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concentric cylinder viscometer, an extrapolation 
of the curve in Fig. 1 over an interval of merely 
27°C is quite easy and reliable. From an enlarge­
ment of this figure we thus estimate 7J = 1013 .2 

poises at 240°. 
In the case of glucose glass the transition region 

centers around 25°C and the viscosity study~ 
previously referred to yielded a value of 1013 .1 

poises at this temperature. A more recent, un­
published investigation in this laboratory also 
gives values ranging from 1013 .2 to 1014.1 poises 
at 25°, depending on the extent of the annealing 
and previous working of some glassy glucose 
fibers. Moreover, some viscosity studies on com-

mercial inorganic glasses6 have yielded values in 
the neighborhood of 1013 . 7 poises for this transi­
tion region. 

It thus appears that the transition region in 
glass-forming materials, whether these be in­
organic or organic in character, or composed of 
only one component or of several components, 
can be in general identified with a viscosity of 
the order of 1013 to 1014 poises. This rule, while 
purely empirical at present, should be very useful 
in the study of amorphous solids. 

• w. E. S. Turner, The Constituti01' of Glass, The Society 
of Glass Technology, Sheffield, England (1927), pp. 73 
and 160. See also Samsoen, Comptes rendus 182, 517 
(1926). 
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The Viscosity of Mixtures of Liquids at High Pressures! 

R. B. Dow, Research Laboratory of Physics, Harvard University 

(Received December 10, 1934) 

The effects of pressure and temperature change on the 
,·iscosity of organic, binary mixtures have been investi­
gated by methods developed and used by P. W. Bridgman. 
Six mixtures have been examined over the entire concen­
tration range at two temperatures, 30· and 75·C, and at 
pressures extending to 12,000 kg/ cm2• The isobaric, log 
,·iscosity-concentrat ion curves for n-hexane carbon di­
sulphide, and n-hexane n-decane are linear at both tem­
peratures, indicating that these mixtures obey Arrhenius' 
empirical equation for the viscosity of a binary mixture. 
It is believed that a comparatively simple type of inter­
locking a mong molecules occurs in these mixtures due to 
the effect ively linear structure of the molecules and the 

To study the effect of hydrostatic pressure 
on the vis,cosity of pure liquids, P. W. 

Bridgman2 investigated forty-three pure liquids 
through a pressure range of 12,600 kg/ cm2 at 30° 
and 75°C. His data indicate that viscosity at 
high pressures is entirely different from that at 
ordinary conditions and that the "free-space" 
between molecules is largely decreased, crowding 
the molecules together in such a way that some 
sort of interlocking takes place. This conception 

I This paper is a summary of a thesis presented to the 
Graduate School of Arts and Sciences, Harvard University 
in partial fulfilment of the requirements for the Ph.D. in 
physics (1933). . 

I P. W. Bridgman·, Proc. Am. Acad. 61, 57 (1926). 

absence of non-uniform molecula r fields such as wou ld 
cause some. sort of associat ion . For the rema ining mixtures: 
n-hexane diethyl ether, n-hexane ch lorobenzene. n-pentane 
benzene. and eugenol carbon disul phide, t he corresponding 
viscosity isobars are more complex; irregularities occur in 
certain regions of concentration which vary with tempera­
ture and pressure .,In these latter mixtures, the inte rlocking 
at high pressures is complicated by the structural differ­
ences of the component molecules and their effects. The 
viscosity of n-decane as a function of pressure and tem­
perature has also been investigated. Density data at 

. atmospheric pressure and 30· a re included in t he paper. 

gives a possible reason for the great increase in 
viscosity at high pressures. 

I t becomes interesting to extend such measure­
ments of viscosity at high pressures to inClude 
mixtures of liquids for it is obvious that with 
different kinds of molecules in mixture the 
interlocking can be studied more completely 
than for pure liquids, since it is believed that the 
degree of interlocking depends on the size and 
shape of molecules. Consequently, this paper is 
devoted to the effects of various pressures a nd 
temperatures on the viscosity of six liquid, 
organic mixtures. With the exception of n-decane, 
the pure liquids used for the mixtures have been · 
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studied by Bridgman.2 The viscosity of n-decane 
at 30° and 75°C through a pressure range of 6000 
kg/ cm2 is included in this' investigation. In 
a.ddition tq the viscosity measurements, the 
density-concentration data at 30°C and atmos­
pheric pressure are recorded for completeness. 

~ETHOD AND EXPERIMENTAL PROCEDURE 

The method of preparing the mixtures was 
comparatively simple. The volume of each liquid 
was determined by a calibrated pipette which 
discharged between two graduations, and im­
mediately after mixing, the density of the mix­
ture at 30° was determined by ' a calibrated 
pycnometer which was fitted with ground glass 
caps to prevent evaporation. 

The method employed in the viscosity meas­
urements was that of Bridgman .2 As the vis­
cometer has been described previously,2, 3. 4 it 
will suffice to recall the essentials of the instru­
ment for the reader. It is of the falling-weight 
type consisting of a small cylindrical weigh t 
which is allowed to fall a few centimeters in a 
hollow steel cylinder of slightly larger internal 
diameter, the time of fall being measured electri­
cally with a suitable timing device. In this way, 
the relative viscosity is measured by the time 
of fall. The time of fall could be found in opposite 
directions by enclosing the viscometer in a 
specially shaped pressure chamber which was 
connected to the remainder of the pressure 
apparatus in such a way that the whole assembly 
could be rotated through 180° by hand. 

The pressure apparatus was of the type 
commonly used by Bridgman3 in his investiga­
tions at high pressures, and was set up hori­
zontally so that the viscometer could be rotated 
in a simple way. The pressures were determined 
as previously in this laboratory by measuring 
the changes of resistance of a manganin coil that 
was connected in the high pressure side of the 
press. The pressure chamber that contained the 
viscometer was surrounded by a constant tem­
perature bath of water, the temperature being 
read on a corrected thermometer. 

a P. W. Bridgman, Physics of High Pressure Chap 12 
The Macmillan Co. (1931). ,. , 

• E. Hatschek, Viscosity of Liquids, Chap. 6, Blackie 
and Son5 ·(1928}. 

TAnLE 1. De1Isities, r (in g/cm3 ) of 11H:y;tures of varying 
concentrations (in mote percent). 

Cone. Dens . 

1 . n-HEXANJ<: 
C AP-BO N 

DISULPHIDE 
3 \.8 0.959 
58 .2 0.802 
41.1 0.890 
20.2 \.0<13 
13.4 \.110 
4.9 1.190 
0.0 \,244 

82.9 0.702 
46.4 0.856 
41.1 0.890 
73.5 0.738 
65.1 0.771 
54.7 0.8 16 

100.0 0.654 

2. n-HEXANE 
D[ETHYL 

ETHER 
44.2 0 .67 1 
70.2 0.658 
20.8 0.689 
29.8 0.684 
34.6 0.680 
55.9 0.668 
88.8 0.656 
10.2 0.698 

100.0 0.654 

Cone. D ens. 

2. n-I-IEXANE 
DIETHYL 
ETHER 

0.0 0.701 
33.1 0.682 
28.3 0.685 
35.4 0.67Q 
4\.8 0.673 
79.8 0.662 
49.7 0.673 
16.5 0.692 
75.5 0.662 
84.1 0.659 

J.n-HEXANE 
1I-DECANE 

40.1 0.687 

100.0 0.727 
70.0 0.707 
28.6 0.680 
59.2 0.700 
85.7 0.717 
50.4 0.694 
19.7 0.673 
4.6 0.663 

13.5 0.1;70 
94.1 0.723 
77 .0 0.7 12 

0.0 0.660 

Cone. Dens . 

4.1l - HEXANE 
CltLORO­
BENZENE 

49.0 0.8S1 
75.5 . 0.97S 
34.0 0.787 
63.0 0.914 

100.0 1.098 
88.4 1.042 
17.6 0.722 
94.6 1.074 

5.1 0.678 
1.8 0.667 

97.3 \.087 
90.0 1.050 
69.6 0.945 
87.4 1.036 
92.8 1.062 
96.4 1.082 

9\.5 \.056 
9.9 0.692 
3.5 · 0.670 

13.0 0.706 
7.6 0 .684 
9.0 0.690 

95 .0 1.076 
80.0 0 .998 

3.0 0.669 
11.5 0.700 
0.0 0.660 

DATA 

Cone. Dens. 

5. ft-PEXTAl\"E 
BENZENE 

43.8 0.74R 
11.5 0.837 
66.2 0.693 I 
82.4 0.651 
28.0 0.781 
52.3 0.725 
75.1 0.612 

100.0 0.617 
0.0 0.869 

59.2 0.70i 
36.2 0.765 
19.8 0.809 
55.6 0.716 

6. EUGENOL 
CARDON 

DlS1!LPHlnE 
10.5 1.194 
28.2 1.143 
54.1 1.091 
20.8 1.161 
43.9 1.116 
52.0 1.100 

0.0 1.244 
100.0 1.054 
69.2 1.078 
86.8 1.062 
33.9 1.130 

5.1 1.219 
80.0 1.061 

The following six mixtures were studied 
through the entire range of concentration: 
n-hexane carbon disulphide, n-hexane diethyl 
ether, n-hexane n-decane, n-hexane chloroben-' 
zene, n-pentane benzene, and eugenol carbon 
disulphide. ~ost of the liquids were of the best 
grade of Eastman and some were further purified 
by redistilling. Table I is a summary of the 
density data obtained as results of the pyc­
nometer measurements. 

The measured quantities for a viscosity de­
termination . were time of fall, pressure and 
temperature. The viscosity was computed from 
the time of fall by applying correction formulas2 

for the various errors caused by pressure effects. 
Following Bridgman, the common logarithm of 
the viscosity, instead of the viscosity itself, is 
given because of the very rapid increase of 

. viscosity with increase of pressure. The viscosity 
of each mixture at atmospheric pressure at 30° 
was taken as unity, and the relative viscosity 
computed from loglo tl to, t being the corrected 
time of fall at a certain pressure and temperature, 
and to the time of fall at atmospheric pressure 
at 30°. The values of 10glO lito at 30° and 75°, 

T.o\lJJ. 
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TABLE ~I. lfisc.osily of lI-decal/e. Values of log 1/10 where 10 
IS the ttme of fall at 30°C and atmospheric 

pressure (log 10 =0.826). 

Pressure Log 1/10 
(kg/ em') 30° 75° 

1 ' 0.000 0.208 
500 0.184 0.005 

lOW 0.356 
2000 0.659 0.359 
3000 0.939 0.585 
4000 1.212 0.785 
6000 1.163 

10gIO to," and the pressures in kg/ cm2 are given 
in Table n for n-decane, and with the molar 
concentrations in Table III for the six binary 
mixtures. In the course of these experiments, the 
viscositips of the pure liquids were redetermined 
~nd the values found to be in good agreement 
with those of Bridgman, the disagreement in 
any case not amounting to over two ·percent . 

As Table III does not show the interesting and 
unusual features exhibited by these results, 
isobaric viscosity-concentration diagrams are 
given in several instances in order that the 
significance of the data may be better visualized. 

I t is difficult to estimate the error in these 
experiments. The total percentage error esti­
mated for a typical mixture of n-hexane chloro­
benzene at a pressure of 500 kg/ cm2 at 30° 
amounted .to about two percent, and increased 
to three percent at 75°. At higher pressures 
these errors became less. However, on estimating 
that part of the error contributed by the data of 
Table III by considering how well the experi­
mental points fitted a smooth curve, the maxi­
mum deviation of a plotted point from the 
smooth viscosity-pressure curve for the same 
mixture at 30° corresponded to an error of 0.5 
percent in the fall time. The remaining 7 points 
fitted the curve within the error of drawing. 
The similar curve at 75° showed that all the 
points fitted it without any noticeable deviations. 
Consequently, since the greater part of the total 
error came · from the errors in the quantities of 
Table III, it is reasonable to expect that the 
total error amounted to less than that estimated 
as the percentage error. 

• The viscometer was hot designed for high accuracy in 
the time of fan, to at atmospheric pressure; hence these 
values should be used with caution in further applications. 

DISCUSSION OF RESULTS 

(1) Viscosity of n-decane at various pressures 
and temperatures 

The viscosity of n-pentane, n-hexane and 
n-octane of the methane series has been investi­
gated under various pressure and temperature 
conditions by Bridgman.2 The data of this paper 
extend these measurements to include n -decane. 
In general, the pressure coefficient of viscosity, 
as well as the temperature coefficient, is similar 
to those of the other paraffins that have been 
studied . . The relation between the logarithm of 
viscosity and molecular weight is apparently 
simple for the members of this series at high 
pressures. By plotting log viscosity against 
molecular weight for these liquids at 4000 kg/ cmz 

and 30°, it will be found that the points lie on a 
. curve which closely approaches a straight line . 
Also, at 75° a similar curve at 6000 kg/cm2 

approaches linearity. 

(2) Viscosity-concentration curves at constant 
pressure, at 30° and 75° 

The isobaric viscosi ty-concen tra tion curves, 
plotted from the data of Table III, may be 
conveniently divided into two classes. First, the 
curves for which the log relative viscosity is a 
linear function of the molar concentration 
through the entire pressure range at 30° and 75°, 
representing the mixtures n-hexane carbon di­
sulpride and n-hexane n-decane, Figs. 1 and 2, 
the curves at 75° being omitted as they are 
qualitatively similar. Secondly, the curves of 
the remaining mixtures under similar conditions 
for which the log relative viscosity varies in a 
complicated way with the molar concentration, 
Figs. 3 to 9 inclusive. 

The components of the mixtures of the firs t 
group are similar in that they are simple nonpolar 
liquids which would be expected to dissolve in 
solution without the complications due to non­
uniform molecular fields. A priori, it might be 
thought that the tendency of the molecules would 
be toward an end-to-end arrangement, con­
tributing to an orientation more or less parallel 
to the lines of flow, the viscosity being the 
resistance of these parallel layers of molecules 
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TABLE I I I. Viscosity of mixtures as jllncliotJ of COltcentralion and pressure. 

Pressu re Log 1/ 1. Log 1/ 1. Pressure Log 1/ 1. Log 1/ 1. Pressure Log 1/ 1, Log 1/ 1. 
(kg/em') .10· 75· 30- 75· (kg/ em') 30· 75· 30· 75· (kg/em') 30· 75· 30· 75· 

1. n·HEXANE CARDON DtSULPlilDE 2. U-HEXANE DJETIIYl. ETHKR-Continued. J. n-HEXANF. tt-D ECANE--Couti"ued. 

31.8 mole 58.2 mole 20.8 mole 29.8 mole 85.7 mole 50.4 mole 
'70 C.II" '70 C.H" t;'o CtlI114 % C.II" % CIOII" I;.~ C '011 :!'Z 

lOR I. = 0.508 log I. = 0.4 70 log I. = 0.352 log I. = 0.359 log 10 = 0.768 In!: 10 = 0.63 1 
1 0.000 0. 103 0.000 0.IS3 I 0.000 0.080 0.000 0.060 1 0.000 0.196 0 .000 0.186 

500 0.104 0.003 0.150 0,0\5 500 0.134 0.036 0 . 118 0.032 500 0.199 0.016 0.187 0.010 
1000 0.202 0.089 0.259 0.102 1000 0.248 0.141 0.225 0.120 1000 0.362 0.110 0.350 ('.120 
2000 0.371 0.242 0 .447 0.297 2000 0.442 0.323 0.414 0.280 2000 0.642 0.367 0.620 0.379 
4000 0 .644 0.471 0.750 0.570 4000 0.739 0.606 0.721 0.549 3000 0.909 0.585 0.841 0 .564 
6000 0 .849 0.660 0.990 0.785 6000 0 .972 0.822 0.997 0.769 4000 1.170 0.783 1.061 0.758 
8000 1.031 0.830 1.226 0.965 8000 1.210 1.000 1.239 0.959 

10000 1.239 1.015 1.480 1.169 10000 1.447 1.164 1.475 1.143 19.7 mol e 4.6 mole 
12000 • 1.315 1.330 % CIO!·I" % Cool I" 

13.4 mole 4.9 mole log 10 = 0.503 lOR 10 = 0.420 
% Coli" %C,H •• 34.6 mole 55.9 mole 1 0.000 0. 151 0.000 0.135 

log 10 = 0.529 log I. = 0.537 % C.H" %C.H " 500 0.175 0.010 0.179 0.012 
I 0.000 0.141 0.000 0.117 log I. = 0.348 log t. ~ 0.371 1000 0.328 0.163 0.327 0.140 

500 0.093 0.041 0.080 0.040 1. 0.000 0.005 0.000 0.110 2000 0.58 1 0.363 0.563 0 .. 360 
1000 0.165 0.050_ 0. 159 0 .031 500 0.132 0.079 0 . 148 0.005 3000 0.79 1 0.549 0.749 0.539 
2000 () .339 0.201 0.304 0.159 1000 0.250 0.160 0.273 0.111 4000 0.970 0.712 0.926 0.705 
4000 0.574 0.444 0.540 0.364 2000 0.450 0.311 0.485 0 .304 
6000 0.740 0.633 0.707 0.528 4000 0.752 0.572 0.809 0.609 13.5 mole 94.1 mole 
8000 0.902 0.749 0.880 0.669 6000 1.012 0.809 1.095 0.842 % C"H" %C IOH " 

10000 1.109 0.900 1.060 0.831 8000 1.272 1.015 1.364 1.049 log I, = 0.462 log I. = 0.801 
10000 1.529 1.202 1.619 1.261 I 0.000 0.137 O.()(IO 0.231 

20.2 mole 46.4 mole 12000 1.380 1.469 500 0.187 0.017 0.179 0.006 
% C.H" % C.H" 

88.8 mole 10.2 mole 1000 0.336 0.157 0.347 0.103 
log I. - 0 .498 log to = 0.470 2000 0.570 0.377 0.650 0 .374 

1 0.000 0.117 0 .000 0.124 % C.H" %C.H" 3000 0 .769 0.557 0.921 0.597 
500 0.100 0.024 0.136 0.005 log 10 = 0.401 log I. = 0.324 4000 0.954 0.710 1.198 0.781 

1000 0.195 0.060 0.230 0.100 1 0.000 0.109 0.000 O.OH 
2000 0 .349 0 . 106 0.425 0.276 500 0.143 0.022 0.130 0.040 77.0 mole 
4000 0.599 0.427 0.695 0.533 1000 0.275 0.139 0.241 0.121 '70 CIOII" 
6000 0.791 0.618 0.918 0.732 2000 0.501 0 .342 0.431 0 .270 log 10 = 0.731 
8000 0.979 0.789 1.140 0.891 4000 0.8S7 0.639 0.729 0 .S26 I 0 .000 0 .204 

10000 1.201 0.831 1.390 1.076 6000 1.16S 0.883 0.979 0.743 500 0.181 0.004 
8000 1.474 1.109 1.210 0.942 1000 0.340 O. I\S 

41.ll1Iole 82.9 mole 10000 1.770 1.330 1.428 1.130 2000 0.629 0.3M 
%C.H" '70 C.II,. 12000 1.550 1.314 3000 0.876 0.574 

log I. - 0.484 log I. - 0.4.~2 4000 1. 112 0.767 
I 0.000 0.132 0 .000 0.111 33.ll1Iole 28.3 mole 

500 0.126 0.024 0. 164 0.012 % C.H" % C.II" 4. n-HEXANE CIILORODENZESE 
1000 0.226 0.075 0.295 0.125 log I. = 0.349 log I. = 0.346 
2000 0.407 0.247 0.520 0.325 I 0.000 0.094 0.000 0.095 49.0 mole 75.5 mole 
4000 0.669 0.499 0.850 O.MO 500 0.140 0.022 0.141 0.019 % C. ~1..CI 70 C.II:.CI 
6000 0.900 0.705 1.130 0 .885 1000 0.262 0.129 0.262 0.121 log 10 = 0.563 log 10 = 0.6R I 
8000 1.100 0.886 1.398 1.092 2000 0.469 0.310 0.456 0.305 I 0.000 0.160 0.000 0.186 

10000 1.332 1.057 1.665 1.310 4000 0.790 0.596 0.739 0.591 500 0.122 0.0'10 0.131 0.067 
6000 1.057 0.825 0 .994 0.812 1000 0.242 0.075 0 .253 0.047 

73.5 mole 54.7 mole 8000 1.306 1.028 1.2'>0 1.009 2000 0 .466 0.290 0.4 76 0.25 I 
% C.H" % C.H" 10000 1.540 1.204 1.506 1.199 4000 0.860 0.639 0.860 0.585 

log 10 = 0.440 log 10 - 0.465 12000 1.395 1.389 6000 1.212 0.921 1.277 O.MI 
I 0.000 0.158 0.000 O.IIQ 

35.4 mole 41.8 mole 8000 1.530 1.150 1.778 1.147 
500 0.151 0.000 0.125 0.008 

1000 0.279 0.128 0.240 0.097 % C.Il" % C.I-I" 34.0 mole 6.1.0 mole 
2000 0.492 0.330 0.440 0.282 log I. = 0.361 log 10 = 0.354 % C.H,CI % C.I·l;C! 
4000 0.820 0.610 0.740 0 .560 I 0·000 0.110 0.000 0.090 log 10 = 0.509 log 10 = 0.628 
6000 1.080 0.828 0.966 0.775 500 0.129 0.009 0.133 0.012 I 0.000 0 . 145 0.000 0.169 
8000 1..l26 1.035 1.198 0.940 1000 0.247 0.120 0.253 0.110 500 0.136 0.010 0.12; 0.0401 

10000 1.606 1.258 1.469 1.140 2000 0.4'>0 0.313 0.456 0.295 1000 0.260 0.109 0.249 0.072 
4000 0.771 0 .605 0.764 0.601 2000 0.476 0.308 0.460 0.272 

65.1 mole 6000 1.049 0 .830 1.055 0.860 4000 0.820 0.600 0.840 0.586 
% C.I-I" 8000 1.320 1.039 1.340 1.089 6000 1.137 0.847 1.2 10 0.8]1 

log I. = 0.455 10000 1.601 1.244 1.629 1.300 8000 1.505 1.132 1.590 1.104 
1 0.000 0.133 12000 1.450 1.491 

500 0. 160 0.002 88.4 mole 17.6 mole 
1000 0.239 0.115 3. "-HEXANE n·DECANE % C.lhCI % C, ~l;c! 
2000 0.470 0.310 40.1 mole 70.0 mole 

log I. =0.749 log I. = 0.463 
4000 0.765 0 .. >90 I 0.000 9.1\15 0.000 0.174 
6000 1.036 0.805 % ClOlI .. % CIOII" 500 0.117 9.932 0.115 0.026 
8000 1.290 1.000 log 10 = 0.580 log t. = 0.716 1000 0.234 0.040 0.230 0.101 

10000 1.520 1.220 I 0.000 0.175 0.000 0.194 2000 0.462 0.234 0.4'>0 0.301) 

500 0. 185 0.016 0.186 0.002 4000 0 .900 0.5S5 O.RM 0.608 
2. n-HEXANE DIETHYL ETHER 1000 0.342 0.136 0.347 0.098 6000 1.330 O.1I42 1.2S7 a.sso 

2000 0.600 0.382 0.633 0.347 8000 1.760 1.170 1.630 1.095 
44.2 mole 70.2 mole 3000 0.810 0.554 0.878 0.561 
% C.H .. '70 C.I-I" 4000 1.021 0.757 1.125 0.765 94.6 mole 5.1 1110le 

log to - 0.362 log 10 = 0.398 % C.lhCl 70 CoIhCI 
I 0.000 0 .054 0.000 0.11.3 28.6 mole 59.2 mole log 10 = 0.766 leg I. = 0.419 

SOO 0 . 131 0.041 0.139 0.010 '70 CIOH" %C"lb 1 0.000 9.~10 0.000 0.15S 
1000 0.253 0.130 0 .260 0.122 lOll I, = 0.520 log I. = 0.657 500 0.11S 9.939 0.141 0.010 
2000 0.470 0.299 0.470 0.319 I 0.000 0.159 0.000 0.166 1000 0.225 0.025 0.276 0.115 
4000 0.813 0.600 0.795 0.632 500 0.179 0.001 0.187 0.013 2000 0.439 0.214 0.529 0.325 
6000 1.089 0 .. 860 1.089 0.881 JooO 0.331 0.136 0.349 0.135 4000 0.892 0.521 0.960 0.639 
8000 1.341 1.090 1.379 1.091 2000 0.580 0.355 0.620 0 .. 373 6000 1.403 0.809 1.316 0.881 

10000 1.617 1.2S1 1.677 1.290 3000 0.795 0.549 0.S56 0.580 7000 1.701 
12000 1.490 1.490 4000 0.992 0.727 1.089 0.767 8000 !.156 1.965 1.144 
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FIG. 1. Relative viscosity at 30° of n-hexane carbon 
disulphide against concentration. 

slipping over each other. Raman, and Krishnan 7 

from their studies on birefringence have con­
sidered that there is a tendency for nonspherical 
molecules to orientate under mechanical stress 
within a liquid; moreover, such an arrangement 
is most probable for a statistical energy distribu­
tion. 

Increase of pressure at constant temperature 
could not be expected to cause any irregularity 
in the orientation; rather, it should increase the 
uniformity of it. Bridgman's8 comment on this 
point is applicable to the present results: "Along 
with the idea of molecules with shape goes the 
conception that at high pressures these shapes 
must be forced more or less to adapt themselves 
to each other; in other words, the mQlecules must 
begin to show traces of regular arrangement. 
The regularity is by no means the thorough-going 
regularity of a crystal in which the molecules are 
permanently moored to certain mean positions, 
the molecules of the liquid still circulate about 
among each other, but 'as they slide past each 
other there may be a growing tendency at higher 
pressures to point the long axes in the direction 
of relative motion, for example. This increasing 
order of arrangement seems not only natural, 
but inevitable at high pressures." Increase of 
temperature would tend to break up the parallel 
orientation by increasing the thermal agitation. 

7 C. V. Raman and K. S. Krishnan, Phil. Mag. 5, 767 
(1928). 

8 P. W. Bridgman; Proc. Am. Acad. 42, 111 (1913). 
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FIG. 2. Relative viscosity at 30° of n-hexane n-decane 
against concentration. 

Under these conditions, the interlocking of I 
molecules probably takes place in a simple way. 

There have been several equations proposed 
for the viscosity of binary mixtures of chemically 
indifferent liquids 

7] = 7]lx7]2(I-x), Arrhenius. 9 (1) 

7]=7]lx+7]2(1-x), Kendall and Monroe.1o (2) 

'P= 'PIX+IP2(1-X), Bingham.1l (3) 

7]=7]I+(7]2-7]I)K2a2Zm / Klal(1-Zm) 
. +K2a2Zm, Ishikawa. 12 (4) 

'P = 'PIa + 'P2b - K(a -m) (VI-V2), 
Bingham and Brown.13 (5) 

log 7] = m . log 7]1 + (1- m) log 7]2 

- f(qm / R· P)dT, Lederer.14 (6) 

Lm = xLa + (1 - x) Lb 

Lm' =xL/ + (1-x)L2' +Cx(1-x), 
Cragoe. 1" (7) 

In these formulae, 7] is the viscosity of the 
mixture, 'P the fluidity, 7]1, 7]2, 'PI, 'P2, the viscosities 
and fluidities, respectively, of the components. 
I t has been usual to consider x as the volume, 

• S. Arrhenius, Zeits. f. physik. Chemie 1, 285 (1887). 
10 J. Kendall and K. P. Monroe, J. Am. Chern. Soc. 39, 

1802 (1917). 
11 E. C. Bingham, J. Am. Chern. Soc. 35, 195 (1906) . 
12 T. Ishikawa, Bull. Chern. Soc. Jap. 4, 5 (1929). 

. 13 E. C. Bingham and D. F. Brown, J. Rheology 3, 95 
(1932). 

14 E. L. Lederer, Kolloid-Bei. 34-35, 270 (1932). 
11 C. S. Cragoe, Proc. World Petroleum Congress, ' 

London F, .529 (1933). 
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FIG. J. Relative viscosity at 30° of II-hexane chlorobenzene 
against concentration. 
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FIG. 4. Relative viscosity at 75° of n-hexane chlorobenzene 
against concentration. 

weight and molar fractions, indiscriminately. 
For an explanation of the other symbols used in 
Eqs. (4) to (7) the reader is referred to the 
original papers. . 

The two mixtures of the first group, n-hexane 
carbon disulphide and n-hexane n-decane, obey 
Arrhenius' empirical equation of mixture. In 
these cases, the pressure and temperature coeffi­
cients of yiscosity of the components are additive 
in mixture, assuming no relative change in 
concentration with pressure and temperature" 
change, for since 

1'/ = 1'/%1'/(1-%), 

log. 1'/ =X log. 1'/1+ (1-x) log. 1'/2, 

A----O-- ____ --- ... 
...... -0 .. __ .... __ ....... "'~ __ ..d 

Q...5 ........... ___ _ _ ......... ""----. _-.--.0...---- ... --- -- .. · ....... ~ooo 

....... _ ... __ _ ~_-_A .... ~ .. ,------_-f4.- - j _ ___ .. - ._ .. -..h" "j"ooo 

" ......... -- -----'~....-.---- ...... -- --, -- - - _ ...... ..: - -------'··-500 

o 20 100 

FIG. 5. Relative viscosity at 30° of n-hexane diethyl ether 
against concentration. 
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FIG. 6. Relative viscosity at 75 0 of 1I-hexane diethyl ether 
against concentration. 

and 1 / 1'/ dl'/ / dp=x/ l'/l(dl'/r/dp) + l-x/ 1'/2(dl'/ddp); 
also, l / t dl'/ / dt = x/ TJ1(dl'/r/dt) + l-x/ 1'/2(dl'/ddt). 

. Consequently, it seems probable that the simple 
picture of interlocking of the long, similarly 
orientated molecules in these mixtures has some 
validity for one would not expect this type of 
interlocking to vary much with the concentra­
tion. 

The log viscosity curvesI6 of n-hexane diethyl 

1& Dotted lines have been drawn through the computed 
points while the solid straight lines in the figures represent 
the behavior of a mixture in which the pressure and 
temperature coefficients of viscosity of the components are 
additive. It is convenient to use these lines as bases of 
reference for the discussion of the actual curves. . 
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FIG. 7. Relative viscosity at 30° of eugenol carbon di­
sulphide against concentration. 

2.5 

FIG. 8. Relative viscosity at 75° of eugenol carbon di­
sulphide against concentration. 

ether, n-hexane chlorobenzene, n-pentane ben­
zene, and eugenol carbon disulphide display 
various kinds of irregularities which are in no 
way similar for these mixtures. For example, the 

O.S 
:30'C 

!' ....... -.................. 4.- ...... __ .. _ ....... - ... -- ............ -----500 

7S·C 

o.~ ____ .0 ___ . __ ....... -.. --_ ..... -..... - .- ---~---- .. -2000 

--~---.. .. -. .-- --.--- --.---.. -- -..---.---- 1000 

9.7l---'-_7---'_-:-:-_'--~--L-~;_-'-__::::_ 
o 20 40 60 60 100 , 

Mole 'T. ecH,. I 
FIG. 9. Relative viscosity at 30° and 75° of n-pentanc 

benzene against concentration. 

peaks in the hexane chlorobenzene isobars do not 
appear on the corresponding pentane benzene 
curves; also, the same curves for hexane ether I 
exhibit distinctive complexities. Inasmuch as 
these mixtures of the second group, with the 
exception of pentane benzene, contain a polar 
component, it is possible that complexes or asso­
ciations of molecules will affect the results. 
Although the effects of association, as judged by 
the departures of the density-concentration 
curves from linearity do not seem to be signif­
icant for the viscosity of the mixtures at atmos­
pheric pressure, the effects at high pressures 
may play important parts in the observed vis­
cosity. While the final free space arrangement [ 
of the molecules depends little on whether the 
molecules are in a combined or free state, it is 
clear that the effect on viscosity will be different, 
for the mechanism of viscous resistance involves 
relative motion of interlocked structures which 
in turn will depend on the molecules of the 
mixtures. I 

Bridgman17 in discussing association as applied J 

to his results on water at high pressures prefers I 
to leave open the question of whether pressure I 
increases or decreases the amount of association. 
although his results suggested that pressure 
merely influenced the effects of association with· 
out necessarily changing the amount . . Collins,ll 
from an investigation of the infrared absorptiont 
spectra of liquids known to associate, concludes 
that his results indicated no change in association 

IT P. W. Bridgman, ·Proc. Am. Acad. 47, 546 (1912). 
II J. R. Collins, Phys. Rev. 39, 305 (1930). 
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with change of pressure. Whether or not the 
dl'J,!ree of association changes with pressure, the 
effect of association apparently changes with 
pressure, becoming stronger with 10crease of 
pressure and consequently complicating the 
interlocking. 

From these considerations it appears probable 
that the interlockings in this group of mixtures 
are complicated by the structural differences of 
the component molecules and their effects. Thus 
the observed complexities in the viscosity isobars, 
Figs. 3 to 9 inclusive, are unique functions of 
mixture and they display such bewildering vari­
ations with concentration that it seems hopeless 
to attempt to express the viscosity at high 
pressures by a quantitative relation. It may be 
stated that the irregularities observed 10 the 
viscosity are of such magnitudes that it IS 

impossible to consider them as due to experi­
mental errors. 

The results for the n-pentane benzene mixtures 
are significant. While these mixtures might be 
classed with those in the first group, since all are 
composed of nonpolar components,' it is evident, 
however, from an inspection of Fig. 9 that the 
interlocking must be quite different. The de­
partures of the viscosity isobars from linearity 
at 30° are , in the nature of sags which extend 
uniformly over the concentration range and 
which vary greatly with pressure. But at 75°, 
the sags are much different, being absent or less 
in amount at the corresponding pressures; how­
ever, at the highest pressure, the qualitative 
natures of the curves become more nearly similar 
to those at 30°. There is no reason for abnormal­
ity in the pentane benzene mixtures due to such 
efTects as previously discussed and the inter­
locking would be though t characteristic of the 
component molecules. . 

A complete explanation of the sags in the 
viscosity isobars of the n-pentane benzene mix­
tures would necessitate more exact information 
about viscous interlocking. Yet, it does not 
5<'em unlikely that a change in orientation with 
change of pressure, effected in such a way that 
there is a tendency for the flat planes of the 
benzene molecules to become parallel with the 
direction of relative motion, might conceivably 

.~ . . 

result in an interlocking not unlike that which 
has been considered in the first group of mix­
tures. This particular type of interlocking 10 
pentane benzene mixtures offers a qualitative 
explanation of a relative viscosity less than that 
obtained if the pressure and temperature coeffi­
cients of viscosity of the components were 
additive in mixture. 

CONCLUSIONS 

The log viscosity for two mixtures, n-hexane 
carbon disulphide and n-hexane n-decane at 
different pressures and temperatures, has been 
shown to obey Arrhenius' equation for the 
viscosity of a binary mixture, indicating that the 
pressure and temperature coefficients of viscosity 
of the components are additive. It is believed 
that a comparatively simple type of interlocking 
occurs in these mixtures due to the effectively 
linear structure of the molecules and the absence 
of non-uniform molecular fields such as would 
cause some sort of association. For the mixtures 
n-hexane diethyl ether, n-hexane chlorobenzene, 
n-pentane benzene, and eugenol carbon di­
sulphide, few generalities can be stated about 
association of molecuies and the resulting kinds 
of interlocking at high pressures for they are 
specific properties of mixture. 

Th,e viscosity of liquids IS not at all well 
understood notwithstanding the theoretical ad­
vances of Raman19 and Andrade.20 While the 
viscosity of liquids at high pressures repre­
sents somewhat unusual experimental conditions, 
nevertheless it displays those salient features of 
structure which exist in liquids at more normal 
conditions but which probably are less effective 
in the comparatively large "free-space." Con­
sidering the results of this investigation, viscosity 
is a specific property of the molecule and as such 
it offers prohibitive difficulties for any complete, 
theoretical generalizations at present. 

This problem was suggested to the author by 
Professor P. W. Bridgman and it is a pleasure to 
acknowledge his interest and cooperation. 

IV C. V. Raman, Nature 3, 532 (1923); 3, 600 (1923). 
to E. N. da C. Andrade, Phil. Mag. 17, 497 (1934), and 

17, 698 (1934). ' 
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Errata: The Flow Characteristics of Sewage Sludge and Other Thick Materials 

WILHELlIl MERKEL, Stuttgart 

(Physics 5, 355, 1934) 

I N Fig. 2 of this paper there are some changes. 
The correct figure is published here. 
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FIG. 2. The . five types of flow of plastic bodies. Velocity 
distribution over bore of tubes. v and J are 'velocity and 
gradient in the tube. sand T are the shear and torque 
in the rotation viscometer. The lower part of figure shows 
variation in velocity across the pipe section. 
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