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ABSTRACT. Viscomty data have boon ubiisel to dolarmme tho force constants for
the Mor.o potontral mado) for Ar, N, Ile, CO, and 0. Thoswo paramolols ean roproduco tho
oxpormital viscosity data moro satisfartordy than {ho paramntsrs dotorinined from  tho

recond vinal aud erystal property dun A sol of combmation ruley for unliko mioractions

1ins hoan propocel and tosto 1w relation to (ho mter dilfusion coellicients,  Tho resulls thus
obtamoed show « good agrooment, with tho ospornnental value. avalublo m tho Lteraturo

INTRODUCTION

Of the varmous forms of the micer-molecular potential, the Lennard-Jones
(12 : 6) model and Buckmgham Exp-a1x model are quite reabstic and are, therefore,
imvarally used for caleulating the transport and equilibrium properties of gases.
Reeently, Konowalow, Taylor and Hirschfelder (1961a) have calenlated the second
virial coclicient for the Morse potential and these have heen ntilised by Konowalow
and Hirscldelder (19611) for determining the potential paramcters for some non-
polar moleeules {rom the viral cocficients and erystal data,  Qver a wide range
of temperature, the theoretical scecond virial coefficients determined {rom the
Morse potential agree very well with the experimental data and are quite compar-
able with those obtained by using Lennard-Jones (12 6) and Buckmghan
LExp-six potential. )

Morse potential is written in the form,

p(r) = cloxp [—2(c/o)(r—rm)]—2exp [—(c/o)(r—ry)]} e (1)
where ¢(r) is the potential energy of the two molecules separated by a distance
7, € is tho maximum attraction energy al r = r,,. o is the finite value of » at which
@(r) = 0, and the parameter ¢ is related to the width of the potential well. The
quantity ¢ is given by the relation

y=o(l4+1fcn 2) @)

Very reeently, Lovell and Ilirschfelder (1962) have evaluated the collision
integrals for the gases obeying the Morse potential and hence the evaluation of the
parameters from transport data is also possible. Usually viscosity data arc used
for this purpose. Very acenrate data [or the viscosity of Ar, N,, He, CO, and O,
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arc available for a wide range of temperature.  We have here utilised these data
to ohtain the potential parameters for these substances.

A setl of combimation rules has been proposed to determine the unlike mole-
cular interactions from a knowledge of the like interactions,  These were so chosen
as to fit in with the experimental data on the inter-diffusion coeflicients of the
systems He-Ar, He-N,, CO,-N, and (0,-O, given by Walker and Westenberg
(1938, 1959 and 1960) and by workers in thus laboratory.

CALCULATIONS OF POTENTIAL PARAMETERS FROM
VISCOSITY

]
Varions methods can he employed to determine the potential paramctets

from the experimental viscossty data,  In the present paper, we have used thy
ratio method.  The viscosity data for Ar, Ny, He and O, in the temperature rang
100°K-1000°K and for CO, in the temperature range 200"K-1000°K were utilised
for this purpose. \

On the Chapman-Enskog theory, the cocffictent of viscosity 4 18 given to the
first approximation as (Hirschfelder ef al., 1954).

) _ 2066 93x /Tx I .
[l x 107 = ‘}25@,:)*“’ T%) - )
where T is the absolute temperature, M 1s the molecular weight of the s—ul)stunco,
Q¥ e, T*] are the collision micgrals depending on ¢ and T'* = T/(¢/R) as tabu-
lated by Lovell and Hirschielder (1962).

Let 9y and 9, be the viscosily coefficients at temperatures 7', and 7', respec-
tively. Then

"2 Ty 720, %24, T\¥]
l"h ] =[ T—; ] Qe 1) @
By knowing experimentally {he quantities 7, and 9,, values of ¢ and c/k can
be so adjusted that the right hand side of eqn. (4) hecomes equal to the experimental
[ys/m]. A parlicular value of [7,/y,] was chosen and for various values of ¢, valucs
of ¢/k were found satislying the cqn. (4). Thus for once particular value of [5,/y,]
we found corresponding values of ¢ and e¢fk. The values of ¢ were plotted against
c/k for various values of [7,/7,] and from the interscetion of the curves ¢ and c/k
were found. The values of o was then caleulated wsing eqn. (3) at two or three
temperatures and mean taken  Eqn. (2) now determines the value of 7,,. The
values of the force constants thus oblained are shown in the Table I. TFor the
rake of comparison the values obtained by Konowalow and Hirschfelder (19611)
from virial and crystal data are also included in the table.

It is seen from the table, that the potential paramcters determined from
viscosity and those from the virial and crystal data are mutually not quite con-
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sistent, This type of discrepancy hetween the potential parameters delermined
from the non-equilibrum and the equbbrum propertaes of fluids has heen ob-
served m the case of other potential models as well.

TABLE T

Values ol the foree constants on Morse potential maodel

IFrom viscosity ¥iom Yiral and erystol datn
Substaaco —

¢ efh"IC oA r,,,f& o LK oA 1 ,,,K
Ar 6.7 120 3 1061 3 882 5.0 144.8 3 386 3 830
N 61 02 3 697 4 117 50 134 1 3.679 4 030
1To 6.0 11 2,022 2 025 - — — -_—
CO. 51 196 3 908 4.507 — — -— —_
O 59 08 3 b4t 3957 —_ — —_ —

COMPARISON WITH EXPERIMENT
In order to test the relahility of the foree constants thus determined, s
necessary Lo sce how far they reproduce the expermental data over a wide range
of temperature.

TABLE II
Experimental and caleulated viscosity coefficients for Ar, N, le, CO,
and O, at. different tenperatures

n A 107 glem soc,
ealeulutod with loree

7 X107 coustanty from
Substance T°K g/m seo
oxpt Viscosuty Viral and
crystal
property
datu
100 8394 841 769
120 993e 1003 921
140 11464 1157 1077
Ar 160 12987 1308 1226
180 14474 1457 1377
200 15942 1602 1527
220 17392 1743 1671
240 1878% 1878 1813
260 2014¢ 2000 1952

280 2145¢ 2125 2083
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TABLE I1—(contd)

7 X 107 g/em. sac.
coleulatod with forco

7107 constants from
Substanco 'K g/cn. soc  —
oapt Viscosiby Virial and
erystal
properly
dala
300 2270 2254 2200
800 46210 1617 4761
Ar
1000 53020 5380 5593
100 -(J.(J\:: 705 T 620
120 8267 832 737
140 918¢ 93 858
100 1068¢ 1072 072
150 1183¢ 1186 1084
N 20(; 1295 1200 1104
220 1403¢ 1391 1301‘
210 1505° 1493 1410
260 1603¢ 1588 1510
280 169G¢ 1681 1606
300 178G¢ 1769 1698
800 34930 3504 3563
1000 4011V 4064 4158
100 9472 0941 —
120 10682 1062 —
140 1182¢ 1178 . -
160 1290¢ 1288 —
180 13954 1393 —
200 14962 1495 —
ITo 220 15952 159+ —
210 16924 1688 —
260 1789a 1783 —
280 1888a 1875 —
300 1087a 1963 —_
800 38409 3861 —

1000 44552 4521 —_
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TABLT LI (cowld.)

% 107 glem soe.
culeulutor with foreo

7107 constunts from
Substunco T°K glem soe
oxpt. Viscosuty Vil and
crystal
property

duta

200 1015" 1015 -

220 meze 1111 —

240 1209¢ 1212 —

260 1303°¢ 1307 —_

0.

280 14007 1405 —_

300 1495¢ 1409 —

800 33910 3383 —

1000 39450 3086 —

100 768¢ 794 —

120 17¢ 0940 —

140 1061¢ 1080 —

160 1202 1216 -

180 1341° 1348 —

200 1476¢ 1473 —

220 1604¢ 1587 —_

O:

240 1728¢ 1707 —_

260 1845¢ 1817 —_

280 1058¢ 1943 —

300 2071¢ 2031 —_

800 4115¢ 4059 —

1000 7208 4717 —

a =Johnston, 11. L and Cnlly, E. R, (1942)

b ==Vasilosco, V (1945)

¢ —=Johnston, H. L., and McCloskey, K. E (1040)

d =Trautz, M, and Zink, R., (1930)

¢ =.Valuos obilamned n fiom tho mterpolation of avulable lugh
tomperaturo viscosity datn.

Viscosity

Expetimental and calculated viscosity cocflicients in the wide range of
temperature for Ar, N;, He, CO, and Q, arc given in the Table II. The
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caleulated values of the viscosity cocfficients for Ar and N, using the force cons-
tants from vinul and crystal data are also given i the table for comparison.
It can he seen from the table that the expernnental viscosity data are much hetter
reproducible with the force constants determmed m tlus paper than with those
from virral and crystal property data.

COMBINATION RULES FOR UNLIKE MOLECULAR
INTERACTION

The properties of gas mixtures are dependent on the forces between unli]ke
woleeules,  To pinaple, these forces can be determined from the aceurate ex-
perunental data on the transport and equilihrium properties of mixtures T
the absence of accurate experimental data o would be very helpful to be able U
predict the interaction for unlike moleeules from the known mteraction for like,
nmolecules, In this way the properties of gas mixtures could be ealeulated from
the data on the pure components.  Combinmg rules for the Morse potential model
can be obtamed hy wiiting the eqn. (1) in the form

@0) = Ae2r —Be-br . (D)
TFollowmng Zener (1931), we got the parameter b for unlike interaction, as
byo == 3(by+by) .. (6)

which, when expressed in terms of Lhe constants of the Morse potential, gives

LT [?1 +_°2] .M

T2 oy oy

e2)

Following the suggestion of Srivastava and Srivastava (1958), the combina-
tion rule for the parameter ¢ 1 taken as

o = [ey X 6] o (8)

The usual combination rule for o, which 1s exaetly valid for the rigid sphere,
iy given by

0yp = Hoy+0o] e (9

The value of ¢, 18 fised by cqs. (7) and (9).  The fourth parameter 7, of the Morse
potential for the unhke interaction is then

(Fadss = 2 [1+ e ] . (10)

012
However, it was found that the agreement with the calculated values of the inter-
diffusion coefficient from the preseribed combination rules | Eqs. (7)-(10)] and the
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experimental values was not satisfactory. Consequently. we have tried the
geometric mean rule for oy, i.c.

01 = [0y X )b .

The agrecment between the calenlated and the experimental values of the inter-
diffusion coefficients mprove by using the geometric mean rulo for o,  Conse-
quently, we suggest, cgs. (7), (8), (10) and (11) as the combination rules for unlike
interactions on the Morse potential — The unlike interaction parameters for tho
gas pars He-Ar. He-N, (0,-N, and C0,~0, determined by using the like intor-
action parameters of Table I and the combination rules are given in Table ITI,

The combmation rules for the gas pams shown in Table TIT have been tested
by comparing with the experimental valies of the interdiffusion cocfficients.

To the first approximation, the micr-diltusion cocfficient Dy, is given as (Hirsch-
felder et al , 1951).

D 00020628 /T4, | 220001,
[ 1:]1: T et T O (DA Tk -
Doty Qe 1'%

(12)

where p is the pressure in atmosphcere, 1, and M, are moleenlar weights of species
L and 2, T is the absolute temperature, oy, is the collision diameter, O bV

[613, T'12*] is the collson integral and T',* is the rednced temperature equal
to kT /ey,

TABLE IIT

Unlike force constants on Morse potontial model.

Gas pairs 1o ri kK a A (fl.n\l!A
He—Ar 5.9 36.3 3 012 3 366
He—N. 61 31.8 3.113 3.467
CO,—N: 5.6 134.3 3.830 4 304
€0.:—0: 5.5 138 6 3.750 4.223

The experimental and the caleulated values of Dy, over extensive range of
temperatures are shown in Table TV, Ttmay be seen thut except for the measure-
ments of Srivastava (1959) on the MMe-Ar system, the agreement between the
exporimental and the calculated values of Dy, 1s only lair. A large part of the dis-
crepancy may be attributed to the uncertaintics in the expermmental method of
Walker and Westenberg (1958, 1959 and 1960).  Consequently, tll better data
are available to provide a more defimte answer, the combination rules for the
Morse potential as suggested in this paper may be used for calculating unlike
interactions.

[
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TABLE 1V

Experimental and calculated values of inter-diffusion coefficient for
the systems He-Ar, TIe-N,, CO.-N, and C0,—0, at 1 atm.

D;: em*[soo

Dy» em?[sec calculated
Bystoms T °K expt. using the
combmnation

rules proposed

273 0.640¢ 0 640
288 0 7014 0.702
300 0 726 0 752
303 0.760a 0 765
318 0 8252 0.830
400 1 2470 1 224
He—Ar 500 1 8312 1 786
600 2 K5Th 2 432
700 3.3470 3 158
800 4 2020 3.956
900 5.1490 4.837
1000 6.3100 5782
243.2 0.477¢ 0.510
275 0 0 5960 0.629
300.0 0.739d 0.728
303 55 0.719¢ 0 743
332 5 0.811°¢ 0 866
400 1.218¢4 1.183
He—N: 500 1.782d 1.724
600 2 4344 2.344
700 3.1444 3.038
800 3.9407 3.849
900 4.752¢  4.650
1000 5 6522 5 560
300 0.1714 0.157
400 0.300¢ 0.264
500 0.445¢ 0.392
600 0.6104 0.539
CO:—N: 700 0.798¢ 0.704
800 0.998¢ 0.887
900 1.215¢ 1.085
1000 1.4084 1.299
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TABLE IV (contd.)

Dy em?[see

D, em?[soc calculutod

Systoms T°K oxpt using tho
combimation

rulos proposed

300 0 160¢ 0 156
400 0 270¢ 0 203
500 0 400¢ 0 391
600 0 565¢ 0 638
C0,—0, 700 0 740¢ 0.705
800 0 928¢ 0.887
900 1.142¢ 1 086
1000 1 380¢ 1 302

a ==Srivastava, K. I’ (1959).

=Walkor, R. E. und Westanberg, A. A., (1959).
¢ =DPaul, R., and Suvastava, 1 B., (1961).

d =Walkor, R. Ji. and Wostenberg, A. A., (1958).
e =Whnlker, R. E. and Wastenberg, A. A,, (1960).

o
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