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New experimental data on the viscosity of 12 organic liquids are presented at 
temperatures of 25, 30, 50, and 75~ and at pressures up to 110 MPa. The 
liquids measured are five n-alkanes (C6, C7, C a, C10, Ci2), cyclohexane, and six 
aromatic hydrocarbons (benzene, toluene, ethylbenzene, o-, m-, p-xylenes). The 
measurements were performed using a torsionally vibrating crystal method on a 
relative basis with an uncertainty less than 2%. A linear relationship between 
fluidity and molar volume, which is predicted from the hard-sphere theory, fails 
at pressures above 50 MPa. The rough hard-sphere model proposed by Chandler 
provides a reasonable representation of the data for aromatic hydrocarbons, 
while for n-alkanes the agreement is not satisfactory because of an aspherical 
shape of molecules. The viscosity data can be correlated well with the molar 
volume by a free-volume expression and also can be represented as a function of 
pressure by a similar expression to the Tait equation. 

KEY WORDS: aromatic hydrocarbons; cyclohexane; free volume expression; 
hard-sphere theory; high pressure; n-alkanes; torsionally vibrating crystal 
method; viscosity. 

1. I N T R O D U C T I O N  

In  the scient if ic  a n d  t echno log ica l  fields, there is a grea t  n e e d  to o b t a i n  

accura te  viscosi ty da t a  of l iquids  over  wide ranges  of t e m p e r a t u r e  a n d  
pressure.  E v e n  at  the p resen t  t ime, re l iable  expe r imen ta l  va lues  of viscosi ty 

at  high pressures  are  l imited.  Th i s  is a sc r ibed  to the d i f f icul ty  in  m e a s u r e -  
m en t s  by  use of c o n v e n t i o n a l  t echn iques  u n d e r  special  cond i t ions ,  such  as 
low t empera tu re s  or high pressures.  Therefore ,  it is essent ia l  to es tabl ish  a 
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new technique for precise measurements over wide ranges of temperature 
and pressure. 

This paper describes a precise viscometer that utilizes the torsionally 
vibrating crystal method on a relative basis, and presents new experimental 
data on the viscosity of 12 organic liquids in the temperature range from 
25.00~ (298.15 K) to 75.00~ (348.15 K) at pressures up to 110 MPa. The 
experimental data obtained are compared with values reported in the 
literature and are used to examine several theories or empirical expressions 
on the viscosity of liquids at high pressures. 

2. EXPERIMENTAL PROCEDURE 

2.1. Principle of Experimental Method 

In the past, various techniques have been developed in order to 
determine the viscosity of fluids at high pressures. In such conventional 
methods, it is necessary to make a relative motion between the fluid and a 
part of the viscometer, such as rotation, oscillation, falling, or fluid flow. 
The difficulties were often attributed to these macroscopic motions under 
the special conditions. Also, the complicated structure and use of the 
viscometer, as well as ambiguities in the theory of the method, presented 
unfavorable conditions. 

In the present investigation, we chose a torsionally vibrating crystal 
method, in which the relative motion is microscopic. The torsional viscome- 
ter was originally developed for investigations in the theological field. The 
first attempt with this method to measure viscosity of fluids was reported 
by Welber and Quimby [1, 2]. Subsequently, the technique has been 
applied to lubricant oils [3, 4], organic liquids [5], fluids in low temperature 
ranges [6-11], and in the critical region [12]. Elaborate and representative 
work using this method are the measurements for cryogenic fluids at the 
U.S. National Bureau of Standards [7, 10, 13]. At the present time, this 
method is considered to be a precise technique with many advantages 
compared to the other methods [14]. 

The torsionally vibrating crystal method is based on the "converse" 
piezoelectric property of quartz. A quartz crystal is cut in the form of a 
right circular cylinder along the x axis, and four electrodes, opposite ones 
of which are connected electrically, are placed in the quadrants between the 
y and z axes. When an alternating electric field is applied across the two 
pairs of the electrodes, the crystal vibrates in a torsional mode, twisting its 
ends to the opposite direction. When the vibrating crystal is immersed in a 
fluid, a shear wave generated on the surface of the crystal is propagated 
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into the fluid. Viscous resistivity of the fluid results in changes of the 
electric characteristics of the crystal, mainly the resonance frequency and 
conductance. Therefore, with this technique measurements of viscosity of 
fluids reduce to those of the equivalent electric quantities of the crystal. 

The viscosity of the fluid 7/ is derived by solving the Navier-Stokes 
equation with appropriate boundary conditions as follows: 

7/0 = (M/S)2(f//Tr)(8 -- 80) 2 (1) 

where O is the density of the fluid, and M, S, and f are the mass, surface 
area, and resonant frequency of the crystal, respectively. 6 is the logarith- 
mic decrement of the crystal when immersed in the fluid, and subscript 0 
denotes a loss term due to internal friction of the crystal and its suspension. 
The logarithmic decrement of the crystal oscillation can be related to its 
resonant properties from a fundamental electrical theory, and the following 
expressions are obtained: 

~P=(M/S)2Orf)( Aff Af~ 2 f o  (2) 

or the rearranged form is 

(rrf~p) '/2= (R - Ro)K -1 

and 

(3) 

K = [S/(TrM)](R/Af) (4) 

where R is the resonant resistance of the crystal, and Af is the frequency 
bandwidth, the difference in frequency at the half-conductance points of 
the resonant curve of the crystal. As the quantities marked by the subscript 
0 are determined by measurements in vacuum, the viscosity of fluids can be 
calculated by the electrical measurements of R, f, Af in the sample fluids. 

2.2. Apparatus 

2.2.1. Quartz Crystal and Crystal Assembly 
The quartz crystal used was cut right cylindrically along the x axis 

within an accuracy of _+ 10 min of arc, and was 50.01 mm in length and 
5.000 mm in diameter. This crystal had a resonant frequency of about 39 
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kHz. The surface of the crystal was polished to an optical finish. Four gold 
electrodes were coated on the crystal surface by vacuum deposition in 
quadrants of 80 ~ between the y and z axes. The phosphor-bronze wires of 
0.182 mm diam were soldered at the longitudinal center of each electrode. 
They acted as both the electrical leads and mechanical support for the 
crystal. 

Figure 1 shows the cross-section of the crystal-holder assembly. Four 
brass strips, 2, were attached, by screws, to a pair of rings made of glass 
fiber-reinforced polytetrafluoroethylene, 4. The quartz crystal, 1, was sus- 
pended by four electric leads, which were connected to steel springs, 3. The 
crystal holder was vertically mounted in the cell, which was filled with the 
sample liquid. The bellows, 5, made of stainless steel (SUS 304), was used 
to transmit the pressure to the liquid and to separate it from the hydraulic 
oil. This cell was placed in a high pressure vessel made of stainless steel 
(SUS 420), which was immersed in a water bath thermostatically controlled 
to within ___ 10 mK. Temperature was determined with a standard thermom- 
eter calibrated by the National Research Laboratory of Metrology, Japan, 
and the accuracy is estimated to be better than ___ 20 mK. The pressure was 
generated with an oil pump and measured with a Bourdon gauge calibrated 
against a standard pressure balance with an error of + 0.1%. 

] 

I 

2 

1 

3 

I 

i , i  

Fig. 1. The torsionally vibrating crystal viscometer: 1, quartz crystal; 2, brass strips; 3, steel 
springs; 4; PTFE rings; 5, stainless steel bellows. 
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Fig. 2. Schematic diagram of the electrical measuring system. 

2.2.2. Electrical System 

The bridge technique was employed to measure the resonant properties 
of the torsional vibration of the crystal. Figure 2 shows a schematic 
diagram of the electric circuit. The crystal was connected in the unknown- 
arm of a transformer ratio-arm bridge, which could inherently eliminate the 
stray capacitance of the bridge and leads. The adjustable arm of the bridge 
consists of a variable conductor and a variable capacitor with resolutions of 
0.3 nS and 0.01 pF, respectively. The bridge was driven with an eight-digit 
frequency synthesizer with a stability of one part in l0 s and a resolution of 
1 mHz. The balance of the bridge was displayed as Lissajous' figure on an 
oscilloscope and was detected with an electronic voltmeter. 

2.3. Calibration of Instrument 

The viscosity of a fluid can be determined on an absolute basis using 
the viscometer described herein according to Eqs. (2)-(4). Although we first 
attempted to measure the viscosity of the liquids on an absolute basis, the 
viscosity data obtained were found to be 3-6% higher than values in the 
literature. These deviations would be ascribed partly to the uncertainty in 
measurements of the background damping. In the measurement of reso- 
nant properties of the crystal in a vacuum, an auxiliary conductance- 
capacitance box was required. However, the use of this external component 
would have made the measurements inaccurate. Therefore, we decided to 
conduct the measurements on a relative basis. Two correction factors a, fi 
and a', fi' were introduced in Eqs. (2) and (3), respectively: 

rio = a( M /  S )Z(rrf)(Af / f  _ fi)2 (5) 

- f i ' ) K  (6) 

where K is defined by Eq. (4). These instrument constants were determined 
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Fig. 3. Calibration curve for the viscometer on the basis of Eq. (5). 

using the literature values at atmospheric pressure of the twelve liquids 
[15-17] and the "viscosity standard liquids" JS 2.5 and JS 5, provided from 
the National Research Laboratory of Metrology, Japan. The density values 
of the twelve liquids were cited in the literature [18-23]. 

The calibration curve based on Eq. (5) is shown in Fig. 3 over the 
entire experimental range. ~ and/~ were determined by means of the least 
squares method. The calibration covers the viscosity range 0.2-4.2 mPa.  s. 
It was found that ~ was 1.00 within the experimental uncertainty and/~ was 
slightly dependent on temperature. /~ ranges from 1.1 • 10 - 4  at 25~ to 
1.8 X 10 - 4  at 75~ Another test for Eq. (6) was also attempted, and the 
viscosity values obtained by Eqs. (5) and (6) were found to agree well 
within _+0.1%. Therefore, in the present investigation, Eq. (5) was em- 
ployed to calculate viscosity. 

2.4. Uncertainties of Measurements  

In the torsionally vibrating crystal method, one of the assumptions in 
the derivation of Eq. (1) is that the flow of a fluid surrounding the crystal 
should be laminar. None of the earlier investigators discussed the problem 
of laminar-turbulent transition of the fluid flow theoretically or experimen- 
tally. Applied voltage across the crystal may be a measure of this problem 
[2], because the voltage relates to the velocity of the flow. Therefore, we 
tested several measurements at various voltages from 0.01 to 0.5 V under a 
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given condition. There was no evidence for the dependence of the results 
on the applied voltage. Since the present measurements were performed 
using applied voltages between 0.1 and 0.4 V, the viscosity obtained should 
be free from this sort of error. 

It is also assumed in Eq. (1) that the propagated wave on the crystal 
surface should be the plane wave. The maximum amplitude in oscillation 
and the penetration depth, (~rfp/~) 1/2, were within the order of 10 -3 or 
t 0  . 4  m m .  These values were sufficiently small in comparison with the 
crystal radius, so that the above assumption would be valid. 

The experimental results of 14 liquids used in the present calibration at 
atmospheric pressure were found to reproduce the literature values within 
_+ 1%. Therefore, the uncertainty of the viscosity values obtained was 
estimated to be less than 2%, taking into account the accuracy of the 
literature values used in the calibration. 

2.5. Materials 

All the sample liquids used in these measurements were supplied as 
reagent-grade from commercial sources. Although they were used in as- 
received condition without further purification, their purities were in excess 
of 99%. The impurities should not have affected the final results. 

3. EXPERIMENTAL RESULTS 

3.1. Pressure Effect on the Viscosity of Liquids 

The experimental data for the viscosity of 12 organic liquids were 
determined under pressures up to 110 MPa along four isotherms of 25, 30, 
50, and 75~ Approximately 80 data points for each liquid were obtained. 2 
Figure 4 illustrates the typical pressure dependence of the viscosity of 
cyclohexane together with some literature values [5, 24-26]. The viscosity 
isotherms of other liquids show similar behavior, and 50~ isotherms of 
seven liquids are given in Fig. 5 

The relative visocity ~p/~0, the ratio of viscosity at high pressure to 
that at atmospheric pressure, of the liquids at 50~ is shown in Fig. 6. An 
interesting tendency was noted in the sign of the temperature coefficient of 
the relative viscosity [O(~p/~0)/~ Tie; that is, for n-alkanes, it changes from 
positive (C 6, C7) to negative (C10, C12 ) through nearly zero (C8); for 
aromatic hydrocarbons, the sign is nearly zero except for o-xylene (nega- 
tive); and for cyclohexane, the sign is positive. 

2The raw data are available from T. Makita on request. 
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Fig. 6. Relative viscosity of liquids as a function of pressure at 50~ 

3.2. Comparison with Literature Values 

Bridgman [26] measured viscosity of numerous liquids at pressures up 
to 1200 MPa by a falling weight method. Only a few of his data points can 
be compared with the present results, because he performed the measure- 
ments at pressure intervals of 50 or 100 MPa. His results agree with the 
present ones within the combined uncertainties, taking into account his 
accuracy of 2-5%, for n-hexane, n-decane, cyclohexane, benzene, toluene, 
and xylene isomers. Recent extensive data by Dymond and his coworkers 
[24, 27-29] obtained by a falling weight viscometer are in good agreement 
within _ 2% with our results for n-octane, n-dodecane, cyclohexane, and 
benzene, exept n-hexane at 50~ where the maximum deviation amounts 
to 4%. 

For n-hexane, n-heptane, and n-octane, the discrepancies between the 
present results and the values of Agaev and Golubev [30, 31 ] did not exceed 
4%, while their pressure coefficient of viscosity is larger than that of this 
work. Agreements of the present results with Dickinson's data [32] by a 
falling weight method and with data of Brazier and Freeman [33] by a 
rolling ball method were not good for n-hexane and n-octane. Collings and 
McLaughlin [5] measured the viscosity of several organic liquids using a 
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torsionally vibrating crystal method. Their results agree with the present 
data within 4% for cyclohexane and benzene. The measurements of 
Guseinov et al. [25] by a transpiration method lack internal consistency as 
shown in Fig. 4. Data of Jobling and Lawrence [34] by a falling weight 
method and those of Parkhurst and Jonas [35] by a rolling ball method 
deviate by nearly 3% for benzene. The data of Mamedov et al. [36] for 
benzene and those of Akhundov et al. [37] for toluene by a transpiration 
method agree very well with the present results, within a maximum devia- 
tion of less than 1%. The viscosity of ethylbenzene as measured by 
Akhundov [38] lies far above the present data. 

3.3. Empirical Representation of Viscosity with Respect to Pressure 

Various empirical expressions have been proposed in order to repre- 
sent viscosity data as functions of pressure and temperature. First, we 
attempted to fit the viscosity and the logarithm of the viscosity obtained to 
simple isothermal polynomial equations of pressure, and it was found that 
these expressions could reproduce the present results satisfactorily under 
the entire experimental conditions. 

It is well known that the Tait equation reproduces PVT relations of 
many organic liquids [18, 21]. A similar expression was tested: 

(~/-  ~/0)/~ = E ' l n [ ( D '  + P ) / ( D ' +  0.1)] (7) 

where ~/0 is the viscosity at 0.1 MPa. The viscosity data of aromatic 
hydrocarbons and cyclohexane were fitted satisfactorily, while the fit to 
n-dodecane, which shows strong pressure dependence of the viscosity, was 
somewhat inferior. Some modification of the left-side term yields 

ln(~/~0) = E ln [ (D + P)/ (D + 0.1)] (8) 

This equation was found to give a good representation of the present 
results. The values of the coefficients of the equation are listed in Table I, 
in which the average and maximum deviations are also shown. The second 
derivative of Eq. (8) with respect to pressure is always negative, so it means 
that this expression could not be applied to liquids whose viscosity in- 
creases rapidly with pressure. 

4. DISCUSSION 

4.1. Linear Relation of Fluidity to Molar Volume 

The fluidity, the reciprocal of viscosity, of liquids relates to the free 
volume, as represented by the following equation: 

1/71 = A'+ B ' ( V -  V,)/V, (9) 



Substance 
Temp. 

(~ 

Table I. Coefficients of Eq. (8) 

r/o D 
(mPa .  s) E (MPa) 

Avg. dev. 
(%) 

Max. dev, 
(%) 

n-Hexane 

n-Heptane 

n-Octane 

n-Decane 

n-Dodecane 

Cyclohexane 

Benzene 

Toluene 

Ethylbenzene 

o-Xylene 

m -Xylene 

p-Xylene 

25 
30 
50 
60 
25 
30 
50 
75 
25 
30 
50 
75 
25 
30 
50 
75 
25 
30 
50 
75 
25 
3O 
5O 
75 
25 
3O 
5O 
75 
25 
3O 
5O 
75 
25 
30 
50 
75 
25 
30 
5O 
75 
25 
3O 
5O 
75 
25 
30 
5O 
75 

0.2964 1.173 l l0  0.2 
0.2844 1.158 109 0.2 
0.2334 1.018 86 0.4 
0.2126 0.8898 69 0.4 
0.3905 1.477 143 0.3 
0.3692 1.336 125 0.3 
0.3019 1.159 102 0.3 
0.2380 0.9854 77 0.4 
0.5094 1.840 175 0.3 
0.4806 1,650 154 0.3 
0.3862 1.361 )21 0.3 
0.3024 1,103 90 0.4 
0.8654 2.263 195 0,2 
0.8092 2.316 203 0.3 
0.6269 2.221 202 0.4 
0.4675 1.455 123 0.4 
1.3587 2.978 245 0.3 
1.2315 2.248 176 0.5 
0.9100 2.011 163 0.3 
0.6647 1.990 169 0.5 
0.8921 4.587 350 0.2 
0.8193 3.141 238 0.2 
0.6090 2.845 224 0.3 
0.4382 2.271 175 0.5 
0.6039 2.908 336 0.2 
0.5623 2.559 295 0.2 
0.4402 2.192 259 0.2 
0.3361 1.478 165 0.3 
0.5535 2.372 308 0.2 
0.5204 1.806 226 0.2 
0.4221 1.584 199 0.2 
0.3375 1.580 202 0.3 
0.6293 2.444 322 0.2 
0.5923 2.144 278 0.3 
0.4797 1.752 229 0.2 
0.3794 1.308 161 0.3 
0.7519 2.748 317 0.3 
0.7043 2.900 343 0.3 
0.5549 2.368 285 0.3 
0.4325 1.702 204 0.3 
0.5834 2.924 387 0.2 
0.5498 2.471 324 0.3 
0.4486 2.068 277 0.2 
0.3568 1.401 177 0.3 
0.6031 1.155 131 0.2 
0.5674 1.690 199 0.3 
0.4580 1.834 223 0.2 
0.3638 1,701 209 0.3 

0.7 
0.5 
0.9 
1.1 
0.8 
0.9 
1.0 
1.4 
1.3 
1.1 
1.1 
1.4 
0.7 
0.9 
0.9 
1.3 
0.8 
1.4 
0.5 
1.1 
0.8 
0.5 
0.8 
1.7 
0.4 
0.8 
0.6 
1.0 
0.7 
0.6 
0.8 
0.8 
0.5 
0.7 
0.6 
0.7 
0.9 
0.6 
0.8 
0.8 
0.6 
0.7 
0.7 
0.9 
0.3 
0.8 
0.8 
1.1 
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where V is the molar volume under a given condition, and V~ is the molar 
volume under a condition where the molecules cannot move any longer. A 
linear relation between the fluidity and molar volume was also suggested 
from both the smooth hard-sphere model [39] and the rough hard-sphere 
model [40]. 

Figure 7 shows the dependence of the fluidity on the molar volume. As 
the liquids measured are not the exact hard-sphere molecules, the linear 
relation holds only in the limited density range, namely, at pressures up to 
50-90 MPa. As pointed out by Dymond and Brawn [41], this expression 
provides an accurate description of viscosity in a restricted density range. 

4.2. Smooth and Rough Hard-Sphere Models  

One of the most successful interpretations of the viscosity of dense 
liquids is the rough hard-sphere theory proposed by Chandler [40], which 
has been examined by Jonas and his coworkers [35, 42, 43]. Based on a 
computer simulation [44], Chandler obtained the following expression for 



Viscosity of Hydrocarbon Liquids 301 

the smooth hard-sphere model: 

1 / ~/sHs = O.02358(~rmkT)- 1/202 

• [3.7043 - 6.3355na 3 + 2.6718(no 3)2] (10) 

where ~/sHs is in mPa . s ,  m is the molecular mass in 10 -3 kg, n is the 
number density in cm -3 (=  o/m), k is the Boltzmann constant, and a is 
the hard-sphere diameter in cm. This equation is valid over the density 
range of 0.70 < n o  3 <~ 0.97. The viscosity by the rough hard-sphere model 
rtRHS is proportional to that by the smooth hard-sphere model V/sH s as 

r/RHS = C~/SHS (11) 

where C is a parameter indicating the effect of translational-rotational 
coupling in this model. 

The applicability of the RHS model was examined by using the 
present results. The adjustable parameters o and C were simultaneously 
determined by statistical regression of the data along each isotherm with 
Eqs. (10) and (11). The RHS parameters obtained are shown in Table II, 
where the average and maximum deviations of the calculated values from 
the experimental data are also given. The RHS theory represents satisfacto- 
rily the viscosity of aromatic hydrocarbons, which have relatively rigid ring 
structures, while agreements of the model with the data of n-alkanes are 

Substance 

Table I1. The Hard-Sphere Parameters of Eqs. (10) and (11) 

a ~ Avg. dev. 

(A; 10 - l ~  m) C a (%) 

Max. dev. 
(%) 

n-Hexane 5.683-5.701 1.434-1.239 1.1 - 1.3 
n-Heptane 5.951-5.977 1.659-1.296 1.0-1.3 
n-Octane 6.213-6.226 1.852-1.448 1. I -  1.3 

n-Decane b 6.677 2.447-1.867 1.0-1.9 

n-Dodecane h 7.070-7.089 3.379-2.185 1.5-2.2 

Cyclohexane h 5.538-5.526 1.669-1.459 0.4-1.1 
Benzene 5.122 1.461-1.186 0.4-0.5 
Toluene 5.412 1.533-1.267 0.4-0.7 
Ethylbenzene 5.683 1.725-1.389 0.5-0.5 
o-Xylene 5.702 1.653-1.320 0.6-1.2 
m-Xylene 5.692 1.571-1.255 0.4-0.6 
p-Xylene 5.709 1.603-1.271 0.5-0.7 

aValues at temperatures 25-75~ (n-Hexane: at 25-60~ 
hSome of the data points exceed the density limit n o  3 <~ 0.97. 

2.1-3.3 
2.1-3.3 
2.2-2.6 

2.4-3.6 

3.6-5.4 

0.7-3.1 
0.7-1.1 
0.7-1.4 
1.0-1.4 
1.3-2.0 
0.9-1.5 
1.1-1.8 
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unfavorable. This suggests a limitation of the RHS theory for liquids 
composed of aspherical molecules. (The large value of C reflects the strong 
coupling effect partially due to their aspherical shape.) In addition, most of 
the data points for n-dodecane and some of those for n-decane and 
cyclohexane exceeded the density limit described above. 

Chandler demonstrated that o slightly decreases with increasing tem- 
perature, that the density dependence of o is negligible, and that C is 
independent of temperature and density. However, C is obviously depen- 
dent on temperature as presented in Table II. It is difficult to evaluate 
definitely the temperature dependence of o from the present measurement, 
since the experimental range of temperature is narrow and the variation of 
o with temperature is small. Jonas and his coworkers [35, 43] reported the 
values of o and C using their data of self-diffusion coefficient and viscosity: 
o = 5.12~5.05 A (10 -10 m) and C = 1.32 (average value) at 30-160~ for 
benzene, and o = 5.55~5.51 A and C = 1.61~1.31 at 40-110~ for cyclo- 
hexane. Their values are relatively in good agreement with the present 
results. 

4.3. Free Volume Expression 

The viscosity of several hydrocarbon liquids can be related to molar 
volume by the following equation of a free volume type: 

ln~/' = A + B V i / ( V -  Vi) (12) 

The quantity 7' is the reduced viscosity defined [41] as 

~'= IO0~V2/3/(MT) 1/2 (13) 

where ~/' is in units of mPa.  s, V is in cm 3 �9 tool-1, and M is molecular 
weight in 10 -3 kg.  tool -1. 

The applicability of this expression to the present results was exam- 
ined. We determined the coefficients A, B, and V~ as experimentally 
adjustable constants dependent on temperature for each liquid by the least 
squares method. In the above analysis, if A is regarded as a temperature 
independent constant, A is equal to -1 .5  for n-alkanes and -0 .5  for 
aromatic hydrocarbons and cyclohexane. When A is assumed to be - 1.0 
as Dymond and his coworkers [27-29, 41] did, the fit to the data is 
somewhat inferior, but sufficient with a maximum deviation of 2.5%. V i 
decreases linearly with increasing temperature. The optimized values of the 
coefficients are listed in Table III, as well as the deviations from the 
experimental data. 
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Table IlL Coefficients of Eqs. (12) and (13) with A = - 1 

Temp. V i Avg. dev. Max. dev. 

Substance (~ (cm 3 - mol- l) B (%) (%) 

n-Hexane 25 73.1 2.057 0.4 0.8 
50 73.1 2.011 0.4 1.4 
60 73.1 1.996 0.6 2.0 

n-Heptane 25 84.1 2.144 0.2 0.6 
50 83.8 2.104 0.4 1.0 
75 83.5 2.074 0.7 2.5 

n-Octane 25 98.0 2.084 0.3 0.9 
50 97.0 2.073 0.3 0.7 
75 96.0 2.072 0.5 0.9 

n-Decane 25 125.6 2.048 0.3 0.6 
50 121.9 2.152 0.5 0.9 
75 118.2 2.258 0.3 0.9 

n-Dodecane 25 151.7 2.086 0.2 0.6 
50 148.9 2.118 0.5 0.9 
75 146.1 2.162 0.6 1.4 

Cyclohexane 25 75.3 1.579 0.3 0.9 
50 73.9 1.628 0.6 1.3 
75 72.5 1.687 0.6 2.0 

Benzene 25 58.2 1.642 0.3 0.6 
50 56.9 1.693 0.4 1.0 
75 55.6 1.748 0.4 0.9 

Toluene 25 67.0 1.793 0.3 0.9 
50 65.8 1.822 0.2 0.8 
75 64.6 1.859 0.4 0.8 

Ethylbenzene 25 76.9 1.902 0.3 0.7 
50 74.9 1.967 0.2 0.6 
75 72.9 2.047 0.2 0.6 

o-Xylene 25 82.1 1.584 0.3 0.8 
50 80.1 1.654 0.4 0.9 
75 78.1 1.728 0,2 0.9 

m-Xylene 25 78.6 1.762 0.4 0.9 
50 77.3 1.779 0.3 0.8 
75 76.0 1.801 0.3 0.9 

p-Xylene 25 78.6 1.818 0.1 0.3 
50 77.6 1.809 0.2 0.7 
75 76.6 1.816 0.4 1.0 

5. C O N C L U S I O N S  

T h e  v i scos i ty  of  twe lve  l iqu ids  h a s  b e e n  m e a s u r e d  in the  t e m p e r a t u r e  

r a n g e  2 5 - 7 5 ~  at  p r e s s u r e s  up  to t 10 M P a  or  the  f r eez ing  p re s su re ,  u s ing  

the  t o r s iona l ly  v i b r a t i n g  c rys ta l  m e t h o d  o n  a re la t ive  bas is .  T h e  e x p e r i m e n -  

tal resu l t s  a re  u s e d  to e x a m i n e  severa l  e m p i r i c a l  o r  t h e o r e t i c a l  e x p r e s s i o n s  
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viscosity of liquids: 
A similar formula to the Tait equation, Eq. (8), gives a good 
representation for the present results of all the 12 liquids over the 
entire range of experimental conditions, as shown in Table I. 
A linear relation between the fluidity and molar volume holds only 
in a limited pressure range up to 50~90 MPa. 
The rough hard-sphere theory, Eqs. (10) and (11), represents satis- 
factorily the viscosity of aromatic hydrocarbons, while the agree- 
ment with the data of n-alkanes is unfavorable, as given in Table II. 
Another free volume expression, Eqs. (12) and (13), is found to 
rep~roduce the present experimental data reasonably well with only 
two adjustable parameters, as given in Table III. 
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