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ABSTRACT

The Chapman-Enskog theory of non-uniforin gases has bebn applied to study the inter-
molecular forces between non-polar complex molecule:. The potential parameters of the
Lennard-Jones 12: 6 and the modified Buckingham Exp. 6 potential energy functions have been
determined utilizing the temperature dependence of the coeflicient of viscosity. The theory and
the experiment have been compared by calculating another transport property viz. the coefficient
of thermal conductivity. Agreement is reasonable and exhibits the extent to which a non-gpheri-
cal molecule can be handled with the Chapman-Enskog theory and at the same time confirms
the earlier view of Madan, Halford et al. and others that the Exp, 6 potential is no better
than the Lennard-Jones 12: 6 potential in predicting the properties of gases.

1. INTRODUCTION

Results on transport properties of gases are usually expressed in terms of the
treatment proposed by Chapman and Cowling (1952) and developed by Hirshfelder,
Bird and Spotz (1943, 1949), Hirshfelder, Cuitiss and Bird (1954) and others, to
correlate and compare them with the experimental data. These are based on the
various formulated expressions for the potential energy functions. The most
widely used among these are the Leunard-Jones 12: 6 and the modified Buckingham
Exp. 6 functions, which can be written in the following convenient forms, the
former as

E(r) = e [(ra/r)"* =20 1)], N ¢S

and the latter as
__ ¢ 6 a(l=rfra) _(p ! G] 9
E(r)= T—0a [ae (ra/7) .. . o (2)

where r,, is the separation distance for minimum energy, eis the depth of the poten-
tial energy minimum and « is a parameter, which is a measure of the steepness of the
repulsion energy. The assumptions in the theory make it strictly applicable to
spherically symmetric molecules, that is, to monatomic gases at moderate pressures
and at temperatures high enough that quantum effects are negligible. However,
the theory has had success in correlating transport phenomena in polyatomic gases
and these assumptions may not be a severe limitation (Chayman and Cowling, 1952),
and it is worth while to study various gas properties of complex molecules with the
help of this theory, particularly in the absence of a completely adequate analysis of
intermolecular forces between asymmetric polyatomic molecules. Further, this
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provides a means for the purpose of extrapolation and interpolation of the existing
data into regions of higher or lower temperatures. The experimental and theoretical
relations between viscosity and thermal conductivity for non-polar tolyatomic
vapours have been studied by Craven and Lambert (1951), Lambert et al. (1955),
Vines and Bennet (1954) and others, from the viewpoint of Eucken assumptions and
its modifications. For simple molecules which have no internal degrees of freedom
and no rotations, such as rare gases, there is a simple relationship connecting the
coefficient of viscosity 7, and the thermal conductivity A. For diatomic and poly-
atomic non-polar molecules part of the equilibrium heat capacity resides in
internal degrees of freedom so that part of the heat conduction process involves
transport of internal as well as translational energy and the conductivity can
be divided corresponding to the separate transport of translational and internal
energies as

A= % [ftrans.Ctraus.+fint.(0vib. +0rot.)] °c ot (3)

where C, ., C , and C_, are the parts of U, corresponding to translational,

vibrational and rotational energy respectively, and f,  and f . are numerical

factors.

Various authors have discussed the remarks by Chapman and Cowling (1952)
and Schaffer (1943) that the transport of internal energy takes place by a diffusion
mechanism and that the value of f, , ~ 1:31-1-33 for a Lennard-Jones 12: 6 type of
interaction. However, it has been shown by Vines and Bennet (1954) that f,
increases with temperature approaching the value of 1'3. Whichever form of
intermolecular interaction we take, we may write the collision cross-sections in terms
of the potential parameters €/k, r,, etc., and express all the transport coefficients
in terms of appropriate cross-sections. It is necessary to evaluate the various
potential parameters from the experimental data for the purpose of studying and
correlating experimental determinations with the theoretical results. These
parameters have been evaluated for monatomic and several other gases from equili-
brium and non-equilibrium properties by various authors such as Madan (1955,
1957), Srivastava and Madan (1952, 1953, 1953b), Saxena and Srivastava (1955),
Srivastava (1957) and others.

For non-polar organic vapours there have been very few attempts to estimate
these parameters and correlate the experimental data with the theory based on
Lennard-Jones 12:6 potential and practically none based on Exp. 6 potential.
The Exp. 6 potential, on account of its flexibility and its leading repulsion energy
term described by an exponential form, has a better theoretical justification, though
as yet it has been difficult to establish its superiority over the 12:6 form. How-
ever, it should be expected that it is better for treating the non-spherical molecules,
even though both the potentials are analytically exact only for spherical molecules.
The treatment of non-spherical molecules by 12:6 potential or the theoretically
better Exp. 6, nevertheless, is still very useful and valid to a good approximation
for expressing the temperature dependence of a given bulk property and is accurately
valid for interpolations and short extrapolations. In the present paper we have
analysed the experimental viscosity data for a few non-polar organic vapours for the
purpose of estimating these potential parameters. This has been done for the
Lennard-Jones 12:6 function and also for Exp. 6 function, so as to compare the
results based on both of them, The potential parameters so obtained have been
utilized to calculate the thermal conductivity of these vapours and compare the
results with the experimental data. Satisfactory agreement has been found and the
results are in conformity with the earlier conclusions of Madan (1955) and others for
rare gases that one form of potential is hardly better than the other.
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2. DETERMINATION OF POTENTIAL PARAMETERS
The viscosity for a gas is given by the expression
266 93 (MT) [,

X107 = - —
,'.2 9(2, 2}

- e

where s the viscosity in gm.cm. 1sec.”3, M is the molecular weight, 7' is the absolute
temperature while f, represents the infinite series and is a complicated function of the
collision integral £22.2*. The f_ and Q& 2* are the dimensionless functions and
have been tabulated by Mason (1954) and Hirshfelder et al. (1934) for the Exp. 6
and 12: 6 functions respectively. It is obvious from the akove equation that T]"Q,/-,,
will obey the same variation with temperature as Q> % ° provided 7, is assumed to
be constant and the small variation of [, with T'is neglected. TItis thercfore possible
to evaluate ¢ from the observed temperature-dependence of 5 and from this value of
e, the value of r,, can be obtained.

The procedure is adopted below for a few non-polar organic vapours, propane,
cthane, cyclohexane, benzene and hexane for which the data for the variation of
viscosity with temperature are given by Craven and Lambert (1951), Lambert et al.
(1955), Vines and Bennet (1954), DeRocco and Halford (1958) and others. The
thermal conductivity of a pure monatomic gas ean be written in the form!

1989- (T /M) [, .
5 oE o .. . .. .. (D)

(4)

Ax107 =

r
m

where A is the thermal conductivity in cal. cm.™2 sec.”1 deg."1, but for a polyatomic

gas the expression given by equation (3) is to be used and whieh can be written

in a convenient {form as

1989 1(T/ M)}
EPNCRIT
7719

AX107 = [14f,, {Co—(3/2) R} 15R] . (B)

using f, = 2-5. This can be further simplified as

wrat o f
Ax107=W[1+ffz;(0v-2»981). M
Pl 745

m

A small correction factor (fn/f,\) can also be applied to this expression, which, how-
ever, is negligible in most cases.

Tables of Mason and Hir~hfelder were utilized to give a plot of o)
kT /e from which a second graph was plotted for [Q® 2 ] [% 2], against various
values of [Q®* '], for a given ratio of [k7/e]y/[kT /e],, the suffixes 1, 2 outside the
brackets refer to temperatures 7'y and T3, The ratio taken was 1-3. Then a smooth
experimental graph of 5 was plotted against 7" which served to check the accuracy of
the experimental data and removed, to a certain extent, the uncertainty in the
precision of the experimental observations. - From equation (4) it follows that

From the 7 versus 7' graph, values for the right hand side cf equation (8) were calcu-
lated at a number of initial temperatures for the given ratio of T'y/T,. Utilizing this

2,2)"

against

1 Equations (4) and (5) are valid for Exp. 6 potential. For 12:86, s is replaced by 7,
where rm = 21/6r,.



52 M. N. SHARMA & M. P. MADAN : VISCOSITY AND THERMAL

the left hand side gave with the help of the appropriate ratio graph [2® "1, [2% 2"],
against [Q® 2)‘]1, the corresponding value of [kT'/e},. Knowing this value of k7'/e
and the initial temperature T; the parameter ¢ was computed. Once the value
of € is found for a particular temperature interval, r, can be evaluated at the
mean temperature with the help of equation (4). This was done for various
temperature intervals and the mean values obtained. The parameters, both for the
12:6 and the Jixp- 6 forms, are reported in Table 1. For the Exp. 6 potential the

TaABLE 1A

Values of the potential parameters for the Lennard-Jones 12 : 6 and the Exp, 6 functions

12: 6 | Exp. 6
Gas Tem}Z. TAange x =16 } ;L = 17
%) /k(k) | rm(°A)
) | mCA) | efkk) | ra(A)
| ,
’ {
200-377 2458 | 6813 2830 6626 3085 6-473
300-390 2448 | 6810 285.7 6:604 300-0 6-491
Benzene 310-403 2627 | 6706- | 3025 6-524 329-8 6-372
320-416 2540 | 6763 990-9 6-540 312.2 6-333
Mean | 2518 | 6773 290-5 6-573 312-6 6417
200-377 2367 | 7323 | 2710 7107 299-0 6-897
Cyclo- 300-390 2479 | 7.235 283.0 7017 312-4 6-811
hexane |  310—403 2673 | 7-126 310-0 6:887 3445 6-661
320-416 2731 | 7-080 316-8 6-857 3372 6-686
Mean | 25575 | 7191 205-2 6969 323-2 6764
290-377 1872 | 5947 214.9 5817 227-4 5720
300-390 1961 | 5804 2299 5778 238.0 5683
Propane 310-403 206-6 | 5840 233-0 5729 248-0 5622
320-416 2206 | 5770 250-0 5634 2644 5555
Mean | 2026 | 5862 23002 | 5739 24445 | 5645
290-377 2072 | 5045 232.0 4920 2417 4853
300-390 2098 | 5021 238.1 4-902 247-9 4834
Ethane 310-403 2215 | 4982 248.0 4-861 2584 4793
320-416 2302 | 4922 264-4 4799 2758 4711
Mean | 21717 | 4-093 2456 4-803 256-95 | 4798
Tasie 1B

Potential parameters for hexane

Temp. range Exp. 6 (x = 12)
(°K) €k m
290-377 322-2 7-261
300-390 300-0 7-418
310403 326-4 7:265
320-416 355-6 7-060

Mean 326-05 7-251
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non-spherical molecules seem to require values of « > 16 (DeRocco and Halford
1958; Mason, 1954) except for the case of hexane for which « was taken to be
12. For some of the vapours discussed, the values of the parameters obtained have
been compared with other determinations in Table 2.

TABLE 2

Comparison of the values of the potential parameters

Lennard-Jones (12 : 6) i Exp, 6
Gas () % b) i : (a) (€)
! ; — [ed ;
€/k(°k) 1 nd°A) | ek rm [ ek i tmo | ek m
i , 4 i i
Benzene | 2518 | 6773 440 | 5013 | 16 | 2905 | 6573 |
| | 3 bo1T | 3126 | 6417 |
Cyelo- 25375 0 T191 1 824 6836 16 | 2052 | 6.069 |
hexane } : A 323-3 | 6.764 |
e 2026 5862 | 254 | 5680 | 16 | 2300 ' 5739 |
Propane : 242 6:324 1 1T 2444 § 3645
i ‘ o . L i !
P21717 0 4903 ‘ 230 1957 | 16 2436 | 4893 | 229-1 5-905
Ethane ‘ : Po243 . 4-436 ! ! 2495 3-226
1 | i | ST 2559 | 4708 |
} : ! —
}{exane ‘ ‘ r | | 12 3_)60 [ 2)1 !
i ! i

(«) Present work.
(b) Hirshfelder et al. (1954).
(¢) DeRocco and Halford (1958).

3. CoMPARISON WITH EXPERIMENT

Parameters determined from one property are useful for computing and studying
another bulk property. The other trausport property for which experimental data
are available for these organic vapours in some detail is the thermal conduetivity,
though the experimental values for this arc much more difficult to determine accu-
rately, particularly in the case of polyatomic molecules. The rigorous theory of
potential functions described by equations (1) and (2) does not take into account the
energy transported in the molecular internal degrees of freedom; nevertheless, the
theoretical formula given by cquation (7) is a good representation. Craven and
Lambert (1951) have interpreted the experimental results for some simple non-polar
polyatomic gases using f, =25 and f =12 in equation (3). However it
has been found experimentally by Vines and Bennet (1954) that the value of f,,
varies slightly with temperature. f, approaches the value Dp/n as the temperature
is increased, D being the self-diffusion coefficient and p the density of the vapour,
and the exchange of internal energy becomes more rapid (for the Lennard-Jones
potential Dp/n=<1-3 over a large temperature range). We can utilize the experi-
mentally determined values of f, by Vines and Bennet and calculate the values of
A for the purpose of comparing it with the experiment.

Table 3 shows that the agreement between the theoretically calculated values
is satisfactory within the limits of experimental errors. The agreement is only
slightly better for the Exp. 6 than for the Lennard-Jones 12:6 potential. For the
Exp. 6 potential the calculated values for « = 16 and « = 17 are practically similar.
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TABLE 3A

Comparison of calculated and experimental values of thermul conductivity
A X 108 cal. cn.—1 see,~ 1 deg.—1

12:6 Exp. 6
1 Calcu- | Devia- | Caleu- | Devia-
Gas Temp. (°Kj | Expt. Caleu. | Devia- lated tion lated tion
lated tion
o = 16 o= 17

T X I
353-16 348 3474 +0-06 3467 -+0-13 34-56 L40-24
37316 394 39-22 ~-0-18 39-32 ~+0-08 39:46 —0:06
Benzene 393-16 44-1 43-85 —+0-25 44-16 —0-06 44-27 —0-17
413-16 49-0 48-68 --0-32 48:70 +0-30 48-81 -+0-19
433-16 54-0 53-68 +0-32 5393 +0-05 54-00 0-60
353-16 389 38-88 +0:02 38:59 -+0-31 38-62 -+0-:28
37316 43-9 43-79 +0-11 43-59 +0-31 43-95 —0-05
Cyclohexane 393-16 492 48-98 -1 0-22 49-40 —0-20 49-70 —0-30
413-16 54-8 54-26 +0-54 54-68 +0-12 54-96 —0-16
433:16 61-1 60-30 -+0-80 61-29 —0-19 61-31 —-41
373-16 648 64-83 —0-03 64:38 +0-42 64-63 017
Propane 393-16 717 72:20 —0-30 71-32 +0-39 71-55 +0-15
413-16 787 7949 —0-79 78-78 —0-08 79:00 —0-30
353-16 68:3 69-23 —0:93 68:58 —0-28 68-74 —0-44
37316 752 75014 -+0-06 7538 —0-18 753-30 —0-30
Ethane 393-16 824 82:36 -+ 0-04 82-26 +0-14 83:52 —1-12
413-16 896 §9-02 —0-38 89-23 -+0-37 £89-66 —0-06

|
TaBLE 3B

Comparison of calculated and experiinental values of thermal conductivity of hexane
A X 108 cal. em.—1sec,~1 deg.~1

Exp. 6
Temp. (°K) Expt. -
Calculated Deviation

353-16 43-0 42:69 +0-31
373-16 48-0 48-22 —0-22
393-16 53-3 53-10 +0-20
413-16 59:0 58-66 -+0-34
433-16 64-9 64:66 +0-24

However, much better agreement can be obtained if more than one set of potential
parameters is used. On the whole, neither Lennard-Jones 12:6 nor Exp. 6 is
conclusively superior to the other. Similar results were obtained earlier (Madan,
1955) for the case of spherical molecules, also. It is seen that for practical purposes
either of these potential functions can serve well and the foregoing study is an interest-
ing application of how far the Chapman-Enskog theory can handle a non-polar
non-spherical molecule. But to study the behaviour of the complex molecules and
the true interaction potential between them, it is essential that detailed analysis
based upon more precise molecular models be made.
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