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Abstract

A new cubic equation of state (EOS) was developed in this study for vapor-liquid equilibrium (VLE)
calculations of nonpolar fluids. The repulsive term of this EOS reexpressed the results of Walsh and Gubbins
(1990) from their modified thermodynamic perturbation theory of polymerization into a simple form in which a
non-spherical parameter was employed to account for the different shapes of molecules. The repulsive
compressibility factors calculated from this EOS agree well with the molecular simulation data for various kinds
of hard bodies ranging from a single hard sphere to tangent or fused long chain molecules. A simple attractive
term was then coupled with the repulsive to complete the EOS in a cubic form. Equation parameters were
determined for a diversity of nonpolar real fluids. These parameters were expressed in generalized forms for
engineering computations. Satisfactory results from this EOS on the saturated properties of pure nonpolar fluids
were obtained. This EOS was also extended to calculate the VLE of nonpolar fluid mixtures. The results are
again satisfactory over wide ranges of temperature and pressure.
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1. Introduction

Equations of state (EOS) have been extensively used in phase equilibrium calculations for
engineering separation processes. To improve their consistency with the molecular simulation results,
various theoretically-based EOS for hard-body fluids have been developed in recent years. Examples
include the recent EOS of Boublik et al. (1990) for chain molecules, the new analytical EOS of Song
and Mason (1990) for hard convex molecules and the Carnahan-Starling equation for hard spheres
(1969). A number of EOS have been constructed by simply incorporating these hard-body equations
with contributions of the attractive interactions, according to the perturbation theory. However, most
of these perturbed EOS are rather complex. Several authors have further simplified the repulsive

* Corresponding author.

0378-3812/96/$15.00 © 1996 Elsevier Science B.V. All rights reserved
SSDI 0378-3812(95)02842-0



202 S.-F. Chen et al. / Fluid Phase Equilibria 118 (1996) 201-219

Table 1
Simplified hard-body equations of state

Lin et al. (1983)

. V+0.77b
T V-0.420
Soave (1990)
V+(c—1b
 V-b

Elliott et al. (1990)
V +(c —0.475)b

V —0.475b
Wang and Guo (1993)
. V +0.66830b
vV —0.44744b
Shah et al. (1994)
v BkV

Z= + >
V“kOB (V_koﬁ)
ko, =1.2864; k, = 2.8225

equations for hard spheres in association with a simple attractive terms as perturbation to formulate
equations of state that are in a cubic or quartic form without loss of their theoretical basis (Lin et al.,
1983; Wang and Guo, 1993; Shah et al., 1994). Some of the simplified forms for the repulsive
compressibility factor are listed in Table 1.

Real molecules are not spherically symmetric except for few simple fluids. It is of interest to
consider a parameter in the repulsive contribution of an EOS due to different shapes and geometries
of molecules. Elliott et al. (1990) presented an equation for nonspherical and associating fluids which
included a shape parameter c to describe different hard convex bodies and tangent long chain
molecules, while Soave (1990) introduced a c-parameter, which is dependent on molecular dimen-
sions, to express the repulsive contribution. Many theories have also been proposed to represent the
thermodynamic properties of different hard molecules. For example, the modified thermodynamic
perturbation theory (MTPT) of polymerization (Walsh and Gubbins, 1990) has been applied to
describe the properties of various types of hard bodies with satisfactory results (Thomas and
Donohue, 1993).

In this work, we presented a new simplified form of the Walsh—Gubbins equation for hard
molecules of various shapes and geometries. The calculated repulsive compressibility factors from
this equation were compared with the computer simulation data in literature. An empirical form for
the attractive part was also proposed in perturbation around this reference repulsive term to complete
a cubic EOS. Equation parameters for nonpolar real molecules were determined from the saturated
properties of pure fluids. The parameters were correlated in generalized forms. A comparison of the
new equation with other cubic EOS in the representation of PVT was presented. This EOS was further
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employed to calculate the vapor—liquid equilibria (VLE) of nonpolar mixtures. The calculated results
were also compared with those from other commonly-used cubic EOS.

2. Development of the equation of state

This study proposed a simplified form for the expression of the repulsive contribution of an EOS.
According to the hard-body EOS of Walsh and Gubbins (1990), the repulsive compressibility factor
was written as:

4n —~27? 3
n n n n (1)
2—-n 1-—m

P =1 +(2a— 1)—(:)?'{'2(&— 1)

where « is the nonspherical factor and 7m the packing fraction. This equation describes hard
molecules of various geometries with specific a values and reduces to the Camahan-Starling EOS
for hard spheres (Camahan and Starling, 1969) as « = 1. The Walsh—Gubbins EOS is simplified into
the following form:

V+Kb
e VKD (2)
V—K,b
where b represents the hard core molar volume and hence b/V is the packing fraction. K, and K,
are adjustable parameters, which are determined by fitting the equation to Eq. (1) over the range of
packing fraction up to 0.5, and the range of the nonspherical factor, «, from a single hard sphere
(a=1) to hard convex bodies of different shapes and chainlike molecules of 201 tangent spheres.
The values were correlated as a function of the nonspherical factor @ as will be discussed later.
This study further suggests a simple expression for the attractive term to incorporate with Eq. (2) to
form the following EOS:

RT(1+K,b/V) a
Pk T Vi+o (3)
Eqg. (3) is explicit in pressure and third-order (cubic) in volume. By employing the critical constraints:
oP a’p
(5.~ (5] o “
and
g (5)
RT, ~ °¢

Equation parameters a, b and c can be expressed in terms of the critical constants as:
a= 0 A(T)RT?/P, (6)
b= 0, B(T)RT./P, (7)
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and
c=1_RT,/P, (8)

where A(T) and B(T) are temperature-dependent functions and {2
is the smallest positive root of the following equation:

K; Q0+ (2K, K, +2K3 ~ 3K} ()02

{2,. and {2 are constants. {2,

ac?

+(K, +K, - 3K, {. ~ 3K, [, +3K,02) 2, — (=0 9)

and
Q. =1+K,0, -3 (10)
-Qac=(§c3_K1-ch-Qcc)/K2-ch (11)

To evaluate the EOS parameters for a pure real molecule, the critical constants (temperature, pressure,
compressibility factor) and the nonspherical factor a are required. The temperature-dependent
functions A(T) and B(T) were determined by imposing the equal fugacity criterion along each
isotherm of the saturation curve:

fr=r (12)

where
K, +K, z A z

ln;=z—1—1nz+ A lnz—KzB+_C'—lnz+C (13)

A= Pa/R’T? (14)

B=Pb/RT (15)
and

C=Pc/RT (16)

The regression was based on the following objective function to minimize the deviations in vapor
pressure and saturated liquid volume:

P vap,cal __ P vap,exp 1% L,cal _ 174 L.exp

+

Q=Z[ } (17)

P vap,exp 1% L.exp

where the summation is over the saturation curve.

This EOS was also used for VLE calculations of nonpolar mixtures. In the mixture calculations, the
following mixing rules were employed to evaluate the EOS mixture parameters from the properties of
constituent components:

a, = inai (18)
a =y, inxj(aiaj)o's(l — kij) (19)

i

1

by = X Xxix[(bi+0)/2](1 - 1y) (20)
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and
Cpy = inci (21)

where k;; and [; are the two binary interaction parameters that were determined by minimizing the
following objective function in the bubble-point pressure calculations:

Q/ — Z[‘(Pca] _ Pexp)/Pexpl + |ycal _ ycxpl] (22)

For the VLE calculations, fugacities of component i in the equilibrium vapor and liquid phases are
equal:

£ =£" (23)
The fugacity coefficient of component i from this EOS is expressed as:
N 1% a,c 1{a a,c v
In ¢, =1n - 5 +—f———|n
V-K,b, RT(cm+ cmV) RT|c, Co V+c,
(K, +K,)[ Kob, + nb (9K, /an,)|
+ —Inz
K,V-K3b,
[K\K,+nK,(3K,/0n,) — nK (6K,/0n,)] 1%
+ 5 1 (24)
K; V—-K,b,
where
4. = n_'(ﬁnzam/ani)r,v,nw (25)
b, = (9nby/0n)rv.n,., (26)
and
¢ = (0”Cm/a”i)T-V,n#. (27)

The parameters K, and K, were given in Eqgs. (28) and (29) as a function of the nonspherical factor
a. Their derivatives with respect to n; in Eq. (24) are evaluated by using the correlation equations and
the mixing rule of «,.

3. Results and discussion

The repulsive term of the EOS has two parameters K, and K,, which were determined by directly
adjusting to the repulsive compressibility factors from Eq. (1) at various « values over the packing
fractions up to 0.5. The resulting values were correlated in generalized forms as a function of the
nonspherical factor a:

K,=48319a — 1.5515 (28)
and
K,=18177—10.1778 o~ '36% (29)
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Fig. 1. Comparison of the compressibility factors of hard spheres calculated from various equations of state.

When the a value is unity, Eq. (2) reduces to approximate the hard sphere EOS of Carnahan and
Starling. Fig. 1 shows a comparison of the calculated compressibility factors for hard spheres by
different EOS. The CCOR EOS (Lin et al., 1983), the CSPHCT EOS (Wang and Guo, 1993) and the
EOS of this work all agree well with the Carnahan—Starling EOS at low packing fractions. At higher
packing fractions, the CCOR EOS and Eq. (2) of this work yield better results. Eq. (2) was further
used to calculate the compressibility factors of nonspherical hard molecules. Some of the calculated
results are illustrated in Figs. 2—6. Figs. 2 and 3 show the calculated compressibility factors for
tangent chain molecules. Eq. (2), even in a simplified form, appears to agree satisfactorily with the
molecular simulated data (Dickman and Hall, 1988; Denlinger and Hall, 1990; Gao and Weiner,

4 @  MC(Dickman and Hal, 1688)
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Fig. 2. Comparison of the calculated compressibility factors of tangent hard sphere chains from this work with those from
the MTPT EOS and the simulation data (4-mer to 32-mer).



S.-F. Chen et al. / Fluid Phase Equilibria 118 (1996) 201-219 207

w0 - . T

1400 —-J 201-mer /-

B @  MD(Gaoand Weinex, 1969)

1200 — ----- MTPT i

~——  Thiswork of

7™ 800 — /
600 —

400 —

. o
1 . T I S e

0 —mcmcz=E palbol i,_—::‘t‘_"" .__:,‘P—-OA'-‘“"'

T T T ! T ! i T i

0.00 010 020, 0.30 040 0.50

Packing Fraction

Fig. 3. Comparison of the calculated compressibility factors of tangent hard sphere chains from this work with those from
the MTPT EOS and the simulation data (26-mer to 201-mer).

1989) and with the results calculated from the Walsh—Gubbins EOS over wide ranges of packing
fraction and nonspherical factor. Figs. 4-6 show the calculated compressibility factors for hard
convex molecules of different shapes and geometries. Generally, the calculated results agree satisfac-
torily with the molecular simulation data of Boublik and Nezbeda (1986) and compare well with the
Walsh—Gubbins equation from the MTPT. Overall 244 data points of different hard-body molecules
have been compared. The grand absolute average deviations of the calculated compressibility factors
by Eqgs. (1) and (2) from the molecular simulation data (Alejandre and Chapela, 1987, Amos and
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Fig. 4. Compressibility factors of hard prolate spherocylinder calculated using the MTPT EOS and the simplified form of
this work (This @ corresponds to the ratio of major-to-minor axes of 2).
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Fig. 5. Compressibility factors of hard oblate spherocylinder calculated using the MTPT EOS and the simplified form of this
work (This a corresponds to the ratio of major-to minor axes of 3).

Jackson, 1991; Boublik and Nezbeda, 1986; Boublik et al., 1990; Dickman and Hall, 1988; Denlinger
and Hall, 1990; Gao and Weiner, 1989) are 8 and 10%, respectively. These results indicate that Eq.
(2) is comparable with the Walsh—Gubbins EOS but retains the simplicity of its equation form. We
thus apply Eq. (2) as a reference for the repulsive contribution to the proposed EOS of Eq. (3).

Eq. (3) was extended to calculate the vapor-liquid equilibria of real nonpolar fluids. Equation
parameters can be evaluated by using the following correlations. The critical compressibility factor is
given by:

{,=0.291 — 0.08 (30)
2
— o Boublik and Nezbeda (1986)
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Fig. 6. Compressibility factors of hard prolate ellipsoid calculated using the MTPT EOS and the simplified form of this work
(This a corresponds to the ratio of major-to minor axes of 3).
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Fig. 7. Best fitted parameters a for the EOS of this work against the carbon numbers of n-paraffins.

This correlation is good for hydrocarbons and has been used by other studies in their development of
equations of state (e.g., Lin et al., 1983). The temperature-dependent parameters a and b in Egs. (6)
and (7) were found to be well-correlated by the following equations:

A(T)=[1+F1 1nTr+F2(1—\/:Fr)2]2 (31)
and

B(T)=[1+F,In A(T)] (32)
where

F, = —0.6525 - 2.1911 @ + 4.75370? — 11.3392 0" + 8.6979w* (33)

F,= —2.1278 — 7.8507w + 29.846 w? — 74.902 w* + 59.089 ¢ * (34)
and

F,=1.0542 + 0.49050 — 0.8984w> + 4.0568 w* — 2.9448 w* (35)

The nonspherical factor, «, can be evaluated from the size and shape of a molecule. However, in
practical calculations, its value was usually obtained by adjusting the equation to the phase
equilibrium data of real fluids. Fig. 7 shows a plot of the best-fitted values of « versus carbon
numbers of n-paraffins. These optimal values of « apparently increase with the molecular dimen-
sions, consisting with its physical significance. The a factor can also be generalized in terms of
acentric factor:

a=1.2946 + 4.5671 w — 4.6784w* + 6.25% w* (36)

Phase equilibrium calculations of this work for both pure fluids and their mixtures were based on
these generalized correlations for the EOS parameters. Table 2 presents the calculated results on the



210 S.-F. Chen et al. / Fluid Phase Equilibria 118 (1996) 201-219

Table 2
Comparison of saturated vapor pressures and liquid volumes of pure substances calculated from various cubic equations of
state

Compound Temp. No. of data AADP (%) AADVH(%)

range points

x) p™ vl PR PT YL CCOR This PR PT YL CCOR This

work work

Argon 84-149 68 65 224 282 154 220 1.40 10.82 4.03 4.63 276 2.55
Krypton 116-208 47 46 066 087 131 098 1.33 7.5 436 265 1.49 1.63
Oxygen 66~152 88 88 0.75 1.17 130 207 1.09 973 401 356 1.66 0.82
Nitrogen 63-125 64 64 043 058 143 1.04 0.51 8.66 447 356 1.73 0.82
Carbon Dioxide 217-302 42 42 105 096 196 097 1.06 6.02 723 6.04 2.16 1.51
Methane 91-187 44 44 069 127 0.84 1.29 0.63 8.11 424 259 154 1.88
Ethane 163-300 29 29 044 091 1.12 1.32 0.28 6.07 401 250 IL.19 2.37
Propane 173-363 31 31 191 1.5t 231 1.40 1.05 546 349 231 1.25 1.65
Butane 217-392 28 28 086 068 134 219 0.33 387 219 150 1.17 0.41
isoButane 187-401 34 25 253 215 272 155 1.40 460 205 154 139 0.22
Pentane 240-454 30 30 076 059 086 197 0.25 333 289 227 1.39 0.56

2-Methylbutane  236-447 29 29 032 030 076 199 0.44 478 398 323 237 1.34
2,2-Dimethyl- 257-433 45 43 044 040 1.18 1.20 0.29 541 429 354 253 1.44
propane

Hexane 267-492 31 31 1.02 096 054 226 0.56 308 306 277 1.77 0.74
2-Methylpentane 289-497 25 23 036 039 065 1.31 0.11 335 3.19 277 1.86 0.89
3-Methylpentane 283-504 43 43 066 059 068 154 0.41 390 365 313 211 1.10
2,2-Diethylbutane 236-488 41 31 1.06 078 132 159 0.31 385 299 237 1.87 0.85
2,3-Diethylbutane 259-499 45 40 056 049 099 161 0.23 419 373 310 211 1.10
Heptane 280-507 29 29 138 1.17 051 220 0.54 260 188 198 1.29 0.30
2-Methylhexane 284-524 41 40 085 0.80 080 1.37 0.36 293 306 291 2.18 1.08
3-Methylhexane 284-529 44 42 084 0.79 0.88 1.39 0.40 408 404 397 230 1.44
3-Ethylpentane  300-532 28 27 058 059 069 1.38 0.17 3.10 3.14 285 256 1.60
2,2-Dimethyl- 286-512 28 27 065 0.57 094 132 0.26 383 367 327 247 1.47
pentane

2,3-Dimethyl- 260-529 37 31 150 121 136 1.56 0.53 3.67 355 3.19 269 1.73
pentane
2,2,3-Trimeth-  273-525 41 42 060 051 087 1.60 0.23 437 370 3.1l 261 1.58
ylbutane
Octane 312-544 30 30 1.07 120 051 150 0.51 465 2.18 258 1.33 0.56

2,2,4-Triethyl- 291-535 30 29 1.00 1.00 0.82 201 0.42 3.69 366 332 310 2.14
butane

Nonane 312-503 36 12 122 141 137 141 0.38 38 0.68 1.02 1.81 0.62
n-Decane 331-523 35 12 238 124 197 084 1.09 489 085 191 207 0.73
n-Undecane 348-499 30 13 234 141 192 1.78 0.58 580 121 287 227 0.76
n-Dodecane 365-520 30 12 240 186 131 2.73 0.64 790 074 269 1.10 1.85
n-Tridecane 380-540 30 13 327 147 050 335 0.43 7.64 175 472 192 0.48

n-Tetradecane 395-559 30 12 414 099 082 4.48 0.54 808 259 655 1.89 0.99
n-Pentadecane ~ 409-577 30 12 469 132 044 578 0.56 9.44 236 7.12 0.69 1.72
n-Hexadecane 422-594 30 1T 223 302 290 977 258 12.44 083 638 2125 1.45
n-Heptadecane ~ 435-609 30 11 565 211 120 8.15 1.12 163 207 442 6.06 0.37
n-Octadecane 447-624 30 10 3.00 531 510 1330 328 2078 548 181 105 1.51
n-Nonadecane 458-638 30 10 436 3.81 367 1239 174 2478 796 055 1491 050
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Table 2 (continued)

Compound Temp. No. of data AADP (%) AADVY(%)
range points
(K) P V%L PR PT YL CCOR This PR PT YL CCOR  This
work work
Benzene 284-550 42 42 1.6t 138 202 1.1l 0.99 343 321 273 1.22 2.18
Toluene 282-546 29 29 1.10 085 058 269 0.67 262 180 132 1.77 0.74
o-Xylene 303-630 38 36 076 095 049 275 0.82 290 280 297 .19 .14
m-Xylene 302-616 37 33 047 070 061 267 0.82 426 360 402 1.60 2.64
p-Xylene 296-616 42 26 059 083 073 3.02 .10 272 223 270 1.20 2.75
Ethylbenzene 297-616 33 20 1.17 097 079 195 0.13 083 092 142 0.6 1.53
Cyclopropane  174-397 40 34 212 174 229 199 1.15 495 427 259 206 3.47
Cyclobutane 203-285 41 35 015 107 139 652 31 6.68 289 1.89 226 0.82
Cyclopentane  229-510 40 39 215 174 217 124 0.90 519 350 260 197 0.76
Cyclohexane 279-491 35 35 1.87 151 231 110 .09 402 176 130 1.57 (.43
Cycloheptane  283-604 45 40 1.84 141 194 134 0.75 451 345 287 281 1.74
Ethene 120-281 41 40 2,17 194 256 1.88 .13 643 324 195 1.20 251
Propene 163-364 33 33 1.59 143 192 1.28 067 640 367 272 1.3 0.75
1-Butene 215-418 41 35 046 036 092 207 0.45 393 1.80 1.22 0096 0.5%
1-Pentene 221-463 37 34 1.37  1.02 .58 1.59 035 266 235 223 076 1.68
|-Hexene 283-353 45 33 1.15 066 .14 1.8 076 046 042 104 023 1.62
Grand average 2032 1701 1.43 123 1.39 246 0.81 552 330 292 195 1.36

Data source: Smith and Srivastava (1986).
Xca] . Xexp

exp

100
AAD(%) = —- T

. x = saturated vapor pressure or liquid molar volume.

saturated vapor pressures and the liquid molar volumes of nonpolar pure fluids. The results from other
EOS: PR (Peng and Robinson, 1976), PT (Patel and Teja, 1982), YL (Yu and Lu, 1987) and CCOR
(Lin et al., 1983) are also included for comparison. The proposed EOS is shown superior overall to
other cubic EOS in the vapor pressure calculations. The calculated saturated liquid molar volumes of
the proposed EOS are slightly better than those from the CCOR, while all other EOS (PR, PT and
YL) are not as accurate. It is also worth noticing that this proposed EOS calculated the saturated
liquid molar volumes with good accuracy even for long chain hydrocarbons. Fig. 8 compares the
calculated vapor pressures with experimental data for n-C,,, n-C,5 and n-C,,. The agreement is
excellent for all these long chain hydrocarbon molecules. A graphical presentation for the saturated
liquid volumes of n-heptadecane from various EOS is shown in Fig. 9 in which the proposed EOS
was again found satisfactory. This EOS also represents well the PVT behavior of pure fluids as
illustrated in Fig. 10 for oxygen. The second virial coefficients of pure fluids were not included in the
regression of our EOS parameters. Our calculated second virial coefficients for nonpolar pure fluids
are comparable to those from the PR and SRK (Soave, 1972) EOS. The correlation of our EOS
parameters are based on most compounds in Table 2. These correlations can predict well the saturated
properties of other pure nonpolar fluids. For example, the absolute average deviations in the predicted
vapor pressure and saturated liquid molar volume for methyl cyclopentane are 0.95% (38 data points)
and 0.45% (35 data points), respectively.
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Fig. 8. Comparison of the calculated vapor pressures from this work with the experimental data (Vargaftik. 1975; Smith and
Srivastava, 1986).

The VLE calculations for binary nonpolar mixtures from low to high pressures are summarized in
Table 3. The calculated results from other commonly-used cubic EOS are also presented in the table
for comparison. At least one temperature-independent binary interaction parameter is needed in these
mixture calculations. One binary parameter in the mixing rule of a,, (energy parameter) was used for
the PR, PT and the YL EOS, while two binary parameters in the mixing rules of both a  and b,
(energy and volume parameters) were used for the CCOR and our EOS. All the EOS give reasonable
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Fig. 9. Comparison of the calculated saturated liquid volumes of n-heptadecane from various equations of state (experimen-
tal data: Smith and Srivastava, 1986).
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Fig. 10. Comparison of the PVT data for oxygen calculated from this work with the experimental data (Vargaftik, 1975).

results for a majority of mixtures. However, our EOS is slightly better in the calculations of the
bubble point pressures and also the vapor phase compositions at low pressures. Table 4 presents a
comparison of the calculated saturated liquid volumes from various EOS with the experimental data
for binary mixtures at high pressures. The calculations are not sensitive to the binary parameters and,
therefore, no parameters were used for any of the EOS. The results demonstrated that the EOS of PT,

Table 4
Comparison of high pressure saturated liquid volumes using various equations of state
System Temp. Max.P  No. of AADV! (%) Data ref,

range data points

x) (MPa) PR PT YL SRK This

work

methane + pentane 311-411 10.3 38 219 140 082 1115 145 1
methane +cyclohexane  294-444  24.1 73 4.62 1.24 255 7.18 087 2
methane + octane 298-423 7.1 33 308 063 037 1613 141 3
methane + nonane 223-423 243 104 496 188 130 17.87 1.10 4
methane +decane 311-511 259 101 540 094 16l 18.45  1.31 5
ethane + dodecane 273-373 6.3 61 4.49 1.23 1.32 1775  3.46 6
propane + decane 277-511 4.1 43 776 275 135 2067 3.04 7
ethylene + dodecane 283-348 9.1 55 6.80 1.72 1.90 19.95 1.64 8
Grand average 508 5.17 1.52 1.52 16.38 1.66

Data Ref.: 1. Sage et al. (1942); 2. Reamer et al. (1958); 3. Kohn and Bradish (1964); 4. Shipman and Kohn (1966); 5.

Reamer et al. (1942); 6. Reamer and Sage (1966); 7. Lee and Kohn (1969); 8. Ribeiro et al. (1972).
14 L,cal __ VL,exp

AADVY(%) = l0—0):
N

174 L,exp
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Fig. 11. Comparison of the calculated VLE results of this work with the experimental data (Gmehling et al., 1978—1988) for
the binary mixture of carbon tetrachloride +2, 2, 4-trimethylpentane at various temperatures.

YL and this work give comparably good predictions while the PR and the SRK EOS show larger
deviations. Graphical illustrations of the VLE calculations with the proposed EOS are presented in
Figs. 11-14. Fig. 11 shows the results for the binary mixtures of carbon tetrachloride + 2,2,4-trimeth-
ylpentane. Good agreement with the experimental data was obtained over wide ranges of temperature
and pressure. Fig. 12 shows the calculations for the mixture of cyclohexane and dodecane. These
components are significantly different in their molecular shapes and sizes. Dodecane is also much less
volatile. Nevertheless, excellent results were obtained for this nonideal mixture at various tempera-
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Fig. 12. Comparison of the calculated VLE results of this work with the experimental data (Gmehling et al.. 1978—1988) for
the binary mixture of cyclohexane +n-dodecane at various temperatures.
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Fig. 13. Comparison of the calculated VLE results of this work with the experimental data (Rodrigues et al., 1968) for the
binary mixture of ethane and n-octane at high pressures.
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Fig. 14. Comparison of the calculated VLE results of this work with the experimental data (Stryjek et al., 1974) for the
binary mixture of nitrogen and methane at high pressures.

tures. Figs. 13 and 14 show the binary mixtures of ethane + n-octane and nitrogen + methane,
respectively, at high pressures. The proposed EOS is accurate to represent the VLE behavior of these
mixtures.

4. Conclusion

A new cubic EOS is presented which consists of a simplified perturbed hard-body term and a
simple attractive term. The repulsive term of this EOS yields satisfactory results of the compressibility
factor with the molecular simulation data for the hard molecules from a hard sphere to tangent or
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fused hard chainlike fluids. A simple expression for the attractive contribution was added to complete
the EOS in a cubic form. The EOS was applied to real fluids, and generalized correlations of the EOS
parameters for nonpolar fluids were presented. Satisfactory results for saturated properties were
obtained from this EOS, which showed better accuracy in the calculations of saturated liquid volumes
and vapor pressures of nonpolar fluids than some other cubic EOS. This EOS also represents well the
VLE of nonpolar fluid mixtures. The accuracy of this EOS is comparable to that from other
commonly-used cubic EOS for a diversity of binary mixtures.

5. List of symbols

A,B temperature-dependent functions in the EOS
a,b,c  parameters in the EOS

correlation functions in Egs. (24)—(26)
fugacity

parameter in the EOS

pressure

objective function

gas constant

temperature

volume :

compressibility factor

AN I T R T Y
()

5.1.1. Greek letters
o nonspherical factor

n packing fraction

¢ fugacity coefficient

£, critical compressibility factor

N temperature-independent parameters in the EOS
) acentric factor

5.1.2. Superscripts

exp experimental data
cal calculated results
L liquid phase

\% vapor phase
5.1.3. Subscripts

c critical state

T reduced property
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