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Viscosities, diffusion coefficients, and thermal-diffusion factors for eight equimolar binary gas mixtures (Ne+O-,
Ne+CO,, Ne+N,0, Ne+SFs, Ar+0,, Ar+CO,, Ar+N>0, and Ar+SF¢) were determined based on the principle of the
corresponding states of viscosity using the inversion technique. The Lennard-Jones 12-6 potential energy function was
used as the initial model potential required by the technique. Typically, the interaction potential of Ar+SFs has been
compared with those obtained from thermal-diffusion measurements. Our inverted potentials are in excellent agreement
with it. The interaction potential energies from the inversion procedure reproduce the viscosities to within 1%, the diffusion
coefficients to within 5%, and the thermal-diffusion factors to within 25%.

The central problem in molecular physics is how to calcu-
late the intermolecular potential energy. However, no direct
way to measure the intermolecular potential energy is known,
and what is generally available are measurements of some
macroscopically observable quantity having some functional
dependence on the intermolecular forces. The problem is,
thus, how to extract information about these forces by analyz-
ing the measurements. Every macroscopic property, which
has two very restrictive conditions, is suitable for obtaining
the potential energy. These are: 1) an accurate statistical
mechanical theory connecting the intermolecular forces and
the macroscopic properties must be available, 2) the forces
must not be buried under too many layers of theory. In this
respect, the traditional approach for establishing the nature
of the potential energy between molecules from the macro-
scopic properties is to introduce some mathematical form for
the potential energy and, then, to determine the parameters
of the model by comparing the calculated macroscopic prop-
erties with the experiments.” However, this procedure does
not produce a unique potential; another major problem here
is that, as the number of adjustable parameters increases,
difficulties for fixing them with experiments arise. This re-
striction persuaded the investigators to introduce a numerical
technique, known as the inversion procedure. This proce-
dure, in an iterative form, was put forward by Smith and
co-workers.>™ The main advantages of this approach are
that it produces a unique potential and also removes any
lengthy multiparameter fitting procedure, outlined in tradi-
tional approach. Recently, the inversion procedure has also
been successfully applied to transport and equilibrium data
and their corresponding state correlations by Boushehri et
31.5_12)

Our inversion method is closely based on those of the
Smith method of the inversion procedure. This method will
be explained in detail in the next sections.

In addition to the inversion of bulk properties, there are
other sources for obtaining intermolecular forces. These
are: 1) quantum mechanical calculations (ab initio method),
2) molecular-beam scattering, and 3) spectroscopic observa-
tions. In this work we restricted ourselves to the extraction of
information about the intermolecular potential energy from
the transport properties. In this respect, according to kinetic
theory of gases at low density and the Chapman—Enskog
solution of the Boltzman equation, the transport properties
can be expressed based on a series of collision integrals that
depend on the intermolecular potential energy, and is defined
as
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where @ is the scattering angle, Q”(E) the transport colli-
sion integral, b the impact parameter, E the relative kinetic
energy of colliding molecules and ry the closest approach
of two molecules; kT has its usual meaning. Thus, three
successive numerical integrations are required to obtain a
collision integral. Numerical differentiation and use of the
recursion relation can generate collision integrals higher than
that mentioned,
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and o is length scaling factor, such that V(o) =0. It must
be mentioned that since V(r), in our work, is defined such
that V(gp) =0, it turns out that gy is nearly equal to o;
more precisely, 0/ 0 =0.997. Higher collision integrals are
defined in Ref. 13. ’

- The potential energy would serve as the input information
~ required in calculating the collision integrals, and conse-
quently the transport properties. Kinetic-theory expressions
for the transport properties in term of the collision integrals

for pure gases and a mixture of gases are given in the follow-

ing sections.

In the present work, the vicosities, diffusion coefficients,
and thermal-diffusion factors for eight equimolar and low-
density binary gas mixtures (Ne+0O,, Ne+CO,, Ne+N,O,
Ne+SFg, Ar+0;, Ar+CO,, Ar+N;0, and Ar+SFg) were
calculated based on the extended law of the corresponding
states using the inversion method. Our accuracies are within
1% for the viscosities, 5% for the diffusion coefficients, and
25% for the thermal-diffusion factors. It is of interest to note
that excellent agreement between the interaction potential
obtained by the inversion method and that obtained by Taylor
et al.'"¥ has been obtained.

There exist a voracious need in industry for reliable data
on the thermophysical properties of a very large set of pure
substances, and an even larger set of mixtures of all kinds.
The number of systems is so large that direct experimental
measurements on all of them is out of the question, and
a maximum input from theory is required. The tables of
numerical data are not meant to be exhaustive, and were
not designed for linear interpolation. They are convenient
extracts only, because the algorithm for each property can
be programmed on a computer based on the information
supplied here. We do not yet include the explicit effects of
the internal degrees of freedom on the transport properties,
which rules out a calculation of the thermal conductivity. An
additional 7 figures have been deposited with the principle
author and may be supplied upon the request of readers.

Extended Principle of Corresponding States

The law of corresponding states rest on this idea that the
equilibrium and transport properties of substances whose
molecules obey a potential function with two scaling param-
eters, (&, energy scaling factor and o, length scaling factor)
can be expressed in terms of functions that are nearly uni-
versal when written in terms of scaling factors. Earlier work
on the viscosity of the noble gases showed that the function
Q*CD s universal among the monatomic gases.'> Work
concerning the viscosity of binary gas mixtures also strongly
indicates that a similar principle could be applied.'*”

The extended law of corresponding states is a revised prin-
ciple of corresponding states that characterises each binary
interaction with the aid of five scaling parameters instead
of two. The five scaling parameters are o, &, p*, Cy, V§;
also, a single quantum mechanical parameter, A * maybe
come into play. A dimensionless parameter, Cg, charac-
terises the long-range region of the potential-energy curve
(low temperature), and the dimensionless parameters p* and
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Vo characterise the short-range region repulsive wall (for

" further discussion see Ref. 18). The quantum mechanical

parameter A * become significant when molecular partners
are small and/or the temperature is low.

In our work the functional correlation obtained from an
extended law of corresponding states of viscosity using the
inversion method in order to calculate the unlike-pair poten-
tial energy was applied. These correlation equations, which
have been taken from Bzowski et al.,'” are as follows:

Viscosity Collision Integrals, 2*?2 for Molecular
Gases.

a) 1<T*<10.
Q7 = exp [0.46641 — 0.56991(In T*) +0.19591(In T*)*
—0.03879(In T*)* +0.00259(In T*)*], (6)
where T* =kT/&.
b) T*>10
QD =(p"Va*[1.04+ai(n T*) " +a(In T%) 7>
+as(InT*) > +as(InT*) ™, @)
where
a1 =0, (7Ta)
ay =—33.0838+(a0p*) [20.0862+(72.1059/ ct10)
+(8.27648/ at10)°1, (7b)
a3 =101.5710—(cnop™) *[56.4472+(286.3930/ ct10)
+(17.7610/ a0}’ (Te)
a4 =—87.7036+(anop™) ~2[46.3130+(277.1460/ atio)
+(19.0573/ a10)*]. (7d)

In the above relations a9 = In (Vg /10) is the value of @ =
In V& —In T™* at the matching point of T* = 10.

Viscosity Collision Integral, 2*??2_ for Noble Gases.
a) T*<1.2

Q2 =1.1943(C; /T P [1+ay (TP +ao (T + a5(T)

+as(T)"? +as(TY" +as(T*)), ®)
where
a1=0.18, (82)
ay =0, (8b)
a3 = —1.20407 — 0.195866(C) 172, (8¢)
as=—9.86374 +20.2221(C) ™3, (8d)
as =16.6295 — 31.3613(C3) /3, (8e)
ag=—6.73805 +12.6611(C2)~"/>. (8f)

b) 1.2<T*<10
Q*®? = The same as Eq. 6.

c) T*>10 _
2% = The same as Eq. 7.

Inversion Procedure. Given a set of experimental
reduced viscosity collision integrals, £2*2? over a wide-
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range region of temperatures from Eqs. 6, 7, and 8 and the
initial potential model, it is possible to invert a pair of values
(2*22_T)to V/e as a function of r/o using the relations

r=r/o= (@), ©
V'=V/e=GT". (10)

The inversion function (G) is a function of the reduced tem-
perature (7) alone in a complicated way, and may be calcu-
lated using a model system whose intermolecular potential-
energy function is known. Accordingly, the values of G for
the Lennard-Jones 12-6 (LJ 12-6) model potential, as the
initial model, has been determined from Viehland et al.?®
The new potential energies are closer approximations to the
true potential than the potential of the initial model. The new
potential, then, can be applied to calculations of improved
collision integrals by using the integrals in Egs. 1, 2, and 3
of the Gatland version of the computer program developed
by O’Hara and Smith.>'*? This process is repeated until con-
vergence occurs. The convergence condition is the degree to
which the calculated collision integrals for a given iteration
are close to the experimental correlation within experimental
accuracy.”

It should be mentioned that the rate of convergence of
iteration reflects the differences of detail between the initial
potential and the potential obtained around an iteration. In
general, of course, the closer is two potentials functions, the
faster is the convergence.”

The present results which we have obtained converged
after two iterations, and the results are given in the next
section.

Results and Discussion

As mentioned before, the problem of obtaining the interac-
tion potential energy is the extraction of information about the
forces by analyzing the bulk properties. The degree of suc-
cess will depend on the accuracy of both the measurements
and theory connecting the forces to macroscopic properties,
and on the sensitivity of this connection. The transport coef-
ficients of dilute gases, especially viscosity, which depends
on the binary interactions, satisfy the above conditions. In
this respect, the inversion procedure plays an important role
for generating an unlike-molecule potential from the viscos-
ity data and their corresponding states correlations. This,
in turn, permits us to calculate collision integrals, and, con-
sequently, the transport properties more accurately than is
possible by correlations of the corresponding states.

In the case of the corrsponding states principle, it must
be mentioned that since the functional equations obtained
from this principle apply in a more limited form to molec-
ular gases than to noble gases, the arithmetic mean of the
functions should be used for gases 1 and 2. Also, we are
confined only to T*>1.0, because viscosity collision inte-
grals for molecular gases at low temperature do not exist
(see Ref. 24); consequently, in order to proceed to the next
iteration it is necessary to extrapolate V(r) at the long-range
region (low temperature). The extrapolation function that
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we have used is V* = — Csu®, where Cg is the dispersion
coefficient and u is the reciprocal of the intermolecular dis-
tances, both in atomic units. It is remarkable to mention
that the inversion procedure is insensitive to the nature of the
extrapolating function.”

In the present work we obtained accurate reduced po-
tential energies for eight equimolar binary gas mixtures at
low density by direct inversion of the viscosity collision in-
tegral equations. The results for the Ar+SFg system are
shown in Fig. 1, and compared with the potential energies
obtained by Taylor and his co-worker."¥ These accurate po-
tential energies have produced improved collision integrals.
The results of collision integrals and their ratios are given in
Tables 1, 2, 3, 4, 5, 6, 7, and 8. The ratios of the calculated
collision integrals have been determined by the following
equations:

. Q*22)
= ouih an
[S.Q*(l’z) _ 49*(1,3)]
B = oD R (12)
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Fig. 1. Thereduced pair potential energy for Ar+SFs system.

The results of inversion of viscosity data shown by @. The
solid line, shown for comparison, is Taylor’s potential.'®
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Table 1. The Reduced Collision Integrals and Their Ratios Table 3. The Reduced Collision Integrals and Their Ratios
for Ne+0O, System for Ne+N,O System

logT* Q*D Q*22  p* B* cr E* F* logT* Q*1D Q*@D  p* B* c* E* F*
0.0 13977 1.5527 1.1109 1.1956 0.8482 0.8820 0.9221 0.0 1.4032 1.5615 1.1129 1.1971 0.8477 0.8820 0.9228
0.1 12629 1.3969 1.1061 1.1676 0.8591 0.8893 0.9290 0.1 1.2674 1.4046 1.1083 1.1692 0.8584 0.8889 0.9297
0.2 1.1511 1.2677 1.1013 1.1438 0.8727 0.9005 0.9384 0.2 1.1545 1.2741 1.1036 1.1452 0.8719 0.8999 0.9391
0.3 1.0594 1.1635 1.0982 1.1256 0.8872 0.9133 0.9493 03 1.0620 1.1686 1.1004 1.1267 0.8863 0.9124 0.9501
0.4 0.9847 1.0805 1.0973 1.1129 0.9009 0.9258 0.9608 0.4 0.9865 1.0842 1.0991 1.1134 0.9000 0.9246 0.9616
0.5 0.9234 1.0142 1.0984 1.1049 0.9127 0.9365 0.9718 0.5 0.9246 1.0616 1.0995 1.1044 0.9122 0.9352 0.9727
0.6 0.8724 0.9605 1.1010 1.1003 0.9224 0.9449 0.9817 0.6 0.8733 0.9615 1.1010 1.0985 0.9222 0.9436 0.9826
0.7 0.8290 0.9157 1.1045 1.0981 0.9298 0.9511 0.9902 0.7 0.8299 0.9156 1.1032 1.0947 0.9302 0.9499 0.9910
0.8 0.7913 0.8772 1.1086 1.0973 0.9352 0.9554 0.9972 0.8 0.7926 0.8763 1.1056 1.0923 0.9363 0.9546 0.9979
0.9 0.7577 0.8432 0.1128 1.0976 0.9390 0.9584 1.0027 0.9 0.7597 0.8419 1.1081 1.0911 0.9409 0.9581 1.0032
1.0 0.7271 0.8123 1.1171 1.0991 0.9414 0.9605 1.0069 1.0 0.7302 0.8111 1.1108 1.0913 0.9441 0.9609 1.0071
1.1 0.6986 0.7838 1.1220 1.1023 0.9426 0.9620 1.0098 1.1 0.7030 0.7832 1.1140 1.0932 0.9461 0.9632 1.0097
1.2 0.6715 0.7572 1.1276 1.1069 0.9427 0.9628 1.0121 1.2 0.6776 0.7577 1.1182 1.0968 0.9469 0.9647 1.0118
1.3 0.6453 0.7316 1.1338 1.1113 0.9418 0.9621 1.0148 1.3 0.6531 0.7336 1.1232 1.1004 0.9467 0.9649 1.0141
1.4 0.6196 0.7057 1.1390 1.1121 0.9407 0.9592 1.0186 1.4 0.6294 0.7097 1.1276 1.1011 0.9461 0.9628 1.0177
1.5 0.5946 0.6783 1.1407 1.1062 0.9404 0.9544 1.0236 1.5 0.6063 0.6846 1.1290 1.0958 0.9462 0.9587 1.0224
1.6 0.5709 0.6488 1.1365 1.0928 0.9421 0.9493 1.0285 1.6 0.5845 0.6576 1.1152 1.0837 0.9479 0.9542 1.0271
1.7 0.5492 0.6181 1.1255 1.0735 0.9465 0.9460 1.0316 1.7 0.5645 0.6295 1.1151 1.0663 0.9520 0.9513 1.0302
1.8 0.5305 0.5881 1.1085 1.0519 0.9535 0.9463 1.0321 1.8 0.5472 0.6018 1.0997 1.0468 0.9583 0.9515 1.0307
1.9 0.5152 0.5606 1.0881 1.0317 0.9621 0.9506 1.0299 1.9 0.5331 0.5763 1.0811 1.0286 0.9661 0.9552 1.0287
2.0 0.5035 0.5374 1.0673 1.0152 0.9714 0.9580 1.0260 2.0 0.5222 0.5546 1.0620 1.0137 0.9744 0.9619 1.0250
Table 2. The Reduced Collision Integrals and Their Ratios Table 4. The Reduced Collision Integrals and Their Ratios

for Ne+CO, System for Ne+SFs System

IOgT* Q*(I,l) Q*(Z,Z) A* B* Cc* E* F* logT* Q*(l,l) Q*(Z,Z) A* B* c* E* F*
0.0 1.4004 1.5557 1.1109 1.1963 0.8483 0.8825 0.9221 0.0 1.4026 1.5685 1.1183 1.1965 0.8488 0.8808 0.9238
0.1 1.2655 1.4001 1.1064 1.1685 0.8591 0.8896 0.9290 0.1 1.2678 1.4096 1.1118 1.1693 0.8593 0.8881 0.9306
0.2 1.1533 1.2709 1.1020 1.1448 0.8725 0.9006 0.9384 0.2 1.1555 1.2779 1.1060 1.1457 0.8725 0.8993 0.9398
03 1.0612 1.1664 1.0990 1.1265 0.8868 0.9131 0.9495 0.3 1.0633 1.1715 1.1018 1.1272 0.8867 0.9120 0.9505
0.4 0.9861 1.0828 1.0980 1.1133 0.9004 0.9252 0.9611 04 0.9879 1.0865 1.0999 1.1137 0.9002 0.9242 0.9620
0.5 0.9245 1.0157 1.0987 1.1043 0.9125 0.9356 0.9723 0.5 0.9260 1.0183 1.0997 1.1041 0.9123 0.9346 0.9731
0.6 0.8733 0.9610 1.1004 1.0984 0.9224 0.9439 0.9824 0.6 0.8747 0.9626 1.1005 1.0972 0.9225 0.9429 0.9831
0.7 0.8301 0.9153 1.1027 1.0944 0.9304 0.9501 0.9909 0.7 0.8315 09161 1.1017 1.0920 0.9308 0.9492 0.9916
0.8 0.7929 0.8762 1.1051 1.0919 0.9365 0.9547 0.9978 0.8 0.7946 0.8763 1.1029 1.0880 0.9374 0.9540 0.9985
0.9 0.7601 0.8418 1.1075 1.0905 0.9411 0.9582 1.0032 0.9 0.7623 0.8414 1.1037 1.0850 0.9426 0.9597 1.0038
1.0 0.7307 0.8110 1.1100 1.0905 0.9444 0.9609 1.0070 1.0 0.7338 0.8105 1.1045 1.0831 0.9467 0.9608 1.0077
1.1  0.7036 0.7832 1.1131 1.0923 0.9464 0.9633 1.0097 1.1 0.7080 0.7828 1.1056 1.0828 0.9496 0.9635 1.0103
1.2 0.6783 0.7578 1.1172 1.0957 0.9473 0.9649 1.0117 1.2 0.6842 0.7577 1.1074 1.0839 0.9515 0.9658 1.0121
1.3 0.6541 0.7339 1.1220 1.0992 0.9472 0.9651 1.0141 1.3 0.6619 0.7346 1.1099 1.0852 0.9525 0.9668 1.0142
1.4 0.6305 0.7102 1.1263 1.0998 0.9467 0.9631 1.0176 1.4 0.6407 0.7124 1.1119 1.0844 0.9531 0.9661 1.0171
1.5 0.6077 0.6853 1.1276 1.0945 0.9468 0.9592 1.0222 1.5 0.6204 0.6895 1.1118 1.0791 0.9541 0.9636 1.0210
1.6 0.5861 0.6586 1.1238 1.0826 0.9486 0.9548 1.0269 1.6 0.6015 0.6661 1.1075 1.0684 0.9564 0.9606 1.0250
1.7 0.5664 0.6308 1.1138 1.0654 0.9526 0.9519 1.0299 1.7 0.5844 0.6417 1.0982 1.0537 0.9603 0.9587 1.0280
1.8  0.5492 0.6034 1.0985 1.0462 0.9589 0.9521 1.0305 1.8 0.5696 0.6178 1.0847 1.0376 0.9659 0.9593 1.0280
1.9 0.5353 0.5781 1.0801 1.0282 0.9666 0.9558 1.0285 1.9 0.5576 0.5959 1.0687 1.0226 0.9726 0.9670 1.0262

2.0 0.5245 0.5567 1.0613 1.0135 0.9748 0.9624 1.0249 2.0 0.5484 0.5772 1.0524 1.0104 0.9795 0.9683 1.0228
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Table 5. The Reduced Collision Integrals and Their Ratios Table 7. The Reduced Collision Integrals and Their Ratios
for Ar+0, System for Ar+N,O System
IOgT* Q*(l,l) Q*(Z,Z) A* B* 'C* E* F* IOgT* Q*(l,l) Q*(Z,Z) A* B* _C* E* F*
0.0 1.3995 1.5586 1.1137 1.1961 0.8475 0.8811 0.9230 0.0 1.3978 1.5531 1.1112 1.1956 0.8481 0.8819 0.9221
0.1 1.2640 1.4012 1.1085 1.1678 0.8585 0.8884 0.9301 0.1 1.2630 1.3972 1.1063 1.1677 0.8591 0.8892 0.9290
0.2 1.1516 1.2706 1.1033 1.1438 0.8723 0.8996 0.9394 02 1.1511 1.2680 1.1015 1.1439 0.8727 0.9004 0.9384
0.3 1.0597 1.1653 1.0997 1.1256 0.8868 0.9126 0.9501 0.3 1.0595 1.1637 1.0984 1.1256 0.8871 0.9133 0.9493
04 0.9847 1.0815 1.0983 1.1131 0.9006 0.9252 0.9613 0.4 0.9847 1.0806 1.0974 1.1129 0.9008 0.9257 0.9609
0.5 0.9232 1.0148 1.0992 1.1054 0.9125 0.9362 0.9720 0.5 0.9233 1.0142 1.0984 1.1048 0.9127 0.9363 0.9719
0.6 0.8720 0.9609 1.1019 1.1014 0.9220 0.9449 0.9816 0.6 0.8723 0.9603 1.1009 1.1000 0.9224 0.9448 0.9818
0.7 0.8284 0.9162 1.1059 1.0999 0.9293 0.9513 0.9899 0.7 0.8290 0.9155 1.1043 1.0976 0.9299 0.9510 0.9903
0.8 0.7904 0.8778 1.1106 1.1000 0.9344 0.9556 0.9969 0.8 0.7914 0.8770 1.1082 1.0967 0.9354 0.9554 0.9972
0.9 0.7563 0.8438 1.1156 1.1013 0.9378 0.9584 1.0024 0.9 0.7579 0.8429 1.1122 1.0969 0.9393 0.9584 1.0027
1.0 0.7251 0.8128 1.1210 1.1039 0.9398 0.9602 1.0067 1.0 0.7274 0.8121 1.1165 1.0985 0.9417 0.9606 1.0068
1.1 0.6958 0.7840 1.1268 1.1080 0.9405 0.9614 1.0097 1.1 0.6991 0.7838 1.1213 1.1017 0.9430 0.9611 1.0097
1.2 0.6677 0.7568 1.1335 1.1136 0.9400 0.9618 1.0122 1.2 0.6721 0.7574 1.1270 1.1065 0.9430 0.9632 1.0119
1.3 0.6403 0.7303 1.1406 1.1186 0.9387 0.9606 1.0150 1.3 0.6459 0.7320 1.1333 1.1110 0.9421 0.9625 1.0146
1.4 0.6133 0.7033 1.1466 1.1198 0.9371 0.9571 1.0191 1.4 0.6203 0.7064 1.1387 1.1121 0.9409 0.9596 1.0850
1.5 0.5871 0.6744 1.1487 1.1138 0.9364 0.9516 1.0243 1.5 0.5954 0.6791 1.1406 1.1064 0.9405 0.9547 1.0235
1.6 0.5621 0.6432 1.1445 1.0995 0.9380 0.9459 1.0293 1.6 0.5717 0.6497 1.1366 1.0931 0.9422 0.9495 1.0284
1.7 0.5392 0.6109 1.1328 1.0789 0.9425 0.9424 1.0325 1.7 0.5500 0.6191 1.1256 1.0738 0.9465 0.9461 1.0316
1.8 0.5195 0.5792 1.1149 1.0559 0.9499 0.9427 1.0329 1.8 0.5312 0.5890 1.1087 1.0523 0.9534 0.9463 1.0321
1.9 0.5034 0.5503 1.0933 1.0342 0.9591 0.9472 1.0307 1.9 0.5159 0.5615 1.0884 1.0320 0.9620 0.9505 1.0299
2.0 04910 0.5260 1.0713 1.0165 0.9690 0.9551 1.0267 2.0 0.5041 0.5382 1.0676 1.0154 0.9712 0.9579 1.0261

Table 6. The Reduced Collision Integrals and Their Ratios
for Ar+CO, System Table 8. The Reduced Collision Integrals and Their Ratios

for Ar+SFg System

lOgT* Q*(l,l) Q*(Z,Z) A* B* C* E* Fr*
0.0 1.4008 1.5596 1.1133 1.1965 0.8475 0.8815 0.9228

IOgT* Q*(l,l) Q*(Z,Z) A* B* C* E* F*

0.1 12653 1.4023 1.1083 1.1683 0.8584 0.8886 0.9299 0.0 14007 1.5588 1.1128 1.1960 0.8438 0.8821 0.9222
0.2 1.1527 1.2718 1.1033 1.1444 0.8721 0.8997 0.9392 0.1 1.2662 1.4025 1.1077 1.1685 0.8594 0.8893 0.9292
0.3 1.0605 1.1664 1.0999 1.1260 0.8866 0.9125 0.9501 02 11542 12728 1.1028 1.1451 0.8727 0.9004 0.9385
0.4 0.9853 1.0824 1.0985 1.1131 0.9004 0.9250 0.9614 0.3 1.0622 1.1679 1.0995 1.1268 0.8869 0.9129 0.9495
0.5 0.9237 1.0154 1.0993 1.1049 0.9124 0.9358 0.9723 0.4 0.9871 1.0840 1.0982 1.1136 0.9005 0.9250 0.9610
0.6 0.8724 0.9610 1.1015 1.1002 0.9221 0.9444 0.9820 0.5 0.9254 1.0167 1.0987 1.1044 0.9125 0.9354 0.9722
0.7 0.8290 0.9159 1.1048 1.0978 0.9297 0.9508 0.9904 0.6 0.8742 0.9618 1.1003 1.0982 0.9224 0.9437 0.9823
0.8 0.7913 0.8772 1.1086 1.0969 0.9352 0.9552 0.9973 0.7 0.8309 0.9159 1.1023 1.0939 0.9305 0.9499 0.9909
0.9 0.7577 0.8430 1.1126 1.0972 0.9391 0.9583 1.0027 0.8 0.7937 0.8765 1.1044 1.0907 0.9367 0.9545 0.9980
1.0 0.7271 0.8121 1.1169 1.0988 0.9415 0.9605 1.0068 0.9 0.7611 0.8419 1.1062 1.0886 0.9416 0.9579 1.0034
1.1  0.6987 0.7837 1.1217 1.1021 0.9428 0.9621 1.0097 1.0 0.7319 0.8110 1.1081 1.0877 0.9451 0.9607 1.0074
1.2 0.6716 0.7572 1.1274 1.1069 0.9428 0.9630 1.0120 1.1 0.7053 0.7831 1.1102 1.0882 0.9476 0.9631 1.0101
1.3 0.6454 0.7317 1.1337 1.1114 0.9419 0.9623 1.0147 1.2 0.6806 0.7576 1.1131 1.0903 0.9490 0.9650 1.0121
1.4 0.6197 0.7059 1.1391 1.1124 0.9407 0.9594 1.0186 1.3 0.6572 0.7338 1.1166 1.0925 0.9495 0.9656 1.0143
1.5 0.5947 0.6786 1.1410 1.1067 0.9403 0.9545 1.0236 14 0.6347 0.7106 1.1196 1.0921 0.9497 0.9642 1.0175
1.6 0.5709 0.6491 1.1369 1.0933 0.9420 0.9493 1.0285 L5 0.6131 0.6866 1.1199 1.0866 0.9503 0.9611 1.0218
1.7 0.5492 0.6184 1.1259 1.0739 0.9463 0.9459 1.0317 1.6 0.5928 0.6613 1.1157 1.0752 0.9524 0.9575 1.0260
1.8 0.5304 0.5882 1.1090 1.0523 0.9532 0.9461 1.0321 1.7 0.5743 0.6352 1.1059 1.0592 0.9565 0.9552 1.0288
1.9 0.5151 0.5607 1.0886 1.0320 0.9619 0.9504 1.0300 1.8 0.5584 0.6095 1.0914 1.0415 0.9625 0.9557 1.0293
2.0 0.5033 0.5374 1.0677 1.0154 0.9712 0.9578 1.0261 1.9 0.5455 0.5860 1.0742 1.0251 0.9697 0.9593 1.0274
20 0.5356 0.5659 1.0566 1.0117 0.9773 0.9655 1.0239
. Q*(I,Z)
C = W’ (13)
Tables 9, 10, 11, 12, 13, 14, 15, and 16 contain the predicted
_ Qe (14) viscosities, diffusion coefficients, and thermal diffusion fac-
Qe tors computed by the following relationships.'
0*63 Viscosity Coefficient.

F= o (15)  a) Single Compound
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Table 9. The Predicted Transport Properties of an Equimo- Table 11. The Predicted Transport Properties of an Equimo-
lar Mixture of Ne+O; System lar Mixture of Ne+N,O System
T n D (1.013 bar) ar T n D (1.013 bar) ar
°K uPas x10"* m?s7! °K uPas x10"* m2s~!
200 18.71 0.1705 0.1159 300 21.26 0.2737 0.1915
250 22.23 0.2520 0.1277
300 25.44 0.3452 0.1350 273.15 20.04 0.2322 0.1831
293.15 21.21 0.2628 0.1895
273.15 23.73 0.2935 0.1314 313.15 22.38 0.2952 0.1953
g?g g %ggé 8-;3}? 8-%6% 333.15 23.52 0.3289 0.2073
333:15 27:44 0:4130 0:1384 353.15 24.62 0.3637 0.2091
353.15 28.60 0.4561 0.1399 373.15 25.70 0.3999 0.2108
373.15 29.75 0.5011 0.1416 423.15 28.34 0.4964 0.2157
473.15 30.82 0.6005 0.2215
423.15 32.48 0.6202 0.1446
47315 35.00 0.7492 0.1465 523.15 33.24 0.7123 0.2262
52315 37.58 0.8873 0.1480 573.15 35.51 0.8310 0.2296
573.15 39.97 1.0343 0.1489 623.15 3774 09571 0.2328
623.15 4229 1.1907 0.1499 673.15 39.90 1.0895 0.2351
673.15 44.51 1.3546 0.1503 723.15 41.95 1.02284 0.2369
723.15 46.68 1.5273 0.1504 773.15 43.96 1.3740 0.2388
773.15 48.80 1.7086 0.1508 873.15 47.84 1.6834 0.2409
873.15 52.86 2.0934 0.1506 973.15 51.52 2.0170 0.2427
973.15 56.76 2.5100 0.1503 1073.15 55.07 2.3732 0.2435
1073.15 60.50 2.9553 0.1495 1173.15 58.45 2.7515 0.2441
1173.15 64.13 3.4305 0.1489 1273.15 61.75 3.1522 0.2446
1273.15 67.66 3.9338 0.1483 1773.15 76.98 5.4627 0.2438
1773.15 84.31 6.8554 0.1466
2273.15 90.87 8.2531 0.2440
2273.15 99.85 10.4015 0.1486 2773.15 103.89 11.4860 0.2459
2773.15 114.62 14.5092 0.1533 3273.15 116.27 15.1271 0.2498
3273.15 128.80 19.1278 0.1595

. . . Table 12. The Predicted Transport Properties of an Equimo-
Table 10. The Predicted Transport Properties of an Equimo- lar Mixture of Ne+SFs System

lar Mixture of Ne+CO; System

T o D (1013 ba) o T n D (1.013 bar) ar
°K uPas x10™* m?s™! s hPas X107 s
250 17.29 0.1217 0.3669
%88 éﬂf 8-3(7)(5)3 8.%2 300 20.04 0.1662 0.3865
- 273.15 18.59 0.1415 03766
o s 02344 01953 293.15 19.67 0.1598 03841
EET s o280 02008 313.15 20.74 0.1787 0.3905
3313 Sy 03303 02009 333.15 21.80 0.1984 03956
39318 e 03ase 05138 353.15 22.80 02190 0.4002
37315 2575 04015 0.2168 mn B2 o0 e
423.15 28.32 04976 0.2233 : : : :
47315 3079 0.6013 0.2283 315 2847 0.3578 0.4204
52315 33.14 0.7124 0.2322 2315 3068 04228 0.4252
573.15 35.44 0.8310 0.2354 7315 3275 0.4920 0.4296
623.1 7. . _ 623.15 34.77 0.5653 0.4330
313 396 Tosy 02308 67315 3673 0e2 043
723.15 4173 1.2263 0.2414 723.15 38.60 0.7230 0.4380
773.15 43.73 1.3705 0.2425 773.15 40.43 0.8074 0.4399
873.15 4751 1.6785 0.2443 873.15 43.95 0.9812 0.4420
973.15 51.15 2.0096 0.2451 973.15 47.30 1.1789 0.4436
1073.15 54.60 23639 0.2457 - 1073.15 50.52 1.3843 0.4446
1173.15 57.95 2.7405 0.2460 1173.15 53.61 1.6026 0.4453
1273.15 61.19 31383 02457 1273.15 56.62 1.8331 0.4462
1773.15 76.22 5.4374 0.2449 1773.15 70.56 3.1574 04531
2273.15 90.01 8.2126 0.2459 2273.15 83.19 47411 04651
277315 10297 114239 02500 2773.15 94.86 6.5543 0.4800

3273.15 115.28 15.0257 0.2567 ' 3273.15 105.75 8.7520 0.4955
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Table 13. The Predicted Transport Properties of an Equimo-
lar Mixture of Ar+0O, System
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Table 14. The Predicted Transport Properties of an Equimo-
lar Mixture of Ar+CO, System

T 'R D (1.013 bar) ar T n D (1.013 bar) ar
°K uPas x107* m?s™! °K uPas x107* m? s~

200 15.33 0.0935 0.0208 250 15.70 0.1032 0.0146

250 18.70 0.1420 0.0284 300 18.57 0.1459 0.0193
300 21.81 0.1984 0.0344

273.15 17.04 0.1222 0.0169

273.15 20.18 0.1673 0.0313 293.15 18.19 0.1398 0.0187

293.15 2140 0.1902 0.0336 313.15 19.28 0.1580 0.0205

313.15 22.60 0.2145 0.0357 333.15 20.36 0.1773 0.0222

333.15 23.77 0.2401 0.0376 353.15 21.44 0.1978 0.0237
353.15 24.89 0.2664 0.0391

373.15 22.48 0.2190 0.0251

373.15 25.98 0.2939 0.0406 423.15 24.96 0.2753 0.0280

423.15 28.62 0.3677 0.0439 473.15 27.35 0.3371 0.0304

473.15 31.10 0.4470 0.0463 523.15 29.59 0.4032 0.0323

523.15 33.48 0.5332 0.0482 573.15 31.81 0.4748 0.0339
573.15 35.73 0.6240 0.0497

623.15 34.01 0.5495 0.0351

623.15 37.90 0.7210 0.0511 673.15 35.85 0.6292 0.0362

673.15 40.01 0.8234 0.0522 723.15 37.65 0.7135 0.0372

723.15 42.03 0.9304 0.0529 773.15 39.69 0.8006 0.0378

773.15 44.01 1.0428 0.0536 873.15 43.29 0.9874 0.0391
873.15 47.80 1.2824 0.0547

973.15 46.72 1.1890 0.0399

973.15 5142 1.5409 0.0554 1073.15 49.99 1.4047 0.0406

1073.15 54.90 1.8181 0.0560 1173.15 53.17 1.6349 0.0412

1173.15 58.25 2.1120 0.0563 1273.15 56.21 1.8770 0.0416

1273.15 61.51 24242 0.0565 1773.15 70.30 3.2794 0.0430
1773.15 76.63 4.2284 0.0563

2273.15 82.97 49711 0.0437

2273.15 90.36 6.4181 0.0553 2773.15 94.63 6.9303 0.0441

2773.15 103.18 8.9677 0.0542 3273.15 105.66 9.1432 0.0443
3273.15 115.46 11.8628 0.0533

L 2xix;  mym; 5
1/2 i =— —— =1,
- 5 (m_kT) 2t 7 16 Hy(i #J) () <3A;';c 1) (20)
16\ & 020*22)
- 1/2
where f;, is the higher order correction factor for the viscosity 7y = % [(i—ﬁ%}) %T ] a,JZTU*(IZTT;;) ) 3))]

coefficient that may be defined by
fr=1+ —3—(8E* -7y 17
""" 196 ’

m is the mass of a molecule and E* is the ratio of collision
integrals defined by Eq. 14

b) Mixtures
Hy Hp --- Hy x
Hyy Hyp -+ Hpy x
H, H, --- H, x
x1 x - x 0
= 1
i Hy Hp --- Hyl| a8
Hyy Hy -+ H
Hvl Hv2 va
where,
2 &2 i
Ho=N 2xixy  mmy 5 +ﬂ , (19)

o 4T T (me+m) \3Ay  my

ki

A;}f is the ratio of the collision integrals [Eq. 11], x is the mole
fraction of components, and 7; is the interaction viscosity.
Subscript i represents the heavier component and subscript j
represents the lighter component of the i—j pair.

Diffusion Coefficient.

Diffusion in multicomponent mixtures is entirely de-
scribed in terms of the binary diffusion coefficients, D;;,

i+ m; 2k 1+ 4
Dij:§ KM) k_T] *_2_:;_]#__, (22)
8 L\ 2mm; ) & P 0727 (Ty)
where P is the pressure and A;; is a higher order correction
term of the binary diffusion coefficient, which can be defined

as

e x_ gy2_ GiXi
44~ 136C; =570 (23)
where
*(1,1
V2 90T

a;j = 8[1+ 18(m,/mz)]2 !2;(2,2)(]}_*) )
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Table 15. The Predicted Transport Properties of an Equimo-
lar Mixture of Ar+N,0 System

Transport Properties of Gases “INVERT”

Table 16. The Predicted Transport Properties of an Equimo-
lar Mixture of Ar+SFs System

T n D (1.013 bar) ar T n D (1.013 bar) ar
°K uPas x107* m?s~! °K uPas x107* m?s™!

300 18.60 0.1466 0.0185 250 15.45 0.0625 0.1666
300 18.16 0.0876 0.1765

273.15 17.06 0.1225 0.0161
293.15 18.28 - 0.1413 0.0184 273.15 16.75 0.0738 0.1603
313.15 19.32 0.1588 0.0196 293.15 17.80 0.0840 0.1727
333.15 20.42 0.1781 0.0212 313.15 18.85 0.0948 0.1841
353.15 21.49 0.1986 0.0228 333.15 19.90 0.1062 0.1946
353.15 20.89 0.1180 0.2043

373.15 22.55 0.2202 0.0242
423.15 25.07 0.2769 0.0270 373.15 21.85 0.1302 0.2128
473.15 27.49 0.3396 0.0295 423.15 2422 0.1632 0.2315
523.15 29.78 0.4062 0.0312 473.15 26.43 0.1987 0.2463
573.15 31.98 0.4782 0.0329 523.15 28.58 0.2371 0.2585
573.15 30.60 0.2781 0.2686

623.15 34.10 0.5545 0.0341
673.15 36.14 0.6345 0.0351 623.15 32.56 0.3213 0.2770
723.15 38.11 0.7194 0.0361 673.15 34.47 0.3673 0.2846
773.15 40.03 0.8084 0.0368 723.15 36.28 04153 0.2906
873.15 43.69 0.9969 0.0379 773.15 38.05 0.4654 0.2956
873.13 41.48 0.5729 0.3048

973.15 47.18 1.2016 0.0389
1073.15 50.52 1.4193 0.0394 973.15 44.71 0.6879 0.3113
1173.15 53.73 1.6522 0.0401 1073.15 47.84 0.8115 0.3169
1273.15 56.83 1.8975 0.0405 1173.15 50.28 0.9423 0.3211
1773.15 71.13 3.3155 0.0418 1273.15 53.72 1.0806 0.3245
177315 67.02 1.8771 0.3361

2273.15 83.98 5.0263 0.0426
2773.15 95.81 7.0074 0.0430 2273.15 78.89 2.8320 0.3406
3273.15 106.98 9.2458 0.0432 2773.15 89.78 3.9343 0.3426
3273.15 99.99 5.1734 0.3437

by =10ag [1+1.80m; /ms) +3(m;/m)’] — 1, (24)
e X 8 (m1+my)0h 2P (T7) 03 25> (T5) 28)
Xty 5 (mlmZ)l/z‘7122~Q12(1’1)(Tf2)‘7122Ql*z(l’l)(Tikz).

Note that all units are in the SI system.
Thermal Diffusion Factor. An expression for the
thermal-diffusion factor of a binary mixture is:

x1S1 —JC2SZ

B0 +2202 +x132012

ar =(6C; —5) ( > (1+kr), (25)
where k7 is a higher order correction term for the thermal-
diffusion factor. This term is usually negligible compared
with experimental uncertainties in ar. The other quantities
in Eq. 25 are:

S1=@< 2my )‘/2 0121!21’2(2’2)(7']“)_4m1m2A1‘2 15my(my —my)
my \ my+m; 0B QT (mitme)?  2(mi+my)?

(26)

2 ( 2my >1/2 oh QAT [(5 6B*>

1= A~ =ZP12
my(my +mp) \my +my o,y L\2 5

ms +3ms + gmlmzAfz] , X))

2 *
m; —m 5 6. AmimpAl, ( 12 *)
=15 2 2B )+ AL (1) “Zp
Qu (m1+m2> (2 5 12)+(m1+m2)2 5on

The expression for S, and (, are obtained from those of S
and Q; by interchanging subscript 1 and 2. The sign con-
vention for or requires that subscript 1 denotes the heavier
component. It must be mentioned that another interesting ad-
vantage of the inversion procedure, in this work, is that one
can evaluate the transport properties for temperatures, which
may not be experimentally available. By this we mean that
the transport properties can be determined for higher temper-
ature than that cited in this paper; however, we have confined
ourselves to use temperatures from 200 to 3273.15 °K.

It should be mentioned that this paper concerns molecular
gases rather than just binary noble gases or CHy (nearly
noble gases) +noble gases, like the previous ones. It comes
as somewhat of a surprise that a spherical potential serves
for a wide variety of molecular gases (O,, N,O, CO,, and
SFe) with sufficient accuracy for our purposes.

The diffusion coefficients depend almost entirely on the
unlike interactions in the mixture, and are influenced by the
like interactions to the extent of a few percent, at most. They
therefore supply a more direct test of the combination rules -
than do mixture viscosities, but unfortunately the experiinen-
tal accuracy of the measurements is distinctly lower than in
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the case of the viscosity. Scatter in the data as high as +10%
can be seen to be not uncommon (Tables 17 and 18). The
calculated values of ar may well involve uncertainties that
are about one order of magnitude (about factor of 10) larger
than the corresponding uncertainties in 7y and Dy;. The
saving grace is that the measured values of ar also involve
uncertainties of similar magnitude.

Concluding Remarks. The direct inversion of the
viscosity collision integral correlations obtained from an ex-
tended law of the corresponding states is obviously a power-
ful method for establishing an accurate unlike-pair potential
energy. It is an advancement over the traditional approaches
that consider a potential function with several parameters
and to try to adjust them using experimental results. The
intermolecular potential energy of Ar+SFg from the inver-
sion method has been well compared with that of Taylor et
al'¥ Tt is of interest to mention that the potential energy

Bull. Chem. Soc. Jpn., 71, No. 12 (1998) 2765

obtained by the inversion procedure could produce, within
the experimental accuracy, transport properties. Our esti-
mated accuracies are within 1% for 7 (viscosity), 5% for
Dy, (binary diffusion coefficient), and 25% for oy (thermal
diffusion factor). i

These accuracies are comparable to, but somewhat poorer
than, the corresponding estimated accuracies for the pure
components reported in Ref. 24. They are poorer than the
corresponding accuracies for the noble-gas mixtures reported
in Ref. 18, but enjoy the advantage of operation in an entirely
predictive mode. For a precise estimate of particular mix-
tures, it is necessary to examine the experimental data in
detail.

It should be mentioned that the recently determined scaling
parameters for polyatomic gases by Bzowski et al.'? exhibit a
discrepancy by a factor 0.997 in the distance of zero potential.

Table 17. Deviation of the Calculated Values of the Diffusion Coefficients of Mixtures
from the Experimental Values
AI+02a)
T (K) 298.15 368.15 468.15 576.15 667.15 770.15
Dixp 0.1950 0.2890 0.4410 0.6280 0.8070 1.0360
Dcac 0.1961 0.2869 0.4388 0.6296 0.8110 1.0358
Dev%® —0.56 0.73 0.50 -0.25 —0.49 0.02
Ar+CO,°
T (K) 293.15 303.15
D 0.1430 0.1530
Dcac 0.1398 0.1488
Dev%® 2.29 2.82
Ar+SFs¥
T (K) 298.15 333.15 378.15 423.15 473.15
Dy 0.0827 0.0998 0.1300 0.1580 0.2010
Dcaie 0.0866 0.1062 0.1334 0.1632 0.1987
Dev%? —4.50 —6.96 —2.55 ~3.19 1.16
Ne+02d)
T (K) 298.15 378.15 478.15 573.15 678.15
Deyp 0.3190 0.4930 0.7420 1.0000 1.3400
Dcaic 0.3370 0.5060 0.7527 1.0265 1.3537
Dev%® —5.30 —2.60 —1.40 —2.60 —1.00
Ne+CO,®
T (K) 293.15 303.15
Dexp 0.2510 0.2670
Dcalc 0.2615 0.2771
Dev%® —4.00 —3.60
Ne+SFq?
T (K) 298.15 328.15 378.15 423.15 483.15
Dexp 0.1550 0.1860 0.2380 0.2890 0.3630
Dcaic 0.1623 0.1909 0.2426 0.2929 0.3657
Dev%® —4.50 —2.60 —1.90 —1.30 —0.70
a) Ref.25. b) Dev% = ﬁ%ﬁ‘l—wmo. ¢) Ref.26. d) Ref.27. e) Ref.28.



2766 Bull. Chem. Soc. Jpn., 71, No. 12 (1998)

Transport Properties of Gases “INVERT”

Table 18. Deviation of the Calculated Values of the Thermal Diffusion Factor of Mixtures from the Experi-
mental Values
_ Ne+C02
T (K)=342.99 :
Xne 0.021 0176~ 0.302 0.430 0.570 0.710 0.837 0.927
(ar)Exp 0.1620  0.1730  0.1930 02200 02290 02410 02900  0.3380
(or)caic 0.1583  0.1725  0.1859 02019 02227  0.2481 0.2766  0.3008
Dev%® 2.34 0.29 3.82 8.96 2.83 —2.86 4.84 12.37
T (K)=269.8°
Xco, 0.190 0.199 0.210 0.795 0.805 0.815
(orr)Esp 0.1900  0.1920 — 0.1230  0.1220 —
(Or)caic 0.2483  0.2463  0.2440  0.1605  0.1595 0.1586
Dev%® —2348 —2205 — 2336 —23.0 —
T (K)=300°
Xco, 0.190 0.199 0.210 0.795 0.805 0.815
(ar)Exp 0.2020 — 0.1980  0.1290 — 0.1270
(ar)cac 0.2583  0.2562  0.2538  0.1673  0.1664  0.1654
Dev%? —21.80 — =2200 —22.89 — —2322
T (K)=323.79
Xco, 0.190 0.199 0.210 0.795 0.805 0.815
(o)exp — 02050  0.2040 — 0.1320  0.1310
(@r)cae 0.2651 02630 02605  0.1720  0.1710  0.1700
Dev%® — =2205 -21.69 — —2281 —2294
Ne+SFs9
T (K)=255.3
Xsr, 0.19 0.21 0.79 0.81
(ar)exp 04650 04410 02320  0.2270
(ar)cac 0.5883 0.5667  0.2751 0.2703
Dev%® —2096 © —22.18 1567 —16.02
T (K)=300
Xsr, 0.18 0.20 0.80
(or)exp 0.508 0.480 0.246
(ar)cac 0.6261 0.6027  0.2848
Dev%® —18.86 —20.36 —13.62
a) Ref.29. b) Dev% = %}:{Eﬁxma ¢) Ref.30. d) Ref.31.
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