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CONCERNING PHYSICAL PARAMETERS 

FOR USE IN AN ABSOLUTE GAS VISCOSIMETER 

by 

R. A. Guereca,-^H. P. Richardson,-^ 

J. L. Gordon,^and J. E. Miller^7 

ABSTRACT 

Accurate measurements of physical dimensions of a section of 

stainless steel capillary tubing are presented and used to develop 

a final working equation for an absolute gas viscosimeter. The 

effects of pressure and temperature on these dimensions are considered. 

The internal surface finish and non-uniformity of the capillary bore 

are discussed as well as entrance, kinetic energy, gas slippage, and 

gas compressibility correction factors. 

INTRODUCTION 

The Bureau of Mines Helium Research Center is using a 208-foot 

long, thick-walled, stainless steel capillary tube, 0.030 inch in 

internal diameter, wound in the form of a helix 20 inches in diameter, 

-^Supervisory Research Chemist, Project Leader, Physical Properties 

Studies, Helium Research Center, Bureau of Mines, Amarillo, Texas. 

—^Research Chemist, Helium Research Center, Bureau of Mines, Amarillo, 
Texas. 

Work on manuscript completed July 1966. 
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to determine viscosities for pure gases and mixtures at high pressure 

levels. A coiled capillary of the above dimensions is necessary at 

high pressures in order to obtain accurately measurable pressure drops 

at very low volumetric flowrates and to maintain a uniform temperature 

over the entire length; further, certain correction factors are mini¬ 

mized. Absolute viscosities, reproducible to an accuracy of one 

micropoise or better, are being evaluated. The values are absolute, 

insofar as calibration with a gas of known viscosity is not required. 

Prior to this, a 32-foot long capillary of the same dimensions was used 

for the experimental determination of steady-state laminar flow boundary 

conditions applicable to the coiled system. 

Accurate measurements of the physical dimensions of a capillary 

section were made by the Atomic Energy Commission Pantex Plant, Amarillo, 

Texas. All measurements were taken under controlled environmental con¬ 

ditions . 

The intent of this report is to present these measurements, show 

how they are used in determining certain physical parameters of interest, 

and develop a viscosity equation which includes corrections for the 

effects of the temperature and pressure levels on these parameters. The 

parameters are: mean radius, R^, of the capillary tubing; variation of 

individual radii, R^, with length, L^; and total length, L^. 

The correction for non-uniformity of the capillary bore or varia¬ 

tions in R along LT is shown to be negligible through the use of a 

correction factor, 6. In a later section, the entrance or Couette cor- 
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rection, involving Rm and L , is shown to be negligible; the kinetic 

4 
energy correction, involving when expressed in pressure units, and 

gas slippage at the walls of the capillary, involving R and the mean 
m 

free path of the molecules, X, also are shown to be negligible at the 

pressure and temperature levels of interest. The effect of gas com¬ 

pressibility, which does not involve a direct metrological determina¬ 

tion, is discussed and shown to be negligible because of the very low 

pressure drops in the system. 

At a given temperature (T) and pressure (P), the modified Poise- 

uille equation, incorporating the physical parameters just mentioned, 

is : 

where 

T1 

R 
m 

AP 
e 

6 

^m 

T] 
r tt R4 AP 

m e 

- 8lt 6 1 m 
(T,P) 

(1) 

computed viscosity at (T,P), poises; 

mean radius of the capillary tube if the bore 

were uniform throughout, cm; 

effective pressure drop used to overcome viscous 

resistance; measured pressure drop (AP ) corrected 
me 

2 
for kinetic energy effects, dynes/cm ; 

total length of capillary, cm; 

correction of actual capillary bore from a uniform, 

right circular cylinder, dimensionless; 

mean volumetric gas flow rate, cm /sec, at the mean 

system pressure, P . 
m 
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A vertical volumetric rate pump circulates gas isothermally 

through the capillary at a constant mean rate, Q^; the pressure drop 

is measured by a precision-delta-pressure transducer. It is tacitly 

assumed that any basic errors in and AP^ are negligible. Once the 

physical parameters R , L^, and 6 are known, as well as the effects of 

temperature and pressure on and L^, the determination of viscosity 

basically involves plotting a series of values of AP^ versus on 

rectangular coordinates and determining the slope of this straight line. 

The necessity for highly accurate and precise physical measurements 

can be noted from equation (1) where R^ is raised to the fourth power. 

Assuming all other terms to be correct, if R^ is known to within 5 x 10 ^ 

inch, the computed viscosity will be within 0.25 micropoise when the true 

value is of the order of 200 micropoises. 

MEASUREMENT PROGRAM 

The original measurement program was designed to cross-check R^ 

by two methods. The "metrometric" method consisted of measurements of 

out-of-roundness, internal diameters (ID), and internal roughness of 

4-inch sections of the capillary. The "volumetric" method included 

measurements of the length, external diameters (OD), and weights of 

12-inch sections. If the density is accurately known and is uniform, 

the volumetric method can be used to compute the ID of the capillary 

bore. All measurements were made at 293° K and 0 psig. 

Measurements were taken on a 19-foot section selected at random 

from 1,000 feet of 347 stainless steel tubing supplied by Superior Tube 
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Company.^ This "precision drawn instrument tubing" is nominally 0.122- 

X 
Trade names are used for information only and endorsement by the 

Bureau of Mines is not implied. 

inch OD and 0.030-inch ID. Average mechanical properties are: 149,500- 

psig ultimate tensile strength and 136,400-psig yield strength. 

The 19-foot section was cut into 1-foot lengths for the volumetric 

program. Each segment was formed into a circular arc with a 10.00000- 

inch radius of curvature, using a special fixture (figure 1) because 

Figure 1.-Fixture for length of bore measurements. 

the viscosimeter tubing is wound into a 20-inch diameter helix. The 

length and four OD's were measured for each section. The 1-foot lengths 

were weighed on an analytical balance before being cut into three 4-inch 

lengths. At each end of the 4-inch samples, three ID’s, 60 degrees 

apart, were measured at a depth of 1/16 inch, and a profile of the out- 

of-roundness was taken at the same depth. The 4-inch samples were held 

in another fixture (figure 2) constructed to have the same 10.00000-inch 

Figure 2.-Fixture for ID measurements and out-of-roundness profiles. 

radius of curvature. By the above procedure, a total of 114 out-of- 
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FIGURE I. — Fixture for Length of Bore Measurements 
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FIGURE 2 Fixture for ID Measurements 

Out-of-Roundness Profiles 

and 
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roundness profiles and 342 ID measurements was made. Six of the 4-inch 

lengths were randomly selected for longitudinal internal finish or sur¬ 

face roughness measurements. 

The desired lengths were cut with a saw and the ends ground smooth 

and square with a surface grinder to minimize distortion and provide a 

smooth reference surface. The surface grinder also was used to expose 

the inner surface for internal roughness determinations. A microscope 

was used to examine exposed internal surfaces. No evidence of distortion 

was found at the measurement depth. The out-of-roundness apparatus also 

was used to examine cross section profiles at various depths and showed 

no evidence of distortion due to cutting. Figure 3 shows a longitudinal 

Figure 3.-Longitudinal view of capillary internal surface. 

view of the internal surface; figure 4 shows end views of the capillaries. 

Figure 4.-End view of capillary bores. 

MEASUREMENTS AND EQUIPMENT PRECISION 

AND ACCURACY CAPABILITY 

The ID's were measured with a Societe Genevoise D'Instruments De 

Physique Universal Measuring Machine, Model MU-214B, called the "SIP." 

A special gaging stylus, 0.005 inch in radius, was fabricated and used 

in conjunction with the holding fixture which vertically supported the 

capillary sections. Individual diameters measured with this instrument 





FIGURE 3.— Longitudinal View of Capillary Internal Surface 





FIGURE 4.— End View of Capillary Bores 
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were conservatively estimated to be accurate within 20 x 10 inch and 

precise within 10 x 10 inch. The error of measurement includes possible 

inaccuracies in stylus deflection, internal surface finish, and the stylus 

tip contacting the inner surface. Results of the ID measurements are pre¬ 

sented in table 1 and include the average radius for each section obtained 

from the 0°, 60°, and 12.0° SIP measurements; each 4-inch length had a 

reference mark on both ends to represent the 0° angle. The average radius 

from all SIP measurements is 0.015199 inch and is considered to be accur¬ 

ate to within 10 microinches, corresponding to a computed viscosity within 

0.5 micropoise. 

Cross section or out-of-roundness profiles were taken with an Engis 

Equipment Company "Talyrond" Machine manufactured by Taylor, Taylor, and 

Hobson (Leicester, England). A special gaging stylus of approximately the 

same dimensions as the SIP stylus was used in the Talyrond instrument. 

The capillary tubes were, held on the Talyrond in the same fixture utilized 

for SIP internal diameter measurements. The reference mark identified the 

Talyrond charts with the SIP measurements. The accuracy of the Talyrond 

is 3 x 10 inch, according to standards certified by the Atomic Energy 

Commission Primary Standards Laboratory (ALO), Albuquerque, New Mexico. 

This instrument charts deviation of the bore from a perfect circle on a 

greatly expanded scale. Three typical Talyrond charts are shown in figures 

5, 6, and 7 and show, respectively, circular, trilobular, and irregular 

Figure 5.-Cross section profile of a circular capillary bore. 
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TABLE 1. - Internal diameter measurements 

Sample 

number 
Internal diameter, 

inch 
Average 

radius, inch 

0° O'
* 

o
 o 

120° 

1-1-A 0.03046 0.03045 0.03048 0.015232 
1-1-B .03057 .03049 .03041 .015245 
2-1-A .03039 .03035 .03044 .015197 
2-1-B .03051 .03041 .03031 .015205 
3-1-A .03039 .03040 .03041 .015200 
3-1-B .03045 .03046 .03043 .015223 

.015217 

1-2-A o
 

o
 

Co
 

o
 

0.03043 0.03048 0 .015220 
1-2-B .03030 .03044 .03046 .015200 
2-2-A .03046 .03050 .03048 .015240 
2-2-B .03050 .03045 .03056 .015252 
3-2-A .03048 .03051 .03054 .015255 
3-2-B .03055 .03051 .03046 .015253 

.015237 

1-3-A 0 .03033 0.03035 0.03044 0.015187 
1-3-B .03058 .03052 .03046 .015260 
2-3-A .03047 .03043 .03054 .015240 
2-3-B .03044 .03049 .03042 .015225 
3-3-A .03043 .03039 .03030 .015187 
3-3-B .03043 .03031 .03035 .015182 

.015214 

1-4-A 0.03031 0.03029 0.03030 0.015150 
1-4-B .03039 .03035 .03038 .015187 
2-4-A .03045 .03039 .03038 .015203 
2-4-B .03041 .03037 .03038 .015193 
3-4-A .03032 .03040 .03031 .015172 
3-4-B .03041 .03045 .03043 .015215 

.015187 

1-5-A 0.03031 0.03036 0 .03032 0.015165 
1-5-B .03040 .03039 o03038 .015195 
2-5-A .03045 .03039 .03041 .015208 
2-5-B .03038 .03041 .03036 .015192 
3-5-A .03045 .03046 .03039 .015217 
3-5-B .03043 .03035 .03038 .015193 

.015195 
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Sample 
number 

1-6-A 
1- 6-B 
2- 6-A 
2- 6-B 
3- 6-A 
3-6-B 

1-7-A 
1- 7-B 
2- 1 -k 
2- 7-B 
3- 7-A 
3-7-B 

1-8-A 
1- 8-B 
2- 8-A 
2- 8-B 
3- 8-A 
3-8-B 

1-9-A 
1- 9-B 
2- 9-k 
2- 9-B 
3- 9-A 
3-9-B 

1-10-A 
1- 10-B 
2- 10-A 
2- 10-B 
3- 10-A 
3-10-B 

TABLE 1. - Internal diameter measurements - Continued 

Internal diameter, 
inch 

Average 
radius, inch 

0° 

I 

o
 

o
 o 

120° 

0.03036 0.03041 0.03043 0 .015200 
.03031 .03032 .03034 .015162 
.03042 .03040 .03045 .015212 
.03045 .03043 .03043 .015218 
.03043 .03041 .03040 .015207 
.03037 .03034 .03036 .015178 

.015196 

0.03036 0.03033 0.03031 0.015167 
.03041 .03032 .03036 .015182 
.03042 .03036 .03039 .015195 
.03038 .03037 .03041 .015193 
.03042 .03046 .03037 .015208 
.03040 .03043 .03042 .015208 

.015192 

0.03038 0.03042 0 .03042 0.015203 
.03043 .03037 .03038 .015197 
.03038 .03039 .30336 .015188 
.03045 .03047 .03046 .015230 
.03046 .03048 .03045 .015232 
.03047 .03044 .03041 .015220 

.015212 

0 .03050 0.03041 0.03038 0.015215 
.03039 .03036 .03042 .015195 
.03047 .03041 .03045 .015222 
.03043 .03046 .03037 .015210 
.03044 .03037 .03035 .015193 
.03040 .03045 .03044 .015215 

.015208 

0.03046 0.03043 0.03040 0.015215 
.03045 .03040 .03042 .015212 
.03037 .03038 .03035 .015183 
.03043 .03044 .03042 .015215 
.03040 .03037 .03041 .015197 
.03044 .03040 .03041 .015208 

.015205 
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TABLE L - Internal diameter measurements - Continued 

Sample 
number 

Internal diameter, 
inch 

Average 
radius, inch 

0° 

o O
 120° 

1-11-A 0.03040 0.03036 0.03038 0.015190 
1-11-B . 03039 .03041 .03037 .015195 
2-11-A .03039 .03034 .03036 .015182 
2-11-B .03038 .03041 .03037 .015193 
3-11-A .03040 ,03041 .03038 .015198 
3-11-B .03041 .03039 .03041 .015202 

.015193 

1-12-A 0.03036 0.03036 0.03035 0.015178 
1-12-B .03034 .03038 .03037 .015182 
2-12-A .03036 .03034 .03033 .015172 
2-12-B .03026 .03022 .03020 .015113 
3-12-A .03038 .03035 .03033 .015177 
3-12-B .03035 .03033 .03032 .015167 

.015165 

1-13-A 0.03031 0.03034 0.03032 0.015162 
1-13-B .03035 .03040 .03035 .015183 
2-13-A .03038 .03034 .03040 .015187 
2-13-B .03040 .03043 .03042 .015208 
3-13-A .03036 .03042 .03037 .015192 
3-13-B .03042 .03040 .03042 .015207 

.015190 

1-14-A 0.03038 0.03041 0.03039 0.015197 
1-14-B .03039 .03043 .03042 .015207 
2-14-A .03044 .03043 .03045 .015220 
2-14-B .03045 .03043 .03046 .015223 
3-14-A .03045 .03044 .03042 .015218 
3-14-B .03044 .03046 .03043 .015222 

.015214 

1-15-A 0.03045 0.03048 0.03046 0.015232 
1-15-B .03041 .03044 .03047 .015220 
2-15-A .03042 .03042 .03045 .015215 
2-15-B .03040 .03040 .03041 .015202 
3-15-A .03040 .03044 ,03044 .015213 
3-15-B .03045 .03045 „ 03042 .015220 

.015217 
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Sample 
number 

1-16-A 
1- 16-B 
2- 16-A 
2- 16-B 
3- 16-A 
3-16-B 

1-17-A 
1- 17-B 
2- 17-A 
2- 17-B 
3- 17-A 
3-17-B 

1-18-A 
1- 18-B 
2- 18-A 
2- 18-B 
3- 18-A 
3-18-B 

1-19-A 
1- 19-B 
2- 19-A 
2- 19-B 
3- 19-A 
3-19-B 

TABLE 1. - Internal diameter measurements - Continued 

Internal diameter,, Average 
inch radius, inch 

0° 

o O
 

vO 120° 

0„03041 0.03044 0.03045 0.015217 
.03045 .03042 .03040 .015212 
.03046 .03047 .03045 .015230 
.03046 .03043 .03043 .015220 
.03043 .03041 .03042 .015210 
.03040 .03037 .03040 .015195 

.015214 

0.03040 0.03039 0.03042 0.015202 
.03043 .03042 .03040 .015208 
.03045 .03044 .03046 .015225 
.03041 .03039 .03040 .015200 
.03034 .03038 .03033 .015175 
.03032 .03035 .03035 .015170 

.015197 

0.03037 0.03034 0.03033 0.015173 
.03039 .03037 .03037 .015188 
.03033 .03037 o 03038 .015180 
.03037 .03035 .03024 .015160 
.03033 .03030 .03028 .015152 
.03034 .03031 .03031 .015160 

.01,5169 

0.03041 0.03036 0.03038 0.015192 
.03033 .03024 .03026 .015138 
.03034 .03032 .03023 .015148 
.03027 .03030 .03034 .015152 
.03030 .03029 .03034 .015155 
.03031 .03032 .03032 .015158 

• 015157 





DIMENSIONAL 

Sample number 

Internal diameter, inch 

60° 120° 

0.03057 0.03049 0.03041 

Ta Iy rond 

FIGURE 5.-Cross Section Profile of a Circular Capillary Bore 
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DIMENSIONAL 

Sample number 0° 

Internal diameter , inch_ 

60 ° 120° 

| -15 - A 0.03045 0.03048 0.03046 

Ta lyrond 

FIGURE 6.-Cross Section Profile of a Trilobular Capillary Bore 
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DIMENSIONAL 

Internal diameter, inch 

Sample number 0° 60° 120° 

<
 i 

CVJ 
1 

; 
ro 0.03048 0.03051 0.03054 

Ta Iy r ond 

FIGURE 7.— Cross Section Profile of an Irregular Capillary Bore 
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Figure 6.-Cross section profile of a trilobular capillary bore. 

Figure 7.-Cross section profile of an irregular capillary bore. 

profiles. It is not necessary that the work be accurately centered in 

order to show true deviations from roundness. 

Each Talyrond chart division represents 50 x 10 ^ inch,, repro¬ 

ducible to approximately the width of the trace. The magnification 

normal to the curved surface being charted is much greater than the mag¬ 

nification along the circumference. Because the normal magnification is 

2,000, the Talyrond profiles are very close to being circular in spite of 

the "trilobular" appearance of figure 6. To illustrate further, the 1- 

inch scale of a chart represents the outer one inch of a 5-foot diameter 

circle. 

The OD’s were measured with a Pratt and Whitney Standard End Meas¬ 

uring Machine certified accurate by the manufacturer to 5 x 10 ^ inch 

per inch. The ALO Metrology Laboratory also maintains and certifies the 

instrument on a periodic basis to the same specification. Four 0D*s 

were determined for each 1-foot section, two at each end, 90 degrees 

apart. It was necessary to place a cylinder between the sample and the 

anvil of the end-measuring machine to obtain point contact. The certi¬ 

fied dimension of the cylinder, accurate to 5 x 10 ^ inch., was subtracted 

from each reading to obtain the OD values listed in table 2. The appar¬ 

ent accuracy of the OD’s is 10 x 10 ^ inch. The average OD computed from 

all measurements is 0.122020 inch. 
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TABLE 2. - External diameter measurements 

Sample 
number Outside, diameter, inch _____ Average 

1 0.12214 0.12214 0.12203 0.12203 0.122085 
2 .12210 .12202 .12212 .12208 .122080 
3 .12209 . 12207 .12212 .12211 .122098 
4 .12210 .12206 .12215 .12207 .122095 
5 .12197 .12205 .12206 .12206 .122035 
6 .12211 .12197 .12214 .12199 .122052 
7 .12192 .12180 .12205 .12195 .121930 
8 .12202 .12199 . 122.12 .12200 .122032 
9 .12202 .12200 .12203 .12199 .122010 

10 .12200 .12195 .12204 .12201 .122000 
11 .12211 .12196 .12203 .12196 .122015 
12 .12204 .12205 .12210 .12205 .122060 
13 .12206 .12197 .12203 .12201 .122018 
14 .12204 .12195 .12213 .12209 .122052 
13 .12202 .12199 .12195 .12194 .121975 
16 .12189 .12199 .12213 .12202 .122008 
17 .12180 .12186 .12204 .12195 .121912 
18 .12200 .12187 .12212 .12191 .121975 
19 .12195 .12201 .12193 .12190 .121948 
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The 1-foot sections were weighed on a 2-kilogram capacity analyti¬ 

cal balance to 0.1 milligram. The National Bureau of Standards method 

of transposition (8)~^was used with certified stainless steel standard 

%nd erlined numbers in parentheses refer to items in the list of refer 

ences at the end of this report. 

weights. Results of the weighings are given in table 3. The average 

apparent mass versus brass is 1.420717 grams per inch with an average 

deviation of ±0.00041. 

The lengths of the. 1-foot sections are given in table 3. With a 

section placed in the fixture (figure 1), a "best size” measuring wire 

was inserted in each end of the tube to establish the true centerline. 

The SIP optical system was used to measure the chord length from the 

center of the bore at one end to the center of the bore at the other 

end. The arc length (length of bore) was computed from: 

TT (10.00000 + a) e 

180 
(2) 

where "a" is one-half the average OD of the bore, and 0 is the angle 

of the sector in degrees. 

Longitudinal internal surface finish measurements were taken with 

a Taylor, Taylor, and Hobson "Talysurf" Surface Finish Measuring 

Machine, which charted both surface finish and waviness relative to a 

1-microinch optically-flat reference master. The readout capability 

-7 -7 
of this instrument is 5 x 10 inch with interpolation to 1 x 10 inch 
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TABLE 3. - Length and mass measurements 

Sample 
number 

Length 
(chord), 

in 

Length 
(arc), 

in 

Apparent 
mass vs 
brass, g 

True mass 

R 

1 11.22542 11.90849 16.93405 16.93417 
2 . 18213 .85637 16.85823 16.85835 
3 .28229 .97709 17.02168 17.02180 
4 .21809 .89966 16.91229 16.91241 
5 .24830 .93607 16.95357 16.95369 
6 .24382 .93067 16.94858 16.94870 

7 .21662 .89790 16.89985 16.89997 
8 .23920 .92510 16.94461 16.94473 

9 .19920 .87692 16.87065 16.87077 
10 .22077 .90289 16.91059 16.91071 
11 .21817 .89976 16.90626 16.90638 
12 .19385 .87047 16.86611 16.86623 
13 .22249 .90496 16.90857 16.90869 
14 .20648 .88568 16.88125 16.88137 
15 .23230 .91679 16.91755 16.91767 
16 .21202 .89235 16.89588 16.89600 

17 .19275 .86916 16.86279 16.86291 

18 .21400 .89474 16.88976 16.88988 

1.9 .17942 .85312 16.83715 16.83727 
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along 1/4-inch lengths of exposed surface. The accuracy of surface 

finish measurements is considered one microinch, including procedural 

and calibration errors. Arithmetically averaged internal surface rough¬ 

nesses were five, eight, six, eight, eight, and six microinches. Any 

minor projection or burr in the capillary wall which is less than 10 

microinches will not measurably affect the laminar flow profile. 

CONFIRMATION OF MEAN RADIUS 

THROUGH TALYROND CHARTS 

The Talyrond measures out-of-roundness, not actual diameter. The 

determination of an average "cross sectional" radius from a Talyrond 

chart depends on relating the chart scale to the diameters measured 

directly with the SIP. This was accomplished using the SIP reference 

0° mark at each end of the 4-inch sections. When the sections were run 

on the Talyrond, each chart was marked at 0°, 60°, and 120°. In figure 

5, "bottom of scale" is the inner circle from which the chart scales 

radiate at 30-degree intervals. Each division of a chart scale is 0.1 

inch, and represents 50 x 10 inch actual travel by the Talyrond 

stylus. The chart diameter at "bottom of scale" is two inches. The 

"equivalent distance at bottom of scale" was determined at each known 

diameter (0°, 60°, 120°) by measuring the distance across the chart 

trace, subtracting the chart diameter at "bottom of scale" (two inches), 

and dividing by 0.1 inch per division to get the number of chart divis¬ 

ions. The accuracy of measuring the distance across the chart was 0.01 

inch corresponding to 0.000005 inch in determining "equivalent distance 

at bottom of scale" and is well within the accuracy of the SIP. The 
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chart divisions were converted to actual inches by multiplying by 50 x 

10 ^ inch per division. This number was subtracted from the correspond¬ 

ing measured SIP diameter to give "equivalent diameter at bottom of 

scale." The "equivalent radius at bottom of scale" for each Talyrond 

chart is the average of the three "equivalent diameters," divided by 

two. 

The area enclosed by the line traced on the chart was measured with 

a planimeter calibrated in square inches. The radius of a true circle 

having the same area was computed; the chart radius at bottom of scale 

(one inch) was subtracted from the computed radius, and the remainder 

was converted to chart divisions (0.1 inch = one division). The chart 

division value was converted to actual inches (times 50 x 10 ^) and 

added to the "equivalent radius at bottom of scale." This procedure 

gave an average radius for each of the 114 cross sections as shown in 

table 4. The average of all cross sections is 0.015201 inch, which 

compares very favorably with the 0.015199 inch SIP average and provides 

confirmation of the SIP diameters. A sample calculation follows for 

Talyrond chart sample 1-1-B (figure 5). 

Equivalent distance at bottom of scale: 

0°:3-25/64 in - 2 in = 1.391 in = 13.91 div = 0.000695 in; 

60°:3-5/16 in - 2 in = 1.312 in = 13.12 div = 0.000656 in; 

120°:3-5/16 in - 2 in = 1.312 in = 13.12 div = 0.000656 in. 

Equivalent diameter at bottom of scale: 

0°:0.03057(SIP) - 0.000695 = 0.029875 in; 

60°:0.03049(SIP) - 0.000656 = 0.029834 in; 
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TABLE 4. - Radii computed bv integrating the Talyrond charts 

Talyrond Las t 3 Talyrond Las t 3 

Sample radius , digits of Sample radius, digits of 

number inch average SIP number inch average SIP 

1-1-A 0.015234 232 1-2-A 0,015220 220 

1-1-B „015237 245 1-2-B .015194 .200 

2-1-A „015193 197 2-2-A .015244 240 

2-1-B .015200 205 2-2-B .015242 252 

3-1-A .015195 200 3-2-A .015274 25.5 

3-1-B .015218 223 3-2-B .015272 253 

Averag ;e. 015213 217 Average .015241 237 

1-3-A 0.015180 187 1-4-A 0.015140 150 

1-3-B .015259 260 1-4-B .015206 187 

2-3-A .015246 240 2-4 -A .015200 203 

2-3-B .015215 225 2-4-B .015196 193 

3-3-A .015172 187 3-4-A .01.5175 172 

3-3-B .015.182 m. 3-4-B .015204 215 

.015209 214 .015187 187 

1-5-A 0.015156 165 1-6-A 0 .015200 200 

1-5-B .015202 195 1-6-B .015176 162 

2-5-A .015216 208 2-6-A .015210 212 

2-5 -B .015187 192 2-6-B .015224 218 

3-5-A .015214 21 7 3-6 -A .01.5222 207 

3-5-B .015202 193 3-6-B .015186 .178 

.015197 195 .015203 .196 

1-7-A 0.015193 167 1-8-A 0.015214 203 

1-7-B .015196 182 1-8-.B .015195 197 

2-7-A .015200 195 2-8-A .015202 188 

2-7-B .015203 193 2-8-B .015239 230 

3-7-A .015214 208 3 - 8 - A 015238 232 

3-7-B .015217 208 3-8-B .015235 220 

.015204 .192 .015220 21.2 

1-9-A 0.015226 215 1-10-A 0.015212 2.1.5 

1-9-B .015203 .195 1-10-B .015208 2.12 

2-9-A .015230 222 2-10-A .015194 .183 

2-9-B .015221 210 2-10-B .01.5207 215 

3-9-A .015187 193 3-10-A .015207 197 

3-9-B .015226 215 3-10-B .015210 208 

.015215 208 ,0.15206 205 
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TABLE 4. - Radii computed by integrating the Talyrond charts 
Continued 

Talyrond Last 3 Talyrond Las t 3 
Sample radius, digits of Sample radius, digits of 
number inch averagi a SIP number inc h average SIP 

1-11-A 0.015201 190 1-12-A 0.015171 178 
1-11-B .015202 195 1-12-B .015199 182 
2-11-A .015183 182 2-12-A .015177 172 
2-11-B .015200 193 2-12-B .015112 113 
3-11-A .015218 198 3-12-A .015181 177 
3-11-B .015195' 202 3-12-B .015176 167 

.015200 193 .015170 165 

1-13-A 0.015168 162 1-14-A 0.015199 197 
1-13-B .015176 183 1-14-B .015201 207 
2-13-A .015174 187 2-14-A .015239 220 
2-13-B .015221 208 2-14-B .015235 223 
3-13-A .015195 192 3-14-A .015213 218 
3-13-B .015215 207 3-14-B .015239 222 

.015192 190 .015221 214 

1-15-A 0.015233 232 1-16-A 0.015222 217 
1-15-B .015223 220 1-16-B .015214 212 
2-15-A .015229 215 2-16-A .015223 230 
2-15-B .015218 202 2-16-B .015225 220 
3-15-A .015210 213 3-16-A .015190 210 
3-15-B .015232 220 3-16-B .015185 195 

.015224 217 .015210 214 

1-17-A 0.015205 202 1-18-A 0.015175 173 
1-17-B .015216 208 1-18-B .015190 188 
2-17-A .015226 225 2-18-A .015173 180 
2-17-B .015199 200 2-18-B .015172 160 
3-17-A .015176 175 3-18-A .015154 152 
3-17-B .015173 170 3-18-B .015171 160 

.015199 197 .015172 169 

1-19-A 0.015189 192 
1-19-B .015144 .138 
2-19-A .015124 148 
2-19-B .015143 152 
3-19-A .015154 155 
3-19-B .015167 158 

.015154 157 
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120°:0.03041(SIP) - 0.000656 = 0.029744 in; 

Average = 0.029818 in. 

Equivalent radius at bottom of scale = 0.014909 in. 

o 
Area measured by planimeter = 8.62 in . 

1/2 
Radius of circle with same area = (8.62/tt) = 1.656 in; 

1.656 - 1.000 = 0.656 in = 6.56 chart div; 

r 

(6.56 chart div)(50 x 10 in/div) = 0.000328. 

Average radius of cross section (1-1-B) = 0.014909 + 0.000328; 

= 0.015237 in. 

Average radius of three (1-1-B) SIP measurements = 0.015245. 

CORRECTION FOR NON-UNIFORMITY OF CAPILLARY BORE 

Capillary tube viscosimeters can be considered as an infinite 

number of uniform, right circular cylinders arranged in series. This 

concept leads to correcting the hypothetical mean radius, R , in equa- 

tion (1) to approximate more closely the real case and has been discussed 

by Barr (1_, p. 61), Flynn (3, p. 25), Giddings (4, p. D-8), Lemaire (7, 

p. 21), and Swindells and coworkers (1C), p. 17). This report designates 

the correction as 

m 

where L is a constant or L = L = L = L = • • • = L . Ideally, n is 
c l l z j n 

infinite. In the practical case, however, n can be some finite number 
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of samples whereby the evaluation of 6 and its insertion into equation 

(1) may or may not be of significance in computing viscosity, depending 

on the magnitude of the non-uniformity of the capillary bore. Utilizing 

the 114 individual SIP radii leads to a value for 6 of 1.000030; 6 equals 

1.000035 using the individual Talyrond radii. In either case, the error 

in computing viscosity is less than 0.01 micropoise when the viscosity 

is 200 micropoises. 

In computing 6 from the average radii tabulated in table 1, the 

following procedure was used. For sample 1-1-A, the front end of the 

first 4-inch sample, the average radius of 0.015232 inch was assumed to 

apply to the first two inches; the average radius for the back end (1-1-B) 

of this same 4-inch sample, 0.015245 inch, was assumed to apply to the 

other two inches of this sample. In other words, each averaged radius in 

table 1 represents a uniform bore of 2-inch length, L.. 

Figure 8 shows the deviation of the 19-foot capillary bore from the 

Figure 8.-Deviation of the capillary bore from the average radius. 

average SIP radius, R , in millionths of an inch. The plotted values 
m r 

are the 1-foot averages shown in the last, column of table 1; the maxi¬ 

mum deviation is about 40 millionths of an inch. 

Figure 9 is a frequency distribution graph of the 342 SIP diameter 

Figure 9.-Distribution of SIP diameter measurements. 
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measurements. Two normal curves are superimposed for comparison; one 

has the same maximum ordinate and the other has the same average devia¬ 

tion as the measurements. The measurements do not have a normal distribu¬ 

tion, but are slightly skewed. As can be seen in figure 8, the deviations 

are actual variations in the radius rather than a lack of measurement pre¬ 

cision and accuracy. This causes the frequency curve for the measurements 

to be broader than the normal curve with the same maximum ordinate. 

PRESSURE AND TEMPERATURE LEVEL EFFECTS 

ON MEAN RADIUS AND CAPILLARY LENGTH 

R was determined at 0 psig and 293° K. The increase in R with 
m m 

increasing internal pressure can be either computed or physically compen' 

sated by the application of an external pressure to the capillary tube. 

The increase in R^ with internal pressure was computed by applica¬ 

tion of the formula for deformation of a long, open-end cylinder given 

by Timoshenko (11, p. 210): 

[ARJ 

DH m 

(P,T) _P_ 

E 

2 2 
R9 + R 

2 m 
+ 

(P=0,T) 
R, R 

(4) 

m 

where R^ is the mean outer radius, at a pressure of 0 psig and a tem¬ 

perature of 293° K; P is the internal pressure in psig; E is Young's 

modulus; and p, is Poisson's ratio, a constant equal to 0.3 up to the 

elastic limit. Expressed as a function of pressure and temperature, R 

is : 

[Rm] = [Rm] Cl + PP] , 
m (P,T) m (P=0,T) 

(5) 
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where 3, the pressure expansion coefficient, is: 

3 

2 2 
R0 + R 

2 m + p, 
R. R 

m 

(6) 

Also, 

[R ] = [R ] [1 + aAT] , (7) 
(P=0,T) m (P=0,293°K) 

where Qi is the thermal expansion coefficient. 

The thermal expansion coefficient, Of, of 347 stainless steel is 

given by Corruccini and Gniewek (2, p. 12) and Schwartzberg and coworkers 

(9_, p. B,7.t); Young's modulus as a function of temperature is given by 

the latter (9_, p. B.7.ij). From these references it was determined that: 

a = f (T) = CL + C2T + C312 (8) 

and 

3 = f(T) = (C4 + C5AT) , (9) 

where C^, C2, C^, C^, and are constants, T is degrees Kelvin, and 

AT = T - 293; the values of the constants are:C^ = 1.07418 x 10 

C2 = 2.97565 x 10~8, C3 = -4.230 x 10"11, C4 = 5.502 x 10"8, and C5 = 

1.97 x 10”U. 

Therefore, 

[R] = [R] [1 + ffAT][l + BP] . (10) 
(P,T) (P=0,293°K) 
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The capillary length as a function of temperature is: 

f(T) * [L_] •T -V*/ u-tj [1 + (C + C,T + C.r) AT] , (11) 
(293°K) J 

where C^, C^, T, and AT are the same as previously defined. 

Incorporating the temperature and pressure corrections into equation 

(1) gives 

ttAP [r4] 
e mJ 

(P=0,293°K) " 

8 L(293°K) 

1 + ('C1 + C2T + C3t2') AT 

(12) 

1 + (c4 + c5at) 
y 

as 6 was shown to be negligible. 

Over the pressure range 28 to 1,000 psia, the calculated change in 

■*"S -*-ess th311 10 microinches. Higher internal pressures will signifi¬ 

cantly affect viscosity calculations. Both L and R change with tem- 
T m 

perature by approximately 0,001 percent per degree Kelvin. Because the 

viscosimeter will be operated over wide ranges of temperature and pres¬ 

sure, both corrections are retained in the final working equation for 

viscosity, equation (12). 

AVERAGE RADIUS AND DENSITY EVALUATION 

BY DIFFERENT METHODS 

Superior Tube Company suggested a value of 0.2833 lb/in3 for the 

density of the 347 stainless steel tubing, based on mole percent weight- 
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ing from composition analysis. Specific gravity determinations, using 

distilled water, by the Pantex facility gave 0.2862 lb/in3 for a 

randomly-selected, 1-foot section. An average density of 0.2856 lb/in3 

was computed from the average SIP and the volumetric method (page 7). 

The latter density value was taken to be the most accurate. 

Values for were computed by the volumetric method using the 

Superior Tube Company and Pantex densities. Using a gas expansion 

technique which is independent of density, R values were determined 

Further information regarding the. gas expansion technique developed at 

the Helium Research Center is available upon request from the Research 

Director, Helium Research Center, Bureau of Mines, Amarillo, Texas, 

for the 32- and 208-foot long capillary tubes as well as an 85-foot 

long section. These data are summarized in table 5, 

ENTRANCE, KINETIC ENERGY, GAS SLIPPAGE, 

AND GAS COMPRESSIBILITY EFFECTS 

The entrance and kinetic energy effects are discussed together; 

the effects of gas slippage and gas compressibility are examined simi- 

larly. These are applied to the 32-foot (971.704 cm) long capillary in 

the form of a coil 20 inches in diameter using nitrogen at 300° K and 

pressure levels of 28 and 1,000 psia. It is assumed, a priori, that 

entrance, kinetic energy, and gas slippage effects for straight tube 

capillaries apply to the coil. 
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TABLE 5.-Average radius and density evaluation by different methods 

Density, 

3 
lb/in Source Method 

R i n 11 k , in 
m lt> ft 

0.2833 Superior Tube Volumetric 0.014281 19 
Company 

.2862 Pantex Plant i i i i i o
 

T
3

 
1 I 1 1 l .015492 19 

Gas expansion .015334 32 
Center 

--“-"do----- .015399 85 
- - - - -d o — — “ .015130 208 

2/ .2856 - — —do- — — SIP .015199 19 

1/ Average, not including SIP, equals 0.015127 in; 
average, gas expansion, equals 0.015287 in; 
average, all, equals 0. 015305 in. C 7-7-J-J.JL o 

2./ Computed from SIP and volumetric measurements. 
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Entrance and Kinetic Energy Effects 

Couette suggested correcting Poiseuille's equation for external 

resistance for the case of flow streamlines entering a thick-walled 

capillary from a larger conduit, past a square-cut end; further, 

Brillouin showed that this could be expressed as a hypothetical addition 

to the length, L , The expression for this extra length is nR where n 

is a constant between 0.8 and 0.9. The work of Couette and Brillouin 

is detailed by Barr (1, p. 20). Using a value of 0.9 for n and 0.0152017 

inch (0.0386 cm) for Rm yields at 300° K and 1,000 psia: 

L + nR = 971.742 cm . (13) l m \ / 

A calculated viscosity of 200.06 micropoises changes to 200.05 by cor¬ 

recting for the entrance effect. This change is negligible. 

The kinetic energy correction, as shown by Barr (1_, p. 15) and 

Swindells and coworkers (10, p. 2), results from acceleration of the 

streamlines after entering the constricted capillary and is included in 

the measured pressure drop, AP . If the assumptions are made that 

steady-state laminar volumetric flow exists at the entrance and that the 

same kinetic energy is retained throughout the capillary (that is, Q is 
m 

constant), then: 

AP 
me 

AP + APTjr , 
e Ke 5 (14) 

where AP^ is the pressure drop used to overcome viscous resistance and 

43?^ is the pressure drop due to kinetic energy. By way of Barr (1, 

p. 17), it can be shown that: 
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mPQ 
AP = AP 

m 
me 

tt2R4 
m 

(15) 

where m is a characteristic physical constant nearly equal to unity and 

p is the density of the flowing fluid. The kinetic energy correction 

for short capillaries at high volumetric flow rates is significant. 

At 1,000 psia and 300° K, the density of nitrogen was interpolated 

3 
to be 0.07428 g/cm from Flynn (3_, p. 123). Average experimental values 

3 
f°r Qm an<l 4>P were 0,02222 cm /sec and 0.0678 psi, respectively. 

For these conditions R equals 0.0152017 inch, or 0.038612 cm. Substi¬ 

tuting into equation (15) gives, for the last term, a value of 1.67 

2 -5 
dynes/cm or about 2.4 x 10 psi which is negligible compared to AP 

me 

A viscosity of 200 micropoises would change by 0.05 micropoise by making 

the correction. 

ippage and Gas Compressibility Effects 

By kinetic theory considerations it can be deduced that, in the 

immediate vicinity of the capillary wall, a layer of gas thinner than 

the mean free path, A, of the molecules has a finite velocity (slip) in 

the direction of flow. It can be shown by way of Klinkenberg (6, p, 4) 

that the modified Poiseuille equation, corrected for gas slippage, is 

T1 « 

4 
nR AP 

m e 

8Mm 1 m 

1 + 
4cA 

R 
m 

(16) 

(T,P) 
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where c is a numerical constant nearly equal to unity. According to 

Guevara and Wageman (5_, p, 19), this constant has been calculated to be 

1.147. A reasonable estimate of the effect; of slippage, the term in 

parentheses, needs to be made at the lowest pressure level, 28 psia, 

because slippage is more significant at low pressures (and temperatures). 

From Flynn (.3 , pp. 123, 127), extrapolated density and viscosity 

values for nitrogen at 28 psia and 298° K were 2,33 x 10~3 g/cm3 and 178 

micropoises, respectively. The mean free path was computed to be 488 x 

-8 
10 cm from simple kinetic theory considerations; X equals 37)/pc, where 

c is the average molecular speed. The value of 4k/R at: 298° K, assumed 
m 

to apply at 300° K, was evaluated to be 506 x 10 ^ cm. The value of the 

slippage term is 1.000506, corresponding to a viscosity correction of 

0.1 micropoise. 

The differential equation for isothermal steady-state laminar flow 

of compressible fluids, neglecting slippage, is: 

where is the compressibility factor for the fluid at the mean system 

pressure, = (P^ + P^)/2, and is the volumetric flow rate at P . 

For nitrogen, the change in Z from the entrance of the capillary 

(P^) to the exit (P^) i-s approximately 1 x 10 3 at 300° K, The pressure 

drop across the 32-foot long capillary, at 28 and 1,000 psia, was less 
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than one psi. The ratio Z^/Z, then, is so close to unity that it can be 

removed from the integral and the compressible gas treated as incompres¬ 

sible as long as this condition obtains. 

SUMMARY 

Special methods have been developed for measuring physical dimen¬ 

sions of small diameter tubing, and for evaluating the parameters associ¬ 

ated with Poiseuille-type viscometry which are inherently dependent on 

those dimensions. As far as the authors are aware, this study represents 

the first time that a long section of stainless steel capillary tubing 

has been comprehensively examined by metrological methods for use in an 

absolute gas viscosimeter. As the capillary mean radius is considered 

accurate to 10 millionths of an inch., viscosities can be determined to 

one micropoise or better. An accurate appraisal of the non-uniformity of 

the capillary bore, or variations of radius along the length., is made. 

Although the individual radii are slightly skewed from a normal, distribu¬ 

tion, the deviations are actual, variations in radii rather than a lack of 

measurement precision. The internal surface finish of the tubing will 

not measurably affect the viscosity determinations. 

The effects of pressure and temperature on the mean radius and over¬ 

all length are incorporated into a final working equation for viscosity. 

Corrections for bore non-uniformity, entrance effects, kinetic energy 

effects, and gas slippage, all implied to be negligible for the tubing 

used at low volumetric flow rates, can be included in the final working 

equation for greater accuracy. The. capillary internal diameter measure- 
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ment and its accuracy, however, are 

eters in capillary tube vis come try. 

drops across the system, the gas is 

the mos t 

Because 

treated 

significant physical param 

of the very small pressure 

as an incompressible fluid 
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