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PREFACE TO FIRST EDITION.

THE object of this book is to give in a small volume what I
believe, as the result of years of practical experience, engineers
and students of engineering want to know about steam turbines.
It is intended that it shall be a manual for the practical engineer
who is designing, operating, or manufacturing steam turbines
rather than a compilation of manufacturers’ catalogs combined
with a digest of standard books on thermodynamics and
mechanics.

In a general way the author has tried to explain briefly and
directly some of the more important problems about which the
qualified steam engincer must have some knowledge. - When this
book was first planned it was intended primarily for the use of the
author’s assistants in the experimental and testing departments
of one of the large manufacturing companies, but later it seemed
that it might be useful in a larger field.

The order in developing the subject is the reverse of that adopted
by most authors. Instead of discussing the intricacies of blading
in the beginning of the book, the more simple problems of nozzle
design are presented first. A great deal more is now known about
nozzles than there was even very few years ago, and many of the
conditions affecting the efficiency of nozzles may now be considered
well established. Nozzles are also becoming a more important
part of all types of turbines. Even the Parsons turbine is now
being modified in America and England so that in many of the
latest designs for large sizes, nozzles are used in the high-pressure
stages. It is coming to be generally recognized that in the future
there will probably be no large installations of reciprocating
engines for electric services. A few years ago this might have
been considered a bold statement, but it is a fact which is now
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iv PREFACE

generally, although reluctantly, admitted by manufacturers of
reciprocating engines.

The entropy-total heat chart in the back of the book is laid out
with lines of constant superheat instead of lines of constant tem-
perature which have been generally used for charts of this kind.
For practical engineering work it is very desirable to have lines
of constant superheat on such charts, because in America and
England guarantees of steam consumption are usually given in
degrees of superheat rather than of temperature. When charts
made with constant-temperature lines are used, it is always neces-
sary to calculate the temperature before the chart can be used.

Most of the graduates of our American technical schools are
entirely “at sea” with the simplest heat calculations, and one of
the reasons for this deficiency is that most of the books on steam
engines — and especially those on the steam turbine — are more
devoted to giving a large quantity of facts than to fulfilling a useful
purpose. Practical engineers who have had to deal with large
numbers of men with an engineering training agree most candidly
with Dr. Steinmetz when he says in substance that it seems to cause
no concern in some of our large technical schools that the graduates
are sent out loaded with a mass of half-understood and undigested

_ subjects, while they are deficient both in the understanding of the
fundamental principles and in the ability to think. If this volume
can serve the purpose of encouraging students to zhink it will
have accomplished one of its principal purposes, not losing sight
of the fact that the book is intended primarily to show how to
do things.*

Nearly all the proof-reading has been done by Professor John F.
Pelly of Philadelphia. Because of Professor Pelly’s thoroughly
practical as well as theoretical knowledge of the subject matter, his
conscientious and painstaking work is very greatly appreciated.

I take this opportunity to thank Professor Ira N. Hollis and
Professor F. Lowell Kennedy of Cambridge for the criticisms and
suggestions which I received from them when the manuscript of
this book was preparing. I am also greatly indebted to Mr. Walter
C. Kerr, president, and Mr. Sidney E. Junkins, vice-president of
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Westinghouse, Church, Kerr & Company, for their encouragement
and for making it possible to finish the book at this time.

For placing at my disposal a great deal of information regarding
the latest results in steam turbine engineering, which is usually
very difficult to obtain, I am particularly indebted to Mr. Richard
H. Rice of Lynn, and Mr. J. R. Bibbins of Pittsburg.

I wish to thank Professor Arthur M. Greene of Troy and
Mr. Albert Stritmatter of Cincinnati for suggestions relating to the
subject matter. For various services in the preparation of this
book, I should mention also Messrs. Francis Hodgkinson and
Harold P. Childs of the Westinghouse Machine Company; C. P.
Crissey, S. A. Moss, and W. E. Culbertson of the General Electric
Company; C. P. Chasteney of the De Laval Steam Turbine
Company; James Wilkinson, president of the Wilkinson Turbine
Company; St. John Chilton of the Allis-Chalmers Company; H. H.
Wait of the Western Electric Company; Carl S. Dow of the B. F.
Sturtevant Company; and J. Clarence Moyer of Philadelphia.

Many of the illustrations for the book have been provided, in
some cases at considerable expense to themselves, by the Cassier
Magazine Company, Westinghouse Machine Company, General
Electric Company, De Laval Steam Turbine Company, Rateau
Turbine Company, Kerr Turbine Company, Wilkinson Turbine
Company, Allis-Chalmers Company, C. H. Parsons & Co., and
Brown, Boveri & Co.

Throughout the text important words and sentences are brought
out by the use of bold-faced type, thus making the subjects of a
paragraph visible at a glance.

The author is always glad to answer correspondence with
teachers relating to questions which inevitably arise in the discussion
of designs for steam turbines, all of which cannot, of course, be

taken up in detail in any book. :
JAMES AMBROSE MOYER.

417 WEST 118TH ST., NEW YORK,
September, 1908.






PREFACE TO SECOND EDITION.

SINCE the issuance of the first edition, scientific investigation
has not added much to our previous knowledge of the proper-
ties of steam, nor have the new types invented in the interval
become commercially successful. In fact the trend of things
has been rather toward the general adoption of one of four
types of steam turbines: (1) a single turbine wheel of the im-
pulse type; (2) impulse wheels with two velocity stages in
each pressure stage; (3) drum construction with ““ reaction ”
blading; and (4) a combination of (2) and (3) called a combined
impulse and reaction type. Discoveries like that of Tesla’s, claim-
ing to have made possible very great simplification of turbine
construction with unheard of improvements in economy, have
at times attracted the attention of engineers, but always with
the final result that the claims have not been made good.

~ The really important developments of the last few years have
been in the construction of increasingly large sizes. The largest
turbine-generator now ready for installation is rated at 35,000
kilowatts, which is to be compared with a maximum size of
14,000 kilowatts of only three years ago. Certainly these are
the days typical of the concentration of power in large units,
not only in the turbine and generator room, but also in the boiler
room, in the condenser pit, and in the installation of the other
plant auxiliaries. Extremely large sizes are being installed be-
cause they effect a substantial reduction in the unit cost of
power generation. In spite of the general increase in the cost
of raw and manufactured materials in the last five years, the
application of steam turbines in power plants in the place of
reciprocating engines has reduced the total first cost of large

first-class power plants from $120 per kilowatt of rated capacity,
vii



viil PREFACE TO SECOND EDITION

which was a fair average value five years ago, to nearly $6o
to-day.

In these times when there is such general discussion of con-
servation and efficiency, the low-pressure steam turbine takes
an important place, because of its innumerable applications for
preventing the wasting of any steam to the atmosphere. In
nearly every large central station hundreds of pounds of steam
exhausted from the auxiliaries at atmospheric pressure in excess
of that required in the heaters for heating the feed is lost through
the exhaust-heads. Modern methods of turbine application
would save and utilize this steam for power. In the most
modern practice, therefore, the greatest skill of the engineer is
called upon more in connection with the methods of applying
the commercial types of turbines already developed rather than
in the actual designing of new types of machines. In steam
engine designing there have been always unlimited possibilities;
in steam turbine designing these are few.

Most of the additions made in this edition have been, there-
fore, mainly in the line of new applications. The chapter on
low-pressure turbines has been rewritten and very much extended
to include the latest developments and applications. This
chapter should be unusually interesting to all engineers and
students. New chapters have been added on Bleeder or Ex-
traction Turbines and Mixed Pressure Turbines. Both mark
recent successful developments in turbine applications, making
it a still more important competitor of the reciprocating engine
in the non-condensing field. The chapters on Heat Theory,
Steam Flow, Nozzle Design, Blade Design and Reaction Tur-
bine Design have been rewritten with the addition throughout
the text of many illustrative examples and the inclusion in an
appendix of a large number of practical exercises and problems
to illustrate important principles, thus making the book con-
siderably more serviceable than before as a class-room text.
For these exercises the data are selected in most cases so as to
simplify the calculations and to avoid taking too much of the
time of the student or reader with purely numerical work. A

-
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new entropy-total heat chart has been calculated and engraved,
which embodies the most recent and reliable data on the prop-
erties of superheated and saturated steam.

In the preparation of this edition I am particularly indebted
to Professor J. E. Enswiler of the University of Michigan and
Professor J. P. Calderwood of The Pennsylvania State College
for innumerable suggestions.

Many important suggestions and criticisms have been re-
ceived from Professor J. V. Ludy, Purdue University; Professor
E. A. Fessenden, University of Missouri; Mr. M. Nusim, Gen-
eral Electric Company, Lynn, Mass.; Mr. C. P. Crissly, Henry
Worthington Co., New York; Mr. C. P. Chasteney, De Laval
Steam Turbine Co.; and Mr. N. C. Miller of The Pennsylvania
State College.

Finally, important mention must be made of assistance in this
work received from Mr. H. T. Herr, Vice-President and General
Manager of the Westinghouse Machine Co.; Mr. Francis Hodg-
kinson of the same company; Messrs. Richard H. Rice and
Chas. K. West of the General Electric Company; Dr. E. J.
Berg of Union College; Mr. Alfred Rigling of The Franklin
Institute; and The Electric Journal.

THE AUTHOR.

StaTE COLLEGE, Pa.,
January 1, 1914.












THE STEAM TURBINE

CHAPTER 1.
INTRODUCTION.

THE steam turbine is the most modern as well as the most
ancient steam motor. Recently its development has gone by
leaps and bounds; and, above all, in its applications it is gaining
ground daily. Doubtless it is to be the most important prime
mover of the near future.

During recent years results have been secured with steam tur-
bines that only a short time ago were considered practically unat-
tainable. Primarily their great success lies in their adaptability
to operation with high vacuums. Steam turbines are, therefore,
almost ideally suitable for the conditions of modern engineering
practice requiring both high vacuums* and high superheats.
To-day in the economical use of steam they are unrivaled; and,
because of improved manufacturing methods, marking the tran-
sition from the experimental to the commercial stage, first cost
is no longer a deciding factor favoring reciprocating engines.

Compared with reciprocating steam and gas engines, steam
turbines require much smaller and cheaper foundations, occupy
less floor space, require fewer attendants, and because no lubrica-
tion is required for any parts in contact with the steam, the con-
densation becomes directly available for feed water. The highest
superheats can be employed without affecting the choice of lubri-
cants, and the cost of oil for lubrication is very tow.

A steam turbine of the simplest type is essentially a wheel
similar to an ordinary water wheel, which is moved around by
a steam jet impinging on its blades. Steam is directed against
the turbine wheel by nozzles or similar passages delivering the

* The question of the most proﬁtable vacuum for given conditions is discussed

on pages 273 to 281.
I



2 THE STEAM TURBINE

F16. 1.— A Small Modern Steam Turbine with Part of the Casting Removed.

steam at mathematically exact angles, calculated to make the
steam strike the blades of the wheel most advantageously.

Fig. 1 is an illustration of a modern steam turbine with a part
of the casing removed to show the construction. The turbine
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wheel W is shown here with numerous blades on its circumference.
The steam comes to the turbine from the boilers through a suitable
steam main connected to the top of the turbine at M and passes
down through the pipe A to the steam-chest B. From this steam-

F1G. 2. — The Turbine Wheel and Nozzles.

chest it is guided through one or more nozzles, from which it
escapes at a high velocity to impinge on the blades on the circum-
ference of the turbine wheel, which is thus made to rotate, and
performs work by moving machinery connected to the shaft.
Nozzles from which the steam is discharged are located around
the periphery of the wheel as shown in Fig. 2 with their enlarged




4 THE STEAM TURBINE

ends, technically called mouths, very close to the blades.* Steam
after passing through the blades enters the exhaust pipe at E
(Fig. 1) and is discharged into the atmosphere or into a condenser,
depending on whether the operation is non-condensing or con-
densing.

Preliminary to the study of the modern commercial types of
steam turbines it is desirable to state briefly some of the most
important stages through which this very ancient form of steam
motor has passed in its development.

Early History. The earliest notices of heat engines of any
kind are found in a book by Hero of Alexandria, which was
probably written in the second century before Christ. In this
book of mechanical contrivances a steam reaction wheel is men-
tioned. This first steam turbine is shown
in Fig. 3. It is described as consisting
of a hollow spherical vessel pivoted
on a central axis and supplied with
steam through the support M and one
of the pivots from a boiler, B, beneath.
Steam escaped from the vessel through
bent pipes or nozzles N, N, facing tan-
gentially in opposite directions. The
spherical vessel was revolved by the re-
action due to the escaping steam, just as
a ““ Barker’s mill ” is moved by the water
escaping from its arms. Any fluid escap-
ing under pressure from a vessel which
is free to move causes a ‘“reaction” tending to displace the vessel
in the opposite direction from the flow of the fluid. This reaction,
although imperfectly understood by Hero, was perfectly applied
in his steam turbine which was used to open the doors of
temples. Only a few years ago a model of Hero’s engine was
constructed by a celebrated English engineer,} with, of course,

F1G. 3.— Hero’s Turbine.

* In this figure one of the nozzles is represented as if transparent to show its
shape on the inside, and a part of the steel band around the blades is cut away to
show the shape of the blades or vanes, as well as to illustrate the passage of steam
from the nozzle into and through the blades.

+ See page 8.
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all the advantages of modern machine tools and appliances,
with the result that an engine was produced which, in economy,
compared well with our elaborate and complicated modern
engines.

In 1547 a German mechanician, it is said, used a turbine simi-
lar to Hero’s to rotate reaming and burnishing tools, but from
the time of Hero down to the seventeenth century there is no
record of progress in the development of steam heat engines. In
1629 Branca, an Italian architect, designed a steam turbine
(Fig. 4) resembling a water wheel, which was driven by the
impulse from a jet of steam directed by means of a nozzle upon
suitable vanes attached to the
wheel. Branca’s turbine en-
gine, however, was not success-
ful; and until the end of the .
nineteenth century, althoughin 3
the interval many steam tur-
bines and other rotary engines
were patented, the piston or =
reciprocating steam engine, FiG. 4. — Branca’s Furbine.
under the leadership of Watt, e
had, commercially, an unrestricted field and remarkable results
were accomplished.

It is interesting to observe that ‘the modern tvpe of impulse
turbine with a single row of blades like the one illustrated in
Fig. 1 is practically the same, except for details, as the historic
Branca’s wheel. The principal difference is that Branca’s wheel
was not enclosed in a casing. Essential parts — the nozzle,
the blades, the wheel, and the shaft — were practically the same
as in some modern machines. Probably if Branca had under-
stood the laws of the expansion of steam as we do to-day, he could
have made a successful prime mover of his turbine. Those who
came after him were aided not only by a superior knowledge
but also by the opportunities for scientific investigation and the
skill of our present-day workshops.

De Laval Type. Dr. Gustaf De Laval, a Swedish scientist, was
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a pioneer in the modern commercial development of steam tur-
bines. In 1882 he constructed his first steam turbine, which was
similar in principle to Hero’s reaction engine. De Laval’s first
turbine was designed primarily for driving his milk and cream
separators, for which there was then a large sale. For other
purposes, however, there was no general application, because at
the very high speeds for which they were designed, it was difficult
to utilize the power; and besides, the steam consumption was
practically prohibitive.

Later De Laval turned his attention to- the development of
Branca’s steam turbine, and was remarkably successful. After
much experimenting, he developed an impulse turbine which is
still one of the standard makes. (See Figs. 82 to 86.) This
great engineer, after investigating the possibilities of both Hero’s
and Branca’s types and having decided to adopt the latter, began
then some strikingly original inventive work, which, in many
respects, led the way for the accomplishments of to-day.

It should be stated, however, in this connection, that no engineer
thinks of belittling De Laval’s work because his investigations
were mostly in the line of improvements to existing types. Un-
questionably he must have the credit for producing the first
commercially successful steam turbine. Many of the features of
his original designs have actually contributed in no small meas-
ure to our knowledge of machine design and thermodynamics,
and have become fundamental principles underlying many of the
most important modern steam turbine developments.*

Parsons Type. With the early work of De Laval, however,
the development of steam turbines designed to operate by the
reaction principle of Hero’s engine was not given up. Almost
contemporaneously with De Laval, C. A. Parsons in England
began the development of the well-known type which to-day bears
his name, and which has made possible the brilliant records of
turbine ocean steamers. In April, 1884, this great inventor took

* The most important feature introduced by De Laval is that of the diverging

nozzle (British Patent No. 7143 of 1889), the principle of which has influenced
the development of practically all types of steam turbines.
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out his first patents on steam turbines. The practicability of the
steam turbine he then proposed is a striking feature of even his
first patents. His specifications showed, above all, that a great
deal of time and thought had been devoted to constructive details.
Methods for reducing vibration, preventing leakage of steam, and
providing for efficient lubrication contributed very largely to his
success. Many of the details of this early turbine are now obso-
lete, so that only a very short description will be given here. A
section drawing of Parsons’ first turbine is shown in Fig. 5. A

Q_._.
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FiG. 5. — Early Parsons Steam Turbine.

large central collar, C, is attached to the main shaft, S, which runs
the length of the turbine. At the ends of the casing where the
shaft passes through it the cross-section is reduced. The main
shaft, S, supports a large number of rings which are held in place
between the collar, C, and the nuts, N, which are screwed on the
reduced section of the shaft at the ends. These rings, around
their circumferences, support those turbine blades (b, b) which
move with the shaft. There are, however, alternating with them,
other rows of blades (¢, c) attached to the inside of the turbine
casing. Technically the blades b, b are called moving blades,
and ¢, c are called fixed or stationary blades. Steam is admitted
to the turbine blades through the annular chamber, A, encircling
the collar, C, and then it passes to the right and left through the
alternate rows of stationary and moving blades to the exhaust
passages E,E —one at each end of the turbine. The steam
expands in the blades as in a nozzle, and its reaction moves the
blades attached to the shaft, just as Hero’s turbine was rotated
by the steam escaping from its arms.
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By the “double-flow’’ arrangement in this design by which the
steam is passed from the center to the exhaust at both ends there
can be very little axial thrust on the shaft. Any thrust that
does occur, however, is balanced by the pressure of the exhaust
steam in the chambers E, E at the ends of the casing. A slight
movement of the shaft toward either end checks the flow of the
exhaust steam and increases the back pressure at that end. This
‘increased pressure then moves the shaft back to its normal
Pposition.

«  Usually it is not possible to balance the parts of a rotating mass
to make its center of gravity coincide exactly with the geometric
center about which it revolves. In any machine like a steam
turbine, when these two centers do not coincide excessive vibra-
tions of the shaft are produced which at certain speeds * are
sufficient to break it. To overcome this difficulty, Parsons in-
geniously allowed a little lateral play, or “ elasticity,” as he called

Z=X
7 ”II/II/I”MMMII”III”I/IIIIM~W///7
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F1G. 6.— Screw Type of Steam Turbine,

it, for the shaft by means of a series of rings of two different
diameters, in principle very much the same as the present con-
struction of the main bearings of Parsons turbines (see Fig. 100),
so that it was permitted to move laterally a certain amount, say a
hundredth of an inch, to allow the proper adjustment in passing
from rest to the normal speed of running.

Among his early experiments Parsons also tried a purely
reaction steam turbine, following almost exactly the published
designs of Hero. This turbine, running with 100 pounds per

* This phenomenon occurs at very definite speeds, called “critical,” for every

rotating mass. Fuller discussion, with a method for calculating “critical” speeds,
is given on page 338.
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square inch steam pressure and 27 inches of vacuum, gave an
output of 20 horsepower at 5,000 revolutions per minute. Steam
consumption was only 40 pounds per brake horsepower per
hour, which was indeed a remarkably good result for that time.

Screw Type. Still another kind of turbine, of only historical
interest, should be mentioned. A large number of inventors have
worked on the development of a screw type like Fig. 6. Hewitt
worked for a long time on a turbine of this kind, and finally con-
cluded the results were not satisfactory. Steam was admitted to
this turbine through the chamber A, and passed through holes in
the plates P, P into the helical grooves on the shaft. In these
grooves the steam was expanded and then escaped to the exhaust
pipes E, E at the two ends. Effective action of the steam was
probably obtained only in the first part of the grooves; and after
being deflected into a helical course, it rushed through to the
exhaust without much additional effect in moving the shaft.
Excessive leakage of steam between the helical threads and the
casing was another serious difficulty.

Recently a somewhat similar arrangement having two “ screw
wheels 7’ meshing together not unlike spiral or helical gears has
been successfully developed by the Buffalo Forge Company
(see Figs. 157 and 158, page 217a).



CHAPTER II.
THE ELEMENTARY THEORY OF HEAT.

NotE. — This short chapter may well be omitted, in reading, by those who are
familiar with the thermodynamics of heat engines and with the use of entropy
diagrams. Itis intended primarily for practical engineers, who will find it par-
ticularly valuable for reference’ purposes, as the subject matter is completely
indexed.

TecHNICALLY the steam turbine must be regarded as a heat
engine, that is, a machine in which heat is employed to do mechan-
ical work. From the viewpoint of the practical man its function,
the same as that of any other heat motor, is to secure as much
work as possible from a given amount of steam, or, going a step
farther back, from the combustion of a given amount of fuel.
Heat theory is, therefore, of first importance.

Heat is a form of energy like electrical, chemical, mechanical,
potential, and kinetic. No doubt exists about the equivalence
of the different forms of energy and their close relation to each
other. Each, at will, can be changed into any of the other forms.

The relative amount of heat in a body is observed, in common
experience, by the sense of touch — whether the body is a solid,
a liquid, or a gas. By such experience we have learned to recog-
nize certain sensations as hot or cold; and then, with more
accuracy, to speak of degrees of temperature. Now when a hot
and a cold body are brought together their temperatures become
equalized. The hotter body always loses heat. The colder
body always gains heat.* This experience is the principal basis
for all heat calculations.

When in the course of time it had been found that a more
accurate method than that of the sense of touch was needed for
heat determinations, methods utilizing the expansion of liquids

* This phenomenon is called the second law of thermodynamics, — that “heat
energy always passes from a warm body to a cold body.”

10
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came to be generally employed. Many substances have a practi-
cally uniform rate of expansion hetween the limits of temperature
an engineer has to deal with. A small column of mercuryin a
glass capillary tube is usually taken as a standard for temperature
measurements.* The mercury in an accurate thermometer
expands very nearly 139 of its volume when heated from the
freezing temperature of water (32°F.) to the boiling point
(212° F.). The expansion between the freezing point and the
boiling point of water has therefore been called, arbitrarily,
180° F. '

For theoretical heat calculations the zero of temperature is
taken as 492° F. below the freezing temperature of water; or,
460° below the Fahrenheit zero. This very low temperature is
called the absolute zero, and at this point there is theoretically
no heat energy.

Temperatures measured from the absolute zero are called
absolute temperatures and are indicated generally by T, to dis-
tinguish them from the ordinary Fahrenheit temperatures, t, as
read on a thermometer scale.

Using these symbols, we have then in Fahrenheit degrees,

T =t + 460.

Absolute temperatures are convenient for heat calculations
because * perfect ”’ gases, at constant pressure, increase in volume
in proportion to the increase in absolute temperature.

* The ordinary mercury thermometers can be used to measure temperatures to
about 575°F. with accuracy. For higher temperatures the capillary tube over
the mercury should be filled with nitrogen or carbonic acid gas under high pressure.
Such thermometers can then be used for temperatures up to 1000° F.

If the mercury is not throughout its whole length at the same temperature as
that being measured, a correction, k, given by the following formula must be
added to the observed temperature, #, in Fahrenheit degrees:

k = 000,088 D (t = 1),

where D is the length of the mercury column exposed, measured in Fahrenheit
degrees, and ¢’ is the temperature of the exposed part of the thermometer. When
long thermometers are used in shallow wells in high-pressure steam pipes this cor-
rection is often 5° to 10° F. For experimental data and direct-reading correction
curves, see Moyer’s Power Plant Testing, 2d edition (McGraw-Hill Book Co.),

pages 31-33.
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Heat Units and Specific Heat. The amount of heat required
to raise the temperature of one pound of water from 62° to 63° F.
is taken arbitrarily as the standard English unit of heat, — com-
monly called the British thermal unit (B.T.U.).* The ratio of
the amount of heat required to raise the temperature of a pound
of water or steam one degree to the British thermal unit is called
the specific heat.}

The specific heat of steam and of gases changes in value accord-
ing to the conditions under which the heat is applied. If heat is
added to a vapor or a gas held in a closed vessel, with no chance
for expansion, no external work is done, and therefore practically
all the heat added is used to increase the temperature. This is
the condition in a boiler when no steam is being drawn off. In
this case the specific heat is symbolized by C, = specific heat at
constant volume. If, on the other hand, the pressure is kept
constant but the volume is allowed to change to permit expansion
and the performing of external work, we say then, C, = specific
heat at constant pressure.

Heating at constant pressure is the condition that is most
interesting to the engineer. When his engines are running the
boilers are making steam at constant pressure. The heat energy
absorbed by a pound of steam for raising only the temperature
must be, obviously, approximately the same, regardless of the
conditions of pressure and volume. Since for constant pressure
conditions some external work is always done, requiring a
larger amount of heat energy than for the case when the volume
is constant, it follows that C, is always greater than C,.

We should add, further, that an engineer’s calculations con-
cerning energy transformations in steam turbines are almost

* In the C. G. S. system of units the kilogram-calorie, called in German
Wirmeeinheit (WE), is used as the standard heat unit. 1 kg.-cal.or 1 WE = 3.97
or nearly 4 B.T.U.

t The specific heat of water at 200° F. is 1.0035, and of superheated steam an
average value of .6 is often assumed in rough calculations for steam at the usual boiler
pressures in power plant practice for superheats less than 150° F. Mean values of
the specific heat of superheated steam are given by the curves in Fig. 30.
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without exception for the condition of constant pressure, and,
consequently, only values of C, are generally useful. Most gases
have practically constant values for their specific heats.

At temperatures near the boiling point, the heating of vapors,
like steam, is influenced by molecular attraction, so that their
specific heats are variables depending on conditions of tempera-
ture and pressure. . The specific heat of superheated steam de-
creases with increasing temperatures to a minimum value. The
values of specific heat increase slightly, on the other hand, with an
increase of pressure.*

Mechanical Equivalent of Heat. Heat and work are both
forms of energy and are  equivalent,” meaning that energy can
be transformed into mechanical work, and that work, as a form
of energy, can be changed back again into heat. The relation is
expressed by

1 British thermal (heat) unit = 778 foot-pounds (work).

HEAT AND WORK.

Heat is a form of energy. Each of the various kinds of heat
motors, such as the steam engine, the steam turbine, the gas
engine, or the gas turbine, is a machine for obtaining mechanical
work from heat energy.

In the general principles of operation the steam turbine and the
reciprocating or ‘ piston ” steam engine are essentially similar
machines. Both do work according to the same heat relations.
The gas turbine is somewhat different. This new motor, which
as yet has scarcely reached a practical stage of development,
will be discussed in its proper place.

In a reciprocating steam engine working ‘‘ expansively ”’ the
steam is admitted at boiler pressure until the point of cut-off; and
during the remainder of the stroke the piston is pushed ahead, or
does work, by the expansion of the steam shut up in the cylinder.
In the steam turbine the heat process is analogous, except that

113

* Knoblauch and Jakob, Zeit. Verein deutscher Ingenieure, Jan. 5, 190y, and
an article by the author in Mechanical Engineer (London), Aug. 24, 1907.
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the flow of the steam, instead of being intermittent, is continuous.
Steam is continually pushed into the nozzles, or similar steam
passages, and expanding, expends its internal energy in producing
velocity. Vanes or blades, ‘fixed to a rotating wheel, are placed
near the nozzles so that the jets of steam are directed against
them. These blades or vanes thus set in motion move the wheel
and with it the shaft which transmits the power.

Theoretically the work from expanding steam behind a piston'
is exactly the same as that we obtain from a nozzle. The difference
is only in the method for making the heat energy available for
doing work.

Before going farther with the discussion of how the steam tur-
bine converts heat energy into work, the more familiar case of the
reciprocating steam engine will be considered briefly, because it
is assumed the reader is already more or less familiar with its
heat processes. By the static pressure in the steam pipes and in
the boiler the steam is pushed into the engine cylinder and causes
the piston to move up to the point where the supply of steam is
shut off. Then the steam expands, reducing, at the same time,
the pressure till the piston has reached the end of the cylinder.
On the return stroke the steam is discharged at a nearly constant
low pressure into the atmosphere or into a condenser. Now on
the ““ working ”” stroke when the steam is being pushed into the
cylinder,* and when it is expanding, the steam is doing work at
the expense of the heat energy put into it by the fires under the
boiler. The heat in a pound of steam at a given pressure and
temperature represents a definite amount of energy. Expansion
of the steam in the cylinder after cut-off is accompanied, therefore,
with a reduction of pressure and temperature, and the work done
is in proportion to the heat energy lost by the steam. Thus heat
energy and work go hand in hand. A loss to one is a gain to the

* Until the point of cut-off is reached, all "the time that steam is being pushed
into the cylinder work is being done at the expense of the boiler pressure. Actually
the pressure in the boiler is a little lower after the amount of steam required for a
stroke has been taken out than it was before.. When, however, the strokes of

the engine come in quick succession, the variation in boiler pressure is not per-
ceptible.
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other. Fig. 7 shows a typical steam engine indicator card, repre-
senting, diagrammatically, the heat relations that have just been
discussed. ‘The horizontal scale of coordinates (abscissas) repre-
sents volumes, and the vertical scale (ordinates) represents
pressures. It is obvious then that any area included by the lines
of this diagram represents work done by the steam. In this
figure P, and v, represent initial pressure and volume, and P, and
v, the corresponding final conditions, meaning the pressure and
volume at the end of the “ working” stroke. This diagram as
it applies to the steam engine may be analyzed briefly as follows:

(s
1 [ w2

F16. 7. — Pressure-Volume Diagram Showing Work Areas.

‘1. Area AO1B is the work done in “ pushing” the steam into

the cylinder against the resistance of the piston to motion.

2. Area 12CB is the work done when the steam is expanding.

3. Area A432C is the work lost in the heat energy discharged
in the exhaust.*

4. Area 40123 is the net work done.

The discussion given above is, of course, for the ideal case
where the cylinder clearance is neglected and expansion to
back-pressure (P,) is complete.

* If an almost perfect vacuum were attainable this loss would be practically
negligible. Actually with the best condensing apparatus it is quite large.
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The same diagram (Fig. 7) can also be used for the analysis of
the work done by steam expanding in the nozzles or similar
passages * of a turbine. The work done in * pushing ”’ the steam
into the engine cylinder has its counterpart now in the work done
by the steam in entering the nozzle, so that,

1. Area AO1B is the work done in *‘ pushing *’ the steam out of
the pipes or receiving vessels into the nozzle.}

2. Area 12CB is the work done during expansion at the expense
of the heat energy, to give velocity to the steam.

3. Area A432C is work lost by the steam in forcing its way
against the external or exhaust pressure.

4. Area 40123 is the work done in producing velocity.

The work of ‘“ pushing ” the steam into the nozzle produces
initial velocity}, or “velocity of approach.” 1In all practical steam
turbine nozzles this initial velocity, compared with the final
velocity after expansion, is very small. For this reason, in the
calculations required for the designing of nozzles and blades,
this initial velocity is usually neglected. Practical designers,
therefore, are interested only in the heat energy of the area 123
and the velocity it represents. In order to secure high efficiency
and low steam consumption the designer is always striving to
make this area as large as possible, allowing, of course, for other
limiting conditions.

As the result of the comparison of the heat functions of steam
turbines and reciprocating steam engines, we should observe,
then, that the heat energy in a pound of steam available for per-
forming useful work is exactly the same whether the steam goes
to the one or to the other. It follows then also that, theoretically,

* In some types of turbines there are no nozzles, but instead stationary blades
are used’ which are arranged to expand the steam just as in a nozzle. In this
chapter, therefore, where the term ‘‘nozzle” is used it will be assumed to apply as
well to stationary “expanding” blades.

1 The amount of this work, or the area AO1B, is very small in the case of the

turbine compared with that in the steam engine.
V.2
{ This initial velocity, V,, is calculated from the relation Py, = 2—2 » where
P, and v, are the initial pressure and volume of a pound of steam and g is the

acceleration due to gravity (32.2). All velocities are in feet per second.
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the steam consumption for the same conditions of temperature.and
pressure is the same for the turbine as for any other form of
engine. Discussion of the merits of different forms of steam
motors with only the theoretical viewpoint in mind is, therefore,
useless. Only the conditions in practice affecting the design of
commercial machines are of any significance in determining the
type of steam motor to be used for given conditions of service.

HEAT THEORY RELATING TO THE DESIGN OF NOZZLES
AND BLADES.

Diagrams similar to those made on a steam engine indicator
(Fig. 7), showing for an engine stroke the conditions of pressure
and volume inside the cylinder, are very useful in the design and
operation of reciprocating steam engines, but they are of very
little use for work relating to steam turbines. In a steam tur-
bine it is not practicable to put a measured amount of steam
through a nozzle “at a time” as the flow is practically con-
tinuous. The pressure-volume diagram has, therefore, a very
limited application. Another kind of diagram, the details of
which are somewhat more difficult to understand, is universally
used by steam turbine engineers. In this diagram, which will
now be described, any surface represents accurately to given
scales a quantity of heat. Absolute temperatures (T) are_the
ordinates, and entropies * (¢) are the abscissas.

* Entropy, which Perry calls the “ghostly quantity,” has no real physical
significance, so that complete definition is not possible. If dQ is a small amount
of heat added to a body, and T is the absolute temperature at which the heat is
added, then the change in entropy of that body is ‘ZZQ ,orde = ‘% - Entropy of
saturated steam above the entropy of water at the freezing point (32° F.) is easily
calculated. For saturated steam at any pressure, then, ¢ = %r_ + #n (or ), where x

is the quality of the steam, 7 is the latent heat of evaporation or * heat of vapor-
jzation,” T is the absolute temperature, and » (or 6) is the entropy of the liquid
(water). All values of latent heat of evaporation, heat of the liquid, total heat,
etc., given in steam tables are in heat units above 32° F.

The symbols used here are those given in Peabody’s Steam and Entropy Tables,
published by John Wiley & Sons, New York, and in Marks and Davis’ Steam
Tables and Diagrams, published by Longmans, Green & Co., New York.
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Fig. 8 shows a simple heat diagram laid out with absolute
temperature and entropy for the coordinates. Steam at a certain
condition of temperature and
entropy is represented here
by the point A. Then if some
heat isadded,increasing both
temperature and entropy,
the final condition is repre-
sented by the point B, and
the area ABCD represents
the heat added in passing
from the condition at A to
the condition at B. Such a
0 0 20 diagram is usually called

Entropy (@) 3

Fic. 8,— A Simple Entropy- an entropy-temperature dia-

Temperature Diagram. gram, althOUgh the name

heat diagram would prob-

ably be more appropriate, since every area represents a definite
amount of heat.

Another entropy-temperature diagram is shown in Fig. o,
representing by the various shaded areas the heat added to water
at 32° F. to completely vaporize it at the pressure P,. The un-
shaded area under the irregular curve AB represents the heat in a
pound of water at the freezing point (32° F. or 492° in absolute
temperature). The area OBCD ‘is the heat added to the water
to bring it to the temperature of vaporization, or in other words,
this last area represents the heat of the liquid (q) given in the
steam tables for the pressure P,. Further heating after vaporiza-
tion begins is at the constant temperature T, corresponding to the
pressure P,, and is represented by an increasing area under line
CE. When ‘ steaming ” is complete, the latent heat, or the heat
of vaporization (r), is the area DCEF. If after all the water is
vaporized more heat is added, the steam becomes superheated,
and the additional heat required would be represented by an area
to the right of EF.

The use of the entropy-temperature diagram in exhibiting the

A

Absolute Temperature (T)

-

=3
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behavior of steam during expansion and the various heat losses
and exchanges in the passage of steam through a turbine will now

be discussed and illustrated with a practical example.

Ordinary
Fahr,
Abs,Fahr,

-] Steaming
W T, and P, %

0

F16. 9.— Entropy-Temperature Diagram showing the Total Heat in a Pound
of Dry Saturated Steam at the Temperature 7.

%
%
%
\

| 2.0 Entropy

Entropy (@)

F16. 10, — Practical Example Illustrated with an Entropy-Temperature Diagram.

Fig. 10 illustrates the heat process going on when feed water
is received in the boilers of a power plant at 100° F., is heated and
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converted into steam at a temperature of 400° F., and then loses
heat in doing work. When the feed water first enters the boiler
its temperature must be raised from 100° to 400° F. before any
“ steaming ” begins. The heat added to the liquid is the area
MNCD. This area represents the difference between the heat
of the liquid of steam at 400° F. (qc) and at 100° F. (q») and is
about 306 B.T.U. The horizontal or entropy scale shows that
the difference in entropy between water at 100° and 400° F. is
about .437.*

Every reader should understand how such a diagram is con-
structed and especially how the curves are obtained. In this
case the curve NC is constructed by plotting from the steam tables
the values of the entropy of the liquid (usually marked with the
symbol n or 6) for a number of different temperatures between
100° and 400° F.

If now water at 400° F. is converted into steam at that tem-
perature, the curve representing the change is necessarily a con-
stant temperature line and therefore a horizontal, CE. Provided
the vaporization has been complete, the heat added in the
‘“steaming "’ process is the latent heat or heat of vaporization
of steam (r) at 400° F., which is approximately 827 B.T.U.

The change in entropy during vaporization is, then, the heat
units added (827) divided by the absolute temperature at which
the change occurs (400 + 460 = 860° F. absolute) or

b -y ok

T = 860 .962.
The total entropy of steam completely vaporized at 400° F.
is, therefore, the sum of the entropy of the liquid (water) .566 and
the entropy of the steam .g62, or 1.528.f To represent then by
CE this final condition of the steam, the point E is plotted where
entropy measured on the horizontal scale is 1.528, as shown in the

* As actually determined from Marks and Davis’ Stea;n Tables, pp. 9 and 15,
the difference in entropy is .5663 — .1295 or .4368. Practically it is impossible to
construct the scales in the figure very accurately.

1 Entropy like the total heat (H), and the heat of the liquid (g), is measured
above the condition of freezing water (32° F.).
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figure.* The area MNCEF represents then the total heat added
to a pound of feed water at 106° F. to produce steam at 400° F.,
and the area OBCEF represents, similarly, the total heat (H in the
steam tables) in a pound of steam at 400° F. above that in water
at 32° F.

‘Adiabatic Expansion and Available Energy. The practical
example illustrated by Fig. 10 (repeated here) will also be used
to explain how the entropy-temperature diagram can be used to

Ordinary
Fahr
Abs.Fahr,

Steaming

&
Entropy (¢)

F1G. 10, — Practical Example Illustrated with an Entropy-Temperature
Diagram.

show how much work can be obtained by a theoretically perfect
engine from the adiabatic expansion of a pound of steam. When
steam expands adiabatically — without a gain or loss of heat —
its temperature falls. Remembering that areas in the entropy-

* The point E is shown located on another curve ST, which is determined
by plotting a series of points calculated the same as E, but for different pressures.
If more heat had been added than was required for vaporization, the area DCEF
would have been larger and E would have fallen to the right of ST, indicating
by its position that the steam had been superheated. The curve ST is therefore
a “boundary line” between the saturated and superheated conditions. This
curve can also be plotted from the values obtained from a table of the entropy of
dry saturated steam.
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temperature diagram represent quantities of heat and that in this
expansion there is no exchange of heat, it is obvious that the area
under a curve of adiabatic expansion must be zero; and this con-
dition can be satisfied only by a vertical line which is a line of
constant entropy.* For the case in Fig. 10 the expansion curve
will lie, therefore, along the line EF, and if the temperature fdlls
to 100° F. the expansion will be from E to G, and during this
change some of the steam has been condensed. If now heat is
removed from this mixture of steam and water till all the steam
is reduced to the liquid state, but without further lowering of the
temperature, the horizontal line GN { will represent the change in
its condition. The quantity of heat absorbed in this last process
— technically known as condensing the steam — is represented
by the area MNGF, and the heat converted into work is, therefore,
the arca NCEG; and this is called the available energy. By
means of diagrams like those in the preceding figures, it will now
be shown how the available energy of dry saturated steam for
any given conditions can be readily calculated from the data given
in steam tables.

Fig. 11 is an entropy-temperature diagram representing dry
saturated steam which is expanded adiabatically from an initial
temperature T, corresponding to a pressure P, to a lower final

* Since in an adiabatic expansion there is no change of entropy, lines of constant
entropy, in practice, are often called “ adiabatics . Itis very rare in steam turbine
work that the expansion in a nozzle departs far from the adiabatic. For this reason
other kinds of expansion are not mentioned here.

1 That the steam might be dry and saturated, the expansion would have had
to follow the curve ET and G would have appeared at G’.

The heat of the liquid, g, of a pound of steam at 100° F. is represented by OBN M,
and the heat of vaporization (r) is MNG'F’, so that the total heat (¢ + » or H)
is OBNG'F’. 'The total heat of wet steam is expressed by ¢ + xr, where x is
the quality or relative dryness. In the case of this adiabatic expansion, then,

q is as before OBN M and xr is MNGF. It is obvious also that the lines NG
and NG’ have the same relation to each other as the areas under them, so that

line NG _ area MNGF _ar NG _
line NG’ area MNG'F’ r’ NG’ f
showing that the quality of the steam at any point, G, on a constant temperature
line (which for saturated steam is also a constant pressure line) is determined as

in this case by the ratio of NG to NG’.
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temperature T, corresponding to a pressure P,. The other initial
and final conditions of total heat (H) and “entropy (¢) are
represented by the same subscripts 1 and 2. The available
energy or the work that can be done by a perfect engine under
these conditions is the area NCEG. It is now desired to obtain a

Temperature

N

N \ j;?}\-\\‘
NN T and Py

7

[¢) F £
¢=0 1 P Entropy

FiG. 11. — Entropy-Temperature Diagram for Steam Initially Dry and
Saturated.

simple equation expressing this available energy E, in terms of
total heat, absolute temperature, and entropy. Explanations of
the preceding figures should make it clear that

H, = arca OBNCEGF,
area OBNG'F/,
= areas (OBNCEGF + FGG'F’) — OBNG'F/,

E, =H, — H, + FGG'F/,
therefore E, = H, — H, + (¢, — ¢,) T,*~ (1)

A
|

An application of this equation will be made at once to deter-
mine the heat energy available from the adiabatic expansion’ of
* It should be observed that this form is for the case where the steam is initially

dry and saturated. For the case of superheated steam a slightly different form is
required which is given on page 353.
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a pound of dry saturated steam at an initial pressure of 103
pounds per squafe inch absolute to a final pressure of 15 pounds
per square inch absolute.

Example. P, = 165 iRt ;

P,= 15 T, = 673.0 from steam tables.*
H, = 1195.0 from steam tables.
H; = 1150.7 from steam tables.
¢ = 1.5615 from steam tables.
¢2 = 1.7549 from steam tables.

Substituting these values in equation (1), we have
E, = 1195.0 — 1150.7 + (1.7549 — 1.5615) 673.0 = 174.46
B.T.U. per pound of steam.

Now if in a suitable piece of apparatus like a steam turbine
nozzle, all this energy that is theoretically available could be
changed into velocity, then we have by the well-known formula
in mechanics,t for unit mass,

VZ

2? = E, (foot-pounds) = E. (B.T.U.) X 778,
V = V778 X 2gE, = 223.7 VE,, ()

where V is the velocity of the jet and g is the acceleration due to
gravity (32.2), both in feet per second.

Solving then for the theoretical velocity obtainable from the
available energy in the practical example above,

V = 223.7 V174.46 = 223.7 X 13.20 = 2953 feet per secopd.I

The important condition assumed as the basis for the determina-
tion of equation (1), that the steam is initially dry and saturated,

* The values of the properties of steam given in the exercises are taken from
Marks and Davis’ Steam Tables and Diagrams.

t See Church’s Mechanics of Engineering, p. 672, or Jameson’s Applied
Mechanics and Mechanical Engineering, vol. I, p. 47.

1 Losses in nozzles are neglected. A carefully made nozzle may have practi-
cally 100 per cent efficiency. For discussion of nozzle losses see pages 49, 50, and 86.
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must not be overlooked in its application. There are, therefore,
two other cases to be considered:

(1) when the steam is initially wet,

(2) when the steam is initially superheated.

Available Energy of Superheated and Wet Steam. The super-
heated condition is:somewhat complicated and will not be dis-
cussed at this place, because it can be worked out more simply
with the aid of the entropy-total heat chart in the appendix. The
method to be used for this case will be discussed therefore after
the use of this chart has been explained. (See pages 55 and 57.)

The case of initially wet steam is, however, easily treated in the
same way as dry and saturated steam. Fig. 12 is an example of

C/ Tiand Py E\E

£ .
E I
% N Toand Py lgic  \g
o
=

B
o ' s P

¢=0 ¢,¢, ¢, Entropy

F1G. 12. — Entropy- Temperature Diagram for Initially Wet Steam,
the case in hand. At the initial pressure P,, the total heat of a
pound of wet steam (q, + x,r,) is represented in this diagram by
the area OBNCE”’¢,. The initial quality of the steam (x,) is repre-

74

sented by the ratio of the lines % « The available energy from

adiabatic expansion from the initial temperature T, (correspond-
ing to the pressure P,) to the final temperature T, (corresponding
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to the pressure P,) is the area NCE”’G”’. If we call this available

energy E,,, we have
E,, = areca OBNCEGF + FGG'F’— OBNG'F’ — G”E”EG,
Eop=H, — H, + (b2 — ) T, — (1 — ¢2) (Ty = Ty),*
Eoo = H, —H, + ($, — )T, ~% (1-x) (T -T,) (1)

I

Il

The velocity corresponding to this energy is found by substi-
tution in equation (2), just as for the case when the steam was
initially dry and saturated.

Example. Calculations for the velocity resulting from adia-
batic expansion for the same conditions given in the preceding
example on page 24, except that-the steam is initially 5 per
cent. wet, are given below.

P, = 165 lbs. abs. T; = 826.0° F.
P, = 15lbs.abs. T, =673.0°F.

H;, = 11950 B.T.U.
H; = 1150.7 B.T.U.
¢1 = 1.5615.
¢2 = 1.7549.

1 = 856.8 BT.U.

X; = 1.00 — .05 = .05.
E,, = 1195.0 — 1150.7 + (1.7549 — 1.5615) 673.0 — 856.8

826.0
X .05 (826.0 — 673.0),
E., = 166.53 B.T.U.

V = 2237 VE,, = 223.7 X 12.90 = 2886 feet per second.

*In general terms,

xr
¢ = 7t 0. 'Here

L6

¢ = T, + 0, Dbecause x = 1.

=Ly
¢r = Tl+01.

b= do = 7 (1 = ).
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ozzle.

N,

FiG. 13. — Example of a Well-designed

Diaphragm

Nozzle

DeLaval Type.

Curtis Type.

F1G, 14. — Examples of

Standard Designs of Nozzles.
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It is observed that the theoretical velocity is reduced from
20953 to 2886 feet per second by the presence of moisture in
the steam. The percentage reduction in velocity is, however,
only about 2 per cent. while the amount of moisture is 5 per
cent.

The shaded area NCEG in Fig. 11 is also known as the the-
oretical Rankine cycle for the case where the steam supplied
is initially dry saturated. The available energy, therefore, as

~given by equation (1) on page 23, multiplied by 778 gives the
maximum theoretical foot-pounds of work that can be accom-
plished with this cycle, neglecting losses, from a pound of dry
.steam. There are 33,000 X 60 foot-pounds in one horsepower-
hour, and hence dividing 33,000 X 60 by E, X 778 we get the
theoretical steam consumption (‘‘water rate”) of an engine or
turbine using the ideal Rankine cycle with steam initially dry
saturated. Similarly the area NCE” G” in Fig. 12 shows the
available work for the theoretical Rankine cycle when the steam
is initially wet, and the theoretical steam consumption of the
Rankine cycle for this case is 33,000 X 6o divided by E,,* X 778.

Fig. 32, page 57, shows also the Rankine cycle for steam ini-
tially superheated. Calculation of theoretical steam consump-
tion is similar to the cases already explained.

The most important part of the design of a nozzle is the deter-
mination of the areas of the various sections — especially the
smallest section, if the nozzle is of an expanding or diverging
type. Various forms of standard nozzles are shown in Figs. 13
and 14. In order to calculate the areas of nozzles we must
know how to determine the quantity of steam (flow) per unit of
time passing through a unit area. It is very essential that the
nozzle is well rounded on the “ entrance ” side and that sharp
edges along the path of the steam are avoided. Otherwise it
is not important whether the shape of the section is circular,
elliptical, or rectangular with rounded corners. Typical
“square,” “ rectangular ” and circular nozzle sections used in
different makes of commercial turbines are shown in Fig. 15.

* From Equation (1), page 26.
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Example. Calculate the work done in foot-pounds by one
pound of steam expanding behind a piston in a reciprocating
engine for the conditions given in the example on page 24.
(See discussion on page 16.) Ans. 174.2 X 778 ft.-lbs.

F16. 15. — Sections of Nozzles Used in Commercial Turbines.

Example. If the flow of steam at 165 pounds per square inch
absolute pressure from a nozzle with a cross-sectional ‘area of
.128 square foot is 200 pounds per second, what is the velocity
of the discharging jet?

At the pressure stated steam has a specific volume of 2.75
cubic feet per pound (from steam tables).

Let V = velocity of discharge (ft. per sec.)
A = area of nozzle = .128 sq. ft.
AV = volume discharged (cu. ft. per sec.)
128 V = 200 X 2.75
V = 4297 ft. per sec.

If turbine blades could be made to transform all this velocity
into useful work, how much horsepower could be transmitted to

machinery from its shaft?
2

Kinetic energy of jet (ft.-lbs. of work per sec.) = WT_Z )

where W is the weight in pounds of the steam flowing and g
is the acceleration due to gravity (32.2 ft. per sec.).

ft.-lbs. of work per sec.

‘ 550

_ 200 X (4297)"

T2 X 32.2 X 550

= about 104,300 h.p.

Horsepower =






CHAPTER III. .
FLOW OF STEAM AND NOZZLE DESIGN.

“Flow of Steam through Nozzles. The weight of steam dis-

harged through any well-designed nozzle with a rounded inlef,
Isimilar to those illustrated in Figs. 13 and 14, depends only on
the initial absolute pressure (P,), if the pressure against which
the nozzle discharges (P,) does not exceed .58 of the initial pres-
sure. This important statement is well illustrated by the follow-
ing example. If steam at an initial pressure (P,) of 100 pounds
per square inch absolute is discharged from a nozzle, the weight
of steam flowing in a given time is practically the same for all values
of the pressure against which the steam is discharged (P,) which
are equal to or less than 58 pounds per square inch absolute.

If, however, the final pressure is more than .58 of the initial,
the weight of steam discharged will be less, nearly in proportion
as the difference between the initial and final pressures is reduced.
(See pages 32 and 33.)

The most satisfactory and accurate formula for the “ constant
flow ”” condition, meaning when the final pressure is .58 of the
initial pressure or less, is the following, due to Grashof,* where F
is the flow of steam 1 (initially dry saturated) in pounds per

* Grashof, Theoretische Maschinenlehre, vol. 1, iii; Hiitte Taschenbuch, vol. 1,
page 333. Grashof states the formula,

F = .01654 AyP,, ™,

but the formula given in equation (3) is accurate enough for all practical uses.
+ Napier’s formula is very commonly used by engineers and is accurate enough
for most calculations. It is usually stated in the form

_ 4Py
70’

F

where F, 'P,, and A, have the same significance as in Grashof’s formula. The
following formula is given by Rateau, who has done some very good theoretical

29
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second, A, is the area of the smallest section of the nozzle in square
inches, and P, is the initial absolute pressure of the steam in
pounds per square inch, ‘
A P -97
F iy 01 5 (3)
or, in terms of the area,

A, = o7 (3’).

These formulas are for the flow of steam initially dry and
saturated. An illustration of their applications is given by the
following practical example.

Example. The area of the smallest section (4,) of a suitably
designed nozzle is .54 square inch. What is the weight of the
flow (F) of dry saturated steam per second from this nozzle when
the initial pressure (P,) is 135 pounds per square inch absolute
and the discharge pressure (P,) is 15 pounds per square inch
absolute ? .

Here P, is less than .58 P, and Grashof’s formula is applicable,
or,

L .54 (135).97,
60

F 54 X 116.5%
60

When steam passes through a series of nozzles one after the
other as is the case in many types of turbines. the pressure is
reduced and the steam is condensed in each nozzle so that it
becomes wetter and wetter each time. In the low-pressure noz-
zles of a turbine, therefore, the steam may be very wet although

= I1.049 pounds per second.

and practical work on steam turbines, but his formula is too complicated for
convienent use:

F = .0o1 AyP,[15.26 — .96 (log P, + log. 0703)].
Common or base 1o logarithms are to be used in this formula.
* A curve from which values of 1% can be read is given on page 38 (Fig. 19).

s ¢ 365/

The flow (F) calculated by Napier’s formula for this example is F = o

or 1.041 pounds per second.
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initially it was dry. Turbines are also sometimes designed to
operate with steam which is initially wet, and this is usually the
case when low-pressure steam turbines (see Chapter IX) are
operated with the exhaust from non-condensing reciprocating
engines — a practice which is daily becoming more common. In
all these cases the nozzle area must be corrected for the wetness
of the steam. For a given nozzle the weight discharged is, of
course, greater for wet steam than for dry; but the percentage
increase in the discharge is not nearly in proportion to the per-
centage of moisture as is often stated. The general equation for
the theoretic discharge (F) from a nozzle is in the form*

F=K\/§——:)

* The general equation for the theoretic flow is

\/ 2 k+1
2 gkP, [(P2 )’~ ( P:,) k ]
= A4 e Bk abi e -2 L aefln2 i
e 3 (k— 1) v, L\ P, P,

where the symbols F, 4, P,, and g are used as in equations (2) and (3)'. P, is
the pressure at any section of the nozzle, v, is the volume of a pound of steam at
the pressure P, and % is a constant. The flow, F, has its maximum value when

2 k+1

B -

is a maximum. Differentiating and equating the first differential to zero gives
k

I T k-1 >
2 k+ 1
P, is now the pressure at the smallest section, and writing for clearness P, for
P,, and substituting this last equation in the formula for flow (F) above, we have

e
2 \/2gk !Lq"(ﬁ.
ek k+I(P,) v,

Now regardless of what the final pressure may be, the pressure (P,) at the smallest
section of a nozzle (4,) is always nearly .58 P, for dry saturated steam. Making
then in the last equation P, = .58 P, and putting for £ Zeuner's value of 1.135
for dry saturated steam, we may write in general terms the form stated above,

F=K\/2,
U

where K is another constant. See Peabody’s Thermodynamics of the Steam
Engine, page 132; Zeuner’s T heorie der Turbinen, page 268 (Ed. of 1899).
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where P, is the initial absolute pressure and 7, is the specific
volume (cubic feet in a pound of steam at the pressure P,). Now,
neglecting the volume of the water in wet steam, which is a usual
approximation, the volume of a pound of steam is proportional
to the quality (x,). For wet steam the equation above becomes

then
Tl \/ 9.0 55
xlvl

The equation shows, therefore, that the flow of wet steam is
inversely proportional to the square root of the quality (x,).
Grashof’s equations can be stated then more generally as

AP 97
F=—"01_,
60 V'x, @)
Tm 60 F \/; 4
AO_ P1.97 : (4 )

These equations become, of course, the same as (3) and (3’)
for the case where x, = 1. _

Flow of Steam when the Final Pressure is more than .58 of the
Initial Pressure. For this case the discharge depends upon the
final pressure as well as uporrthe initial. No satisfactory formula
can be givén in simple terms, and the flow is most easily calculated
with the aid of the curve in Fig. 16 due to Rateau. This curve is
used by determining first the ratio of the final to the initial

P : : :
pressure 52, and reading from the curve the corresponding co-
1 ; :
efficient showing the ratio of the required discharge to that cal-

culated for the given conditions by either of the equations (3)
or (4). The coefficient from the curve times the flow calculated
from equations (3) or (4) is the required result. Obviously the
discharge for this condition is always less than the discharge
when the final pressure is equal to or less than .58 of the
initial.

The actual design of the nozzles for a commercial turbine will
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be taken up in the next paragraph; but before this is done, one
other equation used almost continually in nozzle and blade de-
signs must be explained. It is to find the quality of the steam
after an adiabatic expansion. The initial quality of the steam is
usually determined by the conditions in the boiler equipment, or

1.0

\
\
\

o
\
P; R

1

Coefficient to be applied to F in
Formulas (3),@3), (4),4", and (8)
ot

,,
)

W0
T

i
I
|

01.0 9 o 7 d ]

Ratio of Final to Initial Pressure-_gﬂ_

1
F1G. 16. — Coefficients of the Discharge of Steam when the Final Pressure is
Greater than .58 of the Fnitial Pressure.

is given in the engineer’s specifications for a new design, but the
quality of the steam after ecach expansion must be calculated.
The general equation for adiabatic flow (constant entropy *) is

GRAA AT

o {0 L [l it 09
TR
. and solving, .
|2 L g ]—’I—‘g-
X, [T1 | 2 rz’ (5)

- .where the subscript 1 attached to the symbols refers to the initial
condition, and the subscript 2 to the final. The terms 6, and 0,

* See footnote on page 17.
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are the entropies of the liquid (water) at the initial and final con-
ditions, and the other symbols are used as before.

To avoid the laborious calculation of equation (5) to determine
the quality after adiabatic expansion, curves of steam quality
have been calculated and plotted on the entropy-total heat chart
in the appendix. To illustrate the use of these curves an example
is given below. ‘

Example. Steam at 165 pounds per square inch absolute
pressure (P;), which is 4 per cent. wet (x, = .96), is expanded
adiabatically in a nozzle to 15 pounds per square inch absolute
(P,), What is the quality after expansion?

Method. A point is first located on the chart where the quality
curve for x = .96 crosses the pressure line for 165 pounds as shown
diagrammatically in Fig. 17. A horizontal line of constant
entropy drawn through this point shows at its intersection with

F16. 17. —Illustrates the Use of the Entfopy—Total Heat Chart to Determine
the Quality of Steam after Expansion.

the pressure line for 15 pounds the quality after expansion. In
this case the quality is .837. For practical designing to get satis-
factory results the quality should be read to three significant
figures.

Nozzle Calculations. In the calculations to determine the dimen-
sions of a nozzle it is necessary to have given the following data:

(1) the weight of steam that is to be delivered through the
nozzle to develop the required power in the turbine.
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(2) the initial and final pressures (P, and P,).
(3) the quality (x,) of the steam supplied.

With these data 4, is then calculated by substitution of these
quantities in equation (4’). This is the area at the smallest
section or throat as shown in Fig. 18.

4
)))))—
/
F1c. 18.— A Typical Expanding Nozzle.

The area of the nozzle can be determined by simple calculations
only at the smallest section or throat. To determine the area at
any other section of the expanding portion between the throat
and themouth involvesequations of the form of those at the bottom
of page 31. It is therefore convenient to determine the sections
other than the throat by a proportional method. Now the areas
of different sections depend on the following three conditions:

(1) the velocity of the steam.
(2) the specific volume.
(3) the quality or dryness.

The essential condition to observe is that the weight of steam
flowing per second is the same at every section; and for the same
flow the areas are inversely proportional to the velocities at any
two sections compared, and directly proportional to both the
specific volumes and the qualities. We may then write the

equation

Ar g Yoy Vo Xe
AOQV, Z v, % %’ ©)

2
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A, = area of nozzle at the smallest section in square inches.

A, = area of nozzle at any section of expanding portion in
square inches.

V, = velocity of steam at the smallest sectionin feet per second.*

V. = velocity of steam at any section in feet per second.*

v, = specific volume at the smallest section in cubic feet per

pound.
v, = specific volume at any section in cubic feet per pound.
x, = quality of steam at the smallest section.
X, = qualify of steam at any section.

The product ‘% X—v—’ X %% when calculated for the largest

z (1] 0
section or mouth, is often called the expansion ratio (see Fig. 21,
page 41), and is very nearly proportional to the ratio of the
initial to the final pressure.
An example will now be given to show how the actual area of
the nozzles of a commercial turbine can be calculated.
Example. A test of a De Laval turbine was as follows:

Pressure in the steam-chest (P;) . 211.5 pounds absolute
Vacuum referred to 3o-in. barometer. . 26.6 in. mercury

VIBdSire inSteart ™) 224 TR B0 ST 2.2 per cent.
Brakethorsepoer bt L i S SN s SR
Steam consumption, per brake horsepower-
hour as weighed (“wet”)............ 15.51 pounds
«Number|ofinozzlesiopen=  F s Sisra i H S ek s 8

In this case P, is given as 26.6 inches vacuum, which is less
than 2 pounds absolute pressure, and is therefore less than .58 Py
and formula (4) is applicable, so that the “ throat ” area of the
eight nozzles is expressed by

6o F \/xl
4o = P
* Since practically all the loss in a nozzle occurs before the steam ““ emerges ”
from the throat, the same coefficient applies to both Vo and V; and cancels when
expressed in equation (6). The non-expanding nozzles shown on page 51 are no
more efficient than equally well made expanding nozzles.
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where x, = .978, P, = 211.5 pounds per square inch absolute,
and 5

F = 3—&3%5& = 52—250 pounds wet steam per second.
IS 3

60 5165 ——
SRl SRR S
Ao (211.5)"’7~>< 3600 X V.978.

Ay = .333 X% X .989 = .472 square inches.

‘The area of the throat of each nozzle is therefore .0590 square
inches.

The value of Mg was read from the curve * of o in

(211‘5).97 Pl.97
Fig. 19.

The nozzles of most commercial types of steam turbines are
made with straight sides as shown in Fig. 18, so that in addition
to the area at the throat only one other area must be found to
fully determine the expanding portion. This is obviously most
easily determined at the mouth, since the velocity must be calcu-
lated from the available energy for an adiabatic expansion from
P, = 211.5 pounds per square inch absolute to P, = 1.67 pounds
per square inch absolute (26.6 inches vacuum). This available
energy can be calculated by equation (1’) for initially wet steam,
but the calculation is laborious, and instead the energy will now
be read from the entropy-total heat chart in the appendix. The
point is first located on the chart where the line for 211.5 pounds
pressure crosses the .g78 steam quality line (estimated). Read-
ing the scale of abscissas at this point we find that the total heat
energy in a pound of steam at this condition is 1181 B.T.U. By
following a horizontal line from this point across the chart as
indicated diagrammatically in Fig. 20 till it intersects the pres-
sure line corresponding to 1.67 pounds (estimated), the total heat
energy escaping with the exhaust steam after adiabatic expansion

* The curve was made in this form to make the final form of the result more
convenient for slide-rule or cancellation calculations.
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Tnitial Pressure, P, (5 to 50 Lbs.)‘
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as read on the scale of abscissas is 874 B.T.U. The difference
between the two readings, or 307’B.T.U., is the available energy
(E.). The quality at the end of expansion (x,) as read from the
curves is .767. In this way the labor of calculating , is saved.

From the value of the available energy due to expansion, E,,,
the velocity ¥, at the mouth of the nozzle is calculated by equation
(2), or

.V, = 223.9 VEa = 2237 \/3_0; = 3919 feet per second.

In order to determine the ratio of the area at the mouth of the
nozzle (4,) to that at the smallest section (4,) by equation (6)
the velocity (V,) and the quality (x,) * must be determined.
These evaluations are most easily made in the same way as for
V, and x, by means of the entropy-total heat chart. Now the
available energy E,, corresponding to the velocity V,, must be
calculated for adiabatic expansion from

P, = 211.5 pounds and x;, = .978 to
P, = .58 P, = 122.7 pounds.

This available energy is 44 B.T.U. and %, is .939. The
velocity Vo is, therefore, 223.7 VE, = 223.7 V44 = 1483 feet
per second.}

* Forsteam initially dry and saturated, the quality after adiabatic expansion
(X,) for all practical cases is very nearly expressed, empirically, by the equation

P, <055
Xy = F)— ’
1

and the quality at the throat (x,) may be taken as .65 for all practical cases regard-
less of the initial and final pressures.

T It is well established by thermodynamic calculations and by actual experi-
ment that the pressure P, at the ‘smallest section of a nozzle is always very nearly
.58 of the initial pressure (P,).

} Very elaborate curves of the velocities resulting from the adiabatic expansion
of dry saturated steam have been prepared and published in some American books.
Considering the several stages in nearly all types of turbines, such curves can be of
very little use to practical men, because the condition that the steam admitted to
the nozzles is dry and saturated occurs infrequently. That some of the authors
neglected to mark the curves “for steam initially dry and saturated” deserves
severe criticism. The curves, as given, are very misleading, as they are appar-
ently intended for general apphcatxon for all qualities and superheats.
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In addition to the values already obtained it is only necessary
to get v, and 7, (the specific volumes of dry saturated steam at the
corresponding pressures P, and P,) to determine all the terms in
the equation for the expansion ratio as already given, and putting
now the subscript 2 for x in equation (6) to express the conditions
corresponding to the pressure P,; then

At LoVt At X .
o S e e ; 6[
A, Vngoxxo’ )
or
1483 , 206.0 _, .767 3
Y e O R X .0500 = 1.030 square inches (area
3919 3.642 " 939
at mouth).

The author has found as the result of some investigations

tegarding the design of nozzles that the expansion ratio (%) of a

Y (1}
properly designed nozzle is very nearly proportional to the ratio of

the initial pressure (P,) to the final pressure (P,). The curve
shown in Fig. 21 has been calculated on this basis for widely
different conditions but for rather small expansions, and has been
found to be accurate enough for practical purposes in designing
turbines of more than one stage. A similar curve is now being
used by the nozzle designers of onc of the large manufacturing
companies. After the relations shown by Fig. 21 had- been
worked out, it was found that Zeuner had arrived at a similar
result mathematically after making certain assumptions; * but

* In Zeuner’s Theorie der Turbinen, page 270, the following equation is given

to express the ratio of the area at the mouth to that at the smallest section (expan-

sion ratio):
A, .1550

A, 7 P\ [P, T8
(7))

where the terms 4 and P are used as in the equations above. There is probably

some error in Zeuner’s assumptions, because actually values of x—’are not quite
)

3 Py
constant for varying values of P
1
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Zeuner’s equation itself is practically useless on account of being
too complicated.* %

Shapes of Expanding Nozzles. The inside walls of the expand-
ing portion of the nozzle are usually surfaces with straight-line
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F1G. 21. — Curve Showing the Approximate Relation between Expansion Ratio
of a Nozzle and the Ratio of the Initial to the Final Pressure.

elements, meaning that in any section of the nozzle along the
axis, like Fig. 18, the inner walls are shown by straight lines.

* The author’s curve in Fig. 21 is expressed by,

Rl /g
Zz = .172 (;’) + .70.
0 2
A more accurate form for pressure ratios grealer than 25 is the following:

‘4 P 94
= Ny -1 1
Ay AL (Pz) He
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Parenty has shown that, for the highest efficiency, theoret-
ically, such a section along the axis should be slightly elliptical
with the focus in the throat, but practically this shape shows no
advantage and is much too difficult to construct. For making
nozzles like those in Curtis turbines, where the work is done
largely with hand tools, the construction of even the simplest
form is very expensive and the cost of an elliptical curvature is
practically prohibitive. The shape to give the best expansion
curve has been the subject of investigation by various experi-
menters.* As the practical results are particularly interesting,
it may be well to describe briefly a typical form of apparatus
usually employed in these experiments as shown in Fig. 22. The

) >

s

eemee——

L

K

F1G. 22.— Searching Tube Apparatus for Determining the Pressures in Nozzlés.

nozzle to be tested is marked Ain the figure. The steam entering
the passage B discharges through the nozzle directly into the
exhaust pipe E. A small “searching” tube, C, §s provided
which is sealed at one end and has a very small hole, D, a short
distance from this end. The other end of the tube is attached to
a mercury column or pressure gauge. Suitable means are provided
for sliding the ¢ searching ” tube with its pressure gauge back and

* The conditions of pressure and velocity of steam inside a nozzle are discussed
very completely from the mathematician’s viewpoint in Die Dampfturbinen by

Stodola, 3rd edition, pages 42 to 73, and in Zeitschrift fiir das Gesamte Turbinen-
wesen, Aug. 10, 1906, pages 325-327.
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forth so that pressures can be observed in different parts of the
nozzle, corresponding to the position of the hole D. From these
observations a curve of bot
pressures may be made, N

and from this, together 7
with the data of the weight
of steam passing per unit

: 180
of time, a second curve may .,
be developed showing the W\\
corresponding  velocities. i:g 1
The curves in Figs. 23, 24, .4, \
2 \ !
and 25 are examples of the i ‘ i
results obtained by this 210§ ; |
.. %100
method for three very dif- §
= 90
ferent nozzles. The nozzle £ s
- # ® Expansion
shown at the top of Fig. 5:2 from
23 has curved lines, nearly £ 165 Lbs. per 3q. In. Abs.
elliptical, for its inside L
2 Lbs, per Sq. In. Abs.

(26 Ins. Vacuum)

is shown beneath the sec-
tion drawing, in its true
relative  position  corre-
sponding to points along
the axis of the nozzle.
- Theoretically this shape of nozzle approaches the ideal for an
adiabatic expansion.* Practical conditions, however, as stated

\

——> Distance along Axis of Nozzle

50
40
walls. A pressure curve ¥ \
20
10
0

FiG. 23. — Expansion Curve of a Nozzle
with an Elliptical Axial Section.

* A nozzle with a circular section (perpendicular to the axis) has less surface
exposed to the flow of steam than a nozzle of any other form of the same length
and expansion. For this reason this form should give minimum friction losses.
In practice, however, this type is not often used when the section at the mouth of
the nozzle is made rectangular, at least when the nozzles are arranged in groups
with the mouths of the several nozzles close together. There are obvious advan-
tages from this last construction, as first pointed out by Professor Riedler, because
if the nozzle mouths are made rectanguiar and close together a long continuous -
“band” of steam is secured which is approximately homogeneous and of constant
velocity. The flow from the end nozzles is, of course, affected by excessive eddying
and other irregularities just as single nozzles. Efficiency of the end nozzles is
therefore considerably less than that of any of the others in the group.
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before, make the nozzle shown in Fig. 24 with expanding straight-
line walls preferable if the throat and mouth areas are properly
designed. Fig. 24, however, is intended to show primarily the
effect of using a nozzle for non-condensing service, which was
designed to be used condensing. For this reason the expansion
- 5 in the nozzle is greater
: than it should be for the
W pressures with which it

i . is operating; and for this
? reason the pressure inside

thenozzle, as illustrated by
the curve, falls below the
\ exhaust pressure. This
is called over-expansion
or ‘ over-compounding "
and is always accompa-
nied: by a loss in efficiency.’
In facf, as will be shown
again later, the effect of
over-expansion, or making
a nozzle too large at the
mouj[h; reduces nozzle effi-
ciency much more than if

=
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o \ Atmospheric | Tine it is made the same per-
I s :

10 i aif centage too small. (See
0 Fig. 28.) The curves
——> Distance along Axis of Nozzle in Fig. 24 show that the

FiG. 24.—Expansio.n Curve of a Nozzle with pressure at the mouth
ey is a little lower than the
atmospheric exhaust, and a partial vacuum is thus secured
at the blades opposite the nozzles. ~When such nozzles are
operated non-condensing there is some gain from the reduc-
tion of disk and blade friction because the wheel and blades
revolve in a less dense medium; but when considering also
the increased losses in the nozzle itself because of over-

expansion, there is certainly no net gain over having a nozzle
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designed exactly for the expansion corresponding to the operat-
ing conditions. : £

Fig. 25 is intended to show an abnormal but interesting form of
nozzle which gives some idea of the behavior of steam when the
expansion is not gradual and continuous. It was argued by a
designer who made this nozzle that this form should be as efficient
as any other. It was AR
his theory that if the A D)

X %
AN TN TS 3

careas at the throat : 53 ~
and at the .mouth
were of the right size,
the shape of the walls 8]
between was of no
consequence, and, in 1
fact, that the steam
of itself would take
the correct passage.
Thus by preventing
the steam particles
from touching the
walls  the friction
losses in the nozzle \
should be reduced. It '\/A\ﬁm—m—\
will be observed, how- —> Distance along Axis of Nozzle

ever, from the curve
in the figure deter-
mined from some experiments with this nozzle that the pres-
sure first drops abruptly in the throat to .58 of the initial,
as in any other nozzle, and then forms a series of waves, from
which it appears that the particles of steam strike the walls and
rebound, to meet again at a point, as at A, where an increased
pressure is produced, and so on till the mouth is reached. The
probable path of the steam is shown by the dotted lines in the
drawing of the nozzle. These experiments show thercfore that
the steam will not take the correct passage through a nozzle with-
out the provision of properly designed walls of gradually increasing
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F1G. 25. — Expansion Curve in an Abnormal Nozzle.
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area corresponding to the expansion required. The importance
of careful workmanship in the manufacture of nozzles is therefore
obvious. !

The results shown by Fig. 25 bring up naturally the discussion
of the proper length for a nozzle, as the one in this figure was
obviously much too long. '

Probably the best designers of the Curtis types of turbines make
the length of the nozzle depend only on the initial pressure. ' In
other words, the length of a nozzle for 150 pounds per square inch
initial pressure is usually made the same for a given type regard-
less of the final pressure. And if it happens that there is
crowding for space, one or more of the nozzles is sometinies
made a little shorter than the others.

Designers of De Laval nozzles follow practically the same
‘ elastic ” method. The divergence of the walls’ of non-con-
densing nozzles is about 3 degrees from the axis of the nozzle, and
condensing nozzles for high vacuums may have a divergence of
as much as 6 degrees * for the normal rated pressures of the
turbine.

The author has used successfully the following empirical
formula to determine a suitable length, L, of the nozzle between
the throat and the mouth (in inches):

L =+Vi15A, (7)

where 4, is the area at the throat in square inches.
The design of the nozzle calculated in the example on page 36
can now be completed with the determination of its proper length,

L = V15 X .059 = .g inch.
The important dimensions of nozzles of circular section suitable

* According to Dr. O. Recke, if the total divergence of a nozzle is more than
6 degrees, eddies will begin to form in the jet. There is no doubt that a too rapid
divergence produces a velocity loss.

When a number of nozzles intended for different initial pressures are supplied
for use in the same turbine, the length as determined by the taper is usually made
to correspond to the pressure that is to be most used. Inspection of the De Laval
nozzle in Fig. 14 shows that it is necessary to make all the nozzles of the same length
for a given size of De Laval turbine, so that the nozzles may be used interchangeably.
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for this De Laval turbine tested by Dean & Main may be tabu-
lated as follows: ‘

Area at throat (4,), .0590 square inch. Diameter (D,), .274
inch. LAk
Area at mouth (4,), 1.008 square inches. Diameter (D,),
1.132 inches. ;

Length of nozzle (L) as determined by equation (7), .9 inch.

Length of nozzle assuming a divergence of 12 degrees, 1.9
inches.

It will be observed from the last calculation that a de-
signer of De Lavai nozzles would make the length about twice
that calculated by equation (7). The nozzles of De ILaval
turbines are made unusually long largely for mechanical rea-
sons. There is probably very little loss in this additional
length.

A nozzle of circular section suitable for these conditions is
shown at the top of page 27 (Fig. 13). It will be observed that
a rounded- entrance to the nozzle has been made. If a well-
rounded entrance is not provided the rate of flow through the
nozzle may be only 5o to 70 per cent. (depending of course on the
sharpness of the corners) of the normal flow calculated from
Grashof’s formulas given in equations (3) and (4). The efh-
ciency is also very much reduced if the steam is not led to the
throat along a surface of gradual curvature.*

* Jude states that a very large rounded inlet appears to “choke” the nozzle
a little. He admits that it givessmaximum discharge “but at the expense of kinetic
energy, that is, of the kinetic energy effective in an axial direction.” The results
of Rateau’s experiments seem to show, however, that the efficiency of a convergent
nozzle suitably rounded is unity. If any loss does result from a rounded entrance
which is too large it is probably of negligible amount. Some conclusions drawn
from Rosenhain’s experiments reported in Proc. Inst. Civil Engineers, vol. 140,
may be of interest in this connection. A series of experiments was made with vari-
ous nozzles working from 20 pounds to zoo pounds per square inch gauge pressure’
with atmospheric exhaust. The most efficient form of nozzle up to about 8o pounds
gauge pressure appears to be a plain orifice in a thin plate, as measured by nozzle
reaction (see page 58), but this does not imply that such a form is the best nozzle
for a turbine under similar conditions. With this kind of orifice there is too much

spreading of the’jet, and the internal eddies and whirls are too violent for usefui
application at the point where the jet strikes the turbine vanes,
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It has been shown by Stodola’s experiments that the difference
in pressure between the outer and inner portions of the jet inside
a nozzle of approximately correct design are practically negligible.
The conclusion is, therefore, that the jet always completely fills
the nozzle, and that there is no  zonal formation,” meaning
an outer zone moving at a different velocity from the inner one,
although there is certainly a
considerable amount of. fric-
TEEI eI tional dragging of the steam
at the surface. Obviously, of

I
1
3 course, the statement does not
10PN\ A1 hold for absurdly diverging
3 eyt forms of nozzles, and in such
Em i cases the steam leaves the
‘gm | N walls with apparently much
4 o ; // * loss of velocity as in the ex-
% wl / mple shown by Fig. 25.
B l\/ 4 Stodola observed also that
i \\ ¢ |!'in" any nozzle the pressure
e E ~N—_| y usually falls in the vicinity
S ~——' of the throat to consider-

Inches from the end of the Nozzle ably less than the discharge
F1G. 26. — Experiments with an Expand-

ing Nozzle Showing the Effect of Vary- Pressur.e, with a sudden rise
ing the Final Pressure. immediately after the fall.

This effect is shown by
pressure curves in Fig. 26, plotted from Stodola’s data taken
in a divergent nozzle like the one represented at the top of
this figure. Similar effects, only more pronounced, observed in
a straight non-expanding nozzle with rounded inlet are shown
in Fig. 27. Here also a sudden drop below the discharge
occurs; and, peculiarly, the point of depression progresses along
the axis of the nozzle as the pressure decreases. Very pro-
nounced oscillations are set up which extend even into the
exhaust space for a distance of about one and a half times the
length of the nozzle. The oscillations are apparently most
violent for the middle range of pressure, and tend toward a
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minimum when the lower pressure approaches a perfect

vacuum. :
In the divergent nozzle, however, there appear to be no internal

oscillations of pressure after those at the throat have died out.
The size and most likely also the shape

of the external space has a considerable :%:.

effect on these oscillations of pressure. :

Jude states in this connection that E l
there is a greater loss in velocity, due \: e e
to oscillations or eddies, in a square or ‘é"“
rectangular mnozzle than in a circular 3;‘60_2 :
one. Recent experience with nozzles % | | i =
of this type does not bear out this 3 uf— |
statement, except in the case probably § E\ ' P
of square or rectangular nozzles with **[ V’ \/’D\W
no rounding at the edges. An efficiency | ! o
of g7 per cent. is not unusual for prdp— b TR
erly designed squarc and rectangular Fic. 27.— Experiments with
shaped nozzles without any “ square” 2 Non-expanding Nozzle

Showing the Effect of

edges; and circular nozzles have certainly Ve the kil Présélite

never given g9 per cent. efficiency.

Under- and Over-Expansion. The best efficiency of a nozzle is .
obtained when the expansion required is that for which the nozzle
was designed, or when the expansion ratio for the condition of the
steam corresponds with the ratio of the areas of the mouth and
throat of the nozzle. A little under-expansion is far better, how-
ever, than the same amount of over-expansion, meaning that a
nozzle that is too small for the required expansion is more efficient
than one that is correspondingly too large.* Fig. 28 shows a

* It is a very good method, and one often adopted, to design nozzles so that
at the rated capacity the nozzles under-expand at least 1o per cent.,, and maybe
20 per cent. The loss for these conditions is insignificant, and the nozzles can
be run for a large overload (with increased pressures) in nearly all types without
immediately reducing the efficiency very much. This applies especially to tur-
bines governed by cutting out nozzles in the first stage (see page 221) and with no

control of the nozzles in the other stages. Under-expansion due to a throttling
governor is also an important condition affecting the efficiency of nozzles.
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curve representing average values of nozzle loss used by various
American and European manufacturers* to determine discharge
velocities from nozzles under the conditions of under- or over-
expansion. This curve will be referred to again in connection
with the design of blades and is very useful to the practical
designer. :

Non-expanding Nozzles. All the nozzles of Rateau turbines
and usually also those of the low-pressure stages of Curtis turbines

i
<
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Nozzle Vélocity Loss Due to
Under-or Over-Expansion
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a4 Mouth (Under Expansion) | at Mouth (Over Expaasion)
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F1G, 28 — Curve of Nozzle Velocity Loss.

are made non-expanding; meaning, that they have the same area
at the throat as at the mouth. For such conditions it has béen
suggested that instead of a series of separate nozzles in a row a
single long nozzle might be used of which the sides were arcs of
circles corresponding to the inside and outside pitch diameters
of the blades. Advantages would be secured both on account of
cheapness of construction and because a large amount of friction
against the sides of nozzles would be eliminated by omitting a
number of nozzle walls. Such a construction has not proved

. desirable, because by this method no well-formed jets are secured

and the loss from eddies is excessive. The general statement
may be made that the throat of a well-designed nozzle should have
a nearly symmetrical shape, as for example a circle, a square, etc.,
rather than such shapes as ellipses and long rectangles. The

* C. P. Steinmetz, Proc. Am. Soc. Mech. Engineers, May, 1908, page 628.
A. Jude, The Theory of the Steam Turbine, page 39.
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shape of the mouth is not important. In Curtis turbines an
approximately rectangular mouth is used because the nozzles are
placed close together (usually in a nozzle plate like Fig. 114) in
order to produce a continuous band of steam; and, of course, by
using a section that is rectangular rather than circular or elliptical,
a band of steam of more nearly uniform velocity and density is
secured. :

Fig. 29 shows a number of designs of non-expanding nozzles
used by Professor Rateau. The length of such nozzles beyond

205>/

s 3 Y
. A i .
11049

15197+ 4

FIG. 29. — Rateau Non-expanding Nozzles.

the throat is practically negligible. ~Curtis non-expanding nozzles
are usually made the same length as if expanding and the length
is determined by the throat area. The Curtis nozzles made in
Germany are a little shorter than the length calculated by
formula (7).

Materials for Nozzles. Nozzles for saturated or slightly super-
heated steam are usually made of bronze. Gun metal, zinc
alloys, and delta metal are also frequently used. All these metals.
have unusual resistance for erosion or corrosion from the use of
wet steam. Because of this property as well as for the reason
that they are easily worked with hand tools * they are very suitable
materials for the manufacture of steam turbine nozzles. Super-
heated steam, however, rapidly erodes all these alloys and also
greatly reduces the tensile strength. For nozzles to be used with
highly superheated steam, cast iron is generally used, and except

* Nozzles of irregular shapes are usually filed by hand to the exact size.
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that it corrodes so readily is a very satisfactory material. Com-
mercial copper (about 98 per cent.) is said to have been used with
a fair degree of success with high superheats: but for such con-
ditions its tensile strength is very low. Steel and cupro-nickel
(8 Cu + 2 Ni) are also suitable materials, and the latter has
the advantage of being practically non-corrodible.

SUPERHEATED STEAM.

In the following pages the important properties of superheated
steam with which the modern engineer must deal will be briefly
discussed. It is generally recognized that a gain in steam economy
results from the use of superheated steam in either steam turbines
or reciprocating engines, but an accurate analysis of tests for the
actual gain in economy of a plant is very difficult because there
are so many factors entering. The peculiar circumstance, also,
that water can exist indefinitely in the liquid state in the presence
of superheated steam, makes conclusions from experimental data
often uncertain. '

Flow of Superheated Steam through Nozzles. The discharge
of superheated steam from a nozzle is one of the most important
subjects of which thé engineering profession generally has no
correct data. The author has observed in his practice again and
again that the formulas ordinarily given for the flow of super-
heated steam were not correct and more reliable data had to be
found. The formulas given here were actually determined from
the data of Lewicki’s experiments with a 30-horsepower De Laval
turbine * but was later checked with a great mass of data in the
possession of the General Electric Company. The precision
with which the formula applies to Lewicki’s data is shown in the
table given on the next page.

A formula was desired to express the flow of superheated steam
discharged from a nozzle in the form of formula (3) for the flow
of dry saturated steam,-together with a suitable coefficient to

* Zeit. Verein deutscher Ingenieure, April 4, 1903, page 494.
Mitteilungen wiber Forschungsarbeiten, Heft 12 (1904), Zalentafel 23.

’
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correct for the effect of superheat. A formula of this form is

expressed by .
X / ADPI.97
o 60 (x +.00065 D)’ °F (8)
60 F (1 +.00065D)
i @)

where F is the weight in pounds of superheated steam discharged
per second, A, is the area of the smallest section of the nozzle in
square inches, P, is the initial pressure in pounds per square inch
absolute, and D is the superheat in degrees Fahrenheit.*
Lewicki’s data for the tests T given below were in metric units
but are recorded here in the corresponding English units. ’
Initial pressure P, = 99.25 pounds per square inch absolute.
Final pressure P, = 14.6 pounds per square inch absolute.

Number of Test. 1 2 3 4 516 7 8

Temperature of steam, degrees F.|386. 6(463. 1{491.9(529.7(592.7/619.7(703.4{723.6

Superheat, degrees F. (D)...... 59.6(136.1(164.9|202.7|265.7|202.7376.4(396.6
Flow, pounds per hour (tests) ..|882.0(837.0/824.0/804.0|778.0|776.0|735.0|729.0
(G ooy TT D P e IR o8 1.038|1.089|1.107|1.132|1.1731.190|1.245[1.258

Flow, pounds per hour, corrected
by formula (8) to equivalent
flow of dry saturated steam ..|917.0|g10.0|911.0[910.0|914.0/910.0[914.0|916.0

Volume of Superheated Steam. Thermodynamic relations
show that the flow of superheated steam is inversely proportional”
to the square root of the specific volume,} so that from the
author’s equation for the flow of superheated steam (8) the fol-
lowing formula for the specific volume is easily obtained:

v, = (1 + .00065 D) v, v (9)

* It is stated that Mr. A. R. Dodge has shown practically the same results from
the Newport tests of a Curtis turbine reported by Mr. G. H. Barrus.

T Mitteilungen diber Forschungsarbeiten, Lewicki, Heft 12 (1904), Zalentafel 25.

1 This relation is discussed by the author in Mechanical Engineer (London),
Aug. 24, 1907, page 277, and in the Harvard Engineering Journal, June, 1907,
page 36.. Compare with Stodola, Die Dampfturbinen, 3rd ed., page 9.
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where Vs is the volume in cubic feet of one pound of superheated
steam, v is the volume in cubic feet of one pound of dry saturated
steam at the same pressure as for v,, and D is the superheat in
Fahrenheit degrees.*

Available' Energy of Superheated Steam. In the following
paragraphs the significance of the entropy-temperature curves for
superheated steam will be explained, and it will be shown also
how they are to be used to determine the available energy and the
corresponding theoretical velocity resulting from adiabatic expan-
sion in a nozzle. ;

Specific Heat of Superheated Steam. In modern practice,
superheated steam often enters our calculations and a troublesome
modification of the entropy diagram results. The difficulty
arises because the specific heat of superheated steam is not at all
accurately known. The diagrams in the appendix are calculated
for the specific heat determinations by Knoblauch and Jakob.t
The specific heat of steam varies with the temperature and pres-
sure as shown in Figs. 30 and 31, giving values of the mean and
the true specific heat at constant pressure (Cp).

True specific heat represents the ratio of the amount of heat to
be added to a given weight of steam at some particular condition
of temperature and pressure to raise the temperature one degree
to that required to raise the temperature of water at maximum
density one degree. The mean specific heat is almost invariably
used in steam turbine calculations.

Entropy Diagram of Superheated Steam. The graphic repre-
sentation of the heat added during the superheating of steam
is easily accomplished with entropy-temperature diagrams.
Fig. 32 shows the same diagram that represented dry saturated
steam in Fig. 12, with the added area EHJF to show the super-
heating from the temperature, T, corresponding to the pressure

* This formula gives values of specific volume representing a fair average
of results obtained from the formulas of Zeuner, Tumlirz, Knoblauch, and Schmidt
(based upon Hirn’s experiments).

1 Zeit. Verein deutscher Ingenieure, Jan. s, 1907. Values of mean specific
heat are taken from Mechanical Engineer, July, 1907, and Professor A M. Greene’s
paper in Proc. American Society of Mechanical Engineers, May, 1907.
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P, to the temperature of the superheated steam, T.. The total
heat in a pound of steam above the freezing point is now repre-
sented by the area OBCEH]JFO. For adiabatic expansion of
superheated steam at the temperature T and pressure P, to a
pressure P, the available energy is the area CEHKL.

Too much calculation is involved in the construction of entropy
diagrams to make a new diagram for every particular case from
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.

the properties usually found in steam tables; but the construction
of such diagrams should be understood. From the explanations
that have preceded, the construction of all the lines except EH
should be obvious. This line is obtained by calculating the
entropy of superheated steam for various values of temperature
from the following well-known relations:

or ¢s— ¢ =Cpnm [_loge %] = 2.3028 Cpm(logm T, — logio Tl),

1
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where Cp,, is the mean value taken from the curves in Fig. 30 for
the temperature T.. :

General Remarks Regarding Nozzles. Finally it may be stated
that there is practically no difference in the efficiency of the nozzles
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used in commercial turbines if they have smooth surfaces and
are properly designed for the correct ratio of the area at the
throat to that at the mouth, and if the length is not made much
less than, nor more than possibly twice that calculated by
formula (7).
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Whether the nozzle section is throughout circular, square, ot
rectangular (if these last sections have rounded corners) the
efficiency as measured by the velocity will be about g6 to g7 per
cent., corresponding to an equivalent energy efficiency of 92 to 94

Ts
H

Temperature

B

pT=T)

Cp!

C

A J
s Entropy

FiG. 32. — Entropy-Temperature Diagram for Superheated Steam.

per cent. Speaking commercially, therefore, it does not seem to
be worth while to spend a great deal of time in the shops to make
nozzles very exactly to some difficult shape. Simpler and more
rapid methods of nozzle construction should be introduced. In
some shops the time of one man for two days is required for the
hand labor alone on a single nozzle.

Similarly to the equations for available energy on page 23
for dry saturated steam and on page 26 for wet steam, the
available energy E,, for superheated steam is when the final con-
dition is ““ wet ”’:

E, =H, — H, 4+ C,,. (T, — Ty).
When at the final condition it is superheated, then
E,.=H —H+Cpm(T,—T1) — Con (T, — T,
where other symbols are used as before and T, is initial tem-~
perature and T,” is the final temperature when superheated.



CHAPTER 1IV.
STEAM TURBINE TYPES AND BLADE DESIGN.

Arr the types of both water and steam turbines are commonly
divided into two general classes, designated by the descriptive
‘terms impulse and reaction. Without further explanation, these
‘terms, as they are used in turbine practice, would be very mislead-
ing, because practically all commercial types of steam turbines
operate by both the impulse and the reaction of steam. Long
usage, however, has determined the accepted meaning of these
terms and it is useless now to try to change them. Briefly, the
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F1G. 33.— Impulse of a Jet Exerted on a Flat Surface.

physical phenomena known as impulse and reaction will first be
described, to be followed by an explanation of the technical sig-
nificance of these terms as they are used by engineers.

In all important commercial types of steam turbines the blades
58
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are moved by both the impulse and the reaction of impinging
steam jets issuing from nozzles (see Fig. 2) or passages essentially
equivalent to nozzles. According to the older school of scientists,
who have handed down to us the classification of turbines men-
tioned above, an impulse is a force acting in a  forward * direc-
tion, and a reaction is a ‘ backward ” force, relative to the
impulse and equal to it in magnitude. Fig. 33 is a simple con-
crete illustration of both impulse and reaction. A suspended
tank filled with water is shown from which a jet issues through a
nozzle and impinges upon a flat board hung opposite. As the

Impulse and
Reaction Forces

F16. 34. — Impulse of a Jet Exerted on a Curved Surface.

result of the pressure due to the jet, the board will obviously move
to the right. As the jet issues from the nozzle it exerts at the
same time a reaction on the tank causing it to move to the left.*

* The pressure on the walls of a tank at any point depends on the height of the
water above that point (“‘the head”) and upon the density of the fluid. When
a fluid escapes from an opening in the tank there is no resistance at that point to
pressure, and the wunbalanced force exerted on the walls directly opposite will
tend to move the tank in the direction opposite to that of the-escaping jet. The
greater the “head” and the density the greater will be the velocity of the issuing
fluid and the reaction on the tank.
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Fig. 34 is intended to show the significance of impulse and
reaction as they are used in regard to turbines. In this case
water from the tank impinges against the curved surface of a
wooden block, and before it leaves this surface it is turned back
upon itself through an angle of 180 degrees. The block is there-
fore acted on by two forces simultaneously, both tending to move
it to the right. 'When the jet first strikes the surface of the block

B B
\ \ \ n
: =
——
T

Fic. 35.—Impulse Wheel with Blades F1G. 36. — Impulse Wheel with
of «“Single Curvature.” Blades of “ Double Curvature.”

an impulse force tends to move it, and when leaving, there is acting
ina “backward ” direction a reaction equal to the impulse. If the
jets represented in the two figures have the same velocity and
density, and frictional losses are neglected, the pressure on the
block in Fig. 34 will be twice as great as on the board in Fig. 33.

Fig. 35 shows a nozzle and a blade wheel in which the blades
have a “ single curvature ”” as compared with the curved surface
in Fig. 34; that is, the steam in its passage through the blades is
not “ turned back on itself,”” or in other words, the curvature
of the blades is léss than go degrees. If this wheel were held
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stationary so that the blades could not move, the steam would
leave them in a direction nearly parallel to the shaft. The only
force, therefore, that is effective for moving the blades is the
impulse.

Fig. 36, on the other hand, shows blades with nearly 180 degrees
curvature which turn the steam back on itself on leaving. The
wheel is thus moved first by the impulse force of the steam exerted
on the blades in the’direction of low, and then by its reaction. A
blade turning the steam through less than go degrees like the one
in Fig. 35 will exert only about half as much pressure as one turn-
ing the steam through nearly
180 degrees like the one in
Fig. 36.

A turbine wheel which
would be called a reaction
type is shown in Fig. 37. It
differs from the one in Fig. 36
chiefly in the blade section B, =
shown at the top of the draw-
ing. In this type the expan-
sion of the steam in the noz-
zle is only partial, and the
blades are made so that part
of the expansion occurs in
them. In the types shown
in Figs. 35 and 36, on the
other hand, all the expansion
is in the nozzles, with no ex-
pansion at all in the blades.*

The amount of expansion of the steam in the blades marks,
therefore, the essential difference between the two important
types of steam turbines illustrated by Figs. 36 and 37. In im-
pulse turbines there is no expansion in the blades, while in

Fi16. 37. — Simple Reaction Wheel.

* The turbine wheel illustrated in Fig. 37 is not, however, typical of commercial
“reaction ” types in which there are often a hundred or more pressure stages.
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4

reaction turbines ‘ expanding " blades are used, with the result
that some of the kinetic energy of the steam is changed to
velocity in flowing through them.

From the explanation that has preceded it is obvious that both
of the types represented by the last two figures operate by both
impulse and reaction.

Impulse and Reaction of Fluids. The kinetic energy of a
fluid jet discharging from a nozzle may be regarded as produced
by a constant impulse force I acting upon a weight W of the
fluid discharged for one second. During this second the velocity
has changed from zero to V feet per second and has gone through
a space of § V feet. The work done by this force in producing

the kinetic energy (K foot-pounds per second) is I X %, which

is equal to K or ——.
2g
Iv wv?

2

We have then

’

I..—_

= |g

In practice the principal distinguishing feature of reaction turbines is the applica-
tion of stationary blades for partially expanding the steam. The rest of the ex-
pansion takes place in the moving blades.

It is sometimes stated, although inaccurately, that the angles of the moving
blades may be used as a criterion for distinguishing the two types. According to
these authorities, the moving blades of impulse turbines are symmetrical like Fig. 36,
and those of reaction turbines resemble in contour those of Fig. 37. In many
cases the rule could probably be applied, but there are also many exceptions. There
are some blades made for Curtis turbines which are not nearly symmetrical, and
no one would call a Curtis turbine a reaction type.

The difference between impulse and reaction turbines can be very easily shown
experimentally by putting a pressure gauge between the nozzle and the wheel. In
the impulse type, because the expansion is completed in the nozzle, it will be found
there is no drop in the pressure of the steam in passing through the blades; but in
the reaction type the gauge will record a higher pressure than that in the casing.

As these words ““ impulse”” and “ reaction ’ are used at the present time there
is really little connection between the usual meaning of the words and the ideas
they are to convey in regard to steam turbines. Actually all commercial steam
turbines work by impulse and by reaction. A German writer has used instead
of “impulse” and “reaction” the more accurate words,  gleichdruck ” and
“ ungleichdruck,” meaning “ equal pressure ” and “ unequ al pressure,” which to
the author seem much more appropriate.
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In the first principles of physics it was learned that impulse
and reaction were “ equal and opposite,” so that if the reaction

is represented by R in pounds, then R =1 = ek

g
Example. If the vessel shown in Fig. 33 discharges 10 pounds

of water per second at a velocity of 322 feet per second, what is
the force I (impulse) pushing the wooden block away from the

vessel? Ans. 100 pounds.®
Also what is the force R (reaction) pushing the vessel itself
toward the left? Ans. 1oo pounds.

Example. If water is discharged agamst flat blades of a
water wheel made up of vanes similar to the block shown in
Fig. 33 at the rate of 32.2 pounds per second at a velocity of
200 feet per second and is spattered from the wooden blocks
with a “ residual 7 velocity (leaving the vanes) of 100 feet per
second, what horsepower is this water wheel capable of devel-
oping? ;

Solution. Calling the “ residual ” velocity V, we have
W (V2 — Vy?) _ 32.2 (200" —100%)

2g 2 X 32.2

K = = 15,000 ft.-lbs. per sec.,

or 5;;? =27.27 horsepower.

w2
2g X 550
if the water is discharged at zero velocity. We have (in this

The maximum theoretical horsepower of the wheel is

322 X 200" _ 20,000
2 X 32.2X 550 550
The efficiency of the (blades of this) water wheel is therefore

case , or 36.36 h.p.

g&g = .75 or 75 per cent.
Example. Steam discharges from a nozzle at the rate of
3.542 pounds per second with a velocity of 4000 feet per second
against the blades of a steam turbine and leaves them with a

* It is assumed that the water leaves the block with practically no velocity,
that is, all the velocity is absorbed in producing the impulse force.
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velocity of 1000 feet per second. Neglecting frictional losses,
what is the maximum horsepower that this turbine wheel can
develop? Calculate the efficiency (percentage) of the blades in
this turbine. Ans. 1500 horsepower; 93.75 per cent.
Example. The steam discharging from the blades of the
turbine wheel in the last exercise is finally directed upon the
blades of a second turbine wheel. Assuming there has been no
loss of velocity in passing from one turbine wheel to the other
and that the steam leaves the second one at 100 feet per second,
calculate the maximum horsepower that could be developed in
this second turbine wheel and the efficiency of its blades.
Ans. g9 horsepower; g9 per cent.
Example. If we consider the two turbine wheels mentioned
in the two preceding exercises as combined in a single turbine,
what would be the total horsepower of the turbine and the
over-all efficiency if frictional and other losses are neglected?
Ans. 1599 horsepower; 99.94 per cent.

Suggestion. The same result could have been obtained by
calculating the total kinetic energy of the combined wheels,
using V = 4000 feet per second, Ve, = 100 feet per second and
W = 3.542 pounds of steam.

Example. Remembering that impulse and reaction are equal
and opposite, what is the force of the reaction against the plate
supporting the nozzle required to give a velocity of 4000 feet
per second to a flow of 3.542 pounds of steam per second?

Ans. 440 pounds.

Suggestion. Reaction = impulse (I) = W—;/ :

Example. The area of a nozzle is .322 square inch. How
many pounds of steam per second having a density of .144 pound
per cubic foot must be discharged from the nozzle in order to
exert a pressure of go pounds against a plate suitably designed
to turn away the steam with zero velocity? Ans. .966 pound.

Suggestion. 1In this case all the velocity is absorbed in produc-
ing the pressure (impulse) upon the plate.
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Substituting the values given in the example and substituting
in the equation for impulse, we have

e L s Sy
144
_WV _ 000322 V*

g 32.2
and since the impulse is go pounds, we have

I =.00001 V2

.00001 V2 = go pounds
V? = 9,000,000
V = 3000 feet per second.

Substituting this value of V in the equation at the top of the
page,
W = 000322 X 3000 = .966 pound per second.

Example. Steam of the same density as in the preceding
exercise discharges at the rate of 3478 pounds per hour and pro-
duces a reaction against the plate into which the nozzle is in-
serted of go pounds. What is the velocity of discharge?

Ans. 3000 feet per second.

EXAMPLES OF IMPULSE TURBINES.,

A simple impulse turbine is represented by diagrammatic draw-
ings in Fig. 38. In the shaded drawings in this figure, “ Section
A7 is made by a plane cutting one of the hlades and passing
through the center of the shaft. The other view, “ Section B,”
shows a section made by a plane parallel to the shaft and passing
through the center of one of the nozzles in the turbine. In the
same figure, Curve I shows the decreasing pressures in the nozzle
and the constant pressure through the blades. Curve II shows
similarly the velocity changes. In the nozzle the steam velocity
increases as the pressure falls, while in-the blades the velocity
of the steam is absorbed in moving the wheel. This simple
impulse turbine represented by these diagrams is typical of the
De Laval type. These turbines have always a single set of
nozzles and one row of blades.
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In Figs. 38, 39, 40, and 41 illustrating the important types of
steam turbines, the direction of the flow of the steam is marked
by the symbol x> and the motion of the blades by w—. The
moving blades are shown by solid black to distinguish them
from the stationary blades, which are indicated by cross-hatching.

A modification of the simple impulse type is shown in Fig. 39.
The drawings marked “ Section A’ and “Section B” show a
turbine with two moving blade wheels and a set of stationary
‘‘intermediate ”’ blades. The stationary blades are merely guides
for changing the direction of the steam so that it will enter
the second set of moving blades at a suitable angle. Two blade
wheels are used instead of one in order to make it possible to use
efficiently a lower peripheral speed for the moving blades. The
reasons for this statement will be discussed in another part of
this chapter. The curves at the top of the figure show, graph-
ically, the relation between pressure and velocity. Curve III
shows the sudden fall of pressure in the nozzle and the constant
pressure through the three rows of blades. Curve IV shows first
the rapid increase in velocity as the pressure falls, and then the
gradual loss of velocity in the moving blades as it is given up in
doing work. Velocities represented in Curves II and IV are
drawn approximately to the same scale. A comparison shows
that the reduction in velocity of the steam in the first wheel as
represented in Curve IV is only about half that for the single wheel
in Curve II. The arrangement of blades represented in Fig. 39
makes possible comparatively low blade speeds with initially
high steam velocities. This method of increasing the number of
rows of blades is often used with three rows of moving blades and
two ‘intermediate ” (stationary) rows; and even four rows of
moving blades have been used. Not much advantage, however,
has been shown from the use of the third and fourth rows of .
moving blades, and this construction has been generally abandoned.
Turbines of this type are often spoken of as having velocity stages,
the number of velocity stages being the same as the number of
rows of moving blades.

The Curtis turbines, made by the General Electric Company,
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are the best examples of the type illustrated by Fig. 39 with several

_rows of blades following a set of nozzles. In the latest designs
of the larger sizes of these turbines there are two rows of moving
blades and one set of “intermediate” blades for each set of
nozzles, so that the arrangement shown in Fig. 39 is typical of
these designs.*

In Fig. 40 another distinct type of steam turbine is illustrated.
The left-hand half of this figure represents a single impulse wheel
as in Fig. 38 and the right-hand half is practically a duplicate of
that on the left. In this construction each of the halves —a
single nozzle or set of nozzles with the blades following — is called
a pressure stage, or very commonly it is called simply a stage.
The difference between the operation of this turbine and the
single impulse wheel in Fig. 38 is best shown by comparing the
pressure and the velocity curves at the top of the two figures. In
Curve I, showing the pressure for the single impulse wheel, the
steam drops from the boiler pressure to that of the exhaust in a
single nozzle, that is, in a single stage. In Curve V of Fig. 40
there is about equal reduction of pressure in each of the two
nozzles, and the velocity change, as Curve VI shows, is about
the same for each of the two stages. This figure represents,
diagrammatically, a number of types that are more complex.

It should be mentioned here that there are often two or more
groups of nozzles and blades, each like Fig. 39, in succession (cf.
Fig. 119). Each of these groups is then called a stage. In other
words, the first set of nozzles and all the rows of blades up to the
next nozzle make the first stage, and soon. This last arrangement
is typical of the Curtis turbines with more than one pressure
stage and the various Rateau designs.

* The blades shown in “Section A” of Fig. 39 have the same height on the
“entrance” and ‘“‘exit” sides. It is, however, a very common practice to make the -
‘“exit” side of the “intermediate” blades of Curtis turbines a little higher than
the “ entrance ” side so as to increase the cross-sectional area and thus allow for
the lessened velocity, due to friction and eddies, and thereby prevent “ choking
in the blades. There is therefore a little expansion in these blades.
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Drum Rotor

SECTION A

Velocity Triangles

F1e. 41. — Diagrams of a Three-stage Reaction

Turbine,
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The Rateau turbine has from 20 to 4o pressure stages, with a
set of nozzles and a single blade wheel for cach. The drop in
pressure is then, of course, comparatively small in each stage.

REACTION TURBINES.

The arrangement of blades in the well-known Parsons turbine
is illustrated in Fig. 41. This is the typical modern reaction tur-
bine. There are no nozzles. The steam flows from the boiler
into the ‘“‘admission space” of the turbine (see ‘ Section A’’)
with practically no velocity. From this space it enters the first set.
of stationary blades, where it expands and attains some velocity
as the pressure drops. Curves VII and VIII show the change of
velocity with change of pressure. When the steam leaves the fixed
blades it enters immediately the first set of moving blades. Here:
it expands again; but at the same time some of the velocity from
the expansion is taken away, or, in other words, the velocity is
reduced in moving the blade wheels. The pressure and velocity
curves show plainly what happens in turbines of this type as the
steam passes alternately through the fixed and moving blades,
expanding in every row till it escapes in the exhaust. There is
here considerable expansion in the moving blades, and conse-
quently because the pressure is not the same on both sides of these
blades it is called a reaction turbine. All the other three types
(Figs. 38—40) are impulse turbines, because the pressure is practi-
cally the same on both sides of the moving blades.

We should observe here that all the possible simple combina-
tions have been mentioned except the case of expansion only in
the moving blades and with no expansion in the stationary parts.
Such an arrangement would be feasible but has probably never
been used.

In a reaction turbine any two rows of blades, the first stationary
and the second moving, make a pressure stage. In a Parsons
reaction turbine there are sometimes more than a hundred stages.

Graphical Diagrams of Steam Velocities. A velocity diagram
representing graphically the steam velocities in the passages of
each of four types of turbines shown in Figs. 38—41 is represented.
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at the bottom of each of these figures. These diagrams, in the
shape of velocity triangles, are represented here with the nozzles
and blades in their proper order. In practical designing, how-
ever, this pictorial effect is omitted and only the triangles are
drawn. The lines of these triangles show by their lengths the.
magnitudes of the blade as well as the steam velocities in the tur-
bine. As all of these triangles are drawn to the same scale, they
show how different the velocities are in the four types. In each
case the blade speed (V3) is taken at about the value that has been
found by experience to give the best efficiency. Such velocity
diagrams are used by engineers for determining the best relation
between the velocity of the blades and the velocity of the steam.
In order to interpret such diagrams intelligently the significance
of absolute and relative velocities * of the steam must be clearly

#* This distinction between absolute and relative velocities should probably be
made plainer for those who are unfamiliar with these terms. A thorough under-
standing of what is meant by absolute and relative velocities is very necessary to
work intelligently with the velocity diagrams on which the whole theory of turbine
practice depends. Suppose a train is just moving out of a station at the rateof 30 feet
per second, and a man standing in the middle of the track behind the train throws

a ball with a velocity of 4o feet per
= ey second through the back door of the
(_T___>- last car. - Then a passenger in the train
20, - will see the ball moving through the car
at a velocity of only 10 feet per second.
In this case the velocity of the ball, or
40 feet per second, is its absolute velo-
city with respect to bodies that are not
moving, and 10 feet per second is the
relative velocity of the ball in the train.
In this connection a slightly different
case should also be considered. Sup-
pose now the ball is thrown upon a
boat moving in a stream at a velocity of
30 feet per second by a man standing
on the bank at P as represented in Fig. 42. Let us assume the absolute velocity,
or the velocity with which the ball is thrown, as again 40 feet per second, but that
now the path of the ball makes an angle of 20° with the direction of the moving boat.
Then the relative velocity of the ball (V) with respect to the direction of the boat is
shown graphically by a triangle of velocities ABC in the figure, where AC is the
absolute velocity (V,) of the ball, BC is the velocity of the boat _(Vb), and AB is
the relative velocity (V) of the ball with respect to that of the boat.

FIG. 42.
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understood. An absolute velocity of a body is its velocity with
respect to immovable points on the earth. A relative velocity is
its velocity with respect to points that are also moving.

The direction of the line representing the velocity of the
steam relatively to the blades should be such that the lines of
flow of the steam enter the blade tangentially to the conven-
tionally straight portion of the back of the blade (see Figs. 43,
49, and 50). If the backs of the blades are made to any other
angle there will be losses due to impact and eddies.

EFFICIENCY OF THE BLADES OF IMPULSE TURBINES.

In the velocity diagram in Fig. 38, the initial velocity of the
steam entering the nozzle is marked V;, the velocity in the
throat is V,, and the absolute velocity of the steam as it leaves
the nozzle and enters the blades is V,, making an angle o with the
direction of motion of the blades. The velocity of the blades
V,, which is the peripheral velocity of the wheel, produces a
“ relative ” velocity of the steam in the blades V. The angle
8 shows then the theoretical “ entrance ” angle for the blades
that the steam may enter without loss of velocity due to shock
or impact. These angles @ and 8 are marked plainly in the draw-
ing of “ Section B.” The relative velocity of the steam leaving
the blades is represented by V3. Often the blades for impulse
turbines are made symmetrical, so that the angle y on the
“exit ” side of the blades is equal to the angle 8 on the “en-
trance ”’ side. The absolute velocity of the steam leaving the
blades is found by geometrically subtracting again the blade
velocity V,. The velocity of the blades is always subtracted a
second time, because the direction of the steam has been reversed
in passing through them. The steam is discharged with the
absolute velocity V;, which is called commonly the “residual ”
velocity.

Conditions of Best Efficiency. The condition for the highest
efficiency of this simple turbine (Fig. 38) will now be discussed.
The same velocities represented at the bottom of Fig. 38 are
shown again with the addition of an enlarged section of a blade
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in Fig. 43. The notation is the same as in Figs. 38-41. V, and
V; * are the absolute velocities of the steam entering and leaving
the blade, of which a shaded section is shown. V., and V,; are

zlk\ 3

F16. 43. — Velocity Triangles for an Impulse Turbine.

the corresponding relative velocities of the steam as it passes
through the blade. Now the energy in the steam is measured,
of course, in terms of its absolute velocity, and is proportional
to the square of its velocity.f The energy, then, in a pound of

2 2
steam entering a blade is g—;— and on leaving is -12%- . The energy

taken away by the blades is, therefore, ;I—g (Vo2 — V3?). Hereg

is the acceleration due to gravity (32.2), and for all practical
purposes is a constant value. Energy converted into work in a

* Observe that V,, V3, Vj, etc., indicate absolute velocities, and Vs, V3, V4,
etc., are relative velocities. This relation should be of much assistance in reading
the diagrams:

The order in the use of subscripts follows the method used for the nozzles in the
preceding chapters. The subscript 1 is still.used to represent the initial condition
-of the steam as it enters the nozzles of an impulse turbine or the first row of sta-
tionary blades in a reaction turbine, while the subscript o is for the condition
at the throat of a nozzle. The first “ discharge ” velocity either from nozzles or
stationary blades is therefore represented by the subscript 2.

1 See discussion of kinetic energy and velocity, page 24.
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turbine depends then, theoretically, only on the term (V,? — V3?).
This term will have its best value, of course, when V; is made
as small as possible. The best theoretical conditions of blade
speed and steam velocity are shown in the following discussion:

In practice it is usual to have given (1) the velocity of the
steam entering the blades; (2) the “ nozzle angle ” (the angle at
which the steam strikes the blades); and usually in impulse tur-
bines still another condition, (3) that the entrance and exit angles
(8 and v) are equal. The velocities that must be considered for
these conditions are shown in Fig. 43. Here V; is the absolute
velocity of the steam entering the blades, the angle a is the ““ noz-
zle angle "’ and shows the inclination of the nozzle to the plane
of the turbine wheel. Vjis the peripheral velocity of the blades,
V.. and V,; are the relative velocities of the steam in the
blades, and Vj is its absolute velocity leaving the blades. By the
conditions stated, V. and the angle a are known, and we are to
find the most suitable blade velocity (V,). Also the angle 8 is
equal to the angle v, although the value of neither of these angles
is assumed. The velocities Vi, V,, and V,, will form one triangle
of velocities, and still another triangle is made with V,, V,;, and
Vi. The corners of the latter triangle are marked 1, 2, 3, and
from the geometry of the figure this triangle is obviously equal to
the triangle 1, 2/, 3, marked by cross-hatching. Now, if we as-
sume there is no loss of velocity due to friction and shock in the
blades then V, = V3, and the triangle 1, 2, 3 can then be in-
verted, and, putting the point 2" at 2, it can be made to join up
with the triangle o, 2, 3 which shows the initial velocities at the
upper end of the blade. The base o, 1 of the new triangle o, 1, 3
is now equal to 2 V;, and we can write, by the “Law of Cosines,”
the equation

V2=Vl + (2V,)? —2V,(2V,) cos a, (11)
or Vo — V2 =4VyVycosa— 4 V2
Vo2 — V2 =4V, (Vocos a — V). (12)

" In this equation the term (V> — V?), which is a measure of
the energy taken away from the steam, is greatest when 4 V,
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(V3 cos @ — V) has its largest value; *

energy taken from the steam when

or we get the maximum

V, = ng coS a, (13)

which is the condition when the line 3, 1, or V3, is perpendicular to .
V:, that is, when the steam leaves the blade perpendicular to the
plane of the wheel.f

The condition for which the last set of equations has been
worked out represents the usual conditions in practice. That is
the ‘“ nozzle angle ” is usually assumed (about 20 degrees), and
the blade angles 8 and y are made equal. For this case equation
(12), above, represents the best blade conditions, with the abso-
lute velocity of the steam entering the blades (V) and the
velocity of the blades (V) as the only variables.

We can express the efficiency of the action of the blades by
dividing the energy taken away in performing work by the energy
represented by the velocity of the entering steam; thus,

Energy taken away for work, or the actual work done =
V22 LD V32
F 2 g 2

Total energy in the steam, which is a measure of the total work

2

: Vs
ble = —.
possible = ~ Z

actual work done  V,2—V;? L V2 Vz —

Efficiency = =
g ot total work possible 2g 2g

. (14)

Now, in equation (12) we have for the best COIldlthl’lS,
Vo2 — Vi =4V, (Vacosa — V).

* If we make the substitution Vi — V2 = y, Vp = x, K = Vs cos a, then for
equation (12) we can write y = 4% (K — x) = 4 Kx — 4 42

For the maximum value of y,

% =4 (K —2x)=o0.
dx
X = -:;K, or Vp = §' Vs cos a.

1 Without the calculus demonstration it is obvious that Vi — V3 is largest
for given values of Va, when V; is smallest, and this is when the line 3,1 in the
triangle o,1,3 is shortest; or, in other words, when the direction of V3 is perpen-
dicular to the direction of V5.
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Then substituting this in equation (14),

4V, (Vocos o — VI:) 4Vb V., ;
Vi v, <cos a— Vz) (1 5)

Efficiency =

”

If, further, the “ nozzle angle ”’ « is 20 degrees, as is so com-

mon in practice, then
4V, Vv,
Effi =4%e 6
ciency = v, (940 Vz) (16)

Vs
4%
it follows then that the efficiency of a single row of blades with
a given nozzle angle and equal entrance and exit angles for the
blades depends only.on the ratio of the velocity of the blades to
the velocity of the steam discharged from the nozzle.

Impulse Force Due to Stream Flow Across Stationary Blades.
In Fig. 43a a stream of fluid is shown impinging on a blade at

The only variable left in this equation is the ratio —*, and

—

S« _Steam

F1G6. 43a. — Stream Lines in Turbine Blade.

A’ where the direction of flow is horizontal and parallel to the
contour of the tip of the blade. At A the stream exerts an im-
pulse I in the direction of flow, and as it leaves the blade it exerts
a reaction R, paralle] to the direction of flow at the other end but
opposite to the initial direction of flow. The component of R
in the direction at which the stream enters the blade (horizontal)
is R cos B, where 8 is the angle the leaving stream makes with
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its initial direction (horizontal). But since impulse is equal to
reaction (see page 62), I = R. Consequently the total pressure
upon the blade due to both impulse and reaction is

I+ RcosP or I(x+ cosp).

When the stream flow has been turned through 180 degrees
in its passage over the blade, 8 = o, cos 8 = 1, and the total
pressure is 2 I. It has been shown (page 62) that

I=—y
g
and therefore total pressure on the blade is
I 2 WV .
g —n

Also when B = go degrees, as is approximately the case in
Fig. 33, cos 8 = o, and the total pressure is

I=-—.——.

g

Impulse Force Due to Stream Flow Across Moving Blades.
When velocities of blades are also considered the impulse of the

72

stream entering the moving blade as in Fig. 43 is cos B.

Similarly the stream leaves with the relative velocity Vs of which

3

the component in the direction of motion of the blade is cos

3

of angle 3, 1, 2/, or (V, — V3 cos v). Total impulse is,

therefore,
er3
g

For further demonstration see Exercise 6 in Appendix.

In Fig. 44 a curve is shown w}iich_has been calculated to repre-
sent equation (16) for varying values of blade speed (V) and
with an initial steam velocity (V%) of 3,000 feet per second. The
increase in efficiency with increased blade velocity should be

?

cos B +

(V,— V3 cos 7).
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observed, and that the highest efficiency is obtained when the
blade speed (V;) is about half the velocity of the steam discharged
from the nozzle (V;). This is a good rough-and-ready rule to
remember. If, thén, the steam velocity is 2,500 feet per second,
the peripheral velocity of the blade wheel, for the highest effi-
ciency, should be about 1,250 feet per second. For mechanical
reasons it is difficult to construct turbine wheels to run at speeds
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F1G. 44. — Curve of Efficiency of an Impulse Turbine with One Row of Blades
and a Nozzle Angle of 20 Degrees for Varying Blade Speeds.

much greater than 500 feet per second, so that many designers
will generally use low blade speeds to get velocities more suitable
for commercial application, knowing well that in this respect
they are sacrificing their highest efficiency.

In designing blades for turbine wheels the entrance and exit
angles (8 and ) should always be made as nearly as possible of
the size determined by the velocity diagrams. If the angles are
made much different, there is a sudden change in the direction of
the steam instead of a gradual change, with a consequent loss
due to shock or impact.

Efficiency of Velocity Stages. An impulse turbine with more

_than one row of moving blades in a single pressure stage (veloc-
ity stage type) is represented. by Fig. 39. The energy taken
away from the steam for work, as expressed in equation (12), can
be readily modified to suit this case. We should have observed
that each time steam passes through a moving blade the blade
velocity (V,) is twice taken away (subtracted geometrically)



76 THE STEAM TURBINE

in the velocity diagrams. If there are N rows of moving
blades,

V22 8 V2N+ 9 = 4va (Vz Ccos a — va).* (IZI)

And similarly (compare with equation 14, page 72),

. NV, (V. —NV, NV NV
Efficiency = 4 NV, 2;::(1 ) _ 4V2 b(COSa - V2h>, (17)
and for a 20-degree nozzle,

Eﬁicienéy LE WY (.940 — y—‘-’—") (18)
V2 V2

Efficiency of a Simple Impulse Turbine for Given Blade Speed.
In the discussion of the maximum blade efficiency of impulse
turbines which has preceded, the velocity of the steam entering
the blades was assumed to be known and a suitable blade speed
was determined in terms of the entrance and exit angles, which
were assumed to be equal. This is the problem which arises
when a single-stage impulse turbine is to be designed for given
initial and final pressures. When, however, an impulse turbine
of more than one stage is to be designed with a fixed blade speed
(V) of say 500 feet per second,T it is desirable to determine the.

* This can be shown geometrically very easily by the method illustrated at the
top of Fig. 43 which will be here drawn for threc rows of moving blades. As in

Vb Vo Vp
F1c. 43

the other figures, ¥V, is the velocity of the steam entering the first row of blades
and V2 = Vys; then in Fig. 45.
Ve =V2+ (6Vp)2—2V2 X6 Vpcosa.
VE —~ V2 = 12 Vs (Vacosa — 3 Vp); and V2 — V2xge = 4 NV (Va2 cos &
— NVp), if N is the number of rows of moving blades.
1 Many manufacturers have a standard blade speed and all sizes of turbines
are designed for this standard. The blade speeds of impulse turbines vary from

350 to 1200 feet per second. The latter figure, it is stated, has been used success-
fully by a European manufacturer.
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pressure drop in the first stage (and probably also in the second
stage, depending on the action ‘of the valve gear) to obtain the
highest efficiency in this stage. This is because the best results
are obtained in most types by getting a larger proportion of
work from the first stage than from the other stages.® Efficiency,
therefore, is a more important consideration in this stage than in
the others.

We have thus obtained a very simple form for calculating the
efficiency of an impulse turbine; but it must not be overlooked
that if the entrance and exit angles are not equal, and in the case
of velocity stages if the exit angle of the stationary “ interme-
diate "’ blades is not the same as the angle at which the steam is
discharged from the preceding blades, these formulas must be
considerably modified and the result would not be nearly so
simple. It should be observed also that all losses from friction
and eddies have been neglected. These more practical con-
siderations are discussed in connection with the examples of

“actual designs of blades on pages 85 to g6.

EFFICIENCY OF THE BLADES OF REACTION ‘TURBINES.

As in the case of the impulse turbine, the expressions for energy
and efficiency will now be derived for the reaction turbine,
assuming again that there are no losses to be considered. We
must remember that in the reaction turbine there are no nozzles
for expanding the steam but that the expansion occurs in both
the stationary and the moving blades, so that as the steam goes
through the turbine its velocity is gradually and continually
changing. ;

We shall first consider a reaction turbine (Fig. 46) with only
two sets of blades. As there are no nozzles, the first set is, of
course, made stationary. The steam expands in going through

* The reason for designing the first stage for the largest amount of work —
from 25 to 5o per cent. more than in any of the other stages — is most apparent in
turbines operated by ‘‘ cut-off”” governing like the Curtis and Wilkinson turbines.
This method of governing permits a constant standard pressure (presumably that

giving the maximum efficiency) in the first stage at all loads, while with fluctuating
loads the pressures will vary considerably in the other stages.
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these stationary blades and attains the velocity Vs, * when it
reaches the first set of moving blades. The relative velocity with
which the steam enters the moving blades is V.. Now, in these

Vg Vre
Vp
“«—m N Vrs
4 -

F16. 46. — Velocity Diagrams for One Stage of a Reaction Turbine.

blades the steam is again expanded, so that just before it leaves
the moving blades its relative velocity is Vs, which is greater than
V.. The absolute velocity at which it is discharged from the
moving blades is V3, and we have the following energy relations:

2
Bty kinetic energy developed in the stationary blades, or the

2g
kinetic energy entering the moving blades.
2y 2
= 2 gVﬂ = kinetic energy developed in the moving blades.
Vi

= kinetic energy carried away in the discharged steam.}

The actual work done on the moving blades is W, = (kinetic
energy of the steam entering the moving blades) + (kinetic en-
ergy developed in the moving blades) — (kinetic energy carried
away), or
VR VE-VE VS
T EESEETNESE T

If the steam had left the moving blades with zero velocity, and,
therefore, no energy had been carried away in the discharged
steam, the energy available for work would be
_Vv? i V. '_Vﬂz’

2g 2g

* See note at the bottom of page-8q regarding this notation.

W, (19)

W, and (20)
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actual work dome (19) V24V 2-V,2—V;?

total work possible {20) V24V, 2—V,> ° Gy
In the same way the efficiency can be calculated for any number
of rows of blades. Equation (21) expresses the efficiency for
only two rows of blades — one stationary and one moving — or,
in other words, for one stage. We shall now obtain the efficiency
for three stages, that is, for six rows of blades. The correspond-
ing velocity diagram is shown in Fig. 47.

Efficiency =

A3
F1c. 47. — Velocity Diagrams for Three Stages of a Reaction Turbine. '

Ve

= kinetic energy developed in the first stationary blades.

Vr32 _ Vr‘l2
28
blades.

Vi

= kinetic energy developed in the first moving

= kinetic energy developed in the second stationary

blades.
Vr52 = .Vr42
28
blades.

2
K‘zf = kinetic energy developed in the third stationary blades.

28

= kinetic energy developed in the second moving
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Vil S i o sk . . :
T = kinetic energy developed in the third moving
blades.

> = kinetic energy carried away in the discharged steam.

We observe here that the velocities V,, and V,, are not lost but
represent velocities that can be effective in the succeeding stages.
For this reason their energies do not enter the discussion of
efficiency. The actal work in moving the blades is then

Wi =I:L_2_2+ V"az_vr22:|+|:vbz2 + Vrs2 e V,.f]

2g 2g 2g 2g
2 2000 2 2
[l BT o
2g 2g 2g

Now, in designing a reaction turbine it is desirable to
assume that the blade velocities and the corresponding angles
of the blades are the same and that equal steam velocities are
developed in each of the three stages, so that,

V“z T Vbz T ch)
V, = Vr4 T Vrer

V= Vrs = Vny
Va3 S If"'sy
S T A Ol 2 2
and W = 3 [Vaz i I r3 Vrz :l o KEJL.
4 L2 g 28 28

The total energy in the steam available for work in this case is
2 2 W1 200
Wa 2N S[Vaz o 73 V r2 ] x

28 28
The efficiency is then
' Wi - Va22 ar Vra2 e Vrz2 Tt % Va32
“_/—a o V.2 + V.2 s y; (23)

It is clear, then, that in the expression for efficiency the last
term in the numerator changes its coefficient with the number of
stages, and we see in what proportion the efficiency is increased
with the number of stages.
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PRACTICAL DESIGNING OF BLADES.
/’

In designing blades for steam turbines we must determine with .
accuracy,

(1) The angles for the edges of the blades.
(2) The radial height or length of the blades.

From the preceding discussion of velocity diagrams and blade
efficiencies it should be clear how the best angles for the edges are
obtained. It is first necessary to calculate the velocity resulting
from adiabatic expansion between the limits of pressures in the
stage for which the blades are intended. Then velocity diagrams
must be constructed, varying the blade angles if the blade speed is
assumed till the best efficiency is obtained. This will be when
the steam leaves the last blades nearly at right angles to the
plane of the wheel; that is, when the absolute velocity of the steam
leaving the blades is, in the diagram, nearly perpendicular to the
line showing the blade velocity (see page 76). {

Design of Blades for Impulse Turbines. We shall continue with
the discussion of the design of blades for an impulse turbine with
nozzles and with a single row
of blades, assuming now that
the entrance and exit angles
(8 and y) have been deter-
mined. We shall assume also
that the total area of the noz-
zles at their largest section has
been calculated as it has been
* explained on pages 36 to 41.

To avoid losses by eddies,
nozzles are often arranged in
groups placed symmetrically
with respect to the periphery F1G. 48. — Diagram Showing Location of
of the blade wheel. Usually Nozzles in a Diaphragm, -
the nozzles would be arranged ‘
in two groups diametrically opposite in a circular plate, called a
diaphragm, as in Fig. 48. We shall assume that each nozzle
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group covers one-fourth of the circumference of the blade wheel.
Then if the blades in the wheel were removed so that they
could not obstruct the flow of steam, the area through which the
steam can pass is approximately  zDh for each nozzle group,
where D is the mean diameter of the blade wheel and h is the
height of the opening from which the blades have been removed.
When, however, there are blades on the wheel the height h
must be increased, because the effective area for the passage of
steam is reduced.

Fig. 49 shows two views of a small segment of a blade wheel.
The pitch of the blades is marked p and the blade angle is 3. If
there are no blades, the area for the passage of steam in a length p
is approximately p X h. With the blades in the wheel the area
is only p X h sin 8% It follows then, when we have blades
under the nozzle groups, that the effective area under each group
is + zDh sin 3. If we call A the total area of the nozzles at the
largest cross-section (mouth) we can write

A =1 zDh sin 8 + } zDh sin 8.
A = 1 zDh sin 5. '

- 2A
h="2"— (24)

zDsin§

For steam at very high velocity the height of the blades as calcu-

lated will be too small for practical working conditions; so that
_blades less than .25 inch high are not often made. This minimum
height is determined most on account of mechanical difficulties;
but steam leakage through the cledrance outside the blades also
becomes excessive when very small blades are used.

In impulse turbines with only a few stages no effort is made to
make use of the velocity, as such, of the steam leaving the last
blades of a stage. This means some loss; and more experimental
work might well be done with the object of showing how this loss
can be turned to better account. -

Fig. 50 shows how impulse turbine blades are laid out. The

* It is assumed in such calculations that the thickness of the edges of the blades
is practically negligible.
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designer must first decide how wide his blades shall be. For
turbines of less than 100 horsepower the width of the blades is
often made about 1 inch, increas-
ing this dimension to about
1.5 inches in turbines of 1,000
horsepower. The pitch or cir-
cumferential distance between
consecutive blades is made about
.5 t0..6 of the axial width.* In
Fig. 50 the pitch is shown by
the distance between the points 1
and 2. Hence, when a drawing gis 4o Diagram Tilustrating the De-
of blades is started these points sign of Blades for Impulse Turbines.
should first be located. At any
point between 1 and 2 mark another point 3 and through it draw
a line 3 3/, making an angle with the horizontal equal to the blade
angle y on that side. Draw
SR I through 2 a line perpendic-
BT~ ular to the last line and
intersecting the center line
of the blades. Mark this

Py S ) point on the center line 5.
e Draw through 1 a line par-

N allel to 3 3’ to intersect 2 s,

7 4l 5 at 4. With 5 as a center

e

draw an arc tangent to

Fi16. 50.— Diagram Illustrating the Method RN
for Laying Out the Blades of an Impulse 1 4, which completes the
Turbine, lower half of the convex

side of the blade. With
the same center the concave side of the next blade is drawn with
the arc passing through 2. The arrows in the figure show

* The most efficient blade pitch appears to be between the limits of } inch and
1 inch. Between these two values the efficiency of blades made according to
conventional designs is practically constant. The usual blade pitches are §, $,
and § inch. Even for very small turbines not much less than }-inch pitch should
be used. Designers usually make the pitch and axial width increase a little with
the height of the blades.



84 THE STEAM TURBINE

plainly the center for these arcs. This construction makes the
‘“ perpendicular ”” width of the steam passage nearly constant.
Blade Velocity Losses. Various attempts have been made by
experimenters to determine the velocity losses in blades with
stationary apparatus, usually by some method of measuring the
reaction somewhat in the same way as the coefficients given in
Fig. 28 were obtained for nozzles. Such results, however, are
not satisfactory for application to designing. Frictional, eddy,
and impact losses in moving blades are certainly very different
from what they are in stationary blades. Apparently there are
only two ways to get good data regarding these losses. Either
the velocity must be measured between the blades of an operat-
ing turbine with a Pitot tube or similar device, or they must
be determined by the ‘““cut and try’” method that has been
generally followed by designers. The latter method is certainly
expensive and a slow one for obtaining results. It seems, there-
fore, that more work should be done along the line of the former
method by the application of the Pitot tube. In the latest designs
of steam turbines there is no difficulty about getting sufficient
space for a pressure tube between the blades,as the axial clear-
ance in large turbines is often as much as  inch. '
Fig. 51 shows values of the velocity coefficients to be applied
in designing steam turbine blades. Curve 4 is for blades re-
ceiving steam from nozzles. Curve B is for stationary blades,
or for moving blades receiving steam from stationary blades.
Values of both curves vary with the relative velocity of the steam
in the blades. The true velocity in the blades is found by mul-
tiplying the theoretical relative velocity by the coefficient from
the curves.* The values given by these curves may be taken
as fairly representative for all the well-known commercial types
* Values given by these curves agree well with the determinations made by
Rateau, Stevens, and Hobart from the analysis of the losses in operating turbines.
Hobart calculated that the blade frictional and eddy losses in a 275-horsepower
De Laval turbine are 17 per cent. of the steam velocity which in this case is about
4000 feet per second. He states also that generally in turbines of this type this
loss is about 15 per cent. of the relative velocity in the blades. It is stated that

designers of Rateau turbines assume a blade velocity efficiency of 96 per cent. at
gelative velocities of about 600 feet per second. Obviously near zero velocity the
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in which the blades have smooth surfaces and the entrance

edges are made comparatively sharp and at a true angle. These

curves are intended to be read

for only two significant figures. ¢
The initial steam velocities 98-\

in turbines of the Parsons type 3% NC
g M
vary from 150 to 6oo feet per £ A
second, in Rateau turbines from . \\ A
500 to 1500 feet per second, in ;§ \\B \\\

Curtis turbines from 1500 to N N
3000 feet per second, and in the
De Laval type from 2500 t0 4500 80— ST 20— 500
feet per second. s g Ao

T%le efﬁaency of CRETRY O s s1. Blade Velocity Coefficients.
version in the blades of steam cCurve A for moving blades following
turbines varies from 6o to 70 per ‘nozzles. Curve B for stationary blades
cent.* for sizes from 200 to 3000 or for moving blades following sta-

Pl » 3 tionary blades.
kilowatts,T and is roughly about
'50 per cent. for smaller sizes of impulse turbines down to about
10 kilowatts. Still smaller sizes may have efficiencies less than
50 per cent., depending largely on the type of construction. For
any size of turbine, then, the difference between 100 per cent.
and this efficiency 6f energy conversion is the loss due to disk and
blade rotation, leakage, residual velocity, and radiation.

In a well-designed turbine of say 300 to 500 kilowatts’ capaaty,

3
9

loss is practically zero. Designers of Parsons and Curtis turbines must use some-
what larger coefficients (cf. Curve B) for combinations of stationary and moving
blades, because stationary blades are not as efficient as nozzles. The data for
these curves were obtained by measuring with modified Pitot tube apparatus the
velocity of steam discharged from stationary blades of various desxgns The
steam was directed upon the blades from calibrated nozzles.

* In stating this efficiency it is assumed that adequate provision is made in
these turbines to prevent leakage: in impulse turbines, between the diaphragms
and the shaft; and, in reaction turbines, over the ends of the blades through the
radial clearance. This leakage loss is as much as 10 to 15 per cent. in some good
commercial turbines. It should be reduced, however, to not more than s per cent.

1 A well-known engineer states that the energy efficiency of the gooo to 12,000
kilowatt turbines installed in New York and Chicago is as high as 8o per cent. On
a conservative basis, however, about 70 per cent. can be assumed for 5o00-kilowatt.
sizes and 75 per cent. for 10,000-kilowatt sizes.
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the sum of the losses due to friction, disk and blade rotation or
“ windage,” leakage, residual velocity, and radiation losses is,
therefore, about 40 per cent. But these are not all actual losses.
The energy equivalent of each of these losses, except that due to
radiation, which is very small, is immediately converted into
heat, and is partially regained in reheating the steam. The sum
of these losses actually reheating the steam, expressed as a per-
centage of the total available energy, is called the reheating factor.

DESIGN OF BLADES FOR AN IMPULSE TURBINE

‘Blades are to be designed for a 30o-kilowatt turbine to operate
with steam at 50° F. superheat, at an initial pressure of 163
pounds per square inch absolute, and exhausting at 1 pound per
square inch absolute (approximately 28 inches vacuum). Blade
speed V, is 500 feet per second at the rated speed 3600 r.p.m.
It is assumed that the nozzle will be correctly designed for the
pressure, so that the nozzle velocity loss is 3 per cent. Governing
is to be accomplished by the method of * cutting out nozzles ”
in the first stage (see page 221). By this method a practically
constant steam pressure is maintained in the nozzles of the first
stage from light load to overload, and the velocities in this stage
are at all loads approximately those giving the best blade effi-
ciencies. In the other stages, however, where the number of
nozzles open is not controlled by the governor, the velocities are
variable. For this reason a large pressure drop is to be used
for this stage,* and to utilize the resulting high velocity efficiently
there are to be two velocity stages in this pressure stage. A
reasonable value for the first stage pressure is about 35 pounds
per square inch absolute. The other stages are to be designed
for highest efficiency with a single blade wheel in each pressure
stage. Such a design will be a compound type — the first stage
resembling the Curtis, and the other stages the Rateau turbines.

The energy available from adiabatic expansion in the first stage
nozzles (as read from the entropy-heat chart) from 165 pounds
per square inch absolute and 50° F. superheat to 35 pounds

* See footnote on page 7%
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per square inch absolute is 122 B.T.U. Disk and blade rotation
losses, leakage between the stages at the joint between the shaft
and the diaphragm, and residual velocity of the steam leaving
the blades amount to 40 per cent.; and it is assumed that all
this energy appears ‘again as heat produced by disk and blade
friction, steam impact, eddies, and throttling. There is then 40
per cent. of 122 B.T.U., or nearly 49 B.T.U,, going to rcheat
the steam. This reheating occurs, of course, at the pressure
in the first stage (35 pounds). As the result of reheating, the
quality of the steam in the first stage is changed from .g32.to
.985, and the total heat of the steam going to the nozzles of
the next stage is increased from 1103 to 1152 B.T.U. Fig. 52
shows graphically this reheating effect. It serves also to show

1225 1152 1132, 1103 B.T.U.Scale 892

F1c. 52.—Entropy-Heat Diagram for the Design of an impulse Turbire.

the complete energy distribution as required for this design.
In each stage, as in the first, the reheating is assumed to be
40 per cent. T

Since all the stages after the first are to be of the single wheel
impulse type, it is obvious that a large number of stages will be
needed in order to absorb the velocity of the steam efficiently.
In a stage of the single wheel type the velocity of the steam should
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not be greater than twice the blade speed. Equation (18b)
shows the relation between the steam and blade velocities for
the highest efficiency, and this équation can be used for determin-
ing quite accurately the best energy distribution. Because a
designing coefficient (C) must be inserted to correct for the velocity.
loss in the blades, this equation will now be written

cv, E
Vb—zcos%,@. (19)

Now the. velocity coefficient for single blade wheels is about
.95.* The angle B is usually about 40 degrees. Blade speed,
V4, is 500 feet per second. Then

2 X 500 X cos 20°
vV, =
-95

But from equation (2) we have the relation that the available
energy (E,) in terms of velocity is

= 989 feet per second.

i _KL)Z.
¢ \223.9 ]
2
Byie (;%%) ~ 10.6 B.T.U.

It is shown then that the required energy per stage is between
19.5 and 20 B.T.U. per stage. The energy distribution with
reheating (40 per cent.) was calculated with the help of the chart
for 19.5 and for 19.8 B.T.U. per stage, and it was found possible
to get almost exactly equal energy distribution with 12 stages
each of 19.8 B.T.U. between 35 pounds pressure (quality .985)
and the exhaust pressure 1.0 pound. This distribution is shown
in Fig. 52. The quality of the steam in each stage is recorded,
so that the disk and blade friction can be calculated later from
the formulas in Chapter V.

* See Fig. 51. To determine an approximate value for this coefficient the
probable relative velocity must be estimated. If a very large error were made

in assuming this coefficient it would be discovered as soon as the velocity diagrams ~

are made, as the relative velocity and the coefficients are then accurately deter-
mined. :
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Velocity of the steam discharged .from the first stage nozzles
is :
V, = .97 X 223.7 V122 = 2308 feet per second,
and that from each of the other stages is

V' = .97 X 223.7 V19.8 = 65 feet per second.

-The velocity coefficients given in Fig. 51 have been used to
lay out the triangles in Figs. 53 and 54. The application can
be best illustrated by the
‘triangles in Fig. 53,show-
ing the velocities of the
first stage.

For constructing the
triangles in Fig. 53, V, is
laid off inclined 20 de-
grees (the nozzle angle)
to the horizontal and
made to scale 2398 feet.

F16. 53. Velocity Triangles for Two Velocity  FiG. 54. Velocity Triangles for
Stages in One Pressure Stage. a Simple Impulse Wheel.

To the same scale the blade speed (V;) is laid off for 500
feet, making the relative velocity (V.,) in the first row of
blades 1938 feet per second, and the entrance angle (B) of
these blades is found to be 254 degrees. The entrance and
discharge. angles will be made equal, so that the angle C is also
25} degrees, determining the slope of the relative velocity (V,s).
The velocity coefficient taken from curve A in Fig. 51 for a
relative velocity of 1938 feet is .88, so that V,; = 1938 X .88 or
1705 feet. ¥V, is again laid off in a horizontal direction, and the
absolute velocity of the steam discharged from the first row of
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blades (V,) as read by the scale is 1270 feet, and the true dis-
charge angle (D) is 35 degrees. In order that the steam may
enter the stationary intermediate blades without shock, the
entrance angle of these blades must be also 35 degrees, and the
discharge angle (E) will be made 20 degrees, the same as the nozzle
angle. The velocity coefficient is now read from curve B in
Fig. 351 for 1270 feet,* which is .87, and V, is laid off for
1270 X .87 = 1105 feet. Completing the triangles, V,, is 662,
and the entrance and discharge angles F and G are each 33
degrees. The velocity coefficient (read from curve B) is .93, so
that V,; is 615 feet and the final discharge velocity (V) is 353
feet. .

Velocities and blade angles are determined in the same way
(by applying a velocity coefficient) for the 12 single wheel stages
as shown in Fig. 54.

Data and results of these velocity triangles are tabulated
below for convenient reference:

Blade Angles and Velocities of First Stage.

First row (moving): entrance and discharge angles 254 degrees.

Intermediate (stationary): entrance angle 35 degrees; discharge
angle 20 degrees.

Second row (moving): entrance and discharge angles 35
degrees. :

.

Ve =500 V= 1938 X .88 = 1705 V,= 662
V, =2398 V,= 1270 Vg = 662 X .93=615
Ve, =1938 V,= 1270 X .87 = 1105 V, = 355.

I

Blade Angles and Velocities of Second to Thirteenth Stages.
Single row (moving): entrance and discharge angles 393 degrees.

V, = 500 Vi = 525 X .96 = 504.
Vs = 965 Vs = 339.
V. =525

A slightly higher efficiency could have been obtained if the first
stage pressure had not been assumed but had been determined

* In stationary blades the absolute and relative velocities are equal.

-
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by a “cut and try” method to get the highest efficiency. 1If the
energy for this stage had been a little less, the efficiency would
have been increased — although an insignificant amount. It is
a good rule to remember that with a given blade speed, whenever
the line representing the residual velocity slopes toward either
side of the vertical, the minimum residual velocity has not been’
found. A higher efficiency could have been obtained also by
reducing the discharge angle of the intermediate blades. This
angle is usually made about the same as the nozzle angle (about
20 degrees in most types). If it is made less than 20 degrees,
although the apparent efficiency will be increased, there will be
probably a greater loss than gain on account of the steam spilling
over the blades. ‘

Stage Efficiencies. Nozzle efficiency is assumed to be 97 per
cent., on the basis of the velocity developed. Efficiency of the
energy conversion in the blades can be calculated from the
results given by the velocity triangles in Figs. 53 and 54.

In the first stage the velocity absorbed in moving the turbine
is the initial velocity (V,) less the residual velocity, (V;), and
the velocity losses in the blades are (V. — Vi) and (Vi — Vis).
Then the energy absorbed in the first stage,* or

Work Done = V2 — (V. — V,it) — (V= V}2)

— (V2= Vo) — VA

Work Done
Work Possible
R el e R e e e e e

2
2

Blade Efficiency (first stage) =
(2308)* —(1038)* + (1705)* — (1270)* + (x105)* — (662)° + (615)° — (355)*
(2398)*
Blade Eﬁiciency = 75.3 per cent.
Nozzle and blade efficiency of the first stage is therefore
75-3 X Vg7 * = 74.2 per cent.

* When writing efficiency equations, it must be remembered that eficiencies are
proportional to the available energies and to the square of the velocities.

" Blade Efficiency =

3
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Similarly for the second stage (also third to thirteenth stages)
we have,

FROLES Yy 2 g 2
Rlade BfiGenty il it St ey

V2
=)2 — 2= 2 2
Blade Efficiency = (263) (339)(965)(2525) + (504)

Blade Efficiency = 85.3 per cent.

Nozzle and blade efficiency of the last twelve stages is therefore
85.3 X V.97 = 84.0 per cent.

The combined or *total” nozzle and blade efficiency of the
turbine, prorated according to stage energy, is, then,

74.2 X 122 4 84.0 X 19.8 X 12
122 + (19.8 X _12)

Besides the nozzle and blade losses, there are bearing losses,
including the friction of the gland or stuffing-box on the shaft
and the power for the governor and oil pumps, amounting to
about 2 per cent in a turbine of this size.t The radiation loss is
about 1 per cent, the loss due to leakage of steam along the shaft
between the stages should not be more than 7 per cent., and the

= 80.8 per cent.*

* Although wvelocity stages do not give as high net blade efficiency, the adoption
of this type for the first stage makes it possible, because of the large available energy
required for this stage by this method, to make the turbine very economical at light
loads. By providing a suitable valve gear the number of nozzles open in the Sorst
stage can be controlled by the governor.  (See pages 221-229.)

T Bearing loss in turbines is usually very small. According to Lasche of the
Allgemeine Electricitat Gesellschaft, Berlin, the friction coefficient (f) is

S=2+({Xp)
where ¢ is the temperature of the bearing in degrees C. and p is the pressure in
kilograms per square centimeter. The rotor of a 1ooo-kilowatt Parsons turbine
weighs about 3000 pounds, and the disks and shaft of an impulse turbine would
probably weigh less.

Langen in the Zeitsch. fir das G te Turbi (Oct. 19, 1907) states
that the bearing (journal) friction of a well-designed Parsons turbine is about
.2 per cent., and that the total friction loss including governor and oil pump rarely
exceeds 1 per cent.

Stodola’s tests of a Zoelly turbine, with, of course, a much shorter casing than
that of a Parsons type, show the radiation loss from the casing to be about .7 per
cent.
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actual net loss of heat (‘“‘ available ”’) due to rotation of disks and
blades will be about 10 per cent.* The sum of the bearing,
radiation, leakage, and rotation losses is then about 2o per cent.,
and the efficiency of the turbine as measured by work done at
the shaft is about 81 per cent. (from page 92) less 20 per cent.,
or about 61 per cent.

The theoretical steam consumption (water rate) of a perfect
engine operating with steam at the same initial pressure, super-
heat, and exhaust pressure is 10.24 pounds per kilowatt-hour.}
Since the shaft efficiency is 61 per cent., the equivalent steam
consumption per shaft kilowatt-hour developed in the blades is
10.24 + .61, or 16.80 pounds. Generator efficiency might be
assumed to be about g2 per cent. for a good design suitable for
this high speed relatively to the size, and the steam consumption
per kilowatt-hour “at the switchboard” would be about 16.80 =+
.92 = 18.26 pounds.}

The energy efficiency, neglectmg losses, of each stage with a
smgle row of blades can be expressed approximately by equation
(16), thus,

Efficiency = ——55—— ( 040 86—5) = 87 (nearly).

The nozzles for this turbine must be designed to discharge
at full load 300 X 18.26 pounds or 5478 pounds per hour at
50° F. superheat. Total “ throat area ” of the nozzles (4o) can
be calculated by equation (8’) for superheated steam, where

* The actual rotation loss for this design can be calculated by the formulas
given in the following chapter. But a large part of the “total” loss as calculated
becomes again available as the result of reheating. The mean pitch diameter of
the blades is

500 X 60
3.1416 X 36

t A kilowatt-hour is equivalent to 2,654,400 foot-pounds or 3412 B.T.U. per
hour (44,240 foot-pounds per minute). In this case the total available energy
taken as one expansion is (1225 — 892) 333 B.T.U. per pound of steam, and the
theoretical steam consumption is 3412 + 333, or 10.24 pounds.

1 Guaranteed steam consumption would be about 10 per cent. more than the
estimated water rate. It is the usual practice of manufacturers of steam turbines
and engines to add a percentage of about this value to allow for possible de{ectxve
workmanship in construction.

or 2.65 feet.
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= 50 degrees F = 5478 + 3600,.0r I. -52 pounds per second
and Pi = b5 pounds ‘Then -
60 F (1 + 00065 D) _ 60 X 1.52 X 1.0325
P (165)-%7

The valve gear will be designed to open.8 nozzles for the first
stage at full load, with provision for opening 4 more at overload,
* so'that 5o per cent. overload can-be carried efficiently by. the
turbine. These nozzles will all be of the same size. Each first
stage nozzle will have a ““throat area’ of .665 +. 8, or .083 square
inch. It will be assumed that the section of the nozzle at the
throat is approximately square (with rounded corners):-and that
its width (in the radial direction with respect to the blade d1sk) is
“constant from throat to mouth, or is V083, or .288 inch.

A calculation should now be made to determine the height
of the bladeés to give sufficient area for the passage of the
steam. For this purpose the length of the nozzles at_their
:mouths must also’ be calculated. It is obvious that a nozzle

4 = = 665 sq. in-

F16. 55. Details of the Nozzle Mouth.

cannot bé designed to be cut off at the end of the expanding
portion at right angles to its axis; but an extension or “tail” is
necessary to direct the steam upon the blades. To avoid spread-
--ing the jet-and making the expansion ratio uncertain, this.
“tail” is often made non-expanding, so that its wall is parallel
to the axis. The varying dimensions of the nozzles for this design
can be determined then from the expansion ratio, which, accord-
ing to the cuive in Fig. 21, is approximately 1.52 for the expan-
sion in the first stage nozzles. Area at the mouth is .083 X 1.52
=..1261 square inch, but as one dimension is constant, the longer
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side of the rectangular mouth is .1261 + .288, or .438 inch
(marked y in Fig. 55). By the geometry of the figure it is obvious
that the length z = y + sin 20 degrees, if the nozzle angle is
20 degrees as it is generally made. Then the length of the
nozzle mouth opposite the blades is z = .438 + .342, or 1.28
inches.

Sufficient area must be provided in the blades to pass the
steam from the nozzles. The pressure of the steam in the
blades is 35 pounds per square inch absolute, of which the spe-
cific volume (dry) is 11.89 cubic feet. The weight of steam
flowing per second is 1.52 pounds and the volume (x = .98s) pass-
ing through the blades per second is approximately 11.89 X .985
X 1.52 = 17.8 cubic feet. This volume and the velocity of the
steam determine the necessary height (h’) of the blades. Net
area in square feet between the blades for pa<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>