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in the Temperature Range 36-90~ 
at Pressures up to 0.33 GPa 

S. F. Y. Li, 1 G. C. Maitland, 1 and W. A. Wakeham I 

Received May 1, 1984 

The paper describes new, accurate measurements of the thermal conductivity of 
benzene and cyclohexane in the temperature range 36-88~ and at pressures up 
to 0.33 GPa. The experimental data have an estimated accuracy of :k0.3 %. The 
density dependence of the thermal conductivity for both liquids is well 
represented by a simple power law relationship which is almost independent of 
temperature. The connection of this correlation to one previously established for 
normal alkanes is examined. 

KEY WORDS: benzene; cyclic hydrocarbons; cyclohexane; high pressure; 
liquids; thermal conductivity. 

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

A series of  earlier studies of  the thermal  conduct ivi ty  of  normal  and 
branched alkanes [1-6]  has shown that  the densi ty dependence of  the 
thermal  conduct ivi ty  along an isotherm can be sat isfactori ly represented by a 
simple power law relat ionship based on the results of  an empir ical  extension 
of  the Enskog theory of  dense fluids. Moreover,  the power law has been 
found to be universal among the normal  alkanes [4], al though the univer- 
sal i ty does not  extend to their branched isomers [6]. So far as other 
hydrocarbons  are concerned the first l iquid studied was toluene [7] for which 
the lack of  suitable densi ty da ta  prevented a comparab le  analysis.  Conse- 
quently, in this paper  we report  measurements  of  the thermal  conduct ivi ty  of  
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an aromatic hydrocarbon, benzene, and a cyclic alkane, cyclohexane, for 
which sufficient high-pressure density data exist to permit an analogous 
investigation. 

2. E X P E R I M E N T A L  P R O C E D U R E  

The measurements have been carried out with the transient hot-wire 
instrument described in detail elsewhere [1]. Apart from the replacement of 
the platinum wires of the thermal conductivity cells, the equipment and 
operating procedures remained unchanged in the present work. The samples 
of benzene and cyclohexane were provided by B. D. H. Chemicals Ltd. The 
benzene had a stated purity of better than 99.8%, and the cyclohexane a 
purity in excess of 99.5 %. Both purities were confirmed by analysis and the 
samples merely degassed before use. 

The measurements were carried out along four nominal isotherms for 
each liquid. For benzene the nominal temperatures were 37, 47.5, 71, and 
87.5~ whereas for cyclohexane the temperatures were 36,51, 80, and 
88~ At each isotherm the maximum pressure employed was set by the need 
to avoid solidification of the sample and did not exceed 332 MPa in any 
case. The heat capacities of the liquids, necessary for the application of small 
corrections, were taken from the compilation of Vargaftik [8]. For benzene 
the density was taken from the data of Dymond et al. [9], whereas for 
cyclohexane the combined results of two investigations by Isdale and his 
collaborators were employed [10, 11 ]. 

Each experimental run has been carefully analyzed to confirm the 
absence of any significant contribution from radiative heat transfer in the 
manner described earlier [7]. In none of the measurements was there any 
sign of such a contribution, so that the thermal conductivity data reported 
are radiation-flee values. 

3. RESULTS 

Tables I and II contain the experimental results for the thermal conduc- 
tivity of benzene and cyclohexane along the four isotherms. The tables list 
the thermal conductivity at the nominal temperature and the reference 
density, ~,(Tnom,P, ), as well as the values at the experimental pressure 
2(T,o m, P). The correction of the data to the nominal temperature has been 
carried out as described earlier [1]. The correction never amounted to more 
than •  so that the additional uncertainty introduced into the thermal 
conductivity is negligible. It is estimated that the thermal conductivity data 
have an uncertainty of +0.3 %. Within the range of the direct measurements, 
the errors in the density are estimated to be between +0.1 and +0.2%. 
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However, some of the thermal conductivity data reported here extend beyond 
the range of the direct density measurements, and the uncertainty of the 
extrapolated density is obviously greater. The data for which extrapolation of 
the density has been necessary are indicated in the tables, and the points 
have not been included in the analysis of the density dependence of the 
thermal conductivity discussed below. 

The pressure dependence of the thermal conductivity of the two liquids 
along an isotherm has been represented by means of the equation 

where 

2=bo (l + ~ bix i) (1)  
i = 1  

x = ( P i e ' )  '/2 

The coefficients of this correlation which secure the best representation of the 
experimental data are listed in Table III. Figure 1 displays the deviations of 
the experimental data from this correlation for benzene and cyclohexane. For 
benzene the maximum deviation is +0.4 %, whereas the standard deviation is 
one of +0.1%; for cyclohexane the correslSonding values are +0.6% and 
+0.1%. The only previous measurements of the thermal conductivity of 
benzene over a range of pressures were carried out by Rastorguev and 
Pugach [12]. These earlier results are included in the deviation plot in Fig. 1 
and are seen to depart from the present correlation by as much as 7%. The 
present data are to be preferred owing to their higher accuracy. For 

Table III. Coefficients of the Correlation of Eq. (1) for 
Benzene and Cyclohexane 

T P' b 0 b I b 2 ba 
(~ (MPa) (mW. m -1. K -1) 

Benzene 

37.0 50.0 136.60 0.0237 0.1128 -0.0082 
47.5 90.0 133.50 -0.0003 0.3090 -0.0860 
71.0 140.0 122.64 0.1262 0.3662 -0.1016 
87.5 180.0 116.06 0.2165 04370 -0.1307 

Cyclohexane 

36.0 20.0 114.78 0.0158 0.0614 -0.0067 
51.0 40.0 115.93 -0.1658 0.3659 -0.1117 
80.0 60.0 100.60 0.0963 0.1990 -0.0418 
88.0 70.0 103.49 -0.0590 0.4071 -0.1126 
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Fig. 1. Deviations of experimental data for the thermal conductivity of benzene and 
cyclohexane from the correlation of Eq. (1). Present work: Benzene, �9 37~ �9 47.5~ 
�9 71~ [] 87.5~ cyclohexane, O 36~ A 51~ A 80oc, [] 88oc. Rastorguev and 
Pugach [12]: Benzene, ~ 37~ ~ 47.5~ [] 71~ [] 87.5~ 

cyclohexane there have been no previous measurements at elevated pressures, 
and we postpone a comparison with the results at the saturation vapor 
pressure for both liquids until we have established a reliable method of 
extrapolation of the present data in the next section. 

4. THE DENSITY D E P E N D E N C E  

The representation of  the density dependence of the thermal conduc- 
tivity of  the normal alkanes studied previously has been based on the 
heuristic application of the Enskog theory to the van der Waals model of  a 
liquid [4]. According to this analysis the experimental quantity 

1.936 X 107 j.V2/3(M/RT) 1/2 

2* = (1 + 0.352 C~ (2) 
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should be a function only of the ratio of V, the molar volume, to V 0, a 
characteristic rigid sphere volume of the fluid, so that 

2* = F ( V / V o )  (3) 

According to the model upon which Eq. (2) is based, V 0 should exhibit only 
a weak temperature dependence, which reflects the finite steepness of the true 
repulsive intermolecular potential compared with that of a rigid sphere 
potential. In Eq. (2), C~ is the internal heat capacity of the fluid at zero 
density, R the universal gas constant, and M the molar mass. Equations (2) 
and (3) can form the basis of a correlation scheme for the density depen- 
dence of the thermal conductivity along an isotherm for both of the liquids 
studied here. Furthermore, small extensions to the analysis permit 
correlations to be developed which are of increasing generality and 
usefulness, but of marginally poorer accuracy. In the subsequent sections we 
examine three such correlations in turn. 

4.1. Individual Isotherms 

In order to establish the most accurate representation of the present 
experimental data, we first treat each isotherm for each liquid independently. 
For benzene and cyclohexane we have adopted a value of the characteristic 
volume, V0, at the lowest isotherm derived from the analysis of viscosity 
data by Dymond and his collaborators [9, 10]. Subsequently, values for V 0 
at the remaining temperatures have been deduced from the superposition of 
plots of 2"  against in V upon that for the lowest isotherm by shifts along the 
In V axis [4]. The values of V 0 derived, together with the values of C~ 
employed in the calculations, are listed in Table IV. The same table includes 
the coefficients a i in the equation 

In A,* = a o - a 1 l n (V /Vo)  (4) 

which provide the best representation of the experimental data for each fluid 
along individual isotherms. Figures 2 and 3 contain plots of the deviations 
from these correlations for benzene and cyclohexane, respectively. In no case 
do the deviations exceed +0.7%, whereas the standard deviation is +0.18 % 
for benzene and +0.17 % for cyclohexane. These figures are consistent with 
the estimated precision of the experimental data. 

The correlation given by Eq. (4) and Table IV provides a secure means 
of extrapolation of the present thermal conductivity data to the conditions of 
saturation. Hence Figs. 2 and 3 include the departures of the most reliable of 
earlier results under these conditions [13-22] from this extrapolation. The 
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Table IV. Coefficients for the Correlation of Eq. (4), Internal Heat Capacities 
and Characteristic Volumes for Benzene and Cyclohexane 

359 

T a o a i C~ R 106 V 0 

(~ (m a. mol ' )  

Benzene 

37.0 3.071 2.175 7.772 57.17 
47.5 3.050 2.127 8.165 56.06 
71.0 3.041 2.111 9.026 53.78 
87.5 3.071 2.176 9.616 52.49 

Cyclohexane 

36.0 2.690 2.220 10.843 74.13 
51.0 2.666 2.158 11.621 72.01 
80.0 2.688 2.215 13.132 68.44 

0 
o 4 

2 

I 

X 

z 0 
o 

- 2  

- i l D -  ~ 

| 

z~ 

' _ ' , . L .  �9 . .  
~" �9 | A  

�9 v � 9  a,, 

O 

O 

II �9 �9 

O 

�9 /,5 1-55 1.65 1-75 1.85 

REDUCED VOLUME,V/V o 

Fig. 2. Deviations of experimental data for the thermal conductivity of benzene from 
the correlation of Eq. (4). Present work: �9 47~ �9 47.5~ V 71~ �9 85.5~ �9 
Kashiwagi et al. [13]; A, Horrocks et al. [14]; tD, Poltz and Jugel [15]; ~, Riedel 
[16]; [], Schmidt and Leidenfrost [17]. 
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C3 
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t _  
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A � 9  

L .  - IL..- h l ~ -  �9 
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Fig. 3. Deviations of experimental data for the thermal conductivity of 
cyclohexane from the correlation of Eq. (4). Present work: �9 36~ �9 5 I~ 
�9 80~ �9 Kashiwagi et al. [13];/x, Horrocks et al. [14]; ~,  Barnette [18]; 
I~1, Briggs [19]; Irl, Mukhamedzyanov et al. [20]; {~, Sakiadis and Coates 
[21]; i ,  Filippov [22]. 

deviations amount to as much as 5% in some cases although a few 
measurements are in much better agreement with those reported here. 

4.2. A Temperature-Independent Correlation 

One of the results of the application of the Enskog theory to the van der 
Waals model of a fluid is the prediction that the function J.* =F(V/Vo) is 
independent of temperature, although V o is still a function a function of 
temperature. If this is the case, then it should be possible to describe the 
density dependence of the thermal conductivity along all isotherms by means 
of a single equation with temperature-independent values of a 0 and a 1. To 
examine the extent to which the present experimental data conform to the 
result, we have fitted the entire body of data for each liquid studied here to a 
single equation of the form of Eq. (4), using the values of V 0 listed in 
Table IV. For benzene the optimum correlation of this type is 

In 2* = 3.0612 -- 2.1539 ln(V/Vo) (5) 
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whereas for cyclohexane the optimum correlation is 

in 2* =- 2.6877 - 2.2136 ln(V/Vo) (6) 

Figures 4 and 5 contain plots of the deviations from these temperature- 
independent correlations for benzene and cyclohexane, respectively. The 
maximum deviation now amounts to • %, whereas the standard deviation 
is one of :t:0.18% for benzene and +0.17% for cyclohexane. These values 
are marginally worse than those which occur when the isotherms are 
represented by individual equations, so that the temperature independence of 
2"  is not completely confirmed. However, this type of correlation permits us 
to predict the entire density dependence of the thermal conductivity for either 
liquid at a temperature for which the thermal conductivity is known at only 
one density. The comparison presented here indicates that the accuracy of 
the prediction is only slightly inferior to the precision of our measurements. 
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Fig. 4. Deviations of experimental data for the thermal conductivity 
of benzene from the correlation of Eq. (5): 0,  37~ A, 47.5~ Y, 
71~ m, 87.5oc. 
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Fig. 5. Deviations of experimental data for the thermal conductivity of 
cyclohexane from the correlation of Eq. (6): Q, 36~ A, 51~ ~', 80~ 

4.3. The Universal Correlation 

The density dependence of the thermal conductivity of  most of  the 
normal alkanes from propane to tridecane over a wide range of temperature 
has been represented by the single equation [4], 

In )~* = 2.8724 - 2.2735 In(V/V'~) (7) 

This equation is of  the same form as those employed earlier, but the 
superscript u on V0 is employed to indicate that the basis for the selection of 
the characteristic volume [4] is different from that which we employed in the 
previous two sections. It is interesting to assess the extent to which a 
correlation developed for the normal alkanes is able to describe the 
experimental data for the cyclic hydrocarbons benzene and cyclohexane. 
Accordingly, we have fitted Eq. (7) to the present thermal conductivity data 
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Table V. Optimum Values of V~00 Derived from the Universal Correlation of 
Eq. (7) for Benzene and Cyclohexane 

Benzene Cyelohexane 

T 106V~o T 106V~oo 
(~ (m 3 �9 tool -1) (~ (m 3 - tool - I )  

37.0 63.54 36.0 69.02 
47.5 62.32 51.0 67.09 
71.0 59.87 80.0 63.85 
87.5 58.48 
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Fig. 6. Deviations of experimental data for the thermal conduc- 
tivity of benzene and cyclohexane from the correlation of Eq. (7). 
Benzene: t ,  37~ A, 47.5~ Y, 7 I~ L 87.5 ~ Cyclohexane: 
�9 36oc; A, 51oc; [:3, 80~ 
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along each isotherm for benzene and cyclohexane by the selection of the 
optimum values of V~0. The derived values of V~0 are icluded in Table V, and 
Fig. 6 contains a plot of the deviations of the experimental data for benzene 
and cyclohexane from this universal correlation. The deviations now amount 
to as much as 1.7%, and the standard deviations are +0.42% for benzene 
and +0.19 % for cyclohexane. 

These values therefore exceed the estimated experimental error. On the 
one hand, this result indicates that the function 2" is not exactly universal 
among all liquid hydrocarbons, and that therefore the rigid sphere model is 
not entirely adequate for a description of their thermal conductivity. On the 
other hand, the fact that a single equation is capable of describing the 
thermal conductivity of liquids as diverse as propane and benzene with an 
accuracy of +3 % over a wide range of thermodynamic states is remarkable. 
Indeed, this last observation implies that Eq. (7) provides a quite reliable 
means of estimating the thermal conductivity of hydrocarbon liquids since 
all that is required for the equation is the effective rigid-sphere volume V~. A 
number of methods for estimating the effective rigid-sphere volume have 
already been described [23]. 

5. CONCLUSIONS 

Thermal conductivity data with an accuracy of +0.3% have been 
reported for benzene and cyclohexane over the temperature range 36-88~ 
at pressures up to 0.33 GPa. The density dependence of the thermal conduc- 
tivity may be satisfactorily represented b y  a simple power law relationship 
along each isotherm. However, the experimental results do not exactly 
conform to all of the characteristics to be expected of a rigid-sphere fluid, 
even allowing for the temperature dependence of the rigid-sphere volume. 
Nevertheless, with only a small loss of accuracy, this model does allow the 
prediction of the thermal conductivity for thermodynamic states other than 
those studied experimentally. If a further loss of accuracy is tolerated, the 
model should also allow estimation of the thermal conductivity of a variety 
of hydrocarbons given a suitable value for the characteristic rigid-sphere 
volume. 
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