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An analysis of EoS/G® models, which are based on matching the EoS-derived ex-
pression for the excess Gibbs free energy GE with that from a G model at zero pres-
sure, is presented, with the focus on the most successful and widely used of these mod-
els, MHV2 and PSRK It shows why zero-reference-pressure models do not reproduce
exactly the GE models at zero pressure and the ensuing implications on the prediction
of asymmetric systems. The development of EoS/G*® models that reproduce exactly the
GE model is discussed. However, such reproducibility at zero pressure is impossible for
systems containing components with reduced temperatures higher than about 0.9.
Therefore, extrapolation schemes that allow treatment of such systems are examined.

Introduction

In an effort to extend the applicability of simple equations
of state (EoS) to complex systems, several EoS/GE models
(GE: excess Gibbs free energy) have been developed recently
[Vidal, 1978; MHV1 and MHV2 (Michelsen, 1990b; Dahl and
Micheisen, 1990); PSRK (Holderbaum and Gmehling, 1991);
and LCVM (Boukouvalas et al., 1994)]. The main feature in
the development of these models is to obtain the mixing rule
for the mixture attractive-term parameter, a, of the EoS by
setting the expression for GE obtained from the EoS equal to
that of an existing GE-model; for example, UNIFAC, ASOG,
NRTL. In the case of the Vidal model, this matching was
postulated at infinite pressure. On the other hand, Michelsen
(1990a) developed an EoS/GE model by matching exactly the
excess Gibbs free energy from the EoS to that of an existing
GE model at zero pressure, and is hereafter referred to as
the “exact” model. The resulting mixing rule can be solved
implicitly for the reduced attractive-term parameter, o =
a/(bRT), of the mixture and has the following form:

GF\" b
(7?7) + Y x; ln(g;) =g%(a)- Y x.q8(a); (1)

Correspondence concerning this article should be addressed ta D. P. Tassios.
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where (GE/RT)* is obtained from a G® model, x; is the
mixture composition, and u =V/b a reduced volume. The
mixture covolume parameter b is assumed to be equal to b =
2.x;b;. The subscript 0 denotes that u, refers to zero pres-
sure; ¢; and ¢, are EoS-dependent parameters (for SRK, ¢,
=0, ¢;=1; for PR, ¢; =1-2%5 ¢, =1+2%; and for vdW,
c;=c,=0)

An important point is that the “exact” model cannot be
applied to systems where one of the pure-component {(and/or
mixture) e-values is lower than a limiting «-value, ay, (equal
to 3+ 2% for the SRK EoS; 4+2°° for PR; and 4 for vdW),
since cubic EoS yield no real roots for the reduced volume u,,
for such a-values. In order to extend the applicability of this
model to « < a;,, several modifications of the exact model
have been proposed, the main feature of which is the re-
placement of g®(e) with an approximating function g{a),
which in addition leads to an explicit mixing rule for a. PSRK
and MHV1 assume a linear g{«) function, whereas MHV2
uses a quadratic form. Soave (1992) assumed a more com-
plicated g(«) form. All these modifications are used in this
article in the same fashion as proposed in their original de-
velopment; that is, the same GE model, EoS, and pure-com-
ponent parameters are utilized. Finally, LCVM is a linear
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Figure 1. Average abs. % error in BUBL P vs. number of
carbon atoms in the n-alkane obtained by var-
ious EoS/GE models for carbon dioxide/
n-alkane systems.

From Boukouvalas et al. (1994).

combination of the mixing rules of the Vidal and MHV1
models developed so as to give satisfactory bubble point pres-
sure predictions for a variety of systems and has no specified
reference pressure. In this article, we concentrate on the
zero-reference-pressure EoS/GE models, and especially the
most successful and extensively used ones: MHV2 and PSRK.

Although MHV2 and PSRK have been quite successful in
the prediction of vapor-liquid equilibrium (VLE) in systems
with components of similar size (see, for example, Table 1),
both models perform poorly when applied to systems with
components that differ appreciably in size, such as those con-
taining gases (ethane, carbon dioxide, or methane) with large
n-alkanes. Some typical examples that demonstrate this type
of behavior are shown in Figures 1 and 2, where plots of the
average absolute % error in the predicted bubble point pres-
sure (BUBL P) as a function of the carbon number of the
alkane, N, for carbon dioxide/n-alkane and ethane/n-al-
kane systems, respectively, are shown. Note that in order to
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Figure 2. Average abs. % error in BUBL P vs. number of
carbon atoms in the n-alkane obtained by var-
ious EoS/GE models for ethane/n-alkane sys-
tems.

From Boukouvalas et al. (1994).

avoid the effect of erroneous rn-alkane critical-property data,
the critical temperature and pressure values as well as acen-
tric factors critically evaluated and proposed by Magoulas and
Tassios (1990) are used. It is evident that as the size differ-
ence increases, the results for PSRK and MHV?2 become pro-
gressively poorer, and for N larger than 15-20, these mod-
els yield unacceptable predictions. Moreover, the failure of
PSRK and MHV2 with increasing size difference is also
demonstrated by their inability to arrive at a pair of interac-
tion parameters of the GF model that provide satisfactory
results for the ethane/, and carbon dioxide/n-alkane binary
mixtures (Spiliotis and Boukouvalas, 1993).

The objective of this study is to identify the capabilities
and limitations of the zero-reference-pressure EoS/GE mod-
els and explore ways of improving their performance. The
remainder of the article is organized as follows: in the first
part, we compare the GE predictions obtained from the

Table 1. Symmetric and Weakly Asymmetric Systems Using MHV2 and PSRK EoS/GE Models*

MHV2 PSRK
System T,K P, bar Vi/Ves AP** Ay’ AP Ay,
Acetone/Chloroform* 333-336 1.0 0.9 6.0 9.0 1.8 7.0
Benzene/Methyl Acetate® 330-350 1.0 1.1 4.1 9.0 1.1 6.0
Ethane/n-Propane! 255 3.0-14 0.7 24 — 1.6 —
Ethane/n-Butane® 270 2.0-20 0.6 7.4 — 10 —

*The ratio of critical volumes, V,,/V,,, represents a measure of the asymmetry of the system.

**9% abs. avg. dev. in BUBL P.
*Avg. dev. (x 1,000) in mole fraction of component 1.
*Hala et al. (1968).
SNagata (1962).
IMatschke and Thodos (1962).
#Clark and Stead (1988).
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MHV2 and PSRK models with those from the GF models
used in their development, provide a theoretical analysis for
the observed disagreement and illustrate the implications of
increased asymmetry in the system components. In the sec-
ond part, we examine the behavior of an EoS/GE model,
which at zero pressure exactly reproduces the GF model it is
combined with. Since such a model is not defined for systems
containing a light component with reduced temperature
higher than 0.9, we examine, in the third part, ways of extrap-
olating this model to VLE prediction of such systems and test
their performance in BUBL P predictions of asymmetric mix-
tures. No extrapolation scheme seems to work successfully if
the GF model is to be reproduced exactly for o > ay,, sug-
gesting that a model that can yield successful VLE predic-
tions may have to sacrifice the reproducibility of the GE
model. We close with our conclusions.

The GE Expression from EoS/GE Models

Comparison of excess Gibbs-free-energy predictions by
EoS/GE and GE models

In the present section, we compare the excess Gibbs free
energy obtained by PSRK and MHV2 models with the values
predicted by the GE models used in their development. The
activity coefficient of component i in a mixture, as predicted
by any one of the aforementioned models, is simply calcu-
lated as

Yi= ‘?’1/ b;

where &, is the fugacity coefficient of component i in the
mixture, and ¢; is the fugacity coefficient of pure component
i at the temperature and pressure of the mixture. Subse-
quently, G is calculated as the sum

GE

ﬁ“ in In v,

with x; denoting the mixture composition.

In Figures 3 and 4, we present G® predictions with zero-
reference-pressure EoS/GE models (PSRK and MHV?2) for
systems of varying degrees of asymmetry. (A measure of this
degree is the ratio of the critical volumes of the pure compo-
nents). Figure 3 contains the results for the system acetone
(1)/benzene (2) at 318.15 K and 0.1 bar (V,/V, = 0.8). The
zero-reference-pressure models reproduce closely, though not
exactly, the GE model they are combined with (original UNI-
FAC for PSRK; modified UNIFAC for MHV2), in agree-
ment with Michelsen’s statement (Michelsen, 1990b) for the
MHV?2 model and for systems where the « values of the
components are in the range used to obtain the parameters
of the quadratic g( @) form (a = 10-13). However, as the sys-
tem asymmetry increases, the G¥ models are not reproduced
by the EoS/GE models considered here. This is shown in
Figure 4 for n-hexane (1)/n-hexadecane (2) at 293.15 K and
0.1 bar (V,,/V, = 2.5). Note that the differences in G can-
not be attributed to the difference between the pressure value
(0.1 bar) used to generate the results in Figures 3 and 4 and
the zero reference pressure of the models. For such low pres-
sure difference, negligible differences between the activity
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Figure 3. GE/RT as a function of composition for the
system acetone/benzene (V_,/V,.,=0.8) at
318.15 K and 0.1 bar.

The “exact” model is combined with the modified UNIFAC.
Experimental data obtained from van Laar equation using
the parameters of Hala et al. (1968).

coefficients of the EoS/GE models at zero pressure and
pressure equal to 0.1 are expected.

The fact that the zero-reference-pressure models do not in
general reproduce the GE models they utilize suggests that
the activity coefficients predicted by PSRK and MHV2 also
do not reproduce the activity coefficients of the G¥ models.
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Figure 4. GE/RT as a function of composition for the
system n-hexane/n-hexadecane (V,/V,,=
2.5) at 293.15 K and 1 bar.

Experimental data from Shen Weiguo et al. (1990).
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Figure 5. Infinite dilution activity coefficient of n-butane
in n-alkanes at 373.15 K and 1 bar as a func-
tion of the number of carbon atoms in the
n-alkane.

Experimental data from Parcher et al. (1975).

This is demonstrated in Figures 5 and 6, where infinite dilu-
tion activity coefficients of n-butane in n-alkanes and n-al-
kanes in n-hexane, respectively, as a function of the carbon
number, N, are plotted. Notice that both PSRK and MHV2
fail to reproduce the activity coefficient behavior predicted
by the GE model used—original UNIFAC (Hansen et al.,
1991) for PSRK and modified UNIFAC (Larsen et al., 1987)
for MHV2—with the relative difference between vy, pre-
dicted by the EoS and the G model increasing with N.. A
predicament of both PSRK and MHV?2 is that they may yield
activity coefficients slightly larger than unity at small N, in
disagreement with the GE models they are combined with.

Theoretical explanation

It can be shown (see Appendix) that the difference A In v,
between the logarithm of the activity coefficient predicted by
an EoS/GE model and the corresponding quantity In y* of
the GE model used, is at zero pressure

dq® d
Aln yf=—(a—a,~)[ "d(aa) - Z(:)]

+[g%(a)—g(a)]-[g°(a,) — g(a))]. (3)

The corresponding excess Gibbs-free-energy difference is
given by

GE GE GE *
A(ﬁ)=(ﬁ)_(ﬁ) =[g(a)—-q(a)]
- Y xlg¢(a) - qle)], @
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Figure 6. Infinite dilution activity coefficient of n-al-
kanes in n-hexane at 273.15 Kand 1 bar as a
function of the number of carbon atoms in the
n-alkane.

Experimental data from Kniaz (1991) at tempcratures ap-
proximately equal to 273.15 K.

where g(a) is the approximating function used by any
EoS/G® model of the exact form g¢°(a) (Eq. 2), and
dq(a)/da, dg®(a)/da are the respective slopes. Note that
Egs. 1 and 2 hold for all EoS/GE models with zero reference
pressure.

The preceding equations lead to the following comments
regarding the performance of zero-reference-pressure
EoS/GF models.

(1) Equation 4 demonstrates that these models, by assum-
ing an approximate form g(a) for ¢°(a), do not, in general,
reproduce the GE model; that is, these models do not actu-
ally have a true zero reference pressure. They can only ap-
proximately reproduce the GE models, and how good this
approximation is depends on the difference between ¢¢(a)
and g(a), and ¢“(e;) and g{a;). More specifically, the form
of Eq. (4) suggests that g(a) and ¢°(a) need only be equal
to within an additive constant. In Figure 7, the approximate
forms g(a«), assumed in the development of the PSRK,
MHV1, and MHV2 models, along with the exact form ¢“(a)
are plotted as functions of « using the SRK EoS. For MHV1
and MHV?2, ¢“(a) was fitted in the a-range between 10 and
13 to a linear and quadratic function, respectively (Michel-
sen, 1990b). Soave (1992), however, observed that the
quadratic approximation of MHV2 describes the g¢(a) curve
accurately within +0.01 in the range « = 8-18. For PSRK,
the chosen value of the slope of the linear approximate form
g(a) corresponds to the slope of g¢(a) at an a-value approx-
imately equal to 23 (Holderbaum and Gmehling, 1991).

(2) From the preceding comment it is obvious that a better
description of g°(a) with an approximate form ¢(a) in a
wide range of a values would suffice to reproduce closely
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the G¥ model. For example, a quadratic fit of g°(a) in a
wider range of «’s could improve the agreement between the
GF/RT obtained from MHV2 and the modified UNIFAC.
However, even exact reproduction of the GE/RT of the GF
model does not necessarily imply the same for the activity
coefficients. The theoretical explanation of this effect is pro-
vided by Eq. 3, where it is shown that A In vy, does not only
depend on the goodness of the fit of ¢°(a) with an appropri-
ate g(a) but also on the difference between the correspond-
ing derivatives dg“(a)/da and dg(a)/da. Examples of this
behavior are given in Figures 5 and 6 for the infinite dilution
activity cocfficient of n-butane in n-alkanes and n-alkanes in
n-hexane, respectively. Specifically, although all models re-
produce the G¥ model exactly at the infinite dilution limit
[since GE/RT =(GE/RT)* = 0], this is not the case with .

(3) A plot of the derivatives dg(a)/da for PSRK, MHV1,
and MHV2 models along with dg®(a)/da as functions of «
is presented in Figure 8 for the SRK EoS. Notice that all
three models provide a very poor approximation of the
derivative dg“(a)/d«; that is, the small differences observed
in Figure 7 now become very large. Note also that the ap-
proximation will remain poor regardless of the goodness of
the fit for ¢°(a), as long as a quadratic or linear form for
g(a) is used. As a result, for wide ranges of the mixture pa-
rameter o, a large difference [dg®(a)/da~dg(a)/da] ap-
pears that can have a significant effect on A In y;. On the
other hand, there are ranges of a where the difference
[dg(@)/d a - dg(a)/da]is quite small (Figure 8). For MHV1,
this range is approximately the one where the fit of g*(a)
took place (a =10-13), while for MHV2, the range of good
representation of dg(a)/de is in the a-range between 8 and
18. For PSRK, the range of good agreement between
dq®(a)/da and dg(a)/da is in the region of a equal to ap-
proximately 23, since the slope in the linear g(a)-form of
PSRK corresponds to this value.

932 April 1995 Vol. 41, No. 4
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Figure 8. dq®(a)/da and dg(a)/da of various models
vs. a with the SRK EoS.

(4) The preceding discussion leads to the conclusion that
the zero-reference-pressure models may approximately re-
produce the GE model they are combined with only for sys-
tems that fulfill the following requirement:

The components of these binaries are characterized by «;

values, which are in the a-range, where ¢°(a) and

dq®(a)/da are described satisfactorily by the approximate

g(a) and dq(a)/da forms (10-13 for MHVI1; 8-18 for

MHV?2; 20-25 for PSRK). Consequently, the mixture « is

also in the same range.

This requirement ensures close reproduction of the excess
Gibbs free energy of the GF model (small [¢*(a)-g(a)] dit-
ferences) and also low [dg®(a)/da—dg(a)/d ] values. Re-
production of the activity coefficients follows from the small
[dg*(a)/da—dg(a)/da] values, provided that the coefficient
a — &; is not excessively large (see item 6 below). When the
previous requirement is largely violated, the degree to which
the GE from the EoS/GE model differs from that of a G
model is rather a matter of cancellation between the differ-
ences in the righthand sides of Egs. 3 and 4. Finally, note
that for an ideal system with «; = «; (for which the mixture
a is equal to the pure component «;’s), both A In vy, and
A(GE/RT) of Egs. 3 and 4 are identically zero, regardiess of
the a-range used to fit g°(a). In this special case, the slope
difference is unimportant, since the coefficient o — @; will
be identically zero.

(5) The discussion under item 4 suggests that in the con-
text of zero-reference-pressure EoS/GE models, a symmetric
system is a mixture containing components characterized by simi-
lar «; values, rather than molecular sizes or critical volumes
(the definition used in Table 1). However, even for such sys-
tems, approximate reproduction of the GE model is guaran-
teed when the pure component and mixture a-values are in a
specific range. Under the same prism, an ideal mixture with
a;’s equal to each other can be then considered as a “com-
pletely symmetric” system. It is only in this case that the GE
model is exactly reproduced.

AIChE Journal



(6) A comment regarding the fashion in which the asym-
metry of the system is taken into account in Eq. 3 is now in
order. The coefficient of the [dq*(a)/da—-dg(a)/da] term
in Eq. 3, @ — @;, is a measure of the asymmetry of the sys-
tem. The larger the difference in the size of the components
of the mixture, the larger the value of « — &,. Consequently,
in this case even a small difference between dg(a)/da and
dq(a)/da can result in a significantly large effect on A In vy,
This is the main reason why the difference A In 7; increases
with the carbon number of n-alkanes in Figures 5 and 6.

(7) Consideration of Soave’s model provides a justification
of the discussion in the preceding entries. Specifically, Fig-
ures 7 and 8 show that Soave’s approximation for ¢°(a) pro-
vides not only a good fit of g¢(a) but also a reasonably good
representation of dg®(a)/da over the entire a-range. Conse-
quently, this model is expected to yield activity coefficients
closer to the ones of the GE model it is combined with (mod-
ified UNIFAQ), even for highly asymmetric systems. Indeed,
this is shown to be the case with the results of infinite dilu-
tion activity coefficients of n-butane in r-alkanes (Figure 5)
and n-alkanes in n-hexane (Figure 6). Notice that the Soave
model’s results are in much better agreement with the modi-
fied UNIFAC G* model than MHV2.

Exact Model

In the last section, we demonstrated theoretically that
EoS/GE models such as PSRK, MHV1, and MHV?2 do not
reproduce the GE model (original or modified UNTFAC) they
are associated with at zero pressure due to the differences in
the values and the corresponding derivatives of the exact form
q°(a) and the approximating function g(a«) assumed in the
development of these models. On the other hand, the exact

model, briefly described in the Introduction, reproduces ex-
actly both the excess Gibbs free energy and the activity coef-
ficients of the GF model at zero pressure; that is, A In v,
and A(GE/RT) in Eqgs. 3 and 4 are identically zero (see Fig-
ure 3), but cannot be applied to systems with a’s of the com-
ponents (and/or the mixture) lower than a limiting value a,.
Next we examine the results obtained with the y—¢& ap-
proach, using the same GE model for the activity coeffi-
cients. Extrapolation procedures to o’s smaller than «y, are
discussed in the next section.

In Table 2, we present BUBL P results using these two
approaches for several polar and nonpolar n-alkane/n-alkane
systems at low pressures (up to 20 atm). The exact model is
used in combination with the r-mPR equation of state (Mag-
oulas and Tassios, 1990) and the original UNIFAC GE model
(Fredenslund et al., 1975; Hansen et al,, 1991) for the polar
systems, or the modified UNIFAC (Larsen et al., 1987) for
the n-alkane/n-alkane ones, while the y- ¢ approach uses
the GE model that the exact one is combined with, to de-
scribe the liquid phase, and the virial EoS truncated to the
second term with second virial coefficients from Tsonopou-
los’ correlation (Tsonopoulos, 1974, 1975) to describe the va-
por phase.

Note that the EoS/GE-model approach gives practically the
same results as the y— @ one, even for the very asymmetric
systems. This also suggests that, since the liquid-phase fugac-
ity (and activity) coefficient values for the two approaches are
similar, the same is the case for the vapor-phase ones, at least
at low pressures. For example, the infinite dilution fugacity
coefficient of n-dodecane in propane at 2.7 bar and 273 K is
0.71 and 0.75 as obtained by the exact model and the y— &
approach, respectively. The respective values for n-eicosane
in propane at 6.3 bar and 310 K are equal to 0.23 and 0.21.

Table 2. Polar and Nonpolar (n-Alkane/n-Alkane) Systems™

“Exact” y—&

System T,K P, bar AP** Ay} AP Ay,
Acetone/Chioroform? 333-336 1.0 33 8.8 2.7 8.5
Benzene/Methyl Acetate® 330-350 1.0 0.9 6.8 1.1 6.6
Methanol/Benzene! 373 3.1-42 5.8 24 4.8 22
Ethanol/Water* 473 5.0-10 5.2 1.3 4.0 2.7
Methanol/Water " 373 1.0-3.4 2.3 12 2.1 10
Ethane/n-Propane¥* 255 3.0-14 2.5 — 1.4 —
Ethane/n-Butane®® 270 2.0-20 23 — 4.0 —
Ethane/n-Octane!l 273 4.0-22 20 - 17 —
Ethane/n-Dodecane** 273 4.0-22 25 — 23 —
n-Propane/n-Eicosane®** 310 4.0-22 17 — 16 —
n-Hexane/n-Hexadecane® 298 0.0-0.2 35 — 1.5 —

*The “exact” model is used in combination with t-mPR EoS and original (Hansen et al., 1991) or modified UNIFAC (Larsen et al., 1987). The y — ¢
approach utilizes the same version of UNIFAC as the “exact” model.
**AP: Percent absolute average deviation in BUBL P.
"Ay,: Average deviation (x 1000) in mole fraction of component 1.

*Hala et al. (1968).
*Nagata (1962).

IButcher and Medani {1968).
#Barr-David and Dodge (1959).
" Griswold and Wong (1952).
*Matschke and Thodos (1962).
$5Clark and Stead (1988).
IRodrigues ct al. (1968).

##Legret et al. (1980).
***Gregorowicz et al. (1992).
¥Shen Weiguo et al. (1990).
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Extrapolation Schemes of Exact Model
Exact-1 model

The next step is the development of EoS/GF models that
reproduce very closely the GE model used for all types of
systems and, additionally, provide with natural extrapolation
to a values lower than «,,, a range along which the exact
model cannot be applied. From our previous discussion it is
obvious that such models should describe g°(a) and
dg*(a)/da equally well for @ > ay,,, so that both (GE/RT)*
and In y* can be closely reproduced.

In order to develop such a model, the derivative dg®(a)/da
is fitted to a function of the form

dq(a) k
il =——1 +koe "+, 5)
da a”

where kg, k;, n are positive numbers and s, is the infinite
slope (@ —» ) for the derivative dg®(a)/da (approximately
equal to ~0.623 for the r-mPR EoS). The resulting parame-
ters are ky =71, k, =1.847, and n=1.161 and provide excel-
lent fit for dg¢(«)/da of the t-mPR EoS. The quality of the
fit is slightly poorer in the region of «y;,, so as to allow ex-
trapolation of dq(a)/dea to a-values lower than o .
Integration of Eq. (5) yields

e +s,atqg,.  (6)

Note that the value of g, plays no role in BUBL P and vy (or
GF) calculations. Nonetheless, we have fitted g, to obtain
the best agreement between g°(a) and g(a) (g, =9.271).
Note that g( ) presents a maximum for an a-value approxi-
mately equal to 5 (with «, =6.84 for +-mPR EoS). The
function g{«) defined by Eq. (6) can be used in cases where
the exact model is not applied. The resulting mixing rule is
implicit with respect to a of the mixture and has the same
form as Eq. 1 with ¢(a) from Eq. 6 in place of g°(a). The
mixture b-parameter is given as a linear combination of b;s.
This mixing rule is used in combination with the t+-mPR EoS
and original or modified UNIFAC, and is referred to as the
exact-1 model.

At first, this model is applied to the systems examined in
the last section, for which the exact model is applicable.
Nearly identical results are obtained with the exact model,
since g(a) and g°(«), along with the corresponding deriva-
tives, are in close agreement with each other, and the de-
tailed results are thus not shown in Table 2. The predicted
activity coefficients using the exact-1 model are also expected
to be nearly identical with the exact model (and the G ¥ model
at low to moderate pressures) results, since the pres-
ent model was designed taking this agreement into account.

The behavior of the exact-1 model at ethane/n-alkane sys-
tems, where the a-parameter of the ethane and/or the mix-
ture is smaller than a,,, is shown in Figure 9. The model
was combined with modified UNIFAC using zero interaction
parameters. The results demonstrate that the extrapolation
to low a-values provided by Eq. 6 collapses (AP > 30%) even
for the system ethane/n-pentane and in general deteriorate
as the system asymmetry increases. A very similar behavior is
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Figure 9. Average abs. % error in BUBL P vs. number of
carbon atoms in the n-alkane obtained by the
exact-1 and exact-2 models for ethane/
n-alkane systems.

Zero interaction parameters are used in the modified UNI-
FAC. ag, = 6.88 for the exact-2 model.

shown in Table 2 with the BUBL P results of the exact model
for ethane/n-alkane systems. In both cases, the poor results
as the system asymmetry increases are attributed to the in-
ability of the GB model to describe satisfactorily the liquid
phase of these mixtures.

Exact-2 model

A different extrapolation scheme to o < a ), is in order
now, which is also examined with respect to BUBL P predic-
tions for highly asymmetric systems. Specifically, the mixing
rule of the exact model is used down to an a-value equal to

Qe > Oip,. For a’s lower than o, a quadratic extrapola-
tion of the form (Michelsen, 1990a)

@ = Aoy + k(g = Geu) + k(g = o)’ @

is used to evaluate g. At o = a,, 9°(ay) = 9(ay) = Jeu-
Also, k; and k, are calculated so that a = a,,.

e 2 p
E-E - e
da da da? da?
This model is referred to as exact 2.

At first, a,, is chosen to be close to aj, (o, = 6.88;
i, = 6.85), so that this model coincides with exact 1 for es-
sentially all a’s above ay,. For t-mPR EoS with «, = 6.88,
we obtain g, = —3.491, k;=—2.9458, and k, = —3.4235.

Using the preceding mixing rule when extrapolation to small
a-values is required, the results shown in Figure 9 are ob-
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Figure 10. Effect of a.,, on BUBL P predictions ob-
tained with the exact-2 model for the system
ethane/n-eicosane at 380 K.

tained for the ethane/n-alkane database. The predictions are
in general better than the exact-1 model’s predictions, but
still unacceptable.

In Figure 10, the effect of a,, in the BUBL P predictions
for the system ethane/n-eicosane at 380 K is demonstrated.
Notice that the experimental behavior cannot be approached,
regardless of the «, value. These results along with the dis-
cussion on the exact-1 model suggest that no extrapolation
scheme performs successfully if the GE model is to be repro-
duced exactly, even at a small range of a-values.

Conclusions

The analysis presented in this paper shows that the zero-
reference-pressure EoS/GE models PSRK, MHV1, and
MHV2 do not in general reproduce the G¥ model used in
their development for the whole range of « values. Approxi-
mate reproduction is guaranteed only for systems with pure
components characterized by similar «,’s, which are in the
model-dependent a-range. Such systems can be considered
as symmetric systems in the context of these EoS/GE models.
As the degree of asymmetry increases (large difference be-
tween a;’s of the pure components), the reproducibility of
the GF model and the corresponding activity coefficients be-
come poorer, depending on the difference of the exact and
approximating g(«) functions and the respective derivatives.

Exact description of the g(a) curve leads to the exact
model and results in exact reproducibility of the excess Gibbs
free energy and the activity coefficients of the GE model, but
cannot be extrapolated to a’s lower than a limiting value,
o). Attempts to provide extrapolation schemes of the exact
model did not give good results, suggesting that a model is
necessary that upon sacrificing the exact GE model repro-
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ducibility, will provide good BUBL P prediction and possibly
yield an EoS/GE-derived GE expression close to the experi-
mental one at low pressures. The LCVM model of Boukou-
valas et al. (1993), an EoS/GE model that is a linear combi-
nation of the mixing rules of the Vidal and MHV1 models
and has no specified reference .pressure, represents a first
approximation to such an approach.

Notation

a =attractive-term parameter in EoS (bar -cm®/mol?)
b =covolume parameter in EoS (cm?®/mol)
¢, ¢, =EoS parameters in Eq. 2
f =fugacity (bar)
kg, k,, k, =parameters of exact-1 and exact-2 EoS/G* model
n =parameter of exact-1 EoS/GE model and number of
moles (mol)
N =carbon number of a n-alkane
P =pressure (bar)
g{ a) =approximating function of ¢*(a)
g°(a)=exact function, defined by Eq. 2
R =ideal gas constant (= 8.314 JAmol K})
5. =infinite-a slope of g“(a) (~In 2 for SRK and —0.623
for +-mPR EoS)
T =temperature (K)
u=V/mh
V =molar volume (cm®/mol)
X =mixture composition

Greek letters

a =a/(bRT)
@y, =limiting value for which g¢(a) is defined
a; = partial molar «
v =activity coefficient
A =difference between EoS/GE model and GF model val-
ues
AP =% absolute average deviation in BUBL P prediction
Ay, =average deviation (X 1,000) in mole fraction of compo-
nent 1
¢ =fugacity coefficient

Subscripts and superscripts

0 =at zero pressure
¢ =critical property
i, j =component in a mixture
= ; E
+ =referring to a G* model
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Appendix
Derivation of Eqs. 3 and 4

The activity coefficient, vy;, of component i in the liquid
phase of a mixture is defined as the ratio of the fugacity coef-
ficient, ¢, of component / in the mixture and the fugacity
coefficient, ¢,;, of pure component i at the temperature, 7,
and pressure, P, of the mixture. Any one of the models
(MHV1, MHV2, PSRK, or Soave’s) can be used to obtain
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values of these fugacity coefficients, and consequently, calcu-
late ;. The following relationship is obtained:

A

1 m & P 2 i [P} ]
ny =In o " RT u=—u; 5 i n a1

i
«; u+Cy a; Uyt ¢y

- In + In , (AD
cy— €4 u+c, €y — € u; +c,

where @; =(dn a/&ni)Ty,,_,,M. All quantities appearing in
Eq. Al have been defined in the Introduction. A point of
importance is that u; corresponds to the liquidlike root, ob-
tained by solving the EoS for pure component i, so that g
corresponds to the pure component in the liquid state at the
mixture 7 and P. In order to obtain liquidlike values for u;
even at zero pressure, we limit our analysis to systems with
components characterized by «;’s that are larger than the lim-
iting value a,, (sec Introduction).

On the other hand, the solution of Eq. 1 for (GE/RT)*,
the excess Gibbs free energy obtained from the G® model,
yields

GE*—ZI ’ (a) (o), (A2
w7 | TR+ ale)—Lxg(a), )

i

where x; denotes composition in the liquid phase, and ¢ is
the approximate form of the ¢“(«a) used in the development
of each one of the MHV2, PSRK, and Soave models. Since

| nGFE
ny=\0 RT an; )
TP

differentiation of Eq. A2 and rearrangement of the resulting
terms, leads to

oy ——| 2 a2 AT
ny*=— F—-&-n(a +(d-a—)[a/,-—a]

+qla)-q(a).

(A3)

Obviously, In v* is the activity coefficient obtained from the
GE model used, and corresponds to zero pressure, since the
mixing rule Eq. 1 is obtained at the same pressure. Further,
(dg/da) is the derivative with respect to a of the approxi-
mate form g(a).

Taking the difference between In y;, from Eq. Al and In
v at zero pressure, we obtain

dg® d
A ln Yiz_(a—ai)[—q‘g" Q(a)]

da da

+lg(a)—gla)]-1g°(;) = g(a;)], (A4)

where dg“(a)/d a is the derivative of the exact g“(«). A more
complicated equation describes the difference between In y,

from Eq. A1l at nonzero pressure and In y*. However, at low
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pressures (say 0.1 or 1 bar, at which the results of Figures
3-6 have been generated), the pressure effect yields a correc-
tion factor that, as expected, is negligible compared to the
values of A In y; and A(GE/RT) (as the ones shown in Fig-
ures 3-6).

Since (GE/RT)=Zx; In v, Eq. A4 easily yields the differ-
ence A(GE/RT) between the excess Gibbs free energy calcu-
lated from the EoS and (GE/RT)* obtained from the GE
model used:

GE GE GE\*
A(ﬁ)=(—R_T—)—(_Rﬁ:) =[qe(a)—q(a)]
—3xlg(a)— q(a)]. (AS5)

In deriving Eq. AS, the terms containing the derivatives
dq°(a)/da and dg(a)/da are eliminated by taking into ac-
count the relationship e = 3x;@;.
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