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ABSTRACT 

An apparatus and a procedure for determining the 
viscosity behavior of hydrocarbons at pressures up to 
10,000 psia and temperatures between 77 and 400 0 F 
are described. The equipment is suitable for measuring 
viscosity of either the liquid or vapor phases or the 
fluid above the two-phase envelope for systems exhibit­
ing retrograde phenomena, according fo the phase state 
of the system within these ranges of temperature and 
pressure. Equations are developed for calculation of 
viscosity from the experimental measUl'ements, and 
new data for the viscosities of ethane and propane at 
77 0 F are reported. 

INTRODUCTION 

With the advent of higher pressures and tempera­
tures in industrial processes and deep petroleum and 
natural gas rese!'voirs, demand has increased for accu­
rate values of physical properties of hydrocarbons under 
these conditions. Proportionately, more frequent occur­
:-ence of natural gas and condensate-type fluids is en­
countered as fluid hydrocarbons are discovered at greater 
depths. This increases the importance, to the reser~oir 
engineer, of being able to predict accurately the physical 
properties of ligbt bydrocarbon systems in the dense-gas 
and light-ljquid phase states. 

Reliable gas viscosity data are limited primarily to 
measurements made on pure components near ambient 
temperature and at low pressures. Few investigations 
bave been reported for bigb pressures, and except for 
methane, data on light bydrocarbons are ~ubject to 
question. This is demonstrated by tbe large discrepancy 
between sets of data on the same component reported 
by different investigators. For mixtures in the dense gas 
and light liquid regions and for fluids exhibiting retro­
grade behavior there are very few published experi­
mental data. 

Viscosity data for methane have been reported by 
Bicher and Katz; Sage and Lacey," Comings, et al,' 
Golubev," and Carr; witb good agreement among the 
last three sets of data. Comings, Golubev and Carr 
utilized capillary tube instruments for which the theo;:y 
of fluid flow is well establisbed. The theory permIts 
calculation of the viscosity directly from tbe experi-

Original ma nuscript received in Society of P etroleum Engineers 
offi ce July 7 1958. Revised manuscript received Jan. 19, 1959. Paper 
presented at 33rd Annual Fall Meeting of Soc iety of P etroleum En­
g ineers in H ouston , Tex., Oct. 5-8, 1958. 
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mental data and dimensions of t e instrument alone. 
Sage and Lacey, and Bicber and atz used rolling-baJJ 
viscometers. Tbe theory of the ro ling-ball viscometer 
has not been completely establishe , and these instru­
ments presently require calibratio by use of fluids 
of known viscosity behavior befo e viscosities of test 
fluids can be measured. To obtai accurate data it is 
necessary that tbe rolling-ball visco eters be calibrated 
by use of fluids of density and vis osity similar to tbe 
test fluids, a difficult selection for be gas phase. 

From the methane data and e perimental tests on 
various natural gases, Carr develop d a correlation !or 
predicting the PVT behavior of Ii ht natural ga~es:-·3 , . 
This correlation was based on dat for a very limited 
composition range; its application to rich gases and 
condensate fluids is questionable. 

The object of this investigatio is to develop an 
instrument which can be used to btain viscosity data 
at reservoir temperatures and press res, for rich gases, 
condensate-type systems above the two-phase envelope 
and light liquid mixtures. These da a will be used in an 
effort to develop correlations to re resent the viscosity 
behavior of these fluids . 

APPARAT S 

In a previous viscosity study C rr' utilized a modi­
fied Rankine capillary viscometer c nfiguration," Fig. 1. 
In this instrument the gas to be test d is forced through 
the capillary tube in laminar flo by motion of a 
mercury pellet in the fall tube, the measured displace­
ment time being that required for he mercury slug to 
move between the brass timer ri gs . The viscometer 
is constructed of glass and mounte in a steel pressure 
vessel. The test gas pressure in th viscometer is bal­
anced by an inert gas (usually nitr gen)' in the vessel. 

Excellent results bave been obtai .ed with instruments 
of this type, with Carr' and Comi gs' reporting .repro­
ducibilities of 99.5 to 99.3 per ce t and an estImated 
absolute accuracy of 99 per cent. H wever, these instru­
ments have limitations which have precluded their use 
for liquids. The need for maintai ing a balance be­
tween pressures of the test fluid a d inert gas in the 
viscometer vessel presents operati g problems, and 
requires charging the test fluid to he Visco~leter ~ery 
slowly. The principle drawback to he Rankme umt IS 

bebavior of the mercury slug which provides the pres­
sure differential across the capillary. When even trace 
quantities of propane or heavier hydrocarbons. ~re 
present in tbe test gas, tbe mercury tends to subdiVide 
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FIG. I-DETAILS OF RANKINE-TYPE CAPILLARY 
TUBE VISCOMETER. 

into small pellets which cannot be made to recombine 
in the fall tube; this necessitates disassembling and 
cleaning the viscometer. 

A study was made of the major types of viscometers 
reported in the literature," and it was decided to base 
the new design on the principle of the Rankine visco­
meter, i.e., transpiration of the fluid through a capillary 
tube, but to devise a new method for providing the 
pressure differential. Accordingly, glass models of sev­
eral different configurations were constructed and tested 
until a relatively simple apparatus was developed. 

A schematic diagram of the new viscometer and 
associated equipment is presented in Fig. 2. The prin­
ciple components of the instrument are: mercury re­
ceiver, K; mercury reservoir, N; high pressure swivel 
joints, H; glass capillary tube, L; capillary tube jacket, 
M; by-pass valve, J; and the mercury flow tube. The 
mercury receiver is fixed in position while the reservoir 
is free to move in a vertical plane. 

The mercury reservoir and receiver were machined 
from 3.125-in. diameter 316 stainless steel round stock, 
and with tops in place are 3.688-in. high. Both vessels 
were bored to give chambers 1.0000 ± 0.0002-in. diam­
eters by 1.625-in. deep, and are equipped with O-ring 
closures. The receiver body is tapped near the bottom 

. _­IW __ 

"' ~IiI,_"'_ 

"" ......... -
FIG. 2-SCHEMATIC DiAGRAM OF NEW HIGH PREssunE CAPILLARY 

TUBE VISCOMETER. 
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for two 0.25-in. high pressure "Amico" -type fittings , 
and two fittings are also provided in the caps. The 
receiver cap is also drilled to receive two electrodes. 
The reservoir has only one fitting in the body and one 
in the cap, and the cap is drilled for only one electrode. 

The simplified electrode assembly,'" shown in Fig. 
3, was developed to facilitate accurate location of the 
electrodes, and minimize chance of dimension change 
during operation of the apparatus. This is very impor­
tant since the calculated volume of fluid displaced and 
the change in driving force during the run are both 
based on the measured distance between receiver elec­
trode tips. The long receiver electrode extends to within 
about 0.5 in. of the bottom, thus providing a volume 
below the electrode to permit flow conditions to stabilize 
before flow timing begins. 

When the rising mercury surface contacts the long 
receiver electrode the timer starts, and when the mer­
cury contacts the short electrode, the timer stops. The 
spacing between the electrode tips, measured to 
± 0.0003 cm by use of a microcomparator, is about 
1.45-cm (9/16 in.). The volume above the short 
electrode was provided to contain the mercury in the 
flow tube and eliminate the possibility of mercury get­
ting into the upper swivel joint or the capillary tube. 
The reservoir electrode extends to within about 0.125 
in. of the bottom, and is used in adjusting the volume 
of mercury in the system. 

The receiver is rigidly fixed in place with the reser­
voir free to move in an arc of radius equal to the 
length of the mercury flow tube_ The flow tube and 
capillary jacket are attached to the receiver and reser­
voir by 0.25-in. high pressure swivel joints, illustrated 
schematically in Fig. 4. The reservoir will remain up­
right as it is raised, since the mercury flow tube and 
the capillary tube jacket assembly act as parallel link­
ages. In this manner the pressure differential across 
the capillary tube (which is equivalent to the difference 
in levels of the mercury surfaces in the reservoir and 
the receiver) can be varied from 3 to 40 cm by rais­
ing the mercury reservoir to predetermined positions. 

The mercury flow tube is a length of 0.25-in. OD, 
0.125-in. ID, stainless steel tubing, rated for 15,000-psi 
working pressure. The capillary tube jacket is 9/16-in. 
OD, 0.25-in. ID, stainless steel tubing, also rated for 
15,000 psi. The annulus between the capillary tube and 
the tube jacket is utilized as a fluid by-pass to permit 
rapid transfer of the test fluid between the reservoir 
and the receiver. This provided a means for rapid 
return of the mercury to the reservoir after a test run, 
and also can be used to insure homogeneity of the test 
fluid. The annulus is sealed at the receiver end by a 
7/32-in. ill, 11/32-in. OD, O-ring fitted into a standard 
9/16-in. tee utilizing the tube jacket as a follower. The 
by-pass valve is connected across the O-ring annulus 
seal, as shown in detail in Fig. 5 . 

FIG. 3-ELECTRODE ASSEMBLY, O-RING TYPE. 
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TABLE I-SUMMARY Of CAPILLARY TUBE CALIBRATION DATA 

Length, L (em) 
rl by FisherT method, em 
r1 by gravimetric method, em 

L 

r dLI,,' by fisher' method, em-' . 
L 

) dL/t'l' by gravimetric method, cm- 3 

Tube No . 13 

90.070 
0.010876 
0.010877 

64.380 X 10' 

64.359 X 10' 

Tube No . 14 

91.165 
0.012088 
0.012092 . 

42.695 X 10' 

42 .648 X 10' 

The Pyrex capillary tubes were obtained as a special 
draw. The tubes are from 0.021- to 0.025-cm bore by 
0.5- to 0.6-cm OD, and from 90 to 95 cm in length. 
The ends of the capillary tubes are flared slightly to 
provide a streamlined entrance and exit with consequent 
reduction in end-effects. Average internal radii of the 
capillary tubes were determined gravimetrically, and 
the variation of radius along the tubes was determined 
by a graphical integration technique proposed by Fisher' 
and described in detail by Carr.' A summary of cali­
bration data for two of the capiIlary tubes which have 
been used is given in Table 1. 

EXPERIMENT AL PROCEDURE 

Prior to assembly of the viscometer aU parts were 
thoroughly cleaned and dried. The capillary tube was 
cleaned with chromic acid solution followed by flush­
ing with water, acetone and ether. The metal parts 
were degreased and rinsed in acetone. 

The receiver electrode spacing was measured and the 
viscometer assembled, except for the top of the mer­
cury reservoir. Clean, dry mercury was added to the 
system until approximately 1/3- in. of me:cury remained 
in the reservoir when the mercury surface in the re­
ceiver just made contact with the short electrode, the 
top was then bolted in place. The technique of charg­
ing the mercury to the viscometer ensured that suffi­
cient mercury was present in the system for proper op­
eration. 

After the assembled viscometer had been evacuated, 
the system was pressured to about 1,000 psi for a 
leak test. A 5,000-psi deadweight gauge measured 
pressure to the nearest pound. Oil in the deadweight 
gauge was separated from the test fluid in the viscom­
eter by a diaphragm-type pressure-balance indicator. The 
viscometer system was considered pressure tight when 
no pressure change could be detected with the dia­
phragm indicator in one hour. 

After any leaks were sealed the nit:-ogen was vented 
and the unit evacuated and charged with test flujd. 
The remaining operations are best described by refer­
ence to Fig. 6. Prior to charging the viscometer with 
test fluid the reservoir level was varied until the mer­
cury in the receiver made contact with the short elec­
trode as in A, Fig. 6. This provided a means for moni­
toring the position of the mercury in the unit during 
the charging operation. The by-pass valve was open 
during evacuation and charging. 

The volume of mercury in the viscometer was ad­
justed by slowly draining mercury from the pressurized 
system. As mercury was removed the reservoir was 
raised to keep the mercury in contact with the short 
electrode. Withdrawal was stopped when the reservoir 
electrode tip was still submerged 2 to 4 mm and the 
short electrode just made contact with the mercury 
in the receiver, as in B, Fig. 6. The by-pass valve was 
open during mercury withdrawal and determination of 
the reference level. 
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The cathetometer reading for the scribed crosshair of 
the reservoir target is taken at this point and repre­
sents the reference level for calculating mercury driv­
ing forces used in the tests. 

With the quantity of mercury in the system properly 
adjusted and the reservoir target reference level meas­
ured, the instrument was ready for viscosity measure­
ments. The reservoir was lowered to permit most of 
the mercury in the system to accumulate there, as in 
C, Fig. 6, and the by-pass valve closed. The reservoir 
was raised to run position, as in D, Fig. 6. The catheto­
meter reading was set to provide a pre-selected pres­
sure differential across the capillary tube, and the reser­
voir height carefully adjusted each time until the target 
was aligned with the cathetometer cross hairs. In this 
manner multiple runs could be made at the same driving 
force, which resulted in the variation in flow times being 
a direct comparison of data reproducibility. 

The electrical circuit utilized to control the timer and 
indicate mercury levels is shown in Fig. 7. Switch S" a 
five-pole rotary gang switch, has three positions; off, 
test and run. With S, in test position and toggle switches 
S, and S, closed, green lights on the controller indicate 
when mercury is in contact with the rese:voir electrode 
or the short receiver electrode. With S, in the run 
position and S, and Sa closed, the controller will close 
R3 when mercury contacts the long receiver electrode, 
starting the timer, and will close R, when mercury 
contacts the short electrode, stopping the timer. Relay 
R3 can be by-passed to insure dependable timer opera­
tion by closing S., after the timer has started, then R3 
can be released by opening Sa. 

Typical experimental data for nitrogen are given in 
Table 2. The reproducibility of the flow time proved 
an excellent indication of condition of the viscometer. 
Whenever flow time variations consistently exceeded 
0.5 per cent, it was time to disassemble and clean the 
apparatus. Occasionally erratic timer readings were 
obtained (as illustrated in Table 2) far removed from 
the average of three or more repeat runs; these points 
were discarded before averaging. Generally, variation 
of the measurements was ± 0.2 per cent or less from 
the average value. 
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TABLE 2-TYPICAL EXPERIMENTAL DATA ON NITROGEN 
June 2, 1957, data set 6 June 3, 1957, data set 7 
Capillary 14 Capillary 14 
Temp . = 21.7° C Temp. = 23.4 ' C 
Press. = 1,000.5 psig Press. = 1,000 .5 pslg 
Bar. = 29.66 Hg Bar. = 29.45 Hg 
Elee. spac. = 1.375 em Elec. spoc. = 1.375 em 

Cothetometer Cathetometer 
Reading Time Reading Time 

Run No . ~ (seconds) Run No . ~ (seconds) 
Bose line 67.770 Base line 67.525 

1 75 . 150 127.6 1 74 .905 128.5 
2 75 . 150 127.5 2 74.905 128.5 
J 75.150 127.6 3 74 .905 12B .5 

Avg 75.150 127.6 ± 0.0 Avg 74.905 128.5± 0.0 
4 74.215 143.3 "4 73.975 145.8" 
5 74.215 143.1 5 73 .975 143.8 
6 74.215 143.2 6 73.975 144.1 

AV9 74.215 143.2± 0 .1 7 73.975 144 .2 
7 73.120 166.7 B 73.975 144. 1 
8 73.120 167. 1 Avg 73.975 144.1 ± 0 . 1 
9 73.120 166.9 9 72 .880 167.9 

Avs 73.100 166.9± 0.1 10 72 .880 168.0 
10 72.070 198.5 11 72.B80 168 .0 
11 72.070 198.5 Avg 72 .880 168.0± 0 .0 
12 72 .070 198.7 12 71 .825 200 .3 
Avg 72.070 198.6± 0.1 "13 71 .825 171.3 ' 
13 71.215 235.3 14 71.825 200 .1 
14 71.215 235 .3 15 71.825 200.0 
15 71.215 235.5 Avg 71 .825 200 .1± 0 .1 
Avg 71.215 2H.4 ± 0.1 16 70 .970 237.4 
16 70.335 291 .3 17 70.970 236.3 

' 17 70.335 298 .8 ' 18 70.970 237.0 
18 70.335 291.6 19 70.970 235.5 
19 70.335 292.5 Avg 70.970 236.6± 0.7 
20 70 .335 292.4 '20 70.090 324.3' 
Avg 70135 291 .9 ± 0.4 21 70.090 295.2 

8ase check 67 .770 22 70 .090 295 .2 
23 70 .090 294.8 
Avg 70.090 295.1 ± 0.2 

,/ 80se check 67 .540 
· Omitted from overoge 

RESULTS AND DISCUSSION 

The theory of fluid flow through capillary tubes is 
very well developed. Equations have been derived for 
calculating the viscosity from experimental measure­
ments, based on isothermal, laminar fluid flow in the 
capillary tube. The correlations for end effects, estab­
lishment of parabolic velocity distribution, compressibil­
ity of the test fluid and pressure losses in the mercury 
flow system are described in detail in the Appendix . 
The final equation used to calculate the results presented 
is as follows. 

P.f = 7Tgr: O [L':!.hl m(P '" - p, )g _ ,8p ! ;;~] _ Lm::fJo m 
8L,Vn g, g7Tr,O' rmL . 

(1) 
Initial tests of the viscometer were made by use of 

nitrogen at pressures fwm 200 to 1,000 psig at room 
temperature. Results are presented in Fig. 8, with the 
viscosity data of Michels and Gibson'· included for 
comparison . To determine data reproducibility, a series 
of eight sets of data (31 separate tests) were made at 
a pressu~e of 1,000 psig. The average of the calculated 
viscosities was 192.0 micropoise with a standard devia­
tion of ± 0.6 nricropoise, which gives a 95 per cent 
confidence limit (twice the standard deviation) of 
± 0.6 per cent for the experimental data. The corre­
sponding viscosity given by Michels and Gibson for the 
same conditions is 191.4 micropoise . 

To demonstrate the range of the new instrument, 
viscosity of water was measured at 1,150 psig at room 
temperature. The results agreed with the data in the 
literature" within ± 0.2 per cent for 14 of the 15 
tests made, and within 0.7 per cent for the other. 

With the instrument's accuracy demonstrated over 
a range of viscosities from 180 (nitrogen) to 9,200 
micropoise (water), tests were initiated with propane 
and ethane. The results are summarized in Table 3. 
The experimental measurements were made at room 
temperature, which varied from 24.6 to 26.0° C (76.4 
to 78.8 ° F) , and the calculated viscosities were cor-
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rected to 25°C (7r F) by use of the data of Smith 
and Brown." There is very good agreement between the 
extrapolated gas phase atmospheric pressure viscosity 
and the values available in the literature.' The new 
liquid-phase viscosity data and the Smith and Brown 
data for propane are plotted in Fig. 9. The data dif­
fer by approximately 2 per cent, well within the ± 5 
per cent possible error reported by Smith and Brown. 

Agreement between the two sets of data in Fig. 9 
is very good since they were obtained by two completely 
different experimental techniques. Smith and Brown in 
their studies used a rolling-ball viscometer which had 
to be calibrated with fluids of known viscosity and in 
the same viscosity and density ~ange as the test fluids. 
The other instrument was an absolute capillary-tube 

20 0 
jVG ~F 31 POINTS" 

U') 110 

'" '" o 
Q. 

~ 16 
!::! 
2 
,.: ... 
u; 14 
o 
u 

0 

0 

_10-~ ~ 
t- ~ POINTS 

'" > 
12 or-o g:~~I~~~ ~J:~<;'EENW AI~:~~~~6~:iER 

I-- DATA FOR NITROGEN AT ("C( 1"1 I. 
o I IAI"AELt 8 ,'BSr 

10 
o 200 BOO 400 600 

PRESSURE. PSIA 
I 000 

F,G. 8--COMPARISON OF NEW VISCOMETER DATA 
AXD LITERATURE DATA FOR NITROGEN . 

I 

/ 

~ .. ~of-+--HH-I-"t~L/+-+-+-+--HH-t-+-+-I--
; ~/ 

j/,/ 

I./. 
1..: / - .... ............... ........ " ... 

'1--t-1fi'I1--!-t-t--+---j.-- - ... ,. ,.,. ' •• fI ........ .. o. •••. cllt.Ol. n , 
/ 

,~. W7 
11' 

~ 

I 
I 

FIl; . 9 - COM PARISON OF NEW VISCmIETER DATA 
AND LITERATURE DATA FOR PROPANE. 

I I 
ETHANE 

noc I"' F! 

1·~f-+--+-+-+--+-+-+-+v....fr"1--+-+-!--I---+-+-+--1 
i·~,~HH-+-+-P~~--I-1--+--+--t-t-+--H~ 
" 1/ ~/ 
; 1/ ;' - UIA OIl.,UOO" •• U' '" ..... '00011 •• 

:;: .oo,~HHI~.I~/~+-+-I -- ,,- ,.u .110_ "If"' •• oe •. ' .. O'.~!.f';:.·.l:. 

, / 

. t oo _ 

"unulIl . "1" 

FIG. 10-COMPARISON OF NEW VISCOMETER AND 
LITERATURE DATA FOR ETHANE. 

VOL . 216. 1959 

TABLE 3-EXPERIMENTAL VISCOSITY DATA OBTAINED WITH THE 
NEW VISCOMETEP. FOR PROPANE AND ETHANE AT 25·C (77·F) 

Propane Ethane 
Pressure viscosity viscosity 

~ (micropoise) (micropoise) 

101 B2.2 (v) 
119 82 .6 tv) 
160 957 
180 965 
200 970 94.4 (v) 
300 981 
400 1,004 100.8 (v) 
500 1,012 106.2 tv) 
533 110.1 (v) 
600 1,014 
800 1,049 433.5 

1,000 1,075 475.0 
1,250 1,111 510.7 
1,500 1,139 544.6 
1,750 1,168 572.8 
2,000 1,204 597.6 
2,500 1,252 644.5 
3,000 1,297 684.3 
3,500 1,352 722 .2 
4,000 1,406 760.0 
5,000 1,483 826 .1 
6,000 1,578 887.2 
7,000 1,664 943.4 
8,000 1,754 994.2 
9,000 1,840 

(v) = Vapor phase . All other values ore for liquid phose . 

viscometer, with the viscosity calculated directly from 
the dimensions of the instrument and flow measurements 
on the test fluid. That such close agreement exists attests 
to care and precision of the experimental work by 
Smith and Brown. 

The results for ethane are plotted in Fig. 10, with 
the ethane viscosity data of Smith and Brown" for 
comparison. Deviations of up to 8 per cent exist 
between the two sets of data, which is not too unex­
pected since the viscosity and density relationships for 
ethane preclude operation of the rolling-ball viscometer 
under the required conditions of laminar flow. The 
:-olling-ball viscometer was calibrated under conditions 
of laminar flow, and the ethane measurements were 
apparently made in the region of turbulent flow. For 
these reasons it is believed the new viscosity data 
presented represent an improvement over data pre­
viously available. 

SUMMARY 

An apparatus has been developed fo:- measurement 
of viscosity of fluids over the range of reservoir pres­
sures and temperatures. Equations have been derived 
for calculating viscosity from measurement on iso­
thermal, laminar flow of either compressible or incom­
pressible fluids. Viscosity values calculated from experi­
mental measurements on nitrogen and water give excel­
lent agreement with accepted literature data. Viscosity­
pressure data obtained for ethane and propane at room 
temperature indicated significant deviation from exist­
ing literature values. It is concluded that an accurate 
new research tool has been developed for the study 
of PVT behavior of natural gas, condensate and high­
gravity dissolved-gas systems. 

NOM ENe L A T U R E * 

D = diameter 
gc = dimensionless constant 
N = moles of gas 
P = pressure 
Q = volumetric flow rate 
u = average velocity 
v = volume 

' See AIME Symbols List in Tram .• . AIME (1956) 207, S68, for 
other symbol definitions. 
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V" = free receiver volume above the electrodes 
z = compressibility factor 
Il = electrode spacing 
B = time 

SUBSCRIPTS: 

a = average 
D = displaced 
f = test fluid 

1m = log-mean 
m = mercury 

t = transition 
1 = initial condition 
2 = final condition 
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APPENDIX 

THEORY OF FLUID FLOW IN THE VISCOMETER 

The equation for compressible, steady, isothermal, 
laminar flow in a capillary, 

2 (z,/z, ) 
P, - P, = (1 + P,/P, ) 

32p.uLc 
gD' ' . 

reduces to the Hagan-Poiseuille equation for 
pressible flow, 

P, _ P. = 32p.;;Lc 
- gD: 

(2) 

incom-

(3) 

even for gases if operating pressure is substantially 
above atmospheric. Further consideration of the flow 
problem required treatment of the pressure drop result­
ing from the flow of mercury through the composite 
channel between reservoir and receiver and so-called 
"end effects". These are normally considered losses 
due to sudden expansions and contractions in flow 
channel, such as at the ends of tubes. 

The acceleration of a fluid from rest to steady viscous 
flow requires a certain distance of travel for establish­
ment of final velocity distribution. Until this point is 
reached the resistance to flow is greater than predicted 
by Poiseuille's law, as was shown by Langhaar.' By 
applying a linearizing approximation to the Nanier­
Stokes equation and defining the transition length, L" 
as the distance required for the centerline fluid velocity 
to reach 99 per cent of its final value, Langhaar 
obtained . 

L , = O.23rc (2r;Zip, ) / p. . (4) 

For tubes with lengths much greater than L t , the 
fundamental equation for the tube-type viscometer 
becomes, 

_ 6,P = Sp.,Q~c + f3~:~, . (5) 
gnr. g-rrrc 

in which f3 is nearly constant at the theoretical value 
of 1.14 with experimentally determined values from 
1.11 to 1.1S.14 The kinetic energy term accounts for 
full development of a parabolic velocity profile. When 
true end effects are important the value of f3 depends 
upon the flow pattern near the ends of the tubes and 
the transition from one size to another. 

Transition from the large tube to the flow capillary 
occurs in this instrument in a smooth converging nozzle 
with a contraction ratio of about 15: 1, and at the end 
of the tube in a similar dive:-ging nozzle. The expansion 
and contraction processes exactly compensate each 
other in adiabatic compressible flow, and very nearly 
so in isothermal, incompressible flow. It is therefore 
believed that these end effects are negljgible for this 
design. 
. It is recognized that in this viscometer, some head 
loss will result from passage of each of the fluids 
through the elbows in the flow paths. Every effort was 
made to minimize these losses by providing as few 
changes in direction as possible and making, the flow 
channels through them as large as possible. Losses in 
head due to these effects were neglected in developing 
correction terms. 

The final equation representing steady-state flow for 
the modified Rankine viscometer can be written as 
follows. 

AP 
Sp.,Q /L . f3Q;p, 8rt ,.Q ,.L ,. (6) 

- = +-- + .' g-rrr: gn'r: g-rrr .. 
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whe:e tlP is the indicated pressure differential due to 
the difference in mercury levels in the mercury reservoir 
and receiver, given by 

tlP = g(.t:.h)(p ,., _. PI ) . (7) 
g. 

lf the cross-sectional areas of tbe two vessels are 
equal, 

(8) 

or, the decrease in mercury level in the reservoir is 
equal to the increase in level in the receiver. This means 
that 

(9) 

and that the difference between initial and final mercury 
differential will be equal to twice the electrode spacing, 

tlh, - .t:.h, = - 2e . (10) 

At any given time, 8, the general equation representing 
steady flow in the viscometer can be written, 

f),P = a(M) = b,Q, + c,Q~ + b"Q ", , (11) 

where a = (P m - PI)g/ g" b = 8jJ-L/ fjlTr', and c = f3p/ 
fjIT' r'. 

Q is instantaneous flow rate at time, 8, and sub­
scripts f and m refer to the fluid and mercury, respec­
tively. 

The instantaneous mercury flow rate, Qm, can be 
expressed as a function of the area of the receive:, A, 
and the rate of change of h" dh,/d8, as 

Q _ A dh, _ _ A d(.t:.h) (12) 
'" - dB - 2(J8' 

If the fluid being displaced is incompressible, 

Q 
_ Q __ A d(6h) 

",- , - 2'(J8' 
The assumption of an incompressible test fluid is 

valid at this point in the derivation, since only differen­
tial changes in mercUFY level are being considered. 

The differential equation for the viscometer now 
becomes, 

A d(M) A [d(M)]' 
- a(6h) = (bl + b .. ) 2dB +c, 2' ---;[i} 

(13) 
Integration of the roots of Eg. 13 results in two equa­
tions, one of which gives a negative flow time and was 
therefore discarded. The second solution, with integra­
tion between the limits of time = 0 and 8, and .t:.h = 
tlh, and tlh" 

- - n - + <X . - <X, + 8 - (h l.J... b m ) {I 6h, 
2c, 6h, -

I (<x , -1)(<x 1 +l)l (14) 
n(<x,+l)(<x , - 1)" . 

whe::-e 

... 1 8ac,6h, 
<X, = , 1 + A(b, + b,. )' 

J 8ac,tlh, 
<X, = ,1+ A(b, + b", ), 

This rigorous solution of the flow equation for the 
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viscometer requires use of an iterative procedure to 
solve for the fluid viscosity. 

To obtain a first approximation of the fluid viscosity 
to use in solving Eq. 14, Eq. 13 was solved assuming 
Langhaar's correction term to be constant and applic­
able to the integrated form of the modified equation. 
This resulted in an equation which may be solved 
directly for viscosity. 

_ 7f'
gr:8[tlh 1m (P '" - p, )g }J-, ---

8L.Vn gc 

(15) 
which has been termed a "pseudo-steady-state" equation. 
Both equations were programmed for solution by use of 
lOT's electronic digital computer, ALWAC Ill, and 
the calculated viscosity values for the two equations 
agree within 0.1 per cent. By using the viscosity value 
obtained by solution of the pseudo-steady-state equa­
tion as the first approximation in the rigorous equation, 
very rapid convergence is obtained. 

EFFECT OF COMPRESSIBILITY ON VOLUME OF 
FLUID DISPLACED THROUGH THE 

CAPILLARY TUBE 

For an incompressible fluid the volume contained in 
the receiver , between the electrodes is the actual vol­
ume displaced through the capillary tube. However, 
since the pressure in the mercury receiver decreases 
slightly during the run, tbe fluid confined in the re­
ceiver and fittings will expand, resulting in a slightly 
larger volume being displaced through the capillary 
tube than the volume of me:cury contained between 
the electrodes. The correction is derived as follows. 

Total moles of gas initially in receiver when mercury 
level contacts the long electrode, 

( 
6h, ) N, = p. + -2- + e (V .. + V m) / zRT , 

(16) 

and moles of gas remaining when mercury contacts the 
short electrode, 

( 
6h' ) N , = p. +2 V .. / zRT. (17) 

The moles displaced are, the:efore, 
N n = N, - N, , (18) 

or 

( 
.t::.h. ) p.Vn = P. +--y+e (V .. +V",)-

( 
tlh,) P. +-
2
- V .. , (19) 

then 

Vn = Vm(l + tlh, + 2e)+ eVe (20) 
2 Pc p. 

For liquids, and for gases at pressures above 1,500 
psia, the correction was less than 0.1 per cent and was 
therefore neglected in the calculations and V m used as 
the volume displaced through the capillary tube. For 
gases at pressures less than 1,500 psia the corrected 
V n was employed. *** 
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