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SCOPE 
A well-behaved equation of state can represent and predict 

thermodynamic properties of pure components and mixtures, 
including vapor-liquid equilibrium values which are important 
in equipment design for separation processes. Many attempts 
have been made in recent years to improve the applicability of 
simple analytical equations of state such as those proposed by 
van der Waals and by Redlich and Kwong for chemical engi- 

neering applications. Special attention has been given to the 
modification of the repulsive term RT/(V-h). The objective of 
this study is to apply a new and simple perturbed, hard sphere 
equation of state to thermodynamic properties and vapor- 
liquid equilibrium calculations and to compare the calculated 
results with those obtained from other equations of state re- 
cently proposed in the literature. 

CONCLUSIONS AND SIGNIFICANCE 

The new perturbed, hard sphere equation used in this study- 
combines the analytical expression of Scott for the hard sphere 
compressibility factor and the empirical attractive term of the 
Redlich-Kwong (RK) equation of state. This equation possesses 
the qualities of realism and simplicity of the RK equation, 
contains only two temperature dependent parameters and re- 
mains a cubic one in terms of density (or volume). It is much 
simpler to use than the equations proposed by De Santis et al. 
(1976) and Oellrich et al. (1978). 

The calculated results obtained for five pure component 
properties (vapor pressure, saturated liquid and vapor vol- 
umes, latent heat of vaporization and second virial coefficient) 
indicate that the new equation vields lower deviatians from the 

literature values than the two more complicated equations 
mentioned above. 

Comparisons made on vapor-liquid equilibrium (VLE) val- 
ues for five binary systems at thirty-two isothermal conditions 
indicate that the new equation yields better representation of 
the data than the methods of Soave (1972) and Peng-Robinson 
(PR) (1976). Some of the binary data wed by De Santis et al. 
(1976) for testing their equation were also used in this study. 
The calculated results indicate that the new equation yields 
lower deviation in the calculated values of pressure. Compari- 
sons were also made on VLE values for a ternary system at two 
isothermal conditions between the calculated results obtained 
by the new equation and the method of Soave (1972). The new 
equation again yields better results. 

Ever since van der Waals (1873) proposed his equation, the 
vdw equation, many modifications have been made in the 
literature to improve his model. One of the most successful ones 
was the two-parameter empirical equation proposed by Redlich 
and Kwong (1949): 
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property estimation systems in use today employ the Redlich- 
Kwong equation. A number of empirical modifications have 
been proposed in recent years to improve the applicability of 
Equation (I), the RK equation, to the calculation ofvapor-liquid 
equilibrium values. For example, the universal constants n and 
b were replaced by substance dependent and/or temperature 
dependent parameters (Wilson, 1964; Chueh and Prausnitz, 
1967; Lu et al., 1969; Zudkevitch and Joffe, 1970). In addition, 
much attention has been given in recent years to the perturbed, 
hard sphere equation of state by modifying the hard sphere term 
RT/(V-b) ofthe vdw and the RK equations ofstate. For example, 
Carnahan and Starling (1972) replaced the RTI(V-b) term of 
these two equations by an improved equation for rigid spheres, 
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TABLE 1. VALUES OF THE COEFFICIENTS at AND bg OF EQUATIONS (5) AND (6) 

Methane 
Ethane 
Propane 
n-butane 
n-pentane 
n-hexane 
n-heptane 
n-octane 
i-butane 
i-pentane 
E tbylene 
Propylene 
1-butene 
Acetylene 
Benzene 
Carbon dioxide 
Carbon monoxide 
Nitrogen 
Oxygen 
Argon 
Sulfur dioxide 
Ammonia 

a0 

0.19650 
0.20176 
0.24104 
0.23612 
0.35919 
0.29758 
0.2A812 

-0.20696 
-0.18450 

0.10878 
0.44641 
0.11730 

-0.22174 
1.15110 
0.38936 

-0.96550 
0.16664 
0.79071 
0.46326 
0.22914 
0.03616 

-0.12433 

a ,  
1.16856 
1.31256 
1.25456 
1.35573 
0.85241 
1.19570 
1.40351 
3.10569 
2.89176 
1.81070 
0.30161 
1.63895 
2.85561 

-2.24265 
0.65177 
5.68232 
1.47391 

- 1.07156 
0.12814 
1.02460 
2.08022 
2.43358 

a2 

-1.38439 
-1.67980 
-1.64596 
-1.81164 
- 1.09198 
-1.62966 
-1.87158 
-3.93176 
-3.65663 
-2.34577 
-0.29444 
-2.02328 
-3.41073 

2.82209 
-0.78790 
-6.94321 
- 1.92735 

1.52277 
-0.01032 
-1.16633 
-2.66063 
-3.10164 

a3 

0.47037 
0.61622 
0.59878 
0.66445 
0.32006 
0.57754 
0.65585 
1.4691 8 
1.39674 
0.86703 

-0.00538 
0.71485 
1.21951 

- 1.28905 
0.18743 
2.67340 
0.74838 

-0.79841 
-0.13075 

0.36604 
0.98686 
1.21720 

bo 
0.13356 
0.11802 
0.11493 
0.10786 
0.12727 
0.09861 
0.02042 

-0.12905 
-0.03957 

0.02509 
0.14054 
0.05773 

-0.00685 
0.33084 
0.11547 

-0.31758 
0.10783 
0.26291 
0.19070 
0.12583 
0.02529 
0.01133 

bi 
0.12888 
0.17279 
0.17712 
0.19593 
0.07994 
0.19188 
0.47134 
1.oO409 
0.75459 
0.49251 
0.07086 
0.37461 
0.56951 

-0.67414 
0.13103 
1.71076 
0.24471 

-0.38945 
-0.10512 

0.16172 
0.47173 
0.45682 

bz  
-0.26165 
-0.31486 
-0.31397 
-0.32967 
-0.14135 
-0.29559 
-0.63328 
-1.26511 
-1.02007 
-0.68686 
-0.15209 
-0.53234 
-0.72161 

0.78921 
’0.21122 
-2.11569 
-0,42244 

0.44179 
0.06006 

-0.29468 
-0.64978 
-0.63062 

ba 
0.19262 
0.12735 
0.12452 
0.12712 
0.03378 
0.10457 
0.24004 
0.48891 
0.40746 
0.26953 
0.04310 
0.20234 
0.25950 

-0.34625 
0.06496 
0.82464 
0.17596 

-0.21436 
-0.04248 

0.11138 
0.25346 
0.25746 

Ref. 
5,7 

1,2 
12 
1,2 
9 
9 
1 
9 
1 
1 
1 
1 
1 
1 
1 
8 
8 
6 
1 
1 

2,4 
2,3 

References for saturatedproperties used in the evaluation ofS1. and a: 1. Canjar and Manning(l967). 2. Carmth and Kobayashi(l972); 3. Das and Eubank(1972); 4. Eubank(l971); 5. 
Coodwin and Prydz (1972); 6. Cosman et al. (1969); 7. Prydz and Goodwin (1972); 8. Wilson (194);  9. Young(lS10). 

which they had developed in 1969, and reported that a general 
improvement was obtained in the accuracy of predicted enthal- 
pies, densities, pressures and saturated fugacities from these 
two reformulated equations (CSvdW and CSRK) relative to the 
original vdW and RK equations. De Santis e t  al. (1976) made an 
attempt to develop a hard sphere equation of state by combining 
the hard sphere repulsion compressibility factor of Carnahan 
and Starling (1969) with an attractive term for vapor-liquid 
equilibrium calculations. The equation they obtained was prac- 
tically identical to the CSRK equation, but with the RK attrac- 
tive term in the form as that modified by Soave (1972) and the 
two parameters considered temperature dependent. Oellrich et  
al. (1978) used the same reformulation of the vdW equation as 
presented by Carnahan and Starling (1972) and applied the 
CSvdW equation to the calculation of properties of eight pure 
fluids, but with the two parameters of the equation considered 
temperature dependent and evaluated from supercritical den- 
sity data, subcritical saturated liquid densities and vapor 
pressures. 

Recently, in our search for a simple analytical equation of 
state, we made a study on the representation ofpure component 
properties by means of the vdW and the RK equations of state 
together with their twelve variants. These variants were ob- 
tained by replacing the RT/(V-b) term with the analytical expres- 
sions of the hard sphere compressibility factor proposed by 
Frisch et  al. (Reiss e t  al., 1959; Helfand et  al., 1961), Thiele 
(1963), Guggenheim (1965) and Scott (1971), in addition to that 
suggested by Carnahan-Starling (1969). The results of our study 
indicate that the variant which combines the hard sphere com- 
pressibility factor of Scott and the RK empirical attractive term 

RT (W+b) a 
(2) p =- ~ - 

V ( W - b )  T0.5V(V+b) 

appears to be superior to all the other variants of the v d w  and 
the RK equations mentioned above for representing pure com- 
ponent properties which are relevant to vapor-liquid equilib- 
rium calculations. The pure component properties selected for 
the evaluation included vapor pressure, saturated liquid and 
vapor volumes, latent heat of vaporization and second virial 
coefficient. It should be mentioned, however, that the param- 

eters of the variants were considered as universal constants in all 
of the calculations. 

Equation (2) is very attractive from the viewpoint that it is 
simple to  use. It contains only two parameters and remains a 
cubic one in terms of volume. The purpose of this study is to 
evaluate the feasibility of improving Equation (2) for represent- 
ing pure component properties by considering the two param- 
eters temperature and substance dependent, and to evaluate 
the applicability of Equation (2) to calculating and predicting 
vapor-liquid equilibrium using these modified parameters. 

PURE COMPONENT PARAMETERS 

The quantities a and b of Equation (2) are related to the critical 

a = R, R”T,2.5/P, (31 

b = s2, R TJP,  (4) 

Equations (3) and (4) were obtained by applying the two condi- 
tions, (8P/8V)T, = 0 and (8”PlW2)Tc = 0, to Equation (2) at the 
criticd point. In this work, the parameters and Rb were 
evaluated from vapor pressures and saturated liquid densities 
for twenty two arbitrarily selected pure compounds following a 
procedure similar to that proposed for modifying the RK equa- 
tion (Chang and Lu, 1970). The references from which the 
saturated properties were obtained are reported in Table 1. The 
calculated flu and values were further correlated by means of 
Equations (5) and (6): 

properties as follows: 

and 

3 

Ra = 2 u;T,‘ (5) 

f i b  = 2 biT: (6) 

i=o 

and 

3 

i=o 

The values of the coefficients ui and bi of these two equations are 
also reported in Table 1. These values were used in the calcula- 
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TABLE 2.  A SUMMARY OF DEVIATIONS BETWEEN CALCULATED AND LITERATURE VALUES OF FOUR SATURATED PROPERTIES 
AVERAGE ABSOLUTE DEVIATIONS, YO 

Coin poii nd 

Methanc 
Eth;unc 
Propane. 
n-hiitme 
n -pen t;irie 
n -hesane 
i-butanc 
Ethylcne 
Proplent, 
Acetylene 
Renzrnc 
Carhon &)side 
Carbon monoxidc 

N 

29 
27 
31 
28 
30 
43 
29 
21 
26 
22 
47 
32 
24 

PR 
1.63 
1.09 
1.04 
0.97 
0.32 
1.43 
1.47 
1.15 
0.58 
1.57 
0.91 
0.65 
1.43 

IhPIPIa, 

De Santi\ 
5.10 
4.06 
0.81 
0.87 
0. .% 
2.25" 
2.06 
0.44 
0.87 
1.53 
1.08t 
2.24 
6.36** 

This 
work PR 
0.48 3.26 
0.31 2.27 
0.31 2.28 
0.22 1.50 
0.18 1.10 
0.28 1.33 
0.04 2.35 
0.77 1.58 
0.07 1.39 
0.32 0.97 
0.16 2.80 
0.18 1.31 
0.20 2.97 

I AVv/VvIa, 

De Santis 
7.12 
8.21 
2.82 
2.95 
3.65 
7.27* 
3.53 
6.63 
2.84 
5.49 
2.79t 
5.27 

10.58";" 
Nitrogcn 18 1.41 7.01 0.74 4.36 10.86 
Amnionia 29 0..54 2.85 0.28 5.27 7.57 
Average 1.08 2.74 0.30 2.32 5.84 

* N = X .  
tN=44. 
**.V=22. 

TABLE 3. COMPARISON OF CALCULATED RESULTS OBTAINED 

FOR FIVE COMPOUNDS WITH LITERATURE VALUES 
FROM THE CSVdW EQUATION PROPOSED BY OELLFUCH ET AL. ' 

Average ahsolute deviations, ?h 
N IAPIPI,, ~AV"/V"l.. lAV'h''Iav IAhiAl,, 

Methane 29 0.82 6.62 1.38 7.34 

Propanca 31 1.12 9.20 1.42 11.65 
Nitrogen 18 2.02 4.39 1.42 7.79 

Ethane 27 0.98 9.52 2.55 10.92 

Ammonia 29 1.86 19.72 2.53 19.27 

tions of this study. The weighted average absolute deviations 
between the correlated and calculated Q, and Qb values are 
0.00089 and 0.00028, respectively. 

REPRESENTATION OF PURE COMPONENT PROPERTIES 

The properties selected in this study for testing the capability 
of Equation (2)  together with the a, and Clb values represented 
by Equations (5) and (6) for representing pure component prop- 
erties include four saturated properties (vapor pressure, liquid 
and vapor volnines and latent heat of vaporization) and second 
virial coefficient. 

A11 the saturated properties were obtained from the compila- 
tion of Canjar and Manning (1967). The fifteen compounds 
selected for the calculation, as listed in Table 2, are those which 
have been studied by De Santis e t  al. (1976) but are available in 
the compilation so that comparisons can be made between the 
proposed equation and the CSRK equation of De Santis e t  al. 
The calculated results are reported in Table 2. Furthermore, the 
calcuIated results obtained from the cubic equation recently 
proposed by Peng and Robinson (1976) were also included in 
Table 2 for the purpose of comparison. It should be mentioned 
that some difficulties were encountered in convergence when 
the equation of De Santis e t  al. was used in the calculation for 
n-hexane, carbon monoxide and benzene. For this reason, the 
data points included in the calculation for these three com- 
pounds are not identical for the three equations as indicated in 
Table 2. The overall averages obtained are shown in Table 2, 
indicating that the proposed equation gives smaller deviations 
between the calculated and the literature values than the more 
complicated equation of De Santis et al. for all of the four satu- 
rated properties studied. The Peng-Robinson equation gives 
larger deviations than the proposed equation in the calculated 
values bf vapor pressure and saturated liquid volume but gives 
slightly smaller deviations in the calculated values of saturated 

This 
work 
1.82 
1.04 
0.88 
2.06 
2.57 
3.31 
0.70 
1.82 
1.75 
3.59 
3.21 
2.69 
3.16 

PR 
7.73 
6.68 
5.75 
4.59 
4.71 
4.10 
5.09 
6.45 
5.26 
5.00 
4.39 
4.62 
8.49 

1 AV'Wav 

De Santis 
5.05 
3.62 
0.91 
1.13 
0.78 
1.33* 
1.63 
2.29 
0.79 
1.36 
0.84t 
2.00 
4.24** 

Thi5 
work 
0.54 
2.23 
1.07 
0.91 
0.74 
0.42 
0.43 
0.38 
0.27 
0.51 
0.29 
0.36 
0.34 

PR 
3.44 
4.14 
3.70 
2.42 
I .72 
2.54 
2.34 
1.40 
1.97 
4.37 
3.20 
4.09 
2.68 

IAAJAl,, 

De Santis 
4.50 
5.72 
2.46 
3.52 
4.41 
5.96* 
7.09 
4.58 
3.07 
3.56 
2.98t 
7.30 
5.40** 

This 
work 
1.60 
0.84 
I. 19 
2.64 
3.78 
4.13 
4.31 
2.50 
2.18 
3.37 
3.25 
4.65 
2.69 

3 . 1 8 8 . 1 2  4.50 0 . 8 8 4 . 1 0  8.06 4.72 
9.55 15.40 1.72 0.65 4.35 9.65 11.56 
2 . 7 6 6 . 4 3  2.15 0 . 6 7 3 . 1 0  5.22 3.56 

35 

30 

w 

z \ 25 

3 
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z 
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0 

I- 5 15 
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3 
10 

5 
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\ 
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REDUCED TEMPERATURE 
Figure 1. Comparison of calculated and literature values of latent heats of 

vaporization (-, calculated). 

vapor volume and latent heat of vaporization. However, the 
proposed equation would give smaller average deviations than 
the Peng-Robinson equation in all of the four properties studied 
if the calculated results for ammonia were excluded in the 
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TABLE 4. A SUMMARY OF DEVIATION BETWEEN CALCULATED AND LITERATURE VALUES OF SECOND VIRIAL COEFFICIENTS FOR TEN 
COMPOUNDS 

Argon 
Nitrogen 
Methane 
Ethane 
Propane 
Propylene 
n-butane 
n-pentane 
n-hexane 
Benzene 

Average 

Temperature range, 
81-600 
75-10 

110-600 
220-500 
260-550 
280-500 

300-550 
250-560 

300-415 
300-440 

"K Data points 
14 
14 
16 
11 
13 
8 

17 
12 
12 
8 

125 

P.-R. 
57.50 
29.51 

113.94 
15.32 
10.05 
10.97 
11.01 
8.98 

10.10 
13.04 
28.04 

lB /BIav  . 
De Santis 

187.02 
81.77 

315.44 
17.83 
12.43 
10.51 
6.81 
5.06 
5.30 
7.16 

64.93 

100% 
This work 

10.73 
15.74 
9.53 
7.80 
5.47 
5.48 
4.53 
4.06 
6.86 
8.92 
7.91 

comparison. In addition, the CSvdW equation proposed by 
Oellrich e t  al. (1978) was also used to obtain the calculated 
results for methane, ethane, propane, nitrogen and ammonia. 

These five compounds were selected because they were also 
included in their study. The calculated results obtained are 
listed in Table 3. These results indicate that the proposed equa- 

TABLE 5. COMPARISON OF CALCULATED AND EXPERIMENTAL VALUES FOR ELEVEN BINARY SYSTEMS AT FIFTY-THREE ISOTHERMAL 
CONDITIONS 

Nitrogen-argon 
Nitrogen-methane 

Methane-ethane 

Methane-propane 

Methane-n-butane 

Methane-carbon monoxide 

E thylene-propane 

Carbon dioxide-propane 

Carbon dioxide-i-butane 

E thane-propylene 

n-hexane-benzene 

N 
7 
7 
9 
7 
9 

14 
8 
8 
8 

11 
9 

13 
4 
7 

10 
9 

11 
13 
16 
14 
3 
6 
8 
8 
9 

11 
3 
4 
5 
9 
7 
6 
2 
4 
6 
6 
9 

13 
12 
17 
18 
15 
11 
13 
8 
6 
8 

12 
7 

10 
10 
10 
10 

Temperature, "K CI2 
112.00 
95.00 

100.00 
105.00 
110.00 
110.93 
113.71 
115.00 
120.00 
122.04 
138.44 
110.93 
130.37 
144.26 
158.15 
172.04 
186.11 
189.65 
190.94 
110.93 
130.37 
144.26 
158.15 
172.04 
187.54 
190.95 
144.26 
155.36 
166.50 
177.62 
189.06 
190.58 
122.04 
130.37 
199.83 
227.90 
255.38 
273.06 
277.59 
294.26 
310.90 
327.59 
344.26 
310.93 
344.26 
260.93 
277.59 
310.93 
344.26 
303.15 
313.15 
323.15 
333.15 

0.0053 
0.0470 
0.0480 
0.0500 
0.0510 
0.0460 
0.0580 
0.0550 
0.0570 
0.0610 
0.0447 
0.0040 
0.0140 
0.0120 
0.0050 
0.0120 
0.0140 
0.0130 
0.0150 
0.0060 
0.0040 
0.0100 
0.0190 
0.0180 
0.0200 
0.0210 
0.0018 
0.0007 
0.0040 
0.0060 
0.0070 
0.0070 
0.0460 
0.0480 
0.0185 
0.0147 
0.0147 
0.0200 
0.1060 
0.1077 
0.1166 
0.1291 
0.1391 
0.0990 
0.1257 
0.0060 
0.0060 
0.0110 
0.0100 
0.0140 
0.0132 
0.0123 
0.0113 

$P/Pla". 100% 
1.00 
1.25 
0.84 
1.20 
0.94 
0.58 
1.21 
1.04 
1.08 
1.04 
1.42 
1.18 
0.83 
0.54 
2.54 
1.12 
1.23 
1.30 
1.23 
1.07 
1.71 
3.38 
1.74 
0.81 
1.52 
0.37 
1.51 
4.25 
3.54 
2.54 
3.38 
4.14 
1.78 
1.67 
0.19 
0.12 
0.22 
0.57 
1.83 
1.09 
0.34 
0.73 
0.94 
1.29 
1.87 
0.10 
0.32 
0.40 
0.22 
0.37 
0.32 
0.23 
0.19 

I 4 l a v  
0.0007 
0.0024 
0.0023 
0.0023 
0.0024 

0.0034 
0.0028 
0.0036 
0.0056 
0.0074 

0.0003 
0.0007 
0.0017 
0.0021 
0.0030 
0.0035 
0.0033 

0.00002 
0.00003 
0.00007 
0.0005 
0.0010 
0.0009 
0.00003 
0.00005 
0.00006 
0.0001 
0.0004 
0.0004 
0.0225 
0.0141 
0.0016 
0.0014 
0.0009 
0.0010 
0.0064 
0.0047 
0.0092 
0.0081 
0.0070 
0.0072 
0.0120 
0.0016 
0.0021 
0.0058 
0.0189 
0.0019 
0,0055 
0.0012 
0.0012 

- 

- 

- 

Ref. 
Miller et al. (1973) 

Parrish and Him (1974) 
Parrish and Him (1974) 
Parrish and Hiza (1974) 
Parrish and Him 11974) 

Wflson (1964) 
TP-4 (1974) 

Parrish and Him (1974) 
Parrish and Him (1974) 

TP-4 (1974) 
Stryjek et al. (1972) 

Wilson (1964) 
TP-4 (1974) 
TP-4 (1974) 
TP-4 (1974) 
TP-4 (1974) 
TP-4 (1974) 
TP-4 (1974) 
TP-4 (1974) 

Wilson (1964) 

TP-4 (1974) 
TP-4 (1974) 
TP-4 (1974) 

TP-4 (1974) 

TP-4 (1974) 
TP-4 (1974) 
TP-4 (1974) 
TP-4 (1974) 
TP-4 (1974) 
TP-4 (1974) 

TP-4 (1974) 

TP-4 (1974) 
Elshayal and Lu (1975) 
Elshayal and Lu (1975) 
Elshayal and Lu (1975) 
Elshayal and Lu (1975) 
Sage and Lacey (1955) 
Sage and Lacey (1955) 
Sage and Lacey (1955) 
Sage and Lacey (1955) 
Sage and Lacey (1955) 

Besserer and Robinson (1973) 
Besserer and Robinson (1973) 

McKay et d. (1951) 
McKay et d. (1951) 
McKay et d. (1951) 
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Figure 4. Calculated and experimental vapor-liquid equilibrium values for 
the binary system n-hexancbenzene (----, -, calculated). 
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Figure 3. Calculated and experimental vapor-liquid equilibrium volues for 
the binary system ethane-propylene (----, - , calculated). 

TABLE 6. COMPARISON OF CALCULATED RESULTS FOR FIVE 
BINARY SYSTEMS OBTAINED FROM THREE METHODS 

I 4 l a v  IAPIPI,, . 100% 
Peng-Robinson 0.0046 5.87 
Soave 0.0040 5.12 
This work 0.0023 1.47 

tion represents the saturated properties studied better than the 
more complicated CSvdW equation. To illustrate the agree- 
ment obtained between the calculated values using Equation (2) 
and those available in the literature, values of latent heat of 
vaporization for nine compounds are plotted as a function of 
reduced temperature in Figure 1. 

The proposed equation together with the CSRK equation of 
De Santis e t  al. and the Peng-Robinson equation were also used 
for calculating second virial coefficients for ten arbitrarily 

TABLE 7 .  VALUES OF BINARY INTERACTION COEFFICIENT FOR 
MIXTURES OF NITROGEN (I), METHANE (2) AND ETHANE (3) 

Temperature, "K ClZ (=I3 C23 

138.71 0.0447 0.0992 0.012 
149.82 0.0391 0.0816 0.012 
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TABLE 8. COMPARISON OF CALCULATED AND LITERATURE VAPOR-LIQUID EQUILIBRIUM DATA FOR THE TERNARY SYSTEM NITROGEN 
(l)-METHANE(2)-ETHANE(3) 

Temperature, Pressure, 
"K MPa N 

138.71 0.69 7 
1.38 4 
2.07 5 
2.76 6 
3.45 4 
4.14 6 

0.69 3 
1.38 3 
2.07 3 
2.76 4 
3.45 3 
4.14 2 

Overall average 

Overall average 

149.82 

This work 
p P / P I , ,  . 100% I a Y l a v  

3.14 0.0074 
1.73 0.0052 
2.70 0.0027 
7.27 0.0027 
12.06 0.0032 
11.46 0.0027 
6.34 0.0041 
4.05 0.0096 
2.79 0.0050 
0.83 0.0035 
1.43 0.0024 
3.05 0.0023 
4.58 0.0017 
2.61 0.0041 

selected pure compounds, using the values conipiled by 
Dymond and Smith (1969). The calculated results, summarized 
in Table 4, indicate that the proposed equation gives the best 
representation. The agreement obtained between the calcu- 
lated and literature values for seven compounds is depicted in 
Figure 2. 

VAPOR-LIQUID EQUILIBRIUM CALCULATIONS 

Application of Equation (2) to mixtures requires the definitipn 
of two quantities, a, and b,, which replace a and b in Equations 
(21, (3) and (4). The conventional mixing rules 

were used in this study for gas mixtures. The same rules were 
used for liquid mixtures withx replacingy in these equations. In 
this study, the mixing rule for ai, as proposed by Redlich and 
Kwong (1949) was modified by the introduction of a binary 
interaction coefficient as suggested by Zudkevitch and Joffe 
(1970): 

aii = ( a i g ~ ~ , ) ~ . ~  (1-C,) (9) 

The expression obtained from E q u a t i p  (2) for calculating the 
fugacity coefficient of a component i,+t", in a vapor mixture is 
given by 

m 

abg +- 
RT1.5bZ, 

The same expression s applicable to the calculation of the liquid 
= $hip) by replacing y by Equations (10) fugacity coefficient (4 

with x .  At equilibrium 

2 = j  (1 1) 
and 

K ,  = y,/x, = &I@ (12) 

Equations (7) to (12) are the working equations used in this study 
for vapor-liquid equilibrium (VLE) calculation>. The calculated 
results for eleven binary systems at  fifty-three isothermal condi- 
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lAP/Pla" . 100% 
18.17 
21.33 
22.52 
19.53 
16.97 
9.45 
17.72 
14.08 
13.86 
10.26 
11.80 
13.51 
12.89 
12.67 

Soave 
I a Y l a v  

0.0307 
0.0219 
0.0068 
0.0044 
0.0033 
0.0053 
0.0128 
0.0287 
0.0222 
0.0220 
0.0111 
0.0074 
0.0034 
0.0158 

tions, summaiized in Table 5, indicate that the proposed equa- 
tion is suitable for VLE calculations. In the calculation, values of 
P and y were obtained &om given T and x values. All the values 
of C 12 were determined directly from vapor-liquid equilibrium 
values by minimizing the difference between the calculated and 
experimental values of system pressures of isothermal condi- 
tions. The influence of Clz on the calculated equilibrium values 
is demonstrated in Figures 3 and 4 for the binary systems 
ethane-propylene and n-hexane-benzene. The s2, and Q, values 
for a component in its supercritical region were obtained from 
Equations (5) and (6) at T, = 1. 

Comparisons of the calculated VLE results were made be- 
tween the proposed equation, the Peng-Robinson equation and 
the Soave modification of the RK equation on the following five 
binary systems at thirty-two isothermal conditions: nitrogen- 
methane,  carbon monoxide-methane, methane-ethane,  
methane-propane, methane-n-butane. The calculated results 
obtained by the Soave method for these systems have been 
reported by Kato et  al. (1976). The weighted overall average 
deviations obtained by the three methods in IAyt/lav and lhpl 
PI,, 1 100% are listed in Table 6. The results indicate that the 
proposed equation yields better representation of the data than 
the other two methods. 

In the work of De Santis e t  al., comparisons were maae tor 
several binary systems. They estimated that for the systems 
argon-nitrogen, ethane-propylene and ethylene-propane, esti- 
mated pressures on the average deviated from observations less 
thsn 2%. The deviations in P obtained by the proposed method 
for these systems as indicated in Table 5 are lower, and the mean 
deviation is less than 0.5%. 

The applicability of the proposed equation for predicting 
multicoinponent VLB values is demonstrated by means of the 
calculated values for the nitrogen (1)-methane (2)-ethane (3) 
ternary system at two isothermal conditions. The temperature 
selected are above the critical temperature of nitrogen. The Cij 
values used in the proposed method are listed in Table 7. The 
calculated results obtained by the proposed method together 
with those obtained from the Soave method are compared with 
the experimental values (Gas Processors Association TP-4,1974) 
in Table 8. 

The satisfactory results obtained in this study indicate that 
Equation (2) is suitable for VLE calculations for systems contain- 
ing nonpolar and slightly polar compounds. 
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NOTATION 

= parameters of the RK and the proposed equation of 
state 

= binary interaction coefficient 
= fugacity 
= equilibrium ratio 
= number of components 
= number of observations 
= pressure 
= gas constant 
= absolute temperature 
= volume 
= Inole fraction in liquid phase 
= inole fraction in vapor phase 
= compressibility factor 
= difference 
= fugacity coefficient 
= dimensionless parameters of the proposed equa- 

tion of state 

Subscripts 

av = average value 

i,ii,j,jj,k = component identification 
i 
m = mixture 
r = reduced 

C = critical property 

= order of series expansion 

Superscripts 

= solution property 
= order of series expansion i 

1 = liquid 
2) = vapor 
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