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A method is proposed to determine the thermodynamic functions of gas mixtures from the virial
expansion in which the second virial coeficient of the mixture is obtained from an exact equation
and the higher virial coefficients are estimated from one-liquid or two-liquid approximations.
Calculated values of the molar mixing volume FM and enthalpy #M in dependence on pressure
(up to 100 atm) of argon-nitrogen mixtures are given. At higher pressures the agreement with
experiments is not accurate but it is better than with the use of the corresponding states method.

The fundamental equation of state for gases in the form of the virial expansion

z=1+yBd™!, (1)
i=2
where z denotes the compressibility factor and d molar density, has been known for
many years. The virial coefficients B; = B;(T) are given by exact statistical thermo-
dynamic equations which become increasingly more complicated with increasing i
values. Based on the Lennard-Jones 12 — 6 potential

u(r) = 4e[(o/r)** = (afr)°], ©)

only the second through fifth virial coefficients were calculated® as functions of the
reduced temperature kT/e.

Eq. (1) holds also for gas mixtures, where the coefficients B; are functions of tem-
perature and composition; their complexity increases with the i value even more
markedly than with pure gases. (The calculation of B, is easy, B; for mixtures was
calculated by Stogryn? for the potential according to Eq. (2), but higher virial coef-
ficients of mixtures were for this potential not calculated.) Therefore, approximate
methods proposed originally for liquids are used instead of Eq. (I) to calculate
the properties of gas mixtures at higher pressures,

In this work we shall describe the thermodynamic properties of multicomponent
systems with the aid of the equation of state (1) with the first five terms, where the
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second virial coefficient will be given by the exact statistical thermodynamic equa-
tion and the other ones will be estimated from those for pure components by the
theoreme of the corresponding states.

Principle of the Method

In the one-liquid approximation, Eq. (1) for mixtures can be rewriten as
5
z =1+ (3zNe>) ' BYkT[e)d' ™" . (3)
i=2

Here NN denotes the Avogadro constant and k Boltzmann constant. The pseudo-
interaction parameters ¢ and & are functions of the composition. We modify this
equation by replacing the term for i = 2 by the exact expression for the second virial
coefficient of an s-component mixture:

5 S
z Z x; $nNo\Bs(kT[ey,) d +A;(%nN&3)i'1 .
Bi(kT[&g)d' ™", (4)

where x, denotes molar fraction of the component k.

The equation of state in the two-liquid approximation
5 s R
z=1+Y Y x;(3nNG}d)~" Bf(kT[z;) (5)
i=2j=1
can be similarly modified to give

z=1+ Y xx; 3nNo}\B3(kT|ee,) d +

k,1=1

+_§ =Z x(3nNa;d) ' BY(kT[s;) . (6)

Equations (4) and (6) hold exactly at low densities, where the terms with higher
powers of d than the first are negligible. They will describe the behaviour of mixtures
even at higher densities better than Eqs (3) and (7) as long as the term with the second
virial coefficient will have a substantial influence on the compressibility factor.

The sixth and higher virial coefficients in Eqs (3)—(6) are neglected (for the 12—6
potential they are not known). These equations can be therefore used omnly at such

o
densities at which the remainder of the series, R = [ Y Bidi“[, is much smaller than
i~ .
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z. However, the value of R cannot be estimated. Instead, we shall assume that Eqs
(3)—(6) can be used at such densities that |B;d*| < 0-001.

CALCULATION AND RESULTS

To illustrate the proposed method, we shall calculate the molar mixing volume VM
and molar mixing enthalpy H™ of the argon-nitrogen system. The first quantity
is given by

VM = V(T, P, X\, X5. ... %) — 3 x;V{(T, P). (8)
j=1

The volume of the mixture, V(T, P, x, ..., x,) is calculated for given values of the
variables from the state equation (4) or (6), the volumes of pure components,
Vi(T, P), from (3). The mixing enthalpy is given by

HM = H(T, d, x,. x5, ..., X)) — » x;H{(T, d;) =
=1

S

- RT{:(T, A 10 Xos o %) = 3 2T d) —

j=1

o} rd s d
-ro U AT, d, %y, %p0 o x)ydind = Y x; | 2T, d)din d:|} )
T | Jo j=1

0

where the density of the mixture, d, is for the given temperature, pressure and com-
position given by Eq. (4) or (6), the densities of the components, d;, by Eq. (3).
Four alternatives of the method were studied:

1) In Eqgs (8) and (9) the density and volume of the mixture is calculated from (4)
and the parameters £ and G from the relations proposed by Prigogine® and Scott*:

s

g:( ' “\xeuau)/ Z )‘IYJ ij% lJ > (1061)

i,j=1 i,j=1

S
G = ( Z XiXj EUGU /
i,j=1

xxE o) e (10b)

=1

EMW

J

2) Use is made of the equation of state (4) and the van der Waals approximation®
for & and &:

Z ‘\quou’ o= ( Z XX 0 u)l/3 (11)

i,j=1
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3) The quantities ¥™ and H™ are calculated from Eq. (6) and the two-liquid ver-
sion of the approximation proposed by Prigogine® and Scott*

s s
& = (_lejgijo-?j) /Z X80 lJ ’ (Iza)
j= j=
= (Sl Sxpl) e, =12 s, (125)

4) The behaviour of the mixture is described by the equation of state (6), &, and
&, are determined from the two-liquid version of the van der Waals approximation®

Z €00, @ “(ZXJO'G B3 i=1,2,..,s. (13)

The following values of ¢ and & were used in Egs (10)—(14) (subscript 1 refers to ar-
gon, 2 to nitrogen)’: &, /k = 1185K, o, = 341 A, g/k = 955K, o, = 3-824,
€12/r/818; = 1:005, 20, [(c; + 0,) = 0-995. The dependences of ¥™ and H™ on pres-
sure calculated according to the four mentioned alternatives are shown in Figs 1

Fig. 1
Dependence of ¥M (cm3/mol) on Pressure (atm) of Argon-Nitrogen Mixture

T=170-5K; x, = 0-5; 1 Prigogine one-liquid approximation; 2 Prigogine two-liquid ap-
proximation; 3 this work, first alternative; 4 third alternative; 5 van der Waals one-liquid ap-
proximation; é van der Waals two-liquid approximation; 7 this work, second or fourth alterna-
tive. Circles denote experimental points.
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and 2 in comparison with experimental data®® and with values calculated from the
corresponding one- and two-liquid approximations. Numerical values of V™(P)
and HM(P) were given elsewhere”.

Fig. 1 shows the dependence of V™ on pressure for an equimolar argon-nitrogen
mixture at 170-5 K. Curve 1 was calculated from the one-liquid approximation after
Prigogine, Egs (3) and (10), curve 2 from the two-liquid approximation after Prigo-
gine, Eqs (7) and (12); curves 3 and 4 were calculated according to the first and third
alternative mentioned above and differ very little from each other They are in excel-
lent agreement with the experimental data at low pressures showing that sufficiently
accurate value of ¢;, gy, &;, and ¢, were used’. At higher pressures, the agreement
of curves 3 and 4 with the experimental points can be considered good, but the
Prigogine approximations (curves 1 and 2) are unsatisfactory.

The dependences of V™ on pressure calculated according to the second and fourth
alternatives are practically the same (Fig. 1, curve 7) and their agreement with the
experimental data is better than in the case of the van der Waals one-liquid (curve 5)
and two-liquid (curve 6) approximations, which are nevertheless better than the
Prigogine ones.

The dependences of HM on pressure for the same system at 169 K and x; = 0-52
are shown in Fig. 2; the description of the curves is analogous to Fig. 1. All the men-
tioned alternatives lead practically to the same results and are therefore not distin-
guished in the diagram. The agreement with the measured values is (similarly as with
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Dependence of HM (J/mol) on Pressure P (atm) of Argon-Nitrogen Mixture
T = 169 K; x, = 0-52; the curves are described analogously as in Fig. 1,
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V™) much better than with the use of the Prigogine approximations and somewhat
better than with the van der Waals approximations.

The mutual comparison of the methods based on the corresponding states theoreme
leads to the same conclusions as in the case of liquid mixtures: the van der Waals
two-liquid approximation is the best one, the Prigogine one-liquid approximation
is the worst. Our method leads to a better agreement with the measured values of the
mixing functions than these methods although at higher pressures the agreement
is less satisfactory. In the region to the left from the maximum on the V™ — P and
HM — P curves the deviations from the experiments are probably mainly due to the
use of approximate relations for the third virial coefficient of the mixture.
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