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SUMMARY 

The viscosity of supercritical steam was determined experimentally 

with an annulus viscosimeter. Isobars of 3750; 5000; 7500 and 10^000 

psia were considered with temperatures ranging up to 1000 Fahrenheit. 

The experimental results agree closely with Barnett's (l) results "but 

are lower than the results of Ray (6). 

A semi-empirical equation was derived for the purpose of correla

ting the experimental data obtained in the present investigation. The 

approach was essentially the same as used by Yen (8). 

The experimentally determined viscosity is estimated to be accurate 

to within +k percent and the semi-empirical equation is estimated to repre

sent the experimentally determined viscosity of the present investigation 

to within +3 percent. 



CHAPTER I 

INTRODUCTION 

General 

Determination of transport properties for fluids at high tempera

tures and pressures is a very difficult task. This is evidenced by the 

scant amount of good data available to date on properties such as thermal 

conductivity, diffusion coefficients, and viscosity. Unlike other ther

modynamic properties, the transport properties cannot be obtained simply 

• * 

from specific heat data and an equation of state for the substance. 

Many attempts have been made at measuring, with relatively little success, 

the viscosity of dense gases at high temperatures and pressures. The 

success in predicting the viscosity of dense gases wholly from theoretical 

considerations has been even less. The present study was initiated to 

obtain accurate experimental values for the viscosity of high temperature 

and high pressure steam. 

The ideal method of measurement of the viscosity of a fluid makes 

use of an absolute viscometerj however, practically all viscometers which 

are absolute in principle must actually be calibrated against some stand

ard. Such is the case with the annulus viscosimeter used in the present 

study. 

The fluid mechanics of the flow of a fluid through a perfectly 

concentric annulus yields the following simple equation relating the 

fl
i t should be noted tha t lecture notes of Dr. Lee de sores t t e l l 

of Dr. J.W. Gibbs' bel ief tha t v iscos i ty i s ac tua l ly a thermodynamic property. 
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kinematic viscosity to the dimensions of the annulus,, mass flow rate, 

and pressure drop through the annulus, 

vW TT 

Ap ~ 8L 
b4 _ &k _ (b2 *f j (1) 

In — 
a 

where 

v = kinematic viscosity 

Ap = pressure drop across the annulus 

L = length of annulus 

W = mass flow rate 

b = inside radius of outer annulus tube 

a = outside radius of inner annulus tube. 

If however, the annulus is non-concentric, has skewed center lines or 

wavy inside surfaces, the relation among the flow variables is not as 

simple as the one indicated above. Furthermore,, if any of these conditions 

are present, it may not be possible to separate the variables as was done 

in equation (l), and specifically, the parameter on the lefthand side of 

equation (l) may become a function of the Reynolds number as well as geom

etry. (See Appendix i). It is unfortunate that the dimensions of the 

annulus are so critical that tolerances of machining and accuracy of meas

uring techniques restrict the annulus from its role as an absolute viscosim-

eter; however,' advantages of the annulus. viscosimeter far outweigh the 

disadvantage of calibration. 
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CHAPTER II 

APPARATUS 

A schematic diagram of the experimental equipment used in the 

present investigation is shown in Figure 1 and a photograph in Figure 2. 

Although most of the equipment was the same as that used by Barnett {1) 

and Whitesides (2), it was completely rebuilt and a number of refinements 

made. 

Theory of flow through an annulus yields the following relation 

among the variables governing the flow 

CC = ̂  (2) 
LLT Ap K } 

or 

CC„Ap 
v - - | - (3) 

where 

\i = dynamic viscosity 

Q, = volume flow rate 

CC_ = annulus constant (See Appendix i). 

As mentioned before.; it is impractical if not impossible to obtain the 

dimensional constant from the geometry of the annulus; consequently, CC 
T 

* • 

See references. 



is determined experimentally by passing a gas of known viscosity through 

the annulus and measuring the quantities that appear on the right hand 

side of equation'(2) above. After obtaining CC by calibrating the an-

nuluSj measurement of the quantities on the right hand side of equation 

(3); as steam flows through the annulus^ allows calculation of the vis

cosity of steam. 

Viscosity Measuring Equipment 

Pump 

High pressure water was supplied to the system by an American 

Instrument Co. variable stroke positive displacement pump having a 

maximum flow capacity of 0.8 gallons per hour and a maximum working 

pressure of 30;000 psi. 

Surge Chambers 

Two surge chambers placed in series were used to smooth out the 

pulsations resulting from each pump stroke. Water from the pump passed 

through an unheated surge chamber and then into a heated surge chamber 

before entering the preheater. A secondary function of the heated surge 

chamber was to supply some degree of preheating to the water. 

Preheater 

The preheater was made from approximately fifteen feet of l/k 

inch type 30^ stainless steel tubing coiled into a closely wound helix 

about two inches in diameter. . Heating was accomplished by inserting the 

coil into a small metallurgical furnace. Temperature control was by a 

continuous controller. The controller strived to maintain a null emf 

output of an iron-constantan thermocouple having one junction in the 
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annulus assembly and one in the preheater by varying the power input to 

the preheating furnace. This setup allowed the steam from the preheater 

to reach essentially annulus temperature before entering the annulus. 

On two occasions preheating coils made from tubing having an inside 

diameter of l/l6 inch became plugged with scale and had to be discarded. 

It was suspected that high residual stresses remaining in the small tubing 

after cold-winding the coil on a lathe were responsible for the scaling of 

the inside wall. Using tubing with a l/8 inch inside diameter corrected 

the problem. 

Annulus and Furnace 

A detailed discussion on the construction of the annulus may be 

found in the theses of Barnett (l) and Whitesides (2). A schematic draw

ing of the annulus is shown in Figure 3« The annulus assembly was welded 

into a high pressure autoclave,, which eliminated the need for obtaining the 

system constant as a function of pressure. Although the furnace was capa

ble of maintaining the annulus at 1200 Fahrenheit, the melting temperature 

of the silver solder used in its construction limited the temperature range 

to 1000 Fahrenheit. An off-on type controller was used to control the 

furnace temperature. The large thermal inertia of the autoclave-annulus 

assembly and furnace resulted in a very nearly constant temperature of the 

fluid flowing in the annulus. 

Static Pressure Gages 

The system pressure was continuously monitored with a Bourdon-tube-

type test gage while actual pressure measurements were made with an American 

Instrument Co. dead-weight tester. 



Thermometry 

The annulus temperature was measured with an iron-constantan 

thermocouple calibrated by the supplier and certified to be accurate 

/ o to within 1/2 Fahrenheit. The emf output from the thermocouple was 

measured with a Leeds and Northrup Co. potentiometer reading to the 

nearest 0.001 millivolt. The continuous controller used to control 

the preheater was also a recorder and allowed continuous monitoring 

of the difference in preheater and annulus temperatures. 

Throttling Capillary 

For pressures above 3750 psia, throttling of the high pressure 

steam to atmospheric pressure with valves was found to be wholly un

satisfactory. Above 3750 psia a length of capillary tube having an 

inside diameter of 0.007 inches was used as a throttle. 

Condenser < 

In order to collect the'steam leaving the annulus it was nec-

cessary to condense it to the liquid state. This was done by a simple 

single pass counter-flow heat exchanger using tap water as the coolant. 

The steam was condensed before being throttled. 

Mi cromanometer 

Details of the unique high pressure micromanometer used in the 

investigation may be found in reference (ll). The valve system shown 

schematically in Figure k allowed a null reading of the manometer to 

be made at the system pressure without disrupting the flow in the an

nulus . This arrangement was necessary due to expansion of the volume 

of the micromanometer lines with pressure. 
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Filters 

Before entering the pump, the water was passed through an automo

tive fuel filter. After leaving the heated surge chamber and before 

entering the preheating coil, the water was passed through a five micron 

filter to remove any minute foreign particles. The condensed steam 

leaving the annulus was filtered by a five micron filter to protect 

against the plugging of the small passage in the throttling capillary. 

Miscellany 

The time of each run was recorded with an electric timer reading 

to one tenth second. The condensate was collected in small bottles having 

caps and then weighed on analytical scales. 

Auxiliary Equipment For Calibration 

Flow Meter 

The flow rate of the calibrating gas was measured with a wet test 

meter calibrated by a local gas company. 

Static Pressure Gage 

The static pressure in the annulus during calibration was measured 

with a kO inch mercury U-tube manometer. 

Micromanometer 

A sixteen inch null type water micromanometer was used to measure 

the pressure drop across the annulus during calibration. 



CHAPTER III 

EXPERIMENTAL PROCEDURE 

Calibration 

General 

Inability to calculate an accurate annulus constant from geo

metrical dimensions requires that the annulus be calibrated. It can 

be seen from the equation 

CCm = ̂  (2) 
T Ap v ' 

that CC can be experimentally determined by allowing a gas for which 

the viscosity is known very accurately to flow through the annulus 

while the volume flow rate and pressure drop are measured. Nitrogen 

was chosen as the calibrating gas in the present study. Viscosity 

data for dry nitrogen was obtained from reference (7)» 

The product CC_ was determined as a function of the temperature 

by calibrating at several temperatures from 70 to 1000 Fahrenheit. 

The temperature correction factor C_ was defined to be unity at 70 

Fahrenheit; thus defining C to be numerically equal to CC at 70 

Fahrenheit. After the product CC had been experimentally determined 

as a function of the temperature_, a temperature correction curve was' 

constructed by plotting C versus temperature (See Figure 5)• The 

temperature correction factor was also found theoretically and agreed 

closely with the experimentally determined values. 



The constant C was always determined before and after each 

isobar of data was taken. There was usually slight disagreement be

tween the before and after values so an average of the two values was 

used to calculate the viscosity of steam. The average values used to 

calculate the viscosity of each isobar are listed in Table 2 of 

Appendix II.< 

Procedure 

After removing all moisture from the system, dry nitrogen 

was passed through the annulus at a regulated static pressure be

tween 10 and 36 inches of mercury gage. The static pressure was 

measured with a U-tube mercury manometer at the upstream pressure 

tap of the annulus. The desired flow rates were obtained by throtr^ 

tling the flow of nitrogen from the annulus. Actual annulus pressure 

was taken to be the average of upstream and downstream values by 

subtraction of one half of the pressure drop from the upstream static 

pressure. The pressure drop across the annulus test section was 

usually between k and 16 inches of water and measured with a water 

manometer. The volume flow rate leaving the annulus was measured 

with a wet test meter by noting the time for a given amount of gas 

to pass through the meter. For a given temperature the product CC_ 

was computed from the formula 

T• • p, - p 

a b r i 
^Qm ( Tm PS " 1/2AP ) 

°°T - Ap W 



where 

Q = volume flow rate through the wet test meter 
m 

p = barametric pressure 

p = saturation pressure of water in wet test meter rm 

p = system pressure at upstream pressure tap 

T = absolute temperature in annulus 
a 

T = absolute temperature in wet test meter. 
m 

Viscosity Measurement 

General 

It can be seen from the equation 

v = CCT f (3) 

that the kinematic viscosity of steam can be calculated from the 

pressure drop across the annulus test section, the mass rate of flow 

through the annulus and'the value of CC as determined by calibration. 

Procedure 

Preliminary warmup procedure of the equipment was as follows: 

1. The dial on the furnace controller was set to the desired 

temperature. 

2. Weights to give the desired static system pressure were 

placed in the pan of the dead-weight tester. 

3° The proper length throttling capillary tube was installed. 

k. The pump was started and allowed to increase the system 



pressure to the desired value. A microswitch affixed to 

the dead-weight tester pan was actuated as a function of 

the system pressure by the up and down motion of the pan. 

If the system pressure rose to a value higher than desired, 

the pan moved up and actuated the microswitch which cut 

off the pump motor. When the system pressure fell below 

the value, the falling pan actuated the microswitch which 

cut on the pump motor. Thus the system pressure was al

lowed to oscillate around the desired pressure until the 

temperature of the system was stable. 

5» After the temperature became stable, the pump stroke was 

adjusted until the dead-weight tester pan floated in one 

position. Pan elevation was indicated by a dial indicator. 

Before and after each run the following readings were recorded: 

1. emf of annulus thermocouple 

2. emf of preheater thermocouple 

3» system pressure 

k. pressure drop across annulus test section 

The mass flow rate W was computed from the amount of condensate col

lected during a measured time interval. The electric timer was 

started simultanuously with placement of the collection bottle under 

the discharge from the system and stopped simultanuously with the 

bottle's removal. The collected sample was weighed on an analytical 

balance. 

The kinematic viscosity of steam was then computed from equation 

( 3 ) . 
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CHAPTER IV 

THEORY 

Recent investigations on the viscosity of fluids indicate that 

the coefficient of viscosity can be expressed as the sum of two con

tributions; one due to momentun exchange by molecular collisions and 

the second due to the action of intermolecular forces. Kinetic the

ory of gases predicts that the contribution due to molecular collisions 

in a dilute gas is a function only of the absolute temperature. By 

assuming that the intermolecular force potential between two mole

cules depends only on the absolute temperature, Reingamun (9) and 

Sutherland (9) were able to treat theoretically the contribution due 

to intermolecular attraction in a dilute gas. However, the equations 

derived by Reingamun and Sutherland are not satisfactory for dense 

gases. Enskog (5) found an approximate solution to the Boltzmann 

equations of change and propounded the best theory to date for the 

calculation of transport coefficients of dense gases. Although 

Enskog!s theory is not directly applicable to dense steam since the 

water molecule is unsymmetrical and polar as well, it does give some 

insight into the type of equation one might attempt to use in corre

lating experimental data. 

The viscosity for high density gases can be written 

M,(p, T) = M, (T, p) + w R(T, p) + u A(T, p) (5) 
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where: 

MfcCT, p) contribution due to molecular collisions 

(i R(T, p) = contribution due to repulsive forces 

|i A(T, p) = contribution due to attractive forces. 

T = absolute temperature 

p = density 

It is an experimental fact that LL is essentially a function of temp-

erature only. Examination of standard intermolecular force potential 

functions, such as the Lennard-Jones and Stockmayer potentials, indi

cates that for a dilute gas the contribution to viscosity due to at

traction is much much greater than the contribution due to repulsion. 

Therefore, the viscosity of dilute gases can be represented by 

VT) = MT) + V(T' p) (6) 

where JJ, is the total viscosity in dilute gases. The accuracy of the 

equations of Sutherland and Reingamun indicates that the intermolecular 

forces in a dilute gas may be assumed to be a function of the temper

ature only. Thus 

H0(T) = M^(T) + ^ ( T ) (7) 

Enskogrs solution to the Boltzmann equations for the viscosity of dense 

gases suggested the form 

Kp, T) = M,Q(T) [ l.+ £ ak(bp)
k ] (8) 

k=l 



1^ 

where 

a, = set of constants 

b = function of temperature and density. 

For simple molecules the constants a^ and the function b may be calcu

lated; however,, the assumptions necessary to make the water molecule 

amenable to solution destroy the accuracy of the analysis. 

Yen (8) assumed that the series in Enskog's solution could be 

replaced by the exponential function 

Bp 
exp ~f 

where B is a constant which can be determined from the relation 

B = - 3u ̂  (9) 
P l̂-

In Yen's analysis, \i was taken as Reingamun's equation which can be 

stated 

uo = A V f / exp | (10) 

where A and K are constants to be determined from existing data at low 

pressures. Thus Yen's equation for the viscosity of steam is 

H = A / ^ e x p ^ 

In an attempt to fit Yen's equation to the experimental data 

obtained in the present study, it was found that it predicted the data 
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too high by an average of about ten percent over the temperature and 

pressure range considered. 

In the present investigation it was assumed that the series in 

Enskog's equation could be replaced by the function 

C1 exp (C2 £) + C3 exp (C^ £) (ll) 

where C _, C__, C and C> are constants. For convenience in the analysis, 

it was assumed that 

c1 = c = 1/2 

and 

C2 = C^ = D 

The resulting expression for viscosity is 

M- '= M-0 cosh -^ (12) 

Obviously D can be obtained from the expression 

D = - cosh -£- (13) 
P M-

In the present investigation |j, is taken to be Sutherland's equation 

which can be written 

M-
_ kTY~ 

o ~ . K (Ik) 
T 



16 

where the constants were evaluated from Latto's atmospheric data (k) 

and found to be 

A = 1.28 x lCf5 p O U n d S m a 5 S 

sec FT /c~ 
R 

K = 2070 °R 

In the process of fitting the experimental data obtained in the present 

investigation to equation (9)> it was found that D was not actually 

a constant but depended slightly on temperature and to a lesser degree 

on pressure. The variation of D with temperature was found to be prac

tically a linear one and was accounted for by plotting the values of 

D for several temperatures against temperature and fitting a linear 

equation through the points. That is 

D = C T + C (15) 

where C and C were found to be 

C = 0.056k FT ^/pounds mass 

and 

C = -I7.35 FT3 R/pounds mass 

The resulting expression for viscosity is 

M- = M-Q cosh p (0.0561+ - ^~~) (16) 

or using the Sutherland expression for u 
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^ = 1>28 2070^ ̂  C ° S h P (°'°^ " ̂ ¥ ^ (1T) 

i + "Y~ 

where: 

T is in Rankine 

p is in,pounds mass per cubic foot 

[i is in pounds mass per foot second. 

The expression appears cumbersome; however since the hyperbolic cosine 

function is tabulated and even appears as a scale on some slide rules, 

it is relatively easy to use in calculations. Furthermore_, as shown 

in Figure 6} it represents the data obtained in the present investigation 

with a maximum deviation of ten percent from a smooth curve drawn through 

the experimental data points. 

It should be noted that the equation behaves as it should in the 

limit as the temperature approaches infinity. Since all gases obey the 

perfect gas equation of state at extremely high temperatures for a given 

pressure, one may replace p in the hyperbolic cosine factor of equation 

(12) by 

P = h (18) RT 

where R is the gas constant and p the absolute pressure, and observe 

that 

Lim cosh - ^ (C T + C ) = 1 
T - oo RT 
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Obviously this implies that at high temperatures, the viscosity of a gas 

having a high density approaches the viscosity of that same gas at low 

density and at the same temperature -- regardless of its pressure. 

It should be further noted that the equation shows the correct 

trend in the compressed and saturated liquid regions. It predicts the 

correct order of magnitude for the viscosity of liquid water; however, 

the predicted value is off from the accepted value by about a factor of 

four. 



CHAPTER V 

EXPERIMENTAL ERROR 

Temperature Measurement 

The temperature of the steam flowing in the annulus was measured 

by an iron-constantan thermocouple supplied and calibrated by the Ther

moelectric Company.. The thermocouple was certified to be accurate to 

the nearest one half degree Fahrenheit. 

Since variation of the temperature during any run was less than 

one half degree Fahrenheit, it is felt that the actual steam temperature 

was measured accurately to within one degree Fahrenheit. 

Pressure Measurement 

Actual system pressure was measured with a dead-weight tester 

manufactured by the American Instrument Company. The tester was certi

fied to be accurate to within ±10 psi for a perfectly static situation; 

however, since there were small pulsations from the pump, there was -•:•?-•• 

usually slight movement of the tester's pan during each run. 

Since a variation in the weights on the tester's pan equivalent 

to 10 psi would move the pan from its extreme down position to its 

extreme up position, it is felt that the system pressure was measured 

accurately to within ±20 psi. 

Mass Flow Rate 

The condensate collected was weighed on analytical balance scales 



graduated to read accurately to the nearest 0.0001 gram. Considering 

that two readings were necessary to compute the mass of the condensate, 

the mass was measured accurately to within ±0.0005 grams. Since the 

total mass of condensate was always greater than five grams, the per

cent error in mass measurement was very small in comparison to the 

error in measuring the time period for collection and consequently can 

be neglected. 

The time period for each run was measured with an electric timer 

reading to one tenth second. Since the time period was from 100 to 3©0 

seconds, it is estimated that the time was measured accurately to within 

±l/2 percent. 

Annulus Pressure Drop Measurement 

Although the least count of the manometer was 0.0001 inches of 

mercury, it was found that a change in elevation of only 0.0005 inches 

of mercury could be detected consistently. Since two readings were 

necessary to obtain the pressure drop, the mercury column could be read 

accurately to within 0.001 inches of mercury.., 

Considering that the pressure drop was never less than 0.1 inches 

of mercury the pressure drop should be accurate to at least ±1 percent. 

Annulus Constant 

After the.initial calibration of the annulus, the thirty two 

data points obtained were plotted versus the Reynolds number. The 

result was random scatter around the average value for all Reynolds num

bers. The maximum percent deviation from the average was less than one 

half percent. 



On the basis of the number of experimental data points taken, it 

is felt tnat the annulus constant should be in error no more than one 

percent. 

Accuracy of Results 

The errors in individual measurements are as follows: 

temperature measurement order zero 

pressure measurement 

pressure drop 

mass flow rate 

annulus constant 

Considering that 

order zero 

one percent 

one half percent 

one percent. 

CCTAp 

W (3) 

the kinematic viscosity can be in error by 2 l/2 percent. 

All factors considered, for a given temperature and pressure, 

the experimentally determined kinematic viscosity as obtained in the 

present investigation should be within a conservative +k percent of the 

actual value. 
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CHAPTER VI 

DISCUSSION OF RESULTS 

The results of the present investigation are presented in Appendix 

II and III in both tabular and graphical form. Figure 6 is .-a .'"plot of the u 

dynamic viscosity obtained in the present investigation and also of the 

semi-empirical equation (17) given in Chapter IV. Density data for the 

conversion of the measured kinematic viscosity to dynamic viscosity were 

obtained from the VDI Steam Tables, 5th Edition (10). Figure 7 shows the 

comparison of Ray's (6) and Barnett's (l) data with that of the present 

investigation. 

2 
Since Ray recorded no data below 300 kg /cm pressure, and since 

his data must be interpolated, it is difficult to make a comparison of 

his results to the 3750 psia isobar of data obtained in the present inves-

o 
tigation. Plotted in Figure 7 are the data for the 350 and 700 kg /cm 

isobars obtained by Ray. These were plotted since no interpolation was 

2 2 
necessary (350 kg /cm = 4,98O psia and 700 kg /cm = 9,960 psia). It 

is noted that Ray's data are consistently higher than that of the present 

investigation and there is no explanation for this. 

For temperature above 788 Fahrenheit, Barnett's isobars of 3750 

and 5000 psia are lower than those of Ray and of the present investigation. 

It is felt that Barnett's equipment provided insufficient preheating of 

the steam entering the annulus which may have caused this discrepancy. 

Insufficient preheating results in the measuring of the viscosity of steam 
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that is at a lower temperature and consequently lower viscosity than the 

recorded temperature of the annulus. In the present investigation this 

problem was eliminated by using a longer preheating coil and controlling 

it with an electronic temperature controller. 

It is questionable that the shape of the actual viscosity curve 

for the 5000 psia isobar below 788 Fahrenheit is as shown in Figure 6. 

At present there is no theoretical explanation for the shape; however, 

equation (17) does predict such a trend for the 3750 psia isobar. Further-

more, a smooth curve can be drawn through all of the experimental data 

points and no reason to eliminate any of the points was found. 

Equation (17) of Chapter IV correlated the 3750 and 10,000 psia 

data very well; however, it predicts the 5000 and 7500 psia data too low 

by an average of about five percent. 
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CHAPTER VII 

CONCLUSIONS AND RECOMMENDATIONS 

After careful analysis^ it is felt that the experimental results 

of the present investigation are accurate to within ±k percent. For 

engineering calculations^ the following equation is recommended: 

1.25 x 10"VT" , /- nc£), 17JL35N r , ^ 

^ = ~~~^ 2070 c p (°'°56k " T ) (IT) 
1 + T 

This semi-empirical, equation is estimated to represent the data obtained 

in the present investigation to within ±3 percent. 

Concerning further study on the viscosity of steam., it is recom

mended that considerable effort be devoted to resolving the apparent dis

crepancy between data taken with the Rankine viscosimeter (Ray., et al.) 

and that taken with the annulus viscosimeter (Barnett's and the present 

investigation), For the annulus viscosimeter it is recommended that a 

study be initiated to determine optimum dimensions for the annulus.. 
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APPENDIX I 

The solution to the equations of motion for laminar flow in a 

perfectly concentric annulus yields the following equation for the 

annulus constant: 

CCm- = 
rrb 

T ~ 8L i - (i + *Mk - (}-{1 + ^ 
In (1 - e/b) 

where e is the radial clearance between the tubes forming the annulus 

and b is the inside radius of the outer tube of the annulus (See reference 

(3))« T° obtain a measurable pressure drop, the annular clearance must 

be very small; thus the ratio e/b is very much smaller than unity in ab

solute value and 

eN e 
rs-/ * f1 " P - b 

Using this approximation and neglecting terms of order higher than unity 

results in the expression 

CCT -I J . 

At 70 Fahrenheit the radial clearance of the annulus used in the present 

study was of the order of 0.005 inches. For C to be accurate to one per

cent obviously would require that e be accurate to at least one percent. 

This implies that e would have to be machined and measured accurate to 
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0.00005 inches ---an impractical task. 

Since the annulus constant is so sensitive to small variations in 

the radii of the annulus, critics of the annulus. viscosimeter•are quick 

to point out the possibility of the annulus constant obtained from the 

nitrogen calibration being different from the annulus constant for steam. 

This appendix is devoted to showing that the annulus constant for an an

nulus at a given temperature under the condition of laminar flow is at 

most a function of the Reynolds number. The condition of a fixed temper

ature must be imposed because the geometry is a function of temperature. 

If the annulus constant is found to be independent of the Reynolds number, 

one can conclude that the annulus constant for a given temperature is not 

a function of the fluid flowing or the flow situation present in the an

nulus . 

Consider steady flow of an incompressible fluid with constant vis

cosity through an annulus. These conditions are justified because of the 

small pressure drop across the annulus compared with the large static pres

sure on the system. Actual solution of the equations of motion is not at

tempted here, so for the heuristic argument to be presented, writing the 

equations of motion in rectangular cartesian coordinates produces a sym

metrical form which is a distinct advantage. The equations of motion in 

rectangular cartesian coordinates are: 

Continuity 



Momentum 

du du 
u — + v — 
ax ay 

du 
+ W -r— = V 

dz 

2 2 2 -, 
d u 3 u 3 u 
2 + 2 2 

ax By 3z 

±2E 
p ax 

dv dv dv 
ax dy az 

,_ 2 2 2 
' d v , a v , a v 

"—rr + •—TT + ĉ 

ax ay dz 

1 d£ 
P Sy 

2 2 2 
aw aw aw r a w , a w. a w 

u^— + v^— + w ^ — = v — - + — - + — -
az L 

ax ay ax ay az 
_ i5£ 

p az. 

where 

x,yj and z = position coordinates 

u = x component of velocity 

v = y component of velocity 

w = z component of velocity 

p = pressure 

p = density 

It is advantageous to nondimensionalize the.equations of motion 

by introducing the following nondimensional variables: 

y 

v 

x/n H 

= y/P H 

= z m H 
= u/v 

= v/v 

= w/v 
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P = P/ 2 
' pv 

P'VD. 
R 

H 

where D is the hydraulic diameter, V the average velocity, and R 
H 6 

the Reynolds number based on the hydraulic diameter and the average 

velocityo Utilizing the nondimensional variables the equations of 

motion become: 

Continuity 

dx 
I 

dy 

dw 
i 

dz 
= 0 

Momentum 

' du , ' du , ' du 
u ——, + v — , + w — , 

dx dy dz 

d u o u d_ 
2 2 

dx &y dz 

j » 

1̂ ^P 

dx 

! dv , ' dv , * dv 
u -—•, + v — . + w •—, 

dx dy dz 

r- 2 ' 2 ' 
i d v . d v 3 v 
R L .,2 ,2 + a dx dy dz 

1 

ay 

! dw 5 dw ' dw 
u —-[ + v •—, + w — , 

dx dy dz 

2 i 2 ' 2 ' 
"d_w d v ^ w 

2 + ,2 + i - t 

dx 

- ~i 
,2J 

dy dz 

dp_ 

dz 

Given the geometry of an annulus, one can solve, in principle, for 
! t 1 1 I t t 

u , v and w and p in terms of x , y , z and R only. Let the solution 

for p be represented by 
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= F (x , y , z , R ) 
e' 

Then 

o t i i 

p = pv F (x , y , z , Rg) 

The pressure difference between two fixed points in the annulus is 

Ap = pV2 (F (a', b \ c\ Re) - F (a^', b^, c^, RQ)) = PV2g (R Q) 

where g (R ) represents a function of the Reynolds number only. The 

annulus constant CC is given by 

_ vm _ vpAV 
LLT ~ Ap " Ap 

where A is the cross sectional flow area. Combining the last two expres

sions results in the following expression for CC : 

ADH 
T Vg (RJ R~~g~TR~T 

This shows that for any given annulus at a single fixed temperature,, CC 

is at most a function of the Reynolds number. Note that the above anal

ysis is not restricted to a perfectly "true" annulus but applies equally 

well to one that is eccentric or has skewed centerlines.' 

The annulus constant for the present study was plotted against the 

Reynolds number and found to be independent of it. Although this does not 

guarantee that the annulus was concentric, it does suggest the possibility 
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that it was. Since the annulus constant can be at most a function of 

the Reynolds number,, the geometrical configuration was of no real conse

quence. 
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APPENDIX II 

TABLE I 

and 

TABLE 2 
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Table I (Continued) 

Viscosity of Steam - Experimental Data 

p 
(Psia) 

T 
(Deg. Farh) Reynolds No. 

2 6 
V (ft /sec)xl0 

3750 868.5 39.6 2.873 
3750 889 .h 54.9 3.126 
3750 889.4 53.8 3.147 
3750 889.4 53.0 3.165 
3750 889 .4 53.6 3.146 
3750 889-4 52.9 3.153 
3750 903.4 95.1 3.103 
3750 904.4 90.9 3.130 
3750 904.4 85.9 3.177 
3750 904.4 86.4 3.138 
3750 904.4 85.8 3.113 
3750 908.4 44.5 3.362 
3750 909.4 46.3 3.321 
3750 909.4 45.6 3.349 
3750 909.4 45.7 3.343 
3750 909.4 45.4 3.347 
3750 915.4 72.2 3.189 
3750 915.4 71.7 3.192 
3750 915.4 71.1 3.225 
3750 915.4 70.5 3.225 
3750 916.4 70.9 3.233 
3750 940.4 57.6 3-548 
3750 940.4 57.1 - 3.543 
3750 94o.4 56.2 3.553 
3750 940.4 55.7 3.554 
3750 941.4 55.7 3.637 
3750 972.4 43.8 3.797 
3750 973.4 44.2 3.811 
3750 973.4 42.9 ,3-847 
3750 974.4 43.8 3.825 
3750 974.4 < ^3.3 3.820 
3750 ioi4.o 55.2 4.251 
3750 ioi4.o 54.8 4.246 
3750 ioi4.o 53.5 4.290 
3750 ioi4.o 53.0 4.285 
3750 ioi4.o 51.8 4.313 
5000 792.5 98.6 1.390 
5000 754.6 72.8 1.227 
5000 754.6 73.3 1.222 
5000 754.6 70.7 1.268 
5000 . 754.6; 73.6 1.220 
5000 767.6 76.3 1.293 
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Table I (Cont'in̂ Gt-}̂ ; 

Viscosity of Steam - Experimental Data 

p 
(Psia) 

T 
(Deg. Farh) Reynolds No. V (ft2/sec)xl0 \i (lbm/ft sec)xl05 

5000 767.6 76.8 1.281 .327 
5000 767.6 78.4 1.258 .322 
5000 767.6 73-3 1.338 • 342 
5000 774-5 31.8 1.271 .300 
5000 781.5 112.1 1.293 .268 
5000 783.5 110.6 1.344 .273 
5000 791.5 96.6 1.403 .261 
5000 791.5 96.O 1.412 .262 
5000 791.5 96.0 1.412 .262 
5000 791.5 95.2 1.425 .265 
5000 791.5 98.0 1.384 .257 
5000 815.5 106.6 1.647 •239 
5000 816.5 109.1 1.605 .233 
5000 816.5 111.3 1.571 .228 
5000 816.5 IO9.8 1.599 .232 
5000 - 847-5 115.0 1.898 .225 
5000 847-5 117.2 1.865 .221 
5OOO 846.5 115.9 1.868 .223 
5000 846.5 114.6 1.887 .226 
5000 845.5 115.8 1.873 .224 
5000 874.5 122.1 2.070 .218 
5000 872.5 120.8 2.073 .221 
5000 875.5 121.3 2.063 .220 
5000 876.5 121.7 2.096 .219 
5000 876.5 120.4 2.072 .217 
5000 876.5 118.8 2.108 .221 
5000 876.5 119.4 2.094 .219 
5000 876.5 119.9 2.092 .219 
5000 876.5 119.8 2.092 .219 
5000 916.4 121.1 2.397 .220 
5000 915.4 121.2 2.400 .220 
5000 915.4 121.2 2,399 .220 
5000 915.4 122.1 2.386 .218 
5000 949.4 119.9 ' 2.654 .222 
5000 952.4 121.5 2.622 .219 
5000 953-4 119.1 2.661 .222 
5000 954.4 120,5 2.642 .221 
5000 956.4 120.9 2.652 .220 
7500 728.6 76.8 1.257 .482 
7500 729.6 76.5 1.261 .482 
7500 730.6 77.0 1.259 .479 
7500 749.6 80.1 1.260 .459 
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Table I (Continued) 

Viscosity of Steam - Experimental Data 

p 
(Psia) 

T 
(Deg. Farh) Reynolds No. 

2 6 
v (ft /sec)xlO 

15 
\i (lbm/ft sec)xlO 

7500 7^9.6 80.4 1.258 .458 
7500 757.6 82.5 1.243 .444 
7500 758.6 82.7 1.245 .443 
7500 758.6 82.9 1.244 .442 
7500 76O.6 83.O 1.246 .441 
7500 765.6 83.8 1.253 .437 
7500 783.5 86.8 1.266 .419 
7500 785.5 86.6 1.275 .420 
7500 785.5 87.8 1.266 .417 
7500 786.5 87.8 1.262 .416 
7500 786.5 87.I 1.267 .417 
7500 823.5 101.5 1.241 .358 
7500 823*5 100.4 1.255 .362 
7500 824.5 105.6 1.215 .3kk 
7500 825.5 102.0 1.257 .356 
7500 826.5 108.1 1.185 .336 
7500 850.5 113.2 1.283 .324 
7500 85^.5 111.5 1.327 .326 
7500 857.5 115.1 1.305 .317 
7500 860.5 115.5 1.324 .316 
7500 862.5 II6.7 1.323 .313 
7500 872.5 120.4 1.372 .306 
7500 873.5 119.3 1.383 .309 
7500 874.5 123.1 1.3^6 .298 
7500 875.5 119.6 1.383 .306 
7500 876.5 120.0 1.393 .306 
7500 920.4 128.3 1.611 .285 
7500 921.4 133.3 1.552 .275 
7500 922.4 130.5 1.590 .281 
7500 922.4 129.4 1.6o4 .284 
7500 925 A 130.4 I.609 .281 
7500 1018.2 97.2 2.024 .264 
7500 1022.0 109.5 2.010 .259 

10000 758.6 62.9 1.203 .470 
10000 759.6 63.3 1.198 .467 
10000 759.6 63.4 1.201 .468 
10000 83^.5 70.1 1.266 .421 
10000 837.5 73.9 1.203 .398 
10000 837.5 7̂ .2 1.200 .398 
10000 886.5 81.2 1.253 .363 
10000 885.5 82.6 1.239 .359 
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Table 2 

Average Annulus Constants Used in Computing V i s c o s i t y 

3 13 
Pressure - P s i a Annulus Constant - f t x 10 

- 3750 17-78 

5000 17-72 

7500 17.^9 

10,000 17-51 
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APPENDIX I I I 

FIGURES 



DEAEREATOR 

NOTE: 
PUMP AND FURNACES 
HAVE AUTOMATIC 
CONTROLS 

Figure 1. Schematic Diagram of Experimental Apparatus . 
vo 



Figure 2. Photograph of Experimental Apparatus. 4=-
O 



PRESSURE TAP - 4 HOLES 
NO. 70 DRILL - 90° APART 

ANNULAR CLEARANCE -0.005" 

STEAM 
INLET 

SECTION A-A 
(Enlarged) 

SLOTS (8) MILLED 
1/64" DEEP IN CENTERING 
GUIDE ON INNER TUBE 

STREAM OUTLET FROM ANNULUS 
REAR PRESSURE DROP LEAD 

FORWARD PRESSURE DROP LEAD 

I.D. OF OUTER TUBE 0.3125" FOR 
ASSEMBLY OUTER TUBE WAS HEATED 
AND INNER TUBE PRESSED IN PLACE. 

Figure 3* Schematic Diagram of Annulus Assembly. 
4 -̂
K1 



ANNUALR REGION-

DOWNSTREAM 
PRESSURE 
TAP 

UPSTREAM 
PRESSURE 
TAP 

MERCURY TRAP 
MOVABLE OPTICAL 
ABSORPTION CELL 

FIXED MERCURY 
RESERVOIR 

Figure k. Schematic Diagram of Valve System. 
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Figure 5« Temperature Correction Curve -p-
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Figure 6. Comparison of Data of Present Investigation with Equation [lT] 
of Chapter 4. 



Figure J. Comparison of Data of Present Investigation with Ray's and 
Barnett's Results. -F-
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