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I. INTRODUCTION

For very thin cells of carbon disulfide (0.5 to 5 microns thick) between two layers of
sapphire, the effect of thermal diffusion on the temperature in the cell can be very significant
if initially there is a large difference between the temperature in the cell and the temperature
in the sapphire. Such large temperature differences occur when the cell is shock loaded to
high pressures such as 80 kilobars. Because of the effect of pressure and temperature on the
thermal conductivity of the carbon disulfide, however, it is impossible to accurately calculate
the effect of thermal diffusion on the temperature in the cell. Nonetheless, an order of
magnitude calculation can be made. This type of calculation is useful when deciding on a

suitable cell thickness for experiments for experiments.
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II. PRELIMINARY CALCULATION

A preliminary calculation was made of the effect of thermal diffusion on the
temperature in a 0.5 micron thick cell of carbon disulfide between two layers of sapphire (See
Fig. 1). The 0.5 micron cell was assumed to have been shock loaded to 93 kilobars. Using the
Sheffield-I equation of state for carbon disulfide, [4] the temperature and thickness of the
compressed cell were calculated to be approximately 1000 degrees Kelvin and 0.3 microns,
respectively, immediately after the cell was shocked to 93 kilobars. Taking these two values
to be the initial cell temperature and thickness (initial throughout this report will be used to
mean immediately after being shocked to 93 kilobars), the temperature of the cell was

calculated using the one dimensional heat flow equation:

T 3T
ETS =.._D el o (1)

Here, T is the temperature at position x and time ¢, and D = k/(p X C,), where k is
thermal conductivity, p is the specific density, and C, is specific heat at constant pressure.

The boundary conditions used in solving this equation were:

T(04) = Toopn
T(Li) = Ty
T(x,0) = Tgs, 0 < x < L; (SeeFig.1).

where T032 = initial temperature of carbon disulfide, and T, = initial temperature of

sapphire. The temperature of the sapphire was assumed to remain constant throughout the
experiment because its thermal conductivity, k, is about 600 times that of carbon disulfide at

293 degrees Kelvin and | atm. Thus, the sapphire plates can be considered constant tempera-



ture heat sinks.

Using the boundary conditions given above, the solution of the heat flow equation is:

0. AN . | Nex k N
T(xat) = Tops +4)T032- wigh) % 'S:v(-j_-qlTx sm[ 3 } X exp —w[pcp Z)zr
where An = | whenn is odd and 4n = 0 when n is even. And ¢ is elapsed time and

L is thickness of the cell. For further information, See Kreyszig, Advanced Engineering
Mathematics, page 527.

This solution was then used to find the temperature as a function of position and
time for a 0.5 micron thick cell of carbon disulfide shocked to 93 kilobars. The parameters
used in finding the temperature in the cell are listed in Table I.

It should be noted that all the parameters, including the thickness of the cell, are
given for the cell after it has been shocked to 23 kilobars. The only exception is thermal con-
ductivity. The value for thermal conductivity is given for 293 degrees Kelvin and 1 atm.
The reason for this is that the effects of temperature and pressure on thermal conductivity
are not very well known.

A graph of temperature versus position, obtained from Eq. (2) for the 0.5 micron
layer of carbon disulfide at various times after it has been shocked to 93 kilobars, is given in

Fig. 2.
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III. EFFECT OF PRESSURE AND TEMPERATURE ON THE THERMAL CONDUC-

TIVITY

In order to get a better estimate of the effect of thermal diffusion on the temperature
in the cell of carbon disulfide shocked to 93 kilobars, it was necessary to approximate the
thermal conductivity of carbon disulfide at 93 kilobars and 1000 degrees Kelvin. The approx-
imation that was finally obtained comprised an upper and a lower bound on the thermal con-
ductivity at this pressure and temperature.

To obtain these upper and lower bounds, I used the measured thermal conductivity
of carbon disulfide, from O to 12 kilobars at 30 and 75 degrees centigrade listed in Table II

[1]. Along with these data I used the formula [2]

k =2xnxRxvxs,

where R is the universal gas constant, n is the number of moles per unit volume, v is the
velocity of sound in the liquid, and s is the mean distance of separation of the centers of
the molecules, assuming a cubical arrangement on the average. s was calculated from the

formula

1
s = (m/p)®

where m is the weight of one molecule of the liquid and p is the density of the liquid.

This formula can be derived from the general formula

k =%xnxC’,xvxL,

where »n is the number of moles per unit volume, C, is specific heat per mole at constant
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volume, v is the phonon velocity, and, L, is mean free path length of the phonons. In
order to get Eq. (3) from this general formula, one must assume that the specific heat at con-
stant volume is 3 x R for a liquid, that the phonon velocity in the liquid is the same as the
sound velocity, and that the the mean free path L is equal to twice the mean distance
between the centers of the molecules in the liquid. Apparently, these are good assumptions
for liquids at ambient pressures and temperatures as can be seen from the agreement between
the experimental values for the thermal conductivity of the 15 liquids listed in Table II and
the values calculated from this formula (See Table III). Indeed, as Bridgman pointed out, this
formula even gives the correct temperature coefficient of thermal conductivity for these
liquids at ambient pressures and temperatures. However, as will be seen later, it does not
give the correct temperature coefficient for the thermal conductivity at higher pressures. For
more information on this formula, See Bridgman [1], Hirschfelder, Curtis, and Bird [3] and

Appendix A.

Using Eq. (3), along with a calculationT(Scc Table IV) of the sound speed and the
density of carbon disulfide at 93 kilobars and 1000 degrees Kelvin based on the Sheffield
equation of state, the thermal conductivity of carbon disulfide was found to be 6.5 times its

value at 293 degrees Kelvin and 1 atm.

There is good reason to believe that this value for the thermal conductivity obtained
from Eq. (3) is an upper bound on the thermal conductivity of carbon disulfide at 93 kilobars
and 1000 degrees Kelvin. One of the most important reasons for believing this is that when
the thermal conductivity of carbon disulfide calculated from Eq. (3) is compared with the
thermal conductivity of carbon disulfide measured by Bridgman from zero to twelve kilobars
(Table I), one notices that the thermal conductivity calculated using Eq. (3) is always larger
than the thermal conductivity given by the Bridgman data (See Fig. 3). Moreover, whereas
the thermal conductivity curve obtained from the Bridgman data "levels off" at around 12
kilobars, the calculated curve does not level off. This suggests the value for the thermal

conductivity at 93 kilobars and 1000 degrees Kelvin obtained from Eq. (3) is higher than the
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actual thermal conductivity at 93 kilobars and 1000 degrees Kelvin,

The second reason is that the estimated value for the thermal conductivity of solid
carbon disulfide at 12 kilobars and 30 degrees centigrade (actually carbon disulfide is not a
solid at this pressure and temperature; it is helpful to think of it as being a solid, however) is
very close to the value calculated from Eq. (3) for the thermal conductivity of carbon
disulfide at this pressure and temperature (See Fig. 3). Since solid carbon disulfide should
have a highc; thermal conductivity than liquid carbon disulfide, the thermal conductivity of
solid carbon disulfide at 12 kilobars provides an upper bound on the thermal conductivity of
the liquid carbon disulfide at 12 kilobars. The reason that solid carbon disuifide will have a
higher thermal conductivity than liquid carbon disulfide is that the sound speed is higher in a
solid than in a liquid and the produce of phonon mean free path is greater in a solid than in a
liquid because there are fewer lattice imperfections. Since thermal conductivity is directly

proportional to the' phonon mean free path -and sound velocity, the thermal conductivity

should be larger in a solid than in a liquid.

The thermal conductivity for solid carbon disulfide at 12 kilobars and 30 degrees
centigrade was estimated by assuming that carbon disulfide undergoes a change in thermal
conductivity similar to Tolnol when it freezes. The thermal conductivity of Tolnol from zero
to 12 kilobars at 30 degrees centigrade, before and after it freezes is given in Fig. 4. As can
be seen from Fig. 4, the thermal conductivity of Tolnol increases by about 50 percent when it
freezes. Hence, the thermal conductivity of carbon disulfide was assumed to be 50 percent

greater than for liquid carbon disulfide.

The validity of this estimate is of course based upon the assumption that Tolnol and
carbon disulfide behave similarly in terms of thermal conductivity. The fact that they do
behave similarly, along with all the other organic liquids that Bridgman measured, can be
seen from the data in Table II. From Table II , it is evident that not only do the 15 organic
compounds listed have about the same thermal conductivity, but that the effect of pressure

and temperature on the thermal conductivity is about identical (See discussion in Bridgman).
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Hence, it Seems reasonable to assume that the thermal conductivities of the 15 organic
compounds, in particular carbon disulfide and Tolnol, would undergo similar changes upon

freezing.

Additional reasons for believing that the thermal conductivity of carbon disulfide at 93
kilobars and 1000 degrees centigrade is less than that predicted by Eq. (3), are (i) that for
most solids the thermal conductivity is inversely proportional to the temperature and (ii)
pressure appears to distort the semi-ordered lattice structure in a liquid. The inverse
relationship between temperature and pressure for solids is mostly the result of the increase
in the r;umbcr of phonons with which a given phonon can interact. It Seems reasonable that
temperature has a similar effect in a liquid. Neither the distortion of the lattice caused by
pressure nor the temperature effect, both of which tend to decrease the thermal conductivity
at high temperatures and pressure, was taken into account in Eq. (3), however. Hence, Eq.
(3) should predict a thermal conductivity whigh is larger than the actual value for the carbon

disulfide at the pressure and temperature under consideration.
For a more detailed discussion of the effect of pressure on lattice structure of the
molecules in a liquid, See page 166 of Bridgman’s paper [1].

Thus, the thermal conductivity of carbon disulfide at 93 kilobars and 1000 degrees
Kelvin appears to have an upper bound of 6.5 times its value at 293 degrees Kelvin and 1

atm, and a lower bound which is the same as its value at 293 degrees Kelvin and 1 atm.
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IV: USING THE GRAPH (Fig. 2) FOR DIFFERENT CELL THICKNESSES AND

DIFFERENT CELL THERMAL CONDUCTIVITIES

By using dimensional analysis on the heat flow equation, it can be shown that all one
needs to do in order to consider thicker cells is to multiply the times given on the graph in
Fig. 2 by the square of the ratio of the new cell thickness to the given cell thickness, 0.5
microns. For example, if one were to use a cell which was 1 micron thick at 1 atm pressure,
the graph of temperature versus relative position at 20 ns for the 0.5 micron cell is the graph

of temperature versus relative position for the I micron cell at (1/0.5)2 x 20 ns = 80ns.

Likewise, by using dimensional analysis on the heat flow equation, one can change the
times given in Fig. | to construct a graph of temperature versus relative position for different
values of such parameters as the thermal conductivity. In the case of thermal conductivity,
all one has to do to consider a different thermal conductivity is to multiply the times given in
Fig. 2 by the ratio of the thermal conductivity'jiusad in constructing Fig. 2 (See Table I) to the

new thermal conductivity.
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V: CONCLUSION

The effect of thermal diffusion on temperature was analyzed for a 0.5 micron thick cell
of carbon disulfide shocked to 93 kilobars between two layers of sapphire. It was found that
at 93 kilobars the cell temperature was 1000 degrees Kelvin and the cell thickness was about
0.3 microns. By assuming that the thermal conductivity of the carbon disulfide is the same at
93 kilobars and 1000 degrees Kelvin as it is at 293 degrees Kelvin and 1 atm, [ was able to
find the temperature in the cell versus relative position at various times using the one

dimensional heat flow equation. The results are shown in Fig. 2.

To get a better estimate on the effect of thermal diffusion on the temperature in the thin
cell of carbon disulfide, however, I obtained an upper and a lower bound on the thermal
conductivity of carbon disuifide at 93 kilobars and 1000 degrees Kelvin. The upper bound
for the thermal conductivity of carbon disulfide at this pressure and temperature was 6.5
times the thermal conductivity of carbon disulfide at 293 degrees Kelvin and 1 atm. The
lower bound was merely the thermal conduct;_;fity of carbon disulfide at 293 degrees Kelvin
and 1 atm. Of course the validity of these upper and lower bounds on the thermal
conductivity is dependent upon the assumption that carbon disulfide does not undergo some
unexpected change (such as decomposition or a phase change) upon being shock loaded to

the pressures and temperature under consideration.

Finally, by using dimensional analysis, one can obtain the effect of thermal diffusion on
cells of different thickness. Likewise, by using dimensional analysis, one can consider the
effect of variations in the thermal conductivity on the temperature in the thin cell. This
should allow one to obtain upper and lower bounds on the temperature in a thin cell of
carbon disulfide by using the upper and lower bounds for the thermal conductivity obtained

previously. This type of analysis can all be done by using the graphs given in Fig. 2.

Temperature effects produced by reactions, radiation, convection, and the like were not
taken into account in this report. The effects of reactions in the carbon disulfide on

temperature are difficult to determine and the effects of radiation and convection were



assumed to be negligible.
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P.W. Bridgman, "The Thermal Conductivity of Liquids Under Pressure," Collected
Experimental Papers, 3, (Cambridge: Harvard University Press, 1964), pp. 158-159.

Ibid., p. 163.

R. Byron Bird, Joseph O. Hirschfelder, and Charles F. Curtis, Molecular Theory of Gases
and Liquids, (New York: John Wiley and Sons), pp. 633-634.

Op. Cit., p. 166.



Figure Captions:

Fig. 1.
Fig. 2.
Fig. 3.
Fig. 4.

Schematic of 0.5 micron Carbon Disulfide cell.

Graph of temperature versus relative position at different

times for a 0.5 micron thick Tayer of carbon disulfide shocked

to 93 kb between two pieces of sapphire. Initial cell thickness,
0.5 microns; cell thickness at 93 kb, 0.3 microns.

Relative thermal conductivity of carbon disuflide curves are

shown for two of the curves. The thermal conductivity is calculated
from Eq. (3). The other two thermal conductivity curves are from
Bridgman's data.

A. CS, 20° isotherm (calculated)
Estimated conductivity of frozen CSZ'
T =160 C at this point.

75 C isotherm from Bridgman's data.

m O O o

30 C isotherm from Bridgman's data.

Relative thermal conductivity of Tolnot. Curves obtained
from Bridgman's data.
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Table I:
0.5 micron thick layer of CS
sapphire. .
93 kb and 1000 K.

Parameters used to make preliminary calculation of the temperature in a
shocked up to 93 kb between two pleces of
All parameters except for the thermal conductivity are given at
Data obtained from Sheffield equation of state.

Specific density
Specific heat at constant pressure

Thermal conductivity of C52

Thermal conductivity of sapphire

Initial temperature of 052

Initial temperature of sapphire

at 93 kb

Thickness of 0.5 micron layer of C82

o= 2+17 g/CC

1.]_1(10-5 mbars cc/goK
14

cp

= 1.435x10
14

=
i

mbars cmzusecoK

= 3.85x10 “mbars cmZ/usec

~
I

T = 1000°K

o
TSaph = 300 K

L = 0.3 microns




TABLE II. Thermal Conductivities of 15 Liquids From 0-12 kb at
30 and 75 degrees centigrade. Table was tabulated by

Bridgman (Ref. 1).

P
Temper- | Conductivity Ralative Con luctivity s a Function of Pressure in kg/cm? ];:‘:e '.::'.g?
Liquid ature st O kg from S8mooth
[ 1000 2000 3000 4000 5600 6000 7000 8000  $000 10000 11000 12000 Curve
Methyl 30° 000505 1.000 [ 1.201 | 1.342 | 1.458 | 1.557 1.645 [ 1.724 | 1.797 | 1.864 | 1.927 [ 1,986 | 2.043 2.097 09
Alcohol 75° 463 | 1.000 [ 1.212 | 1.365 | 1.482 | 1,601 1.608 | 1.785 | 1.865 | 1.939 | 2.007 | 2.072 | 2.133 2.191 27
Ethyl 30° 000430 1.000 | 1.221 § 1.363 | 1.477 | 1.574 1.663 [ 1.744 | 1,820 | 1,888 | 1.954 | 2.014 | 2,070 2.122 .14
Alcohol 75° 416* | 1.000 | 1.233 | 1.400 | 1.535 | 1.850 1.752 | 1.845 | 1.930 | 2.007 | 2.083 | 2.152 | 2.217 2.278 .23
Isopropyl 30° 000387 1.000 | 1.205 | 1.352 | 1.460 | 1.570 1.860 | 1.7943 | 1.821 | 1,804 | 1.963 | 2.028 | 2.091 150 .08
Aleohol 75° 363 1.000 | 1.230 | 1.399 | 1.530 | 1.838 1.730 | 1.812 | 1.890 | 1.062 | 2.030 | 2.003 | 2.154 2.211 21
Normal Butyl 30° 000400 1.000 | 1.181 | 1.307 | 1.408 | 1.495 1.575 | 1.648 [ 1.716 | 1.780 | 1.842 | 1.900 | 1.955 2.008 13
Alcohol 75° 301 1.000 | 1.218 | 1.358 | 1.465 | 1.559 1.643 | 1.720 [ 1.761 | 1.859 | 1.623 | 1.085 | 2.043 2.099 .18
Isoamyl 30° . 000354 1.000 { 1.184 | 1.320 | 1.430 | 1.524 1.608 [ 1.686 | 1,750 | 1.828 | 1.893 | 1.955 | 2 013 2.069 .31
Alcohol 75° 348 1.000 | 1.207 | 1.348 | 1.460 | 1.557 1.845 | 1.724 | 1.797 | 1.868 | 1.934 | 1.998 | 2.063 2,126 25
Ether . a0° 000328 1.000 | 1.305 | 1.509 | 1.687 | 1.800 1.911 { 2.008 | 2.097 | 2.177 | 2.251 | 2.322 | 2.388 2.451 .25
75° 322* {1.000 [ 1.313 | 1.518 | 1.677 | 1.814 1.935 | 2.043 | 2.142 | 2.231 | 2.8316 | 2.304 | 2.460 2537 21
Acetone 30° 000429 1.000 | 1.184 | 1.315 | 1.421 | 1.511 1.588 1 1.659 | 1.725 | 1,786 | 1.864 | 1.900 Freeze; .08
75° 403* | 1.000 | 1,181 | 1.325 | 1.447 | 1.554 1.850 | 1.738 | 1.817 | 1.891 | 1.960 | 2.024 | 2.083 2.137 .23
Carbon 30° . 000382 1,000 | 1.174 | 1.310 | 1.419 | 1.512 1.582 | 1.663 | 1.726 | 1.783 | 1.834 | 1.880 | 1.923 1.962 06
Bisufilde 75° 362* | 1.000 | 1.208 [ 1.366 ) 1.407 | 1.607 1.705 | 1.789 | 1.866 | 1.935 | 1.098 | 2 054 | 2.107 2154 14
Ethyl 30° . 000286 1.000 | 1.193 | 1.327 | 1.431 | 1.517 1.562 | 1.657 | 1.715 | 1.768 | 1.815 | 1.858 | 1.805 1.928 12
Bromide 75° 273* | 1,000 | 1.230 | 1.390 | 1.510 | 1.600 1.805 | 1.772 | 1.843 | 1.907 | 1.944 | 2,022 [ 2.073 2:121 2
Ethyl 30° . 000265 1.000 [ 1.125 ) 1.232 | 1.319 | 1.394 1.456 [ 1.5u0 | 1.553 | 1.592 | 1.628 | 1.662 | 1.694 1.724 9
Todide 75° 261 1.000 | 1.148 | 1.265 | 1.362 | 1.442 1.510 [ 1.570 | 1.622 | 1.671 | 1.715 | 1.757 | 1.799 1.837 L3
Water 30° 00144 1.000 | 1.058 | 1.113 | 1.163 | 1.210 1,253 | 1.293 [ 1.332 | 1.366 | 1.398 | 1.4°8 | 1.456 I'reezes .14
75° 154 1,000 | 1.065 | 1.123 | 1.176 | 1.225 1.268 [ 1.308 | 1.345 | 1.379 | 1.412 | 1.445 | 1.476 1.506 .09
Tolnol 30° .000364 | 1.000 | 1.159 | 1.286 | 1.387 | 1.470 1.541 | 1.604 | 1.661 | 1.716 | 1.768 (2.3941) 1
75° 339 1,000 [ 1.210 | 1.355 | 1.473 | 1.573 1.660 | 1.738 | 1.808 | 1.872 | 1.932 | 1.687 | 2.039 2.089 .18
Normal 30° 2000322 1.000 | 1.281 | 1.483 | 1.6844 | 1.777 1.889 | 1.987 | 2.077 | 2.163 | 2.245 | 2.325 | 2.404 2,481 14
Pentane 788 307* | 1.000 | 1.319 | 1.534 | 1.707 | 1.855 1.990 | 2.112 | 2.226 | 2.435 | 2.440 | 2.543 | 2.642 2.740 .08
Petroleum e 000312 1.000 | 1.266 | 1.460 | 1.618 | 1.752 1.868 | 1.970 | 2.062 | 2 2.279 | 2.333 2.379 25
Ether 75° 302* | 1.000 | 1.268 | 1.466 | 1.635 | 1.780 1.909 | 2.026 | 2.132 2.409 | 2.488 2.5661 .26
Kerosene 30° . 000357
75° 333 1.000 | 1.185 { 1.314 | 1.417 | 1.502 1.580 | 1.654 | 1.724 | 1.792 | 1.850 | 1.925 | 1.900 2.054 24
* Extrapolatad, ses page 155.
t Tolnol froescs at 9900 kg /cm! at 30°. Tha figure at 11000 is for the solid.




TABLE III.

ComparisoN oF CoMPUTED AND OBSERVED THERMAL CONDUCTIVITIES AT 30°.

Velocity Thermal Conductivity
Liquid of Sound 5% Abs. C. G. 8. Units
cm [sec. cm=2 Computed Observed
Methyl 1.13 X108 6.00 10 27.4X 108 21.1X1¢3
Aleohol
Ethyl 1.14 4.74 21.8 18.0
Alcohol
Propyl * 1.24 3.94 19.7 15.4
Alcohol
Butyl * 1.05 3.49 14.9 16.7
Aleohol
[so-amyl 1.24 3.13 15.7 14.8
Aleohol
Ether .92 3.19 11.9 -13.7
Acetone 1.14 4.00 18.5 17.9
Carbon 1.18 4.61 21.9 15.9
Bisulfide
Ethyl .90 3.97 14.5 12.0
Bromide
Ethyl .78 3.81 124 11.1
Iodide
Water 1.50 10. 4 63.0 60.1

* Computed for normal propyl and iso-butyl alcohols, observed for iso-propyl and normal
batyl. =

a: Thermal conductivity computed using Eq. (3).
(Ref. 1., p. 164).



Table IV: Table lists the specific density p, the isentropic bulk modulus
K , the sound speed e, and the relative thermal conductivity, and
the cell thickness h, at various pressures The units used
are: P in megabars, p in g/cc, KS in megabars, ¢ in cm/usec, h in
microns.
P o) Kg [ (K/Ko) h
1 Atm 1.262 .0200 «1157 i .5
.01 1.58 .0812 «227 2.27 «40
.02 1.73 «145 .289 3.08 .36
.03 1.83 .209 .338 3.74 <344
04 1.91 274 .379 4.31 .33
.05 1497 .340 «415 4.83 .32
.06 2.02 <406 448 5.30 .31
.07 2.07 472 478 5.74 «3 :
.08 2.114 .539 «505 6.1 .29
.09 2415 .606 «531 6.54 .28
.10 2.18 +673 «555 6.91 .28

Note: All data obtained from the Sheffield equation of state given in

Sheffield's dissertation.



APPENDIX A

(From Ref. #3)



[Eq. 9.2-16] THERMAL CONDUCTIVITY 633

are either too large or too small by factors of the order of four. Perhaps
the mechanism of diffusion is somewhat different from that for viscous
flow. For example, diffusion might occur by a bimolecular mechanism
as is suggested by the flow mechanism of Fig. 9.2-3.

¢. The coefficient of thermal conductivity

The thermal conductivity of a dense gas or liquid depends upon the
very rapid transmission of the energy through the molecules themselves.”
This mechanism is best understood by a consideration of the speed of
sound in liquids. It is found that the speed of sound in a liquid is from
five to ten times larger than the kinetic theory speed of the molecules
themselves. The speed of sound ¢ in liquids can be understood by
supposing that, when two molecules collide, energy is transferred instan-
taneously from the center of the one molecule to the center of the other.
On this basis )

cia) — (.t_).) & cleas) (9.2-15)

Py

Here v = n~! is the volume per molecule in the liquid, and v, is its “free
volume™ (see §4.4). The free volume of liquids can be calculated from
the vapor pressure or the equation of state, and it is found that Eq.9.2-15
gives excellent agreement with the observed speed of sound for a large
number of liquids. As a matter of fact, Eyring and his co-workers are so
convinced of the validity of Eq. 9.2-15 that they use this relation to esti-
mate the free volumes of liquids from the observed speed of sound.

According to crude kinetic theory arguments, the thermal conductivity
of a monatomic gas is given by Eq. 1.2-14:

Aw) — 1pne O (9.2-16)

Here Q = V'8kT/nm is the average kinetic theory velocity of the mole-
cules, / is the mean free path, and c, is the specific heat per molecule at
constant volume. For a liquid this expression must be modified in the
following manner. The specific heat ¢, for a liquid is very nearly equal
to 3k (rather than 3k/2 for the gas) since the potential that the molecules
move in may be approximated by a simple three-dimensional harmonic
potential. The mean free path is replaced by v's, the distance that
energy is transferred per single collision. In accord with the speed
of sound arguments, the speed that the energy travels should now be
(v/v,)'s times the speed that it travels in the gas. Thus the crude kinetic
theory arguments lead to the following expression for the thermal

7 This is known as the “collisional transfer” of energy. It is discussed in con-
siderably more detail in §§ 9.3 and 9.4,

634 TRANSPORT PROPERTIES OF DENSE GASES [§93]

conductivity of a monatomic liquid:

_ i
A s g, fEET (3) ! (9.2-17)
mwm 'U!

Equation 9.2-15 may now be used to eliminate the free volume. Letting
&% = V/ykT|m, we get

Ada) — g \/% ol (9.2-18)
in which y = ¢y/c,- The thermal conductivity for polyatomic molecules
can be obtained by multiplying the previous result by (9y — 5)/4 to correct
both for the internal degrees of freedom and for the error in 4 due to the
mean-frc?e-path approximations. In order to make the resulting relation
agree with a very satisfactory empirical relation of Bridgman,® Eyring
supposes that only the rotational and translational degrees of freedom are
effective in transferring energy so that the proper value to use for y in
Oy — 5)/4 is usually 4/3. Accordingly, we write for polyatomic sub-
stances:

AN = 2 80kn'ay—"Tactlia) 9.2-19)

Here the ratio of specific heats, y, should be taken to be the values which
are measured in speed of sound measurements (presumably it is different
from the factor 4/3 used in the Eucken correction). This formulae ap'plics
extremely well (a mean deviation of around 10 per cent) for a large number
of liquids. Bridgman has pointed out that Eq. 9.2-19 gives the correct
temperature dependence of the thermal conductivity of liquids at one
atmosphere. However, for most liquids the thermal conductivity
increases by a factor of two when the pressure is raised to 12,000 atm,

whereas Eq. 9.2-19 indicates that the thermal conductivity should increase
by a factor of four.

3. The Enskog Theory of Transport Phenomena in Dense Gases
and Liquids!, 2 3

The rigorous kinetic theory of dilute gases, which is discussed in Chapter
7, is based on the Boltzmann equation (Eq. 7.1-25). In the derivation of
this equation (§ 7.1) it is assumed that there are two-body collisions only

* P. W. Bridgman, Proc. Am. Acad. Arts Sci., 59, 109 (1923); The Physics of High

. Pressures, G. Bell, London (1931).

* D. Enskog, Kungliga Svenska Vetenskapsakademiens Handlingar, 63, No. 4 (1922).

In German. . )

M.:kAe sun_:m?r;;:t; _EnskogN‘s work is given in S. Chapman and T. G. Cowling, The
athematica, ry of Non-uniform Gases, i iversi

Sée Cha e y of ife Cambridge University Press (1939).
? Recently C. F. Curtiss, University Wisconsin Naval Research Laboratory Report,

OOR-3 (1953), has extended the Enskog theory for use in real gases,
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