
NOTATION 

B ,  By = magnetic flux density components 
B = magnetic flux vector 
DAB = binary diffusion coefficient 
HT = total enthalpy 
J = current density vector 
M ,  M, = mass flux components 
NA, N B  = number density of ionized and neutral con- 

stituents respectively 
P = total pressure 
(V, = U1, V, = u) = bulk velocity components 
CIA, UB = diffusive velocities of ionized and neutral con- 

stituents respectively 
WA, WB = mass fractions of ionized and neutral species 

respectively 
qc, qr = conductive and radiative fluxes 
P = mass density 

m = mole fraction 
@ 
0- = gas conductivity 
P = viscosity 
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Gugnoni et al. (1974) have recently discussed the ap- 
plicability of the Benedict-Webb-Rubin equation to the 
calculation of vapor-liquid equilibria, including azeotropic 
behavior, in the carbon dioxide-ethane system. In order 
to correlate their data, they modified the mixing rule for 
one of the constants of the equation of state by means of 
a temperature-dependent binary interaction coefficient. A 
similar temperature dependent coefficient was required 
by Hamam and Lu (1974) for correlating carbon dioxide- 
ethane vapor-liquid equilibria using a modified Redlich- 
Kwong equation. Thus the equation of state method is 
not simple to use, especially for predictive purposes, as 
the interaction coefficient must first be obtained as a 
function of temperature for each particular case. 

The purpose of this note is to alert readers to another 
technique, described in detail elsewhere, which can be 
used to correlate and predict the behavior of the carbon 
dioxide-ethane system. This technique makes use of the 
extended form of the corresponding states principle as 
described by Rowlinson and Watson (1969). The method 
has been used successfully for the calculation of vapor- 

liquid equilibria (Watson and Rowlinson, 1969; Gunning 
and Rowlinson, 1973) and critical and azeotropic states 
(Teja and Rowlinson, 1973, Teja and Kropholler, 1975). 
Here, after a brief outline of the method, predicted azeo- 
tropic states and densities in the carbon dioxide-ethane 
system are presented and compared with the experimental 
results of Gugnoni et al. (1974). 

CORRESPONDING STATES METHOD 

Two pure substances .01 and 0 are defined to be in cor- 
responding states if the configurational Helmholtz free 
energy of substance a: at density p and temperature T 
may be obtained from the configurational Helmholtz free 
energy of the reference substance 0 at density phaa,O and 
temperature T/ fNC( .O  as follows: (The subscripts an,O 
signify a property of a: relative to substance 0). 

& C P ,  TI = faa,o AoC&,,.o, T/faa,ol - RT In L . 0  

(1)  
If an analytic expression for the configurational Helm- 
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holtz free energy of the reference substance is available as 
a function of p and T (and this may be obtained, for 
instance, from an accurate equation of state using stan- 
dard thermodynamic relationships), then an analytic ex- 
pression for the configurational Helmholtz free energy of 
substance a may be obtained from that of the reference 
simply by replacing p by phaa,O and T by T/fa, ,o and 
using Equation ( 1 ) .  The parameters haa,o and faa.0 are 
related to the critical constants of a and 0 by 

faa,o = ( TaaC/Toc) eaa.0 

haa.0 = ( Vaac/V~c)  h . 0  

(2) 

(3) 
where the shape factors 8 and CP are slowly varying func- 
tions of density and temperature. Analytical expressions 
for the shape factors are given elsewhere by Leach (1967) 
and Leland and Chappelear (1968). These expressions 
are of the form: 

~ a a . 0  = 1 + (aaa - 00) kl 

CPaa.0 = 1 + (aaa - 00) k2 

(4)  

( 5 )  

that is, (6 - 1) and (CP - 1) are proportional to the 
difference in Pitzer's acentric factor of the two substances 
a and 0. The proportionality constants, however, depend 
on temperature and slightly on density. Given the ana- 
lytical expressions for shape factors of Leach (1967), the 
prediction of the thermodynamic properties of substance 
a requires only a knowledge of an accurate equation of 
state for the reference substance and three parameters, 
T,,C, V,,c (or PaaC) and oaa. 

Equation (1)  may be extended to mixtures by assum- 
ing that the configurational Helmholtz free energy of the 
mixture, after subtraction of an ideal free energy of mix- 
ing, is equal to that of a single (hypothetical) equivalent 
substance. Thus 

Amixture [ P ,  T ,  XI = ACp, T ,  X] + RT z xa In xa (6) 

The configurational Helmholtz free energy of the equiv- 
alent substance A[p,  T, x] may then be obtained from that 
of the reference using Equation (1)  or 

a 

ACp, T ,  XI = f A ~ [ p h ,  T / f ]  - RT In h (7)  
The parameters h and f for the equivalent substance are 
related to composition by the van der Waals one-0uid 
model for the mixture: 

h = z 2 ~a%3haB 

f h = z z xaxBhaBfa6 

(8) 

(9) 

a 6  

U B  

The like terms are obtained from Equations (2) to (5) 
and the cross terms (a + 8) from 

faa = tap (faafsa) ' 
hap1/3 = ( haa"3 + hppl/') /2 

(10) 

(11) 

These are the familiar Lorentz-Berthelot mixing rules 
when t a b  = 1. The parameter t a p  is close to unity and 
must be obtained from experimental data. However, it 
is shown below that t a p  calculated from one set of data 
(for example, by obtaining a best fit to critical states) 
may be used successfully to predict other data (for ex- 
ample, densities and azeotropic states). 

The calculation of azeotropes in mixtures requires only 
derivatives of Equations (6) and (7) and is described 
elsewhere (Teja and Rowlinson, 1973). Densities at any 
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given pressure, temperature, and composition may be cal- 
culated simply by solving the pressure equation which 
results when the configurational Helmholtz free energy 
is differentiated with respect to density. 

RESULTS 

Methane is used here as the reference since accurate 
analytical equations of state are available for this sub- 
stance. The shape factor equations of Leach (1967) for 
the n-alkanes are also used. Their extension to a mixture 
containing carbon dioxide has not resulted in any ap- 
parent disadvantages. A value of 0.9 for the parameter 
t a p  has been used for the carbon dioxide-ethane system. 
This value was obtained in a separate study of critical 
states in carbon dioxide-ethane mixtures (Teja, 1971; 
Teja and Rowlinson, 1973) and is in agreement with a 
value of 0.92 obtained by Chueh and Prausnitz (1967) 
using a completely different method. No attempt has 
been made to vary &'ap to obtain a best fit to the experi- 
mental results for densities or azeotropic points. Thus 
the method has been tested for its predictive capabilities. 

In the density calculations, the reference equation of 
state used is that of Bender (1971). The twenty-constant 
Bender equation is relatively easy to manipulate mathe- 
matically and has the advantage that it accurately repre- 
sents experimental data for methane throughout the tem- 
perature and pressure range where such data is available 
(including the two-phase region). The azeotropic states 
calculations are those of Teja (1971) and utilized the 
twenty-six constant Vennix and Kobayashi (1969) equa- 
tion for methane. The predicted results are compared 
here with the experimental data of Gugnoni et al. (1974). 
Were the calculations to be carried out again, the Bender 

TABLE 1. PHYSICAL CONSTANTS REQUIRED IN 
THE CALCULATIONS 

vc, 
Substance TC, K Pc, bar ms/kg mole o 

Methane (reference) 190.77 46.27 0.099 0.0109 
Carbon dioxide 304.16 73.76 0.094 0.223 
Ethane 305.42 48.84 0.1462 0.1025 

TEMPERATURE T (K) 

Fig.  1. Colculated and experimental azeotropic locus in the carbon 
dioxide-ethone system. The experimental results are those of Gugnoni 

et al. (1974). 

May, 1975 Page 619 



‘“1 A 

I I I I ’ 015 ’ 
MOLE FRACTION CARBON DIOXIDE 

Fig. 2. Calculated and experimental saturated liquid densities in the 
carbon dioxide-ethane system. The experimental results are those 
of Gugnoni e t  al. (1974) a t  the following temperatures: 

A 241.45 K 
255.35 K 
269.25 K 

x 283.15 K 

TABLE 2. COMPARISON OF CALCULATED AND EXPERIMENTAL 
( GUGNONI ET AL., 1974) LIQUID DENSITIES. THE DEVIATIOS 

IS DEFINED AS (Pcaic. - Pexptl. )/Pexptl. 

Temperature, No. of data Avg. absolute Max. 
K points deviation, % deviation, % 

241.45 11 0.70 - 1.54 
255.35 17 0.75 1.74 
269.25 15 0.68 1.27 
283.15 14 1.4 3.13 

equation would be used because of the advantages noted. 
Calculated and experimental azeotropic states in the 

carbon dioxide-ethane system are shown in Figure 1, and 
densities are shown in Figure 2. Agreement between pre- 
diction and experiment is excellent. The density results 
are summarized in Table 2. The relatively large maximum 
deviation for the 283.15K isotherm has not been ex- 
plained. 

In conclusion, the corresponding states principle with 
shape factors has been applied successfully to the predic- 
tion of azeotropic behavior and densities in the carbon 
dioxide-ethane system. The advantages of the method 
have been highlighted. Its major limitation is that shape 
factor correlations are only available for the n-alkanes 
and for quantum fluids (Leland and Chappelear, 1968). 
However, the correlations for the n-alkanes have been 
used without any apparent disadvantages for carbon diox- 
ide and for other simple molecules (see also Gunning 
and Rowlinson, 1973). A single binary interaction con- 
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stant, independent of temperature and density, is required 
for the prediction of azeotropes, densities, critical states, 
and vapor-liquid equilibria using this approach. 

NOTATION 

A 
f 
h 
P = pressure 
R = gas constant 
T = thermodynamic temperature 
r = mole fraction 
x 
8, CP = shape factors 
f = binary interaction constant 
p = density 
o = Pitzer’s acentric factor 

Subscripts 
calc. = calculated value 
exptl. = experimental value 
(Y, B = general components 
0 = reference substance 

Superscript 
c = critical state 

= configurational Helmholtz free energy 
= corresponding states energy parameter 
= corresponding states volume parameter 

= the composition vector xi, x2 . . . . . x,, 
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