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An Extended Corresponding-States Model for 
Predicting Thermodynamic Properties of Nz-Ar-02 
Mixtures Including Vapor-Liquid Equilibrium I 

W. P. Clarke,-" R. T Jacobsen, 2"~ E. W. Lemmon,-" S. G. Penoncello, 2 and 
S. W. Beyerlein 2 

A formulation developed previously for the prediction of the thermodynamic 
properties of single-phase states of binary and ternary mixtures in the 
nitrogen-argon-oxygen system has been revised to include the calculation of 
vapor-liquid equilibrium IVLEJ properties. The model is based on the theory of 
extended corresponding states with wm der Waals mixing rules. Binary interac- 
tion parameters have been determined with single-phase P - p - T  and vapor- 
liquid equilibrium data to improve the accuracy of thermodynamic property 
predictions. The model accurately represents single-phase and vapor-liquid 
equilibrium properties over a wide range of compositions for binary and ternary 
mixtures. Comparisons of calculated properties to selected mixture data for both 
single-phase and VLE states are included. 

KEY WORDS: binary interaction parameters: extended corresponding states: 
shape factors: single-phase P-p-T;  vapor-liquid equilibrium. 

!. I N T R O D U C T I O N  

The need for an accurate wide-range model for predicting thermodynamic 
properties of fluid mixtures has been well established. Because there is a 
significant quantity of measured property data for binary and ternary 
mixtures of nitrogen, argon, and oxygen, these systems may be used for 
testing methods of property calculation. The model presented here 
superceeds that done by Clarke et al. [1]. The methods used here for 
vapor-liquid equilibrium (VLE) calculations were first adapted for use 
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with accurate pure-fluid equations of state by Rousseau [2-] and were 
modified by Clarke et al. [3]  for use with the model reported in this work. 
Although there are few sources of data for derived properties of mixtures, 
the available heat capacity and speed-of-sound data for air provided a 
means of validating predictions of these properties. The composition of air 
used in this work is 78.12 % nitrogen, 20.96 % oxygen, and 0.92 % argon, 
as given by Jacobsen et al. [4].  

2. E X T E N D E D  C O R R E S P O N D I N G - S T A T E S  (ECS) M O D E L  
FOR MIXTURES 

The equations of state used in this work for calculation of pure-fluid 
properties are those of Jacobsen et al. [5]  for nitrogen, Schmidt and Wagner 
[6]  for oxygen, and Stewart and Jacobsen [7]  for argon. The model used in 
this research is described in detail by Clarke [8]  and by Clarke et al. [1]. 
Essential details of the formulation by Clarke et al. [ 1 ] are repeated here. 

Extended corresponding-states theory can be generalized to predict 
thermodynamic properties of a mixture by assuming that the mixture 
behaves as a hypothetical equivalent pure substance. The extension of 
the one-fluid theory to mixtures uses van der Waals mixing rules. Corre- 
sponding states for the mixture are defined by the equations 

~..(6.,. T.,)= zL.(6., r~,)= ~,,(6,,.4~.,. r.,Oo,) ( I )  

Z m ( 6  m , Tin) : Zo(c~o, T o ) :  Zo((~m( ~ .... Tin0 m ) (2) 

where ~ is the residual Helmholtz energy, Z is the compressibility factor, 
6 = (p/p~)is  the reduced density, r = ( T J T ) i s  the reciprocal reduced tem- 
perature, the subscript c indicates a critical property, the subscript o refers 
to the reference fluid, and the subscript m refers to the mixture. The sym- 
bols ~,, and 0.,, are shape factors which are used to relate the reduced 
properties of the mixture to those of the reference fluid. 

The thermodynamic properties for the mixture are reduced by the 
parameters, p .... and T~ .... which are given by 

t,c., = Z Z  j 
P q 

Z ~. xt, x,, T~t,,,/pcp,, 
P q 

Tern : (4 )  

Z Z 
p q 

where p and q are indices which refer to different mixture components. 
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In Eqs. (3) and (4), p¢;,,, and T~p,, are given by 

T~pq = ( T~,, T~q) I 2 

The shape factors ¢., and 0., for the mixture are given by 

(5) 

(6) 

~m =~.2"\ 'p '~'q~;,q (7) 
P q 

On,= Z ~.\',,.\',,Ol,,,;[~;,,! ( 8 )  

P q 

The combining rules for the calculation of ¢,,,, and 0,,,, are given by 

~ b r , , = ~ l _ \ - - ~ p  / + (9) 
\ P,~,; / 

OpT~;, 0 uT~. 12 
,,o, 

Exact shape factors. ~b;,, ~k,,, Op, and 0 u, were determined by simultaneous 
solution of equations similar to Eqs. (1) and (21 for the residual Helmholtz 
energy and compressibility factors for each pure fluid with nitrogen as the 
reference fluid. The binary interaction parameters, ~l;,u and ~t,u, are 
represented by linear combinations of temperature as explained by Clarke 
[8]: 

hpq 
~1;,,1 = at ,q + - -  ( 11 ) 

T m 

dp,,  
~r,,  = ce,,  4- - -  ( 12 ) 

T m 

The values of the coefficients for Eqs. (11) and (12) determined by non- 
linear least-squares fitting of experimental data are listed in Table I. 

Table I. Coefficients for Temperature-Dependent Binary Interaction Parameters 

Binary p, q ap, I h p~ c p,; drq 

N 2-O: 1, 3 1.00841 - 0.00512481 0.998398 0.00698625 
N_,-Ar 1, 2 1.01078 -0.00788505 0.989402 0.0146454 
Ar-O2 2, 3 1.00637 0.0 0.991117 0.0 
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Table I I .  Selected Single-Phase Mixture Data for N , -Ar - -O,  Mixtures 

Author Year 

No. of T range AAD BIAS 

points (K) (%) (%) 

Nitrogen-oxygen (P p 71 

Blagoi & Rudenko [10] 1958 19 67-79 0.400 0.400 

Knaap et al. [ I I ] 1961 7 76.9 0.078 0.075 

Pool ct al. [12] 1962 7 83.8 0.130 0.130 

Summary 33 67-83.8 0.274 0.235 

Nitrogen-argon ( P - p - T )  

Crain & Sonntag [ 13] 1966 264 143-273 0.193 0.067 

Palavra [ 14] 1979 203 94-106 0.075 0.075 

Pool et al. [12] 1962 24 83.8 0.427 -0.401 

Ricardo et al. [15] 1992 21 119 0.143 0.112 

Townsend [16] 1956 144 298, 323 0.053 -0 .020  

Zandbcrgen & Beenakker [17] 1967 55 170-292 0.163 -0 .118 

Summary 711 83.8-323 0.135 0.023 

Argon-oxygen ( P-I'-TI 

Blagoi & Rudenko [ 10] 1058 36 70-89 0.296 0.116 

Knaap et al. [I I ] 1961 6 90 0.037 0.029 

Pool ct al. [12] 1962 15 84.90 0.012 - 0.001 

Saji & Okuda [ 18] 1965 20 84, 87 0.246 0.002 

Sumnaary 77 70-90 0.208 0.057 

Air [P-p-T) 
Blanke [19] 1977 130 61-170 0.257 0.117 

Howlcy & Magcc [20] 1990 286 67~I.00 0.102 0.078 

Kozlov [21 ] 1968 348 288-873 0.069 -0 .016  

Michcls el al. [22] 1954 157 118 248 0.035 0.024 

Michels et al. [23] 1954 199 273-348 0.148 0.044 

Romberg [24] 1971 124 84-122 0.093 0.093 

Summary 1244 61-873 O. 107 0.045 

Air [speed of sound) 

Ewing & Goodwin [25] 1988 13 255 0.005 -0 .003  

Van Itterbeek & de Rop[26]  1955 14 229-313 0.211 0.137 

Younglove & Frederick [27] 1992 169 90-300 0.366 -0 .307  

Summary 226 0.315 - 0.203 

Air [ heat capacity) 

Magee [28] 1992 231 66-300 0.638 0.426 
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Table Ill. Selected VLE Data for N:-Ar-O~ Mixtures 
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Author Year 

No. of T range AAD BIAS 

points IKI  ~%,~ I%) 

Nitrogen-oxygen 

Armstrong et al. [29] 1955 70 65-78 0.590 0.101 

Duncan & Staveley [30] 1966 I 1 63 0.754 0.753 

Hiza [31 ] 1990 63 63-100 0.688 -0 .510  

Pool et al. [12] 1962 11 84 0.214 -0 .035  

Wilson et al. [32] 1965 138 78-136 0.079 -0.691 

Summary 293 63-136 0.696 - 0.384 

Nitrogen-argon 

Hiza [31 ] 1990 36 85-100 0.210 0.128 

Narinskii [33] 1966 98 80-120 0.469 - 0.001 

Pool et al. [12] 1962 12 83.82 0.428 0.357 

Thorpe [34] 1966 68 80-116 0.789 0.725 

Wilson et al. [.32] 1965 183 72-134 (I.853 -0 .717 

Summary 397 72-134 (I.673 -0 .174  

Argon-oxygen 

Burn & Din [35] 1962 140 84-118 0.874 0.864 

Clark et al. [36] 1953 55 90-110 0.403 0.374 

Hiza [31 ] 1990 16 95-100 0.606 -0 .202  

Narinskii [37] 1957 55 90-121 0.379 0.270 

Pool el al. [12] 1962 24 84-90 1.877 0.334 

Wilson et al. [32] 1966 200 87-139 0.402 -0 .064  

Summary 490 84-139 0.597 0.314 

An iterative procedure was used to determine 6o and r,, given 6,.,, and 
rm. Convergence of the iteration required that the mixture and its com- 
ponents be in corresponding states with the selected reference fluid at 6o 
and to. All thermodynamic properties of the constant-composition mixture 
may be calculated from ~(6m, rm) and its derivatives with respect to the 
independent variables, ~Sm and rm. Details of these property calculations are 
given by Clarke [-8]. 

Vapor-liquid equilibrium properties are calculated using procedures 
outlined by Rousseau [-2] and adapted to the model described above. 
Calculations may be performed for mixtures by specifying various com- 
binations of properties for either the liquid phase, the vapor phase, or the 
bulk fluid. The thermodynamic constraints for vapor liquid equilibrium are 
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equal temperature, pressure, and fugacity in the liquid and vapor phases, 
respectively. The equation for fugacity is 

( , ' (n~)~ (13) ./i = p R T  exp \ ? n , - - / r .  ~.,,, . . . .  

where f i s  the fugacity, n is the number of moles, and 1' is the total volume. 

3. C O M P A R I S O N S  OF C A L C U L A T E D  M I X T U R E  P R O P E R T I E S  T O  
E X P E R I M E N T A L  D A T A  

The extended corresponding-states model was used to calculate single- 
phase mixture properties for individual states at specified temperature, 
pressure, and molar composition. Available experimental P p-T data for 
mixtures in the nitrogen-argon oxygen system were used as the basis for 
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Fig. !. Percentage deviation in bubble-point pressure between selected experimen- 
tal data for the nitrogen-oxygen binary mixture and calculations from the ECS 
model. 
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experimental data for the nitrogen-argon binary mixtt, re and calculations from the 
ECS model. 

the comparisons. For VLE, deviations of values determined with the ECS 
model from experimental bubble-point pressures were calculated at 
specified temperatures and liquid compositions. Nitrogen was used as the 
reference fluid. 

The percentage deviation in a property, x, is defined as 

% A x =  1 0 0 ( x ° ' ~ - v ~ ' ' ~ )  
\ "Ydala / 

(14) 

The average absolute deviation (AAD) is given by 

Z I% ~.¥l AAD - (15) 
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where n is the number of data points. The bias value is the arithmetic mean 
of the percentage deviation, 

Y" (% .d.,,-) 
B I A S -  (16) 

II 

Tables II and III summarize data for N~-Ar -O ,  mixtures selected for 
the reported comparisons. Table II lists the sources and ranges of single- 
phase mixture data as well as summary comparisons of the calculated 
densities to experimental densities. Table III lists VLE data for mixtures of 
various compositions as well as summary comparisons of calculated 
bubble-point pressures to experimental bubble-point pressures. 

Figures 1 to 3 show the differences between selected VLE data and 
calculations from the ECS model. These comparisons indicate that 
calculated pressures are within _+ 1% of the experimental values selected 
for the determination of the coefficients of Eqs. (11) and (12). The devia- 
tions for all the available data range between - 5  and +3  % in pressure. 
Comparisons of properties predicted by the ECS model with P-p-T data 
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for air are usually within +0.2%, in density, cxcept in the critical region 
and for low-temperature liquid states where the dcnsity exceeded 
30 tool .  dm - 3 For liquid states below 75 K, the density differences are less 
than +0.5 %. In this region, the larger density dcviations may be caused by 
anomalous behavior of the pure-fluid equations near their triple points. 
Comparisons to heat capacity and sound speed data for air are within 
+ 1%. 
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