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The virial equation of state for the (12-7, 6) pair model potential is extended to 
mixtures of nonpolar gases. The applicability of the equation is examined, and it 
is shown that calculations agree with experiment within the error of the measure- 
ments. 

In [I], a study was made of the equation of state for nonpolar gases 

Z =  ~ =  1 + p B ( T ) + p ~ C ( T ) + p ~ D ( T ) +  . . . .  (1) 
pRT 

in which the second virial coefficient B(T) and the third one C(T) were calculated for the 
(12-7, 6) pair model potential [2], while an empirical expression was used for D(T). Equa- 
tion (i) describes the experimental data on the compressibility for ten nonpolar gases 
(helium, neon, argon, krypton, xenon, hydrogen, nitrogen, oxygen, carbon dioxide, and 
methane) at T ~ 0.7 T B and p ~ 0.SPcr, where T B is the Boyle temperature and Pcr is the 
density at the critical point on the saturation line. 

The virial equation of state in principle is applicable not only to pure gases but also 
to mixtures [3, 4]; however, allowance must be made for the interactions between the differ- 
ing molecules in a mixture, and the virial coefficients are dependent on the mixture compo- 
sition. In particular, the virial coefficients are put in the following form for a binary 
mixture: 

2 B M = ~IBn + 2Xlx2Bl~ + x~B22, 
3 2 3 C ~ = x lCm + 3xlx~C11~ + 3xlx~Cm + x2C2~, 

= + + + + 

(2) 

(3) 

(4) D M 

where x: and xa are the volume concentrations, while Bxa, C1~a, C122, DI~=,D~I==, D1222are 
the mixed virial coefficients. These coefficients are dependent on the potential energy of 
the interaction between the differing molecules. One uses the same model potential as for 
the pure components to describe them, while the force constants are determined by means of 
combination relations. 

Kong [5] has derived the combining rules in general form. It has been shown [6] that 
these rules can be used for a (12-7, 6) pair model potential in a consistent description of 
the experimental data on the mixed second virial coefficient and the neutral-diffusion co- 
efficients for nonpolar gases. 

The Rowlinson--Sumner--Sutton [7] approximation can be used to calculate the mixed higher 
virial coefficients. Values have been calculated for the third virial coefficient [8] that 
agree with the experimental data [9] within the limits of the discrepancies of the measure- 
ments in the different sources for the (12-7, 6) pair potential and the Mijuno--Kihara non- 
additive three-particle potential. 

The following is the form for the fourth virial coefficient for the (12-7, 6) potential 
in the Rowlinson--Sumner--Sutton approximation [7]: 

Dim = ~NtYaikz -D* (T~m, 8~jhz). (5) 
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TABLE I. Comparison of Calculated Values for the Compressi- 
bility Factor Z = p/pRT for Binary Gas Systems with the Ex- 

I Zex --Zca c I perimental Data of [10-16], 8Z= _ P. 1 ...... 
Z. exp 

System 

No--He [10] 
N~--Ar [11 l 
N2--H2 [12] 
N~--O2 [ I31 
CO2--He [ 141 
COz--Ar [15] 
CO2--C2H o [ 16] 

T,K 

273--373 
273 

278--511 
250--1500 

373 
373 
511 

aijh t 1/  2 9- U i /hl - -  F iejkl, 

v MPa 
max 

29,9--23,3 
26, 1 

27, 6--55,2 
25--100 

I1,1 
12,0 
27,6 

8Zav, % 

0,4 
0,1 
0,3 
0,2 
0,1 
0,1 
0,3 

2 
rei ikl  T;ikt- ~T 8uk~ = -  " T -  

8ijht (it~h! 

% 6Zma x, ,, 

1,2 
0,6 
0,6 
0,4 
0,3 
0,5 
0,6 

(6) 

where 

a~jhl = 6 1 / a i j a ~ h a n a j k a j t a h t ,  

Ei]hl : 6 r  SfJSihE~lEJhSJIEh! , 

(7) 

(8) 

2 1 r9 9 9 2 9 r9 1 2 r9 
reiiht : --~ ( e i i  + r~h + reil + reih +re i l  + ekl) : T (reii + ehl). (9)  

T* The e m p i r i c a l  e x p r e s s i o n  e m p l o y e d  f o r  p u r e  g a s e s  [1]  may be  e m p l o y e d  f o r  D* ( i j k l ,  6 i j k Z )  
b u t  w i t h  d i f f e r e n t  a r g u m e n t s .  T h i s  e n a b l e s  one  t o  c a l c u l a t e  t h e  a d d i t i v e  f o u r t h  v i r i a l  c o -  
e f f i c i e n t s  f o r  g a s  m i x t u r e s  on  t h e  b a s i s  o f  s i x  p a i r  i n t e r a c t i o n s  a s  a p p e a r i n g  i n  t h e  f o u r -  
p a r t i c l e  i n t e r a c t i o n .  As t h e  n o n a d d i t i v i t y  i n  t h e  p o t e n t i a l  e n e r g y  i s  n o t  i n c o r p o r a t e d  h e r e ,  
t h e  c a l c u l a t i o n s  g i v e  a c c e p t a b l e  a c c u r a c y  f o r  n o t  v e r y  low t e m p e r a t u r e s  ( f o r  p u r e  g a s e s  a t  
T ~ 0.7 TB). 

The equation of state of (1)-(4) and the combining rules for the pair potential, the 
three-particle potential [8], and the four-particle one of (7) and (8) have been used to 
calculate the compressibilities of seven binary gas systems (nitrogen--helium, nitrogen-- 
argon, nitrogen--hydrogen, nitrogen--oxygen (air), carbon dioxide-helium, carbon dioxide- 
argon, and carbon dioxide-ethane) at moderate densities. Air was considered as a binary 
mixture of nitrogen (volume concentration xl = 0.7808) and oxygen (x2 = 0.2192); the molecu- 
lar mass of air was taken as 28.964. Table i compares the calculated values of the compres- 
sibility factor with the corresponding measurements [10-16]. Table 2 gives a comparison of 
calculations and experiments [Ii] for nitrogen--argon mixtures. The mean deviation for the 
seven binary systems is 0.2%, while the maximum is 1.2%. In other words, the equation of 
state describes the experimental p, p, T, and x data within the error of the measurements. 

The region of application for (i) can be determined approximately for gas mixtures in 
the general case as follows: 

0.5 

P <~ ~ ~/.~ xixjbou 
( io) 

for T~07~ ~xixjTBif, where boij and TBij are constants in the (12-7, 
i f 

potential [2, 6]. 

For binary mixtures, 
0.5 

P~< 2 x , b o u  + 2xlX=bo~ -:- x~bo~2 

6) pair interaction 

(11) 

for T ~ 0.7(x~TBx~ + 2x~X2TB,= + X~TB22). 

94 



T
A
B
L
E
 
2.
 

C
o
m
p
a
r
i
s
o
n
 
o
f
 
t
h
e
 
C
a
l
c
u
l
a
t
e
d
 
V
a
l
u
e
s
 
o
f
 
t
h
e
 
C
o
m
p
r
e
s
s
i
b
i
l
i
t
y
 
F
a
c
t
o
r
 
Z 

= 
p/

pR
T 

f
o
r
 
N
i
t
r
o
g
e
n
-
-
 

A
r
g
o
n
 
M
i
x
t
u
r
e
s
 
w
i
t
h
 
t
h
e
 
E
x
p
e
r
i
m
e
n
t
a
l
 
D
a
t
a
 
o
f
 
[I

I]
D 

T 
= 

2
7
3
.
1
5
=
K
,
 
x
x
 
B
e
i
n
g
 
t
h
e
 
V
o
l
u
m
e
 
N
i
t
r
o
g
e
n
 
C
o
n
c
e
n
-
 

t
r
a
t
i
o
n
,
 
w
i
t
h
 
V
a
l
u
e
s
 
o
f
 
6
Z
 
(
a
v
e
r
a
g
e
 
a
n
d
 
m
a
x
i
m
u
m
)
 
i
n
 
P
e
r
c
e
n
t
 

X
l 

~ 
0 

x 
I 

~ 
0

,2
0

1
5

 
xl

 ~
 

0
,4

8
4

5
 

xx
 ~

 
0,

79
90

 
x 1

 ~
 1

,0
00

 
I 

P,
 M

Pa
. 

p,
 /

vl
Pa

 I 
ex

p 
ta

lc
 

ca
lo

 
p,

 M
Pa

 
p,

 M
Pa

 
I 

1,
06

8 

2,
28

4 

4,
19

2 

6,
55

4 

8,
77

3 

10
,2

0 

13
,6

7 

15
,9

6 

21
,8

4 

26
,1

2 

5Z
av

 

~Z
rn

ax
 

ex
p 

ca
lc

 

0,
99

03
 

0,
99

01
 

0,
97

95
 

0,
97

90
 

0,
96

37
 

0,
96

28
 

0,
94

63
 

0,
94

50
 

0,
93

25
 

0,
93

11
 

0,
92

50
 

0,
92

37
 

0,
91

24
 

0,
91

16
 

0
,9

0
9

0
 

0,
90

84
 

0,
91

59
 

0,
91

67
 

0,
93

45
 

0,
93

53
 

0,
08

 

0,
15

 

1,
62

1 

2,
11

4 

4,
02

5 

6,
31

1 

8,
19

6 

9,
86

8 

12
,8

4 

15
,5

4 

20
,6

0 

25
,6

5 

6/
av

 

6Z
m

a x
 

ex
p 

ta
lc

 

0,
99

14
 

0,
99

15
 

0,
98

27
 

0,
98

27
 

0,
96

86
 

0,
~t

87
 

0,
95

40
 

0,
95

42
 

0,
94

40
 

0,
94

43
 

0,
93

69
 

0,
93

75
 

0,
92

87
 

0,
93

02
 

"0
,9

26
5 

0,
92

87
 

0,
93

59
 

0,
93

93
 

0,
96

09
 

0,
96

36
 

0,
08

 

0,
36

 

0
,9

7
7

 

2,
06

8 

3,
87

1 

6,
69

6 

8,
10

1 

9,
59

5 

12
,8

1 

1
5

,2
7

 

20
,8

8 

25
,6

0 

6Z
av

 

8Z
m

a x
 

ex
p 

ea
lc

 

0,
~9

31
 

0,
99

33
 

0,
98

59
 

0,
98

61
 

0,
97

52
 

0,
97

57
 

0,
96

44
 

0,
~6

52
 

0,
95

74
 

0,
~5

83
 

0,
95

35
 

0,
95

48
 

0,
95

08
 

0,
~5

24
 

0,
95

30
 

0,
95

54
 

0,
97

39
 

0,
97

60
 

1,
00

4 
1,

00
5 

0,
09

 

0,
25

 

0
,9

2
8

 
0,

99
50

 

1,
95

3 
0,

99
03

 

3,
69

9 
0,

98
29

 

5,
85

0 
0,

97
66

 

7
,7

4
6

 
0,

97
36

 

9,
27

4 
0,

97
26

 

12
,3

6 
0,

97
58

 

14
,9

2 
0,

98
31

 

20
,4

0 
1,

01
2 

25
,4

1 
1,

05
2 

6/
av

 

5Z
 m

ax
 

01
99

51
 

0,
99

01
 

3,
98

28
 

9,
97

64
 

3,
97

32
 

3,
97

23
 

3,
97

54
 

~,
98

27
 

1,
01

1 

1,
04

8 

0~
05

 

0,
38

 

P'
 M

Pa
 

ex
p 

O
, 8

87
 

O
, 9

96
2.

 

1,
94

6 
0,

99
23

 

3,
54

8 
O

, 9
87

] 

5,
62

6 
0,

98
3~

 

7
,7

7
9

 
0,

98
2'

 

8,
95

6 
0,

98
3,

 

12
,4

9 
" 

0,
99

1;
 

14
,4

9 
0,

99
9;

 

20
,8

9 
1,

04
1 

24
,8

3 
1,

07
6 

5Z
av

 

5Z
m

a x
 

0,
99

62
 

O
, 9

92
2 

O
, 9

87
2 

0,
98

31
 

0,
98

19
 

O
, 9

89
5 

O
, 9

90
1 

O
, 9

97
9 

1,
03

8 

1,
07

0 

0,
I0

 

0,
56

 



For nonpolar gases, there is the following relation between the constant bo for the 
(i2-7, ~) potential and the density at the critical point on the saturation line: 

be = 0.61/~r.  (12) 

Then from ( 1 2 ) ,  t h e  a p p l i c a b i l i t y  r a n g e  f o r  (1) f o r  pu re  g a s e s  i s  w r i t t e n  as  

p ~ 0 . 8 c r  ~r T ~ 0 . 7 T B -  (13) 

I f  one r e s t r i c t s  o n e s e l f  to  the  second  and t h i r d  v i r i a l  c o e f f i c i e n t s  i n  ( 1 ) ,  i t  can be 
used f o r  d e n s i t i e s  p ~< 0 . 1 5 P c r  a t  t he  c r i t i c a l  t e m p e r a t u r e  f o r  a p u r e  gas  and f o r  0 ~< 0 . 4 0 -  
Pcr  a t  t e m p e r a t u r e s  e x c e e d i n g  t h e  Boy le  t e m p e r a t u r e .  
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