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SUMMARY 

The dynamic viscosity of steam was determined by combining data 

obtained with three different annulus-type viscometers used in this in­

vestigation and data obtained by Jackson with another annulus-type vis­

cometer, The data are compared with tabulated values presented by Timroth 

and Vargaftik, Sigwart, the Russian steam tables, and the U. S. National 

Bureau of Standards. Based on the comparisons, it is suggested that the 

viscosity of superheated steam be obtained from tabulations by the U. S. 

National Bureau of Standards and that values of viscosity of saturated 

vapor be obtained from Sigwart's data. 

Two equations were developed from experimental data reported in 

this work. One viscosity equation is suggested from steam with densities 

less than one-third the critical density and another for densities in ex­

cess of this value. The equation for low densities, 

jj = 8.486 x 10"5 + 1.756 x 10"Tt + 2.744 x 10_1:Lt2, 

may be used up to temperatures of 1000°F. The equation for high densities, 

/U = 2.20 x 10" - 1.75 x 10" P + 3.727 x 10" 3P 2 

+ 2.463 x 10"3 P 3 

may be used for temperatures up to 800°F. 

The average deviation of data from the first equation is 1.88 per 

cent. The maximum deviation of data from this equation is approximately 

six per cent. 



CHAPTER I 

INTRODUCTION 

Definition of the problem.--Central station power plants are now in opera­

tion, and others are proposed, which employ cycles in which the maximum 

pressure is about 3,000 psi and the maximum temperature is about 1,100°F. 

These conditions are near the limit of available tabulations for the thermo­

dynamic and transport properties of the water substance and particularly 

so for the transport property, viscosity. The maximum temperature at which 

water viscosity has been measured decreases rather rapidly with pressure 

until at extremely high pressures, the viscosity has been measured only at 

room temperatures. This is shown in Table 1. 

Table 1. Maximum Temperatures for Which 
Water Viscosity Has Been Measured 

Maximum 
Pressure Temperature Reference 
psi °F 

14.7 2,180 1, 2 
3,612 1,112 3 
4,373 952 3 
4,991 726 3 
7,110 167 h 

128,000 167 k 
156,000 86 k 

Viscosity values are required in many engineering calculations con­

cerning physical processes which involve flow of fluids and heat transfer, 

For example, the viscosity is required in calculating such dimensionless 



quantities as the Reynolds number, the Prandtl number and the Grashof 

numbero 

Many types of devices for measuring viscosity, each based on a 

different theory, have been constructed and used to obtain data of vary­

ing degrees of consistency. One of the more recent viscometers is the 

annular type constructed and used by Jackson (5). Although his vis­

cometer was somewhat limited in range as a result of the auxiliary equip­

ment, the results of his study are sufficiently good to indicate that 

further studies with a similar type of viscometer are desirable. 

The need for viscosity data in the supercritical region and the 

need for a reliable method by which reproducible data in this region can 

be obtained have prompted this investigation. 

History.--Sir Isaac Newton is generally recognized as being the first to 

state the principle of viscosity, the hypothesis appearing in his Principia. 

The effect of viscosity was used as early as 3000 B.C. by the Surnerians 

who defined their unit of weight in terms of the amount of water which 

would flow from a standard vessel in a given interval of time. Merrington 

(6) states that the Egyptians had a water clock, as early as 1600 B.C. 

which was built very much like the present day Engler Viscometer. 

Modern experimental investigation of viscosity began with the 

work of Hagen and Poiseuille who studied the flow of water through small 

tubes and found that the rate of flow through a tube is proportional to 

the pressure drop, the fourth power of its diameter and the reciprocal 

of its length. They also found the factor of proportionality, the vis­

cosity, co be a function of the particular fluid being used. Later 



Wiedemann derived an equation for volume rate of flow through a tube 

based on the principle laid down by Newton. Hagenbach was able to cal­

culate absolute vaXues for the viscosity of water using the data obtained 

by Poiseuille and the same equation that Wiedemann had derived. 

Until about I89O, only capillary tubes were used for viscosity 

determinations„ TJien, based on ideas stated by Stokes, Couette showed 

that viscosity couLd be measured by using a viscometer in which the 

fluid was between two cylinders, one of which rotated relative to the 

other. 

Research leading to steam viscosity data at high pressures and 

temperatures began about 1925 when Speyerer (7,3) used a capillary vis­

cometer having a Length of 2 ^ meters. All of his data are in the sub-

critical regiono The first supercritical studies were reported in 1935 

by Hawkins, Solberg and Potter (9) with a Lawaczeck viscometer, a non-

flow type which uses a falling weight to produce the pressure difference. 

One year later Sigwart (8,10) presented viscosity data up to the region 

of the critical point that he had obtained with a capillary viscometerc 

The results of the. last two studies do not agree 0 

In 19^0 Tiniroth (j) used a procedure almost identical to that 

used by Sigwarto Above the critical temperature there is no agreement 

between these two investigations because of an incorrect extrapolation 

made by Sigwarto T.imroth also reworked the data obtained by Hawkins, 

Solberg, and Potter in 193̂ > in such a way that they were in agreement 

with nis results. The method he used to do this is not available in the 

literature, 



At the present time, Timroth's viscosity data are widely used. 

The viscosity tabulation in the 1952 Russian steam tables (ll) is the 

most extensive tabulation of viscosity in the literature. This tabu­

lation is based on data obtained by Timroth and Vargaftik (3,12)° 

Tables 2 and 3 are partially reproduced from the Ph-D* thesis 

written by Jackson (l'3) • Table 2 is a list of the pressure amd tem­

perature ranges which were studied by the different investigators. 

Data in this table are for the most part from a paper by Hawkins, 

Solberg and Sibbitt t ±k) a In Table 3 are listed the investigators and 

the type of equipment which each used. 

Table 2« Temperature and Pressure Ranges 
of High Pressure Viscosity Measurements for Steam 

Temperature Pressure Range 
Range in °F in Atmospheres 

Investigator Year Low High Low High 

Speyerer 1925 212 662 1 10 
Schougeyew 1933 212 752 1 93 
Schiller 193^ 212 5 39° 6 l 30 
Hawkinsf 

Solberg, 
and Potter 1935 212 1000 1 239 

Sigwart 1936 539 711 25 270 
Hawkins, 
Solberg, 
and Potter 19̂ -0 212 1000 1 123 

Timroth 19^0 302 1112 1 290 
Jackson I9V9 2̂ -2 1115 1 105 



Table 3« Methods Used to Measure Steam Viscosity 

Investigator Experimental Method 

Speyerer Steady flow through 
a brass capillary 
2.k meters lone 

Method of Pressure Ref. 
Drop Measurement  

Differential 7,8, I** 
alcohol manometer 

Schougayew Rankine Procedure 

Schiller 

Hawkins, 
Solberg, 
and Potter 

Flow through a 
nozzle 

Lawaczeck visco-
simeter 

Mercury pellet 
created the 
pressure difference 

8,1^,15 

Differential man- 8,1^ 
ometer gave large 
readings 

A metal weight 
produced the 
pressure differ­
ence 

9,1* 

Si gwart 

Hawkins, 
Solberg, 
and Potter 

Timroth 

Steady flow through 
a quartz or plati­
num capillary 
(approx. 370 mm lon^ 

Steady flow through 
a long capillary 
103«2 ft. long 

Steady flow through 
a capillary 
38̂ -0 5 mm long 

Measured by a 
ring balance 

8,10,;iA 

;) 

Differential Mer- 17 
cury manometer 
(read by means of 
a radiograph) 

Measured by a 3 
ring balance 

Jackson Steady flow through 
an annulus k inches 
long (approximately 
100 mm) 

Differential Mer­
cury manometer 
(read by means of 
a radiograph) 
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The data reported by Timroth (3) have been modified to some extent 

in the tabulations in the Russian steam tables (l?). Of the high pressure 

steam viscosity data which are in the literature, the data obtained by 

Timroth are the best. However, there is some reluctance to accept his 

values, particularly in the supercritical region. In the supercritical 

region the values of viscosity by the U. S. National Bureau of Standards 

(l8) and the Russian steam tables differ significantly. 

The tables published by the Bureau of Standards stem from a corre­

lation made by Hilsenrath and Touloukian (l9)« Their correlation is based 

on the equations of BonilJLa, Brooks and Walker (l) for low pressure and 

Gardner's (20) equation for high pressures. Gardner's equation is based 

on the Enskog theory. Na .new experiments were conducted. The data ob­

tained by Jackson ( 5) appear to be in good agreement with the tabulation 

by the U. S. Bureau of Standards. 

Accurate determinations of the viscosity of steam in the super­

critical region are complicated by the combination of both high pressure 

and high temperature. Sorae gases with critical temperatures lower than 

that of water have been Investigated at great length. Among these gases 

is carbon dioxide which has a critical temperature of 87.8°F. Measure­

ments of viscosity for this gas by Michells, Botzen and Shuurman (21,22) 

indicate that, except in "the region near the critical point, viscosity is 

a function of both temperature and density. In the low density region 

viscosity is a function o>jf temperature. In the high density region it is 

a function of density, Tke behavior of carbon-dioxide, the results ob­

tained by Jackson and several other investigators (8) and the tabulations 



of the Bureau of Standards indicate that the effect of pressure on vis­

cosity may have been overemphasized in the Russian steam tables. 

Purpose of This Investigation., --It was the purpose of this research to 

measure the viscosity of water vapor in the supercritical region. An 

additional objective was to evaluate the annular viscometer as a research 

tool. 
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CHAPTER II 

INSTRUMENTATION AND EQUIPMENT 

General.--To determine viscosity using transpiration or steady flow-type 

systems it is necessary to measure four quantities: pressure, tempera­

ture, pressure drop, and volume rate of flow. With these measured quan­

tities and the dimensions of the experimental test section, it is pos­

sible to determine viscosity from equations derived from laminar flow 

theory. In systems for which dimensions are not available it is possible 

to calibrate the test section with fluids of known viscosity. 

Basically, the equation which is used for most transpiration vis­

cometers is 

H = c T ct ( i ) 

where Jj is the dynamic viscosity 

C is a constant determined by calibration 
or measurement 

C is a correction factor for temperature 
and pressure 

AP is the pressure drop across the test section, 
and 

Q, is the volume rate of flow through the test 
section. 

Jackson8 s Equipment, --The anmilar viscometer and system used by Jackson 

in 19^9j is shown in Fig. 1. 

Jackson had a small boiler for his pressure generator and, 
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consequently, the length of time over which the system could be operated 

was limited by the capacity of the boiler. He measured steam pressure 

with a calibrated Bourdon pressure gage. All of the temperatures were 

measured with number 28 gauge chrome1-alumel thermocouples. The volume 

rate of flow of steam was determined from the condensate discharged from 

the annulus during the test interval. The condensate was weighed on a 

standard laboratory analytical balance. Jackson's annulus was constructed 

from two pieces of commercial high-pressure 18-8 stainless steel tubing. 

After all machining was completed, the outer tube had an inside diameter 

of 0,3127 inches and the inner tube had an outside diameter of 0.3025 

inches. The overall length of the annulus assembly was 10.25 inches. 

One inch long entrance and exit sections preceded and followed the four 

inch long test section. They were designed to insure fully developed 

laminar flow within the test section. A sketch showing the essential 

features of the annulus employed by Jackson is shown in Fig. 2. 

Trie pressure drop across the test section was determined by a 

mercury U-tube manometer as indicated in Fig. 1. The two pressure leads 

from the annulus to the manometer passed through small condensers. The 

pressure leads, at the condensers, contained horizontal knife edge weirs 

which maintained a constant known level of liquid water above the mercury 

in the manometer. 

Present Equipment,--The equipment used in this investigation is shown in 

Figo 3o Utilizing the basic components, i.e., the pump, surge chambers, 

manometer, etc., three different annuli were investigated. Annuli No. 1 

and No. 2 were pressure compensated by being placed in a pressure vessel 

as shown in Figs« h and 5» Annulus No. 3 was not pressure compensated and 
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•ANNULUS 

SUPERHEATER 

WATER OUTLET 

TUBE 

MANOMETER 

CONDENSATE COLLECTINGHj 
BEAKER ^ 

Figure 1 . Scfeematic Diagram of J a c k s o n ' s Annulus and Assoc ia ted 
Equipment. 
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AT THIS POINT 
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v///////d 
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Figure 2. Annulus Test Section Used by Jackson. 
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Figure 3« Schematic Drawing of Apparatus Used in This Inves t iga t ion . 
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Figure k. Exploded View of Test Section of Annulus No. 1 and 
Pressure Vessel. 
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Figure 5» Exploded View of Annulus Test Section No. 2. 
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was similar to that of Jackson's as indicated in Fig. 2. 

The critical dimensions of the three annuli as well as those of 

Jackson's annulus are shown in the following table. 

Number Length 
or Inches 

Type 

1 U..028U-

2 3-9935 

3 3-7688 

Jackson ^.00 

Table k. Dimensions of the Annuli 

Outside Diameter Inside Diameter 
of Inner Tube of Outer Tube 

Inches 

0.3026 

0.3021 

0.3025 

0.3025 

Inches 

0.3125 

0.3128 

0.3125 

0.3127 

Reference 
for 

Calibration 

Calibrated 
Constant 
3 

ft gran per 
lb.sec.mm. 

Jackson's ik.Ql x 10"5 

viscosity 
equation at 

735°F 

atmospheric 19-71 x 10 
air Q0°F to 
900° F 

high pres- l^o x 10 
sure steam, 
annulus 
No. 1 

•5 

atmospheric 9*5 x 10 
nitrogen 

-5* 

Tne calibrated constant was corrected for temperature changes by 
analytical means. 
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During this investigation, commercial grade triple-distilled water 

was used. The water was first placed in a glass flask where it was boiled 

vigorously in order to deaerate it. From the deaerator the water flowed 

through a small heat exchanger, where its temperature was reduced, into 

the pump. The pump,, which maintained the system pressure, was connected 

to a water chamber designed to eliminate pressure surges. The pump used 

was a constant speed, positive displacement type with a continuously 

variable stroke. Any flow rate up to 0.8 gallons per minute could be main­

tained by adjusting the length of stroke. 

From the pump the water flowed into the boiler and was evaporated. 

Then the vapor passed through a superheater and finally entered the pres­

sure vessel surrounding the annulus test section. From the pressure vessel 

it passed through the annulus test section where a pressure drop was meas­

ured and then into a condenser. The condensed water then flowed from the 

condenser through two regulating valves into a standard picnometer flask. 

An electric timer which indicated time in seconds and tenths of seconds 

was used to measure the duration of a run. The mass of condensate was 

measured on a set of* analytical balances. 

The test section pressure drop was determined by means of a visual 

sandwich type manometer (23) such as shown in Fig. 6. The actual pressure 

drop measurements were made with a cathetometer. The cathetometer scale 

had smallest divisions of 1 mm but gave indications to the nearest 0.05 mm 

with a vernier scale-

The system pressure measurements for annuli Nos. 1 and 3 were ob­

tained with a set of calibrated test gages having a range from 0 to 10,000 
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* , • • . : « • • . . • . . . ' • • £ ' 

Figure 6. Exploded View of Sandwich-type Manometer. 
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psi. The pressure for annulus No. 2 was measured with a 0 to 1500 psi 

dead weight gage. All temperatures were measured with a Leeds and Northrup 

portable precision potentiometer attached to chromel-alumel thermocouples. 
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CHAPTER III 

PROCEDURE 

Operation of Equipment.'—The quantity most difficult to control was tem­

perature. Its control was particularly important in the region of the 

annulus during any given run. To obtain the constant temperature needed, 

a preliminary warm-up period was allowed. In preparing the system for a 

series of runs, all of the heaters were placed in operation and each was 

adjusted occasionally during the warm-up period according to the need in­

dicated by its controlling thermocouple. When the desired temperature 

was nearly at hand, the pump was placed in operation and adjusted until 

the proper operating pressure was obtained. 

During the initial warm-up period the condensers surrounding the 

reservoirs in the manometer leads were utilized in order to establish the 

reference water level for the manometer. Prior to the time at which flow 

of water through the annulus was started, the condenser in the discharge 

line from the annulus was put in operation. 

The pressure drop across the annulus was measured on a manometer 

with a cathetometer which was adjusted and checked before each set of runs. 

The water levels in the manometer leads at the condensers were checked for 

each run in order to determine whether an initial pressure drop correction 

was necessary. These corrections were necessary on occasion since the man­

ometer had to be removed from the system and cleaned periodically. 

Although triple-distilled water was used in'this investigation, 



deaeration before introducing it into the system was required. Deaeration 

was accomplished by boiling the water vigorously and continuously during 

a run or series of runs. Periodically steam was released from the man­

ometer reservoirs, which were the highest points in the system, in order 

to be sure that all noncondensable gases were removed from the system. 

This precaution was observed after reinstalling the manometer or after 

prolonged periods of shut-down in spite of the fact that the system was 

evacuated before water was introduced into it. 

The usual duration of a run was from two to six minutes although 

there were runs outside this interval. Prior to the beginning of a run, 

a preliminary set of data consisting of temperatures at the entrance to 

the annulus, at the annulus and at discharge from the annulus, as well as 

the pressure drop across the test section and the system pressure was ob­

tained. These data were checked again before starting a test. At the 

start of a test, a collecting flask was placed under the discharge from 

the system and the electric timer was started. During the interval of 

time in which the condensate was being collected, the pressure drop, the 

necessary temperatures and the system pressure were recorded. The run 

terminated when the collected condensate was removed from the system 

discharge. 

The condensate was weighed on a set of analytical balances to the 

nearest tenth of a milligramo The empty weight of the collecting flask, 

a pycnometer, had been previously determined and was subtracted from the 

gross weight of the collecting flask and condensate in order to get the 

actual quantity of condensate collected during the run. After the weight 



of the condensate had been recorded, the condensate was emptied from the 

flask and the flask placed in a drying oven. After flasks were dried they 

were placed in a dust-free region to cool in the presence of atmospheric 

air. 

All the important temperatures were obtained with chromel-alumel 

thermocouples. The output of the thermocouples was measured with a Leeds 

and Northrup portable precision potentiometer, the calibration of which was 

checked before each run. The temperatures of steam entering, passing 

through, and leaving the annulus were recorded during every run. 

Barometric pressure was measured after each run with a mercury 

barometer and the reading corrected for temperature. The system pressure 

was corrected to absolute pressure with a corrected barometer reading. 

Routine Calculations.—The equation used to calculate viscosity is 

»-c i r ct ( 1 ) 

Tne coefficient C which appears in this equation is not only dependent upon 

the dimensions of the system but also on the units in which the pressure 

drop and the volume rate of flow are expressed. The volume rate of flow 

was calculated from the mass of condensate collected, the time interval 

and the specific volume which was obtained from the Keenan and Keyes steam 

tables (2*0. Data were recorded in a mixture of units so it was desirable 

to adjust the constant C to make possible the use of recorded data in the 

units in which they were obtained. The volume rate of flow was calculated 

by multiplying the mass rate of flow in grams per second by the specific 

volume in cubic feet per pound. The pressure drop was measured in 
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millimeters of manometer fluid. Once the value of the constant was deter­

mined, calculations were easy to make., 
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CHAPTER IV 

DISCUSSION OF RESULTS 

The equation which is used to calculate the viscosity of steam 

from data obtained with an annular viscometer is 

r ~ mr 
i i iJ2. 2,2 

^ . £ . (b ;a ) 
I n * a 

(2) 

where /\P = pressure drop 

Q, = volume rate of flow 

L = length of test section 

b = inside radius of outer tube 

a = outside radius of inner tube 

/J = viscosity 

This formula is derived in Appendix A. 

With the exception of AP and Q, all terms in the right side of 

the equation are constants. After combining these constants the equation 

is written, as indicated on page 19, as 

^ _ c _A2 c 
/ * ' Q t 

where the dimensional coefficient C is a function of the dimensions of 

the annulus and the units of AP, Q., and//. C is. a correction factor. 

The dimensions of each of the three annuli were measured. Based on 



these measurements and a dimensional constant, the value of C_ was calcu­

lated for each of the three annuli employed. These calculated values 

differed from the experimentally determined values. This difference is 

not surprising for it was impossible to measure the dimensions of the 

annuli with sufficient accuracy to correctly evaluate the constants. 

An error of only 0.0001 inches in one measurement will make a significant 

error in the constant. Measurements of the inside diameters of the outer 

tubes were particularly difficult because of the smallness of the bores. 

Because of uncertainties of measurements, the annuli were calibrated as 

indicated in Table k and as discussed below. Because of the calibration 

procedure, it is recognized that values of viscosity obtained with this 

equipment represent the actual viscosity to an order dependent upon the 

constant C in equation 1. 

The constant (2 was evaluated for the first annulus by selecting 

the value of AP/Q at 735°F from a curve fitted to a plot of AP/Q 

against temperature and the value of viscosity at that temperature cal­

culated from the equation proposed by Jackson (23). 

fJ = 6.00 x 10"9 T 2 + 7„29 x 10"6 T + 5.Uo x 10"3 (3) 

where JJ is viscosity in centipoise and 

T is in degrees Rankine. 

This method of calibration was used initially in order to compare the 

results of this work with those of Jackson's. 

Annulus No. 1 was damaged beyond repair while disassembling the 

equipment for an inspection and, consequently, no further check on its 

calibration was possible. 
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Annulus No. 2 was made as a copy of annulus No. 1 and, in addition 

to checking it with Jackson' s data for steam, it was calibrated using dry 

air at atmospheric pressure and the viscosity tabulation for air by the 

U, 5. Bureau of Standards (26). Agreement between the two methods of 

calibration was within one per cent. 

The constant for annulus No. 3 was obtained using the data from 

annulus No. 1. Temperature corrections for the constants were made by 

calculations. Jackson calibrated his viscometer for temperature changes 

using the data for nitrogen presented by Sibbitt (27) and found good agree­

ment, with theoretical calculations. 

The correction for temperature, C , was applied to equation 1 for 
"U 

the data of annulus No. 1, No temperature correction was applied to the 

data from annulus No. 2 because the calibration showed the temperature 

effect to be insignificant. Neither was a temperature correction applied 

to data from annulus No. 3 because of the limited range of temperature 

for which data were available.. Calculations made by Jackson (5) showed 

the effect due to slip at the wall to^be negligible even- at. -veryt.low 

pressure, so no correction of this type was made. 

Because of the very close agreement between the data obtained by 

Jackson and that obtained during this investigation, these data have been 

treated as a unit. These data are presented in the Appendix C. 

The range of pressures and temperatures for which values of vis­

cosity were obtained are shown in Fig. J. This figure shows not only the 

pressures and temperatures but the actual values of viscosity calculated 

from the data. In addition to this information, lines of constant viscosity 
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based on the final correlation are shown. The maximum pressure reached in 

this investigation was -̂,525 Psi anc^ the maximum temperature in the super­

critical region was approximately 880°F<, 

In order to determine the effect of pressure on the viscosity of 

steam, data were obtained in several bands of pressures. These bands can 

be identified in Fig. J. Data for these various pressure bands are plotted 

on viscosity-temperature coordinates, and compared with the values reported 

in the Russian steam tables and by the National Bureau of Standards. These 

data were also fitted by a digital computer to best least square polynomials 

through the fourth degree of the form U = fJ(t). The equations which best 

describe these data are plotted on various figures which are to be discussed 

in subsequent paragraphs. Since each equation is based on data at essen­

tially a constant pressure, the equations are presented as temperature 

functions. The unit of viscosity in each case is the poise. 

Figs. 8 through 12 show the various constant pressure curves for 

those pressures through 1500 psi. Several of these constant pressure curves 

are plotted in Fig. 13 in order to determine if there is a consistent 

effect due to the pressure. There appears to be no significant effect due 

to pressure for pressures up to 1500 psi in a region removed from the 

saturation state, It is likely that the line in Fig. 13 marked general is 

the best approximation of the data. This is demonstrated in Fig. lk in 

which all of the data through 1800 psia are plotted. The line drawn through 

the data is given by the following equation: 

LI = 6«^86 x 10~5 + 1.756 x 10"7 t + 2.7W- x 10 - 1 1 t2. (h) 
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The average deviation of the points from this line is 1.88 per cent 

while the maximum deviation "by any point is less than 6 per cent. 

The data obtained by Jackson are compared in Fig. 15 with the 

values tabulated in the Russian steam tables and by the U. S. Bureau 

of Standards. A similar comparison is presented in Fig. 16 with the 

data obtained in the present investigation. In both figures, the 

data are compared with the respective 100-atmosphere pressure lines 

from the aforementioned references. One observes in both Figs. 15 

and 16 that all of the accumulated data lie below the values reported 

in the Russian steam tables and that only at high temperatures do 

the data approximate values reported by the Bureau of Standards. 

Among other things, Fig. 17 presents a comparison among the atmospheric 

pressure viscosity lines reported by the Russian steam tables, the 

Bureau of Standards and the fitted equation based on the combination 

of Jackson's data and the data obtained in this investigation. There 

is very little difference between the Bureau of Standards line and 

the line obtained for this investigation. 

From an examination of Figs. 13, 16 and 17 one observes that at 

low pressures, the pressure has a small if not negligible effect on 

viscosity. To determine whether high pressures (pressures above 1500 

psia) have an effect on viscosity, a plot of viscosity against density 

is made in Fig. 18. The scatter of data is relatively great; however, 

there appears to be little consistency among the points at high 

temperature which do not lie on the line. Temperature appears to be a 

factor of some importance in the region of low density. At high density, 
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viscosity seems to "be dependent upon density to a large extent and may 

be represented by the polynomial expression in equation (5)' 

AS = 2.20 x 10" - 1.75 xl0'|0 + 3.727 x 10"3 p (5) 

+ 2A63 - 10"3 P 3 

where u is in poise and 

p is in grams per cubic centimeter. 

This equation does not hold for low densities and may not hold for 

temperatures higher than 800°F. 

The excess viscosity is defined as the difference between the 

experimental values of viscosity and the value of viscosity calculated 

from equation (k) at the temperature of the experimental point. It is 

shown as a function of the density in Fig. 19. From this figure it 

appears that if the density is less than 0.07 grams per cubic centimeter 

the excess viscosity is independent of the density. 

If Figs. 18 and 19 are cross plotted on viscosity-temperature 

coordinates; as is done in Fig. 20; it is observed that high pressure 

does have an effect on viscosity. This is especially true in the region 

of the saturation line. 

In order to construct the lines of constant pressure which 

appear on the viscosity-temperature coordinates of Fig. 20; it was only 

necessary to determine the density for various temperatures along the 

isobar. These values of density are used to enter Fig. 19 where the 

values of excess viscosity are found. To obtain the viscosity at a 

given temperature, excess viscosity is added to the calculated value 

of viscosity from equation (k) at that temperature. 
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The per cent excess viscosity is shown as a function of the 

density in Fig. 21. Here again, it is observed that at low densities 

the viscosity is independent of density. If the value of the density does 

not exceed about one-third of the critical density which is 0-329 grains 

per cubic centimeter (28), deviation from the viscosity calculated from 

equation (h) will be less than five per cent. Thus, the viscosity of 

steam may be represented to a degree of accuracy sufficient for most 

engineering calculations by equation (h). 

When Fig. 20 is compared with the Russian data, as in Fig. 22, 

the effect of pressure on viscosity is found to be less pronounced in 

the present work than in the Russian steam tables. When Fig. 20 is 

compared with the Bureau of Standards data, as in Fig. 23, the pressure 

effect is also found to be less. 

The isobars in Fig. 20 stop short of the saturation line. An 

examination of Fig. 17 shows that the values of viscosity along the 

saturation line reported in the Russian steam tables are in general 

higher than those reported by Sigwart (10) but less than values 

reported by Timroth (3)« Sigwart's values fit the present correlation 

better than those presented by the Russian steam tables. 

An examination of the low temperature region of the curve in Fig. 

17 shows that the saturation data originally published by Timroth were 

re-evaluated before being put in the Russian steam tables. These values 

are lower than those reported by Sigwart. When equation (̂4-), which 

represents the atmospheric pressure data of this investigation, and the 

atmospheric pressure equation of the Bureau of Standards are extended into 

this lower temperature region they cross the saturation line of the 
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Russian steam tables. Again the values reported by Sigwart are in 

better agreement with those of this work. 

The linear least square equations of viscosity as a function of 

temperature for low pressure, 400 psia, and 1500 psia were plotted and 

extrapolated to 32°F at which temperature the value of viscosity was 

obtained for each plot. The linear extrapolation ignores the bending 

of the real curves into the saturation line. The value of viscosity 

at 32°F was also calculated from equation (b). These extrapolated 

values, which appear in table {^), are in good agreement with the value 

given by Dorsey (29) at 32°F. 

Apparently this agreement is more than a coincidence and it 

indicated that the viscosity at 32°F given by Dorsey is a better value 

than that given in the Russian steam tables. This is a further indi­

cation that Sigwart's saturation curve is the best curve. 

Table 5* A Comparison of Values of Viscosity of Steam 
at 32°F from Various Extrapolated Equations 

with Values Given by Dorsey and the 
Russian Steam Tables 

Pressure or Equation Viscosity at 32°F, poise x 10 ' 

Low 8.9O 
1+00 8.87 

1500 8.88 
Equation (b) 9.05 

_q 
Dorsey's value of steam viscosity at 32°F is 8.8^ x 10 poise. 

Russian steam table value of steam viscosity at 32°F is 8.2^ x 10 poise. 
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CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

Including Jackson's data, the viscosity data which have been obtained 

with four different annulus-type viscometers are in agreement. Since these 

data are in closer agreement with values reported by the Bureau of Standards 

than with any other published values, a recommendation is made that the vis­

cosity of superheated steam be obtained, from the tabulations of the Bureau 

of Standards in preference to other published values, at least until further 

experimental values are obtained. 

According to this investigation, the best viscosity data for satu­

rated vapor are those obtained by Sigwart. 

No significant variation of viscosity with pressure was detected in 

the data for pressures up to 15p0 psia, therefore, viscosity can be ex­

pressed as a function of temperature only for pressures between atmospheric 

and 1550 psia. The equation suggested for temperature up to 1000°F is 

/J = 8.1+86 x 10"5 + 1.756 x 10"7t + 2.7^ x lO'^t2, (h) 

where U is in poise and 

t is in °F. 

A general equation for viscosity of supercritical steam cannot be 

developed from the data of this investigation because of the limited range 

of temperatures for which data are available. The data, however, indicate 

a much smaller variation of viscosity with pressure than is indicated in 



the Russian steam tables. The equation which fits the data of this in­

vestigation for densities greater than one-third the critical density is 

fJ = 2.20 x 10" - 1.75 x ±Q~kp + 3.727 x 10'3 p 2 (5) 

+ 2.̂ f63 x 10"3 p 3 

where a = grams per cubic centimeter. 

Because the variation of viscosity with pressure as indicated by 

this investigation is much less than that given by the Russian steam 

tables and the National Bureau of Standards, further studies should be 

conducted in the supercritical region with an annulus-type viscometer 

over a much larger range of temperatures and pressures. Additional vis­

cosity data are also needed in the pressure range from 1500 to 3000 psia. 

One of the upper bounds of the present study was imposed by the 

limited pressure which the manometer could withstand. Pressures as high 

as 5;500 psi were applied to the manometer before failure occurred but 

failure also occurred at pressures as low as 3,600 psi. With careful 

machining and heavier metal base plates a sandwich manometer may be 

developed to withstand pressures of approximately 8000 to 10,000 psi. For 

pressures in excess of 10,000 psi, some type of all-metal manometer or 

one using high pressure optical absorption cells may prove to be best. 

Operating the system in steady flow appeared to be satisfactory. 

Heating the annulus and other parts of the system with electric resistance 

heaters was unsatisfactory since it made obtaining good data time con­

suming and difficult. A single uniform source of heat is much to be 

preferred. By submerging all parts of the system which are to be heated 
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in molten metal or a molten salt, the problem of temperature control 

may be solved. 

The control of dimensions and dimensional tolerances in the 

annulus is quite critical if absolute determinations are to be made 

with this kind of instrument. Not only must the tolerances be small 

but the dimensions must be measured with precision. 

The annulus-type viscometer offers several advantages over the 

capillary tube-t,ype. Because the pressure taps can be placed at the 

beginning and at the end of the test section, entrance and exit 

corrections are unnecessary. Such is not the case with the capillary 

tube. Annulus-type viscometers can be made in shorter lengths than 

capillary-type viscometers. The greatest disadvantage lies in the care 

and precision with which the annulus must be constructed. 
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APPENDIX A 

DERIVATION OF THE ANNULUS VISCOMETER EQUATION 

Two procedures are generally used for derivations of this. type. The 

first procedure is based on the summation of forces acting on an element 

of volume while the second is based on the Navier-Stokes equations. The 

latter method will be employed here. 

The Navier-Stokes equation is written as 

5£ = _ d £ +UV 
rvt- ;w / r Dt 3* u 

Dv 
Dt 

Dw 

P 

PD 

_ &E + yUV
2v 

_ &> + fJV2
v 

where 

and 

D_ 
Dt 

V 

<L_ dx + ^ _ d y + 5 _ d z , ^ 
^x dt dy dt £z a t ^ t 

^ + £ • 1 
^X2 ' d y 2 3 

u = x component of velocity = -7— 
dt 

_ £Z v = y component of velocity = . 

w = z component of velocity = — 

t = time 

p = pressure 
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The velocities u^ v, and w are constant in steady flow, therefore, the 

time rate of each of these quantities is zero or 

c)u ^v ~£w _ Q 
9c "" 3t at " 

Since flow cannot occur across a solid boundary, the components of 

velocity v and w must equal zero or 

v = w = 0. 

An order of magnitude analysis shows the pressure gradients in the 

y and z directions to be negligible, thus the equation reduces to 

3 
3 x 
£ _ 

^ 2 ^2 2>2 

a u d u 0 u 
3x< 5v 2 3z2 

Since the flow channel is of uniform size and the flow is steady, 

the velocity u will remain constant in the direction of flow, therefore 

a* = i. 5x "a, 
u = 0. 

It is convenient at this point to change from rectangular to 

cylindrical coordinates in order to obtain a function of radial position, 

or 

fiU£ = u ^ x r 
a u + 1 £u 

r dr 

The pressure is a function of axial position only and velocity a 

function of radial position only, consequently the partial notation is 
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dropped and t h e eqjuation becojnes 

2 
1 dp_ _ d u 1 du 

jJ dx , 2 r dr 

Experience shows -r^ to be constant in steady, isothermal, friction-

dr 

dp. 
dx 

less, laminar flaw., making it possible to write the following expression 

for the left side- o f the equation; 

— -^- - B = constant 
ju dx 

The resulting equation, 

„ d u 1 du 

dr 

can be solved by standard techniques 

Let 

and 

§£. - P 
dr ' 

dP ,2 
T" - d u dr — p 

dr 

dr r 

Separate va r i ab les 

Brdr = rdP + Pdr 

= d(Pr) . 
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Integrate to obtain 

Therefore , 

4 -**Cl. 

du _ Br *\ 
~ dr ~ 2 r 

Integrate to obtain 

R P 
u = £ r - C1 In r + C2-

Apply the boundary conditions. At the inner vail of the outer tube and 

the outer wall of the inner tube, assuming no slip to occur, the velocity 

is zero. Therefore, at 

r = b, u = 0 and at 

r = a, u = 0. 

Thus, 

î B 2 _ ., 
C2 = - £ a + C In a, 

^ b 2 + C In b, 

Solve these equations simultaneously to obtain 

r B (b2 - a2) 
Ll " 1+ n b 

In — 
a 


