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a b s t r a c t

Accurate predictions of the thermodynamic properties of binary mixtures, especially in the critical re-
gion, are essential for many chemical process designs. In this study, based on the predictive crossover
volume translation SRK equation of state (VTSRK EoS) presented in previous work, the crossover VTSRK
EoS for binary mixtures was developed. Composition-dependent mixing rules with one adjustable binary
interaction parameter, kij, were used for the crossover equation to simplify the crossover EoS. The
applicability of the crossver EoS was verified against two kinds of binary mixtures, including
alkane þ alkane and CO2 þ alkane mixtures, because of their wide applications. For the alkane þ alkane
mixtures with similar intermolecular interactions, the kij in the vdW-1 mixing rules was set to zero
which makes the calculation predictive. For the CO2 þ alkane mixtures which have large difference
between intermolecular interactions, the vapor liquid equilibrium (VLE) and single phase prT properties
were calculated using kij obtained from VLE or prT experimental data at one temperature. The crossover
VTSRK EoS gives better VLE and prT representations than the VTSRK EoS, especially in the critical region.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Accurate predictions of the thermodynamic properties of binary
mixtures in the near-critical region, including the vapor liquid
equilibrium (VLE) and single phase behavior, are very important for
chemical process designs and other industries [1,2], such as low
grade heat recovery, gas-injected enhanced oil recovery and su-
percritical fluid extraction. The equation of state (EoS) is an effec-
tive tool for representing the thermodynamic properties of fluids.
Multiparameter EoSs [3e5] are commonly used to accurately
represent the thermodynamic properties, but they are complex.
The equations need many adjustable parameters for mixture
calculation, which increases the need for precise experimental
data. Cubic EoSs, such as the SRK EoS [6] and PR EoS [7], are also
widely used because of their simplicity and generality. Since they
are based on mean field theory which neglects the density fluctu-
ations in the critical region, the cubic EoSs fail to predict the sin-
gular properties near the critical point. Also, the cubic equations

cannot accurately predict the saturated liquid densities over wide
temperature ranges. Therefore, equations are needed that are ac-
curate both near the critical point and far from the critical point and
are relatively simple for mixture calculations.

The volume translation method was proposed to improve the
saturated liquid density representation of cubic EoSs [8]. The value
of the volume translation term decreases sharply when the tem-
perature decreases from the critical temperature, and becomes
constant gradually when the temperature is lower than 0.7Tc.
Therefore, temperature-dependent volume translation terms were
proposed [9e11]. Good agreement has been obtained between the
prediction results and experimental data. However, as an empirical
approach, the volume translation EoS cannot represent the ther-
modynamic properties near the critical point, because the volume
translation EoS is based on mean field theory. Moreover, using
temperature-dependent volume translation terms may lead to
thermodynamic inconsistencies, such as such as crossed isotherms
at high pressures [11,12], (b�c) < 0 in the repulsive term [13,14], and
isochoric heat capacities less than zero [12]. Since the value of the
volume translation term becomes constant when the temperature
is lower than 0.7Tc, using temperature-independent term whose
value is equal to the average value for temperatures below 0.7Tc can
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greatly improve the representation of the thermodynamic prop-
erties far from the critical point. The deviations in the near-critical
region of the volume translation EoS are still relatively large
although the deviations of the volume translation EoS are smaller
than those of the original cubic EoS.

The phase behavior asymptotically close to the critical point can
be expressed accurately by the scaling laws with universal critical
exponents and scaling functions [15]. Far from the critical point, the
thermodynamic properties can be well described by mean field
theory with the classical-analytical form. Efforts have beenmade to
incorporate the scaling law near the critical point and mean field
theory far from the critical point. White and co-workers [16e18]
proposed a recursive procedure based on Wilson's phase-space
cell approximation method [19], which introduces only a few
microscopic intermolecular potential parameters. However, this
approach is complicated and requires additional spline functions
for the thermodynamic property representations. Kiselev [20]
proposed the crossover theory which has been successfully
applied to different EoSs, such as the cubic EoSs [20e27] and the
SAFT EoSs [28,29]. However, this method introduces six (or four)
crossover parameters to the EoSs. Therefore, more accurate
experimental data is needed to obtain the adjustable parameters.
Moreover, the crossover parameters are mutually coupled and vary
of several orders of magnitude, which complicate the parameter
regression process [27].

The thermodynamic properties of binary mixtures in the critical
region differ from those of pure fluids. The isomorphism theory of
critical phenomena [30e32] indicates that the equation of state for
mixtures near the critical point has the same functional form with
pure fluids at a fixed field variable (the chemical potential) instead
of at a fixed composition. Therefore, the mixing rules should be
expressed in terms of the “field” variable (the chemical potential)
instead of the “density” variable (the composition x). There are few
crossover EoSs for mixtures formulated in terms of the chemical
potential [33] because the approach following the isomorphism
theory is time-consuming. As shown by Kiselev and Friend [34],
mixing rules in terms of the composition can be used as an
approximation, if the model does not intend to reproduce all the
exact scaling laws for the mixture. The crossover equations devel-
oped for pure fluids have been extended to mixture properties
[34e37]. However, since the crossover equation based on the
Kiselev method introduces six (or four) crossover parameters, the
crossover parameters for the pure fluids have to be correlated by
experimental data prior to the mixture calculations, which com-
plicates the procedure.

The main purpose of this study is to develop an EoS for binary
mixtures with lower number of adjustable parameters that accu-
rately predicts the thermodynamic properties in the critical region
and the liquid density at wide temperature range. In previous study
[25], the crossover volume translation SRK (VTSRK) EoS was pre-
sented. All the parameters in the equation were constant or
expressed as functions of the critical parameters and the acentric
factor whichmakes the equation predictive. In this work, combined
with the mixing rules in terms of the composition, the crossover
VTSRK EoS for binary mixtures was developed to represent the VLE
and single phase properties. The applicability of the EoS is evalu-
ated for two kinds of binary mixtures, including alkane þ alkane
(methane þ ethane, methane þ propane, propane þ butane,
propane þ pentane, propane þ i-butane, butane þ i-butane,
pentane þ hexane, pentane þ heptane, hexane þ heptane) and
CO2 þ alkane (CO2 þ ethane/propane/butane/i-butane/pentane/
hexane/cyclopentane) mixtures. Alkane þ alkane and CO2 þ alkane
mixtures are two very different kinds of fluid mixtures with suffi-
cient experimental data and have many applications in engineering
fields, such as in organic Rankine cycles and oil recovery

enhancement. The intermolecular interactions between different
alkane molecules are of similar nature, and the interactions be-
tween CO2 and alkane molecules are of different natures. Com-
parisons were made between the prediction results of the
crossover VTSRK EoS and experimental data.

2. Thermodynamic model

Combining SRK EoS with the volume translation approach, the
VTSRK is obtained as [11]
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where p is the pressure, T is the temperature, v is the molar volume,
R is the ideal gas constant, a and b are the parameters of the SRK
EoS, c is the volume translation term, Tc and pc are the critical
temperature and the critical pressure, Tr is the reduced temperature
(T/Tc), u is the acentric factor, and Zc is the critical compressibility
factor.

Applying the crossover method [20] to the VTSRK EoS, the
dimensionless Helmholtz free energy of the crossover VTSRK EoS
for a pure fluid is:

A*ðT; vÞ ¼ A�
crðDT ;DvÞ þ A�

bgðT ; vÞ (8)

A�
crðDT;DvÞ ¼ A�

resðDT ;DvÞ � A�
resðDT;0Þ � lnðDvþ 1Þ

þ Dvp�0ðDTÞ (9)

A�
bgðT ; vÞ ¼ �Dvp�0ðTÞ þ A�

resðT ; v0cÞ þ A�
idðTÞ (10)

whereDT¼ T/T0c�1 is the dimensionless distance from the classical
critical temperature, T0c, and Dv ¼ v/v0c�1 is the dimensionless
distance from the classical critical volume, v0c.
p*0ðTÞ ¼ pðT; v0cÞv0c=RT is the dimensionless pressure, A�

resðT; v0cÞ is
the dimensionless residual of the Helmholtz energy along the
critical isochore and A�

idðTÞ is the dimensionless temperature-
dependent ideal-gas Helmholtz free energy.

The classical dimensionless temperature, DT, and the order
parameter, Dv, in the critical part are replaced by renormalized
values as:

t ¼ tY�a=2D1 þ ð1þ tÞDtcY2ð2�aÞ=3D1

4 ¼ 4Yðg�2bÞ=4D1 þ ð1þ 4ÞD4cY
ð2�aÞ=2D1

(11)
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