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l,lte 111 t.he constrictions. When the pressure 
!!radient was kept constant the permeability 
,;cell1ed to approach a steady value which was 
lower for lower gradients. A sharp increase in 
~radicn t always produced a sudden nse 111 

permeability. Typical results of this type are 
,hown in Fig. 3 where the permeability of a twice 
Oludded core is plotted against flow for a section 
of its flow history. 

I t seems natural to think of the particles as 
form ing bridges in the pore constrictions. These, 
then, might be expected to give way under a 
,ufficient pressure difference and thus "open up" 
the core. \Vi th flow at a constant pressure 
~raclient the permeability would be expected to 
npproach a steady value when bridges had formed 
ill most of the smaller constrictions. 

The permeability to water was reduced by a 
~illgle mudding to SO or 60 percent of the original 
ralue but when the filter pack was kept from 
forming by removing it at intervals or by circu­
lating the mud rapidly across the core face the 
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FIG. 3. Percent origina l water permeability of a 
twice mudded core versus flow. The pressure gradient 
across the core is indicated in atmospheres per cm by 
the figures. From 5 to 7.7 liters the decrease in gra­
dient was gradual except for an increase to 0.18 
atmospheres per cm at 5.5 liters. 

reductions were much more than this . In one 
case the permeability was reduced to 4 percent 
of its original value in three successive muddings. 

The writer is indebted to Dr. Paul D. Foote, 
executive vice president of the Gulf Research & 
Development Company for permission to pub­
lish this paper and to Dr. Morris Muskat for 
many helpful criticisms. 

The Effects of Pressure and Temperature on the Viscosity of Lubricating Oils 

R. n. Dow 
School of Chemislry and Physics, Pe1lllsylva1lia Siale College, Siale College, Pennsylvania 

(Received from the Editor of the Society of Rheology, February 26, 1937) 

The viscosities of three lubricating oils have been investigated at 100°, 1.10°, 210.2°F at 
pressures ranging from atmospheric to 4000 atmospheres (57,000 Ib ./in. 2). \\lhile the oils were 
from fields widely separated geographically, their initial viscosities were matched at 0.4 poise at 
130°F. At a pressure of 26,000 Ib./in.2 at 130°, however, the viscosities were strikingly difTerent; 
the viscosity of the Pennsylvania oil increased 25-fold, and the Oklahoma oil 35-fold, but for 
the California sample the increase of viscosity was greater than 100-fold. The elrect of pressure 
on the temperature coefficient of viscosity and the efTect of temperature on the pressure coeffi­
cient of viscosity are discussed. 

TH E effect of pressure on the viscosity of fluid 
lubricants has been studied previously by 

~\'CI'a l investigators. Experiments by Herseyl 
,howed that the viscosity of oils increased con­
siucrably with moderate lI1crease of pressure: 
further investigations by Hyde2 at the National 
Physical Laboratory 111 England, Hersey and 

Shore,3 and Kleinschmidt4 in th is country, in­
creased our knowledge of the pressure effect of 
viscosity of oils of vanous kinds at several 
temperatures. 

I~!. D. Hersey, J. Wash. Acad. Sci. 6, 525 (1916). 
'] . 11. Hyde, Proc. Roy. Soc. A97, 240 (1920) . 
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The increase of viscosity with pres!'ure IS a 
complicated phenomenon for even the so-called 

3 M. D. Hersey and H. Shore, Mech. Eng. 50, 221 (1928). 
• R. V. Kleinschmidt, Trans. A. S. M. E. APM - 50-4 

(1928). Mech. Eng. 50, 682 (1928) . 
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simple liquids of high degree of purity, for it has 
been shown that viscosity is in general a strong 
function of molecular structure In liquids. 6 • 6 

Consequently, it would be expected that the 
viscosity of lubricating oils under high pressures 
would be so intricately related to composition 
that analyses of data taken on bulk oils would be 
unsatisfactory. Previous investigations3 ,4 have 
shown, however, that the pressure coefficient of 
viscosity of mineral oils is greater than that of 
fixed oils, but there is no existing information on 
the relation of the pressure coefficient to the basic 
composition of a hydrocarbon oil which has been 
refined by various methods. It would appear 
desirable, if further tests are to be made on refined 
oils, that more about the chemistry of the oils 
should be known, especially their chemical and 
physical properties as related to the basic crudes 
and methods of refining. The purpose of the 
present investigation is to make a start in this 
direction, to study the effect of pressure and 
temperature on three hydrocarbon oils that have 
been refined previously in a known manner and 
tested extensively as regards their physical and 
chemical properties. 

The three oils used in this investigation were 
provided by Professor H. A. Everett of the 
department of mechanical engineering who had 
previo.usly studied7 many properties of them in 
conjunction with Dr. M. R. Fenske of the 
Petroleum Refining Laboratory of this school. 
The oils were from Pennsylvania, Oklahoma, and 
California crudes, blended with bright stock and 
neutrals to have the same viscosily of approxi­
mately 0.4 poise at 130°F. 

III order to study the eCfects of pressure 
and temperature, the rolling--ball viscometer of 
Hersey and Shore3 was adopted as the most 
suitable type for these experiments. The rest of 
the pressure apparatus wa~ of design similar to 
that developed by Professor P . W. Bridgman of 
Harvard,s and used by the author in previous 
investigations. 6 , 9, 10 Professor Bridgman kindly 
loaned diagrams and cooperated with the author 

6 P. W. Bridgman, Proc. Am. Acad. 61, 57 (1926). 
6 R. B. Dow, Physics 6, 71 (1935). 
1 H. A. Everett and F. C. Stewart, Penn. State College 

Bull. Eng. Exp. Station 44 (1935). 
8 P. W. Bridgman, Physics of High Pressure (Macmillan, 

1931), Chap. 11. 
• R, B. Dow, J. Wash. Acad. Sci. 24, 516 (1934). 
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in the building of the high pressure equipment of 
the physics department, and Mr. G. V. Luersscn 
of the Carpenter Steel Company contributcd 
steel for the construction of apparatus. This 
investigation was made possible by the in teresl 
and cooperation of the Pennsylvania Grade 
Crude Oil Association which generously con­
tributed funds. The experimental observalions 
were made by the writer in the high pressurc 
laboratory of the department of physics. 

EXPERIMENTAL DETAILS 

The rolling-ball viscometer and the auxiliary 
pressure apparatus are showll III Fig. 1. The 
viscometer was rotated through a known, small 

, angle (10°) from its horizontal position by tiltin~ 
the apparatus about an axis which was supportcd 
by an iron frame work. A handle attached to thc 
upper part of the viscometer frame allowed the 
viscometer to be tilted by hand in either direc­
tion. J n the viscometer, of dimensions used by 
Hersey and Shore,3 a til ball bearing rolled down 
the bottom wall of an axial hole, 10 inches in 
length and 27 / 64 inches in diameter, when the 
viscometer was inclined to the horizon tal. J n 
order to measure the viscosity of a liquid in this 
apparatus, it IS necessary to know the timc 
required for the ball to traverse the length of thc 
inclined path. To measure the roll time insulated 
electrical con tacts wi th external con nections werc 
fitted into two steel plugs which were screwcd 
into both ends of the viscometer to make it 
pressure tight. Both the plugs and washers were 
of conventional design used In hig-h pressure 
investigations. It will be noted that when the 
hall reache~ either end of it~ path, the relay 
circuit is completed through the vi~comeler and 
oil film t.o the ball which touches the insulated 
contact. The time of roll can be recorded by any 
of several means; 111 these measurements a 
calibrated stopwatch operated by hand was 
found convenient for the purpose. The arrival of 
the ball at one of the con tacts was signalled by a 
simple vacuum tube relay device. 

The viscometer with its supporting frame was 
surrounded by a thermostated water bath which 
two stirrers kept in constant circulation. The I 

10 R. B. Dow and M. R. Fenske, Ind. Eng. Chem. 27,165 
(1935). 
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thermostat circuit operated a vacuum tube-relay 
to control a ~as valve which supplied one or two 
Meker burners that heated the bath. A ther­
mometer, calibrated against one certified by the 
National Bureau of Standards, reading to 1/ 10 
degree was used in this investigation for tempera­
ture measurement. The recorded temperatures 
are accurate to within ±0.02°C. 

Pressure was generated by a hand pump which 
can be safely operated to 20,000 Ib. / in.2 without 
undue effort. The pump connected directly to an 
intensifier which permitted about a fourfold 
increase of pressure. Before this pressure could be 
used in the viscometer, however, means had to be 
provided for separating the transmitting liquid 
from the test liquid, and for measuring the 
pressure, the gauge on the pump being inaccurate 
for precise measuremen ts. A cylindrical steel 
chamber connected between the intensifier and 
viscometer served both purposes; a flexible 
copper sylphon provided mechanical separation 
of the liquids, and a coil of manganin wire 
mounted on a suitable plug allowed the pressure 
to be measured by observing the change of its 
electrical resistance with pressure by means of a 
Carey-Foster bridge. It is known that the change 
of electrical resistance of manganin with pressure 
is linear.1I The gauge was made of No. 40 B & S 
double silk covered manganin wire obtained from 
Driver Harris Company. The resistance was 
about 120 ohms at atmospheric pressure. Dr. L. 
H. Adams of the Geophysical Laboratory pro­
vided the important service of calibrating the 
manganin coil against the standard in his labo­
ratory. The calibration obtained by Dr. Adams 
was 2.335 X 10-6 cm2/ kg. Finally, a connecting 
pipe from the cylindrical chamber led to a con­
nection at the top center of the viscometer, thus 
completing the system under pressure. 

METHOD OF COMPUTATION AND DATA 

The absolute viscosities of the three oils are 
desired at the three chosen temperatures of 100°, 
130°, and 210.2°F at various pressures within the 
experimental range. Since lubricating oils freeze 
at fairly low pressures at moderate temperatures, 
the pressure range was more restricted in the 
present case than is usual for most liquids. 

11 P. W. Bridgman, Physics of High Pressure (Macmillan, 
1931) p. 73. 
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Consequ~ntly, the highest pressures used in this 
study are of the order of 55,000 Ib. / in.2 ; in every 
case the highest pressure recorded is considerably 
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FIG. 1. Rolling-ball viscometer and auxiliary 
pressure apparatus. 

below that where solidification begins. The be­
ginning of solidification is noticed wIien the 
viscosity becomes abnormally great; when it is 
complete, the ball ceases to roll. The recorded 
data for a viscosity determination were then: 
the roll time in seconds, the thermometer reading 
in degrees Fahrenheit, and the pressure read on 
the Carey-Foster bridge in terms of length of 
slide wire. The roll time was taken as the average 
of roll times in both directions of til t, and readings 
were recorded both for increasing and decreasing 
steps of pressure. vVhen the roll time was less 
than 10 seconds, twenty or thirty observations 
were taken but as it increased, the number of 
observations was accordingly decreased. The 
corresponding pressures were obtained by multi­
plying the equivalent lengths of slide wire by the 
pressure coefficient of manganin, and converting 
the result to pounds per square inch. 

The theory of the rolling-ball viscometer has 
been developed from a dimensional standpoint by 
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FIG. 2. Calibration curve of viscometer for 10° angle of tilt. 

Hersey!· 3 and his method was followed in com­
puting the absolute viscosities in poises. Since the 
roll times as measured are only relative, the 
viscometer must be calibrated by observing the 
roll times with liquids of known viscosity. This 
involves plotting a function ST against the 
function U / S. T is the roll time, U the kinematic 
viscosity, and S is a function of density equal to 
(po/p-1)! when Po is the density of the steel of 
the ball and p is the density of the oils in grams 
per cubic centimeter. Fig. 2 shows the calibration 
curve for the viscometer, when the angle of tilt is 
about 10°. 

Writing the relation ST=!(U/S) (1) 

theEq.(1)becomes ST=118(U/S) (2) 

for long roll times. Solving (2) for the viscosity 
(J.I.=pU) 

}.'= «7.36-p)/118)T (3) 

on setting T1 = 118j(7.36-p) where Tl represents 
the roll time in seconds for a viscosity of one 
poise 

(4) 
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Thus the computation of viscosity is done in one 
of two ways: if the roll time is short (region where 
the calibration curve departs from linearity) U of 
Eq. (1) is solved for by referring directly to the 
curve; if the roll tim~ is long (region where S1' 
varies linearly with U/ S) , Eq. (3) can be used 
directly to give J.I. . The values of P were obtained 
by interpolating the pressure-volume-tempera­
ture data of Dow;9 since the change of volume of 
oils with pressure is not a strong function of 
compositon, it is sufficiently accurate to use the 
p- V-T data of Pennsylvania oil interpolated for 
100°, 130°, and 210.2°F. 

There are, however, variolls corrections to be 
made in applying the formulae. These have been 
discussed by Hersey. In the present .case . they 
reduce to two, namely the change in length of 
path due to pressure, and the initial acceleration 
of the ball. The first correction involves the 
change of length of the viscometer, change of 
diameter of the ball, and the change of position 
of the electrical con tacts. The first two are 
negligible in these experiments but the effect of 
change of position of the contacts is appreciable. 
The correction · was made by observing the 
change of length of the external stem of one of the 
end plugs of the viscometer for a certain pressure 
change. I t was observed that at a pressure of 
13,500 Ib./in.2 the stem was displaced 0.025 

T ADLE I. Data for calibration of viscometer; tlte 
functions ST and U/S. 

LIQUID 

Kerosene 
Merusol 
Oil, S.A.E. 10 

II ., 20 
" " 30 
" " 40 

ST 

4.69 
20.8 
17.5 
34.6 
46.8 
62.5 

V I S 

0.0055 
.173 
.143 
.293 
.390 
.467 

inch, which amounts to a correction of 0.05 
inch for both contacts. This negative correction 
was assumed to be linear with pressure. The 
se.cond correction, that for the ini tial acceleration, 
was computed from Hersey's formula 

t.T/To=0.21 {1- (1-8/KTo2)!). 

To is the roll time and K is a constant equal to 
8.3. This correction is also negative, amounting 
to 16.8 percent when the roll time is 1 sec. but 
vanishing if the roll time exceeds 10 seconds. 
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Table I contains the data used to obtain the 
calibration curve of Fig. 2. Kerosene, a light 
mineral oil, and a series of four graded oils of 
viscQ!;ity S.A.E. No. 10, No. 20, No. 30, and 
No. 40, respectively, were used as calibrating 
liquids. The values of the kinematic viscosities of 
these liquids were directly determined at 100°F 
by Mr. C. E. Fink of our Petroleum Refining­
Laboratory. The author is indebted t.o him for 
carefully checking the viscosities in the standard 
viscometers of that laborat.ory. The density of 
t he ball and the densi t.ies of t.he calibrating oils 
were determined in a conventional manner by 
weighing in specific gravity bottles. 

PRESSURE (Ib./in.') 

14.2 
1000 
2000 
3000 
4000 
5000 
6000 
7000 
8000 
9000 

lOX 103 

12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 

TABLE II (Confill1ted). 

VISCOSITY IN CENTIJlOISES 

Penn. 

130°F 

41 
51 
60 
64 
73 
82 
9[ 

[00 
111 
124 
143 
191 
249 
315 
408 
524 
663 
830 

1030 
1260 
1560 
1960 
2460 

210.2°F 

Okla. 

43 
54 
66 
75 
85 
95 

102 
118 
131 
149 
170 
231 
318 
428 
564 
740 
940 

1170 
1500 
2030 
2840 

Cal. 

42 
57 
68 
80 
99 

124 
154 
190 
232 
281 
340 
490 
692 
960 

1320 
1830 
2510 
3400 
4540 

Table II summarizes the data that were 
derived by computation. They were obtained 
graphically by plotting on a large scale the 
computed values of J..I. against pressure, drawing 
smooth curves through the plotted points, and 
then reading from the curves the values of J..I. 

corresponding to everyone or two thousand unit.s 
of pressure. The principal sources of error in t.hese 
data are in the determination of the pressures 
and the roll times. The average inaccuracy of the 
former amounts to about 1 percent, while t.he 
lalter, expressed 111 the unit of coefficient of 
viscosity, may be as high as 3 percent when t.he 
roll time is as low as 2 or 3 seconds. Another way 
of estimating the errat.ic error in the determi­
nations IS to consider t.he deviations of the 
computed values of J..I. from the curves that were 

------------------------~------

TABLE 11. Viscosity-pressure data. 

PRESSURE (Ib./in.') 

14.2 
1000 
2000 
3000 
4000 
5000 
6000 
7000 
8000 
9000 

IOXI0-
12 
14 
16 
18 
20 
22 

VISCOSITY IN CENTIPOISES 

Penn. 

100°F 

83 
91 

106 
123 
145 
169 
198 
232 
268 
310 
357 
485 
654 
850 

1100 
1420 
1830 

Okla. 

94 
119 
145 
175 
209 
247 
293 
344 
405 
475 
557 
775 

1060 
143D 
1940 
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Cal. 

114 
146 
183 
225 
278 
346 
433 
533 
655 
811 
995 

1540 
2200 

/" 
/ 

14.2 
1000 
2000 
3000 
4000 
5000 
6000 
7000 
8000 
9000 

10 X 10' 
12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44 
46 
48 
50 
52 
54 

7 
9 

10 
13 
15 
17 
19 
20 
22 
24 
26 
31 
36 
44 
52 
62 
73 
87 

103 
123 
145 
171 
202 
242 
287 
337 
393 
457 
535 
627 
732 
846 
973 

10 
12 
14 
16 
18 
20 
22 
24 
27 
30 
33 
40 
50 
59 
71 
85 

104 
128 
154 
185 
219 
262 
314-
375 
454 
549 
654 
770 
890 

1010 
1150 
1290 
1430 

13 
15 
17 
19 
21 
24 
25 
27 
30 
33 
37 
45 
55 
70 
90 

116 
153 
202 
260 
327 
408 
510 
655 
846 

1080 
1400 
1790 
2270 
2890 
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drawn to smooth or average the results. In no 
case did the computed value of J.I. deviate by 
more than 1 percent from the value read from the 
curve which was drawn through the same pres­
sure ordinate. In compiling the data of Table I, 
only three ' figures have been considered as 
significant. 

DISCUSSED RESULTS 

The data of Table II show significant differ­
ences for the viscosity of the three oils under 
pressure. Perhaps one of the most striking is the 
viscosities of the oils at 130°F at a pressure of 
26,000 Ib. / in.2 ; at atmospheric pressure the oils 
have a matched viscosity of 0.4 poise but at the 
higher pressure the change amounts to a 25-fold 
increase for the Pennsylvania sample, a 35-fold 
increase for the Oklahoma sample, and an in­
crease greater than 100-fold for the California oil. 
Further inspection of Table II shows that, like­
wise, the data at 1000 and 210.2°F indicate that 
the effect of pressure is the greatest on the 
viscosity of the California oil and the least for the 
Pennsylvania oil. Assuming that the California 
oil is of more complicated composition from the 
standpoint of viscosity, due to the probable 
greater number of ring compounds or cyclo­
paraffins (C"H 2 .. ), it is not surprising that the 
effect of pressure is greatest for this sample. It 
has been previously mentioned that the viscosity 
of liquids under pressure is a strong function of 
composition and one must admit that the vis­
cosity effects in these oils are exceedingly compli­
cated due to the corresponding complication of 
chemical makeup or structure. 

The second order effects are: that of pressure 
on the average temperature coefficient of vis­
cosity, and that of temperature on the average 
pressure coefficient of viscosity. Considering the 
effect of pressure on the temperature coefficien t of 
viscosity computed between 1000 and 210.2°F, 

T il E Summer Session of the U:niversity of Rochester, College of Arts 
and Science, announces two Sli mmer C;:0uTses III ph.otogra~hy to be 

J:ivcn under lhe joint auspices of !hc Institute of Applied OptiCS of lhe 
University of Rochester and the l"!:a~lman Kodak Resca~cI~ Laboratory 
ilnd Ululcr the immediate supervi Sion of Dr. T., R. Wilkins and D.r. 
\Valle T Clark. These courses, concentrated c,ach IIlto three w('e.ks. will 
be ~imilar to those ~ivcn in the regular clirnculllTTl of the In stitute of 
Optics. The elementary course will rlln ,from June 22-July 13 an~l the 
advanced from July 5-23 . The lectnres III the advanced COll~SC will he 
J:iven by c. E. K. Mees. L . A. Jone" and w. Clark of the Kodak Re­
search Laborntorics. The courses <.>vcrlnp by a, week 111 willeh tOPICS 
common to both (such as tile ma~lI1g of emulSions ~\I1c1 color photo~· 
raphy) will be covered. RegistratIon may be !or eIther one or both 
courses. 
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it has been found that for th~ Pennsylvania oil an 
increase of 20,000 Ib. / in. 2 increases the coefficient 
by 5 percent, for the Oklahoma sample an 
increase of 18,000 Ib. / in. 2 increases the coefficient 
by 7.8 percent, and in the case of the remaining 
oil, the increase amounts to 10 percent for a 
pressure difference of only 14,000 Ib./in. 2• Noll' 
the effect of temperature on the iJressure coeffi­
cient of viscosity, averaged over 10,000 Ib. / in. 2, 

is more noticeable although the changes occur in 
the same order; an increase of 1l0.2°F decreases 
the pressure coefficient by 18 percent for the 
Pennsylvania oil, 53 percent for the Oklahoma 
oil, and 76 percent for the California oil. Quali­
tatively, these oils show the same abnormality as 
pure liquids at high pressures in the relative 
change of viscosity with temperature,S most 
temperature effects being less at high pressures 
due to the constraining action of the high pres­
sure on the normal thermal agitation in the 
liquid. These considerations show clearly that the 
influences of temperature and pressure on the 
first order effects of viscosity are correspondingly 
greater for the California oil than for the 
Pennsylvania oil. 

In conclusion, it may be said that the changes 
of viscosity of these oils are remotely connected 
with the volume changes that occur in the 
pressure range of these experiments. For a 
pressure of 28,400 Ib. / in. 2 at 210°F the change of 
volume of these oils is about 10 percent, as 
contrasted to a change of viscosity which may be 
as high as 80-fold. It has been shown l2 with the 
available data on volume and viscosity that 
Batschinski's relation, which states that viscosity 
is a function of volume alone, is not valid for fluid 
lubricants at high pressures. The data of this 
paper likewise show the invalidity of the relation 
when viscosity is found as a function of volume. 

12 R. B. Dow, Physics 6, 270 (1935) . 

The advanced course will cover such topics as the production and 
physical characteristics of the developed ilTla~c. the theory of lOlle 
reproduction, the natllre of the Intent image, color sensitive clllulsion:-. 
filters and various mcthods of practical sensitometry. In addilion there 
will be an opportunity for those wishin~ to gain some acquaintance 
with the lcchnif)lIcs in two specialized fields: 

Jllly 5- 9 Photographic photometry and spcctrophotometry. 
Brian O'Brien. 

July 12- 16 The pholo~raphic emtl lsion as a tool in atomic nuclear 
research. T. H.. \Vilkiu s. 

Trips of inspection of the Kodak Park Laboratories and the Kodak 
Camera \Vorks will be featured. A deta iled announcemC'nt llIay he 
ohtained by addressing the InstiLlIte of Applil'd Optics, or the director 
of the Sum11ler Session of the University of Rochester. 
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