

May, 1888.) — The Committee on i riction experimented with a steel
ring of rectangular section, pressed between two cast-iron disks, the
annular bearing-surfaces of wliich were covered with gun-metal, and were
12 in. inside diameter and 14 in. outside. The two disks were rotated
together, and the steel ring was prevented from rotating by means of a
lever, the holding force of wiiich was -measured. When oiled through
grooves cut in each face of the ring and tested at from 50 to 130 revs.
per min., it was found that a pressure of 75 lbs. per sq. in. of bearing-
surface was as much as it would bear safely at the highest speed without i

seizing, although it carried 90 lbs. per sq. in. at the lowest speed. The,
coefficient of friction is also much higher than for a cylindrical bearing,
and the friction follows the law of the friction of solids much more nearly
than that of Uquids. Tliis is doubtless due to the much less perfect
lubrication applicable to tliis form Of bearing compared with a cylindrical!
one. The coefficient of friction appears to be about the same with thej
same load at all speeds, or, in other words, to be independent of the
speed; but it seems to diminish somewhat as the load is increased, andj
may be stated approximately as 1/20 at 15 lbs. per sq. in., diminishing td
1/30 at 75 lbs. per sq. in. I

The high coefficients of friction are explained by the difficulty of lubri-!

eating a collar-bearing. It is similar to the slide-block of an eogine;
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Krhich can carry only about one-tenth the load per sq. in. that can be.
earned by the crank-pins.
r* In experiments on cylindrical journals it has been shown that when a
cylindrical journal was lubricated from the side on which the pressure
bore, 100 lbs. per sq. in. was the limit of pressure that it would carry;
but when it came to be lubricated on the lower side and was allowed to
drag the oil in with it, 600 lbs. per sq. in. was reached with impunity;
and if the 600 lbs. per sq. in., which was reckoned upon the full diameter
of the bearing, came to be reckoned on the sixth part of the circle that was
taking the greater proportion of the load, it followed that the pressure
upon that part of the circle amounted to about 1200 lbs. per sq. in.

In connection with these experiments Mr. Wicksteed states that in
drilling-machines the pressure on the collars is frequently as high as .336
lbs. per sq. in., but the speed of rubbing in this case is lower than it was
in any of the experiments of the Research Committee. In machines
working very slowly and intermittently, as in testing-machines, very
much higher pressures are admissible. Prof. Thurston (Friction and
Lost Work, p. 240) says 7000 to 9000 lbs. pressure per square inch
is reached on the slow working and rarely moved pivots of swing

I bridges.

j
Mr. Adamson mentions the case of a heavy upright shaft carried upon

a small footstep-bearing, where a weight of at least 20 tons was carried
on a shaft of 5 in. diameter, or, say, 20 sq. in. area, giving a pressure of
1 ton per sq. in. The speed was 190 to 200 revs, per min. It was neces-
sary to force the oil under the bearing by means of a pump. For heavy
horizontal shafts, such as a fly-wheel shaft, carrying 100 tons on two jour-
nals, his practice for getting oil into the bearings was to flatten the journal
along one side throughout its whole length to the extent of about an
eighth of an inch in width for each inch in diameter up to 8 in. diameter;
ibove that size rather less flat in proportion to the diameter. At first

sight it appeared alarming to get a continuous flat place coming round
in every revolution of a heavily loaded shaft; yet it carried the oil effec-
itually into the bearing, which ran much better in consequence than a
truly cylindrical journal without a flat side.

I In thrust-bearings on torpedo-boats Mr. Thornycroft allows a pressure
(Of never more than 50 lbs. per sq. in.

Mr. Tower says (Proc. Inst. M. E., Jan., 1884) : In eccentric-pins of punch-
ing and shearing machines very high pressures are sometimes used with-
out seizing. In addition to the alternation in the direction, the pressure
is applied for only a very short space of time in these machines, so that
the oil has no time to be squeezed out.
In the discussion on Mr. Tower's paper (Proc. Inst. M. E.. 1885) it was

stated that it is well known from practical experience that with a con-
stant load on an ordinary journal it is difficult and almost impossible
;o have more than 200 lbs. per square inch, otherwise the bearing would
?et hot and the oil go out of it; but when the motion was reciprocating,
\o that the load was alternately relieved from the journal, as with crank-
oins and similar journals, much higher loads might be applied than even
TOO or 800 lbs. per square inch.

Mr. Goodman {Proc. Inst. C. E., 1886) found that the total frictional
resistance is materially reduced by diminishing the width of the brass.
The lubrication is rhost efficient in reducing the friction when the brass

subtends an angle of from 120° to 60°. The film is probably at its best
between the angles 80° and 110°.
In the case of a brass of a railway axle-bearing where an oil-groove is

;ut along its crown and an oil-hole is drilled through the top of the brass
nto it, the wear is invariably on the off side, which is probably due to
the oil escaping as soon as it reaches the crown of the brass, and so leaving
the off side almost dry, where the wear consequently ensues.

In railway axles the brass wears always on the forward side. The
same observation has been made in marine-engine journals, which always
wear in exactly the reverse way to what might be expected. Mr. Stroud-
iey tliinks this peculiarity is due to a film of lubricant being drawn in
;rom the under side of the journal to the aft part of the brass, which
effectually lubricates and prevents wear on that side; and that when the
lubricant reaches the forward side of the brass it is so attenuated down
to a wedge shape that there is insufficient lubrication, ^nd greater wear
sonsequently follows. " " r
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C. J. Field {Power, Feb., 1893) says: One of the most vital points of an
engine for electrical service is that of main bearings. They should havt
a surface velocity of not exceeding 350 feet per minute, with a mean
bearing-pressure per square inch of projected area of journal of not more
than 80 lbs. This is considerably within the safe limit of cool perform*
ance and easy operation. If the bearings are designed in this way, i1

would admit the use of grease on all the main wearing-surface, whicn ii

a large type of engines for this class of work we think advisable.
Oil-pressure in a Bearing. — Mr. Beauchamp Tower {Proc. Inst

M. E., Jan., 1885) made experiments with a brass bearing 4 ins. diamete]
by 6 ins. long, to determine the pressure of the oil between the brass anc
the journal. The bearing was half immersed in oil, and had a tota
load of 8008 lbs. upon it. The journal rotated 150 r.p.m. The pressun
of the oil was determined by driUing small holes in the bearing at differenl

points and connecting them by tubes to a Bourdon gauge. It was found
that the pressure varied from 310 to 625 lbs. per sq. in., the greatest
pressure being a httle to the "off" side of the center Hne of the top of th(
bearing, in the direction of motion of the journal. The sum of the up'
ward force exerted by these pressures for the whole lubricated area was
nearly equal to the total pressure on the bearing. The speed was re-

duced from 150 to 20 r.p.m., but the oil-pressure remained the same
showing that the brass was as completely oil-borne at the lower speed a!

at the higher. The following was the observed friction at the lower speed

Nominal load, lbs. per sq. in... . 443 333 211 89
Coefficient of friction .00132 .00168 .00247 .0044

The nominal load per square inch is the total load divided by th(
product of the diameter and length of the journal. At the low speed
of 20 r.p.m. it was increased to 676 lbs. per sq. in. without any signs o:

heating or seizing.
Friction of Car-journal Brasses. (J. E. Denton, Trans. A. S. M. E.

xii, 405.) — A new brass dressed with an emery-wheel, loaded with 500(
lbs., may have an actual bearing-surface on the journal, as shown by th«
polish ot a portion of the surface, of only 1 square inch. With this pressure
of 5000 lbs. per sq. in., the coefficient of friction may be 6%, and th(

brass may be overheated, scarred and cut, but, on the contrary, it maj
wear down evenly to a smooth bearing, giving a highly poUshed area o
contact of 3 sq. ins., or more, inside of two hours of running, gradually
decreasing the pressure per square inch of contact, and a coefficient o
friction of less than 0.5%. A reciprocating motion in the direction of th<
axis is of importance in reducing the friction. With such polished sur
faces any oil will lubricate, and the coefficient of friction then depend
on the viscosity of the oil. With a pressure of 1000 lbs. per sq. in., rev<
lutions from 170 to 320 per min., and temperatures of 75° to 113° F., wit
both sperm and parafflne oils, a coefficient of as low as 0.11% has bee
obtained, the oil being fed continuously by a pad.
£xperiuients on O verheating of Bearings.—Hot Boxes. (Denton— Tests with car brasses loaded from 1100 to 4500 lbs. per sq. in. ga^i

7 cases of overheating out of 32 trials. The tests show how purely
matter of chance is the overheating, as a brass which ran hot at 5000 Ih
load on one day would run cool on a later date at the same or highe
pressure. The explanation of tliis apparently arbitrary difference <

behavior is that the accidental variations of the smoothness of the su;

faces, almost infinitesimal in their magnitude, cause variations of Irictio

which are always tending to produce overheating, and it is solely a mattt
of chance when these tendencies preponderate over the lubricatin
influence of the oil. There is no appreciable advantage shown by spern
oil, when there is no tendency to overheat — that is, paraffine can lubi
cate under the highest pressures which occur, as well as sperm, when ti
surfaces are within the conditions affording the minimum coefficients (
friction.
Sperm and other oils of high heat-resisting quaUties, like vegetable «

and petroleum cyhnder stocks, differ from the more volatile lubricanl
like paraffine, only in their ability to reduce the chances of the continuf
accidental infinitesimal abrasion producing overheating.

i

The effect of emery or other gritty substance in reducing overheatil
Of a bearing is thus explained:
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The eSect of the emery upon the surfaces of the bearhigs is to cover the
latter with a series of parallel grooves, and apparently after such grooves
are made the presence of the emery does not practically increase the
friction over its amount when piu-e oil only is between the surfaces.
The infinite number of grooves constitute a very perfect means ot insurmg
a uniform oil supply at every point of the bearings. As long as grooves
in the journal match with those in the brasses the friction appears to
amount to only about 10% to 15% of the pressure. But if a smooth
journal is placed between a set of brasses which are grooved, and pres-
sure be applied, the journal crushes the grooves and becomes brazed
or coated with brass, and then the coefficient of friction becomes upward
of 40%. If then emery is appUed, the friction is made very much less by
its presence, because the grooves are made to match each other, and a
uniform oil supply prevails at every point of the bearings, whereas before
the apphcation of the emery many spots of the bearing receive no oil
between them.

Moment of Friction and Work of Friction of Sliding-surfaces, etc.

Moment of Friction, Energy lost by Fric-
inch-lbs. tion in ft.-Ibs.

per min.
Flat surfaces fWS
Shafts and journals 1/2fWd 0.2Q18 fWdn
Flat pivots 2/sfWr 0.349 fWrn
Collar-bearing ysfw^^ 0.349 /TFn^^4^
Conical pivot 'i'hfWr cosec a 0.349 fWrn cosec a
Conical journal yafWr sec a 0.349 fWrn sec a

Truncated-cone pivot VsfW ^^ 7^^ 0.349 /TFn^"
~^^

T'2 Sin a Tj' sm o,

Hemispherical pivot fWr 0.5236/TFm
Tractrix, or Schiele's "anti-

friction" pivot fWr 0.52Z6fWrn
In the above/ = coefficient of friction;W = weight on journal or pivot in pounds;

r = radius, d = diameter, in inches;
S = space in feet through which sUding takes place;
r2 = outer radius, Vi = inner radius;
n = number of revolutions per minute;
a = the half-angle of the cone, i.e., the angle of the slope

with the axis.
To obtain the horse-power, divide the quantities in the last column

fWdn
by 33,000. Horse-power absorbed by friction of a shaft = /_„ „^„ •

The formula for energy lost by shafts and journals is approximately
true for loosely fitted bearings. Prof. Thurston shows that the correct
formula varies according to the character of fit of the bearing; thus for
loosely fitted journals, it U = the energy lost,

... 2/7rr ^ . , , 0.2618 fWdn . . ,,U = ,
' Wn mch-pounds = ,

"^ - foot-lbs.
Vi:f/2 V1+/2

For perfectly fitted journals U = 2.54: fnrWn inch-lbs. = 0.3325 /TFdn
ft .-lbs.

For a bearing in which the journal is so grasped as to give a uniform
pressure throughout, U = fn^rWn inch-lbs. = 0.4112 /IFdn ft.-lbs.

Resistance of railway trains and wagons due to friction of trains:

Pull on draw-bar = /X 2240 -^ R pounds per gross ton.

In which R is the ratio of the radius of the wheel to the radius of journal.
A cyhndrical journal, perfectly fitted into a bearing, and carrying a

total load, distributes the pressure due to this load unequally on the
bearing, the maximum pressure being at the extremity of the vertical
radius, while at the extremities of the horizontal diameter the pressure
is zero. At any point of the bearing-surface at the extremity of a radius
which makes an angle d with the vertical radius the normal pressure is

proportional to cos e. If p = normal pressure on a unit of surface.
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w

=

total load on a unit of length of the journal, and r =radius of journal,
wj cos » = 1.57 rp, p = w cos & H- 1.57 r.

Tests of L,arge Shaft Bearings are reported by Albert Kingsbury
in Trans. A. S. M. E., 1905. A horizontal shaft was supported in two
bearings 9 X 30 ins., and a third bearing 15 X 40 ins., midway between the
other two, was pressed upwards against the shaft by a weighed lever, so
that it was subjected to a pressure of 25 to 50 tons. The journals were
flooded with oil from a supply tank. The shaft was driven by an electric
motor, and the friction H.P. was determined by measuring the current
supplied. Following are the principal results:

Load, tons*
25 25 25 25 25 33.6 42.3 47 47 50.5

Load per sq. in.*
83 83 83 83 83 112 141 157 157 168

Speed, r.p.m.
309 506 180 179 301 454 480 946 1243 1286

Speed, ft. per min.*
1215 1990 708 704 1180 1785 1890 3720 4900 5050
Friction H.P.f
12.6 21.7 6.43 5.12 10.1 16 17.9 41.9 47.8 52.3

Coeff. of frictiont
.0045 .0048 .0040 .0037 .0037 .0029 .0024 .0025 .0022 .0022

* On the large bearing. t Three bearings.

The last three tests were with paraffin oil; the others with heavy machine
oil.

Clearance between Journal and Bearing. — John W. Upp, in
Trans. A. S. M. E., 1905 gives a table showing the diameter of bore
of horizontal and vertical bearings according to the practice of one of the
leading builders of electrical machinery. The maximum diameter of the
journal is the same as its nominal diameter, with an allowable variation
below maximum of 0.0005 in. up to 3 in. diam., 0.001 in. from 31/2 to 9 in.,

and 0.0015 in. from 10 to 24 in. The maximum bore of a horizontal bear-
ing is larger than the diam. of the journal by from 0.002 in. for a 1/2-in.

journal to 0.009 for 6 in., for journals 7 to 15 in. it is 0.004 + 0.001 X
diam., and for 16 to 24 in. it is uniformly 0.02 in. For vertical journals the
clearance is less by from 0.001 to 0.004 in. according to the diameter. The
allowable variation above the minimum bore is from 0.001 to 0.005.

Allowable Pressures on Bearings. — J. T. Nicholson, in a paper
read before the Manchester Assoc, of Engrs. (Am. Much., Jan. 16, 1908.
Eng. Digest, Feb., 1908), as a result of a theoretical study of the lubrication

of bearings and of their emission of heat, obtains the formula p = P/ld =
40 (dN) l\ in which p = allowable pressure per sq. in. of projected area,
P = total pressure, I = length and d = diam. of journal, N = revs, per
min. It appears from this formula that the greater the speed the greater
the allowable pressure per sq. in., so that for a 1-in. journal the allowable
pressure per sq. in. is 126 lbs. at 100 r.p.m. and 189 lbs. at 500 r.p.m., and
for a 5-in. journal 189 lbs. at 100 and 283 lbs. at 500 r.p.m. W. H. Scott
(Eng. Digest, Feb., 1908) says this is contrary to the teaching of practical
experience, and therefore the formula is inaccurate. . Mr. Scott, from a
study of the experiments of Tower, Lasche, and Stribeck, derives the
following formulae for the several conditions named:

For main bearings of double-acting vertical engines, p = 750 D^I^N^I^
" " " " " " horizontal "

. p = 660 DVWNy^
" " " " single-acting four-cycle gas en- ^., .,
gines p = 1350 -01/12/^^^4

Forcrankpinsof vert, and hor. double-acting engines, p = 1560 Z>V4/ivV4
" " " " single-acting four-cycle gas engines, p = 3000 dV4/jvV4

For dead loads with ordinary lubrication p = 400 iV~V5
" forced

" p = 1600 iV~V4
p = allowable pressure in lb§. per sq. in. of projectecl area; D =; diam,.

ip ins.; 2y - revs. per. w^,
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F. W. Taylor ( Trans. A. S. M. E., 1905) , as the result of an investigation
of line Shalt and mill bearings that were running near the limit of dura-
bility and heating yet not dangerously heating, gives the formula PV =
400. P = pressure in lbs. per sq. in. of projected area, V = velocity of
circumference of bearing in ft. per sec.
The formula is applicable to bearings in ordinary shop or mill use on

shafting which is intended to run with the care and attention which such
bea-rings usuaUy receive, and gives the maximum or most severe duty to
which it is safe to subject ordinary chain or oiled ball and socket bearings
which are babbitted. It is not safe for ordinary shafting to use cast-iron
boxes, with either sight feed, wick feed, or grease-cup oiling, under as severe
conditions as P X F = 200.
Arcbbutt and Deeley's "Lubrication and Lubricants " gives the follow-

ing allowable pressures in lbs. per sq. in. of projected area of bearings.

Crank-pin of shearing and punching machine, hard steel, inter-
mittent load bearing ^ 3000

Bronze crosshead neck journals 1200
Crank pins, large slow engine 800-900
Crank pins, marine engines 400-500
Main crankshaft bearing, fast marine 400
Same, slow marine 600
Railway coach journals 300-400
Flywheel shaft journals 150-200
Small engine crank pin 150-200
Small slide block, marine engine 100
Stationary engine slide blocks 25-125
Same, usual case 30- 60
Propeller thrust bearings 50- 70
Shafts in cast-iron steps, high speed 15
Bearing Pressures for Heavy Intermittent Loads. (Oberlin Smith,

Trans. A. S. M. E., 1905.) — In a punching press of about 84 tons capa-

city, the pressure upon the front journal of the main shaft is about
2400 lbs. per sq. in. of projected area. Upon the eccentric the pressure

against the pitman driving the ram is some 7000 lbs. per sq. in. — both
surfaces being of cast iron, and sometimes running at a surface speed of

140 feet per minute. Such machines run year in and year out with but
little trouble in the way of heating or " cutting." An instance of excessive
pressure may be cited in the case of a Ferracute toggle press, where the
whole ram pressure of 400 tons is brought to bear upon hardened steel

toggle-pins, running in cast iron or bronze bearings, 3 in. in diam. by nearly
14 in. long. These run habitually, for maximum work, under a load of
20,000 lbs. per sq. in.

Bearings for Very High Rotative Speeds. (,Proc. Inst. M. E.,
Oct., 1888, p. 482.) — In the Parsons steam-turbine, which has a speed as
high as 18,000 rev. per min., as it is impossible to secure absolute accuracy
of balance, the bearings are of special construction so as to allow of a
certain very smaU amount of lateral freedom. For this purpose the
bearing is surrounded by two sets of steel washers Vie in. thick and of
different diameters, the larger fitting close in the casing and about 1/32 in.
clear of the bearing, and the smaller fitting close on the bearing and about
1/32 in. clear of the casing. These are arranged alternately, and are
pressed together by a spiral spring. Consequently any lateral movement
of the bearing causes them to slide mutually against one another, and by
their friction to check or damp any vibrations that may be set up in the
spindle. The tendency of the spindle is then to rotate about its axis of
mass, and the bearings are thereby relieved from excessive pressure, and
the machine from undue vibration. The allowing of the turbine itself
to find its own center of gyration is a well-known device in other branches
of mechanics: as in the instance of the centrifugal hydro-extractor, where
a mass very much out of balance is allowed to find its own center of
gyration; the faster it runs the more steadily does it revolve and the less
is the vibration Another illustration is to be found in the spindles of
spinning machinery which run at about 10,000 or 11,000 revs, per min.:
although of very small dimensions, the outside diameter of ^he largest
portion or driving whorl being perhaps not more than II/4 in., it is found
impracticable to run them at that speed in what might be called a hard-
and-fast bearing. They are therefore run with some elastic substance
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surrounding the bearing, such as steel springs, hemp, or cork. Any
elastic substance is suflBcient to absorb the vibration, and permit of
absolutely steady running.

Bearing Pressures in Shafts of Parsons Turbines.—The product of
the bearing pressure in lb. per sq. in. and the peripheral velocity in ft.

per sec. is generally about 2500 (Proc, Inst. Elect. Engrs., June, 1905).
Thrust Bearings in Marine Practice. (G. W. Dickie, Trans. A. 3-

M. E., 1905.)—The approximate pressure on a thrust bearing of a propeller
shaft assuming two thirds of the indicated horse-power to be effective

on the propeller is P - I.H.P. X ^WfHiS^ = i^- X 217.1, in

which S = speed of ship in knots per hour, P = total thrust in lbs. The
following are data of water-cooled bearings which have given satisfactory
service:
Speed in knots 22 221/2 28 21
Thrust-ring surface, horse-shoe type,

sq. ins 1188 891 581 2268
Horse-power, one engine, I.H.P 11,500 6,800 4,200 15,000
Indicated pressure on bearing, lbs,. . . 112,700 89,000 33,600 154,000
Pressure per sq. in. of surface, lbs 95 100 58 68.1
Mean speed of bearing surfaces, ft. per
min 642 610 827 504
Bearings for Locomotives. (G. M. Basford, Trans., A. S. M. E.,

1905.) — Bearing areas for locomotive journals are determined chiefly
by the possibilities of lubrication. On driving journals the following
figures of pressure in lbs. per sq. in. of projected area give good service:
passenger, 190; freight, 200; switching, 220 lbs. Crank j)ins may be
loaded from 1500 to 1700 lbs.; wrist pins to 4000 lbs. per sq. in. Car and
tender bearings are usually loaded from 300 to 325 lbs. per sq. in.

Bearings of Corliss Engines. (P. H. Been, Trans, A. S. M. E.,
1905.) — In the practice of one of the largest builders the greatest pressure
allowed per sq. in. of projected area for all shafts is 140 lbs. On most
engines the pressure per sq. in. multiplied by the velocity of the bearing
surface in ft. per sec. lies between 1000 and 1300.
Edwin Reynolds says that a main engine bearing to be safe against

undue heating should be of such a size that the product of the square root
of the speed of rubbing-surface in feet per second multiplied by the pounds
per square inch of projected area, should not exceed 375 for a horizontal
engine, or 500 for a vertical engine when the shaft is lifted at every revo-
lution. Locomotive driving boxes in some cases give the product as high
as 585, but this is accounted for by the cooling action of the air. {Am.
Mach., Sept. 17, 1903.)
Temperature of Engine Bearings. (A. M. Mattice, Trans. A. S. M.

E., 1905.)—An examination of the temperature of bearings of a large num-
ber of engines of various makes showed more above 135° F. than below
that figure. Many bearings were running with a temperature over 150°,
and in one case at 180°, and in all of these cases the bearings were giving
no trouble.

PIVOT-BEARINGS.

The Schiele Curve. — W. H. Harrison (Am. Mach., 1891) says the
Schiele curve is not as good a form for a bearing as the segment of a
sphere. He says: A mill-stone weighing a ton frequently bears its v. hole
weight upon the flat end of a hard-steel pivot IVs in. diam., or 1 sq. in.
area of bearing; but to carry a weight of 3000 lbs. he advises an end
bearing about 4 ins. diam., made in the form of a segment of a sphere
about 1/2 in. in height. The die or fixed bearing should be dished to fit

the pivot. This form gives a chance for the bearing to adjust itself,

which it does not have when made flat, or when made with the Schiele
curve. If a side bearing is necessary it can be arranged farther up the
shaft. The pivot and die should be of steel, hardened; cross-gutters
should be in the die to allow oil to flow, and a central oil-hole should be
made in the shaft.
The advantage claimed for the Schiele bearing is that the pressure is

uniformly distributed over its surface, and that it therefore wears uni-
formly. Wilfred Lewis {Am. Mach. . April 19, 1894) says that its merits
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as a thrust-bearing have been vastly overestimated; that the term
"anti-friction" applied to it is a misnomer, since its friction is greater
than that of a fiat step or collar of the same diameter. He advises that
fiat thrust-bearings should always be annular in form, having an inside
diameter one-half of the external diameter.

Friction of a Flat Pivot-bearing. — The Research Committee on
Friction (Proc. Inst. M. E., 1891) experimented on a step-bearing, flat-

tended, 3 in. diam., the oil being forced into the bearing through a hole
in its center and distributed through two radial grooves, insuring thorough
lubrication. The step was of steel and the bearing of manganese-bronze.
At revolutions per min. 50 128 194 290 353
The coefficient of friction \ 0.0181 0.0053 0.0051 0.0044 0.0053

varied between / and 0.0221 0.0113 0.0102 0.0178 0.0167
With a white-metal bearing at 128 revs, the coefficient of friction was

a little larger than with the manganese-bronze. At the higher speeds
the coefficient of friction was less, owing to the more perfect lubrication,
as shown by the more rapid circulation of the oil. At 128 revs, the
bronze-bearing heated and seized on one occasion with a load of 260 lbs,,
and on another occasion with 300 lbs. per sq. in. The white-metal bear-
ing under similar conditions heated and seized with a load of 240 lbs.
per sq. in. The steel footstep on manganese-bronze was afterwards
tried, lubricating with three and with four radial grooves; but the friction
was from one and a half times to twice as great as with only the two
grooves.
Mercury-bath Pivot. — A nearly frictionless step-bearing may be

obtained by floating the bearing with its superincumbent weight upon
mercury. Such an apparatus is used in the hghthouses of La Heve,
Havre. It is thus described in Eng'g, July 14, 1893, p. 41:
The optical apparatus, weighing about 1 ton, rests on a circular cast-

iron table, which is supported by a vertical shaft of wrought iron 2.36 in.
diameter. This is kept in position at the top by a bronze ring and outer
iron support, and at the bottom in the same wav, while it rotates on a
removable steel pivot resting in a steel socket, which is fitted to the base
of the support. To the vertical shaft there is risidly fixed a floating cast-
iron nng 17.1 in, diameter and 11.8 in. in depth, which is plunged into
and rotates in a mercury bath contained in a fixed outer drum or tank,
the clearance between the vertical surfaces of the drum and ring being
only 0.2 in., so as to reduce as much as possible the volume of mercury
(about 220 lbs.), while the horizontal clearance at the bottom is 0.4 in.
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Friction-rollers. — If a journal instead of revolving on ordinary
bearings be supported on friction-rollers the force required to make the
journal revolve wiU be reduced in nearly the same proportion that. the
diameter of the axles of the rollers is less than the diameter of the roUers
themselves. In experiments by A. M. Wellington with a journal 31/2 in.

diam. supported on rollers 8 in. diam., whose axles were 13/4 in. diam., the
friction in starting from rest was 1/4 the friction of an ordinary 31/2-in
bearing, but at a car speed of 10 miles per hour it was 1/2 that of the ordi-
nary bearing. The ratio of the diam, of the axle to diam, of roller was
13/4: 8, or as 1 to 4.6.

Coefficients of Friction of Roller Bearings. C. H. Benjamin, Machy,
Oct., 1905. — Comparative tests of plain babbitted, McKeel plain roller,

and Hyatt roller bearings gave the following values of the coefficient of
friction at a speed of 560 r.p.m.:

Diameter Hyatt Bearing. McKeel Bearing. Babbitt Bearing.

of Journal. Max. Min. Ave. Max. Min. Ave. Max. Min. Ave.

1 15/16

2 3/16

.032

.019

.042

.029

.012

.Oil

.025

.022

.018

.014

.032

.025

.033 .017 .022 .074
.088

.114

.125

.029

.078

.083

.089

.043

.082
2 7/16

2 15/16

.028

.039
.015
.019

.021

.027

.096

.107

The friction of the roller-bearing is from one-fifth to one-third that ot
a plain bearing at moderate loads and speeds. It is noticeable that as.

the load on a roUer-bearing increases the coefficient of friction decreases.
A slight change in the pressure due to the adjusting nuts was sufficient

to increase the friction considerably. In the McKeel bearing the rolls
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1)ore on a cast-iron sleeve and in the Hyatt on a soft-steel ofle: If roller
bearings are properly adjusted and not overloaded a saving of from 2-3
to 3-4 of the friction may be reasonably expected.

McKeel bearings contained rolls turned from solid steel and guided by
spherical ends fitting recesses in cage*rings at each end. The cage rings
were joined to eacli other by steel rods parallel to the rolls.

Lubrication is absolutely necessary with ball and roller bearings,
although the contrary claim is often advanced. Under favorable con-
ditions an almost imperceptible film is sufficient; a sufficient quantity
to immerse half the lowest ball should always be provided as a rust
preventive. Rust and grit must be kept out of ball and roller bearings.
Acid or rancid lubricants are as destructive as rust. (Henry Hess.)
Both ball and roller bearings, to give the best satisfaction, should be

made of steel, hardened and ground; accurately fitted, and in proper
alignment with the shaft and load ; cleaned and oiled regularly, and fitted
with as large-size balls or rollers as possible, depending upon the revolutions

Eer minute and load to be carried. Oil is absolutely necessary on both
all and roller bearings, to prevent rust. (S. S. Eveland.)
Roller Bearings. — The Mossberg roller bearings for journals are made

in the sizes given in the table below, D = diam. of journal; d= diam. of
roll; N = number of rolls; P = safe load on journals, in lbs. The rolls
are enclosed in a bronze supporting cage. {Trans. A. S. M. E., 1905.)

1
D

i

d N P D d N P D d N P

2 Va 20 3,500 6 11/16 24 50,000 15 13/8 28 255,000
21/9 5/16 22 7,000 7 1^/16 22 70, COO 18 13/8 32 325,000
3 a/s 22 13,000 8 7/8 22 90,000 20 U/o 34 400,000

4 7/lfi 24 24,000 9 24 115,000 24 nh 38 576,000

5 »/t6 24 37.000 12 11/4 26 175,000

Surface speed of journal to 50 ft. per min. Length of journal 11/2
diameters. The rolls are made of tool steel not too high in carbon, and of
spring temper. The journal or shaft should be made not above a medium
spring temper. The box should be made of high carbon steel and tem-
pered as hard as possible.

Conical Roller Thrust Bearings.— The Mossberg thrust bearing is

made of conical rollers contained in a cage, and two collars, one being
stationary and the other fixed to the shaft and revolving with it. One
side of each collar is made conical to correspond with the rollers which
bear on it. The apex of the cones is at the center of the shaft. The
angle of the cones is 6 to 7 degrees. Larger angles, are objectionable,
giving excessive end thrust. The following sizes are made:

Diameter
of Shaft.

Ins.

Outside
Diameter
of Ring.

Ins.

No. of
Rolls.

Safe Pressure on Bearing.

Area of
Pressure
Plate.
Sq. ins.

Speed
75 Rev.
Lbs.

Speed
150 Rev.
Lbs.

21/16-21/4
31/16-31/4
41/16-41/4
51/16-51/4
61/16-61/2
81/16-81/2
91/16-91/2

59/16

105/16

123/8
147/8

183/4
2012

30
30
30
30
30
32
32

10

20
35
54
78

132

162

19,000

40,000
70,000
108,000

125,000
200,000
300,000

9,500

20,000
35,000
56,000
62,000
100,000

150,000

Plain Roller Thrust Bearings. — S. S. Eveland, of the Standard
Roller Bearing Co., contributes the following data of plain roller thrust
bearings in use in 1903. The bearing consists of a large number of short
cylindrical rollers enclosed in openings in a disk placed between two
hardened steel plates. He says "our plain roller bearing is theoretically
wrong, but in practice it works perfectly, and has replaced many thou-
sand ball-bearings which have proven unsatisfactory."
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Size of Number and Wt. on
Lineal
Inches.

Weight Weight
Bearing, Size of Rollers, R.p.m. Bearings, per lin. on each

Ins. Ins. Lbs. in., Lbs. Roll,Lb.

43/4X 611/16 36 5/8 X5/16 500 6.000 11 1/4 546 167

43/4X 71/4 32 3/4 X5/8 470 10.000 12 833 312

51/2X 8 1/2 54 3/4 X 5/8 420 15,000 201/4 750 279
7 X 10 3/8 48 1 XI/2 370 20.000 24 833 417

71/2x11 5/16 54 1 XI/2 325 25.000 27 988 463
8 X 15 1/2 70 1 1/4 X5/8 300 60,000 45 1334 833

The Hyatt Roller Bearing. (A. L. Williston, Trans. A. S. M. E.,
1905.) — The distinctive feature of the Hyatt roller bearing is a flexible
roller, made of a strip of steel wound into a coil or spring of uniform diam-
eter. A roller of this construction insures a uniform distribution of the
load along the line of contact of the roller and the surfaces on which it

operates. It also permits any slight irregularities in either journal or box
without causing excessive pressure. The roller is hollow and serves as
an oil reservoir. For a heavy load, a roller of heavy stock can be made,
while for a high-speed bearing under light pressure a roller of light weight,
made from thin stock, can be used. Following are the results of some tests
of the Hyatt bearing in comparison with other bearings:
A shaft 152 ft. long, 2i5/i6 in. diam. supported by 20 bearings, belt-

driven from one end, gave a friction .load of 2.28 H.P. with babbitted
bearings, and 0.80 H.P. with Hyatt bearings. With 88 countershafts
running in babbitted bearings, the H.P. required was 8.85 when the main
shaft was in babbitted bearings and 6.36 H.P. when it was in Hyatt bearings.

Comparative tests of solid rollers and of Hyatt rollers were made in
1898 at the FrankUn Institute by placing two sets of rollers between three
flat plates, putting the plates under load in a testing machine and measur-
ing the force required to move the middle plate. All the rollers were
3/4 in. diam., 10 ins. long. The Hyatt rollers were made of 1/2 X Vs in.

steel strip. With 2000 lbs. load and plain rollers it took 26 lbs. to move
the plate, and with the Hyatt rollers 9 lbs. With 3000 lbs. load and
plain rollers the resistance was 34 lbs., with Hyatt rollers 17 lbs.

In tests with a pendulum friction testing machine at the Case Scientific
School, v/ith a bearing Ii5/i6 in. diam. the coefficient of friction with the
Hyatt bearing was from 0.0362 down to 0.0196, the loads increasing from
64 to 264 lbs.; with cast-iron bearings and the same loads the coefficient

was from 0.165 to 0.098.
In tests at Purdue University with bearings 4 X IV2 ins. and loads

from 1900 to 8300 lbs., the average coefficients with different bearings and
different speeds were as follows:

Hyatt bearing 130 r.p.m. 0.0114 302 r.p.m. 0.0099 585 r.p.m. 0.0147

Cast-iron bearing 128 " 0.0548 302 " 0.0592 410 " 0.0683

Bronze bearing 130 " 0.0576 320 " 0.0661 582 " 0.140
The cast-iron bearing at 12S r.p.m. seized with 8300 lbs., and at 410

r.p.m. with 5900 lbs. The bronze bearing seized at 130 r.p.m. with 3500 lbs.,

at 320 r.p.m, with 5100 lbs., and at 582 r.p.m. with 2700 lbs.

The makers have found that the advantages of roller bearings of the
type described are especially great with either high speeds or heavy loads.

Generally, the best results are obtained for line-shaft work up to speeds of

600 rev, per min., when a load of 30 lbs. per square inch of projected area
Is allowed. For heavy load at slow speed, such as in crane and truck
wheels, a load of 500 lbs. gives the best results.

The Friction CoeflScient of a well-made annular ball-bearing Is 0.001
and 0.002 of the load referred to the shaft diameter and is independent
of the speed and load. The friction coefficient of a good roller bearing
is from 0.0035 to 0.014; it rises very much if the load is light. It in-

creases also when the speeds are very low, though not so much as with
plain bearings. (Henry Hess.)

Notes on Ball Bearings. — The following notes are contributed by
Mr. Henry Hess. 1910. Ball bearings in modern use date from the bi-

cycle. That brought in the adjustable cup and cone and three-point

contact type. Under the demands for greater load resistance and relia-

bility the two-point contact type, without adjustability, was evolved;

t&9/t is now used under loads from a few pounds to many tons. Such a
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bearing consists of an inner race, an outer race and the series of balls
that roll in tracks of curved cross section. Various designs are used,
differing chiefly in the devices for separating the balls and in the arrange-
ment for introducing the balls between the races. The most widely
used type has races that are of the same cross section throughout, un-
broken by any openings for the introduction of balls. To introduce^
the balls the two races are first eccentrically placed; the balls will flllj

. slightly more than a half circumference; elastic separators or solid cages.j
are used to space the balls.

Another type has a filling opening of sufficient depth cut Into one race;
the race continuity is restored by a small piece that is let in. This type
Is usually filled with balls, without cages or separators. The filling

opening is always placed at the unloaded side of the bearing, where the
weakening of the race is not important. This type has been almost en-
tirely discarded in favor of the one above described.
A third type has a filling opening cut into each race not quite deep

enough to tangent the bottom of the ball track. As this weakened
section necessarily_ comes under the load during each revolution, the
carrying capacity is reduced. After slight wear there develops an inter-

ference of the balls with the edges of these openings, which seriously
reduces the speeds and load capacity. This interference precludes the
use of this type to take end thrust.
The carrying capacity of a ball-bearing is directly proportional to the

number of balls and to the square of the bail diameter.

It may be written as:
L = Kn<P, in which L = load capacity in pounds; n = number of

balls; d= ball diameter in eighths of an inch. K varies with the condition
and type of bearing, as also with the material and speed.

For a certain special steel that hardens throughout and is also unusu-
ally tough, employed by " DWF" or " HB" (the originators of the modern
two-point type), the following values apply. For other steels lesser values
must be used.

I. For Radial Bearings

:

iC = 9 for uninterrupted race track, cross-section curvature = 0.52
and 9/16 in. ball diameter respectively for inner and outer races,

separated balls, uniform load, and steady speed up to 3000
revs, per min.

K — 5 iov full ball type, filling opening in one race at the unloaded
side, otherwise as above.

K = 2.5 for both ball tracks interrupted by filling openings, inelastic

cage separators for balls, or full ball, speeds not above 2000
revs, per min., uniform load.

K = 0.9 for thrust on a radial bearing of the first type, as above. The
larger the balls the smaller K. The type with filling openings «

in each race is not suitable for end thrust.
The radial load bearing is, up to high speeds, practically unaffected'

by speed, as to carrying capacity.
II. Thrust Bearings:
With the thrust type, consisting of one flat plate and one seat plate

with grooved ball races, the load capacity decreases with speed or

^_ K,nd2

^^
Ki = constant for material and race cross-section, etc., R = revolu-

tions per minute. R ranges from about 3000 revs, per min. down to 1 rev.
per min. as for crane hooks and similar elements.
Ki= 25 to 40 for material used by the DWF or HB, and race cross-

section radius = approx. 1.66 ball radius.
Ki= 0.5 for unhardened steel, occasionally used for very large races;

a steel that is fairly hard without tempering must be used, and then only
when there is no hammering or sharp load variation.

Balls must be carefully selected to make sure that all that are used
in the same bearing do not vary among one another by more than O.OOOl
inch. A ball that is more than that larger than its fellows will sustain
more than its proportion of the load, and may therefore be overloaded
and will in turn overload the races.
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The usual test of ball quality, which consists in compressing a ball
between flat plates and noting the load at rupture, gives the quahty of
the plates, but not of the balls. It is the abihtv of the ball to resist
permanent deformation that is of importance. As the deformations
mvolved are very smaU the test is a difficult one to carry out. Of even
greater importance than a small deformation under load is imiformity of
such deformation between the balls employed; a hard ball will deform
less than its softer mate and so will carry more than its share of the
load, and will therefore be overloaded and in turn overload the races.
Coned bearings for balls are objectionable. The defect in all these

forms of bearings is their adjustable feature. A bearing properly propor-
tioned with reference to a certain load may be enormously overloaded by
a little extra effort applied to the wrench, or on the other hand the bear-
ing may be adjusted with too little pressure, so that the balls will rattle,
and the results consequently be unsatisfactory. The prevalent idea that
coned ball-bearings can be adjusted to compensate for wear is erroneous.
Mr. Hess's paper, in Trans. A. S. M. E., 1907, contains a great deal of

useful information on the practical design of ball-bearings, including
different forms of raceways. He prefers a two-point bearing, in which
the ball races have a curved section, with sustaining surfaces at right
angles with the direction of the load.
Formulae for Number of Balls in a Bearing. (H. Rolfe, Am. Mach.,

Dec. 3, 1896.)—Let D = diam. of ball circle (the circle passing through
the centers of the balls); d = diam. of balls; n = number of balls; s =
average clearance space between the balls. Then D = id + s) -;- sin,
(180°/n); d = D sin (180°/n) - s; s = D sin (180°/n) - d; n =180°

^whos ' • " -^ ".. .angle \ tiose sine is (d -t- s) -~D. The clearance s should be about 0.003 in.

Values of ISOVw and of sin 1807w.

^ ^ 8
.^

n. .^ 1 n. ^ 1 n. « 1 n. tt i

1 ^g s a 1 _fl 1 _g
*w '2

"T" 60 0.86603 U 12 0.20791 27" 6.667 0.11609 l9~ 4.615 0.08047
4 45 .70711 16 11.250 .19509 28 6.429 .11197 40 4.500 .07846

5 36 .58799 17 10.588 .18375 29 6.207 .10812 41 4.390 .07655

6 30 .50000 18 10 .17365 30 6 .10453 42 4.286 .07473

7 25.714 .43388 19 9.474 .16454 31 5.806 .10117 43 4.186 .07300

8 22.500 .38268 20 9. .15643 32 5.625 .09801 44 4.091 .07134

9 20 .34202 21 8.571 .14904 33 5.455 .09506 45 4 .06976

10 18 .30902 22 8.182 .14233 34 5.294 .09227 46 3.913 .06825

11 16.364 .28173 23 7.826 .13616 35 5.143 .08963 47 3.830 .06679

12 15 .25882 24 7.500 . 13053 36 5 .08716 48 3.750 .06540

13 13.846 .23931 25 7.200 .12533 37 4.865 .08510 49 3.673 .06407

14 12.857 .22252 26 6.923 .12055 38 4.737 .08258 50 3.600 .06279

Grades of Balls for Bearings. (S. S. Eveland, Trans. A. S. M. B.,
1905.) — "A" grade balls vary about 0.0025 in. in diameter; "B" grade,
0.001 to 0.002 in.; while "high-duty" or special balls are furnished varying
not over 0.0001 in. The crushing strength of balls is of little importance
as to the load a bearing will carry, the revolutions per minute bemg quite
as important as the load.
Saving of Power by Use of BaH-Bearings.— Henry Hess (Trans.

A. S. M, E., 1909) describes a series of tests made by Dodge and Day on a
215/16 in. line shaft 72 ft. long, alternately equipped with plain ring-oiling
babbitted boxes and with Hess-Bright ball-bearings. Eight countershafts
were driven from pulleys on the line shaft. The countershaft pulleys had
plain bearings. The conclusions from the tests made under normal belt
conditions of 44 and 67 lbs. per inch width of angle of single belt are as
follows:

a. Savings due to the substitution of ball-bearings for plain bearings on
line shafts may be safely calculated bj^ using 0.0015 as the coefficient of
ball-bearing friction, 0.03 as the coefficient of line shaft friction, and 0.08
as the coefficient of countershaft friction.

b. When the belts from line shaft to countershaft pull all in one direc-
tion and nearly horizontally the saving due to the substitution of ball-
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bearings for plain bearings on the line shaft may be safely taken as 35%
of the bearing ITiction.

c. When ball-bearings are used also on the countershafts the savings
will be correspondingly greater and may amount to 70% or more of the
bearing friction.

d. These percentages of savings are percentages of the friction work
lost in the plain bearings; they are not percentages of the total power
transmitted. The latter will depend upon the ratio of the total power
transmitted to that absorbed in the line and countershafts.

e. The power consumed in the plain line and countershafts varies, as
Is well known, from 10 to 60% in different industries and shops. The
substitution of ball-bearings for plain bearings on the line shaft only, under
conditions of paragraph "a," will thus result in saving of total power of
35 X 0.10 = 3.5% to 35 X 0.60 = 21%. By using ball-bearings on the
countershafts also, the saving of total power will be from 70 X 0.10 = 7%
to 70X0.60 = 42%.

KNIFE-EDGE BEARINGS.
Allowable loads on knife-edges vary with the manner in which the

pivots or knife-edges are held in the lever and the pivot supports or
seats secured to the base of weighing machines. The extension of the
pivot beyond the solid support is practically worthless. A high-grade
imiform tool steel with carbon 0.90% to 1.00% should be used. The
temper of the seats should be drawn to a very light straw color; that of
the pivots should be slightly darker. The angle of 90° for the knife-edge
has given good results for heavy loads. For ordinary weighingma-
chinery and most testing machinery 5000 lb. per in. of length is ample.
Loads of 10,000 lb. per inch of length are permissible, but the pivot
must be flat at its upper portion, normal to the load and supported its

whole length, with a minimum deflection of parts to secure reasonable
accuracy. The edge may be made perfectly sharp, for loads up to
1000 lb. per inch of length. For greater loads the sharp edge is rubbed
with an oilstone, so that a smoothness is just visible. A pronoimced
radius of knife-edge will decrease the sensibility of the apparatus.
(Jos. W. Bramwell, Eng. News, June 14, 1906.)

FRICTION OF STEAM-ENGINES.
Distribution of the Friction of Engines. — Prof. Thurston, in hia

" Friction and Lost Work," gives the following:

Main bearings 47 .0 35 .4 35 .0
Piston and rod 32 .9 25 .0 21 .0
Crank-pin 6. 8 5.11 ,on
Cross-head and wrist-pin 5.4 4.1) ^^-^

Valve and rod 2.5 26.41 oo n
Eccentric strap 5.3 4.0) ^^-^

Link and eccentric 9.0

Total 100 .0 100 .0 100 .0

No. 1, Straight-line, 6 x 12 in., balanced valve; No, 2, Straight-hne,
6 X 12 in., unbalanced valve; No. 3, 7 x 10 in., Lansing traction, locomo-
tive valve-gear.

Prof. Thurston's tests on a number of different styles of engines indicate
that the friction of any engine is practically constant under all loads.
(Trans. A. S. M. E., viii, 86; ix, 74.)

In a straight-Une engine, 8 x 14 in., I.H.P. from 7.41 to 57.54, the
friction H.P. varied irregularly between 1.97 and 4.02, the variation
being independent of the load. With 50 H.P. on the brake the I.H.P.
was only 52.6, the friction being only 2.6 H.P., or about 5%.
A compound condensing-engine, tested from to 102.6 brake H.P., gave

I.H.P. from 14.92 to 117.8 H.P., the friction H.P. varying only from
14.92 to 17.42. At the maximum load the friction was 15.2 H.P.. or
12.9%.
The friction increases with increase of the boiler-pressure from 30 to 70

lbs., and then becomes constant. The friction generally increases with
Increase of soeed. but there are exceptions to this rule.

Prof. Denton (Stevens Indicator, July, 1890), comparing the calculated

friction on anumber of engines with the friction as determinedbymeasure^
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ment, finds that in one case, a 75-ton ammonia ice-machine, the friction of
the compressor, 17 1/2 H.P., is accounted for by a coefficient of friction
of 71/2% on all the external bearings, allowing 6% of the entire friction
of the machine for the friction of pistons, stuffing-boxes, and valves. In
the case of the Pawtucket pumping-engine, estimating the friction of the
external bearings with a coefficient of. friction of 6% and that of the
pistons, valves, and stuffing-boxes as in the case of the ice-machine, we
have the total friction distributed as follows: ^

Horse- Per cent

Crank-pins and effect of piston-thrust on main shaft .71* 1 1
4*

Weight of fly-wheel and main shaft 1 95 32 '4

Steam-valves 23 3 7
Eccentric

\ !07 12
Pistons

'

.43 7 2
Stuffing-boxes, six altogether ..', 72 113
Air-pump : 2.10 32 .8

Total friction of engine with load 6 .21 100
Total friction per cent of indicated power. 4,27

The friction of this engine, though very low in proportion to the indi-
cated power, is satisfactorily accounted for by Morin's law used with a
coefficient of friction of 5%. In both cases the main items of friction are
those due to the weight of the fly-wheel and main shaft and to the piston-
thrust on crank-pins and main-shaft bearings. In the ice-machine the
latter items are the larger owing to the extra crank-pin to work the pumps,
while in the Pawtucket engine the former preponderates, as the crank-
thrusts are partly absorbed by the pump-pistons, and only the surplu,')

effect acts on the crank-shaft.
Prof. Denton describes in Trans. A. S. M. E., x. 392, an apparatus by

which he measured the friction of the piston packing-ring. When the
parts of the piston were thoroughty devoid of lubricant, the coefficient

of friction was found to be about 71/2%; with an oil-feed of one drop in
two minutes the coefficient was about 5%; with one drop per minute it

was about 3%. These rates of feed gave unsatisfactory lubrication, the
piston groaning at the ends of the stroke when run slowly, and the flow of
oil left upon the surfaces was found by analysis to contain about 50% of
iron. A feed of two drops per minute reduced the coefficient of friction
to about 1%, and gave practically perfect lubrication, the oil retaining its
natural color and purity.

FRICTION BRAKES AND FRICTION CLUTCHES.
Friction Brakes are used for slowing down or stopping a moving

machine by converting its energy of motion into heat, or for controlling
the speed of a descending load. The simplest form is the block brakt,
commonly used for railway car wheels, which resists the motion of the
wheel not only with the force due to ordinary sliding friction, but with
that due to cutting or grinding away the surface of the metals in contact.
If P = total pressure acting normal to the sliding surface, / = coefficient

of friction, and v = velocity in feet per minute, then the energy absorbed,
in foot-pounds per minute, is Pfv. If the surface is lubricated and the
pressure per square inch not great enough to squeeze out the lubricant,
then the value of / for different materials may be taken from Morin's
tables for friction of motion, page 1221, but if the pressure is great enough
to force out the lubricant, then the, coefficient becomes much greater
and the surfaces will cut and wear, with a rapid rise of temperatm-e.
Other forms of brakes are disk brakes and cone brakes, in which a

disk or cone is carried by the rotating shaft and a mating disk or cone
is pressed against it by a lever or other means; and band brakes, also
called strap or ribbon brakes, in which a flexible band encircles the
cylindrical surface of a rotating drum or wheel, and tension applied
to one end of the band brings it in contact with that surface. For band
brakes the theory of friction of belts applies. See page 1138. For much
information on the theory and practice of friction brakes see articles by
C. F. Blake in Mach'y, Jan., 1901, Mar,, 1905, and Aug., 1906, and by
E. R. Douglas, Am. Mach., Dec. 26, 1901, and R. B. Brown, Mach'y,
April, 1909. For friction brake dynamometers see Dynamometers.
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Friction Clutches are used for putting shafts in motion gradually,
wittiout shock. If two shafts, in line with each other, one in motion and
the other at rest, each having a disk keyed to the end, and the disks
almost touching, are moved toward each other so that the disks are
brought in contact with some pressure, the shaft at rest will be put in
motion gradually, while the disks rub on each other, until it acquires the
velocity of the driving shaft, when the friction ceases and the disks may
then be locked together. This is an elementary form of friction clutch.
A great variety of styles are made in which the sliding, surfaces may be
disks, cones, and gripping blocks of various forms. The work done by a
clutch while the surfaces are in sliding contact, and before they are locked
together, is the overcoming of the inertia of the driven shaft and of all

the mechanism driven by it, and giving it the velocity of the driving
shaft. The principles of friction brakes apply to friction clutches. The
sliding surfaces must be of sufficient area to keep the normal pressure
below that at which they will overheat, cut and wear, and to dissipate
the heat generated by friction. The following values of the coefficient
of friction to be used in designing clutches are given by C. W. Hunt:
cork on iron, 0.35; leather on iron, 0.3; wood on iron. 0.2: iron on iron.,

0.25 to 0.3. Lower values than these should be assumed for velocities
exceeding 400 ft. per minute. The pressure per square inch in disk
clutches should not exceed 25 or 30 lbs., and wooden surfaces should
not be loaded beyond 20 to 25 lbs. per sq. in. See Kimball and Barr on
Machine Design, also Trans. A.S.M. E., 1903 and 1908.

Electrically Operated Brakes are discussed by H. A Steen in a
paper read before the Engrs. Socy. of W. Penna., reprinted in Iron Trade
Rev., Dec. 24, 1908. Formulgs are given for the time required for stop-
ping, for the heat generated and the temperature rise, for different types
of brakes.
Magnetic and Electric Brakes.—For braking the load on electric

cranes a band brake is used which is held off the drum by the action of
a magnet or solenoid, and is put on by the action of a spring or weight.
The solenoid usually consists of a coil of wire connected in series with the
motor, and a plunger working inside of the coil. It should be so pro-
portioned that its action is not delayed by residual magnetism when the
current is cut off. Too rapid action is prevented by making the end of
the solenoid an air dash-pot.

For electric-driven machinery an electric motor makes a most efficient

brake by reversing the direction of the electric current, causing the motor
to become a generator supplying current to a rheostat in which it is con-
verted into heat and dissipated. In some cases the electric current
generated, instead of being absorbed in a rheostat, is fed into the main
electric circuit. In this case the energy of the rotating mass, instead of
being wasted in friction or in electrical heating, is converted into electric

energy and thus conserved for further use.
Design of Band Brakes. (R. A. Greene, Am. Mach., Oct. 8, 1908.)—

In the practice of the Browning Engineering Co., Cleveland, O., in
regard to the design of band brakes the equations are:

T= PX, t= T -P, S = ^^p ,
^= SX DX 0.262 X revolutions per

minute, in which T = the greater tension on the band, t = the lesser
tension on the band, P = equivalent load on the brake drum, X = factor

from the accompanying table, X = in which iV = 10^ ™^ fc,

where / = the coefficient of friction and' c the length of arc of contact in
degrees divided by 360. D = diam. of brake drum, F = width of face
of brake drum, ,S = a checking factor which has a maximum limit of 65,
1? = a checking factor which has a limit of 54,000 (Yale & Towne practice)
or 60,000 (Brown hoist practice).
Example.—A band brake is to be designed having an arc of contact

of 260°, coefficient of friction = 0.2, drum diameter 30 ins., face 4 ins ,

speed 100 r.p.m., and a load of 3000 lbs. acting on a diameter of 20 ins.

Then
P= 3000 X 20-^30=2000 pounds, X = 1.68 (from table), T = 2000 X

1.68 = 3360 pounds, t = 3360 - 2000 = 1360 pounds, ^ = 2 X3360-f-
(30X4)=56 (within the limit), ^ = 56X30 X 0.262 X 100=44,000 (within
the limit).
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Degrees.
Values of X.

Degrees.
Values of X.

f =0.2. /=0.3. /=0.4. /=0.2. / =0.3. / =0.4.

180 2.14 1.64 1.40 260 1.68 1.35 1.19

195 2.03 1.56 1.35 270 1.64 1.32 1.18

210 1.93 1.50 1.30 280 1.60 1.30 1.17
240 1.76 1.40 1.23 290 1.57 1.28 1.15
250 1.72 1.37 1.21 300 1.54 1.26 1.14

FRICTION OF HYDRAULIC PLUNGER PACKING.
The "Taschenbuch der Hutte" (15th edition, vol. 1, p. 202) says: "For

stufflng-boxes with hemp, cotton or leather packing, with water pressures
between 1 and 50 atmospheres, the frictional loss is<iependent upon the
water pressure, the circumference of the packed surface, and a coefficient
(I, which is constant for this range of pressure. The loss is independent
of the depth of stuffing-box or leather ring, and is given by the formula
F = /Cprf, in which i^= total frictional loss in pounds, p = pressure in pounds
per sg. in., d = diameter of plunger in inches.

iiC is a coefficient, which depends on the kind and condition of the pack-
ing, and is given as follows for various cases.

For cotton or hemp, loose or braided, dipped in hot tallow; plungers
smooth, glands not pulled down too tight, packing therefore retaining
its elasticity; dimensions such as usually occur, K = 0.072.
Same conditions, after packing is some months old, /i: = 0.132.
Materials the same, but with hard packing, unfavorable conditions,

etc., i^ = as much as 0.299.
Leather packing; soft leather, well made, etc., ^= 0.036 to 0.084.
Hard, stiffly tanned leather, K = 0.12 to 0.156.
Unfavorable conditions; rough plungers, gritty water, etc., K=a,s much

as 0.239.
Weisbach-Hermann, " Mechauics of Hoisting Machinery," gives a

formula which when translated into the same notation as the one in
" Hutte " is

F= 0.0312 pd to 0.0767 pd.

Since the total pressure on a plunger is Vind^p, the ratio of the loss of
pressure to the total pressure is Kpd-^V^nd'^p, or, using the extreme values
of K, 0.0312 and 0.299, the ratio ranges from 0.04 -^rf to 0.38 -^d, or from
4 to 38 per cent divided by the diameter in inches.

Walter Ferris {Am. Mach., Feb. 3, 1898) derives from the formula
given above the following formula for the pressure produced by a hemp-
packed hydraulic intensifier made with two plungers of different diameters:

A-KD

in which P2= pressure per sq. in. produced by the intensifier, pi=initial
pressure, A = area and D = diam. of the larger plunger, a= area and d=
diam. of the smaller plunger, and K an experimental coefficient. He gives
the following results of tests of an intensifier with a small plunger 8 ins.
diam. and two large plungers, 14V4 and 173/4 ins., either one of which could
be used as desired.
Diam. of large plunger, in. 141/4 141/4 173/4 173/4
Initial pressure, lbs. per sq. in. 285 475 335 350
Intensified pressure, lbs. per sq. in. 750 1450 1450 1510
Intensified if there were no friction 905 1505 1650 1725
Intensified calculated by formula* 806 1433 1572 1643
Efficiency of machine 0.83 0.965 0.88 0.875

LUBRICATION.
Measurement of the Durability of Lubricants. — (J. E. Denton,

Trans. A. S. M. E., xi, 1013.) — Practical differences of durability of
lubricants depend not on any differences of inherent ability to resist
being "worn out" b.y rubbing, but upon the rate at which they flow
through and away from the bearing-surfaces. The conditions which

* Assuming K = 0.2.

each ease was 0,953,
The efficiency calculated by the formula in
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control this flow are so delicate in their influence that all attempts thus
far made to measure durability of lubricants may be said to have failed
to make distinctions of lubricating value having any practical significance.
In some kinds of service the limit to the consumption of oil depends upon
the extent to which dust or other refuse becomes mixed with it, as in
railroad-car lubrication and in the case of agricultural machinery. The
economy of one oil over another, so far as the quahty used is concerned—
that is, so far as durability is concerned — is simply proportional to the
rate at which it can insinuate itself into and flow out of minute orifices or
cracks. Oils will differ in their abihty to do this, first, in proportion to
their viscosity, and, second, in proportion to the capillary properties which
they may possess by virtue of the particular ingredients used in their
composition. Wher£ the thickness of film between rubbing-surfaces
must be so great that large amounts of oil pass through bearings in a given
time, and the surroundings are such as to permit oil to be fed at high
temperatures or applied by a method not requiring a perfect fluidity, it is
probable that the least amount of oil will be used when the viscosity is as
great as in the petroleum cylinder stocks. When, however, the oil must
flow freely at ordinary temperatures and the feed of oil is restricted, as in
the case of crank-pin bearings, it is not practicable to feed such heavy
oils in a satisfactory manner. Oils of less viscosity or of a fluidity
approximating to lard-oil must then be used.

Belati\ie Value of Lubricants. (J. E. Denton, Am. Mach., Oct. 30,
1890.) — The three elements which determine the value of a lubricant
are the cost due to consumption of lubricants, the cost spent for coal to
overcome the frictional resistance caused by use of the lubricant, and the
cost due to the metaUic wear on the journal and the brasses.
The Qualifications of a Good Lubricant, as laid down by W. H.

Bailey, in Proc. Inst. C. E., vol. xlv, p. 372, are: 1. Sufficient body to
keep the surfaces free from contact under maximum pressure. 2. The
greatest possible fluidity consistent with the foregoing condition. 3. The
lowest possible coefficient of friction, which in bath lubrication would be
or fluid friction approximately. 4. The greatest capacity for storing
and carrying away heat. 5. A high temperature of decomposition.
6. Power to resist oxidation or the action of the atmosphere. 7. Freedom
from corrosive action on the metals upon which the lubricant is used.
The Examination of Lubricating Oils. (Prof. Thos. B. Stillman,

Stevens Indicator, July, 1890.) — The generally accepted conditions of
a good lubricant are as follows:

1. "Body" enough to prevent the surfaces to which it is applied from
coming in contact with each other. (Viscosity.)

2. Freedom from corrosive acid, of either mineral or animal origin.
3. As fluid as possible consistent with "body."
4. A minimum coefficient of friction.

5. High "flash" and burning points.
6. Freedom from materials liable to produce oxidation or "gumming."
The examinations to be made to verify "Ihe above are both chemical and

mechanical, and are usually arranged in the following order:
1. Identification of the oil, whether a simple mineral oil, or animal oil,

or a mixture. 2. Density. 3. Viscosity. 4. Flash-point. 5. Burning-
point. 6. Acidity. 7. Coefficient of friction. 8, Cold test.

Detailed directions for making all of the above tests are given in Prof,
Stillman's article. See also StiUman's Engineering Chemistry, p. 366.
Notes on Specifications for Petroleum Lubricants. (C. M. Everest,

Vice-Pres. Vacuum Oil Co., Proc. Engineering Congress, Chicago World's
Fair, 1893.) — The specific gravity was the first standard estabhshed for
determining quality of lubricating oils, but it has long since been dis-
carded as a conclusive test of lubricating quality. However, as the
specific gravity of a particular petroleum oil increases the viscosity also
increases.

The object of the fire test of a lubricant, as well as its flash test, is the
prevention of danger from fire through the use of an oil that will evolve
inflammable vapors. The lowest fire test permissible is 300°, which gives
a liberal factor of safety under ordinary conditions.
The cold test of an oil, i.e., the temperature at which the oil will congeal,

should_be well below the temperature at which it is used; otherwise the
coeflQcient of friction would be correspondingly increased.'
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Viscosity, or fluidity, of an oil is usually expressed in seconds of time in
which a given quantity of oil will flow through a certain orifice at the tem-
perature stated, comparison sometimes being made with water, sometimes
with' sperm-oil, and again with rape-seed oil. It seems evident that
within limits the lower the viscosity of an oil (without a too near approach
to metallic contact of the rubbing surfaces) the lower will be the coefficient
of friction. But we consider that each bearing in a mill or factory would
probably require an oil of different viscosity from any other bearingin the
miU,.. in order to give its lowest coefficient of friction, and that shght
variations in the condition of a particular bearing would change the re-
qUlT'ements of that bearing; and further, that when nearingthe "danger
point" the question of viscosity alone probably does not govern.
The requirement of the New England Manufacturers' Association, that

ah oil shall not lose over 5% of its volume when heated to 140° Fahr. for
12-hours, is to prevent losses by evaporation, with the resultant effects.
The precipitation test gives no indication of the quaUty of the oil itself,

as the free carbon in improperly manufactured oils can be easily removed.
It is doubtful whether oil buyers who require certain given standards

of laboratory tests are better served than those who do not. Some of
the standards are so faulty that to pass them an oil manufacturer must
supply oil he knows to be faulty; and the requirements of the best stand-
ards can generally be met by products that will give inferior results in
actual serivce.
Penna. R. R. Specifications for Petroleum Products, 1900. —

Five different grades of petroleum products will be used.
_
The materials desired under this specification are the products of the

distillation and refining of petroleum unmixed with any other substances.
150° Fire-test Oil. — This grade of oil will not be accepted if sample

(1) is not "water-white" in color; (2) flashes below 130° Fahrenheit;
(3) burns below 151° Fahrenheit; (4) is cloudy or shipment has cloudy
barrels when received, from the presence of glue or suspended matter;
(5) becomes opaque or shows cloud when the sample has been 10 minutes
at a temperature of 0° Fahrenheit.

300° Fire-test Oil. — This grade of oil will not be accepted if samplf
(1) is not " water-white " in color; (2) flashes below 249° Fahrenheit
(3-X burns below 298° Fahrenheit ; (4) is cloudy or shipment has cloudy
barrels when received, from the presence of glue or suspended matter;
(5) becomes opaque or shows cloud when the sample has been 10 minute;
at a temperature of 32° Fahrenheit; (6) shows precipitation when some
of the sample is heated to 450° F. The precipitation test is made by
having about two fluid ounces of the oil in a six-ounce beaker, with a
thermometer suspended in the oil, and then heating slowly until the
thermometer shows the required temperature. The oil changes color,

biit must show no precipitation.
Paraffine and Neutral Oils. — These grades of oil will not be accepted

if the sample from shipment (1) is so dark in color that printing with
long-primer type cannot be read with ordinary daylight through a layer of
the oil 1/2 inch thick; (2) flashes below 298° F.: (3) has a gravity at
%0° F., below 24° or above 35° Baum^; (4) from October 1st to May 1st
has a cold test above 10° F., and from May 1st to October 1st has a cold
test above 32° F.
--- The color test is made by having a layer of the oil of the prescribed
thickness in a proper glass vessel, and then putting the printing on one
side of the vessel and reading it through the layer of oil with the back
of the observer toward the source of light.

Well Oil. — This grade of oil will not be accepted if the sample from
shipment (1) flashes, from May 1st to October 1st, below 298° F., or
#om October 1st to May 1st, below 249° F.; (2) has a gravity at 60° F.,

below 28° or above 31° Baume; (3) from October 1st to May 1st has
a cold test above 10° F., and from May 1st to October 1st has a cold test

above 32° F.; (4) shows any precipitation when 5 cubic centimeters are
-mixed with 95 c.c. of gasoline. The precipitation test is to exclude tarry
and suspended matter. It is made by putting 95 c.c. of 88° B. gasoline,

which must not be above 80° F. in temperature, into a 100 c.c. graduate,
then adding the prescribed amount of oil and shaking thoroughly. Allow
to stand ten minutes. With satisfactory oil no separated or precipitated
matedal can be seen.
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500° Fire4est Oil. — This grade of oil will not be accepted if sample
from shipment (1) flashes below 494° F.; (2) shows precipitation with
gasoline when tested as described for well oil.

Printed directions for determining flashing and burning tests and fof
making cold tests and taking gravity are furnished by the railroad company.
Penna. R. It. Specifications for Lubricating Oils (1894). (In

force in 1902.)

Constituent Oils. Parts by volume.

1

Extra No. 1 lard-oil 1

1

4

1

1

2

I

2
1

1

1

I

1

1

2500° fire-test oil I 4
ParafRne oil

Well oil 4 2 1

Used for A B Ci C2 Cs Dt D2 Ds E
A, freight cars; engine oil on shifting-engines; miscellaneous greasing

in foundries, etc. B, cyUnder lubricant on marine equipment and on
stationary engines. C, engine oil; all engine machinery; engine and
tender truck boxes; shafting and machine tools; bolt cutting; general
lubrication except cars. D, passenger-car lubrication. E, cylinder
lubricant for locomotives. Ci, Di, for use in Dec, Jan., and Feb.; Cz,
Di, in March, April, May, Sept., Oct., and Nov.; Cs, Ds, in June, July,
and August. Weights per gallon. A, 7.4 lbs.; B, C, D, E, 7.5 lbs.
•Grease Lubricants.— Tests made on an Olsen lubricant testing machine

at Cornell University are reported in Power, Nov. 9, 1909. It was found
that some of the commercial greases stood much higher pressures than
the oils tested, and that the coefficients of friction at moderate loads were
often as low as those of the oils. The journal of the testing machine
was33/4in.diam.,3V2in.long, and the babbitt bearing shoe had a projected
area of 5.8 sq. in. The speed was 240 r.p.m. and each test lasted one
hour, except when the bearing showed overheating. The following are
the coefficients of friction obtained in the tests:

Lbs.
per

sq.m.

Min-
eral

Grease,

Ani-
mal

Grease.

Graph-
ite

Grease.

Mm-
eral

Grease.

Engine
Oil.

Engine
Oil.

Grease. Grease.

86.2
172.4
258.6
344 8

0.024
0.021
0.021
0.025
0.050

0.023
0.023
0.023
0.025
0.035

0.04
0.05

0.023
0.018
0.018
0.019
0.028

0.019
0.04
0.06

0.015
0.a22
0.037

0.020
0.015
0.014
0.017
0.026

0.025
0.022
0.020

020
431.0 0.019

Testing Oil for Steam Turbines. (Robert Job, Trans. Am. Soc. for
Testing Matls., 1909.) —

In some types of steam-turbines, the bearings are very closely adjusted
and, if the oil is not clear and free from waxy substances, clogging and
heating quickly results. A number of red engine and turbine oils some
of which had given good service and others bad service were tested and
it was found that clearness and freedom from turbidity were of importance,
but mere color, or lack of color, seemed to have little influence, and good
service results were obtained with oils which were of a red color, as well
as with those which were filtered to an amber color.

Heating Test.—It was found that on heating the oils to 450° F. all

which had given bad service showed a marked darkening of color, while
those which had proved satisfactory showed little change. With oils
that had been filtered or else had been chemically treated in such manner
that the so-called " amorphous waxes " had been completely removed,
on applying the heating test only a slight darkening of color resulted.
It is of advantage in addition to other requirements to specify that an
oil for steam turbines on being heated to 450° F. for five minutes shall
show not more than a slight darkening of color. The test is that com-
monly used in test of 300° oil for burning purposes.

Separating Test.—It is known that elimination of the waxes causes an
increase in the ease with which the oil separates from hot water when
thoroughly shaken with it. This condition can be taken advantage of

by prescribing that when one oxmce of the oil is placed in a 4-oz. bottle
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with two ounces of bofling water, the bottle corked and shaken nara ror
one minute and let stand, the cil mr.st separate from the water within a
specified time, depending upon the nature of the oil, and that there must
be no appearance of waxy substances at the line of demarcation between
the oil and the water.

Quantity of Oil needed to Run an Engine.— The Vacuum Oil Co. in
1892, in response to an inquiry as to cost of oil to run a 1000-H.P. Corliss
engine, wrote: The cost of running two engines of equal size of the same
make is not always the same. Therefore, while we could furnish figures
showing what it is costing some of our customers having Corliss engines
of 1000 H.P., we could only give a general idea, which in itself might be
considerably out of the way as to the probable cost of cyUnder- and
engine-oils per year for a particular engine. Such an engine ought to
run readily on less than 8 drops of 600 W oil per minute. If 3000 drops
are figured to the quart, and 8 drops used per minute, it would take about
two and one half barrels (52.5 gallons) of 600 W cylinder-oil, at 65 cents
per gallon, or about $85 for cylinder-oil per year, running 6 days a week
and 10 hours a day. Engine-oil would be even more difficult to guess at
what the cost would be, because it would depend upon the number of
cups required on the engine, which varies somewhat according to the
style of the engine. It would doubtless be safe, however, to calculate
at the outside that not more than twice as much engine-oil would be
required as of cylinder-oil.
The Vacuum Oil Co. in 1892 published the following resulte of practice

with "600 W" cylinder-oil:

Corliss compound engine, j
20 and 33 x 48; 83 revs, per min.; 1 drop of

triple exp. •• 20, 33, and 46 x 48; 1 drop every 2 minutes.
(20 and 36 x 36; 143 revs, per min.: 2 drops

Porter-Allen " \ of oil per min., reduced afterwards to 1 drop
( per min.

Rail •• 1 15 and 25 x 16; 240 revs, per min.; 1 drop
I every 4 minutes.

Results of tests on ocean-steamers communicated to the author by
Prof. Denton in 1892 gave: for 1200-H.P. marine engine, 5 to 6 EngUsb
gaUons (6 to 7.2 U. S. gals.) of engine-oil per 24 hours for external lubri-
cation; and for a 1500-H.P. marine engine, triple expansion, running
75 revs, per min., 6 to 7 English gals, per 24 hours. The cyhnder-oil
consumption is exceedingly variable, — from 1 to 4 gals, per day on
different engines, including cylinder-oil used to swab the piston-rods.

Cylinder Lubrication. — J. H. Spoor, in Power, Jan. 4, 1910, has made
a study of a great number of records of the amount of oil used for lubri-
cating cylinders of different engines, and has reduced them to a svs-
tematic basis of the equivalent number of pints of oil used in a lO-hour
day for different areas of surface lubricated. The surface is determined
in square inches by multiplying the circumference of the cylinder by the
length of stroke. The results are plotted in a series of curves for different
types of engines, and approximate average figures taken from these curves
are given below:

Compound Engines.

Sq. ins. lubricated 2,000 4,000 6,000 8,000 10.000 12,000 18,000
Pints of oil used in 10 hrs. 2 3.5 4.3 5 5.5 6 6.5

Corliss Engines.

Sq. ins. lubricated , 1,000 2,000 3,000 4,000
Pints of oil in 10 hrs. Avge 0.9 1 .65 2.25 3.75

Max 1.2 2.25
Min 1.00

Automatic high-speed engines, about 2 pints per 1,000 sq. in.
Simple slide-valve engines, about 0.5 pint per 1,000 sq. in.

As shown in the figures under 2,000 Corliss, a certain engine may take
21/4 times as much oil as another engine of the same size. The difference
maybe due to smoothness of cylinder surface, kind and pressure of piston
rings, quality of oil, method of introducing the lubricant, etc. Variations
in speed of a given type of engine and in steam pressure do not appear to
make much difference, but the small automatic high-speed engine takes
more oil than any other type. Vertical marine engines are commonly run
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without any cylinder oil, except that used occasionally to swab the piston
rods.

Quantity of Oil used on a Liocomotive Crank-pin. — Prof. Denton,
Trans. A. S. M. E., xi, 1020, says: A very economical case of practical
oil-consumption is when a locomotive main crank-pin consumes about
six "cubic inches of oil in a thousand miles of service. This is equivalent
to a consumption of one milligram to seventy square inches of surface
rubbed over.
Soda Mixture for Machine Tools. (Penna. R. R. 1894.) — Dissolve

6 lbs. of common sal-soda in 40 gallons of water and stir thoroughly.
When needed for use mix a gallon of this solution with about a pint of
engine oil. Used for the cutting parts of machine tools instead of oil.

Water as a Lubricant. (C. W. Naylor, Trans. A. S. M. E., 1905.) —
Two steel jack-shafts 18 ft. long with bearings 5 X 14 ins. each receiving
175 H.P. from engines and driving 5 electric generators, with six belts all

pulling horizontally on the same side of the shaft, gave trouble by heating
when lubricated with oil or grease. Water was substituted, and the shafts
ran for 1 1 years, 10 hours a day, without serious interruption. Oil was fed
to the shaft before closing down for the night, to prevent rusting. The
wear of the babbitted bearings in 11 years was about V4 in., and of the shaft
nil.

Acheson's ** Deflocculated " Grapliite. (Trans. A. I. E. E., 1907:
Eng. News, Aug. 1, 1907.)— In 1906, Mr. E. G. Acheson discovered a
process of producing a fine, pure, unctuous graphite in the electric fur-
nace. He calls it deflocculated graphite. By treating this graphite
in the disintegrated form with a water solution of tannin, the amount,
of tannin being from 8% to 6% of the weight of the graphite treated,
he found that it would be retained in suspension in water, and that it

was in such a fine state of subdivision that a large part of it would run,
through the finest filter paper, the filtrate being an intensely black liquid-
in which the graphite would remain suspended for months. The addition
of a minute quantity of hydrochloric acid causes the graphite to floccu-
late and group together so that it will no longer flow through filter paper.
The same effect has been obtained with alumina, clay, lampblack and
siloxicon, by treatment with tannin. The graphite thus suspended in
water, known as "aquedag," has been successfully used as a lubricant
for journals with sight-feed and with chain-feed oilers. It also prevents
rust in iron and steel. The deflocculated graphite has also been sus-
pended in oil, in a dehydrated condition, making an excellent lubricant
known as "oildag." Tests by Prof. C. H. Benjamin of oil with 0.5%
of graphite showed that it had a lower coefficient of friction than the oil

alone.

SOLID LUBRICANTS.

Graphite in a condition of powder and used as a solid lubricant, so
called, to distinguish it from a liquid lubricant, has been found to do well
where the latter has failed.

Rennie, in 1829, says: "Graphite lessened friction in all cases where it
was used." General Morin, at a later date, concluded from experiments
that it could be used with advantage under heavy pressures: and Prof.
Thurston found it well adapted for use under both light and heavy pres-
sures when mixed with certain oils. It is especially valuable to prevent
abrasion and cutting under heavy loads and at low velocities.

For comparative tests of various oils with and without graphite, see
paper on lubrication and lubricants, by C. F. Mabery, Jour. A.S.M.E.,
Feb., 1910.

Soapstone, also called talc and steatite, in the form of powder and
mixed with oil or fat, is sometimes used as a lubricant. Graphite or
soapstone, mixed with soap, is used on surfaces of wood working against
either iron or wood.

3Ietaline is a solid compound, usually containing graphite, made in the
form of small cylinders which are fitted permanently into holes drilled
in the surface of the bearing. The bearing thus fitted runs without any
other lubrication.

. , . , ^ ^r.
Bushings fitted with graphite packed into grooves are made by the

Grapliite Lubricating Co., Bound Brook, N. J.
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(See also Cast-iron, pp. 437 to 445, and Fans and Blowers, pp. 653 to 673.)

Cupola Practice.

The following table and the notes accompanying it are condensed from
an article by Simpson BoUand in Am. Mach., June 30, 1892:

84
16

3000
9000
1310

11,790

26
31

16

3.5
16

16

7

160

47

10
48

37,530

Diam. of lining, in
Height to char'g door, ft. .

Fuel used in bed, lbs
First charge of iron, lbs. . .

,

Other fuel charges, lbs

Other iron charges, lbs.. .

.

Diam. blast pipe, in

No. of 6-iii. round tuyeres.
Equiv. No. flat tuyeres
Width of flat tuyeres, in...

Height of flat tuyeres, in.

.

Blast pressure, oz
Size of Root blower, No

—

Revs, per min
Engine for blower, H.P
Sturtevant blower. No
Engine for blower, H.P
Melting cap., lbs. per hr. . .

.

36 48 54 60 66 72
12 13 14 15 15 16

840 1380 1650 1920 2190 2460
2520 4140 4950 5760 6570 7380
302 554 680 806 932 1058

2718 4986 6120 7254 8388 9522
14 18 20 22 22 24
3.7 6.8 10.7 13.7 15.4 19

4 6 S 8 8 10

2 2.5 2.5 3 3 3
13.5 13.5 15.5 16.5 18.5 18.5
8 12 14 14 14 16

2 4 4 5 5 6
241 212 277 192 240 163

2.5 10 14 181/2 23 33
4 6 7 8 8 9
3 93/4 16 22 22 35

4820 10,760 13.850 16,940 21,200 26,070

Mr. BoUand says that the melting capacities in the table are not sup^

Eosed to be all that can be melted in the hour by some of the best cupolas,
ut are simply the amounts which a common cupola under ordinary

circumstances may be expected to melt in the time specified.

By height of cupola is meant the distance from the base to the bottom
side of the charging door. The distance from the sand-bed, after it has
been formed at the bottom of the cupola, up to the under side of the
tuyeres is taken at 10 ins. in all cases.

Ail the amounts for fuel are based upon a bottom of 10 ins. deep. The
quantity of fuel used on the bed is more in proportion as the depth is

increased, and less when it is made shallower.
The amount of fuel required on the bed is based on the supposition that

the cupola is a straight one all through, and that the bottom is 10 ins,

deep. If the bottom be more, as in those of the Colliau type, then addi-
tional fuel will be needed.

First Charge of Iron. — The amounts given are safe figures to work upon
in every instance, yet it will always be in order, after proving the ability

of the bed to carry the load quoted, to make a slow and gradual increase
of the load until it is fully demonstrated just how much burden the bed
will carry.

Succeeding Charges of Fuel and Iron. — The highest proportions are
not favored, for the simple reason that successful melting with any greater
proportion of iron to fuel is not the rule, but, rather, the exception.

Diameter of Main Blast-pipe. — The sizes given are of sufficient area
for all lengths up to 100 feet.

Tuyeres. — Any arrangement or disposition of tuyeres may be made,
which shall answer in their totality to the areas given in the table. On no
consideration must the tuyere area be reduced; thus, an 84-inch cupola
must have tuyere area equal to 31 pipes 6 ins. diam., or 16 flat tuyeres
16 X 31/2 ins. The tuyeres should be arranged in such a manner as will

concentrate the fire at the melting-point into the smallest possible com-
pass, so that the metal in fusion will have less space to traverse while
exposed to the oxidizing influence of the blast.

To accomplish this, recourse has been had to the placing of additional
rows of tuyeres in some instances — the "Stewart rapid cupola" having
three rows, and the " Colliau cupola furnace" having two rows, of tuyeres.



1248 THE FOUNDRY.

[Cupolas as large as 84 inches in diameter are now (1906) built without
boshes. The most recent development with this size cupola is to place a
center tuyere in the bottom discharging air vertically upwards.]

Blast-pressure. — About 30,000 cu. ft. of air are consumed in melting a
ton of iron, which would weigh about 2400 pounds, or more than both
iron and fuel. When the proper quantity of air is supplied, the com-
bustion of the fuel is perfect, and carbonic-acid gas is the result. When
the supply of air is insufficient, the combustion is imperfect, and car-
bonic-oxide gas is the result. The amount of heat evolved in these two
cases is as 15 to 4V2, showing a loss of over two-thirds of the heat by
imperfect combustion. [Combustion is never perfect in the cupola except
near the tuyeres. The CO2 formed by complete combustion is largely
reduced to CO in passing through the hot coke above the fusion zone.]

It is not always true that we obtain the most rapid melting when we are
forcing into the cupola the largest quantity of air. Too much air absorbs
heat, reduces the temperature, and retards combustion, and the fire in the
cupola may be extinguished with too much blast.

Slag in Cupolas. — A certain amount of slag is necessary to protect the
molten iron which has fallen to the bottom from the action of the blast; if

it was not there, the iron would suffer from decarbonization.
When slag from any cause forms in too great abundance, it should be

led away by inserting a hole a little below the tuyeres, through which it
\

will find its way as the iron rises in the bottom.
With clean iron and fuel, slag seldom forms to any appreciable extent

in small heats; but when the cupola is to be taxed to its utmost capacity
it is then incumbent on the melter to flux the charges all through the heat,
carrying it away in the manner directed.
The best flux for this purpose is the chips from a white-marble yard.

About 6 pounds to the ton of iron wiU give good results when all is clean.
[Fluor-spar is now largely used as a flux.]

When fuel is bad, or iron is dirty, or both together, it becomes imperative
that the slag be kept running all the time.

Fuel for Cupolas. — The best fuel for melting iron is coke, because it

requires less blast, makes hotter iron, and melts faster than coal. When
coal must be used, care should be exercised in its selection. All anthra-
cites which are bright, black, hard, and free from slate, will melt iron
admirably. For the best results, smaU cupolas should be charged with
the size called ''hgg," a still larger grade for medium-sized cupolas, and
what is called "lump" will answer for all large cupolas, when care is taken
to pack it carefully on the charges.
Melting Capacity of Different Cupolas. — The following figures

are given by W. B. Snow, in The Foundry, Aug., 1908, showing the
records of capacity and the blast pressure of several cupolas:

Diam. of lining,
ins 44 44 47 49 54 54 54 60 60 60 74

Tons per hour . . 6.7 7.3 8.4 9.1 7.7 8.8 10.2 12.4 14.8 13.8 13.0
Pressure, oz. per

sq. in 12.9 16.4 17.5 11.8 13.6 11.0 20.8 15.5 16.8 12.6 8.7

From plotted diagrams of records of 46 tests of different cupolas the
following figures are obtained:

Diam. of lining, ins 30 36 42 48 54 60 66 72
Max. tons per hour 3 5 7.3 9.5 12 15 18 21
Avge. " " " 2.5 4 5.5 7.5 9 11 13 16
Max. pressure, oz 11 12 13.5 14 14.6 15.2 15.7 16

For a given cupola and blower the melting rate increases as the square
root of the pressure. A cupola melting 9 tons per hour with 10 ounces
pressure will melt about 10 tons with 12.5 ounces, and 11 tons with 15
ounces. The power required varies as the cube of the melting rate, so
that it would require (11/9)3 = 1.82 times as much power for 11 tons as
for 9 tons. Hence the advantage of large cupolas and blowers with light
pressures.
Charging a Cupola. — Chas. A. Smith {Am. Mach., Feb. 12, 1891)

gives the following: A 28-in. cupola should have from 300 to 400 lbs. of
coke on bottom bed; a 36-in. cupola, 700 to 800 lbs.; a 48-in. cupola,
1600 lbs.; and a 60-in. cupoia should have one ton of fuel on bottom bed.
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To every pound of fuel on the bed, three, and sometimes four pounds of
metal can be added with safety, If the cupola has proper blast; in after-
charges, to every pound of fuel add 8 to 10 pounds of metal; any well-
constructed cupola will stand ten.

F. P. Wolcott (Am. Mach., Mar. 5, 1891) gives the following as the
practice of the Colwell Iron-works, Carteret, N. J.: "We melt daily from
twenty to forty tons of iron, with an average of 11.2 pounds of iron to
one of fuel. In a 36-in. cupola seven to nine pounds is good melting,
but in a cupola that lines up 48 to 60 inches, anything less than nine
pounds shows a defect in arrangement of tuyeres or strength of blast,
or in charging up."
"The Holder's Text-book," by Thos. D, West, gives forty-six reports

in tabular form of cupola practice in thirty States, reaching from Maine
to Oregon.
Improvement of Cupola Practice. — The following records are given

by J. R. Fortune and H. S. Wells (Proc. A. S. M. E., Mar., 1908) showing
how ordinary cupola practice may be improved by making a few changes.
The cupola is 13 ft. 4 in. in height from the top of the sand bottom to
the charging door, and of three diameters, 50 in. for tlie first 3 ft. 6 in.,

then 54 in. for the next 2 ft. 4 in., then 60 in. to the top. When driven
with a No. 8 Stuftevant blower, the maximum melting rate, from iron
down to blast otT, was 8.5 tons per hour. A No. 11 high-pressure blower
was then installed. Test No. 1 in the table below gives the result with
cupola charges as follows in pounds: Bed, 590 coke, followed by 826 coke,
2000 iron; 400 coke, 2000 iron; 300 coke, 2000 iron; and thereafter all

charges were 200 coke, 2000 iron. The time between starting fire and start-
ing blast was 2 hr. 30 min., and the time from blast on to iron down,
11 min. The melting rate, tons per hour, is figured for the time from
iron down to blast off. The tuyeres were eight rectangular openings
11 1/4 in. high and of a total area of 1/9.02 of the area of the 54-in. circle.

No. of Test. I 2 3 4 5 6 7 8 ' 10

Total tons... 22 7 24. 22,15 24.25 24.25 22.65 24. 20.30 23.85 22.35

Tons per hr.. 9.45 8.88 8.86 9.15 9.66 10.24 10.43 10.91 11.35 11 17

Lbs. per min* 19 81 18.61 18 55 19.17 20.25 21.44 21.82 22.95 23.77 23.39
Iron -i- coket 7.54 7.40 7.28 8.58 8.94 8.71 9.02 9.02 10.02 9.49

Blast, oz 11.60 10.63 10.00 9.47 9.80 9.86 10.00 10.13 10.55 10.55

* Per sq. ft. cupola area at 54 in. diam, from iron down to blast off.

t Including bed.

The tuyeres were then enlarged, making their area 1/5.98 of the cupola
(54 in.) area, and the results are shown in tests No. 2 and 3 of the table.
The iron was too hot, and the coke charge was decreased to a ratio of
1/13.33 instead of 1/10, the bed of coke being increased. The result,

test No. 4, was an increased rate of melting, a decrease in the amount of
coke, and a decrease in the blast pressure. Tests 5, 6, 7, 8 and 9 were
then made, the coke being decreased, while the blast pressure was in-

creased, resulting in a decided increase in the melting speed. In tests

5, 6 and 7 the iron layer was 13.33 times the weight of the coke layer;
in test 8, 14.28 times; and in test 9, 15.38 times. In test 9 it was noticed
that the iron was not at the proper temperature, and in test 10 the coke
layer was increased to a ratio of 1 to 14.28 without altering the blast
pressure; this resulted in a decreased melt per hour. It has been found
that a coke charge of 150 lbs. to 2000 lbs, of iron, with a blast pressure
of 10.5 ounces, results in a melt of 11.5 tons per hour, the iron coming
down at the proper temperature.
An excess of coke decreases the melting rate. Iron in the cupola is

melted in a fixed zone, the first charge of iron above the bed being melted
by burning coke in the bed. As this iron is melted, the charge of coke
above it descends and restores to the bed the amount which has been
burned away. If there is too much coke in the charge, the iron is held
above the melting zone, and the excess coke must be burned away before
it can be melted, and this of course decreases the economy and the melting
speed.
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Cupola Charges in Stove-foundries. {Iron Age, April 14, 1892.) —
No two cupolas are charged exactly the same. The amount of fuel on
the bed or between the charges differs, while varying amounts of iron are
used in the charges. Below will be found charging-lists from some of the
prominent stove-foundries in the country:

lbs.

150

120

A—Bed of fuel, coke 1,500

First charge of iron 5,000

All other charges of iron 1 ,000

First and second charges of

coke, each 200

Thus for a melt of 18 tons there would be 5120 lbs. of coke used, giving
a ratio of 7 to 1. Increase the amount of iron melted to 24 tons, and a
ratio of 8 pounds of iron to 1 of coal is obtained.

Four next charges of coke,
each

Six next charges of coke, each
Nineteen next charges of coke.

lbs.

lbs.

B—Bed of fuel, coke 1 ,600

First charge of iron 1,800

First charge of fuel 150

All other charges of iron,
each 1,000

For an 18-ton melt 5060 lbs. of coke would be necessary, giving a ratio
of 7.1 lbs, of iron to 1 pound of coke.

lbs.

lbs.
Second and third charges of
fuel 130

All other charges of fuel,
each 100

All other charges of iron 2,000
AH other charges of coke 150

C—Bed of fuel, coke 1,600

First charge of iron 4,000

First and second charges of
coke 200

In a melt of 18 tons 4100 lbs. of coke would be used, or a ratio of 8.5 to 1.

lbs. 1 lbs.

D—Bed of fuel, coke 1 ,800 All charges of coke, each 200
First charge of iron 5,600 | All other charges of iron 2,900

In a melt of 18 tons, 3900 lbs. of fuel would be used, giving a ratio of
9.4 pounds of iron to 1 of coke. Very high, indeed, for stove-plate.

lbs.

All other charges of iron, each 2,000
All other charges of coal, each 175

lbs.

E—Bed of fuel, coal 1 ,900

First charge of iron 5,000

First charge of coal 200

In a melt of 18 tons 4700 lbs. of coal would be used, giving a ratio of i

7.7 lbs. of iron to 1 lb. of coal.
These are sufficient to demonstrate the varying practices existing

among different stove-foundries. In all these places the iron was proper
for stove-plate purposes, and apparently there was little or no difference
in the kind of work in the sand at the different foundries;
Foundry Blower Practice. (W. B. Snow, Trans. A. S. M. E.,

1907.) — The velocity of air produced by a blower is expressed by the

formula V = v 2 gvld. If p, the pressure, is taken in ounces per sq. in.,

and d, the density, in pounds per cu. ft. of dry air at 50° and atmospheric
pressure of 14.69 lbs, or 235 ounces, = 0.77884 lb., the formula reduces

to 7 = Vl ,746,700 p/(235 + p), no allowance being made for change of
temperature during discharge. From this formula the following figures
are obtained. Q = volume discharged per min. through an orifice of
1 sq. ft. effective area, H.P. = horse-power required to move the given
volume under the given conditions, p = pressure in ounces per sq. in.

p Q H.P. P Q H.P. P Q H.P. P Q H.P.
I 35.85 0.00978 6 86.89 0.1422 11 116.45 0.3493 16 139.03 0.6067
2 50.59 0.02759 7 93.66 0.1788 12 121.38 0.3972 17 143.03 0.6631
3 61.83 0.05058 8 99,92 0.2180 13 126.06 0.447C 18 146.88 0.7211
4 71.24 0.07771 9 105.76 0.2596 14 130.57 0.4986 19 150.61 0.7804
5 79.48 0.1084 10 111.25 0.3034 15 134.89 0.5518 20 154.22 0.8412

The greatest effective area over which a fan will maintain the maximum
velocity of discharge is known as the "capacity area" or "square inches
of blast." As originally established by Sturtevant it is represented by
DW/3, D = diam. of wheel in ins., W = width of wheel at circumference.
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In inches. For the ordinary type of fan at constant speed maximum
eflaciency and power are secured at or near the capacity area; the powei
per unit of volume and the pressure decrease as the discharge area and
volume increase; with closed outlet the power is approximately one-third
of that at capacity area.
The following table is calculated on these bases: Capacity area per inch

of width at periphery of wheel = Vs of diam. Air, 50° F. Velocity
of discharge = circumferential speed of the wheel. Power = double the
theoretical. In rotary positive blowers, as well as in fans, the velocity
and the volume vary as the number of revolutions, the pressure varies
as the square, and the power as the cube of the number of revolutions.
In the fan, however, increase of pressure can be had only by increasing
the revolutions, while in the rotary blower a great range of pressure is

obtainable with constant speed by merely varying the resistance. With a
rotary blower at constant speed, theoretically, and disregarding the effect
of changes in temperature and density, the volume is constant; the velocity
varies inversely as the effective outlet area; the pressure varies inversely
as the square of the outlet area, hence as the square of the velocity;
and the power varies directly as the pressure. The maximum power is

required when a fan discharges against the least, and when a rotary
blower discharges against the greatest resistance.

Performance OP Cupola Fan Blowers at Capacity Area
OF Peripheral Width.

PER Inch

•s-i

Item.

Total Pressure in Ounces per Square Inch.

6 7 8 9 10 11 12 13 14 15 16

•1

24

30

36

42

•1

r.p.m.
cu. ft.

h.p.

r.p.m.
cu. ft.

h.p.

r.p.m.
cu. ft.

h.p.

r.p.m.
cu. ft.

h.p.

r.p.m.
cu. ft.

h.p.

r.p.m.
cu. ft.

h.p.

2660.0
520.0

1.7

2000.0
700.0

2.3

1590.0

870.0
2.8

1330.0

1040.0

3.4

1140.0

1220.0

3.9

1000.0

1390.0
4.5

2860.0
560.0

2.1

2150.0
750.0

2.9

1720.0

940.0
3.6

1430.0

1120.0

4.3

1230.0

1310.0

5.0

1070.0

1500.0

5.7

3050.0
600.0

2.6

2290.0
800.0

3.5

1830.0

1000.0

4.4

1530.0

1200.0

5.2

1310.0

1400.0

6.1

1150.0

1600.0

7.0

3230.0
640.0

3.1

2420.0
850.0

4.2

1940.0

1060.0

5.2

1620.0

1270.0

6.2

1380.0

1480.0

7.3

1210.0
1690.0

8.3

3400.0
670.0

3.6

2550.0
890.0

4.9

2040.0
11 10.0

6.1

1700.0

1340.0

7.3

1460.0

1560.0

8.5

1270.0
1780.0

9.7

3560.0
700.0

4.2

2670.0
930.0

5.6

2140.0
1160.0

7.0

1780.0

1400.0

8.4

1530.0

1630.0

9.8

1330.0
1860.0

11.2

3710.0
730.0

4.8

2780.0
970.0

6.4

2230.0
1210.0

7.9

1850.0

1460.0

9.5

1590.0

1700.0

11.1

1390.0

1940.0

12.7

3850.0
760.0

5.4

2890.0
lOIO.O

7.1

2310.0
1260.0

8.9

1930.0

1510.0

10.7

1650.0

1770.0

12.5

1450.0

2020.0
14.3

3990.0
780.0

6.0

2990.0
1040.0

8.0

2390.0
1310.0

10.0

2000.0
1570.0

11.9

1710.0

1830.0

13.9

1500.0

2090.0
15.9

4120.0
810.0

6.6

3090.0
1080.0

8.8

2470.0
1350.0

11.0

2060.0
1620.0

13.2

1770.0

1890.0

15.4

1550.0

2160.0
17.7

4250.0
830.0

7.3

3190.0
1110.0

9.7

2550.0
1390.0

12.1

2120.0
1670.0

14.5

1820.0

1950.0

17.0

1590.0

2230.0
21.0

The air supply required by a cupola varies with the melting ratio, the
density of the charges, and the incidental leakage. Average practice is

represented by the following:
Lbs. iron per lb. coke 6 7 8 9 10
Cu. ft. air per ton of iron 33,000 31,000 29,000 27,000 25,000

It is customary to provide blower capacity on a basis of 30,000 cu. ft.,

which corresponds to 75 to 80% of the chemical requirements for complete
combustion with average coke, and a melting ratio of 7.5 to 1.

In comparative tests with a 54-inch lining cupola under identical con-
ditions as to contents, alternately run with a No. 10 Sturtevant fan and
a 33 cu. ft. Connersville rotary, with the fan the pressure varied between
121/2 and 14V8 ounces in the wind box, the net power from 25 to 38.5 H.P.,
while with the rotary blower the pressure varied between 10 1/2 and 25
ounces, and the power between 19 and 45 H.P. With the fan 28.84 tons
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were melted in 3.77 hours, or 7.65 tons per hour, wftiTe~ with the rotar^^
blower 2.82 hours were required to melt 31.5 tons, an hourly rate of 10.6
tons, an increase of nearly 40 per cent in output. This reduces to a net
input of 4.09 H.P. per ton melted per hour with the fan, and 2.98 H.P.
with the rotary blower; an apparent advantage of 27% in favor of the
rotary. Had the rotary been of smaller capacity such excessive pressures
would not have been necessary, the power would have been decreased,
and the duration of the heat prolonged, with probable decrease in the
H.P. hours per ton. Had the fan been run at higher speed the H.P.
would have increased, the time decreased and the power per ton per hour
would have more closely approached that required by the rotary blower.

Theoretically, for otherwise constant conditions, the following relations
hold for cupolas and melting rates within the range of practical operation:
For a given_cupolaj For a given melting rate: For a given volume;

y oc 1 -^ Z)2

Poc d
H.P. 00 P or 1 -i- D*

EocM,P,OTl -^ D*

Mix, F.Vp. or yiLP.
Voc M
Poo F2

H.P. oc M^orVpz

M oc D
For a given cupola
E 00 M2, or P
Duration of heat

X 1 -h Vp
M = melting rate; V = volume; P = pressure; H.P. = horse-power;

D = diam. of hning; E = operating efficiency = power per ton per hour;
d = depth of the charge; oc, varies as.

These relations might be the source of formulae for practical use were
it possible to establish accurate coefficients. But the variety in cupolas,
tuyere proportions, character of fuel and iron, and difference in charging
practice are bewildering and discouraging. Maximum efficiency in a
given case can only be assured after direct experiment. Something short
of the maximum is usually accepted in ignorance of the ultimate possi-
bilities.

The actual melting range of a cupola is ordinarily between 0.6 and
0.75 ton per hour per sq. ft. of cross section. The limits of air supply
per minute per sq. ft. are roughly 2500 and 4000 cu. ft. The possible
power required varies even more widely, ranging from 1.5 to 3.75 H.P.
per sq. ft., corresponding to 2.5 and 5 H.P. per ton per hour for the melting
rates specified. The power may be roughly calculated, from the theoreti-
cal requirement of 0.27 H.P. to deliver 1000 cu. ft. per minute against
1 oz. pressure. The power increases directly with the pressure, and de-
pends also on the efficiency of the blower. Current practice can only be
expressed between limits as in the following table.

Range of Performance of Cupola Blowers.

Diameter inside
Lining, in.

Capacity per
Hour, tons.

Pressure
per sq.
in., oz.

Volume of Air
permin., cu. ft.

Horse-
power.

18 0.25- 0.5
1.00- 1.5
2.00- 3.5
4.00- 5.0
5.00- 7.0
8.00-10.0
9.00-12.0
12.00-15.0
14.00-18.0
17.00-21.0
19.00-24.0
21.00-27.0

5- 7

7-9
8-11

8-12
8-13
8-13
9-14
9-14
9-15
10-15

10-16
10-16

150- 300
600- 900

1,200- 2,000
2,200- 2,800
2,700- 3,700
4,000- 5,000
4,500- 6,000
6,000- 7,500
7,000- 9,000
8,500-10,500
9,500-12,000
10,500-13,500

0.5- 1 5
24 2 0- 6
30 5.0- 15.0
36 10 0- 23
42 12 0- 32
48 18 0- 45
54 22 0- 60
60 30.0- 75.0
66 35 0- 90
72 45 0-110
78 52 0-130
84 60.0-150.0

,

Results of Increased Driving. (Erie City Iron-works, 1891.) —
May-Dec, 1890: 60-in. cupola, 100 tons clean castings a week, melting
8 tons per hour; iron per pound of fuel, 7V2 lbs.; per cent weight of good
castings to iron charged, 753/4. Jan.-May, 1891: Increased rate of melt-
ing to 111/2 tons per hour: iron per lb. fuel, 91/2; per cent weight of good
castings, 75; one week, 131/4 tons per hour, 10.3 lbs. iron per lb. fuel;
per cent weight of good castings, 75.3. The increase was made by putting
m an additional row of tuyeres and using stronger blast, 14 ounces. Coke
was used as fuel. (W. O. Webber, Trans. A. S. M, E„ xii, 1043.)
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i*pwer Required for a Cupola Fan. (Thos. D. West, The Foundry,
April, 1904.) — The power required when a fan is connected with a cupola
depends on the length and diameter of the piping, the number of bends,
valves, etc., and on the resistance to the passage of blast through the
cupola. The approximate power required in everyday practice is the
difference between the power required to run the fan with the outlet open
and with it closed. Another rule is to take 75% of the maximum power
or that with the outlet open. A fan driving a cupola 66 ins. diam.,
1800 r.p.m., driven by an electric motor required horse-power and gave
pressures as follows : Outlet open, 146.6; outlet closed, 37.2, pressure
15 oz.; attached to cupola, with no fuel in it, 120.5, 5 oz.; after kindling
and coke had been fired, 101.0, 10 oz.; during the run 70.8 to 76.7, 11 to
13 oz., the variations being due to changes in the resistances to the passage
of the blast.

Utilization of Cupola Gases. — Jules De Clercy, in a paper read
before the Amer. Foundrymen's Assn., advises the return of a portion of
the gases from the upper part of the charge to the tuyeres, and thus
utilizing the carbon monoxide they contain. He says that A. Baillot
has thereby succeeded in melting 15 lbs. of iron per lb. of coke, and at the
same time obtained a greater melting speed and a superior quality of
castings.
Loss in Melting Iron in Cupolas. — G. O. Vair, Am. Mack., March

5, 1891, gives a record of a 45-in. Colliau cupola as follows:

Ratio of fuel to iron, 1 to 7.42.
Good castings 21,314 lbs.

New scrap 3,005 "
Millings 200 "
Loss of metal 1,481 "

Amount melted 26,000 lbs.
Loss of metal, 5.69%. Ratio of loss, 1 to 17.55.

Use of Softeners in Foundry Practice. (W. Graham, Iron Age,
June 27, 1889.) — In the foundry the problem is to have the right pro-
portions of combined and graphitic carbon in the resulting casting; this
is done by getting the proper proportion of silicon. The variations in
the proportions of silicon afford a reliable and inexpensive means of
producing a cast iron of any required mechanical charae^er which is

possible with the material employed. In this way, by mixing suitable
irons in the right proportions, a required grade of casting can be made
more cheaply than by using irons in which the necessary proportions are
already found.
Hard irons, mottled and white irons, and even steel scrap, all containing

low percentages of silicon and high percentages of combined carbon,
could be employed if an iron having a large amount of silicon were mixed
with them in sufficient amount. This would bring the silicon to the
proper proportion and would cause the combined carbon to be forced into
the graphitic state, and the resulting casting would be soft. High-silicon
irons used in this way are called "softeners."

Mr. Keep found that more silicon is lost during the remelting of pig of
over 10% silicon than in remelting pig iron of lower percentages of silicon.

He also points out the possible disadvantage of using ferro-silicons con-
taining as high a percentage of combined carbon as 0.70% to overcome
the bad effects of combined carbon in other irons.

The Scotch irons generally contain much more phosphorus than is

desired in irons to be employed in making the strongest castings. It is a
mistake to mix with strong low-phosphorus irons an iron that would
increase the amount of phosphorus for the sake of adding softening
qualities, when softness can be produced by mixing irons of the same low
phosphorus.

(For further discussion of theinfluence of silicon, see pages438and 447.)
Weakness of Large Castings. (W. A. Bole, Trarts. A. S. M. E.,

1907.) — Thin castings, by virtue of their more rapid cooling, are almost
certain to be stronger per unit section than would be the case if the same
metal were poured into larger and heavier shapes. Many large iron castings
are of questionable strength, because of internal strains and lack of har-
mony between their elements, even though the casting is poured out of iron
of the best quality. This may be due to lack of experience on the part oi
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the designer, especially in the cooling and shrinking of the various parts
of a large casting after being poured.

Castings are often designed with a useless multiplicity of ribs, walla,
gussets, brackets, etc., which, by their asynchronous cooling and their
inharmonious shrinkage and contraction, may entirely defeat the intention
of the designer.

There are some castings which, by virtue of their shapes, can be specially
treated by the foundryman, and artificial cooling of certain critical parts
may be effected in order to compel such parts to cool more rapidly than
they would naturally do, and the strength of the casting may by such
means be beneficially affected. As for instance in the case of a fly-wheel
with heavy rim but comparatively light arms and hub; it may be bene-
ficial to remove the flask and expose the rim to the air so as to hasten its

natural rate of cooling, while the arms and hub are still kept muffled up
in the sand of the mold and their cooling retarded as much as possible.

Large fillets are often highly detrimental to good results. Where two
walls meet and intersect, as in the shape of a T, if a large fillet is swept
at the juncture, there will be a pool of liquid metal at this point which will
remain liquid for a longer time than either wall, the result being a void,
or "draw," at the juncture point.

Risers and sink heads should often be employed on iron castings. In
large ' iron-foundry work interior cavities may exist without detection,
and some of these may be avoided by the use of suitable feeding devices,
risers and sink heads.

Specimens from a casting having at one point a tensile strength as high
as 30,250 lbs. per sq. in. have shown as low as 20,500 in another and
heavier section. Large sections cannot be cast to yield the high strength
of specimen test pieces cast in smaller sections.
The paper describes a successful method of artificial cooling, by means of

a coil of pipe with flowing water, of portions of molds containing cylinder
heads with ports cast in them. Before adopting this method the internal
ribs in these castings always cracked by contraction.
Shrinkage of Castings. — The allowance necessary for shrinkage

varies for different kinds of metal, and the different conditions under
which they are cast. For castings where the thickness runs about one
inch, cast under ordinary conditions, the following allowance can be made:

For cast iron, Vs inch per foot. For ^inc, ^In inch per foot.
" brass, 3/^6 " *' " " tin, 1/12 "
*' steel, 1/4 " " " " aluminum, s/iq " " "
" mal. iron, 1/8 " ** " '* britannia, 1/32 " " "

Thicker castings, under the same conditions, will shrink less, and thinner
ones more, than this standard. The quality of the material and the man-
ner of molding and cooling will also make a difference. (See alsa
Shrinkage of Cast Iron, page 447.)

Mr. Keep (Trans. A. S. M. E., vol. xvi) gives the following "approxi-
mate key for regulating foundry mixtures" so as to produce a shrinkage
of Vs in. per ft. in castings of different sections:

Size of casting 1/2 1 2 3 4 in. sq.
Silicon required, per cent 3.25 2.75 2.25 1.75 1.25 per cent.
Shrinkage of a 1/2-in. test-bar.. 0.125 .135 .145 .155 .165 in per. ft.

Growth of Cast Iron by Heating. (Proc. I. and S. Inst., 1909.) —
Investigations by Profs. Rugan and Carpenter confirm Mr. Outerbridge's
experiments. (See page 449 ) They found: 1. Heating white iron causes
it to become gray, and it expands more than sufficient to overcome the
original shrinkage. 2. Iron when heated increases in weight, probably
due to absorption of oxygen. 3. The change in size due to heating is

not only a molecular change, but also a chemical one. 4. The growth of
one bar was shown to be due to penetration of gases. When heated in
vacuo it contracted.
Hard Iron due to Excessive Silicon. — W. J. Keep in Jour. Am.

Foundrymen's Assn., Feb., 1898, reports a case of hard iron containing,
graphite, 3.04; combined C, 0.10; Si, 3.97; P, 0.61; S, 0.05; Mn, 0.56. He J
says: For stove plate and light hardware castings it is an advantage to I
have Si as high as 3.50. When it is much above that the surface of thel
castings often become very hard, though the center will be very soft.!
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The surface of heavier parts of a casting having 3.97 Si will be harder than
the surface of thinner parts. Ordinarily if a casting is hard an increase
of silicon softens it, but after reaching 3.00 or 3.50 per cent, silicon hardens
a casting.
Ferro-AUoys for Foundry Use. E. Houghton {Iron Tr. Rev.,

Oct. 24, 1907.) — The objects of the use of ferro-alloys in the foundry are:

1, to act as deoxidizers and desulphurizers, the added element remaining
only in small quantities in the finished casting; 2, to alter the composition
of the casting and so to control its mechanical properties. Some of these
alloys are made in the blast furnace, but the purest grades are made in

the electric furnace. The following table shows the range of composition
of blast furnace alloys made by the Darwen & Mostyn Iron Co. All of
these alloys may be made of purer quality in the electric furnace.

Mn...
Si....
P....
C
s....

Ferro-
Mn.

41.5- 87.9
0.10- 0.63
0.09- 0.20
5.62- 7.00

nil

Spiegel- Silicon
eisen. Spiegel.

9.25-29.75
0.42- 0.95
0.06- 0.09
3.94- 5.20

nil-trace

17.50-20.87
9.45-14.23
0.07- 0.10
1.05- I

nil

Ferro-
sil.

1.17- 2.20
8.10-17.00
0.06- 0.08
0.90- 1.75

0.02- 0.05

Ferro- Ferro-
phos. Chrome.

3.00- 5.90
0.50- 0.84
15.71-20.50
0.27- 0.30
0.16- 0.33

1.55-2.30
0.13-0.36
0.04- 0.07
5.34- 7.12

Cr, 13.50-41.39

The following are typical analyses of other alloys made in the electric
furnace:

Si Fe Mb Al Ca Mg C S P Ti

Ferrotitanimn
Ferro-aluminum-silicide
Feiro-calcium-silicide. . .....

1.21

45.65
69.80

44: is

11.15
tr.

0.22

0.30
9.45
2.55

nil"
15.05

nil'

0.26

3.28
0.55
1.14

0.03
0.01
0.01

0.02 53.0
0.03 ....

0.04 ....

Ferro-aluminum, .\1, 5, 10 and 20%. Metallic manganese, Mn, 95 to
98; Fe, 2 to 4; C, under 5. Do. refined, Mn, 99; Fe, 1; C, 0.
Dangerous Ferro-sillcon. — Phosphoretted and arseniuretted hydro-

gen, highly poisonous gases, are said to be disengaged in a humid atmos-
phere from ferro-silicon containing between 30 and 40% and between 47
and 65% of Si, and there is therefore danger in transporting it in passenger
steamships. A French commission has recommended the abandonment
of the manufacture of FeSi of these critical percentages. (La Lumiere
Electrique, Dec. 11, 1909. Elep. Rev., Feb. 26, 1910.)

Quality of Foundry Coke. (R. Moldenke, Trans. A. S. M. E.,
1907.) — Usually the sulphur, ash and fixed carbon are sufficient to give
a fair idea of the value of coke, apart from its physical structure, specific
gravity, etc. The advent of by-product coke will necessitate closer
attention to moisture Beehive coke, when shipped in open cars, may,
through inattention, cause the purchase of from 6 to 10 per cent of water
at coke prices.

Concerning sulphur, very hot running of the cupola results in less sulphur
in the iron. In good coke, the amount of S should not exceed 1.2 per
cent; but, unfortunately, the percentage often runs as high as 2.00. If
the coke has a good structure, an average specific gravity, not over 11 per
cent of ash and over 86 per cent of fixed carbon, it does not matter much
whether it be of the "72 hour" or "24 hour" variety. Departure from
the normal composition of a coke of any particular region should place the
foundryman on his guard at once, and sometimes the plentiful use of
limestone at the right moment may save many castings.

Castings made in Permanent Cast-iron Molds. — E. A. Custer, in
a paper before the Am. Foundrymen's Assn. {Eng. News, May 27, 1909),
describes the method of making castings in iron molds, and the quality
of these castings. Very heavy molds are used, no provision is made
against shrinkage, and the casting is removed from the mold as soon as
it has set, giving it no time to chill or to shrink by cooling. Over 6000
pieces have been cast in a single mold without its showing any signs of
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failure. The mold should be so heavy that it will not become highly
heated in use. Casting a 4-in. pipe weighing 65 lbs. every seven min-
utes in a mold weighing 6500 lbs. did not raise the temperature above
300° F. In using permanent molds the iron as it comes from the cupola
should be very hot. The best results in casting pipe are had with iron

containing over 3% carbon and about 2% silicon. Iron when cast in

an iron mold and removed as soon as it sets, possesses some unusual prop*
erties. It wiU take a temper, and when tempered wiU retain magnetism.
If the casting be taken from the mold at a bright heat and suddenly
quenched in cold water, it has the cutting power of a good high-carbon
steel, whether the iron be high or low in silicon, phosphorus, sulphur or
manganese. There is no evidence of " chill " ; no white crystals are shown.

Chilling molten iron swiftly to the point of setting, and then allowing
it to cool gradually, produces a metal that is entirely new to the art. It

has the chemical characteristics of cast iron, with the exception of com-
bined carbon, and it also possesses some of the properties of high-carbon
steel. A piece of cast iron that has 0.44% combined, and over 2% free
carbon, has been tempered repeatedly and will do better service in a lathe
than a good non-alloy steel. Once this peculiar property is imparted to
the casting, it is impossible to eliminate it except by remelting. A bar of
iron so treated can be held in a flame until the metal drips from the end,
and yet quenching will restore it to its original hardness.
The character of the iron before being quenched is very fine, close-

grained, and yet it is easily machined. If permanent molds can be used
with success in the foundry, and a system of continuous pouring be
inaugurated which in duplicate work would obviate the necessity of having
molders, why is it necessary to melt pig iron in the cupola? What could
be more ideal than a series of permanent molds supplied with molten iron
practically direct from the blast furnace? The interposition of a reheating
ladle such as is used by the steel makers makes possible the treatment of
the molten iron.
The molten iron from the blast furnace is much hotter than that ob-

tained from the cupola, so that there is every reason to believe that the
castings obtained from a blast furnace would be of a better quality than
when the pig is remelted in the cupola.

It is immaterial whether an iron contains 1.75 or 3% silicon, so long as
the molten mass is at the proper temperature, so that the high tempera-
tures obtained from ;.he blast furnace would go far toward offsetting the
variations in the impurities.

R. H. Probert (Castings, July, 1909) gives the following analysis of
molds which gave the best results: Si, 2.02; S, 0.07; P, 0.89; Mn, 0.29:
C.C, 0.84: G.C., 2.76. Molds made from iron with the following analysis
were worthless: Si, 3.30; S, 0.06; P, 0.67; Mn, 0.12; C.C, 0.19; G.C., 2.98.

Weight of Castings determined from Weight of Pattern.
(Rose's Pattern-makers' Assistant.)

A Pattern weighing One
Pound, made of —

Will weigh when cast in

Cast
Iron.

Zinc. Copper.
Yellow
Brass.

Gun
metal.

lbs.

10.7

12.9

8.5
12.5

16.7
14.1

lbs.

10.4
12.7
8.2
12.1

16.1

.13.6

lbs.
12.8
15.3

10.1

14.9
19.8

16.7

lbs.

12.2

14.6

9.7
14.2

19.0

16.0

lbs.

12.5
Honduras

" Spanish
15.

9 9
Pine, rod 14.6

19 5

16.5

Molding Sand. (Walter Bagshaw, Proc. Inst. M. E., 1891.)— The
chemical composition of sand will affect the nature of the casting, no
matter what treatment it undergoes. Stated generally, good sand is

composed of 94 parts silica, 5' parts alumina, and traces of magnesia and
'Vxide of iron. Sand containing much of the metallic oxides, and especially
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lime, is to be avoided. Geographical position is the chief factor governing
the selection of sand; and whether weak or strong, its deficiencies are made
lip for by the skill of the molder. For this reason the same sand is often
used for both heavy and light castings, the proportion of coal varying
according to the nature of the casting. A common mixture of facing-
sand consists of six parts by weight of old sand, four of new sand, and one
of coal-dust. Floor-sand requires only half the above proportions of new
sand and coal-dust to renew it. German founders adopt one part by
measure of new sand to two of old sand; to which is added coal-dust in
the proportion of one-tenth of the bulk for large castings, and one-twen-
tieth for small castings. A few founders mix street-sweepings with the
coal in order to get porosity when the metal in the mold is likely to be
a long time in setting. Plumbago is effective in preventing destruction
of the sand; but owing to its refractory nature, it must not be dusted
on in such quantities as to close the pores and prevent free exit of the
gases. Powdered French chalk, soapstone, and other substances are
sometimes used for facing the mold; but next to plumbago, oak charcoal
takes the best place, notwithstanding its liability to float occasionally and
give a rough casting.

For the treatment of sand in the molding-shop the most primitive
method is that of hand-riddling and treading. Here the materials are
roughly proportioned by volume, and riddled over an iron plate in a flat

heap, where the mixture is trodden into a cake by stamping with the feet;
it is turned over with the shovel, and the process repeated. Tough
sand can be obtained in this manner, its toughness being usually tested
by squeezing a handful into a ball and then breaking it; but the process
is slow and tedious. Other things being equal, the chief characteristics
of a good molding-sand are toughness and porosity, qualities that depend
on the manner of mixing as well as on uniform ramming.
Toughness of Sand. — In order to test the relative toughness, sand

mixed in various ways was pressed under a uniform load into bars 1 in. sq.
and about 12 in. long, and each bar was made to project further and
further over the edge of a table until its end broke off by its own weight.
Old sand from the shop floor had very irregular cohesion, breaking at all

lengths of projections from 1/2 in. to 1 1/2 in. New sand in its natural state
held together until an overhang of 23/4 in. was reached. A mixture of old
sand, new sand, and coal-dust

Mixed under rollers broke at 2 to 2V4 in. of overhangs
in the centrifugal machine .. . " " 2 " 21/4 " " "

" through a riddle " " I3/4 " 2V8 " "

showing as a mean of the tests only slight differences between the last
three methods, but in favor of machine-work. In many instances the
fractures were so uneven that minute measurements were not taken.

Heinrich Ries (Castings, July, 1908) says that chemical analysis gives
little or no information regarding the bonding power, texture, permea-
bility or use of sand, the only case in which it is of value being in the
selection of a highly silicious sand for certain work such as steel casting.
Dimensions of Foundry Ladles. — The following table gives the

dimensions, inside the lining, of ladles from 25 lbs. to 16 tons capacity.
All the ladles are supposed to have straight sides. (Am. Mach., Aug. 4,

1892.)

Cap'y. Diam. Depth. Cap'y. Diam, Depth. Cap'y. Diam. Depth.

in. in. m. in. in. m..
16 tons 54 56 3 tons 31 32 300 lbs. 11 1/2 nV2
14 " 52 53 2 " 27 28 250 " 103/4 11

12 " 49 50 11/2". 241/2 25 200 •• 10 101/2
10

"
46 48 1 ton 22 22 150 " 9 91/2

8 •• 43 44 3/4" 20 20 100
••

8 81/2
6 •• 39 40 1/2" 17 17 75 •• 7 71/2
4 •• 34 35 1/4" 131/2 131/2 50 '• 61/2 61/2
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THE MACHINE-SHOP.
SPEED OF CUTTING-TOOLS IN LATHES, MILLING

MACHINES, ETC.
Relation of diameter of rotating tool or piece, number of revolution

and cutting-speed:
Let d = diam. of rotating piece in inches, n = No. of revs, per min.;

S = speed of circumference in feet per minute;

S -^ >0.2618d„; .- ^,-^, - m3., a ^ 3.825
0.2618 (Z d

Approximate rule: Number of revolutions per minute
feet per minute -s- diameter in inches.

Table of Cutting-speeds.

4 X speed in

is
Feet per minute.

10 20 30
1

40 50 75 100 150 200 250
1

300

s" Revolutions per minute.

V4 152.8 305.6 458.4 611.2 764.0 1145.9 1527.9 2291.8 3055.8 3819.7 4583.7

3/8 101.9 203.7 305.6 407.4 509.3 763.7 1018.6 1527.5 2036.7 2545.8 3055.0

1/2 76.4 152.8 229.2 305.6 382.0 572.9 763.9 1145.9 1527.9 1909.9 2291.8

5/8 61.1 122.2 183.4 244.5 305.6 458.4 611.2 916.7 1222.3 1527.9 1833.5

3/4 50.9 101.8 152.8 203.7 254.6 382.0 509.3 763.9 1018.6 1273.2 1527.9

7/8 43.7 87.3 130.9 174.6 218.3 327.4 436.6 654.9 873.3 1091.5 1309.8

1
38.2 76.4 114.6 152.8 191.0 286.5 382.0 573.0 763.9 954,9 1145.9

n/8 34.0 67.9 101.8 135.8 169.7 254.4 339.5 508.8 678.4 848.0 1017.6

n/4 30.6 61.1 91.7 122.2 152.8 229.2 305.6 458.4 611.2 763.9 916.7

13/8 27.8 55.6 83.3 111.1 138.9 203.3 277.7 416.5 555.4 694.2 833.1

1 1/2 25.5 50.9 76.4 101.8 127.2 190.8 254.4 381.6 508.8 636,0 763.2

13/4 21.8 43.7 65.5 87.3 109.2 163.6 218.1 327.2 436.2 545.3 654.3
2 19.1 38.2 57.3 76.4 95.5 143.2 191 286.5 382 477.5 573.0

21/4 17.0 34.0 50.9 67.9 84.9 127.2 169.6 254.4 339.2 424,0 503.8

21/2 15.3 30.6 45.8 61.1 76.4 114.6 152.8 229.2 305.6 382.0 458,4

23/4 13.9 27.8 41.7 55.6 69.5 104.0 138.7 208.3 277.3 346 6 416.0
3 12.7 25.5 38.2 50.9 63.7 95.4 127.2 190.8 254.4 318.0 381.6

31/2 10.9 21.8 32.7 43.7 54.6 81.6 108.9 163.3 217.7 272.2 326.6
4 9.6 19.1 28.7 38.2 47.8 71.6 95.5 143.2 191.0 238,7 286.5

41/2 8.5 17.0 25.5 34.0 42.5 63.6 84.8 127.2 169.6 212 254.4

5 7.6 15.3 22.9 30.6 38.1 57.3 76.4 114.6 152.8 191.0 229.2

51/2 6.9 13.9 20.8 27.8 34.7 52.1 69.4 104.2 138.9 173.6 208.3

6 6.4 12.7 19.1 25.5 31.8 47.6 63.4 95.1 126.8 158.5 190,2

> 5.5 10.9 16.4 21.8 27.3 41.0 54.6 81.9 109.2 136.6 163.9

t 4.8 9.6 14.3 19.1 23.9 35.8 47.7 71.6 95.5 119.4 143,2

9 4.2 8.5 12.7 17.0 21.2 31.8 42.4 63.6 84.8 106.0 127,2

10 3.8 7.6 11.5 15.3 19.1 28.6 38.2 57.3 76.4 95 5 114 6
11 3.5

3.2
6.9
6.4

10.4

9.5
13.9
12.7

17.4 26.0 34.7
31.7

52.1
47.6

69.4
63.4

86.8
79.3

104.2

12 15.9 23.8 95.1

13 2.9 5.9 8.8 11.8 14.7 22.1 29.4 44.1 58.8 73.5 88.2

14 2.7 5.5 8.2 10.9 13.6 20.5 27.3 40.9 54.6 68,3 81 9
15 2.5 5.1 7.6 10.2 12.7 19.1 25.4 38 2 50.9 63.6 76 3

16 2.4 4.8 7.2 9.5 11.9 17.9 23.9 35.8 47.8 59 7 71.6

18 2.1 4.2 6.4 8.5 10.6 15.9 21.2 31.8 42.4 53 63,6

20 1.9 3.8 5.7 7.6 9.6 14.3 19.1 28.6 38.2 47.8 57 3
22' 1.7 3.5 5.2 6.9 8.7 12.9 17.2 25.8 34.4 43.0 51,6

24 1.6 3.2 4.8 6.4 8.0 11.9 15.9 23.8 31.7 40.1 47,6

26 1.5 2.9 4.4 5.9 7.3 10.9 14.5 21.8 29.0 36.3 43.5

28 1.4 2.7 4.1 5.5 6.8 10.3 13.7 20.5 27.3 34.2 41.0

30 1.3 2.5 3.8 5.1 6.4 9.5 12.7 19.1 25.4 31.8 38.2

36 1.1 2.1 3.2 4.2 5.3 7.9 10.6 15.9 21.2 26.5 31,8

42 0.9 1.8 2.7 3.6 4.5 6.8 9.1 13.6 18.2 22.8 27 3

48 0.8 1.6 2.4 3.2 4.0 6.0 7.9 12.0 15.9 19.9 23,9

54 0.7 1.4 2.1 2.8 3.5 5.3 7.0 10.6 14.1 17.6 21.1

60 0.6 1.3 1.9 2.5 3.2 4.8 6.3 9.5 12.7 15.8 19.0
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The Speed of Counter-shaft of the lathe is determined by an
assumption of a slow speed with the back gear, say 6 feet per minute,
on the largest diameter that the lathe will swing.
Example. — A 30-inch lathe will swing 30 inches =, say, 90 inches

circumference = 7 feet 6 inches; the lowest triple gear should give a
speed of 5 or 6 feet per minute.

Spindle Speeds of Lathes.— The spindle speeds of lathes are usu-
ally in geometric progression, being obtained either by a combination of
cone-pulley and back gears, or by a single pulley in connection with a
gear train. Either of these systems may be used with a variable speed
motor, giving a wide range of available speeds.

It is desirable to keep work rotating at a rate that will give the most
economical cutting speed, necessitating, sometimes, frequent changes in
spindle speed. A variable speed motor arranged for 20 speeds in geometric
progression, any one of which can be used with any speed due to the
mechanical combination of belts and back gears, gives a fine gradation of
cutting speeds. The spindle speeds obtained with the higher speeds of
the motor in connection with a certain mechanical arrangement of belt
and back gears may overlap those obtained with the lower speeds avail-
able in the motor in connection with the next higher speed arrangement
of belt and gears, but about 200 useful speeds are possible. E. R. Douglas
{Elec. Rev., Feb. 10, 1906) presents an arrangement of variable speed
motor and geared head lathe, with 22 speed variations in the motor and 3 in
the head. The speed range of the spindle is from 4.1 to 500 r.p.m. By
the use of this arrangement, and taking advantage of the speed changes
possible for different diameters of the work, a saving of 35.4 per cent was
obtained in the time of turning a piece ordinarily requiring 289 minutes.
Rule for Gearing Lathes for Screw-cutting. (Garvin Machine

Co.) — Read from the lathe index the number of threads per inch cut
by equal gears, and multiply it by any number that will give for a pro-
duct a gear on the index; put this gear upon the stud, then multiply the
number of threads per inch to be cut by the same number, and put the
resulting gear upon the screw.
Example. — To cut 113^ threads per inch. We find on the index

that 48 into 48 cuts 6 threads per inch, then 6 X 4 = 24, gear on stud,
and 113^ X 4 = 46, gear on screw. Any multipher may be used so long
as the products include gears that belong with the lathe. For instance,
instead of 4 as a multiplier we may use 6. Thus, 6 X 6 = 36, gear upon
stud, and 11 Ji X 6 = 69, gear upon screw.

Rules for Calculating Simple and Compound Gearing where
there is no Index. (Am. Mach.) — If the lathe is simple-geared,
and the stud runs at the same speed as the spindle, select some
gear for the screw, and multiply its number of teeth by the number
of threads per inch in the lead-screw, and divide this result by the num-
ber of threads per inch to be cut. Tliis will give the number of teeth in
the gear for the stud. If this result is a fractional number, or a number
which is not among the gears on hand, then try some other gear for the
screw. Or, select the gear for the stud first, then multiply its number of
teeth by the number of threads per inch to be out, and divide by the
number of threads per inch on the lead-screw. This will give the num-
ber of teeth for the gear on the screw. If the lathe is compound, select

at random all the driving-gears, multiply the numbers of their teeth
together, and this product by the number of threads to be cut. Then
select at random all the driven gears except one; multiply the numbers
of their teeth together, and this product by the number of threads per
inch in the lead-screw. Now divide the first result by the second, to
obtain the number of teeth in the remaining driven gear. Or, select

at random all the driven gears. Multiply the numbers of their teeth
together, and this product by the number of threads per inch in the
lead-screw. Then select at random all the driving-gears except one.
Multiply the numbers of their teeth together, and this result by the num-
ber ofthreads per inch of the screw to be cut. Divide the first result by
the last, to obtain the number of teeth in the remaining driver. When
the gears on the compounding stud are fast together, and cannot be
changed, then the driven one has usuaUy twice as many teeth as the
other, or driver, in which case in the calculations consider the lead-screw
to bave twic§ as many threads per inch as it actually has, and tUeu igRor§
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the compounding entirely. Some lathes are so constructed that the stud i

on which the first driver is placed revolves only half as fast as the spindle.
]

This can be ignored in the calculations by doubhng the number of threads 1

of the lead-screvv^. If both the last conditions are present ignore thera I

in the calculations by multiplying the number of threads per inch in the I

lead-screw by four. If the thread to be cut is a fractional one, or if the
pitch of the lead-screw is fractional, or if both are fractional, then reduce
the fractions to a common denominator, and use the numerators of these
fractions as if they equaled the pitch of the screw to be cut, and of the
lead-screw, respectively. Then use that part of the rule given above
which applies to the lathe in question. For instance, suppose it is desired
to cut a thread of 25/32-inch pitch, and the lead-screw has 4 threads per
inch. Then the pitch of thelead-screw will be 1/4 inch, which is equal to
8/32 inch. We now have two fractions, 25/32 and 8/32, and the two screws
will be in the proportion of 25 to 8, and the gears can be figured by the
above rule, assuming the number of threads to be cut to be 8 per inch,
and those on the lead-screw to be 25 per inch. But this latter number
may be further modified by conditions named above, such as a reduced
speed of the stud, or fixed compound gears. In the instance given, if

the lead-screw had been 2 1/2 threads per inch, then its pitch being 4/iO
inch, we have the fractions 4/jq and 25/32, which, reduced to a common
denominator, are 64/^60 and 125/160, and the gears will be the same as if the
lead-screw had 125 threads per inch, and the screw to be cut 64 threads
per inch.
On this subject consult also "Formulas in Gearing," published by

Brown & Sharpe Mfg. Co., and Jamieson's Applied Mechanics.
Change-gears for Screw-cutting Lathes.— There is a lack of

uniformity among lathe-builders as to the change-gears provided for
screw-cutting. W. R. Macdonald, in Am. Macii., April 7, 1892, pro-
posed the following series, by which 33 whole threads (not fractional)
may be cut by changes of only nine gears:

Spindle.

1 Whole Threads.

^ 20 30 40 50 60 70 110 120 130

20 8 6 44/5 4 33/7 22/11 2 1 11/13 2 11 22 44
30 18 9 71/5 6 51/7 33/11 3 2 10/13 3 12 24 48
40 24 16 12 93/5 8 66/7 44/11 4 3 9/13 4 13 26 !>2

50 30 20 13 10 8 4/7 55/11 5 4 8/13 5 14 28 66
60 36 24 18 14 2/5 102/7 66/11 6 57/13 6 15 30 72
70 42 28 21 16 4/5 14 77/11 7 6 8/13 7 16 33 78
110 66 44 33 26 2/5 22 18 6/7 11 102/13 8 18 36
120 72 48 36 28 4/5 24 20 4/7 131/11 111/13 9 20 39
130 78 52 39 31 1/5 26 22 3/7 14 2/11 13 10 21 42

Ten gears are sufficient to cut all the usual threads, with the exception
of perhaps III/2, the standard pipe-thread; in ordinary practice any
fractional thread between 11 and 12 will be near enough for the custom-
ary short pipe-thread; if not, the addition of a single gear will give it.

In this table the pitch of the lead-screw is 12, and it may be objected
to as too fine for the purpose. This may be rectified by making the real

Eitch 6 or any other desirable pitch, and establishing the proper ratio
etween the lathe spindle and the gear-stud.
** Quick Change Gears."— About 1905, lathe manufacturers began

building "quick change" lathes in which gear changing for screw
cutting is eliminated. The lead-screw carries a cone of gears, one of which
is in mesh with a movable gear in a nest of gears driven from the spindle.
By changing the position of this movable gear, in relation to the cone of
gears, the proper ratio of speeds between the spindle and lead-screws is

obtained for cutting any desired thread usual in the range of the machine.
About 16 different numbers of threads per inch can usually be cut by
means of the "quick change" gear train. Different threads from those
usually available can be cut by means of change gears between the spindle
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and " quick change '

' gear train. The threads per inch usually available
range from 2 to 46 in a 12-in. lathe to 1 to 24 in a 30-in. lathe. Catalogs
of lathe manufacturers should be consulted for constructional details.

Shapes of Tools. For illustrations and descriptions of various forms
of cutting-tools, see Taylor's Experiments, below; also see Standard
Planer Tools, p. 1271, and articles on Lathe Tools in Appleton's Cyc.
Mech., vol. ii, and in Modern Mechanism.

Cold Chisels.— Angle of cutting-faces (Joshua Rose): For cast steel;

about 65 degrees; for gun-metal or brass, about 50 degrees; for copper
and soft metals, about 30 to 35 degrees.

Metric Screw-threads may be cut on lathes with inch-divided lead-
iing-screws, by the use of change-wheels with 50 and 127 teeth; since 127
(.centimeters = 50 inches (127 X 0.3937 = 49.9999 in.).

Rule for Setting the Taper in a Lathe. (Am. Mach.) — No rule
'can be given which will produce exact results, owing to the fact that
the centers enter the work an indefinite distance. If it were not for
this circumstance the following would be an exact rule, and it is an approx-
imation as it is. To find the distance to set the center over: Divide the
'difference in the diameters of the large and small ends of the taper by 2,

and multiply this quotient by the ratio which the total length of the shaft
bears to the length of the tapered portion. Example: Suppose a shaft
three feet long is to have a taper turned on the end one foot long, the large
end of ttie taper being two inches and the small end one inch diameter,

^-^ X I
= 1 3^ inches.

P Lubricants for Lathe Centers.—Machinery recommends as lubri-
cants for lathe centers to prevent cutting or abrasion: 1. Dry or
powdered red lead mixed with a good mineral oil to the consistency of
cream. 2. White lead mixed with sperm oil, together with enough
graphite to give the mixture a dark red color. 3. One part graphite,
four parts tallow, thoroughly mixed.

TAYLOR'S EXPEREHENTS.
Fred W. Taylor directed a series of experiments, extending over 26

years, on feeds, speeds, shape of tool, composition of tool steel, and
heat treatment. His results are given in Trans. A. S. M. E., xxviii,
"The Art of Cutting Metals." The notes below apply mainly to tools
of high speed steel and to heavy work requiring tools not less than
1/2 by 3/4 inch in cross-section.

Proper Shape of Lathe TooL—Mr. Taylor discovered the best
shape for lathe tools to be as shown in Fig. 194 with the angles given
in the following table, when used on materials of the class shown.
The exact outline of the nose of the tool is shown in Fig. 195. The
•actual dimensions of a 1-inch roughing tool are shown in Fig. 196.
Let R = radius of point of tool, A = width of tool, L = length of shank,
and H = height of shank, all in inches. Then L = 14A + 4; H = 1.5A;
B = 0.5A — 0.3125 for cutting hard steel and cast iron; R = 0.5A —
0.1875 for soft steel. The meaning of the terms back slope, etc., is

shown in Fig. 194.
Angles for Tools.

* Material cut. a = clearance. 6 = back slope. c = side slope.

Cast iron; Hard steel. 6 degrees. 8 degrees. 14 degrees.

Medium or Soft steel. 6 degrees. 8 degrees. 22 degrees.

Tire steel. 6 degrees. 5 degrees. 9 degrees.

* As far as the shape of the tool is concerned, Taylor divided metals
to be cut into general classes: (a) cast iron and hard steel, steel of
0.45-0.50 per cent carbon, 100,000 pounds tensile strength, and 18 per
cent stretch, being a low limit of hardness; (&) soft steel, softer than
above; (c) chilled iron; (d) tire steel; (e) extremely soft steel of carbon,
say, 0.10-0.15 per cent.

The table presupposes the use of an automatic tool grinder. If tools
are ground by hand the clearance angle should be 9 degrees. The lip
angles for tools cutting li^rd steel and cast iron should be 68 degrees;
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for soft steel, 61 degrees; for chilled iron, 86 to 90 degrees; for tire steel,

74 degrees: for extremely soft steel, keener than 61 degrees. A tool
should be given more side than back slope; it can then be ground more
times without weakening, the chip does not strike the tool post or clamps,

Fig. 196.

and it is also easier to feed. The nose of the tool should be set to one
side, as in Fig. 196 above, to avoid any tendency to upset. To use
a tool of this shape, lathe tool posts should be set lower below the
center of the work than is now (1907) customary.
Forging and Grinding Tools.— The best method of dressing a tool

is to turn one end up nearly at right angles to the shank, so that the
nose will be high above the top of the body of the tool. Dressing can
be thus done in two heats. Tools should leave the smith shop with
a clearance angle of 20 degrees. .Detailed directions for dressing a tool
are given in Mr. Taylor's paper. To avoid overheating the tool in grind
ing, a stream of water, of at least five gallons a minute, should be thrown
at low velocity on the nose of the tool where it is in contact with the
emery wheel. In hand grinding, tools should not be held firmly against
the wheel, but should be moved over its surface. It is of the utmost
importance that high speed steel tools should not be heated above 1200° F.
in grinding. Automatic tool grinders are economical, even in a small
shop. Grinding machines should have some means for automatically
adjusting the pressure of the tool against the grinding wheel. Each size
of tool should have adapted to it a pressure, automatically adjusted, and
which is just sufficient to grind rapidly without overheating the tooL
Standard shapes should be adopted, to which all tools should be ground,
there being no economy in automatic grinding without standard shapes,
Best Grinding Wheel. — The best grinding wheel was found to b©

a corundum wheel, of a mixture of 24 and 30 grit.
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hi
Pressure of Tool, etc.— Mr. Taylor found that there is no definite,

relation between the cutting speed of tools and the pressure with which
the chip bears on the lip surface of the tool. He found, however, that
the pressure per square inch of sectional area of the chip increases
slightly as the thickness of the chip decreases. The feeding pressure of
the tool is sometimes equal to the entire driving pressure of the chip against
the lip surface of the tool, and the feed gears should be designed to deliver
a pressure of this magnitude at the nose of the tool.

Chatter. — Chatter is caused by: too small lathe dogs; imperfect
bearing at the points where the face plate drives the dogs; badly made or
badly fitted gears; shafts in the machine of too small diameter, or of too
great length; loose fits in bearings. A tool which chatters must be run
at a cutting speed about 15 per cent slower than can be used if the tool
does not chatter, irrespective of the use or non-use of water on the tool.
A higher cutting speed can be used with an intermittent cut, as occurs
on a planer, or shaper, or in turning, say, the periphery of a gear, thaii
with a steady cut. To avoid chatter, tools should have curved cutting
edges, or two or more tools should be used at the same time in the same
machine. The body of the tool should be greater in height than width,
and should have a true, solid bearing on the tool support, which latter
should extend to almost beneath the cutting edge of the tool. Machines
should be made massive beyond the metal needed for strength alone,
and steady rests should be used on long work. It is advisable to use a
steady rest, when turning any cyhndrical piece of diameter D, when the
length exceeds 12 D.
Use of Water on Tool. — With the best high speed steel tools, a

gain of 14 per cent in cutting speed can be made in cutting cast-iron
and hard steel to 35 per cent on very soft steel by throwing a heavy
stream of water directly on the chip at the point where it is being re-
moved from the forging by the tool. Not less than three gallons a
minute should be used for a 2 X 2 1/2-in. tool. The gaij;i is practically
the same for all qualities of steel, regardless of hardness and whether
thick or thin chips are being cut.

Interval between Grindings.— Mr. Taylor derived a table showing
how long various sizes of tools should run without regrinding to give the
maximum work for the lowest all-around cost. Time a tool should run
continuously without regrinding equals 7 X (time to change tool +
proper portion of time for redressing + time for grinding + time equi-
valent to cost of the tool steel ground off).

Interval Between Geindings, at Maximum EcoNOMiCAii
Cutting Speeds.

Size of tool.

Inches. I/2 X3/4 5/8 X 1 3/4X1 Vs ^/g X 1 3/8 1 X I V2
Hours. 1.25 1.25 1.25 1.5 1.5

Size of tool.

Inches. I I/4X 1 7/8 11/2X2 1/4 13/4X2 3/4 2x3
Hours. 1.75 2.0 2.5 2.75

If the proper cutting speed {A) is known for a cut of given duration,
the speed for a cut {B) of different duration can be obtained by multiply-
ing (A) by the factor given in the following table:

Duration of cut in minutes:

At known speed {A) 20 40 20 40 80 80
At derived speed (S) 40 80 80 20 40 20
Factor 0.92 0.92 0.84 1.09 1.09 1.19

For cutting speeds of high-speed lathe tools to last II/2 hours, see
tables on pages 1266 and 1267.

Effect of Feed and Depth of Cut on Cutting Speed.—^With a given
depth of cut, metal can be removed faster with a coarse feed and slow
speed, than with line feed and high speed. With a given depth of cut^

a cutting speed of S, and a feed of F, S varies approximately as I/a/F.
With tools of the best high speed steel, varying the feed and depth of
cut varies the cutting speed in the same ratio when cutting hard steel
as when cutting soft steel.
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Best High Speed Tool Steel — Composition — Heat Treatment.— Mr. Taylor and Maunsel White developed a number of high speed
steels, the one showing the best all-around qualities having the following
chemical composition: Vanadium, 0.29; tungsten, 18.19; chromium,
5.47; carbon, 0.674; manganese, 0.11; silicon, 0.043. The use of
vanadium materially improves high speed steel. The following method
of treatment is described as the best for tlais or any other composition of
high speed steel. The tool should be forged at a Ught yellow heat, and,
after forging slowly and uniformly heated to a bright cherry red, allowing
plenty of time for the heat to penetrate to the center of the tool, in order
to avoid danger of cracking due to too rapid heating. The tool should
then be heated from a bright cherry red to practically its melting-point as
rapidly as possible in an intensely hot fire; if the extreme nose of the tool
is slightly fused no harm is done. Time should be allowed for the tool
to become uniformly hot from the heel to the lip surface.

After the high heat has been given the tools, as above described, they
should be cooled rapidly until they are below the "breaking-down point,
or, say, down to or below 1550° F. The quality of the tool will be but
little affected whether it is cooled rapidly or slowly from this point down
to the temperature of the air. Therefore, after all parts of a tool from
the outside to the center have reached a uniform temperature below the
breaking-down point, it is the practice sometimes to lay it down in any
part of the room or shop which is free from moisture, and let it cool in
the air, and sometimes to cool it in an air blast to the temperature of the
air.

The best method of cooling from the high heat to below the breaking-
down point is to plunge the tools into a bath of red-hot molten lead below
the temperature of 1550° F. They should then be plunged into a lead
bath maintained at a uniform temperature of 1150° F., because the same
bath is afterward used for reheating the tools to give them their second
treatment. This bath should contain a sufficiently large body of the lead
so that its temperature can be maintained uniform; and for this purpose
should be used preferably a lead bath containing about 3600 lb, of lead.
Too much stress cannot be laid upon the importance of never allowing

the tool to have its temperature even slightly raised for a very short
time during the process of cooling down. The temperature must either
remain absolutely stationary or continue to fall after the operation of
cooling has once started, or the tool will be injured. Any temporary rise
of temperature during cooling, however small, will injure the tool. This,
however, applies only to cooling the tool to the temperature of about
1240° F. Between the limits of 1240 degrees and the temperature of
the air, the tool can be raised or lowered in temperature time after time
and for any length of time without injury. And it should also be noted
that during the first operation of heating the tool from its cold state to
the melting-point, no injury results from allowing it to cool slightly and
then reheating. It is from reheating during the operation of cooling
from the high heat to 1240° F. that the tool is injured.
The above-described operation is commonly known as the first or high-

heat treatment.
To briefly recapitulate, the first or high-heat treatment consists of

heating the tool —
(a) slowly to 1500° F.;
(6) rapidly from that temperature to just below the melting-point.
fc) cooling fast to below the breaking-down point, i.e., 1550°F.
id) cooling ei^ther fast or slowly from 1550° F. to temperature of the air.

Second Treatment, Reheating the Cooled Tool. — After air-
temperature has been reached the tool should be reheated to a temperature
of from 700 to 1240° F., preferably by plunging it in the before-mentioned
lead bath at 1150° F. and kept at that temperature at least five minutes.
To avoid danger of fire cracks, the tool should be heated slowly before
immersing in the bath. The above tool heated in this fashion possesses
a high degree of "red hardness" (ability to cut steel with the nose of the
tool at red heat), while it is not extraordinarily hard at ordinary tem-
peratures. It is difficult to injure it by overheating on the grindstone or
in the lathe. It will operate at 90 per cent of its maximum cutting speed,
even without the second or low-heat treatment. A coke fire is prefer-
able for giving the first heat, and it should be made as deep as possible.
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Cooling the tool by plunging it in oil or water, fenders it liable to fire

cracks and to brittleness in the body. Next to the lead bath an air blast
is preferable for cooling.

Best Method of Treating Tools in Small Shops. — For small
shops, in treating high-speed tools, Mr. Taylor considers the best method
to be as follows for the blacksmith who is equipped only with the
apparatus ordinarily found in a smith-shop.

After the tools have been forged and before starting to give them their
heat, fuel should be added to the smith's fire so as to give a good deep
bed either of coke about the size of a walnut or of first-class blacksmiths*
soft coal. A number of tools should then be laid with their noses at &
slight distance from the hotter portion of the fire, so that they may all
be pre-heating while the fire is being blown up to its proper intensity.
After reaching its proper intensity, the tools should be heated one at a time.
over the hottest part of the fire as rapidly as practicable up to just below*
their melting-point. During this operation they should be repeatedly
turned over and over so as to insure a uniform high heat throughout the
whole end of the tool. As soon as each tool reaches its high heat, it

should be placed with its nose under a heavy air blast and allowed to;
cool to the temperature of the air before being removed from the blast. .

Unfortunately, however, the blacksmith's fire is so shallow that it is
incapable of maintaining its most intense heat for more than a com-
paratively few minutes, and, therefore, it is only through these few min-
utes that first-class high-speed tools can be properly heated in the smith's
fire. Great numbers of high-speed tools are daily turned out from
smiths' fires which are not sufficiently intense in their heat, and they are,
therefore inferior in red hardness and produce irregular cutting tools.

On the whole, a blacksmith's fire made from coke may be regarded as
better for giving the high heat to tools than a soft-coal fire, merely
because a coke fire can be more easily made by the smith which will

remain capable for a longer period of heating the tools quickly to their
melting-points.

Quality of Different Tool Steels.— Mr. Taylor in a letter to the
author, Dec. 30, 1907, says :

First. Any of a half dozen makes of high speed tools now on the market
are amply good, and but little attention need be paid to the special direc-
tions for heating and cooling high speed tools given by the makers of tha
tool steel. The most important matter is that an intensely hot fire should
be used for giving the tools their high heat, and that they should not ba
allowed to soak a long time in this fire. They should be heated as fast
as possible and then cooled in an air blast.

Second. The greatest number of tools are ruined on the emery wheel'
through overheating, either because a wheel whose surface is glazed is

used, or because too small a stream of water is run upon the nose of the
tool. The emery wheel should be kept sharp through frequent dress-
ings with a diamond tool.

Third. Uniformity is the most important quality in high speed tools.
For this reason, only one make of high speed tool steel should be used
in each shop.

Economical Cutting Speeds.—Tools shaped as in Fig, 196, and
of the chemical composition and heat treatment given in the preced-
ing paragraphs, should be run at the cutting speeds given in the tables
on pages 1266 and 1267 in order to last one hour and 30 minutes with-
out re-grinding.

Cutting Speed of Parting and Tliread Tools.—To find the economical
cutting speed of a parting tool of the best high-speed steel, first ascer-
tain the thickness of chip which is to be cut by the tool. Then frotti

the tables on pages 1266 and 1267, under the standard 7/8-in. tool and
3/16 in. depth of cut, and opposite the feed which most nearly corre-j
spends to the thickness of chip to be taken by the parting tool, flndi

the speed. Divide the figure so found by 2.7 to ascertain the speed foi

the parting tool. For thread tools, the process is the same, exceplf
that the divisor is 4. The thickness of chip in the latter case is the ad-i

vance in inches per revolution of the tool toward the center of the work i

Durability of Cutting Tools.—E. Gr. Herbert (Am. Mach., June 24,
1909) shows that the durabihty of a tool depends mainly on the tem-i
perature to which its extreme edge is raised, and that the rate of evolu-
tion Of heat and consectuently the dumbility is proportional to the thicl^'
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ness and to the area of the chip and to the cube of the cutting speed.
Or if ti = thickness or feed, Ci = depth of cut, Oi = area of the cut and
Si = cutting speed, for any given set of working conditions, and tiCiCh and
5-2 values for another set of conditions, then the durability of the tool
will be the same when tiaiSi^ = hatS2^, or for constant durability Si =

other High-Speed Steels.

—

Am. Mach. April 8, May 20 and 27.
1909, describes the operations of some new varieties of high-spe^d steel
made by Sheflfield manufacturers, which show results superior to those
of the earlier high-speed steels in endurance of tool, ability to cut very
hard metals, and higher speeds. The following are the results of some
of the tests in lathe-work:

Tool
size. Material Cut.

Diam. Depth. Feed f^^^^^ Length of

43/4 in.*
13 in.t
87/8 in.

28 ins., %
28 ins., §
41/2 ins.

6 ins.

Sins.
54 ins.

72 ins.
124 ins.

15 to20mm.lj
18 in.

IV4
1/4

11/4

7/8

7/8

7/8

1%
n/4
1x2
1x2
11/4
11/4

Steel, 2.00 C
Steel, 0.70 C
Steel, 0.70 C
Steel, 0.40 C
Steel, 0.40C
Cast iron
Cast iron
Cast iron
Steel, 0.40 C
Steel
Nickel steel

Steel casting, 0.45 C.
Steel. 0.60C....

4
4

5 ft.

5 ft.

5 ft.

53/8 in.

93/4 in.

31/2 in.

20 in.

71/2 in.

3/8

\'^
3/16

1/8

1/8

1/8 to 3/16

5/16

1/8

y^
3/8

1/2

3/8

1/16

1/16

1/16

1/16

1/32

1/10

1/32

1/8

1/10

1/8
0.072

1/8

1/26

* Then 13/4 in. at 50 ft. per min. t Then 1 Vs in. at 65 ft. per min.
% Then 28 ins. at 98 ft. § Then 22 ins. at 160 ft. || Required 28 H.P.
Chilled rolls, too hard for ordinary high-speed steel, were cut at a speed

of 80 ft. per min., with s/ig in. depth of cut and i/s in, feed.

The following results were obtained in drilling:

Drill

size.
Material.

Rev.
per
mm.

Feed
per
rev.

Speed
per
mm.

Drilled without Re-
grinding.

3/4 in.

3/4

3/4

13/16

Close cast iron
Steel, 0.25 C
Hard steel.

466
247
526
400

0.018
o.on

8 1/2 in.

6 in.

31/2

70 holes, 3 ins. deep.
60holes, 23/4 ins. deep.
12 holes, 21/2 ins. deep.
14 in. at one operation.Steel

A milling cutter 5 in. diam., with 54 teeth, milling teeth in saw-blanks,
at a cutting speed of 56 ft. per min. and a feed of 1 in. per min., cuts
80 blanks (three or more together), each 32 in. diam., 3/8 in. thick, 240
teeth, before re-grinding.

Stellite.—An alloy of 25% chromium, 65% cobalt and 10% molyb-
denum, to which the name "stellite" has been given, is described in
Ir. Tr. Review, Mar. 5, 1914. This alloy is extremely hard, and retains
its hardness even when red hot, thus making it useful as a substitute
for tool steel. Tests made with stellite as a cutting tool on various
materials showed the following cutting speeds, the speed attained by
high-speed steel in the same tests being given for comparison

:

Cutting Speed,
Ft. per Min.

Material Cut. . .

Stellite. Steel.
Phosphor-bronze. . . 900 125
Tool steel 133 80

Material Cut.

Cutting Speed,
Ft. per Min.

Stellite. Steel.
Seamless tubing. .. 400 100
Cast iron 200 100

A circular issued by the Midvale Steel Co. gives the following direc-
tions for tho use of stelhte, with a 1/2-in. square lathe tool: For cutting
steel of 0.30 carbon or under, the limits will be: Depth of cut, i/g in.;
feed, 1/16 in. per revolution; speed, 100 to 300 ft. per min., depending
on the other conditions. For steel of 0.35 to 1.00 carbon, with tho
same depth of cut and feed as above the speed should be from 50 to
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150 ft. per min. In cutting cast iron it is recommended that light
cuts, and heavy feeds, say up to 1/4 in., be used. The depth of cut
can run to 1/4 or s/g in. under moderate feeds. Stelllte cannot be
forged, but is cast and ground to shape. It is extremely brittle, and
its use is restricted to such tools as can be supported close to the cutting
edge. It should not be used when the cut is one that will subject the
tool to heavy shocks. The fields for which it is recommended are:
For turning steel, where turning represents a large proportion of the
work to be done, and where the capacity of the lathe has not been
reached with the steel tool; for turning cast iron that is not .so hard
that a slow speed with a steel tool is necessary, and where the capacity
of the machine has not been reached with a steel tool; for inserted teeth
in milling cutters and reamers in a limited field where speed is important.

For other data on the heat treatment, forging, etc., of tool steels, see
also pages 491 to 497.

PLANER WORK.
Work that Should be Planed.—The planer is adapted for finishing

flat surfaces where great accuracy is required. The Cincinnati Planer
Co. gives (1912) in "A Treatise on Planing" the following Ust of work
which should be planed: Locomotive frames, cylinders, shoes, wedges,
and driving-boxes; printing-press tables, frames, bearings, bases;
laundry frames, mangle chests; engine steam chests, valves, frames,
pillow blocks, connecting-rods; rolling-mill guides, frames, bearings,
keyways, tables; woodworking saw tables, frames, knife arbors, knives,
bases; textile machinery frames, guides, bearing stands, legs; electric
motor and generator bases and frame segments; forging machinery
dies, guides, arches, header frames, bases; machine tool beds, tables,
carriages, rails, shdes, knees, columns.

Cutting and Return Speeds.—A cutting speed of about 55 ft. per
minute is about as high as it is practical to use on the planer, and this
should be decreased for most materials. The table below shows the
speeds reconamended by the Cincinnati Planer Co. The lower cutting
speed of the planer tool, as compared with the lathe, is probably due to
the absence of a cooling lubricant on long cuts. If the cut is inter-
mittent, as in planing a series of castings with gaps in between, the
cutting speed can be higher than with a continuous cut of equal total
length, probably due to the partial cooling of the tool during the inter-
vals of cutting. Return speeds of 75 to 100 ft. per minute are as high
as. are recommended, although the author has seen planers operating
at a return speed as high as 135 ft. per minute. An increase in the
cutting speed is much more effective in increasing the capacity of the
machine than an increase in the return speed, and it is better to increase
the cutting speed by 25% than to double the return speed.

Planer Cutting Speeds, Feet pee Minute.

Steel, cast, roughing .... 30 to 35
Steel, cast, finishing 20

'

Steel machinery 30 to 35
Bronze and Brass 50 to 60

Iron, cast, roughing 40 to 50
Iron, cast, finishing 20 to 25
Iron, wrought, roughing. . 30 to 45
Iron wrought, finishing . . 20

Planer Feeds.—For rough planing cast-iron feeds range from i/s

to 3/16 in.; for steel i/ie to i/g in. For finishing cast iron with a broad
nose tool the feed may range from 1/2 to 3/4 in. per stroke. The feed
should be as heavy as possible, in order to decrease the time required,
although when planing to a finished edge, a feed of as low as i/ie in.

must be used to avoid breaking the edge at the end of the stroke.
Power Requirements for Planing.—The principal power requirement

in planing is that required for reversing at the end of the stroke. The
]

largest portion is used in reversing the planer pulleys, which, nmning
at high speeds, store up considerable energy. The substitution of
aluminum alloy pulleys by some planer builders for the cast-iron ones
usually employed has reduced the power requirements for reversal and
has increased the capacity of the machine by increasing the number of
strokes which can be made per hour. The Cincinnati Planer Co. (1912)

|

reports that with a 35-ft. cutting speed and an 85-ft. return speed, on a
4-ft. cut, 165 strokes were made to 30 miuutes with cast-iron pviUeygj
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and 189 in the same time with aluminum pulleys. In another test,
cast-iron pulleys required 39 horse-power at the reverse while aluminum
pulleys required 30 horse-power. For other data on power required,
see pages 1296, 1302 and 1303.
Time Required for Planing.—The Cincinnati Planer Co. has devised

a sUde rule, shown in Fig. 197, for determining the time required to
machine work in a variable speed planer. It is adapted for use with
cutting speeds of 20 to 60 ft. per min., return speeds of 50 to 130 ft.

per min. and a feed range of from i/ie to 1 in. per stroke. The feed
which is to be used (scale B) is set opposite the intersection of the

Fig. 197. Planer Time Slide Rule.

cutting-speed curve with the return speed line (Scale A). The time
is read on scale D underneath the figure representing the area in square
inches to be planed (width X length) on scale C. To the time so deter-
mined must be added the time required for setting up the work in the
machine.
The following tables have also been prepared by the Cincinnati

Planer Co. for determining times for planer operation.

Planer Table Travel, Feet per Hour.
(Divide by length of stroke in feet for nmnber of strokes per hour.)

Speed
of Cut,

Return Speed, Feet per Minute.

Ft. per
Min. 50 60 70 80 90 100 ^ 120 150

20 857.1 900.0 933.3 960.0 981.8 1000.0 1028.6 1058.8
25 1000.0 1058.8 1105.3 1142.9 1173.9 1200.0 1241.4 1285.7
30 1125.0 1200.0 1260.0 1309.1 1350.0 1384.6 1440.0 1500.0
35 1235.3 1321.3 1400.0 1460.9 1512.0 1555.6 1625.8 1702.7
40 1333.3 1440.0 1527.3 1600.0 1661.5 1714.3 1800.0 1894.7
45 1421.0 1542.8 1643.5 1728.0 1800.0 1862.1 1863.6 2076.9
50 1500.0 1636.4 1750.0 1846.2 1928.6 2000.0 2117.6 2250.0

Time of Planer Travel per Foot.

Ch

i i
1^

-§ ^m Id
1 -

Jll
E^ H H H M Eh

10 6.0 45 1.33 80 0.75 120 0.5 190 0.316
15 4.0 50 1.2 85 .705 130 .461 200 .30

20 3.0 55 1.09 90 .666 140 .428 220 .273

25 2.4 60 1.0 95 .631 150 .40 240 .25

30 2.0 65 0.923 100 .60 160 .375 260 .23

35 1.72 70 .857 105 .571 170 .353 280 .214

40 1.5 75 .80 110 .545 180 .333 300 .20

Standard Planer Tools.—Carl G. Earth designed for the use of
the Watertown Arsenal a full line of planer tools, as shown in the
drawings, Figs. 198 to 213, and in the tables below. These toe Is were
developed according to the principles discovered by Taylor anc Earth
in th() investigatioi1 into the "i^Lrt of C utting Metals' (see p 1261),
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and may be regarded as forming a standard line of tools of the best-
shape for their respective purposes. They are described in Am. Mach,,
Jan. 21 and 28, 1915.

Bound Nose Roughing Tools (Dimensions in Inches).

Fig. 198. Fig. 199.

Right or Left Hand (Figs. 198 and 199).
A

1
1
11/4
11/4
11/2
11/2
13/4

B
1

11/2
11/4
17/8
11/2
2 1/4

2 5/8

c
17/8
2 3/8

2 1/2

2 7/8

2 1/2

3 1/4

3 3/4

D
2
2
2 1/4

2 1/4

2 5/8

2 5/8

3 1/8

E
1/2

3/8

5/8

1/2

3/4

5/8

3/4

R (rad.)

1/2

1/2

5/8

5/8

3/4

Parting Tools* (Dimensions in Inches).

Fig. 200.

Flush Nose, Central
(Fig. 200).

A
6/8

11/4

A
5/8

1
1 1/a

11/4
11/2

B
1
11/8
11/2
17/8

c
11/4
11/2
2
2 1/2

D
13/4
2
2 1/4

2

Fig. 201.

High Nose, Right Hand,
Straight (Fig. 201).

A
1/2

5/8

3/4
1

11/4

B
3/4

1

11/8
1 1/2

17/8

c
11/8
13/8
11/2
2
2 1/8

D
11/2
15/8
13/4
2
2 1/2

Set Back Nose, Central, Straight (Fig. 202).
B

1

11/8
1

11/2
17/8
11/4
1 1/2

c
13/4
2
13/4
2 3/4

3 1/2

2 1/8

2 5/8

* See note at foot of page 1273.

D
11/4
11/2
11/2
2
2 1/2

17/8
21/4

E
1/4

6/16

1/4

3/8

1/2

3/8

172

F
3
3 1/2

3
4 3/4

6
3 3/4

5

E \

1/4 i

5/16
I

6/ie

3/8

1/2|

r\
1 1
ll/i

11/J
1 7/8

11/4
1 1/a i
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Fig. 204. Fig. 205.

Finishing Tools (Dimensions in Inches).

Shearing Cut (Fig. 203)

.

A B C D E F
V2 3/4 3/4 3/4 T/g 7/iq
5/8 111 13/16 9/16
3/4 11/8 11/8 11/8 11/2 5/8

1 11/2 1 1/2 11/2 2 7/8

Square, High Nose, Bent 45 Deg. (Fig. 204).
A B C D E F

1 11/2 2 1/8 2 13/8 3/4
11/4 17/8 2 7/8 2 1/2 13/8 7/8

ExternalKeywayTools (Dimensions in In.) C
Set Back Nose (Fig. 205).

^

A B C D E F K
1/2 3/4 1 1/4 11/2 1/2 Width
5/8 1 11/4 5/16 13/4 5/8 of
3/4 11/8 11/2 3/8 2 1/4 8/4 Keyway

Set Back Nose* (Fig. 206).

_i_ 31ri
t^E-v,

3/4

1
11/4
11/2

B C
11/8 1

11/2 11/4
17/8 15/8
21/4 2

13/8
13/4
2

E F
11/4 2 5/8

11/2 31/2
2 41/2
21/2 51/2 Fig. 206.

* The sides of the nose of parting tools and external keyway tools
with set back nose (Fig. 206) have a taper back from the cutting edge of
1 deg. That is, in the plan each upper edge of the nose tapers inward
1 deg. from a plane parallel to the side of the tooL Each side also
tapers downwards from the upper edge 2 degs. from a plane parallel
to the side of the tool.

. .
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Fillet Forming Tools (Dimensions in Inches).

A B c
5/8 1 1

5/8 1 1

3/4 11/8 11/4

Rad. A B
5/8 3/4 11/8

0.8 3/4 11/8
11/4 11/2 2 1/4

13/4 „ 1 1/2 2 1/4

180-Degree (Fig. 207).

D E
1/4 0.04
3/8 0.10

1 0.80

R
0.02
0.05
0.40

180-Degree (Fig. 208).

A B C D R
5/8 1 1 0.2 0.1
5/8 1 1 0.4 0.2

Various Radii (Fig. 209).

C D E F G
11/4 5/16 3/ig 7/8 5/8

1.6 3/8 1/4 7/8 5/8
2 1/2 7/ig 5/16 1 1/8 1

3 1/2 1/2 3/8 1 1/8 1

J
1/4

1/4

K L
3/8- 1/2

3/8 1/2

1/2 5/8

1/2 5/8

Radius Forming Tools (Dimensions in Inches).

180-Degree
(Fig. 210).

R(rad.) ABC
1/16

1/8

1/2 5/8

1/2

1

11/4

90-Degree, Right and Left
Hand (Fig. 211).

R(rad.) A
1/32 5/8

1/16 5/8

1/8 5/8

1/4 5/8

1/2 5/8

D
5/16

90-Degree, Right Hand or Left Hand (Figs. 212 and 213).

R (rad.)

3/4

1

11/2
2

A
3/4

3/4

1

11/2

B
11/8
1 1/8

11/2
2 1/4

C
5/16

5/8

3/4

D
11/8
11/4
2
2 1/2

E

2 1/4

3

F
11/8
11/4
2
2 5/8

MILLING MACHINE PRACTICE.
Forms of Milling Cutters.—Milling cutters are made from either

high speed or carbon steel. The former can be subjected to the more
severe service and are especially adapted to the removal of large
amounts of metal, thus dictating their use as roughing cutters. The
varieties of cutters in common use and the work to which they are
adapted are as follows:

The Plain Milling Cutter is a cylinder with teeth on the periphery
only, and is used for producing a flat surface parallel to the axis of the
cutter. Plain milling cutters are made in a wide variety of diameters
and widths for the various requirements of slab milling, keyway cut-
ting, sawing, etc. Cutters less than 3/4 in. wide are usually made with
straight teeth, while wider cutters have teeth that are a portion of a
spiral. The spiral form enables each tooth to take a shearing cut,
reduces the stress on the teeth, and prevents shock as each tooth
engages the work, thus producing smoother surfaces on wide work.
The spiral cutter requires less power to operate, and as it is under
less strain, the tendency to chatter is reduced. Cutters for milling
wide surfaces, whether of the spiral or straight type sometimes have
nicks cut in the teeth, the nicks being staggered in the consecutive
teeth. It is claimed that such cutters can be run with coarser feeds
than plain cutters, as the nicks break up the chips and prevent jamming
of the teeth. Nicked cutters are condemned by many authorities,
however, for the reason that that portion of a following tooth opposite
a nick is required to do double the usual amount of work with a re-
sulting tendency to breakage.

The Side Milling Cutter is a plain milling cutter with the addition
of teeth on both sides. Side milling cutters are used in a large variety
of work. Two or more are often placed on the same arbor with a space
between them, in wliich case they are known as straddle mills. Straddle
mills are advantageously used where the work has to be milled on
two parallel sides, as in bolt heads, tongues, etc. Side milling cutters
are often made with interlocking side teeth for milling slots to a stand-
ard width, the width of the slot being maintained by means of packing
washers between the two parts of the cutter.
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Face Milling Cutters have teeth cut on the periphery and on one face
of a disk. The face mill is fastened to the end of the machine spindle
and the teeth on the face come in full contact with the work, only a
small portion of the peripheral teeth being in action. Some face
mills have no teeth at all on the periphery.

The End Mill, like the face mill, has teeth on the periphery and
on one end. It is used for light miUing operations, such as the milling
of slots, facing narrow surfaces, and for making cuts on the periphery
of pieces. End mills are of four general types: The solid end mill, the
end mill with center cut, the slotting end mill with two lips, and the
shell end mill. The first and the last have either straight or spiral
teeth. In the solid end mill the teeth are cut in the same piece that
forms the shank. The shell end mill has a hole through its center so
that it can be mounted on an arbor, and it should be used in preference^
to the solid mill whenever possible, as it is cheaper to replace whej
worn out or broken. The teeth of end mills with center cut are de
signed to cut at the inner end, whereas the teeth of solid mills hav
no cutting edge at this point. Center cut end mills are used for mill-
ing shallow recesses in surfaces where there has been no hole bore^
previously for starting the cut, for milling^squares on the ends of shaft
and for similar work. They have fewer teeth and can take heavier
cuts than soUd end mills or shell end mills. Slotting end mills are
adapted to the rapid milling of deep slots from the solid where there
has been no hole bored for starting the cut. A depth of cut equal
to one-half the diameter of the mill can usually be taken from solid,
stock.

jThe T-Slot cutter has teeth on its periphery and alternating teetb^
on its sides, the teeth being cut on the same piece that forms the shank.'
In making a T-slot, a groove is first cut with an ordinary side milling
cutter or a two-hpped end mill, after which the wide groove at the
bottom is cut with the T-slot cutter.

Angular Cutters have teeth that are at some oblique angle to the
axis. The cutter may have more than one angle. They are used for
milling the edge of a piece to a required angle, or for cutting teeth in
cutters or reamers. In work such as dovetailing where the cutter
cannot be fastened to the arbor with a nut, it is made with a threaded
hole or with the cutter in one piece with the shank.
Form Cutters are of irregular outline for exactly duplicating pieces.

In one style of form cutter the teeth are sharpened by grinding on the
tops of the teeth, which necessarily changes the contour of the teeth
and therefore the outhne produced. The usual style is so made that
it may be sharpened by grinding the face of the tooth, without alter-
ing the contour. This -permits the cutter to be used for duplicate
interchangeable work until it has been ground to a point where the
teeth are too slender to stand the strain of the work.

Fly Cutters consist of a single cutter similar in shape to a planer
tool, held in and rotated by an arbor. As they have but a single
cutting edge, they are used but rarely outside of the experiment room
or tool-room. The fly cutter can be formed exactly to any desired
shape and will reproduce this shape exactly. Its field is those opera-
tions that would not bear the expense of special shaped commercial
cutters, as where but one or two teeth are to be made of a special form.

Inserted Tooth Cutters.—When it is required to use plain milling cutters
of a greater diameter than about 8 in., or side milling cutters of greater
than 6 in. diameter, it is preferable to insert the teeth in a disk or head,
so as to avoid the expense of making solid cutters and the difficulty
of hardening them, not merely because of the risk of breakage in hard-
ening them, but also on account of the difficulty in obtaining a uni-
form degree of hardness or temper. The face of the inserted tooth
should be undercut a few degrees from the radial line, thereby giving
a smoother cut and consuming less power than would be the case were
the face of the tooth flush with the radial line. Drawings of inserted
tooth cutters furnished the author by the Cincinnati Milhng Machine
Co., show a rake of the teeth of from 10 to 15 degrees.

Number of Teeth.—There is no standard rule for the number of
teeth in milling cutters. The sizes ofl'ered commercially by cutter
manufacturers have been found as a rule satisfactory for most purposes,
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but in roughing out /work where as much metal is to be removed as
possible in a given time, cutters with a smaller number of teeth thari
the standard mills are advisable. Furthermore, a short lead spiral
on coarse' tooth cutters adapts them to a large range of v/ork that is

not in the heavier class. Such cutters show a considerable saving of
power over cutters Avith a larger number of teeth. The number of teeth
in cutters of various types is given in Machinery, April, 1907, as follows:

Plain milling cutters are usually manufactured in sizes from 2 to 5
in. diameter, and up to 6-in. face. The use of solid plain milhng
cutters of over 5-in. face is not advised, and cutters over 5-in. face
should be made in two or more interlocking sections.

Number of Teeth Km> Amount of Spiral of Plain Milling Cutters

No. of teeth = 5 X diam. + 24
. Length of Spiral = 9 X diam. + 4.

32

Diameter of cutter,
2 21/4 21/2 2 3/4 3 3 1/2 4 4 1/2 5 5 1/2 6 6 1/2 7 7 1/2

Number of teeth,
16 18 18 18 20 20 22 24 24 26 26 28 30 30
Length of one turn of spiral, inches,
22 241/4 261/2 28 3/4 31 351/2 40 441/2 49 531/2 58 621/2 67 711/2 76-.

A cutter with an included angle of 60° (12° on one side and 48° on the^
other) is recommended for fluting plain milling cutters, although cutters;
of 52° (12° and 40°) are commonly furnished by manufacturers. The;

igle of relief of milling cutters should be between 5° and 7°.

The teeth of side milling cutters should have the same general form\
as those of plain milling cutters, excepting that the cutter used to-

form them should have an included angle of about 75°.

Number of Teeth in Side Milling Cutters.
Number of teeth =3.1 diam. + 11-

Diameter of cutter,
221/4 2 1/2 2 3/4 3 3 1/2 4 41/2 5 5 1/2 6 6 1/2 7 7 1/2 8 9
Number of teeth,
18 18 18 20 20 22 24 24 26 28 30 32 32 34 36 38

Keyways in Milling Cutters.—A number of manufacturers have
adopted the keyways shown below, as standards. The dimensions in
inches are given in the tables.

Fig. 214.

—

Square Keyway. [ Fig. 215.

—

Half-round Keyway.

Square Keyv^ays.

Diam.
Hole,
Width
W
Depth,
D

Radius,
R

3/8-9/16

3/64

0.020

5/8-7/8

1/8

I/16

0.030

15/16-1 1/8

5/32

5/64

0.035

13/16-13/8

3/16

17/16-13/4

1/4

1/8

0.050

1 13/16-2 2I/16-2I/2

5/16

5/32

0.060

3/8

3/16

0.060

29/16-3;

7/16

Half-round Keyways.
Diam,
Hole, H 3/S-5/8 11/16-13/16 7/8-1 3/16 1 1/4-1 7/16 1 1/2-2 21/16-27/16 2 1/2-3.

Width
W 1/8 3/16 1/4 5/lG 3/8 7/16 1/2

Depth,
D V16 3/32 1/8 5/32 3/16 7/32 1/4
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Diameter of Cutters.—It is advisable to use cutters of as small i!

diameter as the strength will admit. The smaller the cutter, th
shorter the distance it will have to travel in milling a given length!

"With small mills also there is less liability to chatter than with larg
ones. In addition they require less power and are not as expensiv
as large ones. The Brown & Sharpe Mfg. Co. states that a differenc
of 1/2 in. in the diameter of the mills made a difference of 10% in th
cost of their work. In surface milling the cutter should, if possible, b
wider than the work.

Clearance and Bake of Cutters.—The clearance of milling cutters
or the amount of material removed from the top of the teeth back o
the cutting edge to permit it to clear the surface of the work instead o
scraping over it, depends on the diameter of the cutters. It must b
greater for small cutters than for large ones. For plain cutters ove
3 in. diameter, the clearance angle should be 4 degrees, and for cutter
of less than 3 in. it should be 6 degrees. For end mills it should be abou
2 degrees. It is considered advisable to have the teeth of end mills fron
0.001 to 0.002 in. lower at the center than at the outside. The Cin
cinnati Milling Machine Co. has furnished the author with drawings :

of cutters of various types. In these the teeth have a front rake of
10 dcffrGGS

Power 'kequired for Milling. {Mech. Engr., Oct. 26, 1907.) —
Mr. S, Strieff made a series of experiments to determine the power
required to drive milling cutters of high-speed steel. The results are
shown in the table below. A proportionately higher amount of power
is required for light than heavy milUng, as the power to drive the machine
is the same at all loads. The table also shows that the depth of cut does
not increase the power required in the same proportion as the width, and
that work with a quick feed and a deep but comparatively narrow cut
requires less power than a wide cut of moderate depth with slow feed,
the amount of metal removed being the same in both cases.

Power Required for Milling.

s^ Feed.

III
3 i

0) S 3 ^ III"f'^^o; 1

fe^^^ Bh Hi
PI

°^ '^i p^.tJ p^^-S P^.tJ-o
ja 3 3

III

i 3
M a*

1-^ III

24 2.46 0.10 37 0.26 23.6 245 0.102
24 3.50 0.15 37 0.26 10.2 150 0.113
24 4.35 0.18 37 0.14 9.8 97 0.175
24 3.50 0.15 37 0.49 9.8 490 0.055
19 4.33 0.23 29.5 0.28 9.3 331 0.051
23 4.17 0.18 36 0.28 20.5 386 0.070
23 4.17 0.18 36 0.28 9.8 183 0.109
40 1.89 0.05 64 0.24 10.2 74 0.230
40 3.94 0.10 64 • 0.37 13.8 331 0.063
40 5.79 0.14 64 0.16 16.5 123 0.138

P. V. Vernon reports (En'gr, Mar. 9, 1909) some milling machine
tests made by Alfred Herbert, Ltd., showing the horse-power required
to slab mild steel and cast iron. The tests reported include 44 on
steel and 38 on cast iron. The horse-power was determined from the
current readings and includes the motor losses and also a constant
loss of 1.8 H.P. in the jack shaft and countershaft of the machine.

Horse-power per Cu. In. per Minute required for slabbing.
Maximum. Minimum. Average.

Steel 3.02 1.95 2.52
Cast iron. 1.25 0.89 1.10

Later tests reported to the Manchester Assoc, of Engrs., Nov. 23,
1912, by Mr. Vernon, embodied the following conclusions: (1) A 5-in.
double belt, driving a 16-in. pulley at 400 r.p.m. (100,531 sq. in. of
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belt per min.) geared to drive 4 1/2-in. high-speed cutter at 70 ft. per
min. is able to remove as much as 48.1 cu. in. of cast iron or 24.31 cu.
in- of mild steel per minute. (2) 2090 sq. in. of double belt passing
over a pulley per minute will remove 1 cu. in. of cast iron in a milling
machine. To remove 1 cu. in. of steel the belt surface passing should
be 4135 sq. in. (3) A 4 1/2-in. high-speed cutter on a 2-in. arbor, run-
ning at 70 ft. per min. is capable of removing at least 3.63 cu. in. of
cast iron, and possibly as much as 6.01 cu. in., and at least 2.125 cu.
in. of mild steel, and possibly as much as 3.03 cu. in. per min. for each
inch of width of belt, up to 8 in. From the earlier tests noted above
the conclusion was reached that 1 H.P. would remove as much as 1.84
cu. in. of cast iron per min., and 0.74 cu. in. of mild steel. In these
tests the feed in cast iron ranged between 1 27/32 and 10 9/i6 in. per min.,
the depth of cut from 0.14 to 1.10 in., while in steel the feeds ranged
from 5/8 to 10 3/8 in. per min. and the depth of cut from 0.10 to 1.10
in. per min.

A. L. De Leeuw gives in Am. Mach., Aug. 8, 1912, the results of a
large number of tests to determine the horse-power consumed in cutting
machinery steel in the milling machine. From the tests there reported
the following table has been compiled, the figures given showing the
test in each class in which the maximum amount of metal per horse-
power per minute was removed. The figures for horse-power are net,
the motor losses having been deducted.

Power Required for Milling Machinery Steel (A. L. De Leeuw).

|l
§^

A
A
C
D
B

3/16 20.0 7.34 10.70 0.643 I B " 20.0 3.49 7.07 0.925 I A
" "" " "" "'

'
"" ' D

D
C
D
D
D
D

5/16 20.5 4.68 13.20 0.554 1 B 3/4 39.5 3.63 17.38 0.782 3 D

Is? +5 a3

si
*?

3 3

0^

^1

1. ^

! 1
fCo P ^^ffl

-2

3 15 fl ^O 1^ S2 ^(^K
pi ^ ffi ^ Q

5/16

P^ ^ M u U

20.5 12.31 10.96 0.702 ~B~ 20.0 4.57 11.959 0.712

25.0 15.4 13.473 0.714 A 20.0 4.56 7.34 0.972
20.0 11.81 7.555 0.977 A "

21.5 4.89 7.14 1.07

20.0 11.83 7.34 1.007 A 16.0 7.70 11.0 1.092

22.0 12.96 6.85 1.183 c 3/8 20.0 3.48 10.96 0.596
20.0 7.34 10.70 0.643 B 20.0 3.49 7.07 0.925

20.0 7.29 9.749 0.701 A "
40.5 6.22 12.35 0.944

20.0 7.29 7.07 0.967 A "
40. 7.8 14.55 1.001

21.5 7.96 6.85 1.09 C "
22. 3.86 6.85 1.056

20.0 5.9 12.62 0.584 B "
15.75 7.66 12.64 1.137

20.0 5.84 11.41 0.64 A 1/2 15.5 4.61 12.64 0.912
19.0 5.58 7.62 0.915 A 40.0 6.09 15.93 0.955
21.5 6.26 7.14 1.096 C 5/8 40.0 4.71 17.07 0.863
20.5 4.68 13.20 0.554 B 3/4 39.5 3.63 17.38 0.782

Note 1.—Cutter No. 1 is an 8-in., 12-blade face mill; No. 2 is a
10-in., 16-blade high-power face mill; No. 3 is a 41/2 in., 10-tooth
spiral nicked cutter.
Note 2.—Material A, Elastic Limit 36,400 lb. per sq. in., elongation

36%, reduction of area 66%; material B, E. L. 36,200 lb. per sq. in.,

elong. 36.5%, red. of area 59.6%; material C,E.L. 37,400 lb. per sq. in.,

elong. 36.5%, red. of area 60%; material D, E. L. 55,000 lb. per sq. in.,

elong. and red. of area not given; 0.26 carbon, 0.5% manganese.
Modern Milling Practice (1914).—The hmit of milling operations is

determined by the strength and durability of the cutter. A rigid
frame on the machine and powerful feed mechanism increase these.
The chief causes of low output are: Improperly constructed cutters;
insufficient rigidity in the machine; and timidity, due to lack of ex-
perience, of both builders and operators. The principal cause of
cutter failures is insufficient space for chips between the cutter teeth.
Fixed rules cannot be laid down for proper feeds and speeds of milling
cutters, these depending on the character and hardness of the metal
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being cut. On roughing cuts it is desirable to run the cutter at a speed
well within its limit, and use as heavy a feed as the machine can pull.
The size of chip taken by each tooth of the cutter with the heaviest
feeds is comparatively light, and with properly sharpened cutters
there is Uttle danger of breaking the cutter by giving too great a feed.
It is considered better practice, however, to break an occasional cutter
than to run machines at a low rate. It is not considered desirable to
nm. even high speed steel cutters at excessive speeds. The great value
of these cutters is their long life and ability to hold a cutting edge as
compared with carbon steel cutters. It is important to keep the
cutters sharp, as accurate or fast work is impossible with dulled teeth,
and a dull cutter will wear away faster than a sharp one. Cutter
grinders should always be used for sharpening cutters.
The following speeds in feet per minute are a good basis for roughing

the materials indicated:
Carbon steel cutters,

Cast Iron. Machinery Steel. Tool Steel, Brass and Bronze.
40 to 60 30 to 40 20 to 30 80 to 100

High speed steel cutters,
80 to 100 80 to 100 60 to 80 150 to 200

On cast-iron work a Jet of air delivered to the cutter with sufficient
force to blow the chips away as fast as made permits faster feeds and
prolongs the cutter's life. A stream of oil fed under heavy pressure to
wash the chips away has the same effect when cutting steel. On finish-
ing cuts the rate of feed used determines the grade of the finish. If a
spiral mill is used the feed should range from 0.036 in. to 0.05 in. per
revolution of a 3-in. diameter cutter. As such cuts are light the speed
of cutting can be much higher than that used for roughing cuts. The
nature of the cut is a factor in determining speeds ; a saw can run twice
as fast as a surface mill. (Seeparagraph.p. 1282, on high-speed milling.)
Keyseating and similar work can be best done with a plain cutter
rather than a side mill.

Castings should be pickled in a solution of sulphuric acid, diluted
with water to a specific gravity of 25 deg. (Baume), before milling, to
remove the hard skin and sand which are destructive to cutters. If the
castings are later to be painted, they should not be immersed in the
pickling bath. It is better to pour the solution over them, allowing
it to dry before making another application. This should be repeated
4 or 5 times. Forgings should be pickled in a solution of sulphuric acid
and water of a specific gravity of 30 deg. (Baume), for from 3 to 12
hours. After pickling, forgings and castings should be washed with
hot water to remove the sand and acid.
31illing **wlth'* or "against'* the Feed.—Tests made with the

Brown & Sharpe No. 5 milling-machine (described by H. L. Arnold,
in Am. Mach., Oct. 18, 1884) to determine the relative advantage of

running the milling cutter with or against the feed — "with the feed"
meaning that the teeth of the cutter strike on the top surface or
"' scale " of cast-iron work in process of being milled, and "against the
feed " meaning that the teeth begin to cut in the clean, newly cut surface
of the work and cut upwards toward the scale— showed a decided advan-
tage in favor of running the cutter against the feed. The result is

directly opposite to that obtained in tests of a Pratt & Whitney machine
by experts of the Pratt & Whitney Co.

In the tests with the Brown & Sharpe machine thecutters used were 6
inchesfaceby 41/2 and 3 inches diameter, respectively, 15 teeth in each
mill, 42 revolutions per minute in each case, or nearly 50 feet per minute
surface speed for the 41/2-inch and 33 feet per minute for the 3-inch mill.
The revolution marks were 6 to the inch, giving a feed of 7 inches per
minute, and a cut per tooth of 0.011 inch. When the machine was
forced to the limit of its driving the depth of cut was 11/32 inch when the
cutter ran in the "old" way, or against the feed, and only 1/4 inch when
it ran in the "new" way, or with the feed. The endurance of the mill-
ing cutters was much greater when they were run in the "old" way.
The Brown & Sharpe Mfg. Co. says that it is sometimes advisable to
mill with the feed, as in surfacing two sides of a piece with straddle
mills, the cutters will then tend to hold the work down. In miUing
deep slots or cutting off stock with thin cutters or saws, milling with the
feed is less likely to crowd the cutter sidewise and make a crooked slot.
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Lubricant for Milling Cutters. (Brown & Sharpe Mfg. Co., 1907.)^
An excellent lubricant, to use with a pump, for milling cutters is made
by mixing together and boiling for one-half hour, 1/4 lb. sal soda, 1/2

pint lard oil, 1/2 pint soft soap and water enough to make 10 quarts.
Oil is also frequently used in milHng steel, wrought iron, maUeable iron
or tough bronze.

Typical Milling Jobs—Speeds—Feeds.—The notes below compiled
from data furnished by the Brown & Sharpe Mfg. Co. and the Cin-
cinnati Milhng Machine Co. (1915) show examples of what is con-
sidered good commercial milling practice.

Bars of 0.60 Carbon steel, 5/8 in. thick, 21/2 in. wide, 11 3/4 in. long,
had 22 rack teeth, 7/i6 in. pitch and i/s in. deep milled in the edge.
The bars were locked four at a time in a vise. A gang of four cutters
was used, at 41 r.p.m. and a feed of 0.023 in. per revolution, equivalent
to 15/16 in. per minute. Two vises were used, the operator loading one
while the bars in the other were being machined. The time required
per piece including chucking and removing, was 0.71 minute. For
milhng two recesses in the upper edges of these same bars, after the rack
teeth were cut, they were mounted two in a ^ise with distance pieces
between, and a gang of four 31/2-in. side mills was used, milling all fom*
recesses at once. The mills rotated at 50 r.p.m., and the feed was
0.068 per revolution, equivalent to 3.4 in. per minute. Two vises were
used as before, and the total time per rack was 2.2 minutes. The final
operation was the milling of a slot in the bar, for wliich purpose it was
hold at the ends in two vises. Two holes were first driUed in the piece
through one of which the cutter was threaded. The slot was 1-in.
wide and 9 in. long. A is/ig-in. hehcal cutter was used at 160 r.p.m.
A roughir^g cut was first taken at a feed of 0.015 per revolution, equiv-
alent to 2.4 in. per min., after which the piece was removed and
allowed to cool before the finishing cut was taken at a feed of 0.068 in.

per revolution, or 10.8 in. per minute. The roughing cut removed
11/2 cu. in. of steel per minute. The total time, including chucking,
removing, etc., was 7.5 minutes.
Gray iron castings 8 1/4 in. long, 8 1/2 in. wide, 4 1/4 in. thick, with

two flanges v/g in. high and 71s in. thick projecting above the iipper
face, were milled on the entire upper surface and the two sides, includ-
ing top and sides of flanges at one operation by a gang of straddle mills,
the largest cutter being 10 1/2 in. diameter and running at 21 r.p.m.,
with 6.3 in. feed per minute. Metal was removed at the rate of 19 cu. in.
per minute, the maximum depth of cut being 3/15 in. The pieces were
held in a string jig, removed as fast as they were traversed by the gang
of cutters, and others were chucked in their places. They were milled
in lots of 125 without resharpening of the cutters. Time per piece,
2 minutes.
A gray iron casting 22 in. wide and 9 in. long was milled on its upper

surface by a gang of three 6-in. spiral mills with a total face width of
24 in., mounted on a 2-in. arbor. The depth of cut was s/g in. and the
table feed was 7 3/4 in. per minute.
A surface about 1 in. wide all aroimd an aluminum transmission

case 12 X 14 in. was milled by means of a 10 1/2-in. inserted tooth face
mill at 236 r.p.m. Depth of cut, i/g in., table feed, 0.068 in. per revolu-
tion or 20 in. per minute. A double fixture was used, one piece being
ihserted while the other was being milled. Time, including chucking
and removal, 2 V2 minutes per piece.
Gray iron castings, 10 1/4 in. wide, 14 in. long X 1 3/4 in. thick, finished

all over, and a slot s/g x 1 in. cut from the sohd. A gang of five cutters
was used, two of 8 in., two of 3 1/2 in. and one of 53/4 in. diameter, re-
spectively. These took a cut 3/i6 in. deep across the top, and two
edges, and milled the slot in one operation. The table travel was
4.2 in. per minute. The average time, including chucking, was 15.6
minutes.
Gray iron castings, 3 in. and 6 1/2 in. wide X 25 1/4 in. long, 1 1/4 in.

thick, were surfaced by a face mill 8 in. diameter at a surface speed of
80 feet per minute. The cut was 3/i6 in., and the table travel 11.4 in.
per minute in the 3-in. part and 8 in. per minute in the 6 1/2-in. part.
The total time for finishing, including chucking, was seven minutes.
The planer required 23 minutes for the same operation. In finishing
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the opposite side of these castings, two eastings were milled at one setting,
3/i6 in. of stock being removed all over and two slots 5/g x 5/g in.
milled from the solid. A gang of seven cutters, 3 of 3 in., 2 of 4 1/4 in.,
and 1 of 8 1/4 in. diameter was used at 38 r.p.m. and a feed of 0.1 in.,
giving a table travel of 3.8 in. per minute. These two castings were
finished in 18 minutes, including chucking, the actual milling time being
eight minutes on each piece. A planer working at 55 ft. cutting speed
finished the same job in 36 minutes.
An inserted-tooth face mill 12 in. diameter took a 9-in. cut, i/g in.

deep across the entire face of a gray iron casting at a table travel of
5 in. per minute. The length of cut was 18 in. and the time required
6 1/2 minutes.
The following table summarizes a nxmaber of typical jobs of milling:

Typical Milling Jobs.

Cut, In. Cutte.-. a)_g "".S I
Material

ai
u

«* ^i

ft
p5

Nature of
Work. Cut.

s
^ H 11

^1

Face Milling Cast Iron 1/8 6 8 26 54 0.168 4.36 3.27

1/8 8 9.51 26 64 0.58 15.0 15.0
" "

0.150 8 9.51 24 60 0.625 15. 18.0
"

Mall. Iron 1/16^/32 62 7.5 56 no 0.223 12.5

Steep 7/16^ 5 61 32 50 0.148 4.75 92
'

" " 6 1/8 6 9.51 24 60 0.52 12.5 9.375
Surfacing Cast Iron 1/32 3 4 68 71 0.18 12.75 1.75

" "
0.1 12 4.5* 45 52 0.266 12.0 14.4

0.1 4 3» 104 81 0.144 15.0 6.0
" "

1/8 4 35 104 81 0.078 8.125 4.06
"

1/8 8 3.55 90 83 0.167 15.0 15.00
*' "

1/8 12 3.5* 53 55 0.226 12.0 14.4
" "

0.225 8 3.55 85 77 0.118 10.0 18.0
"

1/4 8 3.55 81 75 0.154 12.5 25.0
" "

1/4 8 3.55 94 86 0.159 15.0 30.0

Tool Steel 1/16 2 1/2 37 37 29 0.05 1.85 0.289
"

Steele 0.1 6 35 104 81 0.037 3.875 2.32
" " 6 0.15 6 35 104 81 0.037 3.875 3.48
" " 6 0.166 6 3.55 90 83 0.083 7.5 7.5

" 6 0.222 6 3.55 105 96 0.071 7.5 10.0
" " 6 0.240 6 3.55 94 86 0.133 12.5 18.0
" " 6 0.311 6 3.55 100 92 0.075 7.5 14.0

Brass 0.01 21/2 37 100 78 0.25 25.0 0.675
" Bronze 1/04 3 38 166 130 0.05 8.3 0.389

T-Slotting Cast Iron See No te9 1
I/16 252 75 0.05 12.6 6.693

Slotting 10 Steel 1 3/16 1.511 163 65 0.007 1.25 2.2

Sawing 3/fi4 5 70 91 0.05 3.5

1 Inserted teeth, high-speed steel. 2 Maximum. 3 Chrome nickel
steel. 4 Carbon steel, nicked spiral cutter. 5 High-speed steel, spiral
nicked cutter, s Machinery steel, tensile strength, 65,000 lb. ^ End
mill. 8 End mill with spiral teeth; work done by peripheral teeth.
9 Both sides of cutter engaged, making slot width equal to cutter
diameter; slot IVir, X 1/2 in. 10 Milhng slots from solid plate 13/i6 in.

thick. 11 Helical end mill, front of which is formed as a regular twist
drill. Operator first drills through the plate with it, and then uses it

as a milling cutter.

High Speed Milling.—L. P. Alford describes (Am. Mach., April 16,
1914) a system of high-speed milling developed by the Cincinnati
Milling Machine Co., which permits of cutter speeds and feeds from
8 to 12 times as great as are ordinarily used. The fundamental con-
dJtioii for this practice is the provision of ample lubrication of the
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cutter and work. The cutter is deluged with about 12 gal. per minute
of lubricant, which is delivered through a hood which completely sur-
rounds the cutter. The lubricant is delivered under pressure, and
in addition to cooling the cutter and work, washes away the chips
from the teeth of the cutter, preventing them from being carried back
into the cut, clogging it, dulling the cutter and marring the finished
surface. Other requisites for high-speed milling are powerful, heavy
and rigid machines, and cutters with wide spaced teeth which will
permit the use of heavy feeds and high speeds. The following tests
were cited to show what is possible with this system of miUing. The
material cut was machinery steel, 0.2 carbon, 0.5 manganese, with a
tensile strength of 55,000 to 65,000 lb. per sq. in. The cutters were
of high speed steel.

Data and Results of High Speed Milling Tests.

Cutter. Cut.
Cutter
Speed.

1

1

S 11
1^ 1^

5
a

S
^
^

•5i

r
1 s 25 3 1/^ 9 10 6 u/?, 1/8 5 18 500 458 30 1/,

2 s 25 31/2 9 10 6 1 V2 0.02 5 18 500 458 7.23

3 H 6P 31/2 ^ 15 6 1 1/2 U('H 510 470 30 1/2

4 T, 6 5/16 16 15 1 I 1/2

\ 3/16 f

s 3/16

1

510 835 30 1/2
11/4 f
( 7-Tooth )

5 G 71 31/2 12 10 11/4 -^30-PitchV..

i
Gear. \

1/4 1 5

18 1/4 218 200 112

62 S 25 31/2 9 10 6 11/2 21/2 87 80 20

1 Diametral Pitch. 2 Same cutter and block as in Test No. 1, but
run without lubricant. Test stopped when cutter showed signs of
distress after cutting 2V2 in. Edges of teeth blued.
Note.—S, spiral mill; H, helical mill; L, slotting cutter; G, gear

cutter.
As a criterion of the life of cutters under the above conditions, a cutter

of the type used in test No. 5, was run to destruction. It milled 6700
in., not inchiding cutter approach, the equivalent of cutting 223 gears
of 1-in. face, 7 pitch, 30 teeth.

Limiting Factors of Milling Practice.—Discussing the above tests
Mr. Alford gives the following as the limiting factors of milling ma-
chine practice: (1) Power of the machine. Increased speed requires
greater power per cubic inch of metal removed; according to the
Cincinnati Milling Machine Co., doubhng the speed necessitates a 10%
increase of power per cubic inch of metal removed. (2) Ability of the
cutter to remove metal. Increased speed, with the same feed increases
the ability of the cutter to cut, due to the smaller chip removed by
each tooth. This means a decrease of strain, wear and heating effect.
The total or final heating effect is increased, but this may be counter-
acted by copious lubrication. (3) Size and spring of arbor. The size
of the arbor is limited by the size of commercial cutters. The strain
on the arbor depends on the feed per minute. An increase of speed,
lessening the pressure per tooth, reduces the arbor strain, and tends
to do away with the limitation imposed by the arbor. (4) Heating of
the cutter, often the most important limitation. This can be over-
come by sufficient lubricant to remove all heat as fast as it is generated.
(5) Wear of the cutter. This is dependent on the number of lineal
inches milled, depth of cut and feed per revolution being constant.
Increased speed increases the wear per unit of time. Wear may be
somewhat reduced with high speed by copious lubrication which washes
away the chips, thus preventing the grinding action due to cutting
up chips. (6) Breakage of cutters. Frail cutters limit production,
as only a certain maximum feed per revolution, dependent on their
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strength, can be taken. Increased speed, with constant feed, 'wiii

increase production without increasing the cutter strain or danger of
breakage. (7) Heating of work. Uneven local heating when milUng
will produce uneven surfaces, for the swelled portions will be cut away.
This action is progressive as the total heat increases as the cut advances.
The absence or prevention of heating by copious lubrication does
away with this limitation. (8) Spring of work. Tliis liroitation is

minimized for the same reasons given in (6). (9) Spring of fixture.
The same analysis applies as in (6). If the pressure per tooth is re-
duced, the pressure for holding may be reduced, and clamping fixtures
may be made to operate more quickly. An increase in cutting speed ^

therefore will tend to increase the speed of operation of the clamping
devices and fixtures. (10) Spring of the machine. The same argu-
ments apply as in (9). (11) Distance of revolution marks on the work.
This is the limiting feature in perhaps 90% of milling work, Avhich is

governed by polishing or some subsequent operation. If the marks
are far apart, polishing cannot be satisfactorily done. Increased
speed, with constant feed will bring these marks closer together. (12)
Smoothness of cut. High speed milling, both by the action of centrif-
ugal force and by copious flooding removes the chips completely from
the cutter and eliminates the grinding effect on the finished surface.
With a given distance between revolution marks, high speed will give
a smoother surface.

Speeds and Feeds for Gear Cutting.—The speeds and feeds which
can be used in gear cutting are affected by many variables, among
which may be noted: The material and shape of the cutter, the latter
condition involving both the strength and the ability of the teeth to
clear themselves of chips; the material and shape of the gear, shape
influencing the speed and feed in that a heavy rugged gear will permit
higher speeds and heavier feeds, even in hard material than will a light
springy one; accuracy of finish required; quality of lubricant used;
rigidity of machine. The following table shows tentative speeds
recommended by Gould and Eberhardt, which may serve as a pre-
liminary guide, pending the determination of the best combination
for each particular case. They represent average practice in medium
grades of cast iron and steel.

High-Speed Steel Cutters. Carbon Steel Cutters.

Min. Average

.

Max. Min. Average. Max.

Cast iron, ft. per min.

.

Steel, ft. per min
60
45

70
50

80
55

35
25

45
30

60
40

The feeds in inches per minute recommended by the same company,
depend on the capacity of the machine and on the size of the teeth.
Thus, in a machine whose maximum capacity is for gears with teeth
of one diametral pitch in cast iron and of 1 1/4 diametral pitch in steel,

the feeds range from 2.3 in. per minute in cast iron for gears of 1
diametral pitch to 6.9 in. for gears of 6 diametral pitch, carbon steel
cutters being used. For high-speed steel cutters, the corresponding fig-

ures are 3.5 and 11.0 in. In steel, the feeds under the same conditions
are 1.9 in. and 4. .5 in. per minute with carbon steel cutters and 2.8 in.

and 6.9 in. per minute with high-speed steel cutters. Likewise in a
machine whose maximum capacity is teeth of 4 diametral pitch for
cast-iron gears and 5 diametral pitch for steel gears, the feed given for
carbon steel cutters for gears of 4 diametral pitch is 2.6 in. per minute
in cast iron and 1.5 in. per minute in steel. For gears of 24 diametral
pitch the figures are for cast iron 7.6 in. per minute, and for steel 5.8 in.

per minute. Using high-speed steel cutters, the corresponding figures
are: 4 diametral pitch, cast iron 4.5 in. per minute; steel, 3.5 in. per
minute; 24 diametral pitch, cast iron 10 in. per minute; steel, 7.6 in. per
minute. Thes(? figures merely show the range of feeds that are possible
in gear cutting, and the tables furnished by the manufacturers of gear-
cutting machines should be consulted for the proper feeds for particular
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DRILLS AND DRILLING.
Constant for Finding Speeds of Drills.— For finding the speed in

feet when the number of revokitions is given; or the number of revolu-'

[iions, when the speed in feet is given.
Constant = 12 4- (size of drill X 3.1416).

Number of revolutions = Constant X speed in feet.

Speed in feet = Number of revolutions -i- constant.

Size
Drill.

In.

Con-
stant.

Size
Drill,

In.

Con-
stant.

Size
Drill,

In.

Con-
stant.

Size
Drill,

In.

Con-
stant.

Size
Drill,

In.

Con-
stant.

1/8

3/16

1/4

5/16

3/8

7/16

1/2

9/16

5/8

11/16

30.55
20.38
15.28
12.22
10.19
8.73
7.64
6.79
6.11
5.56

3/4

13/16

7/8

^

15/16

11/16
11/8

13/16
1

1 5/16

5.09
4.70
4.36
4.07
3.82
3.59
3.39
3.22
3.06
2.91

13/8
I 7/i6

1 1/2

1 9/16

1 5/8

1 11/16

13/4

1 13/16

1 7/8

1 15/16

2.78
2.66
2.55
2.44
2.35
2.26
2.18
2.11
2.04
1.97

2 1/ifi

2 1/s

2 3/16

2 1/4

2 5/16

2 3/8

2 7/16

2 1/2

2 9/16

1.91

1.85
1.80
1.75
1.70
1.65
1.61

1.57
1.53
1.49

2 5/8

2 11/16

2 3/4

2 13/16

2 7/8

2 15/16

3

3 1/16

3 1/8

3 1/4

1.45
1.42
1.39
1.36
1.33
1.30
1.27
1.25
1.22
1.18

The Cleveland Twist Drill Co., Cleveland, states (1915) that it is

safe to start carbon steel drills with a peripheral speed of 30 ft. per
minute in soft tool and machinery steel, 35 ft. per min. in cast iron, and
80 ft. per min. in brass. In all cases a feed of from 0.004 to 0.007 in.

per revolution should be used for drills 1/2 in. diam. and smaller, and of
from 0.005 to 0.015 in. per revolution for drills larger than J^ in. In
the case of high speed steel drills these feeds should not be changed, but
the peripheral speed may be increased from 2 to 2 1/2 times. The table
below is calculated on the basis of the speeds given above for carbon
steel drills, and on the basis of speeds 2 1/3 times higher for high-speed
drills. The running speed may be higher or lower than the starting
speed, and must be determined by good individual judgment for each
case.

Starting Speeds for Carbon and High-Speed Steel Drills in
Steel, Cast Iron and Brass, R. P.M

Drill

Steel.
Cast
Iron.

Brass.

Drill

Steel.
Cast
Iron.

Brass.

Diam., s

.1
fl 'a> n

rj
Diam., s V. fl 'a fl

'«

In. !=! >^ -c a K In. ^ ^S, ^ X a ^ .£3 Q,

.^^ Mm ^ MM MM MM a Mm
K Q ffl u M a U W U W

1/16 1833 4278 7139 4991 3667 11/8 102 238 119 278 204 475

1/8 917 7139 1070 2496 1833 4278 11/4 92 214 107 249 183 428

3/16 611 147,6 713 1664 1222 2852 13/8 83 194 97 227 167 389

1/4 458 1070 535 1748 917 7139 1 1/9 Jb 1/8 89 208 153 357

5/16 367 856 478 993 733 1711 15/8 70 165 82 192 141 329

3/8 306 713 357 832 611 1426 13/4 65 153 76 178 131 306

7/16 26? 611 306 714 52411222 61 143 71 166 122 285

1/2 ??9 535 763 614 458 1070 2 57 134 67 156 115 267

5/8 183 4?8 715 500 367 856 21/4 51 119 60 139 102 238

3/4 153 357 178 415 306 .713 21/2 46 lo; 54 125 92 214

7/8 131 306 153 357 262 611 23/4 42 97 49 114 83 194

1 115 267 134 312 229 535 3 38 89 45 104 76 178

A drill with a tendency to wear away on the outside is running too fast;

if it breaks or chips on the cutting edges it has too much feed.

Forms of Drills.—The common form of twist drill is a cyhnder with
two spiral flutes milled in it. Another type, for heavy duty, consists

of a twisted bar of flat steel. The angle that the cutting edges makes
with the axis of the drill has been fixed at about 59°. A decrease
in this angle decreases the pressure required for feeding the drill, but
inweases the power required to turn it. The cutting edge of a spotting
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drill should make an angle of about 50° with the axis of the drill.

The clearance angle, that is, the angle between the surface back of the
cutting edge and a plane perpendicular to the axis of the drill, ranges
from 12 to 15°, the angle increasing slightly toward the center. In
general, the small clearance is best for hard metals and the large
clearance for soft metals.

Drilling Compounds.—The following drilling compounds or lubri-
cants are recommended when drilhng the materials given below

:

Steel (hard)—kerosene, turpentine,
soda water.

Steel (soft)—soda water, lard oil.

Iron (wrought)—soda water, lard
oil.

Iron (malleable)—soda water.
Iron (cast)—none or air blast.
Brass—paraffine oil.

Aluminum—soda water, kerosene.

Warming the lubricant before applying it to high-speed drills is

recommended, and precautions should be taken against suddenly chilling
high-speed drills by the lubricant after they have become heated.

Twist Drill and Steel Wire Gages.—Three standards of gages for
twist drills and steel wire are in use—the Manufacturers' Standard,
used by the Morse Twist Drill Co., Brown & Sharpe, and other manu-
facturers, the Stubs gage, and that of the Standard Tool Co. The
Stubs and Manufacturers' gages are given in the table on page 30.
The Standard Tool Co. gage agrees with the Manufacturers' gage for
sizes from Nos. 1 to 60, inclusive, and with the Stubs gage for sizes
from Nos. 61 to 80. In addition it has additional Vi sizes interpolated
at Nos. 601/2, 681/2, 691/2, 711/2, 731/2, 741/2, 781/2, and 791/2.

Power Required to Drive High-Speed Drills.— H. M. Norris, me-
chanical engineer of the Cincinnati-Bickford Tool Co., found (1914)
that the power absorbed by a 6-foot, high-speed, high-power, plain
radial drill fitted with a variable speed motor, in driving drills in
machine steel under a stream of water, varied in accordance with the
formula:

H.P. = 0.152 {H + 2.1) cZi-25/0.74 rr _ /^ -[- e.sjl

R = ratio between speed of the intake shaft and speed of the spindle;
d = diameter of drill, in.; /= feed in thousandths of an inch per revolu-
tion; r = rev. per min.
The values deduced from this formula are given in the table, p. 1287;

the figures 1, 2, and 4 in the column " Ratio i?" represent the ratios of
1 to 1, 1 to 2, and 1 to 4 respectively. The table also gives the results
obtained in drilling medium cast-iron, but these, at this writing, have
not been reduced to a formula.
The American Tool Works Co., Cincinnati, has furnished the

author with the tests given in the table below, made in 1912, showing
the power required to drive drills in a 6-foot plain triple-geared radial
drill made by that company. This table shows the results obtained
with speeds and feeds higher than those given by Mr. Norris.

Power Required to Drive Drills. (Amer. Tool Works Co., 1912.)

Cast Iron. Steel.

Size
of

Drill,

Speed. Feed.

Horse-

Speed. Feed.

Rev. Ft. Ppf In. Rev. Ft. Per In. Horse-

In. per per Rev., per power per per Rev., per power.

Min. Min. In, Min. Min. Min. In. Min.

1 430 111.25 049 21.07 8.26 335 88 0.036 12.06 13.50

U/4 430 140 049 71,07 11.65 258 84.5 .026 6.70 10.43

11/2 430 157 .049 21.07 18.65 229 90 .018 4.12 14.86

13/4 430 197 .049 71 07 19.75 178 81.5 .018 3.20 9.91

2 297 156 .049 14.56 19.79 143 75 .018 2.5/ 12.32

21/4 ?0?, 119 ,036 7 77 14.82 143 84.2 .018 2.57 15.06

21/2 178 116.5 ,036 6,40 11.24 143 93.6 .013 1.86 13.51

3 143 112 .036 5.14 14.31 47.5 37.2 .026 1.21 12.46
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Power Required for Drilling Cast Iron and Steel. (H. M. Norris, 1915.)

.2

Cast Iron. Machinery Steel.

0.020 in. 0.030 in. 0.040 in. 0.012 in. 0.016 in. 0.020 in.

r

li
Feed. Feed. Feed. Feed. Feed. Feed.

5
ai .

fc fti
H..S §3 Ib i ft-" 1

^.£
^

Ib 1
0) a
ft— 1

3

ft

> 1 0) c o

5 c |a ^a si |a ia
Q O P5 ^ P M Q a Q W Q K Q ffl Q W

1a 60 306 6.12 2.76 9.18 3.52 12^24 4.20 3.67 2.8414.90 3.53 6.12 4.15
3/4 70 357 7.14 3.36 10.71 4.29 14.28 5.10 4.28 3.49;5.72 4.32 7.14 5.09
3/4 80 408 8.16 3.98 12.24 5.08 16.32 6.04 4.90 4.126.53 5.10 8.16 6.02
3/4 90 459 9.18 4.60 13.77 5.86 18.35 6.96 5.51 4.76 7.34 5.89 9.18 6.95
3/4 lUO 509 10.18 5.21 15.27 6.64 20.36 7.89 6.11 5.40 8.14 6.68 10.18 7.88

1 60 229 4.58 2.88 6.87 3.67 9.16 4.36 2.75 4.01 3.66 4.96 4.58 5.85
1 70 267 5.34 3.09 8.00 3.94 10.67 4.68 3.21 3.72 4.27 4.60 5.34 5.43
] 80 306 6.12 3.66 9.18 4.66 12.24 5.5413.67 4.394.89 5.44 6.12 6.42
1 90 344 6.88 4.22 10.32 5.38 13.76 6.394.13 5.165.50 6.39 6.88 7.54
1 100 382 7.64 4.79 11.46 6.11 15.27 7.26|4.59 5.796.11 7.17 7.64 8,46

11/4 60 183 3.66 3J0 5.49 3.95 7.32 4.70'2.I9 4.21 2.93 5.21 3.66' 6.15
11/4 70 214 4.28 3.80 6.42 4.84 8.56 5.75 2.57 5.173.42 6.40 4.28 7.55
11/4 80 245 4.90 4.50 7.36 5.74 9.80 6.82 2.94 5.96 3.92 7.57 4.90 8.93
11/4 90 275 5.48 3.95 8.22 5.04 11.00 5.99 3.29 5.35 4.38 6.62 5.48 7.81
11/4 100 306 I 6.12 4.49 9.18 5.73 12.24 6.81 3.67 6.08,4.89 7.52 6.12 8.87

11/2 60 153 3.12 3.27 4.59 4.17 6.12 4.96 1.84 4.36 2.45 5.39 3.12 6.36
11/2 70 178 3.56 4.02 5.34 5.12 7.02 6.082.14 5.35 2.85 6.62 3.56 7.81
11/2 80 204 4.08 4.77 6.06 6.08 8.16 7.23 2.45 6.35 3.26 7.86 4.08 9.27
11/2 90 230 4.60 5.51 6.90 7.03 9.20 8.36 2.76 7.353.68 9.10 4.6010.73
11/2 100 254 5.04 6.27 7.62 7.99 10.16 9.50 3.05 8.34:4.07 10.32 5.04 12.17

13/4 60 131 2.62 3.42 3.93 4.36 5.24 5.18 1.57 4.48*2.10 5.55 2.62I 6.55
13/4 70 153 3.06 4.2! 4.59 5.37 6.12 6.38 1.84 5.53 2.45 6.84 3.06 8.07
13/4 80 175 3.50 5.00 5.25 6.38 7.00 7.58 2.10 6.56 2.80 8.12 3.50 9.58
13/4 90 196 2.92 5.80 5.88 7.39 7.84 8.78 2.35 7.602.14 9.41 3.9211.10
13/4 100 218 4.36 6.59 6.52 8.40 9.12 9.98 2.62 8.63 3.49 10.68 4.36 12.60

2 60 115 2.30 4.87 3.45 6.22 4.60 7.39 1.38 6. 82' 1.84 8.44 2.30' 9.96
2 70 134 2.68 4.38 4.04 5.59 5.36 6.64 1.61 5.662.14 7.00 2.68 8.26
2 80 153 3.06 5.21 4.59 6.65 6.12 7.90 1.84 6.73 2.45 8.33 3.06 9.83
2 90 172 3.44 6.04 5.!6 7.71 6.88 9.16 2.06 7.81 2.75 9.66 3.44 11.40
2 100 191 3.82 6.87 5.73 8.77 7.64 10.32 2.29 8.87,3.06 10.98 3.82^12.95

21/4 60 102 2.04 5.18 3.06 6.60 4.08 7.84 1.22 6.95'l.63 8.60 2.04 10.14
21/4 70 119 2.38 6.40 3.57 8.16 4.76 9.70 1.43 8.60 1.90 10.64 2.3812.55
21/4 80 136 2.68 5.40 4.08 6.88 5.44 8.18 1.63 6.882.18 8.52 2.68 10.05
21/4 90 153 3.06 6.27 4.59 7.99 6.12 9.50 1.84, 7.98 2.45 9.88 3.06 11.65
21/4 100 170 3.40 7.13 5.10 9.09 6.80 10.80 2.04j 90.92.72 11.25 3.40 13.27

21/2 60 92 1.83 5.46 2.75 6.96 3.67 8.27 1.10' 7. 06' 1. 47 8.74 1.83 10.31
21/2 70 107 2.14 6.76 3.21 8.63 4.28 10.26 1.28! 8.75 1.71 10.83 2.14 12.77
21/2 80 122 2.44 8.06 3.66 10.29 4.88 12.23 1.46 10.43 1.95 12.91 2.44 15.23
21/2 90 138 2.76 6.46 4.14 8.24 5.52 9.79 1.66 8.14[2.2I 10.08 2.76 11.89
21/2 100 153 3.06 7.36 4.59 9.39 6.12 11.16 1.84 9.282.45 11.49 3.06 13.55

23/4 60 83 1.67 5.73 2.50 7.30 3.34 8.68 1. 00 7.15 1.33 8.85 1.67 10.44
23/4 70 97 1.94 7.11 2.92 9.06 3.89 10.77 1.17 8.87,1.55 10.98 1.94 12.95

23/4 80 111 2.22 8.49 3.33 10.83 4.44 12.87 1.33 10.62 1.78 13.14 2.22:15.50
23/4 90 125 2.50 9.90 3.75 12.62 5.00 15.00 1.50 12.342.00 15.27 2.5018.00
23/4 100 139 2.78 7.59 4.17 9.68 5.56 11.50 1.67 9.462.23 11.71 2.78,13.81

3 60 76 1.53 5.96 2.29 7.60 3.06 9.03 0.92 7. 22'!. 22 8.94 1.53 10.55
3 70 89 1.78 7.42 2.67 9.46 3.56 11.25 1.07 8.98 1.43 11.12 1.78 13.12
3 80 102 2.04 8.88 3.06 11.32 4.08 13.45 1.27 10.75 1.63 13.31 2.04 15.71

3 90 115 2.30 10.33 3.45 13.17 4.60 15.65 1.38 12.52 1.84 15.48 2.30 18.26
3 100 127 2.54 11.75 3.81 15.00 5.08 17.82 1.52 14.262.03 17.65 2.54 20.82
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Feeds for Drills.— According to Mr, Norris, the rate at which a drill
may be advanced per revolution depends upon the toughness of the
material to be drilled, the ability of the machine to resist thrust without
forfeiture of alignment and upon the knowledge that is exercised in the
grinding of the drill—the size of its included angle, the width of its

chisel point, and the keenness and evenness of its cutting edges, all being
deciding factors. Were it not for the weakening effect on the drill it

could be said that the stiffer the machine, the less the included angle;
the narrower the chisel point, the smaller the degree of the spiral; the
greater the uniformity of the cutting lips and the more efficacious the
lubricant in minimizing the frictional resistance of the chips, the coarser
becomes the feed it is permissible to use. But, inasmuch as the
durability of the drill must not be impaired, the advantage obtainable
through the application of these axioms has its limitations. The
keenness of edges needed to attain maximum efficiency in cutting cast-
iron disqualifies for work in steel a drill suitable for use in cast-iron.
The highest rate of feed at which drills of from s/g to 3 in. diam. may
be operated in steel appears to be about 0.060 in. per revolution, but
the employment of such feeds increases, rather than decreases the cost of
work. The feeds provided in the product of the Cincinnati-Bickford
Tool Co. range from 0.006 in. to 0.040 in. per revolution, which, under
favorable conditions, may be utilized as follows:

Hard 0.006 to 0.010 in.

Medium 0.012 to 0.018 in.

Soft 0.020 to 0.028 in.

Cast Iron
Hard 0.015 to 0.020 in.

Medium 0.020 to 0.030 in.

Soft . 030 to . 040 in.

Speed of Drills.—^Mr. Norris says further that while an occasional
drill is found that will withstand for days a cutting speed of 150 ft,

per minute, in either cast-iron or steel (the latter under a lubricant),
it is rarely expedient to drive any but very small ones faster than 100
ft. per min. Operating drills at an excessive speed is an expensive fad.
It is more economical to err in the other direction. The most satis-
factory results have been obtained at a cutting speed of 80 ft. per min.

12
This formula will decrease

the cutting speed from 100 ft. per min. for a V^-in. drill to 80 ft. for a
3-in. drill. The reason for this reduction is that a stream of liquid
sufiBcient to keep a small drill cool is insufficient to prevent overheating
in a large one.

In order to facilitate the use of the formulae for horse-power there

is given in the following table the deduced values for /o-^*, d^.^^, —j-

,

12
+ 6.8 and ^ + 76.

Values of/o-^", d'-^\ —^ + 6.8 and of ^ + 76.

d
C CO

fl i vo"

.2 fl

+ ^ 1—

1

+ -o

1
s ^ ^•|-« +

1
iS

2 ^1 +
Q^ ^ J^l"' J^N oX a^ ^ sh ^l-e

0.008 0.02807 1/2 0.421 111.2 100.0 0.022 0.05934 17/8 2.194 34.6 82.4
.009 .03063 5/8 .556 90.3 95.2 .024 .06329 2 2.378 32.9 82.0
.010 .03312 3/4 .698 76.4 92.0 .026 .06715 21/8 2.566 31.4 81.6
.011 .03553 7/8 .846 66.6 89.7 .028 .07094 21/4 2.756 30.0 81.3
.012 .03789 1 1.000 59.0 88.0 .030 .07466 23/8 2.948 28.8 81.0
.013 .04021 11/8 1.158 53.2 86.9 .032 .07831 21/2 3.144 27.7 80.0
.014 .04248 11/4 1.322 48.5 85.6 .034 .08190 25/8 3.342 26.7 80.6
.015 .04470 13/8 1.489 44.8 84.7 .036 .08544 23/4 3.541 25.8 80.4
.016 .04689 11/2 1.660 41.6 84.0 .038 .08894 27/8 3.741 25.0 80.2
.018 .05115 15/8 1.833 38.9 83.4 ,040 .09237 3 3.948 24.2 80.0
.020 .05530 13/4 2.013 36.6 82.9
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Extreme Results with Drills.— The Cleveland Twist Drill Co.
furnishes the following table of results of drilling tests made at the
convention of Railway Master Mechanics' Association at Atlantic City,
N. J., June. 1911. The object of the tests was to demonstrate good
shop practice, drilling being done at speeds and feeds considered
economical under average shop conditions, and also to show what were
the ultimate possibilities of drills and machines. The drills used were
flat twisted drills, and the ordinary milled drill. The record per-
formance for high-speed drilling is test No. 4, in which a 1 1/4 in. drill re-
peatedly drilled through a casting at 57 1/2 in. per minute. In the tests
to demonstrate good shop conditions, the drill in test No. 17 drilled 68
holes, removing 1418 cu. in. of metal without being reground, and was
in good condition at the close of the test. The Cleveland Twist Drill
Co. does not recommend the high speeds and heavy feeds attained as
economical shop practice, but points out that the results can be duplicat-
ed by carefully established ideal conditions of absolute rigidity in the
machine, solid clamping of the work, perfect grinding of the drill and
expert handling.

Record Performances of High-Speed Drills.

No.
Sizes of
Drill,

In.
Material R.P.M.

Feed Inches
Drilled
per Min.

Rev.,
Speed in
Feet

per Min.

Cu. In.
Metal

Removed
per Min.

1 11/4 500 0.050 25 163.6 30.68
2 U/i _y 325 0.100 321/2 106 39.88
3 HA 2 475 0.100 471/2 155 58.29
4 11/4 .!^ 575 0.100 571/2 188 70.56
5 11/2 ^ 300 0.030 9 117 15.90
6 IV2 ^

325 0.100 321/2 127.6 57.43
7 11/2

^2 335 0.100 331/2 131.5 59.19
8 11/2 355 0.100 351/2 139.4 62.73
9 13/4 K4 235 0.100 231/2 107.6 56.52
10 13/4 W 350 0.100 35 160 84.19
n 25/16 rt 190 0.050 91/2 115 39.90
12 3 120 0.100 12 94 84.82

13 IV4 350 0.030 101/2 113.7 12.88

14 15/8

1-
225 0.040 9 94.8 18.66

15 25/16 165 0.020 31/4 100 13.86

16 25/16
Wo

200 0.020 4 121 16.80

17 21/2* b'B 150 0.015 21/4 98 11.04

18 21/2* gv 150 0.040 6 98 29.45

19 21/2* 2i> 175 0.040 7 114.5 34.36

20 13/4 1^ 275 0.030 8 1/4 125 19.84

21 3 § 150 0.030 41/2 117.8 31.81

22 31/4 150 0.C30 41/2 127 37.33

* Milled drills ; all other drills are fiat twisted drills.

Experiments on Twist Drills.—An extensive series of experiments
on the forces acting on twist drills of high-speed steel when operating
on cast-iron and steel is reported by Dempster Smith and A. Poliakoff,

in Proc. Inst. M. B., 1909. Abstracted in Am. Mach., May, 1909, and
Indust. Eng., May, 1909. Approximate equations derived from the
first set of experiments are as follows

:

Torque in pounds-feet, 1= (1800i+9)d2, for medium cast-iron;

T = (3200 t -\- 20)d2, for medium steel. End thrust, lb., P = 115,000
« - 200, for medium cast-iron; P = 160,000(rf - 0.5)^- 1000, for

medium steel; d = diam., t = feed per revolution of drill, both in inches.

The steel was of medium hardness, 0.29 C, 0.625 Mn.
The end thrust in enlarging holes in medium steel from one size to

a larger was as follows: 3/4 in. to 1 in., P = 15,200 f -f 60; 1 in. to 1 1/2 In.,

P = 25,500 i + ; 3/4 in. to 1 1/2 in., P = 30,000 t + 200.
A second series of experiments with soft cast-iron of C.C., 0.2; G.C.,

2 9; Si. 1.41; Mn, 0.68; S, 0.035; P, 1.48, and medium steel of C, 0.31;
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Si, 0.07; Mn, 0.50; S, 0.018; P, 0.033; tensile strength, 72,600 lb. per
sq. in., gave results from which were derived the following approximate!
equations:
Torque, Ib.-ft., T = 740 di-StQ-7, or 10 d2 + 100 UU d2 + 3) for cast iron,

T = 1640 di-8^0.7, or 28 d2{l + 100 t) for medium steel, '

End thrust, lb. P = 35,500 do.7 to-75, or 200 d + 10,000 t for cast iron,
P = 35,500 do.7^0.3, or 750 d + 1000 t{75d+ 50) for

medium steel,

and for different sizes of drill the following equations:

Drill. Vi 1 1V2
Cast iron T =
Cast iron P =
Steel T -

. .

5+\.mt
125 +82,000 f

7.5+3.356^
550+ 109.000

«

10 + 1.750 f

200+89,000 f

17.5+4.400 «

750 + 131.000^

25 +3.700 i

350 + 103.000 «

40 +9.000 «

1,250 + 162,000 «Steel P =

Drill. 2 2V2 3

Cast iron T =... .

Cast iron P =
Steel T =

40+5,900 «

500 + 1 10.000 ^
75+12.500 <

1.500 + 181.250 <

60 +8,800 «

600+ 126.000 «

112.5 + 19.050 t

1.725+224,375 <

90+ 12.900 <

850 + 140,000 «

175+26.250 <

2.350 +280.000 <Steel P =

The tests above referred to were made without lubricants. When
lubricants were used in drilling steel the average torque varied from
72% with 1/400 in. feed to 92% with 1/35 in. feed of that obtained when
operating dry. The thrust for soft, medium and hard steel is 26%,
37%, and 12% respectively less than when operating dry, no marked'
difference being found, as in the torque, with different feeds. The horse-
power varies as t-07 and as do.8 for a given drill and speed. The torque
and horse-power when drilling medium steel is about 2.1 times that
required for cast iron with the same drill speed and feed. The horse-
power per cu. in. of metal removed is inversely proportional to (ZO-2 (0.3,

and is independent of the revolutions.
While the chisel point of the drill scarcely affects the torque it is ac-

countable for about 20% of the thrust. Tests made with a preliminary
hole drilled before the main drill was used to enlarge the hole showed
that the work required to drill a hole where only one drill is used is

greater than that required to drill the hole in two operations, with drills
of different diameter.

For economy of power a drill with a larger point angle than 120° is to
be preferred, but the increased end thrust strains the machine in propor-
tion, and there is more danger of breaking the drill.

Cutting Speeds for Tapping and Threading. (Am. Mach., Aug. 3,
1911.)—The National Machine Co., for tapping and threading, uses
speeds of 233 r.p.m. for sizes and holes up to 1/4 in. diameter, and 140
r.p.m. for sizes from 1/4 in. to 1/2 in. diameter, with a lubricant of
screw-cutting oil. Both the Bignall & Keeler Co. and the Standard
Engineering Co. recommend a cutting speed of 15 ft. per minute.
The former recommends lard oil as a lubricant. The practice of the
F. E. Wells Co. in tapping and the Landis Machine Co. in threading
in machines of the bolt cutter type is as follows:

Speeds for Tapping and Threading—^r. p. m.

Mate-
rial.

F. E. Wells. Landis.
Mate-
rial.

F. E. Wells. Landis.

Steel.
Cast
Iron.

Steel.
Cast
Iron.

Steel.
Cast
Iron.

Steel.
Cast
Iron.

Lubri-
cant.

Oil.

Oil or
Soda
Comp.

Oil. Petro-
leum.

Lubri-
cant.

Oil.

Oil or
Soda
Comp.

Oil. Petro-
leum.

1/4 in.

3/8 "
299
153
115

91

382
255

191
153

280
220
175

200
150
125

3/4 in.

1

76 127 140
115
75
6

100
85

1/2 " 55
6/8 " 45
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SAWING METALS.
Speeds and Feeds for Cold Sawing Metals.

—

(Mach'y, Jan., 1914).—For sawing 0.30 carbon, open-hearth machine steel bars in a cold
sawing machine, a feed of 1 in. per minute and a peripheral speed of
approximately 45 ft. per minute was used. The bars were 5 in. diam-
eter, and an average of 145 were sawed with one sharpening of the
saw. E"or some classes of work a feed of 2 in. per minute can be used,
but 3/4 in. per minute is advisable for 0.30 carbon steel with the saw
in good condition. For tool steel and alloy steel the best economy
will be obtained with a feed of 1/2 in. per minute and a surface speed
of 30 ft. per minute, with a grinding every 100 pieces.
Hack Sawing Machines.—Charles Wicksteed {Proc. Inst. Mech.

Engrs., 1912) says that the important considerations to be observed in
using hack sawing machines are: For ordinary work, a coarse pitch
tooth, not less than 10 to the inch is best; extra strength of the saw is

to be obtained by extra depth, not extra thickness, of blade; the greatest
weight that a blade will take without injury is 7 lb. per tooth or 70 lb.
per in. ; a 6-in. machine thus will use the full capacity of the blade on
4-in. bars with a weight of 210 lb. on the blade. As the size of the
machine increases, the weight increases proportionately, a 15-in. ma-
chine employing 700 lb. and using the full capacity of the blade when
sawing a 10-in. surface. A hack sawing machhie will cut true to 0.01
in. in a mild steel bar at a speed roughly of 1 to 2 sq. in. per minute.

Saws for Copper.—^A special saw for cutting copper has teeth with
a front rake of 10°. The metal is ground away at the sides of the
teeth to provide clearance. The number of teeth should be com-
paratively smaU. A pitch of about 1 in. giving 10 teeth in 3-in, saw
renders good service.

CASE-HARDENING, ETC.
Case-hardening of Iron and Steel, Cementation, Harveyizing.

—

When iron or soft steel is heated to redness or above in contact with
charcoal or other carbonaceous material, the carbon gradually penetrates
the metal, converting it into high carbon steel. The depth of penetra-
tion and the percentage of carbon absorbed increase with the tempera-
ture and with the length of time allowed for the process. In the old
cementation process for converting wrought iron into "blister steel" for
re-melting in crucibles flat bars were packed with charcoal in an oven
which was kept at a red heat for several days. In the Harvey process of
hardening the surface of armor plate, the plate is covered with charcoal
and heated in a furnace, and then rapidly cooled by a spray of water.
In case-hardening, a very hard surface -is given to articles of iron or

soft steel by covering them or packing them in a box or oven with a ma-
terial containing carbon, heating them to redness while so covered, and
then chilling them. Many different substances have been used for the
purpose, such as wood or bone charcoal, charred leather, sugar, cyanide
of patassium, bichromate of potash, etc. Hydrocarbons, such as illu-

minating gas, gasolene or naphtha, are also used. Amer. Machinist,
Feb. 20, 1908, describes a furnace made by the American Gas Furnace

' Company of Elizabeth, N. J., for case-hardening by gas. The best results

.

are obtained with soft steel, 0.12 to 0.15 carbon, and not over 0.35 man-
ganese, but steel of 0.20 to 0.22 carbon may be used. The carbon begins

' to penetrate the steel at about 1300° F., and 1700° F. should never be
:
exceeded with ordinary steels. A depth of carbonizing of i/64 in. is

obtained with gas in one hour, and 1/4 in. in 12 hours. After carbonizing
the steel should be annealed at about 1625° F. and cooled slowly, then
re-heated to about 1400° F. and quenched in water. Nickel-chrome steels
may be carbonized at 2000° F. and tungsten steels at 2200° F.
Change of Shape due to Hardening and Tempering.— J. E. Storey,

Am. Mach., Feb. 20, 1908, describes some experiments on the change of
dimensions of steel bars 4 in. long, 7/8 in. diam. in hardening and temper-
ing. On hardening the length increased in different pieces .0001 to
.0014 in., but in two pieces a slight shrinkage, maximum .00017, was found.
The diameters increased .0003 to .0036 in. On tempering the length
decreased .0017 to .0108 in. as compared with the original 4 ins. length,
while the diameter was increased .0003 to .0029; a few samples showing
a decrease, max. 0009 in. The general effect of hardening is a slight

:• Increase JQ bulk, which increase is i'educe4 by tempering. '
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POWER REQUIRED FOR MACHINE TOOLS.
' Resistance Overcome in Cutting Metal. (Trans. S. M. E.',
viii, 308.)—Some experiments made at the works of William Sellers.
& Co. showed that the resistance in cutting steel in a lathe would vary
from 180,000 to 700,000 pounds per square inch of section removed,
while for cast iron the resistance is about one-third as much. The
power required to remove a given amount of metal depends on the
shape of the cut and on the shape and sharpness of the tool used. If
the cut is nearly square in section, the power required is a minimum;,
if wide and thin, a maximum. The dullness of a tool affects but little
the power required for a heavy cut.

F. W. Taylor, in the Art of Cutting Metals (Trans. A. S. M. E.,
xviii) gives the tangential pressure of the chip on the tool as ranging
from 70,000 lb. per sq. in. when cutting soft cast iron with a coarse
feed, to 198,000 lb. per sq. in. when cutting hard cast iron with a fine
feed. In cutting steel, the pressure of the chip on the tool per sq. in.
ranged from 184,000 lb. to .376,000 lb. The pressure, he found, is

independent of the speed, and in the case of steel is independent of:
the hardness of the steel. It increases as the quaUty of the steel grows
finer; that is, \iigh grade steel, whether hard or soft, will give higher
pressures than low grade steel. He also foimd that an increase in
the tensile strength and ductility of the steel increases the pressure,
the former having the greater effect.
Horse-power Required to Run Latlies.—The power required to

do useful work varies with the depth and breadth of chip, with the
shape of tool and with the nature and density of metal operated upon;
and the power required to run a machine empty is often a variable

;

quantity. For instance, when the machine is new, and the working i

parts have not become worn or fitted to each other as they will be after
rimning a few months, the power required will be greater than will be
the case after the running parts have become better fitted.
Another cause of variation of the power absorbed is the driving-belt;

A tight belt will increase the friction.
A third cause is the variation of journal-friction, due to slacking up

or tightening the cap-screws, and also the end-thrust bearing screw.
Owing to the demand imposed by high speed tool steels stouter

machines are more necessary than formerly; these possess more rigid
frames and powerful driving gears. The most modern (1915) forms

j

of lathes obtain all speed changes by means of geared head-stocks,
i

power being delivered at a single speed by a belt, or by a motor. If a
motor drive is used, a speed variation may be obtained in addition to
those available in the head, by using a variable speed motor, whose
range usually is about 3:1. The tables on p. 1293 show the results of
tests made by the Lodge & Shipley Co. in 1906 to determine the power
required to remove metal in a 20-in. lathe with a cone pulley drive, and
also in a similar lathe with a geared head.

Power Required to Drive Macliine Tools.—The power required
to drive a machine tool varies with the material to be cut. There is

considerable lack of agreement among authorities on the power re-

!

quired. Prof. C. H. Benjamin (Mach'y, Sept., 1902) gives a formula!
H.P. = cW, c being a constant and W the pounds of metal removed
per hour, c varies both with the quality of metal and the type of

I

machine.
Values of c.

Lathe. Planer. Shaper.
Milling
Machine.

0.035
0.067

0.032 0.030 0.14

Tool steel 6.30
Bronze 0.10

In each case the power to drive the machine without load should be
added. G. M. Campbell (Proc. Engr. Soc. W., Pa., 1906) gives, ex-
clusive of friction losses, H.P. = Kw, K being a constant and w the
pounds of metal removed per minute. For hard steel K = 2.5 ; for soft
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Horse-power Required to Remove Metal in Latlies.
(Lodge & Shipley Mach. Tool Co., 1906.)

20-Inch Cone-Head Lathe.

Material

Cutting
Speed,
ft. per
min.

Cut, In. Diam.
of

work,
in.

Cu. in.

remov-
ed per
min.

Lb.
remov-
ed per
hour.

H.P. used
by Lathe. Cu.in.

Cut.
Depth. Feed. Idle. With

Cut.

ed per
H.P.

Crucible
Steel
0.60

Carbon

Cast
Iron

Open-
hearth
Steel
0.30

Carbon

C 35
) 65
1 62.5
( 32.5

( 62.5

) 60
> 37.5
( 115

C 50
) 45
) 45
t 32.5

0.109
0.055
0.109
0.094

0.273
0.430
0.334
0.086

0.109
0.117
0.217
0.109

1/8

1/8

1/16

i/io

1/12

1/19

1/16

1/12

1/8

1/8

1/19

1/8

35/32
221/64
221/32
155/64

223/32

21/2
217/64

223/64

5.74
5.33
5.125
3.656

17.09
16.27
10.76
9.88

8.2
7.91
6.439
5.33

96
90
86
62

266
253
167
153

138
134
109
90

0.48
0.74
0.49
0.49

0.66
0.59
0.45
0.21

0.69
0.53
0.69
0.36

3.90
4.60
4.65
2.64

5.44
4.77
3.91
2.54

5.34
5.n
4.10
4.04

1.471

1.158
1.102
1.384

3.141
3.410
2.751
3.889

1.535
1.547
1.570
1.319

Average H.P. running idle 0.53; average H.P. with cut 4.25.

20-Inch Geared-Head Lathe,

Material.
Cutting
Speed,
ft. per
min.

Cut, in. Diam.
of

work
in.

Cu. in.

remov-
ed per
min.

Lb.
remov-
ed per
hour.

H.P. used
by Lathe. Cu. in.

Cut.
Depth. Feed. Idle. With

Cut.
if.r

0.50
Carbon
Crucible
Bteel.

Cast
Iron

Steel
0.15

Carbon

k
(45
)62.5
)85
(80

( 125

) 105

) 40
( 180

0.266
0.281
0.281
0.109

0.609
0.609
0.641
0.281

0.250
0.188
0.172
0.094

i/io

1/15

1/15

1/15

1/16

1/16

1/16

1/8

1/28

I'ff

1/16

227/32
227/32
227/32

2 1/4

721/32

721/32

721/32
3 3/32

4 21/32

4 5/32

327/32

3 1/16

12.75
11.25
16.87
7.43

20 57
28.56
40.82
33.75

13.4
19.68
13.75
12.65

215
190
285
126

320
445
636
526

226
332
232
213

2.11
1.58

1.58
1.28

1.34
1.35
1.64
1.18

1.62
0.94
1.75

2.15

11.1

8.35
12.69
8.98

6 94
9.50
12.69
10.49

10.60
11.56
12.49
11.20

1.142
1.347
1.329
0.827

2.963
3.006
3.216
3.217

1.265
1.702
1.1C0
1.129

Average H.P. running idle 1.543; average H.P. with cut 10.55.

steel K = 1.8; for wrought iron, K = 2.0; for cast iron, K = 1.4. This
formula gives results about 50% lower than Prof. Benjamin's.

L. L. Pomeroy {Gen. Elec. Rev., 1908) gives: H.P. required to drive =
12 FDSNC, in which F = feed and D = depth of cut, in inches, S =
speed in ft. per min., N = number of tools cutting, C= a constant,
whose values with ordinary carbon steel tools are: for cast iron, 0.35 to
0.5; soft steel or wroiight iron, 0.45 to 0.7; locomotive driving-wheel
tires, 0.7 to 1.0; very hard steel, 1.0 to 1.1. This formula is based on
Prof. Flather's dynamometer tests. An analysis of experiments by
Dr. Nicholson of Manchester, which confirm the formula, showed the
average H.P. required at the motor per pound of metal removed per
minute to be as follows: Medium or soft steel, or wrought iron, 2.4 H.P.

;

hard steel, 2.65 H.P.; cast iron, soft or medium, 1.00 H.P.; cast iron,
hard, 1.36 H.P.
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Actual tests (1906) of a number of machine tools in the shops of the
Pittsburg and Lake Erie R.R. showed the horse-power absorbed in
driving under the conditions given in the table on p. 1295. The
results obtained are compared with those computed by Campbell's
formula on p. 1292. It will be observed that the sizes of motors actu-
ally used on the various machines in the table agree quite closely with
the sizes recommended in the tables, pp. 1294 to 1298.

Sizes of Motors for Machine Tools.—The size of motor applied to
machine tools which are driven by an individual motor i$ usually deter-
mined by the experience of the manufacturer, rather than by any
formula. The same lathe, for instance, will be fitted with a larger
motor if it is required to take heavy roughing cuts continuously in
tough steel, than if it is to have a more general rim of lighter work in
cast iron. Even if it does, under the latter conditions of service,
occasionally receive a job up to the Umit of its capacity, the motor will
be able to stand the temporary overload, whereas a continuous overload
would soon ruin it. The conditions under which the machine will
operate should therefore be stated when it or the motor to drive it

is purchased. The tables given on pages 1294 to 1298 show the
sizes of motors for machine tools as recommended by the Westinghouse
Elect. & Mfg. Co. The sizes given embody average practice. The
type of motor to be used varies with the conditions of service, and the
type suitable for the different classes of machinery are indicated by
the following symbols:

A. Adjustable speed, shunt woimd, direct current motor; used where
a number of speeds are essential.

B. Constant speed, shunt wound, direct current motor; used when
the desired speeds are obtainable by a cone pulley or gear box, or where
only a single speed is required.

C. Squirrel cage induction motor; used where direct current is not
available. A cone pulley or gear box is necessary if more than one
speed is desired.

D. Constant speed, compo,und wound, direct-current motor, used
when different speeds are obtainable by means of a cone pulley or
gear box, or where but one speed is necessary.

E. Wound secondary or squirrel cage induction motor with about
10% slip; Tised where direct current is not available, or where one
speed is required.

F. Adjustable speed, compound wound, direct current motor; used
where a number of speeds are necessary.

G. Standard bending roll motor.
H. Standard machine tool traverse motor.

Turning and Boring Macliines.

Engine Lathes—^Motor ^, JB or C.

Swing, in 12 14 16 18 20-22 24-27
Horse-power, average 1/2 3/4-1 1-2 2-3 3 5
Horse-power, heavy 2 2-3 2-3 3-5 7.5-10 7.5-10

Swing, in 30 32-36 38-42 48-54 60-84
Horse-power, average 5-7.5 7.5-10 10-15 15-20 20-25
Horse-power, heavy 7.5-10 10-15 15-20 20-25 25-30

Wheel Lathes—Motor A, B or C.

Size, in 48 51-60 79-84 90 100
Horse-power 15-20 15-20 25-30 30-40 40-50
H.P. of tail stock motor (H) 5 5 5 5-7.5 5-7.5

Axle Lathes—Motor A, B or C.

Single. . . .* 5, 7.5, 10 Horse-power
Double 10, 15, 20

Buffing Lathes—Motor B or C.

Number of wheels 2 2 2 2
Diameter of wheels, in 6 10 12 14
Horse-power 1/4-1/2 1-2 2-3 3-5

For brass tubmg and otber special work us© about double tb^
al?OYe 3a,p.
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Horse-power to Drive Machine Tools.

Cut, Inches.
c M

H.P.Re-
quired.

^
0^

i tS

1
1

<
1

1

72-in. wheel Hard steel 1/12 3/16&1/4 13.7 1.69 4.5 4.2 25 H.P. shunt
lathe 1/8 3/16&1/4 11.6 2.15 6.4 5.^ wound vari-

"
3/16 5/16&3/8 13.2 5.55 8.4 13.9 able speed.
3/16 3/8 &3/8 13.2 6.3 12.0 15.

y

90-in. wheel Hard steel 3/16 3/i6&3/jg 13.0 3.1 12.0 7.7 25 H.P. shunt
lathe 3/16 5/16&V16 8.8 3.5 8.1 8.7 wound vari-

1/5 1/4 &I/4 15.5 5.3 9.0 13.2 able speed.

42-m. lathe Soft steel 1/16 1/4 44 2 33 3.8 4.2 15 H.P. shunt
1/16 1/8 44 1.17 1.7 1.9 wound vari-
1/16 1/8 44 1.17 2.6 1.9 able speed.

Cast iron 1/16 1/8 108 2.63 5.8 i.J

1/16 3/16 46 1.74 2.9 2.5

1/16 3/16 58 2.12 2.2 3.0

30-in. lathe Wro't iron 1/8 3/16 54 4.2 6.6 8.4 10 H.P. shunt
1/8 3/16 42 3.2 4.0 6.4 wound vari-

Cast iron 3/32 5/32 42 1.92 3.0 2.7 able speed.
3/32 1/16 61 1.12 1.5 1.6

1/64 1/4 A/ 2.30 2.0 3.2

Axle lathe Soft steel 3/16 1/4 27 4.3 5.9 7.7 35H.P.sh.w'd
1/16 1/4 51 2.7 5.0 4.9 var. speed.

72-in. boring Soft steel 1/8 I/I6&I/32 44 1.76 2.9 3.2 25 H.P. shunt
mill . . 3/l£ 1/32&1/16 40 2.38 2.6 4.3 wound vari-

1/8 1/8 &1/8 51 5.41 9.6 9.7 able speed.
It 11

1/8 3/16 47 3.75 7.2 6.8

Cast iron 1/16 3/8 28 2.05 2.6 2.9

1/16 1/4 39 1.90 2.7 2.7

24-in. drill Wro't iron 1/64 ll/4to3* 25.1 0.81 2.3 1.6

press 1/64 ll/4to3* 29.7 0.96 2.7 1.9
« li

1/64 ll/4to3* 25.9 0.83 1.3 1.7

1/64 1 1/4 drill 74.5 0.52 3.5 1.0

1/64 11/4 drill 20.9 0.54 1.2 1.1

60-in. planer Soft steel 1/6 1/4 25.5 3.62 5.9 6.5 20 H.P. com-
1/6 1/4 25.7 3.65 6.5 6.6 pound

Wro't iron 3/16 5/16&5/16 23 8.95 21.0 17.9 wound vari-
1/2 1/32&1/32 17.5 1.82 2.7 3.6 able speed.

Dast iron 1/8 1/8 &I/16 22.2 1.72 6.5 3.4

1/8& 1/16 1/4 &5/16 30 4.74 9.3 6.6

1/7 1/4 &I/4 22.6 5.03 7.6 7.1

1/4 7/16&3/8 28.9 18.3 23.2 25.6

42-in. planer Soft steel 5/32 3/8 24.3 4.73 12.1 9.5 15 H.P. com-
1/8 3/8 36 3.7 7.8 11.4 pound

Dast iron 3/16 3/16 37 4.06 4.7 5.7 wound vari-

3/16 1/8 37 2.71 4.1 3.8 able speed.

19-in.slotter Hard steel 1/32 1/4 30.0 0.8 2.0 2.0 13 H.P. comp.
Soft steel 1/32 Vs 23.3 0.93 1.3 1.7 w'd var. speed.

Enlarging hole from smaller dimensions to larger.
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Boring and Turning Mills—Motor A, B or C.

In. In. In. Ft. Ft. Ft. Ft.
Size 37-42 50 60-84 7-9 10-12 14-16 16-25
H. P., average.. 5-7.5 7.5 7.5-10 10-15 10-15 15-^20 20-25
H.P., heavy. . . 7.5-10 7.5-10 10-15 30-40

Cylinder Boring Machines—Motor A, B or C.

Diameter of spindle, in 4 6 8
Maximum boring diameter, in 10 30 40
Horse-power 7.5 10 15

Horizontal Boring, Drilling and Milling Machines—
Motors A, B or C.

Size of spindle, in 3.5-4.5 4.5-5.5 5.5-6.5
Horse-power per spindle .. . 5-7.5 7.5-10 10-15

Drilling Machines.

Sensitive Drills up to 1/2 in 1/4-^/4 H.P. Motor A, B or C.

Upright Drills—Motor A, B or C.

Size, in 12-20 24-28 30-32 36-40 50-60
Horse-power 12 3 5 5-7.5

Eadial Drills—^Motor A, B or C.

Length of arm, ft 3 4 5-7 8-10
Horse-power, average 1-2 2-3 3-5 5-7.5
Horse-power, heavy 3 5-7.5 5-7.5 7.5-10

Multiple Spindle Drills—^Motor A, B or C.

Size of drill, in. 1/32-I/4 i/i6-3/8 3/16-I/2 1/4-3/4 S/g-l 2 2 2
No. of spindles,
up to 6-10 10 10 10 10 4 6 8

Horse-power.. 3 5 7.5 10 10-15 7.5 10 15

Planing Machinery.
Planers—Motor C, D or F.

Width, in 22 24 27 30 36 42
Distance under rail, in. 22 24 27 30 36 42
Horse-power 3 3-5 3-5 5-7.5 10-15 15-20
Width, in 48 54 60 72 84 100
Distance under rail, in.. 48 54 60 72 84 100
Horse-power 15-20 20-25 20-25 25-30 30 40

Shapers—Motor .A, J5 or C.
Traverse Head.

Stroke, in 12-16 18 20-24 30 20 24
H.P., single head 2 2-3 3-5 5-7.5 7.5 10

Slotters—Keyseaters—Motor A, B or C.

Stroke, in 6 8 10 12 14
Horse-power 3 3-5 5 5 5-71/2
Stroke, in 16 18 20 24 30
Horse-power 7.5 7.5-10 10-15 10-15 10-15

Milling Machinery.
Plain Milling Machines—Motor A, B or C.

Table feed, in 34 42 60
Cross feed, in 10 12 12
Vertical feed, in 20 20 21
Horse-power 7.5 10 15

Unlv^ersal Milling Machines—Motor A, B or C.

Machine number 1 11A 2 3 4 5
Horse-power 1-2 1-2 3-5 5-7.5 7.5-10 10-15
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Vertical Milling Machines—Motor .4, B or C.

Height under Spindle, in 12 14 18 20 24
Horse-power 5 7.5 10 15 20

Vertical Slabbing Machines—Motor A, B or C.

Width of worlc, in 24 32-36 42
Horse-power 7.5 10 15

Horizontal Slabbing Machines—Motor A, B or C.

Width between housings, in . . 24 30 36 60 72
Horse-power, average 7.5-10 7.5-10 10-15 25 25
Horse-power, heavy 10-15 10-15 20-25 50-60 75

Gear Cutters—Motor A, B or C.

Size, in 36X9 48X10 30X12 60X12 72X14 64X20
Horse-power.. 2-3 3-5 5-7.5 5-7.5 7.5-10 10-15

Rotary Planers—Motor A, B or C.

Diam. of cutter, in 24 30 36-42 48-54 60 72 84 96-100
Horse-power 5 7.5 10 15 20 25 30 40

Saws, Cold and Cut-off—Motor A, B or C.

Size of saw, in 20 26 32 36 42 48
Horse-power 3 5 7.5 10-15 20 25

Bolt and Nut Machinery.
Bolt Cutters—INIotor A, B or C.

Single. Double. Triple.

Size, in. . . 1, 1 1/4, 11/2 11 3/4, 212 1/4, 3 1/2
|

4, 6 11, 1 1/2 i 2. 2 1/2 1 1, 1 1/2, 2
H.P 1-2

I

2-3
I

3-5 1 5-7.5 | 2-3 | 3-5 I 3-7.5

Bolt Pointers—Motor B or C.

Size, in 1 1/2, 2 1/2 Horse-power 1-2

Nut Tappers—Motor A, B or C.

4 Spindle. 6 Spindle. 10 Spindle.
Size, in 1, 2 2 2
Horse-power 3 3 5

Nut Facing Machine—Motor B or C.

Size, in 1,2 Horse-power 2-3

Bolt Heading, Upsetting and Forging—^Motor D, E or F.

Size, in 3/4-1 1/2 II/2-2 2 1/2-3 4-6
Horse-power 5-7.5 10-15 20-25 30-40

Bending or Forming Machinery—Hammers.
Bulldozers—Motor D or E.

Width, in 29 34 39 45 63
Head movement, in 14 16 16 18 20
Horse-power 5 7.5 10 15 20

Bending and Straightening Rolls—Motor E or G.

Width, ft 4 6 6 6 8 10 10 24
Thickness, in 3/8 s/ie 7/iq 3/4 7/3 H/s II/2 1

Horse-power. 5 5 7.5 15 25 35 50 50

Hammers—Motor D or E.

Size, lb 15 to 75 100 to 200
^, Horse-power 1/2 to 5 5 to 7.5

Bliss drop hammers require approximately 1 H.P. for every 100 lb.
weight of hammer head.

Pipe Threading and Cuttlng-off Machinery.
Motor A, B or C.

Pipe size, in. . 1/4-2 1/2-3 1-4 II/4-6 2-8 3-10 4-12 8-18 24
Horse-power. 2 3 3 3-5 3-5 5 5 7.5 10
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Punching and Shearing Machinery.
Presses fornotching sheet-iron—Motor A, B or C—1/2 to 3 H.P.

Punches—Motor D or E.
Diameter, in . . S/g 1/2 5/8 3/47/8 l l 11/4 13/4 2 21/2
Thickness, in.. 1/4 1/2 Vs 2/4 3/4 1/2 1. 1 1 1 II/2

Horse-power. . 1 2-3 2-3 3-5 5 5 7.5 7.5-10 10-15 10-15 15-25

Shears—Motor D or E.
Width, in 30-42 50-60 72-96
Horse-power to cut 1/8-in. iron. 3 4 5
Horse-power to cut 1/4-in. iron.. 5 7.5 10

Bolt shears 71/2 H.P. Double angle shears 10 H.P,

Lever Shears—Motor D or E.

Size, in IX 1 1 1/2 XI 1/2 2X2 6X1 21/2X21/2
Horse-power 5 7.5 10 15 15

Size, in 1X7 2,3/4 x 23/4 II/2 X 8 31/2 X 31/2 41/2 round
Horse-power 15 20 25 30 30

Plate Shears—Motor D or E.
Size of plate, in.,

3/8 X 24 1 X 24 2 X 14 1 X 42 1 1/2 X 42 1 1/4 X 54 1 1/2 X 72 1 1/4 X 100
Cuts per min.,

35 20 15 2Q 15 18 20 10-12
Stroke, in.,

3 3 41/4 4 41/2 6 :5l/2 71/2
Horse-power,

10 15 30 20 60 75 10 75

Hydrostatic Wheel Presses—Motor B or C.

Size, tons 100 200 300 400 600
Horse-power 5 7.5 7.5 10 15

Grinding Machinery.
Grinding Machines (For Shafts, Etc.)—Motor A, B or C.

Wheels diameter, in 10 10 10 10 14 IS 18 18
Length of work, in 50 72 96 120 72 120 144 168
H. P., average work 5 5 5 5 10 10 10 10
" heavy work 7.5 7.5 7.5 7.5 15 15 15 15

Emery Wheel Grinders, Etc.—Motor B or C.

K, umber of wheels 2 2 2 2 2 2
Size of wheels, in 6 10 12 18 24 26
Horse-power 1/2-I 2 3 5-7.5 7.5-10 7.5-10

Miscellaneous Grinders—Motor J3 or C
Wet tool grinder, 2 to 3 H.P. ; flexible swinging grinding and polish-

ing machine, 3 H.P.; angle cock grinder, 3 H.P. ; piston rod grinder,
3 H.P.; twist drill grinder, 2 H.P.; automatic tool grinder, 3 to 5 H.P.

In selecting a motor for a machine tool, advantage should be taken
of the fact that motors Avill stand considerable overloads for short
periods. This will lead to the selection of smaller motors than are
usual. The tendency is to select a motor to fit the maximum capacity
of the machine, rather than one whose capacity is more nearly that of
the average capacity of the tool.

A. G. Popcke (Am. Mdch., Sept. 26 and Oct. 3, 1912) outlines more
accurate methods of determining the sizes of motors required for
driving machine tools, based upon an analysis of the working condi-
tions, and also the considerations other than those of power which
govern the selection of the motor. To determine motor capacity,
the following data are necessary: Horse-power, speed and voltage; and
in addition for alternating current, frequency and phase. To estimate
the horse-power the following must be known: Type of tool; depth of
cut (all tools being considered), inches; feed, in. per revolution; speed,
ft. per minute; duration of both average and maximum cuts; duration
of peak of maximum load; number of peaks per hour. From the area
of the cut (depth X feed) and the cutting speed, the cubic inches of
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metal removed per minute can be calculated for both average and
maximum cuts, and these figures, multiplied by the constants below
give the horse-power required, to which the friction load of the machine
must be added.

Horse-power Constants for Cutting Metal.
H.P. per Cu.
In. per Min.

Cast iron 0.3 to 0.5
Wrought iron 0.6

Machinery steel 0.6

These constants apply to roimd nose tools used in accordance with
the conditions recommended by F. W. Taylor (see p. 1261). For
twist drills the power reqiiirements per cubic inch are about double
the figures given above.
The size of the motor selected will depend on the heating of the

motor Avhile under load, and as the load is usually intermittent, the
heating will depend upon the square root of the mean square value of
the power required. In a given cycle in which the several power values
are Pi, P2, Pz, utiUzed during periods of ti, t2, tz, respectively, the square
root of the mean square will be

H.P. per Cu.
In. per Min.

Steel, 50 carbon or more. . 1.0 to 1.25
Brass and similar alloys. . 0.2 to 0.25

4
'Pl2 ^ 1 + P2^ U + Pz' tz

tl + t2+ tz

The heating of the motor will be the same as if it were run constantly
at a load equal to the square root of the mean square load. In making
the motor selection, however, it should be observed whether or not the
duration of the maximum load will be greater than the motor can siic-

cessfully withstand. Thus a 100% overload for a period of 10 seconds
can easily be carried by a properly designed motor, while if prolonged
such a load may burn it out. When selecting motors for widely fluctu-
ating intermittent loads, the limits above rated load which must be
taken Into consideration are for alternating current, pull at starting
torque, and speed regulation; and for direct current motors, commuta-
tion, speed regulation and stability. The pull at the starting torque
of an induction motor is from 2.5 to 3.5 times the full-load torque, and
the speed regulation, or percentage drop in speed between no load and
full load, known as the slip, is, at full load, from 5 to 7%. At other
loads it is approximately proportional to the load. Commutating pole,
direct current motors will stand 100% to 125% overload without
sparking. The speed regulation at tull load is 10 to 15%, depending
on the speed of the motor. With non-commutating pole motors the
speed decreases with overloads in proportion to the loads, while on
commutating pole motors it increases up to 100% overload, thus giving
approximately the same sp&ed at double load as at full load. A com-
mutating pole motor can be made stable at overloads, which will in-
crease the drop in speed. The better the speed regulation, however,
the less certain is the stability and the motor for driving machine tools
must be a compromise between these two factors. Motors, however,
are available which can be safely operated on intermittent loads where
the maximum load is 200% of the rated load. In machine tool work,
a large speed reduction, giving a stable motor is advisable when varia-
tions occur in the work done by the cutting tool on long jobs, thus
protecting the ciitting tools, the machines and the work. An adjust-
able speed motor with a speed reduction of 25% is of advantage under
such circumstances.

In applying the principles OTitlined above to the selection of a machine
tool motor, the average and maximum conditions of service of the
machine should be determined by laying out typical jobs in which
these conditions are present. The power cycles are determined from
the amount of metal removed on each cut as previously explained and
the duration of each cut is ascertained from the length of the cut, the
spindle speed and the feed per revolution. The square root of the
mean square value of the power required is next determined, the time
while the machine is idle during the periods of adjustment being added
m tjie denominator of the formula for this value. A motor whose
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capacity is in the neighborhood of the value ascertained is then selected,
and the relation of the maximum load to the rated motor capacity is
observed to ascertain whether or not the motor, in addition to carry-
ing the average load, is capable of carrying the maximum load without
injury. For instance, if the square root of the mean square value is
5.5 H.P. a 5-H.P. motor would be imder an overload of 10%, which
is well within the capacity of a well designed machine. If the maxi-
mum load requires 8.3 H.P. for a ijeriod of three minutes the motor
will be overloaded 66% for this period which is also within the limits
set by good motor design.

According to Mr. Popcke, other questions than horse-power govern
the selection of a motor for a machine tool. The speed of the motor
depends upon the speed of the machine shaft, which ranges from 50 to
60 r.p.m. on forging machines to 200 to 300 r.p.m. on machine tools,
and as high as 1000 to 2J30 r.p.m. on grinding and wood-working ma-
chinery. The speeds usually obtainable with 60- cycle alternating
current motors are 1703-1800, 1100-1200, 850-900, 650-720 and
650-600 r.p.m. The speeds available on standard direct current
motors are approximately the same. On 25-cycle alternating current
motors the usual speeds are 700-750, 550-600, and 350-375 r.p.m.
The following factors are considered in selecting motors for belt drives:
Speed reductions, pulley sizes, belt speeds, motor speeds, distance
between pulley centers, arc of contact, use of idler pulleys, mounting
of motor. Involved in the speed reductions are the sizes of the motor
and machine pulleys and the belt speed. The standard sizes of motor
pulleys which have been adopted in connection with standard speed
ratings of the various sizes of motors have standardized the belt speeds.
The maximum and minimum standard speed ratings of the motors,
together with the maximum and minimum pulley diameters are given
in the following table:

Horse-Power op Motor.
1 2 3 5 7 1/2 10 15 20 25 30 35 40 50

R.P.M , Maximum.
1700 1700 18C0 1800 1700 1700 1700 1700 1400 1700 1700 1700 1700
Pulley Diameter, standard.
3 1/2 3 1/2 4 4 5 6 7 8 9 9 10 11 11
Pulley Diameter, minimum.
3 3 3 3 1/2 4 4 1/2 5 6 6 I/2 6 I/2 7 7 I/2 8

R.P.M., Minimum.
850 850 850 650 600 600 650 600 600 675 600 565

Pulley Diameter, standard.
4 5 6 8 9 11 11 12 13 13 14 16

Pulley Diameter, minimum.
.... 31/2 4 41/2 6 6 1/2 71/2 8 9 10 10 12 13 1/2

The minimum size of pulley is specified on account of the reduction
of pulley size increasing the strains on the. motor bearings and shaft.
The arc of contact has great effect on the success of a belt-driven motor
installation. The arc of contact depends on the distance between the
pulley centers and on the speed reduction. Where it is necessary to
increase the arc of contact, idler pulleys are of service. In machine
work the size of the motor pulley is sometimes fixed by the necessity
of belting the motor to the machine flywheel, in which case care must
be taken that tlie diameter of the motor pulley is not less than the
minimum size specified. The arc of contact must also be considered,
as in a large speed reduction this will be decreased and will seriously
affect the amount of power transmitted. The effect of decreasing the
arc of contact is shown below, the power transmitted by a 180 deg. arc
of contact being taken as 100.
Arc of contact, deg 180 170 160 150 140 130 120
Power transmitted, % . . 100 94 89 83 78 72 67

;

The cost of a motor per horse-power increases as the speed decreases.
Therefore, for maximum economy in first cost as high a speed as
possible should be selected without, however, going below the minimum
pulley diameter. Back geared motors are useful where extremely low
speeds are required. A speed ratio of 6:1 between the armature and
the motor countershaft is usually satisfactory, any further speed
reduction to the machine pulley being obtained by means of the pulley
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Data for Standard Geared Connections for Constant Speed Motors.

Maximum Speed Rating. Minimum Speed Rating.

c
No. of Teeth. _g No. of Teeth. _fl

^
i
a;

1

ca 3

^.2
1. 5

d

a
i II

1.

.s'l

II

'6 c

s
.s

W « Q w&^ §;s §^ ^h4 ^ tf Q wSl %A ss ^A %

I 1700 8 17 15 n 940 1.63 1200 8 17 15 13 665 1.63
2 1700 8 17 15 n 940 1.63 850 6 18 71 19 615 2.38
3 1800 8 22 20 19 1300 2.38 850 18 18 18 670 3
"> 1«()() 8 2? 21 19 rm) 2.38 850 71 19 f8 990 3

7.5 1700 6 18 18 18 1400 3.0 650 70 18 18 685 3 6
10 1700 6 21 19 18 1420 3.0 600 ?.\ 19 19 665 3 8
15 1700 19 18 18 1700 3.6 600 4 1/o 11 19 19 770 4.22
20 1700 20 18 18 1780 3.6 650 21 18 18 890 4.5
25 1400 21 19 19 1550 3.8 600 n 19 18 864 4 5

30 1700 21 19 19 1880 3.8 600 31/4 20 18 970 5.53
35 1700 4lh 22 18 18 2180 4.0 675 3 1/4 20 18 1080 5.53
40 1700 41/0 22 19 19 2180 4.22 600 18 15 940 5.0

50 1700 21 18 18 2340 4.5 565 20 18 990 6.0

Data for Standard Geared Connections for Adjustable Speed Motors.

Horse-
Power.

Maximum Speed Rating,

Min.
R.P.M.

of

Motor.

Speed
Ratio.

Min.
Diam.

of

Pulley,

Gear Data,

Min,
No. of
Teeth.

Min.
Diam.,

Diam.
Pitch,

Pitch Line
Speed at

Min, Diam,

1

2
3
5

7 1/2

lU

15

20
25
30
40
50

740
1100
1000
1000
900
850
780
650
550
550
550
500

3
3
3
4

5
6
61/2
7 1/i

9
10

12

121/2

2.38
2.38
2.38
3.0
3.0
3.6
3.8
4.22
4.5
5.53
5.0
6.0

6
6
5
5
41/2
4
31/4
3 1/2

3

460
690
625
790
705
800
780
720
645
800
720
790

1380
1380
1250
1580
1410
1600
1560
1440
1290
1600
1440
1580

1

2

3
3
71/2
10

15

20
25
30
40
50

450
450
375
375
350
375
375
300
300
250
250
325

Minimum Speed Rating.

3 19 2.38 8 280
4 18 3.0 6 355
5 18 3.0 6 294
6 18 3.6 355
61/2 19 3.8 350
7 18 4.0 41/2 390
9 18 4.5 4 440
12 15 5.0 390
12 1/2 18 6.0 470
14 18 6.0 390
16 19 6.33 415
16 19 6.33 540

1120
1420
1176
1420
1400
1560
1760
1560
1880
1560
1660
1620
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on the motor countershaft. Back geared motors are used where ohe
machine speed is below 150 to 100 r.p.m. The initial speed of the
back geared motor should not exceed 1200 r.p.m. when the horse-power
is from 10 to 20 and should not exceed 900 or even 720 r.p.m. when
the horse-power is greater than this figiire.

For equipment where the motor is geared to the machine, the follow-
ing are the governing considerations: Speed reduction, pitch line
speed, number of teeth on gears, width of face of gears, center distances,
use of idler gears, motor mounting. Noise limits the pitch line speed
to about 1000 feet per minute with steel gears. For speeds of LOGO
to 2000 feet per minute, cloth or rawhide pinions should be used and
speeds in excess of 2000 feet per minute should be avoided if possible.
Stresses in bearings and motor shafts limit the minimum size of motor
pinions just as they limit the size of pulleys. The maximum and
minimum speed ratings and the corresponding standard and minimum
sizes of pinions for constant speed and adjustable speed motors are
given in the tables on the preceding page. The second table also gives
the minimum pulley diameters for adjustable speed motors.

For additional data on machine tool motors see Electrical Engineer-
ing, p. 1466.
Motor Requirements for Milling Machines.

—

See p. 1278.
Power Required for Drilling.—See p. 1286.
Motor Requirements of Planers. (A. G. Popcke, Am. Math., Sept.

26, 1912.)—Manufacturers usually specify motors for planers that are
larger than necessary, due to the heavy peak load imposed at the instant
of reversal. Before the advent of interpole, commutating motors, this
peak load caused sparking unless a large motor was used. The com-
rautating motor eliminates this trouble and permits the use of a smaller
motor. A flywheel on the countershaft, from which the forward and
reverse belts are driven, will assist in the carrying of the peak loads,
and will allow the use of a smaller driving motor than otherwise. The
table below shows the results of tests of planers with a graphic record-
ing ammeter, and gives the power required at difl'erent portions of the
planer cycle. It also shows the motors recommended and installed,
which are handling the work satisfactorily, and also the size of motors
specified by the makers of the tools.

Power Requirements of Planers.

Observed Power

Motor
Used

Requirements Motor
In-

stalled,Size of "rt •
^ Motor

Planer. for ^i ii u t s Remarks. Based Speci-
Test. 5| 5 o ^o >2| on

Test.
fied.

m ^° « «

In. Ft. H.P. K.W. K.W. K.W. K.W. H.P. H.P.
56 X 15 3 1.3 3.5 4.0 5.3 Average work )

5 1.8 2.8 3.5 5.3 5 Tons on table V 5 15
"

5 2.5 6 6 Short stroke )

54 X 16 30

.

.^.

.

.

8 10.5 Average stroke
30 7 10 12 Short stroke [ 5 15

"
5 1.8 2.3 3.5 5.5 Average stroke f

48 X 12 5 7 8 9 Average work 71/2 15

24 X 10 7 1/2 4.5 4.3 3.5
{

Motor geared
balance wheel !

' 7 1/2

42 X 12* 5 1.5 2.5 5 7 Average work
No. bal. wheel

7 1/2 15

48 X 12 30 10 14 19 7 1/2 15

37 X 8 5 1.8 3 4 6 Average work 5 10

36 X 8 5 1.5 2 2.5 4
"

3 5

36 X 8 5 1.8 2 3 5
"

3 5

* Open side.

The Cincinnati Planer Co. has furnished the author with the results
of a test of 72 in. X 24 ft. planer, fitted with a reversible motor drive,

cutting cast iron. To run the table in the direction of the cut require^
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2.06 H.P.; reversing from cutting to return stroke, 13 H.P.;
from return to cutting stroke, 14.4 H.P.

Test on 73 X 34-in. Reversible Motor-Driven Planer.

Depth
of Cut,

Feed,
In.

Number
of Tools

Cutting
Speed,
Ft. per

H.P.
Required,
Including

Pressure
per Sq. In.

in
In. Cutting. Min. Friction. Cast Iron.

1/2 3/16 2 30 23 123,200

1/2 3/16 2 40 26.7 108,680

1/2 3/16 2 60 37.5 104,133

1/2 3/32 2 30 11.5 111,419

1/2 3/32 2 60 23 123.200
1/4 3/16 2 30 10.1 95,090
1/4 3/16 2 60 20.2 106,830

1/4 3/32 2 30 7.3 124.572

1/4 3/32 2 60 14.4 145,726

Power Required for Wood-Worliing Machinery. (E. G. Fox, EL
Rev., June 13, 1914.).—The factors influencing the power required
for wood-working machines are: Design, speed of working, including
feed and depth of cut, condition of machine and cutters, nature ol

material. Machines handhng one kind of material may be motored
for their ordinary load, while those having diverse work must be
motored for their heaviest service. The data below are based upon
tests as well as on figures furnished by manufacturers.
Band Saws.—The motors should have good starting torque, and

with resaws should be capable of developing 1.5 full load torque
at starting, and should have good overload characteristics. Belted
motors are recommended for most installations.

Band-Saws.
Wheel diameter, in 42
R.P.M 400-500
Maximum depth of timber, in . . 20
H.P. of motor 5

Banb-Resaws.
Wheel diameter, in 60 54
R.P.M 550 600
Width saw blade, in 8 6
Maximum depth of timber, in . . 36 30
H.P. of motor 50 40
R.P.M. of motor 600 600 /^u /.^u
Add for jointing attachment on 48-in. saw, 7.5 H.P.

Band Rip Saws—Power Feed.
Wheel Diam., Max. Timber Motor

in. R.P.M. Depth, m.
42 650 12
40 600 15

Add 2 H.P. for return rolls, if used,
connection.

Circular Saws.—^Circular saws are not as widely used as band-saws
for resawing, as they require more power, run at lower speeds and waste
more stock. Splitting with circular saws requires from 15 to 20%
more power than cross-cutting. Band-saws require about the same
power for both.

Circular Saws.
Maximum diameter of saw, in 42
R.P.M. of saw 900
Maximum capacity, in., horizontal. . . 17

" " " vertical
Horse-power 25

38 36 36 34 30
450 500 400 500 500
16 16 14 12 12
5 5 3 3 3

48 44 42 40 38
650 650 650 700 450

5 4 4 3 2
26 24 24 20 12
30 20 15 15 7.5

720 720 720 720 514

Motor
H.P. R.P.M.
15 720
10 600

Speeds given are for direct

36 32 30 24
1000 1225 1200 1225

14 11 10 8
8 6 6

25 20 20 20
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Circular Rip-Saws.
Maximum diameter of saw, in 20 16 12
Maximum R.P.M. of saw 2100 2600 2400
Maximum tliickness of stock, in 6 5 2
Feed, ft. per min 60-180 64-194 50-100
Horse-power 15 15 7 = 5

Hand-Feed Circular Rip-Saws.
Maximum diameter of saw, in. 14 16 20 24 30 36
R.P.M. of saw 2700 2400 2000 1600 1250 1000
Horse-power 7.5 10 15 15 20 20

Power-Feed Gang Ripping-Machine.
Number of saws 2 3 4 8
Maximum R.P.M 3400 2300 2500 2500
Diameter of saws, in 10 15 14 14
Feed, ft. per min 180 200 100-180 90-200
Horse-power 15 30 25 35

Circular Cut-off Saws.
Maximum saw diameter, in 14 16
R.P.M. of saws 2700 2600
Horse-power 5 7.5

Inside Molders.
Maximum capacity, in 8X4 10X4 12 X 6 14 X 6
Horse-power 25 25 35 35

Outside Molders.
Maximum capacity, in. 4X4 6X4 8X4 10X4 12X5 14X6
Horse-power.... 10 15 20 25 30 35

Stickers.
Maximum size of timber, in... 16X4 18X4 20 X4
Horse-power 5 7.5 10

Jointers.
Maximum width of timber, in 8 12 16 20 24 36
Horse-power 2 2 3 5 7.5 7.5

Tlie recommendations for molders, stickers and jointers are based
on a maximum depth of cut of 3/32 in. If the cut is greater, the size of
motor should be correspondingly increased.

Surfacers.—The motor sizes given below are for medium work with
maximum depths of cut of i/g in. For planing mill work, on heavy
stock with deep cuts the sizes should be increased about 5 H.P.

Single Surfacers.
Maximum width of timber, in. 16 20 24 30 36
Horse-power 7.5 10 10 15 15

Double Surfacers.
Maximum width of timber, in 26 30 36
Horse-power, heavy work 35 35
Horse-power, medium work. 20 25 30

Timber Sizers.—The following figures apply to heavy service in
dressing timber to size, surfacing four sides simultaneously.

Max. size of timber, in. . 20 X 16 20 X 18 20 X 20 30 X 18 30 X 20
Horse-power 60 60-75 60-75 75 75

Drum Sanders.
Number of drums 1 1 1 2 2 2 2
Max. Width of Stock, in 30 36 42 30 36 42 48
Horse-power 10 15 15 20 20 20 25
Number of drums 3 3 3 3 3 3 3
Maximum width of stock, in .. . 30 36 42-48 54-66 72 78 84
Horse-power 20 25 30 35 40 40 50
When material is sanded to size and full width of sander is used with

panels fed continuously, add 5 H.P. to above motor sizes.

Tenoners—Hand-Feed .

Length of tenon, in 7 single 7 double
Horse-power 7.5 10 '
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Shapers.—For ordinary service on reversible single- or two-spindle
machines, use a 5 H.P. motor. For extra heavy work, as in carriage
factories, railroad shops, etc., use a 7.5 H.P. motor.

Scraping Machines.
Maximum width of stock, in. .

.* 12 26 30 42
Horse-power 2 3 3 5

Automatic Lathes.
Maximum diameter and length of stock, in. 2.75 X 72 3 X 50 5 X 50
Horse-power 10 15-20 20

Borers.
Number of bits 1 l 2 3 4 8
Maximum diameter of bits, in 1 2 0.75 0.75 0.5 0.5
Horse-power 3 5 3 5 5 10

Chisel Mortising-Machines.
Maximum number of chisels 1 1 l l 2
Maximum size of chisel square, in 0.5 0.75 0.75 1.25 1
Horse-power 2 2 3 5 3
Maximum number of chisels 3 4 5 6 7
Maximum size of chisel square, in 1 1 is/jg is/ig i3/ig

Horse-power 5 5 5 7.5 7.5
Planers and Matchers.

For planing and matching timber at one operation.
Maximum size of timber, in. . 9X6 15 X 6 20 X 6 24 X 6 26 X 8
Horse-power 35 40 45 45 45
Box board matchers are similar to planers and matchers, but the

work is much lighter. Hand-fed machines usually require a 7.5 H.P.
motor, while power-fed machines require 10 H.P.

Horse-power Required to Drive Shafting.— Samuel Webber in his
"Manual of Power" gives, among numerous tables of power required
to drive textile machinery, a table of results of tests of shafting. A line
of 21/8-in. shafting, 342 ft. long, weighing 4098 lb., with pulleys weigh-
ing 5331 lb., or a total of 9429 lb., supported on 47 bearings, 216 rev-
olutions per minute, required 1.858 H.P. to drive it. This gives a
coefficient of friction of 5.52 %. In seventeen tests the coefficient ranged
from 3.34% to 11.4%, averaging 5.73%. J. T. Henthorn states (Trans.
A. S. M. E., vi, 462) that in print-mills which he examined the friction
of the shafting and engine was in 7 cases below 20% and in 35 cases
between 20% and 30%, in 11 cases from 30% to 35% and in 2 cases
above 35%, the average being 25.9%. Mr. Barrus in eight cotton-
mills found the range to be between 18% and 25.7%, the average being
22%. Mr. Flather (Dynamometers) believes that for shops using
heavy machinery the percentage of power required to drive the shafting
will average from 40% to 50% of the total power expended. Under
the head of shafting are included elevators, fans and blowers.

Power Required to Drive Machines in Groups.— L. P. Alford
(Am. Mach., Oct. 31, 1907) gives the results of an investigation to
determine the power required to drive machinery in groups. The
method employed comprised disconnecting parts of the shafting in a
belt-driven plant, and driving the disconnected portion with its ma-
chines by an electric motor, readings of the power required being taken
every 5 minutes. The average power required for the entire factory
was considerably less than the simi of the power required for the in-
dividual machines, due to tools being stopped at some portion of the
day for adjustment, replacement of work, etc. The conditions of
group driving are such that fixed rules cannot be laid down, but a study
must be made of each individual case. The results of the several thou-
sand observations made in the investigation are given in the accom.-
panying table. The observations were made before the introduction
of high speed steel, and the figures probably should be modified some-
what for "more modern practice. The sum of the individual horse-power
values as given in the table is about 20% higher than the power actually
used m the factory, due to a lessening of the average horse-power in
each department. The reason for this is the working conditions exist-
ing, in that all toola were not usecj to their maximum or even average
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capacity at the same time. In determining the size of motor for each
department, the total horse-power required by the tools in that depart-
ment, as given in the table, was diminished by 20%, and the friction
load of line and countershafts was added.

Power Required by Machine Tools in Groups.

Maxi-
mum
H.P.

Aver- Maxi-
mum
H.P.

Aver- Maxi-
mum
H.P

Aver-
age
H.P.

Boring Machines.
36in.i

I

0.78 I 0.52

42 " 2
I

1.72
I

1.08

Cam Cutters.

Grinders (Cont.)

Note 16
I

3.29 I 0.97
" 17

I l0.41-0.82

Drop Hammers.

Milling Machines (Cont.)

Cutting-oflf Machine.
115/16 in.

I
I

0.12
2 in. 0.28 10.14-0.1

3 in.
I
0.34 l0.20-0.22

Drilling Machines.

401b.
250

"

400
"

600 "

800
"

1000
"

1500
"

0.10

2.00

2.50
3.00

3.50
4.00

5.00

Note 5

6
" 7
" 8
" 9
" 10
" 11

16 in.

18
"

20
"

22
"

24
"

26 "

28
"

30
"

34
"

36
"

46 "

50
"

3.18
0.72
1.12

0.31

0.32

0.35

0.48

0.71

0.25

0.35

0.42

0.59
0.47

0.22

0.25

0.30

0.45

0.53

0.63

0.83

Gear Cutters.

N0.41/2I jO. 15-0.32

.312

4 i.42'
1|13

7M
314

115

215

0.20

0.20

0.32
0.53
0.80
0.40
0.50
0.60
0.76

Power Hammers.
1001b. I

I

1.50

150 "
1 1 1.75

Keyseater.

No. 4 I
0.64 10.28-0.3

Lathes.

0.35
0.41

0.24

0.26
0.34
0.36
0.39
0.44

0.32

0.25

0.31

0.31

0.58
0.10

0.12

0.25

0.70
0.33-0.63

1.20-1.80

0.31

0.36

1.30

Milling Machines.
"

0.30

0.26
0.19-0.29

0.13-0.19

0.26

7
14

15
326

526

3
1

2
5
7

11/227

Planers.

20 in 18

30
" 18

12
'

14
"

0.48

16
"

16
"

0.48
18

"

20
"

22
"

0.37

24
"

24
*'

28
"

38 «

10
" 19

14
" 19

15
" 20

H 1

No. 1
22 1.63

X24in.23 1.97

14 in 24

16
" 24

36
" 25 1.50 J

sTo. 1 0.47
" 3 0.64
" 4
" 41/2
" 6.

0.83
0.25

0.25

0.26

0.55
0.17-0.25

0.15
0.25

0.30
0.83

0.20

1.0 -0.43

1.16-0.53

0.70

0.84
0.81

1.31

1.56

1.60

1.14

3.70

2.00

Polishing Stands.
No. 3

I I

1.00"5
I I

1.09

Punch Presses.

No. 3
I
2.59 1 1.26

Profiling Machines.
No. 1 1 1

0.50
" 6 1 1 0.40

Band-Saw.30
36 in.

I
3.00

1 0.87

Circular Saw,
9 in.

I
3.77

I

1.05

13 "
I

3.75 1.04

13 "
1 5.82

I 1.21

Hack Saw,
12-14 in.

I I
0.06

Screw Machines.
No. 1

I I
0.60"2

1 0.37"2
1

0.72

17 in. 2.01

22 X 60 in. 2.34

22 X 60
"

1.44

24 X 72
"

26 X 60
"

1.59

30 X 72
"

4.91

30 X 96
"

5.46

36X120
"

4.00

50X108 "
2.94

34 in. 28 7.75
24 " 29 3.40

Notes.—1 Single head. 2 Double head. » Lathe type, single head. * Lathe
type, double head, s No. radial. « No. 1 radial. ' ' Single spindle,
sensitive, s 2-spindle. 9 3-spindle, sensitive. io4-spindle. n 6-spindle,
12 Cutter and reamer, i^ plain, i* Surface. is Universal, i^ Wet tool,
carrying 20-in. wheel, i^ Wet grinder with two 24-in. wheels, is Boring
lathe. 19 Speed lathe. 20 Squaring-up lathe. 21 Gisholt turret lathe.
22 Potter & Johnson semi-automatic. 23 Jones & Lamson flat turret. 24 Wood
turning. 25 Putnam gap lathe, used for wood turning. 26 Vertical. 27 Hand.
JJ8 Wood panel planer, 29 y^ood surface?, 3o Uged for pattern work.
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A similar investigation, reported by H. C. Spillman (Mach'y, June,
1913), showed that but 20% of the total power supplied to the motor
is applied in useful work in the machines, 72% being absorbed in friction
losses in machines and shafting, and 8% disappearing as electrical

MACHINE TOOL DRIVES, SPEEDS AND FEEDS.
Geometrical Progression of Speeds and Feeds.— It has become

generally accepted that the speeds available on a given machine tool
should be in a geometric progression. There is, however, by no means
a uniformity in the ratio of the various geometric series adopted by
the different makers. This ratio will be found to range from 1.3 to 1.7
on the usual types of cone-driven machines, and the speeds available
under different conditions of open belt and back gear operation present
mAny duplications and are often far from a true geometric progression
when considered over the entire range of speeds. Carl G. Barth {Am.
Mach., Jan. 11, 1912) suggests a ratio of >^%'= 1.1S9. With this ratio,
the revolutions per minute of the spindle are doubled every fourth
speed. An editorial (Am. Mach., Dec. 3, 1914) discussing the advan-
tage of adopting this ratio for a speed series shows that it will fulfill

all the ordinary requirements of machine tool work, and that practically
any desired speed in either lathe or drill press can be obtained when
the machine is speeded according to a geometric progression based
on the ratio 1.189. At the present writing (1915) this ratio has been
adopted by several machine tool builders.
The necessity for the adoption of a standard ratio for speeds and

feeds on machine tools is discussed in Am. Mach., Dec. 3 and 10, 1914,
in describing the respeeding of machines at the Watertown arsenal and
elsewhere. The speeds originally available on many of the machines
presented many duplications of open belt speeds when back-geared, and
the speeds on any one machine considered as a whole were not in anj
regular series. Thus a lathe with supposedly 20 speeds had practically,
due to duplication of speeds in the open belt and back-gear series, only
12^ speeds. The rearrangement of the gearing and the pulleys made
all 20 speeds available, and in practical accord with a geometric series
with a ratio of 1.189. In the same article there are tabulated the
speeds of nine 16-in. lathes offered in response to a request for bids.
In no case did the speeds available on one lathe correspond with those
on any other, nor did any set of speeds even approximate the ideal
speeds. Even three machines offered by one maker had wide variations
in their speeds. Such a condition precludes the possibility of using
machines interchangeably for the same service, and, as stated by Mr.
Barth, is the basis of much of the trouble regarding piece rates in machine
shop work. See also article by Robert T. Kent, Iron Age, July 3, 1913.
. A geometrical progression of the feeds available on macWne tools is

also desirable, and Mr. Barth has recommended the same ratio for

the feed series as for the speed series, ^^^= 1.189. The reasons for
adopting this ratio are given in the article above cited, Am. Mach.,
Jan. 11, 1912.
Methods of Driving Machine Tools.—^F. A. Halsey in a lecture at

Columbia University (Indust. Eng., Sept., 1914) compares the relative
advantages of the oi'dinary 5-step cone pulley, the 3-step cone pulley,
the constant speed pulley and the individual motor as a drive for
machine tools. In the 5-step cone pulley drive the large intervals
between the speeds available on the different cone steps decrease the
output of the machine, due to the fact that except in those few cases
where the cone speed is nearly equal to the cutting speed the next
lower cone speed must be used. Also on account of the proportions
of the cone, the belt speed is unnecessarily low, and as the belt is moved
to the largest cone step its speed is still further decreased. On the
larger steps the belt is frequently incapable of delivering the power
required by the heavier cuts which go with large work. This defect
is remedied in the 3-step cone pulley, in which the difference in the
diameters of the steps is not so pronounced, the additional number of
speed changes being obtained by double back gears.
Mr. Halsey compares two specific cases: (1) A 5-step cone with

single back gears, the cone step diameters being respectively 4, 6, 8, 10,
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and 12 in. (2) A 3-^tep cone with double back gears, the cone ste0
diameters being respectively 11 1'?/32, 12 9/32, and 13 in. In case 1 a 2 1/2-

in. belt, and in case 2 a 4-in. belt, is used. The change from 3 to 5 steps
reduces the ratio of the highest to the lowest speed on the cone, and it;

increases the belt speed and therefore the power on all steps, but
particularly on the large ones where it is most needed. The effect of
these changes can be shown by calculating the respective powers with
the belts on the largest steps of the two cones. Assume (case 1) that
the speed with the belt on the 4-in. step is 100. Then the speed with
the belt on the largest step will be 100 X 4/i2 = 331/3. To maintain
the same cone speed in case 2, the highest belt speed will be
100 (11 17/32 ^ 4) = 288 +; the lowest will be 288 (11 17/32 -r- 13) = 255 +.
The smallest step in case 1 is too small for a double belt, while in case 2
a double belt can be used on the smallest step. In order to compare
the power capacities of the two machines the belt speed must be
multiplied by a factor representing the greater pulling power of the
double belt, say 1.43, and also by the ratio of the belt widths, 1.6. If
Li and L2 represent respectively the power capacities of the large steps
of cases 1 and 2, and Si and S2 the power capacities of the small steps,
then

I = |2x 1.43X1.6 -6.5

That is, the power capacity of the 3-step cone is 6.5 times as great
as that of the 5-step cone with the belt on the small step, and 17.5 times
as great with the belt on the large step. The defect of the arrange-
ment given in case 2 is that it provides a smaller number of speeds
and a smaller range of speeds than does case 1. The remedy is the
provision of additional back gears if the additional speeds or greater
range is necessary. Mr. Halsey further points out that direct connec-
tion between the cone pulley and the work spindle has been retained
in many cases where it should have been discarded, since with large
work the belt speed will become too low to transmit adequate power,
and it is better practice to interpose gearing between the pulley and the
spindle, and thus speed up the belt and pulley. In changing machines
in accordance with the above suggestions, it is advisable to so design
the gearing as to obtain speeds which will be in geometric progression

, as explained in a previous paragraph. For methods of laying out cone
pulleys, see p. 1 136. For methods of laying out the driving gears of
machine tools see " Halsey 's Handbook for Machine Designers and
Draftsmen," p. 77.

In the Constant Speed Pulley drive, the belt pulley of the machine is

driven at a constant speed and the power is transmitted to the machine
from the pulley through a train of gears arranged in a gear box. By
the shifting of appropriate levers any particular set of gears can be put
in engagement, thus making instantly available any speed in the range
of the machine. This arrangement makes the obtaining of a geometric
series of speeds a particularly easy matter. The constant speed pulley
drive possesses the advantaga of giving a self-contained machine,
particularly adapted to tbe individual motor drive. It has found
wide application in the milling machine and in certain types of lathes.

The Individual Motor Drive has, according to Mr. Halsey, a field in
the driving of portable floor plate tools, for machines in isolated posi-
tions, or for tools so located that line shafts cannot be conveniently
laid out for them, and for large machines where the cost of the motor
is a relatively small part of the total cost of the tool. The disadvantage
of the individual motor for the small or medium size tool is that the
power capacity of the motor must be equal to the maximum power
requirement of the machine and that no advantage can be taken of
the average power requirements of several machines as is possible in
the group drive where one motor drives several machines. This in-
creases the first cost of the motors, and they are also usually worked
at low efficiency, due to the fact that they are most of the time
underloaded.
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abrasive processes.
Abrasive cutting is performed by means of stones, sand, emery, glass,

corundum, carborundum, crocus, rouge, chilled globules of iron, and in
some cases by soft, friable iron alone. (See paper by John Richards,
read before the Technical Society of the Pacific Coast, Am. Mach., Aug.
20, 1891, and Eng. & M. Jour., July 25 and Aug. 15, 1891.)
The ** Cold Saw." — For sawing any section of iron while cold

the cold saw is sometimes used. Tliis consists simply of a plain soft
steel or iron disk without teeth, about 42 inches diameter and ^/ig inch
thick. The velocity of the circumference is about 15,000 feet per minute.
One of these saws will saw through an ordinary steel rail cold in about
one minute. In this saw the steel or iron is ground off by the friction
of the disk, and is not cut as with the teeth of an ordinary saw. It has
generally been found more profitable, however, to saw iron with disks or
band-saws fitted with cutting-teeth, which run at moderate speeds and
cut the metal as do the teeth of a milling-cutter.

Reese's Fiising-disk. — Reese's fusing-disk is an application of the
cold saw to cutting iron or steel in the form of bars, tubes, cylinders,
etc., in which the piece to be cut is made to revolve at a slower rate of
speed than the saw. By tliis means only a small surface of the bar to
be cut is presented at a time to the circumference of the saw. The
saw is about the same size as the cold saw above described, and is rotated
at a velocity of about 25,000 feet per minute. The heat generated by
the friction of this saw against the small surface of the bar rotated against
it is so great that the particles of iron or steel in the bar are actually fused,
and the "sawdust" welds as it falls into a solid mass. This disk will cut
either cast iron, wrought iron, or steel. It will cut a bar of steel is/g
inch diameter in one minute, including the time of setting it in the machine,
the bar being rotated about 200 turns per minute.

Cutting Stone with Wire. — A plan of cutting stone by means
of a wire cord has been tried in Europe. While retaining sand as the
cutting agent, M. Paulin Gay, of Marseilles, has succeeded in applying
it by meclianical means, and as continuously as formerly the sand-blast
and band-saw, with both of which appliances his system — that of the
"helicoidal wire cord" — has considerable analogy. An engine puts in
motion a continuous wire cord (varying from five to seven thirty-seconds
of an inch in diameter, according to the work), composed of three mild-
steel wires twisted at a certain pitch, that is found to give the best results
in practice, at a speed of from 15 to 17 feet per second.
The Sand-blast. — In the sand-blast, invented by B. F. Tilghman,

of Philadelphia, and first exhibited at the American Institute Fair,
New York, in 1871, common sand, powdered quartz, emery, or any sharp
cutting material is blown by a jst of air or steam on glass, metal, or other
comparatively brittle substance, by which means the latter is cut, drilled,
or engraved. To protect those portions of the surface which it is desired
shall not be abraded it is only necessary to cover them with a soft or
tough material, such as lead, rubber, leather, paper, wax. or rubber-
paint. (See description in App. Cyc. Mech.; also U. S. report of Vienna
Exhibition, 1873, vol, iii. 316.)
A "jet of sand" impelled by steam of moderate pressure, or even by

the blast of an ordinary fan, depoUshes glass in a few seconds; wood is

cut quite rapidly; and metals are given the so-called "frosted" surface
with great rapidity. With a jet issuing from under 300 pounds pressure,
a hole was cut through a piece of corundum 1 1/2 inches thick in 25 minutes.
The sand-blast has been apphed to the cleaning of metal castings and

sheet metal, the graining of zinc plates for lithographic i^urposes, the
frosting of silverware, the cutting of figures on stone and glass, and the
cutting of devices on monuments or tombstones, the recutting of files,

etc. The time required to sharpen a worn-out 14-inch bastard file is
about four minutes. About one pint of sand, passed, through a No.
120 sieve, and 4 H.P. of 60-lb. steam are required for the operation.
For cleaning castings, compressed air at from 8 to 10 pounds pressure
per square inch is employed. Chilled-iron globules instead of quartz
or flint-sand are used with good results, both as to speed of working and
cost of material, when the operation can be carried on under proper
conditions. With the expenditure of 2 H.P. in compressing air, 2 square
feet of ordinary scale on the surface of steel and iron plates can be
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removed per minute. The surface thus prepared is ready for tinning,
galvanizing, plating, bronzing, painting, etc. By continuing the opera-
tion the hard skin on the surface of castings, which is so destructive to
the cutting edges of milling and other tools, can be removed. Small
castings are placed in a sort of slowly rotating barrel, open at one or
both ends, through which the blast is directed downward against them
as they tumble over and over. No portion of the surface escapes the
action of the sand. Plain cored work, such as valve-bodies, can be
cleaned perfectly both inside and out. One hundred lbs. of castings
can be cleaned in from 10 to 15 minutes with a blast created by 2 H.P.
The same weight of small forgings can be scaled in from 20 to 30 minutes.— Iron Age, March 8, 1894.

Polishing and Buffing.—The type of polishing wheel to be used de-
pends on the class of work. For rough polishing on flat surfaces or
where the corners are to be square, a paper or a wooden wheel, faced
with leather to which emery or some other abrasive is glued is used.
For large flat work, or curved surfaces, bull neck, solid canvas, solid
sheepskin, paper or wooden wheels are used. These wheels are also
used for such work as stove trimmings, agriciiltural implements, tools,
cast iron and brass parts, etc. Loose or stitched sheepskin, loose or
stitched canvas and solid or stitched laminated felt wheels are used
for rougliing irregular shapes requiring a soft faced wheel which will
come in contact with every crevice of the work. Bull neck or wooden
wheels are used whenever coloring or finishing is to be done on cast
or sheet metal. For work requiring a Wgh polish, as gims, cutlery,
etc., sea horse is often employed. The hardness of the wheel depends
on the service in which it is to be used, and in the case of linen, canvas,
leather, or other built-up wheels on steel centers, is governed by the
depth of the flanges clamping the wheel on the arbor; the larger the
flanges the harder is the wheel. For most polishing operations, a
peripheral speed of the wheel of from 3000 to 6000 ft. per minute is

sufflcient, and 4000 ft. will serve for most purposes. These are the
speeds recommended for muslin, felt or sea horse wheels, although
some claims are advanced for speeds as high as 7500 ft., it being stated
that lower speeds will scratch the work.

Buffing is the process of obtaining a grainless finish of high luster
on plated surfaces. The degree of luster depends on the finish of the
siu-face prior to plating. The work is done on a soft wheel to which
a polishing composition has been applied. The polishing composition
comprises a heavy grease containing polishing material, as flour-emery,
rouge, tripoli, crocus, etc. According to the Chicago Wheel and Mfg.
Co. the following compositions are adapted to the different varieties
of work. For cutting down and polishing brass, bronze and Britannia
metal preparatory to plating, tripoli composition; for smooth surfaces
on nickel and brass, crocus compo.sition ; for coloring bra.ss, copper,
nickel, bronze, German silver, etc., either in solid or plated metal.
White Diamond XXX composition; for chased or embossed parts, or
for cutting down silver-plated pieces which are afterward to be colored
with rouge and alcohol. White Diamond XXXX composition is used;
for nickel-plated pieces with a high luster, White Colormg composition,
made of Vienna lime is used. Where rapid, sharp, even cutting is

desired, emery cake is used. Chandeher rouge is used to produce a
deep color on brass and bronze parts.

Laps and Lapping.—A series of tests was made by W. lA. Knight
and A. A. Case {Jour. A. S. M. E., Aug., 1915) to determine the effect
on the rate of cutting with different combinations of abrasive lubricant
and lap material. The tests were made Avith hardened steel speci-
mens, and comparative results were obtained with emery, alundum and
carborundum used in connection with lard oil, machine oil, gasoline,
kerosene, turpentine, alcohol and soda water. The lap materials were
cast iron, soft steel and copper. The following conclusions were
derived from the invesigation: The initial rate of cutting is not-
greatly different for the different abrasives; carborundum maintains
its rate better than either of the others, alundum next, and emery the
least; carborundum wears the lap about twice as fast, and alundum
11/4 times as fast as emery; there is no advantage in using an abrasive
coarser than No. 150; the rate of cutting is practically proportional to
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the pressure; the wear of the laps is in the proportions of cast iron
1.00, steel 1.27, copper 2.62, and tliis wear is inversely proportional to
the hardness by the Brinell test; in general, copper and steel cut faster
than cast iron, but where permanence of form is a consideration, cast
iron Is the superior metal; gasoline and kerosene are the best lubricants
to use with cast-iron lap, kerosene, on accoimt of its non-evaporative
quaUties, being first choice; machine and lard oil are the best lubri-
cants to use with copper or steel lap, but they are least effective on the
cast lap; for all laps and all abrasives (of those tested) the cutting is

faster with lard oil than with machine oil; alcohol shows no particular
merit for the work; turpentine does fairly good work with carborundum,
but in general, is not as good as kerosene or gasoline ; soda water com-
pares favorably with other lubricants, and on the whole it is slightly
better than alcohol or turpentine; wet lapping is from 1.2 to 6 times
as fast as dry lapping, depending on the material of the lap and the
method of charging.

EMERY WHEELS AND GRINDSTONES.

References. — "American Machinist Grinding Book"; "Grits and
Gilnds," Norton Company; "Points about Grinding Wheels and their
Selection," Brown & Sharpe Mfg. Co.; "Table of Causes of Grinding
Wheel Accidents," Independence Inspection Bureau; "Safeguarding
Grinding Wheels," Report of Committee of National Machine Tool
Builders' Association; Bulletin, "Safeguarding High Speed Grinding
Wheels," National Founders' Association ;

" Operation of GrindingWheels
in Machine Grinding," Geo. I. Alden, Journal A.S.M.E., Jan., 1915.

Selection of Abrasive Wheels. (Contributed by the Norton Com-
pany, 1915.) — The user of a modern grinding wheel should thoroughly
understand these essential features; the definition of grain and grade,
the particular conditions of grinding which cause them to vary; the
methods of balancing and moimting ; truing and dressing ; the effect of
machine vibration and arc of contact upon grain and grade; the rela-
tion of work speed and wheel speed for production and finish; safe-
giiards and dust removal systems.

Grain.— Abrasive grains are numbered according to the meshes per
lineal inch of the screen through which they have been graded. The
nmnbers used m wheels are 8, 10, 12, 14, 16, 20, 24, 30, 36, 46, 54, 60,
70, 80, 90, 120, 150, 180, 200; when finer than 200, the grains are termed
flours, being designated as F, 2F, 3F, 4F, XF, 65C, 65F, F being the
coarsest and 65F, the finest. Grits from 12 to 30 are generally used
on all heavy work such as snagging ; 36 to 80 cover nearly all tool grind-
ing, saw gumming, and other operations where precision in measurement
Is sought; 90 and finer are used for special work such as grinding steel
balls and fine edge work ; the flour sizes are used mostly for sharpening
and rubbing stones. The number representing the grades of abrasive
leave a degree of smoothness of surface which may be corapared to that
left by flies as follows: 8 and 10 represent the cut of a wood rasp;
16, 20, coarse-rough file; 24, 30, ordinary rough file; 36, 40, bastard file;

46, 60, second-cut file; 70, 80, smooth file; 90, 100, superfine file;

120F, 2F, dead-smooth file.

Grade.— When the retentive properties of the bond are great, the
wheel is caUed hard; when the grains are easily broken out, it is called
soft. A wheel is of the proper grade when its cutting grains are auto-
matically replaced when dulled. Wheels that are too hard glaze. Dress-
ing re-sharpens them, the points of the dresser breaking out and break-
ing off the cutting grains by percussion.

Soft wheels are used on hard materials, Uke hardened steel. Here the
cutting particles are quickly dulled and must be renewed. On softer
materials, hke mild steel and wrought iron, harder grades can be used,
the grains not dulling so quickly.
The area of surface to be ground in contact with the wheel is of the

utmost importance in determining the grade. If it is a point contact
like grinding a ball or if an extremely narrow fin is to be rembved, we
must use a very strongly bonded wheel, on accoimt of the leverage ex-
erted on its grain, which tenths to tear out the cutting particles before
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Bevolutions per Minute Required for Specified Rates of
Periphery Speed. Also Stress per Square Inch on

Norton Wheels at the Specified Rates.

Surface Speeds , Feet per Minute.

d 1000 2000 3000
1

4000 5000 6000 7000 8000 9000 1000C

Stress per Square Inch, Pounds.

1
3 12 27 48

1

75 108 147 192 243 300

s Revolutions per Minute.

1 3820 7639 11459 15279 19099 22918 26738 30558 34377 38197
? 1910 3820 5730 7639 9549 11459 13369 15279 17189 19098
3 1273 2546 3820 5093 6366 7639 8913 10186 11459 12732
4 955 1910 2865 3820 4775 5729 6684 7639 8594 9549
"> 764 1528 2292 3056 3820 4584 5347 6111 6875 7639
6 637 1273 1910 2546 3183 3820 4456 5093 5729 6366
7 546 1091 1637 2183 2728 3274 3820 4365 491 1 5457
ft 477 955 1432 1910 2387 2865 3342 3820 4297 4775
10 382 764 1146 1528 1910 2292 2674 3056 3438 3820
12 318 637 955 1273 1591 1910 2228 2546 2865 3183
14 273 546 818 1091 1364 1637 1910 2183 2455 2728
16 239 477 716 955 1194 1432 1671 1910 2148 2387
18 212 424 637 849 1061 1273 1485 1698 1910 2122
20 191 382 573 764 955 1146 1337 1528 1719 1910
7?. 174 347 521 694 868 1042 1215 1389 1563 1736
?A 159 318 477 637 796 955 1114 1273 1432 1591
30 127 255 382 509 637 764 891 1018 1146 1273
36 106 212 318 424 530 637 743 849 955 1061

Table to Figure Surface Speeds of Wheels.
(Circumferences in Feet, Diameters in Inches.)

^ _^ _j _^ _^

f^ ^ ^ Ph pR &H
a a c a cl

t-i

i 1 1 1 i 1 i 1 i
1

"1
.

3

Q o

13

O

25

O Q

37

o Q

49

o n O

1 .262 3.403 6.546 9.687 12.828 61 15.970
2 .524 14 3.665 26 6.807 38 9.948 50 13.090 62 16.232
3 .785 15 3.927 27 7.069 39 10.210 51 13.352 63 16.493
4 1.047 16 4.189 28 7.330 40 10.472 52 13.613 64 16.755
5 1.309 17 4.451 29 7.592 41 10.734 53 13.875 65 17.017
6 1.571 18 4.712 30 7.854 42 10.996 54 14.137 66 17.279
7 1.833 19 4.974 31 8.116 43 11.257 55 14.499 67 17.541
« 2.094 20 5.236 32 8.377 44 11.519 56 14.651 68 17.802
9 2.356 21 5.498 33 8.639 45 11.781 57 14.923 69 18.064
\0 2.618 22 5.760 34 8.901 46 12.043 58 15.184 70 18.326
11 2.880 23 6.021 35 9.163 47 12.305 59 15.446 71 18.588
12 3.142 24 6.283 36 9.425 48 12.566 60 15.708 72 18.850

To find surface speed, in feet, per minute, of a wheel.
Rule.— Multiply the circumference (see above table) by its revolu-

tions per minute.
Surface speed and diam. of wheel being given, to find number of revo-

lutions of wheel spindle.
Rule.— Multiply surface speed, in feet, per min., by 12 g-nql divide tli«

product by 3.J4 times the diam. of the wheel in inches.
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they have done their work. If the contact is a broad one, as in grind-
ing a hole, or where the work brings a large part of the surface of
the wheel into operation, softer grades must be used, because the depth
of cut is so infinitely small that the cutting points in work become
dulled quickly and must be renewed, or the wheel glazes and loses its

cflS.cighcv .

Vibrations in grinding machines cause percussion on the cutting
grains, necessitating harder wheels. Wheels mounted on rigid machines
can be softer in grade and are much more efficient.

Speeds of Grinding Wlieels.— The factor of safety in vitrified wheels
is proportional to the grade of hardness. Bursting limits are from 12,000
to 25,000 feet per minute, surface speed. Wheels are tested by standard
makers at speeds in excess of 9000 feet surface speed per minute.
Rmming speeds in practice are from 4000 to 6000 feet, depending on
work, condition of machine, and mounting.

Generally speaking, grinding of to<>ls, reamers, cutters, and surface
grinding is done at about 4000 feet, snagging and rough forms of hand
grinding at 5000 to 5500 feet, cyUndrical grinding, or where the work is

rigidly held and where the wheel feed is under control, from 5500 to 6500
feet, and in some instances as high as 7500 feet.

These speeds are all for vitrified wheels. The same speeds will apply
to wheels made by the elastic and silicate processes.

Grain Depth of Cut.—^An * analysis of the action of the wheel when
in operation shows how theoretical considerations bear out the truth of
the empirical rules for the use of grinding wheels in machine grinding.
A paper by Geo. I. Alden {Jour. Am. Soc. M. E., Jan., 1915) gives the
essential distinction between the radial or real depth at which the
wheel cuts and the depth which the abrasive grain in the wheel cuts
into the material being ground. The latter depth is termed the "grain
depth of cut." This grain depth of cut is the controlling factor in se-
curing the correct working of the wheel. A formula is deduced for com-
puting the grain depth of cut, the appUcation of the analysis is explained
and these conclusions reached by Prof. Alden: 1—Other factors remain-
ing constant, increase of work speed increases grain depth of cut, and
makes a wheel appear softer. 2—A decrease of wheel speed increases
grain depth of cut. 3—Diminishing the diameter of the wheel increases
the grain depth of cut; increasing the diameter of the wheel decreases
the grain depth of cut. 4—Decreasing the diameter of work increases
the grain depth of cut; conversely, increasing the diameter of work de-
creases the grain depth of cut.
A table of arcs of contact of wheel and work for a limited range of

diameters is given, also a table of values of one of the factors in the
formula for grain depth of cut.

Artificial Abrasives.—Since 1900 artificial abrasives, made in
various types of electric furnaces, have been displacing natural abra-
sives, and they are to-day almost exclusively used. This has been due
largely to the abihty to control the purity of the raw material and to
insure uniformity of cutting action of the finished products. Artificial
abrasives are divided into the aluminous group (examples, Alundmn,
Aloxite and Boro-Carbone) , and the siUcon carbide group (examples,
Crystolon, Carborundum, Carbolite). The abrasive action of the
aluminous group is due to the amount of oxide of aluminum, which in
these artificial abrasives is in excess of 90%, slightly more than the best
corundum and considerably in excess of the alumina content of emery,
which rarely exceeds 70%. The aluminous abrasives are characterized
by a high degree of toughness and are particularly adapted for grinding
materials of high tensile strength such as steel and its alloys. The siU-
cate carbide group is not duplicated by Nature and is somewhat harder
and more brittle than the aluminous group. The silicon carbide abra-
sives are now recognized as standard for grinding materials of low-
tensile strength such as cast iron, brass pearl, marble, granite and
leather.

Selection of Emery Wheels.— The Norton Co. (1915) publishes the
accompanying table showing the proper grain and grade of wheel for
different services. The column headed grain indicates the coarseness of
the material composing the wheel, being designated by the number of
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meshes per inch of a sieve through which the grains pass, A No. 20
grain will pass through a 20-niesh sieve, but not through a 30-mesh, etc.

EXPLANATION OP GRADE LETTERS.

Extremely Soft. Medium Medixim. Medium Hard. Extremely
Soft. Soft. Hard. Hard.
A E I M Q U Y
B F J N R W Z
c G K S
D H L P T

For Grinding Higti-speed Tool Steel, The American Emery Wheel
Co. recommends a wheel one number coarser and one grade softer than
a wheel for grinding carbon steel for the same service.

Balancing.— The standard jtnakers of grinding wheels send out
wheels balanced within narrow -limits, accomplished by inserting lead
near the hole. As the wheels weiar down it frequently becomes necessary
for the user to balance them by removing some of the lead.

Mounting Grinding Wlieels—Safety Devices.— A code for the mount-
ing of grinding wheels was adopted by 23 manufacturers of grinding
wheels in the U. S. and Canada in 1914, and approved by the Na-
tional Machine Tool Builders' Association. An abstract of the code is

given in Indust. Eng., Jan., 1915. The code recognizes as safety devices
protection flanges, protection hoods, and protection chucks.

Protection flanges of the double or single concave type, used in con-
iunction with wheels having double or single convex tapered sides or
side are recommended. For double tapered wheels they shall have a
<}aper of not less than 3/4 in. per foot for each flange. For single tapered
wheels they shaU have a taper of not less than 3/4 in. per foot. Each
flange, whether straight or tapered, shall be recessed at the center at
least I/16 in. on the side next to the wheel. All tapered flanges over 10 in.

diameter shall be of steel or material of equal strength. Both flanges in
contact with the wheels shall be of the same diameter. Wheels should
never be run without flanges.
The following table gives the dimensions of flanges to be used where

no hoods are provided: A = Maximum flat spot at center of flange.
B = Flat spot at center of wheel. C = Minimum diameter of flange.
Z) = thickness of flange at bore. S = minimum diameter of recess.

F = Minimum thickness of each flange at bore; all dimensions are
in inches.

Dia. of

Wheel. 6 8 10 12 14 16 18 20 22 24 26 28 30AGO 4 4 4 4 4 4 4 4 4 4
B 1 1 2 41/2 41/2 6 6 6 6 6 6 6 6
C 3 5 6 6 8 10 12 14 16 18 20 22 24
D 3/8 3/8 1/2 5/8 5/8 5/8 3/4 3/4 3/4 3/4 3/4 7/8 7/8

E 2 31/2 4 4 51/2 7 8 9 101/2 12 131/2 141/2 16
F 3/8 : 1/2 5/8 3/4 7/8 1 11/8 11/8 11/8 11/4 11/4

Where protection hoods are provided, straight flanges and straight
wheels may be used, the dimensions being as foUows, and the reference
letters having the same meaning as above:

14 16 18 20 22 24 26 28 30
4 1/2 51/26 7 71/28 8 1/2 10 10

i 3 31/2 4 41/2! 5 51/26 7 7
1/2 1/2 5/8 5/8 5/8 5/8 5/8 8/4 3/4

Protection hoods shall be used where practical with wheels not
provided with protection flanges, and shall be sufficiently strong to
retain all pieces of a broken grinding wheel. They shall conform as
nearly as possible to the periphery of the wheel, and leaye exposed the

Dia. of

Wheel. 6 8 10 12
C 2 3 31/2 4
E 1 2 21/4 2 3

F 3/8 3/8 3/8 1/2
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Table for Selection of Grades.

Class of Work.
Crystolon.

Grain.

Aluminum castings
Brass or bronze fastings (large) .

Brass or bronze castings (small) .

Cast iron, cylindrical
Cast iron, surfacing
Cast iron (small) castings. . . .

Cast iron (Jarge) castings ....
Chilled iron castings
Dies, chilled iron
Dies, steel

Drop forgings
Hammers, cast steel

Interior of Automobile Cylinders,
(cast iron)

_

Internal grinding, hardened steel

Knives (paper), automatic grinding
Knives (planer), automaticgrinding
Knives (planing mill), hand grind-

ing
Knives, shear and shear blades .

Lathe centers

Lathe and planer tools

Machine-shop use, general . . .

Malleable iron castings (large)

Malleable iron castings (small) .

Milling cutters, automatic or semi-
automatic grinding

Milling cutters, hand grinding . .

Plows (steel), surfacing
Pulleys (C.I.), surfacing faces of .

Radiators (cast iron), edges of . .

Reamers, taps, milling cutters,
etc., hand grinding

Reamers, taps, milling cutters,

etc., special machines
Rolls, (cast iron) wet

Rolls (chilled iron), finishing . .

Rolls (chiUed iron), roughing. . .

Rubber
Saws, gumming and sharpening .

Saws, cold cutting-oflf

Steel (soft), cylindrical grinding .

Steel (soft), surface grinding . .

Steel (hardened), cylindrical grind-
ing

Steel (hardened) , surface grinding
Steel, large castings
Steel, small castings
Steel (manganese), safe work . .

Steel (manganese), frogs and
switches

Structural steel

Twist drills, hand grinding . . .

Twist drills, special machines . .

Wrought iron
Woodworking tools

24 comb.
16 to 46
24 " 30
16 " 20
20 " 30

36 to 60
20 " 30
30

46 to 60
36 " 46
30 " 46

46 " 60
30 " 60
46 "120

, 20 " 24
I 20 " 36
20 " 36
14 " 20
20 " 30

46 " 60
46 " 60
16 " 24

J to K
H " K
P " R
Q " R
P " U

J' to
* L

P " R
P " Q

J to M
J " K
J " K

J to M
J " M
J " M
PSil.
O toP

" Q
P " U
P " R

1 " M
J " M
Q " S

30 to 50
36 " 50

60
( 24 comb.
30 to 60
16 " 36

I
24 comb.

I

46 to 60
16 "46
10 " 20
20 " 30
16 " 46

12 "30
46 "60

1^ " 2
Elas.

J toK
M " N
O " Q
L " P
L " O
H " K
K

J toL
H " K
Q " W
P " R
L " P

Q " U
P " R
M

K to M
P " U
K " M

20 to 24
20 " 24
24 " 36
30 " 46
16 " 30
20 " 30
16 " 24
20 " 30
20 " 30

16 " 20
20 " 30

30 "36
24 " 30

24 " 46

I
70 " -80

30 to 46

30 " 50
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least portion of the wheel compatible with the work. A sh'ding tongue
to close the opening in the hood as the wheel is reduced in diameter
should be provided. Protruding ends of the wheel arbors and their'
nuts shall be guarded.

Cups, cylinders and sectional ring wheels shall be either protected with
hoods, enclosed in protection chucks, or surrounded with protection
bands. Not more than one-quarter of the height of such grinding;
wheels shall protrude beyond the provided protection.

Grinding wheels shall fit freely on the spindles. "Wheel arbor holes;
shall be made 0.005 in. larger than the machine arbor. The soft metal
bushing shall not extend beyond the sides of the wheel at the center.
Ends of spindles shall be threaded left and right so that the nuts on
both ends will tend to tighten as the spindles revolve. Care should
be taken that the spindles are arranged to revolve in the proper
direction.

Wheel washers of compressible material, such as blotting paper,
rubber or leather, not thicker than 0.025 in., shall be fitted between the
wheel and its flanges. It is recommended that the wheel washers be
sUghtly larger than the diameter of the flanges used.

When tightening clamping nuts, care shall be taken to tighten them
only enough to hold the wheel firmly. Flanges must be frequently in-
spected to guard against the use of those which have become bent or
out of balance. If a tapered wheel has broken, the flanges must be
carefully inspected for truth before using with a new wheel. Clamping
nuts shall also be inspected.

Minimum Sizes of Macliine Spindles in Inches for Various
Diameters and Ttiickness of Grinding Wlieels.

- Thickness of Wheel in Inches -
IH iy2 IM 2 21^ 23^ 3 3M 4

9 V^ Vx % H H 1 1

10 %A H H H % i

1^ %A H 1 1

14 V, 1 1'4 I '4 1% m x%
16 IM I '4 IH 1% XVx IM
18 IH m 1% 1 }/2 m IH m
?,0 m 1 M m m 1^2
?A 1 ]/2, IH 1 M 1 % IH
26
30
36

i>/2
y<3
1 ?i 2

2M
2-

^

2J4

3/i ^ M 1 1 1
M 1 1 1 1 1

1 1 1 \y^ \y^ \y^
1 \y^ IK IM iM iH
IM IK iM ly IM IH
ly ly ly 13^ 13^ im
iM ly ly ly ly ly
ly ly iH iM 1% 1%
ly ly 1% 1^ VA xy
ly ly vy 1% 1% 1%
IM iM 2 2 2 2
iM 2 2 2y 2y 2M
2 2 214 21^ 2y 23^

2y 2y 2y 2m 2m 3 3

Safe Speeds.—A peripheral speed of 5,000 'ft. per min. is recom-
mended as the standard operating speed for vitrifled and silicate
straight wheels, tapered wheels and shapes other than those known as
cup and cylinder wheels, which are used on bench, floor, swing frame
and other machines for rough grinding. In no case shall a peripheral
speed of 6500 ft. be exceeded.

A peripheral speed of 4500 ft. per min. is recommended as the
standard operating speed for vitrifled and silicate wheels of the cup and
cylinder shape, used on bench, floor, swing frame, and other machines
for rough grinding. In no case shall 5500 ft. be exceeded.

For elastic, vulcanite and wheels of other organic bonds, the recom-
mendations of individual wheel manufacturers shall be followed.

For precision grinding an operating peripheral speed of 6500 ft. per
min. may be recommended.

If a wheel spindle is driven by a variable-speed motor some device
shaU be used which will prevent the motor from being rim at too high
speeds. Cone pulleys determining the speed of a wheel should never
be lised untess belt-locking devices are provided. . Machines should
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be provided with a stop or some method of fixing the maximum size
of wheel which may Jae used, at the speed at which the wheel spindle
is running.

If wheels become out of balance through wear and cannot be balanced
by truing or dressing, they should be removed from the machine.
A wheel used in wet grinding shall not be allowed to stand partly

Immersed in the water. The water-soaked portion may throw the
wheel dangerously out of balance.
Wheel dressers shall be equipped with rigid guards over the tops of

the cutters, to protect operator from flying pieces of broken cutters.
Goggles shall be provided for use of grinding wheel operators where

there is danger of eye injury.
Work shall not be forced against a cold wheel, but applied gradually,

giving the wheel an opportunity to warm and thereby eliminate possible
breakage. This applies to starting work in the morning in grinding
rooms which are not heated in winter and new wheels which have been
stored in a cold place.

Grinding as a Substitute for Finish Turning in the Lathe.—
C. H. Norton {Trans. Am. Soc. M. E. 1912) recommends the use
of the grinding machine as a substitute for the lathe for many forms
of cylindrical work. He advocates the elimination of the finishing
cut in the lathe, claiming it is more economical to grind to size immedi-
ately after the roughing cut than to finish txirn and then grind. For
this practice, work should not be turned closer than 1/32 in. of finish
diameter, and coarse feeds, often as coarse as four to the inch, should
be used. He cites instances where this method produced pieces in 18
minutes, where the former method of rough and finish turning and then
grinding to size required 28 J^ minutes. In 191.3, the Norton Grinding
Co. was using the grinding machine to the exclusion of the lathe for
automobile crank-shafts and similar pieces, grinding to size from the
rough forging. Instances and methods are shown in Indust. Eng.,
April, 1913.

Truing and Dressing.'— (Norton Co., 1915).—A wheel is trued to
make it concentric and to give it an accurate surface. Dressing is to
sharpen or renew the surface of the wheel when glazed or loaded.
Truing on precision grinding machines is performed by a diamond held
rigidly in a fixed tool post— never in the hand. There should always
be a Mberal supply of lubricant or water flowing on the diamond while
the truing is being done. In modern practice, truing is for two other
purposes, as well as to make the wheel perfectly true : one for sharpening
the wheel to obtain production and the other for dulling the wheel to
obta,in finish. Truing in rough grinding operations is performed by
using a dresser, usually an instrument containing steel-cutting wheels,
and in practice the rest is adjusted to form a rigid support for the lugs
on the dresser, care being taken to see that the dresser is not caught
between the wheel and the rest. In using the dresser to sharpen up
the surface of the wheel, the rest is left in its usual close adjustment to
the wheel. Truing and dressing are two of the most neglected and
least imderstood features in the proper use of grinding wheels.

Special Wheels.—Rim wheels and iron-center wheels are specialties
that require the maker's guarantee and assignment of speed.

Safe Speeds for Grindstones and Emery Wheels.—G. D. Hiscox
{Iron Age, April 7, 1892), by an appUcation of the formula for centri-
fugal force in fly-wheels (see Fly-wheels) , obtains the figures for strains
in grindstones and emery wheels which are given in the tables below.
His formulae are:
Stress per sq. in. of section of a grindstone = (0.7071DX-/V)2X0.0000795
Stress per sq. in. of sectionofanemery wheel= (0.7071DxiV) 2X0.00010226
D = diameter in feet, N = revolutions per minute.
He takes the weight of sandstone at 0.078 lb. per cubic inch, and that

of an emery wheel at 0.1 lb. per cubic inch; Ohio stone weighs about
10.081 lb. and Huron stone about 0.089 lb. per cubic inch. The Ohio
stone will bear a speed at the periphery of 2500 to 3000 ft. per min..

i which latter should never be exceeded. The Huron stone can be
trusted up to 4000 ft., when properly clamped between flanges and
aot excessively wedged, in setting. Apart from the speed of grmdstones
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as a cause of bursting, probably the majority of accidents have really!
been caused by wedging tliem on tJie shaft and .over-wedging to truej
them. The holes being square, the excessive driving of wedges to true
the stones starts cracks in the corners that eventually run out until
the centrifugal strain becomes greater than the tenacity of the remain-
ing solid stone. Hence the necessity of great caution in the use of
wedges, as well as the holding of large quick-running stones between
large flanges and leather washers.

|

The Iron Age says the strength of grindstones when wet is reduced;
40 to 50%. A section of a stone soaked all night in water broke at a
stress of 80 lb. per sq. in. A section of the same stone dry broke at
146 lb. per sq. in. A better quaUty stone broke at stresses of 186 and]
116 lb. per sq. in. when dry and wet respectively.

Strains in Grindstones.

Limit of Velocity and Approximate Actual Strain per Square
Inch of Sectional Area for Grindstones of

Medium Tensile Strength.

Diam-

'

Revolutions per Minute.
eter. 100 150 200 250 300 350 400

feet.

2
21/2

31/2

lbs.

1.58
2.47
3.57
4.86
6.35
8.04
9.93
14.30
19.44

lbs.

3.57
5.57
8.04
10.93
14.30
18.08
22.34
32.17

lbs.

6.35
9.88
14.28
19.44
27.37
32.16

lbs.

9.93
15.49
22.34
30.38

lbs.

14.30
22.29
32.16

lbs.

18.36
28.64

lbs.

25.42
39.75

41/2
Approximate breaking strain ten

times the strain for size opposite th€
bottom figure in each column.

The figures at the bottom of columns designate the limit of velocity
(in revolutions per minute at the head of the columns) for stones of the
diameter in the first column opposite the designating figure.

A general rule of safety for any size grindstone that has a compact and
strong grain is to limit the peripheral velocity to 47 feet per second.

Joshua Rose '^Modern Machine-shop Practice) says: The average cir-

cumferential speed of grindstones in workshops may be given as follows:

For grinding machinists' tools, about 900 feet per minute.
carpenters' " " 600 " "

The speeds of stones for file-grinding and other similar rapid grinding
is thus given in the "Grinders' List."

Diam. ft 8 71/2 7 6I/2 6 5I/2 5 41/2 4 31/2 3
Revs, per min 135 144 154 166 180 196 216 240 270 308 360

TAPER BOLTS, PINS, REAMERS, ETC.

Standard Steel Mandrels. (The Pratt & Whitney Co.)— These
mandrels are made of tool-steel, hardened, and ground true on their

centers. Centers are also ground to true 60 degree cones. The ends are

of a form belst adapted to resist injury likely to be caused by driving.

They are slightly taper. Sizes, 1/4 inch diameter by 33/4 inches long to

4 inches diameter by 17 inches long, diameters advancing by 16ths.

Taper Bolts for Locomotives. — Bolt-threads, U. sr Standard, ex

cept stay-bolts and boiler-studs, V-threads, 12 per inch; valves, cocks,

and plugs, V-threads, 14 per inch, and i/g-inch taper per 1 inch.

Standard bolt taper Vie inch per foot.

Taper Reamers.—The Pratt & Whitney Co. makes standard tapei

reamers for locomotive work taper 1/16 inch per foot from 1/4 inch diam-
eter; 4-inch length of fiute to 2-inch diameter, 18-inch length of flute,

diameters advancing by 16ths and 32ds. P. & W. Co.'s standard tapei

pin reamers taper 1/4 inch per foot, are made in 15 sizes of diameters,

0.135 to 1.250 inches; length of flute, 1 7/i6 inches to 14 inches.
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Morse Tapers.

1 fi

1

1

1 4
f

•3
.

II

i

1

1

1

D A P B JJ iC L w T d t 72 a S

252 356 2 211/32 21/32 1 15/lC 9/16 .160 1/4 .235 5/32 5/32 .04 27/32 .625

M9 .475 21/8 29/16 23/16 21/16 3/4 .213 3/8 .343 13/64 3/16 .05 2 7/16 .600 I

.572 .700 29/16 31/8 25/8 21/2 7/8 .26 7/16 17/32 1/4 1/4 .06 215/16 .602 2

.778 .938 33/16 37/8 31/4 31/16 13/16 .322 9/16 23/32 5/16 9/32 .08 311/16 .602

1.020 1.231 41/16 47/8 41/8 37/8 11/4 .478 5/8 31/32 15/32 5/16 .10 4 5/8 .623

1.475 1.748 53/16 61/8 51/4 415/16 11/2 .635 3/4 113/32 5/8 3/8 .12 57/8 .630

2.116 2.494 71/4 89/16 73/8 7 13/4 .76 U/8 2 3/4 1/2 .15 81/4 .626

' 2.75 327 10 115/8 101/8 91/2 25/8 1.135 13/8 25/8 11/8 3/4 .18 ni/4 .625

Brown & Sharpe Mfg. Co. publishes (Alachy's Data Sheets) a list of
18 sizes of tapers ranging from 0.20 in. to 3 in. diam. at the small end;
taper 0.5 in. to 1 ft., except No. 10, which is 0.5161 in. per ft.

Fig. 216.—^Morse Tapers. See table above.

The Jarno Taper is 0.05 inch per inch = 0.6 inch per foot. The
number of the taper is its diameter in tenths of an inch at the small end,
in eighths of an inch at the large end, and the length in halves of an inch.
Thus, No. 3 Jarno taper is II/2 inches long, 0.3 inch diameter at thesm^U
end and s/s inch diameter at the large end,
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standard Steel Taper-pins. — The following sizes are made by The
Pratt & Whitney Co.: Taper 1/4 inch to the foot.

Number: 123 456780 10
Diameter large end:

0.156 0.172 0.193 0.219 0.250 0.289 0.341 0.409 0.492 0.591 0.706
Approximate fractional sizes:

5/32 11/64 3/16 7/32 I/4 19/64 11/32 13/32 1/2 l»/32 23/32

Lengths from
3/4 3/4 3/4 3/4 3/4 3/4 3/4 1 11/4 11/2 11/2

To*
1 11/4 11/2 13/4 2 21/4 31/4 33/4 41/2 51/4 6

Diameter small end of standard taper-pin reamer :t
0.135 0.146 0.162 0.183 0.208 0.240 0.279 0.331 0.398 0.482 0.581

Dimensions of T-Slots, T-Bolts and T-Nuts.
(Pratt & Whitney Standard—Dimensions in Inches).

'rfeJl^.x

Slot. Bolt and Nut.

Diam. Thick-
Diam. of ness of Width Height Diam.

Width w Bt c
of Head Head of of of

S Min. Bolt. or or Stem. Stem. Hole.

Nut. Nut.
D H T J N K

1/4 1/2 3/16 5/32 3/16 7/16 1/8 3/16 3/32 1/8

5/16 5/8 3/16 5/32 1/4 9/lfi 1/8 1/4 1/8 1/8 3/16

3/8 11/16 1/4 7/32 5/16 6/8 3/16 V16 1/8 3/16 1/4

7/16 13/16 9/32 7/32 3/8 3/4 3/16 3/8 5/32 1/4 5/16

1/2 15/16 5/16 9/32 V/lfi V/8 1/4 7/16 3/16 5/16 3/8

5/8 13/16 3/8 13/32 9/16 11/8 11/32 9/16 3/16 7/16 1/2

3/4 1 5/16 1/2 17/32 11/16 11/4 15/32 11/16 1/4 9/16 5/8

7/8 15/8 9/16 11/16 3/4 1 1/2 9/16 3/4 5/16 5/8 3/4

1 17/8 5/8 13/16 7/8 13/4 11/16 7/8 5/16 3/4 7/8

t Maximum thicknesses: Up to 5/8-in. bolts, S+Vie in.; H/ie-in. bolt,

1 in.; 3/4-in. bolt, 1 l/ie in.; 7/8-in. bolt, 1 3/i6 in.

PUNCHES AND DIES, PRESSES, ETC.

Clearance between Punch and Die. — For computing the amount
of clearance that a die should have, or, in other words, the difference
in size between die and punch, the general rule is to make the diam-
eter of die-hole equal to the diameter of the punch, plus 2/^0 the thickness
of the plate. Or, Z) = d -f- Q.2t, in which D = diameter of die-hole,
d = diameter of punch, and t = thickness of plate. For very thick
plates some mechanics prefer to make the die-hole a little smaller than
called for by the above rule. For ordinary boiler-work the die is made
from 1/10 to 3/10 of the thickness of the plate larger than the diameter
of the punch; and some boiler-makers advocate making the punch fit

* Lengths vary by 1/4 inch each size,

t Taken 1/2 inch from extreme end.
about 1/2 inch.

Each size overlaps smaller one
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the die accurately. For punching nuts, the punch fits in the die.
{Am. Mach.)
The clearance between the punch and die when blanking, perforating

and forming flat thin stock of different materials in the power press
for light machine parts such as typewriters, adding machines, etc.,

are shown in the following table compiled by E. Dean (Am. Mach.,
May 4, 1905). In using the table, the class of work to be done must
be considered. For perforating work, the punch is made to the de-
sired size, and the clearance is made on the die. For blanking, the
die is of the desired size and the clearance is obtained by making the
punch smaller.

Punch and Die Clearances for Different Materials and Thicknesses.

Thick- Clearance Clearance Clearance Thick- Clearance Clearance Clear-
ness for for for ness for for ance for
of Brass Medium Hard of Brass Medium Hard

Stock, and Soft Rolled Rolled Stock, and Soft Rolled Rolled
In. Steel, In. Steel, In. Steel, In. In. Steel, In. Steel, In. Steel, In.

0.01 0.0005 0.0006 0.0007 0.11 0.0055 0.0066 0.0077
.02 .001 .0012 .0014 .12 .006 .0072 .0084
.03 .0015 .0018 .0021 .13 .0065 .0078 .0091

.04 .002 .0024 .0028 .14 .007 .0084 .0098

.05 .0025 .003 .0035 .15 .0075 .009 .0105

.06 .003 .0036 .0042 .16 .008 .0096 .0112

.07 .0035 .0042 .0049 .17 .0085 .0102 .0119

.08 .004 .0048 .0056 .18 .009 .0108 .0126

.09 .0045 .0054 .0063 .19 .0095 .0114 .0133

.10 .005 .006 .007 .20 .010 .0120 .0140

Kennedy's Spiral Punch. (The Pratt & Whitney Co.) — B. Mar-
tell, Chief Surveyor of Lloyd's Register, reported tests of Kennedy's
spiral punches in which a T/g-inch spiral punch penetrated a s/g-jnch
plate at a pressure of 22 to 25 tons, while a flat punch required 33 to 35
tons. Steel boiler-plates punched with a flat punch gave an average
tensile strength of 58,579 pounds per square inch, and an elongation in
two inches across the hole of .5.2 per cent, while plates punched with a
spiral punch gave 63,929 pounds, and 10.6 per cent elongation.
The spiral shear form is not recommended for punches for use in metal

of a thickness greater than the diameter of the punch. This form is of
greatest benefit when the thickness of metal v/orked is less than two
thirds the diameter of punch.

Size of Blanks used in the Drawing-press. — Oberiin Smith
{Jour. Frank. Inst, Nov. 1886) gives three methods of finding the
size of blanks. The first is a tentative method, and consists simply in a
series of experiments with various blanks, until the proper one is found.
This is for use mainly in complicated cases, and when the cutting por-
tions of the die and punch can be finally sized after the other work is

done. The second method is by weighing the sample piece, and then,
knowing the weight of the sheet metal per square inch, computing the
diameter of a piece having the required area to equal the sample in
weight. The third method is by computation, and the formula is a:=
^/d2 + 4(ih for a sharp-cornered cup, where x = diameter of blank,
d = diameter of cup, h = height of cup. For a round-cornered cup
where the corner is small, say radius of corner less than 1/4 height of cup,

the formula is a; = (V((Z2 + 4 clh) — r, about; r being the radius of the
corner. This is based upon the assumption that the thickness of the
metal is not to be altered by the drawing operation.
Pressure attainable by the Use of the Drop-press. (R. H.

Thurston, Trans. A. S. M. E., v, 53.) — A set of copper cylinders
was prepared, of pure Lake Superior copper; they were subjected to the
action of presses of different weights and of different heights of fall.

Companion specimens of copper were compressed to exactly the same
amount, and measures were obtained of the loads producing compression,
•and of the amount of work done in producing the compression by the
drop. Comparing one with the other it was found that the work done
with the hammer was 90 per cent, of the work which should have been
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done wit!i perfect efficiency. That Is to say, the wort done in the test-
ing-machine was equal to 90 per cent of that due the weight of the drop
falling the given distance.

_, , ,, . J "Weight of drop X fall X efficiency
Formula: Mean pressure in pounds = ^^^-^

—

r-^ -'
*^

compression

For pressures per square inch, divide by the mean area opposed to
cruslaing action during the operation.

Similar experiments on Bessemer steel plugs by A. W. Moseley and
J. L, Bacon {Trans. A. S. M. E., xxvii, 605) indicated an efficiency for the
drop hammer of about 70 per cent.
An extensive series of experiments is reported in Am. Mach., Mar.

10, 1910. These were made by W. T. Sears, and consisted of the
compression of lead plugs under a falling weight, ranging from 20 to
200 lb., dropped from heights ranging up to 360 in. The tests showed
that after a" certain velocity of the falling weight had been attained,
the speed had little effect on the compression of the plug. This speed
was fixed at 10 ft. per second, but its exact value is tmcertain.
Flow of Metals. (David Townsend, Jour. Frank.. Inst., March;

1878.) — in punching holes 7/i6-inch diameter through iron blocks 13/4

Inches thick, it was found that the core punched out was only IVie
inches thick, and its volume was only about 32 per cent of the volume
of the hole. Therefore, 68 per cent of the metal displaced by punching
the hole flowed into the block itself, increasing its dimensions.

Fly-wheels for Presses, Punches, Shears, etc.—The function of the
fly-wheel on punching and other machinery in which action is inter-
mittent is to store up energy during that portion of the stroke when
no work is being done and to give it out during the period of actual
working. The giving up of energy is accompanied by a reduction in
the velocity of the fly-wheel.

I
Notation:

E = total energy in the wheel at maximum velocity, ft.-lb.

El = energy given out by the wheel during speed reduction,
ft.-lb.

VI = initial velocity of the center of gravity of fly-wheel rim,
ft. per sec.

V2 = velocity of center of gravity of fly-wheel rim at end of period
in which energy is given out.

H.P. = horse-power required.
N = strokes of press or shear per min.
T = time required per stroke, sees.
t = time required for actual cutting of metal per stroke, sees,
w = weight of fly-wheel rim, lb.

d = diameter of rim at center of gravity.
JJ = r.p.m. of fly-wheel at initial velocity,

c and ci = constants.
a = width of fly-wheel rim, in.
6 = depth of fly-wheel rim, in.

y = ratio of depth to width of rim.
g = acceleration due to gravity = 32.2

Formulae:

J-,
_ W Vi^ _ WVi^

2g ~ 64.4

(^l2 - V^2) X W^^=—64:4

—

Vl2 - V2^

2n RN
60

A simplified method for calculating fly-wheels for punches and shears
is given in Machinery's Handbook, p. 289. Using the notation as above,

^•^•^
33:000 ^rx 550=

^'^^ V't)'
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For cast-iron fly-wheels with maximum stresses of 1000 lb. per sq. in.;

W='CiEi; R= 1940 -h£>.

Values of c and ci.

Per Cent
Reduction. 7 1/2

0.00000213 0.00000426
0.1250 0.0625

0.00000617
0.0432

0.000008100.00001 li

0.0328 0.0225

For belt-driven machines, the limiting low velocity vz is the spet
at which the belt will run off the pulley. Wilfred Lewis, Trans. A. SPi
M. E., vol. vii, shows that this takes place when the sUp exceeds 20
per cent of the belt speed. This gives a Umiting condition for belt

drives of pimches and shears of IF = 180 (—
)

FORCING, SHRINKING AND RUNNING FITS.
Forcing Fits of Pins and Axles by Hydraulic Pressure. — A

4-inch axle is turned 0.015 inch diameter larger than the hole into which
it is to be fitted. They are pressed on by a pressure of 30 to 35 tons.
(Lecture by Coleman Sellers, 1872.)
For forcing the crank-pin into a locomotive driving-wheel, when the

pmhole is perfectly true and smooth, the pin should be pressed in with a
pressure of 6 tons for every inch of diameter of the wheel fit. When the
hole is not perfectly true, which may be the result of shrinking the tire on
the wheel center after the hole for the crank-pin has been bored, or if the
hole is not perfectly smooth, the pressure may have to be increased to 9
tons for every inch of diameter of the wheel-fit. (Am. Machinist.)

Pressure Table for Mounting Wheels and Crank Pins,

(Santa Fe R.R. System, 1915.)

Driving Axles. Eng. Truck Axles. Crank Pins. Car Truck Axles.

1 Pressure, Tons.
Wheel
Centers.

1

t
3

Pressure, Tons
Wheel
Centers.

1

s

Pressure, Tons.
Wheel
Centers.

1

5

Pressure,
Tons.
Wheels.

5

Cast
Iron.

Steel
Cast
Iron.

Steel
Cast
Iron.

Steel
Cast
Iron.

Steel
or

Steel
Tu-ed*

4V.

6
7
8
9

45- 50
50- 55
60- 65
70- 75
80- 85
90- 95
100-105
110-115
120-125

72- 80
80- 88
96-104
112-120
128-136
144-152
160-168
176-184
192-200

31/2

4V.

5V.

6V2

20-25
25-30
30-35
35-40
40-45
45-50
50-55
55-60
60-65
65-70

35- 42
42- 50
50- 57
57- 65
65- 72
72- 80
80- 87
87- 95
95-102
102-110

3
4
5

6

8V2
9

91/2

30
40
50
60
70
75
80
85
90
95

36- 45
53- 60
68- 75
83- 90
98-105

105-113
113-120
120-128
128-135
135-143

6V2

25-35
35-45
40-50
45-55
50-60
55-65

30-40
45-55
50-60
50-65
55-70
60-75

10

11

12

Crank Axles.

All crank discs,
110-150 tons.

* Tires on.
Allc
150

enter w
-200 tor

ebs 1

Note.—In mounting wheels and crank pins, care should be taken to
see that for at least two-thirds of the wheel fit the pressure required
shall be between the maximum and minimum limits given in the table,
or if only one pressure is shown in the table, the actual pressiu'e re-
quired should be as near as possible to that pressure.

In mounting driving wheels with tires on, the maximum pressures
given in the tables or even 10 per cent higher pressure than the maxi-
mum pressure may be used.

Shrinkage of Tires.—Allow V64 inch for each 12 in. in diameter.
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Ground Fits for Machine Parts.—The practice of the Brown &
fSharpe Mfg. Co. in tolerances and allowances for groimd fits is given in
a paper by W. A. Viall (Trans. A. S. M. E., xxxii) from which the
itable below has been prepared. The limits given can be recommended
jfor satisfactory commercial work in the production of machine parts
and may be followed imder ordinary conditions. In special cases it

anay be necessary to vary slightly from the tables.

Allowances and Tolerances for Fits—Practice of the Brown &
Sharpe Mfg. Co.

Diameter, Up to and Including
Kind of Fit.

1/2 In. 1 In. 2 In.

JRuNNiNG Fits
Ordinary speed -.00025 to -.00075 -.00075 to -.0015 -.0015 to -.0025
High speed, heavy

pressure, rocker
shafts -.0005 to -.001

-.00025 to -.0005
Oto -.00025

-.001 to -.002
-.0005 to -.001

Oto -.0005

-.002 to —.003
Sliding Fits -.001 to -.002
Standard Fits Oto -.001
Driving Fits
For pieces to be

taken apart Oto -.00025 +.00025 to .0005 + 0005 to +.00075
+.0005 to -.001 +.001 to +.002 +.002 to +.003

Forcing Fits +.00075 to +.0015 +.0015 to +.0025 +.0025 to +.0C4
Shrinking Fits
For pieces to take
hardened shells S/g

in. thick or less. . . . +.00025 to +.0005 +.0005 to +.001 +.001 to +.0015
For pieces to take

shells more than
3/8 in. thick +.0005 to +.001 +.001 to +.0025 +.0025 to +.0035

Grinding Limits for
Holes to +.0005 to +.00075 to +.001

Kind of Fit.

Diameter Up to and Including

3 1/2 In. 6 In. 12 In.

EuKNiNG Fits
Ordinary speed. -.0025 to -.0035

-.003 to -.0045
- .002 to - .0035

Oto -.0015

+.00075 to +.001
+.003 to +.004
+.004 to +.006

+.0015 to +.002

+.0035 to +.005

Oto +.0015

- .0035 to - .005

- .0045 to - .0065
-.003 to -.005

to - .002

+.001 to +.0015
+.004 to +.005
+.006 to +.009

+.002 to +.003

+.005 to +.007

to +.002

High speed, heavy
pressure, rocker
shafts

Sliding Fits
Standard Fits
Driving Fits
For pieces to be

taken apart

li'ORciNG Fits.
Shrinking Fits
T'or pieces to take

hardened shells S/g

For pieces to take
shells more than
ys in. thick

Grinding Limits for
Hot Kg . Oto +.0025

Running Fits.^Wm. Sangster (Am. Mach., July 8, 1909) gives the
practice of different manufacturers as follows

:

An electric manufacturing Co. allows a clearance of 0.003 to 0.004 in. for
shafts 1 1/2 to 2 1/4 in. diam. ; 0.003 to 0.006 for 2 1/2 in. ; 0.004 to 0.006 for
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23/4 to 31/2 ins.; 0.005 to 0.007 in. for 4 and 41/2 ins.; 0.006 to 0.008 in
for 5 Ins.; 0.009 to 0.011 in. for 6 ins. Dodge Mfg. Co. allows from i/ei
for l-in. ordinary bearings to a little over 1/32 in. for 6-in. Clutch sleeves.
0.008 to 0.015 in.; loose pulleys as close as 0.003 in. in the smaller sizes
and about 1/64 in. on a 21/2-in. hole.

'

Watt Mining Car Wheel Co. allows i/ie in. for all sizes of wheels, and
Vie in. end play. A large fan-blower concern allows 0.005 to 0.01 in.
on fan journals from 9/i6 to 2 7Iig ins.

Limits of Diameters for Fits. C. W. Hunt Co. (Am. Mach., July 16,
1903.) — For parallel shafts and bushings (shafts changing); d = diam.
in ins.

Shafts: Press fit, + 0.001 (f + (0 to 0.001 in.). Drive fit, + 0.0005 d +
(0. to 0.001 in.).

Shafts: Hand fit, + 0.001 to 0.002 in. for shafts 1 to 3 in.; 0.002 to 003
in. for 4 to 6 in.; 0.003 to 0.004 in. for 7 to 10 in.

Holes: all fits to - 0.002 in. for 1 to 3 in.; to - 0.003 in. for 4 to 6 in.:
to - 0.004 in. for 7 to 10 in.

Parallel journals and bearings (journals changing)

:

Close fit - 0.001 d + (0.002 to 0.004 in.); Free fit - 0.001 d +(0.007
to 0.01 in.); Loose fit, - 0.003 d+ (0.02 to 0.025). Limits of diameters
for taper shaft and bushings (holes changing). Shaft turned to standard
taper s/ig in. per ft., large end to nominal size ± 0.001 in. Holes are
reamed until the large end is small by from 0.001 d + 0.004 to 0.005 in.
for press fit, from 0.0005 d+ 0.001 in. for drive fit, and from to 0.001 in.
for hand fit. In press fits the shaft is pressed into the hole until the
true sizes match, or V16 in. for each Viooo in. that the hole is small.
The above formulae apply to steel shafts and cast-iron wheels or other
members.

Shaft Allowances for Electrical Machinery.—The General Electric
Co. (1915) gives the following table of allowances for sliding and press
fits.

Press Fit Press Fit

Nominal
Diam.,

In.

Sliding
Fit.

Com-
mutator
and Split
Hub.

for
Armature
Spider
Solid
Steel.

for
Armature
Spider
Solid

Cast Iron.

Press
Fit for

Coupling.

Shrink
Fit.

2 -0.0015 +0.0005 +0.00075 +0.0015 +0.00175 +0.0025
4 - .002 + .0005 + .0015 + .0025 + .003 + .004

8 ^ .004 + .001 + .002 + .0035 + .0045 + .006

12 - .005 + .001 + .0025 + .0045 + .0055 + .0075
16 - .0055 + .001 + .003 + .005 + .006 + .009

20 - .006 + .0015 + .0035 + .0055 + .007 + .010

24 - .007 + .0015 + .0035 + .006 + .0075 + .011

28 - .0075 + .0015 + .004 + .0065 + .0085 + .012

32 - .008 + .0015 + .0045 + .007 + .009 + .0125
36 - .0085 + .002 + .0045 + .0075 + .0095 + .0135
40 - .009 + .002 + .005 + .008 + .010 + .014

44 - .0095 + .002 + .005 + .0085 + .0105 + .0145

48 - .010 + .002 + .0055 + .009 + .011 + .015

Pressure Required for Press Fits. (Am. Mach., March 7, 1907.)—
The following approximate formulae give the pressures required for press
fits of cranks and crank-pins, as used by an engine-building firm. P= total
pressure on ram, tons; D= diameter inches.

Crank fits up to Z> =10. P = 9.9 D - 14.
Crank fits D = 12 to 24. P = 5 Z> + 40.
Straight crank-pins. P = 13 I>.

Taper crank-pins. P = 14 D — 7.
The allowance for cranks and straight pins is 0.0025 inch per inch of

diameter Taper cranks, taper i/ie inch per inch, are fitted on the
lathe to within i/s inch of shoulder and then forced home.

Stresses due to Force and Shrink Fits. — S. H. Moore, Trans.
A, S. M. E„ vol. xxiv, gives the following allowanees for different fits;
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For shrinkage fits, d =(i7/i6iy + 0.5)h- lOOO. For forced fits, a =
(2 Z) + 0.5) -i- 1000. For driven fits, d = (I/2 D + 0.5) -j- 1000 d =
allowance or the amount the diameter of the shaft exceeds the diameter
of the hole in the ring and D = nominal diameter of the shaft. A. L
Jenkins, Eng. News, Mar. 17, 1910, says the values obtained from the
formula for forced fits are about twice as large as those frequently used
in practice, and in many cases they lead to excessive stresses in the ring.
He calculates from Lamp's formula for hoop stress in a ring subjected to
internal pressure the relation between the stress and the allowance for
fit, and deduces the following formulae.

- 15,000,000 d^(k+ 0.6); Sh, ^ 15,000,000 d -v- (1 + 0.6/k) ; for a
cast-iron ring on a steel shaft.

5^j = 30,000,000 d -i- a +k); S^^ = 30,000,000 d -i- (1 + 1/K); for a

steel ring on a steel shaft.

Sfi^= radial unit pressure between the surfaces; S}i^= unit tensile 01

hoop stress in the ring;
d = allowance per inch of diameter, K a constant whose value depends
on i, the thickness, and r, the radius of the ring, as follows.

Values of i -^ r,

0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.25 1.5 1.75 2.0 3.0

Values of K,
3.083 2.600 2.282 2.058 1.892 1.766 1.666 1.492 1.380 1.300 1.250 1.133.

The allowances for forced and shrinkage fits should be based on the
stresses they produce, as determined by the above formula, and not on
the diameter of the shaft.

Force Required to Start Force and Shrink Fits. (Am. Mach.,
Mar. 7, 1907.) — A series of experiments was made at the Alabama Poly-
technic Institute on spindles 1 in. diam. pressed or shrunk into cast-iron
disks 6 in. diam., II/4 in. thick. The disks were bored and finished with
a reamer to 1 in. diam. with an error believed not to exceed 0.00025 in. -

The shafts were ground to sizes 0.001 to 0.003 in. over 1 in. Some of the
spindles were forced into the disks by a testing machine, the others had
the disks shrunk on. Some of each sort were tested by pulling the
spindle from the disk in the testing machine, others by twisting the disk
on the spindle,. The force required to start the spindle in the twisting
tests was reduced to equivalent force at the circumference of the spindle,
for comparison with the tension tests. The results were as follows:
D = diam. of spindle; F = force in lbs.:

Force Fits,
Tension.

Force Fits,
Torsion.

Shrink Fits,

Tension.
Shrink Fits,
Torsion.

D F.lbs.
Per
sq.rn.

D F.Ibs.
Per

sq. in.
D F,Ibs.

Per
sq. in.

D F,lbs.
Per
sq.in.

1.001

1.0015
1.002
1.0025

1000
2150
2570
4000

318
685
818
1272

1.0015
1.0015
1.002
1 .0025

2200
2800
4200
4600

700
892
1335
1465

1.001

1.001

1.002
1.002
1.0025
1.0025

5320
5820
7500
8100
9340
9710

1695

1853
2385
2580
2974
3090

1.001

1.0015
1.0015
1.0025
1.003

2200
7200
9800
13800
17000

700
2290
3118
4395
5410

'
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KEYS.
Formiilse for Flat and Square Keys.—Great divergence exists in

the dimensions of square and flat keys as given by various authorities.
The following are the formulae in common use:

Notation.—D — diameter of shaft; w = width of liey; t = thickness
of key ; I = length of key, all dimensions being in inches.
E. G. Parkhurst's rule: w = i/sD; t = 1/9Z); taper i/sin. perft.
Michigan saw-mill practice: w = i/iD; t = w.
J. T. Hawkins's rule: tx; = 1/3 £>; i = 1/4 D.
Machinery's Handbook, rule 1: w = 1/4 £>; t = i/&D; 1= 1.5 D.
Machinery's Handbook, rule 2: w = 3/i6 D + i/ie; t = i/s D + l/s;

I = 0.3 £>2 -=-
1.

For splines or feather keys interchange w and t.

F. W. Halsey ("Handbook for Machine Designers and Draftsmen")
says: The common driven key for securing a crank or gear to a shaft
is commonly made with a width of 1/4 -D up to about a 4-in. shaft,
about 13/8 in. for a 6-in., 1 3/4 in. for an 8-in., and 21/4 in. for a 10-in.
shaft. The depth should be from 5/8 w to 3/4 w. If the work is at
all severe the length should be at least 1.5 D. The taper is commonly
1/8 in. per ft.

Unwin ("Elements of Machine Design ") gives: Width= 1/4 D+ i/s in.
Thickness = i/s -D + Vs in. When wheels or pulleys transmitting only
a small amount of power are keyed on large shafts, he says, these
dimensions are excessive. In that case, if H.P. = horse-power trans-
mitted by the wheel or pulley, N = r.p.m., P = force acting at the cir-
cumference, in pormds, and B = radius of pulley in inches, take

^-100 H.P. PR
N \ 630

John Richards, in an article in Cassier's Magazine, writes as follows:
There are two kinds or systems of keys, both proper and necessary, but
widely different in nature. 1. The common fastening key, usually made
in width one fourth of the shaft's diameter, and the depth five eighths
to one-third the width. These keys are tapered and fit on all sides, or,
as it is commonly described, " bear all over." They perform the double
function in most cases of driving or transmitting and fastening the
keyed-on member against movement endwise on the shaft. Such keys,
when properly made, drive as a strut, diagonally from corner to corner.

2. The other kind or class of keys are not tapered and fit on their
sides only, a slight clearance being left on the back to insure against
wedge action or radial strain. These keys drive by shearing strain.

For fixed work where there is no sliding movement such keys are com-
monly made of square section, the sides only being planed, so the depth
is more than the width by so much as is cut away in finishing or fitting.

For sliding bearings, as in the case of drilling-machine spindles, the
depth should be increased, and in cases where there is heavy strain
there should be two keys or feathers instead of one.
The following tables are from proportions adopted in practical use.
Flat keys, as in the first table, are employed for fixed work when the

parts are to be held not only against torsional strain, but also against
movement endwise; and in case of heavy strain the strut principle being
the strongest and most secure against movement when there is strain
each way, as in the case of engine cranks and first movers generally.
The objections to the system for general use are, straining the work out
of truth, the care and expense required in fitting, and destroying the
evidence of good or bad fitting of the keyed joint. When a wheel or
other part is fastened with a tapering key of this kind there is no means
of knowing whether the work is well fitted of not. For this reason such
keys are not employed by machine-tool-makers, and in the case of
accurate work of any kind, indeed, cannot be, because of the wedging
strain, and also the difficulty of inspecting completed work.

I. Dimensions of Flat Keys, in Inches.

Diam. of shaft. . .

Breadth of keys.

.

Depth of keys. . .

1

1/4 .-„ .-

5/32 3/16 1/4

1 1/4 I 1/2

5/16 3/8

13/4 21/22

7/16 1/2 ._

9/32 5/16 3/8 13/16

8
13/4

1
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II. Dimensions of Square Keys, in Inches.

Diameter of shaft.
Breadth of keys . .

Depth of keys . . . .

1 1/2

9/32

5/16

I 3/4

11/32

2

13/32

7/16

2 1/2

15/32

1/2

3 1/2

9/32 11/16

3/4

III. Dimensions op Sliding Feather Keys, in Inches.

Diameter of shaft

.

Breadth of keys . .

Depth of keys ....

1 1/4 1 1/?, 13/4 2 2 1/4 2 1/? 3 3 1/-; 4
1/4 1/4 5/lfi 5/ 16 3/8 3/8 1/? 9/ 16 9/16

3/8 3/8 7/l6 7/16 1/2 1/2 5/8 3/4 3/4

4 1/2

5/8

7/8

Depth of Key Seats.—The depth of a flat or square key is equally
divided between the shaft and the hub. The depth to wliich a milling
cutter is sunk into the shaft in milling a keyAvay is equal to one-half
the depth of the key plus the height of the arc projecting above the
intersection of the side of the keyway with the circumference of the
shaft. This height can be calculated from the formula

h = r- \/r2 - (1/2 w)2

in which r is the radius of the shaft, h the height of the arc, and w the
width of the key.
The Lewis Key.—The disadvantage of the ordinary flat key is that

it must be carefully fitted. A key fitting tight on top and bottom of
the keyway drives partly by friction. If fitted only on the sides of
the keyway it exerts a prying action on the hub and shaft, and is sub-
jected to severe bending and shearing stresses. Square or flat keys
should fit tight on all four sides, but in practice this is prohibitive on
account of the expense. To avoid the difflculty inherent in ordinary
flat keys, the Lewis key shown in Fig. 217 was devised by Wilfred
Lewis. It is subject to compression only, but is expensive to fit.

Fig. 217. Fig. 218.

The Barth Key. ( Fred. Oyen, A7n. Much., Nov. 14, 1907, and Feb.
20, 190&.)—The key shown in Fig. 218 was devised by Carl G. Barth
to combine the advantages of the Lewis key with those of the ordinary
rectangular key. The Barth kev is rectangular with one-half of both
sides bevelled at 45°. The key does not need to fit tightly, as pressure
tends to drive it into its seat. There is no tendency to turn it, an4
the only stress to which it is subject is compression. This key has
been used in many cases as a feather to replace rectangular feather
keys which have given trouble. It has found wide application as a
feather key in drill sockets and drill shanks, reamers, etc., which are
commonly driven with a tang.
Reducing sockets for drill presses are fitted with a Barth key dove-

tailed inside and a similar keyway on the outside. No. 1 Morse taper
shank has a keyway for No. 1 Barth key and fits into a No. 1 reducing
socket. No. 2 shank has No. 2 Morse taper and a keyway for No. 2
Barth key, etc. Dimensions of the various sizes of the Barth key are
shown in the following table:
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Dimensions of Dovetailed Barth Keys.

No. of
Barth Key.

No. of Morse
Taper in

Which Used.

w,
In.

w.
In. In.

1

2
3
4
5

^

1/8

5/32 ,

3/16

1/4

5/16

0.132
0.165
0.199
0.264
0.329

5/128

3/64

1/16

5/64

3/23

The Barth key has been adapted to a complete line of standard taper
sockets, shanks, driving keys, holdback
keys, drifts, adapters, and reducers at the
Watertown Arseuftl. The standards, which
cover both Brown & Sharpe and Morse
tapers are given in Am. Mach., Dec. 24,
1914.

Detriek & Harvey Keys. {Am. Mach.,
Feb. 11, 1915.)—The Detriek & Harvey
Machine Co., Baltimore, uses square keys
of dimensions shown in Fig. 219 and the
following table. Although these are smaller
than the square key generally used, there
is no case known in which one of them has
sheared off. The dimension C is for setting
the key, and the dimension B gives the
diameter across the corners of the key. All
dimensions are in inches.

Dimensions of Detriek & Harvey Keys.

D A B C D A B C D A B C

1/2 1/8 0.623 0.555 13/8 9/3? 1.652 1.501 3 1/? 11/16 4.177 3.808
9/16- 1/8 .685 .618 1 V? 6/16 1.806 1.640 3 3/4 3/4 4.487 4.087
5/8 5/3^ .778 .693 15/8 5/16 1.931 1.766 4 13/16 4.797 4.364
11/16 5/3?, .841 .756 13/4 7/16 2.176 1.941 4 1/4 13/16 5.049 4.616
3/4 3/16 .933 .832 17/8 7/16 2.302 2.067 4 1/9 13/16 5.303 4.868
13/16 3/16 .996 .895 2 7/l6 2.428 2.194 4 3/4 7/8 5.619 5.147
7/8 3/16 1.058 .958 2 1/4 9/l6 2.796 2.496 5 7/8 5.864 5.399
16/16 3/16 1.122 1.022 2 1/9 9/16 3.050 2.749 5 1/4 7/8 6.115 5.650

1 1/4 1.242 1.109 2 3/4 5/8 3.361 3.027 ^1/? 15/16 6.422 5.928
11/8 1/4 1.368 1.236 3 5/8 3.616 3.280 5 3/4 16/16 6.676 6.180
11/4 y/32 1.524 1.375 31/4 11/16 3.925 3.556 6 15/16 6.927 6.432

Fig. 220.

Tlie Kennedy Key. — The Kennedy
key, largely used in rolhng mill work, is

shown in Fig. 220. In these keys w =
t = 1/4 D. They are tapered i/s in. per
ft. on top, while the sides are a neat fit.

The keys are so set in the shaft that
diagonals through them intersect at the
axis of the shaft. The hub is bored for
a press fit and then is rebored eccen-
trically about 1/64 D off center. The
keyways are cut in the eccentric side.
General practice is to use single keys
for diameters up to and including 6 in.
where the torque is constant and the
power transmitted always in one direc-
tion. For shafts above 6 in. diameter
double keys should be used, and if the
torque is intermittent and in alternate
directions, double keys should be used
down to shaft diameters of 4 in.
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Tbe Nordbe^ Key.—The Nordberg
Mfg. Co. has adopted for the ends of
shafts round keys shown in Fig. 221.
The advantages of this key are: No
tendency toward deformation; they are
a driven fit in the direction of the
shear; they are always in true shear and
are cheaper than the square key. In
manufacturing a hole A is drilled in the
joint and next a hole B as large- as the
size of the keyway will admit is drilled
in the shaft in order to avoid the ten-
dency of the drill used for drilUng the
keyway to size to crowd into the soft
cast iron. In the table the reamer
diameters given are of the small end.
The taper is i/ie in. per ft., measured
on the diameter.

Dimensions of Nordberg Standard Round Keys.

Fig. 221.

Diam.
of

Shaft,
In.

2 15/16-3

3 7/16-3 1/2

3 7/8 -4
4 3/8 -4 1/2

5
51/2
6

Diam.
of

Reamer
In.

Cutting
Length

of
Reamer

In.

Diam.
of

Shaft,
In.

Diam.
of

Reamer
In.

Cutting
Length

of

Reamer

Diam.

Shaft,
In.

Reamer
In.

Cutting
Length

of
Reamer

In.

3/4

7/8

1 1/8

11/4

4 1/4

4 1/2

4 7/8

5

4 5/8

4 7/8

61/8

9)
10)

n\
13)

15 r

2

2 9/16

6 7/8 & J

101/4

12

16)
171-

19)
20 V

2\)
22)
23 V

24 i

31/8

3 11/16

41/4

12

13

14 1/4

The Woodruff Key.—The Woodruff key shown in Fig. 222 is exten-
sively used in machine construction. Dimensions are given in the
following table. The key should project above the shaft a distance
equal to one-half the thickness. For ordinary practice medium-sized
keys should be used:

Standard. Fig. 222. Special.
Dimensions of Woodruff Standard Keys—Inches.

rt
0.

1/2

1/2

1/2

5/8

5/8

5/8

3/4

3/4

3/4

7/8

7/8

1/32

3/64

1/16

3/64

1/16

5/64

1/16

5/64

3/32

5/64

3/32

Uw o

3/64

3/64

3/64

1/16

1/16

1/16

1/16

1/16

1/16

1/16

i^ l« 3 a>>

7/s

7/8

1

1

1

I

1 1/8

1 1/8

1 1/8

1 1/8

n/4

7/64

1/8

3/32

7/64

1/8

5/32

3/32

7/64

1/8

5/32

3/32

20
21

D
E
22
23
F
24
25
G

1 1/4

1 1/4

1 1/4

1 1/4

1 1/2

1 1/2

1 1/2

7/32

1/4

5/16

3/8

1/4

5/16

3/8

1/4

5/16

7/64

1/8

5/32

3/16

1/8

5/32

3/16

1/8

5/32

3/16

Uot'o

5/64

5/64

5/64

5/64

3/32

3/32

3/32

7/64

7/64

7/64
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Dimensions of Woodruff Special Keys—Inches*

No. 26 27 28 29 30 31 32 33 34

Dimension
a 21/8 21/8 21/8 21/8 31/2 31/2 31/2 31/2 31/2
b 3/16 1/4 5/lfi 3/8 3/8 7/16 1/? e/i6 5/8

c 3/32 1/8 5/32 3/16 3/16 7/32 1/4 9/32 5/16

d 17/31^ 17/32 17/3? 17/3? 13/16 13/16 13/16 13/16 13/16

e 3/32 3/32 3/32 3/32 3/16 3/16 3/16 3/16 3/16

Woodruff Keys Suitable for Different Shaft Diameters.

Siiaft
Diam.

Key
Nos.

Shaft
Diam.

Key
Nos.

Shaft
Diam.

Key
Nos.

Shaft
Diam.

Key
Nos.

S/16-3/8

7/16-1/2

«/l6-5/8
11/16-3/4

1

2.4
3.5

3.5.7

13/16

7/8-15/16

! 1/16-1 1/8

6.8
6.8. 10

9. 11. 13

9.11.13.16

13/16

1 1/4-1 5/16

1 3/8-1 7/16

1 1/2-1 5/8

11. 13. 16

12.14.17,20
14. 17.20

15. 18.21.24

1 11/16-1 3/4

1 13/16-2

2 1/16-2 1/2

18.21.24
23.25
25

j<rW-^, ^Length

Fig. 223.

ft

Gib Keys.—" Machinery's Handbook " gives the following formulae for
i

dimensions of gib keys. (See Fig. 223). All dimensions are in inches.
D = diameter of shaft; w = width

of key; T = thickness of key, large
end; S = safe shearing strength of
material in key; G = length of gib;
h = projection of gib above top of
key.
w = l/i D up to 6 in. ; over 6 in.

w = 0.211 D.
r = 1/6 D up to 6 in. ; over 6 in. T = i/s D. Minimum value 3/i6 in.

;

G == w.
Length = length of hub + 1/2 in. Taper l/s in. per ft.

Safe twisting moment per in. of length of key = 1/2 -D X TF X S.
Keyways for Milling Cutters.—For keyways for milling cutters

see p. 1277.

HOLDING-POWER OF KEYS AND SET-SCREWS.

Tests of the Holding-power of Set-screws in Pulleys. (G. Lanza,
Trans. A. S. M. E., x, 230.)—These tests were made by using a pulley
fastened to the shaft by two set-screws with the shaft keyed to the
holders; then the load required at the rim of the pulley to cause it to
slip was determined, and this being multiphed by the number 6.037:
(obtained by adding to the radius of the pulley one-half the diameter

j

of the wire rope, and dividing the sum by twice the radius of the shaft,

:

since there were two set-screws in action at a time) gives the holding-
power of the set-screws. The set-screws used were of wrought iron,

5/8 of an inch in diameter, and ten threads to the inch; the shaft used
was of steel and rather hard, the set-screws making but little impression!
upon it. They were set up with a force of 75 pounds at the end of a
ten-inch monkey-wrench. The set-screws used were of four kinds,

marked respectively A, B, C, and D. The results were as follows:

A, ends perfectly fiat, 9/i6-in. diam. 1412 to 2294 lbs.; average 2064.

B, radius of rounded ends about 1/2-in. 2747 to 3079 lbs.; average 2912.

C, radius of rounded ends about 1/4-in. 1902 to 3079 lbs.; average 2573.

D, ends cup-shaped and case-hardened .1962 to 2958 lbs.; average 2470.

Remarks. — A. The set-screws were not entirely normal to the shaft;'

hence they bore less in the earlier trial's, before they had become flattened
(

by wear.

B. The ends of these set-screws, after the first two trials, were foundj
to be flattened, the flattened area having a diameter of about 1/4 incli.l

!
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The ends were found, after the first two trials, to be flattened, as

D. The first test held well because the edges were sharp, then the
holding-power fell off till they had become flattened in a manner similar
to B, when the holding-power increased again.

Tests of the Holding-power of Keys. (Lanza.) — The load was
applied as in the tests of set-screws, the shaft being firmly keyed to the
holders. The load required at the rim of the pulley to shear the keys
was determined, and this, multiplied by a suitable constant, determined
in a similar way to that used in the case of set-screws, gives us the shear-
ing strength per square inch of the keys.

The keys tested were of eight kinds, denoted, respectively, by the
letters A, B, C, D, E, F, G and H, and the results were as follows: A, B, D,
and F, each 4 tests; E, 3 tests; C, G, and H, each 2 tests.

A, Norway iron, 2" X 1/4" X 15/32", 40,184 to 47,760 lbs.; average, 42,726
B, refined iron, 2" X 1/4" X 15/32", 36,482 to 39,254 lbs. ; average, 38,059
C, tool steel, 1" X 1/4" X 15/32", 91,344 & 100,056 lbs.

;

D, mach'y steel, 2" X 1/4" X 15/32" 64,630 to 70,186 lbs. ; average, 66,875
E, Norway iron, 1 1/3" X 3/8" X Vm" 36,850 to 37,222 lbs. ; average, 37,036
F, cast-iron, 2" X 1/4" X 15/32", 30,278 to 36,944 lbs.; average, 33,034
G, cast-iron, 1 1/3" XW X Vm'\ 37,222 & 38,700.
H, cast-iron, I" X 1/2" X Vm", 29,814 & 38,978.

The first dimension is the length, the second the width and the third
the height.

In A ana B some crushing took place before shearing. In E, the
keys, being only 7/i6 inch deep, tipped sKghtly in the key-way. In H, in
the first test, there was a defect in the key-way of the pulley.

DYNAMOMETERS.
Dynamometers are instruments used for measuring power. They are

of several classes, as: 1. Traction dynamometers, used for determining
the power required to pull a car or other vehicle, or a plow or harrow.
2. Brake or absorption dynamometers, in which the power of a rotating
shaft or wheel is absorbed or converted into heat by the friction of a
brake; and 3. Transmission dynamometers, in which the power in a
rotating shaft is measured during its transmission through a belt or other
connection to another shaft, without being absorbed.
Traction Dynamometers generally contain two principal parts: (1) A

spring or series of springs, through which the pull is exerted, the exten-
sion of the spring measuring the
amount of the pulUng force; and
(2) a paper-covered drum, rota-
ted either at a uniform speed by
clockwork, or at a speed propor-
tional to the speed of the trac-
tion, through gearing, on which
the extension of the spring is reg-
istered by a pencil. From the
average height of the diagram
drawn by the pencil above the

Fig 224. zero-line the average pidUng
force in poimds is obtained, and

this multiplied by the distance traversed, in feet, gives the work done, in
foot-poimds. The product divided by the time in minutes and by 33,000
gives the horse-power.
The Prony brake is the typical form of absorption dynamometer.

(See Fig. 224, from Flather on Dynamometers.)
Primarily this consists of a lever connected to a revolving shaft or pul-

ley in such a manner that the friction induced between the surfaces in
contact will tend to rotate the arm in the direction in which the shaft
revolves. This rotation is coxmterbalanced by weights P, hung in the
scale-pan at the end of the lever. In order to measure the power for a
given number of revolutions of pulley, we add weigtits to tlie scale-pan

^=^
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and screw up on bolts b,b, untU the friction induced balances the weights
and the lever is maintained in its horizontal position while the revolu-
tions of the shaft per minute remain constant.

For small powers the beam is generally omitted— the friction being
measured by weighting a band or strap thrown over the pulley. Ropes
or cords are often used for the same purpose.

Instead of hanging weights in a scale-pan, as in Fig. 224, the friction
may be weighed on a platform-scale; in this case, the direction of rotation
being the same, the lever-arm will be on the opposite side of the shaft.
In a modification of this brake, the brake-wheel is keyed to the shaft,

and its rim is provided with inner flanges which form an annular trough
for the retention of water to keep the pulley from heating. A small
stream of water constantly discharges into the trough and revolves with
the pulley—the centrifugal force of the particles of water overcoming the
action of gravity; a waste-pipe with its end flattened is so placed in the
trough that it acts as a scoop, and removes all surplus water. The brake
consists of a flexible strap to which are fitted blocks of wood forming the
rubbing-surface; the ends of the strap are connected by an adjustable
bolt-clamp, by means of which any desired tension may be obtained.
The horse-power or work of the shaft is determined from the following:

Let W = work of shaft, equals power absorbed, per minute;
P = unbalanced pressure or weight in poimds, acting on lever-

arm at distance L ;

L = length of lever-arm in feet from center of shaft;
V = velocity of a point in feet per minute at distance L, if arm

were allowed to rotate at the speed of the shaft;N = number of revolutions per minute;
H.P. = horse-power.

Then will PF = PF =2 ttLNP.
Since H.P. = PV ^ 33,000, we have H.P. = 2 nLNP -^ 33,000.
If L = 33 -*- 2 ;r, we obtain H.P. = NP -^ 1000. 33^-2 ;r is practically

5 ft. 3 in., a value often used in practice for the length of arm.
If the rubbing-surface be too small, the resulting friction will show

great irregularity— probably on account of insufficient lubrication —

•

the jaws being allowed to seize the pulley, thus producing shocks and
sudden vibrations of the lever-arm.

Soft woods, such as bass, plane-tree, beech, poplar, or maple, are all

to be preferred to the harder woods for brake-blocks. The rubbing-sur-
face should be well lubricated with a heavy grease.
The Alden Absorption-dynamometer. (G. I. Alden, Trans. A. S.

M. E., vol. xi, 958; also xii, 700 and xiii, 429.) — This dynamometer is a
friction-brake, which is capable in quite moderate sizes of absorbing
large powers with unusual steadiness and complete regulation. A
smooth cast-iron disk is keyed on the rotating shaft. Tliis is inclosed
in a cast-iron shell, formed of two disks and a ring at their circumference,
which is free to revolve on the shaft. To the interior of each of the sides
of the shell is fitted a copper plate, inclosing between itself and the side a
water-tight space. Water under pressure from the city pipes is admitted
into each of these spaces, forcing the copper plate against the central disk.
The chamber inclosing the disk is filled with oil. To the outer shell is

fixed a weighted arm, which resists the tendency of the shell to rotate
with the shaft, caused by the friction of the plates against the central
disk. Four brakes of this type, 56 in. diam., were used in testing the
experimental locomotive at Purdue University (Trans.- A. S. M. E.,
xiii, 429). Each was designed for a maximum moment of 10,500 foot-
pounds with a water-pressure of 40 lbs. per sq. in. The area in effective
contact with the copper plates on either side is represented by an annular
surface having its outer radius equal to 28 ins. and its inner radius equal
to 10 ins. The apparent coefficient of friction between the plates and the
disk was 31/2%.

Capacity of Friction-brakes. — W. W. Beaumont (Proc. Inst. C. E.,
1889) has deduced a formula by means of which the relative capacity of
brakes can be compared, judging from the amount of horse-power ascer-
tained by their use.

It W = width of rubbing-surface on brake-wheel in inches; V = vel.

<>f point on circum. of wheel in feet per minute; K == coefficient: then
/^-^FFt-H.?,
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Prof. Flather obtains the values ofK given in the last column of the
subjoined table:

rli Brake-

-5
o rid pulley.

o w . a> • 'S .

1
H

?.\ 150 7 5 33

19 148,5 7 5 33.38
7.0 146 7 5 32.19
40 180 10.5 5 32
33 150 10.5 5 32
150 150 10 9

?A 142 12 6 38.31

180 100 24 5 126.1

475 76 2 24 7 191

1251

?.50r

2901

250 r
24 4 63

401

125r

3221

290r
13 4 273/4

Design of Brake.

Royal Ag. Soc, compensating
McLaren, compensating
McLaren, water-cooled and comp .

Garrett, water-cooled and comp . .

Garrett, water-cooled and comp .

.

Schoenheyder. water-cooled
Balk
Gately & Kletsch, water-cooled . .

.

Webber, water-cooled

Westinghouse, water-cooled

Westinghouse, water-cooled

785
858
802
741

749
282
1385

209
847

847

The above calculations for eleven brakes give values ofX varying from
84.7 to 1385 for actual horse-powers tested, the average being K = 655.

Instead of assuming an average coefficient. Prof. Flather proposes ttiQ

following:
Water-cooled brake, non-compensating, i? = 400; W = 400 H.P. -^ V.
Water-cooled brake, compensating, ^ = 750; TF= 750 H.P. -J- V.
Non-cooling brake, with or without .compensating device, K=900: W—

900 H.P. -^ F.
A brake described in Am. Mach., July 27, 1905, had an iron water-

cooled drum, 30 in. diam., 20 in. face, with brake blocks of maple attached
to an iron strap nearly surrounding the drum. At 250 r.p.m., or a cir-

cumferental speed of 1963 ft. per min., the limit of its capacity was about
140 H.P.; above that power the blocks took fire. At 140 H.P. the total
surface passing under the brake blocks per minute was 3272 sq. ft., or
23.37 per H.P. This corresponds to a value of K = 285.

Several forms of Prony brake, including rope and strap brakes, are
described by G. E. Quick in Am. Mach., Nov. 17, 1908. Some other
forms are shown in Am. Electrician, Feb., 1903.
A 6000 H.P. Hydraulic Absorption Dynamometer, built by the West-

inghouse Machine Co., is described by E. H. Longwell in E?ig. News,
Dec. 30, 1909. It was designed for testing the efficiency of the Melville
and McAlpine turbine reduction gear (seepage 1095). This dynamometer
consists of a rotor mounted on a shaft coupled to the reduction gear and
rotating within a closed casing which is prevented from turning by a
6^ ft. lever arm, the end of which transmits pressure through an I-beam
lever to a platform scale. The rotor carries several rows of steam turbine
vanes and the casing carries corresponding rows of stationary vanes, so
arranged as to baffle and agitate the water passing through the brake,
which is heated to boiling temperature by the friction. The dynamom-
eter was run for 40 hours continuously, and proved to be a highly
accurate instrument.
Transmission Dynamometers are of various forms, as the Batchelder

dynamometer, in which the power is transmitted through a "train-arm"
of bevel gearing, with its modifications, as the one described by the author
in Trans. A. I. M. E., viii, 177, and the one described by Samuel Webber
in Trans. A. S. M. E., x, 514; belt dynamometers, as the Tatham; the
Van Winkle dynamometer, in which the power is transmitted from a
revolving shaft to another in line with it, the two almost toucliing,

through the medium of coiled springs fastened to arms or disk keyed to
the shafts; the Brackett and the Webb cradle dynamometers, used for
measuring the power required to run dynamo-electric machines. De-
scriptions of the four last named are given in Flather on Dynamometers.
The Kenerson transmission dynamometer is described in Trans. A. S.

M. E., 1909. It has the form of a shaft coupling, one part of which con-
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tains a cavity flUed with oil and covered by a flexible copper diaphragm.
The other part, by means of bent levers and a thrust ball-bearing, brings
an axial pressure on the diaphragm and on the oil, and the pressure of the
oil is measured by a gauge.
Much information on various forms of dynamometers will be found in

Trans. A. S. M. E., vols, vii to xv, inclusive, indexed under Dynamometers.

ICE-MAKING OR REFRIGERATING
MACHINES.

References.—An elaborate discussion of the thermodynamic theory
of the action of the various fltuds used in the production of cold was
published by M. Ledoux in the Annates des Mines, and translated in Van
Nostrand's Magazine in 1879. This work, revised and additions made
in the light of recent experience by Professors Denton, Jacobus, and
Riesenberger, was reprinted in 1892. (Van Nostrand's Science Series,
No. 46.) The work is largely mathematical, but it also contains much
information of immediate practical value, from which some of the mat-
ter given below is taken. Other references are Wood's Thermody-
namics, Chap. V. and numerous papers by Professors Wood, Denton,
Jacobus, and Linde in Trans. A. S. M. E., vols, x to xiv; Johnson's
Cyclopaedia, article on Refrigerating-machines ; and the following books:
Siebel's Compend of Mechanical Refrigeration; Modem Refrigerating
Machinery, by Lorenz, translated by Pope; Refrigerating Machines, by
Gardner T. Voorhees; Refrigeration, by J. Wemyss Anderson, and Re-
frigeration, Cold Storage and Ice-making, by A. J. Wallis-Taylor. For
properties of Ammonia and Sulphur Dioxide, see papers by Professors
Wood and Jacobus, Trans. A. S. M. E., vols, x and xii.

For illustrated descriptions ofrefrigerating-machines, see catalogues of
builders, as Frick & Co., Waynesboro, Pa,; De La Vergne Refrigerating-
machine Co., New York; Vilter Mfg. Co., Milwaukee; York Mfg., York, Co.,
Pa.; Henry Vogt Machine Co., Louisville, Ky.; Carbondale Machine Co.,
Carbondale, Pa. ; and others. See also articles in Ice and Refrigeration.
Operations of a Refrigerating-machine. — Apparatus designed for

refrigerating is based upon the following series of operations:
Compress a gas or vapor by means of some external force, then relieve

it of its heat so as to diminish its volume; next, cause this compressed gas
or vapor to expand so as to produce mechanical work, and thus lower
its temperature. The absorption of heat at this stage by the gas, in
resuming its original condition, constitutes the refrigerating effect of the
apparatus.
A refrigerating-machine is a heat-engine reversed.
From this similarity between heat-motors and freezing-machines it

results that all the equations deduced from the mechanical theory of heat
to determine the performance of the first, apply equally to the second.
The efficiency depends upon the difference between the extremes of

temperature.
The useful effect of a refrigerating-machine depends upon the ratio

between the heat-units eliminated and the work expended in compressing
and expanding.

This result is independent of the nature of the body employed.
Unlike the heat-motors, the freezing-machine possesses the greatest

efficiency when the range of temperature is small, and when the final
temperature is elevated.

If the temperatures are tire same, there is no theoretical advantage in
employing a gas rather than a vapor in order to produce cold,

i
The choice of the intermediate body would be determined by practical

considerations based on the physical characteristics of the body, such as
the greater or less facility for manipulating it, the extreme pressures
required for the best effects, etc.

! Air offers the double advantage that it is everywhere obtainable, and
that we can vary at will the higher pressures, independent of the tempera-
ture of the refrigerant. But to produce a given useful effect the apparatus
must be of larger dimensions than that required by liquefiable vaDors.
The maximum pressure is determined by the temperatm-e of the con-

denser and the nature of the volatile liquid; this pressure is often high.
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When a change of volume of a saturated vapor is made under constant
pressure, the temperature remains constant. The addition or subtraction
of heat, which i)roduces the change of volume, is represented by an
increase or a diminution of the quantity of liquid mixed with the vapor.
On the other hand, when vapors, even if saturated, are no longer in

contact with their liquids, and receive an addition of heat either through
compression by a mechanical force, or from some external source of heat,
they comport themselves nearly in the same way as permanent gases,
and become superheated.

It results from this property, that refrigerating-machines using a
liquefiable gas will afford results differing according to the method of
working, and depending upon the state of the gas, whether it remains
constantly saturated, or is superheated during a part of the cycle of
working.
The temperature of the condenser is determined by local conditions.

The interior will exceed by 9° to 18° the temperature of the water fur-

nished to the exterior. This latter will vary from about 52° F., the
teraperati-vre of water from considerable depth below the surface, to
about 95° F., the temperature of surface-water in hot climates. The
volatile liquid employed in the machine ought not at this temperature to
have a tension above "that which can be readily managed by the apparatus.
On the other hand, if the tension of the gas at the minimum temperature

is too low, it becomes necessary to give to the compression-cylinder
large dimensions, in order that the weight of vapor compressed by a
single stroke of the piston shall be sufficient to produce a notably useful
effect.

These two conditions, to which may be added others, such as those
depending upon the greater or less facility of obtaining the liquid, upon
the dangers incurred in its use, either from its inflammability or unheallh-
fulness, and finally upon its action upon the metals, limit the choice to a
small number of substances.
The gases or vapors generally available are: sulphuric ether, sulphurous

oxide, ammonia, methylic ether, and carbonic acid.
The following table, derived from Regnault, shows the tensions of the

vapors of these substances at temperatures between — 22° and + 104*».

Pressures and Boiling-points of Liquids available for Use
in Refrigerating-machines.

Temp.
of

Ebulli-
Tension of Vapor, in lbs. per sq. in., above Zero.

tion.

Deg.
Fahr.

Sul-
phuric
Ether.

Sulphur
Dioxide.

Ammonia. Methylic
Ether.

Carbonic
Acid.

Pictet
Fluid.

Ethyl
Chloride

-40 10.22
13.23
16.95

21. 51

27.04

-31
-22

"\'.3b"

5.56
7.23

9.27

ii.i5

13.85

17.06

2 13
-13 251.6

292.9
2 80

- 4 13.5 3.63
5 1.70 11.76 33.67 20.84 340.1 16.2 4.63
14 2.19 14.75 41.58 25.27 393.4 19.3 5.84
23 2.79 18.31 50.91 30.41 453.4 22.9 7.28
32 3.55 22.53 61.85 36.34 520.4 26.9 9.00
41 4.45 27.48 74.55 43.13 594.8 31.2 11.01
50 5.54 33.26 89.21 50.84 676.9 36.2 13.36
59 6.84 39.93 105.99 59.56 766.9 41.7 16.10
68 8.38 47.62 125.08 69.35 864.9 48.1 19.26
77 10.19 56.39 146.64 80.28 97J.I 55.6 22.90
86 12.31 66.37 170.83 92.41 1085.6 64.1 27.05
95 14.76

17 59
77.64
90 32

197.83

227 76
1207.9
1338 2

73.2
87 9

31 78
104 V7 12

The table shows that the use of ether does not readily lead to the
production of low temperatures, because its pressm-e becomes then very
feeble. Ammonia, on the contrary, is well adapted to the productioij
of low temperatures, * '
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I

Mettiylic ether yields low temperatures without attaining too great
pressures at the temperature of the condenser. Sulphur dioxide readily
affords temperatures of — 14 to — 5, while its pressure is only 3 to 4
atmospheres at the ordinary temperature of the condenser. These latter
substances then lend themselves conveniently for the production of cold
by means of mechanical force.

The " Pictet fluid " is a mixture of 97% sulphur dioxide and 3% carbonifc
acid. At atmospheric pressure it affords a temperature 14° lower than
sulphur dioxide. (It is not now used — 1910.)

Carbonic acid is in use to a limited extent, but the relatively greater
compactness of compressor that it requires, and its inoffensive character,
are leading to its recommendation for service on shipboard.

Certain ammonia plants are operated with a surplus of liquid present
during compression, so that superheating is prevented. This practice is

known as the "cold " or " wet " system of compression.
Ethyl chloride, C0H5CI, is a colorless gas which at atmospheric pressure

condenses to a liquid at 54.5° F. The latent heat at 23° F. is given at 174
B.T.U. Density of the gas ('air= l) = 2.227. Specific heat at constant
pressure, 0.274; at constant volume, 0.243.

Nothing definite is known regarding the application of methylic ether or
of the petroleum product chymogene in practical refrigerating service.
The inflammability of the latter and the cumbrousness of the compressor
required are objections to its use.

PROPERTIES OF SULPHUR DIOXIDE AND
AMMONIA GAS.

Ledoux's Table for Saturated Sulphur-dioxide Gas.
Heat-units expressed in B.T.U. per pound of sulphur dioxide.

, u rt

Heat

of

Liquid

reckoned

from

32°

F.

Q

'Z t . _^

Temperature

of

Ebullition

in

deg.

F.

Absolute

Pres

sure

in

lbs.

pe

sq.

in. P

--

144

Total

Heat

reckoned

froi

32°

F.

Heat

Equivale

of

External

Work.

APu

Increase

of

Volume

dur-

ing

Evapo-

ration.

u

Density

of

Va-

por

or

Weigh

of

1
cu.

ft.

1

-^v

Deg. F. Lb. B.T.U. B.T.U. B.T.U. B.T.U. B.T.U. Cu.ft. Lb.

-22 5.56 157.43 -19.56 176.99 13.59 163.39 13.17 0.076
-13 7.23 158.64 - 16.30 174.95 13.83 161.12 10.27 .097
- 4 9.27 159.84 - 13.05 172.89 14.05 158.84 8.12 .123

5 11.76 161.03 - 9.79 170.82 14.26 156.56 6.50 .153

14 14.74 162.20 - 6.53 168.73 14.46 154.27 5.25 .190

23 18.31 163.36 - 3.27 166.63 14.66 151.97 4.29 .232

32 22.53 164.51 0.00 164.51 14.84 149.68 3.54 .282

41 27.48 165.65 3.27 162.38 15.01 147.37 2.93 .340

50 33.25 166.78 6.55 160.23 15.17 145.06 2.45 .407

59 39.93 167.90 9.83 158.07 15.32 142.75 2.07 .483

68 47.61 168.99 13.11 155.89 15.46 140.43 1.75 .570

77 56.39 170.09 16.39 153.70 15.59 138.11 1.49 .669

86 66.36 171. 17 19.69 151.49 15.71 135.78 1.27 .780

95 77.64 172.24 22.98 149.26 15.82 133.45 1.09 .906

104 90.31 173.30 26.28 147.02 15.91 131.11 0.91 1.046

E. F. Miller (Trans. A. S. M. E., 1903) reports a series of tests on the
pressure of SO2 at various temperatures, the results agreeing closely with
those of Regnault up to the highest figure of the latter, 149"^ F., 178 lbs.

absolute. He gives a table of pressures and temperatures for every
degree between — 40° and 217°. The results obtained at temperatures
between 113° and 212° are as below:
Temp. °F.

113 122 131 140 149 158 167 176 194 203 212
Pres. lbs. persq. in.

1044 120,1 137.5 156,7 179.5 203.8 230.7 ?60,5 331,1 371,8 418,
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Properties of Ammonia.—For a discussion of the properties of am-
monia and a bibliography of investigations of ammonia, see Bulletin 66
of the University of IlUnois Experiment Station. See also "Properties
of Steam and Ammonia," by G. A. Goodenough (John Wiley & Sons,
1915). Prof. Goodenough says that experiments on the properties of
ammonia are by no means as complete or as concordant as the experi-
ments on water vapor; hence any formulation for ammonia must be
regarded as tentative and subject to revision as fiu-ther experimental
evidence becomes available.

Properties of Satwated Ammonia.

(From Goodenough 's Tables.)

J2 2
6i

Total Heat Latent Heat

h i
B.T.U. B.T.U. Entropy.

1 «*

i 41 ii si
>.2

J -103.7
- 62.0

225.0
49.3

0.0044
0.0203

644.6
617.2

603.0
571.5 -6.'2207

1.8107

5 -98.V 519.Y 1.5523

10 - 40.4 25.75 0.0388 -75.7 526.4 602.2 554.6 -0.1661 1.4363

15 - 26.4 17.60 0.0568 -61.2 530.9 592.1 543.3 -0.1324 1.3669

20 - 15.9 13.45 0.0744 -50.3 534.0 584.3 534.7 -0.1075 1.3168

25 - 7.2 10.88 0.0919 -41.3 536.5 577.8 527.4 -0.0876 1.2771

30 + 0.1 9.17 0.1090 -33.6 538.5 572.1 521.3 -0.0708 1.2447

35 6.5 7.93 0.1260 -26.9 540.3 567.1 515.8 -0.0561 1.2167

40 12.2 6.99 0.1430 -20.8 541.8 562.6 511.0 -0.0433 1.1924

45 17.4 6.25 0.1598 -15.3 543.! 558.4 506.4 -0.0319 1.1707

50 22.1 5.66 0.1765 -10.3 544.3 554.6 502.3 -0.0216 1.1512

55 26.4 5.18 0.1931 - 5.7 545.3 551.1 498.6 -0.0122 1.1338

60 30.5 4.77 0.2096 - 1.3 546.3 547.7 495.0 -0.0033 1.1175

65 34.3 4.42 0.2261 + 2.7 547.2 544.5 491.6 +0.0051 1.1023

70 37.9 4.12 0.2425 6.6 548.1 541.4 488.4 0.0128 1.0883

75 41.3 3.86 0.2589 10.3 548.8 538.5 485.3 0.0201 1.0751

80 44.5 3.63 0.2753 13.8 549.5 535.8 482.3 0.0271 1.0627

85 47.6 3.43 0.2917 17.2 550.2 533.1 479.5 0.0336 1.0511

90 50.5 3.25 0.3081 20.4 550.9 530.5 476.8 0.0398 1.0400

95 53.3 3.08 0.3246 23.5 551.5 528.0 474.3 0.0458 1.0295

100 56.0 2.93 0.3409 26.5 552.1 525.6 471.8 0.0516 1.0195 .

110 61.1 2.678 0.3735 32.1 553.1 521.0 467.0 0.0625 1.0006

120 65.8 2.466 0.4056 37.4 554.1 516.7 462.5 0.0725 0.9834

130 70.4 2.283- 0.4381 42.5 555.0 512.5 458.2 0.0820 0.9672-

140 74.5 2.124 0.4707 47.3 555.9 508.6 454.2 0.0910 0.9521

150 78.5 1.989 0.5028 51.8 556.7 504.8 450.3 0.0993 0.9382

160 82.3 1.868 0.5353 56.2 557.4 501.1 446.6 0.1074 0.9249

170 85.9 1.763 0.5673 60.5 558.1 497.6 443.0 0.1152 0.9121

180 89.4 1.666 0.6000 64.6 558.8 494.1 439.5 0.1226 0.9001

190 92.7 1.580 0.6330 68.6 559.4 490.9 436.2 0.1296 0.8887

200 95.9 1.504 0.665 72.3 560.0 487.6 433.0 0.1363 0.8779

220 101.8 1.370 0.730 79.5 561.0 481.5 426.8 0.1488 0.8578

240 107.4 1.258 0.795 86.4 562.0 475.6 421.0 0.1609 0.8389

260 112.7 1.161. 0.861 93.0 562.9 470.0 415.4 0.1722 0.8213

280 117.6 1.079 0.927 99.2 563.8 464.6 410.2 0.1829 0.8048

300 122.4 1.007, 0.993 105.3 564.6 459.3 405.0 0.1932 0.7893

350 133.2 0.863 1.159 119.6 566.4 446.8 392.8 0.2171 0.7538

400 142.9 0.752 1.330 132.9 567.9 435.0 381.5 0.2390 0.7220

450 151.8 0.665 1.504 145.6 569.3 423.8 370.8 0.2593 0.6931

500 160.0 0.597 1.675 157.5 570.5 413.0 360.5 0.2786 0.6664

550 167.6 0.539 1.855 169.2 571.7 402.5 350.8 0.2965 0.6419

600 174.7 0.491 2.038 180.4 572.7 392.3 341.3 0.3138 0.6186

650 181.4 0.449 2.227 191.4 573.6 382.2 332.0 0.3307 0.5963

700 187.7 0.414 2.416 202.1 574.4 372.2 322.8 0.3469 0.5758

761.4 195.0 0.376 2.660 215.2 575.4 360.2 311.8 0.3664 0.5503
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V = volume,
Pressure in

Properties of Superheated Ammonia.
(From Goodenough's Tables.)

cu. ft, per lb., n ^ entropy, h = total heat, B.T.U. per lb.

lb. per sq. in. ; temperatures in deg. F.

Pressure, 15 20 25 30
Temp. ( -26.4° F.) (-15.9°) ( -7.2°) (+0.1°)

V n h V n h V n h V n h
Sat. 17.6 1.734 530.9 13.4 1.209 534.(J 10.9 i.i9(: 536.5 9.17 1.174 538.5
250 18.9

71.1

1.267

1.320

545.2

571.1

14.0
15.8

1.229

1.284

542.9
569.8

11.1

12.6

1.199

1.256

540.8

568.450 10.41 1.733 567.1

100 23.3 1.367 596.4 17.5 1.332 595.5 13.9 1.305 594.5 11.55 1.783 593.7

150 25.5 1.410 621.4 19.1 1.376 620.8 15.2 1.349 620.1 17.65 1.377 619.5

200 77.7 1.449 646.5 21.4 1.431 656.2 16.5 1.389 645.6 13.74 1.367 645.7
240 29.3 1.479 666.9 22.0 1.446 666.4 17.6 1.419 666.0 14.59 1.398 665.7

Pressure, 40 50 60 70
Temp. (12.2°) (22.1°) (30.5°) (37.9°)

Sat. 6.99 1.149 541.8 5.67 1.130 544.3 4.77 1.114 546.3 4.12 1.101 548.1

50 7.77 1.195 564.3 6.11 1.165 561.5 5.03 1.139 558.8 4.77 1.117 556.0

100 8.59 1.247 591.8 6.83 1.218 590.0 5.65 1.194 588.2 4.81 1.174 586.5

150 9.44 1.292 618.7 7.51 1.264 617.0 6.22 1.242 615.8 5.31 1.777 614.6
200 10.26 1.333 644.3 8.17 1.306 643.3 6.79 1.283 642.4 5.80 1.765 641.5
300 9.47 1.380 695.7 7.87 1.358 695.1 6.73 1.339 694.6

Pressure, 80 90 100 120
Temp. (44.5°) (50.5°) (56.0°) (65.8°)

Sat. 3.63 1.090 549.5 3.25 1.080 550.9 2.94 1.071 552.1 2.47 1.056 554.1

100 4.18 1.156 584.7 3.69 1.140 582.9 3.29 1.125 581.1 2.71 1.099 577.5

150 4.62 1.205 613.4 4.09 1.190 612.1 3.66 1.176 610.8 3.02 1.152 608.4
200 5.04 1.248 640.6 4.47 1.233 639.8 4.01 1.220 638.9 3.31 1.197 637.1

300 5.87 1.323 694.1 5.21 .1.309 693.5 4.67 1.297 693.0 3.87 1.275 692.1

340 5.50 1.337 714.9 4.93 1.^74 714.6 4:09 1.302 713.9

Pressure, 140 160 200 240
Temp. (74.5°) (82.3°) (95.9°) (107.4°)

Sat. 7.17 1.043 555.9 1.87 1.032 557.4 1.50 1.014 560.0 1.26 1.000 567.0

100 2.29
2.56

1.076

1.131

573.9
605.9

1.97

2.22

1.056

1.112

570.3
603.5

1.52

1.73

1.020

1.080

563.1

598.4150 1.42 1.053 593.5

200 . 2.82 1.177 635.3 2.44 1.160 633.6 1.92 1.130 630.0 1.57 1.105 626.4
300 3.30 1.256 691.1 2.66 1.202 662.1 2.27 1.212 687.7 1.87 1.189 685.6

360 3.58 1.297 723.9 3.12 1.281 722.9 2.47 1.254 721.0 2.04 1.232 719.3

Tliermal Properties of Liquid Amimonia.
(From Goodenough's Tables.)

Satu- Satu-
ration Vol. Weight ration Vol. Weight

Temp. Pres- of of 144 X Temp. Pres- of of 144 X
Deg.F. sure, 1 Lb., 1 Cu. Apv. °F. sure, ILb., 1 Cu. Apv.

Lb.per Cu. Ft. Ft.. Lb. Lb.per Cu. Ft. Ft., Lb.
Sq. In. Sq. In.

-110 0.758 0.02202 45.42 0.003 60 107.7 0.02609 38.33 0.520
-100 1.176 .02220 45.04 .005 70 129.2 .02643 37.85 .632
- 80 2.626 .02258 44.28 .011 80 153.9 .02678 37.35 .76
- 60 5.358 .02299 43.51 .023 90 181.8 .02714 36.84 .92
- 40 10.12 .02342 42.71 .044 100 213.8 .02754 36.32 1.09
- 20 17.91 .02388 41.88 .079 120 289.9 .02839 35.23 1.52

29.95 .02437 41.04 .135 140 384.4 .02936 34.06 2.09
10 38.02 .02463 40.61 .173 160 500.1 .0305 32.80 2.82
20 47.75 .02490 40.17 .220 180 639.5 .0318 31.5 3.77
30 59.35 .02518 39.72 .247 200 805.6 .0335 29.9 4.99
40 73.03 .02547 39.27 .344 250 1357.4 .0404 24.8 10.2

50 89.1 .02577 38.81 .425 273.2 1690.0 .0678 14.75 21.2

A = reciprocal of Joule's equivalent =

sq. in.; v - vol. of 1 lb., cu ft.

1/777.6; p = pressure, lb. per
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Solubility dt Ammonia. (Siebel.)—One pomid of water will dis-
solve the following weights of ammonia at the pi'essures and tempera-
tnres F° stated. i

Abs. Abs. Aba.
Press. 32° 680 I04»

Press. 32° 68° 104° Press. 32° 68° 104*>
per per per

sq.m. sq.m. sq. m.

lb. lb. lb. lb. lb. lb. lb. lb. lb. lb. lb. lb.

14.67 0.899 0.518 0.338 21.23 1.236 0.651 0.425 27.99 1 .603 0.780 0.486

15.44 937 535 0.349 22.19 1.283 0.669 0.434 28.95 1.656 0.801 0.49J
16.41 0.980 556 0.363 23.16 1.330 0.685 0.445 30.88 1.758 0.842 0.511

17.37 1.029 574 0,378 24.13 1.388 0.704 0.454 32.81 1.861 0.881 0.5301

18 34 1.077 0.594 0.391 25,09 1.442 0.722 0.463 34.74 1,966 0.919 0.547

19.30 1.126 613 0.404 26.06 1.496 0.741 0.472 36.67 2.070 0.955 0.565
20.27 1.177 0.632 0.414 27.02 1.549 0.761 0.479 38.60 0.992 0.579

Strength of Aqua Ammonia at 60° F.
% NHs by wt. 2 4 6 8
Sp. gr. 0.986 .979 .972 .966
% NH3 20 22 24 26
Sp. gr. 0.925 .919 .913 .907

Properties of Saturated Vapors.—^The
are given by Lorenz, on the authority of

10 12 14 16 18
.960 .953 .945 .938 .931
28 30 32 34 36
.902 .897 .892 .888 .884
figures in the following tablesMoilier and of Zeimer.

<=F.

Heat of
Vaporization,
B.T.U. per lb.

Heat of Liquid,
B.T.U. per lb.

Absolute
Pressure,

lbs. per sq. in.

Volume of
lib.,

cubic feet.

NHs CO2 SO2 NH3 CO2 SO2 NH3 CO2 SO2

9.27

NH3

loji

CO2

0.312

SO,

- 4° 589 117 6 171 -31.21 -17.19 -11.16 288.7 8.0*

+ 14° 580.0 no 7 168 7 -15.89 - 9.00 - 5.69 41.5 385.4 14.75 6.92 0.229 5.27

32° 569 99 8 164 7 61.9 503.5 22.53 4.77 0.167 3.59
50° 555 5 86 158 9 16.51 10.28 5.90 89.1 650.1 33.26 3.38 0.120 2.44.

68° 539 9 66 5 157 5 33.58 23.08 12.03 125.0 826.4 47.61 2.47 0.083 1.711

86° 571 4 7.7 1 144 8 51.28 45.45 18.34 170.8 1040. 66.36 1.83 0.048 1.22

104° 500.4 135.9 69.58 24.88 227.7 90.30 1.39 0.8»

The figures for CO2 in the above table differ widely from tho^e of
Regnault, and are no doubt more reliable.

Heat Generated by Absorption of Ammonia. (Berthelot, from
Siebel.)— Heat developed when a solution of 1 lb. NH3 in n lbs. watei
is diluted with a great amount of water = Q = 142/n B.T.U. Assuming
925 B.T.U. to be developed when 1 lb. NH3 is absorbed by a great deal
(say 200 lbs.) of water, the heat developed in making solutions of different
strengths (1 lb. NH3 to n lbs. water) = Qi= 925 - 142/n B.T.U. Heat
developed when b lbs. NH3 is added to a solution of 1 lb. NH3 + n lbs.
water = Qs^ 9256- 142 (2 &+ &2)/n B.T.U,

Let the weak liquor enter the absorber with a strength of 10%,= 1 Iba
NH3 + 9 lbs. water, and the strong liquor leave the absorber with a
strength of 25%, = 3 lbs. NH3 + 9 lbs. water, b = 2, n = 9; Q3 = 925 X
2 - 142 (4 + 4)/9 = 1724 B.T.U. Hence by dissolving 2 lbs. of ammonia
gas or vapor in a solution of 1 lb. ammonia in 9 lbs. water we obtain
12 lbs. of a 25% solution, and the heat generated is 1724 B.T.U.
Cooling Effect, Compressor Volume, and Power Required.—The

following table gives the theoretical results computed on the basis of
a temperature in the evaporator of 14° F. and in the condenser of 68° F.;
in the first three columns of figures the cooling agent is supposed to flow
through the regulating valve with this latter temperature; in the last
three it is previously cooled to 50° F.
From the stroke-volume per 100,000 B.T.U. the minimum theoretical

horse-power is obtained as follows: Adiabatic compression is assumed
for the ratio of the absolute condenser pressure to that of the vaporizer,
and th« mean pressure through the stroke thus found, in lbs. per sq ft.;

multiplying this by the stroke volume per hour and dividing by 1,980,000
gives the net horse-power. The ratio of the mean effective pressure,
M.P., to the vaporizer pressure, V.P., for different ratios of condenser
pressure, C.P., to vaporizer pressure is given on the next page.
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Cooling Effect, Compressor Volume, and Power Required; with
Different Cooling Agents. (Lorenz.)

Cooling Agent.

1. Temp, in front of regulating
valve

2. Vaporizer pressure, lbs. per

3. Condenser pressure, lbs, per
sq. in

4. Heat of evaporation, B.T.U.
per lb

5. Heat imparted to the liquid
6. Cold produced per lb. B.T.U
7. Cooling agent circulated for

yield of 100,000 B.T.U. per
hour, lbs

8. Stroke volume for 100,000
B.T.U. per hour, cu. ft

9. Minimum H.P. per 100,000
B.T.U. per hour

10. Ratio Heat of evap. -^ cold
produced

11. Ratio total work to minimum
12. Total I.H.P. per 100,000

B.T.U. per hour
13. Cooling effect per I.H.P. hr..

NHs

68

41.5

125.0

580.2
49.47
530.73

188.4

1,300

4.98

1.093
1.175

5.85
17,100

CO2 SO2 NH3 CO2

385.4

826.4

110.7
32.08
-J6.tl

1272.

292

4.98

1.408
1.513

7.53
13.300

14.75

47.61

168.2
17.72

150.48

664.3

3,507

4.98

1.118
1.202

5.99
16.700

50

41.5

125.0

580.2
32.4
547.8

182.5

1,264

4.98

1.059
1.138

5.67
17.600

50

385.4

826.4

110.7
19.28
91.42

1094.

242

4.98

1.211

1.302

6.48
15.400

50 ,

14.75:

47.61

168.2
11.59

156.61

638.5

3,365

4.98

1.074
1.155

5.75
17.400

Ratios of Condenser Pressure, C. P., and Mean Effective '.

SURE, M. P., TO Vaporizer Pressure, V. P.

>
Ah

>
Ah

>
•1-

Ah

>
Ah

>
•I-

Ah

>
Ah

>
•I-

Ah

>
Ah

> Ah

•1-

Ph
PLH

Ah
Ah

Ah Ah Ah Ah Ah Ah Ah Ah

s § S § S S
1,0 «, 20 0.752 30 r.249 4 (» 1.684 50 1.947 6 2.216
1.2 0.186 2 7. 0.865 3 2 1.344 4 2 1.711 5,2 2.006 7,0 2.454
1.4 0.350 24 0.970 3 4 t.414 44 1.766 5,4 2.062 8.0 2.666
1.6 0.487 2 6 1.070 36 1.491 46 1.829 5 6 2.116 90 2.858
1.8 0.630 2.8 1.163 3.8 1.564 4 8 1.891 5.8 2.168 10.0 3.036

The minimum theoretical horse-power thus obtained is increased by
the ratio of the heat of evaporation to the available cooling action (line
4 -> line 6, = line 10 of the table) and by an allowance for the resistance
of the valves taken at 7.5% to obtain the total H.P. given in the table.
To the theoretical horse-power given in line 12 Lorenz makes numerous

additions, viz.: friction of the compression and driving machine 0.90,
1.10, 0.90, 0.85, 0.95, 0.85 respectively for the six columns in the table;
also H.P. for stirring 0.3; for cooling-water pumps, 0.45; for brine pumps,
2.2; for transmission of power, 0.6, making the total H.P. for the six cases
10.30, 12.18, 10.44, 10.07, 10.98, 10.15. He also makes deductions from
the theoretical generation of cold of 100,000 B.T.U. per hour, for a brewery
cooling installation, for irregularities of valves, etc., for NH3 and SO2
machines 10% and for CO2 machines 5%; for cooling loss through stirring i

765 B.T.U., through brine pumps 5610 B.T.U., and through radiation
4500 B.T.U., making the net cooling for NH3 and SO2 machines 79,125
B.T.U. and for CO2 machines 84,125 B.T.U., and the cold generated per
effective H.P. in the six cases, 7682, 6908, 7578, 7848, 7662, and 7796 i

B.T.U.
!

The figures given in the tables are not to be considered as holding
!

generally or extended to other condenser and evaporator temperatures.
Each change of condition requires a separate calculation. The final

results indicate that for the various cooling systems no appreciable
difference exists in the work required for the same amount of cold
delivered at the place where it is to be applied.
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Properties of Brine Used to Absorb Refrigerating Effect of
Ammonia. (J. E. Denton, Trans. A. S. M. E., x, 799).—A solution of
Liverpool salt in well-water having a specific gravity of 1.17, or a weight
per cubic foot of 73 lbs., will not sensibly thicken or congeal at 0° F.
The mean specific heat between 39° and 16° Fahr. was found by

Denton to be 0.805. Brine of the same specific gravity has a specific
heat of 0.805 at 65° Fahr., according to Naumann.
Naumann's values {Lehr-und Handbuch der Thermochemie, 1882) are:

Specific heat 0.791 0.805*0.863 0.895 0.941 0.962 0.978
Specific gravity.... 1.187 1.170 1.103 1.072 1.044 1.023 1.012

Properties of Salt Brine (Carbondale Calcium Co.)

Deg. Baume 60° F 1 5 10 15 19 23
Deg. Salinoraeter 60° F 4 20 40 60 80 100
Sp. gravity 60° F 1.007 1.037 1.073 1.115 1.150 1.191
Per cent of salt, by wt.... 1 5 10 15 20 25
Wt. of 1 gallon, lbs 8.40 8.65 8.95 9.30 9.60 9 94
Wt. of 1 cu. ft., lbs 62.8 64.7 66.95 69.57 71.76 74.26
Freezing point ° F 31.8 25.4 18 6 12.2 6.86 1.00
Specific heat 0.992 0.960 0.892 0.855 0.829 0.783

Cliloride of Calcium solution is commonly used instead of brine.
According to Naumann, a solution of 1.0255 sp. gr. has a specific heat of
0.957. A solution of 1.163 sp. gr. in the test reported in Eng'g, July 22,
1887, gave a specific heat of 0.827.
H. C. Dickinson (Science, April 23, 1909) gives the following values of the

specific heat of solutions of chemically pure calcium chloride.
Density Specific Heat Temperature, C.
1.07 (5.869 + 0.00057 t (- 5° to + 15°)
1.14 0.773 + 0.00064 t ( - 10° to + 20°)
1.20 0.710 H- 0.00064 t (- 20° to + 20°)
1.26 0.662 -I- 0.00064 4 (- 25° to + 20°)

The advantages of chloride of calcium solution are its lower freezing point
and that it has little or no corrosive action on iron and brass. Calcium
chloride is sold in the fused or granulated state, in steel drums, contain-
ing about 75% anhydrous chloride and 25% water, or in solution contain-
ing 40 to 50% anhydrous chloridC: in tank cars. The following data
are taken from the catalogue of the Carbondale Calcium Co.

Properties of " Solvay " Calcium Chloride Solution.

M* . mT . . .

a > fl >

si

2

11 ^3 !i 2Q ^1

t

11
o m ^1 ^ ;q m Ph Cr Q m cu Ca

^ 1.007 1 +31.10 7,1 1.169 19 + 1.76 32 1.283 30 -54.40

5.5 1.041 5 27.68 77, 1.179 20 - 1.48 35 1.316 33 -25.24
11 1.085 in 22.38 ?^ 1.189 21 - 4.90 35.5 1.327 34 - 9.76

17 1.131 \=> 12.20 76 1.219 24 -17.14 36.5 1.338 35 + 2.84

20 M59 18 4.64 29 1.250 27 -32.62 37.5 1.349 36 14 36

>5.06 22.05 19.15 16.26 13.47 10.70

3.36 2.95 2.56 2.18 1.80 1.43

19.5 -8.7 Zero +7.5 +13.3 + 18.5

Quantity of 75% calcium chloride required to make solutions of different

specific gravities and freezing points, ^ ^ _
Sp. gravity ....1.250 1.225 1.200 1.175 1.150 1.125 1.100

Lbs. per cu ft. solu-
tion 28.06

Lbs. per gallon 3.76
Freezing point ° F. . -32.6

Boiling points of calcium chloride solutions:

Sp. Gr. at .59° F. . . . 1.104 1.185 1.238 1.341 1.383 solid at 59°.

Boiling point ° F... 215.6 221.0 230.0 240.8 248.0 266.0 282.2 306.5
Sp.gr.atboilingpoint 1.085 1.119 1.209 1.308 1.365 1.452 1.526 1.619

* Interpolate^.



1344 ICE-MAKING OR REFRIGERATING-MACHINES

"Ice-melting Effect."—It is agreed that the term "ice-melting.
efTect" means the cold produced in an insulated bath of brine, on the
assumption that each 144 B.T.U. represents one pound of ice, this
being the latent heat of fusion of ice, or the heat required to melt a pound
of ice at 32° to water at the same temperature. The performance of a
machine, expressed in pounds or tons of "ice-melting capacity," does
not mean that the refrigerating-machine would make the same amount
of actual ice, but that the cold produced is equivalent to the effect of the
melting of ice at 32° to water of that temperature.
in maiang artificial ice tne water frozen is generally about 70" F. when

submitted to the refrigerating effect of a machine; second, the ice is

chilled from 12° to 20° below its freezing-point; tliird, there is a dissipa-
tion of cold, from the exposure of the brine tank and the manipulation of
the ice-cans: therefore the weight of actual ice made, multiplied by its

latent heat of fusion, 144 thermal units, represents only about three^
fourths of the cold produced in the brine by the refrigerating fluid per
I.H.P. of the engine driving the compressing-pumps. Again, there iS;

considerable fuel consumed to operate the brine-circulating jpump, the'

condensing-water and feed-pumps, and to reboil, or purify, the condensed
steam from which the ice ie frozen. This fuel, together with that wasted
in leakage and drip water, amounts to about one-half that required to
drive the main steam-engine. Hence the pounds of actual ice manu-
factured from distilled water is just about half the equivalent of the
refrigerating effect produced in the brine per indicated horse-power of the
steam-cylinders.
When ice is made directly from natural water by means of the "plate

system," about half of the fuel, used with distilled water, is saved by
avoiding the reboiling, and using steam expansively in a compound
engine.

Ether-machines, used in India, are said to have produced about 6 lbs.

of actual ice per pound of fuel consumed.
The ether machine is obsolete, because the density of the vapor of ether,

at the necessary working-pressure, requires that the compressing-cylinder
shall be about 6 times larger than for sulphur dioxide, and 17 times
larger than for ammonia.

Air-machines require about 1.2 times greater capacity of compressing
cylinder, and are, as a whole, more cumbersome than ether machines,
but they remain in use on shipboard. In using air the expansion must
take place in a cylinder doing work, instead of through a simple expansion-
cock which is used with vapor machines. The work done in the expansion-
cylinder is utilized in assisting the compressor.

The Allen Dense Air Machine takes for compression air of considerable
;

pressure which is contained in the machine and in a system of pipes. The
air at 60 or 70 lbs. pressure is compressed to 210 or 240 lbs. It is then
passed through a coil immersed in circulating water and cooled to nearly
the temperature of the water. It then passes into an expander, which is,

!

in construction, a common form of steam-engine with a cut-off valve.
This engine takes out of the air a quantity of heat equivalent to the

\

work done by the air while expanding, to the original pressure of 60 or
70 lbs., and reduces its temperature to about 90° to 120° F. below the
temperature of the cooling water supply. The return stroke of the piston
pushes the air out through insulated pipes to the places that are to be
refrigerated, from which it is returned to the compressor.
The air pushed out by the expander is commonly about 35 to 55 below

'

zero F. In arrangements where not all the cold is taken out of the air I

by the refrigerating apparatus, the highly compressed air after cooling ;

in the coil is further cooled by being brought in surface contact with the
returning and still cold air, before entering the expander. By this means
temperatures of 70 to 90 below zero may be obtamed.
The refrigerating effect in B.T.U. per minute is: Lbs. of air handled per

min. X 0.2375 X difference of temperature of air passing out of ex-
pander and of that returning to the machine.

Carbon-dioxide Machines are in extensive use on shipboard. S. H.
Bunnell (Eng. News, April 9, 1903) says there are over 1500 CO2 plants
on shipboard. He describes a large duplex CO2 compressor built by the
Brown-Cochrane Co., Lorain, O. Tests of CO2 machines by a committee
of the Danish Agricultural Society were reported in 1899, in "Ice and
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Cold Storage." of London. Carbon-dioxide machines are built also by
Kroeschel Bros., Chicago.

, . , ^, ^t ^r ,

Ethvl-Chloride machines are made by tiie Clothel Co., New York
City. 'The compressor is a rotary pump. When driven by an electric

motor the complete apparatus is very compact, and is therefore

suitable for refrigerator cars or other places where space is re-

stricted.
Sulphur-Dioxide Machines.—Results of theoretical calculations

are given in a table by Ledoux showing an ice-melting capacity per hour
per horse-power ranging from 134 to 63 lbs., and per pound of coal rang-
ing from 44.7 to 21.1 lbs., as the temperature corresponding to the pres-
sure of the vapor in the condenser rises from 59° to 104° F. The theoret-
ical results do not represent the actual.

Prof. Denton says concerning Ledoux's theoretical results: The
figures given are higher than those obtained in practice, because the
effect of superheating of the gas during admission to the cylinder is not
considered. This superheating may cause an increase of work of about
25%. There are other losses due to superheating the gas at the brine-
tank, and in the pipe leading from the brine-tank to the compressor, so i

that in actual practice a sulphur-dioxide machine, working under the
conditions of an absolute pressure in the condenser of 56 lbs. per sq. in.

and the corresponding temperatiu-e of 77° F., will give about 22 lbs. of
ice-melting capacity per pound of coal, wliich is about 60% of the theor-^

etical amount neglectinsr friction, or 70% including friction.

Sulphur-dioxide machines are not (1910) used in the United States.

Refrigerating-Machines using Vapor of Water. (Ledoux.)—In
these machines, sometimes called vacuum machines, water, at ordinary
temperatiires, is injected into, or placed in connection with, a chamber
in which a stx'ong vacuum is maintained. A portion of the w^ater vapor-
izes, the heat to cause the vaporization being supplied from the water not
vaporized, so that the latter is chilled or frozen to ice. If brine is used
instead of pure water, its temperature may be reduced below the freez-
ing-point of water. The water vapor is compressed from, say, a pressure
of 0.1 lb. per sq. in. to 1 M lbs. and discharged into a condenser. It is

then condensed and removed by means of an ordinary air-pump. The
principle of action of such a machine is the same as that of volatile-
vapor machines.
A theoretical calculation for ice-making, assuming a lower temperature

of 32° F., a pressure in the condenser of 1 K lbs. per sq. in. and a coal
consumption of 3 lbs. per I.H.P. per hour, gives an ice-melting effect of
34.5 lbs. per poimd of coal, neglecting friction. Ammonia for ice-making
conditions gives 40.9 lbs. The volume of the compressing cylinder is

about 150 times the theoretical volmne for an ammonia machine for
these conditions.

[The Patten Vacuum Ice Co., Of Baltimore, has a large plant on this
system in operation (1910).]
Ammonia Compression-machines.

—

"Cold" vs. "Dry" Systems of
Compression.—In the "cold" system or "humid" system some of the
ammonia entering the compression cylinder is liquid, so that the heat
developed in the cylinder is absorbed by the liquid and the temperature
of the ammonia thereby confined to the boiling-point due to the con-
denser-pressure. No jacket is therefore required about the cylinder.

In the "dry" or "hot" system all ammonia entering the compressor is
gaseous, and the temperature becomes by compression several hundred
degrees greater than the boiling-point due to the condenser-pressure. A
water-jacket is therefore necessary to permit the cylinder to be properly
lubricated.

Dry, Wet and Flooded Systems. (York Mfg. Co.)—An expansion
system, or one where the ammonia leaves the coil slightly superheated,
requires about 33 j<% more pipe surface than a wet compression system,
in which the ammonia leaves the coils containing sufficient entrained
liquid to maintain a wet compression condition in the compressor.
The flooded system is onewhere the ammonia is allowed toflow through

the coils and into a trap, where the gas is separated from the liquid, the
gas passing on to the compressor, while the liquid goes around tln-ough
the coils again, together with the fresh liquid, which is fed into the trap.
Such a system requires only about one-half the evaporating surface that
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an expansion system does to do the same work. The relative proportions
of the three systems may be expressed as follows:
A Dry Compression plant will need, with an Expansion Evaporating

System, a medimn size compressor, a large size evaporating system, a
small amount of ammonia.
A Dry Compression plant will need, with a Flooded Evaporating Sys-

tem, a small size compressor, a small size evaporating system, a large
amount of ammonia.
A Wet Compression plant will need, with a Wet Compression Evapo-

rating System, a large size compressor, a medivmi size evaporating sys-
tem, a medium amount of ammonia.
The Ammonia Absorption-machine comprises a generator which

contains a concentrated solution of ammonia in water; this generator
is heated either directly by a fire, or indirectly by pipes leading from a j
steam-boiler. The vapor passes first into an '

' analyzer,
'

' a chamber con- m
nected with the upper part of the generator which separates some of thai
water from the vapor, then into a rectifier, where the vapor is partly I
cooled, precipitating more water, which returns to the generator, and!
then to the condenser. The upper part of the cooler or brine-tank is in jcommunication with the lower part of the condenser. 1
An absorption-chamber is filled with a weak solution of ammonia; a '

tube puts this chamber in communication with the cooling-tank.
The absorption-chamber commiinicates with the boiler by two tubes:

one leads from the bottom of the generator to the top of the chamber, the
other leads from the bottom of the chamber to the top of the generator.
Upon the latter is mounted a ptunp, to force the liqiiid from the absorp-
tion-chamber, where the pressure is maintained at about one atmosphere
into the generator, where the pressure is from 8 to 12 atmospheres.
To work the apparatus the ammonia solution in the generator is first

heated. This releases the gas from the solution, and the pressure rises.

When it reaches the tension of the saturated gas at the temperature of
the condenser there is a liquefaction of the gas, and also of a small
amount of steam. By means of a cock the flow of the liquefied gas into
the refrigerating coils contained in the cooler is regulated. It is here
vaporized by absorbing the heat from the substance placed there to be
cooled. As fast as it is vaporized it is absorbed by the weak solution in
the absorbing-chamber.
Under the influence of the heat in the boiler the solution is xmequally

saturated, the stronger solution being uppermost. The weaker portion
is conveyed by the pipe entering the top of the absorbing-chamber, the
flow being regulated by a cock, while the pump sends an equal quantity
of strong solution from the chamber back to the boiler.
The working of the apparatus depends upon the adjustment and regu-

lation of the flow of the gas and liquid ; by these means the pressure is

varied, and consequently the temperature in the cooler may be controlled.
The working is similar to that of compression-machines. The absorp-

tion-chamber fills the office of aspirator, and the generator plays the part
of compressor. The mechanical force producing exhaustion is here re-
placed by the affinity of water for ammonia gas, and the mechanical force
required for compression is replaced by the heat which severs this aflanity
and sets the gas at liberty.

Reece's absorption apparatus (1870) is thus described byWallis-Taylor
The charge of liquid ammonia (26° Baume) is vaporized by the application
of heat, and the mixed vapor passed to the analyzer and rectifier, wherein
the bulk ofthe water is condensed at a comparatively elevated temperature
and returned to the generator. The ammoniacal vapor or gas is then
passed to the condenser, where it is liquefied under the combined action
of the cooling-water and of the pressure maintained in the generator. The
liqmd ammonia, practically anhydrous, is then used in the refrigerator,
and th*^ vapor therefrom, still imder considerable pressure, is admitted to
the cylinder of an engine used to drive a pump for returning the strong
solution to the generator, after which it is passed to the absorber, where
it meets and is absorbed by the weak liquor from the generator, and the
strong liquor so formed is forced back into the generator by means of the
pump. The temperature exchanger, introduced in 1875, provides for
the hot liquor on its way from the generator to the absorber giving up
its hnat to the cooler liquid from the absorber on its way to the generator.

Wallis-Taylor descnbes also marine refrigerating, ice-making cold
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storage, the application of refrigeration in breweries, dairies, ietc; and the'
management and testing of apparatus.

For the best results the following conditions are necessary (Voorhees):
1. The generator should have ample liquid evaporating surface to make
dry gas. 2. The temperature of the gas to the rectifier should be as low
as possible. 3. The drip liquor returned to the generator from the recti-
fier should be as hot as possible. 4. The gas from the rectifier to the
condenser should not be over 10° to 50° hotter than the condensing tem-
perature of the gas. 5. The exchanger should exchange upwards of
90% of the heat of the hot weak liquor to the cold strong liquor. The
weight of strong liquor pumped should be from 7 to 8 times that of the
anhydrous ammonia circulated in the refrigerator.
To produce one ton of refrigeration at 8.5 lbs. suction and 170 lbs. gauge

condenser pressure, about 3.5 times as many heat units are actually used
by an absorption machine as by a compression machine (compound con-
densing engine driven), but, owing to the low efficiency of the steam
engine, due to the heat wasted in the exhaust and in cylinder condensation,
the actual weight of steam used per hour per ton of refrigeration is the
same for both the absorption machine and the compressor.
Relative Performance of Ammonia Compression- and Absorp-

tion- machines, assuming no Water to be Entrained wifh the
Ammonia-gas in the Condenser. (Denton and Jacobus, Trans. A. S.
M. E., xiii.) — It is assumed in the calculation for both machines that
1 lb. of coal imparts 10,000 B.T.U. to the boiler. The condensed steam
from the generator of the absorption-machine is assumed to be returned

Condenser. Refrigerat-
ing Coils.

fe'

Pounds of Ice-melting Effect
per lb. of Coal.

u
5r,

Compress. Absorption-

i

1

i

ft

1

1

Machine. Machine.*
fi^l

1 1

1^.
achine

in

ammonia

ump

ex-

the

gen-

lie

amm.
exhausts

naosphere

heater,

temp,

to

jr.

0-5.2

1 ft

la

1

d

ft

0)

h
1

a
11

II

P
A.bsorption-m

which

the

circulating-p

hausts

into

erator.

In

which

tJ

circ.

pump

into

the

at

through

a

yielding

212°

the

feed-wat(

a o ft

61.2 no.

6

5 33.7 6!.

2

38.1 71.4 38.1 33.5 969
59.0 106.0 5 33.7 59.0 39.8 74.6 38.3 33.9 967
59.0 106.0 5 33.7 130.0 39.8 74.6 39.8 35.1 931
59.0 106.0 -22 16.9 59.0 23.4 43.9 36.3 31.5 1000
86.0 170.8 5 33.7 86.0 25.0 46.9 35.4 28.6 988
86.0 170.8 5 33.7 130.0 25.0 46.9 36.2 29.2 966
86.0 170.8 -22 16.9 86.0 16.5 30.8 33.3 26.5 1025
85.0 170.8 -22 16.9 130.0 16.5 30.8 34.1 27.0 1002
i04.0 227.7 5 33.7 104.0 19.6 36.8 33.4 25.1 1002
104.0 227 7 -22 16 9 104.6 13.5 25.3 31.4 23 4 1041

*5% of water entrained in the ainmonia will lower the economy of
the absorption-machine about 15% to 20 % below the figures gi venin
the table.

to the boiler at the temperature of the steam entering the generator.
The engine of the compression-machine is assumed to exhaust through a
feed-water heater that heats the feed-water to 212° F. The engine is

assumed to consume 26 1/4 lbs. of water per hour per horse-power. The
figures for the compression-machine include the effect of friction, which
is taken at 15% of the net work of compression.

(For discussion of the efficiency of the absorption system, see Ledoux's
work; paper by Prof. Linde, and discussion on the same by Prof. Jacobus,
Trans. A. S. M. E., xiv. 1416. 1436; and papers by Denton and Jacobus,
Trans. A. S. M. E., x. 792, xiii, 507.
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Helatlve Eflaciency of a iftefrigerating-Machine.—^ The efficieiicif
of a fefrigerating-machine is sometimes expressed as the quotient of
the quantity of heat received by the ammonia from the brine, that is, the
quantity of useful work done, divided by the heat equivalent of the
mechanical work done in the compressor. Thus in column 1 of the table
of performance of the 75-ton machine (pagel363) the heat given by the
brine to the ammonia per minute is 14,776 B.T.U, The horse-power of
the ammonia cyUnder is 65.7, and its heat equivalent = 65.7 x 33,000 -f-

778 = 2786 B.T.U. Then 14,776 -4- 2786 = 5.304, efficiency. The ap-
parent paradox that the efficiency is greater than unity, wlaich is im-
possible in any machine, is thus explained. The working fluid, as
ammonia, receives heat from the brine and rejects heat into the condenser.
(If the compressor is jacketed, a portion is rejected into the jacket-water.)
The heat rejected into the condenser is greater than that received from the
brine; the difference (plus or minus a small difference radiated to or from
the atmosphere) is heat received by the ammonia from the compressor.
The work to be done by the compressor is not the mechanical equivalent
of the refrigeration of the brine, but only that necessary to supply the dif-

ference between the heat rejected by the ammonia into the condenser and
that received from the brine. If cooling water colder than the brine were
available, the brine might transfer its heat directly into the cooUng water,
and there would be no need of ammonia or of a compressor; but since such
cold water is not available, the brine rejects its heat into the colder
ammonia, and then the compressor is required to heat the ammonia to
such a temperature that it may reject heat into the coohng water.
The maximum theoretical efficiency of a refrigerating machine is ex-

pressed by the quotient To -5- (Tj — To), in which Ti is the highest and To
the lowest temperature of the ammonia or other refrigerating agent.
The efficiency of a refrigerating plant referred to the amount of fuel

consumed is

brine or other
circulating fluid

Ice-melting capacity) ^
per pound of fuel J

Cold Wate»

1 1 «» ^

/-Pounds circulated per hour)
f

J X specific heat x range > "•

l of temperature J "

144 X pounds of fuel used per hour

i 1

Compressor

Ammonia
Coils

Heat received

from compression.Warm Water &om compression. Heat received
Heat rejected from brine

DIAGRAM OF AMMONIA COMPRESSION MACHINE.

blAGRAM OF AMMONIA ABSORPTION MACHINE.
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The Ice-melting capacity is expressed as follows:

Tons (of 2000 lbs.) -v

{^"^^ I'pedfic heat | °^ ^^^^
SSr^^*'"^

^''

Ice-melting ca- t_ ^ x range of temp. J '^^
pacity per 24 tiours J 144 x 2000
The analogy between a heat-engine and a refrigerating-machine is as

follows: A steam-engine receives heat from the boiler, converts a part
of it into mechanical work in the cylinder, and throws away the differ-
ence into the condenser. The ammonia in a compression refrigerating-
machine receives heat from the brine-tank or cold room, receives an
additional amount of heat from the mechanical work done in the com-
pression-cylinder, and throws away the sum into the condenser. The
efficiency of the steam-engine = work done -j- heat received from boiler.
The efficiency of the refrigerating-machine = heat received from the
brine-tank or cold-room -^ heat required to produce the work in the
compression-cylinder. In the ammonia absorption-apparatus, the
ammonia receives heat from the brine-tank and additional heat from
the boiler or generator, and rejects the sum into the condenser and into
the cooling water supplied to the absorber. The efficiency = heat
received from the brine -i- heat received from the boiler.
The Efficiency of Refrigerating Systems depends on the tempera-

ture of the condenser water, whether there is sufficient condenser
surface for the compressor and whether or not the condenser pipes are
free from tmcondensable foreign gases. With these things right, con-
denser pressure for different temperatures of cooling water should be
approximately as follows:
1 gallon per minute per ton per 24 hours—CooUng water, ° F 60 65 70 75 80 85 90
Condenser pressure, gage, lb 183 200 220 235 255 280 300
Condensed liquid ammonia, °F 95 100 105 110 115 120 125

2 gallons per minute per ton per 24
hours—Condenser pressure, gage, lb . 130 153 168 183 200 220 235
Condensed liquid ammonia, ° F 77 85 90 93 100 105 110

3 gallons per minute per ton per 24
hours—Condenser pressure, gage, lb. 125 140 155 170 185 200 215
Condensed liquid ammonia, ° F 75 85 90 93 95 100 105

The evaporating or back pressure within the expansion coils of a re-
frigerating system depends upon the temperatures on the outside of such
coils, i.e., the air or brine to be cooled. For average practice back pres-
sures for the production of required temperatures should be approxi-
mately as follows:
Temperature of room, ° F . . . . 10 15 20 28 32 36 40 50 60
Back pressure, gage, lb 10 12 15 22 25 27 30 35 40
Temperature of ammonia, ° F. —10 —5 8 12 14 17 22 26
The condenser pressure should be kept as low as possible and the back

pressure as high as possible, narrow limits between such pressures being
as important to the efficiency of a refrigerating system as wide ones are
to that of a steam engine in which the economy increases with the range
between boiler pressure and condenser pressure. (F. E. Matthews,
Power, Jan. 26, 1909.)

Cylinder-heating.— In compression-machines employing volatile
vapors the principal cause of the difference between the theoretical and
the practical result is the heating of the ammonia, by the warm cylinder
walls, during its entrance into the compressor, thereby expanding it, so
that to compress a pound of ammonia a greater niunber of revolutions
must be made by the compressing-pumps than corresponds to the density
of the ammonia-gas as it issues from the brine-tank. j

Tolumetric Efficiency.—The volumetric efficiency of a compressor
is the ratio of the actual weight of ammonia pumped to the amount
calculated from the piston displacement. Mr. Voorhees deduces from
Denton's experiments the formula: Volumetric efficiency = E = 1 —
{h—to)/l330, in which h = the theoretical temperature of gas after
compression and h = temperature of gas delivered to the compressor.
The temperature ti, = Ti — 460, is calculated from the formula for adia-
batic compression, Ti = To (Pi/Po) o^*, in which Ti and To are absolute
temperatures and Pi and Po absolute pressures. In eight tests by Prof.

Denton the volumetric efficiency ranged from 73.5% to 84%, and they
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vary less than 1% from the eflflciencies calculated by the formula. The
temperature of the gas discharged from the compressor averaged 57° less

than the theoretical.
The volumetric efiBciency of a dry compressor is greatest when the va-

por-comes to the compressor with little or no superheat; 30° superheat of
the suction gas reduces the capacity of the compressor 4%, and 100° 9%.
The following table (from Voorhees) gives the theoretical discharge-

temperatures (h) and volumetric efficiencies (E) by the formula, and the
actual cubic feet of displacement of compressor (F) per ton of refrigera-
tion per minute for the given gage pressures of suction and condenser. '

Suction Pressures. 15 30

Cond. press., 140. .

Cond. press., 1 70 . .

Cond. press., 200 . .

E
0.76
0.83
0.87

F
10.35
4.57
2.96

E
0.73
0.81
0.86

F
11.02
4.78
3.07

280°
216°

E
0.71
0.79
0.84

F
11.57
5.03
3.21

Pounds of Ammonia per Minute to Produce 1 Ton of Refrigeration,
and Percentage of Liquid Evaporated at the Expansion Valve.

Condenser Pressure and
Temperature.

Refrigerator, pressure and
temperature lbs.,-29°...

Refrigerator pressure and
temperature 15 lbs.,-0''...

Refrigerator pressure and
temperature, 30 lbs. ,-17°..

140 lbs., 80°. 170 lbs., 90°. 200 lbs., 100°.

0.431 lb., 19%

0.420 lb., 14.4%

0.415 lb., 11.6%

0.441 lb., 20.8%

0.4301b., 16.2%

0.4251b., 13.4%

0.451 lb., 22.5%

0.4401b., 18.0%

0.434 lb., 15.2%

Mean Effective Pressure, and Horse-power.—^Voorhees deduces
the following {Ice and Befrig., 1902) : M.E.P. = 4.333 po [{pi/po) °-^^ —1],
po = suction and pi condenser pressure, abs. lbs. per sq. in. The maxi-
mum M.E.P. occurs when po = pi -i- 3.113. The percentage of stroke
during which the gas is discharged from the compressor is Vi = (po/pi)'^'''^^.

The compressor horse-power, C.H.P., is 0.00437 F X M.E.P.
The friction of the compressor and its engine combined is given by

Voorhees as 33V3% of the compressor H.P. or 25% of the engine H.P.
Values of the mean effective pressure per ton of refrigeration (M), the
compressor horse-power (C) and the engine horse-power (E) are given
below for the conditions named.

Suction Pressure. 15 1 30

Cond. press., 140...

Cond. press., 170. .

.

Cond. press., 200...

(M)
46.5
50.5
55.0

2.42
2.78

(E)
2.80
3.23
3.71

67.0
74.5

(C)
1.19
1.40
1.64

(E) (M)
1.59 64.5
1.87 75.0
2.19 85.0

(C)
0.83
1.00
1.19

1.33
1.59

By cooling the liquid between the condenser and the expansion valve
the capacity will be increased and the horse-power per ton reduced. With
compression from 15 to 170 lbs., if the liquid at the expansion valve is

cooled to 76° instead of 90° the H.P. per ton will be reduced 3%.
Prof. Lucke deduces a formula for the I.H.P. per ton of refrigerating

capacity, as follows:

p = mean effective pressure, lbs. per sq. in.; L = length of stroke in
ft. ; a = area of pistOn in sq. ins. ; n = no. of compressions per rainute;
Ec = apparent volumetric efficiency, the ratio of the volume of ammonia
apparently taken in per stroke to the full displacement of the piston;
Wc = weight of 1 cu.ft. of ammonia vapor at the back pressure, as it

exists in the cylinder when compression begins; Lc = latent heat of
vaporization available for refrigeration; 288,000 = B.T.U. equivalent
to 1 ton of refrigeration; T = tons refrigeration per 24 hours.

I.H.P. pLan -f- 33,000 0.87 y p^
T LaEc nwc X Lc X 60 X 24

.-XJL
WcLc Ec

144 X 288,000
The Voorhees Multiple Effect Compressor is based upon the fact

that both the economy and the capacity of a compression machine vary
with the back pressure. In the past it has always been necessary to run a
compressor at a gas suction pressure corresponding to the lowest required
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temperature. The multiple effect compressor takes in gas from two or

more refrigerators at two or more different suction pressures and tem-
peratures on the same suction stroke of the compressor. The suction gas
of the higher pressure helps to compress the lower suction pressure gas,

There are two sets of suction valves in the compressor cylinder ; the low
temperature and corresponding low back pressure being connected to

one suction port, usuallv in the cylinder head, and the high back pres-

sure connected to the other. At the beginning of the stroke the cylinder

is filled with the low pressure gas and as the piston reaches the end of its

suction stroke, the second or high back pressure port is uncovered, the
low pressure suction valve closing automatically, and the cyUnder is

completely filled with gas at the high pressure. By this means the
compressor operates with an economy and capacity corresponding to the
higher back pressure, making a gain in capacity of often 50% or more.
(Trans. Am. Soc. Refrig. Engrs., 1906.)
Quantity of Anxmonia Required per Ton of Refrigeration. —

The lollowing table is condensed from one given by F. E. Matthews in
Trans. A. S. M. E ., 1905. The weight in lbs. per minute is calculated
from the formula P = (144 X 2000) -^ [1440 i - {hr - h^)] in which
I is the latent heat of evaporation at the back pressure in the cooler, and
hi and ha the heat of the liquid .at the temperatures of the condenser and
the cooler respectively. The specific heat of the liquid has been taken
at unity. The ton of refrigeration is 2000 lbs. in 24 hours = 288,000
B.T.U.
B = Pounds of ammonia evaporated per minute.
C = Cubic feet of gas to be handled per minute by the compressor.

!

I.

Head or Condenser Gauge Pressure and Correspondmg
Temperature.

w.
B.P. 100

lb.
63.5°

110
lb.
68°

120
lb.

72.6°

130
lb.

77.4°

140
lb.

80.3°

150
lb.

33.8^

160
lb.

87.4°

170
lb.

90.8°

180
lb.

93.8°

190
lb.

96.9°

200
lb.
100°

572.78
.0556 B

c
.4159

7.482

.4199

7.551

.4240

7.626
.4284

7.703

.4310

7.761

.4343

7.812
.4376

7.870

.4408

7.929

.4440

7.986

.4470

8.041

.4501

8.095

566.14)
.0,33 1 B

c
.4122

5.636

.4160

5.675

.4202

5.732

.4243

5.79C

.4271

5.826

.4308

5.878
.4335

5.914
.4366

5.970

.4397

5.999

.4437

6.039
.4458

6:081

560.69
')

.0910 \

10 )

B
C

.4093

4.502

.4130

4.543

.4171

4.587

.4204

4.625

.4237

4.662
.4271

4.698
.4302

4.733

.4332

4.766

.4363

4.799

.4392

4.833

.4423

4.865

556.11
}

.1083 \

15

B
C

.4068

3.756

.4106

3.791

.4145

3.827
.4186

3.866

.4211

3.889

.4244

3.918
.4276

3.948
.4288

3.975

.4336

4.003
.4365

4.030

.4394

4.058

552.83
)

.1258
}

20

B
C

.4040

3.211

.4077

3.241

.4116

3.272
.4158

3.305

.4182

3,324

.4214

3.350
.4245

3.375

.4275

3.398
.4304

3.422
.4333

3.444
.4362

3.467

548.40
)

.1429 \

25 j

B
c

.4025

2.819

.4062

2.843

.4102

2.870
.4140

2.898
.4167

2.916

.4198

2.938
.4229

2.959
.4258

2.980
.4287

3.000
.4316

3.020

.4345

3.040

545.13
)

.1600 \

30 j

B
C

.4013

2.507

.4049

2.530

.4088

2.555

.4128

2.580

.4152

2.600

.4184

2.615

.4213

2.633
.4243

2.653

.4273

2.671

.4300

2.687

.4329

2.706

542.80
)

.1766 \

35 )

B
C

.3991

2.260

.4028

2.280

.4066

2.302

.4105

2.925
.4130

2.338

.4161

2.356

.4188

2.373

.4220

2.390
.4249

2.406
.4277

2.422
.4305

2.443

539.35
)

.1941 )

40 \

B
C

.3984

2.052

.4020

2.071

.4058

2.090

.4098

2.111

.4122

2.123

.4153

2.139

.4183

2.155

.4211

2.175

.4240

2.185

.4269

2.200

.4296

2.214

I, Latent heat of volatilization, w, weight of vapor per cubic foot.
B.P. back pressure or suction gauge pressure.

Back pressures 5 10 15 20 25 30 35 40
Temperatures. -28.5° -17.5° -8.5° -1°5.66° 11.5° 16.8° 21.7° 26.1°

Mr. Matthews defines a standard ton of refrigeration as the equiva-
lent of 27 lbs. of anhydrous ammonia evaporated per hour from liquid
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at 90° F. into saturated vapor at 15.67 lbs. gauge pressure (0° F.).
which requires 12,000 B.T.U.; or 20,950 units of evaporation, each of
which is equal to 572.78 B.T.U., the heat required to evaporate 1 lb.
of ammonia from a temperature of — 28.5° F. into saturated vapor at
atmospheric pressure.

Size and Capacities of Ammonia Refrigerating - Machines.

—

York Mfg. Co. Based on 15.67 lbs. back pressure, 185 lbs. condensing
pressure, and condensing water at 60° F.

SiNGLE-ACTING COMPRESSORS. DoUBLE-ACTING COMPRESSORS.

Compressors

.

Engine. Capacity
Tons

Refrig-

Compressors. Engine. Capacity

Bore. Stroke. Bore. Stroke. Bore. Stroke. Bore. Stroke.

Tons
Refrig-

eration. eration.

7 1/. 10 1 1 1/9 10 10 9 15 13 1/1^ 12 20
9 12 13 1/2 12 20 11 18 16 15 30
n 15 16 15 30 121/9 21 18 18 40
121/2 18 18 18 40 14 24 20 21 65
14 21 20 21 65 16 28 24 24 90
16 24 24 24 90 18 32 26 28 125

18 28 26 28 125 21 36 28 1/9 32 175

21 32 28 1/9 32 175 24 40 34 36 250
24 36 34 36 250 26 60 38 54 350
27 42 36 42 350
30 48 44 48 500

For larger capacities the machines are built with duplex compressors,
driven by simple, tandem or cross compound engines.

Displacement and Horse-power per Ton of Refrigeration
Dry Compression. S.A., Single-acting; D.A., Double-acting.

Suction Gauge Pressure and Corresponding Temp.
5 1b.= 10 1b.= 15.67 1b. 20 lb. = 25 lb. =

Condenser Gauge
Pressure and

- 17.5° F. - 8.5° F. = 0°F. 5.7° F. 11.5°F.

Corresp. Temp. g
fl fl

g g
of Liquid at

Expansion Valve.
,3Q

-.1
,3Q W8,

o o o o o
1451b.82°F.,S.A... 12,608 1 654 9.811 1.4 7829 1.195 6765 1.065 5836 0.943
1451b. 82° F.,D.A.. 14,645 1.921 1 1 .300 1.612 8901 1.358 7625 1.2 6522 1.054
1651b. 89° F.,S.A.. 13.045 1.834 10.148 1.56 8092 1.341 6990 1.201 6027 1.071
1651b. 89°F., D.A. 15,203 2.137 11.720 1.802 9224 1.529 7898 1.357 6751 1.2

1851b. 95.5° F.,S.A. 13,491 2.013 10.487 1.72 8362 1 .4865 7219 1.336 6223 1.197
1851b.95.5°F.,D.A. 15,774 2 354 12.150 1 993 9')55 17 8176 1 513 6985 1,344
2051b.l01.4°F.,S.A. 13.947 ?, 192 10.834 1,879 8630 1.631 7450 1.47 6420 1.323
2051b.l01.4°F.,D.A. 16,362 2.571 12.590 2.184 9890 1.87 8459 1.67 7222 1.488

* Cu. in. Displacement per Min. per Ton of Refrigeration.

The volumetric efficiency ranges from 63.5 to 76.5% for double-acting
and from 74.5 to 85.5 % for single-acting compressors, increasing with the
decrease of condenser pressure and with the increase of suction pressure.
Where the liquid is cooled lower than the temperature corresponding

to the condensing pressure, there will be a reduction in horse-power and
displacement proportional to the increase of work done by each poimd
of hquid handled. The I.H.P. is that of the compressor. For Engme
Horse-power add 17% up to 20 tons capacity and 15% for larger machines.

Small Sizes of Refrigerating-Machines.

Single-acting,
Vertical.

Double-acting,
Horizontal.

Capacity, tons 1 1/4

4 1/2

5

5
5

3

6

6
6
6

6 2 1/2

4

6
6
8

6

5 1/2

8

8
8

10

2-6
6
8
6

7

Compressor, stroke, in 10

Engine, diam., in 10

Engine, stroke, in 10
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Rated Capacity of Refrigerating -Machines. — It is customary to
rate refrigerating macliines in tons of refrigerating capacity in 24 hours,
on the basis of a suction pressure of 15.67 lbs. gauge, corresponding to
0° F. temperature of saturated ammonia vapor, and a condensing pressure
of 185 lbs. gauge, correspondhig to 95.5° F. The actual capacity increases
with the increase of the suction pressure, and decreases with the increase
of the condensing pressure. The following table shows the calculated
capacities and horse-power of a machine rated at 40 H.P., when run at
different pressures. (York Mfg. Co.) The horse-power required increases
with the mcrease of both the suction and the condensing pressure.

Suction Gauge Pressure and Corresponding Temp.

Condenser Press.
51b.=
-17.5°F

10 1b.=
-8.5° F.

15.671b.
=0°F.

20 lb. =
5.7° F.

25 lb. =
11.5°F.

30 lb. =
16.8° F.

Temp.

1 1
P^

w ^ 1 1 ^
(it

145 1b. = 82° F
165 1b. = 89° F
185 1b. = 95.5° F
205 1b. = 101.4° F

26.6
25.7
24.8
24

50.6
54.2
57.4
60.5

34.2
33.1

32
31

55.1

59.4
63.3
67

42.8
41.4
40
38.9

58.8
63.8
68.6
72.9

49.6
48
46.5
45

60.7
66.3
71.4
76.1

57.5
55.7
53.9
52.3

62.3
68.6
74.2
79.6

65.3
63.2
61.3
59.4

63.4
70.1
76.5
86.2

Piston Speeds and Revolutions per Minute.—There is a great diver-
sity in the practice of different builders as to the size of compressor, the
piston speed and the number of revolutions per minute for a given
rated capacity. F. E. Matthews, Trans. A. S. M. E., 1905, has plotted
a diagram of the various speeds and revolutions adopted by four promi-
nent builders, and from average curves the following figures are obtained:

Tons 20 30 401 50 60 80: 100 120 140 160 180 200 240 300
R.P.M 90 78 73 68 64 60| 581/2 57 56 55 54 53 52 51

Piston speeds. 200 215 228 1 240 250 270; 280 286 290 293 296 300 315 340

400 500
481/2 46

378 425

Mr. Matthews recommends a standard rating of machines based on
these revolutions and speeds and on an apparent compressor displace-
ment of 4.4 cu. ft. per minute per ton rating.
Condensers for Refrigerating '^Machines are of two kinds: sub-

merged, and open-air evaporative. The submerged condeaser requires
a large volume of cooling water for maximum efficiency. According
to Siebel the amount of condensing surface, the water entering at 70°
and leaving at 80°, is 40 sq ft. for each ton of refrigerating capacity, or
64 lineal feet of 2-in. pipe. Frequently only 20 sq. ft., or 90 ft. of lV4-in.
pipe, is used, but this necessitates higher condenser pressures. If F =
sq. ft. of cooling surface, h = heat of evaporation of 1 lb. ammonia at
the condenser temperature, K = lbs. of ammonia circulated per minute,
m = B.T.U. transferred per minute per sq. ft. of condenser surface,
t = temperature of the ammonia in the coils and ti the temperature of
the water outside, F = hK -ir m{t — ti). For i = 80 and U = 70, m
may be taken at 0.5. Practically the amount of water required will
vary from 3 to 7 gallons per minute per ton of refrigeration. When
cooling water is scarce, cooling towers are commonly used.

E. T. Shinkle gives the average surface of several submerged con-
densers as equal to 167 lineal feet of 1-in. pipe per ton of refrigeration.
Open air or evaporation surface condensers are usually made of a stack

of parallel tubes with return bends, and means for distributing the water
so that it will flow uniformly over the pipe surface. Shinkle gives as the
average surface of open-air coolers 142 ft. of 1-in. pipe, or 99 ft. of II/4 in.
pipe per ton of refrigerating capacity.

Capacity of Condensers. (York Mfg. Co.) — The following table
Shows the capacities and horse-power per ton refrigeration of one section
counter-current double-pipe condenser, 1 1/4-in. and 2-in. pipe, 12 pipes
high, 19 feet in length outside of water bends, for water velocities 100 ft.

to 400 ft. per minute: initial temperature of condensing water 70°.

The horse-power per ton is for single-acting compressor with 15.67
lbs. suction pressure.
The friction in water pimip and connections should be added to

water horse-power and to total horse-power.
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Capacity of Condensers

High Pressure Constant.

Condensing Water.

Capy
Tons
Refrig.
per 24
hours.

Con»
densing
Pressure
Lbs. pel
sq. in.

Horse-power per Ton
Refrigeration.

Veloc-
ity

thr'gh
1 1/4-in.

pipe.
Ft. per
min.

Total
gallons
used
per
min.

Gallons
per min
per ton
Refrig.

Fric-
tion

thr'gh
Coil.
Lbs.
per

sq. in.

Engine
driving
Com-
pressor

Circu-
lating
Water
thr'gh
Con-

denser.

Total
Engine
and

Water
Circu-
lation.

100

150
200
250
300
400

7.77
11.65
15.54
19.42
23.31
31.08

1.16
1.165
1.165
1.18
1.24
1.30

2.28
5.75
9.98
15.

21.6
37.8

6.7
10.

13.4
16.4
18.8
24.

185

185

185

185

185

185

0.0016
0.004
0.007
0.011
0.016
0.030

1.7116
1.714
1.717
1.721

1.726
1.74

Capacity Constant.

100 7.77 0.777 2.28 10. 225 2.04 0.001 2.041

150 11.65 1.165 5.75 10. 185 1.71 0.004 1.714

200 15.54 1.554 9.98 10. 165 1.54 0.009 1.549

250 19.42 1.942 15. 10. 155 1.46 0.018 1.478
300 23.31 2.331 21.6 10. 148 1.40 0.030 1.43

400 31.08 3.108 37.8 10. 140 1.33 0.071 1.401

Cooling-Tower Practice in Refrigerating - Plants. (B. F. Hart,
Jr., Southern Engr., Mar., 1909.)—The efficiency of a cooling-tower de-
pends on exposing the greatest quantity of water surface to the cooling
air-currents. In a tower designed to handle 100 gallons per minute the.

ranges of temperature found when handling different quantities of
water were as foUows:

Gallons of water per minute 148
Temperature of the atmosphere
Relative humidity, %
Initial temperature
Final temperature
Range

The final temperatures which may be obtained when the initial
temperature does not exceed 100° are as follows:

148 109 m
78« 78.5° 78°
47 49 47

85.5° 85° 86°
78° 76° 75°
7.5« 9° 11°

Atmosphere Temp. 95°
1

90° 1 85°
1 80° | 75° | 70°

Final temperature of water leaving tower.

f90
80

100 95 90 85 80 75
98 92 88 83 78 73

Humidity, % i l^
50

L40

95
92

90
88

86
83

80
78

76
74

71

69
89 84 79 75 70 66
85 80 76 71 67 63

For ammonia condensers we figure on supplying 3 gallons per minute of
circulating water per ton of refrigeration, or 6 gallons per minute per ton of
ice made per 24 hours, and guarantee a reduction range from 150° to 160°
down to about 100° when the temperature of the atmosphere does not
exceed S0° nor the relative humidity 60%. When the temperature of the
atmosphere and the humidity are both above "90° the speed of the pumps
and the ammonia pressure must be increased.
The Refrigerating-Coils of a Pictet ice-machine described by Ledoux

had 79 sq. ft. of surface for each 100,000 theoretic negative heat-units
produced per hour. The temperature corresponding to the pressure of
the dioxide in the coils is 10.4° F., and that of the bath (calcium chloride
solution) in which they were immersed is 19.4°.
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Comparison of Actual and Theoretical Ice-melting Capacity.—
The following is a comparison of the theoretical ice-melting capacity of
an ammonia compression machine with that obtained in some of Prof.
Schroter's tests on a Linde macliine having a compression-cylinder
9.9-in. bore and 16.5 in. stroke, and also in tests by Prof. Denton on a
machine having two single-acting compression-cylinders, 12 in. X 30 in.:

No of

Temp, in Degrees F.
Corresponding to
Pressure of Vapor.

Ice-melting Capacity per lb. of Coal,
assuming 3 lbs. per hour per

Horse-power.

Test.

Condenser. Suction.
Theoretical
Friction*
Included.

Actual.

Per cent of
Loss Due to
Cylinder

Superheating.

jii
1 [24

Q 125

72.3
70.5
69.2
68.5

84.2
82.7
84.6

26.6
14.3
0.5

-11.8

15.0
- 3.2
-10.8

50.4
37.6
29.4
22.8

27.4
21.6
18.8

40.6
30.0
22.0
16.1

24.2
17.5
14.5

19.4
20.2
25.2
29.4

11.7
19.0
22.9

* Friction taken at figures observed in the tests, which range from
14% to 20% of the work of the steam-cylinder.

TEST-TRIALS OF REFRIGEEATING-MACHINES,
(G. Lmde, Trans. A. S. M. E., xiv, 1414.)

The purpose of the test is to determine the ratio of consumption and
production, so that there will have to be measured both the refrigera-
tive effect and the heat (or mechanical work) consumed, also the cool-
ing water. The refrigerative effect is the product of the number of
heat-imits (Q) abstracted from the body to be cooled, and the quotient
(Tc — T) -H T: In which Tc = absolute temperature at which heat is

transmitted to the cooUng water, and T = absolute temperature at
which heat is taken from the body to be cooled.
The determination of the quantity of cold will be possible with the

proper exactness only when the machine is employed during the test to
refrigerate a liquid; and if the cold be found from the quantity of liquid
circulated per unit of time, from its range of refrigeration, and from its

specific heat. Sufflcient exactness cannot be obtained by the refrigera-
tion of a current of circulating air, nor from the manufacture of a certain
quantity of ice, nor from a calculation of the fluid circulating within the
machine (for instance, the quantity of ammonia circulated by the com-
pressor). Thus the refrigeration of brine will generally form the basis
for tests making any pretension to accuracy. The degree of refrigeration
should not be greater than necessary for allowing the range of temperature
to be measured with the necessary exactness; a range of temperature of
from 5° to 6° Fahr. will suffice.
The condenser measurements for cooUng water and its temperatures

wiU be possible with sufficient accuracy only with submerged condensers.
The measurement of the quantity of brine circidated, and of the cool-

ing water, is usually effected by water-meters inserted into the conduits.
If the necessary precautions are observed, this method is admissible.
For quite precise tests, however, the use of two accurately gauged
tanks which are alternately filled and emptied must be advised.
To measure the temperatures of brine and cooling water at the entrance

and exit of refrigerator and condenser respectively, the employment of
specially constructed and frequently standardized thermometers is iii-

dispensable ; no less important is the precaution of using at each spot si-

multaneously two thermometers, and of changing the position of one such
thermometer series from inlet to outlet (and vice versa) after the expiration
of one-half of the test, in order that possible errors may be compensated.

It is important to determine the specific heat of the brine used in
each instance for its corresponding temperature range, as small differ-
enqes in the composition and the concentration may cause considerable
variations. {Continued on page 1358.)
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As regards the measurement of consumption, the programme will not
have any special rules in cases where only the measurement of steam and
coohng water is undertaken, as will be mainly the case for trials of absorp-
tion-machines. For compression-machines the steam consumption
depends both on the quality of the steam-engine and on that of the
refrigerating-machine, while it is evidently desirable to know the con-
sumption of the former separately from that of the latter. . As a rule
steam-engine and compressor are coupled directly together, thus render-
ing a direct measurement of the power absorbed by the refrigerating-
machine impossible, and it will have to suffice to ascertain the indicated
work both of steam-engine and compressor. By further measuring
the work for the engine running empty, and by comparing the differences
in power between steam-engine and compressor resulting for wide varia-
tions of condenser-pressures, the effective consumption of work Lq for

the refrigerating-machine can be found very closely. In general, it will
suffice to use the indicated work found in the steam-cylinder, especially
as from this observation the expenditure of heat can be directly deter-
mined. Ordinarily the use of the indicated work in the compressor-
cylinder, for purposes of comparison, should be avoided; firstly, because
there are usually certain accessory apparatus to be driven (agitators, etc.),
belonging to the refrigerating-machine proper; and secondly, because
the external friction would be excluded.

Report of Test.—Reports intended to be used for comparison with
the figures found for other machines will have to embrace at least the
following observations:
Refrigerator:

Quantity of brine circulated per hour
Brine temperature at inlet to refrigerator .-

Brine temperature at outlet of refrigerator T
Specific gravity of brine (at 64° Fahr.)
Specific heat of brine
Heat abstracted (cold produced) Qe
Absolute pressure in the refrigerator

Condenser:
Quantity of cooling water per hour
Temperature at inlet to condenser
Temperature at outlet of condenser T^

Heat abstracted Q\
Absolute pressure in the condenser
Temperature of gases entering the condenser

Absokption-machine. Compression-machine.

3till:
Steam consumed per hour
Abs. pressure of heating steam
Temperature of condensed steam at

outlet
Heat imparted to still Q'e

Absorber:
Quantity of cooling water per hour .

.

Temperature at inlet
Temperature at outlet
Heat removed Q2.

Pump for Ammonia Liquor:
Indicated work of steam-engine ....
Steam-consumption for pump
Thermal equivalent for work of
pump ALp

Total sum of losses by radiation and
convection ± Qz

Heat Balance:

Qe + Q'e = Qi + Q2 ± Qz.
For the calculation of efficiency and for comparison of various tests,

the actual efficiencies must be compared with the theoretical maximum
of efficiency Q h- {AL) ma^. « T v (r^ - T) corresponding to tlie

^mperatur© rang©,

Indicated work L^

Temperature of gases at inlet
Temperature of gases at exit

Steam-engine:
Feed-water per hour
Temperature of feed-water .

.

Absolute steam-pressure be-
fore steam-engine

Indicated work of steam-en-
gine Lg

Condensing water per hour.. .

Temperature of do
Total sum of losses by radia-

tion and convection. . ± Qz
Heat Balance:

Qe + ALc = Qi ± Qz.
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Heat Balance. — We possess an important aid for checking the cor-
rectness of the results found in each trial by forming the balance in each
case for the heat received and rejected. Only those tests should be re-

garded as correct beyond doubt which show a sufficient conformity in
the heat balance. It is true that in certain instances it may not be easy
to account fully for the transmission of heat between the several parts of
the machine and its environment by radiation and convection, but gener-
ally (particularly for compression-machines) it will be possible to obtain
for the heat received and rejected a balance exhibiting small discrepancies
only.
Temperature Range. — For the temperatures {T and Tc) at which the

heat is abstracted in the refrigerator and imparted to the condenser, it is

correct to select the temperature of the brine leaving the refrigerator and
that of the cooling water leaving the condenser, because it is in principle
impossible to keep the refrigerator pressure higher than would correspond
to the lowest brine temperature, or to reduce the condenser pressure
below that corresponding to the outlet temperature of the cooling water.

Prof. Linde shows that the maximum theoretical eflBciency of a com-
pression-machine may be expressed by the formula

Q -r- (AL) = T -i-CTc- T),

in which Q = quantity of heat abstracted (cold produced);
AL — thermal equivalent of the mechanical v/ork expended;
L = the mechanical work, and A = 1 -^ 778:
T = absolute temperature of heat abstraction (refrigerator);

T(, = absolute temperature of heat rejection (condenser).

If w = ratio between the heat equivalent of the mechanical work AL
and the quantity of heat Q' which must be imparted to the motor to
produce the work L, then

AL ^ Q' = u, and Q'/Q = (2^^ - T) -i- (uT),

It follows that the expenditure of heat Q' necessary for the production
of the quantity of cold Q in a compression-machine will be_the smaller,
the smaller the difference of temperature T^ — T.

Metering the Ammonia. — For a complete test of an ammonia
refrigerating-machine it is advisable to measure the quantity of ammonia
circulated, as was done in the test of the 75-ton machine described by
Prof. Denton. (Trans. A. S. M. E., xii, 326.)

ACTUAL PERFORMANCES OF ICE-MAKING 3IACHINES.
The table given on page 1360 is abridged from Denton, Jacobus, and

Riesenberger's translation of Ledoux on Ice-making Macliines. The
following shows the class and size of the machines tested, referred to by
letters in the table, with the names of the authorities:

Class of Machines. Authority.

Dimensions of Com-
pression-cylinder in

inches.

Bore. 1 Stroke.

A. Ammonia cold-compression
B. Pictet fluid dry-compression

Schroter.

1 Renwick &
1 Jacobus.
Denton.

9.9
n.3
28.0

lO.O

12.0

16.5
24.4
23.8

D. Closed cycle air 18.0

E. Ammonia dry-compression..

.

30.0
F. Ammonia absorption

In class A, a German double-acting machine with compression cylinder
9.9 in. bore, 16 in. stroke, tested by Prof. Schroter, the ice-melting capac-
ity ranges from 46.29 to 16.14 lbs. of ice per pound of coal, according as
the suction pressure varies from about 45 to 8 lbs. above the atmosphere,
this pressure being the condition which mainly controls the economy of
compression machines. These results are equivalent to realizing from
72% to 57% of theoretically perfect performances. The higher per cents
appear to occur with the higher suction-pressures, indicating a greater
loss from cylinder-heating (a phenomenon the reverse of cylinder conden-
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sation in steam-engines), as the range of the temperature of the gas in
the compression-cylinder is greater.

In E, an American single-acting compression-machine, two compression
cylinders each 12X 30 m., operating on the "dry system," tested by
Prof. Denton, the percentage of theoretical effect reahzed ' ranges from
69.5% to 62.6%. The friction losses are higher for the American machine.
The latter's higher efficiency may be attributed, therefore, to more perfect
displacement.
The largest ' 'ice-melting capacity" in theAmerican machineis 24. 16 lbs.

Actual rerformance of Ice-making Machin es.

is.

III

Temperature corresponding

to

Pressure,

in

degrees

Fahr. m
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37 44.9 17.9 14.4 26T2 40.63 30.8 19.1 54.8

2 131 42 70 14 28 23 45.1 18.0 16.7 19.5 30.01 33.5 20.2 53.4
« 3 128 30 69 1 14 9 45.1 16.8 16.0 13.3 22.03 37.1 25.2 50.3
« 4 126 22 68 -12 30 - 5 44.8 15.5 19.5 9.0 16.14 42.9 29.1 44.7
•» 5 200 42 95 14 28 23 45.0 24.1 1.0.5 16.5 19.07 36.0 28.5 77.0
« 6 136 60 72 30 44 37 45.2 17.9 10.7 29.8 46.29 28.5 19.9 56.8
««

7 131 45 71 18 28 23 45.1 18.0 12.1 21.6 33.23 31.3 21.9 56.4

8 126 24 68 - 9 - 6 44.7 15.6 18.0 9.9 17.55 41.1 28.3 46.1
« 9 117 41 64 13 28 23 45.0 16.4 13.5 20.0 33.77 33.1 22.9 50.6
««

10 130 60 70 31 43 37 31.7 12.0 14.8 19.5 45.01 35.2 23.8 52.0

B 11 57 21 77 28 43 37 57.0 21.5 22.9 25.6 33.07 39.9 22.2 24.1

12 56 15 76 14 28 23 56.8 20.6 22.9 17.9 24.11 41.3 24.0 23.1
«»

13 55 10 75 - 2 14 9 57.1 18.5 24.0 11.6 17.47 42.2 25.2 20.4
«'

14 60 7 81 -16 - 6 57.6 15.7 25.7 5.7 10.14 54.5 38.5 16.8
•«

15 91 15 104 14 28 23 59.3 27.2 16.9 15.7 16.05 36.2 23.1 31.5
««

16 61 22 81 31 44 37 57.3 21.6 14.0 28.1 36.19 33.4 22.5 26.8
4«

]7 59 16 80 16 28 23 57.5 20.5 12.8 19.3 26.24 34.6 25.0 25.6
•«

18 59 7 79 -16 - 6 57.8 15.9 21.1 6.8 11.93 47.5 33.4 18.0
«•

19 54 22 75 31 43 37 35.3 12.4 22.3 17.0 38.04 39.5 22.6 22.6

20 . 89 16 103 16 28 23 42.9 19.9 14.7 11.9 16.68 37.7 27.0 32.7
««

21 62 6 82 -17 - 5 34.8 9.9 24.3 3.5 9.86 54.2 39.5 17.7

c 22 59 15 65* -53* 63.2 83.2 21.9 10.3 3.42 71.7 56.9 26.6

D 23 175 54 81* -40-^ 93.4 38.1 32.1 4.9 3.0 80.0 63.0 89.2

E 24 166 43 84 15
37' "28 58.1 85.0 22.7 73.9 24.16 32.8 11.7 65.9

25 167 23 85 -n 6 2 57.7 72.6 18.6 37.9 14.52 37.4 22,7 57.6

26 162 28 83 - 3 14 2 57.9 73.6 19.3 46.5 17.55 34.9 18.6 59.9
«« 27 176 42 88 14 36 28 58.9 88.6 19.7 74.4 23.31 30.5 13.5 70.5

F 28 152 40 79 13 21 16 42.2 20.1 47.8

* Temperature of air at entrance and exit of expansion-cylinder.

f On a basis of 3 lbs. of coal per hour per H.P. of steam-cylinder of
compression-machine and an evaporation of 11.1 lbs. of water per pound
of combustible from and at 212° F. in the absorption-machine.

t Per cent of theoretical with no friction.

§ Loss due to heating during aspiration of gas in the compression-
cylinder and to radiation and superheating at brine-tank.

II Actual, including resistance due to inlet and exit valves.
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This corresponds to the highest suction-pressures used in American
practice for such relrigeration as is required in beer-storage cellars using
the direct-expansion system. The conditions most nearly corresponding
to American brewery practice in the German tests are those in line 5,

which give an "ice-melting capacity" of 19.07 lbs.

For the manufacture of artificial ice, the conditions of practice are those
of lines 3 and 4, and hnes 25 and 26. In the former the condensing pres-
sure used requires more expense for coohng water than is common in
American practice. The ice-melting capacity is therefore greater in the
German machine, being 22.03 and 16.14 lbs. against 17.55 and 14.52 for

the American apparatus.
Class B. Sulphur Dioxide or Pictet Machines. — No records are

available for determination of the "ice-melting capacity" of machines
using piire sulphur dioxide. In the "Pictet fluid," a mixture of about 97%
of sulphur dioxide and 3% of carbonic acid, the presence of the carbonic
acid affords a temperature about 14 Fahr. degrees lower than is obtained
with pure sulphur dioxide at atmospheric pressure. The latent heat of
this mixture has never been determined, but is assumed to be equal to
that of pure sulphur dioxide.
For brewery refrigerating conditions, line 17, we have 26.24 lbs. "ice-

melting capacity," and for ice-making conditions, line 13, the "ice-
melting capacity" is 17.47 lbs. These figures are practically as econom-
ical as those for ammonia, the per cent of theoretical effect realized
ranging from 65.4 to 57.8. At extremely low temperatures, — 15°
Fahr., lines 14 and 18, the per cent realized is as low as 42.5.
Performance of a 75-ton Ammonia Compression-machine. (J. E.

Denton, Trans. A. S. M. E., xii, 326.)—The machine had two single-
acting compression cylinders 12 X 30 in., and one Corliss steam-
cylinder, double-acting, 18 X 36 in. It was rated by the manufac-
turers as a 50-ton machine, but it showed 75 tons of ice-refrigerating
effect per 24 hours during the test.
The most probable figures of performance in eight trials are as follows:

Ammonia Brine S hcS 'S'SJI Hi ISi h
• Pressures, Tempera- H.S^ J^'^'S 1-^2 ^

"^ lbs. above tures,

Water-cons

tion,

gals

Water

per

per

ton

o

pacity.

<ro
H

Atmosphere, Degrees F.

Capacity

Refriger

Effect

p

hours. Efficiencj-

Ice

per

Coal

at

Coal

pe

per

H.P

Ratio

of

Weights

monia

lated.

•3

o

4
Con- Suc-

densing tion.
Inlet. Outlet.

1 151 28 36.76 28.86 70.5 22.60 0.80 1.0 1 (1'

8 161 27.5 36 36 28.45 70.1 22.27 1.09 1.0 1 C

7 147 13.0 14.29 2.29 42.0 16.27 0.83 1.70 1,60

4 152 8,2 6,27 2.03 36.43 14.10 1.1 1.93 1 9?.

6 105 7.6 6.40 -2.22 37.20 17.00 2.00 1.91 1.88

2 135 15.7 4.62 3.22 27.2 13.20 1.25 2.59 2.57

The principal results in foiu- tests are given in the table on page
1363. The fuel economy imder different conditions of operation is

shown in the following table:

1

Pounds of Ice-melting Effect with B.T.U.perlb.ofSteam
6 Engines— with Engines—

P4
Non-con-
densing.

Non-com- Compound w

P
pound Con-
densing.

Con-
densing.

8.a 1
S 2

li ^ . aB r6 . aB .o . Ab '4

6 ^ ^6 ^5 ^d ^m ^6 ^i ^ 6 66
150 28 ?A 2.90 30 3 61 37.5 4 51 393 513 640

150 7 14 1 69 17,5 2 11 21,5 2,58 240 300 366

105 28 34 -> 4.16 43 5.18 54 6.50 591 725 923

105 7 22 2.65 27.5 3.31 34.5 4.16 376 470 591
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The non-condensing engine is assumed to require 25 lbs. of steam
per I.H.P. per hoiir, the non-compound condensing 20 lbs., and the
compound condensing 16 lbs., and the boiler eflBciency is assumed at
8.3 lbs. of water per lb. coal imder working conditions. The following
conclusions were derived from the investigation:

1. The capacity of the machine is proportional, almost entirely, to the
weight of ammonia circulated. This weight depends on the suction-
pressure and the displacement of the compressor-pumps. The practical
suction-pressures range from 7 lbs. above the atmosphere, with which A
temperature of 0° F. can be produced, to 28 lbs. above the atmosphere,
with which the temperatures of refrigeration are confined to about 28° F.
At the lower pressure only about one-half as much weight of ammonia
can be circulated as at the upper pressure, the proportion being about in
accordance with the ratios of the absolute pressures, 22 and 42 lbs.
respectively. For each cubic foot of piston-displacement per minute a
capacity of about one-sixth of a ton of refrigerating effect per 24 hours
can be produced at the lower pressure, and of about one-third of a ton at
the upper pressure. No other elements practically affect the capacity
of a machine, provided the cooling-surface in the brine-tank or other space
to be cooled is equal to about 36 sq. ft. per ton of capacity at 28 lbs. back
gressure. For example, a difference of 100% in the rate of circulation of
rine, while producing a proportional difference in the range of tempera-

ture of the latter, made no practical difference in capacity.
The brine-tank was 10 1/2 X 13 X 10 2/3 ft., and contamed 8000 lineal

feet of 1-in. pipe as cooling-surface. The condensing-tank was 12 XIO
X 10 ft., and contained 5000 lineal feet of 1-in. pipe as cooling-surface.

2. The economy in coal-consumption depends mainly upon both the
suction-pressures and condensing-pressures. Maximum economy with a
given type of engine, where water must be bought at average city prices,

is obtained at 28 lbs. suction-pressure and about 150 lbs. condensing-
pressure. Under these conditions, for a non-condensing steam-engine
consuming coal at the rate of 3 lbs. per hour per I.H.P. of steam-cylinders,
24 lbs. of ice-refrigerating effect are obtained per lb. of coal consumed.
For the same condensing-pressure, and with 7 lbs. suction-pressure, which
affords temperatures of 0° F., the possible economy falls to about 14 lbs. of
refrigerating effect per lb. of coal consumed. The condensing-pressure is

determined by the amount of condensing-water supplied to liquefy the
ammonia in the condenser. If the latter is about 1 gallon per minute
per ton of refrigerating effect per 24 hours, a condensing-pressure of
150 lbs. results, if the initial temperature of the water is about 56° F.
Twenty-five per cent less water causes the condensing-pressure to in-
crease to 190 lbs. The work of compression is thereby increased about
20%, and the resulting "economy'^ is reduced to about 18 lbs. of "ice
effect " per lb. of coal at 28 lbs. suction-pressure and 11.5 at 7 lbs. If, on
the other hand, the supply of water is made 3 gallons per minute, the
condensing-pressure may be confined to about 105 lbs. The work of
compression is thereby reduced about 25%, and a proportional increase
of economy results. Minor alterations of economy depend on the initial
temperature of the condensing-water and variations of latent heat, but
these are. confined witliin about 5% of the gross result, the main element
of control being the work of compression, as affected by the back pressure
and condensing-pressure, or both. If the steam-engine supplying the
motive power may use a condenser to secure a vacuum, an increase of
economy of 25% is available over the above figures, making the lbs. of
"ice effect" per lb. of coal for 150 lbs. condensing-pressure and 28 lbs.
suction-pressure 30.0, and for 7 lbs, suction-pressure, 17.5. It is, however,
impracticable to use a condenser in cities where water is bought. The
latter must be practically free of cost to be available for this purpose.
In this case it may be assumed that water will also be available for con-
densing the ammonia to obtain as low a condensing-pressure as about
100 lbs., and the economy of the refrigerating-machine becomes, for
28 lbs. back pressure, 43.0 lbs. of " ice-effect " per lb. of coal, or for 7 lbs.

back pressure 27.5 lbs. of ice effect per lb. of coal. If a compound con-
densing-engine can be used with a steam-consumption per hour per
horse-power of 16 lbs. of water, the economy of the refrigerating-machine
may be 25% higher than the figures last named, making for 28 lbs. back
gressure a refrigerating-effect of 54.0 lbs. per lb. of coal, and for 7 lbs.

ack pressure a refrigerating effect of 34.0 lbs. per lb. of coal*
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Periormance of a 75-ton Refrigerating-machine. (Denton.)

"O OT T3 ^'^ 'x: n-^ ^
o5

S-Q s £ s S 2 « C.Q

^00

OS 0) =5 3j 0)^ 03=5

rj cS 3

M^^
&^S u £2

03 o3 3o s O -cs ^ ^ OS
fill .§ c g ^

is^ 1 §•§

"

i§-§s 18^|wm |Wpq^ Iwpqah ^wm

Av. high ammonia press, above atmos 151 lbs. 152 lbs. 147 lbs. 161 lbs.
Av. back ammonia press, above atmos 28 " 8.2 " 13 " 27.5

"

Av. temperature brine inlet 36.76° 6.27° 14.29°
Av. temperature brine outlet 28.86° 2 03° 2.29° '28

'.45°

7.91°

2374
54.00°

Av. range of temperature 7.9° 4 24° 12 00°

Lbs. of brine circulated per minute 2281 2173
56.65°

943
Av. temp, condensing-water at inlet 44.65° 46.9°
Av. temp, condensing-water at outlet 83.66° 85.4° 85.46° 82.86''

Av. range of temperature 39.01° 28.75° 38.56° 28.80°
Lbs. water circulated p. min. thro' cond'ser 442 315 257 601.5
Lbs. water per min. through jackets 25 44 40 14
Range of temperature in jackets 24 0° 16.2° 16 4° 29.1°

28.32Lbs. ammonia circulated per min *28.17 14!68 16167
Probable temperature of liquid ammonia,
entrance to brine-tank *71.3°

+ 14°
*68°
-8°

*63.7°
-5°

76 7"

!'emp. of amm. corresp. to av. back press. 14°

Av. temperature of gas leaving brine-tanks 34.2° 14.7° 3.0° 29.2°
Temperature of gas entering compressor *39° 25° 10.13° 34°

Av. temperature of gas leaving compressor
Av. temp, of gas entering condenser
Temperature due to condensing pressure. .

.

213° 263° 239° 221°
200° 218» 209° 168°

84.5° 84.0° 82.5° 88.0°
Heat given ammonia:

By brine, B.T.U. per minute 14776 7186 8824 14647
By compressor, B.T.U. per minute 2786 2320 2518 3020
By atmosphere, B.T.U. per minute 140 147 167 141

Total heat rec. by amm., B.T.U. per min.... 17702 9653 11409 17708
Heat taken from ammonia:

By condenser, B.T.U. per min 17242 9056 9910 17359
By jackets, B.T.U. per min 603

182

18032

712
338

10106

656
250

10816

406
By atmosphere, B.T.U. per min 252

Total heat rej. by amm., B.T.U. per min.. .

.

18017
Dif . of heat rec'd and rej., B.T.U. per min..

.

330 453 407 309

% work of compression removed by jackets 22% 31% 26% 13%
Av. revolutions per min 58.09

32.5
57.7
27.17

57.88
27.83

58 89

Mean eff. press, steam-cyl., lbs. per sq. in..

.

32.97
Mean eflF. press, amm.-cyl., lbs. per sq. in. .

.

65.9 53.3 59.86 70.54
Av. H.P. steam-cylinder 85.0

65.7
23.0

71.7
54.7
24.0

73.6
59.37
20.0

88.63
Av. H.P. ammonia-cylinder 71.20
Friction in per cent of steam H.P 19.67
Total cooling water, gallons per min. per
ton per 24 hours 0.75

74.8
1.185

36.43
0.797
44 64

0.990
Tons ice-melting capacity per 24 hours 74.56
Lbs. ice-refrigerating efif. per lb. coal at 3

lbs. per H.P. per hour 24.1 14.1 17.27 23.37
Cost coal per ton of ice-refrigerating effect
at $4 per ton $0,166 $0,283 $0,231 $0,170

Cost water per ton of ice-refrigerating effect
atSI per 1000 cu.ft $0,128

$0,294
$0,200
$0,483

$0,136
$0,467

$0,169
Total cost of 1 ton of Ice-refrigerating eff..

.

$C.339

Figures marked thus (*) are obtained by calculation; all other figures
totuaed from esperimental data; temperatures in Fabrenheit are degrees
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Ammonia Com^pression-machine.
Actual Results Obtained at the Munich Tests.

(Prof. Linde, Trans. A. S. M. E., xiv, 1419.)

No. of Test 1 2 3 4 5

Temp, of refrig- ) Inlet, deg. F ...

.

erated brine ) Outlet, deg. F...

43.194 28.344 13.952 -0.279 28.251

37.054 22.885 8.771 -5.879 23.072
0.861

1,039.38

0.851
908.84

0.843
633.89

0.837
414.98

0.851

Brine circ. per hour, cu. ft 800.93

Cold produced, B.T.U. per hour. .

.

342,909 263,950 172,776 121,474 220,284

Cooling water per hour, cu. ft 338.76 260.83 187.506 139.99 97.76
I.H.P. in steam-engine cylinder. .

.

Cold pro- Per I.H.P. in comp.-cyl
15.80 16.47 15.28 14.24 21.61

24,813 18,471 12,770 10,140 11,151

ducedper Per I.H.P. in steam-cyl 21,703 16,026 11,307 8,530 10,194

512.12h.,B.T.U. ) Per lb. of steam 1,100.8 785.6 564.9 435.82

A test of a 35-ton absorption-machine in New Haven, Conn., by Prof.
Denton (Trans. A. S. M. E., x, 792), gave an ice-melting effect of 20.1
lbs. per lb. of coal on a basis of boiler economy equivalent to 3 lbs. of
steam per I.H.P. in a good non-condensing steam-engine. The ammonia
was worked between 138 and 23 lbs. pressure above the atmosphere.
Performance of a Single-acting Ammonia Compressor. — Tests

were made at the works of the Eastman Kodak Co., Rochester, N.Y., of
a machine fitted with two York Mfg. Co.'s single-acting compressors,
15 in. diam., 22 in. stroke, to determine the horse-power per ton of
refrigeration. Following are the principal average results (Bulletin
of York Mfg. Co.):

Date of Test, 1908 Mar. 6 Mar. 7 Mar. 8 Mar. 9 ^g^^* ^^f'
Mar.
14.

Temp, dischg. gas, av. . .

,

Temp, suction gas, av. ,

,

Temp, suction at cooler.
Temp, liquid at exp. valve
Temp, brine, inlet

Temp, brine, outlet
Revs, per min
Lbs. liquid NH3 per min
Sue. press, at mach. lb. ,

Condenser pressure
Indicated H.P
Tons Refrig. Capy, 24 hrs.
I.H.P. per ton capacity .

.

216.2
15.2
9.33

74.85
22.89
13.58
45.1
20.76
20.11

183.96
69.35
49.08
1.418

242.9
18.2
13.20

82.88
28.41
16.06

67.8

18.13
186.8
105.11

66.65
1.439

255.5
17.9
9.13
76.98
23.43
12.87
44.8
20.40
20.38
183.81

68.61
49.31
1.375

Full details of these tests were reported to the Am. Socy. of Refrig,
Engrs. and published in Ice and Refrigeration, 1908.

Performance of Absorption Machines. — From an elaborate review
by Mr. Voorhees of the action of an absorption machine under certain
stated conditions, showing the quantity of ammonia circulated per hour
per ton of refrigeration, its temperature, etc., at the several stages of
the operation, and its course through the several parts of the apparatus,
the following condensed statement is obtained:

Generator. — 30.9 lbs. dry steam, 38 lbs. gauge pressure condensed,
evaporates 32.2% strong liquor to 22.3% weak liquor.

Exchanger. — 3.01 lbs. weak liquor at 264° cools to 111°.
Absorber. — Adds 0.43 lbs. vapor from the brine cooler, making 3.44

lbs. strong liquor at 111° to go to th^ pnmo. , ,,

Exchanger. — 3.44 lbs. heated to 224°, some of it is now gas, and the
rest liquor of a little less than 32% NH3.

Analyzer. — (A series of shelves in a tank above the generator) delivers
strong liquor to the generator, while the vapor, 91% NH3, 0.4982 lb., goes
to the rectifier.

Rectifier. — Cools the gas to 110° separating water vapor as 0.0682 lb,

drip liquor which returns through a trap to the generator.
Condenser. — 0.43 lb. NH3 gas at 110° cooled and condensed to liquid

at 90° by 2 gals, of water per min. heated from 73° to 86°.



PERFOEMANCES OF ICE-MAKING MACHINES. 1365

Expansion Valve and Cooler. — Reduces liquid to 0° and boils it at 0",

cooling 3 gals, of brine per min. from 12° to 3°. Gas passes to absorber
and the cycle is repeated.

Of the 2 gals, per min. of cooling water flowing from the condenser,
0.2 gal. goes to the rectifier, where it is heated to 142°, and 1.8 gal. through
the absorber, where it Ls heated to 110°.

Heat Balance. — Absorbed in the generator 496; in the brine cooler,
200, Total 696 B.T.U. Rejected; condenser, 220; absorber, 383; rectifier,

93; Total 696 B.T.U.
The following table shows the strength of the liquors and the quantity

of steam required per hour per ton of refrigeration under the conditions
stated:

Condenser Pressures.

140 1 170 1 200

Suction Pressures.

15 30 15 30 15 30

SI per cent
Wl per cent
SG, pounds
SL, pounds

24
13.13
30.1
1.7

35
25.75
27.9
1.6

42
33.70
22.9
1.4

22
10.85
41.3
2.1

32
22.3
30.9
1.9

38
29.15
26.2
1.8

18

6.28
48.7
2.4

28
17.7
34.1
2.3

36
26.9
27.9
2.2

SI, strong liquor; Wl, weak liquor; SG, lbs. of steam per hour per ton
of refrigeration for the generator, SL, do. for the liquor pump. Pressures
are in lbs. per sq. in., gauge.
The following table gives the steam consumption in lbs. per hour per

ton of refrigeration, for engine-driven compressors and for absorption •

machines with liquor pump not exhausting into the generator at the suc-
tion and condenser pressures (gauge) given: SC, simple non-condensing
engine, CC, compound condensing engine, A, absorption machine.

Condenser Pressures.

140
1 "0 1

200

Suction Pressures.

15 30 15 30 15 30

SC 78.3
42.0
31.8

44.5
23.8
29.5

31.1
16.6
24.3

90.5
48.4
43.4

52.5
28.0
32.8

37.2
19.0
28.0

104.0
55.6
51.1

61.4
32.7
36.4

44.5
CC 23.9
A 30.1

The economy of the absorption machine is much better for all condi-
tions than that of a simple non-condensing engine-driven compressor.
At suction gauge pressures above 8 to 10 lbs. the economy of the com-
poimd condensing engine-driven compressor exceeds that of the absorp-
tion machine, the absorption machine giving the superior economy at
suction pressures below 8 to 10 lbs.

Means for Applying the Cold. (M. C. Bannister, Liverpool Eng'ff
Soc'y, 1890.) — The most useful means for applying the cold to various
uses is a saturated solution of brine or chloride of magnesium, which
remains liquid at 5° Fahr. The brine is iirst cooled by being circulated

in contact with the refrigerator-tubes, and then distributed through
coils of pipes, arranged either in the substances requiring a reduction of

temperature, or in the cold stores or rooms prepared for them; the air

coming in contact with the cold tubes is immediately chilled, and the
moisture in the air deposited on the pipes. It then falls, making room
for warmer air, and so circulates until tne whole room is at the tempera-
ture of the brine in the pipes.

The Direct Expansion Method consists in conveying the compressed
cooled ammonia (or other retrigerating agent) directly to the room to be
cooled, and then expanding it through an expansion cock into pipes in the
room. Advantages of this system are its simplicity and its rapidity of;
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action in cooling a room; disadvantages are the danger of leakage of the
gas and the fact that the machine cannot be stopped without a rapid rise
in the temperature of the room. With the brine system, with a large
amount of cold brine in the tank, the machine may be stopped for a con-
siderable time without serious heating of the room.

Air has also been used as the circulating medium. The ammonia-pipes
refrigerate the air in a cooling-chamber, and large conduits are used to
convey it to and return it from the rooms to be cooled. An advantage of
this system is that by it a room may be refrigerated more quickly than by
brine-coils. The returning air deposits its moisture on the ammonia-
pipes, in the form of snow, which is removed by mechanical brushes.

ARTIFICIAL-ICE MANUFACTURE,
Under summer conditions, with condensing water at 70°, artiflcial-ice

machines use ammonia at a condenser pressure, about 190 lbs. above the
atmosphere and 15 lbs. suction-pressure.

In a compression type of machine the useful circulation of ammonia,
allowing for the effect of cylinder-heating, is about 13 lbs. per hour per
indicated horse-power of the steam-cylinder. This weight of ammonia
produces about 32 lbs. of ice at 15° from water at 70°. If the ice is_made
from distilled water, as in the "can system," the amount of the latter

supplied by the boilers is about 33% greater than the weight of ice
obtained. This excess represents steam escaping to the atmosphere
from the re-boiler and steam-condenser, to purify the distilled water, or
free it from air; also, the loss through leaks and drips, and loss by melting
of the ice in extracting it from the cans. The total steam consumed per
horse-power is, therefore, about 32 x 1.33 = 43.0 lbs. About 7.0 lbs.

of this covers the steam-consumption of the steam-engines driving the
brine circulating-pumps, the several cold-water pumps, and leakage,
drips, etc. Consequently, the main steam-engine must consume 36 lbs. of
steam per hour per I.H.P., or else live steam must be condensed to supply
the required amount of distilled water. There is, therefore, nothing to be
gained by using steam at high rates of expansion in the steam-engines, in
making artificial ice from distilled water. If the cooling water for the
ammonia-coils and steam-condenser is not too hard for use in the boilers,

it may enter the latter at about 175° F., by restricting the quantity to
11/2 gallons per minute per ton of ice. With good coal 8V2 lbs. of feed-
water may then be evaporated, on the average, per lb. of coal.
The ice made per pound of coal will then be 32 ~ (43.0 — 8.5) = 6.0

lbs. This corresponds with the results of average practice.
If ice is manufactured by the "plate system," no distilled water is

used for freezing. Hence the water evaporated by the boiler may be
reduced to the amount which will drive the steam-motors, and the latter
may use steam expansively to any extent consistent with the powei
required to compress the ammonia, operate the feed and filter pumps,
and the hoisting machinery. The latter may require about 15% of the
power needed for compressing the ammonia.

If a compound condensing steam-engine is used f&r driving the com-
pressors, the steam per indicated steam horse-power, or per 32 lbs. of

net ice, may be 14 lbs. per hour. The other motors at 50 lbs. of steam
per horse-power will use 7.5 lbs. per hour, ma_king the total consumption
per steam horse-power of the compressor 21.5 lbs. Taking the evapora-
tion at 8 lbs., the feed-water temperature being limited to about 110°, the
coal per horse-power is 2.7 lbs. per hour. The net ice per lb. of coal is

then about 32 -J- 2,7 = 11.8 lbs. The best results with "plate-system"
f)lants, using a compound steam-engine, have thus far afforded about IOV2
bs. of ice per lb. of coal.

In the "plate system" the ice gradually forms, in from 8 to 10 days, to
a thickness of about 14 inches, on the hollow plates, 10 x 14 feet in area, in
which the cooling fluid circulates.

In the "can system" the water is frozen in blocks weighing about
300 lbs. each, and the freezing is completed in from 40 to 48 hours. The
freezing-tank area occupied by the "plate system" is, therefore, about
twelve times, and the cubic contents about four times, as much as required
in the "can system,"
The investment for the "plate" is about one-third greater than for the

^•can" system. In the latter system ice is being drawn throughout the
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24 hours, and the hoisting is done by hand tackle. Some "can" plants
are equipped with pneumatic hoists and on large iioists electric cranes are
used to advantage. In the "plate system" the entire daily product is
drawn, cut, and stored in a few hours, the hoisting being performed
by power. The distribution of cost is as foUows for the two systems, tak-
ing the cost for the "can" or distilled-water system as 100, which repre-
sents an actual cost of about $1.25 per net ton:

_ . ,
Can System. Plate System.

Hoisting and storing ice 14.2 2.8
Engineers, firemen, and coal-passer 15.0 13.9
Coal at $3.50 per gross ton 42 .2 20 .0
Water pumped directly from a natural source

at 5 cts. per 1000 cubic feet 1 .3 2.6
Interest and depreciation at 10% 24 .6 32 .7
Repairs 2.7 3.4

100.00 75.4
A compound condensing engine is assumed to be used by the " plate

system."
Test of the New York Hygeia Ice-making Plant. — (By Messrs.

Hupfel, Griswold, and Mackenzie; Stevens Indicator, Jan., 1894.)
The final results of the tests were as follows:

Net ice made per pound of coal, in pounds 7.12
Pounds of net ice per hour per horse-power 37 .8
Net ice manufactured per day (12 hours) in tons 97
Av. pressure of ammonia-gas at condenser, lbs. per sq. in, above
atmos 135 .2

Average back pressure of amm.-gas, lbs. per sq. in, above atmos. 15 .8
Average temperature of brine in freezing-tanks, degrees F 19 .7
Total number of cans filled per week 4389
Ratio oi cooling-surface of coils in brine-tank to can-surface . 7 to 10

An Absorption Evaporator Ice-making System, built by the Carbon-
dale Machine Co. is in operation at the ice plant of the Richmond Ice Co..
Clifton, Staten Island, N. Y., which produces the extra distihed water bj
an evaporator at practically no fuel cost, and thus about 10 tons of dis-
tilled water ice per ton of coal is obtained. Steam from the boiler at
100 lbs. pressure enters an evaporator, distillmg off steam at 70 ibs.,

which operates the pumps and auxiliary machinery. These exhaust
into the ice machine generator under 10 lbs. pressure, v/here the exhaust
is condensed. In a 100-ton plant the evaporator will condense 43 tons
of live steam, distilling off 40 tons of steam to operate the auxiliaries,
which exhaust into the generator: 20 tons of live steam has to be added
to this exhaust, making 60 tons in all, which is the amount required to
operate the generator. The 60 tons of condensation from the generator
and 43 tons from the evaporator go to the re-boiler, making 103 tons of
distilled water to be frozen into ice. The total steam consumption is the
60 tons condensed in the generator plus 3 tons for radiation, or 63 tons
in all. Hence if the boiler evaporates 6.6 lbs, water per pound of coal
the economy of the plant will be 10 1/2 lbs. ice per pound of coal, a result
which cannot be obtained even with compound condensing engines and
compression machines.

Heat-excnangmg coils, on the order of a closed feed-water heater, are
used to heat the feed-water going to the boiler. The condensation leav-
ing the generator and evaporator at a high temperature is utilized for
this purpose; by this means securing a feed-water temperature con-
siderably in excess of 212°.
Ice-Making with Exhaust Steam.— The exhaust steam from electric

light plants is being utilized to manufacture ice on the absorption system.
A 10-ton plant at the Holdredge Lighting Co., Holdredge, Neb., built by
the Carbondaie Machine Co., is described in Elec. World, April 7, 1910.
Here 11 tons of ice were made per day with exhaust steam from the
electric engines at 21/2 lbs. pressure, using 6V3 K.W., or 8V2 H.P,, for
driving the circulating pumps.
Tons of Ice per Ton of CoaL— From a long table by Mr. Voorhees,

showing the net tons of plate ice that may be made in v/ell-designed
plants under a variety of conditions as to type of engine, the following
figures are taken:
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Compression, Simple Corliss engine, non-condensing 6.1 tons
Absorption liquor pump and auxiliaries not exhausting into

generator, simple, non-condensing engine 10.0
Compression, compound condensing engine 11.2
Compression triple-expansion condensing engine 12.8
Absorption, pump and auxiliaries exhausting into generator,

Corliss non-conden«ing engine 13.3
Compression and absorption, compound engine, nou-condensing 16.0
Compression, triple-expansion condensingengine, multiple effect 16.5
Compression and absorption, triple-expansion non-condensing

engine, multiple effect 19.5

Standard Ice Cans or Moulds.
(Buffalo Refrigerating Machine Co.)

Weight of
Block.

Size of Can.
Time of
Freezing.

Weight of
Block. Size of Can.

Time of
Freezing.

pounds

50
100
150

150

200

4x10x24
6x12x26
8x15x32
8x15x44
10x15x36
10x20x36

hours
12

20
36
36
48
48

pounds
100

200
300
400
200

11x11x32
11x22x32
11x22x44
11x22x56
14X14X40

hours
48
54
54
54
66

The above given time of freezing is with a brine temperature of 15° F.

Cubic Feet of Well-insulated Space per Ton of Refrigeration.

(F. W. Niebling Co., Cincinnati, O.)

Room Temperature. 0°F. 5°
1

10° 20° 32° 36°

Sire of Room. Cubic Feet per Ton

Up to 1.000 cu. ft

1.000 to 10,000 cu. ft

Over 10.000 cu. ft

200
600
1000

400
1200
2000

800
2500

' 4000

1400
4500
6000

2000
6000
8000

2300
8000

10.000

MARINE ENGINEERING.
Rules for Pleasuring Dimensions and Obtaining Tonnage of

'Vessels. (Record of American and Foreign Shipping. American Bureau
of Shipping, N. Y., 1890.) — The dimensions to be measured as follows;

I. Length, L. — From the fore-side of stem to the after-side of stern-
post measured at middle line on the upper deck of all vessels, except
those having a continuous hurricane-deck extending right fore and aft,

in which the length is to be measured on the range of deck immediately
below the hurricane-deck.

Vessels having clipper heads, raking forward, or receding stems, or
raking stern-posts, the length to be the distance of the fore-side of stem
from aft-side of stern-post at the deep-load water-line measured at middle
line. (The inner or propeller-post to be taken as stern-post in screw-
steamers.)

II. Breadth, B. — To be measured over the widest frame at its widest
part; in other words, the molded breadth.

III. Depth, D. — To be measured at the dead-flat frame and at middle
line of vessel. It shall be the distance from the top of floor-plate to the
upper side of upper deck-beam in all vessels except those having a con-
tinuous hurricane-deck, extending right fore and aft, and not intended
for the American coastinsr trade, in which the depth is to be the distance
from top of floor-plate to midway between top of hurricane deck-beam
and the top of deck-beam of the deck immediately below hurricane-deck.

In vessels fitted with a continuous hurricane-deck, extending right
fore and aft, and intended for the American coasting trade, the depth is
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to be the distance from top of floor-plate to top of deck-beam of deck
immediately below hurricane-deck.
Rule for Obtaining Tonnage.— Multiply together the length, breadth,

and depth, and their product by 0.75; aivide the last product by 100;
the quotient will be the tonnage. LX BX DX 0.75 -^- 100 = tonnage.
The U. S. Custom-house Tonnage Law, May 6, 1S64, provides that

"the register tonnage of a vessel shall be her entire internal cubic capacity
in tons of 100 cubic feet each. " This measurement includes all the space
between upper decks, however many there may be. Explicit directions
for making the measurements are given in the law.
The Displacement of a- Vessel (measured in tons of 2240 lbs.) is

the weight of the volume of water wliich it displaces. For sea-water it is

equal to the volume of the vessel beneath the water-Hne, in cubic feet,

divided by 35, wliich figure is the number of cubic feet of sea-water at
60° F. in a ton of 2240 lbs. For fresh water the divisor is 35.93. The
U. S. register tonnage will equal the displacement when the entire internal
cubic capacity bears to the displacement the ratio of 100 to 35.
The displacement or gross tonnage is sometimes approximately esti-

mated as follows: Let L denote the length in feet of the boat, B its extreme
breadth in feet, and D the mean draught in feet; the product of these
three dimensions will give the volume of a parallclopipedon in cubic feet.

Putting V for tliis volume, we have V ^ LX BX D.
The volume of displacement may then be expressed as a percentage

of the volume V, known as the " block coefficient. " This percentage varies
for different classes of ships. In racing yachts with very deep keels it

varies from 22 to 33: in modern merchantmen from 55 to 90; for ordinary
small boats probably 50 will give a fair estimate. The volume of dis-

placement in cubic feet divided by 35 gives the displaceAent in tons.
Coefflcient of Fineness.—A term used to express the relation between

the displacement of a ship and the volume of a rectangular prism or box
whose lineal dimensions are the length, breadth, and draught.

Coefficient of fineness = D X 35-^ (L X 5 X T7); D being the displace-
ment in tons of 35 cubic feet of sea-water to the ton, L the length between
perpendiculars, B the extreme breadth and W the mean draught, all in feet.

Coefflcient of IVater-lines.—An expression of the relation of the dis-
placement to the volume of the prism whose section equals the midship
section of the ship, and length equal to the length of the ship.

Coefficient of water-lines =D X 35 -i- (area of immersed water sectionXl').
Seaton gives the following values:

Coefficient Coefficient of
of Fineness. Water-Unes

Finely-shaped ships . . . . : .55 .63
Fairly-shaped ships .61 .67
Ordinary merchant steamers 10 to 11 knots. . . .65 0.72
Cargo steamers, 9 to 10 knots . .70 .76
Modern cargo steamers of large size .78 .83

Kesistance of Ships. — The resistance of a ship passing through watei
mav vary from a number of causes, as speed, form of body, displacement,
midship dimensions, character of wetted surface, fineness of Unes, etc.

The resistance of the water is twofold; 1st. That due to the displacement
of the water at the bow and its replacement at the stern, with the con-
sequent formation of waves. 2d. The friction between the wetted sur-
face of the ship and the water, known as skin resistance. A common
approximate formula for resistance of vessels is

Resistance = speed2 X \/ displacements x a constant, or 7? = S^D^^^ X C
If Di = displacement in pounds, Si = speed in feet per minute, B re-

sistance in pounds, R = cSiWi^l^. The work done in overcoming the re-

sistance through a distance equal to 5i is i2 X Si = cSy^Di^l^; and if E is

the efficiency of the propeller and machinery combined, the indicated

horse-power I.H.P. = cSi^Di^/s ^ (E X 33,000).
If S = speed in knots, D = displacement in tons, and C a constant

which includes all the constants for form of vessel, efficiency of mechan-
• ism, etc., I.H.P. = Sm^lo ^ C.

The wetted surface varies as the cube root of the square of the displace-
ment: thus, let L be the length of edge of a cube just immersed, whoso
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displacement is D and wetted surface W. Then D = L^ or L =^^0,
and Tf = 5XL2 = 5X (-^-0)1 That is, W varies as D^'^-

Another approximate formula is

I.H.P. = area of immersed midship section X S^ -ir K.
The usefulness of these two formulae depends upon the accuracy of the

so-called "constants" C and K, which vary with the size and form of the
ship, and probably also with the speed. Seaton gives the following,
which may be taken roughly as the values of C and K under the condi-
tions expressed:

General Description of Ship.
Speed, Value Value
knots. ofC. of K.

15 to 17 240 620
15 •• 17 190 500
13 •• 15 240 650
n •• 13 260 700
11 " 13 240 650
9 " 11 260 700
13 " 15 200 580
11 " 13 240 660
9 " 11 260 700

11 •• 13 220 620
9 " 11 250 680

11 •• 12 220 600
9 " 11 240 640
9 " 11 220 620
11 " 12 200 550
10 " 11 210 580
9 •• 10 230 620
9 •• 10 200 600

Ships over 400 feet long, finely shaped

.

300

Ships over 300 feet long, fairly shaped .

.

Ships over 250 feet long, finely shaped..

Ships over 250 feet long, fairly shaped .

.

Ships over 200 feet long, finely shaped .

.

Ships over 200 feet long, fairly shaped .

.

Ships under 200 feet long, finely shaped.

,

Ships under 200 feet long, fairly shaped .

Coeflacient of Performance of Vessels. — The quotient

^(displacement)2 x (speed in knots)3-~ tons of coal in 24 hours

gives a coefficient of performance which represents the comparative cost
of propulsion in coal expended. Sixteen vessels with three-stage expan-
sion-engines in 1890 gave an average coefficient of 14,810, the range being
from 12,150 to 16,700.

In 1881 seventeen vessels with two-stage expansion-engines gave an
average coefficient of 11,710. In 1881 the length of the vessels tested
ranged from 260 to 320, and in 1890 from 295 to 400. The speed in knots
divided by the square root of the length in feet in 1881 averaged 0.539;
and in 1890, 0.579; ranging from 0.520 to 0.641. {Proc. Inst. M. E.,
July, 1891, p. 329.)

Defects of the Common Formula for Resistance. — Modern
experiments throw doubt upon the truth of the statement that the resist-
ance varies as the square of the speed. (See Robt. Hansel's letters in
Engineering, 1891; also his paper on The Mechanical Theory of Steam-
ship Propulsion, read before Section G of the Engineering Congress,
Chicago, 1893.)

Seaton says: In small steamers the chief resistance is the skin resistance.
In very fine steamers at high speeds the amount of power required seems
excessive when compared with that of ordinary steamers at ordinary
speeds.

In torpedo-launches at certain high speeds the resistance increases at a
lower rate than the square of the speed.

In ordinary sea-going and river steamers the reverse seems to be the
case.

Kankine's Formula for total resistance of vessels of the "wave-line"
tvpe is:

B = ALBV^ (1 + 4 sin2 e + sin4 6),

in which equation Q is the mean angle of greatest obliquity of the stream- .

lines, A is a constant multiplier, B the mean wetted girth of the surface
exposed to friction, L the length in feet, and V the speed in knots. The
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power demanded to impel a sliip is thus the product of a constant to be
determined by experiment, the area of the wetted surface, the cube of
the speed, and the quantity in the parenthesis, wliich is known as the
** coetticient of augmentation. " In calculating the resistance of ships the
last term of the coefficient may be neglected as too small to be practically
Important. In applying the formula, the mean of the squares of the
sines of the angles of maximum obUquity of the water-lines is to be taken
for sin2 s, and the rule will then read thus:
To obtain the re-sistance of a ship of good form, in pounds, multiply the

length in feet by the mean immersed girth and by the coefficient of aug-
mentation, and then take the product of this "augmented surface," as
Rankine termed it, by the square of the speed in knots, and by the proper
constant coefficient selected from the foUowing:

For clean painted vessels, iron hulls A = 0.01
For clean coppered vessels A = 0.009 to 0.008
For moderately rough iron vessels A = 0.011 +

The net, or effective, horse-power demanded will be quite closely
obtained by multiplying the resistance calculated, as above, by the speeo
in knots and dividing by 326. The gross, or indicated, power is obtained
by multiplying the last quantity by the reciprocal of the efficiency of the
machinery and propeller, wliich usually should be about 0.6. Rankine
uses as a divisor in this case 200 to 260.
The form of the vessel, even when designed by skillful and experienced

na.val architects, will often vary to such an extent as to cause the above
constant coefficients to vary somewhat: and the range of variation with
good forms is found to be from 0.8 to 1.5 the figures given.

For well-shaped iron vessels, an approximate formula for the horse-
power required is H.P. = *SF3-^ 20,000, in wliich S is the " augmented
surface." The expression SV^ -^ H.P. has been called by Rankine the
coefficient of propulsion. In the Hudson River steamer "Mary Powell,"
according to Thurston, this coefficient was as high as 23,500.

The expression D^V^ -^ H.P. has been called the locomotive performance.
(See Rankine's Treatise on Shipbuilding, 1864; Thurston's Manual of the
Steam-engine, part ii, p. 16; also paper by F. T. Bowles, U. S. N., Proc.
U. S. Naval Institute, 1883.)

Rankine's metnod for calculating the resistance is said by Seaton to
give more accurate and reliable results than those obtained by the older
rules, but it is criticised as being difficult and inconvenient of appUcation,

Empirica! Equations for Wetted Surface. (Peabody, Naval Archi-
tecture, page 411).—L = length, feet; B = beam; H = mean draught;
D = displacement in tons ; K = block coefficient.

Taylor Surface = C\/DL. Values of C for different ratios B -~ H are:

B -i- H = 2 2.2 2.4 2.6 2.8 3.0 3.2 3.4
C = 15.63 15.54 15.50 15.51 15.55 15.62 15. 7X 15.83

Normand Surface = 1.52 LH + (3.74+ 0.85 K'^) LB.
Mumford Surface = L (1.74 + KB).
Errors of these approximate equations as applied to several types of

vessels are shoAvn by Professors Durand and McDermott ('Trans.
Soc. Nav. Archts. & Mar. Engrs., Vol. 2), as follows: Taylor - 2.69 to
+ 2.52%; Normand. - 1.55 to + 2.57%; Mumford, to - 0.95%,
except one lake freighu vessel, L = 299, B = 40.9, D = 15.9, K = 0.825,
on which Mumford's formula was — 12.55% in error.

E. R. Mumford's Method of Calculating Wetted Surfaces is given
in a paper by Archibald Denny, Eng'g, Sept. 21, 1894. The following

is his formula, which gives closely accurate results for medium draughts,
beams, and finenesses;

S =={LXDX 1.7) +(LXBXC),
in which 8 = wetted surface in square feet; L = length between perpen-
diculars in feet; D = middle draught in feet; B = beam in feet; C =
block coefficient.

Ihe formula may also be expressed in the form S = L(1.7 D + BC).
In the case of twin-screw ships having projecting shaft-casings, or in
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the case of a ship having a deep keel or bilge keels, an addition rhlist bd
made for such projections. The formula gives results which are In
general much more accurate than those obtained by Kirk's method. It

underestimates the surface when the beam, draught, or block coeflBcienta
are excessive; but the error is small except in the case of abnormal forms,
such as stern-wheel steamers having very excessive beams (nearly one-
fourth the length), and also very full block coefficients. The formula
gives a surface about 6% too small for such forms.

The wetted surface of the block is nearly equal to that of the ship of
the same length, beam and draught; usually 2% to 5% greater, la
exceedingly hne hollow-line ships it may be 8% greater.

Area of bottom of block = iF+ M)X B;
Area of sides = 2 M X H.

Area of sides of ends = 4X ^F^ + (~j\h;

Tangent of half angle of entrance = ^hB/F = 5/(2 F).

From this, by a table of natural tangents, the angle of entrance may be
obtained:

Angle of Entrance Fore-b'>dy in
of the Block Model, parts of length.

Ocean-going steamers, 14 knots and upw'd 18° to 15° 0.3 to .36
12 to 14 knots 21° to 18° 0.26 to 0.3

cargo steamers, 10 to 12 knots.. 30° to 22° .22 to .26

Dr. Kirk's Method. — This method is generally used on the Clyde.
The general idea proposed by Dr. Kirk is to reduce all ships to so

definite and simple a form that they may be easily compared; and the
magnitude of certain features of this form shall determine the suitabiUty
of the sliip for speed, etc.

The form consists of a middle body, which is a rectangular parallelo-
giped, and fore-body and after-body, prisms having isosceles triangles for
',ses, as shown in Fig, 225.

Fig. 225.

This is called a block model, and is such that its length is equal to that
of the ship, the depth is equal to the mean draught, the capacity equal
to the displacement volume, and its area of section equal to the area of
immersed midship section. The dimensions of the block model may be
obtained as follows: Let AG = HB = length of fore- or after-body = F;
GH = length of middle body = M; KL = mean draught = H; EK =
area of immersed midship section -?- ifL =5. Volume of block =(F+ilf) X
BX H- midship section = BX H; displacement in tons = volume in
cubic It. *• 35.

AH = AG+GH = F+ M = displacement X 35 -&• (5 X H).

To find the Indicated Horse-power from the Wetted Surface.
(Seaton.) — In ordinary cases the horse-power per 100 feet of wetted
surface may be found by assuming that the rate for a speed of 10 knots
is 5, and that the quantity varies as the cube of the speed. For example:
To find the number of I.H.P. necessary to drive a ship at a speed of 15
knots, having a wetted skin of block model of 16,200 square feet:

The rate per 100 feet =

Then I.H.P. reauired
"When the ship is exeptionally well-proportioned, the bottom quite

= (15/10)3X5 = 16.875.
= 16.875 X 162 = 2734.
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clean, and the etticiency of the "machinery high, as low a rate as 4 T.H.P.
per 100 feet of wetted skin of block model may be allowed.
The ^ToBs indicated horse-power inchides the power necessary to over-

come the friction and other resistance of the en^ne itself and the shafting,
and also the power lost in the propeller. In other Words, I.H.P. is no
measure of the resistance of the ship, and can only be relied on as a means
of deciding the size of engines for speed, so long as the efficiency of the
enaine and propeller is known definitely, or so long as similar engines and
propellers are employed in ships to be compared. The former is difficuii

to obtain, and it is nearly impossible in practice to know how much of
the power shown in the cylinders is employed usefully in overcoming the
resistance of the ship. The following example is given to show the vari-
ation in the eflaciency of propellers:

Knots. I.H.P.
H.M.S. "Amazon," with a 4-bladed screv% gave 12.064 with 1940
H.M.S. "Amazon," with a 2-bladed screw, increased

pitch, and fewer revolutions per minute 12.396 " 1663
H.M.S. " Iris, " with a 4-bladed screw 16.577 " 7503
H.M.S. "Iris." with 2-bladed screw, increased pitch,

fewer revolutions per knot 18.587 " 7556
Relative Morse-power Required for Different Speeds of Vessels.

(Horse-power for 10 knots = 1.) — The horse-power is taken usually to
vary as the cube of the speed, but in different vessels and at different
speeds it may vary from the 2.8 power to the 3.5 power, depending upon
the lines of the vessel and upon the efficiency of the engines, the pro-
peller, etc. (Ihe power may vary at a much higher rate than the 3.5
power of the speed when the speed is much less than normal, and the
machinery is therefore working at less than its normal efficiency )

4 6 8 10 12 14 16 18 20 22 24 26 28 30

HPoc
S2-8 .0769 .239 .535 1.666 2.565 3 729 5,185 6,964 9,095 11.60 14.52 17,87 7.1 67
S2.9 .070! .227 .524 1.697 2,653 3 908 5,499 7,464 9.841 12.67 15.97 19 80 24.19
S3 0640 .216 .512 1.728 2,744 4 096 5,832 8 10.65 13.82 17.58 21.95 ?7,

S3-1 ,0584 .205 .501 1.760 2,838 4 293 6,185 8 574 11.52 15.09 19.34 24,33 30.14
S3-2 0533 .195 490 1.792 2,935 4 500 6 559 9 189 12,47 16,47 21.28 26 97 33 65
S3-3 0486 .185 479 1.825 3 0.6 4 716 6 957 9 849 13 49 17,98 23.41 29 90 37.54
S3-4 0444 176 468 1,859 3 139 4,943 7 378 10 56 14 60 19 62 25,76 33 14 41 90
S3-5 .0405 .167 .458 1.893 3.247 5.181 7.824 11.31 15.79 21.42 28.34 36.73 46.77

Example in Use of the Table.—A certain vessel makes 14 knots
speed with 587 I.H.P. and 16 knots with 900 I.H.P. What I.H.P. will

be required at 18 knots, the rate of increase of horse-power with increase
of speed remaining constant? The first step is to find the rate of
increase, thus: 14^ : 16^ :: 587 : 900.

X log 16 - :c log 14 = log 900 - log 587;
X (0.204120 - 0.146128) = 2.954243 - 2.768638,

whence x (the exponent of »S in formula H.P.ocS^) = 3.2.

From the table, for S^-^ and 16 knots, the I.H.P. is 4.5 times the
I.H.P. at 10 knots; .-. H.P. at 10 knots = 900 -^ 4.5 = 200.
From the table for S^-^ and 18 knots, the I.H.P. is 6.559 times the

I.H.P. at 10 knots; .-. H.P. at 18 knots = 200 X 6.559 = 1312 H.P.
Resistance per Horse-power for Different Speeds. (One horse-

power = 33.000 lbs. resistance overcome through 1 ft. in 1 min.)—The
resistances per horse-power for various speeds are as follows: For a
speed of 1 knot, or 6080 feet per hour = lOH/s ft. per min., 33,000 ^
1011/3 = 325.658 lbs. per horse-power; and for any other speed 325.658
lbs. divided by the speed in knots; or for

15 knots 21.71 lbs.1 knot 325.66 lbs. 8 km>ts 40.71
2 knots 162.83 " 9 ' 36.18
3 " 108.55 •• 10 • 32.57
4 " 81.41 " 11 ' 29.61
6 " 65.13 " 12 •• 27.14
6 •• 54.28 " 13 ' 25.05
7 " 46.52 " 14 • 23.26

16
17
18
19
20

20.35
19.16
18.09
17.14
16.28
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More accurate methods than those above given for estimating the horse-
power required for any proposed snip are: 1. Estimations calculated
from the results of trials of "similar" vessels driven at "corresponding"
speeds; "similar"- vessels being those that have the same ratio ot length
to breadth and to draught, and the same coeflacient of fineness, and
"corresponding" speeds those wliich are proportional to the square roots,
of the lengths of the respective vessels. Froude found that the resistances
of such vessels varied almost exactly as wetted surface X (speed)^

2. The method employed by the British Admiralty and by some Clyde
shipbuilders, viz., ascertaining the resistance of a model of the vessel,'.

12 to 20 ft. long, in a tank, and calculating the power from the results
obtained.
Estimated Displacement, Horse-power, etc. — The table on the

next page, calculated by the author, wiU be found convenient for making
;

approximate estimates.

The figures in 7th column are calculated by the formula H.P. =SW^-^ c
in which c = 200 for vessels under 200 ft. long when C = 0.65, and 210
when C = 0.55; c = 200 for vessels 200 to 400 ft, long when C =0.75;
220 when C = 0.65, 240 when C = 0.55; c = 230 for vessels over 400 ft.

long when C = 0.75, 250 when C = 0.65, 260 when C = 0.55.
The figures in the 8th column are based on 5 H.P. per 100 sq. ft. of

wetted surface.
The diameters of screw in the 9th column are from formula D = 3.31

-yi.H.P., and in the 10th column from formula D = 2.71 ^I.H.P.
To find the diameter of screw for any other speed than 10 knots, revolu-

tions being 100 per minute, multiply the diameter given in the table by
the 5th root of the cube of the given speed -^ 10. For any other revolu-
tions per minute than 100, divide by the revolutions and multiply by 100.
To find the approximate horse-power for any other speed than 10 knots,

multiply the horse-power given in the table by the cube of the ratio of the
given speed to 10, or by the relative figure from table on p. 1373.

F, E. Cardullo, Mach'y, April, 1907, gives the following formula as
closely approximating the speed of modern types of hulls: S = 6.35
3 /j jj p
V/ 2/

'

' » i^ which S = speed in knots, D = displacement in tons. If

we take S = 10 knots, then I.H.P. -r- D^/s = 3.906. Let D = 10,000, and
S = 10, then H.P. = 1813. The table on page 1375 gives for a displace-
ment of 10,400 tons and a coefficient of fineness 0.65, 1966 and 1760 H.P.

,

averaging 1863 H.P.
Internal Combustion Marine Engines.— Linton Hope (Eng'g,

April 8, 1910), in a paper on the application of internal combustion engines
to fishing boats and fine-lined commercial vessels, gives a table showing
the brake H.P. required to propel such vessels at various speeds. The
following table is an abridgment. L=load water line; Z)= displacement

.

in tons.

Block Coefficient. Speed in Knots

0.25 0.3 0.35 0.4 4 5 1 6 7 1 8 9 1 10

L
1
D L

1
D L

1
D L

1
D Brake Horse-power.

78
71

65
59

54
5n

105

81

62
47
36
28
22
17

13

9
6 1/2
41/2
31/4

75
69
63
57
52
48
44
40
37
34
31

29
27

100

77
60
45
35
27
21

i^

81/2
6

4V.

72
66
60
54
50
46

42
38
35
32
30
28
26

95

73

58
44
34
26
20
15

51/2
33/4
23/4

69
63
57
52
48
44
40
37
34
31

29
27
25

90
70
55

42
32
25
19

14

11

71/2

31/2
21/2

20
17

15

13

11

9
8
7

6
5

4
3

21/2

30
25

22
19

16

13

12

11

9
7

41/2

43
37
32

20
17

15

13

11

9
7

61/2

60
51

44
39
34
29
25
22
19

16

14

12

11

81

69
60
53

48
44
40
37
34

110

93
82
76
71

150

46
41

^R
^5
3?

3fl

78
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Estimated Displacement, Horse-power, etc.. of Steam-vessels oJ
Various Sizes.

S .to Displacement.

L££> X C
Estimated Horse- Diam. of Screw for 10

5- 5> l*^ IS Wetted Surface 10 knots. knots speed and 100
'

P- li 11 m 85 sq. tt.
Calc.

from Di3-
Calc. from
Wetted

revs, pe

U' Pitch= It Pitch =
tons. placem't. Surface. Diam. 1.4 Diam.

12 T3 0.55 0.85 48 4.3 2.4 4.4 3.6

16
1.5 .55 1.13 64 5.2 3.2 4.6 3.8
2 .65 2.38 96 8.9 4.8 5.1 4.2

20

1

1.5 .55 1.41 80 6.0 4.0 4.7 3.9
2 .65 2.97 120 10.3 6.0 5.3 4.3

24
{

3.5 1.5 .55 1.98 1Q4 7.5 5.2 5 4.1
4.3 2 .65 4.01 152 12.6 7.6 5.5 4.5

30
{

2 .55 3.77 168 11.5 8.4 5.4 4.4
2.5 .65 6.96 224 18.2 11.2 5.9 4.8

40{
4.5 2 .55 5.66 235 15.1 11.8 5.7 4.7
6 2.5 .65 11.

1

326 24.9 16.3 6.3 5.2

50
{

6 3 .55 14.1 420 27.8 2i.0 6.4 5.4
8 3.5 .65 26 558 43.9 27.9 7.1 5.8

eo| 8 3.5 .55 26.4 621 42.2 31.1 7.0 5.7
10 4 .65 44.6 798 62.9 39.9 7.6 6.2

70 10 4 .55 44 861 59.4 43.1 7.5 6.1

12 4.5 .65 70.2 1082 85.1 54.1 8.1 6.6

80 12 4.5 .55 67.9 1140 79.2 57.0 7.9 6.5
14 5 .65 104.0 1408 111 70.4 8.5 7.0

90 13 5 .55 91.9 1408 97 70.4 8.3 6.8
16 6 .65 160 1854 147 92.7 9 7.3
13 5 .55 102 1565 104 78.3 8.4 6.9

100
;

15 5.5 .65 153 1910 143 95.5 8.9 7.3
17 6 .75 219 2295 202 115 9.6 7.8
14 5.5 .55 145 2046 131 102 8.8 7.2

120 •: 16 6 .65 214 2472 179 124 9.4 7.6
18 6.5 .75 30! 2946 250 147 10 8.2
16 6 .55 211 2660 169 133 9.2 7.4

140 18 6.5 .65 306 3185 227 159 9.8 8.0
20 7 .75 420 3766 312 188 10.5 8.5
17 6.5 .55 278 3264 203 163 9.6 7.8

160 19 7 .65 395 3880 269 194 10.1 8.3
21 7.5 .75 540 4560 368 228 10.8 8.8
20 7 .55 396 41^2 257 . 206 10.1 8.2

180 22 7.5 .65 552 4859 337 243 10.6 8.7
24 8 .75 741 5688 455 284 11.3 9.2
22 7 .55 484 4800 257 240 10.

1

8.2
200 25 8 .65 743 5970 373 299 10.8 8.8

28 9 .75 1080 7260 526 363 11.6 9.5

28 8 .55 880 7250 383 363 10.9 8.9
250 32 10 .65 1486 9450 592 473 11.9 9.7

36 12 .75 2314 11850 875 593 12.8 10.5

32 10 .55 1509 10380 548 519 11.7 9.6
300 36 12 .65 2407 13140 806 657 12.6 10.4

40 14 .75 3600 17140 1175 857 13.6 11.1

38 12 .55 2508 14455 769 723 12.5 10.2
350 ; 42 14 .65 3822 17885 nil 894 13.5 11.0

46 16 .75 5520 21595 1562 1080 14.4 11.8

44 14 .55 3872 19200 1028 960 13.3 10.8
400

j
48 16 .65 5705 23360 1451 1168 14.2 11.6

52 18 .75 8023 27840 2006 1392 15.2 12.4

, { 50 16 .55 5657 24515 1221 1226 13.7 11.2
450 54 18 .65 8123 29565 1616 1478 14.5 11.9

( 58 20 .75 11157 34875 2171 1744 15.4 12.6

500
j

52 18 .55 7354 29600 1454 1480 14.2 11.6

56 20 .65 10400 35200 1966 1760 15.1 12.4

60 22 .75 I4I43 41200 2543 2060 15.9 13.0

(
56 20 .55 9680 36245 1747 1812 14.7 12.0

550 60 22 .65 13483
,

42735 2266 2137 15.5 12.7

( 64 24 .75 18103 49665 2998 2483 16.4 13.4

(
60 22 .55 12446 42900 2065 2145 15.2 12.5

600] 64 24 .65 17115 50220 2656 2511 15.4 13.1

( 68 26 .75 22731 58020 3489 2901 16.9 13.8
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THE SCREW-PROPELLER. ' 1377

THE SCREW-PROPEIXER.

The "pitch" of a propeller is the distance which any point in a blade
describing a helix will travel in the direction of the axis during one revolu-
tion, the point being assumed to move around the axis. The pitch of a
propeller with a uniform pitch is equal to the distance a propeller will

advance during one revolution, provided there is no sUp. In a case of

this kind, the term "pitch" is analogous to the term "pitch of the thread"
of an ordinary single-threaded screw.

Let P = pitch of screw in feet, R = number of revolutions per second,
;/ = velocity of stream from the propeller = P X R, v = velocity of the
ship in feet oer second, V — v = shp, A = area in square feet of section

of stream from the screw, approximately the area of a circle of the same
diameter, A X F = volume of water projected astern from the ship in

cubic feet per second. Taking the weight of a cubic foot of sea-water

at 64 lbs., and the force of gravity at 32, we have from the common for-
Vi TV Vi W

mula for force of acceleration, viz.i F='M'r = — j,otF=—vx, when

t =1 second.

Thrust of screw in pounds = —^^ (JV — v) = 2 AV iV — v),

Rankine (Rules, Tables, and Data, p. 275) gives the following: To
calculate the thrust of a propeUing instrument (jet, paddle, or screw) in
pounds, multiply together the transverse sectional area, in square feet,

of the stream driven astern by the propeUer; the speed of the stream
relatively to the ship in knots: the real slip, or part of that speed which is

impressed on the stream by the propeller, also in knots; and the constant
5.66 for sea-water, or 5.5 for fresh water. It S = speed of the screw in
knots, s = speed of sliip in knots, A = area of the stream in square feet

(of sea-water),

Thrust in pounds = AXS (S - s) X 5.66.

The real slip is the velocity (relative to wafer at rest) of the water pro-
jected sternward; the apparent slip is the difference between the speed of
the sliip and the speed of the screw; i.e., the product of the pitch of the
screw by the number of revolutions.

This apparent slip is sometimes negative, due to the working of the
screw in disturbed w^ater which has a forward velocity, following the ship.
Negative apparent slip is an indication that the propeller is not suited
to the ship. The apparefit slip should generally be about 8% to 10% at
full speed in well-formed vessels with moderately fine lines; in bluff cargo
boats it rarely exceeds 5%.
The effective area of a screw is the sectional area of the stream of w^ater

laid hold of by the propeller, and is generally, if not always, greater than
the actual area, in a ratio which in good ordinary examples is 1.2 or there-
abouts, and is sometimes as high as 1.4: a fact probably due to the stiffness

of the water, which communicates motion laterally amongst its particles.

(Rankine's Shipbuilding, p. 89.)
Prof. D. S. Jacobus, Trans. A. S. M. E., xi, 1028, found the ratio of the

effective to the actual disk area of the screws of different vessels to be as
follows:
Tug-boat, with ordinary true-pitch screw 1 .42
Tug-boat, with screw having blades projecting backward .57
Ferryboat "Bergen," with or- fat speed of 12.09 stat. miles per hr.. 1 .53

dinary true-pitch screw ( at speed of 13.4 stat. miles per hr. . 1 .48
Steamer "Homer Ramsdell," with ordinary true-pitch screw 1 .20

Size of Screw. — Beaton says: The size of a screw depends on soi

many things that it is very difficult to lay down any rule for guidance,
and much must always be left to the experience of the designer, to allow
for all the circumstances of each particular case. The follov\ing rules are
given for ordinary cases (Seaton and Rounthwaite's Pocket-book):

10133SP = pitch of propeller in feet = „ rino——T ' ^^^ which S = speed in

knots, R = revolutions per minute, and x = percentage of apparent
slip. For a slip of 10%, pitch = 112.6 S -^ B.
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D =diameter of propeller = K ^•^•^-
^, K being a coefficient given'

in the table below. If K = 20, D = 20,000 Vi.h.P.-^CPx i?)^.

.
Total developed area of blades = C Vi.h.P. --ii, in which C is a coeffi-cient to be taken from the table.

'-"cm
;

Another formula for pitch, given in Seaton's Marine Engineering is'

,
in which C= 737 for ordinary vessels, and 660 for slow-

speed cargo vessels with full lines.

=V^
Thickness of blade at root = 4/^ X fc, in which d = diameter of tail]

shaft in inches, n = number of blades, b = breadth of blade in incheswhere It joins the boss, measured parallel to the shaft axis; A; = 4 for cast
"SS;,- r ^^^ ^^^^ ^^^^^' 2 ^^^ gun-metal, 1.5 for high-class bronze '

ihickness of blade at tip: Cast iron 0.04 D -h 0.4 in. ; cast steel 03 D -t-
^•^^^•'^^"'^-™'®t^l 0.03 Z) + 0.2 in.; high-class bronze 0.02 Z> +03 in !

where D = diameter of propeller in feet.
"

Propeller Coefficients.

Description of Vessel.

1°
l^^l

Bluff cargo boats
Cargo, moderate lines . .

.

Pass, and mail, fine lines,

" " " very fine.

Naval vessels, " "

Torpedo-boats,

8-10
10-13

13-17
13-17
17-22
17-22
16-22
16-22
20-26

Twin
One
Twin

One

17 -17.5
18 -19
19.5-20.5
20.5-21.5
21 -22
22 -23
21 -22.5

22 -23.5

25

19 -17.

5

17 -15.5
15 -13
14.5-12.5
12.5-11

10.5- 9
11.5-10.5
8.5-7
7-6

Cast iron

C.I. or S,

G.M.orB

B.orF.S.

C. I., cast iron; G. M., gun-metal; B., bronze; S., steel; F.S., forged steel.

From the formulae D = 20,000 i/ p^'^' and P = V ^^^'^f' v if

P = D and R = 100, we obtain D = -^400 X LlTp". = 3.31 -y^I.H.F.

If P = 1.4 D and R = 100, then D = ^145.8 X I.H.P. = 2.71 ^v^I.H.F.

From these two formulae the figures for diameter of screw in the table
on page 1375 have been calculated. They may be used as rough approx-
imations to the correct diameter of screw for any given horse-power, for
a speed of 10 knots and 100 revolutions per minute.

For any other number of revolutions per minute multiply the figures
in the table by 100 and divide by the given number of revolutions. For
any other speed than 10 knots, since the I.H.P. varies approximately as
the cube of the speed, and the diameter of the screw as the 5th root of the
I.H.P., multiply the diameter given for 10 knots by the 5th root of the
cube of one-tenth of the given speed. Or, multiply by the following
factors:

For speed of knots:
_4 5_ 6 7 8 9 11 12 13 14 15 16

^(5 - 10)3

= 0.577 0.660 0.736 0.807 0.875 0.939 1.059 1.116 1.170 1.224 1.275 1.327
Speed

:

17 18 19 20 21 22 23 24 25 26 27 28

^ (S - 10)3
= 1.375 1.423 1.470 1.515 1.561 1.605 1.648 1.691 1.738 1.774 1.815 1.855
For more accurate determinations of diameter and pitch of screw, the

formulae and coefficients given by Seaton, quoted above, should be used.j
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Efficiency of the Propeller. — According to Rankine, if the slip of
the water be s, its weight W, the resistance R, and the speed of the ship v,

K = Ws -^ g; Rv = Wsv -H g.
This impelling action must, to secure maximum efficiency of propeller,

be effected by an instrument wliich takes hold of the fluid without shock
or disturbance of the surrounding mass, and, by a steady acceleration,
gives it the required final velocity of discharge. The velocity of the
propeller overcoming the resistance R would then be

[v-h (v+ s)] s- 2 = v+e/2;
and the work performed would be

R (v+ 5/2) = Wvs -^ g+ Ws^ -*• 2 g,
the first of the last two terms being useful, the second the minimum lost
work; the latter being the wasted energy of the water thrown backward.
The efficiency is E = v -i- (v + s/2); and this is the Umit attainable with
a perfect propelling instrument, which Umit is approached the more nearly
as the conditions above prescribed are the more nearly fulfilled. The
efficiency of the propeUing instrument is probably rarely much above
0.60, and never above 0.80.

In designing the screw-propeller, as was shown by Dr. Froude, the
best angle for the surface is that of 45° with the plane of the disk; but as
all parts of the blade cannot be given the same angle, it should, where
practicable, be so proportioned that the "pitch-angle at the center of
effort" should be made 45°. The maximum, possible efficiency is then,
according to Froude, 77%. In order that the water should be taken on
without shock and discharged with maximum backward velocity, the
screw must have an axially increasing pitch.
The true screw is the usual form of propeller in all steamers, both mer-

chant andnaval. (Thurston, Manual of the Steam-engine, part ii, p. 176.)
The combined efficiency of screw, shaft, engine, etc., is generally taken

at 50%. In some cases it may reach 60% or 65%. Rankine takes the
effective H.P. to equal the I.H.P. -^ 1.63.

Results of Researches on the efficiency of screw-propellers are sum->

marized by S. W. Barnaby, in a paper read before section G of the Engi-
neering Congress, Cliicago, 1893. He states that the following general
principles have been established:

(a) There is a definite amount of real slip at which, and at which only,
maximum efficiency can be obtained with a screw of any given type,
and this amount varies with the pitch-ratio. The slip-ratio proper to a
given ratio of pitch to diameter has been discovered and tabulated for a
screw of a standard type, as below

:

Pitch-ratio and Slip for Screws of Standard Form.

Pitch-ratio.
Real Slip of

Screw.
Pitch-ratio.

^^|;.,^J4p

°^
Pitch-ratio.

Real Slip of
Screw.

0.8
0.9
1.0
I.I

!;f

15.55
16.22
16.88
17.55
18.2
18.8

1.4 19.5

1.5 20.1

1.6 20.7
1.7 21.3
1.8 21.8
1.9 22.4

2.0
2.1

2.2
2.3
2.4
2.5

22.9
23.5
24.0
24.5
25.0
25.4

(&) Screws of large pitch-ratio, besides being less efficient in them-
selves, add to the resistance of the hull by an amount bearing some pro-
portion to their distance from it, and to the amount of rotation left in
the race.

(c) The best pitch-ratio lies probably between 1.1 and 1.5.

Id) The fuller the lines of the vessel, the less the pitch-ratio should be,
(e) Coarse-pitched screws should be placed further from the stern

than fine-pitched ones.

(/) Apparent negative slip is a natural result of abnormal proportions
of propellers.

. (g) Three blades are to be preferred for high-speed vessels, but when
the diameter is unduly restricted, four or even more may be advantageously
employed.

(h) An efficient form of blade is an ellipse having a minor axis equal
to four-tenths the major axis.

(i) The pitch of wide-bladed screws should increase from forward to
aft, but a uniform pitch gives satisfactory results when the blades are
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jiarrQw, and jbhe amount of the pitch variation should foie^a function of tHe^

width x)f the blade.
, , .,

•

(/) A considerable incUnation of screw-shaft produces vibration, and
with right-handed twin-screws turning outwards, if the ihafts are inclinea

at all, it should be upwards and outwards from the propellers.

For results of experiments with screw-propellers, see F. C. Marshall,
Proc. Inst. M. E., 1881; R. E. Froude, Trans. Inst. Nav. Archs., 1886;
G A Calvert, Trans. Inst. Nav. Archs., 1887; S. W. Barnaby, Proc. Inst.

C. E. 1890, vol. cii, and D: W. Taylor's " Resistance of Ships and Screw
Propulsion." Also Mr. Taylor's paper in Proc. Soc. Nav. Arch. & Marine
Engrs., 1904. Mr. Taylor found the highest efficiencies, exceeding 70%,
in propellers with pitch ratios from 1.0 to 1.5 ratio of width of blade to
diameter of i/s to i/5. and ratio of developed area of blade to disk area of
0.201 to 0.322.
One of the most important results deduced from experiments on model

screws is that they appear to have practically equal efficiencies through-
out a wide range both in pitch-ratio and in surface-ratio; so that great
latitude is left to the designer in regard to the form of the propeller.

Although these experiments are not a direct guide to the selection of the
most efficient propeller for a particular ship, they supply the means of
analyzing the performances of screws fitted to vessels, and of thus in-

directly determining what are likely to be the best dimensions of screw
for a vessel of a class whose results are known. {Proc.Jjist. M. E., July,
1891.)

Mr. Barnaby in Proc. Inst. C. E., 1890, gives a table to be used in cal-
culations for determining the best dimensions of screws for any given
speed and H.P. from which the following table is abridged. It is deduced
from Froude's experiments at Torquay. (Trans. Inst. Nav. Archs., 1886.)

Ca = disk area in sq. ft. X FVH.P. Cr = revs, per min. X D/V.
V = speed in knots, D — diam. of screw in ft. H.P. = effective H.P.
on the screw shaft. Disk area == 0.7854 i)2= Cj X I.H.P./73. Uqys.
per min. = CrX V/D. The constants Ca and Cji assume a standard
value of the speed of the wake, equal to 10% of the speed of the ship.
In a very full ship it may amount to 30%, therefore V should be reduced
when using the constants by amounts varying from 20% to as the
form varies from "very full" to "fairly fine."

Effy. of
Screw, %. 63 67 68 69 68 66 63

Pitch ratio. Ca Cr Ca Cr Ca Cr Ca Cr Ca Cr Ca Cr Ca Cr
0.80
1.00
1.20
1.40
1.60
1.80

468
546
625
704
780

122

99
83

72
63

304
355
405
456
507
558
609
660
710

128

104

87
76
67
60
55

50
47

215
251

288
325
360
396
432
469
505

134
109

92
80
71

64
58
54
50

157

184

210
236
263
290
315
342
369

142
115

97
85
75

68
62
57

53

115

135

154

173

193

212
231

250
270

150

123

104

90
80
73

67
62
57

86
100

115

129

144

159

173

187

202

160

131

111

97
87
78

72
67
62

65
76
87
98
109

120

131

142

153

171

140
119^

104
93
84

2.00 77
2.20 72
2.40 67

Comparison of Marine Engines for the Years 1873, 1881, 1891, 1901.
(Jas. McKechnie, Proc. Inst. M. E. 1901.)

Boilers, Engines and Coal.
Average Results.

1872. 1 1881. 1 1891. | 1901.

Boiler press., lbs. per sq. in 52.4 77.4
30.4
3.917
13.8
59.76
467
1.83

2.0

158.5

31.0
3.275
15.0

63.75
529
1.52

1.75

197
Heating surface, per sq. ft. grate 38 & 43*
Heat'g surf., per I.H.P., sq. ft
Coal, per sq. ft. of grate, lbs. per hr

4.41 3.0
18&28*

55.67
376
2.11

87
Piston speed, ft per min 654
Coal per I.H.P. per hr., lbs
Av. consumption, long voyage

1.48
1.55

1= Natural and forced draft respectively.

Summary of Results. (1891 to 1901).—Steam pressures have been
increased in the merchant marine from 158 lbs. to 197 lbs. per sq. in»
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the maximum attained being 267 lbs. per sq. in., and 300 lbs. in the
naval service. The piston speed of mercantile machinery has gone up
from 529 to 654 ft. per minute, the maximum in merchant practice
being about 900 ft., and in naval practice 960 ft. for large engines, and
1300 ft. in torpedo-boat destroyers. Boilers also yield a greater power
for a given surface, and thus the average power per ton of machinery
has gone up from an average of 6 to about 7 I.H.P., while ten years ago
the highest sustained ocean speed was 20.7 knots, it is now 23.38 knots;
the highest speed for large warships was 22 knots and is now 23 knots
on a trial of double the duration ; the maximum speed attained by any
craft was 25 knots, as compared with 36.581 knots now, while the
number of ships of over 20 knots was 8 in 1891, and is 58 now (1901).

Turbines and Boilers of the '* Lusitania. " (Thomas Bell, Proc.
Inst. Nav. Archts., 1908.)—Some of the principal dimensions of the
turbines and boilers of the "Lusitania" are as follows:

Diameter
of Rotor,

Ins.

Length of Blades, Ins.

Turbines. In First
Expansion.

In Last
Expansion.

H.P 96
140

104

2 3/4

8.1/4

21/4

12 3/8

L,P 22
Astern 8

Total cooling surface, main condensers, 82,800 sq. ft; area of exhaust
inlet, 158 sq. ft; bore of circulating discharge pipes, 32 ins.

Boilers. — Working pressure, 195 lbs. per sq. in.; 23 double-ended
boilers, 17 ft. 6 in. mean diameter by 22 ft. long; 2 single-ended boilers,

17 ft. 6 in. mean diameter by 11 ft. 4 in. long; total number of furnaces,
192; total grate surface, 4048 sq. ft.; total heating surface, 158,352 sq. ft.;

total length of boiler-rooms, 336 ft.; total length of main and auxiliary
engine rooms, 149 ft. 8 in.

The following are the weights of the various revolving parts, and the
size of bearings and the pressure: Weight of one H.P. turbine rotor
complete, 86 tons; one L.P. rotor, 120 tons; one astern rotor, 62 tons.

Main Bearing
Journals.

Pressure
per Sq. In.
of Bearing
Surface.

At. 190 Revs.
Surface Speed
of Journal.Diameter.

Effective
Length.

H.P. rotor 27 J/8 in.

33 1/8 in.

24 1/8 in.

44 3/4 in.

56 1/2 in.

34 3/4 in.

80 lbs.

72 lbs.

83 lbs.

1350 ft. per min.
1650 ft. per min.L.P. rotor

Performance of the ** Lusitania.'
Archts., 1908; Power, May 12, 1908.)-
tained in the offlcial trials:

(Thos. Bell, Proc. Inst. Nav.
-The following records were ob-

Speed in knots 15.77
13,400

21.23
5.3

18
20,500

17.24
3.72

21
33,000

14.91
2.6
17.51
199

23
48,000

13.92
2.01

25 4
Shaft horse-power
Steam cons, per shaft, H.P. hr.

of turbines, lbs
of auxiliaries, lbs

68,850

12.77
1.69

Temp, of fee'cf-water,' ° F. *.*.*.
14 46
165

Coal cons. lbs. per shaft
H.P. hr 2.52 2.01 1.6

Estimated steam and coal consumption under service conditions, at
same speeds:

Steam cons, of auxiliaries,
per shaft H.P. hr., lbs.

.

Steam cons, of total per
shaft H.P. hr., lbs

Coal cons., lbs. per shaft
H.P. hr., lbs

Est. coal cons., on a voyage
of 3100 nautical miles,
gross tons

The following figures are taken from the records of a voyage from

6.97 4.92 3.41 2.65 2.17

28.20 22.16 18.32 16.57 14.94

2.76 2.17 1.8 1.62 1.46

3,270 3,440 3,930 4,700 5.490
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Queenstown to Sandy Hook, 2781 nautical miles, Nov. 3-8, 1908, 4 days,
18 hrs., 40 m. : Averages: Steam pressure at boilers, 168 lbs. ; temperature
hot-well, 74.5°; feed-water, 197°; vacuum, 28.1 in.; speed, 24.25 knots;
speed, best day, 24.8 knots; revolutions, 181.1; slip, 15.9%. Total coal,
4976 tons. Steam consumption: main turbines, 851,500 lbs., = 13.1 lbs.
per shaft H.P. hr. (on a basis of 65,000 shaft H.P.); auxiliary machinery,
114,000 lbs., = 1.75 per H.P. hr.; evaporating plant and heating, 32,500 lbs..
= 0.5 lb. per H.P. hr. Total, 998,000 lbs., = 15.35 lbs. per shaft H.P.
hour. Average coal burned, 43V2 tons per hour. Water evaporated
per lb., coal 10.2 lbs. from feed at 196°, = 10.9 lbs. from and at 212°.
Coal for all purposes per shaft H.P. hour, 1.5 lbs. Coal per sq. ft. of
grate per hovir, 24. 1 lbs. The coal was half Yorkshire, half South Wales.

In September, 1909, the "Lusitania" made the westward passage, 2784
miles from Daunt's E,ock near Queenstown to Ambrose Channel Lightship,
off Sandy Hook, in 4 days 11 h. 42 m., averaging 25.85 knots for the entire
passage. Four successive days runs, from noon to noon, were 650. 652,
651 and 674 miles.
Reciprocating Engines with a Low-Pressure Turbine. — The

"Laurentic," built for the Canadian trade of the White Star Line,
14,000 tons gross register, is a triple-screw steamer, with the two outer
screws driven by four-cylinder triple-expansion engines, and the central
screw by a Parsons turbine. The steam, of 200 lbs. boiler pressure, first

passes to the reciprocating engines, where it expands to from 14 to 17 lbs.
absolute, and then passes to the turbine. For manoeuvering the ship
into and out of port the turbine is not used, and the steam passes directly
from the engines to the condensers. During the trial trip the combined
engine-turbine outfit developed 12,000 H.P., with a speed of 17 1/2 knots,
and showed a coal consumption of 1.1 lbs. and a water consumption of
11 lbs. per indicated horse-power hour, (Power, May 18, 1909.)
The " Kronprinzessin Cecilie" of the North German Lloyd Co,, is

probably the last high-speed transatlantic steamer of very great power
that will be built with reciprocating engines. Its dimensions are: length,
706 ft.; beam, 72 ft.; depth, 44 ft. 2 in.; displacement, 26,000 tons. Four
12,000 H.P, engines, two on each shaft, in tandem. Cylinders, 373/8,
491/4, 747/8 and 1121/4 ins., by 6 ft, stroke. Steam, 230 lbs., delivered
from 19 cylindrical boilers, through four 17-in. steampipes. Coal used
in 24 hours, 764 tons, in 124 furnaces; 1.4 lbs. per H.P. hour, including
auxiliaries. Speed on trial trip on a 60-mile course, 24.02 knots. (iSct.

Am., Aug. 24, 1907.)

THE PADDLE-WHEEL.
Paddle-wheels with Radial Floats. (Seaton's Marine Engineering.)—

The effective diameter of a radial wheel is usually taken from the centers
of opposite floats; but it is difficult to 5 ay what is absolutely that diameter,
as much depends on the form of float, the amount of dip, and the waves
set in motion by the wheel. The slip of a radial wheel is from 15 to 30
per cent, depending on the size of float.

Area of one float = C X I.H.P. -»- D.
D is the effective diameter in feet, and C is a multiplier, varying from 0.25
in tugs to 0.175 in fast-running fight steamers.
The breadth of the float is usually about 1/4 its length, and its thickness

about 1/8 its breadth. The number of floats varies directly with the diam-
eter, and there should be one float for every foot of diameter.

(For a discussion of the action of the radial wheel, see Thurston,
Manual of the Steam-engine, part ii, p. 182.)
Feathering Paddle-wheels. (Seaton.) — The diameter of a feather-

ing-wheel is found as follows: The amount of slip varies from 12 to 20
per cent, although when the floats are small or the resistance great it

is as high as 25 per cent; a well-designed wheel on a well-formed ship
should not exceed 15 per cent under ordinary circumstances.

IfK is the speed of the ship in knots, S the percentage of sUp, and B
the revolutions per minute.

Diameter of wheel at centers = K (100 + S) 4- (3.14 X -B).

The diameter, however, must be such as will suit the structure of the
ship, so that a modification may be necessary on this account, and the
revolutions altered to suit it. The diameter will also depend on the
amoxmt of "dip" or immersion of float.
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When a ship is working always in smooth water the immersion of tho
top edge should not exceed i/s the breadth of the float; and for general
service at sea an immersion of 1/2 the breadth of the float is sufficient.
If the ship is intended to carry cargo, the immersion when light need not
be more than 2 or 3 inches, and should not be more than the breadth of
float when at the deepest draught; indeed, the efficiency of the wheel falls
off rapidly with the immersion of the wheel.

Area of one float = C X I.H.P. ^ D.
C is a multiplier, varying from 0.3 to 0.35; D is the diameter of the
wheel to the float centers, in feet.

The number of floats = V2 (/> + 2).
The breadth of the float = 0.35 X the length.
The thickness of floats = 1/12 the breadth.
Diameter of gudgeons = thickness of float.

. Seaton and Rounthwaite's Pocket-book gives:

Number of floats = 60 -j- V^,
Where R is number of revolutions per minute,

„ fl w * *N I.H.P. X 33,000 X2?
Area of one float (in square feet) ==—

atx (Z) x R^^
*

where N = number of floats in one wheel.
For vessels plying always in smooth water K = 1200. For sea-going

steamers K = 1400, For tugs and such craft as require to stop and
start frequently in a tide-way K = 1600.

, It wiU be quite accurate enough if the last four figures of the cube
(D X R)^ be taken as ciphers.

For illustrated description of the feathering paddle-wheel see Seaton's
Marine Engineering, or Seaton and Rounthwaite's Pocket-book. The
diameter of a feathering-wheel is about one-half that of a radial wheel
for equal efficiency. (Thurston.)

Efficiency of Paddle-wheels. — Computations by Prof. Thurston of
the efficiency of propulsion by paddle-wheels give for light river steamers
with ratio of velocity of the vessel, v, to velocity of the paddle-float at
center of pressure, V, or v/V, = 3/4, with a dip =3/20 radius of the wheel
and a sUp of 25 per cent, an efficiency of 0.714; and for ocean steamers
with the same sUp and ratio of v/V. and a dip =1/3 radius, an efficiency of
0,685.

JET-PROPULSION.
Numerous experiments have been made in driving a vessel by the

reaction of a jet of water pumped through an orifice in the stern, but
they have all resulted in commercial failure. Two-jet propulsion steamers,
the " Waterwitch, " 1100 tons, and the "Squirt," a small torpedo-boat,
were built by the British Government. The former was tried in 1867,
and gave an efficiency of apparatus of only 18 per cent. The latter gave
a speed of 12 knots, as against. 17 knots attained by a sister-ship having a
screw and equal steam-power. The mathematical theory of the efficiency
of the jet was discussed by Rankine in The Engineer, Jan. 11, 1867, and
he showed that the greater the quantity of water operated on by a jet-
propeUer, the greater is the efficiency. In defiance both of the theory
and of the results of earlier experiments, and also of the opinions of many
naval engineers, more than $200,000 were spent in 1888-90 in New York
upon two experimental-boats, the "Prima Vista" and the "Evolution,"
in which the jet was made of very small size, in the latter case only s/g-inch
diameter, and with a pre?!sure of 2500 lbs. per square inch. As had been
predicted, the vessel was a total failure. (See article by the author in
Mechanics, March, 1891.)
The theory of the jet-propeller is similar to that of the screw-propeller.

If A = the area of the jet in square feet, V its velocity with reference to
the orifice, in feet per second, v = the velocity of the ship in reference-to
the earth, then the thrust of the jet (see Screw-propeiler, ante) is 2 A F
(F — v). The work done on the vessel is 2 AV(V — v)v, and the work
wasted on the rearward projection of the jet is 1/2 X 2 AF(F - v)^.

The efficiency is o . t/ .J ^^ ^^ ^ "^T Jl/'. r/ r,
=4t- ' This expression

2 A V iV — v) V + AV ( V - v)^ V+v
equals unity when V = v, that is, when the velocity of the jet with refer-

ence to the earth, or F — v, = ; but then the thrust of the propeller is

also q. The greater the value Qf V as compared with v, the l^^" th9
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efficiency. For T = 20 v, as was proposed in tlie "Evolution," the
eflBciency of the jet would be less than 10 per cent, and this would be
further reduced by the friction of the pumping mechanism and of the
water in pipes.
The whole theory of propulsion may be summed up in Rankine's

words: "That propeller is the best, other things being equal, which drives
astern the largest body of water at the lowest velocity."

It is practically impossible to devise any system of hydraulic or jet
propulsion which can compare favorably, under these conditions, with
the screw or the paddle-wheel.
Reaction of a Jet. — If a jet of water issues horizontally from a vessel,

the reaction on the side of the vessel opposite the orifice is equal to the
weight of a column of water the section of which is the area of the orifice,

and the height is twice the head.
The propelling force in jet-propulsion is the reaction of the stream

issuing from, the orifice, and it is the same whether the jet is discharged
under water, in the open air, or against a solid wall. For proof, see
account of trials by C, J. Everett, Jr., given by Prof. J. Burkitt Webb,
Trans. A. S. M. E., xii, 904.

CONSTRUCTION OP BUILDINGS.*
FOUNDATIONS.

Bearing Power of Soils.
Construction.'!

-Ira O. Baker, '? Treatise on Masonry

Kind of Material.

Bearing; Power in
Tons per Square Foot.

Rock— the hardest — in thick layers, in native bed.
Rock equal to best ashlar masonry
Rock equal to best brick masonry
Rock equal to poor brick masonry
Clay on thick beds, always dry
Clay on thick beds, moderately dry
Clay, soft
Gravel and coarse sand, well cemented
Sand, compact, and well cemented
Sand, clean, dry.
Quicksarid, alluvial soils, etc

The building code of Greater New York specifies the following as the
maximum permissible loads for different soils:

" Soft clay, one ton per square foot

;

*' Ordinary clay and sand together, in layers, wet and springy, two
tons per square foot;

"Loam, clay or fine sand, firm and dry, three tons per square foot;
•' Very firm coarse sand, stiff gravel or hard clay, four tons per square

foot, or as otherwise determined by the Commissioner of Build-
ings having jurisdiction."

* The limitations of space forbid any extended treatment of this subject.

Much valuable information upon it will be found in Trautwme^s '.Civil

Engineers' Pocket-book," and in Kidder's " Architects and Builders

Pocket-book." The latter in its preface mentions the following works of

reference: "Notes on Building Construction," 3 vols., Rivingtons, pub-
lishers, London; "Building Superintendence," by T. M. Clark (J. R.

Osgood & Co., Boston); " The American House Carpenter," and The Theory
of Transverse Strains," both by R. G. Hatfield; "Graphical Analysis of

Roof-trusses," by Prof. C. E. Greene; "The Fire Protection of Mills, by
C J. H. Woodbury; "House Drainage and Water Service," by James C.

Bayles; "The Builder's Guide and Estimator's Price-book," and "Plaster-

ing Mortars and Cements," by Fred.T. Hodgson; "Foundations and Con-
crete Works." and "Art of Building," by E. Dobson, Weale's Series,

London.
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Bearing Fower of Files. — Engineering J\ews ii'ormula: Safe load in
tons = 2 Wh -^ {S+ 1). TF= weight of hammer in tons, h = height of fall
of hammer in feet. *S = penetration under last blow, or the average under
last five blows, in inches.

Safe Strength of Brick Piers, exceeding six diameters in height.
fKidder.)

Piers laid with rich lime mortar, lbs. per sq. in., 110 — 5 H/D.
Piers laid with 1 to 2 natural cement mortar, 140 — 5 V2 H/D.
Piers laid with 1 to 3 Portland cement mortar, 200 - 6 H/D.
H = height; D = least horizontal dimension, in feet.

Thickness of Foundation Walls . (Kidder.)

Height of Building.

Dwellings,
Hotels, etc.

Warehouses.

Brick. Stone. Brick. Stone.

Inches.
12 or 16

16

20
24
28

Inches.
20
20
24
28
32

Inches.
16

20
24
24
28

Inches.
20
24
28
28
32

MASONRY.
Allowable Pressures on Masonry in Tons per Square Foot. (Kidder.)

Different Cities.* (1) (2) (3) (4) (5) (6) (7)

Granite, cut 60
40

30

72-172
50-165
28-115

18

15

111/2
8

40

Sandstone, hard, cut •12
Hard-burned brick in Portland cement . .

.

121/2

61/2

15

iii/2

Hard-burned brick in natural cement
Hard-burned brick in cement and lime . .

.

Hard-burned brick in lime mortar
Pressed brick in Portland cement

15

12

8

9

12

9
5

6

4

15

12

8

9

"8

12
Rubble stone in natural cement 8

]5""
8

5-7

"4

10 12
In foundations:
Dimension stone . . 30

15 1'^

Natural cement concrete. 4

*From building laws, (1) Boston, 1897; (2) Buffalo, 1897; (3) New
York, 1899; (4) Chicago, 1893; (5) St. Louis, 1897; (6) Philadelphia,
1899; (7) Denver, 1898.

Crushing Strength of 13-in. Cubes of Concrete. (Kidder.) —
Pounds per square foot. The concrete was made of 1 part Portland
cement, 2 parts sand, with average concrete stone and gravel, as below.

10 days. 45 days. 3 mos. 6 mos. 1 year.

130.750
136.750

172.325
266.962

324.875 361,600
298,037

440,040

3 parts stone, 3 gravel
4 parts stone, 2 gravel

396,200
408.300

6 parts (3/4 stone, I/4 grano-
lithic) 388,700

6 parts average gravel
6 parts coarse stone, no fine.

99.900 234,475 385,612
134,475

265.550
220,350

406,700
266.300

Reinforced Concrete.—The building laws of Ncav York, St. Louis,
Cleveland and Buffalo, and the National Board of Fire Underwriters agree
in prescribing the following as the maximum allowable working stresses:
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Extreme fiber stress in compression in con-
crete 500 lbs. per sq. In.

Shearing: stress in concrete 50 " "

Direct compression in concrete 350 " "

Adhesion of steel to concrete 50 " *'

Tensile stress in steel 16,000 '*
*•

Shearing stress in steel 10,000 " "

BEAMS AND GIRDERS.
Safe Loads on Beams. — Uniformly distributed load

:

Safe load in lbs. = 2 X breadth X square of depth X ^
.

span in feet

Breadth in inches = JP^n in feet X load
,

2 X square of depth X A
The depth is taken in inches. The coefficient A, is Vi8 the maximum

fiber stress for safe loads, and is the safe load for a beam. 1 in. square, 1 ft.
span. The following values of A are given by Kidder as one-third of
the breaking weight of timber of the quality used in first-class buildings.
The values for stones are based on a factor of safety of six.

Values for a. — Coefficient for Beams.

.. 308
.. 656

.. 888

.. 60

.. 55

.. 75

.. 100

.. 90

.. 70

.. 60

.. 65

Pine, Texas yellow.

.

Spruce
Whitewood (poplar)..
Redwood (California)

Bluestone flagging
River)

.90
Wrought iron 70
Steel 65

American Woods:
Chestnut.....
Hemlock
Oak, white

. 60

(Hudson
25

. 17
Pine, Georgia yellow 14

Marble
Sandstone
Slate

17
P ne, red or Norway
P ne, white. Eastern
P ne. white. Western

8 to 11

50

Safe lioads in Tons, Uniformly Distributed, for Wliite-oak Beams.
(In accordance with the Building Laws of Boston.)

W = safe load in pounds; P, extreme fiber-

p 1 Ti/ _ ^ PBD^ stress = 1000 lbs. per square inch, for white
Jormuia: »r — ^^ • oak; 5, breadth in inches; D, depth in inches;

L, distance between supports in inches.

c Distance between Supports in Feet.

"o-S 6 « 1. 11
1

12
{

14
1

15
1

^^ |1T 18
1

19 21 23
1

25
1
26

'i^ Safe Load in Tons of 2000 Pounds.

2x6 67 50 40 36 33 29 27 25 24 22

2x8 1 19 89 71 65 0,59 0,51 0.47 0.44 n,42 40 37 0,34 0,31 28
2x10 1 85 1.39 1.11 1.01 0.93 0.79 0.74 0.69 0.65 0.62 0.58 0.53 0.48 0.43 0,4.-»

2x12 7.67 7.00 1 60 1 45 1 33 1,14 1,07 1,(M) 0,94 0.«9 84 76 70 0,64 62
3x6 1 on 75 0,60 0.55 0,50 0,43 0,40 0,37 n,35 0.33 0,32 29 0.26
3x8 1 78 1 33 1,07 0.97 0,89 0.76 0.71 0.67 0,63 0.59 0.56 0,51 0,46 0,43 0,41
3x10 2 78 2,08 1.67 1.52 1.39 1.19 1.11 1.04 0.98 0.93 0.88 0,79 0.72 0.67 0,64
3x12 4.00 3 on 2 40 2 18 2,00 1,71 1 60 1 50 1,41 I 33 1 26 1 14 1 04 0,96 92
3x14 5.45 4 08 3,27 2,97 2 72 2.37 2,18 2 04 1 92 1 82 1,72 1 56 1 42 1,31 1,25

3x16 7 11 5 33 4,27 3,88 3,56 3.05 2 84 2,67 2,51 2,37 2,25 2 03 1,86 1.71 1,64
4x10 3,70 2,78 2,22 2,02 1,85 1.59 1,48 1.39 1,31 1.23 1.17 1.06 n 97 0,89 0.85
4x12 5 33 4 00 3 2n 2 91 2 67 2 7.9 2 13 2 00 1 88 1 78 1 68 1 52 I 39 1 28 1,23
4x14 7,26 5 44 4 36 3 96 3 63 3 11 2 90 2 72 2 56 2 42 2 29 2 n7 1 9n 1 74 1,68
4x16 9.48 7.11 5,69 5.17 4.74 4,06 3,79 3,56 3.35 3,16 3.00 2,71 2 47 2,28 2.19
4x18 12.00 9.00 7.20 6.55 6.00 5.14 4.80 4.50 4.24 4.00 3.79 3.43 3.13 2.88 2.77

For other kinds of wood than white oak multiply the figures in the
table by a figiore selected from those given below (which represent the
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safe stress per square inch on beams of different kinds of wood accord-
ing to the building laws of the cities named) and divide by 1000.

Hem-
lock.

Spruce.
White
Pine.

Oak. Yellow
Pine.

New York 800 900
750

900
750
900

1100

lOOOt
1080

1100*
Boston . . 1250
Chicago 1440

* Georgia pine. t White oak.

Maximum Permissible Stresses in Structural Materials used in
Buildings. (Building Ordinances of the City of Chicago, 1893.) — Cast
iron, crushing stress: For plates, 15,000 lbs. per square inch; for lintels,
brackets, or corbels, compression 13,500 lbs. per square inch, and tension
3000 lbs. per square inch. For girders, beams, corbels, brackets, and
trusses, 16,000 lbs. per square inch for steel and 12,000 lbs. for iron.

For plate girders:

Flange area = maximum bending moment in ft .-lbs. -r-iCD),

D = distance between center of gravity of flanges in feet,
C = 13,500 for steel, 10,000 for iron.
Web area = maximum shear -^ C.
C = 10,000 for steel; 6,000 for iron.
For rivets in single shear per square inch of rivet area:
If shop-driven, steel, 9000 lbs., iron, 7500 lbs.; if field-driven, steel

7500 lbs., iron, 6000 lbs.
For timber girders: S = cb(P -i- I.

b = breadth of beam in inches, d = depth of beam in inches, I = length
of beam in feet, c = 160 for long-leaf yellow pine, 120 for oak, 100 for
white or Norway pine.

WALLS.
Thickness of Walls of Buildings. — Kidder gives the following gen-

eral rule for mercantile buildings over four stories in height:
For brick equal to those used in Boston or Chicago, make the thickness

of the three upper stories 16 ins., of the next three below 20 ins., the next
three 24 ins., and the next three 28 ins. For a poorer quality of material
make only the two upper stories 16 ins. thick, the next three 20 ins. and
80 on down.

In buildings less than five stories in height the top story may be 12
Ins. in thickness.

Thickness of Walls in Inches, for Mercantile Buildings and for
ALL Buildings over Five Stories in Height , (The figures show th«
range of the thicknesses required by the ordinances of eight different
cities. — Condensed from Kidder.)

Stories
Stories.

High.
Ist. JSd. 3d. 4th. 5th. 6th. 7th. 8th. 9th. 10th 11th latb

10
11

12

12-18
13-20
16-22
18-22
20-26
20-28
22-32
24-32
24-36
28-36
28-40

12-13
12-18
16-18
16-22
18-22
20-26
20-28
24-32
24-32
28-36
28-36

12-16
12-18
16-20
16-22
18-24
20-26
20-28
24-32
24-32
28-36

12-16
12-20
16-20
16-22
18-24
20-26
20-28
24-30
24-32

12-16
13-20
16-20
16-22
20-24
20-26
24-28
24-32

12-16
13-20
16-20
16-22
20-24
20-26
24-28

12-17
13-20
16-20
16-22
20-24
20-26

12-17
16-20
16-20
20-22
20-24

12-17
16-20
16-20
20-22

12-17
16-20
16-20

13-17
16-20 13-17

(Extract from the Building Laws of the City of New York, 1893.)

Walls of Warehouses, Stores, Factories, and Stables. — 25 feet
or less in width between walls, not less than 12 in. to height of 40 ft.

If 40 to 60 ft. in height, not less than 16 in. to 40 ft., and 12 in. thence
to top;
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(60 to 80 ft. in height, not less than 20 In. to 25 ft., and 16 in. thence to
itop;

75 to 85 ft. in height, not less than 24 in. to 20 ft.; 20 in. to 60 ft., and
16 in. to top;

85 to 100 ft. in height, not less than 28 in. to 25 ft.; 24 in. to 50 ft.:
20 in, to 75 ft., and 16 in. to top;

iOver 100 ft. in height, each additional 25 ft. in height, or part thereof,
next above the curb, shall be increased 4 inches in thickness, the
upper 100 feet remaining the same as specified for a wall of that
height.

If walls are over 25 feet apart, the bearing-walls shall be 4 inches
i;hidker than above specified for every 121/2 feet or fraction thereof that
isaid^walls are more than 25 feet apart.

Strength of Floors, Roofs, and Supports.
Floors calculated to

bear safely per sq. ft., in
addition to their own wt.

:Floors of dwelling, tenement, apartment-house or hotel, not
less than 70 Ibsu

}Floors of office-building, not less than 100 '*

JFloors of public-assembly building, not less than 120 "

: Floors of store, factory, warehouse, etc., not less than 150 "

-Roofs of all buildings, not less than 60 "

JiJvery floor shall be of sufficient strengtn to bear saiely the weight to be
imposed thereon, in addition to the weight of the materials of which the
floor is composed.
Columns and Posts. — The strength of all columns and posts, shall

be computed according to Gordon's formulae, and the crushing weights in
pounds, to the square inch of section, for the following-named materials,
:shall be taken as the coefficients in said formulae, namely: Cast iron, 80,000;
wrought or rolled iron, 40,000: rolled steel, 48,000: white pine and spruce,
3500; pitch or Georgia pine, 5000; American oak, 6000. The breaking
strength of wooden, beams and girders shall be computed according to
the formute m wbtch the constants for transverse strains for central load
shaM be as Mfews, ¥iamely: Hemlock, 400; white pine, 450; spruce, 450;
Tpitbch "or Georgia p-ffie, 550; American oak, 550; and for wooden beams and
?iraBrs^eaa3:yif^.a,fumformly distributed load the constants will be doubled.
Tihe !fa©t03S ^f Safety shall be as one to four for all beams, girders, and
(Other pitases.^lDJect to a transverse strain; as one to four for all posts,
columns, ana other vertical supports when of wrought iron or rolled steel;
;as oneto five for other materials, subject to a compressive strain; as one
tt© -six for "tie-rods, tie-beams, and other pieces subject to a tensile strain.
Crood, scffid, natural earth shall be deemed to sustain safely a load of four
Ttons fe the superficial foot, or as otherwise determined by the super-
isfljendent of buildings, and the width of footing-courses shall be at least
sufficieDt to meet this requirement. In computing the width of walls,
a cu'bic foot of brickwork shall be deemed to weigh 115 lbs. Sandstone,
white marble, granite, and other kinds of building-stone shall be deemed
tto weigh 160 lbs. per cubic foot. The safe-bearing load to apply to
good brickwork shall be taken at 8 tons per superficial foot when good
Mme mortar is used, 11 1/2 tons per superficial foot when good lime and
cement mortar mixed is used, and 15 tons per superficial foot when good
(Cement mortar is used.

Fire-proof Buildings — Iron and Steel Columns. — All cast-iron,
'wrought-iron, or rolled-steel columns shall be made true and smooth at
both ends, and shall rest on iron or steel bed-plates, and have iron or
steel cap-plates, which shall also be made true. All iron or steel trimmer-
beams, headers, and tail-beams shall be suitably framed and connected
together, and the iron girders, columns, beams, trusses, and all other iron- ~

work of all floors and roofs shall be strapped, bolted, anchored, and con-
nected together, and to the walls, in a strong and substantial manner.
Where bea.ns are framed into headers, the angle-irons, which are bolted
to the tail-beams, shall have at least two bolts for all beams over 7 inches
in depth, and three bolts for all beams 12 inches and over in depth, and
these bolts shall not be less than 3/4 inch in diameter. Each one of such
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angles or knees, when bolted to girders, shall have the same number of
bolts as stated for the other leg. The angle-iron in no case shall be less

in thickness than the header or trimmer to which it is bolted, and the
width of angle in no case shall be less than one third the depth of beam,
excepting that no angle-knee shall be less than 21/2 inches wide, nor
required to be more than 6 inches wide. All wrought-iron or rolled-steel
beams 8 inches deep and under shall have bearings equal to their depth,
if resting on a wall; 9 to 12 inch beams shall have a bearing of 10 inches,
and all beams more than 12 inches in depth shall have bearings of not
less than 12 inches if resting on a wall. Where beams rest on iron sup-
ports, and are properly tied to the same, no greater bearings shall be
required than one third of the depth of the beams. Iron or steel floor-
beams shall be so arranged as to spacing and length of beams that the .

load to be supported by them, together with the weights of the materials
used in the construction of the said floors, shall not cause a deflection of
the said beams of more than 1/30 of an inch per linear foot of span; and
they shall be tied together at intervals of not more than eight times the
depth of the beam.
Under the ends of all iron or steel beams, where they rest on the walls, a

stone or cast-iron template shall be built into the walls. Said template
shall be 8 inches wide in 12-inch walls, and in all walls of greater thickness
said template shall be 12 inches wide; and such templates, if of stone,
shall not be in any case less than 21/2 inches in thickness, and no template
shall be less than 12 inches long.
No cast-iron post or columns shall be used in any building of a less

average thickness of shaft than three quarters of an inch, nor shall it

have an unsupported length of more than twenty times its least lateral
dimensions or diameter. No wrought-iron or rolled-steel column shall
have an unsupported length of more than thirty times its least lateral
dimensions or diameter, nor shall its metal be less than one fourth of an
inch in thickness.

Lintels, Bearings and Supports. — All iron or steel lintels shall
have bearings proportionate to the weight to be imposed thereon, but no
lintel used to span any opening more than 10 feet in width shall have a
bearing less than 12 inches at each end, if resting on a wall; but if resting
on an iron post, such lintel shall have a bearing of at least 6 inches at each
end, by the thickness of the wall to be supported.

Strains on Girders and Rivets. — Rolled iron or steel beam girders,
or riveted iron or steel plate girders used as lintels or as girders, carrying
a wall or floor or both, shall be so proportioned that the loads which may
come upon them shall not produce strains in tension or compression upon
the flanges of more than 12,000 lbs. for iron, nor more than 15,000 lbs.

for steel per square inch of the gross section of each of such flanges, nor
a shearing strain upon the web-plate of more than 6000 lbs. per square
inch of section of such web-plate, if of iron, nor more than 7000 pounds
if of steel; but no web-plate shall be less than 1/4 inch in thickness. Rivets
in plate girders shall not be less than 5/g inch in diameter, and shall not be
spaced more than 6 inches apart in any case. They shall be so spaced
that their shearing strains shall not exceed 9000 lbs. per square inch, on
their diameter, multiplied by the thickness of the plates through which
they pass. The riveted plate girders shall be proportioned upon the
supposition that the bendmg or chord strains are resisted entirely by the
upper and lower flanges, and that tue shearing strains are resisted en-
tirely by the web-plate. No part of the web shall be estimated as flange
area, nor more than one half of that portion 01 the angle-iron which lies

against the web. The distance between the centers of gravity of the
flange areas will be considered as the effective depth of the girder.
The building laws of the city of New York contain a great amount of

detail in addition to the extracts above, and penalties are provided for
violation. See An Act creating a Department of Buildings, etc.. Chapter
275, Laws of 1892. Pamphlet copy published by Baker, Voorhies & Co.,
New York.

FLOORS.
Maximum Load on Floors. (Eng'g, Nov. 18, 1892, p. 644.) — Maxi-
mum load per square foot of floor surface due to the weight of a dense
crowd. Considerable variation is apparent in the figures given by many
authorities, as the following table shows i
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\ Authorities. Weight of Crowd,
lbs. per sq, ft.

French practice, quoted by Trautwine and Stoney 41
Hatfield (" Transverse Strains, " p. 80) 70
Mr. Page, London, quoted by Trautwine 84
Maximum load on American highway bridges according to

Waddell's general specifications 100
Mr. Nash, architect of Buckingham Palace 120

Experiments by Prof. W. N. Kernot, at Melbourne | jft i

Experiments by Mr. B. B. Stoney ("On Stresses," p. 617) 147.4
Experiments by Prof. L. J. Johnson, Eng. News, April 14, ( 134.2

1904 t to 156 .9

The highest results were obtained by crowding a number of persons
previously weighed into a small room, the men being tightly packed so as
to resemble such a crowd as frequently occurs on the stairways and plat-
forms of a theatre or other public building.

Safe Allowances for Floor Loads. (Kidder.) Lbs. per square foot,

For dwellings, sleeping and lodging rooms 40 lbs.
For schoolrooms 50 *'

For offices, upper stories 80 "
For offices, first story 80 '*

For stables and carriage houses 65 "
For banking rooms, churches and theaters 80 '*

For assembly halls, dancing halls, and the corridors of all

public buildings, including hotels 120 "
For drill rooms 150 "
For ordinary stores, lighc storage, and light manufactur-

ing 120* "

* Also to sustain a concentrated load at any point of 4000 lbs.

STRENGTH OF FLOORS.
(From circular of the Boston Manufacturers' Mutual Insurance Co.)

The tables on p. 1393 were prepared by C. J. H. Woodbury, for deter-
mining safe loads on floors. Care should be observed to select the
figure giving the greatest possible amount and concentration of load as
the one which may be put upon any beam or set of floor-beams ; and
in no case should beams be subjected to greater loads than those speci-
fied, unless a lower factor of safety is warranted under the advice of a
competent engineer. These tables are computed for beams one inch in
width, because the strength of beams increases directly as the width
when the beams are broad enough not to cripple.
Beams or heavy timbers used in the construction of a factory or ware-

house should not be painted, varnished or oiled, filled or encased in
impervious concrete, air-proof plastering, or metal for at least three years,
lest fermentation should destroy them by what is called "dry rot."

It is, on the whole, safer to make floor-beams in two parts with a
small open space between, so that proper ventilation may be secured.

These tables apply to distributed loads, but the first can be used in
respect to floors which may carry concentrated loads by using half the
figure given in the table, since a beam will bear twice as much load
when evenly distributed over its length as it would if the load was
concentrated in the center of the span.
The weight of the floor should be deducted from the flgure given in

the table, in order to ascertain the net load which may be placed upon
any floor. The weight of spruce may be taken at 36 lbs. per cubic
foot, and that of Southern pine at 48 lbs. per cubic foot.

Table I was computed upon a working modulus of rupture of South-
em pine of 2160 lbs., using a factor of safety of six. It can also be
applied to ascertaining the strength of spruce beams if the figures
given in the table are multiplied by 0.78; or in designing a floor to be
sustained by spruce beams, multiply the required load by 1.28, and
use the dimensions as given bv the table.
Example.—Required the safe load per square foot of floor, which

may be safely sustained by a floor on Southern pine 10 X 14 in. beams,
8 ft. on centers, and 20 ft. span. In Table I a 1 X 14 m. beam, 20 ft.
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span, will sustain 118 lbs. per foot of span; and for a beam 10 ins. wide
the load would be 1180 lbs. per foot of span, or 1471/2 lbs. per sq. ft. of
floor for Southern-pine beams. Prom this should be deducted the
weight of the floor, 17 V2 lbs. per sq. ft., leaving 130 lbs. per sq. ft. as a
safe load. If the beams are of spruce, multiply 1471/2 by 0.78, reduc-
ing the load to 115 lbs. Deducting the weight of the floor, 16 lbs.,

•

leaves the safe net load as 90 lbs. per sq. ft. for spruce beams.
Table II applies to floors whose strength must be in excess of that

necessary to sustain the weight, in order to meet the conditions of deli-
cate or rapidly moving machinery, to the end that the vibration or
distortion of the floor may be reduced to the least practicable limit.

In the table the limit is that of a load which would cause a bending
of the beams to a curve of which the average radius would be 1250 ft.

This table is based upon a modulus of elasticity obtained from obser-
vations upon the deflection of loaded storehouse floors, and is taken at
2,000,000 lbs. for Southern pine; the same table can be applied to spruce,
whose modulus of elasticity is taken as 1,200,000 lbs., if six tenths of
the load for Southern pine is taken as the proper load for spruce; or, in
the matter of designing, the load should be increased one and two thirds
times, and the dimension of timbers for this increased load as found in
the table should be used for spruce.

It can also be applied to beams and floor-timbers supported at each
end and in the middle, remembering that the deflection of a beam sup-
ported in that manner is only 0.4 that of a beam of equal span which
rests at each end; that is to say, the floor-planks are 21/2 times as stiff,

cut two bays in length, as they would be if cut only one bay in length.
When a floor-plank two bays in. length is evenly loaded, 3/iq of the load
on the plank is sustained by the beam at each end of the plank, and lo/ig

by the beam under the middle of the plank; so that for a completed floor
3/8 of the load would be sustained by the beams under the joints of the
plank, and s/g of the load by the beams under the middle of the plank:
this is the reason of the importance of breaking joints in a floor-plank
every 3 ft. in order that each beam shall receive an identical load. If
it were not so, 3/3 of the whole load upon the floor would be sustained
by every other beam, and s/g of the load by the alternate beams.

Repeating the former example for the load on a mill floor on Southern-
pine beams 10 X 14 ins., and 20 ft. span, 8 ft. centers: In Table II a
1 X 14 in. beam should receive 61 lbs. per foot of span, or 75 lbs. per
sq. ft. of floor, for Southern-pine beams. Deducting the weight of the
floor, 171/2 lbs. per sq. ft., 57 lbs. per sq. ft. is the advisable load.

If the beams are of spruce, the result of 75 lbs. should be multiplied
by 0.6, reducing the load to 45 lbs. The weight of the floor, in this
instance amounting to 16 lbs., would leave the net load as 29 lbs. for
spruce beams.

If the beams were two spans in length, they could, under these con-
ditions, support two and a half times as much load with an equal amount
of deflection, unless such load should exceed th'^ limit of safe load as found
by Table I, as would be the case under the conditions of this problem.
Maximum Spans for 1, 3 and 3 Inch Plank. {Am. Macfi., Feb. 11,

1904.) — Let to = load per sq. ft.; I = length in inss ; W = wl/12; S =
safe fiber stress, using a factor of safety of 10; & = wid<^h of plank; d =
thickness; p = deflection, E = coefficient of elasticity, iT = moment of
inertia = V12 bd^.

Then Wl/S = Sbd^Q; s = 5 Wl^ -^ 384 EI. Taking S at 12G0 lbs., E
at 850,000 and s = i -e- 360 for long-leaf yellow pine, the following figures
for maximum span, in inches, are obtained:

Uniformload,lbs. per sq.ft.. 40 60 80 100 150 200 250 300

1 in -niank I
Fo'" strength.. 75 " 61 53 48 39 33i-m. pianK

| p^^. (jeflection .37 33 30 28 24 22

9 in nlanv!-F<^r strength.. 151 123 107 96 78 67 60 55
^""'' i^^'^"'^

1 For deflection . 75 66 60 55 48 44 41 38

For strength. .227 185 161 144 117 101 91 83"
' " •

---
-- - 83 73 66 61 58

For white oak S may be taken at 1000 and E at 550,000; for Canadian
spruce, S = 800, E = 600,000; for hemlock, S = 600, E = 450,000.

6 m. piauK
I p^^ deflection .113 99 90
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.if. Safe Distributed Loads upon Southern-pine Beams One Inch
in Width.

(C. J. H. Woodbury.)
(If the load is concentrated at the center of the span, the beams

'will sustain half the amotmt given in the tabled

g Depth of Beam in inches.

CO

4
1

5
1

6
1

7
1

8
1

9
1

10 11 1 12
1

13
1

14 15 16

Load in pounds per foot of Span.

5

7
8
9
10

11

38
27
20
15

86
60
44
34
27
22

154

107

78
60
47

38
32

27

240
167

122
94
74
60
50
42
36
31

27

346
240
176

135

107

86
71

60
51

44
38
34
30

470
327
240
!84

145

118

97
82
70

60
52
46
41

36

614
427
314
240
190

154

127

107

90
78
68
60
53

47
43
38

778
540
397
304
240
194

161

135

115

99
86
76
67

60
54
49

44

960
667
490
375
296
240
198

167

142
123

107

94
83
74
66
60
54

50
45

807
593
454
359
290
240
202
172

148

129

113

101

90
80
73

66
60
55
50
46

705
540
427
346
286
240

20i
176

154

135

120
107

96
86

78
71

65

60
55

828
634
501

406
335
282
240
207
180

158

140

125

112

101

92
84
77

70
65

735

581

470
389
327
278
240
209
184

163

145

130

118
107

97
89
82
75

667
540
446
375
320
276
240
211

187

167

150

135

122

112

102
94
86

759
614
508

12 474
13 364
14 314
15 273
U 240
17 217
18 190
19 170
20 154

21 139

22 127
23 116
24 107
25 9a

n. Distributed Loads upon Southern-pine Beams Sufficient to
Produce Standard Limit of Deflection.

i Depth of Beam in inches.
fl

c
2 3 4 5 6 7|8|9 10 11 12

1

13 14 15
1

16 II
Load in pounds pei foot of Span. |.9

5

6
3

2

10

7

23
16

12

9

7

6

44
31

23
17

14

11

9

77

53
39

30

24
19

16

13

11

122

85

62
48
38
30
25

21

18

16

14

182

126

93
71

56

46
38
32
27
23

20
18

16

259
180

132

101

80
65
54

45
38
33
29
25

22
20
18

247
18!

139

110

89
73

62
53

45
40
35
31

27

25

22
20

241

185

146

118
98
82
70
60
53

46
41

37
33
30
27
24
22

240
190

154

127

107

91

78

68
60
53

47
43

38
35

32
29
27
25

305
241

195

16!

136

116

100
87
76

68
60
54
49
44
40
37
34
31

301

244
202
169

144
124

108

95
84
75

68
61

55

50
46
42
39

300
248
208
178

153

133

117

104

93

83

75

68
62
57

52
48

301

253
215
186

162

147

126
112

101

91

83
75
69
63
58

.0300
0432

8
5

4
.0588

.0768
0977

10 POO
11 1457

1? 1778

13 7078
14 7^57

IS .2700
16 3077
17 3468
18 .3888
19 4337
?0 .4800

71 5292
7? 5808

73 6348

74 .6912
25 .7500

Mill Columns.—Timber posts offer more resistance to Are than iron
pillars, and have generally displaced them ia millwork. Experiments
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at the U. S. Arsenal at Watertown, Mass., show that sound timber posts
of the proportions customarily used in millwork yield by direct crush-
ing, the strength being directly as the area at the smallest part. The
coliunns yielded at about 4500 lbs. per sq. in., confirming the general
practice of allowing 600 lbs. per sq. in. as a safe load. Square columns
are one fourth stronger than round ones of the same diameter.

COST OF BUILDINGS.

Approximate Cost of Mill Buildings.— Chas. T, Main (Eng. News,
Jan. 27, 1910) gives a series of diagrams of the cost in New England
Jan., 1910. per sq. ft. of floor space of different sizes of brick mill build-
ings, one to six stories high, of the type known as "slow-burning," cal-
culated for total floor loads of about 75 lbs. per sq. ft. Figures taken
from the diagrams are given in the table below. The costs include
ordinary foundations and plumbing, but no heating, sprinklers or lighting.

Cost of Brick Mill Buildings per sq. ft. of Floor Area.

Length, feet. 50 100 150 200 250 300 350 400 500

One Story.

Width 25 ft. 11.90 $1.66 .11 .58 $1.54 .11.51 $1.49 .11.48 $1.47 $1.46
50 1 52 1 29 1 21 1 1« 1,16 1.15 1.14 1.13 1.13

75 1.41 1.21 1.12 1.08 1.06 1.04 1 03 1 02 1 02
125 1.32 1.09 1.02 0.98 0.96 0.94 0.94 0.93 0.92

25 2 00 1 67, 1 52 1 47 1 44 1 41 1 39 1 38 1.36

50 1 50 1.21 1 13 1 09 1.06 1 05 1 04 1 03 1 02
75 1.34 1.08 1.01 0.97 0.94 0.92 0.92 0.91 0.90

125 1.22 0.97 0.90 0.86 0.84 0.82 0.81 0.80 0.80

Three Stories.

25 1,98 1,57 1 47 1.42 1.39 1,38 1 36 1.35 1.34
50 1.47 1.17 1,07 1.03 1.01 1.00 0.98 0.98 0.98
75 1 30 1 05 0.98 0.94 0.91 0.89 0.88 0.87 0.86
125 1.18 0.93 0.86 0.82 0.80 0.78 0.77 0.76 0.76

25 2,00 1.61 1,50 1.45 1.42 1.40 1,38 1,37 1.36
50 1.38 1 17 1.10 1 05 1 02 1 00 1.00 99 98
75 1 32 1.08 97 93 0.90 88 0.88 0.87 0,87
125 1.20 0.93 0.85 0.81 0.78 0.77 0.76 0.75 0.74

25 ?, 10 1 77, 1 57 1 51 1 48 1 46 1 44 1 43 1 42
50 1 53 1 21 1 12 1 08 1 05 1.04 1 03 1 02 1 02
75 1.35 1.08 0.98 0.94 0.92 0.90 0.89 0.88 0.86
125 1.22 0.96 0.86 0.82 0.79 0.78 0.77 0.76 0.76

The cost per sq. ft. of a building 100 ft. wide will be about midway
between that of one 75 ft. wide and one 125 ft. wide, and the cost of a
flve-story building about midway between the costs of a four- and a six-

story. The data for estimating the above costs are as follow.sj^

Stories High.

1 2 3 4 5 6

Foundations, includ-
) Oiif«i-.-1p wnll«

Brick walls, cost per ) Outside walls.

.

sq. ft. of surface. . . J Inside walls. .

.

$2.00
1.75

0.40
0.40

$2.90
2.25

0.44
0.40

$3.80
2.80

0.47
0.40

$4.70
3.40

0.50
0.43

$5.60
3.90

0.53
0.45

$6.50
4.50

0.57
0.47

Columns, including piers and castings, cost each $15.
Assumed Height of Stories.—From ground to first floor, 3 ft. Buildings
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25 ft. wide, stories 13 ft. high; 50 ft. wide, 14 ft. high; 75 ft. wide, 15 ft

high; 100 ft. and 125 ft. wide, 16 ft. high.
Floors, 32 cts. per sq. ft. of gross floor space not including columns

Columns included, 38 cts.

Roof, 25 cts. per sq. ft., not including columns. Columns included
30 cts. Roof to project 18 ins. all around buildings.

Stairways, including partitions, $100 each flight. Two stairways and
one elevator tower for buildings up to 150 ft. long; two stairways and two
elevator towers for buildings up to 300 ft. long. In buildings over two
stories, three stairways and three elevator towers for buildings over 300 ft,

long.
in buildings over two stories, plumbing $75 for each fixture including

piping and partitions. Two fixtures on each floor up to 5000 sq. ft. ol
floor space and one fixture for each additional 5000 sq. ft. of floor oi
fraction thereof.
Modifications of the above Costs:

1. If the soil is poor or the conditions of the site are such as to require
more than ordinary foundations, the cost will be increased.

2. If the building is to be used for ordinary storage purposes with low
stories and no top floors, the cost will be decreased from about 10% for
large low buildings to 25% for small high ones, about 20% usually being
a fair allowance.

3. If the building is to be used for manufacturing and is substantially
built of wood, the cost wiU be decreased from about 6% for large one-
story buildings to 33% for high small buildings; 15% would usually be a
fair allowance.

4. If the building is to be used for storage with low stories and built
substantiaUy of wood, the cost will be decreased from 13% for large
one-story buildings to 50% for smaU high buildings; 30% would usually
be a fair allowance.

5. If the total floor loads are more than 75 lbs. per sq. ft. the cost is

increased.
6. For office buildings, the cost must be increased to cover architectural

features on the outside and interior flnish.
Reinforced-concrete buildings designed to carry floor loads of 100 lbs.

per sq. ft. or less will cost about 25% more than the slow-burning type
of mill construction.
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ELECTRICAL ENGINEERING.*
STANDARDS OF MEASUREMENT.

€.G.S. (Centimeter, Gramme, Second) or "Absolute" System
of Physical Measurements:

Unit of space or distance = 1 centimeter, cm,;
Unit of mass = 1 gramme, gm.;
Unit of time = 1 second, sec;
Unit of velocity = space -f- time = 1 centimeter in 1 second;
Unit of acceleration = change of 1 unit of velocity in 1 second;
Acceleration due to gravity, = 980.665 centimeters per sec. per sec.

Unit of force = I dyne- ^^^ m.~°-^^lilb.^0.0000022mib.
A dyne is that force which, acting on a mass of one gramme during one

second, will give it a' velocity of one centimeter per second. The weight
of one gramme in latitude 40° to 45° is about 980 dynes, at the equator
S73 dynes, and at the poles nearly 984 dynes. Taking the value of g,
the acceleration due to gravity, in British measures at 32.1740 feet per
second at lat. 45° at the sea level, and the meter = 39.37 inches, we have

1 gramme = 32.174 X 12 ^ 0.3937 = 980.665 dvnes.
Unit of work = 1 erg =1 dyne-centimeter = 0.000000073756 ft.-lb.;
Unit of power = 1 watt = 10 million ergs per second,

= 0.73756 foot-pound per second.

" ^550^^ = 7^ horse-power = 0.0013410 H.P.

C.G.S. unit magnetic pole is one which reacts on an equal pole at a
centimeter's distance with the force of 1 dyne.

C.G.S. unit of magnetic field strength, the gauss, is the intensity of
field which surrounding unit pole acts on it with a force of 1 dyne.

C.G.S. unit of electro-motive force = the force produced by the cutting-
of a field of 1 gauss intensity at a velocity of 1 centimeter per second (in

a direction normal to the field and to the conductor) by 1 centimeter o£
conductor. The volt is 100,000,000 times this unit.

C.G.S. unit of electrical current = the current in a conductor (located
in a plane normal to the field) when each centimeter is urged across a
magnetic field of 1 gauss intensity with a force of 1 dyne. One-tenth of
this is the ampere.
The C.G.S. unit of quantity of electricity is that represented by the

flow of 1 C.G.S. unit of current for 1 second. One-tenth of this is the
coulomb.
The Practical Units used in Electrical Calculations are:
Ampere, the unit of current strength, or rate of flow, represented by /.

Volt, the unit of electro-motive force, electrical pressure, or difference
of potential, represented by E.
Ohm, the unit of resistance, represented by R.
Coulomb (or ampere-second), the unit of quantity, Q.
Ampere-hour = 3600 coulombs, Q'.

Watt (volt-ampere) , the unit of power, P.
Joule (or watt-second), the unit of energy or work, W.
Farad, the unit of electrostatic capacity, represented by C
Henry, the unit of inductance, represented by L.
Using letters to represent the units, the relations between them may

be expressed by the following formulae, in which t represents one second
and T one hour:

/=|. Q = It, Q'=IT, C = |, W=QE, P=^IE.

As these relations contain no coefficient other than unity, the letters

may represent any quantities given in terms of those units. For exam-
ple, if E represents the number of volts electro-motive force, and R the
number of ohms resistance in a circuit, then their ratio E -r- R will give
the number of amperes current strength in that circuit.

The above six formulae can be combined by substitution or elimination,

* In the revision of this chapter the author has bad the assistance
of Mr. David B. Rushmore.
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so as to give the relations between any of ttie quantities. The most
important of these are the following:

E~IR, R^j, P-_==/2i2=_=-p.
The definitions of these units as adopted at the International Electrical

Congress at Chicago in 1893, and as established by Act of Congress of
the United States, July 12, 1894, are as follows:
The ohm is substantially equal to 10^ (or 1,000,000,000) units of resist-

ance of the C.G.S. system, and is represented by the resistance offered
to an unvarying electric current by a column of mercury at 32° F., 14.4521
grammes in mass, of a constant cross-sectional area, and of the length of
106.3 centimeters.
The ampere is i/io of the unit of current of the C.G.S. system, and is

the practical equivalent of the unvarying current which when passed
through a solution of nitrate of silver in water in accordance with standard
specifications deposits silver at the rate of 0.001118 gramme per second.
The volt is the electro-motive force that, steadily applied to a con-

ductor whose resistance is one ohm, will produce a current of one ampere,
and is practically equivalent to 1000/1434 (or 0.6974) of the electro-
motive force between the ooles or electrodes of a Clark's cell at a tem°
peratureof 15° C, and prepared in the manner described in the standard
specifications, [The e.m.f. of a Weston normal ceU is 1.0183 volts at 20° C.J
The coulomb is the quantity of electricity transferred by a current of one

ampere in one second.
The farad is the capacity of a condenser charged to a potential of on«

volt by one coulomb of electricity.
The joule is equal to 10,000,000 units of work in the C.G.S. system, and

is practically equivalent to the energy expended in one second by an
ampere in an ohm.
The watt is equal to 10,000,000 units of power in the C.G.S. system, and

is practically equivalent to the work done at the rate of one joule per
second.
The henry is the induction in a circuit when the electro-motive force

induced in this circuit is one volt, while the inducing current varies at the
rate of one ampere per second.
The ohm, volt, etc.. as above defined, are called the "international"

ohm, volt, etc., to distinguish them from the "legal" ohm, B.A. unit, etc.
The value of the ohm, determined by a committee of the British Asso-

ciation in 1863, called the B.A. unit, was the resistance of a certain piece
of copper wire. The so-called "legal" ohm, as adopted at the Inter-
national Congress of Electricians in Paris in 1884, was a correction of the
B.A. unit, and was defined as the resistance of a column of mercury
1 square millimeter in section and 106 centimeters long, at a temperature
of 32° F. 1 legal ohm =1.0112 B.A. units; 1 international ohm =1.0023
legal ohm; 1 legal ohm =0.9977 int. ohm.

Derived Units.
1 megohm = 1 million ohms;
1 microhm = 1 millionth of an ohm;
1 milliampere = i/iooo of an ampere;
1 micro-farad = 1 millionth of a farad.

Relations of Various Units.
1 ampere .- =1 coulomb per second;
1 volt-ampere (direct current) = 1 watt = 1 volt-coulomb per sec.

;

f
= 0.73756 foot-pound per second,

1 watt ] = 0.00094859 heat-unit per sec. (Fahr.),

I
= 1/746-7 of one horse-power;

I
= 0.73756 foot-poimd,

1 inniA - in? pr0-« J
= work done by one watt In one sec.,

1 jouie - iu ergs < ^ 0.00094859 heat-unit;
t = 0.23904 gram calories;
= 1054.2 joules;

1 British thermal unit \
= 777.54 foot-pounds;

[ = 25.200 gram calories;
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1 mean gram calorie ( ^ o 0039683 B T^U •

1 kilowatt, or 1000 watts = 1000/745.7 or 1.3410 horse-powers;
1 kilowatt-hour

[
= 1.3410 horse-power hoiirs,

1000 volt-ampere hours
\
= 2,655,220 foot-pounds,

1 British Board of Trade unit
[
=3415 heat-units;

1 v.^^cn ^^^r^r. i = 745.7 watts = 745.7 volt-amperes,
1 norse-power

|
^ 33,000 foot-pounds per minute.

The ohm, ampere, and volt are defined in terms of one another as
follows: Ohm, the resistance of a conductor through which a current of
one ampere will pass when the electro-motive force is one volt. Ampere,
the quantity of current which will flow through a resistance of one ohm
when the electro-motive force is one volt. Volt, the electro-motive force
required to cause one ampere to flow tlirough a resistance of one ohm .

For Methods of Making Electrical Measurements, Testing, etc.,
see "American Handbook for Electrical Engineers"; Karapetoflf's
"Experimental Electrical Engineering"; BedeU's "Direct and Alter-
nating Current Manual"; 1914 Standardization Rules of A. I. E. E.

Equivalent Electrical and Mechanical Units. —H. Ward Leonard
published in The Electrical Engineer, Feb. 25, 1895, a table of useful
equivalents of electrical and mechanical units, from which the table on
page 1399 is taken, with some modifications.

Units of the Magnetic Circuit.
Unit magnetic pole is a pole of such strength that when placed at a dis-

tance of one centimeter from a similar pole of equal strength it repels it*

with a force of one dyne.
Magnetic Moment is the product of the strength of either pole into the

distance between the two poles.
Intensity of Magnetization is the magnetic moment of a magnet divided

by its volume.
Intensity of Magnetic Field is the force exerted by the field upon a tmit

magnetic pole. The vmit is the gauss.
Gauss = unit of field strength, or density, symbol H is that intensity

of field which acts on a unit pole with a force of one dyne, = one line of
force per square centimeter. One gauss produces 1 dyne of force per
centimeter length of conductor upon a current of 10 amperes, or an
electro-motive force of 1/100,000,000 volt in a centimeter length of con-
ductorwhen its velocity across the field is 1 centimeter persecond. A field of
H units is one which acts with H dynes on unit pole, or H lines per
square centimeter. A unit magnetic pole has 4;: lines of force proceeding
from it.

Maxwell = unit of magnetic flux, is the amount of magnetism passing
through a square centimeter of a field of unit density. Symbol,

<f).

In non-magnetic materials a unit of intensity of flux is the same as
unit intensity of field. The name maxwell is given to a unit quantity
of flux, and one maxwell per square centimeter in non-magnetic materials
is the same as the gauss. In magnetic materials the flux produced by
the molecular magnets is added to the field (Norris).

Magnetic Flux, 4>, is equal to the average field intensity multiplied by
the cross-sectional area. The unit is the maxwell. Maxwells per square
inch = gausses X 6.45.

Magnetic Induction, symbol B, is the flux or the number of magnetic
lines per unit of area of cross-section of magnetized material, the area
being at every point perpendicular to the direction of the flux. It is

equal to the product of the field intensity, H, and the permeability, it.

Gilbert= unit of magnetomotive force, is the amount of M.M.F. that
would be produced by a coil of 10 -^ 4;r or 0.7958 ampere-turns. Symbol F.

The M.M.F. of a coil is equal to 1.2566 times the ampere-turns.
If a solenoid is wound with 100 turns of insulated wire carrying a current

of 5 amperes, the M.M.F. exerted will be 500 ampere-turns X 1.2566 ==»

628.3 gilberts.
Oersted = imit of magnetic reluctance; a magnetic circuit has a re-

luctance of 1 oersted when unit m.m.f. produces unit flux. Symbol, R.
Reluctance is that quantity in a magnetic circuit which limits the flux

*Mean of the values of Reynolds and Moorby and Of Barnes-
Marks & Davis, Steam Tables, 19Q9»
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under a given M.M.F. It corresponds to the resistance in the electric cir-
cuit.

Permeance is the reciprocal of reluctance.
The reluctivity of any medium is its specific reluctance, and in the C.G.S.

system is the reluctance offered by a cubic centimeter of the body between
opposed parallel faces. The reluctivity of nearly all substances, other
than the magnetic metals, is sensibly that of vacuum, is equal to unity,
and is independent of the flux density.
Permeability is the reciprocal of magnetic reluctivity. It is a number

and the symbol is fi.

Materials differ in regard to the resistance they offer to the passage
of lines of force; thus iron is more permeable than air. The permeability
of a substance is expressed by a coefficient, n, which denotes its relation
to the permeability of air, which is taken as 1. If H = number of mag-
netic lines per square centimeter which will pass through an air-space
between the poles of a magnet, and B the number of lines which will
pass through a certain piece of iron in that space, then ft = B -7- H. The
permeability varies with the quality of the iron, and the degree of satura-
tion, reaching a practical limit for soft wrought iron when B= about
18,000 and for cast iron when B = about 10,000 C.G.S. lines per square
centimeter.
The permeability of a number of materials may be determined by means

of the table on page 1431.

ANALOGIES BETWEEN THE FLOW OF WATER AND
ELECTRICITY.

Water.
Head, difference of level, in feet.
Difference of pressure, lbs. per sq. in.
Resistance of pines, apertures, etc.,

increases with length of pipe, with
contractions, roughness, etc.; de-
creases with increase of sectional
area.

Rate of flow, as cubic ft. per second,
gallons per min., etc., or volume
divided by the time. In the min-
ing regions sometimes expressed
in "miners* inches."

Quantity, usually measured in cubic
ft. or gallons, but is also equiva-
lent to rate of flow X time, as cu.
ft. per second for so many hours.

Work, or energy, measured in foot-
pounds; product of weight of fall-

ing water into height of fall; in
pumping, product of quantity in
cubic feet into the pressure in lbs.

per square foot against which the
water is pumped.

Power, rate of work. Horse-power=
ft.-lbs. of work in 1 min. -^ 33,000.
In water flowing in pipes, rate of
flow in cu. ft. per second X resist-

ance to the flow in lbs. per sq. ft.

-^ 550.

Electricity.

Volts; electro-motive force; differ-
ence of potential: E. or E.M.F.

Ohms, resistance, R. Increases di-
rectly as the length of the conduc-
tor or wire and inversely as its sec-
tional area, R ccl-^ s. It varies

I with the nature of the conductor.

1

Amperes; current; current strength;
intensity of current; rate of flow;
1 ampere = 1 coulomb per second-,

!

Coulomb, unit of quantity, Q, —
rate of flow X time, as ampere-
seconds. 1 ampere-hour = 3600
coulombs.

Joule, volt-coulomb, W, the unit of
work, = product of quantity by
the electro-motive force = volt-
ampere-second. 1 joule = 0.7373
foot-pound.

If I (amperes) = rate of flow, and
E (volts) = difference of pressure a
between two points in a circuit, I
energy expended = lEt, = PRt. |

Watt, unit of power, P, = volts X '

amperes, = current or rate of
flow X difference of potential.

1 watt = 0.7373 foot-pound per sec,
= 1/746 of a horse-power.

ELECTRICAL RESISTANCE.

Laws of Electrical Resistance. — The resistance, R, of any con-
ductor varies directly as its length, I, and inversely as its sectional area, s,

or R <x: l-i- s.

If r = the resistance of a conductor 1 unit in length and 1 square unit
in sectional areaj R = rl-i- s. The common unit of length for electrical
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calculations in English measure is the foot, and the unit of area of wires
is the circular mii = the area of a circle 0.001 in. diameter. 1 mil-foot =
1 foot long 1 circ.-mil area.

Resistance of 1 rail-foot of soft copper wire at 51° F. = 10 internationaJ
ohms.
Example. — What is the resistance of a wire 1000 ft. long, 0.1 in. diam.'

0.1 in. diam. = 10,000 circ. mils.

R = rl^ s = 10 X 1000 ~ 10,000 = 1 ohm.
Specific resistance, also called resistivity, is the resistance of a material

of unit length and section as compared with the resistance of soft copper
Conductivity is the reciprocal of specific resistance, or the relative

conducting power compared with copper taken at 100.
Conductance is the reciprocal of resistance.

Relative Conductivities of Different Metals at 0° and 100° C.
(Matthiessen.)

Conductivities.

Metals.
Conductivities.

Metals. At 0°C.
At 32° F.

At 100° C.
At 212° F.

At 0°C.
At 32° F.

At 100° C.
At 212° F.

Silver, hard
Copper, hard.. . .

Gold, hard
Zinc, pressed ....
Cadmium
Platinum, soft. . .

100
99.95
77.96
29.02
23.72
18.00
16.80

71.56
70.27
55.90
20.67
16.77

Tin
Lead

12.36
8.32
4.76
4.62
1.60
1.245

8.67
5.86

Arsenic
Antimony
Mercury, pure . .

Bismuth

3.33
3.26

0.878
*

Iron, soft . :

Resistance of Various Metals and Alloys.— Condensed from a
table compiled by H. F. Parshall and H. M. Hobart from different
authorities. B = resistance in ohms per mil foot = resistance per centi-
meter cube X 6.015. C = per cent increase of resistance per degree C.

Aluminum, 99% pure
Aluminum, 94; copper, 6..

Al. bronze, Al iO; Cu, 90 .

.

Antimony, compressed. .

.

Bism.uth, compressed
Cadmium, pure
Copper, annealed, (D). . .

.

Copper, annealed, (M) . .

.

Copper, 88; silicon, 12

Copper, 65.8; zinc, 34.2
Copper, 90; lead, 10

Copper, 97; aluminum, 3.

.

Cu, 87;Ni, 6.5;A1, 6.5
Copper, 65; nickel, 25
Cu, 70; manganese, 30
German- silver
Cu, 60;Zn, 25;Ni, 15....

Gold, 99.9% pure
Gold, 67 ; silver, 33
Iron, very pure

R C

15.4 0.423
17 4 .381

75.5 .105

211 .389

780 .354

60 .419

9 35 .428

9.54 .388

17 7

37 8 .158

31.7
53,0 .090
89 5 065

205 .019

605 .004

180 .036

13 2 .377

61.8 ,065

54.5 .625

White cast iron
,

Gray cast iron ,

Wrought iron
Soft steel, C, 0.045

Manganese steel, Mn, 12.

.

Nickel steel, Ni, 4.35

Lead, pure
Manganin,
Cu, 84;Mn, 12;Ni, 4
Cu, 80.5;Mn, 3;Ni, 16.5

Cu, 79.5 ;Mn, 19.7; Fe.O.f
Mercury
Nickel
Palladium, pure
Platinum, annealed
Platinum, 67; silver, 33 . .

.

Phosphor bronze
Silver, pure
Tin, pure
Zinc, pure *.

.

R

340
684
82.8
63

401

177

123

287
294
393
566

73.7
61.1

539
145

33.6
8.82
78.5
34.5

.127

.201

.000

.000

.000

.072
.435

.354

.247

.133

.394

.400

.440

.406

(D) Dewarand Fleming; (M) Matthiessen.

Conductivity of Aluminum. — J. W. Richards (Jour. Frank.. Inst,
Mar., 1897) gives for hard-drawn aluminum of purity 98.5, 99.0, 99.5,
and 99.75% respectively a conductivity of 55, .59, 61, and 63 to 64%,
copper being 100%. The Pittsburg Reduction Co. claims that its purest
aluminum has a conductivity of over 64.5%. (Eng'g Neios, Dec. 17,
1896.)
German Silver. —The resistance of German silver depends on its

composition. Matthiessen gives it as nearly 13 times that of copper,
with a temperature coefficient of 0.0004433 per degree C. Weston, how-i
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ever {Proc. Electrical Congress, 1893, p. 179), has found copper-mckel-
zinc alloys (German silver) wMcli had a resistance of nearly 28 times
that of copper, and a temperature coeflacient of about one-half that
given by Matthiessen.

Conductors and Insulators in Order of Their Value.

INSTJLATORS (NON-CONDUCTORS).
Dry air Ebonite
Shellac Gutta-percha
ParafiQn India-rubber
Amber Silk
Resins Dry paper
Sulphur Parchment
Wax Dry leather
Jet Porcelain
Glass Oils
Mica

CONDUCTORS.
All metals
Well-burned charcoal
Plumbago
Acid solutions
Saline solutions
Metallic ores
Animal fluids
Living vegetable substances
Moist earth
Water

According to CuUey, the resistance of distilled water is 6754 million
times as great as that of copper. Impurities in water decrease its
resistance.

Resistance Varies with Temperature.— For every degree Centi-
grade the resistance of copper increases about 0.4%, or for every degree
F., 0.2222%. Thus a piece of copper wire having a resistance of 10
ohms at 32° would have a resistance of 11.11 ohms at 82° F.
The following table shows the amount of resistance of a few sub-

Stances used for various electrical purposes by which 1 ohm is increased
by a Jise of temperature of 1° C.

Platinoid 0.00021
f
Gold, silver 0,00065,

Platinum silver 0.00031 Cast iron 0.00080
German silver (see above) . . 0.00044 ^ Copper 0.00400

Annealing.—Resistance is lessened by annealing. Matthiessen gives
the following relative conductivities for copper and silver, the comparison
being made with piure silver at 100° C:
Metal. Temp. C. Hard. Annealed. Ratio.
Copper 11° 95.31 97.83 1 to 1.027
Silver 14.6° 95.36 103.33 1 to 1.084

Dr. Siemens compared the conductivities of copper, silver, and brass
with the following results. Ratio of hard to annealed:

Copper 1 to 1.058 Silver 1 to 1.145 Brass 1 to 1.180

STANDARD VALUES FOR RESISTIVITY AND TEMPERATURE
COEFFICIENT OF COPPER.
Bureau of Standards, 1914.

The Bureau of Standards made measurements of a large number of
representative samples of copper and established standard values of
resistivity and temperature coefficients, which have been adopted by
the International Electrochemical Commission.

Conductivity of Copper.

The following rules of the International Electrical Commission have
been adopted by the American Institute of Electrical Engineers.
The following shall be taken as normal values for standard annealed

copper:
(1) At a temperature of 20° C. the resistance of a wire of standard

annealed copper one meter in length and of a xmiform section of 1 square
millimeter is 1/58 ohm = 0.017241. . . .ohm.

(2) At a temperature of 20° C. the density of standard annealed
copper is 8.89 grams per cubic centimeter.

(3) At a temperature of 20° C. the "constant mass" temperature
coefficient of resistance of standard annealed copper, measured between
two potential points rigidly fixed to the wire, is 0.00393 = 1/254.45
.... per degree centigrade. .
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(4) As a consequence it follows from (1) and (2) that, at a temper-
ature of 20° C. the resistance of a wire of standard annealed copper of
uniform section, one meter in length and weighing one gram, is (1/58)
X 8.89 = 0.15328 ohm.
Paragraphs (1) and (4) define what are sometimes called "volume

resistivity" and "mass resistivity" respectively. Tliis may be ex-
pressed in other units as follows: Volume resistivity = 1.7241
microhm-cm. (or microhms in a cm. cube) at 20° C. = 0.67879 microhm
inch at 20° C. and mass resistivity = 875.20 ohms (mile, pound) at

The new value is known as the International Annealed Copper
Standard, and is equivalent to

0.017241 ohm (meter, mm 2) at 20° C.
The units of mass resistivity and volume resistivity are interrelated
through the density; this was taken as 8.89 grams per cm^ at 20° C by
the International Electrochemical Commission. The International
Annealed Copper Standard, in various imits of mass resistivity and
volume resistivity, is:

0. 15328 ohm (meter, gram) at 20° C.
875.20 ohms (mile, poimd) at 20° C.

0.017241 ohm (meter, mm^) at 20° C.
1.7241 microhm-cm. at 20° C.
0.67879 microhm-inch at 20° C.

10.371 ohms (mil, foot) at 20° C.

The Temperature Coefficient of Resistance of Copper.—The Bureau of
Standards' investigation of the temperature coefficient showed that-
the coefficient varies with different samples, but that the relation of
conductivity to temperature coefficient is substantially a simple pro-
portionahty.
The general law may be expressed by the following practical rule:

The 20° C. temperature coefficient of a sample of copper is the product
of the per cent, conductivity by 0.00393. There are sometimes cases
when the temperature coefficient is more easily measured than the
conductivity, and the conductivity can be computed from the relation:
per cent, conductivity = 254.5 X temperature coefficient.
When a temperature coefficient of resistance must be assumed the

best value to assume for good commercial annealed copper wire is that
corresponding to 100 per cent, conductivity, viz.

:

Co = 0.00427, ai5 = 0.00401, aoo = 0.00393, 025 = 0.00385

/ Rt- R20 ^ \
(^-°= je.o(^-20) -^^"-)

This value was adopted as standard by the International Electro-
chemical Commission in 1913. It would usually apply to instruments
and machines, since they are generally wound with annealed wire.
Experiment has shown that distortions such as those caused by winding
and ordinary handling do not aflfect the temperature coefficient.

Similarly, when assumption is unavoidable, the temperature coeffi-
cient of good commercial hard-drawn copper wire may be taken as
that corresponding to a conductivity of 97.3 per cent., viz.:

ao = 0.00414, an = 0.00390, 020 = 0.00382, a9,, = 0.00375

Rule for reducing resistivity from one temperature to another:
The change of resistivity of copper per degree C. is a constant, inde-
pendent of the temperature of reference and of the sample of copper.
This "resistivity-temperature constant" may be taken, for general
Surposes, as O.60O6O ohm (meter, gram), or 0.0068 microhm-cm.
loj.'e exactly, it is:

0.000.597 ohm (meter, gram)
or, 0.000.0681 ohm (meter, mm^)
or, 0.006.81 microhm-cm.
or, 3.41 ohms (mile, pound)
or, 0.002.68 microhm-inch,
or, 0.040.9 ohm (mii; foot).

Continuea on p. 1406.
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Resistivity of Hard-Drawn Copper Wires.—In general the resistivity
of hard-drawn wires varies with the size of the wire, wliile the resistivity
of annealed wires does not. The difference between the resistivity of
annealed and hard-drawn wires increases as the diameter of the wire
decreases. This general conclusion is, however, complicated in any
particular case by the number of drawings between annealings, amount
of reduction to each drawing, etc. For No. 12 A.W.G. (B. & S.), the
conductivity of hard-drawn wires was found to be less than the con-
ductivity of annealed wires by 2.7 per cent.

Density of Copper.—The international standard density for copper,
at 20° C, is 8.89 grams per cubic centimeter. This is the value which
has been used by the A.I.E.E., and most other authorities in the past.
Recent measurements have indicated thi^ value as a mean. This den-
sity, 8.89, at 20° C, corresponds to a density of 8.90 at 0° C. In
English units, the density at 20° C. =- 0.32117 pounds per cubic inch.

For a complete treatise on this subject, see Bulletin No. 31, Bureau
of Standards.

Approximate Rules for the Resistance of Copper Wire.—The re-

sistance of any copper wire at 20° C. or 68° F., according to Matthies-

sen's standard, is R = ',^ -, in which R is the resistance m inter-

national ohms, I the length of the wire in feet, and d its diameter in

mils. (1 mil = Viooo inch.)
A No. 10 wire, A.W.G. , 0.1019 in. diam (practically 0.1 m.), 1000

ft. in length, has a resistance of 1 ohm at 68° F. and weighs 31.4 lbs.

If a wire of a given length and size by the American or Brown «&

Sharpe gauge has a certain resistance, a wire of the same length and
three numbers higher has twice the resistance, six numbers higher
four times the resistance, etc.

Wire gauge, A.W.G. No 000
Relative resistance 16

section or weight. . . Vie

DIRECT ELECTRIC CURRENTS.

Ohm's Law.—This law expresses the relation between the three

fimdamental vmits of resistance, electrical pressure, and current. It is:

Current = electrical pressure jE ^^^^^^ e = I R, and R^^.
resistance R ^

In terms of the units of the three quantities,

volts , 1
volts

^^'P^^^^ = ^EH^
' ''""^ = amperes X ohms; ohms = ^^p^^^^

.

Examples: Simple Circuits.— 1. If the source has an effective electrical

pressure of 100 volts, and the resistance is two ohms, what is the current?

E

2 What pressure will give a current of 50 amperes through a resistance

of 2 ohms? E = IR = 50X2 = 100 volts.

3 What resistance is required to obtain a current of 50 amperes when

the "pressure is 100 volts? R = E ~ I ^ 100 4- 50 = 2 ohms.

Ohm's law appUes equally to a complete electncal circuit and to any

part thereof.

Series Circuits. — If conductors are arranged one after the other they

are said to be in series, and the total resistance of the circuit is the sum of

the resistances of its several parts. Let A, Fig. 226, be a source of current,

such as a battery or generator, producing a uitierence of potential or

1 4 7 10 13 16 19 22
8 4 2 1 1/? 1/4 1/8 1/16

1/8 1/4 1/2 1 2 4 8 16
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E.M.P. of 120 volts, measured across ah, and let the circuit contain four
conductors whose resistances, n, r^, rz, r^, are 1 ohm each, ana three

other resistances, R\, R2, R3, each 2 ohms. The

R.1 ''a

-\_)
—

^~C-)l total resistance isJ.6 ohms,' and by Ohm's law

T_ Sr
the current I = E -^ R = 120 -r- 10 = 12 am-
peres. This current is constant throughout the
circuit, and a series circuit is therefore one of

r. \^ constant current. The drop of potential in the
^

FI3 whole circuit from a around to & is 120 volts,

Fig. 226. or E = RI. The drop in any portion depends
on the resistance of that portion; thus from a to

Ri the resistance is 1 ohm, the constant current 12 amperes, and the drop
1 X 12 = 12 volts. The drop in passing through each of the resistance
Ru Ri, iJs is 2 X 12 = 24 volts.

Parallel, Divided, or Multiple Circuits.— Let B, Fig. 227, be a
generator producing an E.M.F. of 220 volts across the terminals ab.
The current is divided, so that part
flows through the main wires ac and
part through the "shunt" s, having a
resistance of 0.5 ohm. Also the current
has three paths between c and d, viz., l=

through the three resistances in parallel S|
Ri, R2, R3, of 2 ohms each. Consider
that the resistance of the wires is so small
that it may be neglected. Let the con-
ductances of the four paths be repre-
sented by Cg. Ci, C2, Cs. The total Fia. 227.

conductance is Cg + Ci+ C2 + C3 = C and the total resistance R =
1 -i- C. The conductance of each path is the reciprocal of its resistance,
the total conductance is the sum of the separate conductances, and the
resistance of the combined or "parallel" paths is the reciprocal of the
total conductance.

The current I = E ~- R = 770 amperes.

Conductors in Series and Parallel.— Let the resistances in parall^
be the same as in Fig. 227, with the additional resistance of 0.1 ohm
in each of the six sections of the main wires, ac, bd, etc., in series. The
voltage across ab being 220 volts, determine the drop in voltage at the
several points, the total current, and the current through each path.
The problem is somewhat complicated. It may be solved as follows:
Consider first the points eg; here there are two paths for the current,
efgh and eg. Find the resistance and the conductance of each and the
total resistance (the reciprocal of the joint conductance) of the parallel
paths. Next consider the points cd; here there are two paths — one
through e and the other through cd. Find the total resistance as before.
Finally consider the points ab; here there are two paths — one through
c, the other through s. Find the conductances of each and their sum.
The product of this sum and the voltage at ab will be the total amperes
of current, and the current through any path will be proportional to the
conductance of that path. The resistances, R, and conductances, C,
of the several paths are as follows:

R C
Ra of efRzhg = 0.1+ 2 + 0.1 = 2.2 0.4545

Rb of eRzg = 2 0.5

Joint Re = 1.048 0.9545

Rd of ce+dg+ Rf. = 1.248 0.8013

Rg of cRid = 2 0.5

Joint 72/ = 0.7687 1.3013
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Rg of ac+M+ Rf = 0.9687 1.0332

Rh^ts = 0.5 2

Joint Ra-^-Rj^ = 0.330 3.0332 •

Total current = 220 X 3,0332 = 667.3 amperes.
Current through s = 220 X 2 = 440 amp.; through c = 227.3 amp.

"ci?id = 227.3 X 0.5 -^1.3013= 87.34 amp.
•• e = 227.3 X 0.8013 -^ 1.3013 = 139.96 "
" eR^g = 139.96 X 0.5 -v- 0.9545 = 73.31 "
" fRz = 139.96 X 0.4545 -h 0.9545 = 66.65 "

The drop in voltage in any section of the line is found by the formula
E = RI, R being the resistance of that section and / the current in it.

As the R of each section is 0.1 ohm we find E for ac and hd each = 22.7
volts, for ce and dg each 14.0 volts, and for ef and gh each 6.67 volts.
The voltage across cd is 220 - 2 X 22.7 = 174.6 volts; across e9',174.6- 2
X 14.0 = 146.6, and across fh 146.6 - 2 X 667 = 133.3 volts. Taking
these voltages and the resistances Ri, R2, R3, each 2 ohms, we hnd from
I = E -i- R the current through each of these resistances 87.3, 73.3, and
66.65 amperes as before.

Internal Resistance. — In a simple circuit we have two resistances,
that of the circuit R and that of the internal parts of the source of electro-
motive force, called internal resistance, r. The formula of Ohm's law
when the internal resistance is considered is I = E -^ (72 + r).

Power of the Circuit. — The power, or rate of work, in watts =
current in amperes X electro-motive force in volts = I X E. Since
I = E -^ R, watts = E'^ -^ R = electro-motive force^ -~ resistance.

Example. — What H.P. is required to supply 100 lamps of 40 ohms
resistance each, requiring an electro-motive force of 60 volts?

E2 602
The number of volt-amperes for each lamp is tt = ttt . 1 volt-ampereK 40

602
= 0.00134 H.P.; therefore — X 100 X 0.00134 = 12 H.P. (electrical)

very nearly.

Electrical, Brake, and Indicated Horse-power. —The power given
by a dynamo = volts X amperes -r- 1000 = kilowatts, kw. Volts X out
amperes -i- 746 = electrical horse-power, E.H.P. The power put into a
dynamo shaft by a direct-connected engine or other prime mover is

called the shaft or brake horse-power, B.H.P. If ei is the efficiency of the
dynamo, B.H.P. = E.H.P. -~- ei. If 62 is the mechanical efficiency of the
engine, the indicated horse-power, I.H.P. = brake H.P. -^ 62 = E.H.P. -r-

(ei X 62).

If ei and 62 each = 91.5%, I.H.P. = E.H.P. X 1.194 = kw. X 1.60. In
direct-connected units of 250 kw. or less the rated H.P. of the engine is

commoiiiy taken as 1.6 X the rated kw. of the generator.
Electric motors are rated at the H.P. given out at the pulley or belt.

H.P. of motor = E.H.P. suppUed X efficiency of motor.
Heat Generated by a Current. — Joule's law shows that the heat

developed in a conductor is directly proportional, 1st, to its resistance;
2d, to the square of the current strength; and 3d, to the time during
which the current flows, or H = PRt. Since I = E -^ R^

PRt=^IRt=EIt = Ep =^'
Or, beat = current2 X resistance X time

= electro-motive force X current X time.
= electro-motive force2 X time -5- resistance.

Q = quantity of electricity flowing = It = (Et -f- R).
H = EQ\ or heat = electro-motive force X quantity.

The electro-motive force here is that causing the flow, or the differ-

ence in potential between the ends of the conductor.
The electrical unit of heat, or "joule" = 10'' ergs = heat generated in

9ne second by a current of 1 ampere flowing through a resistctnce of one,-
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ohm = 0.239'gramme of water raised 1° C. // = PRt X 0.239 gramme
calories = PRt X 0.0009478 British thermal units.

In electric lighting the energy of the current is converted into heat in
the lamps. The resistance of the lamp is made great so that the required
quantity of heat may be developed, while in the wire leading to and from
the lamp the resistance is made as small as is commercially practicable,
so that as little energy as possible may be wasted in heating the wire.
Heating of Conductors. (From Kapp's Electrical Transmission of

Energy.) — It becomes a matter of great importance to determine before-
hand what rise in temperature is to be expected in each given case, and
if that rise should be found o be greater than appears safe, provision must
be made to increase the rate at which heat is carried off. This can gen-
erally be done by increasing the superficial area of the conductor. Say
we have one circular conductor of 1 square inch area, and find that with
1000 amperes flowing it would become too hot. Now by splitting up this
conductor into 10 separate wires each one-tenth of a square inch cross-
sectional area, we have not altered the total amount of energy trans-
formed into heat, but we have increased the surface exposed to the cooling

action of the surrounding air in the ratio of 1: VlO, and therefore the ten
thin wires can dissipate more than three times the heat, as compared with
the single thick wire.

Prof. Forbes states that an insulated wire carries a greater current with-
out overheating than a bare wire if the diameter be not too great. Assum-
ing the diameter of the cable to be twice the diam. of the conductor, a
greater current can be carried in insulated wires than in bare wires up to
1.9 inch diam. of conductor. If diam. of cable = 4 times diam. of con-
ductor, this is the case up to 1.1 inch diam. of conductor.
Heating of Bare Wires. — The following formulae are given by

Kennelly: 3

r= ^3 X 90,000 + t; (f=44.8 )J jf^t

'

T = temperature of the wire and t that of the air, in Fahrenheit degrees;
/ - current in amperes, d = diameter of the wire in mils.

If wetaJce T - f = 90° F., a/90 = 4.48, then

d = 10 -^P and I = Vd3 -4- 1000.

This latter formula gives for the carrying capacity in amperes of bare
wires almost exactly the figures given for weather-proof wires in the
Fire Underwriters' table, except in the case of Nos. 18 and 16, B. & S.
gauge, for which the formula gives 8 and 11 amperes, respectively, instead
of 5 and 8 amperes, given in the table.
Heating of Coils. — The rise of temperature in magnet coils due to

the passage of current through the wire is approximately proportional to
the watts lost in the coil per unit of effective radiating surface, thus:

, PR ^ PR

t being the temperature rise in degrees Fahr.; *S, the effective radiating
surface; and k a coefficient which varies widely, according to condition.
In electromagnet coils of small size and power, k may be as large as 0.015.
Ordinarily it ranges from 0.012 down to 0.005; a fair average is 0.007.
The more exposed the coil is to air circulation, the larger is the value of A;;

the larger the proportion of iron to copper, by weight, in the core and
winding, the thinner the winding with relation to its dimension parallel
with the magnet core, and the larger the "space factor" of the winding,
the larger will be the value of k. The space factor is the ratio of the
actual copper cross-section of the whole coil to the gross cross-section of
copper, insulation, and interstices.

Fusion of Wires. — W. H. Preece gives a formula for the current

required to fuse wires of different metals, viz., I= a<f^'^ in which d is the
diameter in inches and a a coefficient whose value for different metals
is as follows: Copper, 10,244; aluminum, 7585; platinum, 5172; German
silver, 5230; platinoid, 4750; iron, 3148; tin, 1462; lead, 1379: alloy of 3
lead and 1 tin. 1318.
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Allowable Carrying Capacity of Copper Wires.
(For inside wiring, National Board of Fire Underwriters' Rules.)

B.&S. Circular

Amperes,
Circular

Amperes.

Gauge. Mils. Rubber Other In- Mils. Rubber Other In-
Covered. sulation. Covered. sulation.

18 1,624 3 5 200,000 200 300
16 2,583 6 8 300,000 270 400
14 4,107 12 16 400,000 330 500
12 6,530 17 23 500,000 390 590
10 10,380 24 32 600,000 450 680
8 16,510 33 46 700,000 500 760
6 26,250 46 65 800,000 550 840
5 33,100 54 77 900,000 600 920
4 41,740 65 92 1,000,000 650 1,000

3 52,630 76 110 1,100,000 690 1,080

2 66,370 90 131 1,200,000 730 1,150

I 83,690 107 156 1,300,000 770 1,220
105,500 127 185 1,400,000 810 1,290

00 133,100 150 220 1,600,000 890 1,430

000 167,800 177 262 1,800,000 970 1,550

0000 211,600 210 312 2,000,000 1,050 1,670

Wires smaller than No. 14 B. & S. gauge must not be used except in fix-

tures and pendant cords.
The lower limit is specified for rubber-covered wires to prevent deteriora-

tion of the insulation by the heat of the wires.
For insulated aluminum wire the safe-carrying capacity is 84 per cent oi

that of copper wire with the same insulation.
See pamphlets published by the National Board of Fire Underwriters,

New York, for complete specifications and rules for wiring.
Underwriters' Insulation. — The thickness of insulation required

by the rules of the National Board of Fire Underwriters varies with the size
of the wire, the character of the insulation, and the voltage. The thick-
ness of insulation on rubber-covered wires carrying voltages up to 600
varies from 1/32 inch for a No. 18 B. & S. gauge wire to 1/8 inch for a wire of
1.000,000 circular mils. Weather-oroof insulation is required to be slightly
thicker. For voltages of over 600 the insulation varies from i/ie inch
for No. 14 B. & S. gage to 9/64 inch for 1,000,000 C. M. and over,

ELECTRIC TRANSMISSION, DIRECT CURRENTS.
Cross-section of Wire Required for a Given Current.—

Let B = resistance of a given line of copper wire, in ohms;
r = " "1 mil-foot of copper;
L = length of wire, in feet;

= drop in voltage between the two ends;
= current, in amperes;
= sectional area of wire, in circular mils;

e „ e „ L , . rIL
-^, B = -y', B = r --^; whence A =

.

The value of r for soft copper wire at 68° F. is 10.371 international
ohms. For ordinary drawn copper wire the value of 10.8 is conamonly
taken, corresponding to a conductivity of 97.2 per cent.
For a circuit, going and return, the total length is 2 L, and the formula

becomes A = 21.6IL -^ e, L here being the distance from the point of
supply to the point of delivery.

If E is the voltage at the generator and a the per cent of drop in the
iine, then e = Ea -^ 100, and A = 2160 IL -~ aE.

P 2160 PL
If P = the power in watts, = EI, then I = ^, and A =

:f^—

.

If Pjfc = the power in kilowatts, A = 2,160,000 Pj^L -i- aE^.

If L™ = the distance in miles and A^ the area in circular inches, then]

I
A

then I =
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Af. = 6405 PkLjn -= «^^- If -^s ^ ^^^^ ^ square inches, Ag = 5030
Pj^Lj^ -^ aE^. When the area in circular mils has been determined by
either of these formulae reference should be made to the table of Allow-
able Capacity of Wires, to see if the calculated size is siifflcient to avoid
overheating. For all interior wiring the rules of the National Board of
Fire Underwriters should be followed.

Weight of Copper for a Given Power. — Taking the weight of
a mil-foot of copper at 0.000003027 lb., the weight of copper in a circuit of

length 2Land cross-section A, in circ. mils, is 0.000006054LA lbs., = W,
Substituting for A its value 2 160PL -=- aE"^ we have

TF = 0.0130766 PL2 ^ aE^; P in watts, L in ft.

W = 13.0766 P^L2 -=- a£'2; P^ in kilowatts, L in ft.

Tf= 364,556,000 Pjc^'^ra'^ aE^l Pk in kUowatts, L^ in miles.

The weight of copper required varies directly as the power transmitted

;

inversely as the percentage of drop or loss; directly as the square of the
distance; and inversely as the square of the voltage.
From the last formula the following table has been calculated:

Weight of Copper Wire to Carry 1000 Kilowatts with 10% Loss.

Distance
in Miles.

1 5 ,0 20 50 100

Volts. Weight in Lbs.

500 145.822
36,456
9,114
1,458

365
91

3.645,560
911,390
227,848
36.456
9.114
2.278
570

1,000 3,645,560
911,390
145,822
36.456
9,114
2.278
1,013

2,000 3,645.560
593.290
145.822
36.456
9.114
4.051

5,000 3.645.560
911,390
227,848
56,962
25.316

10,000
20.000
40,000

3.645.560
911.390
227.848

60,000 101,266

In calculating the distance, an addition of about 5 per cent should
be made for sag of the wires.

Short-circuiting.— From the law I = E/R it is seen that with any
pressure E, the current I will become very great if R is made very
small. In short-circuiting the resistance becomes small and the current
therefore great. Hence the dangers of short-circuiting a current.

ECONOMY OF ELECTRIC TRANSMISSION.
The loss of power in a transmission hne is ordinarily given in per

cent of the total power consumed in the conductors at maximum load.
Whatever the line pressure may be, the size of the conductors varies
inversely with the percentage of loss. Consequently the maximum line
loss which can be allowed is dependent on the most economical size of
the hne conductors.

In 1881 Lord Kelvin gave out a statement in regard to the most
economical size of conductors. This statement, which is known as
Kelvin's law," was as foUows:
"The most economical area of conductor will be that for which the,

annual interest on the capital outlay equals the annual cost of energy
wasted."

According to this rule, the cheaper the cost of power, the less should
be the capital outlay for the conductors, thus allowing a smaller size
to be used. George Forbes states that the most economical section of
the conductor is independent of the voltage and the distance, and is

proportional to the current.
It is generally assumed that the cost of the pole Unei and the insula-

tors is constant and not affected by the variation in thle size of the Una
conductors.

If A = interest cost per year of conductors erected, in dollars,
B = value of the hne loss per year, in dollars; then for the most

economical cross-section of the conductors
A =J3.
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if K" = Cost per kilowatt-year of lost power, in dollaf§»
Kx = Cost per pound of wires erected, in dollars,
L = Length of line in 1000 ft.,

jD2 ^ Cross-section of conductor in circular mils,
I = Line current in amperes

»

p = per cent interest,

then ^ = j^ XKiX 0.003 XLxD\
B^KXI^X 10.5 X ^2

^XKiX 0.003 XLXD^ = KXI^X 10.5 X -^^

D2 = 592 1 a! -^

\pKx
D2 is the cross-section, in circular mils, that will give the most eco-

nomical Une loss.

In the following, the above equation is worked out for three diflferent
rates of interest

:

For 4%, D2 = 296 I \fe; For 5%, 1)2 = 265 I \\— ;

'

For 6%, Z)2 = 242 I \l^
In determining the value of I, care must be taken that the annual

mean value of the current is used. The value of K must also be the
one for which the power, representing the line loss, can be produced,
and not that for which it can be sold.

Wire Tables.— The tables on the following page show the relation
between load, distance, and "drop" or loss by voltage in a two-wire
direct-current circuit of any standard size of wire. The tables are based
on the formula

(21.6 IL) -T- A = Drop in volts.

I = current in amperes, L = distance in feet from point of supply to
point of deUvery, A = sectional area of wire in circular mils. The
factors I and L are combined in the table, in the compound factor
"ampere feet."
Examples in the Use of the Wire Tables. — 1. Required the max-

imum load in amperes at 220 volts that can be carried 95 feet by No. 6
wire without exceeding 11/2% drop.
Find No. 6 in the 220-volt column of Table I; opposite this in the

11/2% column is the number 4005, which is the ampere-feet. Dividing
this by the required distance (95 feet) gives the load, 42.15 amperes.
Example 2. A 500-volt line is to carry 100 amperes 600 feet with a

drop not exceeding 5% ; what size of wire wiU be required?
The ampere-feet wiU be 100 X 600 = 60,000. Referring to the 5%

column of Table II, the nearest number of ampere-feet is 60,750, which
is opposite No. 3 wire in the 500-volt column.

These tables also show the percentage of the power dehvered to a line
that is lost in non-inductive alternating-current circuits. Such circuits
are obtained when the load consists of incandescent lamps and the cir-

cuit wires he onlv an inch or two apart, as in conduit wiring.
Efficiency of Electric Systems.—The efficiency of a system is the

ratio of the power dehvered by the electric motors at the distant end of
the line to the power delivered to the dynamo-electric machines at the
other end. The eiflciency of a generator or motor varies with its load
and with the size of the machine, ranging about as follows:

Average Full-load EflQciency of Generators:
K.W 25 50 100 200 500 1000 2000 3000
Eflf. % 88 90 91 92 93 94 94.5 95

Average Full-load EflQciency of Motors:
HP 1 2 5 10 25 50 100 200 500
Efl. % 80 82 85 87 88 90 91 92 93

The eflaciency of both generators and motors decreases, at first very

I
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Wire Table— Relation between Load, Distance, Loss, and
Size of Conductor.

Note. — The numbers in the body of the tables are Ampere Feet, i.e.,

Amperes X Distance (length of one wire). See examples below.

Table I. — 110-volt and 330-voIt Two-wire Circuits.

Wire Sizes: Line Loss in Percentage of the Rated Voltage; and PoWer
B. & S. Gauge. Loss in Percentage of the Delivered Power.

IK)V. 220 V. I IV2 2 3 4 5 6 8 10

0000 21,550 32,325 43,100 64,650 86,200 107,750 129,300 172,400 215,500
000 17,080 25,620 34,160 51,240 68,320 85,400 102,480 136,640 170,800

00 13,550 20,325 27,100 40,650 54,200 67,750 81,300 108,400 135,500

0000 10,750 16,125 21,500 32,250 43,000 53,750 64,500 86,000 107,500

000 8,520 12,780 17,040 25,560 34,080 42,600 51,120 68,160 85,200

00 6,750 10,140 13,520 20,280 27,040 33,800 40,560 54,080 67,600
5,360 8,040 10,720 16,080 21,4^0 26,800 32,160 42,880 53,600

1 4,250 6,375 8,500 12,750 17,000 21,250 25,500 34,000 42,500

2 3,370 5,055 6,740 10,110 13,480 16,850 20,220 26,960 33,700

3 2,670 4,005 5,340 8,010 10,680 13,350 16,020 21,360 26,700

4
_

2,120 3,180 4,240 6,360 8,480 10,600 12,720 16,960 21,200
5 1,680 2,520 3,360 5,040 6,720 8,400 10,800 13,440 16,800

6 1,330 1,995 2,660 3,990 5,320 6,650 7,980 10,640 13,300

7 1,055 1,582 2,110 3,165 4,220 b;Lh 6,330 8,440 10,550

8 838 1,257 1,675 2,514 3,350 4,190 5,028 6,700 8,380

9 665 997 1,330 1,995 2,660 3,320 3,990 5,320 6.650
10 527 790 1,054 1,580 2,108 2,635 3,160 4,215 5,270
11 418 627 836 1,254 1,672 2,090 2,508 3,344 4,180
12 332 498 665 997 1,330 1,660 1,995 2,660 3,325
14 209 313 418 627 836 1,045 1.354 1.672 2,090

Table II. — 500, 1000, and 2000 Volt Circuits

Wire Sizes;
B. & S. Gauge.

Line Loss in Percentage of the Rated Voltage; and
Power Loss in Percentage of the Delivered Power.

500 V. 1000 V. 2000 V. 1 IV2 2 21/2 3 4 5

(0000

000

(00

I

,-2

3

3
(6

•7

%

'\\

M2 ,

114

0000
000
00

1

2
3
4
5

6

7

8
9
10

11

12
13

14

1

2
3
4

5
6
7
8
9

10

11

12

13

14

97,960
77,690

61,620
48,880

38,750

30,760
24,370
19,320

15,320

12,150

9,640

7,640
6,060

4,805

3,810

3,020
2,395

1,900

1,510

950

146,940
116,535

92,430
73,320

58,125

46,140
36,555

28,980
22,980
18,225

14,460
11,460

9,090
7,207

5,715

4,530

3,592
2,850
2,265
1,425

195,920
155,380

123,240

97,760
77,500

61,520
48,740
38,640
30,640
24,300

19,280

15,280

12,120

9,610

7,620

6,040
4,790
3,800
3,020
1,900

244,900
194,225

154,050

122,200

96,875

76,900
60,925
48,300
38,300
30,375

24,100
19,100

15,150

12,010

9,525

7,550

5,985

4,750
3,775

2,375

293,880
233,970
184,860

146,640

116,250

92,280
73,110
57,960
45,960

36,450

28,920
22,920
18,180

14,415

11,430

9,060

7,185

5,700
4,530
2,850

391,840
310,760
246,480
195,420

155,000

123,040
97,480
77,280
61,280
48,300

38,560
30,560
24,240
19,220

15,220

12,080

9,580
7,600

6,040
3,800

489,800
388,450
308,100
244,400
193,750

153,800

121,850

96,600
76,600
60,750

48,200
38,200
30,300
24,025

19,050

15,100

11,975

9,500
7,550

4,750
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slowly and then more rapidly, as the load decreases. Each machine
has its "characteristic" curve of efficiency, showing the ratio of output
to input at different loads. Roughly the decrease in efficiency for direct-
current machines at half-load varies from 3% to 10% for the smallest
sizes. The loss in transmission, due to fall in electrical pressure or
"dop" in the line, is governed by the size of the wires, the other,
conditions remaining the same. For a long-distance transmission,'
plant this will vary from 5% upwards. ,'

With generator efficiency and motor efficiency each 90%, and trans-'
mission loss 5 %, the combined efficiency is 0.90 X 0.90 X 0.95 = 76.95 %.[

Resistances of Pure Aluminum Wire.*
Conductivity 62 in the Matthiesen Standard Scale. Piu-e aluminum!

weighs 167.111 pounds per cubic foot.

<iTd Resistances at 70° F. £ 6 Resistances at 7C°F.
^^ ^^
O72 Ohms

per 1000
Feet.

Ohms

MUe.

Feet

Ohm.

Ohms per
Pound.

Ohms
perlOOO
Feet.

Ohms

MUe.

Feet

Ohm.

Ohms per
Pound.

0000 0.07904 0.41730 12652. 0.00040985 19 12.985 68.564 77.05 11.0701

000 .09966 .52623 10034. .00065102 20 16.381 86.500 61.06 17.595

00 .12569 .66362 7956. .0010364 21 20.649 109.02 48.43 27.971

.15849 .83684 6310. .0016479 22 26.025 137.42 38.44 44.450(

1 .19982 1.0552 5005. .0026194 23 32.830 173.35 30.45 70.7001

2 .25200 1.3305 3968. .0041656 24 41.400 218.60 24.16 112.43

3 .31778 1.6779 3147. .0066250 25 52.200 275.61 19.16 178.78

4 .40067 2.1156 2496. .010531 26 65.856 347.70 15.19 284.36
5 .50526 2.6679 1975. .016749 27 83.010 438.32 12.05 452.62
6 .63720 3.3687 1569. .026628 28 104.67 552.64 9.55 718.95
7 .80350 4.2425 1245. .042335 79 132.00 697.01 7.58 1142.9
8 1.0131 5.3498 987.0 .067318 30 166.43 878.80 6.01 1817.2

9 1.2773 6.7442 783.0 .10710 31 209.85 1108.0 4.77 2888.0
10 1.6111 8.5065 620.8 .17028 32 264.68 1397.6 3.78 4595.5
11 2.0312 10.723 492.4 .27061 33 333.68 1760.2 3.00 7302.0
12 2.5615 13.525 390.5 .43040 34 420.87 2222.2 2.38 11627.

13 3.2300 17.055 309.6 .68437 35 530.60 2801.8 1.88 18440.

14 4.0724 21.502 245.6 1.0877 36 669.00 3532.5 1.50 29352.
15 5.1354 27.114 194.8 1.7308 37 843.46 4453.0 1.19 46600.
16 6.4755 34.190 154.4 2.7505 38 1064.0 5618.0 0.95 74240.
17 8.1670 43.124 122.5 4.3746 39 1341.2 7082.0 0.75 118070.
18 10.300 54.388 97.10 6.9590 40 1691.1 8930.0 0.59 187700.

* Calculated on the basis of Dr. Matthiessen's standard, viz.: The
resistance of a pure soft copper wire 1 meter long, having a weight of
1 gram = 0.141729 International Ohm at 0° C.
(From Aluminum for Electrical Conductors ; Pittsburgh Reduction Co.)

ELECTRIC RAILWAYS.
While 600 volts is still maintained as a standard for street railway

systems, experience has shown that the most economical operation of
high-speed suburban and interurban railroads can be obtained with
1200 to 1500 volts on the trolley. Steam railroad electrifications will,

however, be accompUshed most satisfactorily with 2400 or 3000 volts
direct cmrent.

Schedule Speeds, Miles per Hour.
City Service.

Max. Stops per Mile.
J

Speed.
1 2 3 4 1 5 6 7 8

15
20
25
30

10.8
13.7
16.3
18.5

9.9
12.1
14.2
15.6

9.3
11.1
12.7
13.8

8.7
10.3
11.5
12.4

8.3
9.6
10.6
11.3

7.9
9.0
9.9
10.5

7.5
8.6
9.3
9.8

7.2
8.1
8.7
9.2
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INTERURBAN Service.

Max. Miles between Stops.

Speed.
1/2 3/4 1 1.5 2 3 4 5 10

OOOO

14.0
15.4
16.2
17.0

15.5
18.1
19.5
20.8

16.7
20.0
21 .9

23.6

18.5
22.7
25.6
27.9

19.7
24.5
27.9
30.9

21.0
26.7
31.0
34.8

22.0
28.0
32.9
37.5

22.5
28.9
34.2
39.3

23.9
30.8
37.2
43.6

The figures in the above tables include stops of 5 seconds each for the
city service and of 15 seconds for the interurban service, besides a 15%
margin for line drop and traffic delays. The ratio of acceleration is

approximately 1.5 miles per hour per second for the city service and
1.2 miles per hour per second for the interurban service, the braking
being 1.5 miles per hour per second and the coasting approximately
10% of the running time exclusive of stop.

Train Resistance. (General Electric Co.)—The horse-power output
at the rim of the wheels is equal to,

H P r X F X Feet T XF XV
' ' 33,000 X Minutes 375

When reduced to Kilowatts,

^^ rxFXVX746 2X rxFx V^^^^^^
K^- = 375 X 1000 = iOOO ^PP'^^^-

The kilowatt input to train is equal to,

2X TXFX V
"^^"

1000 XEfl.
Total weight of train in tons.
Train resistance, including that due to grades and curves,

in lbs. per ton.
V = Speed in miles per hour.

Eff = Efficiency of motors at speed V.
The train resistance may be found from the following formula:

Where T
F

F. -- ^ + 0.03V +
0.002 V2-(-+^)

Where F = Train resistance in lbs., per ton.
T = Total weight of train in tons.
V = Speed in miles per hour.
A = End cross-section in sq. ft.

N = Number of cars in train.

—^ is limited to a value of 3.5.
y/T

Tractive Resistance of a 38-ton Electric Car (Harold H. Dimn,
Bull. 74, Univ'y of 111. Expt. Station, April, 1914).—Mean of all tests:
Miles per hr. . 5 10 15 20 25 30 35 40 45
Lb. per ton. . 5.25 6.80 8.62 10.75 13.03 15.75 18.75 22.13 26.12
Two formulae have been derived from the results:

JJ = 4 -i- 0.222 S + 0.00582 S2.

i? = 4 + 0.222 S + 0.00181 ^. S\

A = cross-sectional area of the car in sq. ft. W = weight of the car
in tons.
The formulae shoidd not be used beyond the limit of 45 miles per hour.

Rates of Acceleration.-^Electric Locomotive Passenger Service, 0.3 to
3 . 6 mile per hour per second.

; Electric Motor Cars, Interurban Service, 0.8 to 1.3 miles per hour
aer second.
Electric Motor Cars, City Service, 1.5 miles per hour per second.
Electric Motor Cars, Rapid Transit Service, 1.5 to 2.0 miles per hour

3er second.
Highest Practical Rate, 2.0 to 2.5 miles per hour per second.
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5<
Safe Maximum Speed on Curves.—

Radius of Curve, Ft. 10,000 5000 2000 1000 500 200 100
Speed, miles per hr., 100 75 50 35 25 15 10
The above values apply only when full elevation is given the outei

rail. For city service such elevation is not possible and the maxi
mum speed will, therefore, be less imder such conditions. The >

restriction applies with steel wheel flanges of 3/4 inch or less.

Coefficient of Adliesion. — The following are the average values <

the coefficient of adhesion between wheels and rails, based on a uniforn
torque:

Clean, dry rail, 30%.
Wet rail, 18%; with sand, 22%.
Rail covered with sleet, 15%; with sand, 20%.
Rail covered with dry snow, 10%; with sand, 15%.

Electrical Resistance of Steel Rails.—The resistance of steel rails

varies considerably, due to the difference in chemical composition.
Ordinary traction rails have a specific resistance averaging 12 times
that of copper, wliile for contact rails (tliird rails) the average is only
8 times. The values given in the following table are in ohms at 75° F.
and with no joints.

Weight of Rails,

Lbs. per Yard.

Actual
Area,
Sq. In.

Actual Area
in

Circular Mils.

Resistance
per Mile,
8 to 1 Ratio.

Resistance
per Mile,

12tol Ratio.

40 3.92 4,918,300 0.09118 0.13395
45 4.42 5,627,700 0.07915 0.11905
50 4.90 6,238,800 0.07135 0.10710
60 5.88 7,486,600 0.05955 0.08920
70 6.86 8,734,400 0.05105 0.07660
75 7.35 9,230,900 0.04780 0.07185
80 7.84 9,982,100 0.04465 0.06695
90 8.82 11,229,900 0.03975 0.05955
100 9.80 12,477,700 0.03750 0.05365

Resistance of Rail Bonds. — The resistance of bonded rails will
vary, depending on the amount of contact made by the sphce bars and
rail ends, but in selecting bonds this element of the return circuit
should be disregarded, as it is quite unreliable and frequently negligible.

Diameter of Resistance per In. Carrying
Size of Conductor. Terminal, of Conductor. Capacity,

in Inches. 75° Fahr. Amp.
1/2 .00000829 210

00 5/8 .00000657 265
000 3/4 .00000521 335
0000 7/8 .00000414 425
250,000 CM 7/8 .00000350 500
300,000 CM 1

1

.00000275

.00000250
600

350,000 CM 700
400,000 CM 1 .00000219 800
450,000 CM 1 .00000196 900
500,000 CM 1 .00000175 1000

Electric Locomotives.—In selecting an electric locomotive the prin-
cipal points to be determined are the weight of the locomotive, the
type and capacity of the equipment, and the mechanical features.
The weight upon the drivers must be enough to puU the heaviest
trains under the most adverse conditions. Therefore the weight of the

, heaviest train, the maximum grade and curvature must be ascertained.
It must be known whether the locomotive is expected to start the train
under these conditions, or whether it will start upon the level and only
meet maximum grade conditions when running.

In order to determine the motor equipment all the data of the service
conditions are required, such as the speed required under various condi-
tions of load and grade. The maximum free-running speed will be ap-
proximately 50 to 75 per cent greater than the rated full load speed.
Mechanical Umitations must also be considered, such as track clear-
ances, limiting weight on drivers, type of couphngs, etc.
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Relative Efficiencies of Electric Railway Distributing Systems.—The
table on p. 1417 shows the approximate all-day combined eflBciencies
from prime mover to train wheels for various methods of trunk line
electrifications. The trains are supposed to be handled by electric
locomotives, and in each instance a considerable length of line is con-
templated, making it necessary to have a 100,000-volt high-tension
primary distribution or a multiplicity of power sources.

Space will not permit a complete treatment of the subject of Electric
Railways in this work. For further information consult: "American
Handbook for Electrical Engineers"; Standard Handbook for Electrical
Engineers"; "Foster's Electrical Engineer's Pocket Book"; Burch,
"Electric Traction for Railway Trains"; Harding, "Electric Railway
Engineering."

ELECTRIC WELDEVG.
Electric welding is divided into two general classes, arc heating

and resistance heating.
Arc Welding.—In this process the heat of the arc is utilized to

bring the metals to be welded to the melting temperature, when the
joint is filled with molten metal, usually introduced in the form of a
rod. Tliis system is usually operated by direct current, and as the
positive side of a direct current arc generates heat at a rate approxi-
mately three times that of the negative side, the positive side is used for
performing the welding operation.
Two kinds of arcs may be used for this class of welding, the^carbon

arc and the metallic arc. The former requires an e. m. f. varying from
50 to 100 volts and the value of the current is varied over a range of
100 to 750 amperes, 300 being the a.verage. The metallic arc, how-
ever, requires an e. m. f. of only from 15 to 30 volts, the length of the
arc being very short as compared with the carbon arc.
The arc should be as stable as possible, and the current should,

therefore, be of a constant value. The regulation may be accomplished
by inserting resistance in series in the circuit, but this system is nat-
urally very wasteful and greater economy may be obtained-by pro-
viding motor-generator sets, with the generator of the variable voltage
type.
The following costs. Table I (from Electrical World) were compiled

from the records of an electric railway repair shpp:

TABLE I.

Data on Electric Welding Repairs In RaUway Shops

Time in
Minutes.

Kw. Average
Costs.

10
60
5-12

150-200

2-5
30-60
5-10
2-4

120-180
10-15
20-30
20-30
5-15

6
20-30
4-8
75-90

1-3
20-35
3-5

60-90
7-12
10-15
10-20
3-7

$0.07
Armature shaft (broken) 2-in 0.80

0.07
Broken motor cases
Broken lugs on a compressor cover, doors

and grease-cup hinges
Broken truck frames

4.98

0.03
0.63

Worn bolt holes in motors and trucks
Enlarged and elongated holes in brake levers
Armature shafts, 2-in., worn in journals . . .

Armature shafts, worn in keyways
Armature shaft, worn thread
Air-brake armature shafts (broken)
Leaking axle boxes

0.05
0.03,

3.75
0.10
0.24
0.27
0.08

Resistance Welding.— Resistance welding is done by the heat
developed by a large amperage carrying through the joining metals by
means of a low voltage. Single-phase alternating current is generally
used for the operation, which may be broadly divided into two classes

—

butt-welding and spot-welding. The former covers all work on which
the ends or the sides of the material are welded together, while spot-
welding is used for joining metal sheets together at any point by a
spot the size of a rivet, without punching holes or using rivets.

For resistance welding a very Jow voltage is used, varying from 2
to 8 volts, the line voltage ]3e4iig stepped down by special transformers.
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The current consumption, in amperes, varies with the work and the
time taken to make the weld.
The following tables (from Iron Trade Review) give the cost of

resistance welding. Table II gives the results obtained by butt-
welding round stock ranging from 1/4 to 1 inch diameter, in the short-
est and longest time possible. The difference in current consumption
is very great and in most cases the shorter time in seconds was the most
economical of the two, although neither is the most economical rate
at which the material can be welded.

TABLE n.—Shortest and Longest Butt-weldlng Periods.

Volts per
Square
Inch.

33.7
18.85

I

16.26
19.7
27.7
19.6
10.35
16.1

Table III contains the results of tests made to determine the cost of
power for making electric butt welds on material ranging from 1/4 to

Size, In.
Time,

Seconds.
Current
Amperes.

Volts per
Square
Inch.

Size, In.
Time,

Seconds.
Current
Amperes.

1/4 2.7 1960 39.5 5/8 3.5 9400
1/4 5 1645 35.5 5/8 10.85 5510
8/8 4 4330 45.5 3/4 4 10000
3/8 5.27 2190 19.7 3/4 22.2 9400
1/2 4 6600 36.6 7/8 7 11900
1/2 15.8 1800 13 7/8 17 10550
9/I6 3.6 8400 8 1 33 7740
9/I6 21.5 3400 12.25 I 114 4450

5 inches in diameter.

TABLE III.—Cost of Power.

Area,
Sq. In.

Welding
Time,
Seconds.

Cost per
1000

Welds*

Area,
Sq. In.

Welding
Time,

Seconds.

Cost per
1000

Welds*

0.05
0.11
0.20
0.31
0.44
0.60

5
71/2
8
10
12
15

5
6
10
12
15
20

$0.07
0.13
0.22
0.33
0.50
0.83

0.79
0.99
1.23
1.77
2.41
3.14

18
20
26
40
45
56

30
30
40
60
70
80

$1.50
1.66
2.89
6.67
8.75
12.44u.ou I J ^u u.oj J. It :>o ou I A . tf

Table IV gives the time, power and' cost per 100 spot-welds, with
current at 1/4 cent per Kw.-hr., for welding Nos. 10 to 28 gage sheets.

TABLE IV.—Cost of Welding,

Gage. Kw. Time in
Seconds.

Cost per
1000 Welds,

Cents.
Gage. Kw. Time in

Seconds.

Cost per
1000 Welds,

Cents.

10
12
14
16
18

1.5
1.3
1.0
0.9
0.8

3.5
3
2.75
2.5
2.25

20
22
24
26
28

0.7
0.6
0.5
0.4
0.3

2
1.75
1.5
1.25
1

*Cxirrent at 1 cent per Kw.-hr.

ELECTRIC HEATERS.
Wherever a comparatively small amount of heat is desired to be auto-

matically and uniformly maintained, and started or stopped on the
instant without waste, there is the province of the electric heater.
The elementary form of heater is some form of resistance, such asJ

coils of thin wire introduced into an electric circuit and surrounded with,
a substance which will permit the conduction and radiafion of heat, and
at the same time serve to electrically insulate the resistance.

This resistance should be proportional to the electwi-mptlye force of
the current used and to the equation of Joule's law;

H = imt X 0.24,

,
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where I is the current in amperes; R, the resistance in ohms; /, the time
in seconds; and H, the heat in gram-centigrade units.

Since the resistance of metals increases as their temperature increases,
a tiiin wire lieated by current passing through it will resist more, and
grow hotter and hotter until its rate of loss of heat by conduction and
radiation equals the rate at which heat is supphed by the current. In a
short wire, before heat enough can be dispelled for commercial purposes,
fusion will begin; and in electric heaters it is necessary to use either long
lengths of thin wire, or carbon, which alone of ah conductors resists
fusion. In the majority of heaters, coils of thin wire are used, separately
embedded in some substance of poor electrical but good thermal
conductivity.

Relative Eflaciency of Electric and of Steam Heating.— Suppose
that by the use of good coal, careful firing, well-designed boilers and
triple-expansion engines we are able in daily practice to generate 1 H.P.
at the fly-wheel with an expenditure of 2 1/2 lb. of coal per hour.
We have then to convert this energy into electricity, transmit it by

wire to the heater, and convert it into heat by passing it through a
resistance-coil. We may set the combined efficiency of the dynamo arxd
line circuit at 85 %, and will suppose that all the electricity is converted
into heat in the resistance-coils of the radiator. Then 1 brake H.P. at
the engine = 0.85 electrical H.P. at the resistance coil = 1,683,000
ft.-lb. energy per hour = 2180 heat-units. But since it required 2 1/2

lbs. of coal to develop 1 brake H.P., it follows that the heat given out
at the radiator per pound of coal burned in the boiler furnace will be
2180 -f- 2 1/2 = 872 H.U. An ordinary steam-heating system utilizes
9652 H.U. per lb. of coal for heating; hence the efficiency of the electric
system is to the efficiency of the steam-heating system as 872 is to 9652,
or about 1 to 11. (Eng'g News, Aug. 9, '90; Mar. 30, '92; May 15, '93.)

Heat Required to Warm and Ventilate a Room. — The heat re-
quired to raise the temperatiire of a given space or room to a certain
value depends upon the ventilation, the character of the walls, the di-
mensions, proportions of the room, etc. One watt-hour of electrical
energy wiU raise the temperature of one cubic foot of air (measured at
70°) 191° F., or 1 watt will raise the temperature of a cubic foot of air
at the rate of 0.0531° F. per second, or approximately 3.2° per minute.
In addition to raising the temperature of the air to the desired value,
the loss of heat throvigh conduction and ventilation must be supplied.
(See Heating and Ventilation.)

Example. Assume a room of a capacity of 3000 cu. ft., in which
the air is changed every 20 minutes, the temperature to be main-
tained 30° above the outside air.

3000 -=- 20 = 150 cu. ft. per minute.
(150 X 30) -^ 3.2 = 1406 watts necessary to supply the ventilation

loss. To begin with, to raise the air in the room 30° will require

(3000 X 30) -^ 191 =471 watt-hours

and therefore the total energy used during the first hour will be
1406 -h 471 = 1877 watt-hoiu-s or 1.88 Kw.-hours.

Domestic Heating.— Electric heating is extensively used for house-
hold cooking apparatus. The time taken to heat water in any quantity
to any definite temperature not exceeding boiUng point can be deter-
mined by the formula:

V (T2- Ti) 1831

P X Eff.

Where t = time in minutes, V = number of pints, Ti = initial tem-
perature, °F., T9. = final temperature, °F., P = energy consumption
in watts, Eff. = Efficiency of cooking utensil, per cent.

Example. To heat 1 pint of water 100° F. with a 220-watt heater
with 50% efficiency, time = (1 X 100 X 1831) -h (220 X 50) = 16.6 min.
The following table (compiled by the National Electric Light Asso-

ciation) gives the watts consmned and cost of operation of different
domestic heating devices, the cost of current being at the r,"te of 5 cents
i^er Kw.-hr.
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Cost of Operation of Domestic Heating Appliances.

Apparatus. Watts. Cents per hr.

Broilers, 3 heat* 300 to 1200 1.5 to 6
Chafing dishes, 3 heat 200 to 500 1 to 2.5
Coffee percolators for 6-in. stove 100 to 440 0.5 to 2.2
Curling-iron heaters 60 0.3
Double boilers for 6-in., 3-heat stove 100 to 440 0.5 to 2.2
Flatiron (domestic size) , 3 lb 275 1
Flatiron (domestic size), 4 lb 350 1.4
Flatiron (domestic size) , 5 lb 400 - 2
Flatiron (domestic size) , 6 lb 475 2.4
Flatiron (domestic size), 7.5 lb 540 2.7
Flatiron (domestic size), 9 lb 610 3.05
Frying kettles, 8 in. diameter 825 4.125
Griddle-cake cookers, 9 in. by 12 in., 3-heat 330 to 880 1.7 to 4.4
Griddle-cake cookers, 12 in. by 18 in., 3-heat 500 to 1500 2.5 to 7.5
Ornamental stoves 250 to 500 1.25 to 2.5
Ovens 1200 to 1500 6 to 7.5
Plate warmers 300 ] .5

Radiators 700 to 6000 3.5 to 30
Ranges: 3-heat, 4 to 6 people 1000 to 4515 5 to 22
Ranges: 3-heat, 6 to 12 people 1100 to 5250 5.5 to 26
Ranges: 3-heat, 12 to 20 people 2000 to 7200 10 to 36
Toasters, 9 in. by 12 in., 3-heat 330 to 880 1.6 to 4.4
Urns, 1-gal., 3-heat 110 to 440 0.5 to 2.2
Urns, 2-gal., 3-heat 220 to 660 1.1 to 3.3

Experience has shown that 300 watt-hours per meal per person is a
liberal allowance for electric cooking; or in a family of five, four kilo-
watt hours per day is an average.

ELECTRIC FURNACES.
In the combustion furnace, no matter what form of fuel is used, the

temperature cannot exceed 2000° C. (3632° F.), and for higher temper-
atures the electric furnace must be used. The intensity of the heat
in this type of furnace depends on the amount of current that passes,
and as most substances are conductors when hot, the degree of intensity
possible is theoretically unlimited. In practice, however, the conduct-
ing substance begins to fuse when heated to its melting point, and one
is then confronted with the physical difficulty of keeping the con-
ducting medium in place, or, if this be accompUshed, the conducting
medium ultimately vaporizes, the gaseous materials escape, and heat
Is thus carried away from the furnace as rapidly as it is suppUed. The
temperature of the electric arc, which is somewhere between 3600°
and 4000° C. (6512° — 7232° F.), is perhaps the highest temperature
attainable at present.

Electric furnaces may be divided in two broad classes, arc furnaces
and resistance furnaces. In the former the heat is generated by passing
an electric current through the space between the ends of two elecr
trodes, forming the so-called arc. In the resistance furnace the heat
is generated in the interior of a body due to its electrical resistance.
There are three typical forms of arc furnaces, their common feature

being that most and sometimes all of the heat is transmitted to the
material by radiation, which extends in aU directions. In aU the fur-
naces the arc must be started by a quick movement of the electrodes and
afterwards these must be continuously fed together as they are
consumed.
The chief characteristics of the three main types of arc furnaces are:
1. The direct-heating type, in which two or more electrodes are

used and the heating is accomplished by conduction and radiation.
The current passes from one electrode down through the slag, across
through the bath and up through the slag to the other electrode. The
Heroult furnace belongs to this type.
The Girod furnace is also of the direct-heating type, the current

arcing from the electrodes, which are connected to one side of the cir-
cuit, to a fixed electrode in the bottom.

* The apparatus can be set at tliree different heats or temperatures.
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2. The indirect-heating type. To this type belongs the Stassano
furnace, in which the arc extends between two or more carbon elec-
trodes above the charge, and therefore passes over but does not come
in contact with tlie charge, the heating being accomplished by radiation.

3. The smothered type, in which the arc extends from the end of the
upper electrode, wliich extends beneath the surface of the charge, to
the lower fixed electrode in the bottom of the furnace.
The direct and indirect heating arc furnaces are extensiv'ely used

for melting and refining metals, while examples of the smothered type
are the ferro-silicon and calcium carbide furnaces.

Resistance furnaces may also be divided in two distinct types, those
of direct and indirect heating.

1. Direct heating. In these the heat is produced in the material by
its own resistance, and enters the material at the highest efiiciency.
The material may be placed in a channel between two electrodes at

the ends which lead the current to and from it, the charge being sur-
rounded with insulating material to reduce the loss of heat. The
Acheson graphite furnaces are of tliis type.
Under this classification also come the induction furnaces in which

the terminal electrodes are eliminated and the heat generated solely
by induction. The furnace consists essentially of an iron core, around
one leg of which is wound a primary Avinding enclosed in a refractory
case and usually cooled by means of forced draft. The annular hearth
siirrounds tliis primary coil and is separated from it by means of
refractory material. This hearth contains the metal and acts as a
secondary winding of one tiu-n. The voltage induced in this turn is

quite small so that the energy transformed from the primary coil
results in a very large current in the secondary, which heats the metal
and thus nearly all the electrical energy is converted into heat in the
metal to be melted. The Kjellin and the Rocliling-Rodenhauser fur-
naces belong to this type. They are extensively used for steel refining.

2. Indirect heating furnaces have the heat generated in an internal
or external resistor and it is transferred to the charge by conduction
and radiation. Such furnaces are used for small moderate temperature
work.

Uses of Electric Furnaces.

Pig Iron. — When the electric furnace is used for smelting of iron
ore it is only necessary to supply enough carbon for the reduction, this
amount being approximately ons-third of what is required in the
ordinary blast furnace for both the heating and reduction. From re-
peated trial runs with electric smelting furnaces in Norway and Sweden
it has been found that coke as a reducing agent does not give satisfac-
tory results, and charcoal is therefore used exclusively.
The table on p. 1424 gives a summary of the most important figures

relating to the economical results which were obtained with the electric
iron ore furnaces in Sweden.

Steel Refining. — Electric fiimaces are used in the manufacture of
crucible quality steel, and the number is constantly increasing, both
arc and induction furnaces being in general use.
The following data as to the cost of electric steel refining are taken

from an article in Stahl und Eisen, April 10, 1913. Tliis article gives
the results wliich have been obtained in Germany by the Heroult
furnace and it contains a discussion of electric steel production from a
large-industry point of view.
The total refining cost must include many items as well as the cost

of current; for example, the cost of fluxes (ore, lime, sand, etc.), the
additions of ferro-aUoys, relining, maintenance, and repairs, electrode
consumption, wages, and, finally, interest and depreciation. The totals
of these items and the cost of current, wliich is the largest item, are
given below:

Total Refining Costs (Per Ton).

5-ton 10-ton 15-ton 20-ton
Basic. Acid. Basic. Acid. Basic. Acid. Basic. Acid.

Total costs $2.79 $1.79 $2.45 $1.45 $2.28 $1.34 $2.15 $1.25
Cost of current 1.19 0.77 1.07 0.59 1.01 0.54 0.95 0.48

The figures are based on prevaiUng market prices. Current is taken
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Data on Electric Smelting of Pig Iron in Sweden.

Nov. 15, 1910, Aug. 4, 1911, Aug. 12, 1912, October to
to to to December,

May 29, 1911. June2l, 1912. Sept. 30, 1912. 1912.

Ore, concentrates
and briquettes, kg. 4,336,338 7,917,214 1,406,530 2,914,830

Limestone kg. 345,405 647,479 108,150 169,944
Charcoal hi.*
Coke kg.

65,474

6;339,r3r'

107,282
70,854

10,845,180

21,859 44,934

Elec.energy,kw. hrs. 1,939,073' 3;957,565
Iron in ore, per cent. 60.79 60.75 68.67 65.38
Iron produced, .kg. 2,636,098 4,809,670 965,915 1,905,865
Slag per ton of

iron kg. 350 324 192
Electrodes per ton

of iron, gross. kg. 10.00 6.08 3.02 2.78
Electrodes per ton

of iron, net. .kg. 4.95 5.17 3.02 2.78
Charcoal per ton

of iron hi. 24.84 22.31 22.63 23.58

Hr. Min. Hr. Min. Hr. Min. Hr. Min.
Working time 4,441 20 7,218 23 1,173 08 2,158 30
Repairs 236 53 506 07 13 47 49 30
Repairs in per cent.

of total time 5.06 6.55 1.16 2.24
Average load, kw . . 1,427 1,502 1,653 1,833
Kw.-hrs, per ton of

iron 2,405 2,255 ^,007 2,076
Iron per kw. year.

tons 3.64 3.88 4.36 4.22
Iron per h.p. year.

tons 2.68 2.86 3.20 3.10

* 1 hectoliter = 3.53 cu. ft. = 2.84 U. S. bushels.

at 0.595c. per Kw.-hr., which is a figure that should be easy of attain-
ment for most steel plants. The time per heat is taken as 2 1/4 to 2 1/2

hours. Three-phase furnaces are considered, and In the installation
cost of the plant must be included transformers, cables, and switch-
boards. The amount of. current required is as follows:

Size of Furnace, Tons 1 2 5 • 10 25
Kilowatts 300-350 400-450 750-800 1000-1200 3000-3500
Ferr0-Alloys. — The electric furnace has clearly demonstrated its

advantages in the manufacture of ferro-alloys. The production of a
ferro-alloy low in carbon or with a high percentage of the alloying
element is Hmited in the blast furnace by three difliculties— first, the
temperature is too low for the reduction of some of the oxides of the
alloying metals; second, it is difficult to obtain an alloy containing
a high percentage of the special metal; and third, it is impossible to
produce a ferro-alloy low in carbon, because of the great excess of
carbon in the charge. With the crucible, owing to the smaU scale of
operation necessary, the process is expensive. Owing to the temper-
ature limitation, certain oxides can not be reduced and metals of high
melting point can not be melted ; it is difficult to obtain an alloy with a
high percentage of the special metal ; and if a graphite crucible is used,
the percentage of carbon tends to be high in the ferro-alloy.

Non-ferrous Metals. — In the metallurgy of non-ferrous metals the
electric furnace has had a greater application for the treatment of zinc
ores than in the metallurgy of any of the other non-ferrous metals
except aluminum. Since 1885, when an electric furnace for the treat-
ment of zinc ores was patented by the Cowles brothers, experimental
work has been done on a very large scale. However, the process has
not been applied to any great extent because of the difficulty of con-
densing the zinc vapor produced in smelting in the electric furnace, and
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fio it may be said tliat the electric smelting of zinc ores is yet in the
experimental stage.

Silundum, or sihcified carbon, is a product obtained when carbon is

heated in the vapor of silicon in an electric furnace. It is a form of car-
borundum, and has similar properties; it is very hard, resists high
temperatures, and is acid-proof. It is a conductor of electricity, its

resistance being about three times that of carbon. It can be heated in
the air up to 1600° C. without showing any sign of oxidation. At about
3 700°, however, the silicon leaves the carbon and combines with the
oxygen of the air. Silundum can not be melted. The first use to which
the material was applied was for electric cooking and heating. For
heating purposes the silundum rods can be used single, in lengths up to
32 in., depending on the diameter, as solid, round, flat, or square rods or
tubes, or in the form of a grid mounted in a frame and provided with
contact wires.

—

{El. Review, London. Eng. Digest, Feb., 1909.)

- PRIMARY BATTERIES.
Following is a partial list of some of the best known primary cells or

batteries.

Name.

Daniell
Gravity
Grove
Fuller....
Edison-Lalande
Leclanche
Clark
Weston
Dry battery

Electrolyte.

Dilute H2SO.
ZnSOi

Dilute H2SO,
Dilute H2SO,
Cone. NaOH

NH4CI
ZnSOi
CdS04

Various electrolyti

Depolarizer,

Concent. CUSO4
Concent. CuSO*

HNO3
KpCr207
CuO
MnOa
Hg2S04
Hg2S04

;e pastes.

E.M.F.
volts.

1.07
1.

1.9

2.1
0.7-0.9

1.4
1.44
1.02

1-1.8

The gravity cell is used for telegraph work. It is suitable for closed
circuits, and should not be used where it is to stand for a long time on
open circuit.
The Fuller cell is adapted to telephones or any intermittent work. It

can stand on open circuit for months without deterioration.
The Edison-Lalande cell is suitable for either closed or open circuits.

The Leclanche cell is adapted for open circuit intermittent work, such
as bells, telephones, etc.

The Clark and Weston cells are used for electrical standards. The
Weston ceU has largely superseded the Clark.
Dry cells are in common use for house service, igniters for gas engines,

etc.
Batteries are coupled in series of two or more to obtain an e.m.f.

greater than that of one cell, and in multiple to obtain more amperes
without change of e.m.f.

Spark coils, or induction coils, with interrupters, are used to obtain
ignition sparks for gas engines, etc,

ELECTRIC ACCUMULATORS OR STORAGE BATTERIES.
Secondary or storage batteries may be divided in two general

classes: viz., the lead battery and the Edison alkahne battery. They
are composed of a number of cells connected in series or multiple. The
voltage is independent of the size of the cell and is a function of the
electro -chemical properties used for the electrodes and electrolytes,
being approximately two volts per cell. The current, however, is ap-
proximately proportional to the surface of the electrodes that are sub-
merged in the electrolyte.
Lead Batteries.— The lead battery consists of two electrodes, the

positive and negative, immersed in the electrolyte. The two electrodes
are sponge lead (Pb) for the negative, and peroxide of lead (Pb02) for
the positive, these forming the active couple, the electrolyte being di-

lute sulphuric acid. The two sets of electrodes are called an element,
and they can be readily distinguished by their colors, the positive per-
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oxide plate being of a velvety brown chocolate color and the negativel
lead sponge plate of a light gray. I

Inside of the cell the current starts from the negative electrode to-l
ward the positive, and the positive electrode, therefore, is that por-I
tion of the battery from which the electric current passes out into the!
load circmt, this being termed "discharge," as compared to the storing

'

of energy, which is termed "charge." When the cell gives out current,
the elements gradually change in composition, becoming mixtures or
compounds of lead and lead sulphate at the negative electrode, and lead
peroxide and lead sulphate at the positive electrode, the chemical
change caused by the giving out of electrical energy being a gradual
formation of lead sulphate.
Lead batteries are made with two different types of plates, the

"formed" or Plante plate, and the "pasted" or Faure plate. In the
former, the active material is formed electro-chemically on the surface of
the plate body, while in the latter it is first applied mechanically in the
form of lead oxide and afterward! subjected to the forming process. As
a rule the negative plates are always of the Faure type. Positive Plante
plates have a long life, while the life of positive Faure plates is Umited
to a considerable extent by the nvunber of charges. The latter, how-
ever, give a greater capacity for the same weight than the formed plate,
and are, therefore, used where Ught weight is required, such as for elec-
tric vehicles. Positive plates have ordinarily a shorter Ufe than
negative.
The capacity of a storage battery is measured in ampere-hours, and

varies with the discharge rate. An arbitrary standard of the 8-hour
rate is now universally adopted, but if the rate is increased, the capacity
is diminished. So, for example, at a one-hour discharge rate only about
half the number of ampere-hours can be obtained from a cell that it can
supply at the 8-hour rate. An 80-ampere-hour battery thus means one
which will discharge 10 amperes continuously for eight hours without
falling below the minimum allowable voltage.
When a battery is being discharged, the voltage sinks gradually and

it should never be discharged below some fixed Umit, because an ex-
cessive quantity of sulphate will then form, which may injure the plates
both electrically and mechanically, tending to crack and loosen the
active material. This condition is indicated by the deposit of white
sulphate on the surfaces of the plates. The voltage at which a lead
battery is assumed to be completely discharged depends on the dis-
charge rate and may be computed from the formula

E = 1.66 + 0.0175 t

where t = time of discharge in hours.
Thus for a.n 8-hour rate the discharge should be stopped when the

voltage has dropped to 180, while for an 1-hour rate, it should be
stopped when it has dropped to 168.
The voltage rises gradually during the charging from about 2.15 per

cell at the beginning to about 2.55 at the end. The rate of charging is

usually specified by the manufacturer. In certain instances it is equal
to the 8-hour discharge rate, while in others the instructions may be to
start the charge between the 3- and 5-hoLir rate, reducing the current
to the 8-hour rate as soon as the plates gas freely. The time required
for a charge will, of course, depend upon the amount of the previous
discharge. If this has been two-thirds of the rated capacity of the bat-
tery, about three hours at the starting rate and an hour and a half or two
hours at the finishing rate will be necessary; i.e., from 10 to 15 per cent
more charge than the amoimt taken out on the discharge is ordinarily
required.
At regularly weekly or bi-weekly intervals the battery should be

given an overcharge for the purpose of equalizing all cells, reducing
all sulphate, and keeping the plates in good general condition. Such
overcharge is a regular charge continued until the voltage does not
show any rise for four or five consecutive readings 15 minutes apart,
all cells then gasing freely. A charging voltage of 2.7 volts should be
provided for such overcharges.
The specific gravity of the electrolyte, will reach a maximum in

the same manner as the voltage, and readings of tMs in the various
ceUs of the battery should be taken toward the end of the charge
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with a hydrometer. These readings will act as a check on those taken
on the voltage, and while it may not be fomid practicable to do this
every time the battery is charged, it is very important and should be
done at least once a week. If batteries are used intermittently and
allowed to stand some time without charge or discharge, the electrolyte
should be of low density, not over 1.210.

Several different methods may be adopted for controlling the dis-
charge voltage and maintaining a -uniform pressure at the hghts, viz.:
(1) by connecting in additional or "end" cells one at a time, as the
voltage drops, by means of an end cell switch; (2) by a rheostat, whose
resistance is cut out step by step; (.3) by counter electro-motive force
ceUs, which, like a rheostat, cut down the battery voltage at the be-
ginning of discharge, and are cut out of circuit one by one by means
of an end cell switch.

Also, several methods may be employed for obtaining the necessary
increase of voltage for charging, viz.; (1) by dividing the battery into
two equal parts and charging these in parallel through a suitable re-
sistance, the generator rimning at normal (lamp) voltage; (2) by
raising the voltage of the generator sufficiently to charge all the cells in
one series; (3) by means of a booster, whose voltage is added to that
of the generator, and is varied to give the total required.

In a lead storage-cell, if the surface and quantity of active material
be accurately proportioned, and if the discharge be commenced imme-
diately after the termination of the charge, then a current efficiency of
as much as 98% may be obtained, provided the rate of discharge is low
and weU regulated. Since the current efficiency decreases as the dis-
charge rate increases, and since very low discharge rates are seldom used
in practice, efficiencies as high as this are never obtained practically, the
average being about 90%.

After a battery has been erected and all connections made and the
current ready, the electrolyte may be poured into the jars, and as soon
thereafter as possible the initial charging should commence. Never
allow a battery to stand longer than two hours after the acid is put in,
before starting the charge. This should be as continuous as possible,
until all ceUs gas freely and the specific gravity and voltage show no
rise over a period of 10 hours. The duration of such a charge may vary
from 30 to 100 hours, and is always given by the manufacturer. The
temperature in any one cell should not be permitted to go above 100° F.

;

if this occurs, the charging rate must be reduced or the charge tem-
porarily stopped.
The level of the electrolyte should be kept above the top of the plates

by adding pure fresh water. Addition of new electrolyte is seldom
necessary and should be done only on advice from the manufacturer.
The sediment which collects in the bottom of the ceUs should always

be removed before it touches the plates.
The battery room should be weU ventilated, especially when charging,

and great care taken not to bring an exposed flame near the ceUs when
charging or shortly after.

Metals or impiirities of any kind must not be allowed to get into
the cells. If this should happen, the impurity should be removed at once,
and if badly contaminated, the electrolyte replaced with new. If in
doubt as to the purity of electrolyte or water, the manufacturers should
be consulted.
To take cells out of commission, the electrolyte should be drawn off;

the ceUs filled with water and allowed to stand for 12 or 15 hours. The
water can then be drawn off and the plates allowed to dry. When
putting into service again, the same procedure should be followed as
with the initial charge.
Lead storage batteries are extensively used for the following appli-

cations :

Stand-by service in central stations.
Voltage regtdation on D. C. distribution lines.

To carry peak loads of central stations.
Voltage regulation in isolated building plants.
To carry load of isolated plant, when the plant is shut down for

the night.
To furnish country places with power where such places are off thq

line of central stations.
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To furnish current for talking circuits in telephone service.
To furnish current for signal work.
To Ught trains in connection with a generator system.
To operate submarine torpedo boats.
For ignition, starting and hghting on gas cars.

To propel electric pleasure and commercial vehicles.
To regulate long distance transmission Unes.
For a complete treatise on lead storage batteries see Lyndon, " Storage

Battery Engineering."

Edison Alkaline Battery.—The Edison storage battery Is considerably
lighter, although not as efficient as the lead battery, and for that
reason it is extensively used for vehicle service. Its weight varies from
14 to 18 watt-hours per poimd.
The active materials of this battery are oxides of nickel and iron in

the positive and negative grids respectively, the electrolyte being a.

solution of caustic potash m water with a small amount of Uthium
hydrate. The first charging of a cell reduces the iron oxide to metallic
iron while converting the nickel hydrate to a very high oxide of nickel,
black in color. On discharge, the metallic iron goes back to iron
oxide and the high nickel oxide goes to a lower oxide, but not to its orig-
inal form of green nickel hydrate, and every cycle thereafter during
charging the positive changes to a high nickel oxide. Current passing
in either direction (charge or discharge) decomposes the potassium
hydrate of the electrolyte and the oxidation and the reduction at tJ ^

electrodes are brought about by the action of its elements. An amoui.c
of potassiiun hydrate equal to that decomposed is always reformed at
one of the electrodes by a secondary chemical reaction, and con-
sequently there is none of it lost and its density remains constant. The
eventual results of charging, therefore, are a transference of oxygen from
the iron to the nickel electrode and that of discharging is a transference
back again.
The density of the electrolyte does not change during charge or dis-

charge and consequently hydrometer readings are unnecessary.
To give the best output and efficiency, the manufacturer gives the

normal rate of charge as 7 hours and discharge as 5 hom-s. The rates
are, however, optional, and may with certain restrictions be based on
the operating conditions. The discharge starts at 1.44 volts per cell,

falls rapidly for the first hour, and slowly for 4 1/2 hours. The voltage at
the end of 5 hoiirs, the normal discharge period, is 1.11 per cell.

The charge starts at 1.54 volts per ceU, rises rapidly for three-
Quarters of an hour, and then slowly until it becomes practically con-
stant at the end of 7 hours. The voltage is then 1.81 per cell.

ELECTROLYSIS.

Electrolysis is the separation of a chemical compound into its con-
stituents by an electric current. Faraday gave the nomenclatiu'e of
electrolysis. The compound to be decomposed is the electrolyte, and
the process electrolysis. The plates or poles of the battery are elec-
trodes. The plate where the greatest pressure exists is the anode, and
the other pole is the cathode. The products of decomposition are ions.
Lord Rayleigh fovmd that a current of one ampere will deposit

0.017253 grain, or 0.001118 gram of silver per second on one of the
plates of a silver voltameter, the Uquid employed being a solution of
silver nitrate containing from 1 5 % to 20% of the salt. The weight of
hydrogen similarly set free by a current of one ampere is 0.00001038
^am per second.
Knowing the amount of hydrogen thus set free, and the chemical

equivalents of the constituents of other substances, we can calculate
what weight of their elements will be set free or deposited in a given
time by a given current. Thus, the current that Uberates 1 gram of
hydrogen will liberate 8 grams of oxygen, or 107.7 grams of silver, the
numbers 8 and 107.7 being the chemical equivalents for oxygen and
silver respectively.
To find the weight of metal deposited by a given current in a givei

time, find the weight of hydrogen hberated by the given current in the
given time, and multiply by the chemical equivalent of the metal.



ELECTROLYSIS. 142^

The table below (from "Practical Electrical Engineering") Is calcu-
lated upon Lord Rayleigh's determination of the electro-chemical
equivalents and Roscoe's atomic weights,

ELECTRO-CHEMICAL EQUIVALENTS.

"^''lements.

§1

Electro-positive.

Hydrogen
Potassium
Sodium
Aluminum
Magnesium.
Gold
Silver
Copper (cupric)

" (cuprous)
Mercury (mercuric)...

" (mercurous).
Tin (stannic)
" (stannous)

Iron (ferric)
" (ferrous)

Nickel
Zinc
Lead

Electbo-negativb.

Oxygen
Chlorine
Iodine
Bromine
Nitrogen

1.00
39.04
22.99
27.3
23.94
196.2
107.66
63.00
63.00
199.8
199.8
117.8
117.8
55.9
55.9
58.6
64.9
206.4

15.96
35.37
126.53
79.75
14.01

1.00
39.04
22.99
9.1

11.97
65.4
107.66
31.5
63.00
99.9
199.8
29.45
58.9

18.64t
27.95
29.3
32.45
103.2

7.98
35.37
126.53
79.75
4.67

0.010384
0.40539
0.23873
0.09449
0.12430
0.67911
1.11800
0.32709
0.65419
1 .03740
2.07470
0.30581
0.61162
0.19356
0.29035
0.30425
0.33696
1.07160

0.08286
0.36728
1.31300
0.82812
0.04849

96293.00
2467.50
4188.90
1058.30
804.03
1473.50
894.41

3058.60
1525.30
963.99
481.99

3270.00
1635.00
5166.4
3445.50
3286.80
2967.10
933.26

0.03738
1.45950
0.85942
0.34018
0.44747
2.44480
4.02500
1.17700
2.35500
3.7345'

7.4690U
1 . 10090
2.20180
0.69681
1 .04480
1 .09530
1.21330
3.85780

Valency is the atom-fixing or atom-replacing power of an element com*
pared with hydrogen, whose valency is unity.

tAtomic weight is the weight of one atom of each element compared
with hydrogen, whose atomic weight is unity.

tBecquerel's extension of Faraday's law showed that the electro-chemical
equivalent of an element is proportional to its chemical equivalent. The
latter is equal to its combining weight, and not to atomic weight -^ valency,
as defined by Thompson, Hospitaller, and others who have copied their
tables. For example, the ferric salt is an exception to Thompson's rule,
as are sesqui-salts in general.

Thus: Weight of silver deposited in 10 seconds by a current of 10 amperes
= weight of hydrogen liberated per second X number of seconds X current
strength X 107.7 = 0.00001038 X 10 X 10 X 107.7 = 0. 11178 gram.

Weight of copper deposited in 1 hour by a current of 10 amperes =

0.00001038 X 3600 XlOX 31.5 = 11.77 grams.

Since 1 ampere per second liberates 0,00001038 gram of hydrogen.
Strength of current in amperes

= weight in grams of H liberated per second -*- 0.00001038

_ weight of element liberated per second
"

0.00001038 Xchemical equivalent of element
*
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THE MAGNETIC CIRCUIT.

For units of the magnetic circuit, see page 1398.

Lines and Loops of Force. — It is conventionally assumed that the
attractions and repulsions shown by the action of a magnet or a con-

;

ductor upon iron filings are due to "lines of force" surrounding the
,;

magnet or conductor. The " number of lines " indicates the magnitude ;

oi the forces acting. As the iron filings arrange themselves in concentric '-

circles, we may assume that the forces may be represented by closed
'

curves or *' loops of force." The following assumptions are made con-
cerning the loops of force in a conductive circuit:

1. That the lines or loops of force in the conductor are parallel to the
axis of the conductor.

2. That the loops of force external to the conductor are proportonal in

number to the current in the conductor, that is, a definite current gener-
ates a definite number of loops of force. These may be stated as the
strength of field in proportion to the current.

3. That the radii of the loops of force are at right angles to the axis ol

the conductor.
The magnetic force proceeding from a point is equal at all points on the

surface of an imaginary sphere described by a given radius about that
point. A sphere of radius 1 cm. has a surface of 4;r square centimeters
If ^= total flux, expressed as the number of lines of force emanating from
a magnetic pole having a strength M,

Magnetic moment of a magnet = product of strength of pole M and its

length, or distance between its poles L. Magnetic moment = ^Z/ -4- 4;r.

If B = number of lines flowing through each square centimeter of cross-
section of a bar-magnet, or the '* specific induction," and A = cross-section

Magnetic Moment = LAB -i- 47:.

If the bar-magnet be suspended in a magnetic field of density H and so
placed that the lines of the field are all horizontal and at right angles to the
& ifis of the bar, the north pole will be pulled forward, that is, in the direc-
tion in which the lines flow, and the south pole will be pulled in the
opposite direction, the two forces producing a torsional moment or torque,

Torque =MLH =LABH -h 4;r, in dyne-centimeters.
Magnetic attraction or repulsion emanating from a point varies inversely

as the square of the distance from that point. The law of inverse squares,
however, is not true when the magnetism proceeds from a surface of appre-
ciable extent, and the distances are small, as in dynamo-electric machines
and ordinary electromagnets.
The Magnetic Circuit. — In the electric circuit

^ ^ E.M.F. , E . volts
Current = r^—^-

•
, or 7=-^: Amperes = -r

—

Resistance R ^ ohms
Similarly, in the magnetic circuit

_, Magnetomotive Force , F ,^ „ Gilberts
Flux= ^TTTTTT—— . or <^= 5 . Maxwells-

Reluctance * R Oersteds '

Reluctance is the reciprocal of permeance, and permeance is equal to
permeability X path area -7- path length (metric measure); hence

4>= Fna-^ I.

One ampere-turn produces 1.257 gilberts of magnetomotive force and
one inch equals 2.54 centimeters; hence, in inch measure,

<^= (1.257At) fi 6A5 a -i- 2.54 Z= 3.192 /laAf-^ L

The ampere-turns required to produce a given magnetic flux in a given
path will be

Ai= 4>l^ 3. 192 /£a= 0.3133 <^i-^Aa.

Since magnetic flux -7- area of path = magnetic density, the ampere-turn
required to produce a density B, in lines of force per square inch of area
of path, will be

Ai= 0.3133 BZ-T-^.

This formula is used in practical work, as the magnetic density must
be predetermined in order to ascertain the permeability of the material
under its working conditions. When a magnetic circuit includes several
qualities of material, such as wrought iron, cast iron, and air, it is most
direct to work in terms of ampere-turns per unit length of path. Tha
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ampere-turns for each material are determined separately, and the wind-
ing is designed to produce the sum of all the ampere-turns. The following
table gives the average results from a number of tests made by Dr. Samuel
Sheldon:

Values of B and H

m ®
CI «

Cast Iron. Cast Steel. Wrought Iron

.

Sheet MetaU

H i il. s ^1. i
X a . i ^K.

^"5 Pi DO , 1 no ,| i|- m .

1
^ m a

CO
I C— -S

a^ B^ r- g^» r- |i^ r-
14

10 7.95 20.2 4.3 27.7 11.5 74.2 13.0 83.8 14.3 92.2
20 15.90 40.4 5.7 36.8 13.8 89.0 14.7 94^8 15.6 100.7

30, 23:85 60.6 6.5 41.9 14.9 96.1 15.3 98.6 16.2 104.5
40 31.80 80.8 7.1 45.8 15.5 100.0 15.7 101.2 16.6 107.1

50 39.75 101.0 7.6 49.0 16.0 103.2 16.0 103:2 16.9 109.0
60 47.70 121.2 8.0 51.6 16.5 106.5 16.3 105.2 17.3 111.6
70 55.65 141.4 8.4 59.2 16.9 109.0 16.5 106.5 17.5 112.9
80 63.65 161.6 8.7 56.1 17.2 111.0 16.7 107.8 17.7 114.1

90 71.60 181.8 9.0 58.0 17.4 112.2 16.9 109.0 18.0 116.1

100 79.50 202.0 9.4 60.6 17.7 114.1 17.2 110.9 18.2 117.3
150 119.25 303.0 10.6 68.3 18.5 119.2 18.0 116.1 19.0 122.1
200 159.0 404.0 11.7 75.5 19.2 123.9 18.7 120.8 1.96 126J
250 198.8 505.0 12.4 80.0 19.7 127.1 19.2 123.9 20.2 130.2
300 238.5 606.0 13.2 85.1 20.1 129.6 19.7 127.1 20.7 133.5

H = 1.257 ampere-turns per cm. = 0.495 ampere-turns per inch.

Example.— A magnetic circuit consists of 12 ins. of cast steel of 8sq.
ins. cross-section; 4 ins. of cast iron of 22 sq. ins. cross-section; 3 ins. of
sheet iron of 8 sq. ins. cross-section; and two air-g?pseach Vie in. long and
of 12 sq. ins. area. Required, the ampere-turns to produce a flux of
768,000 maxwells, which is to be uniform throughout the magnetic circuit.
The flux density in the steel is 768,000^8= 96,000 maxwells; the am-

pere-turns per inch of length, according to Sheldon's table, are 60.6, so
that the 12 in. of steel will require 727.2 ampere-turns.
The density in the cast iron is 768,000^-22= 34,900; the ampere-turn-
= 4X40=160.
The density in the sheet iron = 768,000 -v- 8 = 96,000; ampere-turns per

inch = 30; total ampere-turns for sheet iron = 90.
The air-gap density is 768,000 -e- 12 = 64,000; ampere-turns per in. =

0.3133B;ampere-turns required for air-gap= 0.3133 X 64,000 -^ 8= 2506.4.
The entire circuit will require 727.2 + 160 + 90 + 2506.4 = 3483.6 am-

pere-turns, assuming uniform flux throughout.
In practice there is considerable "leakage" of magnetic lines of force;

that is, many of the hues stray away from the useful path, there being no
material opaque to magnetism and therefore no means of restricting it to
a given path. The amount of leakage is proportional to the permeance
of the leakage paths available between two points in a magnetic circuit

which are at different magnetic potentials, such as opposite ends of a
magnet coil. It is seldom practicable to predetermine mth any approach
to accuracy the magnetic leakage that will occur under given conditions
unless one has profuse data obtained experimentally under similar con-
ditions. In dynamo-electric machines the leakage coefficient varies from
1.3 to 2.
Tractive or Lifting Force of a Magnet. — The lifting power or

" pull " exerted by an electro-magnet upon an armature in actual contact
with its pole-faces is given by the formula

Lbs.= B2a-^ 72, 134,000,
a being the area of contact in square inches and B the magnetic density
over this area. If the armature is very close to the pole-faces this for-

mula also applies with sufficient accuracy for all practical puposes, but
a considerable air-gap renders it inapplicable.
The design of solenoids for the coil-and-piunger type of electro-magneta
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is described by C. R. Underhill in his book, " Solenoids, Electro-MagnctSi
and Electro-Magnetic Windings."

Various forms of magnetic cliucks are illustrated and described by
O. S. Walker, in Am. Mach., Feb. 11, 1909.

For magnets used in hoisting, see page 1193.
Determining tiie Polarity of Electro - Magnets.—If a wire is

wound around a magnet in a right-handed hehx, the end at which the
current flows into the heUx is the south pole. If a wire is wound around
an ordinary wood-screw, and the current flows around the hehx in the
direction from the head of the screw to the point, the head of the screw
is the south pole. If a magnet is held so that the south pole is opposite
the eye of the observer, the wire being woimd a a right-handed heUx
around it, the current flows in a right-handed direction, with the hands
of a clock.
Deterniining the Direction of a Current.—Place a wire carrying

a current above and parallel to a pivoted magnetic needle. If the cur-
rent be flowing along the wire from N. to S., it will cause the N.-seeking
pole to turn to the eastward; if it be flowing from S. to N., the pole will
turn to the westward. If the wire be below the needle, these motions
will be reversed.

Maxwell's rule. The direction of the current and that of the resisting
magnetic force are related to each other as are the rotation and the for-
ward travel of an ordinary (right-handed) corkscrew.

DYNAMO-ELECTRIC MACHINES.
A dynamo-electric machine is a machine for converting mechanical

energy into electrical energy, or vice versa. It may be either a direct
current or an alternating current machine.
Bating.— The A. I.E. E. Standardization Rules (1914) recommend

that in the case of Direct Current Generators, the rating shall be ex-
pressed in Kilowatts (Kw.) available at the terminals.

In the case of Alternators and Transformers, the rating shall be
expressed in kilovolt-amperes (Kv.-a.) available at the terminals, at a
specified power factor. The corresponding kilowatts should also
preferably be stated.

In the case of Motors, it is recommended that the rating shall be
expressed in kilowatts (Kw.) available at the shaft. Since the input of
machinery of this class is measured in electrical xmits and since the out-
put has a definite relation to the input, it is logical to measure the
delivered power in the same units as are employed for the receiving
power. However, on account of the prevailing practice of expressing
mechanical output in horse-power, it is recommended that for machin-
ery of this class the rating should, for the present, be expressed both in
kilowatts and in horse-power; as foUows:

Kw. approx. equiv. h.p.-

The horse-power rating of a motor may, for practical purposes, be
taken as 4/3 of the kilowatt rating.

There are various kinds of ratings, such as:
Continuous Bating.—A machine rated for continuous service shall be

able to operate continuously at its rated output, without exceeding any
of the limitations specified.

Short-Time Rating.—A machine rated for short-time service {i.e.,

service including runs alternating with stoppages of sufficient duration
to ensure substantial cooling) shall be able to operate at its rated out-
put during a limited period, to be specified in each case, without exceed-
ing any of the limitations specified.
Nominal Ratings.—For railway motors and railway sub-station

machinery, certain nominal ratings are employed.
Duty-Cycle Operation.—Many machines are operated on a cycle of

duty which repeats itself with more or less regularity. For purposes of
rating, either a continuous or a "short-time" " equivalent load" may be
selected which shall simulate as nearly as possible the thermal condi-
tions of the actual duty cycle.

Standard durations of equivalent tests shall be for machines oi)er-
atijQg under specified duty-cycles: 5 min., 10 min., 30 min.. 60 min.»
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120 min., and continuotis. Of these the first 5 are short-time ratings
selected as being thermally equivalent to the specified duty cycle.
When, for example, a short-time rating of 10 minutes' duration is

adopted, and the thermally equivalent load is 25 kw. for that period,
then such a machine shaU be stated to have a 10-minute rating of
25 kw. In every case the equivalent short-time test shaU commence
only when the windings and other parts of the machine are within 5° C.
of the ambient temperature at the time of starting the test. In the
absence of any specification as to the kind of rating, the continu-
ous rating shall be understood.
Temperature Limitations of the Capacity of Electrical Macliinery.

—

The capacity, so far as relates to temperature, is usually Umited by the
maximum temperatiu"e at which the materials in the machine, espe-
cially those employed for insulation, may be operated for long periods
without deterioration. When the safe limits are exceeded, deterioration
is rapid. The insulating material becomes permanently damaged by
excessive temperature, the damage increasing with the length of time
that the excessive temperature is maintained, and with the amount of
excess temperature, until finally the insulation breaks down.
Ambient Temperature of Reference for Air.—The standard ambient

temperature of reference, when the cooling medimn is air, shall be 40° C.
(104° F.).
The permissible rises in temperature given in column 2 of the table

on p. 1434 have been calculated on the basis of the standard ambient
temperature of reference, by substracting 40° O. from the highest tem-
peratures permissible, which are given in column 1 of the same table.

Altitude.—Increased altitude has the effect of increasing the temper-
ature rise of some types of machinery. In the absence of information in
regard to the height above sea level at wliich the machine is intended to
work in ordinary service, this height is assumed not to exceed 1000
meters (3300 feet). For machinery operating at an altitude of 1000
meters or less, a test at any altitude less than 1000 meters is satisfactory,
and no correction shaU be aonlied to the observed temperatures.
Machines intended for operation at higher altitudes shall be regarded as
special. When a machine is intended for service at altitudes abovei
1000 mfeters (3300 feet) the permissible temperature rise at sea level

,

until more nearly accurate information is available, shaU be reduced by
1 per cent for each 100 meters (130 ft.) by which the altitude exceeds

. 1000 meters. Water-cooled oil transformers are exempt from this
reduction.
Ambient Temperature of Reference for Water-Cooled Machinery.—For

water-cooled machinery, the standard temperature of reference for in-
coming cooling water shall be 25° C. (77° F.), measured at the intake of
the machine.

Corrections for the Deviation of the Ambient Temperature, at the time
of test, from the reference value of 40° C. — The effect on the temperature
rise of the precise value of the ambient temperature at the time of test
is small, obscure, and of doubtful direction. No correction shall be
made for ambient temperature deviations from the standard value of
40° C. It is desirable, however, that tests should be conducted at
ambient temperatiu-es not lower than 25° C. Exception to this rule is

made in the case of air-blast transformers, in which, if the ingoing air
temperature dviring the test differs from 40° C . , a correction on accoimt
of difference in resistance and difference in convection shall be made by
changing the "observable" temperature rise of the windings by 0.5 per
cent for each degree centigrade. Thus with a room temperature of
30° C. the "observable" rise of temperature shall be increased by 5
per cent, and with a room temperature of 15° C. the "observable" rise

of temperature shall be increased by 12.5 per cent.
The actual temperatures attained in the different parts of a machine,

and not the rises in temperature, affect the life of the insulation of the
machine. The temperatures in the different parts of a machine which it

is desired to ascertain, are the maximum temperatures reached in those
parts.
As it is usually impossible to determine the maximum temperatiire

attained in insulated windings, it is convenient to apply a correction to
the observable temperature, to approximate the difference between
the actual maximwii temperature and the observable temperature by
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the method used. This correction or margin of security is provided to
cover the errors due to fallibility in the location of the measuring
devices, as well as inherent inaccuracies in measurement and methods.
Methods of Determining the Temperature of Different Parts of a

Machine.—Three methods wiU be considered. One or other of these
methods wUl usually be appropriate for commercial measurements on
any particular type of machine.
No. 1. Thermometer Method.—This method consists in the deter-

mination of the temperature by mercury or alcohol thermometers, by
resistance thermometers, or by thermo-couples, applied to the hottest
accessible part of the completed machine, as distinguished from the
thermo-couples or resistance coils imbedded in the machine as described
under Method No. 3. When Method No. 1 is used, the hottest-spot
temperature for windings shall be estimated by adding a hottest-spot
correction of 15° C. to the highest temperature observed, in order to
allow for the impossibility of locating any of the thermometers at the
hottest spot.

Exception. In cases where the thermometer is applied directly to
the surfaces of a bare winding, such as an edgewise strip conductor, or a
cast copper wuiding, a hottest-spot correction of 5° C. instead of 15° C.
shall be made. For bare metalhc surfaces not forming part of a winding,
no correction is to be applied.

No. 2. Resistance Method. This method consists in the measurement
of the temperature of windings by their increase in resistance, corrected
to the instant of shut-down when necessary. In the application of
this method thermometer measurements must also be made whenever
practicable without disassembhng the machine, in order to increase
the probabiUty of reveaUng the highest observable temperature.
Whichever method yields the higher temperature, that temperatm-e
shall be taken as the "highest observable" temperature and a hottest-
spot correction of 10° C. added thereto.

In the case of resistance measurements, the temperature coefficient
of copper shaU be deduced from the formula 1/(234.5 + t). Thus, atm initial temperature t = 40° C, the temperature coefficient or in-
crease in resistance per degree centigrade rise is 1/(274.5) = 0.00364.
No. S. Imbedded Temperature-Detector Method. Thermo-couples or

resistance coils, located as nearly as possible at the estimated hottest
spot. This method is only to be used with coils placed in slots.

Temperature Limits.—In the following table colimin 1 gives the per-
missible limits for the hottest-spot temperatures of insulations, and
column 2 the highest permissible temperature rise of the hottest spot
above 40° C. permitted under rated-load conditions, for the purpose of
fixing the Institute rating. The rise of temperature observed must never
exceed the limits in column 2 of the table. The highest temperatures
attained in any machine corresponding to the output for which it is

rated must not exceed the values indicated in column 1 of the table
and the clauses following:

Hottest-Spot Temperatures and Corresponding Permissible Tem-
perature Rises.

Insulation.

Cotton, silk, paper, and other fibrous materials, not so
treated as to increase the thermal limit

Similar to A I, but treated or impregnated and in-

cluding enameled wire

Mica, asbestos, or other material capable rt resisting
high temperatures, in which any Class A material
or binder, if used, is for structural purposes only,
and may be destroyed without impairing the insu-
lating or mechanical qualities

Fireproof and refractory materials

A 1

A2

B

95° C,

105° C,

55° C.

65° C.

125° C. 85° C.

No limit sped-
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Summary of the Temperature Conditions under the Three Methods
of Measurement for Insulations of Classes Ai, A2, and B.

Hottest
Spot
Temp.

û
H

i
a

Imbedded Thermo-couples or Resistance Coils.

hi

Q < 02 m

Single-layer Windings above 5000
volts.

i
a b a b a b a b

Hottest
Spot

Correction.

Limiting
Observable
Temperat'r

Limiting
Observable
Temp. Rise
above 40°.

Ai

A2

B

95°

105°

125°

15 80

15 90

15 110

10 85

10 95

10 115

5 90

5 100

5 120

10 85

10 95

10 115

10+(E-5)t

10+(E-5)

10+(E-5)

85 - (E-5)

95 - (E-5)

115- (E-5)

45 - (E-5)

55 - (E-5)

75 - (E-5)

* With thermometer check when practicable.
a Hottest-spot correction. b Limiting observable temperature.

The limit of the observable temperature rise above 40° always = (& —40°).
t In this formula E represents the rated pressure between terminals

in kilovolts. Thus for a three-phase macliine with single-layer winding
of 11 kilovolts between terminals, the hottest spot correction to be added,
to the maxhnima observable temperature will be 16° C.

Special Cases of Temperature Limits. — Temperature of Oil.

The oil in which apparatus is immersed shaU in no part have an observ-
able temperature in excess of 90° C.

Water-cooled Transformers. The hottest-spot temperatiire shaU not
exceed 85° C.

Commutators. The observable temperature shall in no case be per-
mitted to exceed the values given in the table for the insulation em-
ployed, either in the commutator or in any insulation whose temper-
ature wovild be affected by the heat of the commutator.

For commutators so constructed that no difficulties from expansion
can occur, the following temperature hmits are suggested:

Current per Brush Arm. Maximtun Permissible Temp.
200 amperes or less. 130° C.
200 to 900 amperes. 130° C. less 5 deg. for each 100

amperes increase above 200.
900 amperes and over. 95° C.

Moving Force of a Dynamo-electric Machine. — A wire through
which a current passes has, when placed in a magnetic field, a tendency
to move perpendicular to itself and at right angles to the lines of the

field. The force producing this tendency is F = IBI dynes, in which
Z= length of the wire, /= the current in C.G.S. units, and ^ = the induc-

tion, or flux density, in the field in gausses or lines per square centimeter.

If the current / is taken in amperes, P =IBI -i- 10=IBI X 10~^
If Pj^ is taken in kilograms,

Pj. = Z5/-e- 9,810,000 = 10.1937 IBIXlGr^ kilograms.

Example.—The mean strength of field, B, of a dynamo is 5000 C.G.S.

lines- a current of 100 amperes flows through a wire; the force acts upon
10 centimeters of the wire = 10.1937 X 10X100 X 5000 X 10-8 = 0.5097 kUo-
grams.
Torque of an Armature. — The torque of an armature is the moment

tending to turn it. In a generator it is the moment which must be

applied to the armature to turn it in order to produce current. In a motor
it is the turning moment which the armattire gives to the pulley.
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Let I = current in the armature in amperes, £;=the electromotive fofc^
in volts, T — the torque in pound-feet, ^= the flux through the armature
in maxwells, N = the number of conductors around the armature, and n=
the number of revolutions per second. Then

Watts = IE -=2nnTY. 1.356.*

In any machine if the flux be constant, E is directly proportional to the
speed and = ^Nn -s- 10^; whence

^A^/^108 =2;rrxi.356:
^NI 4>NI

' ~ IQS X 2;r X 1.356 8.52 X lO^
Po^nd-feet.

Let I = length of armature in inches, d = diameter of armature in inches,
B = flux density in maxwells per square inch, and let m = the ratio of the
conductors under the influence of the pole-pieces to the whole number of
conductors on the armature. Then

<j> = i7:dXlX BXm.
These formulae apply to both generators and motors. They show that

torque is independent of the speed and varies directly with the current and
the flux. The total peripheral force is obtained by dividing the torque by
the radius (in feet) of the armature, and the drag on each conductor is

obtained by dividing the total peripheral force by the number of conductors
under the influence of the pole-pieces at one time.
Example.—Given an armature of length I = 20 inches, diameter d = 12

inches, number of conductors N = 120, of which 80 are under the influence
of the pole-pieces at one time; let the flux density B = 30,000 maxwells
per sq. in. and the current / = 400 amperes.

^ =^ X 20 X 30,000 X -^ = 7,540,000.

^ 7,540,000X120X400" ^^^ „ ,, ,^=
8.52 X 100,000,000 = ^"^"^ Pound-feet.

Total peripheral force = 424.8 -^ 0.5 = 849.6 lbs.

Drag per conductor = 849.6 -^ 120 = 7.08 lbs.

The work done in one revolution = torque X circumference of a circl©
^t 1 foot radius = 424.8 X 6.28 = 2670 foot-pounds.

Let the revolutions per minute equal 500, then the horse-power

^ 2670X500 ^
33000

•

Torque, Horse-power and Revolutions. — T= torque in pound-feet,
H.P. = T X Rpm. X 6.2832 4- 33,000 = IE -h 745.7. Whence Torque
= 7.0432 EI -T- Rpm. or 7 times the watts -^ the revs, per min. nearly.
Electromotive Force of the Armature Circuit.— From the horse-

power, calculated as above, together with the amperes, we can obtain
theE.M.F., J£ = H.P. X745./, whence E M F. or£= H.P. X745.7-M.

If H.P., as above, = 40.5, and 1= 400, E = C^' = 75.5 volts.
400

The E.M.F. may also be calculated by the following formulae:

/= Total current through armature;
e^= E.M.F. in armature in volts;

N= Number of active conductors counted all around armature;
p = Number of pairs of poles (p = 1 in a two-pole machine);
n= Speed in revolutions per minute;
4> = Total flux in maxwells.

Electromotive
force: ") pj>A^ n for multipolar machines with series-

10^ 60 wound armature

Strength of the Magnetic Field. — Let / = current in amperes. N =
number of tmrts in the coil. A = area of the cross-section of the core in

* 1 ft.-lb. per second = 1.356 watts.
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Square centimeters, l= length of core in centimeters, fi the permeability of
the core, and <p= flux in maxwells. Then

. __ Magnetomotive Force _

Reluctance {l-i-Afi)

In a dynamo-electric machine the reluctance will be made up of three
separate quantities, viz.: that of the field magnet cores, that of the air
spaces between the field magnet pole-pieces and the armature, and that
of the armature. The total reluctance is the sum of the three. Let Li,
L2, L2 be the length of the path of magnetic lines in the field magnet
cores,* in the air-gaps, and in the armature respectively; and let Ai,
A2, Az be the areas of the cross-sections perpendicular to the path of the
magnetic lines in the field magnet cores, the air-gaps, and the armature
respectively. Let thepermeability of the field magnet cores be /zi, and of
the armature nz. The permeability of the air-gaps is taken as unity. Then
the total reluctance of the machine will be

,^i_
, ^ ,

Li
^

Axiix A2 Asfia

'

^, „ ,^ 1.257 NT
^ •

*^
(Li -J- AiMi) + iL2 -*- A2) +iU* Az,x3)

•

The ampere-turns necessary to create a given flux in a machine may be
found by the formula,

ATT- = rf.
[(^1 -^ ^1^1) + (1^2 -^-^2) + (Ls -^ Asm)]

^ ^ 1.257

But the total flux generated by the field coils is not available to produce
current in the armature. There is a leakage between the field magnets,
and this must be allov/ed for in calculations. The leakage coefficient
varies from 1.3 to 2 in different machines. The meaning of the coefficient
is that if a flux of say 100 maxwells per square cm. are desired in the field

coils, it will be necessary to provide ampere turns for 1.3 X 100 = 130
maxwells, if the leakage coefficient be 1.3.

Another method of calculating the ampere-turns necessary to produce a
given flux is to calculate the magnetomotive force required in each portion
of the machine, separately, introducing the leakage coefficient in the calcu-
lation for the field magnets, and dividing the sum of the magnetomotive
forces by 1.257.

In the ordinary type of multipolar machine there are as many magnetic
circuits as there are poles. Each winding energizes part of two circuits.

The calculation is made in the same manner as for a single magnetic circuit.

DIRECT-CIJBRENT GENERATORS.
Direct-current generators may be separately excited, in which case

the field magnets are excited or magnetized from some external source,

as, for instance, a storage battery or another continuous-current dynamo.
Such generators are used to some extent in connection with regulating

sets, but as a rule almost all direct-current generators are self-excited,

in which case the magnetizing current for the field-coils is furnished by
the dynamo itself.

Direct-current generators (as weU as motors) may be classified accord-
ing to the manner of the field-winding into

:

1. Series-wound Dynamo.—The field-winding and the external circuit;

are connected in series with the armature-winding, so that the entire
armature current must pass through the field-coils.

Since in a series-wound dynamo the armature-coils, the field, and the
external circuit are in series, any increase in the resistance of the exter-
nal circuit will decrease the electro-motive force from the decrease in the
magnetizing currents. A decrease in the resistance of the external cir-

* The length of the path in the field-magnet cores Li includes that
portion of the path which lies in the piece joining the cores of the
various field-magnets.
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cult will, in a like manner, increase the electro-motive force from the
increase in the magnetizing current. The use of a regulator avoids
these changes in the electro-motive force.

2. Shunt-wound Dynamo.—The field-magnet coils are placed in a
j

shunt to the armature circuit, so that only a portion of the current
generated passes through the field-magnet coils, but aU the difference ;

of potential of the armature acts at the terminals of the field-circuit.
In a shunt-woimd dynamo an increase in the resistance of the external

;

circuit increases the electro-motive force, and a decrease in the resistance I

of the external circuit decreases the electro-motive force. This is just
the reverse of the series-wound dynamo.

In a shimt-woimd dynamo a continuous balancing of the current
occurs, the current dividing at the brushes between the field and the
external circuit in the inverse proportion to the resistance of these
circuits. If the resistance of the external circuit becomes greater, a
proportionately greater current passes through the field magnets, and
so causes the electro-motive force to become greater. If, on the con-
trary, the resistance of the external circuit decreases, less current passes
through the field, and the electro-motive force is proportionately

3. Compound-wound Dynamo. —r- The field magnets are wound with
two separate sets of coils, one of which is in series with the armature
and the external circuit, and the other in shunt with the armature or
the external circuit.
A compound generator is made for the purpose of delivering current

at constant potential either at the terminals of the machine or at some
distant receiving point on the line. In the former case the machine is

flat-compoimded, the ideal being the same terminal voltage at full load
as at no load, giving a practically horizontal voltage characteristic.
In the latter case the machine is over-compounded, giving a terminal
voltage which rises from no load to full load to compensate for Une
drop, so that at the receiving end of the line the voltage will be constant
at all loads.
The standard voltages for ordinary light and power service are 125

and 250 volts, while for railway service they have been built for voltages
as high as 1200, and in one particular installation two such machines
are connected in series furnisliing a supply voltage of 2400 volts.
Many direct-current generators are provided with commutating

poles, and such machines may be operated over an extremely wide range
of load and voltage with fixed brush positions and sparkless commu-
tation. The commutating winding produces a magnetic field which is

in a direction to assist the reversal of current in the coil imdergoing
commutation and also directly opposed to the field generated by arma-
ture reaction which tends to retard the reversal of current in this coil.

The commutating field thus completely nullifies the distortive effect of
armature reaction on the main field flux in the commutating zone, and
generates an e.m.f. which helps the brush to commutate the current
without sparking, and with a consequent increased life of the cominu-
tator and brushes.
Commutating poles are placed between the main poles of direct-

current generators and motors. They are used for the purpose of
nuUifying the effect of the armature reaction upon the magnetic field

adjacent to the neutral point. The armature reaction tends to move the
neutral point from its proper mechanical position, and it is obvious that
a number of ampere turns setting up magnetic lines of force equal to
and opposing the directions of those set up by the armature ampere
turns wUl nullify that effect on the neutral occasioned by the armature
reaction.
The commutating pole winding is connected in series with the arma-

ture and has a number of turns per pole sufficient to give a magnetic
strength that will not only counteract the armature reaction above
referred to, but will actually reverse the current in the coil when it is

in the commutating zone.
The commutating zone is the region over which the brushes may have

to be moved in order to obtain good commutation between no load and
full load. With commutating pole machines no such movement is

necessary and the reversal takes place in the coils short circmted under
the brushes.
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Inasmuch as the commiitating windings are directly in series with
the armatiire, their strength varies directly with the armature cunent
and provides the correct rectifying effect for proper reversal of cui*rent

in the coils at all loads. Hence it is unnecessary to shift the brushes as
the load changes.

Parallel Operation.—The flfst requisite for satisfactory parallel

operation of direct current generators is that they have the same char-
acteristics. They must have the same degree of compounding for any
percentage of their rated load. The resistance of series fields with their
shunt resistances and cable connections to the bus-bar should further-
more be inversely proportional to the capacities of the macliines; i.e., no
matter what size cables are used, the resistances of the two connections
must be so proportioned that the drop will be the same for both ma-
chines between the equaUzer junction and the main bus-bar when each
machine is dehvering its full-load current.
Three-Wire System.^The chief advantage of the Edison three-

wire system over the ordinary two-wire installation is that of econ-
omy in distribution. In a two-wire system with a given load and a
given percentage of voltage drop, the distribution at 250 volts requires
only one-quarter the weight of copper required for a distribution at 125
volts. A neutral wire in the three-wire system will, however, modify
this proportion of copper, the final saving depending on the size of the
neutral. In weU-designed systems, the maximum unbalanced current
carried by the neutral wiU be about 25 per cent of the full load. There-
fore the size of the neutral need not be larger than 25 per cent of the
capacity of the outside mains, and the weight of the copper in this case
would be 9/32 of that used in distributing the same power by a two-
wire system.
The practical methods available for operating direct-current three-

wire systems are: 1. Two generators. 2. One generator with balancer
set. 3. One generator with storage battery. 4. One generator with
balancing coil. 5. Three-wire generator.

ALTERNATING CURRENTS.*

The advantages of alternating over direct currents are: 1. Greater
simphcity of dynamos and motors, no commutators being required; 2.

The feasibility of obtaining high voltages, by means of static trans-
formers, for cheapening the cost of transmission; 3. The facility of
transforming from one voltage to another, either higher or lower, for
different purposes.
A direct current is imiform in strength and direction, while an alter-

nating current rapidly rises from zero to a maximum, falls to zero, re-
verses its direction, attains a maximima in the new direction, and again
returns to zero. This series of changes can best be represented by a
curve the abscissas of which represent time and the ordinates either
current or electro-motive force (e.m.f.). The curve usually chosen for
this purpose is the sine curve. Fig. 228 ; the best forms of alternators give a
curve that is a very close approximation to the sine curve, and aU calcu-
lations and deductions of formulse are based on it. The equation of the
sine curve is y = sin a:, in which y is any ordinate, and x is the angle
passed over by a moving radius vector.

After the fiow of a direct current has been once estabUshed, the only
opposition to the flow is the resistance offered by the conductor to the
passage of current through it. This resistance of the conductor, in
treating of alternating ciirrents, is sometimes spoken of as ohmic resist-

ance. The word resistance, used alone, always means the ohmic
resistance. In alternating currents, in addition to the resistance, sev-

* Only a very brief treatment of the subject of alternating currents can
be given in this book. The following works are recommended as val-
uable for reference: Steinmetz, "Theoretical Elements of Electrical
Engineering. Alternating Current Phenomena"; Cohen, "Formulae
and Tables for the Calculation of Alternating Current Problems "

; Jack-
son, "Alternating Currents and Alternating Current Machinery";
BedeU, "Direct and Alternating Current Manual": Timbie, "AIter°
nattng Currents."



1440 ELECTKICAL ENGINEERING.

eral other quantities, which affect the flow of current, must be taken
into consideratioa These quantities are inductance, capacity, and sicin
effect. They are discussed under separate headings.
The current and the e.m.f. may be in phase with each other, that is Jl

they may attain their maximum strength at the same instant, or theyf
may not, depending on the character of the circuit. In a circuit con-

1

taining only resistance, the current and e.m.f. are in phase; in a ciirrent ^
containing inductance the e.m.f. attains its maximum value before the
current, or leads the current. In a circuit containing capacity the cur-
rent leads the e.m.f. If both capacity and inductance are present in a
circmt, they wiU tend to neutralize each other.

Maximum, Average, and Effective Values.—The strength and the
e.m.f. of an alternating current being constantly varied, the maximum
value of either is attained only for an instant in each period. The maxi-
mum. values are Uttle used in calculations, except in deducing formulae
and for proportioning insulation, which must stand the maximum
pressure. The average value is obtained by averaging the ordinates of
the sine curve representing the current, and is 2 -^ tt or 0.637 of the
maximum value.
The value of greatest importance is the effective, or "square root of

the mean square, '

' value. It is obtained by taking the square root of the
mean of the squares of the ordinates of the sine curve. The effective
value is the value shown on alternating-ciirrent measuring instruments.
The product of the square of the effective value of the current and the
resistance of the circuit is the heat lost in the circuit.
The relation of the maximum, average, and effective values is:

%fec. = %ax. X 0.707 ; ^Aver. = %ax. X 0.637 ; %ax. = 1-41 X i^Effec.

Frequency.— The time required for an alternating current to pass
tlirough one complete cycle, as from one maximum point to the next (a
and b, Fig. 228) , is termed the period. The muntaer of periods in a second
is termed the frequency of the current. Since the current changes its

direction twice in each period, the number of reversals or alternations is

double the frequency. A current of 120 alternations per second has a
period of Veo and a frequency of 60. The frequency of a current is equal
to one-half the number of poles on the generator, multiplied by the number
of revolutions per second. Frequency is denoted by the letter/.
' The frequencies most generally used in the United States are 25, 40, 60,
125, and 133 cycles per second. The Standardization Report of the
A I.E.E. recommends the adoption of three frequencies, viz. 25, 60 and 120.
With the higher frequencies both transformers and conductors will be

less costly in a circuit of a given resistance but the capacity and inductance
effects in each will be increased, and these tend to increase the cost. With
high frequencies it also becomes difficult to operate alternators in parallel.
A low frequency current cannot be used on lighting circuits, as the lights

will flicker when the frequency drops below a certain figure. For arc lights
the frequency should not be less than 40. For incandescent lamps it should
not be less than 25. If the circuit is to supply both power and light a
frequency of 60 is usually desirable. For power transmission to long dis-

tances a low frequency, say 25, is considered desirable, in order to lessen
the capacity effects. If the alternating current is to be converted into
direct current for lighting purposes a low frequency may be used, as the
frequency will then have no effect on the lights.'

Inductance.—Inductance is that property -of an electrical circuit by
which it resists a change in the current. A current flowing through a
conductor produces a magnetic flux
arouna tne conaucior. ii ine current
be changed in strength or direction,
the flux is also changed, producing
in the conductor an e.m.f. whose direc-
tion is opposed to that of the current
in the conductor. This counter e.m.f.

is the counter e.m.f. of inductance.
It is proportional to the rate of change
of current, provided that the perme-
ability of the medium around the con-
ductor remains constant. The imit of Fig. 228,
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Inductance is the henry, symbol L. A circuit has an inductance of one
henry if a uniform variation of current at the rate of one ampere per
second produces a counter e.m.f. of one volt.

The effect of inductance on the circuit is to cause the current to lag
behind the e.m.f. as shown in Fig. 22S, in which abscissas represents time,
and ordinates represent e.m.f. and current strengths respectively.

Capacity.—Any insulated conductor has the power of holding a quan-
tity of static electricity. This power is termed the capacity of the body.
The capacity of a circuit is measured by the quantity of electricity in it

when at unit potential. It may be increased by means of a condenser.
A condenser consists of two parallel conductors, insulated from each other
by a non-conductor. The conductors are usually in sheet form.
The unit of capacity is a, farad, symbol C. A condenser has a capacity

of one farad when one coulomb of electricity contained in it produces a dif-
ference of potential of one volt, or when a rate of change of pressure of
one volt per second produces a current of one ampere. The farad is too
large a unit to be conveniently used in practice, and the micro-farad or
one-millionth of a farad is used instead. The effect of capacity on a
circuit is to cause the e.m.f. to lag behind the current. Both inductance
and capacity may be measured with a Wheatstone bridge by sub-
stituting for a standard resistance a standard of inductance or a stand-
ard of capacity.
Power Factor.—In direct-current work the power, measured in watts.

Is the product of the volts and amperes in the circuit. In alternating-cur-
rent work this is only true when the current and e.m.f. are in phase. If
the current either lags or leads, the values shown on the volt and ammeters
will not be true simultaneous values. Referring to Fig. 22S, it will be
seen that the product of the ordinates of current and e.m.f. at any partic-
ular instant will not be equal to the product of the effective values which
are shown on the instruments. The power in the circuit at any instant is

the product of the simultaneous values of current and e.m.f.. and the volts
and amperes shown on the recording instruments must be multiplied
together and their product multiplied by a power factor before the true
watts are obtained. This power factor, which is the ratio of the volt-
amperes to the watts, is also the cosine of the angle of lag or lead of
the current. Thus

P = I X Ex power factor = I X E X cos e,

where is the angle of lag or lead of the current.
A watt-meter, however, gives the true power in a circuit directly.

The method of obtaining the angle of lag is shown on p. 1442.
Reactance, Impedance, Admittance.—In addition to the ohmic re-

sistance of a circuit there are also resistances due to inductance, capacity,
and skin effect. The virtual resistance due to inductance and capacity
is termed the reactance of the circuit. If inductance only be present In
circuit, the reactance will vary directly as the inductance. If capacity
only be present, the reactance will vary inversely as the capacity.

Inductive reactance= 2 irfL ; Condensive reactance

=

-—77=.
2 7r/C

The total apparent resistance of the circuit, due to both the ohmic resist-
ance and the total reactance, is termed the impedance, and is equal to the
square root of the sum of the squares of the resistance and the reactance.

Impedance =Z =v'r^ + (2 tt/L)^ when inductance is present iu the circuit.

Impedance =Z=-\R^ + (

-

—^ j when capacity is present in the circuit.

Admittance is the reciprocal of impedance. = 1 h- Z.
If both inductance and capacity are present in the circuit, the reactance

of one tends to balance that of the other; the total reactance is the alge-
braic sum of the two reactances; thus,

Total reactance = X = 2 nfL - YVfC ' ^ = 'V ^^ + (^ '^/•^ - J^Y-
In all cases the tangent of the angle of lag or lead is the reactance divided
by the resistance. In the last case

tan e= g—i- .
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Skin Effect.—Alternating currents tend to have a greater density at
the surface than at the axis of a conductor. The effect of this is to make
the virtual resistance of a wire greater than its true ohmic resistance.
With low frequencies and small wires the skin effect is small, but it be-
comes quite important with high frequencies and large wires. With
magnetic material it is much higher than with non-magnetic.
The skin effect factor, by which the ohmic resistance is to be multi-

plied to obtain the virtual resistance is given by Berg in the following
approximate formula:

i+\i+(|)^

For Copper Cable: =0.0105 ^2/; for Aluminum Cable: (f)--
d^ f, where d = diameter of cable, and / = frequency.

For the same per cent increase, due to skin effect, a cable can have
13% larger diameter than a soUd wire; in other words, the skin effect is

the same as long as the ohmic resistance is the same, whether a soUd
wire or a cable is used.
Ohm's Law applied to Alternating-Current Circuits.—To apply

Ohm's law to alternating-current circuits a slight change is necessary
in the expression of the law. Impedance is substituted for resistance.
The law should read

j= ^ E
Vr^ + x^ z,'

Impedance Polygons.—1. Series Circuits.—The impedance of a circuit
can be determined graphically as follows : Suppose a circuit to contain
a resistance R and an inductance L, and to carry a current I of frequency
/. In Pig. 229 draw the line ab proportional to R, and representing the
direction of current. At b erect be perpendicular to ab and propor-
tional to 2 irfL. Join a and c. The Une ac represents the impedance of
the circuit. The angle between ab and ac is the angle of lag of the cur-
rent behind the e.m.f., and the power factor of the circuit is cosine 0.

The e.m.f. of the circuit is E = IZ.
R

Fig. 230.

Ri

c

6

R2

^-!^^--^

If the above circuit contained, instead of the inductance L, a capacity
C, then would the polygon be drawn as in Fig. 230. The line be would

be proportional to ^

—

j^ and would be drawn in a direction opposite to

that of be in Pig. 229. The impedance would again be Z, the e.m.f.
would be Z X I, but the current would lead the e.m.f. by the angle Q.

Suppose the circuit to contain resistance, inductance, and capacity,
the lines of the impedance polygon would then be laid off as in Pig. 231.
The impedance of the circuit would be represented by ad, and the angle
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of lag by d. If the capacity of the circuit had been such that cd was
less than be, then would the e.m.f. have led the current.

[f between the inductance and capacity in the circuit in the previous ex-
amples there be interposed another resistance, the impedance polygon will

take the form of Fig. 232. The lines representing either resistances, in-
i

ductances, or capacities in the circuit foUow each other in ail cases as do
the resistances, inductances, and capacities in the circuit, each line having
its appropriate direction and magnitude.
Example,—A circuit (Fig. 233) contains a resistance, Ri, of 15 ohms, a

capacity, d, of 100 microfarads (0.000100 farad), a resistance, B2, of 12

15 Kj=^000100 R2=n3. =.05

Ri=15

Fig. 233.

ohm^. and inductance of Li, of 0.05 henry, and a resistance Rz, of 20 ohms.
Find the impedance and electromotive force when a current of 2 amperes
is sent through the circuit, and the current when e.m.f. of 120 volts is

impressed on the circuit, frequency being taken as 60. Also find the angle
of lag, the power factor, and the power in the circuit when 120 volts are
impressed.
The resistance is represented in Fig. 234 by the horizontal line a&, 15

units long. The capacity is represented by the line be, drawn downwards
from b and whose length is

2nfCt 2X3.1416X60X0.0001
From the point c a horizontal line cd, 12 units long, is drawn to represent
Rt. From the point d the line de is drawn vertically upwards to represent

the inductance Li. Its length is

2 7r/Li =2 X 3. 1416 X 60 X 0.05= 18.85.

From the point e a horizontal line e/, 20
units long, is drawn to represent Rz. The
line adjoining a and / will represent the
impedance of the circuit in ohms. The
angle d, between ah and af, is the angle of
lag of the e.m.f. behind the current. The
impedance in this case is 47.5 ohms, and
the angle of lag is 9° 15'.

The e.m.f. when a current of 2 amperes
is sent through is

IZ = E = 2 X 47.5 = 95 volts.
If an e.m.f. of 120 volts be impressed on the circuit, the current flowing

through will be
, 120 120 „ ^^/= -^ = j=-^ = 2.53 amperea.

The power factor = cos 5 = cos 9° 15' = 0.987c
The power in the circuit at 120 volts is

IXEXcose= 2.53 X 120 X 0.987 = 299.6 watts.

2. Parallel Circuits.—If two circuits be ar-
ranged in parallel, the current flowing in each
circuit will be inversely proportional to the
impedance of that circuit. The e.m.f. of each
circuit is the e.m.f. across the terminals at
either end of the main circuit, where the vari-
ous branches separate. Consider a circuit.
Fig. 235, consisting of two branches. The
first branch contains a resistance R, and an
inductance L^ in series with it. The second

r-\/\/\r^W^P-
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brancli contains a resistance 122 in series with an Inductance Lg. Th^
impedance of the circuit may be determined by treating each of the
two branches as a separate series circuit, and drawing the impedance
polygon for each branch on that assumption. Having foimd the im-
pedance the current flowing in either branch will be the reciprocal of
the impedance multipUed by the e.m.f. across the terminals. Th^
ciurent in the entire circuit is the geometrical suni &t the current in
the two branches.
The admittance of the equivalent simple circuit may be obtained by

drawing a parallelogram, two of whose adjoining sides are made parallel to
the impedance lines of each branch and equal to the two admittances
respectively.
The diagonal of the parallelogram will represent the admittance of the

equivalent simple circuit. The admittance multiplied by the e.m.f. gives
the total current in the circuit.
Example.—Given the circuit in Fig. 236, consisting of two branches.

Branch 1 consists of a resistance Rt = 12 ohms, an inductance Li = 0.05
henry, a resistance 7^2 = 4 ohms, and a capacity Ci = 120 microfarads
(0.00012 farad). Branch 2 consists of an inductance L2 = 0.015 henry, a,

resistance R3 = 10 ohms, and an inductance L3 = 0.03 henry. An e.m.f,
of 100 volts is impressed on the circuit at a frequency of 60. Find the ad-
mittance of the entire circuit, the current, the power factor, and the powet

Ri=i2 Li=05 R2=4 Ki*=^.00Q18

/— 60 -0-
E.M.F. =100

L2==.015 B3= 10

Ri«»=12

Fig. 236.

R8=4

27r/L2

= 5.65

I^iG. 237.
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in the circuit. Construct the impedance polygons for the two branches
separately as shown in Fig. 237, a and b. The impedance in branch
1 is 16.4 ohms, and the current is (1/16.4) X 100 = 6.19 amperes. The
angle of lead of the current is 1° 45'. The impedance in branch 2 is

19.5 ohms and tlie current is (1/19.5) X 100 = 5.13 amperes. The
angle of lag of the ciurent is 61°.
The current in the entire circuit is found by taking the admittances of

the two branches, and drawing them from the point o, in Fig. 237 c, parallel
to the impedance Unes in their respective polygons. The diagonal from o
is the admittance of the entire circuit,and in this case is equal to 0.092.
The current in tlie circuit is 0.092 X 100 = 9.2 amperes. The power factor
is 0.944 and the power in the circuit is 100 X 0.944 X 9.2 = 868.48 watts.
Self-Inductance of Lines and Circuits. — The following formulae

and table, taken from Crocker's " Electric Lighting," give a method of cal-
culating the self-inductance of two parallel aerial wires forming part of the
same circuit and composed of copper, or other non-magnetic material:

L per foot = (l5.24 + 140.3 log ^\ IQr^.

L per mile = (so.S + 740 log ^) lO-e.

in which L is the Inductance in henrys of each wire, A is the Interaxial dis-

tance between the two wires, and d is the diameter of each, both in inches.
If the circuit is of iron wire, the formulae become

L per foot == (2286 + 140.3 log ^) IQ-^.

L per mile - 740 log ^) 10-«,

Inductance, in Millihenrys per Mile, for Each of Two
Parallel Copper Wires.

Interaxial
Distance,

Ins.

American Wire Gauge Number.

00 I 10 12

6
12

24
36
60
%

1.130

1.353

1.576

1.707

1.871

2.023

1.168

1.391

1.614

1.745

1.909

2.059

1.205

1.428

1.651

1.784

1.946

2.097

1.242 1.280

1.465 1.502

1.688 1.725

1.818 1.856

1.98212.023

2.134|2.I72

1.317

1.540

1.764

1.893

2.058
2.210

1.354

1.577

1.800

1.93

2.095

2.246

1.392 1.466

1.614 1.689

1.83811.912

1.968 [2.043
2.1322.208
2.283|2.358

1.540 1.61511.690
1.764 1.838; 1.913

2.0612.135
2.1 17 2.192 2.266
2.28212.356 2.432
2.4331 2.507 12.582

Capacity of Conductors. — AH conductors are included in three
classes, viz.: 1. Insulated conductors with metallic protection; 2. Single
aerial conductor with earth return; 3. Metallic circuit consisting of two
parallel aerial wires. The capacity of the lines may be calculated by
means of the following formulae taken from Crocker's " Electric Lighting."

Class 1.

Class 3.

G per foot

C per foot

7361 k 10-^5
''

\og{D -h d)'
7361 X 10-^^

log (4/i -J- d)

C per foot of each wire

C per mile =

C per mile =

38.83 k 10-9

log {D -^ d)'
38.83 X 10-3

' log (4 /i -T- d)

C per mile of each wire =

3681 X 10-^"
,

log (2 A -r- d)

'

19.42 X 10-9

log (2 A -^d)
In which C is the capacity in farads, D the internal diameter of the metallic
covering, d the diameter of the conductor, h the height of the conductor
above the ground, and A the interaxial distance between two parallel wires
all in inches; fc is a dielectric constant which for air is equal to 1 and for
pure rubber is equal to 2.5. The formulae in classes 2 and 3 assume the wires
to be bare. If they are insulated, k must be introduced in the numerator
and given a value slightly greater than 1.

Single-phase and Polyphase Currents. — A single-phase current
is a simple alternating current carried on a single pair of wires and ia
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generated on a machine having a single armature winding. It is repre-
Bented by a single sine curve.

Polyphase currents are known as two-phase, three-phase, six-phase, or
any other number, and are represented by a corresponding number of sine

curves2 The most commonly used systems are the two-phase and three-
phase.

1. Two-phase Currents.—In a two-phase system there are two single-

phase alternating currents bearing a definite time relation to each other
and represented by two sine curves (Fig. 238). '

The two separate currents may be generated by
the same or by separate machines. If by sepa-
rate machines, the armatures of the two should
be positively coupled together. Two-phase cur-
rents are usually generated by a machine with
two armature windings, each winding termi-
nating in two collector rings. The two windings
are so related that the two currents will be 90°

apart. For this reason two phase-currents are also called " quarter-
phase " currents.
Two-phase currents may be distributed on either three or four wires.

The three-wire system of distribution is shown in Fig. 239. One of the
return wires is dispensed with, connection being made across to the other
as shown. The common return wire should be made 1.41 times the area
of either of the other two wires, these two being equal in size.

The four-wire system of distribution is shown in Fig. 240. The two
phases are entirely independent, and for lighting purposes may be operated

as two single-phase circuits.

Wi

Fig. 238.

l
^buoo; ^^^§ss2S.
Fig. 239. Fig. 240.

2. Three-phase Currents.—Three-phase currents consist of three alter-
nating currents, differing in phase by 120°, and represented by three sine
curves, as in Fig. 241. They may be distributed by three or six wires. If
distributed by the six-wire system, it is analogous to the four-wire, two-
phase system, and is equivalent to three single-phase circuits. In the
three-wire system of distribution the circuits may be connected in two
different ways, known respectively as the Y or star connection, and the A
(delta) or mesh connection.

Fig. 241. Fig. 242.

The Y connection is shown in Fi^. 242. The three circuits are joined
at the point o, known as the neutral point, and the three wires carrying the
current are connected at the points a, b, and c, respectively. If the three
circuits ao, bo, and co are composed of lights, they must be equally loaded
or the lights will fluctuate. If the three circuits are perfectly balanced,
Wie lights will remain steady. In this form of connection each wire maj
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be considered as the return wire for the other
two. If the three circuits are unbalanced, a
return wire may be run from the neutral point
o to the neutral point of the armature wind-
ing on the generator. The system will then
be four-wire, and will work properly with un-
balanced circuits.

The A connection is shown in Fig. 243.
Each of the three circuits ab, ac, be, receives
the current due to a separate coil in the arma-
ture winding. This form of connection will

work properly even if the circuits are unDal-
anced: and if the circuit contains lamps, they
will not fluctuate when the circuit changes
from a balanced to an unbalanced condition,
or vice versa.
Measurement of Power in Polyphase Circuits.— 1. Two-phase

Circuits.—The power of two-phase currents distributed by four wires
may be measured by two wattmeters introduced into the circuit as shown
in Fig. ^0. The sum of the readings of the two instruments is the total
power. If but one wattmeter is available, it should be introduced first in
one circuit, and then in the other. If the current or e.m.f. does not vary
during the operation, the result will be correct. If the circuits are per-
fectly balanced, twice the reading of one wattmeter will be the total power,

Wi

Fig. 243.

Fig. 244. Fig. 245.

The power of two-phase currents distributed by three wires may be
measured by two wattmeters as shown in Fig. 239. The smn of the two
readings is the total power. If but one wattmeter is available, the coarse-
wire coil should be connected in series with the wire ef and one extremity
of the pressiu-e-coil should be cormected to some point on ef. The other
end should be connected first to the wire a and then to the wire d, a read-
ing being taken in each position of the wire. The sum of the readings
gives the power in the circuits.

2. Three-phase Circuits.—The power in a three-phase circuit may be
measured by three wattmeters, connected as in Fig. 244 if the system is

Y-connected, and as in Fig. 245 if the system is A-connected. The sum
of the wattmeter readings gives the power in the system. If the circuits
are perfectly balanced, three times the reading of one wattmeter is the

total power.
The power in a A-connected system

may be measm-ed by two watt-meters, as
shown in Fig. 246. If the power factor of
the system is greater than 0.50, the arith-
metical sum of the readings is the power
in the circuit. If the power factor is less

than 0.50, the arithmetical difference of
the readings is the power. Whether the
power factor is greater or less than 0.50
may be discovered by interchanging the
wattmeters without disturbing the rela-

tive connection of their coarse- and fine-

wire coils . If the deflections of the needles
are reversed, the difference of the readings

is the power. If the needles are deflected in the same direction as at
first, the sum of the readings is the power.

Pig, 246.
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ALTERNATING-CURRENT GENERATORS.
Synchronous Generators.—The function of the alternating-current

synchronous generator is to transform mechanical energy into electrical
energy, either single-phase or polyphase. It comprises a comparatively
constant magnetic field and an armature generating electro-motive forces
and delivering currents in synchronism with the motion of the machine.

Alternating-current generators are generally designed to operate at
normal load and 80% power factor without exceeding a specified tem-
perature rise, and should such a machine have to be operated with a load
of lower power factor, its rating will be reduced, when based on the same
temperature guarantee.
Synchronous generators are almost always of the revolving field type,

and may be either of a horizontal or vertical design.
Rating. — The normal full-load rating is usually based on continu-

ous operation with a certain rated voltage, current, power factor, fre-
quency and speed. The overload guarantees should refer to the normal
conditions of operation, and an overload capacity of 25 % for two hours
has generally been accepted as standard, althoiigh in several instances
a 50% two-hour overload is required. Of late (1915), however, gen-
erators are often given a maximum continuous rating with a temper-
ature rise not exceeding 50° C. (122° F.).
The rated full-load current is that current which, with rated terminal

voltage, gives the rated kilowatts or rated kilovolt-amperes. In ma-
chines in which the rated voltage differs from the no-load voltage, the
rated current should refer to the former. The rated output may be
determined as follows:

It E = full-load terminal voltage and I = rated current, then for a

single-phase generator, K.V.A. =
.

For a two-phase generator the total output is equal to the output of
the two single-phase circuits, and if I, in this case, is the rated current

per circuit, the output for a two-phase generator is, K.V.A. = .

For a three-phase generator there are three circuits to be considered,
whether the machine is star or delta connected. If E is the terminal
voltage and I the line current, then for a three-phase generator,

^- •^* 1000

The capacity of a polyphase generator, whether operating two- or
three-phase, is always the same, while, if operating under the same
conditions single-phase, in which case one phase is ineffective, the
rating is only about 71% of what it would be if operated as a poly-
phase generator. This relation, however, does not hold true for a ma-
chine which is initially built for single-phase service, and in such a case
the distribution of the winding can be made such as to increase the
capacity somewhat. The inherent regulation is generally made poorer
thereby, but by the use of massive damping devices it can be materially
improved.

Efficiency.—The efficiency of a generator is the ratio of the power
output to the power input, the difference between these two quantities
being equal to the losses. The method commonly and most readily
used for obtaining the efficiency is to determine these losses and then
compute the efficiency by dividing th« power output by the sum of the
power output plus the losses.
The guaranteed efficiency should always refer to the energy load

(the energy load is the load doing useful work, and is equal to the total
K.V.A. X the power factor of the load), and it is most important that
the power factor of the load is also given. In certain cases the guaran-
teed efficiency is based on a K.V.A. output, but the inconsistency of
such a method is apparent, as the following example will illustrate:

• Assume a generator rated 100 K.V.A. (ICO Kw. at unity power-
factor) or 100 K.V.A. (80 Kw. 0.8 P.F.), and that the losses at unity and
80% power factors are 10 and 11 Kw. respectively, the eflQciency is then;
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Based on 100 Kw. 1.0 P.F.,

="• = 105^10 = «!''«•

Based on 80 Kw. 0.8 P.P.,

Based on 100 K.V.A. 0.8 P.F.,

™- = io5Tri = »»%-

Prom the last two values it is seen that for 80% power-factor if based
on the K.V.A., a 2% greater eflQcieney guara.ntee can be made, although
this value has no meaning, as it is based on apparent power.
The losses in the generator consist of: The copper losses in the

armature and field, proportional to the square of the armature and field
currents respectively; the core loss, slightly increasing from no-load to
fuU-load; the load loss, having a value approximately one-third of the
short-circuittag core loss; and finaUy, the friction and windage losses,
which are practically constant.

Regulation.— Such a close inherent voltage regulation as was for-
merly required is not any longer desirable, since a good voltage regula-
tion may readily be accomplished by means of automatic voltage regu-
lators, which perform their function whether the fluctuations are due to
a change of load, speed, or power factor.
A close inherent regulation would require a low reactance generator,

which means an expensive machine. A low reactance macliine also, in
case of short circiiits, woixld allow a very large current to flow through
the machine and through any other apparatus that may be within the
circuit enclosed by the short-circuit. These short-circuit currents reach
enormous values in large central stations, and in order to reduce the
currents to safe values large reactances are necessary. It is, however,
not possible to design liigh-speed turbo-generators for the necessary
reactance, and external reactances must usually be inserted in the gen-
erator leads or between the bus-sections. By so hmiting the abnormal
flow of current the generating system is relieved from the disastrous
effects of such short circuits.
Rating of a Generating Unit.—In determining the proper rating

and capacity of the generators for a power station, the generator and the
prime mover must of necessity be treated together as a combination so
as to secure the highest operating efficiency. With steam-engines the
ratings are usually such that the engine is working imder its most eco-
nomical load at the rating of the electrical generator. With gas engines,
however, the efficiency increases with the load beyond the capacity of
the engine, and for this reason the rating of such an engine is generally
made as nearly as possible to its maximum capacity with only a small
margin for regulating purposes. With steam turbines the efficiency
curve is very flat so that it is the desirable overload capacity which
limits the rating of the turbine. In the water-wheel unit, the efficiency
usually falls off rapidly above and below the maximum point, so that
the rating of the generator should correspond to the point of maximum
efficiency of the wheel.
The effect of the power factor should also be considered when deter-

mining the prime mover as well as the generator capacity, and many
mistakes have been made in this respect. The generator may, for ex-
ample, have been designed and rated on the basis of unity power factor
operation with a prime mover having a corresponding capacity. After
installation it is, however, foimd that the actual operating power factor
is 0.80, with the result that only 80 per cent of the prime mover capacity
can be utiUzed without overloading the generator.
Windings.—The greatest number of all alternating-current gener-

ators are wound three-phase with the armature windings connected in
star. This is preferable to delta connection, as a smaller number of
conductors is required for a given voltage, while on the other hand the
danger of the circulation of triple-frequency currents in the closed
armature winding is avoided.
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Voltages.—Standard generator voltages for all frequencies are 240>
480, 600, 1150, 2300, 4000, 6600, with the corresponding motor voltages
220, 440, 550, 1040, 2090, 6000. There is no motor voltage corresponding
to 4000 volts, since this is only used on lighting three-phase, four-wire
distributing systems. In addition 11,000 volts is also standard for 60
cycles, and 13,200 volts for 25 cycles.

Parallel Operation.— In order that an alternating-current generator
shall be able to carry a load, a current must flow corresponding to this
load. The e.m.f. required to generate this current is the resultant of the
terminal and the induced e.m.f. 's of the generator, the displacement be-
tween these e.m.f. 's being due to the impulse of the prime mover. In
the same manner when two or more generators are operating in parallel
the division in load between the different imits is entirely dependent on
the turning efforts of the prime movers, and a change in the field excita-
tion, as with direct-current generators, will have no effect whatsoever.

For a satisfactory parallel operation it is important that the e.m.f. 's

and frequencies of the generators be the same, as, if this is not the
case, cross currents will flow between the imits. These cross currents
may be either wattless or they may represent a transfer of energy, de-
pending on whether they are caused by a difference in the e.m.f. or in
the frequency of the machines.

Exciters (E. A. Lof, in Coal Age).—Synchronous generators as well as
synchronous motors are dependent on a direct-current excitation for
their operation, and the energy for the excitation is generally obtained
from direct-current generators, termed "exciters." These should have
a capacity sufficient to excite all of the synchronous apparatus in the
station when these machines are operating at their maximum load and
true operating power factor. It is not enough to provide for the
excitation when operating at unity power factor, because the exci-
tation which is required at lower power factors is considerably higher
than at unity power factor.
For small and medium size plants a 125-volt exciter pressure is gen-

erally chosen, while for larger installations a 250-volt excitation will
prove more economical.
There are many different ways of driving exciters. They may be

direct-connected to the main imits if these are of moderate speed. Such
an arrangement may prove satisfactory for two or three units, but
when the number of units is higher the system becomes rather compU-
cated. Another objection is that in case of trouble with an exciter, the
whole generating unit wiU have to be shut down. When two direct-
connected units are used, they should each have a capacity sufficiently
large to excite both the generators, and with three units the capacity of
either exciter should preferably be such that it can excite two of the
generators. For four or more units it should only be necessary to give
each exciter a capacity sufficient for one generator, and if necessary a
motor-driven exciter unit can be installed as a reserve.
The system, however, which seems to be the most widely used and

which offers the greatest reliability, is that in which the excitation is

obtained from a common source, consisting of as few exciters as possible.
One or two units are then generally provided for normal excitation, de-
pending on the size of the station, a third unit being installed as a re-
serve. It is also common practice to have the regular units driven by
prime movers, such as steam-engines or water-wheels, while the reserve
unit is motor-driven.

Still another system which is becoming common is to install low-
voltage generators, driven either by a non-condensing steam turbine in
case of a steam-plant or a water-wheel in a hydro-electric plant. The
exciters are then motor-driven, current for dri^dng them being obtained
from the low voltage generator. The steam from the turbines would
then, of com*se, be taken to the feed-water heaters, and in addition to
the exciters, all the other auxiliaries, such as the circulating pumps,
etc., would also be motor-driven.

In order to insure a close voltage regulation of the system, automatic
regulators are commonly installed in connection with the exciters, their
principle being to automatically mcrease or decrease the excitation by
rapidly opening or closing a shunt circuit across the exciter-fleld rheo-
stat, and thus keep a constant bus-bar voltage regardless of the load.

240, I
iges J



TRANSFORMERS. 1451

TRANSFORMERS.

A transformer consists essentially of two coils of wire, one coarse and
one fine, wound upon an iron core. Its function is to transform elec-
trical energy from one potential to another, although it may also be
used for phase transformation. If the transformer causes a change from
high to low voltage, it is known as a "step-down" transformer; if from
low to high voltage, it is known as a " step-up " transformer.
Primary and Secondary.—In regard to the use of the terms high-

voltage, low-voltage, primary and secondary, the A.I.E.E. Standardiza-
tion Rules read as foUows:
"The terms ' high-voltage ' and ' low-voltage ' are used to distinguish

the winding having the greater from that having the lesser number of
turns. The terms 'primary' and 'secondary' serve to distinguish the
windings in regard to energy flow, the primary being that which receives
the energy from the svipply circuit, and the secondary that which re-
ceives the energy by induction from the primary.

'""

The terms primary and secondary are, however, often confused, and
in order to avoid any misunderstanding, it is preferable that the terms
high-voltage and low-voltage be used instead of primary and secondary.
Voltage Ratio.—The A.I.E.E. Standardization Rules also state that

" The voltage ratio of a transformer is the ratio of the r.m.s. (square root
of mean square) primary terminal voltage to the r.m.s. secondary ter-
minal voltage under specified conditions of load." It also defines
"The ratio of a transformer, unless otherwise specified, as the ratio of
the number of turns in the high-voltage winding to that in the low-
voltage winding: i.e., the turn-ratio."
The two ratios are equal when one of the windings is open and the

transformer does not carry any load. When loaded, the resistance
and inductance of the windings cause a drop in the voltage, thus modi-
fying the ratio of transformation slightly.
Rating.—A transformer should be rated by its kilovolt - ampere

(K.V.A.) output. It is equal to the product of the voltage and current,
and is, therefore, the same whether the different coils are connected in
series or parallel. If the load is of unity power factor, the kilowatt out-
put is the same as the kilovolt-ampere output, but if the power factor
is less, the kilowatt output will be correspondingly less. For example, a
100 K.V.A. transformer will have a full-load rating of 100 K.W. at 100%
power factor, 90 K.W. at 90% power factor, etc.

Efficiency.—There are two sources of loss in the transformer, viz.,

the copper loss and the iron loss. The copper loss is proportional to the
square of the current, being the 12 R loss due to heat. If h, Bi, be the
current and resistance respectively of the primary, and I2, R2, the cur-
rent and resistance respectively of the secondary, then the total copper
loss is W^ = Ii2 Bi -j- l22i?2 and the percentage of copper loss is

W, , where TTp is the energy delivered to the primary. The iron

loss is constant at aU loads, and is due to hysteresis and eddy currents.
The efficiency of a transformer is the ratio of the output in watts at

the secondary terminals to the input at the primary terminals. At fuU
load the output is equal to the input less the iron and copper losses.
The full-load efiQciency of a transformer is usually very high, being from
92 per cent to 98 per cent. As the copper loss varies as the square of
the load, the efficiency of a transformer varies considerably at different
loads. Transformers on Ughting circuits usually operate at fuU load
but a very small part of the day, though they use some current all the
time to supply the iron losses. For transformers operated only a part of
the time, the "all-day" efficiency is more important than the full-load
efiQciency. It is computed by comparing the watt-hours output to the
watt-hours input.
The aU-day efficiency of a 10-Kw. transformer, whose copper and

iron losses at full load are each 1.5 per cent, and which operates 3 hours
at full load, 2 hours at half load, and 19 hours at no load, is computed as
follows:

Iron loss, all loads = 10 X 0.015 = 0.15 K.W.
Copper loss, full load = 10 X 0,015 = 0.15 K.W.
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Copper loss, 1/2 load = 0.15 X (1/2)2 = 0.0375 K.W.
Iron loss, K.W. hours = 0.15 X 24 = 3.6.
Copper loss, full load, K.W. hours = 0.15 X 3 = 0.45.
Copper loss, 1/2 load, K.W. hours = 0.0375 X 2 = 0.075.

Output, K.W. hours =
{
(10 X 3) + (5 X 2) }

= 40.

Input, K.W. hours = 40 + 3.6 + 0.45 + 0.075 = 44.125.
AU-day efficiency = 40 -r 44.125 = 0.907.

Connections.—Among the great variety of transformer manipula-
tions in power and general distribution work, either for straight voltage
transformation or for phase transformation, the following are the mosti
generally used:

Voltage Transformation:
Single-phase.
Two-phase.
Three-phase, delta-delta.
Three-phase, delta-star, and vice versa.
Three-phase, star-star.
Three-phase, open-delta.
Three-phase, Tee.

Phase Transformation:
Two- or three-phase to single-phase.
Two-phase to six-phase.
Three-phase to two-phase.
Three-phase to six-phase.

The transformer connections mostly used are delta-delta or delta-star
with neutral grounded.
For moderate voltage systems, the isolated delta connection is to

be preferred, although for high-tension systems with very high voltages

Fig. 247. Fig. 248. Fig. 249.

practice has proved that the high-tension winding star connected and
the neutral grounded will give a more satisfactory operation.
Tee -Connection.— (Fig. 247.)—T- connection requires only two single

transformers of which one is provided with a 50 per cent tap to which
the other is connected. The latter may be designed for only 86.6% of
the line or main transformer voltage, but generally it is made identical
with the main transformer and operated at reduced flux density.

Delta-Connection.— (Fig. 248.)—The e.m.f. between the mains is the
same as that in any one transformer measured between terminals, and
each transformer must, therefore, be wound for the full line voltage, but

only for —— or 57.7 per cent of the line current.
Vs

Star-Connection.— (Fig. 249.)—In the star-connection each trans-
former has one terminal connected to a common junction, or neutral
point. Each transformer is wound for only 57.7 per cent of the line
voltage, but for the full line current.
Reactance.—In order to obtain a good voltage regulation, it has been

the custom to design the transformers with a reactance as low as II/2 to
2 per cent. Recent experience has, however, shown that in high power
systems such transformers are unsafe, owing to the enormous mechan-
ical strain produced on the transformer and system by the excessive
short-circuit currents permitted by such low impedance transformers.
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A 2 per cent reactance means that at full load current, 2 per cent or 1/50
<of the supply voltage is consumed by the reactance. At short circuit
ithe total voltage would have to be consumed by the transformer re-
actance, and the short-circuit current at full voltage is then fifty times
full load ciu-rent. Safety thus requires that in high power systems the
transformers should be designed for a much higher reactance and the
present practice (1915) is, therefore, to design such transformers for
1,6 to 8 per cent reactance, and sometimes even for as high as 10 per cent.

Cooling.—According to the method used in dissipating the heat
(generated by the losses, transformers may be classified as: 1. Oil
i£ooled. 2. Water cooled. 3. Air blast.

Parallel Operation.—In order that two or more transformers or groups
(Of transformers shaU operate successfully in paraUel, it is necessary that
their polarity be the same, that their voltages and voltage ratios be
identical, and that their Impedances be inversely proportional to the

;ratings.
Auto Transformers.—Auto transformers may be used where the

required voltage change is smaU. Their action is similar to that of
ordinary transformers, the essential difference between the two being
that in the transformer the high-voltage and low-voltage windings are
separate and insulated from each other while in the auto-transformer a
portion of the winding is common to both the high and low voltage
circuits.
The high- and low-voltage cmrents in both types of transformers

are in opposite direction to each other, and thus in an auto-transformer
a portion of the winding carries only the difference between the two
currents.
Auto transformers are extensively used for alternating current motor

starters, and also to some extent in moderate voltage generating stations.
Constant-Current Transformers.—The transformers heretofore dis-

cussed are constant-potential transformers and operate at a constant
voltage with a variable current. For the operation of lamps in series a
constant-current transformer is required. There are a number of types
of this transformer. That manufactured by the General Electric Co.
operates by causing the primary and secondary coils to approach or to
separate on any change in the current.

SYNCHRONOUS CONVERTERS.
A synchronous converter is essentially a continuous-current gener-

•'ator, which, in addition to its commutator, is suppMed with two or more
' collector rings connected to suitable points in the armature winding. If
such a macliine be driven by mechanical power, it will evidently dehver
either alternating or direct current, and, conversely, if supphed with

' electric power, it will operate either as a synchronous motor, as a direct-
current motor, or as a synchronous converter. When operated as a

' converter, the alternating current enters the armature winding through
th& coUector rings, and after being rectified by the commutator, is de-
lif ered as direct current, or vice versa.

The alternating and direct ciu:'rent e.m.f. stand in a certain relation
f-or ratio to each other, and this depends upon the number of phases and
frequency of the system used, and also upon the ratio of maximum to
the square root of the mean square value of the impressed e.m.f. (that
is, the e.m.f. of the supply circuit). It also depends upon the load of
the machine, the ohmic armature losses, the position of the direct-

ciu-rent brushes on the commutator, the excitation, the ratio of pole arc
to pole pitch, and upon the operating conditions, that is, whether the
machine is used to convert from alternating to direct current or vice

versa. Sjrachronous converters for 60 cycles, which usually have a
lower ratio of pole arc to pole pitch than 25 cycle converters, have, as a
rule, a higher voltage ratio and, when used as inverted converters, a
lower voltage ratio than corresponding 25 cycle machines.

In the two-ring or single-phase converter, the two collector rings are
connected to armature conductors with the same angular distance apart
as commutator bars under adjacent sets of brushes. At this instant
the e.m.f. between the coUector rings is at its maximum value and
equal to the e.m.f. between the direct-current brushes. Therefore,

the direct-current e.m.f. (£) of a two-ring single-phase synchronous
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converter is equal to the maximtun value (\/2"x E2) of the sine wave
e.m.f. between the two collector rings. Therefore,

F - ^C'2 = —;=

in which E2 is the effective value of the single-phase alternating e.m.f.
The effective e.m.f. between the two collector rings, which are con-

nected to the armature winding at points 120 electrical degrees apart,
that is, between any two rings of a three-ring three-phase converter, is

represented by that chord of a polygon which subtends an angle of
120 degrees. Likewise, the e.m.f. between two rings which are con-
nected to the armature winding at points 90 electrical degrees apart, as
between two adjacent rings in a four-ring quarter-phase converter, is

represented by the chord which subtends an angle of 90 electrical de-
grees; and the chord which subtends an angle of 60 electrical degrees
represents the e.m.f. between two adjacent rings of a six-ring six-
phase synchronous converter.

In general, the effective e.m.f., Ei, between adjacent rings of an
n-ring converter, is represented by that chord of a polygon which sub-

tends an angle of or — . Therefore,
n -"

This gives the following theoretical values of the effective alternating
e.m.f. between adjacent collector rings of a two-ring, three-ring, four-
ring and six-ring synchronous converter, expressed in terms of the
e.m.f., E, between the direct-current brushes:

For single-phase Ei = —-— = 0.707 E,
\/2

For three-phase .Ei = ^?-^ == 0.612 E,
2 V^

For quarter-phase Ei = -^ = 0,500 E,

For six-phase Ei =
.

2\/2
The above ratios represent, as before stated, the effective alternating

e.m.f. between two adjacent collector rings. For quarter- and six-phase
converters the different phases of the supply circuit, however, are not
connected as a rule to adjacent rings and the ratios given above are not
the ones to be used for determining the alternating supply voltage for
these types of synchronous converters.

For the four-ring quarter-phase converter, each phase of the supply
circuit is generally connected to diametrically opposite points of the
armature winding and the ratio will, under such conditions, be equal
to the ratio for the two-ring single-phase converters, that is, for quarter-

phase El = -^ = 0.707 E.

For six-phase synchronous converters two different arrangements of
the connections are generally used. One is called the "double delta'"
connection and the other the "diametrical" connection. In the first
case, the voltage ratio is the same as for the three-phase synchronous
converter and simply consists of two "delta" systems. The trans-
formers can also be connected in "double-star,^' and in such a case the
ratio between the three-phase voltage between the terminals of each
star and the direct voltage will be the sam^ as for "dquWe-delta,"

while the voltage of each transformer coil, or voltage to neutral,, Is -^-^^^

tunes as much. With the (Jiametrical conn^-ion the ratio is tbe mw^
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as for the two-ring single-phase converter, it being analogous to three
such systems. Therefore _

Six-phase double-delta, E^ =—^ = 0.612 E.
2 V 2

E
Six-phase diametrical. Ex = —;= = 0.707 E.

The ratio of the effective e.m.f., Eq, between any collector ring and
the neutral point is always

Eq = —-= = 0.354 E.
2 \/2

The given voltage ratios are, as stated, only theoretical, as the losses
in the winding have been neglected and the assumption has been made
that both the impressed and the counter generated converter e.m.f.
has a sine wave shape. The ratio between the alternating and direct
terminal voltages is somewhat different from the theoretical ratio due
to the voltage drop in the armature and to the wave shapes of the
e.m.f.'s. The exact ratios are always furnished by the raanufacturer.

Synchronous converters may be either of the shunt- or compound-
wound type, the choice depending on the character of the service for
which they are to be used. In the majority of installations, especially
for power purposes, compound-wound converters are generally used
because they automatically regulate for a comparatively constant
direct-current voltage.

In order to change the direct voltage in the ordinary type of syn-
chronous converter with constant voltage ratio, it is necessary to
provide means for changing the appUed alternating voltage correspond-
ingly. This can be done in several ways, one of which is to provide taps
on the step-down transformers and adjust the ratio of transformation
by means of a dial switch. A much better method, however, is the use
of an induction regulator between the transformer secondary terminals
and the synchronous converter. This regulator consists of a stationary
series winding and a movable potential winding, which can be turned
through a certain angle, and at each angular position will raise or lower
the voltage at the collector rings a certain amount, through the mutual
action of the current and potential windings. This method of control
is generally used with shunt-wound synchronous converters in order to
keep the voltage constant, when the line drop is excessive. The induc-
tion regulator is either hand-operated by means of chain or motor
drive, or the control can be made automatic by using a contact-making
voltmeter and relay, which will automatically control the regulator
motor.
The voltage regulation can also be accomplished by taking advantage

of the fact that an alternating current passing over an inductive circuit
wiU decrease in potential if lagging, and increase if leading. By pro-
viding the synchronous converter with a series field winding in addition
to the shunt field, the excitation can be automatically regulated as the
load comes on. The inductance of the supply circuit and step-down
transformers is, however, frequently not sufficient to cause the required
boost in the voltage, and in such a case it becomes necessary to insert
extra reactance coils in the Une or provide the step-down transformers
with extra high reactance.
There are three feasible methods of starting synchronous converters:

First, the application of alternating current at reduced voltage, to the
collection rings; second, the application of direct current to the commu-
tator and starting the machine as a direct-current motor; tliird, the use
of an auxiliary starting motor mechanically connected.
The alternating current starting method has many advantages over

the other methods. It is self-synchronizing, and, therefore, entirely
eliminates the diflQculty of accurately adjusting the speed. When the
speed of the prime movers is liable to be variable, the ability to start a
machine quickly and get it on the line in the shortest possible time is a
great advantage inherent to this method of starting. It is possible for
the converter to drop into step with its direct-current voltage reversed
from that of the bus to which the machine is to be connected, but the
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machine can easily be made to drop back a pole by a self-exciting field
reversing switch on the machine frame. Tliis method of starting makes
the operation of the machine so simple that the liabiUty of confusion
and mistakes by operators is greatly reduced.

If several synchronous converters are to supply the same direct-
current system, they can be connected in parallel in the same manner
as shimt- or compound-wound generators, and they are even frequently
operated in parallel with such generators and storage batteries. The
different converters will divide the load according to their direct-current
voltages, and these can be regulated by changing the applied alternating
current. It is evidently necessary that all of the macliines operating in
parallel should have the same voltage regulation from no-load to full-

load, and if a battery is also operated in paraUel the voltage drop should
be siifflciently large so as to cause the battery to take the excessive
loads. Synchronous converters operated in parallel should not be con-
nected to the same transformer secondaries. Such a connection would
form a closed local chcuit in which heavy cross-currents would flow
when any difference in the operating conditions of the machine occurs,
as, for example, if the brushes of one of the machines were slightly
displaced relative to the other.
Compound-wound converters for paraUel operation should be pro-

vided with equaUzer switches. For connecting a compound-wound con-
verter in paraUel with one already running, the equahzer switch is

closed first, so as to energize the series field from the running machine.
Next, the shunt field circuit is closed and the field adjusted so that the
voltage will correspond to that of the first machine, and finally the
main switch is closed. The load can then be transferred from the first

to the second converter by weakening the shunt field of the former and
strengthening that of the latter.

MOTOR-GENERATORS.
Motor-generator sets may be divided into three general classes:
1. Direct current to direct current sets, including balancing sets for

three-wire lighting systems, and for variable speed motor work, boosters
for storage battery charging and railway or fighting feeders.

2. Alternating current to direct current sets or ?;ice ?;ersa. These are
used for excitation purposes and for supply of lighting, railway or
power systems. The sets may be driven either with s3aichronous or
induction motors, the former being equipped with an auxiliary sqmrrel
cage winding on the fields so as to be self-starting at reduced voltage.

3. Alternating current to alternating current sets between the two
periodicities; commonly called "frequency changers."
Balancers.—^The balancer set, a form of direct-current compensator,

is a variation of the regular motor-generator set, in that the imits of
which it is composed may be, alternately, motor or generator, and the
secondary circuit is interconnected with the primary. On account of
the latter feature, the efficiency of transformation is higher and a
larger output is obtainable from a given amount of material than in the
straight motor-generator set.

Balancer sets are widely used to provide the neutral of Edison
three-wire lighting systems. They are also installed for power service

in connection with the use of 250-volt motors on a 500-volt service
or 125-volt motors on a 250-volt service.
The potential of the system being given, the capacity of a three-wire

balancer set is fixed by the maximum current the neutral wire is required
to carry. This figure is a more definite specification of capacity than a
statement in per cent of unbalanced load.
As designed for power work and generally for lighting service, the

brushes of each machine are set at the neutral point in order to get the
best results for operating alternately either as a generator or motor.
Where the changes of balance are so gradual as to permit of hand ad-
justment, if desired, a considerable increase in output is obtainable.

Boosters.—Boosters are extensively used in railway stations to raise

the potential of the feeders extending to distant points of the system;
for storage-battery charging and regulation; and in connection with the
Edison three-wire Ughting system. The design of the various sets is

closely dependent upon their appUcation.
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Booster sets are constructed in either"series- or shiint-wound types,
and they may be arranged for either automatic or hand regulation,
depending on the nature of the service required.

Wliere there are a number of lighting feeders connected and run at
full load for only a short time each day it will generally be economical
to install boosters rather than to invest in additional feeder copper.
It is important, however, to consider each case where the question of
installing a booster arises, as a separate problem, and to determine if
the value of the power lost represents an amount lower than the interest
charge on the extra copper necessary to deliver the same potential
without the use of a booster.
Dynamotors. — A dynamotor is a machine for reducing a direct-

current voltage, and it is extensively used in connectibn with high voltage
railway equipments for obtaining a moderate voltage for the control. It>

has two armature windings and cormnutators on one drum, with the field
between them. The control ciu-rent is taken midway between the arma-
tures and is returned to the ground side of the dynamotor. This insures
that tlie maximmn potential on the control circuit, under normal condi-
tions, ^viU be approximately one-half of the Mne voltage, and the potential
to grounded parts no greater than when operated directly on a line voltage
of one-half the amount.
Frequency Changers.—^A periodicity of 25 cycles has been quite gen-

erally selected for railway service. Also in certain large cities, current of
the same frequency is generated in central stations and distributed to
substations in which are installed rotary converters supplying an Edison
three-wire network.
Inasmuch as the periodicity of 60 cycles is more favorable than 25

cycles for alternating current Ughting, frequency changers, similar to that
sho\\T3L above, are installed to furnish liigh terision 60-cycle current for
distribution to outlying districts beyond the reach of the three-wire
system.

In the design of frequency changers speeds must be selected that are
common to the two periodicities of the system upon which they are tc .

be used; since 300 r.p.m. is the highest speed common to 25 and 60 cycles,
at which speed small sets are expensive per kilowatt, a hne of sets with

'

4 or 8 pole motors and 10 or 20 pole generators has beendeveloped, giving
62 1/2 cycles from 25 cycles or 60 cycles from 24 cycles.
Where parallel operation is reqviired between synchronous motor-

driven frequency changers, a mechanical adjustment is necessary between
the fields or armatures of tlie generator and motor to obtain equal division
of the load. The adjustment is best obtained by the cradle construction.
The stator of one machine is bolted to a cradle fastened to the base, and
by taking out the bolts the frame can be turned around tiirough a small
angle relatively to the cradle, and therefore to the stator field of the other
machine, where the bolts can be replaced.
The Mercury Arc Rectifier consists of a mercury vapor arc enclosed

in an exhausted glass vessel into wliich are sealed two terminal anodes
comiected to the two wires of an alternating-current circuit. A third
terminal, at the bottom of the vessel, is a mercm-y cathode. When an
arc is operating, it is a good conductor from either anode to the cathode,
but practically an insulator in the other direction. The two anodes
connected across the terminals of the alternating-current hne become
alternately positive and negative. While either anode is positive, there
is an arc carrying the current between it and the cathode. When the
polarity of the alternating-current reverses, the arc passes from the other
anode to the mercury cathode, which is always negative. The current
leading out from the mercury cathode is uni-directional. By means of
reactances, the pulsations are smoothed out and the current at the cathode
becomes a true direct current with prdsations of small amphtude.

ALTERNATING-CURRENT CIRCUITS.
Calculation of Alternating-current Circuits.—The following formulae

and tables are issued by the General Electric Co. They afford a con-
venient method of calcixlating the sizes of conductors for, and determining
the losses in, alternating-current circuits. They apply only to circuits
in which the conductors are spaced 18 inches apart, but a sUght increase
or decrease in this distance does not alter the figiires appreciably. If
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the conductors are less than 18 inches apart, the loss of voltage is de-
creased, and vice versa.

Let W = total power delivered in watts;

D = distance of transmission (one way) in feet;

P* = per cent loss of delivered power ( W) ;

E = voltage between main conductors at consumer*s end of circuit-,

K = a, constant; for continuous current = 2160;

r = a variable depending on the system and nature of the load; fot

continuous current = 1;

M= a variable, depending on the size of wire and frequency; for con-

tinuous current =1;
A = & factor; for continuous current = 6.04.

Area of conductor, circular mills = —^ ^^ „,—

;

Current in main conductors = WX T -^ E;
Volts lost in hnes = P X E X M -^ 100;

Z>2 X WXKXA
Pounds copper = P X -E2 X 1,000,000"

The value ofM is found from the formula: M = ( 1 +— tan a ) cos2 a.

X = 0.000882/ [logio (-) + 0.109]

(Wire 100% Matthies-
X = Reactance.
B = Resistance, ohms per 1000 ft., at 60° F.

sen's standard.)
d — inches between wires.
r = radius of wire, Inches.
/ = cycles per second.

Values op M—Wires 18 In. APART.t Wires 36 In. Apart. {

25 Cycles. 60 Cycles. 25 Cycles.

Power
Factors. 0.95 0.90 0.85 0.80 0.95 0.90 0.85 0.80 0.95 0.90 0.85 0.80

Wire Sizes.
0000 1.17 1.16 1.12 1.06 1.53 1.64 1.67 1.66 1.22 1.23 1.20 1.15

000 1.12 1.09 1.05 0.99 1.41 1.49 1.50 1.47 1.16 1.15 1.11 1.05

00 1.08 1.04 0.99 .92 1.32 1.36 1.35 1.31 1.11 1.08 1.04 0.97
1.05 1.00 .94 .87 1.24 1.26 1.24 1.19 1.07 1.03 0.98 .91

1 1.02 0.96 ,90 .83 1.18 1.17 1.14 1.08 1.04 0.99 .93 .86 .

2 1.00 .9-i .86 .79 \.\2 l.IO 1.06 1.00 1.02 .95 .89 .82

3
4

0.98

.96

.91

.89

.84

.81

.76

.74

1 08 1 05 99 93

1.05 1.00 .94 .87 J For higher volt-
5 .95 .88 .80 .72 1.02 0.97 .90 .83 ages, 10,000 to 200,-
6 .94 .86 .78 .70 1.00 .94 .87 .79 000.

7 .94 .85 .77 .69 0.98 .91 .84 .76

8 .93 .85 .76 .68 .97 .89 .82 .74

9 .92 .84 .76 .67 .95 .88 .80 .72

10 .92 .83 .75 .67 .94 .86 .79 .71

Per cent of
Value of X. Value of T. 1^-

Power Factor. 100 95 85 80 100 95 85 80 >'S
System:

Single-phase 2160
1080
1080

2400
1200
l?00

3000
1500

3380
16W

1.00
50

1.05
53

1.17
5Q

1.25
0.62
0.72

6 04
Two-phase, 4-wire 12.08
Three-phase, 3-wire 1500 16900.58:0. 61 0.68 9 06

* P should be expressed as a whole number, not as a decimal; thus
a 5 per cent loss should be written 5, not .05.

t As corrected by Harold Pender, see Elect. World, July 1, 1905. The
formula for M is approximate, and gives values correct within 2% for
any case likely to arise in practice.
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Relative Weight of Copper Required in Different Systems for
Equal Effective Voltages.

Direct current, ordinary two-wire system 1 . 000
three-wire system, all wires same size . 375

" " " " neutral one-half size 0.313
Alternating current, single-phase two-wire, and two-phase four-wire1.000
Two-phase three-wire, voltage between outer and middle wire

same as in single-phase two-wire . 729
" voltage between two outer wires same. . . 1.457

1
Three-phase tliree-wire . 750

" four-wire . 333
The weight of copper is inversely proportional to the squares of the

voltages, other things being equal. The maximum value of an alter-
nating e.m.f. is 1.41 times its effective rating. For derivation of the
above figiu-es see Crocker's "Electric Lighting," vol. ii.

Approximate Rule for Size of Wires for Three-Phase Transmission
Lines. (General Electric Co.)

The table given below is for use in making rough estimates for the
sizes of wires for three-phase transmission, as in the foUowing example.

Requii'ed.—The size of wires to deliver 500 Kw. at 6000 volts, at the
end of a three-phase line 12 miles long, allowing an energy loss of 10%
and a power factor of 85 % . If the example called for the transmission
of 100 Kw. (on which the table is based), we should look in the 6000-
volt column for the nearest figure to the given distance, and take the
size of wire corresponding. But the example calls for the transmission
of five times this amoimt of power, and the size of wire varies directly
as the distance, which in this case is 12 miles. Therefore we look for

I

the product 5 X 12 = 60 in the 6000-volt column of the table. The
nearest value is 60.44 and the size of wire corresponding is No. 00, which
is, therefore, the size capable of transmitting 100 Kw. over a line 60.44
miles long, or 500 Kw. over a line 12 miles long, as required by the example.

If it is desired to ascertain the size of wire which will given an energy
loss of 5%, or one-half the loss for which the table is computed, it is

jonly necessary to multiply the value obtained by 2, since the area
ivaries inversely as the per cent energy loss.

Distances to which 100 Kw. Three-phase Current can be Trans-
mitted Over Different Sizes of Wires at Different Poten-
tials, Assuming an Energy Loss of 10% and a Power Factor
of 85%.

N A Distance of Transmission for Various Potentials at

ber
B. & S.

Circular
Mils.

Receiving End, in Miles.

2.000 4.000 6.000 8.000 10.000 15.000 20,000 25.000 30.000

6 26.250 1.32 5.28 11.92 21.12 33.1 74.50 132.4 206.75 298

1
5 33,100 1.66 6.64 15.00 26.56 41.6 93.75 166.4 260.00 375
4 41.740 2.10 8.40 18.96 33.60 52.6 118.50 210.4 328.75 474

3 52.630 2.54 10.16 23.84 40.64 66.2 149.00 254.8 413.75 596

2 66.370 3.33 13.32 30.04 53.28 83.4 187.75 333.6 521.25 751
i 1 83.690 4.21 16.84 37.92 67.36 105.3 212.00 421.2 658.00 948

105.500 5.29 21.16 47.68 84.64 132.4 298.00 529.6 827.50 1192

00 133.100 6.71 26.84 60.44 107.36 167.9 377.75 671.6 1049.25 1511

000 167.800 8.45 33.80 76.16 135.20 211.4 476.00 845.6 1321.25 1904

0000 211.600 10.62 42.48 95.68 169.92 265.7 598.00 1062.8 1660.50 2392
250.000 12.58 50.32 113.32 201.28 314 7 708.25 1258.8 1966.75 2833
500.000 25.17 100.68 226.64i402.72 629.4 1416.50 2517.6 3933.75 5666

Notes on High-tension Transmission.—The cross-sectional area and,
consequently, weight of conductors vary inversely as the square of the
voltage for a given power transmission. The cost of conductors is there-
fore reduced 75% every time the voltage is doubled. The cost of other
apparatus and appliances increases with increasing voltage. For long-
distance lines the saving in copper with the highest practicable voltages
is so great that the other expenses are rendered practically negUgible. In
the shorter lines, however, the most suitable voltage must be determined
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in each individual case. The voltages in the following table will serve at

a guide.

Voi/TAGES Advisable for Various Line Lengths. |

Miles. Volts. Miles. Volts. Miles. Volts.

1

1-2
2-3

500-1000
1000-2300
2300-6600

3-10
10-15
15-20

6600-13,200
13,200-22,000
22,000-44,000

20-40
40-60
60-100

44,000- 66,000
66,000- 88,000
88,000-110,000

Standard machinery is made for 2300, 6600, 13,200, 22,000, 33,000,
44,000, 66,000, 88,000 and 110,000 volts, and standard generators are
made for the above voltages up to and tncludiag 13,200 volts. When
the line voltage is higher than 13,200, step-up transformers must be
employed. In a given case the saving ia cost of conductor by using the
Mgher voltage may be more than offset by the cost of transformers, and
the question of voltage must be determined for each case.

Line Spacing.—Line conductors should be so spaced as to lessen the
tendency to leakage and to prevent the wires from sv,anging together
or agaias^ the towers. With suspended disk insulators the radius of free
movesa^at is increased, and special account should be taken of spacing
wh^a tfeese insulators are used. The spacing should be only sufficient
fer salfety, since increased spacing increases the self-uiduction of the hue,
and ^hile it lessens the capacity, it does so only in a slight degree. The
following spacing is in accordance with average practice.

Conductor Spacing Advisable for Various Voltages.
Volts. Spacing.

33,000 3 feet.

44,000 4 feet.

(66,000 6 feet.

Volts. Spacing.
88,000 8 feet.

110,000 10 feet.

140,000 12 feet.

Aluminum Conductors.—The conductivity of alimiinum is generally
taken at 63.3%, that of hard-drawn copper of the same cross-sectional
:area. The weight of Al is 30.2% that of copper, and therefore an Al
'Conductor of the same length and conductivity as a given copper con-
'ductor weighs 47.7% as much. The cost of Al must therefore be 2.097
times that of hard-drawn copper to give equal cost for the same length
and conductivity. Owing to the mechanical unreliabiUty of soUd Al
conductors, stranded conductors are used in all sizes, including even the
smallest.
The Size of the Line Conductors depends on both economical and

electrical considerations, except where the length of the span is the gov-
erning feature. With expensive steel towers it becomes necessary to
string the conductors for higher stresses so as to reduce the sags and
consequently the height of the towers as much as possible. It has, there-
fore, become a general practice to erect the conductors so that the stress

at the worst load conditi'^ns equals one-half the ultimate strength of the
conductor material, which gives a factor of safety of two. The load to
which a line conductor is subjected, besides its own weight and ice, is

acting in a vertical direction, the pressure imposed by the wind acting in
a horizontal direction. It is also evident that the stress will be greater
in extremely cold weather because of the contraction of the wires, and
it is generally agreed that the worst load condition would occur at 0° F.
with an actual wind velocity of 56 miles per hour (8 poimds pressure
per square foot projected area) and with an ice covering one-half inch
thick. The maximum temperature is conjsidered to be 130° F., and the
cables should be so supported that at this temperature the sag does not
become excessive, but allows a clearance between the lowest conductor
and groimd of from 25 to 30 feet.

Line conductors may be either of copper or aluminum. It is advisable for
mechanical reasons in spans of 200 to 300 feet never to use smaller cable
than No. 5 B. & S. copper, or No. 1. B. & S. ahuninum (equivalent of
No. 3 copper). For spans greater than 300 feet, the minimum sizes of
cable allowable are those which will give a reasonable sag at the most
severe cUmatic conditions assumed. Frequently the size of conductors,
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determined by electrical considerations, limits the length of spans to a
smaller value than is economical. This may occm* even with moderately
long spans—500 to 600 feet—when the character of the comitry is such as
to make transportation costly or when expensive foundations must be
Vised. In such cases it will often be foimd that a saving can be made by
increasing the size of conductor, thereby ahowing an increase in the length
of sQ^^n and the use of fewer towers of approximately the same height and
not greatly increased weight.
The sag or deflection at the center of a span can be figured by the

formula:

where D = deflection in feet; 5 = length of span in feet; W = resultant of
weight and wind in lbs. per foot of cable ; T = tension on cable in lbs.

A 135,000-Volt Three-phase Transmission System from Cook Falls,
Mich., to Fhnt, Mich., 125 miles distant, is described in Power, Aug.
9, 1910. The generating equipment comprises three 3000-K.W.
60-cycle alternators, mounted on horizontal shafts driven by water-
wheels. The available head of water is 40 ft., and the flow averages
1100 cu. ft. per second. The transmission line consists of three No.
copper wires carried on suspension-type insulators hung from the cross-
arms of 55-ft. tripod steel towers. The wires are at the angles of an
isosceles triangle with a 12-ft. base and 17-ft. sides, the lowest wire
40 ft. above the ground. The insulators have eight disks linked in
series, each disk having been tested to withstand continuously 75,000
volts, and subjected to 100,000 volts for a brief period.

ELECTRIC MOTORS.
Classification.—Motors maybe classified according to type, speed, and

mechanical featiires. The first cover:

Direct Current—1. Series. 2. Shimt. 3. Compound.

Alternating Current (single-phase and polyphase)— 1. Synchronous.
2. Synchronous Induction. 3. Induction. 3a. Phase-wound. 3b. Squirrel-
Cage. 4. Commutator.
According to their speed, they are classified as

—

Constant Speed: covering cases where the speed is constant or varies
slightly.

Adjustable Speed: covering cases where the speed may be varied over a
considerable range, but when once fixed remains at this value independent
of the load changes.

Varying Speed: covering cases where the speed changes with the
load, usually decreasing as the load increases.

Multi-Speed: covering cases where several distinct speeds may be
obtained by changing the connections of the windings or by other means.

According to their mechanical features motors may be classified as:

(1) Open. (2) Mechanically Protected. (3) Semi-Enclosed. (4) Totally
Enclosed. (5) Enclosed, Externally Ventilated. (6) Enclosed, Self-Venti-
lated. (7) Moisture Proof. (8) Splash and Water Proof. (9) Submergible.
(10) Acid Proof. (11) Explosion Proof.

Limitations.—The principal hmitations in the ratings of motors are:

(1) Mechanical Strength. (2) Heating. (3) Commutation. (4) Reg-
ulation. (5) Efficiency.

CHARACTERISTICS OF MOTORS AFFECTING THEIR
APPLICATIONS.

(D. B. Rushmore, "American Handbook for Electrical Engineers.")

Series Motor.—This motor is used when a powerful starting torque and
rapid acceleration are required, without an excessive instantaneous de-
mand of energy. The torque is practicaUy independent of the voltage and
at low-flux densities varies directly as the square of the cm-rent, but as
the magnetization approaches saturation it becomes more nearly propor-
tional to the first powor of the current. The maximum torque exists at
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low speed, this being the most valuable feature of the series motor.
Dangerously high speeds may be attained by the armature with very
Ught loads, and series motors should for this reason be either geared or
direct connected to the load.
Speed Control of Series Motor.—The speed of a series motor on

constant potential varies automatically with the load, increasing as the
load decreases. The speed may, however, be adjusted if some means of
varying the impressed voltage is provided. As the work required of a
series motor is very often intermittent ui character, the insertion of re-
sistance in the armature circuit to reduce the speed is permissible from an
economic standpoint in such cases. In others, such as railway work, where
tv/o or four motors are used, reduced voltage is most readily and economi-
cally obtained by connecting the motors in series or in series parallel.
Shunt Motor.—-This motor has good starting characteristics and a prac-

tically constant speed, varying only sUghtly with load changes. The speed
can, however, be adjusted, either by changing the e.m.f. impressed on the
armature or by changing the field flux.
Speed Adjustment by Armature-voltage Control, i.e., by changing

the e.m.f. impressed on the armatm-e, does not change the fuU-load torque
which the motor is capable of exerting, since the rated torque depends only
upon field flux and rated armature current. These methods are therefore
constant-torque methods and are properly adapted to loads in which the
torque remains constant regardless of speed. The method most generally
used for varying the impressed e.m.f. with a single-voltage system is by
means of inserting resistance in series with the armature. The efiQciency
with this method is, of course, very low at slow speeds. The speed regu-
lation with varying loads may also be very poor.

There are several systems of controlling the motor speeds by applying
different voltages, such as by the use of three-wire generators or two-wire
generators with balancer sets or by the Ward Leonard system. This latter
system, which is the most practical, consists of a constant-speed motor
driving a generator which suppUes current to the motor whose speed is to
be adjusted. This arrangement is very satisfactory, but on account of the
expense of providing three full-sized machines instead of one to perform
the work, the cost may be prohibitive except with very large motors, such
tiS for hoists, etc.

Speed Adjustment by Shunt-fleld Control, i.e., by inserting resistance
in the shimt-field circuit, is the simplest of aU methods of speed variation,
but with ordinary shunt motors the range of speed variation by this means
is small. Where a variation of more than from 20 to 30 per cent is desired,
a motor of modified design and of a certain increased size is generally re-
quired, because the field must be more powerful with respect to the arma-
tvire than in the case of standard single-speed motors. Variable-speed
motors of the field-weakening type are not constant torque, but constant-
output motors, i.e., the torque falls proportionally as the speed increases.
A speed variation up to 3 to 1 meets, as a rule, all requirements, and such

motors can readily be obtained in commercial sizes. Should a greater
speed variation be desired, say 4 to 1 or 5 to 1, it is possible to accomplish
this by the commutating-pole shunt motor with field control only. A
combined field and armature control would, however, be a better method.
Compound Motor.—This motor is provided with both a series and a

shunt field. The two fields are usually connected so that they act in the
same direction, in wliich case the motor is called a "cumulative" com-
pound motor. "Differential" compoxmd motors, with the two fields

opposing, are sometimes employed for special services. The cumulative,
or ordinary, compound motor combines the characteristics of the shunt
and series motors, having a speed not extremely variable under load
changes, but developing a powerful starting torque and an increasing
torque with increasing load. Motors having a comparatively weak series

field are employed extensively in shop practice where the motor may be
required to start under heavy load, but must maintain an approximately
constant speed after starting, or when the load is removed. The heavily
compounded motor is used where powerful starting torque and rapid accel-
eration are necessary, with a speed not varying too widely under load
changes, such as for rolling mills, etc.

The speed control employed with compound motors may be any of the
yarious methods explained in connection with tii0 shunt motor. For
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certain service the control may be entirely rheostatic, the series winding
beflig cut out after the motor has come up to speed.
Induction Motoi".—The induction motor is essentially a constant-speed

machine, although the speed may be varied either by varying the applied
stator frequency or by mtroducing resistance in the rotor circuit. It is

built m two distinct types, namely, the squirrel-cage and the phase-wound.
Squurrel-cage Motor.—The squirrel-cage type is used for constant-

speed service with infrequent starting. It has a relatively small starting
torque per ampere and draws a large starting cm-rent from the hne. By
increasing the resistance of the rotor, it may, however, also be built in the
smaller sizes for a high starting torque, rapid acceleration and frequent
starting, for such applications as sugar and laundry centrifugals, etc.,
where simpUcity of control is desirable. They are also used for operat-
ling punches, shears, etc., where a fly-wheel is provided for storing the
"energy.

Induction Motor with Wound Rotor.—For service requiring high
starting torque combined with moderate starting current a motor with
the woimd type of rotor is best adapted. A motor with the resistance
mounted inside the rotor should not be used to operate machinery having
large inertia or excessive static friction, since full starting current may be
required for a long period before the apparatus attains full speed, and, as
the capacity of the internal resistance is small, excessive temperatures may
result. Tliis type of motor is, as a rule, not built above 200 horse-power,
due to mechanical difficulties involved in connection with the internal
resistance.
A motor with external resistance should be used for moderate and large

sizes. The rotor must then be provided with collector rings and brushes.
The contact resistance of these as well as the leads and the controller
fingers, which are in the circuit all the time, may impair the efficiency and
regulation of the motor, especially if the controller and the resistance are
located some distance from the motor. The phase-wound induction motor
with an external variable-rotor resistance is best adapted for a variable-
speed service, as the losses necessary to obtain reduced speeds are external
to the motor itself.

Multi-speed Induction Motors.—It often happens that the service
is such that two or three speeds will be satisfactory for the operation of
the machinery and that these speeds must be independent of the load.
Under such conditions multi-speed motors can frequently be used. In
these motors the different synchronous speeds are produced by changing

! the number of poles in the magnetic circuit. Each of these speeds is fixed,
if no resistance is used in the secondary circuit. With multi-speed motors,
as with single-speed motors, however, resistance may be used in the sec-
ondary circuit for varying the speed.
A change of the mmaber of poles may be made in any of the following

ways:
1. By the use of single magnetic and electric circuits, changing the

nmnber of poles by re-grouping the coils. 2. By the vise of single mag-
netic circuits and independent electric circuits. 3. By means of separate
magnetic and electric circuits, the so-caUed Cascade connection.
Synchronous Motor.—The speed of a synchronoiis motor is constant,

being fixed by the ntunber of poles and the frequency of the applied volt-
age. The single-phase type is not self-starting and the polyphase type has
in itself a very poor starting torque. They may, however, be made self-

starting in the same manner as squirrel-cage induction motors, by the use
of an amortisseur or cage-winding, similar in construction to that used
for induction motors.
The speed-torque curve of a synchronous motor is similar to that of an

induction motor except that the torque values are lower for a given resis-

tance of rotor winding on account of the construction of the niachine. The
starting winding must be designed with both the load at start and the load
at synchronous speed in mind, because too great a slip may cause the
motor to shut down when the field is put on. It is, however, seldom that
the same motor will be caUed upon to start a heavy load and at the same
time synchronize a heavy load, as the load usually consists principally of
either static friction, as in the use of motor-generator sets, line shafting,
etc., or it comes up with the speed as in the case of a fan blower or centrif-

ugal pvmip. The former case would be met by a high-resistance squirrel-
cage winding and the latter would require a low resistance.
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Single-phase Series Motor.—This type of commutator motor has a very
powerful starting torque, tiigh power factor, and relatively high eflQciency.
It is most generally used for traction work, the speed being controlled by
varying the applied voltage which can most readily be done by means of
an auto-transformer with a mmiber of taps.
Repulsion Induction Motor.—This type of commutator motor has a

limited speed and an increase of torque with decrease in speed. The action
of the compensating field insures a power factor approximately unity at
full load and closely approaching rniity over a wide range in load. In ad-
dition, it serves to restrict the maximmn no-load speed and also permits,
where varying speed service is involved, an increase over the synchronous
speed.

Starting of Repulsion Motors.—A repulsion motor, if started by
directly closing the Une switch, will develop about 21/2 times fiill-load
torque. The starting current corresponding to full-load starting torque is

from 2 to 21/4 times full-load rimning current. As a general rule, starting
boxes are not required up to and including 2-horse-power rating. From
2 to 5 horse-power the use of a rheostat is optional, dependent upon the
degree and care to be exercised in maintaining voltage regulation. Start-
ing boxes should, however, preferably be used on sizes above 5 horse-
power, especially where Ught and power circuits are combined.

Reversible Repulsion Motors.— The repulsion motor may be designed
for reversible service. This is accomplished by adding an auxihary revers-
ing winding spaced 90° from the main field winding and connected in
series with it. By reversing the relative polarity of the two windings,
the direction of rotation is changed in a simpler manner than by mechani-
cal shifting of the brush holder yoke. Instant reversal may be effected
from fuU speed in one direction to full speed in the other, about 200 per
cent of normal I'unning torque beuig developed at the moment of speed
reversal in either direction.

Variable-speed Repulsion Motors.—In addition to the constant-speed
repulsion motor, two other types are also available, one for constant-
Ijorque and variable-speed service, the other for adjustable speed inde-
pendent of torque. In general, variable-speed repulsion motors are not
appKcable to lathes, boring mUls, or similar machines where the service
requires adjustable speed and constant horse-power at aU speeds below
iind above normal. When a certain amomit of variable speed is required
at approximately constant torque, such as in driving fans, blowers, print-
ing presses, etc., the repulsion motor successfully meets a wide field of
apphcation.

MOTOR APPLICATIONS.

Pumps (E. A. Lof, in Coal Age).—Pmnps are either of the reciprocating
or centrifugal type. In the former the volume of water can be varied
either by changing the speed or by the use of a by-pass valve. The latter
method is, of coiu-se, less economical, and speed variation is, therefore,
preferable. In starting large pumps the water may, however, be delivered
through a by-pass until the motor is up to speed, when this passage is

gradually closed and the water dehvered into the pipe system. The load
at starting, therefore, only consists of the friction losses, and usually does
not exceed 25 per cent of the fioll-load torque.

Either direct- or alternating-current motors may be used for driving
reciprocating pumps. When of the former class, the compound-wound
type is generally selected for single-acting piunps on account of their
rather pulsating load, while for duplex and triplex pumps, having steadier
characteristics of power demand, the shunt-wound motor is used to ad-
vantage. Both squirrel-cage and phase-woimd induction motors are
suitable, the latter as a rule being selected where it is desirable to reduce
the starting current to a minimum or where a somewhat variable speed
is required.

Synchronous motors may also be used for driving large pimaps of mod-
erate speed, and are admirably adapted for such service, while their
characteristics are such that by over-exciting their fields they may be
made to considerably improve the power factor of the system. By-pass
valves should preferably be provided on the pumps, when this type of
motor is employed, so as to reduce the starting current as much as possible.

In selecting the motor equipment for a centrifugal pmnp, its character-
istics as affected by the service conditions must be carefully predetermined,
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and ill some respects the operating features of tliis type of water lift are
entirely opposite to those of reciprocating pumps.
With constant speed an increase of the resistance against which the

reciprocating pump operates increases the Avater pressure and, tliersfore,
the load on the motor, wliile with the centrifugal pump an increase of the
resistance reduces the load. The volume of water dehvered by a recip-
rocating pimip is not affected by the reduction of the head, but the
requu-ed power is lessened. A reduction of the head with a centrifugal
pmnp, however, increases the volume of water, and as the efficiency at the
same time goes down rapidly, the load increases. It is, therefore, of im-

I

portance to know what this overload, caused by a reduction of the head,
amounts to, and the duration of the overload; and the capacity of the
motor should, as a rule, be governed by the low- and not the high-head

! conditions.
The starting condition must be given careful consideration in selecting

the motors. In starting a centrifugal pump the discharge valve may be
entirely closed until the motor comes up to speed, so that the latter may
start as nearly light as possible. As the macliine accelerates, the water is

churned aroimd in the casing, causing the motor to load up as it ap-
proaches full speed, when, with pumps of the usual design, it takes from
40 to 50 per cent of fuU-load torque to drive it even though pumping
no water.

Shunt-wound, direct-current motors and either squirrel-cage or phase-
woimd induction motors are weU adapted for tliis type of pump and will
readily meet the above conditions. A synchronous motor may lead to
difficulties imless precautions are taken in designing the squirrel-cage
starting winding with a sufficiently low resistance so that it wiU develop
enough torque to puU the motor into synclironism. When this is done,
however, the starting current is increased and a compromise must usually
be made.

Fans.—Either direct- or alternating-current motors can be used for
driving fans. AVhere the air-supply must be regulated, such as in mines,
the motors must be of the adjustable-speed type. Direct-current motors
may be either of the shunt- or compomid-wound type, the speed regulation
being accompanied by field control. Shunt-wound m.otors are generally
used, but compoimd-wound motors are preferable for very large fans
requiring a great startmg torque.
With an alternating-current system, the phase-woimd induction motor

should be used, the speed regulation being accomphshed by inserting
resistance in the secondary rotor cu'cuit.

Air Compressors.—Air compressors may be divided in two classes,
centrifugal and reciprocating. The former require a high speed for their
operation, while the speed of the latter is comparatively low.

Shunt-womid, direct-current motors and both squirrel-cage and phase-
wound induction motors are used for driving them, the phase-woimd type
being preferable for larger xmits, where a low starting current is desirable.
With du*ect-current systems, shunt-wound motors are usually used for

centrifugal compressors and compoimd-wound for the reciprocating type.

Hoists (E. A. Lof, in Coal Age).—The two prmcipal classes of electric

mine-hoist equipments are: The direct-current motor operated from its

own motor-generator set by generator field control, and the induction
motor. The direct-current motor lends itself well to direct connection, as
the characteristics of slow-speed motors of this type are excellent. The
cost of a direct-comiected motor wiU, in practically aU cases, be liigher

than that of a geared motor, but ui some instances this is largely offset by
the saving in gearing, etc. Where, however, a considerable saving can be
made by using a geared motor, and where the mechanical advantages of a
direct-connected hoist are not an miportant consideration, a geared direct-

current motor should be employed. Such a motor should be separately
excited and shunt-wound, and the current should be obtained from a
separately excited generator of similar type, both machines being driven
by a direct-coupled induction motor where the source of supply is alter-

nating current, as is almost invariably the case.
The control of the hoist motor is effected by regulating and reversing

the exciting cm-rent of the direct-current generator, thus varying the
voltage impressed upon the motor termhials. The current for the mooter
and dynamo fields is supphed from the direct-connected exciter, and iQ
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the case of the motor it is maintained constant. As the rapidity of hoist-
ing is practically proportional to the voltage impressed upon the motor
armatm-e, the controlling gear is arranged so that the speed will be directly
proportional to the distance by which the controlling lever is moved away
from the neutral position. This system of hoisting has the great advan-
tage that the rheostatic losses are reduced to a minimum and that the
operator has perfect control over the motor.

In many cases it is higlily desirable to reduce the instantaneous peak,
loads and equalize the current input to the hoist. This is especially true
where the power charge is based v/holly or partly on the maximum de-
mand, and any practicable method, therefore, by which energy may be
taken from the line and stored during periods of Ught load and discharged
whea the hoist load is heavy, makes it possible to greatly reduce the
maximum input and consequently the charge for power.
The simplest method of effecting this is by adding a fly-wheel to the

motor-generator set, previously described. In order to permit the fly-

wheel to take care of the peaks, and equaUze the load, the speed of the
set must be varied according to the demand for power. This is accom-
plished by an automatic shp regulator connected in ilie secondary circuit
of the induction motor, which, in this case, must be of the phase-wound
type.
The second important class of electric hoisting systems is, as previously

stated, driven by induction motors. Excessive low-speed motors of thi^
type and of moderate capacities do not show particularly good electrical
characteristics. For large-capacity hoists at high-rope speeds, using as
small a dnma diameter as is consistent with good practice, a direct-
connected induction motor is, in some instances, entirely feasible, and a
number of such equipments are in actual operation abroad. However,
the great majority of induction-motor-driven hoists now in use and which
wiU be installed in the future are and will continue to be of the geared type.
The induction motor must be of the phase-wound type, and the speed

control is accomplished by cutting in or out resistance in the secondary
'Circuit. Drum controllers with grid resistances are used up to about 200
lorse-power, while between this and 400 horse-power it is customary to
provide a complete magnetic-contactor control. Above 400 horse-power
the liquid rheostat is usually employed as a secondary resistance and
control.

For equalizing the load taken by an induction-motor-driven hoist, a
fly-wheel motor balancermay be used. This consists of a shunt-woimd or
compoxmd-wound direct-current motor, connected to a heavy fly-wheel
and carrying a direct-connected exciter. The motor balancer is floated
indirectly across the incoming Une circuit, being tied in by means of a
rotary converter or motor-generator set. A regulator actuated by the
Une current controls the direct-current motor field, so that when the
power taken by the hoist drops below the average, the field is automati-
cally reduced, causing the fly-wheel set to speed up and absorb power
from the supply system and store it in the fly-wheel. When the load on
the hoist motor exceeds the average, the operation is reversed, the fly-
wheel set slows down, and power is returned to the system through the
rotary converter.

Machine Tools (Abstracted from C. Fair, General Electric Review, 1914).—In general, the most satisfactory electrical equipment for machine shops,
using a large number of motors, v/ould be one having available both A.O.
and D.C. distribution; A.C. for aU constant speed machines and D.C. for
adjustable speed machines.

In the smaller shops, with rare exceptions, the choice of motors would
depend upon the current available, which in the majority of cases would
be alternating current. The size and product of the small factory make
a proper layout a comparatively simple matter, while in larger factories
skill and ingenuity are essential to obtain the most advantageous equip-
ment. The standard motor of to-day will answer for the majority of the
machine tools, although special motors are in some cases necessary.
When equipping tools with individual drives, the controlling apparatus

as well as the motor should be attached directly to the tool whenever
possible. In the case of portable tools this, of course, is a necessity.
A graphic recording wattmeter in circuit with a tool is of value in

efficient management, as it not only tells the actual power corc^umed by
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the machine, showmg whether or not the tool is properly motored, but it

also shows whether the tool is opei*ating at its maxunmn rate, by register-
ing the time of unproductive cycles or the length of time the tool is idle.

By analj^sis, the cause of the lost time may be discovered and a change of
operating conditions can be made with a corresponding increase in
production.

Motors for Machine Tools.

D. C.

Shunt. Comp.

V
J
20%
140%
120%

V
V

(40%

V
20%

(20%
140%

** |20%
150%
120%

"I 50%
V
V
V
V
V
V
V 20%
V 20%

(20%
H0%

V
20%

V

V
V
V

50%

20%

J20%"
140%
§20%

V 10%
V

20%
20%

V
V 10%

(20%
40%

V 20%
\ 20%
140%

V

A. C.

Bolt cutter

Bolt and rivet header

.

Bulldozers

Boring machines
Boring mills
Raising and lowering cross rails on bor-

ing mills and planers
Boring bars

Bending machines

Bending rolls

Corrugating roUs

Centering machines
Chucking machines
Boring, milling and drilling machines.

.

Drill, radial .

Drill press
Grinder—tool, etc
Grinder—castings
Gear cutters

Hammers—drop

Keyseater—milling—broach .

Keyseater—reciprocating . . . .

Lathes ,

Lathe carriages
Milling machines
Heavy slab milling .

Pipe cutters

Punch presses

Planers
Planers—rotary
Saw—small circular

Saw—cold bar and I-beam . .

Saw—hot
Screw machine
Shapers

Shears

Blotters

Swaging

Tappers . . ,

Tumbling barrels or mills . 20%

* SquiiTel cage rotor.

t Squirrel cage rotor—high starting torque.

i Slip ring induction motor witii external rotor resistance.

§ Does not apply to reversing motors.
** D. C. series motor.
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The table Oil p. 1467 will, In a general way, aid in the choice of motors.
The great variety and size of tools of the same name make it necessary
in a general Ust, such as this, to double-check a number of tools. It
must be kept in mind, however, that various circimistances, such as size
and roughness of work, and fly-wheel capacity, etc., may call for radical
departures m the choice of motors, this list being compiled to meet average
conditions.

Shmit motors, for instance, are used in the following cases: When work
is of a fairly steady nature, when considerable range of adjustment of;
speed is required, as on lathes and boring mills, and on group and line-
shaft drives, etc.

Compound-wound motors are used where there are sudden calls for
excessive power of short duration, as on planers without reversing
motor drives, punch presses, bending roUs, etc.

Series motors should be used where speed regulation is not essential,
and where excessive starting torque is required, as, for instance, in moving
carriages of large lathes, in raising and lowering the cross rails of planers
and boring miUs, and for operating cranes, etc., but not where the motor
can be rim without load, through the opening of a clutch, or by a belt
leaving ics pulley, as the motor would run away if the operator failed to
shut oS the power.
When in doubt as to the choice of compound or series motors of small

horse-power, the choice might be determined by the simpMcity of control
in favor of the series motor.
The alternatmg-current motor of the squirrel-cage rotor type corre-

sponds to the constant-speed, shunt, direct-current motor; but with a
high-resistance rotor it approaches more closely the characteristics of a
compound, direct-current motor. It is xmderstood that the variable-
speed machines checked in the table above under the alternating-current
squirrel-cage rotor column have the necessary mechanical speed changes.
The slip-ring induction motor with external rotor resistance would be

used for variable speed, but this must not be construed to mean that it

.corresponds to a direct-current, adjustable-speed motor, as it has the
(Characteristics of a direct-current shunt motor with armature control.

The self-contained, rotor resistance type could be used for Ihieshaft
(drives, and for groups when of sufficient size.

Multi-speed, alternating-current motors are those giving a number of
(definite speeds, usually 600 and 1200, or 600, 900, 1200, and 1800 r.p.m.,
and are made for both constant power and constant torque. These motors
would be used where alternating current only was available, and where
the speed ranges of the motor, together with one or two change gears,
would give the required speeds. These motors should, however, be used
with discretion, especially on sizes above six horse-power.
The adjustable speed, A.C., commutator brush-shifting type of motor

with shimt characteristics would, on account of liigh cost, be used mostly
where an adjustable speed motor was highly desirable and where A.O.
only was available and where there were not enough macliines calling for
adjustable speed drive to warrant putting in a motor-generator set.

ILLUMINATION—ELECTRIC AND GAS LIGHTING.*
niumination .—Some writers distinguish "lighting" and "illumina-

tion." Lighting refers to the character of the Ughts themselves, as
dazzling, brilliant, or soft and pleasing, and illumination to the quantity
of light reflected from objects, by which they are rendered visible. If
the objects in a room are clearly seen, then the room is well illuminated.
The quantity of light is estimated in candle-power per square foot of

area or per cubic foot of space. The amount of iUumination given by
one candle at a distance of 1 ft. is known as a foot-candle. Since the
illumination varies inversely as the square of the distance, one foot-
candle is given by a 16-candle-power lamp at a distance of 4 ft., or by a
25-C.-P. lamp at a distance of 5 ft.

Terms, Units, Definitions.—Quantity of light proceeding from a
source of light, measured in units of luminous flux, or lumens.

Intensity with which the flux is emitted from a radiant in a single
direction, called candle-power.

Illmnination, density of the hght fl-ux incident upon an area.

* Contributed by Prof. W. H. Timbie.
"
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Lumiiidgity, brightness of surface; fliix emitte4 p§V Unit area of
Isurface.

Candle-power, the unit of himinous intensity. A spermaceti candle-
burning at the rate of 120 grains per hour is tile: old standard used in
the gas industry. It is very unsatisfactory as a standard and is being
displaced by others.
The hefner lamp, burning amyl acetate, is the legal standard in Ger-

many. The unit of luminous intensity produced by this lamp when
constructed and operated as prescribed is called a hefner. The standard
laboratories of Great Britain, France, and America have agreed upon
the following relative values of the imits used in the several countries:
1 International Candle = 1 Pentane Caudle = 1 Bougie Decimale = 1
American Candle = 1.11 Hefners = 0.104 Carcel unit. 1 Hefner =
0.90 International Candle.

Intrinsic Brilliancy of a source of hght = candle-power per square;
inch of surface exposed in a given direction.
Lumen, the unit of Imninous flux, is the quantity of light included in

a unit solid angle and radiated from a source of imit intensity. A unit
solid angle is the angular space subtended at the surface of a sphere by
an area equal to the square of the radius, or by 1 -=-47r, or 1/12.5664 of
the surface of the sphere. The hght of a source whose average intensity
in all directions is 1 candle-power, or one mean spherical candle-power,
has a total flux of 12.5664 lumens.

Foot-candle, the unit of illumination, = 1 lumen per square foot; the
illumination received by a sm-face every point of which is distant one
foot from a source of one candle-power.

Lux, or meter-candle, 1 Itunen per square meter; 1 foot-candle = 10.76
meter-candles.
Law of Inverse Squares.—The illumination of any surface is inversely

proportional to the square of its distance from the source of light. This
is strictly true when the source of hght is a point, and is very nearly
true in all cases when the distance is rhore than ten times the greatest
dimension of the light-giving surface.
Law of Cosines.—When a surface is illuminated by a beam of light

striking it at an angle other than a right angle, the illumination is pro-
portional to the cosine of the angle the beam makes with a normal to
the surface.

If B = the illummation at any point in a surface, I the intensity of
light coming from a source, the angle of deviation of the direction of
the beam from a normal to the surface, and I the distance from the;

som'ce, then E = I cos 9 -e- 1^.

Relative Color Values of Various niuminants.—The hght pro-
ceeding from any source may be analyzed in terms of the elementary
color elements, red, green and blue, by means of the spectroscope, or by
a colorimeter. The following relative values have been obtained by
the Ives colorimeter {Trans. Ill, Eng. Soc, in, 631). In all cases the;

red rays in the hght are taken as 100, and the two figures given are)

respectively the proportions of green and blue relative to 100 red.

Average daylight, 100,100. Blue sky, 106,120. Overcast sky, 92, ,85..

Afternoon simlight, 91, 56. Direct-current carbon arc, 64, 39. Mercury
arc (red 100), 130, 190. Moore carbon dioxide tube. 120, 520. Wels-
bach mantle, 3/4% cerium, 81, 28. Do., 11/4% cerium, 69, 14.5. Do.,
13/4% cerium, 63, 12.3. Tungsten lamp, 1.25 watts per mean horizon-
tal candle-power, 55, 12.1. Nernst glower, bare, 51.5, 11.3. Tantalmn.
lamp, 2 watts per m. h. c.-p., 49, 8.3. Gem lamp, 2.5 watts per m. h..

c.-p., 48, 8.3. Carbon incandescent lamp, 3.1 watts per m. h. c.-p., 45,,

7.4. Flaming arc, 36.5, 9. Gas flame, open fish-tail burner, 40, 5.8^

Moore nitrogen tube, 28, 6.6. Hefner lamp, 35, 3.8.

Relation of niumination to Vision.—Wickenden gives the following;

summary of the principles of effective vision:

1. The eye works with approximately normal eflQciency upon sxu>

faces possessing an effective Imninosity of one foot-candle or more.
2. Excessive illmnination and inadequate illmnination strain and!

fatigue the eye in an effort to secm-e sharp perception.

3. Intrinsic briUiancy of more than 5 c.-p. per sq. in. should be re^

duced by a diffusing medium when the rays enter the eye at an angl©
below 60° with the horizontal.
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4. Flickering, unsteady, and streaky illumination strains the retina
in the effort to maintain uniform vision.

5. True color values are obtained only from Ught possessing all the
elements of diffused daylight in approximately equivalent proportions.

6. An excess of ultra-violet rays is to be avoided for hygienic reasons.
7. JLsthetic considerations commend light of a faint reddish tint as

warm and cheerful in comparison with the cold effects of the green tints,
although the latter are more effective in revealing fine detail.

Types of Electric Lamps.—The carbon arc lamp is now rapidly dis-
appearing on account of the cost of maintenance of the open type and
the low efficiency of the enclosed type. Gas-fllled tungsten lamps now
operate at less cost on the same circuits on which these arcs formerly
burned.

The Flaming Arc.—The carbons are impregnated with calcium fluor-
ide or other luminescent salts. The cuirent is usually 8 to 12 amperes
and the voltage per lamp 35 to 60. The regenerative flame arc is a
highly efficient variety of the flame arc.

The Magnetite Arc has for a cathode a thin iron tube packed with a
mixture of magnetite, Fe304, and titanium and chromium oxides. The
anode consists of copper or brass. It is weU adapted to series opera-
tion with low currents. The 4-ampere lamp, using 80 volts per lamp,
is highly successful for street illumination.

The Tungsten Incandescent (vacuum) depends upon the heating of
a drawn tungsten filament to incandescence in a vacuum. They are
made in sizes for 25, 40, 60, 100, 150, 250, 400, 500, 750, and 1000 watts
and average about 1 candle-power for each watt, with a Ufe of 1000
hours, before the candle-power falls below 80% at rated voltage.

The Tungsten Incandescent (gas-filled) has the advantage of having
longer Ufe and being smaller than the vacuum lamp of the same watt-
age. They are filled with an inert gas, generally nitrogen or argon,
and have an efficiency of 2 candle-power per watt in the larger sizes
(the average being about 1.7 candle-power per watt), with a life of
1300 hours.

The Mercury Vapor Lamp is an arc of luminous mercury vapor Con-
tained in a glass tube from which the air has been exhausted. A small
quantity of mercury is contained in the tube, and platinxmi wires are
inserted in each end. When the tube is placed in a horizontal position
so that a thin thread of mercury lies along it, making electrical con-
nection with the wires, and a current is passed through it, part of the
mercury is vaporized, and on the tube being incUned so that the hquid
mercury remains at one end, an electric arc is formed in the vapor
throughout the tube. The tubes are made about one inch in diameter
and of different lengths, as below. The mercury vapor lamp is very,
eflacient, ranging from 1.9 c.-p. per watt for the 900 c.-p. size to 1.55
c.-p. per watt for the 300 c.-p. size. The color of the Ught is unsatis-
factory, being deficient in red rays, but it possesses a very penetrating
quality which makes it valuable in drafting rooms and wherever a
Ught is needed to bring small details out sharply. The spectrum con-
sists of three bands, of yellow, green, and violet, respectively. The
intrinsic brilliancy of the lamp is very moderate, about 17 c.-p. per sq.
in. Commercial lamps are made of the sizes given below. The lamp
is essentially a direct-current lamp, but it may be adapted to alternat-
ing-current by use of the principle of the mercury-arc rectifier. The
tubes have a Ufe ordinarily of about 1000 hours.

The Quartz-Tube Mercury-Arc Lamp operates at a higher voltage
and gives much nearer a white Ught. Owing to the injurious ultra-
violet rays given out by this form, it must always be enclosed in a
globe of clear glass. The efficiency ranges from 2.4 to 3.3 c.-p. per
watt and the life averages 3000 hours. It is made in sizes from 1000
to 3500 c.-p.

Street Lighting.—Street lighting may be divided into three classes:
(a) "White-Way" or display iUumination.
(b) Main road illumination.
(c) Residence district lighting.
The object of " White-Way" illumination is generally advertising and

many more lights are used than are necessary for proper road illumina-
tion. The lamps generally used are the titaniima arc, the magnetitQ



ILLUMINATION. 1471

arc, the yellow flaming arc, and the white flaming arc of over 1000 c.-p.
See last column of Table VI.
In !' Main-road" illmnination the purpose is to illuminate the road

appreciably for night automobile travel. The lamps generally used
are some type of the 300-watt flaming arc, the magnetite arc, or the
titanium arc of Table IV. These are usually placed from 200 to 300
ft. apart at heights varying from 15 to 18 ft.

For Residential-district Lighting, where veliicle travel is infrequent
and slow, the smaller sizes (40 to 100 c.-p.) of tungsten lamps are used
spaced from 100 to 200 ft. at height varying from 15 to 18 ft. according
to shading of the road by the fohage. Tungsten lamps of the higher
candle-powers of 200 to 450 are also used with spacings of 200 ft. and
over, with reflectors designed to give the best distribution of the hght.
niumination by Arc Lamps at Different Distances.— Several dia-

grams and curves showing the hght distribution in a vertical plane
and the illumination at different distances of different types of lamps
are given by Wickenden. From the latter are taken the approximate
figures in the table below. The carbon and the magnetite lamps were
25 ft. high, the flame arcs 21 ft.

TABLE I.—niumination by Arc Lamps.

Horizontal Distance from Lamp, Feet. 20 30 40 50 100 150 200 250

Kind of Lamp. Foot-candles, normal illumination.

A. Open carbon arc, D.C., 6.6 amp.
B. Enclosed carbon arc, A.C. 6.6

C. Flame arc, 10

D. Regenerative arc, 7
E. Magnetite arc, 6.6

F. Magnetite arc, 4

0.40
0.19

1.00
0.4C

0.29|0.20

0.85
0.69
0.30

.002

.002

.05

.02

.025

.018

^.6.6 amp., D.C., open arc, clear globe.
B. 6.6 amp., A.C, enclosed arc, opal inner and clear outer globe,

small reflector.
C. 10 amp., flame arc, vertical electrodes; 50 volts, 1520M.H.C.-P.*;

0.33 watt per M.L.H.C.-P.*; 10 hours per trim.
D. 7 amp., regenerative flame arc, 70 volts, 2440 M.L.H.C.-P., 0.2

watt per M.L.H.C.-P., 70 hours per trim.
E. 6.6 amp., D.C. series magnetite arc, 79 volts, 510 watts, 1450

M.L.H.C.-P. 75 to 100 hours per trim.
F. 4 amp., D.C. series magnetite arc, 80 volts, 320 watts, 575 M.L.H.

C.-P., 150 to 200 hours per trim.

TABLE n.—Data of Some Arc Lamps.

Type of Lamp.
Hours

Trim.

Am-
peres.

Ter-
minal
Volts.

Ter-
minal
Watts.

Watts
per

M.L.H.
C.-P.

D.C. series carbon, open
D.C. series carbon, enclosed
A.C. series carbon, enclosed
D.C. multiple carbon, enclosed. .

A.C. multiple carbon, enclosed...
D.C. flame arcs, open

9 to 12

100 to 150

70 to 100
100 to 150

70 to 100

10 to 16

70
10 to 16

70 to 100

9.6
6.6
7.5

. 5.0
6.0
10

5
10

6.6

50
72
75
no
no
55
70
55
80

480
475
480
550
430
440
350
467
528

0.6
0.9.
1.25
2.25
2.40
0.45

Regenerative, semi-enclosed
A.C. flame arcs, open

0.26
0.55

Magnetite, open 0.45

Values of watts per M.L.H. C.-P. approximate for open carbon arcs and
magnetite arcs with clear globes, enclosed arcs with opalescent inner and
clear o.uter globes, and for flame and regenerative arcs with opal globes.

*M.H.C.-P. ==mean horizontal candle-power;
M.L.H.C.-P. =mean lower hemispherical candle-power.
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Relative Efficiency of niuminants.—The advent of the gas-filled
tungsten incandescent lamp of high efficiency and high candle-power
lias driven the less efficient arc lamps from the field. At present (1915)
the incandescent lamp of the 200- or 300-watt size is more efficient than
the arc lamp of the same candle-power. On the other hand, the 1000-
c.-p. arcs are more efficient than the incandescent lamps of the same
size. The field for the arc lamp seems to be in the higher candle-power
sizes. Dr. Steinmetz in The General Electric Review for March, 1914,
igives the foUowing tables.

TABLE in.—Relative Efficiency of niuminants.

(Irrespective of Size, in Available Mean Spherical C.-P. per Watt).

Available
Mean

Spherical
C.-P. per
Watt.

(Street
Lighting)
10° C.-P.*
per Watt

Available
Mean

Spherical
C.-P.

3.1 watt per h. c.-p. carbon filament. . . .

2.5 watt per h. c.-p. gem filament
450 watt 6.6 amp. series enclosed a.c.

carbon arc
Nitrogen Moore tube
480 watt 6.6 amp. series enclosed d.c.

carbon arc
i watt per h. c.-p. mazda lamp
500 watt d.c. "intensified" carbon arc . . .

4 amp. 300 watt d.c. special magnetite arc
Neon Moore tube
l0.5 watt per h. c.-p. gas-filled mazda lamp
4 amp. 300 watt d.c. special m„agnetite arc
6.6 amp. 500 watt d.c. standard magnetite

arc
Mercury lamp in glass tube, best values

.

6.6 amp. 500 watt d.c. special magnetite
arc

220 watt a.c. titanium arc
300 watt yellow flame arc, best value. . . .

500 watt white flame arc, best values. . . .

Mercury lamp in quartz tube, best values
Exper. 350 watt a.c. titanium arc
Melting tungsten in vacuum
500 watt yellow flame arc, best value.

.

Exper. 500 watt a.c. titanium arc
'Titanium arc, best values (high power)

0.21
0.26

0.39
0.45

0.62
0.64
0.78
1.0

1.1

1.5

1.55

1.7
1.9
1.95
1.95
2.0
2.7
2.88
3.1

3.6
5.2

0.4
0.5

1.0
1.25

'"i.'i"

'"2.5"
3.0

3.2

3.6
4.0
4.0
4.0

6.2
7.0

Any
Any

300
Any

Above 350
(420)

850
420
(585)

(975)

(950)"

(i550)'
(1800)

*The expression 10° c.-p. per watt means the candle-power per watt
(Dn a circle 10° below the horizontal plane of the filament.

TABLE IV.—Efficiency of 300-Watt niuminants.

Available
Mean

Spherical
C.-P. per
Watt.

Available
Mean

Spherical
C.-P.

Mazda lamp (1 watt per h. c.-p)

Standard 4 amp. d.c. magnetite arc
White flame carbon arc, best
Gas-filled mazda lamp (0.5 watt per h. c.-p.)

Special 4 amp. d.c. magnetite arc
Yellow flame carbon arc, best
A.C. titanium arc ,

0.64
1.0
1.2
1.28
1.4
1.95
2.4

190
300
360
384
•420

585
720
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TABLE v.—Efficiency of 500-Watt muminants.

AvaUable
Mean

Spherical
C.-P. per
Watt.

Available
Mean

Spherical
C.-P.

A.C series enclosed carbon arc. . .

.

0.42
0.64
0.65
1.28
1.5

1.7
1.95
2.0
3.1
3.6

210
Mazda lamp ( 1 watt per h. c.-p.)

D.C series enclosed carbon arc
320
325

Gas-filled mazda lamp (0.5 watt per h. c.-p.) 640
750

Special 6.6 amp. d.c. magnetite arc 850
975

Quartz mercury lamp 1000
Yellow flame carbon arc, best 1550
A.C. titanium arc 1800

Characteristics of Tungsten Lamps. Vacuvim Type.—The accom-
panying Table VII refers to tungsten lamps of the 25, 60, and 100 watt
size. They show the changes which take place in the candle-power,
watts, watts per candle-power and hfe when used at the various voltages.
It is to be noted that a 4% increase in voltage above the normal (100%)
increases the candle-power 15%, the eflSciency 6%, but decreases the
life 38%.

TABLE VI —Relative Efficiency of Various C-P. of Dluminants.

200 Mean
Spherical

C.-P.

300 Mean
Spherical
C.-P.

400 Mean
Spherical
C.-P.

500 Mean
Spherical
C.-P.

1000 Mean
Spherical
C.-P.

Type. ^
^

Type. 4 Type.
1

Type.
1

Type.
^

$

A.C.
carbon
D.C
carbon
Mazda

490

380
310

A.C.
carbon
D.C.
carbon ,

Mazda

Standard
magnetite
Special
magnetite.

.

620

480
470

300

250

Mazda
Standard
magnetite.

.

Gas-filled
mazda
Special
magnetite.

.

Titanium . .

620

350

310

290

210

Standard
magnetite..
Gas-filled
mazda
Special
magnetite .

.

White
Flame
Yellow
Flame
Titanium. .

400

390

350

350

280
250

Gas-fiUed
mazda
Standard
magnetite.

.

Special
magnetite.

.

White
Flame
Yellow
Flame
Titanium . .

780

700

550

520

400
360

Interior Illumination.—There are three systems for artificially light-

ing interiors. AU three are easily adapted for the use of either gas or
electricity or both: (1) Direct Ughting; (2) indirect lighting; (3) semi-
indirect Ughting.

(1) Direct Lighting.—When the room is iUtuninated almost entirely
by the light which comes directly from the lamps without reflection
from walls and ceilings, it is said to be illuminated by direct lighting.
This is the usual form of hghting.

(2) Indirect Lighting.—When a room is illuminated by the light of
concealed lamps which is reflected from the walls and ceiUng, the
system of illumination is said to be indirect. The ceihng and walls
must be Ught-colored. There is an entire lack of shadows in a room
thus Ughted.

(3) Semi-indirect Lighting.—When a room is illuminated mostly by-
light reflected from the walls and ceiling but still receives 15 or 20%
directly from the lamps, the system of illumination is said to be semi-
tndirect. This system produces particularly pleasing effects.

The Quantity of Electricity and Gas Necessary to Dluminate Various
Booms.—Practically all modem illumination is done either by tungsten
incandescent electric lamps or gas lamps with incandesceut mantles-
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TABLE Vn .—Characteristics of Mazda (Vacuum) Lamps.

J ^^ ^S J si
oS

.
«^ ^PV

i J 1^ 1

^4^>
IS ?T1 1^ ^'i 1^ &S.

U^ o$ U^ r,PH •"tf U^ 05 U.2 o^ u^ •gfC o.<^ O,,"^,

S3n^ §3^ o^nl ^6 fctf S3« §3tf §3^ 33

«

fA fi^nl Mf^
Ph Ph fM w 1-1 p^ Pm Uh P-< Ph H 3 °

Pm Ph

50 8 33
44
57

67
72
82

77
80
87

102

104

106

108
115
123

103

106

110

0.934
0.971
1 01

80
62
48

6n 0.231
0.42970 103 102

75 35
45

63
71

0.500
0.578

84
88

88
92

108

no
130
139

113

117

1.03
1,08

35
7580 106 104

85 57 77 0.658 91 94 115 161 125 1.16 108 106
90 69 85 0.736 94 96 120 187 n3 1 27 112 108
P7 75

81

88
91

0.769
0,799

125

130
213
242

142 1.35
1,47

114

117

110
94 230 96 98 112
46 87

93
100

94
97
100

0.833
0.880
0.909

180
135
100

140
150

1.67
1.85

122

127

115
98 118
100 100 100

The following table of electricity and gas necessary to light rooms
used for given purposes is based on the fact that in the modem mazda
lamps 1.1 watt produces 1 c.-p., and in the best gas lamps with incan-
descent mantles, 0.04 cu. ft. per hour of gas produces 1 c.-p. Inasmuch
as there are no bright spots in the room to fatigue the eye, when in-
direct and semi-indirect systems are used, a lower degree of illumina-
tion is sufficient to enable objects to be clearly seen. Hence, although
the indirect and semi-indirect systems are less efficient, the following
table applies to all these methods:

TABLE Vin.- -Electricity or Gas Necessary to Sufficiently

niuminate Booms^

Watts Cu. Ft. Watts Cu. Ft.
per Sq. per Hour per Sq. per Hour

Use of Rooms.
Ft. of

Work-
per Sq.
Ft. of

Use of Rooms. Ft. of
Work-

per Sq.
Ft. of

ing Working ing Working
Plane. Plane. Plane. Plane.

Assembly hall .... 0.8-0.1 0.032-0.04 Library (book
Ball room 1.2-1.3 0.05 -0.052 stacks) 0.3-0.6 0.012-0.24

Barber shop 1.5-1.7 0.06 -0.07 Library (resi-

Bed room (resi- dence) 1.0-1.1 0.04 -0.044

dence) 0.3-0.35 0.012-0.014 Lobby (hotel).. .. 1.5-1.6 0.06 -0.065

Church 1.0-1.3 0.04 -0.05 Machine shop. . . . 2.0-2.2 0.08 -O.OCG

Class room Music room (resi-

(school) 1.2-1.3 0.048-0.052 dence) 0.5-0.6 0.02- 0.025

Corridor 0.4-0.5 0.016-0.02 Office (banking
Dining room and accounting)

.

1.5-1.6 0.06 -0.065

(residence) 0.9-1.0 0.036-0.04 Office (general).. . 1.3-1.5 0.052-0.06

Drafting room . . . 2.5-2.8 0.10 -0.112 Operating room
(hospital)Drill hall 0.5-0.6 0.02 -0.025 3.5-3.9 0.14 -0.15

Foundry 3.0-4.0 0.12 -0.16 Restaurant 1.5-1.7 0.06 -0.07

Kitchen 1.2-1.3 0.05 -0.052 Store 1.4-1.7 0.055-0.07

Library (public Warerooms 0.3-0.9 0.012-0.030

reading room) . . . 1.4-1.5 0.055-0.06 Wood-working
shop 1.5-1.8 0.06 -0.072

For gas-filled timgsten and Welsbach "Kinetic" use 0.6 of above
values. Data on gas furnished by F. R. Pierce, Welsbach Co.

I
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Example of Use of Table Tm.
Specify the proper lighting arrangements for a banking oflQce 25 ft. X

40 ft. with a 13-ft. ceiUng.
The four-lamp fixture is an efficient and pleasing arrangement of

lamps. It does not give quite as uniform distribution of light as
individual lamps uniformly spaced, but the effect is much more pleasing
and the distribution is very satisfactory.

Using Electricity.—
Watts per sq. ft. needed =1.5-1.6 (Table VIII).
Total watts needed = 1.5 X 40 x 25.

= 1500 watts.
Using four-lamp fixtures, we shall need six fixtures, as in Fig. 250, in

two rows of 3 each.

1500
Watts per fixture = —^- = 250.

Watts per lamp
250
4

^ 62.5.

T"

^ 7^ ^

On consulting Table IX we find we can use 60-watt lamps as the
standard lamp nearest the size computed. If at any place more light

is needed, 100-watt lamps may be
-40 ft. H substituted in the nearest fixtxire.

Using Gas.—To use gas with the
same number of similar fixtures, we

l«
would have to use lamps which

'^^-— correspond to the 60-watt mazda.
Allowing 25 watts to the cu. ft. per

-14. ft;—5J<-6 ft^ hour of gas, we would need a lamp

which would burn — or 2 1/2 cu. ft.

per hour of gas. By Table IX, we
see that this is a standard size.

-J. 1 The foregoing rules are merely
Fig 250 intended to serve as a guide for

planning correct illumination. They
are not intended to take the place of judgment and intelUgence. The
details of each Ughting project differ slightly from the details of every
other fighting project and due weight should be given to ways in which
these details affect the application of general rules.

1-^^—

^

TABLE IX.—Standard Units; Mazda and Welsbach.

Watts
C.-P.

Watt.

Welsbach
Inverted. Watts

(105-

125

Volts).

C.-P.

wItt.

Welsbach
Inverted.

Welsbach
Upright.

(105-

125

Volts).
Cu.
Ft.

Equiv.
Watta

Hour.

Cu.
Ft.

Equiv.
Watts

H^our.

Cu.
Ft.

Equiv.
Watts

HotTr.

10 0.77
0.80
0.855
0.88
0.91
0.935
0.98

15 150
250
400
500
750
1000

i.ii
1.11
1.33
1.43
1.67
1.82

20 10 250
25
40 1.6

2.5
4.0
4.5

40
62.5
100
112.5

60
100

5.5 "135.5

Cost of Electric Ligliting. (A. A. Wohlauer, El. World, May 16,
1908, corrected, Jtdy, 1915.)—The following table shows the relative
cost of 1000 candle-hoiu"s of illumination by lamps of different kinds,
based on costs of 2, 4 and 10 cents per Kw.-hour for electric energy.
The life, K, is that of the lamp for incandescent lamps, of the electrode
for arc lamps, and of the vapor tube for vapor lamps.
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Lg = fliean spherleal candle-power.

Sg = watts per mean spherical candle.

P = renewal cost per trim or life, cents.
K = life in liour^.

C^= lOOOP/iKLg).

Cf. = {Sg X -R) + C^ = cost'per 1000 candle-hours.

R = rate in cts. per K.W. hoiir.

lUuminant. IAmp. I Volts.
|
L^ I S^

|

P
|

X
|
6>| Rating. ^{SsXR)

+Cr

Incandescent Lamps R =2 4 10

Carbon
Gem

0.31
0.45
0.91

110
110
110

13.2 3.8
16.5 3.05
72 1.4

16

20
70

450
450
1000

2.7 16 c.-p.

2.7 20 c.-p.

0.97 100 Watt

10.3 17.9
8.8 14.9
3.8 6.6

40.7
33 >

Tungsten 15.0

Direct-Current Arc Lamps.

Open are 10 55 400 1.3 8 10 2 JO amp. 4.6 7 2 15

Enclosed 5.0 110 260 2.1 9 150 0.2 5 4.4 8.6 21.2
Carbon 10 110 530 2.0 8 16 10 5 9 71

Miniature 2.5 no 150 1.8 6 20 2 2.5 5.6 9.2 20
Magnetite .... 3.5 no 225 1.7 10 150 0.31 3.5 3.71 7.11 17.3
Plammg lU 55 600 0.75 17 10 2.4 10 3.9 5.4 9.9
Inclined flam-
mg 10 55 1100 0,5 la 10 1.6 10 ?,6 36 6,6
Inclined en-
closed flaming 5.3 100 1500 0.365 30 70 0.1 5.5 1.03 1.76 4

Mercury-Vapor Lamps.

Cooper Hewitt 3.5
Quartz 3.5

110
I

770 0.5
1
12001400010.4 I 3.5 amp. 1.4 12.4 15.4

220 11300 0.6 I 700|3000|0.I35| 3.5 1 .34|2.54|6.14

Recent Street Lighting Installations.

(Preston S. Millar , Ptoc. a. I. E. E., July, 1915).

^5U

I

.11

Lamps.!"
1
3

1 36 50 80 18 B K D.C., 6.6 amp. LA. A
7. 47 90 69 24 s P A.C., SF. B
3 47 102 94 25 B s P A.C., SF. B
4 80 222 100 14.5 B P 6.6 amp. Mag. A
5 901 !

82
(twin)
123

[112
100

14 B s P 600 c.-p. Mazda C. N
6 109* 15 A s P 6.6 amp. Mag. A
7 60 2003 100 19 B s P 120v., 400w M.C. c
fi 100 13.5 B P 400 c.-p., 15 amp. M.C. R
9 50 56 400 17.5 R s P 1000 c.-D. M.C. A
10 97 97 19.8 B K 4.0 amp". D.C. LA. A
n 80 79 105 22 Ap. note-' P 120v., 400w., M.C. C
n 36 220 22 R notes P 600 c.-p. M.C. B
13 502 246 120 10.25 R S P 5.5 amp. series M.C. B

(Notes.)— i Between buildmg lines. 2 leo ft. between building lines.
« Two per post. « Along one curb. 5 Kind of buildings: B, busi tiess

structures; A, all kinds; Ap ., apartments; R, residences. ^O, 1 )oth
curbs, opposite; S, staggered. 7 In center of block (on center isle). On
curb of intersecting streets iit house line of cross-street intersection.
8Ea st curb only. »K, brackets on trolle y p ales; P, ornamental pc)StS.
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^LA, luminous arc; SP, series flame arc; Mag., inverted magnetite;
M.C., Mazda C. ii A, alabaster; B, alba; N, novulux; C, Carrara;
R, C.R.I. , globe and translucent glass reflectors.

Cities.— 1. 5tli Ave., Pittsburgh; 2. Federal St., Pittsburgh; 3.
Dearborn St., Chicago; 4. Main St., Rochester, N. Y.; 5. Main St.,

Hartford, Conn.; 6. Penna. Ave., Washington, D. C; 7. 5th Ave.,
New York; 8. Market St., Corning, N. Y.; 9. Lake Ave., Rochester;
10. Grand Ave., Milwaukee; 11. 7th Ave., New York; 12, Troy St.,

Chicago; 13. 16th St., Washington.

SYMBOLS USED IN ELECTRICAL DIAGRAMS.
-c=r cj-SPST

-en cilI=}-SPDT

-g g: DPST
-en cb

Switches; S, single; *A^V^A»
D, double; P, pole; Non-inductive
1 ,

throw. Resistance.

DPDT Galvanometer. Ammeter.
-®-

Voltmeter.

Inductive
Resistance.

Cs,pacity
or Condensei".

Uc!>c!> 3 3J $Lr
Lamps. Motor Shunt-wound Motor Series-wound

or Generator. or Generator. Motor or Generator.

Two-phase Three-phase Battery. Trans- Compound- Separately
Generator. Generator. former, wound Motor excited Motor

or Generator, or Generator.
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ABBREVIATIONS, 1

Abrasion, resistance to, of
manganese steel, 495

Abrasive processes, 1309-1318
Abrasives, artificial, 1313
Abscissas, 70
Absolute temperature, 567

zero, 567
Absorption of gases, 605

of water by brick, 370
refrigerating machines, 1346,

1364
Accelerated motion, 526
Acceleration, definition of, 521,

526
force of, 526
rates of, on electric railways,1415
work of, 529

Accumulators, electric, 1425
Acetylene and calciiun carbide,

855
blowpipe, 857
flame welding, 488
generators and burners, 857
heating value of, 856

Acheson's deflocculated graphite,
1246

Acme screw thread, 234
Adhesion between wheels and

rails, 1416
Adiabatic compression of air, 633

curve, 959
expansion, 601
expansion in compressed air-

engines, 638
expansion of air, 635, 638
expansion of steam, 959

Admiralty metal, composition of,

390
Admittance of alternating cur-

rents, 1441
Aerial tramways, track cable for,

260
Air (see also Atmosphere) , 606-681
and vapor mixture, weight of,

610-613
-bound pipes, 748
carbonic acid allowable in, 681,

685
compressed, 623, 632-653
(see Compressed air)

Air Compressors, centrifugal, 648
effect of intake temperatures,

647
electric motors for, 1465

Air compressors, high altitude,
table of , 639

hydrauUc, 650
intercoolers for, 648
steam consumption of, 644
tables of, 641-643
tests of, 643

Air, contamination of, 687
cooling of, 594, 710
density and pressure, 607, 613

Air, flow of, in pipes, 617-624
in long pipes, 618-624
in ventilating ducts, 683
through orifices, 615-617, 670

Air, friction of, in miderground
passages, 714

head of, due to temperature
differences, 716

heating of {see also Heating)
heating, heat-units absorbed in,

691
heating of, by compression, 632
horse-power reqxiired to com-

press, 637
in feed-piunp discharges, 1074
inhaled by a man, 687
leaks in steam boilers, 891
-lift pump, 808
-lift pump for oil wells, 809
hquidi 605
loss of pressiu-e of, in pipes,

617-624
manometer, 607
pipes in house heating, capacity

of, 691
pressures, conversion table for,

607
properties of. 606
-pump, 1071-1073
-pimip for condenser, 1071,

1073
-pump, maximum work of, 1074
pyrometer, 555
satm-ated, temperatures, pres-

sm-es and volume, table, 1072
saturated, volume at different
vacuums, 1072

specific heat of, 564
thermometer, 557
A'elocity of, in pipes, by ane-
mometer, 624

volmne at different tempera-
tures, 692

volvune transmitted in pipes,
table, 623, 624

1479
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Air, volumes, densities, and pres-
sures, 607, 613

washing, 687
water vapor in 1 pound of, 1081
weight and volume of, 27
weight of, 176
weight of (table), 609, 613

Alcohol as fuel, 843
denatured, 843
engines, 1102
vapor tension of, 844

Alden absorption dynamometer,
1334

Algebra, 33-37
Algebraic symbols, 1
Alligation, 9
Alloy steels, 470-480 (see Steel)
Alloys, 384-410
aluminum, 396-399
alumintun-antimony, 399
aluminum-copper, 396
aluminum-silicon-iron, 398
aluminum, tests of, 398
aluminum-timgsten, 399
aluminum-zinc, 399
antimony, 405, 407
bearing metal, 405
bismuth, 404
caution as to strength of, 398
composition by mixtm-e and by

analysis, 388
composition of, in brass foun-

dries, 390
copper-manganese, 401
copper-tin, 384
copper-tin-lead, 394
copper-tin-zinc, 387-390
copper-zinc, 386
copper-zinc-iron, 393
ferro-, 1255
ferro-, manufacture of, 1424
for casting under pressm-e, 395
fusible, 404
Japanese, 393
liquation of metals in, 388
magnetic, of non-magnetic

metals, 402
miscellaneous, analyses and

properties, 392
nickel, 402
the strongest bronze, 389
vanadium and copper, 395
white metal, 407

Alternating currents, 1440-1460
admittance, 1441
average, maximum, and effec-

tive values, 1440
calculation of circuits, 1457
capacity, 1440
capacity of conductors, 1446
converters, 1453
delta connection, 1446
frequency, 1440
generators, for, 1448
impedance, 1441
impedance polygons, 1442
inductance, 1440
induction motor, 1463

Alternating currents, measure-
ment of power in polyphase
circuits, 1447

motors, variable speed, 1463
Ohm's law appUed to, 1442
power factor, 1440
reactance, 1441
single and polyphase, 1445
skin effect, 1442
standard voltages of, 1460
synchronous motors, 1463
transformers, 1451
Y-connection, 1446

Altitude by barometer, 608
Aluminum, 177, 380

alloys (see aiso Alloys), 396-399
alloys, tests of, 398
alloys used in automobile con-

struction, 400
brass, 397
bronze, 396
bronze wire, 248
coating on iron, 473
conductors, cost compared with

copper, 1459
effect of, on cast iron, 439
electrical conductivity of, 1401
plates, sheets, and bars, weight

of, tables, 230
properties and uses, 380
sheets and bars, table, 230
solder, 382-383
steel, 496
strength of, 381, 383
thermit process, 400
tubing, 226
wire, 248, 381, 383
wire, electrical resistance of,

table, 1414
Ammonia, aqua, strength of, 1341

-absorption refrigerating ma-
chine, 1346, 1364

-absorption refrigerating ma-
chine, test of, 1364

carbon dioxide and sulphur
dioxide, cooling effect, and
compressor volume, 1341

-compression machines, tests of,

1359-1364
-compression refrigerating ma-

chines, 1345, 1356
gas, properties of, 1338 ,

heat generated by absorption
of, 1341

liquid, properties of, 1340
solubihty of, 1341
superheated, properties of, 1340

Ampere, definition of, 1397
Analyses, asbestos, 270 I

boiler scale, 722
boiler water, 722
cast iron, 439-450 .

coals, 821-830
crucible steel, 490, 494
fire-clay, 269
gas, 854
gases of combustion. 817
magnesite, 270
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Analyses of rubber goods, 378
Analytical geometry, 70-73
Anchor bolts for chimneys, 957

forgings, strength of, 353
Anemometer, 624
Angle, economical, of framed

structures, 548
of repose of building material,

1220
Angles, Carnegie steel, properties

of, table, 317-321
plotting, without protractor, 53
problems in, 38
steel, gage lines for, 321
steel, tests of, 362
steel, used as beams, table of

safe loads, 321
trigonometrical properties of,

66
Angular velocity, 522
Animal power, 532-534
Annealing, effect on conductivity,

1402
effect of, on steel, 479
influence of, on magnetic capajC-

ity of steel, 483
malleable castings, 455
of steel, 484, 492 {see Steel)
of steel forgings, 482
of structural steel, 484

Annuities, 15-17
Annular gearing, 1169
Anthracite, classification of, 819,

composition of, 819, 820, 828
gas, 845
sizes of, 823
space occupied by, 823

Anti-friction curve, 50, 1232
metals, 1223

Anti-logarithm, 136
Antimony, in alloys, 405, 407

properties of, 177
Apothecaries' measure and weight,

18, 19
Arbitration bar, for cast iron,

441
Arc, circular, length of, 58

circular, relations of, 58
lamps {see Electric lighting)
lights, electric, 1469

Arcs, circular, table, 122-124
Arches, corrugated, 195
Area of circles, square feet, di-

ameters in feet and inches,
131. 132

of circles, table, 111-119
of geometric alplane figures,

54-61
of irregular figiu-es, 56, 57
of sphere, 62

Arithmetic, 2-32
Arithmetical progression, 10
Armature circuit, e.m.f. of, 1436

torque of, 1435
"Armco ingot iron," 477
Armor-plates, heat treatment of,

482

Artesian well pumping by com-
pressed air, 810

Asbestos, 270
Asphaltum coating for iron, 471
Asses, work of, 534
Asymptotes of hyperbola, 73
Atmosphere {see also Air)

equivalent pressures of, 27
moisture in, 609-613
pressiu-e of, 607, 608

Atomic weights (table), 173
Austenite, 480
Autogenous welding, 488
Automatic cut-off engines, water

consiunption of, 967
Automobile engines, rated capac-

ity of, 1101
gears, efficiency of, 1172
screws and nuts, table, 232

Automobiles, steel used in, 510
Avogadro's law of gases, 604
Avoirdupois weight, 19
Axles, forcing fits of, by hydraulic

pressure, 1324
railroad, effect of cold on, 465
steel, specifications for, 507, 509
steel, strength of, 354

BABBITT metal, 407, 408
Bagasse as fuel, 839
Balances, to weigh on in-

correct, 20
Balls and rollers, carrying capac-

ity of, 340
for bearings, grades of, 1237
hollow copper, resistance to

collapse, 345
Ball-bearings, 1233, 1235

saving of power by, 1237
Band brakes, design of, 1240
Bands and belts for carrying coal,

etc., 1198
and belts, theory of, 1138

Bank discoimt, 13
Bar iron {see Wrought iron)
Bars, eye, tests of, 360

iron and steel, commercial sizes
of, 182

Lowmoor iron, strength of, 352
of various materials, weights of,

181
steel {see Steel)
twisted, tensile strength of, 280
wrought-iron, compression tests

of, 359
Barometer, leveling with, 607

to find altitude by, 608
Barometric readings for various

altitudes, 608
Barrels, to find volume of, 65
nmnber of, in tanks, 134

Barth key, 1329
Basic Bessemer steel, strength of,

476
Batteries, primary electric, 1425

storage, 1425-1428
Baume's hydrometer, 175
Bazin's experiments on weirs, 763
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Beams and girders, safe loads on,
1387

formula for flexure of, 299
formulae for transverse strength

of, 299
of uniform strength, 301
special, coefficients for loads on,

300
steel, formulae for safe loads on,

298
wooden, safe loads, by building

laws, 1387
yellow pine, safe loads on, 1387,

1393
Beardslee's tests on elevation of

elastic limit, 275
Bearing-metal alloys, 405

practice, 407
Bearing-metals, anti-friction, 1223

composition of, 390
Bearing pressure on rivets, 426

pressure with intermittent
loads, 1231

Bearings, allowable pressure on,
1226, 1230

and journals clearance in, 1230
ball, 1233, 1235
cast-iron, 1223
conical roller, 1234
engine, calculating dimensions

of, 1042-1044
engine, temperature of, 1232
for high rotative speeds, 1231
for steam turbines, 1232
knife-edge, 1238
mercury pivot. 1233
Z)f Corliss engines, 1232
of locomotives, 1232
oil pivot, in Curtis steam tur-

bine, 1083
oil pressure in, 1228
overheating of, 1228
pivot, 1229, 1232
roller, 1233
shaft, length of, 1034
steam-engine, 1232, 1238
thrust, 1232

Bed-plates of steam-engine, 1044
Bell-metal, composition of, 390
Belt conveyors, 1198-1201

dressings, 1151
factors, 1142

Belts and pulleys, arrangement
of, 1149

care of, 1150
cement for leather or cloth, 1152
centrifugal tension of, 1139
effect of humidity on, 1150
endless, 1151
evil of tight, 1149
lacing of, 1147
length of, 1148
open and crossed, 1136
quarter twist, 1147
sag of, 1149
steel, 1152

Belting, 1138-1152
Barth's studies on, 1146

Bolting, formulae, 1139
friction of, 1138
horse-power of, 1139-1142
notes on, 1146
practice, 1139
rubber, 1152
strength of, 357, 1150
Taylor's rules for, 1143
theory of, 1138
vs. chain drives, 1155
width for given horse-power,

1140
Bends, effects of, on flow of water

in pipes, 747, 748
in pipes, 624
in pipes, table, 221, 222
pipe, flexibiUty of, 221
valves, etc., resistance to flow

in, 879
Bending curvature of wire rope,

1213
Bent lever, 514, 536
Bernouilli's theorem, 617, 765
Bessemer converter, temperature

in, 555
steel, 475 (see Steel, Bessemer)

Bessemerized cast iron, 453
Bethlehem girder beams, proper-

ties of, table, 331
I-beams, table, 332
steel H-columns, 333

Bevel wheels, 1169
Billets, steel, specifications for, 507
Binomial, any power of, 33

theorem, 37
Bins, coal-storage, 1196
Birmingham gage, 28
Bismuth alloys, 404

properties of, 178
Bituminous coal (see Coal)

coating for pipe. 206
Black body radiation, 579
Blast area of fans, 655

pipes (see Pipes)
Blast - furnace, consumption of

charcoal in, 837
gas, 855
steam-boilers for, 899
temperatures in, 555

Blechynden's tests of heat trans-
mission, 593

Blocks or pulleys, 538, 539, 1181
or pulleys, strength of, 1181

Blooms, steel weight of, table, 190
Blow, force of, 529
Blowers (see also Fans), 663-681
and fans, comparative efficiency,

656
blast-pipe diameters for, 671
in foundries, 1250
rotary, 677
rotary, for cupolas, 678
steam-jet, 679

Blowing-engines, dimensions of,

680
horse-power of, 680

Blowing-machines, centrifugal,
648, 649
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Blowpipe, acetylene, 857
Blue heat, effect on steel, 482
Board measure, 20
Boats {see Ships)
Boats, motor, power required for,

1101
Bodies, falling, laws of, 521
Boiler compounds, 930

explosions, 932
feed-pumps, 792
feeders, gravity, 938
furnaces, height of, 889
furnaces, use of steam in, 854

heads^ strength of, 337, 338
heating-surface for steam heat-

ing, 693-697
plate, strength of, at high

temperatures, 463
scale, analyses of, 722
tube joints, rolled, sUpping

point of, 364
tubes, dimensions of, table, 204
tubes, expanded, holding power

of, 364
Boilers for house heating, 693

for steam-heating, 694-697
horse-power of, 885
incrustation of, 721, 927-932
locomotive, 1113
natural gas as fuel for, 847
of the "Lusitania," 1381
steam, 885-944 {see Steam-

boilers)
Boiling-point of water, 719

of substances, 559
Boiling, resistance to, 570
Bolts and nuts, 231-238
and pins, taper, 1318
eflfect of initial strain in, 347
hanger, 243
holding power of in white pine,

346
square-head, table of weights

of, 242
strength of, tables, 348
stud, 237
track, weight of, 244, 245

Bonds, rail, electric resistance of,

1416
Boosters, 1456
Boyle's or Mariotte's law, 600,

603
Braces, diagonal, stresses in, 542,

545
Brackets, cast-iron,strength of, 292
Brake horse-power, 970

horse-power, definition of, 1017
Prony, 1333

Brakes, band, design of, 1240
electric, 1240
friction, 1239
magnetic, 1240

Brass alloys, 390
and copper-lined iron pipe, 227
and copper tubes, coils and

bends, 222
influence of lead on, 394

Brass plates, bars, and wire, tables,
228, 229

rolled, composition of, 391
sheets and bars, table, 228, 229
tube, seamless, table, 224, 225
wire, weight of, table, 229

Brazing metal, composition of, 390
of aluminiun bronze, 397
solder, composition of, 390

Brick, absorption of water by, 370
fire, number required for vari-

ous circles, table, 267
fire, sizes and shapes of, 266
kiln, temperature in, 555
magnesia, 269
piers, safe strength of, 1386
sand-lime, tests of, 371
specific gravity of, 177
strength of, 358, 370-372
weight of, 180, 370
zirconla, 270

Bricks and blocks, slag, 268
Brickwork, allowable pressiu-es

on, 1386
measure of, ISO
weight of, 180

Bridge iron, durability of, 466
links, steel, strength of, 353
members, strains allowed in,

287
trusses, 543-547

Brine, boihng of, 570
properties of, 570, 571, 1343

Brinell's tests of hardness, 364
Briquettes, coal, 831
Britannia metal, composition of,

407
British thermal unit (B.T.U.),

560, 867
Brittleness of steel {see Steel)
Bronze, aluminum, strengtK ui,

396
ancient, composition of, 388
deoxidized, composition of, 395
Gurley's, composition of, 390
manganese, 401
navy-yard, strength of, 398
phosphor. 394
strength of, 356
Tobin, 391, 392
variation in strength of, 386

Buffing and polishing, 1310
Building-laws, New York City,

1388-1390
-laws on columns, New York,

Boston, and Chicago, 292
-materials, coefficients of fric-

tion of, 1220
-materials, sizes and weights,

177, 180, 191
Buildings, construction of, 1385-

1395
fire-proof, 1389
heating and ventilation of; 684
mill, approximate cost of, 1394
transmission of heat through

walls of, 688
"

walls of, 1388
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Bulkheads, plating and framing
for, table, 339

stresses in due to water-pres-
sure, 338

Buoyancy, 719
Burners, acetylene, 857

fuel oil, 842
Burning of steel, 481
Burr truss, stresses in, 544
Bush-metal, composition of, 390
Bushel of coal and of coke, weight

of, 834
Butt-joints, riveted, 428

CG. S. system of measure-
ments. 1396

• CO2, (see a^so carbon dioxide,
carbonic acid)

CO2 recorders, autographic, 891
CO2, temperature required for

production of, 852
Cable, formula for deflection of,

1207
traction ropes, 256

Cables {see Wire rope)
chain, proving tests of, 264
chain, wrought-iron, 264, 265
galvanized steel, 255
suspension-bridge, 255

Cable-ways, suspension, 1205
Cadmium, properties of, 178
Calcium carbide and acetylene;

855
chloride in refrigerating-ma-

chines, 1343
Calculus, 73-82
Caloric engines, 1095
Calorie, definition of, 560
Calorimeter for coal, Mahler

bomb, 826
steam, 942-944
steam, coil, 943
steam, separating, 943
steam, throttling, 943

Calorimetric tests of coal, 826, 827
Cam, 537
Campbell's formulae for strength

of steel, 477
Canals, irrigation, 755
Candle-power, defljiition of, 1469

of electric lights, 1468-1476
of gas hghts, 860
per watt of lamps, 1475

Canvas, strength of, 357
Cap screws, dimensions of, 238

table of standard, 238
Capacity, electrical, 1440

electrical, of conductors, 1445
Car heating by steam, 702

journals, friction of, 1228
wheel, irons used for. 453

Cars, steel plate for, 507
Carbon, burning out of steel, 485

dioxide (see also CO2)
dioxide exhaled by a man, 687
dioxide in air, 687
dioxide, pressure, volume, etc.,

1341

Carbon, effect of, on strength of
steel, 476

gas, 845
Carbonic acid, allowable in air,

681, 685
Carbonizing (see Case-hardening)
Carborundum, made in the elec-

tric furnace, 1425
Cargo hoisting by rope, 414
Carnegie steel sections, proper-

,

ties of, 305-321
Carnot cycle, 598, 600

cycle, eflQciency of steam in, 881
Carriages, resistance of, on roads,

534
Carriers, bucket, 1197
Case-hardening of iron and steel,

610, 1291
Casks, volume of, 65
Cast copper, strength of, 356, 384
Cast-iron, 437-454

addition to, of ferro-silicon,
titanium, vanadiiun, and
manganese, 450

analyses of, 439-450
bad, 453
bars, tests of, 444
beams, strength of, 451
Bessemerized, 453
chemistry of, 438-443
columns, eccentric loading of,

296
columns, strength of, 289-292
columns, tests of, 290
columns, weight of, table, 200
combined carbon changed to

graphite by heating, 448
compressive strength of, 283
corrosion of, 466
cylinders, bursting strength of,

452
durabihty of, 466
effect of cupola melting, 450
expansion in cooling, 448
growth of by heating, 1254,
hard, due to excessive silicon,

1254
influence of length of bar on

strength, 446
influence of phosphorus, sul-

phur, etc., 438
journal bearings, 1223
malleable, 454
manufacture of, 437
mixture of, with steel, 453
mobility of molecules of, 449
permanent expansion of, by

heating, 453
pipe, 196-200 (see Pipe, cast-

iron)
pipe-fittings, sizes and weights,,

206-216
relation of chemical composi-

tion to fracture, 446
shrinkage of, 438, 447, V254
specific gravity ai^ strei^th,.

452
^

specifications for, 441
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Cast-iron strength in relation to
silicon and cross-section, 447

strengtti in relation to size of
bar and to chemical consti-
tution, 446

strength of, 445-447
tests of, 352, 444-447
theory of relation of strength

to composition, 446
variation of density and te-

nacity, 452
water pipe, transverse strength

of, 452
white, converted into gray by

heating, 448
Castings, deformation of, by

shrinkage, 448
from blast-furnace metal, 450
hard, from soft pig, 450
hard to drill, due to low Mn,

450
iron, analysis of, 439
iron, chemical standards for,

441
iron, strength of, 352
made in permanent cast-iron

molds, 1255
shrinkage of, 1254
specifications for, 441
steel, 489, 510
steel, specifications for, 489, 510
steel, strength of, 355
weakness of large, 1253
weight of, from pattern, 1256

Catenary, to plot, 52
,

Cement as a preservative coating,
471

for leather belts, 1152
Portland, strength of, 358
Portland, tests of, 373
weight and specific gravity of,

177
Cements, mortar, strength of, 372
Cementation or case-hardening,

510, 1291
Cementi^B, 439, 480
Center of gravity, 516

of gravity, of regular figures^
516

of gyration, 518
of oscillation, 518
of percussion, 518

Centigrade-Fahrenheit conver-
sion table, 550, 551

Centigrade, thermometer scale,
550, 551

Centrifugal air compressors, 648,
649

fans (see Fans, centrifugal)
fans, high-pressure, 648, 649
force, 521 ¥
force in fiy-wheels, 1047
piunps (see Prnnps, centrifugal)

,

796-802
tension of belts, 1139

Chain-blocks, efficiency of, 1181
Chain-cables, proving tests of, 264

weight and strength of, 264

Chain-drives. 1153
silent, 1156
vs. belting, 1155

Cham-hoists, 1181
Chains, formulae for safe load on,

348
link-belt, 1196
monobar, 1199
pin, 1199
pitch, breaking and working

strains of, 265
roller, 1199
sizes, weights and properties,

264, 265
specifications for, 264
strength of, tables, 264, 265
tests of, 264, 265

Chalk, strength of, 371
Change gears for lathes, 1260
Channels, Carnegie steel, proper-

ties of, table, 312-313
open, velocity of water in, 755
safe loads, table, 313
strength of, 352

Charcoal, 836-837
absorption of gases and water

by, 837
bushel of, 180
composition of, 836
pig iron, 440, 452
results from different methods

of making, 837
weights per cubic foot, 180

Charles's law, 600, 604
Chatter in tools, 1264
Chemical elements, table, 173

symbols, 173
Chemistry of cast iron, 438-443
Chezy's formula for fiow of water,

728
Chilling cast iron, 441
Cliimneys, 944-958
anchor bolts for, 957
draught intensity in, 945
draught, power of, 946
draught, theory, 944
draught with oil fuel, 952
effect of fines on draught, 947
for ventilating, 712
height of, 948
height of water column due to
imbalanced pressure in, 946

interior, of Equitable building,
954

largest in the world, 952, 954
Ughtning protection of, 949
radial brick, 954
rate of combustion due to

height of, 947
reinforced concrete, 958
sheet iron, 958
size of, table, 950
size of, for oil fuel, 951
stability of, 954
steel, 956
steel, design of, 956
steel, foundation for, 957, 958
tall brick. 953
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Chimneys, velocity of air in, 946
velocity of gas in, 951
with forced draught, 952

Chisels, cold, cutting angle of,
1261

Chord of circle, 58
Chords of trusses, strains in, 545
Chrome paints, anti-corrosive, 469
Chrome steel, 496
Cln"omium-vanadium steels, 500-

502
Cippoleti weir, 764
Circle, 57-60

area of, 57
circumferences ia feet, diam-

eters in Inches, table, 1310
circumferences of, I inch to 32

feet, 120
diameter of to enclose a num-

ber of rings, 51
equation of, 71
large, to describe an arc of, 51
length of arc of, 58
length of arc of, Huyghen's

approximation, 58
length of chord of, 58
problems, 37-44
properties of, 57, 58
relation of arc, chord, etc., of,

58
relations of, to equal, inscribed
and circumscribed square, 59

sectors and segments of, 60
Circles, area in square feet, diam-

eter in inches (table of cyl-
inders), 131, 132

circvmiference and area of,
table, 111-119

diameter of and sides of equiva-
lent square, 125

nmnber inscribed in a larger
circle, 125

Circuits, alternating current (see
Alternating Cm-rent)

electric {see Electric circuits)
electric, e.m.f. ia, 1406
electric, polyphase, 1445 (see

Alternating cm-rents)
electric, power of, 1408
magnetic, 1430

Circular arcs, lengths of, 58
arcs, lengths of, tables, 122-124
curve, formulse for, 59
functions, Calculus, 81
inch, 18
measure, 20
mil, 18, 29, 30
mil wire gage, 29, 30
pitch of gears, 1158
ring, 60
segments, areas of, 121, 122

Circumference of circles, 1 inch
to 32 feet, table, 120

of circles, table, 111-119
Cisterns and tanks, number of

barrels in, 134
capacity of, 132-134

Classification of iron and steel, 436

Clay, cubic feet per ton, 181
fire, analysis, 269
meltuig point of, 556

Clearance between journal and
bearing, 1230

in steam-engines, 966, 1021
of rivet heads, 322

Clutches, friction, 1179, 1239
Coal, analysis of, 821-830

analyses and heating values of
various, tables, 828-830

and coke, Connellsville, 824
antliracite, sizes of, 823
approximate heating value of,

822
bituminous, classification of,

819
briquets, 831
burning, Illinois without smoke,

921
caking and non-caking, 820
calorimeter, 826
calorimetric tests of, 826, 827
cannel, 821
classification of, 819-821
conveyors, 1197
cost of for steam power, 1010
cubic feet per ton, 180
Dulong's formula for heating

value of, 827
eflSciencies of, in gas-engine

tests, 853
foreign, analysis of, 825
-gas, composition of, 860
-gas, manufacture, 858
heating value of, 821-824, 828-

830
products of distillation of, 834
purchase of, by specification, 830
Rhode Island graphitic, 821
samphng, for analysis, 825, 900
semi-anthracite, 824
semi-bituminous, composition

of, 819-823, 828
space occupied by anthracite,

823 ^
spontaneous combustion of, 832
steam, relative value of, 826
storage bins, 1196
tests of, 822, 823
vs. oil as fuel, 842, 843
washing, 833
weathering of, 830
weight of bushel of, 834
Welsh, analysis .of, 825

Coals, furnaces for different, 827
Coatings, preservative, 471-474
Coatings, protective, for pipe, 206
Coefficient of elasticity, 274, 374

expansion, 566 (see Expansion
by heat)

fineness, 1369
friction, definition, 1219
friction of journals, 1220
friction, rolling, 1220
friction, tables, 1220-1223
performance of ships, 1370
propellers, 1378
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Coefficient of transverse strength,
297

water lines, 1369
Coils and bends of brass tubes,

222
electric, heating of, 1409
heat radiated from, in blower

system, 708
Coiled pipes, 221
Coke, analyses of, 833

by-products of manufactiu'e of,
833, 834

foundry, quaUty of, 1255
ovens, generation of steam
from waste heat of, 834

weight of, 180, 834
Coking, experiments in, 833
Cold-chisels, form of, 1261

-drawing, effect of, on steel, 361
-drawn steel, tests of, 361
effect of, on railroad axles, 465
effect of, on strength of iron and

steel, 464
-rolled steel, tests of, 361
-roUing, effect of, on steel, 479
-saw, 1309

Collapse of corrugated furnaces,
342

of tubes, tests of, 341-344
resistance of hoUow cylinders

- to, 341-345
Collars for shafting, 1133
Cologarithm, 137
Color determination of tempera-

ture, 558
Color scale for steel tempering,

493
Color values of various illumi-

nants, 1469
Columns, built steel, tests of, 287

Carnegie channel, dimensions
and safe loads, 323-327

Carnegie plate and angle, 323,
328-330

cast-iron, strength of, 289-292
cast-iron, tests of, 290
cast-iron, weight of, table, 200
comparison of formulae for, 286
eccentric, loading of, 296
Gordon's formula for, 284
Hodgkinson's formula for, 283
made of old boiler tubes, tests

of, 363
miU, 1393
permissible stresses in, 286
strength of, by New York

building laws, 1389
wrought-iron, tests of, 360
wrought-iron, ultimate strength

of, table, 285
Combination, 10
Combined stresses, 335
Combustion, analyses of gases of,

817
heat of, 560
of fuels, 816
of gases, rise of temperature in,

818

Combustion, rate of, due to chim-
neys, 947

spontaneous, of coal, 832
theory of, 816

Commutating-pole motors, 1437
Composition of forces, 513
Compound engines (sec Steam-

engines, compound), 976-983
interest, 13, 14
locomotives, 1122, 1124
proportion, 7
numbers, 5
xmits of weights and measures,

27
Compressed-air, 623, 632-653

adiabatic and isothermal com-
pression, 633

cranes, 1192
diagrams, curve of, 636
drills driven by, 645
engines, adiabatic expansion in,

638
engines, efficiency, 641
flow of, in pipes, 618-624
for motors, effect of heating,

639-641
formulae, 633
for street railways, 652
gain due to reheating, 647
hoisting engines, 646
horse-power required to com-

press air, 637
locomotives, 1128
loss of energy in, 632
losses due to heating, 633
machines, air required to run,

645, 647
mean effective pressures, tables,

636, 637
mine pumps, 652
moisture in, 611
motors, 639-641
motors with return-air circuit,

648
Popp system, 639-641
practical applications of, 647
pmnping with (see also Air-Uft)

,

645
reheating of, 641
table for pumping plants, 645
tramways, 652
transmission, eflQciencies of, 641
two-stage compression, 635
volumes, pressures, tempera-

tures, table, 636
work of adiabatic compression,

634
Compressed steel, 488
Compressibility of liquids, 175

of water, 721
Compression, adiabatic, formulae

for, 633
and flexure combined, 335
and shear combined, 335
and torsion combined, 335
in steam-engines, 965
of air. tables, 635-638

Compressive strength, 281-283
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Compressive strength of iron bars,
359

strength of woods, 366
tests, specimens for, 282

Compressor volmne in refrigerat-
ing, 1341

Compressors, air, effect of intake
temperature, 647

air, tables of, 641-643
Concrete, crushing strength of

12-in. cubes, 1386
durability of iron in, 466
reinforced, aUowable working

stresses, 1386
Condenser, barometric, 1069

the Leblanc, 1056
tubes, heat transmission in,

589
Condensers, 1069-1079
air-pump for, 1071, 1073
calculation of surface of, 939
choice of, 1078
circulating pimip for, 1075
continuous use of cooling water

in. 1076
contraflow, 1071
cooling-towers for, 1079
cooling water required, 1068
ejector, 1069
evaporative surface, 1076
for refrigerating machines, 1353
heat transference in, 1070
increase of power due to, 1077
jet, 1068
surface, 1069
tubes and tube plates of, 1072,

1073
Condensing apparatus, power

used by, 1071
Conductance, electrical, 1401
Conduction of heat, 580

of heat, external and internal,
580

Conductivity, electrical, of metal,
1401

electric, of steel, 477
Conductors, electrical, heating of,

1408
electrical, in series or parallel,

resistance of, 1407
Conduit, water, efficiency of, 766
Cone, measures of, 62

pulleys, 1136
Conic sections, 73
Connecting - rods , steam - engine,

1025
tapered, 1026

Connections, transformer, 1452
Conoid, parabohc, 65
Conoidal fans, 666
Conservation of energy, 531
Constantan, copper-nickel alloy,

403
Constants, steam-engine, 971-974
Construction of buildings, 1385-

1395
Controllers, for electric raotors,

1402

Convection, Dulong's law of,

table of factors, for, 597
loss of heat due to, 596
of heat, 580

Conversion tables, metric, 23-26
Converter, Bessemer, tempera-

ture in, 555
Converters, electric, 1453

synchronous, 1453
Conveying of coal in mines, 1203
Conveyors, belt, 1198-1201

cable-hoist, 1205
coal, 1197
horse-power required for, 1198,

1200
screw, 1198

Cooling agents in refrigeration,
1342

air for ventilation, 710
effect, in refrigerating, 1341
of air, 594
of air by washing, 687

Cooling-tower, air per pound of
circulating water, table, 1081

air supply required for, 1080
for condensers, 1079
practice in refrigerating plants,

1354
water evaporated per pound of

air, 1080
water vapor mixed with air,

table, 1081
Co-ordinate axes, 70
Copper, 178
and brass-lined iron pipe, 227
ball pyrometer, 553
balls, hollow, 345
cast, strength of, 356, 384
castings of high conductivity,

368
density of, 1406
drawn, strength of, 356
effect of on cast-iron, 438
electric conductivity of, 1402
-manganese alloys, 401
-nickel alloys, 402
plates, strength of, 356
resistivity of, 1403
temperature coefficient of, 1403
tubing, bends and coils, 222
rods, weight of, table, 230
steels, 499
strength of at high tempera-

tures, 368
-tin alloys, 384
-tin alloys, properties and com-

position of, 384
-tin-zinc alloys, law of variation

of strength of, 388
-tin-zinc alloys, properties and

composition, 387
-vanadium alloys, 395
weight required in different sys-

tems of transmission, 1459
Copper-wire and plates, weight of,

table, 229
carrying capacity of, Under-

writer's table, 1410
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Coppcr-wire.cross-sectionrequired
for a given current, 1410

electrical resistance, table, 1404
stranded, 253
table of electrical resistance,

1404
weight of for electric circuits,

1410
Copper-zinc aUoys, strength of,

386
-zinc alloys, table of composition
and properties, 386

-zinc-iron alloys, 393
Cord of wood, weight of, 181

yield of charcoal from, 836
Cordage, teclmical terms relating

to, 411
weight of, 411, 415,

Corlf, properties of, 377
Corrosion by stray electric cur-

rents, 470
due to overstrain, 470
electrolytic theory of, 468
of iron, 467
of pipe in hot-water heating,

708
. of steam-boilers, 467, 927-932

prevention of, 468
resistance of aluminum alloys

to, 401
resistance to of nickel steel, 498

Corrosive agents in atmosphere,
466

Corrugated arches, 195
furnaces, 342, 917
plates, properties of Carnegie

steel, table, 310
sheets, sizes and weights, 194

Cosecant of an angle, table, 170-
172

Cosine of an angle, 66
of an angle, table, 170-172

Cost of coal for steam-power, 1010
of steam-power, 1009-1011.

Cotangent of an angle, 66
Cotangents of angles, table, 170-

172
Cotton ropes, strength of, 357
Coulomb, definition of, 1397
Counterbalancing of hoisting-

engines, 1188
of locomotives, 1126
of steam-engines, 1008

Counterpoise system of hoisting,
1189

Couples, 515
Couplings, flange, 1133

hose, standard sizes, 218
Coverings for steam-pipe, tests of,

584-587
Coversed sine of angles, table, 170-

172
Cox's formula for loss of head,

734
Crane chains, 264, 265

installations, notable, 1192
pillar, 150-ton, 1192

Cranes, 1189-1193

Cranes and hoists, power required
for, 1193

classification of, 1189
compressed air, 1192
electric, 1190-1192
electric, loads and speeds of,

1191
guyed, stresses in, 542
jib, 1190
power required for, 1191
quay, 1193
simple, stresses in, 541
traveUng, 1190-1193

Crank angles, steam-engine, table,
1058

arm, dimensions of, 1029
pins, steam-engine, 1027-1029
pins, steel, specifications for,

507
shaft, steam-engine, torsion and

flexure of, 1038
shafts, steam-engines, 1030-

1038
Cranks, steam-engines, 1029
Critical point in heat treatment

of steel, 480
temperature and pressure of

gases and liquids, 606
Cross-head guides, 1025

pin, 1029 ^

Cross-sections of materials, for
draftsmen, 271

Crucible steel, 475, 490-494 (see
Steel, crucible)

Crushing strength of masonry
materials, 371

CrystaUization of iron by fatigue,
466

Cubature of volumes, 77
Cube root, 9

roots, table of, 93-108
Cubes of decimals, table, 108

of numbers, table, 93-108
Cubic feet and gallons, table, 130

measure, 18
Cupola fan, power required for,

1253
gases, utilization of, 1253
loss in melting iron in, 1253
practice, 1247-1257
practice, improvement of, 1249
results of increased driving,

1252
Cupolas, blast-pipes for, 671

blast-pressure in, 1247-1251
blowers for, 661, 662
charges for, 1247-1250
charges in stove foundries, 1250
dimensions of, 1247
rotary blowers for, 678
slag in, 1248

Current motors, 765
Cvirrents, electric (see Electric

currents)
Curve, railway degree of, 54
Ciirve ofPV^, construction of, 602
Curves in pipe-lines, resistance of,

747
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Cut-off for various laps and travel
of slide valves, 1060

Cutting metal by oxy-acetylene
flame, 488

metal, resistance overcome in,

1292
speeds of machine tools, (see also

Tools, cutting), 1258
speeds of tools, 1268
stone with wire, 1309

Cycloid, construction of, 50
differential equations of, 81
integration of, 81
measiu*es of, 61

Cycloidal gear-teeth, 1162
Cylinder condensation in steam-

engines, 966-968
lubrication, 1245
measures of, 62

Cylinders, cast-iron, weight of, 200
hollow, resistance of to collapse,

341-345
hollow, imder tension, 339
hooped, 340
hydraulic press, thickness of,

340, 813
locomotive, 1112
steam-engine (see Steam-engines)
tables of capacities of, 131
thick hoUow, imder tension, 339
tliin hollow, under tension, 340

Cylindrical ring, 64
tanks, capacities of, table, 132

DALTON'S law of gaseous
pressures, 604

Dam, stability of, 515
Darcy's formula, flow of water, 732

formula, table, of flow of water
in pipes, 740, 741

Decimal equivalents of feet and
inches, 5

equivalents of fractions, 3
gage, 32,

Decimals, 3
square and cubes of, 108

Delta connection for alternating
currents, 1447

Delta connection transformers,
1452

metal wire, 248, 393
Denominate niunbers, 5
Deoxidized bronze, 395
Derrick, stresses in, 542
Detrick and Harvey key, 1330
Diagonals, formidse for strains in,

545
Diametral pitch, 1158
Diesel oil engine, 1102
Differential calculus, 73-82

coefficient, 75
coefficient, sign of, 78
gearing, 1169
of exponential function, 79, 80
partial, 75
pulley, 539
screw, 540, 541
second, third, etc., 77

Differential windlass, 540
Differentials of algebraic fimc-

tions, 74
Differentiation, formulae for, 74
Discoimt, 12
Disk fans (see Fans, disk)
Displacement of ships, 1369, 1374
Distillation of coal, 834
Distiller foi* marine engines, 1082
Distilling apparatus, multiple

system, 570
Doble motor, tests of, 782

nozzle, efficiency of, 782
Domed heads of boUers, 339
Domes on steam boilers, 918
Draught, chimney, intensity of, 945

chimney, with oil fuel, 952
forced, chimneys with, 952
forced for steam boilers, 923
power of chimneys, 945, 946
theory of chimneys, 944

Drawing-press, blanks for, 1322
Dressings, belt, 1151
Driers and drying, 574
performance of, 575

Drift bolts, resistance of in timber,
346

Drill gage, table, 30
Drills, feeds and speeds for, 1288

for pipe taps, 201
high-speed steel, 1285
performance of, 1289
rock, air required for, 645
speed of, 1285

. tap, sizes of, 236, 1320
twist, experiments with, 1289

DriUing compoimds, 1286
high-speed, data on, 1289
holes, speed of, 1287
steel and cast iron, power re-

quired for, 1286, 1287
Drop in electric circuits, 1407

press, pressures obtainable by,
1322

Driuns, steam-boiler, 913
Dry measure, 19
Drying and evaporation, 569-577

apparatus, design of, 576
in a vacuum, 573
of different materials, 574

Ductihty of metals, table, 180
Dulong's formula for heating

value of coal, 827
law of convection, table of fac-

tors for, 597
law of radiation, table of factors

for, 596
Durabihty of cutting tools, 1268

of iron, 465-467
Durand's rule for areas, 56
Dust explosions, 837

fuel, 837
Duty, measiu*e of, 27

of piunping-engtnes, 802
trials of pumping-engines, 802-
806

Dynamics, fundamental equations
of, 525
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Dynamo-electrlc machines, classi-
fication of, 1437

e.m.f. of armature circuit, 1436
moving force of, 1435
torque of armature, 1435
Strength of field, 1436

Dynamometers, 1333
Alden absorption, 1334
hydraulic absorption, 6000 H.P.,

1335
Prony brake, 1333
traction, 1333
transmission, 1335

Dynamotors, 1457
Dyne, definition of, 512

ExlRTH, cubic feet per ton, 181
Eccentric loading ofcolumns,

296
Eccentric, steam-engine, 1039
Economical angle of framed

structures, 548
Economics of power-plants, 1011
Economizers, fuel (see Fuel econ-

omizers), 924
Edison wire gage, 29, 30
Efficiency, definition of, 12

of a machine, 532
of compressed-air engines, 641
of compressed-air transmission,

641
of differential screw, 541
of electric systems, 1412
of fans, 656, 657
of hydraulic tm-bines, 771&
of injector, 937
of pumps, 790
of riveted joints, 428-434
of screw, 538
of screw bolts, 538
of steam-boilers, 891
of steam-engines, 964

Ejector condensers, 1069
Elastic Limit, 273-278

apparent, 273
Bauschinger's definition of, 275
elevation of, 275
relation of, to endurance, 275
Wohler's experiments on, 275

Elastic resilience, 274
resistance to torsion, 334

Elasticity, coefficient of, 274
moduli of, of materials, 374
modulus of, 274

Electric brakes, 1240
circuits (see Circuits, electric)
conductivity of steel, 477 .

cmrent, alternating, 1440-1461
(see Alternating currents)

current, cost of fuel for, 796
current determining the direc-

tion of, 1432
current required to fuse wires,

1409
cmrents, direct, 1406
currents, heating due to, 1408
currents, short-circuiting of,

1411

Electric furnaces, 1422
heaters, 713, 1420
heating, 713
lighting, 1468-1477
lighting, cost of, 1475
lighting, terms used in, 1468
locomotive, 1416

Electric Motors (see also Motors)

,

1461
alternating current, variable

speed, 1463
changing the number of poles,

1463
for the machine-shop, 1294-

1303, 1466
for machine tools, 1294-1303,

1467
for wood-working tools, 1303-

1305
selection of, for different ser-

vice, 1464
speed control of, 1462
types used for various purposes,

1464
Electric power, cost of, 1012

process of treating iron sur-
faces, 473

Electric Railways, 1414
adhesion between wheel and

rail, 1416
cars, resistance of, 1110
efficiency of distributing sys-

tems, 1417
safe speed on curves, 1416
steam railroads electrified, 1418

Eectric resistance of steel raUs, 1416
smelting of pig iron, 1424
stations, economy of engines
m, 992

storage batteries, 1425-1428
transmission, direct current,

1410-1413
transmission, high tension,

notes on, 1459
transmission, Unes, spacing for

high voltages, 1460
transmission, sag of wires, 1461
vs. steam heating, 1421
welding, 1419
wires (see Wires and Copper

wires)
Electrical and mechanical tmits,

equivalent values of, 1399
Electrical engineering, 1396-1477

horse-power, 970, 1408
machinery, shaft fits, allow-

ances for, 1326
resistance, 1400
resistance of different metals
and alloys, 1401

resistance of rail bonds, 1416
symbols, 1477
imits, relations of, 1397, 1399

Electricity, analogies to fiow of
water, 1400

standardsofmeasurements, 1396
units used in, 1396

Electro-chemical equivalents, 1429
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Electro - magnetic measurements,
1398

-magnets, 1430-1437
-magnets, polarity of, 1432
-magnets, strength of, 1431
-motive force of armature cir-

cuit, 1436
Electrolysis, 1428
Electrolytic theory of corrosion,

468
Elements, chemical, table, 173

of machines, 535-541
Elevators, coal, 1196

gravity discharge, 1197
perfect discharge, 1197

Ellipse, construction of, 45-48
equations of, 71
measures of, 60

Ellipsoid, 64
Elongation, measurement of, 279
Emery, grades of, 1311

wheels, safe speeds, 1316, 1317
wheels, speed and selection of,

1310-1315
wheels, stress in, 1310
wheels, truing and dressing,

1317
E.M.F, of electric circuits, 1407
Endless screw, 540
Endurance of materials, relation

of, to elastic limit, 275
Energy, available, of expanding

steam, 870
conservation of, 531
definition of, 528
intrinsic or internal, 600
measure of, 528
mechanical, of steam expanded

to various pressures, 963
of recoil of guns, 531
of water flowing in a tube, 746,

765
sources of, 531

Engines, alcohol, 1102
alcohol consumption in, 844
automobile, capacity of, 1101
blowing, 680
compressed air, efficiency of,

639-641
fire, capacities of, 752
gas, 1095-1108 (see Gas-engines)
hoisting {see Hoisting engines),

1186
hot-air or caloric, 1095
hydraulic, 815
internal combustion, 1095-1108
m.arine, steam-pipes for, 880
oil and gasoline, 1101
petroleum, 1102
pumping, 802-806 (see Pump-

ing-engines)
steam, 959-1095 (see Steam-

engines)
solar, 1015
winding (see Hoisting engines),

1186
Entropy, definition of, 599

of water and steam, 602

Entropy of water and steam,
tables, 869, 871-873

-temperature diagram, 599
Epicycloid, 50
Equalization of pipes, 625, 884
Equation- of payments, 14
Equation of pipes, 884
Equations, algebraic, 34-36

of circle, 71
of elhpse, 71
of hyberbola, 72
of parabola, 72
quadratic, 35
referred to co-ordinate axes, 70

EquiUbrium of forces, 516
Equivalent orifice, mine ventila-

tion, 715
Equivalents,electro-chemical,1429
Erosion of soils by water, 755
Ether, petroleum, as fuel, 841
Euler's formula for long columns,;

284
Evaporation, 569-577
by exhaust steam, 572
by multiple system, 570
factors of, 908-912 -

in a vacuum, 573
in salt manufacture, 570
latent heat of, 569
of sugar solutions, 572
of water from reservoirs and

channels, 569
total heat of, 569
unit of, 886

Evaporator, for marine engines,
1082

Evolution, 8
Exciters, 1449
Exhauster, steam-jet, 679
Exhaust-steam, evaporation by,

for heating, 1009
Expansion, adiabatic, formulae for,

638
by heat, 565
coefiicients of, 566

Expansion of air, adiabatic, 638
cast iron, permanent by heat-

ing, 453
gases, construction of curve of,

602
gases, curve of, 73
iron and steel hy heat, 465
liquids, 567
nickel steel, 499
soUds by heat, 566
steam, 959
steam, actual ratios of, 965
timber, 367
water, 716

Explosions, dust, 837
of fuel economizers. 927

Explosive energy of steam-boiler^
932

Exponential function, differentia
of, 79, 80

^
Exponents, theory of, 36
Eye-bars, tests of, 360
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FACTOR of evaporation, 908
of safety, 374-377
of safety, formulse for, 376

of safety in steam-boilers, 918
Factory heating by fan system,

708, 710
Fahrenheit-Centigrade conversion

table, 550, 551
Failures of stand-pipes, 350

of steel, 486
Fairbairn's experiments on riv-

eted joints, 424
Fall increaser for turbines, 780
Falling bodies, graphic_represen-

tation, 522
height and velocity of tables,

523, 524
laws of, 521

Fan blowers, types of, 654
tables, caution in regard to, 662

Fans (see also Blowers)
i

and blowers, 653-681
and chimneys for ventilation,

712
I

and rotary blowers, compara-
I

tive efficiencies, 657
i best proportions of, 653

blast-area of, 655
centrifugal, 648, 649, 653
centrifugal, high-pressure, 648
conoidal, 666
cupola, power required for, 1253
design of, 653
disk, 675-677
disk, influence of speed on effi-

ciency, 675, 677
effect of resistance on- capacity

of, 664
efficiency of, 656, 657, 668
electric motors for, 1464
experiments on, 657
for cupolas, 661
high-pressure, capacity of, 663
horse-power of, 668
influence of spiral casings, 674
methods of testing, 667
multiblade, 655, 658
multiblade, characteristics of,

656
pipe lines for, 670
pressure characteristics of, 655
pressure due to velocity of, 653
quantity of air dehvered by,

655
relation of speed volume, pres-

sure and power, 656
Farad, definition and value of,

1397
Fatigue, crystaUization of iron by,

465
effect of, on iron, 465

Feed and depth of cut, effect of,

on speed of tools, 1264
-pump (see Pimaps)

Feeds and speeds of drills, 1288
Feed-water, cold, strains caused

by, 939
i^ heaters, 938-940

Feed-water heaters, capacity of,

939
heaters: closed vs. open, 940
heaters, proportions of, 940
heaters, transmission of heat

in, 590
heating, Nordberg system, 1003
heating, saving due to, 938
pm-iflcation of, 723-726
to boilers by gravity, 938

Feet and inches, decimal equiva-
lents of, table, 5

Fellows stub tooth gear, 1167
Fence wires, corrosion of, 468
Ferrite, 439. 480
Ferro-alloys for foundry use, 1255
manufactm-e of, 1424
silicon, addition of, to cast-iron,

450
silicon, dangerous, 1255

Field, magnetic, 1398
Fifth roots and fifth powers of

numbers, 109
powers, square roots of, 110

Fineness, coefficient of, 1369
Finishing temperatiu-e, effect of

in steel rolUng, 478
Fink roof truss, 547
Fire, temperatiu-e of, 817, 818
Fire-brick arches in locomotives,

1115
number required for various

circles, table, 267
refractoriness of, 268
sizes and shapes of, 266
weight of, 266

Fire-clay, analysis of, 269
pyrometer, 553, 556

Fire-engines, capacities of, 752
Fire-proof buildings, 1389
Fire-streams, 749-752

discharge from nozzles at differ-
ent pressures, 750, 753

effect of increased hose length,
750

friction loss in hose, 752
hydrant pressiu-e required for,

table, 750
Fireless locomotive, 1127
Fits, force and shrink, 1324-1327

force and shrink, pressure re-
quired to start, 1327

limits of diameter for, 1325
press, pressure required for,

1324-1326
running, 1325
stresses due to, 1326

Fittings (see Pipe-fittings), 206-
216

Flagging, strength of, 373
Flanges, brass, 214, 215

cast-iron, forms of, 210, 214-
216

forged and rolled steel, 211
forged steel, for riveted pipe, 211
for riveted pipe, 211
pipe, extra heavy, tables, 210,

212
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Flanges, pipe, tables, 209-213
reducing, dimensions of, 214

Flanged fittings, cast-iron, 208-
210

Flat plates in steam-boilers, 916
plates, strength of, 336
steel ropes, 258, 261
surfaces in steam-boilers, 916

Flattened strand rope, 258, 261
Flexure and compression com-

bined, 335
and tension combined, 335
and torsion combined, 335
of beams, formula for, 297, 299

Flight conveyors, 1197
Flights, sizes and weights of, 1199
Floors, maximum load on, 1390-

1393
strength of, 1390-1393

Flow of air in long pipes, 618-624
air in pipes, 617-624
air through orifices, 615-617,

670
compressed air, 618-624
gas in pipes, 864-866
gas in pipes, tables, 865, 866
gases, 605
metals, 1323

Flow of steam at low pressure,
699

capacities of pipes, 877-878
in long pipes, 877
in pipes, 877-879
into atmosphere, 876
loss of pressure due to friction,

877
loss of pressure due to radiation,

880
Napier's rule, 876
resistance of bends, valves, etc.,

879
tables of, 699, 877-879
through a nozzle, 876, 1085
through safety valves, 934

Flow of water, 726-746
approximate formulae, 734, 737,

746
Chezy's formula, 728
D'Arcy's formula, 732
experiments and tables, 737-

753
exponential formula, 736
fall per mile and slope, table,

729
formulae for, 726-746
in cast-iron pipe, 737
in house service pipes, table, 744
in pipes at uniform velocity,

table, 739
in pipes, table from D'Arcy's

formula, 740, 741
table from Hazen & Williams'

formula, 742, 743
table from Kiitter's formula,

738, 739
in riveted steel pipes, 734-736
in 20-in. pipe, 737
Kutter's formula, 730

Flow of water over weirs, 726, 762
through nozzles, table, 753
through orifices, 726
through rectangular orifices, J

760 • I
values of c, 732, 736 %
values of coeflQcient of friction,

734
Flowing water, horse-power of, 765

water, measurement of, 757-764
Flues, collapsing pressure of, 341

corrugated, 341, 917 {see also
Tubes and Boilers)

Flux, magnetic, 1398
Fly-wheeis, arms of, 1050

centrifugal force in, 1047
diameters for various speeds,

1048
for presses, punches, shears, etc.,

1323
for steam-engines, 1040, 1044—

1052
speed, variation in, 1044-1049
strains in, 1049
thickness of rim of, 1052
weight of, 1045-1048
weight of, for alternating cur-

rent units, 1047
wire woimd, for extreme speeds,

1052
wooden rim, 1051

Foaming or priming of steam-
boilers, 721, 930

Foot-pound, unit of work, 528
Force, centrifugal, 521

definitions of, 512
graphic representation of, 513
moment of, 514
of a blow, 529, 1322
of acceleration, 526
miits of, 512
work, power, etc., 528

Forces, composition of, 513
equilibrium of, 516
parallel, 515
parallelogram of, 513
parallelopipedon of, 514
polygon of, 513
resolution of, 513

Forced draught, chimneys \7ith,
952

draught in steam-boilers, 923
Forcing and shrinking fits, 1323-

1327 (see Fits)
Forging and grinding of tools,

1263
heating of steel for, 492
hydrauUc, 814, 815
of tool steel, 488, 492, 1263

Forgings, steel, annealing of, 482
strength of, 353

Forging-press, hydraulic, 814
Fottinger transformer or hy-

draulic pinion, 1095
Foundation walls, thickness of,

13S6
Foundations, masonry, allowable

pressures on. 1386
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Foundations of buildings, 1386
Foundry coke, quality of, 1255

irons {see Pig iron and Cast
iron)

ladles, dimensions of, 1257
molding-sand, 1256
practice, 1247-1257
practice, shrinkage of castings,

1254
practice, use of softeners, 1253
use of ferro alloys in, 1255

Fractions, 2
product of, in decimals, 4

Framed structures, stresses in,
541-548

Frames, steam-engine, 1043
Framing, for tanks with flat sides,

339
Francis's formulae for weirs, 762
Freezing point of brine, 1343

point of water, 719
French measures and weights, 21-

26
thermal, unit, 560

Frequency changers, 1457
of alternating ciu-rents, 1440
standard, in electric currents,

1440
Friction and lubrication, 1219-

1246
brakes and friction clutches,

1239
brakes, capacity of, 1334
clutches, 1179
coefficient of, definition, 1219
coefficient of, in water-pipes,

734
coefficients of, tables, 1219-1221
drives, power transmitted by,

1178
fluid, laws of, 1220
laws of, of lubricated journals,

1225
loss of head by, in water-pipes,

728, 735, 745
moment of, 1229
Morin's laws of, 1223
of air in mine passages, 714
of car journals, 1228
of hydraufic packing, 813, 1241
of lubricated journals, 1220-

1232
of metals, under steam pressure,

1223
of motion, 1219-1222
of pivot bearings, 1229, 1232
of rest, 1219
of solids, 1219
of steam-engines, 1238
of steel tires on rails, 1219
rollers, 1233
rolling, 1219
unlubricated, law of, 1219
work of, 1229

Frictional gearing, 1 178
resistance of surfaces moved in

water, 756
Frustum of cone, 62

Frustum of parabolic conoid, 65
of pyramid, 62
of spheroid, 64
of spindle, 65

Fuel, 816-858
bagasse, 839
charcoal, 836-837 {see Char-

coal)
coke, 824, 832-834 {see Coke)
combustion of, 816
dust, 837

Fuel, economizers, 924-927
equation of, 925
explosions of, 927
heating surface of, 925
heat transmission in, 925
saving due to, 925
tests of, 926

Fuel for cupolas, 1248, 1255
gas, 845 {see Gas)
gas, for small furnaces, 854
heat of combustion of, 560, 817
liquid, 840-844
peat, 838
pressed, 831
sawdust, 838
solid, classification of, 818
straw, 839
theory of combustion of, 816
turf, 838
value of illuminating gas, 863
weight of, 180
wet tan bark, 838
wood, 835, 836

Fuel-oil, burners for, 842
California, heating values of,

842
chimney draught with, 952
chimney table for, 951
specifications for purchaseof ,843

Fimctions, trigonometric, tables
of, 170-172

trigonometric, of half an angle,
69

of sum and difference of angles,
68

of twice an angle, 69
FuE-naee for melting iron for

malleable castings, 454
flues, steam-boiler, formulae for,

917
heating (see Heating)

Furnaces, blast, gases of, 855
blast, temperature in, 555
corrugated, 342, 917
down draught, 919
electric, 1422
for different coals, 827
for house heating, 690
gas, fuel for, 854
hot-air, heating by, 690'

industrial, temperatures in, 554
open hearth, temperature in,

554, 555
steam-boiler {see Boiler-fur-

naces)
steam-boiler, combustion space

in, 889
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Fusible alloys, 404
plugs in boilers, 404, 918

Fusibility of metals, 180
Fusing-disk, 1309

temperatures of substances, 554,
559

Fusion, latent heat of, 568
of electrical wires, 1409

g, value of, 522, 525

GAGE, decimal, 32
lines for steel angles, 321

sheet metal, 28, 29, 31, 32
Stub's wire, 28,

Gages, limit, for iron for screw
threads, 232

wire, 28-30
Gallon, British and American, 27
GaUons and cubic feet, table, 130

per minute, cubic feet per
second, 130

Galvanic action, corrosion by, 467
Galvanized sheets, weights of, 192

wire, test for, 474
wire rope, 255, 262

Galvanizing by cementation, 474
iron surfaces, 473. 474
of welded pipe 206

Gas (see also Fuel-gas, Water-gas,
Producer gas, Illuminating-
gas)

ammonia, properties of, 1339
analyses by volume and weight,

854
and electric lighting, 1468
and oil engines, rules for testing,

1105
and vapor mixtures, laws of,

604
anthracite, 845
bituminous, 846
carbon, 845
coal, 858
exhausters, rotary, 679
fuel (see also Water-gas)
fuel, cost of, 863
fuel for small furnaces, 854
flow of, in pipes, 864-866 {see
Flow of gas)

illuminating, 858-866 (see II-

Imninating-gas)
lamps, pipe services for, 864
lights, candle-power of, 860
lights, Welsbach, standard sizes,

1474
meter, Thomas electric, 667,

669
natural, 847-848
perfect, equations of a, 600
pipe, cast-iron, weights and

dimensions, 198, 199
produced from ton of coal, 848
producer, 848-855 (see also Gas-

Producers)
sulphur-dioxide, properties of,

1338, 1341
table of factors for equivalent
volumes of. 865

Gas, water, 846, 859-864 (see
Water-gas)

Gases, absorption of, 605
Avogadro's law of, 604
combustion of, rise of tempera-

ture in, 818
cupola, utilization of, 1253
densities of, 604
expansion of, 601. 603
expansion of by heat, table, 565
flow of, 605
heat of combustion of, 560
ignition temperature of, 858
law of Charles, 600, 604
liquefaction of, 605
Mariotte's law of, 603
of combustion, analyses of, 817
physical properties of, 603-606
speciflc heats of, 563, 564
waste, use of, under boilers,

898, 899
weight and speciflc gravity of,

table, 176
Gas-engine, 1095-1108

calculation of the power of, 1097
conditions of maximum effi-

ciency, 1103
economical performance of, 1104
efficiency of, 1103
four-cycle and two-cycle, 1096
governing, 1103
heat losses in„ 1104
horse-power, estimate of, 1101
ignition in, 1102
mean effective pressure in. 1098
pressures developed in, 1097
pumps, 808
sizes of, 1100
temperatures and pressures in,

1096, 1099
tests of, 1105-1108
tests with different coals, 853

Gas-producers, capacity of, 851
and scrubbers, proportions of,

849
combustion in, 849
practice, 851
use of steam in, 854

Gasoline engines, 1101
fuel value of, 841
vapor pressures of, 844

Gauss, definition and value of,
1398

Gear, reduction, for steam tur-
bines, 1095

reversing, 1039
stub-tooth, 1167,
Avheels, calculation of speed of,

1162
wheels, formulae for dimensions

of, 1160
wheels, milling cutters for, 1162
wheels, proportions of, 1161
worm, 540

Gears, automobile, efficiency of,

1172
lathe, for screw cutting, 1259
of lathes, quick change, 1260
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Gears, spur, machine-cut, 1178
with short teeth, 1160

Gear-box drive for machine tools,
1308

-cutting, speeds and feeds for,
1284

Gearing, annular, 1169
bevel, 1169
chordal, pitch, 1159
comparison of formulae, 1174-

1177
cycloidal teeth, 1162
diameters for 1-inch circular

pitch, 1159
differential, 1169
efficiency of, 1170-1172
forms of teeth, 1162-1167
frictional, 1178
involute teeth, 1165
pitch, pitch-circle, etc., 1157
proportions of teeth, 1159, 1161
racks, 1165
raw-hide, 1177
relation of diametral and cir-

cular pitch, 1158
speed of, 1177
spiral, 1168
stepped, 1168
strength of, 1172-1177
stub-tooth, 1167
toothed-wheel, 539, 1157-1180
twisted, 1168
worm, 1168
worm, efficiency of, 1171

Generator sets, standard dimen-
sions of, 1007

Generators, acetylene, 857
alternating-current, 1448 (see
Dynamo electric machines)

electric, 1437, 1448
Geometrical problems, 37-53

progression, 11
propositions, 53

Geometry, analytical, 70-73
German silver, 356, 402

conductivity of, 1401
Gesner process, treating iron sur-

faces, 473
Gib keys, 1332
Gilbert, unit of magneto-motive

force, 1398
Girder beams, Bethlehem steel, 331
Girders, allowed stresses in plate

and lattice, 289
and beams, safe load on, 1387
and beams. New York building

laws, 1390
plate, strength of, 353
"Warren, stresses in, 546

Glass, skyhght, sizes and weights,
196

strength of, 365
weight of, 177

Gold, melting temperature of,

554, 559
properties of, 178

Gordon's formula for columns,
284

Governor, inertia, 1066
Governors, steam-engine, 1065

impulse wheel, 782
Governing of gas-engines, 1103
Grade line, hydrauhc, 748
Grain, weight of, 180
Granite, strength of, 357, 370
Graphite, Acheson's defloccu-

lated, 1246
lubricant, 1246
paint, 471

Grate-surface, for house heating,
boilers and furnaces, 693

in locomotives, 1115
of a steam-boiler, 888

Gravel, cubic feet per ton, 181
Gravity, acceleration due to, 521,

boiler-feeders, 938
center of, 516
specific (see Specific gravity),

173-175
Grease lubricants, 1244
Greatest common measure or

divisor, 2
Greek letters, 1
Greenhouses, hot-water, heating

of, 703
steam-heating of, 702

Grinding as a substitute for finish
turning, 1317

of tools, 1263
wheel (see Grindstones and
Emery wheels)

wheel for high-speed tools, 1263,
1314

Grindstones, speed of, 1317
strains in, 1318

Guest's formula for combined
stresses, 335

Gim-bronze, variation in strength
of, 386

Gun-iron, variation in strength
of, 452

Gun-metal (bronze), composition
of, 390

Gims, energy of recoil of, 531
Gm-ley's bronze, composition of,

390
Guy ropes for stand-pipes, 349

ropes, wire, 255
Gyration, center of, 518

radius of, 293
table of radii of, 519

H- COLUMNS, Bethlehem
steel, 333

Halpin heat storage system,
927, 1014

Hammering, effect of, on steel,
488

Hanger bolts, 243
Hardening and tempering, change

of shape due to, 1291
of soft steel, 479

Hardness, electro-magnetic tests
of, 365

of copper-tin alloys, 385
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Hardness of metals, Brinell's tests,
364

of water, 723
scleroscope tests of, 365

Harvey process of hardening steel,
1291

Harveyizing steel armor-plate,
1291

Haulage, wire-rope, 1202-1205
wire-rope, endless rope system,

1203
wire-rope, engine-plane, 1203
wire-rope, inclined-plane, 1202
wire-rope, tail-rope system, 1203
wire-rope tramway, 1204

Hauling capacity of locomotives,
1111

Hawley down-draught furnace,
919

Hawsers, steel wire, 262
Hazen & Williams' formula, table

of flow of water, 742, 743
Head, loss of, 728, 735, 745 {see

Loss of head)
of air, due to temperature difller-

ences, 716
of water, 728
of water, comparison of, with

various units, 718
Heads of boilers, 914

of boilers, unbraced, wrought
iron, strength of, 337

Heat, 549-597
conducting power of metals,

580
. conduction by various sub-

stances, 580-587
conduction of, 579
convection of, 579
effect of on grain of steel, 479
expansion due to, 565
generated by electric current,

1408
-insulating materials, tests of,

581
latent, 568 {see Latent heat)
loss by convection, 596
losses in steam-power plants,

1012
mechanical equivalent of, 560,

868
of combustion, 560
of combustion of fuels, 560, 817
produced by human beings, 686
quantitative measurement of,

560
radiating power of substances,

578
radiation of, 678 {see also Ra-

diation)
reflecting power of substances,

578
resistance, coefficients of, 583
resistance, reciprocal of con-

ductivity, 582
specific, 562-565 {see Specific

heat)
steam, storing of, 927, 1014

Heat storage, Halpin system, 927,
1014

Heat transmission, Blechynden's
tests of, 593

from flame to water, 592
from gases to water, 592
from steam to water, 587
in condenser tubes, 589
in feed-water heater, 590
in radiators, 698
resistance of metals to, 580
through building walls, etc., 582,

688
through plates, 580, 591
through plates from steam or

hot water to air, 595
Heat treatment of a motor-truck

axle, 479
treatment of high speed tool

steel, 1265
treatment of steel {see Steel)
imit of, 560, 867
units per pound of water, 717

Heaters and condensers, calcula-
tion of surface of, 939

cast iron, for hot-blast heating,
709

cast iron, tests of, 709
electric, 1420
feed-water, 938-940
feed-water, open-type, 940
feed-water, transmission of heat

in, 590
Heating and Ventilation, 681-716

allowance for exposure and
leakage, 688

blower system, 708-710
boiler heating surface, 694
computation of radiating sur-

face, 698
heating surface, indirect, 698
heating value of radiators, 684,

697
quantity of heat required, 690
steam-heating, 694-703 {see

Steam-heating)
transmission of heat through

building walls, 688
Heating a building to 70° in zero

weather, 711
air, heat absorbed in, 691
and ventilating by electric cur-

rent, 1421
by blower system, capacity of

fans for, 711
i

by electricity, 713
by exhaust steam, 1009
by hot-air furnaces, 690
by hot water, 703 - 708 {see Hot-

water heating)
jby overhead steam pipes, 702

by steam {see Steam-heating)
domestic, by electricity, 1421
furnace, size of air pipes for, 692
furnace, with forced air supply,

690
guarantees, performance of, 712
of electrical conductors, 1408
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Heating of factories by blower sys-
tem, 708, 710

of greenhouses, 702
of large buildings, 684
of steel for forging, 492
of tool steel, 492
problems, standard values in,

687
steam and electric, 1421
value of coals, 826-830
value of wood, 835
water by steam coils, 591

Heating-sm-face of steam-boiler,
887, 888

Height, table of, corresponding to
a given velocity, 523

Helical steel springs, 418
Helix, 61
Hemp rope, strength of, 357

rope, table of strength and
weight of, 410, 415

Henry, definition and value of,

1397
High-speed tool steel (see Steel,

and Tools)
Hindley worm gear, 1169
Hobson's hot-blast pyrometer,

555
Hodgkinson's column formula, 283
Hoist, hydrauhc, 783
Hoists, electric motors for, 1464
Hoisting by hydraulic pressure,

813
coimterpoise system, 1189
cranes, 1189-1193 (see Cranes)
effect of slack rope, 1186
endless rope system, 1189
engines, 1186
engines, compressed-air, 646
engines, counterbalancing of,

1188
horse-power required for, 1184
Koepe system, 1189
loaded wagon system, 1189
limit of depth for, 1186
of cargoes, 414
pneumatic, 1187
suspension cableways, 1205
with tapering ropes, 1188

Hoisting-rope, 410-415
flexible steel wire, 258, 259
iron or steel, tables, 255-261
ion-spinning, 258, 261
tresses in, on iacUned planes,
1204

tension required to prevent
sUpping, 1206

wire, sizes and strength of, 410
Holding power of bolts in white

pine, 346
of expanded boiler tubes, 364
of lag-screws, 347
of nails hi wood, 347
of nails, spikes and screws, 346,

347
of tubes expanded into sheets,

364
of wood screws, 346

Holes, tube, in steam-boilers, 9ie
HoUow cylinders, resistance of to

collapse, 341-345
shafts, torsional strength of, 334

Homogeneity test for fire-box
steel, 508

Hooks and shackles, strength of,
1184

heavy crane, 1183
proportions of, 1182

Horse gin, 534 .

work of, 533
Horse-power {see also Power)

brake, 970
brake, definition of, 1017
computed from torque, 1436
constants, of steam-engtaes,

971-974
definition of, 27, 528
electrical, 970, 1408
electrical, brake and indicated,

1408
hours, definition of, 528
nominal, definition of, 974
of compound engine, estimat-

ing, 971
of flowing water, 765
of marine and locomotive boil-

ers, 888
of steam-boilers, 885
of steam-boilers, builders' rat-

ing, 888
of steam-engines, 970-976
water and steam, cost of, 767

Hose couplings, national standard,
218

fire, friction losses in, 752
hydrant pressiu-es required with

dififerent lengths of, 750
rubber-lined, friction loss in,

752
specifications for, 379

Hot-air engines, 1095
heating (see Heating)

Hot-blast pyrometer, Hobson's,
555

Hot-blast system of heating, 708
(see Heating)

Hot boxes, 1228
Hot-water Heating (see Heating)

,

703-708
arrangement of mains, 703
computing radiating surftice,

704-706
corrosion of pipe in, 708
indirect, 705
of greenhouses, 703
rules for, 703
size of pipes for, 704
sizes of fiow and return pipes,

707
velocity of flow, 703
with forced circulation, 707

House-heating (see Heating)
House-service pipes, flow of water

in, table, 744
Howden system of forced draught,

923
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Hov/e trusis, stresses in, Ii46

Humidity and temperature, com-
fortable, 685

relative, table of, 610
Humphrey gas pump, 808
Hyatt roller bearings, 1235
Hydraesfer process, treating iron

surfaces, 473
Hydrant pressures required with

different lengths of hose, 750
Hydraulic air compressor, 650

apparatus, efficiency of, 812
cylinders, thickness of, 813
engine, 815
forging, 814, 815
formulae, 726-746
formulae, approximate, 734, 737,

746
grade-line, 748
packing, friction of, 813
pipe, riveted, table, 219
power in London, 814
press, thickness of cylinders

for, 340
presses in iron works, 813
ram, 810-812
riveting machines, 814
turbines (see Turbines, hy-

draulic)
Hydraulics (see Flow of Avater)
Hydraulic pressure, hoisting by,

813
transmission, 812-816
transmission, energy of, 812
transmission, speed of water

through pipes and valves, 813
transmission, references, 816

Hydrometer, 175
Hygrometer, dry and wet bulb,

610
Hyperbola, asymptotes of, 73

construction of, 49
equations of, 72

Hyperbolic curve on indicator
diagrams, 974

logarithms, tables of, 164-166
Hypocycloid, 50

I-BEAMS (sec also Beams)
Bethlehem steel, 332
Carnegie, table of, 307-310

safe loads on, 309
spacing, for uniform load, 311

Ice-making, absorption evapora-
tor system, 1367

machines, 1336-1367 (see Ke-
frigerating machines)

plant, test of, 1367
tons of ice per ton of coal, 1367
with exhaust steam, 1367

Ice, manufacture, 1366
-melting effect, 1343
properties of, 720
strength of, 366

Ignition in gas engines, 1102
temperature of gases, 858

lUuminants, relative color values
of, 1469

Illuminants, relative eflQciency of,
1472

Illuminating coal-gas, 858
Illumuiating-gas, 858-866

calorific equivalents of constit-
uents, 860

fuel value of, 863
space required for plants, 862

lUmninating water-gas, 859
Illvmiiaation by arc lamps at

different distances, 1471
definition of, 1468
electric and gas lighting, 1468
interior, 1473
of buildings, watts per square

foot, required for, 1369
relation of, to vision, 1469

Impact, 530
Impedance, 1441

polygons, 1442
Impulse water wheels, 780 (see

Water wheel, tangential)
Impurities of water, 720
Incandescent lamps (see Lamps),

1470
Inches and fractions as decimals

of a foot, table, 5
Inclined plane, 527, 537
motion on, 527
stresses in hoisting ropes on,

1204
wire-rope haulage, 1202

Incrustation and scale, 721, 927—
932

i

India rubber, action under ten-
sion, 378

vulcanized, tests of, 378
Indicated horse-power, 970-976
Indicator diagrams, analysis of,

1017
diagrams, to draw clearance

line on, 974
diagrams, to draw expansion

curve, 974
diagrams, tests of locomotives,

1122
rig, 969

Indicators, steam-engine, 968-976
(see Steam-engines)

steam-engine, errors of, 969
Indirect heating radiators, 698
Inductance, 1440

of lines and circuits, 1445
Induction, magnetic, 1398

motors, 1463
Inertia, definition of, 513
moment of, 293, 517

Ingot iron, "Armco," 477
Injector, 807

efficiency of, 937
equation of, 936
performance of, 937

Inspection of steam-boilers, 932
Insulation, imderwriters', 1410
Insulators, electrical value of, 1402

heat, 581
Integrals, 75

table of, 80, 81
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Integration, 76
Intensity of magnetization, 1398
Interest, 12
compound, 13, 14

Intercoolers for air compressors,
648

Interpolation, formula for, 86
Invar, iron-nickel alloy, 499, 567
Involute, 52

gear-teeth, 1165
gear-teeth, approximation of,

1166
Involution, 7
Iridium, properties of, 178
Iron and steel, 178, 436-511

classification of, 436
effect of cold on strength of,

464
electric fvmiaces, 1423
inoxidizable surface for, 472
preservative coatings for, 471—

474
relative corrosion of, 468
rustless coatings for, 471-474
sheets, weight of, 183
tensile strength at high tem-

peratures, 463
Iron bars {see Bars)

bars, weight of square and
round, 181, 184

bridges, durabiUty of, 466
cast, 437-454 {see Cast-iron)
castings, chemical standards for,

441
coated with almninmn, 473
coated with lead. 474
coefficients of expansion of, 465
color of at various tempera-

tures, 558
-copper-zinc alloys, 393
corrosion of, 467
corrugated, sizes and weights,

194
durabiUty of, 465-467
electrolytic, properties of, 460
flat-rolled, weight of, 188, 189
for stay-bolts, 462
inoxidizable surfaces, produc-

tion of, 472
latent heat of fusion of, 568
malleable, 454 {see Malleable

iron)
pig {see Pig-iron and Cast-iron)
plates, approximating weightof,

486
plates, weight of, table, 187
properties of, 178
rivets, shearing resistance of,

430
rope, table of strength of, 410
shearing strength of 362
sheets, weights, 31, 32, 183
-silicon-almninum alloys, 398
specific heat of, 562, 563
tubes, collapsing pressm-e of,

341
wrought, 459-463 (see Wrought

iron)

Irregular figure, area of, 56, 57
soUd, volume of, 65

Irrigation canals, 755
Isothermal compression of air, 633

expansion, 601
expansion of steam, 959

JAPANESE alloys, composition
of, 393

Jarno tapers, 1319
Jet condensers, 1068

propulsion of ships, 1384
reaction of a, 1385
water wheels, 781

Jets, steam {see Steam jets)
vertical water, 749

Joints, pipe {see Pipe joints)
riveted, 424-435 {see Riveted

joints)
Joists, contents of, 21
Joule, definition and value of,

1396, 1397
Joule's equivalent, 560
Journals {see also Shafts and

Bearings)
coefficients of friction of, 1220

Journal-bearings, cast-iron, 1223
friction of, 1220-1232
of engines, 1034

KAOIilN, melting point of, 556
Kelvin's rule for electric

transmission, 1411
Kennedy key, 1330
Kerosene as fuel, 841

for scale in boilers, 929
Keys, dimensions of, 1328

gib, 1332
holding power of, 1332
various forms of, 1328

Key-seats, depth of, 1329
Keyways for milUng cutters, 1277
Kinetic energy, 528
King-post truss, stresses in, 543
Kirkaldy's tests of strength of

materials, 352-358
Knife-edge bearings, 1238
Koepe's system of hoisting, 1189
Knot, on nautical mile, 17
Knots, varieties of, 415, 416
Krupp steel tires and axles, 354
Kutter's formula, flow ofwater, 730

formula, tables of flow of water,
738, 739

LACING of belts, 1147
Ladles, fovmdry, sizes of,

1257
Lag screws, holding power of, 347

screws, sizes and weights, 241
Lamps, arc, 1470

arc, data of, 1471
arc, illumination by, at differ-

ent distances, 1471
arrangement of, in rooms, 1475
electric, life of, 1476
incandescent, characteristics of,

1474
incandescent electric, 1470
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Lamps, mercury vapor, 1470
tungsten, 1473

Land measure, 17
Lang-lay wire-rope, 254
Lap and lead in slide valves, 1052-

1054
Lap joints, riveted, 426, 427
Laps and lapping, 1310
Latent heat of evaporation, 569

of fusion of iron, 568
of fusion of various substances,

568
Lathe, change-gears for, 1260

cutting speed of, 1259
horse-power to run, 1292, 1293
power required for, 1293
rules for screw-cutting gears,

1259
setting taper in, 1261
tools, forms of, 1261

Lattice girders, allowed stresses
in, 289

Laws of falling bodies, 521
of motion, 513

Lead and tin tubing, 226, 227
coatings on iron surfaces, 474
effect of, on copper alloys, 394
-lined iron pipes, 227
paint as a preservative, 471
pipe, tin-lined, sizes and weights,

table, 226
pipe, weights and sizes of,

table, 226, 227
properties of, 178
sheet, weight of, 228
waste-pipe, weights and sizes

of, 227
Leakage of steam in engines, 976
Least common multiple, 2
Leather, strength of, 357
Lea-Deagan two-stage pmnp, test

of, 801
Le Chatelier's pyrometer, 554
Lentz compound, engine, 997
Leveling by barometer, 607
by boihng water, 607

Lever, 535
bent, 514, 536

Lewis's key, 1329
Lighting, electric and gas, 1468

electric, cost of, 1475
of streets, 1471
quantity of gas and electricity

required for different rooms,
1473

street, recent installations, 1476
Lightning protection of chimneys,

949
Lights (see Lamps)
Lignites, analysis of, 829
Lime and cement mortar, strength

- of, 372
and cement, weight of, 180

- Limestone, strength of, 371
Limit, elastic, 273-278

gages for screw-thread iron, 232
Lines of force, 1430
Links, steel bridge, strength of, 353

Link-belting, sizes and weightsl
1199 - 1

Link-motion, locomotive, 1119
steam-engine, 1062-1065

Lintels in buildings, 1390
Liquation of metals in alloys, 388
Liquefaction of gases, 605
Liquid air and other gases, 605, 606

measure, 18
Liquids, absorption of gases by,

605
compressibiUty of, 175
expansion of, 567
specific gravity of, 175
specific heats of, 563

Loading and storage machinery,
1193

Lock-joints for pipes, 212
Locomotive boilers, 1113

boiler tubes, seamless, 222
boilers, size of, 1113
crank-piQ, quantity of oil UiSed

on, 1246
engine performance, 1122
forgings, strength of, 353

Locomotives, 1108-1129
boiler pressure, 1117
classification of, 1116
compounding of, 1125
compressed-air, 1128
compressed-air, with compound

cylinders, 1129
counterbalancing of, 1126
dimensions of, 1120-1122
drivers, sizes of, 1118
economy of high pressure in,

1116
effect of speed on cylinder pres-

sure, 1117
efficiency of, 1111
exhaust-nozzles, 1115
fire-brick arches in, 1115
flreless, 1127
fuel efficiency of, 1119
fuel waste of, 1125
grate-surface of, 1115
hauling capacity of, 1111
horse-power of, 1113
indicator tests of, 1122
leading types of, 1116
hght, 1127
link-motion, 1119
Mallet compound, 1120
narrow gage, 1127
performance of high speed, 1118
petroleum burning, 1127
safety valves for, 935
smoke-stacks, 1115
speed of, 1118
steam distribution of, 1117
steara-ports, size of, 1118
superheating in, 1126
testing, 1123
tractive force of, 1112. 1125
types of, 1116
valve travel, 1118
water consumption of, 1122
weight of, 1124
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Locomotives, Wootten, 1114
Logarithmic ciirve, 73

ruled paper, 84
sines, etc., table, 167

Logarithm.s, 79
four-place, table, 168
hyperbolic, tables of, 164-166
six-place, table, 137-164
use of, 135-137

Logs, area of water required to
store, 181

lumber, etc., weight of, 181
weight of, 181

Long measure, 17
Loop, steam, 883
Loops of force, 1430
Lord and Haas's tests of coal,

822, 823
Loss and profit, 12

of head. Cox's formula, 734
of head in cast-iron pipe, tables,

745
of head in flow of w^ater, 728,

735, 745
of head in riveted steel pipes, 735

Lowmoor iron bars, strength of,

352
Lubricant, water as a, 1246
Lubricants, examination of, 1242

grease, 1244
measurement of durability, 1241
oil, specifications for, 1242
qualifications of good, 1242
relative value of, 1242
soda mixture, 1246
solid, 1246
specifications for petroleum,

1242
Lubrication, 1241-1246

of engines, quantity of oil

needed for, 1245
of steam-engine cylinders, 1245

Lumber, weight of, 181
Lumen, definition of, 1469
'

' Lusitania
, '

' performance of,

1376, 1381
turbines and boilers of, 1381

Lux, definition of, 1469

MACHINE screws, A. S. M.
E. standard, table, 234-
237

screws, taps for, 1320
shop, 1258-1333
shops, electric motors for, 1294-

1308, 1466
Machine tools, drives, feeds and

speeds. 1307
electric motors for, 1294-1308,

1466
gear connections of, to motors,

1301
individual motors for driving,

1308
methods of driving, 1307
power required for, 1270, 1278,

1286. 1293
sizes of motors for, 1294

Machine tools, soda mixture for,

1246
speed of, 1258

Machines, dynamo-electric {see

Dynamo-electric-machines)
efficiency of, 532
elements of, 535-541
in groups, power required for

driving, 1305
Machinery, coal-handling, 1196-

1199
horse-power required to run,

1292-1308
Maclaurin's theorem, 78
Magnalium, magnesiimi-alumi-

num alloy, 399
Magnesia bricks, 269
Magnesite, analysis of, 270
Magnesium, properties of, 179
Magnet, electro, 1430Magnets , lifting,1193
Magnetic alloys, 402

balance, for testing steel, 483
brakes, 1240
capacity of iron and steel, ef-

fect of annealing on, 483
circuit, 1430
circuit, imits of, 1398
field, 1398
field, strength of, 1436
flux, magnetic induction, 1398
moment, 1398
pole, unit of, definition, 1398

Magnetization, intensity of, 1398
Magneto-motive force, 1398
Magnolia metal, composition of,

405
Mahler's calorimeter, 826
Malleability of metals, table, 180
Malleable cast iron, 454

castings, annealing, 455
castings, design of, 457
castings, tests of, 458
iron, pig iron for, 454
iron, composition and strength

of, 454, 458
iron, improvement in quality,

458
iron, physical characteristics,456
iron, shrinkage of, 455
iron, specifications, 457
iron, strength of, 454, 458
iron test bars, 457

Mandrels, standard steel, 1318
Manganese bronze, 401

-copper alloys, 401
effect of, on cast iron, 438, 450
effect of, on steel, 476
properties of, 179
steel, 494
sulphide, dangerous in steel, 486

Manganin, high resistance alloy,
404, 1402

Manhole openings in steam-
boilers, 914

Manila rope, 411
rope, weight and strength of,

410-415
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Manograph, a high-speed engine-
indicator, 969

Manometer, air, 607
work of, tables, 532, 533

Man-wheel, 533
Marble, strength of, 357
Marine engineering, 1368-1385

{see Ships and Steam-engines)
engine, internal combustion,

1374
engine practice, advance in, 1380

Mariotte's law of gases, 603
Martensite, 439, 480
Masonry, allowable pressures on,

1386
crushing strength of, 371
materials, weight and specific

gravity of, 177
Mass, definition of, 511
Materials, 173-273

standard cross-sections, for
draftsmen, 271

strength of, 272-379
strength of, Kirkaldy's tests,

352-358
various, weights of, table, 181

Maxima and minima, 78, 79
Maxwell, definition and value of,

1398
Measures and weights, compoiind

units, 27
and weights, metric system, 21-

26
apothecaries, 19
board and timber, 20
circular, 20
dry, 19
liquid, 18
long, 17
nautical, 17
of work, power and duty, 27
old land, 17
shipping, 19, 1316
solid or cubic, 18
square, 18
surface, 18
time, 20

Measurement of air velocity, 624
of elongation, 279
of flowing water, 757-764
of vessels, 1368

Measurements, miner's inch, 761
Mechanics, 511-548
Mechanical equivalent of heat,

560, 868
and electrical units, equivalent

values of, 1399
powers, 535
stokers, 918

Mekarski compressed-air tram-
way, 652

Melting-points of substances, tem-
peratures, 554, 559

Mensuration, 54-66
Mercurial thermometer, 549
Merciu-y-arc rectifier, 1456
Mercxu*y-bath pivot, 1233

properties of, 179

Mercury vapor lamp, 1460
Mesure and Nouel's pyrometn .

telescope, 556
Metacenter, definition of, 719
Metals, anti-friction, 1223

)

coefficients of expansion of, 566;
coefficients of friction of, 1220'
electrical conductivity of, 1401
flow of, 1323
heat-conducting power of, 580
life of, imder shocks, 276
properties of, 177-180
resistance overcome in cutting

of, 1292
specific gravity of, 174
specific heats of, 562, 563
table of ductility, infusibility,

malleabihty and tenacity, 180
tenacity of, at vai'ious tempera-

tures, 463
weight of, 174

Metaline lubricant, 1246
Metallography, 480
Meter, Thomas electric, for meas-

uring gas, 667, 669
Venturi, 758
water, V-notch recording, 759

Meters, water deUvered through,
749

Methane gas, physical laws of, 604
IMetric conversion tables, meas-

ures and weights, 21-26
screw-threads, cutting of, 1261

Microscopic constituents of cast
iron and steel, 439, 480

Mil, circular, 18, 29,
Mill buildings, columns, 1393

buildings, approximate cost of,
1394

power, 766
Milling cutters, diameter, clear-

ance and rake of, 1278
for gear-wheels, 1162
inserted teeth, 1276
keyways in, 1277
lubricant for, 1281
number of teeth in, 1276
side, 1275
spiral, 1275

IN'Iilling, high-speed, 1282
lobs, typical, 1281
machines, cutting speed of,

1280, 1284
machines, high results with,

1282
machines, typical jobs on, 128i
power required for, 1278
practice, modern, 1279, 1283
with or against the feed, 1280

Mine fans, experiments on, 673
ventilating fans, 673
ventilation, 714

Mines, centrifugal fans for, 672
Miner's inch, 18

inch measurements, 761
Modulus of elasticity, 274

of elasticity of various materials
374
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i.odulus of resistance, or section
.j modulus, 294
of rupture, 297

Moisture in atmosptiere, 609-613
in steam, determination of, 942-

, 944
in steam escaping from boilers,

944
Molding-sand, 1256
Molds, castj-iron, for iron castings,

analysis of, 1256
Moment of a couple, 515

of a force, 514
of friction, 1229
of inertia, 293, 295, 517
statical, 514

Moments, method of, for deter-
mining stresses, 545

of inertia of regular solids, 517
of inertia of structural shapes,

295
Momentimi, 527
Mond gas producer, 852
Monel metal, copper-nickel alloy,

403
Monobar chain conveyor, 1197
Morin's laws of friction, 1223
Morse tapers, 1319
Mortar, strength of, 372
Motion, accelerated, formulse for.

friction of, 1219, 1221
Newton's laws of, 513
on inclined planes, 527
perpetual, 532
retarded, 521

\Iotor appUcations, 1464-1468
I

boats, power of engines for, 1374
-driven machine tools, 1308
generators, 1456

1
repulsion, induction, 1464

!
squirrel-cage, 1463

I temperatures, limits of, 1432
Motors, altematuig-current, 1463
commutating pole, 1437
compressed-air, 639-641
electric (see Electric motors)
electric, classification of, 1461
gear connections of, for machine

tools, 1301
: sizes of, for machine tools, 1294

water current, 765
.Vd:oving strut, 536
Mule, work of, 534
Multiphase electric currents, 1445
vlultiple system of evaporation,

570
vlultivane fans, 658
limtz metal, composition of, 390
'.lushet steel, 496

MAILS, cut, table of sizes and
weights, 244

cut vs. wire, 347
holding power of, 346
wire, table of sizes and weights,

246, 247
ail-holding power of wood, 347

Naphtha as fuel, 841
Napier's rule for flow of steam,

876
Natiu-al gas, 847, 848
Nautical measure, 17

mile, 17
Newton's laws of motion, 513
Nickel, effect of on properties of

steel, 498
Nickel, properties of, 179, 379

steel, 497
steel, tests of, 497
steel, uses of, 498

Nickel-copper alloys, 402
-vanadimn steels, 499

Niter process, treating iron sur-
faces, 473

Nordberg feed-water heating sys-
tem, 1003

key, 1331
pmnping-engine, 805

Nozzle, efQciency of Doble, 782
Nozzles, flow of steam through;

876, 1085
flow of water in, 753
for measuruig discharge of

pimaping-engines, 759
water, eflQciency of, 784

Nut and bolt heads, 231

OATS, weight of, 180
Ocean waves, power of, 784
Oersted, unit of magnetic

reluctance, 1398
Ohm, definition and value of, 1397
Ohm's law, 1406
law apphed to alternating cur-

rents, 1442
law appUed to parallel circidts,

1407
law applied to series circuits,

1407
Oil as fuel (see Fuel oil), 842, 843

engines, 1102
fire-test of, 1243
for scale removal in boilers, 930
for steam turbines, 1244
fuel, chimney draught with, 952
fuel, chimney table for, 951
lubricating, 1242-1245 (see Lub-

ricants)
parafflne, 1243
pressure in a bearing, 1228
quantity needed for engines,

1245
tempering of steel forgings 482
vs. coal as fuel, 842, 843
weU, 1243
we.ls, air-lift pump for, 809

Open-hearth steel (see Steel,
open-hearth), 475

furnace, temperatures in, 554
Ordinates and abscissas, 70
Ores, cubic feet per ton, 181
Orifice, equivalent, in mine ven-

tilation, 715
flow of air through, 615-617,

670
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Orifice, flow of water through, 726
rectangular, flow of water

tlirough, table, 760
Oscillation, center of, 518

radius of, 518
Overhead steam-pipe radiators,

702
Ox, work of, 534
Oxy-acetylene welding, 488
Oxygen, effect of on strength of

steel, 477

TT value and relations of, 57

PACKING, hydraulic, friction
of, 1241

-rings of engines, 1023
Paddle-wheels, 1383
Paint, 471

chrome, preventing corrosion,
469

for roofs, 192
quaUties of, 472
quantity of, for surface, 472

Paper, logarithmic ruled, 84
Parabola, area of by calculus, 76

construction of, 48, 49
equations of, 72
path of a projectile, 525

Parabolic conoid, 65
spindle, 65

Parallel forces, 515
operation of motors, 1439, 1450

Parallelogram area of, 54
of forces, 513
of velocities, 523

Parallelopipedon of forces, 514
Parentheses in algebra, 34
Partial payments, 14
Parting and threading tools, speed

of, 1268
Patterns, weight of, for castings,

1256
Payments, equation of, 14
Pearlite, 439, 480
Peat, 838
Pelton water-wheel, 780
Pendulum, 520

conical, 520
Percentage, 12
Percussion, center of, 518
Perforated plates, strength of, 425
Permeability, magnetic, 1400,

1430
Permeance, magnetic, 1400
Permutation, 10
Perpetual motion, 532
Petroleum as a metaUurgical fuel,

843
-burning locomotives, 1127
cost of as fuel, 842
engines, 1102
for scale removal in boilers, 930
Lima, 841
products of distillation of, 840
products, specifications for, 1242
value of as fuel, ,841

Pewter, composition of, 407

f.

\

Phosphor-bronze, composition of.
390

specifications for, 395
springs, 424
strength of, 395

Phosphorus, influence on steel,47(
influence of, on cast iron, 438

Piano-wire, strength of, 250
Pictet fluid, for refrigerating, 1337
Piezometer, 757
Pig teon (see also Cast iron)

analysis of, 439
charcoal, strength of, 452
distribution of silicon in, 448
electric smelting of, 1424
for maUeable castings, 454
grading of, 437
influence of siUcon, etc., on, 438
sampling, 443
speciflcations for, 443

Piles, bearing power of, 1386
Pillars, strength of, 283
Pine, strength of, 366
Pinions, raw-hide, 1177
Pins, forcing fits of by hydraulic

pressure, 1324
Puis, taper, 1321
Pipe bends, flexibility of, 221

branches, compoimd pipes, for-
mula for, 746

cast-iron, friction loss in, table,
747, 748

cast-iron, speciflcations for
metal for, 441

cast-iron, threaded, 199
corrosion of in hot-water heat-
mg, 708

coverings, tests of, 584-587
dimensions, Briggs standard,

201, 203
fittings, flanged, 208-214
fittings, screwed, 207, 216
fittings, strength of, 216
fittings, valves, etc., resistance

of, 701
flanges, extra heavy, tables,;

210 212
flanges, tables, 209-213
iron and steel, strength of, 363
iron, lead-, brass- and copper-

Uned, 227
iron, lead-covered, 228
iron, tin- and lead-lined, 227
joints, bell and spigot, lead re-

quired for, 199
lines for fans and blowers, 670
lines, long, 743
specialties, 205
threading of, force required for,

363
welded, weight and bursting

strength of, 205
wooden stave, 218, 735

Pipes, see also Tubes
air-boTmd, 748
air, loss of pressiu-e in, 617-624
and valves for superheated

steam, 882

i
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Pipes, bent and coiled, 221, 222
block-tin, weights and sizes of,

2.^7
coiled, table of, 221

Pipes, cast-iron, beU and spigot
for gas, 198

flanged, for gas, 199
for high-pressure service, 198
formulse for thickness of, 196
safe pressures for, tables, 196-198
thickness of, for various heads,

196-200
transverse strength of, 452
miderground, weight of, 197
weight and dimensions, 196-200

Pipes, effects of bends in, 624, 747
equalization of, table 625
equation of, 884
flow of air in, 617-624
flow of gas in, 864-866
flow of steam in, 877-879
flow of water in, 728-746
for steam heating, 698
house-service, flow of water in,

table, 744
iron and steel, corrosion of, 466,

467
lead, safe heads for, 226
lead,?tin-luied, sizes and weights,

table, 227
lead, weights and sizes of,

table, 226
maximum and mean velocities

in, 758
proportioning to radiating sur-

face, 699, 700
rectangular, flow of air in, 622
resistance of the inlet, 735
rifled, for convejong heavy oils,

746
riveted, flanges for, table, 211
riveted hydraulic, weights and

safe heads, table, 219
riveted iron, dimensions of,

table, 220
riveted steel, loss of head in,

734
riveted steel, water, 351
sizes of threads on, 201, 217
spiral riveted, table of, 220
steam (see Steam-pipes)
steam, sizes of in steam heat-

ing, 699-701
table of capacities of, 131
used as colmnns, 363
volume of air transmitted in,

table, 623, 624
water, loss of head in, 728, 735,

745 (see Loss of head)
welded, extra strong, 203, 204
welded, standard, table of di-

mensions, 202
Pipe-joint, Converse lock-joint,

Matheson, 212
Rockwood, 212

Piping, power-house, identifica-
tion of by different colors, 885

Piston rings, steam-engine, 1023
rods, steam-engine, 1024
valves, steam-engine, 1061

Pistons, steam-engine, 1023
Pitch, diametral, 1158

of gearing, 1157
of rivets, 427
of screw-propeller, 1377

Pitot tube, best form of, 667
gage, 757
measurements, accuracy of, 669
use in testing fans, 667

Pivot-bearmgs, 1229, 1232
mercury bath, 1233

Plane, inclined, 527, 537 (see In-
clined plane)

surfaces, mensuration of, 54
Planer, horse-power required to

nm, 1302
tools, standard, 1271-1274
work, 1270-1274

Planers, feeds and speeds of, 1270
power requirements of, 1302

Planing, time required for, 1271
work requiring, 1270

Planished and Russia iron, 473
Plank, wooden, maximum spans

for, 1392
Plants, high pressure water-power,

782
Plate-girder, strength of, 353

-girders, allowed stresses in, 289
Plates (see also Sheets)

acid pickled, heat transmission
through, 591

areas of, in square feet, table,
128 129

brass, weight of, tables, 228, 229
Carnegie trough, properties of,

table, 308
circular, strength of, 336
copper, strength of, 356
copper, weight of, table, 229
corrugated steel, properties of,

table, 310
flat, cast-iron, strength of, 336
flat, for steam-boilers, 916
flat, xmstayed, strength of, 337
for stand-pipes, 349
iron and steel, approximating

weight of, 486
iron, weight of, table, 187, 188
of different materials, table for

calculating weights of, 181
perforated, strength of, 425}
punched, loss of strength in,

424
Stayed, strength of, 338
steel boiler, specifications for,

507
steel, for cars, specifications for,

507
steel, specifications for, 507
steel, tests of, 353, 355
transmission of heat through,

587
transmission of heat through,
from air to water, 592
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Plates, transmission of heat
through, from steam to lair,

595
Plating for bulkheads, table, 339

steel, stresses in, due to water
pressure, 338

for tanks, table, 338
Platinite, 499, 567
Platiniun, properties of, 179

pyrometer, 553
wire, 248

Plenum system of heating, 708
Plow-steel wire, 250

-steel wire-rope, 257, 259
Plugs, fusible, in steam boilers,

918
Plimger packing, hydraulic, fric-

tion of, 1239
Pneumatic conveying, 1201

hoisting, 1187
postal transmission, 1201

Polarity of electro-magnets, 1432
Poles, tubular, 206
PoUshing and buffing, 1310

wheels, speed of, 1310
Polyedron, 63
Polygon, area of, 55

construction of, 42-45
of forces, 513

Polygons, impedance, 1442
table of, 45, 55

Polyphase circuits, 1445
Popp system of compressed-air,

639-641
Population of the United States,

11
Port opening in steam-engines,

1057
Portland cement, strength of, 358
Postal transmission, pneumatic,

1201
Potep.tial energy, 528
Pound, British avoirdupois, 26

-calorie, definition of, 560
Poxmds per square inch, equiva-

lents of, 27
Power, animal, 532
- and work, definition of, 528

electrical, cost of, 1012
factor of alternating currents,

1440
hydraulic, in London, 814
measures of, 27
of a waterfall, 765
of electric circuits, 1408
of ocean waves, 784
required for machine tools,

1292-1302
required to drive machines in

groups, 1305
tidal, 787
imit of, 528

Powers of numbers, algebraic, 33
of numbers, tables, 7, 8, 93-

110
Power-plant economics, 1011
Pratt truss, stresses in, 544
Preservative coatings, 471-474

;s, pressure required for.
1324-1326

forging, high-speed, steam hy-
draulic, 815

hydraulic forgiug, 814
hydraiilic, thickness of cylmders

for, 340
Presses, hydraulic, in iron works,

813
punches and shears, fly-wheels

for, 1323
punches, etc., 1321

Pressed fuel, 831
Pressure, collapsing of flues, 342

coUapsing of hoUow cylinders.
341

Pressures of fluids, conversion
table for, 607

Priming, or foaming, of steam
boilers, 721, 930

Prism, 62
Prismoid, 63

rectangular, 62
Prismoidal formula, 63
Problems, geometrical, 37-53

in circles, 39-44
in hues and angles, 37-39
in polygons, 42-45
in triangles, 41

Process, the Thermit, 400
Producer-gas, 848-855 {see Gas)
Producers, gas {see Gas-producers)

gas, use of steam in, 854
Profit and loss, 12
Progression, arithmetical and geo-

metrical, 10, 11
Projectile, parabola path of, 525
Prony brake, 1333
Propeller, screw {see Screw-pro-

pelTer) 1377
shafts, strength of, 354

Proportion, 6
compoimd, 7

Protective coatings for pipes,
206

Pulleys, 1135-1138
arms of, 1050
cone, 1136
cone, on machine tools, 1307
convexity of, 1136
differential, 539
for rope-driving, 1217
or blocks, 538
proportions of, 1111
speed of, 1148, 1162

Pulsometer, 806
tests of, 807

Pumps, air-, for condensers, 1071
1073

air-lift, 808
and pmnping-engines, 788-812
boiler-feed, 792
boiler-feed, efficiency of, 937
centrifugal, 796-802
centrifugal, combination single

stage and two stage, 798
centrifugal, design of, 797
centrifugal, multi-stage, 797

I
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Pumps, centrifugal, relation of
height of lift to velocity, 797

centrifugal, tests of, 798, 800,
802

circulating, for condensers, 1075
depth of suction of, 788
direct-acting, eflQciency of, 790
direct-acting, proportion of
steam cylinder, 790

electric motors for, 1463
feed, for marine engines, 1076
gas-engine, 808
high-duty, 793
horse-power of, 788
jet, 807
leakage, test of, 803
lift, water raised by, 790
mine, operated by compressed

air, 652
piston speed of, 791, 792
rotary, 801
rotary, tests of, 802
speed of water in passages of,

790
steam, sizes of, tables, 789, 791
suction of, with hot water, 788
theoretical capacity of, 788
underwriters', sizes of, 792
vacuiu3i, 806
valves of, 792, 793

Pump-inspection table, 751
Pumping by compressed air, 645,

808 (see also Air-lift)
by gas-engines, cost of, 795
by steam pumps, cost of fuel

for, 795
cost of electric current for, 794

Pumping-engine, 72,000,000 gal.,
793

screw, 794
the d'Auria, 793

Pmnping-engines, duty trials of,
802-806

economy of, 794
high-duty records, 806
table of data for duty trials of,

803-805
use of nozzles to measure dis-

charge of, 759
Pxmches and dies, clearance of,1321

spiral, 1322
Punched plates, strength of, 425
Pimching and drilling of steel, 483,

485
Purification of water, 723-726
Pyramid, ^
frustum of, 62

Pyrometer, air, Wiborgh's, 555
copper-ball, 553
fire-clay, Seger's, 555
Hobson's hot-blast, 555
Le Chatelier's, 554
principles of, 549
thermo-electric, 553
Uehling-Steinbart, 557

Pyrometers, graduation of, 554
Pyrometric telescope, 556
Pyrometry, 549

QUARTER-TWIST belt, 1147
Queen-post truss, inverted,

stresses in, 544
truss, stresses in, 543

Quenching test for soft steel, 507

RACK, gearing, 1165
Radian, definition of, 523
Radiating power of sub-

stances, 578
surface, computation of, for

hot-water heating, 704
siirface, computation of, for
steam heating, 698

surface, proportioning pipes for,
700

Radiation, black body, 579
of heat, 578
of various substances, 578, 595
Stefan and Boltzman's law, 579
table of factors for Dulong's

laws of, 596
Radiators, experiments with, 697,

708
indirect, 698
overhead steam-pipe, 702
steam and hot-water, 697 •

steam, removal of air from,
702

transmission of heat in, 697
Radius of gyration, 293, 518

of gyration, graphical method
for finding, 294

of gyration of structural shapes,
293, 294

of oscillation, 518
Rails, steel, electric resistance of,

1416
steel, specifications for, 508 |

steel, strength of, 353
Railroad axles, effect of cold on,

465
steam, electrifications of, table,

1418
track, material required for one

mile of, 244, 245
trains, resistance of, 1108-1111
trains, speed of, 1118

Railway curve, degree of a, 54
street, compressed-air, 652
track bolts and nuts, 244, 245

Railways, electric (see Electric

.

railways), 1414
narrow-gage, 1127

Ram, hydraulic, 810
Rankin e cycle efficiency for differ-

ent conditions, 1091
cycle, efficiency of, 996, 1089

Rankine's formula for columns,
284

Ratio, 6
Raw-hide pinions, 1177
Reactance of alternating currents,

1441
in transformers, 1452

Reaction of a jet, 1385
Reamers, taper, 1318
Reaumur thermometer-scale, 549
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Recalescence of steel, 480
Receiver-space in engines, 980
Receivers on steam pipe lines, 884
Reciprocals of numbers, tables of,

87-92
use of, 92

Recorder, carbon dioxide, or COo,
890

continuous, of water. or steam
consiunption, 970

Rectangle, definition of, 54
value of diagonal of, 54

Rectangular prismoid, 62
Rectifier, in absorption refrigerat-

ing machine, 1346
mercury arc, 1456

Reduction, ascending and de-
scending, 5

Reese's fusing disk, 1309
Reflecting power of substances,

578
Befrigerating (see also Ice-mak-

ing), 1336-1367
air-machines, 1343
direct-expansion method, 1365

Refrigerating - macliines, actual
and theoretical capacity, 1355

ammonia absorption, 1346, 1364
ammonia compression, 1345,

1356
condensers for, 1353
cylinder-heating, 1349
diagrams of, 1348
dry, wet, and flooded systems,

1345
ether-machines, 1343
heat-balance, 1359
ice-melting effect, 1343
liquids for, pressure and boiling

points of, 1337
mean effective pressure and

horse-power, 1350
operations of, 1336
performance of, 1364
pipe-coils for, 1354
pounds of ammonia per minute,

1350
properties of brine, 1343
properties of vapor, 1337
quantity of ammonia required

for, 1351
rated capacity of, 1353
relative efficiency of, 1348
relative performance of am-

monia-compression and ab-
sorption machines, 1347

sizes and capacities, 1352
speed of, 1353
sulphur-dioxide, 1345
temperature range, 1360
test reports of, 1358
tests of, 1355
using water vapor, 1345
volmnetric efiQciency, 1349
Voorhees multiple-effect, 1351

Refrigerating plants, cooling-tower
practice in, 1354

systems, efiQciency of, 1349

Refrigeration, 1336-1367
a reversed heat cycle, 600
cooling effect, compressor vol-

imie, and power required,
1341

cubic feet space per ton of, 1368
means of applying the cold,

1365
Regenerator, heat, 1014
Regnault's experiments on steam,

870
Reinforced concrete, working

stresses of, 1387
Reluctance, magnetic, 1398, 1430
Reluctivity, magnetic, 1400
Reservoirs, evaporation of water

in, 569
Resilience, elastic, 274

of materials, 274
Resistance, elastic to torsion, 334
Resistance, electrical (see also\

Electrical resistance), 1400
effect of annealing on, 1402
effect of temperature on, 1402
in circuits, 1406
internal, 1408
of copper wire, 1402, 1404
of copper wire, rule for, 1406
of steel, 477
of steel rails, 1416
standard of, 1402

Resistance, elevation of ultimate,
275 1

frictional, of surfaces moved in!
water, 756

moment of, and section mod-
ulus, 294, 295

of metals to repeated shocks, 276
of ships, 1369
of trains, 1108-1111
tractive, of an electric car, 1415
work of, of a material, 274

Resistivity, definition of, 1403
of copper, 1403, 1406

Resolution of forces, 513
Retarded motion, 521
Reversing-gear for steam-engines,

dimensions of, 1039
Rhomboid, definition and area of,

54
Rhombus, definition and area of,

54
Rivet-iron and steel, shearing re-

sistance of, 430
spacing for structural work, 321,

322 *
Rivets, bearing pressure on, 426

center distances, of staggered,
322

cone-head, 239
diameters of, for riveted joints,

table, 429
in steam-boilers, rules for, 913,

914
;

length required for various;
grips, 241 i

minimum spacing and clear-
ance, 322 ,
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Rivets, oval head, sizes and
weights, 238

pitch of, 426
pressure required to drive, 435
round head, weight of, 243
shearing value, area of rivets,
and bearing value, 240

steel, chemical and physical
tests of, 435

steel, specifications for, 605
tinners', table, 239

Kiveted iron pipe, dimensions of,
table, 220

Elveted joints, 355, 424-435
British niles for, 433
drilled, vs. pimch holes, 424
eflQciencies of, 428-434, 914
notes on, 425
of maximum eflQciency, 431
proportions of, 427-434
single riveted lap, 427
table of proportions, 434
tests of double-riveted lap and

butt, 429
tests of, table, 359
triple and quadruple, 431
triple, working pressures on

steam-boilers with, 917
Riveted pipe, flow of water in,

734-736
pipe, weight of steel for, 221

Riveting, cold, pressure required
for, 435

efiBciency of different methods,
425

hand and hydraulic, strength of,
425

machines, hydraulic, 814
of structural steel, 484
pressure required for, 435

Roads, resistance ofwagons on, 534
Rock-driUs, air required for, 645

requirements of air-driven, 645
Rods of different materials, tables

for calculating weights of, 181
Roller bearings, 1233

chain and sprocket drives, 1153
RoUers and balls, steel, carrying

capacity of, 340
Rolling of steel, effect of finishing

temperature, 478
Roof construction, 191-195

paints, 192
-truss, stresses in, 547
snow and wind loads on, 191
strength of, 1389

Roofing materials and roof con-
struction, 191-195

materials, weight of various, 191
Rope-driving, 1214-1218

English practice, 1218
horse-power of, 1215
pulleys for, 1217
sag Of rope, 1216
tension of rope, 1214
weight of rope, 1218

Ropes and cables, 410-415
cotton andhemp, strengthof,357

Ropes, cotton, for transmission,
1218

for hoisting or transmission,
410-415

hemp, iron and steel, table of
strength and weight of, 410

hoisting (see Hoisting-rope)
locked-wire, 262
manila, 411
manila, data of, 1214-1218
manila, hoisting and trans-

mission, hfe of, 415
manila, weight and strength of,

410-415
splicing of, 412
table of strength of iron, steel
and hemp, 410

taper, of uniform strength, 1208
technical terms relating to, 411
wire, "Lang Lay," 254
wire (see also Wire-rope)
wire, track cable for aerial tram-

ways, 260
Rotary blowers, 677

steam-engines, 1082
Rotation, accelerated, work of, 529
Rubber belting, 1152

goods, analysis of, 378
vulcanized, tests of, 378

Rule of three, 6, 7
Runners, hydraifiic turbine, de-

termination of dimensions,
769a

Running fits, 1325
Rupture, modulus of, 297
Russia and planished iron, 473

SAFETY, factor of, 374-377
valves for locomotives, 935
valves for boilers,932-935

valves, spring-loaded, 933
Sag of rope between pulleys, 1216

of wires between poles, 1461
Salt, solubility of, 571

weight of, 180
Salt-brine manufacture, evapora-

tion in, 570
properties of, 570, 571, 1343
solution, specific heat of. 564
solution test of hydrauHc tur-

bine discharge, 774
SampUng coal for analysis, 825
Sand, cubic feet per ton, 181

molding, 1256
Sand-blast, 1309
Sand-lime brick, tests of, 371
Sandstone, strength of, 371
Saturation point of vapors, 604
Sawdust as fuel, 838
Sawing metal, 1309

-machines for metals, 1291
metals, speedsand feeds for,1291

Scale, boiler, 721, 927-932
boiler, analyses of, 722
effect of, on boiler efficiency, 928
removal of, from boilers, 930

Scales, thermometer comparison
of,_550, 551
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Scantling, table of contents of, 21
Schiele pivot bearing, 1233
Schiele's anti-friction curve, 50
Scleroscope, for testing hardness,

365
Screw, 61

-bolts, efficiency of, 538
conveyors, 1198
differential, 540
eflaciency of a, 538
(element of macliine) , 537
heads, macliine, dimensions of,

237
-propeller, 1377
-propeller, coefficients of, 1378
-propeller, efficiency of, 1379
-propeller, slip of, 1379

Screws, and nuts for automobiles,
table, 233

cap, table of standard, 238
lag, holding power of, 347
lag, table of, 241
machine, A. S. M. E. standard,

234
machine, dimensions of, 234-238
set, table of standard, 238
wood, 236
wood, holding power of, 346

Screw-threads, 231-238
Acme 234
A. S. M. E. standard, table, 237
British Association standard,

232
English or Whitworth standard,

table, 232
International (metric) standard,

232
hmit gages for, 232
metric, cutting of, 1261
standard sizes for bolts and

taps, 235, 236
U. S. or Sellers standard, table

of, 231
Scrubbers for gas producers, 849
Sea-water, freezing-point of, 719
Secant of an angle, 66

of an arc, 67
Secants of angles, table of, 170-

172
Section m^odxtlus of structural

shapes, 294, 295
Sector of circle, 60
Sediment in steam-boilers, 928
Seger pyrometer cones, 555
Segment of circle, 60
Segments, circular, areas of, 121,

122
Segregation in steel ingots, 487
Self-inductance of hnes and cir-

cuits, 1445
"Semi-steel," 453
Separators, steam 941

steam, efficiency of, 941
Set-screws, dimensions of, 238

holding power of, 1332
standard table of, 238

Sewers, grade of, 757
Shackles, strength of, 1184

DX. sha-she

Shaft bearings, 1034
bearings, large, tests of, 1230
coupUngs, flange, 1133
fit, allowances for electrical ma-

cliinery, 1326
-governors, 1066
speeds in geometrical progres-

sion, 1138
Shafts and bearings of engines,

1042-1044
bearings for, 1034
bending resistance qf, 1032
dimensions of, 1030-1033
equivalent twisting moment of,

1032
fly-wheel, 1033
hoUow, 1133
hollow, torsional strength of,

334
steam-engine, 1030-1038
steel propeller, strength of, 354
twisting resistance of, 1030

Shafting, 1130-1134
collars for, 1133
deflection of, 1131
formulae for, 1130
horse-power transmitted by,

1130
keys for, 1328
laying out, 1134
power required to drive, 1 305
torsion tests of, 361

Shaku-do, Japanese alloy, 393
Shapers, motors required to rtm,

1296
Shapes of test specimens, 280

structural steel, dimensions and
weights, 302-305

Shear and compression combined,
335

and tension combined, 335
poles, stresses in, 542

Shearing, effect of on structural
steel, 483

resistance of rivets, 430
strength of iron and steel, 362
strength of rivets, 240
strength of woods, table, 367
strength, relation to tensile

strength, 362
Sheaves, diameter of, for wire-

rope, 1211
for wire-rope transmission, 1208,

1211
size of for manila rope, 414

Sheet aluminum, weight of, 230
brass, weight of, table, 228
copper, weight of, 229
iron and steel, weight of, 183
metal gage, 28, 29, 31, 32
metal, weight of, by decimal

gage, 32
metals, strength of various, 356

Sheets (see Plates)
Shelby cold-drawn tubing, 223
Shells for steam-boilers, material

for, 908
spherical, strength of, 339
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WAerardizing, 474
Shibu-ichi, Japanese alloy, 393
Shingles, weights and areas of,

196
Ship "Lusitania," performance of,

1376, 1381
Ships, Atlantic steam, perform-

ance of, 1376, 1383
coefficient of fineness of, 1369
coefficient of performance, 1370
coefficient of water-lines, 1369
displacement of, 1369, 1374
horse-power for given speeds,

1373
horse-power of, from wetted

surface, 1372
horse-power of internal com-

bustion engines for, 1374
horse-power required for, 1373-

1375
jet propulsion of, 1384
relation of horse-power to speed,

1373, 1376
resistance of, 1369
resistance of, per horse-power,

1373
resistance of, RanMne's for-

mula, 1370
rules for measuring, 1368
rules for tonnage, 1369
small sizes, engine power re-

quired for, 1374
wetted surface of, 1371

'

wetted surface, empirical equa-
tions for, 1371

with reciprocating engine, and
turbine combined, 1383

Shipbuilding, steel for, 507
Shipping measure, 19, 1368
Shocks, resistance of metals to

repeated, 276
stresses produced by, 276

Short circuits, electric, 1411
Shrinkage fits {see Fits, 1324)

of alloys, 409
of castings, 1254
of cast iron, 438, 447
of malleable iron castings, 455
strains relieved by uniform

cooling, 448
Sign of differential coefficients, 78

of trigonometrical fimctions, 67
Signs, arithmetical, 1
Sihcon-alumimmi-iron alloys, 398

-bronze, 395
-bronze wire, 248, 395
distribution of, in pig iron, 448
excessive, making cast iron

hard, 1254
influence of, on cast iron, 438,

447
influence oX, on steel, 476

Silimdum, 1425
Silver, melting temperature, 554,

559
properties of, 179

Simpson's rule for areas, 56
Sine of an angle, 66

Sines of angles, table, 170-172
Single-phase circuits, 1445
Sinking fund, 17
Siphon, 754
Sirocco fans, 653, 664-666
Skin effect in alternating currents,

1442
SkyUght glass, sizes and weights,

196
Slag bricks and slag blocks, 268

in cupolas, 1248
in wrought iron, 460

Slate roofing, sizes, areas, and
weights, 195

Shde rule, 82
Slide-valve, cut-off for various' laps

and travels, table, 1060, 1061
definitions, 1052
diagrams, 1053-1055
effect of lap and lead, 1052-

1057
lead, 1057
port opening, 1057
ratio of lap to travel, 1058
relative motion of cross-head
and crank, 1060

steam-engine, 1052-1062
Slope, table of, and fall in feet per

mile, 729
Slotters, power required for, 1295
Smoke-prevention, 920-922
Smoke-stacks, locomotive, 1115

sheet-iron, 958
Snow load on roofs, 191

weight of, 720
Soapstone lubricant, 1246

strength of, 371
Soda mixture for machine tools,

1246
Softeners in foundry work, 1253
Softening of water, 724
Soils, bearing power of, 1385

resistance of, to erosion, 755
Solar engines, 1015
Solder, brazing^; composition of,

390
for alimiimmi, 382, 383

Solders, composition of various,
383, 409

Soldering aluminxnii-bronze , 397
SoUd bodies, mensuration of, 61-

66
measure, 18
of revolution, 64

Solubihty of common salt, 571
of sulphate of Ume, 571

Soot, effect of on boiler tubes, 931
Sorbite, 480
Sources of energy, 531
Specific discharge of hydraulic

turbine, 770&
Specific gravity, 173-175
and Baimie's hydrometer com-

pared, table, 175
and strength of cast iron, 452
of brine, 571
of cast iron, 452
of copper-tin alloys, 38^^
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Specific gravity of copiper-zinc al-
loys, 388

of gases, 176
of ice, 720
of liquids, table, 175
of metals, table, 174
of steel, 486
of stones, brick, etc., 177

Specific heat, 562-565, 720
determination of, 562
of air, 562, 614
of gases, 563, 564
of ice, 720
of iron and steel, 562, 563
of liquids, 563 <

of superheated steam 869
of metals, 562, 563
of solids, 562, 563
of saturated steam, 867
of water, 564, 720
of woods, 563

Specifications for boiler-plate, 507
castings, 441
cast iron, 441
chains, 264
elliptical steel springs, 423
foundry pig iron, 443
fuel oil, 843
galvanized wire, 250
heUcal steel springs, 423
hose, 379
malleable iron, 457
metal for cast-iron pipe, 441
oils, 1242
petroleum lubricants, 1242
phosphor-bronze, 395
purchase of coal, 830
spring steel, 507
steel axles, 507, 509
steel billets, 507
steel castings, 489, 510
steel crank-pins, 507
steel for automobiles, 510
steel forgings, 506
steel for ships, 507
steel rails, 508
steel rivets, 505
steel spUce-bars, 509
steel tires, 509
structural steel, 504
tin and terne-plate, 194
wrought iron, 461, 462

Speed of cutting, effect of feed and
depth of cut on, 1264

of cutting tools, 1258
vessels, 1373

Speeds in geometrical progression,
1307

Spelter, (see Zinc)
Sphere, measures of, 62
Spheres ofdifferent materials, table

for calculating weight of, 181
table of voltunes and surfaces,

126, 127
Spherical polygon, area of, 63

segment, volume of, 64
shells and domed boiler heads,
339

Spherical polygon shells, strength
of, 339

shells, thickness of, to resist a
given pressure, 339

triangle, area of, 63
zone, area and volume of, 64

Spheroid, 64
Spikes, holding power of, 346

railroad and boat, 245, 248
wrought, 245

Spindle, surface and voltime of,

64, 65
Spiral, 51, 61

conical, 61
construction of, 51
gears, 1168
plane, 61
-riveted pipe-fittings, table, 220
-riveted pipe, table of, 220

SpUce-bars, steel, specifications
for, 509

Splices, railroad track, tables, 245
SpUcing of ropes, 412

of wire rope, 263
Spontaneous combustion of coal.

Springs, 417-424
eUiptical, sizes of, 423
elUptical, specifications for, 423
for engine-governors, 1066-1068
helical, 418-422
heUcal, formulae for deflection
and strength, 418

heUcal, specification for, 423
helical, steel, tables of capacity
and deflection, 418-422

laminated steel, 417
phosphor-bronze, 424
semi-elliptical, 417
steel, chromium-vanadium, 424
steel, strength of, 355
to resist torsion, 423

Sprocket wheels, 1154, 1156
Spruce, strength of, 367
Square, definition of, 54

measure, 18
root, 8
roots of fifth powers, 110
roots, tables of, 93-108
side of, equivalent to circle of
same area, 125

value of diagonal of, 54
Squares of decimals, table, 108

of numbers, table, 93-108
Squirrel-cage motor, 1463
Stabihty, 515

of chimneys, 954
of dam, 515

Stand-pipes, 349-351
at Yonkers, N. Y., 350
failures of, 350
guy-ropes for, 349
heights of, for various diam-

eters and plates, table, 351
thickness of plates of, table,

351
thickness of side plates, 349
wind-strain on, 349
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star connection, transformers,
1452

Statical moment, 515
Stay-bolt iron, 462
Stay-bolts in steam-boilers, 916
Stays, steam-boiler, loads on, 916

steam-boiler, material for, 908
Stayed surfaces, strength of, 338
Steam, 867-885

boilers (see Steam-boilers beloio)

calorimeters, 942-944
consumption, continuous re-

corder for, 970
consumption in engines, Wil-

lan's law, 991
determining moisture in, 942-

945
-domes on boilers, 918
-drums, 913
dry, definition, 867
dry, identification of, 944
energy of, expanded to various

pressures, 963
engines (see Steam-engines, be-

low)
entropy of, tables, 871-874
expanding, available energy of,

870
expansion of, 959
fire-engines, capacity and econ-
omy of, 993, 994

flow of, 876-882 (see FIoav of
steam)

gaseous, 870
generation of, from waste heat

of coke-ovens, 834
heat required to- generate 1
pound of, 867

heating, 694-703
heating, diameter of supply

mains, 699, 701
heating, indirect, 698
heating of greenhouses, 702
heating, pipes for, 699-701
heating, vacuum systems of,

702
jackets on engines, 1004
-jet blower, 679
-jet exhauster, 679
-jet ventilator, 679
latent heat of, 867
loop, 883
loss of pressure in pipes, 880
maximum efficiency of, in Car-

not cycle, 881
mean pressure of expanded, 960
-metal (bronze alloy), 390, 392
moisture in, escaping from

boilers, 945
pipe coverings, tests of, 584-

587
pipes (see Steam-Pipes below)
ports, area of, 880
power, cost of, 1009-1011
receivers on pipe lines, 884
Regnault's experiments on, 870
samphng for moisture, 942
saturated, definition, 867

Steam, saturated, density, volume
and latent heat of, 869, 871

saturated, properties of at high
temperatures, 868

saturated, properties of, table,
869, 871-874

saturated, specific heat of, 867
saturated, temperature and

pressure of, 868
saturated, total heat of, 867
separators, 941
separators, efficiency of, 941
-ships, Atlantic, performances

of, 1376, 1383
superheated (see also Super-

heated steam)
superheated, definition, 867
superheated, economy of steam-

engines with, 998
superheated, pipes and valves

for, 882
superheated, properties of, 870,

874, 875
superheated, specific heat of, 869
superheated, volume of, 869
temperature of, 867
vessels (see Ships)
weight of, per cubic foot, table,

871
wet, definition, 867

Steam-boUers, 885-944 (see also
Boilers)

air-leakage in, 891
braces in 916
bumped heads, rules for, 914
combustion space in furnaces

of, 889
compounds, 929
conditions to secure fuel econ-
omy in, 890, 893

construction of, 908-918
corrosion of, 407, 927-932
curves of perfr-rmance of, 894,

895
dangerous, 932
domes on, 918
down-draught furnace for, 919
effect of rate of driving, 893
effect of soot on, 931

Steam-boilef efflciency, at dlirer-

ent rates of driving, 898
computation of, 687, 891
effect of excess air supply, 896
effect of imperfect combustion,
896

effect of quality of coal, 895
maximum, 898
obtained in practice, 897
relation of, to rate of driving,

air- supply, etc., 893
straight line formula for, 896

Steam-boilers, evaporative tests
of, 898, 899-908

excess air siipply to, 896
explosive energy of, 932
factors of evaporation, 908-912
factors of safety of, 918
feed-pumps for, efficiency of, 937
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Steam-boilers, feed-water heaters
for, 938-940 (see Feed-water
heaters)

' feed-water, saving due to heat-
ing of, 938

flat plates in, rules for, 916
flues and gas passages, propor-

tions of, 889
foaming or priming of, 721, 930
for blast-furnaces, 899
forced combustion in, 923
fuel economizers, 924
furnace formulse, 917
furnaces, height of, 889
fusible plugs in, 918
grate-surface, 887, 888
grate-surface, relation to heat-

ing surface, 887
gravity feeders, 938
heating-surface in, 887, 888
heating-surface, relation of, to

grate-surface, 887
heat losses in, 892
height of chimney for, 948, 950
high rates of evaporation, 898
horse-power of, 885
hydrostatic test of, 918
imperfect combustion in, 896
incrustation of, 927-932
injectors on, 936-938 (see In-

jectors)
man-hole openings in, 914
marine, corrosion of, 930
measure of duty of, 886
mechanical stokers for, 918
moisture in steam escaping

from, 944
performance of, 889
plates, ductility of, 913
plates, tensile strength of, 908,

913
pressure allowable in, 917, 918
proportions of, 887-889
proportions of grate- and heat-

ing-surface for given horse-
power, 887, 888

proportions of grate-spacing,
889

quencla-berui tests of steel for.
913

riveting rules for, 914
safety-valves, 932-935
safety-valves, discharge ofsteam

through, 934
safety-valves, formulae for, 932
safety-valves, spring-loaded, 933
safe working-pressure, 918
scale compounds, 929
scale in, 927-932
sediment in, 928
shells, material for, 908
smoke prevention, 920-923
stay-bolts in, 916
stays, loads on, 916
stays, material for, 908
steel for, 913
strain caused by cold feed-

water, 939 .

Steam-boilers, strength of, 908-
918

strength of circumferential
seams, 913

strength of rivets, 914
tests, heat-balance in, 907
tests, rules for, 899-908
thickness of plates, 913
tube holes, 916
tube-plates, rules for, 914
tube spacing in, 916
tubes, holding power of, 916
tubes, iron and steel, 916,

917
tubes, material for, 913
tubes, size of, 917
use of kerosene in, 929
use of zinc in, 931
using waste gases, 898, 899
working pressures on with triple

riveted joints, 917
Steam-engines, 959-1095

advantages of compoimding,
976

advantages of high initial and
low back pressure, 996

and turbine, best economy of,

in 1904, 1005
bearings, size of, 1034
bed-plates, dimensions of, 1044
clearance in, 966

Steam-engines, compound, 976-
983

best cyhnder ratios, 982
calculation of cylinders of, 982
combined indicator diagram,

979 .

cylinder proportions, 980
economy of, 997
estimating horse-power of, 971
formulae for expansion and
work in, 931

high-speed, performance of,

989, 990
high-speed, sizes of, 989, 990
non-condensing, efficiency of,

1000
receiver, ideal diagram, 977
receiver space in, 980
receiver type, 977
steam-jacketed, performances

of, 989
steam-jacketed, test of, 1005
Sulzer, water-consumption of,
998

test of with and without jackets,
1005

two-cyUnder vs. three-cylinder,
997

velocity of steam in passages of,

986
water consumption of, 988
Woolf, ideal diagram, 977

Steam-engines, compression, ef-
fect of, 965

condensers, 1069-1079 (see Con-
densers)

connecting-rod ends, 1026
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»team- engines, connecting-rods,
dimensions of, 1025, 1040, 1041

cost of power from, 1009-1011
comiterbalancing of, 1008
crank-angles, table, 1058
crank-pins,,' dimensions of, 1027,

1040, 1041
crank-pins, pressure on, 1028
crank-pins, strength of, 1027
cranks, dimensions of, 1027
crank-shafts, dimensions of,

1030-1038, 1040, 1041
crank-shafts, formulaefor torsion
and flexure, 1038

crank-shafts for triple-expan-
sion, 1038

crank-shafts, three-throw, 1038
cross-head and crank, relative
motion of, 1060

cross-head, dimensions of, 1040,
1041

cross-head pin, dimensions of,
1029, 1040, 1041

cut-off, most economical point
of, 1009

cylinder condensation, experi-
ments on, 967

cylinder condensation, loss by,
966

cylinder, finding size of, 970
cylinders, dimensions of, 1021,

1022, 1039, 1041
cylinders, ratios of, 980, 982, 986
cylinder-head bolts, size of,

1022, 1039, 1G41
cylinder-heads, dimensions of,

1022, 1039
design, current practice, 1039-

1041
dimensions of parts of, 1007,

1021-1042
eccentric-rods, dimensions of,

1039
eccentrics, dimensions of, 1039
economic performance of, 987-

1007
Steam-engines, economy at vari-

ous loads and speeds, 992, 993
effect on of wet steam, 1001"
of in central stations, 992
of simple and compound com-

pared, 997
tests of high speed, 994
imder variable loads, 992
with superheated steam, 998

Steam-engines, effect of leakage
on indicator diagram, 976

effect on, of moisture in steam,
1001

eflBciency in thermal units per
minute, 964

estimating I.H.P. of single
cylinder and compound, 970

exhaust sfteam used for heating,
1009

expansions in, table, 965
fly - wheels (see Fly - wheels)

,

1040, 1041,1044-1052

Steam-engines, foundations em-
bedded in air, 1009

frames, dimensions of, 1044
friction of, 1238
governors, fly-ball, 1066
governors, fly-wheel, 1066
governors, shaft, 1066
governors, springs for, 1066—

1068
guides, sizes of, 1024
-highest economy of, 1003
high piston speed in, 995
high-speed, British, 995
high-speed Corliss, 995
high-speed, economy of, 994
high-speed, performance of,

988, 989, 992
high-speed, sizes of, 988-992
high-speed throtthng, 996
horse-power constants, 971-974
indicated horse-power, 970-976
indicator diagrams, {see Indi-

cator), 968-976
Indicator rigs, 969
indicators, errors of, 969
influence of vacuum and super-

heat on economy, 1001
Lentz compound, 997
limitations of speed of, 995
link motions, 1062-1065
mean and terminal pressures, 960
mean effective pressure, calcula-

tions of, 961
measures of duty of, 963
non-condensing, 998-990
oil required for, 1245
pipes for, 879, 1039, 1040
piston-rings, size of, 1023
piston-rod guides, size of, 1024
piston-rods, fit of, 1024
piston-rods, size of, 1024, 1040,

1041
pistons, clearance of, 1021
pistons, dimensions of, 1022,

1040, 1041
piston-valves, 1061
prevention of vibration in, 1008
proportions, current practice,

1039-1041
proportions of, lOZl—1042
quadruple-expansion, 986
quadruple, performance of, 1003
Rankine cycle efficiencies, 996
ratio of cylinder capacity in
compound marine, 980

ratio of expansion in, 962
reciprocating parts, weight of,

1040, 1041
relative cost of, 1011
reversing gear, dimensions of,

1039
rolling-mill, sizes of, 1008
rotary, 1082
rules for tests of, 1015
setting the valves of, 1061
shafts and bearings (see Snafts),

1030-1033, 1040, 1041
single-cylinder, economy of, 987
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Steam-engines, single -cylinder,
high-speed, sizes and perform-
ance of, 989

single-cylinder, water consump-
tion of, 987-1007

slide valves (see Slide Valves),
1053-1055

small, coal consumption of, 993
small, waterconsumption of, 992
Sulzer compound and triple-

expansion, 998
superheated steam in, 998
Stjam consumption of differ-

ent types, 999
steam-jackets, influence of, 1004
steam-turbines and gas-engines

compared, 1013
Stumpf uniflow, 997
test of with superheated steam,

998
three-cylinder, 1038
to change speed of, 1066
to put on center, 1061

Steam-engines, triple-expansion,
983-986

crank-shafts for, 1038
cylinder proportions, 983-985
cylinder ratios, 986
high-speed, sizes and perform-

ances of, 990, 991
non-condensing, 990
sequence of cranks in, 986
steam-jacketed, performance of,

990, 991
theoretical mean effective pres-

sures, 984
types of, 986
water consumption of, 998

Steam-engines, using superheated
steam, 998-1002

use of reheaters in, 1004
valve-rods, dimensions of, 1038
Walschaerts valve-gear, 1064
water consumption of, 967, 975,

987-1006
water consumption from indi-

cator-cards, 975
with variable loads, wasteful, 964
with sulphur-dioxide adden-
dum, 1007

wrist-pin, dimensions of, 1029
Steam-pipes, 882-885

copper, strength of, 882
copper, tests of, 882
failures of, 882
for engines, 879
for marine engines, 880
proportioning for minimum loss
by radiation and friction, 880

riveted-steel, 883
imcovered, loss from, 884
underground, condensation in,

884
valves in, 883
w^ire-wound, 882

Steam turbines, 1083-1095
and gas-engine, combined plant

of, 1014

Steam turbines and steam-engines
compared, 1005, 1092

effect of pressure, vacuum and
superheat, 1090

effect of vacuum on, 1088
efficiency of, 1087
heat consumption of ideal

engine, 1091
impulse and reaction, 1082, 1087
low-pressure, 1069
low - pressure, combined with

high - pressure reciprocating
engine, 1383

most economical vacuum, 1075
Rankine cycle ratio of, 1089
reduction gear for, 1095
speed of the blades, 1086
steam consumption of, 1088,

1092
testing oil for, 1244
tests of, 1088
theory of, 1084
using exhaust, from reciprocat-

ing engines, 1093, 1383
30,000 K.W., 1092

Steel, 475-511
analyses and properties of, 476
and iron, classification of, 436
alloy, heat treatment of, 502-

504
aluminum, 496
annealing of, 484, 492
axle, effect of heat treatment

on, 479
axles, specifications for, 507,

509
axles, strength of, 354
bars, effect of nicking, 485
beams, safe load on, 298
bending tests of, 478
Bessemer basic, ultimate

strength of, 476
Bessemer, range of strength of,

478
blooms, weight of, table, 190
bridge-links, strength of, 353
brittleness due to heating, 483
burning carbon out of, 485
burning, overheating, and re-

storing, 481
Campbell's formulae for strength

of, 477
castings, 489, 510
castings, specifications for, 489,

510
castings, strength of, 355
cementation or case-hardening

of, 1291
chrome, 496
chromium nickel, 501
chromium-vanadium, 500-502
chromium -vanadium spring,

424
cold-drawn, tests of, 361
cold-roUed, tests of, 361
color-scale for tempering, 493
comparative tests of large and

small pieces, 480
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Steel, copper-, 499
corrosion of, 467, 468
crank-pins, specifications for,

507
critical point in heat treatment

of, 480
crucible, 475, 490-494
crucible, analyses of, 490, 494
crucible, effect of heat treat-

ment, 481, 491
crucible, selection of grades of,

490
crucible, specific gravities of,

490
dangerous, containing mangan-
. ese sulphide, 486
effect of annealing, 479
effect of annealing on grain of,

479
effect of annealing on magnetic

capacity, 483
effect of cold on strength of, 464
effect of finishing temperature

in rolling, 478
effect of heating, 481
effect of heat on grain, 479, 491
effect of oxygen on strength of,

477
effect of vibration and load on,

278
electric conductivity of, 477
endurance of, luider repeated

stresses, 487
expansion of, by heat, 566
eye-bars, test of, 360
failures of, 486
fatigue resistance of, 500
fire-box, homogeneity test for,

508
. fluid-compressed, 488
for bridges, specifications of,

504, 505
for car-axles, specifications, 507,

509
for different uses, analyses of,

505-510
forgings, annealing of, 482
forgings, oil-tempering of, 482
forgings, specifications for, 506
for rails, specifications, 508
for ships, specifications of, 507
for steam boilers, 913
hardening of soft, 479
Harveyizing, 1291
heating in a lead bath, 492
heating in melted salts by an

electric current, 492
heating of, for forging, 492
heat treatment of Cr-Va steel,

502
high carbon, resistance of, to

shock, 277
high-speed tool, 494
high-speed tool, emery wheel

for grinding. 1263, 1314
high-speed tool, Taylor's experi-

ments, 1261
high-speed tool, tests of, 1269

Steel, high-strength, for shipbuild-
ing, 507

ingots, segregation in, 487
fife of, under shock, 276
low strength of, 477
low strength of, due to insufiQ-

cient work, 478
manganese, 494
manganese, resistance to abra-

sion of, 495
manufacture of, 475
melting temperature of, 555
mixture of, with cast iron,

453
Mushet, 490
nickel, 497
nickel, tests of, 497
nickel-vanadium, 499
of different carbons, uses of, 494
open-hearth, range of strength

of, 478
plates (see Plates, steel)

quench-bend tests of, for boilers,

913
rails, electric resistance of, 1416
rails, specifications for, 508
rails, strength of, 353
range of strength in, 478
recalescence of, 480
relation between chemical com-

position and physical char-
acter of, 476

rivet, shearing resistance of, 430
rivets, specifications for, 505
shearing strength of, 362
sheets, weight of, 183
soft, quenching test for, 507
specific gravity of, 486
specifications for, 504-511
splice-bars, specifications for,

509
spring, strength of, 355
springs (see Springs, steel)

static and dynamic properties
of, 500

strength of, Campbell's formulae
for, 477

strength of, Kirkaldy's tests,

353
strength of, variation in, 478

Steel, structural, anneahng of, 484
effect of punching and shearing,

483 .

punching of, 483
punching and drilling of, 485
riveting of, 484
shapes, properties of, 305-321
specifications for, 504
treatment of, 483-485
upsetting of, 484
welding of, forbidden, 484

Steel struts, formulae for, 285
tempering of, 493
tensile strength of, at high

temperatures, 463
tensile strength of, pure, 477
tires, specifications for, 509
tires, strength of, 354
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Steel tool, composition and heat
treatment of, 1265

tool, heating of, 492
tool, high-speed, 1265
tungsten, 496
used in automobile construc-

tion, 510
very pure, low strength of, 477
water-pipe, 351
welding of, 484, 498
wire gage, tables, 30
working of, at blue heat, 482
working stresses in bridge
members, 287

Stefan and Boltzman law of
radiation, 579

Stellite, alloy for cutting tools,
1269

Sterro metal, 393
St. Gothard tunnel, loss of pres-

sure in air-pipes in, 620
Stoker, Riley, 919

Taylor gravity imderfeed, 919
Stokers, mechanical, for steam-

boilers, 918
underfeed, 919

Stone-cutting with wire, 1309
strength of, 357, 370
weight and specific gravity of,

table, 177
Storage batteries, 1425-1428

batteries, Edison alkaline, 1428
batteries, rules for care of, 1427
of steam heat, 927, 1014

Storms, pressure of wind in, 627
Stove foundries, cupola charges

in, 1250
^ Stoves, for heating compressed-

air, efficiency of, 641
Straight-Une formula for columns,

285
formula for boiler efficiency, 896

Strain and stress, 272
Strand, steel wire, for guys, 255
Straw as fuel, 839
Stream, open, measurement of

flow, 760
Streams, fire, 749-752 (see Fire

running, horse-power of, 765
Street-lighting installations, 1476

kinds of, 1472
Strength and specific gravity of

cast iron, 452
compressive, 281-283
compressive, of woods, 368
loss of, in punched plates, 424

Strength of aluminum, 381
aluminum-copper alloys, 396
anchor forgin^s, 353
basic Bessemer steel, 476
belting, 357
blocks for hoisting, 1 181
boiler-heads, 337, 338
boiler-plate at high tempera-

tures, 463
bolts, 348
brick, 358

Strength of brick and stone, 370-
372

bridge-links, 353
bronze, 356, 384
canvas, 357
castings, 352
cast iron, 444-447
cast-iron beams, 451
cast-iron columns, 289
cast-iron cylinders, 452
cast-iron flanged fittings, 452
cast iron, relation to size of bar,

444
cast-iron water-pipes, 196, 452
cement mortar, 372
chain cables, tables, 264, 265
chains, table, 264, 265
chalk, 371
columns, 283-293, 1389
copper at high temperatures,

368
copper plates, 356
copper-tin alloys, 385
copper-tin-zjnc alloys, graphic

representation, 388
copper-zinc alloys, 388
cordage, table, 410. 415, 1218
crank-pins, 1027
electro-magnet, 1431
flagging, 373
flat plates, 336
floors, 1390-1393
German silver, 356
glass, 365
granite, 357
gun-bronze, 386
hand and hydraulic riveted

joints, 425
ice, 3S8
iron and steel, effect of cold on,

464
iron and steel pipe, 363
lime-cement mortar, 372
limestone, 371
locomotive forgings, 353
Lowmoor iron bars, 352
malleable iron, 454, 45S
marble, 357
masonry materials, 371
materials, 272-379
materials, Kirkaldy's tests, 352-

358
perforated plates, 425
phosphor-bronze, 395
Portland cement, 358
riveted joints, 359, 424-435
roof trusses, 547
rope, 357, 411, 1218
sandstone, 371
silicon-bronze wire, 395
soapstone, 371
spring steel, 355
spruce timber, 367
stayed surfaces, 338
steam-boilers > 908-918
steel axles, 354
steel castings, 355
Steel, formulee for, 476, 477
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strength of steel propeller-shafts,
354

steel rails, 353
steel tires, 354
structural shapes, 305-321
timber, 368
twisted iron, 280
unstayed surfaces, 337
various sheet metals, 356
welds, 264, 355
wire, 357, 358
wire and hemp rope, 356, 357
wrought-iron columns, 285
yellow pine, 368
zinc plates, 370

Strength, range of, in steel, 478
shearing, of iron and steel,

362
shearing, of woods, table, 367
tensile, 278
tensile, of iron and steel at high

temperatures, 463
tensile, of pure steel, 477
torsional, 334
transverse, 297-300

Stress and strain, 272
due to temperature, 335

Stresses allowed in bridge mem-
bers, 287

combined, 335
effect of, 272
in framed structures, 541-548
in plating of bulkheads, etc.,

due to water-pressure, 338
in steel plating due to water

pressure, 338
produced by shocks, 276

Structural materials, permissible
stresses in, 1387, 1388

shapes, elements of, 294
shapes, moment of inertia of,

295
shapes, radius of gyration of,

295
shapes, steel (see Steel, struc-

tural, also Beams, angles,
etc.)

steel shapes, dimensions and
weiehts. 302-305

steel shapes, properties of, 305-
321

work, rivet spacing for, 321, 322
Structures, framed, stresses in.

541-548
Strut, moving, 536
Struts, steel, formidse for, 285

strength of, 283
wrought-iron, formulae for, 285

Stub gear teeth, 1167
Stud bolts, 237
Stimipf uniflow engine, 997
Suction Uft of pmnps, 788
Sugar manufacture, 839
Sugar solutions, concentration of,

572
Sulphate of lime, solubility of, 571
Sulphur-dioxide refrigerating-ma-

chine, 1345

Sulphur - dioxide - addendum to
steam-engine, 1007

dioxide, properties of, 1338
influence of, on cast iron, 438
influence of, on steel, 476

Sum and difference of angles,
fimctions of, 68

Sun, heat of, as a source of power,
1015

Superheated steam, economy of
steam-engines with, 998

steam, effect of on steam con-
siunption, 998

steam, practical application of,

1002
Superheating, economy due to,

1006
in locomotives, 1126

Surface condensers, 1069
of sphere, table, 126, 127

Surfaces of geometrical solids, 61-
66

of revolution, quadrature of,

77
unstayed flat, 337

Suspension cableways, 1205
Sweet's slide-valve diagram, 1054
Symbols, chemical, 173

electrical, 1477
Synchronous converters, 1453

generators, 1448, 1453
^motor. 1463

T-C(
T-

CONNECTIONS,
formers, 1452

trans-

-shapes, properties of Car-
negie steel, table, 313-315

T-slots, T-bolts and T-nuts, 1321
Tackle, hoisting, 1182
Tackles, rope, efficiency of, 415
Taggers, tin, 192
Tail-rope, system of havilage, 1203
Tanbark as fuel, 838
Tangent of an angle, 66
Tangents of angles, table of, 170-

172
Tangential or impulse water

wheels, tables of, 785
Tanks and cisterns, niunber of

barrels in, 134
capacities of, tables, 132-134 •

with flat sides, plating and
framing for, 339

Tap-drills, sizes of, 235, 236, 1320
for pipe taps, 201

Taper pins, 1321
to set in a lathe, 1261

Tapers, Jamo, 1319
Morse, 1319

Tapered wire rope, 1208
Taps, A. S. M. E. standard, 235,

236
Tapping and threading, speeds

for, 1290
Taylor's experiments on cutting

tools of high-speed steel, 1261
Taylor's rxiles for belting, 1143
Taylor's theorem, 78
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Taylor-White high-speed tools,
cutting speeds of, 1266

Teeth of gears, forms of, 1 162-1 167
of gears, proportions, 1159,

1161
Telegraph poles, tubular, 206

-wire, tests of, table, 250
Telpherage, 1196
Temperature, absolute, 567
and humidity, comfortable, 685
coeflQcient of resistance of

copper, 1403
conversion table, 552
determination of by color, 558
determinations of melting-

points, 554, 559
effect of on strength, 368, 463-

465
-entropy diagram, 600
-entropy diagram of water and

steam, 602
of fire, 817, 818
rise of, in combustion of gases,

818
stress due to, 335

Temper carbon, in cast-iron, 439
Tempering, effect of, on steel, 493

oil, of steel forgings, 482
steel, change of shape due to,

1291
Tenacity of different metals, 180

of metals at various terapera-
tures, 368, 463-465

Tensile strength (see Strength)
strength, increase of, by twist-

ing, 280
tests, precautions in making,

279
tests, specimens for, 280

Tension and flexure, combined, 335
and shear, combined, 335

Terne-plate, or roofing tin, 193
Terra cotta, weight of, 196
Tests, compressive (see Compres-

sive strength)
of steam-boilers, rules for, 899-

908
of steam-engines, rules for, 1015
of strength of materials (see

Strength)
quench-bend, of steel 913
tensile (see Strength and Ten-

sile strength)
Thermal capacity, 562

storage, 927, 1014
units, 560

Thermit process, 401
welding process, 488

Thermodynamics, 597-603
laws of, 598

Thermometer, air, 557
centigrade and Fahrenheit com-

pared, tables, 550
Threads, pipe, standard, 201, 217
Threading and parting tools,

speed of, 1268
and tapping, speeds for, 1290
pipe, force required for, 363

Three-phase circuits, 1445
transmission, rule for sizes of

wires, 1459
Throttle valves, size of, 880
Thrust bearings, 1232
Tides, utilization of power of, 787
Ties, railroad, required per mile

of track, 245
Tiles, weight of, 196
Timber (see also Wood)

beams, safe loads, 1387, 1393
beams, strength of, 368
expansion of, 367
measure, 20
preservation of, 368
strength of, 368-369
table of contents in feet, 21
to compute volume of square,

21
Time, measures of, 20
Tin, alloys of (see AUoys)

lined iron pipe, 227
plates, 192-194
properties of, 179

Tires, locomotive, shrinkage fits,

1324
steel, friction of on rails, 1219
steel, specifications for, 509
steel, strength of, 354

Titanium, additions to cast-iron,
439, 451

-aluminum alloy, 401
Tobin bronze, 392
Toggle-joint, 536
Tonnage of vessels, 1369
Tons per mile, equivalent of, in

lbs. per yard, 27
Tools, cutting, durabiUty of, 1268

cutting, effect of feed and depth
of cut on speed of, 1264

cutting, in small shops, best
method of treatment, 1268

cutting, interval between grind-
ings of, 1264

cutting, pressure on, 1264
cutting, use of water on, 1264
economical cutting speed of,

1268
forging and grinding of. 1263
high speed, table of cutting

speeds, 1266
machine (see Machine tools)
parting and thread -cutting,

speed of, 1268
standard planing, 1271

Tool-steel (see also Steel)
best quality, 1265
high-speed, composition and

heat-treatment of, 1265
high-speed, new (1909), tests of,

1269
high-speed, Taylor's experi-

ments, 1265
in small shops, best treatment

of, 1268
of different qualities, 1268

Toothed-wheel gearing, 539, 1157-
1180
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Torque computed from watts and
k revolutions, 1436

horse-power and revolutions,
1436

of an armature, 1435
Torsion and compression com-

bined, 335
and flexure combined, 335
elastic resistance to, 334
of shafts, 1030, 1130
tests of shafting, 361

Torsional strength, 334
Track bolts, 244, 245

spikes, 245
Tractive force of locomotive, 1112
Tractrix, Schiele's anti-friction

curve, 50
Train resistance, electric cars, 1415

loads, average, 1125
Trains, railroad, resistance of,

1108
railroad, speed of, 1187

Trammels, to describe an ellipse
with, 45

Tramways, compressed-air, 652
wire-rope, 1204

Transformers, constant current,
1453

eflQciency of, 1451
electrical, 1451
primary and secondary of, 1451

Transmission, compressed-air (see
Compressed-air)

electric, 1410, 1457
electric, area of wires, 1410, 1457
electric, economy of, 1411
electric, eflQciency of, 1411
electric, weight of copper for,

1411, 1457
electric,wire table for, 1413, 1457
hydrauUc-pressure (see Hydrau-

lic-pressiire transmission)
of heat (see Heat)
of power by wire-rope (see

Wire-rope), 1208-1213
pnemnatic postal, 1201
rope (see Rope-driving)
rope, iron and steel, 256, 257
wire-rope (see Wire-rope)

Transportmg power of water, 755
Transverse strength, 297-300
Trapeziimi and Trapezoid, 54
Trapezoidal rule, 56
Triangles, mensTiration of, 54

problems in, 41
solution of, 69
spherical, 63

Trigonometrical computations by
slide rule, 83

formulae, 68
fimctions, logarithmic, 167
ftmctions, table, 170-172

Trigonometry, 66-70
Triple eflfect evaporators, 570
Triple-expansion engine (see

Steam-engines)
Triple-riveted joints, working

pressures on boilers with. 917

Troostite, 480
Trough plates, properties of, 308
Troy weight, 19
Trusses, bridge, stresses in, 543-

547
roof, stresses in, 547

Tubes (see also Pipe)
almninmn 226
aluminimi bronze, 397
boiler (see Steam-boile;r tubes)
boiler, table, 204
boiler, used as colimans, 336
brass, seamless, 224, 225
collapse of, formulae for, 341-344
collapse of, tests of, 341-344
collapsing pressure of, table,
334

copper, 225
expanded, holding power of, 364,

916
lead and tin, 227
of different materials, weight

of, 181
seamless, 222-225
steel, cold-drawn, Shelby, 223
surface per foot of length, 224

Tube-plates, steam-boiler, rules
for, 914

Tube-spacing in steam-boUers,
916

Tungsten and aluminum alloy,
399

electric lamps, 1473
steel. 496

Turbines, hydrauUc, 768-780
American high-speed runners,

comparison of, 770
capacity criterion, 770
capacity of, 769b
determination of dimensions of

runners, 769a
determination of sizes, 770,

770B, 771A
discharge loss of, 769b
draft tubes for, 778
efficiency of 771b
estimating weights of, 771a
faU increaser for, 780
gate opening, relation of to

eflQciency, 772
10,000 H.P. machine at Sno-
Quahnie FaUs, 779

13,500 H.P, machine at Du-
luth, 779

limiting profiles of runners,
769B

power table for, 776, 777
recent practice, 778
selection of, 771, 77lA
some large, 779
specific discharge, 770, 77QB
specific speed, 770
speed criterion, 770
tests of discharge by salt solu-

tion, 774
type characteristics, 770

Turbines, steam (see Steam-
turbines)
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Turf or peat, as fuel, 838
Turnbuckles, 243
Tuyeres for cupolas, 1247
Twist-drill {see Drills)
and steel wire gages, 1286
gage, table, 30
sizes and speeds, 1285

Twisted steel bars, strength of, 280
Two-phase currents, 1445
Type characteristic of turbines,

770
-metal, 408

UEHLING and Steinbart
pyrometer, 557

Underwriters' rules for elec-
trical wiring, 1410

Unequal arms on balances, 20
Uniflow steam-engines, Stumpf,

997
Unions, pipe fittings, 207
Unit of evaporation, 886

of force, 512
of heat, 560
of power, 528
of work, 528

Units, electrical and mechanica-l,
equivalent values of, 1399

electrical, relations of, 1397
of the magnetic circuit, 1399

United States, population of, 11
standard sheet metal gage, 29,

Unstayed surfaces, strength of,
337

Upsetting of structural steel, 484

V-NOTCH recording water
meter, 759

Vacuum at different tem-
peratures, 788

drying in, 573
for turbines, most economical,

1075
high, advantage of, 1078
high, influence of on steam-en-

gine economy, 1001
inches of mercury and absolute

pressure, 1071
pumps, 806
systems of steam heating, 702

Valves and elbows, friction of air
in, 624

and fittings, loss of pressure due
to, 747, 748

and pipe fittings, description
and sizes, 206-208

for superheated steam, 882
in steam pipes, 883
pump, 792, 793
straight-way gate, 217, 218

Valve-gear, Stephenson, 1062
Walschaerts, 1064

Valve-stem or rod, design of {see
Steam-engines), 1038

Vanadium-chrome.steel, 500-502
-copper alloys, 395
effect of on cast iron, 439, 450
-nickel steels, 499

Vanadiimi steel spring, 424
Vapor and gases, mixtures of, 604

pressures of various Uquids, 844
saturation point of, 604
water, and air mixture, weight

of, 610-613
Vapors used in refrigerating,

properties of, 1341
Varnishes, 471
Velocity, angular, 522
due to falling a given height,

524
of gas in chinmeys, 951
parallelogram of, 523
table of height corresponding

to a given, 523
Ventilating ducts, quantity of air

carried by, 683
fans, 653-660, 672

Ventilation {see also Heating and
Ventilation)

by chimneys, 712
by steam-jet, 679
cooling air for, 710
of mines {see Mine-ventilation)
of mines, equivalent oriQce, 715
problems, standard values in,

687
standards of, 686

Ventilators, centrifugal for mines,
672

Venturi meter, 758
Versed sine of an arc, 67

sines, table, 170-172
Verticals, formulae for strains in,

545
Vessels {see also Ships)

framing of, table, 339
Vibrations in engines, preventing,

1008
Vis-viva, 528
Volt, definition of, 1397
Voltages used ui long-distance

transmission, 1459
Volumes of revolution, cubature

of, 77
Vulcanized India rubber, 378

ALLS of buildings, thick-
ness of, 1388

of warehouses, factories,
etc., 1388

windows, etc., heat loss through,
688

Walschaerts valve-gear, 1064
)

Warren girder, stresses in, 546
Washers, cast and wrought, tables

of, 242, 243
Washing of coal, 833
Water, 716-726

abrading power of, 755
amoimt of to develop a given

horse-power, 783
analysis of, 722
as a lubricant, 1246
boiling-point at various baro-

metric pressures, 608
boiling-point of, 719

W



vat-wat INDEX. wat-wlr 16251

Water, comparison of head in feet

with various units, 718
compressibility of, 720
conduits, long, efficiency of, 766
consumption of locomotives,

1122
consmnption of steam-engines

(see Steam-engines)
current motors, 765
drums for boilers, 913
erosion and abraduig by, 755
flow of (see Flow of water)
flowing in a tube, power of,

765
flowing, measurement of, 757-

764
freezing-point of, 719
frictional resistance of surfaces
moved in, 756

-gas, 846, 859-864
-gas analyses of, 860
-gas, manufacture of, 859
-gas plant, efficiency of, 861
-gas plant, space required for,

862
hammer, 749
hardness of, 723
head of, 718
heating of, by steam coils, 591
heat-imits per pound of, 717
horse-power required to raise,

788
impurities of, 720
in pipes, loss of energy in, 812
jets, vertical, 749
meter, V-notch recording, 759
raeters, capacity of, 749
pipe, cast-iron, transverse

strength of, 452
pipes, compoimd with branches,

746
-power, 765
-powerjplants, high'pressure, 782
-power, value of, 766
pressure on vertical surfaces,

719
pressure per square inch, equiv-

alents of, 27, 718
pressures and heads, table, 718
prices charged for in cities, 749
pimaping by compressed air, 808
purification of, 723-726
-softening apparatus, 724
specific heat of, 564, 720
total heat and entropy of, 869,

871-873
tower {see Stand-pipe)
tower at Yonkers, N. Y., 350
transporting power of, 755
under pressure, energy of, 765
units of pressure and head, 718
vapor and air mixture, weight of,

610-613
velocity of, in open channels,

755
weight at different tempera-

tures, 716, 717
weight of one cubic foot, 27

Waterfall, power of a, 765
Water-wheels, 768

impulse, 780
jet, power of, 784
Pelton, 780
tangential, choice of, 781
tangential, governing, 782
tangential, power of, 784, 785
tangential, reversible, 781

Waves, ocean, power of, 784
Weathering of coal, 830
Wedge, 537
Wedge, volmne of, 62
Weighing on incorrect balance, 20
Weight and specific gravity of

materials, 174-177 {see also
Material in question)

definition of, 511
measures of, 19

Weights and measures, 17-27
Weir dam measurement, 762

flow of water over, 762
trapezoidal, 764
triangular or V-notch, 759

Welds, strength of, 355
electric, 1419
electric arc, 1419
of steel, 484, 487

Welding, oxy-acetylene, 488
process, the thermit, 488

Well, artesian, pixmping by com-
pressed air, 810

Welsbach gas lights, standard

Wheat, weight of, 180
Wheel and axle, 539
Wheels, turbine {see Turbine

wheel)
Whipple truss, 544
White-metal alloys, 407
Whitworth process of compressing

steel, 488
Wiborgh air-pyrometer, 555
Wildwood pumping-engine, high

economy of, 805
Willans law of steam consimip-

tion, 991
Wind, 626, 627

force of, 627
loads on roofs, 191
pressure of, in storms, 627
strain on stand-pipes, 349

Winding engines {see Hoisting
engines) 1186

Windlass, 539
differential, 540

Windows, heat-loss through, 688
Windmills, 627-632

capacity and economy, 627-632
Wire, aluminum, properties of,

248, 1414
^aluminum-bronze, 248
brass, properties of, 248
brass, weight of, table, 229
copper, hard-drawn specifica-

tion for, 251, 252
copper, rule for resistance of,

1406
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Wire, copper, stranded, 253
copper, telegraph and tele-

phone, 251, 252
copper, weight of bare and in-

sulated, 252
gages, tables, 28
galvanized, for telegraph and

telephone lines, 250
galvanized iron, specifications

for, 250
galvanized steel strand, 255
Insulated copper, 252

. nails, 246, 247
of different metals, 248
phosphor-bronze, 248
piano, strength of, 250
platiniun, properties of, 248
plow steel, 250
siUcon-bronze, 248, 395
steel, properties of, 249
stranded feed, table, 253
telegraph, tests of, 250
weight per mile-ohm, 250
-wound fly-wheels, 1052

Wires of various metals, strength
of, 358

sag of between poles, 1461
Wire-rope, 253-263

bending curvature of, 1213
bending of, 254
breaking strength of, 254, 1209
exposm-e to heat, 256
extra flexible, 258, 259
flat, 260. 261
flattened strand, 258, 261
flexible hoistmg, 258, 259
galvanized, 255, 262
galvanized steel hawser, 262
haulage {see Haulage)
horse-power transmitted by,

1210
iron and steel, table of_strength

of, 261, 410
locked, 262
notes on use of, 254, 256
plow steel, 257-259
protection of, 256
radius of curvature of, 1213
sag or deflection of, 1211
sheaves for, 1208, 1211
spUcing of, 263
steel-clad hoisting, 260
strength of, 356
table of strength of, 410
tapered, 1208
tramways, 1204
varieties and uses, 254, 256

Wire-rope transmission, deflec-
tion of rope, 1207, 1211

incUned, 1212
limits of span, 1212
long distance, 1212
of power by, 1208
sheaves for, 1211

Wiring rules. Underwriters', 1410
table for direct currents, 1413
table for three-phasQ trangmiS"

\ MAR 11934

Wohler's experiments on strengt
of materials, 275

;.

Wood (see also Timber) __
as fuel, 835, 836 /^ "

composition of, 835
drying of, 368
expansion of, by heat, 368
expansion of, by water, 368
heating value of, 835
holding power of bolts in, 346
nail-holding power of, 346, 34

<

screws, 236
screws, holding power of, 346
strength of, 368, 369
strength of, Kirkaldy 's tests, 358
weight of, 181
weight and specific gravity of,

table, 176
weight and heating values o

835
weight per cord, 181

Woods, American shearing
strength of, 367

tests of, 366
Wood-working machinery, power

required for, 1303
Wooden fiy-wheels, 1051

stave pipe, 218, 735
Woodruff key, 1331, 1332
Woolf compoimd engines, 977
Wootten locomotive, 1114
Work, definition of, 27, 528

energy, power, 528
of accelerated rotation, 529
of acceleration, 529
of a man, horse, etc., 532-534
of friction, 1229

Worm gearing, 540, 1168
Wrist-pins, dimensions of, 1029
Wrouglit-iron, chemical composi-

tion of, 460
effect of rolling on strength of,

460
manufactm-e of, 459
slag in, 460
specifications, 461, 462
strength of, 352, 359, 459-463
strength of, at high tempera-

tures, 463
strength of, Kirkaldy's tests, 352

YACHT rigging,' galvanized
steel rope, 255

Yield point, 273

Z-BARS, Carnegie, properties
of, 316

Zero, absolute, 567, 868
Zeuner's shde-valve diagram, 1055
Zinc alloys {see Alloys)

plates, strength of, 370
properties of, 179
sheet, weight of, table, 228
Use of in steam-boilers, 931

Zirconia, 270
Zone of spheroid, 64

of spindle, 65
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