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Further Validation of a Set of Quadrupolar Potential Models
for Ethylene and Propylene from the Prediction of some
Binary Mixture Vapor–Liquid Equilibria by Gibbs-ensemble
Molecular Simulation
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A set of two-center Lennard – Jones plus point
quadrupole (2CLJQ) effective pair potential models for
ethylene and propylene, that have already been shown to
be capable of fitting the saturated densities, the vapor
pressures, and the enthalpies of vaporization of the pure
liquids, is tested for vapor–liquid equilibrium (VLE) of
mixtures in this work. Monte Carlo simulations in the
Gibbs ensemble were carried out in order to obtain VLE
data for the binary systems methane 1 ethylene,
ethylene 1 ethane, and ethane 1 propylene. No binary
adjustable parameters were needed to compute the
unlike-pair Lennard–Jones interactions in the binary
systems. Simulation results were found to be in good
agreement with the experimental data available for
pressure and phase composition of the binary systems
methane 1 ethylene at 150 and 190 K, ethylene 1 ethane
at 233.15 and 255.37 K and ethane 1 propylene at 277.59
and 310.93 K.

Keywords: Quadrupolar fluids; Gibbs ensemble; Vapor liquid
equilibria; Ethylene; Propylene

INTRODUCTION

Ethylene and propylene are olefinic hydrocarbons
used for the production of various petrochemicals.
An accurate knowledge of the vapor–liquid equili-
brium (VLE) of mixtures of these components with
methane and ethane is quite important for the design
of the cryogenic separation trains that follow the
turbo expansion and pyrolysis processing of natural
gases containing significant amounts of ethane and
propane [1].

Molecular simulation methods have already
gained considerable importance for the prediction
of fluid phase equilibria [2]. In particular, the Gibbs-
ensemble Monte Carlo (GEMC) method, devised by
Panagiotopoulos [3], and further developed by
Panagiotopoulos et al. [4–7] and Smit et al. [8,9],
has been implemented by various authors in order to
predict VLE data for pure components and binary
and multicomponent mixtures.

A set of two-center Lennard–Jones plus point
quadrupole (2CLJQ) effective pair potential models
for ethylene and propylene was recently developed
by Vrabec et al. [10]. These potential models were
shown by their proponents to be capable of fitting
thermodynamic properties of the liquids such as the
saturated densities, vapor pressures and enthalpies
of vaporization. Because the development and
testing of potential models that remain valid over
wide ranges of state conditions and for a variety of
systems of practical significance has been identified
as one of the most important tasks for the continuing
application of molecular simulation methods to the
prediction of phase equilibria [11], it would be of
interest to find out whether the potential models for
ethylene and propylene proposed by Vrabec et al.
[10] are capable of predicting the VLE behavior of
mixtures of these substances with methane and
ethane, which as pointed out above, is an important
issue for the petrochemical industry.

In consequence, the aim of this work is to test, for
VLE calculations, the potential models for ethylene
and propylene proposed by Vrabec et al. [10].
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For that purpose, Monte Carlo simulations in the
Gibbs ensemble are carried out to obtain VLE data
for the binary systems methane þ ethylene,
ethylene þ ethane, and ethane þ propylene. In the
second section, details are given for the potential
models used to describe the molecular interactions of
the pure substances and binary systems considered
in this study. In third section, simulation results are
reported and compared with available experimental
data. In the Appendix A, important computational
details are provided for the purpose of making the
results of this work as reproducible as possible.

INTERMOLECULAR POTENTIAL MODELS

In the present work, methane is described as a one-
center Lennard–Jones (1CLJ) fluid, and ethane,
ethylene and propylene as 2CLJQ fluids. A 1CLJ
potential model validated by Vrabec et al. [10] is
chosen for methane. The 2CLJQ potential models
developed by Vrabec et al. [10], are chosen for ethane,
ethylene and propylene. These potential models
were shown by their proponents to be capable of
fitting thermodynamic properties of the liquids, such
as the saturated densities, vapor pressures and
enthalpies of vaporization. The quadrupolar poten-
tials for ethane, ethylene and propylene have not yet
been tested for VLE of mixtures.

These molecular models are used to compute the
total configurational energy U of these fluids by use of
the pairwise additivity approximation with effective
pair potentials given by the sum of Lennard–Jones
(LJ) 12–6 interactions f

LJ
kl between all pairs of

intermolecular sites k (in molecule i) and l(in molecule
j), and the point quadrupole-point quadrupole (QQ)
intermolecular interactions (in the case of ethane,
ethylene and propylene) between molecules i and j:

U ¼
k[i

X
l[j

X
f

LJ
kl þ

i

X
j

X
f

QQ
ij ð1Þ

The LJ interaction between intermolecular sites k
and l is given by the expression:

f
LJ
kl ¼ 41kl

skl

rkl

� �12

2
skl

rkl

� �6
" #

ð2Þ

where rkl is the intersite separation distance and skl,
1kl are the size and energy parameters for the site
k-site l interaction, respectively, which are defined in
terms of the size parameters sk and sl of the
molecules that lodge the sites by the commonly used
combining rules:

skl ¼
h

2
sk þ slð Þ ð3Þ

1kl ¼ j ð1k1lÞ
1=2 ð4Þ

where h and j are adjustable coefficients (known
as binary interaction parameters).

If h ¼ j ¼ 1, Eqs. (3) and (4) simplify to the well-
known Lorentz–Berthelot (LB) combining rules [12]:

skl ¼
1

2
sk þ slð Þ ð5Þ

1kl ¼ ð1k1lÞ
1=2 ð6Þ

Table I lists values for the size and energy
parameters s and 1, and for the intramolecular
center-to-center separation distance (elongation) L
(if required) in the molecular models used for
methane, ethane, ethylene and propylene. The
bonding angle of propylene is not explicitly dealt
with in the potential model proposed by Vrabec et al.
[10], so that the charge distribution of that molecule
is simplified to an axially symmetrical one.

Due precisely to the fact that the aim of this work is
to ascertain the ability of the potential models
proposed by Vrabec et al. [10] for pure ethylene and
propylene to reproduce the experimental VLE data
for some of the binary mixtures of these substances
with methane and ethane, then no binary interaction
parameters should be involved in the calculations,
and in consequence, the LB combining rules, Eqs. (5)
and (6), are employed to compute the unlike-pair LJ
interactions.

Because the ethane, ethylene and propylene
molecules are regarded as having axially symmetric
charge distributions in the potential models by
Vrabec et al. [10], the point quadrupole-point
quadrupole (QQ) interaction between molecules i
and j is given by the expression [13]:

f
QQ
ij ¼

3QiQjVij

4ðrijÞ
5

ð7Þ

The values of the quadrupole moments for ethane,
ethylene and propylene are given in Table I.
In reduced units, the quadrupole moment of
molecule k is written as ðQkÞ

� ¼ Qk=ð1ks
5
kÞ

1=2: For
ethane, ðQ�Þ2 ¼ 0:0700; for ethylene, ðQ�Þ2 ¼ 2:3483
and for propylene, ðQ�Þ2 ¼ 2:0922:

The relative orientation of two linear molecules
i and j is shown in Fig. C.2 (in Appendix C) of the
classic textbook by Allen and Tildesley [12]. If vector
rij is the intermolecular center-to-center separation
vector, and ui and uj are the angles between rij and the
unit vectors directed along the molecular axes ei and

TABLE I Parameters for the potential models used in this work

Substance s (Å) 1/k (K) L (Å) Q (D Å) Reference

Methane 3.7281 148.55 [10]
Ethane 3.4896 136.99 2.3762 0.8277 [10]
Ethylene 3.7607 76.95 1.2695 4.3310 [10]
Propylene 3.8169 150.78 2.5014 5.9387 [10]
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ej, then the factor Vij in Eq. (7) is given in terms of
these angles by the following expression [12,13]:

Vij ¼ 1 2 5 cos2ui 2 5 cos2uj 2 15 cos2ui cos2uj

þ 2 ei·ej 2 5 cos ui cos uj

� �2
ð8Þ

where

cos ui ¼
ei·rij

� �
rij

�� �� ð9Þ

and

cos uj ¼
ej·rij

� �
rij

�� �� ð10Þ

SIMULATION RESULTS

Methane 1 ethylene

Simulation results for the pressure-composition
(P-xy) diagrams of the system methane þ ethylene

at 150 and 190 K are presented in Figs. 1 and 2
together with the experimental data reported by
Miller et al. [14]. As mentioned in “Intermolecular
Potential Models” Section, no binary interaction
parameters were used to compute the unlike-pair LJ
interactions. As indicated by the position of the filled
circles relative to the empty circles, the GEMC
simulation results for methane þ ethylene, are found
to be in good agreement with experiment at the two
temperatures considered in this study. The best
agreement for liquid compositions is obtained at
190 K, and for vapor compositions at 150 K. In the
lower and middle pressure ranges at 150 K, the mole
fraction of methane in the liquid phase tends to be
slightly underpredicted by simulation.

Ethylene 1 ethane

Simulation results for the pressure-composition
(P-xy) diagrams of the system ethylene þ ethane at
233.15 and 255.37 K are presented in Figs. 3 and 4

FIGURE 1 Pressure-composition diagram for methane þ
ethylene at 150 K. Filled circles: simulation results; Empty circles:
experimental data [14]. Error bars, relative to the ensemble
averages of the liquid and vapor mole fractions of methane, are on
the average, 3 and 0.3%, respectively.

FIGURE 2 Pressure-composition diagram for methane þ
ethylene at 190 K. Filled circles: simulation results; Empty circles:
experimental data [14]. Error bars, relative to the ensemble
averages of the liquid and vapor mole fractions of methane, are on
the average, 3.8 and 0.7%, respectively.

FIGURE 3 Pressure-composition diagram for ethylene þ ethane
at 233.15 K. Filled circles: simulation results; Empty circles:
experimental data [15]. Error bars, relative to the ensemble
averages of the liquid and vapor mole fractions of ethylene, are on
the average, 1.3 and 0.5%, respectively.

FIGURE 4 Pressure-composition diagram for ethylene þ ethane
at 255.37 K. Filled circles: simulation results; Empty circles:
experimental data [15]. Error bars, relative to the ensemble
averages of the liquid and vapor mole fractions of ethylene, are on
the average, 1.2 and 0.7%, respectively.
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together with the experimental data reported by
Hanson et al. [15]. As mentioned in “Intermolecular
Potential Models” Section, no binary interaction
parameters were used to compute the unlike-pair LJ
interactions. As indicated by the position of the filled
circles relative to the empty circles, the GEMC
simulation results for ethylene þ ethane at the two
temperatures considered in this study, are found to
be in very good agreement with experiment. The best
agreement for the liquid and vapor compositions is
obtained at 255.37 K for all pressures.

Ethane 1 propylene

Simulation results for the pressure-composition
(P-xy) diagrams of the system ethane þ propylene
at 277.59 and 310.93 K are presented in Figs. 5 and 6
together with the experimental data reported by
McKay et al. [16]. As mentioned in “Intermolecular
Potential Models” Section, no binary interaction
parameters were used to compute the unlike-pair LJ
interactions. As indicated by the position of the filled

circles relative to the empty circles, the GEMC
simulation results for ethane þ propylene at the two
temperatures considered in this study, are found to
be in relatively good agreement with experiment.
At both temperatures, the liquid compositions tend
to be underpredicted by simulation in the middle
pressure range.

CONCLUSIONS

The good agreement between the GEMC simulation
results obtained in this work and the corresponding
experimental data for the VLE of the binary
systems methane þ ethylene, ethylene þ ethane
and ethane þ propylene, may be regarded as a
further validation of the predictive capabilities of the
potential models for ethylene and propylene pro-
posed by Vrabec et al. [10]. With a set of potential
parameters that are independent of temperature and
density, it is possible to predict not only the VLE
behavior of pure ethylene and propylene [10] but
also the VLE of some of its binary mixtures with
methane and ethane, as shown in the present work,
without needing any binary interaction parameters
to compute the unlike-pair LJ interactions. This
validation seems to indicate the importance of taking
the effect of the quadrupole interactions on VLE into
account for the development of more refined
potential models for ethylene and propylene.
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APPENDIX A

The methodology of the GEMC method has been
described in detail elsewhere [3–9,17]. Two regions
(cubic boxes) are used to simulate the two phases
(liquid and vapor). Four kinds of trial moves are
performed in the boxes: molecule translational (and
rotational, if applicable) displacements, box volume
changes, molecule transfers and molecule identity
exchanges. The transfer moves are applied to the
smaller molecules and the identity exchange moves
are applied to the larger molecules. These four kinds
of moves, when performed for a sufficiently large
number of simulation steps, make possible for the
two boxes to attain phase equilibrium. A Boolean
scheme, devised by the present authors [18], was
chosen for programming the transfer and identity
exchange trial moves.

Since both temperature and pressure are specified
at the beginning of a simulation run for a mixture,

FIGURE 5 Pressure-composition diagram for ethane þ
propylene at 277.59 K. Filled circles: simulation results; Empty
circles: experimental data [16]. Error bars, relative to the ensemble
averages of the liquid and vapor mole fractions of ethane, are on
the average, 1.3 and 0.9%, respectively.

FIGURE 6 Pressure-composition diagram for ethane þ
propylene at 310.93 K. Filled circles: simulation results; Empty
circles: experimental data [16]. Error bars, relative to the ensemble
averages of the liquid and vapor mole fractions of ethane, are on
the average, 1 and 0.8%, respectively.
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the condition of equilibrium is verified through the
fulfillment of two sets of equalities: one for the
chemical potential of the component of smaller
molecules in each box, and the other for the
difference between the chemical potentials of the
components of larger molecules and the component
of smaller molecules in each box. The expression to
calculate the chemical potential of the component of
smaller molecules was given by Smit and Frenkel [9],
and the expression to calculate the difference
between the chemical potentials of the components
of larger molecules and the component of smaller
molecules was recently derived by the present
authors [19] and had previously been used by Liu
and Beck [17].

Periodic boundary conditions (PBC) and the
minimum image convention (MIC), as explained in
detail by Allen and Tildesley [12], were applied for
the computation of the total configurational energy
U or any energy changes DU. The LJ interactions
were spherically truncated at intersite distances
rkl . 3:5sM, where sM is the LJ size parameter of
methane. In consequence, a long-range correction
was added to the total configurational energy U,
applying the analytical expression given by Allen
and Tildesley [12] and extended to mixtures by de
Pablo and Prausnitz [20].

Following Street and Tildesley [21] and Weingerl
and Fischer [22], no long-range corrections were
applied to the QQ interactions since a cutoff
correction to the QQ potential vanishes due to the
absence of angular ordering beyond the cutoff
distance for fluids with quadrupole moments like
those of ethane, ethylene and propylene.

Following a computational strategy used by
Möller and Fischer [23], Vrabec and Fischer [24]
and Stoll et al. [25] to calculate the chemical potential
of quadrupolar fluids by the test particle method, a
hard core of diameter 0.4s (where s is the LJ size
parameter of ethylene or propylene) centered at the
quadrupole site of the corresponding molecule, was
used in this work to avoid large negative values of
the quadrupolar interactions at the short intermole-
cular distances that may occur during the identity
exchange moves for ethylene and propylene in the
binary systems ethylene þ ethane and ethane þ

propylene, respectively.
Simulation runs were initiated with 256 mole-

cules in each box, with starting configurations
generated from previous NPT-ensemble runs.
GEMC simulation runs required an equilibration
phase and a production phase, each consisting of a
certain number of cycles, which in turn comprised
all four kinds of trial moves. Typically, GEMC
simulation runs consisted of a total of 5000 cycles
with the first 2000 cycles for equilibration and the
last 3000 cycles for production. In this way, a
sufficiently large number of trial moves were

performed during the equilibration phase as to
attain stable values of the properties to be
sampled in the production phase. A given cycle
consisted of as many translational (and orienta-
tional, if required) sequential displacements as
molecules were contained in each box, followed by
one volume change trial move, 250 transfer
attempts for randomly chosen molecules of the
smaller size, and 50 identity exchange moves for
randomly chosen molecules of the larger size. The
value of 5 for the ratio of transfer to identity
exchange moves was found to minimize in most
cases the difference between the number of
successful moves of each kind. The formulas
for the probabilities of acceptance for the
various kinds of moves [3–9,17] were applied to
accept or reject a new configuration of the system
according to the Metropolis importance sampling
technique [12].

For the rotational moves required for ethane,
ethylene, and propylene, random orientational
displacements were applied following the scheme
based on Euler angles, as described by Allen and
Tildesley [12]. This method was chosen only for
simplicity in developing the simulation code, even
though it seems not to be the most efficient one
when applied to linear molecules [12].

In this work, the blocking transformation
method developed by Flyvbjerg and Petersen
[26], and explained in practical detail by Frenkel
and Smit [27], was implemented to compute the
estimates of the statistical uncertainties (error bars)
of the ensemble averages obtained from simu-
lation. Typically, for each fluctuating property, a
total of 2:5 £ 105 values were saved to a one-
dimensional array during the simulation run. At
the end of the run, the entries of this array were
collected to define the initial data block on which
to apply Flyvbjerg and Petersen’s blocking
transformation.
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