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PHASE EQUILIBRIA OF QUADRUPOLAR FLUIDS
BY SIMULATION IN THE GIBBS ENSEMBLE
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and
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BP Research Centre, Chertsey Road, Sunbury-on-Thames, Middlesex, TW16 7LN,
UK.
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Vapour-liquid phase diagrams for pure fluids and mixtures of molecules with Lennard-Jones plus
guadrupole-guadrupole interaction potentials were determined by Monte Carlo simulation in the Gibbs
ensemble [1]. This is the first reported application of the method to molecular fluids. We have demonstrated
that the Gibbs method works reliably for strongly interacting molecular fluids at liquid densities. Pure fluid
calculations were performed for reduced quadrupole strengths, * = Q/(e0°)" equal to 1 and /2, typical
of molecules like C,H, and C,H,. It was found that the critical temperature of the quadrupolar fluid
increased rapidly with increasing quadrupolar strength, in good agreement with previous computer
simulation and theoretical results. A single mixture with components characterized by identical Lennard-
Jones parameters and @F = + 1, 0% = —1 was studied at three temperatures. A negative azeotrope was
observed at the lowest temperature studied, as seen experimentally in the CO,/C, H, mixture. The perturba-
tion theory calculations are in good agreement with the simulation results for all properties except
coexisting liquid densities. The results illustrate some of the strengths and himitations of perturbation
theories based on the Padé approximant for the free energy of polar fluids.

KEY WORDS: Monie Carlo, Gibbs ensemble, phase equilibria, quadrupolar fluids, Lennard-Jones fluids.

1 INTRODUCTION

Computer simulation techniques have been used since their inception for the calcu-
lation of basic thermodynamic and structural properties of liquids. In recent years, a
large effort has been directed towards improving computer simulation techniques for
the estimation of free energies [2, 3], with a primary goal being the prediction of phase
equilibria. A recently proposed technique, Monte Carlo simulation in the Gibbs
ensemble 1] has significant advantages for this purpose over previously available
techniques. The method involves performing a simulation in two distinct, coupled
regions with generally different densities and compositions, in a way that ensures that
the critieria for phase equilibria, equality of temperature, pressure and chemical

*To whom correspondence should be addressed.

147



19: 59 14 January 2011

Downl oaded At:

148 M.R. STAPLETON ET AL.

potentials of all components in the two phases, are satisfied in a statistical sense. The
method has been used to predict bulk vapour-liquid, liquid-liquid and osmotic
equilibria for binary Lennard-Jones mixtures [4], but has not been previously applied
to fluids with orientationally-dependent forces. The principal objective of this work
is to demonstrate the applicability of the method for an important class of molecular
fluids, quadrupolar mixtures.

Multipolar forces, resulting from the presence of asymmetric molecular charge
distributions, play an important role in determining the structure and phase equili-
brium behavior of fluids. A study of the effect of multipolar forces and anisotropic
shape using thermodynamic perturbation theory [5] has demonstrated that most of
the experimentally observed classes of phase equilibrium behavior can be obtained if
such forces are present. Quadrupolar mixtures in particular have been the subject of
several theoretical [6, 7, 8, 9] and computer simulation studies (10, 11, 12]. It is
therefore important to compare theoretical methods with exact computer simulation
results for the phase behavior of this class of mixtures.

In Section 2 of this work, we describe certain methodological aspects of Gibbs-
ensemble simulations for quadrupolar mixtures. In Section 3, we present the results
of the simulations performed and a comparison between thermodynamic pertur-
bation theory and simulation results. We studied two pure Lennard-Jones quad-
rupolar (LJQ) fluids with Q* = + 1 and Q* = /2 typical of molecules like C,H, and
C,H,, where the reduced quadrupolar moment O* = Q/(eg’)"?. Phase diagrams for
a symmetric binary LJQ mixture, with identical ¢ and ¢ parameters for the two
components and Q¥ = +1 and O* = — 1, were studied at three reduced tem-
peratures. Section 4 summarizes the conclusions from the present study. Technical
details of the simulations performed are given in the Appendix.

2 METHODOLOGY

The aim of this part of the paper is to present an outline of the structure of the
Gibbs-ensemble Monte Carlo simulation program which we used to study phase
coexistence properties of quadrupolar fluids. A detailed description of initial con-
ditions and other technical parameters of the simulations performed, as well as the
form of the potential model used in this work is given in the Appendix.

We followed the Gibbs Monte Carlo methodology as described in [4] with some
additional features appropriate for the simulation of molecular fluids. A simulation
is performed in two boxes, with N molecules in a volume ' in box I and N molecules
in a volume "' in box II. The simulation consists of three distinct Monte Carlo trial
moves: molecular displacements and rotations within each box, volume changes and
molecular transfers between the two boxes.

In the combined rotation—displacement move, a trial position and orientation were
chosen for a molecule in one of the two boxes, as explained in the Appendix, and the
change in energy between the new and old configurations calculated, AE. The move
1s accepted with a probability

'?move = min(l9 exP(—ﬁAE)) (l)

where § = 1/kT. A cycle over all molecules in both boxes was performed before
attempting trial volume changes or transfers.
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In [4] it was proposed that the volume change steps for simulation of mixtures can
be performed in two distinct ways. In the first, the total system samples the constant-
NVT ensemble, so that the coexistence pressure is not known in advance. In the
second, each region samples the constant-NPT ensemble during the volume change
steps. The constant-NPT method was found to have convergence advantages for the.
mixtures studied in [4]. However, the quadrupolar systems investigated in this work
have very narrow coexistence envelopes in pressure-composition space. For a Gibbs
simulation to be successful, the initial conditions must be in a two-phase region of a
phase diagram. Because of this, it was not possible to perform constant-NPT simu-
lations for the quadrupolar mixtures. All simulations were performed in the constant-
NVT ensemble. In this ensemble, to attempt a trial volume rearrangement, a volume
AV is added to the volume of one box, and subtracted from the volume of the other
box, thus keeping the total volume (V' + F*') constant. The change in energy for this
move is calculated by separately scaling the terms that depend on the 12th, 6th and
Sth power of the intermolecular separation for the Lennard-Jones and quadrupole
potentials in both boxes. If the resulting changes in energy in the two boxes are AE'
and AE", the move is accepted with a probability,

"+ AV

'@vol = min(L exp('ﬁ[AEl + AEH — N’lenT —

- N"kﬂni;"A—V])) B

In the molecular transfer move for the quadrupolar mixture, we first decided at
random, but with equal probability, which of the two species is to be moved. Since
the two components have equal size, this results in approximately the same percentage
of successful transfers for the two species. We then decided at random with equal
probability the direction of the transfer, either from box I to box II, or from box II
to box I. A test molecule of the species chosen was then inserted into the receiving box.
A random position and a random orientation were chosen for the molecule. The
energy of the test particle, AE' if the transfer originates in region II, was calculated
and if it was less than a cutoff value (set equal to 100k7) a molecule of the same
species was chosen at random from the box which was to provide the molecule for
transfer. The real particle interaction-energy of this molecule was determined, E",
unless there were no molecules of this species in the box. In this situation the existing
configuration was counted as the new one, and the next Monte Carlo trial move
attempted. The transfer move was accepted or rejected with a probability,

1
Prranster = min(l, exp(—B[AE' + AE" + kTIn mV[vl—NTTQ :D) 3

A number of transfers were attempted starting from the same configuration of the
fluid. The number was selected so as to result in at least a few thousand accepted
transfers for any given run. Thus, a much larger number of attempted transfers were
required for the runs at lower temperatures with higher coexisting liquid densities.
The number of attempted transfers and the percentage of successful transfers for all
simulations performed are given in the Appendix.

Following [4] we used the test particle interaction energies, E, calculated during the
transfer steps and the Widom test particle expression,
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Bu,, = — In<{exp(—PE)> 4)

to obtain estimates for the residual chemical potential, 4, of the components in the
two phases. Equation 4 is exactly valid only in the canonical ensemble, and is only an
approximation for the Gibbs ensemble.

3 RESULTS
3.1 Pure fluids

In Table 1 we present the results of the simulations of the pure quadrupolar fluids.
The run numbers refer to Table 5 in the Appendix where we have set out a complete
description of the initial conditions of all the simulations performed. All ther-
modynamic properties in the tables are given in reduced units. In the liquid and
vapour phases we calculated the density g* = go, the pressure, P* = Po’/e, the
excess internal energy, E* = FE/¢, and the chemical potential, pu* = pje = (u,/
¢ + T*Inp*). The associated error reported with each result is the standard deviation
of averages calculated over 100-cycle blocks during the production phase of the
simulation. No error estimates are reported for the chemical potential because Equa-
tion (4) was applied in integrated form for the results of the full production phase of
a simulation. From the results for the chemical potentials in Table 1, it would appear
that significant uncertainties remain in the estimated values for the vapour densities
and saturated pressures. However, this is a result of using the (inexact) Equation (4)
to estimate the chemical potentials. The internal consistency and agreement with
independent calculations indicate that the error estimates of the coexistence pressure
and vapour densities (of the order of 5%) are realistic. Simulations performed at the
same state conditions, but starting from different initial conditions or with a different
number of attempted transfers per cycle converged to the same averages within the
error limits. _

Figure | shows the coexistence curves for the 0* = 1 and Q* = /2 quadrupolar
fluids obtained in this work, and the coexistence curve for the pure Lennard-Jones
fluid from the Gibbs ensemble simulations reported in [1]. Also shown on Figure 1 are
the predicted coexistence curves from perturbation theory [6], using an argon [13] and
Lennard-Jones equation of state [14] for the calculation of the properties of the
reference fluid. The choice of the reference fluid equation of state is quite important.
The argon equation of state does not give a perfect description of the properties of
the pure Lennard-Jones fluid because the intermolecular potential of argon is different
from the Lennard-Jones potential. The Lennard-Jones equation of state [14],
although obtained from computer simulation results for this fluid, was not fitted to
the coexistence properties of the Lennard-Jones fluid and gives a higher critical
temperature than the one obtained from recent Gibbs ensemble simulations.

We have also plotted the umbrella-sampling Monte Carlo simulation results of
Shing and Gubbins [} 1] for the coexistence curve of the 0* = \/2 quadrupolar fluid.
As the magnitude of the quadrupole moment is increased from Q* = 0 to 1 to /2
the reduced critical temperature, T¥, of the fluid increases. We have estimated the
reduced critical density, ¥, of the fluids using the law of rectilinear diameters and
have found that g¥ is approximately constant with increasing quadrupole moment.
The estimates for 7* and gf are given in Table 2. There is excellent agreement between
our results and those of Shing and Gubbins for the 0* = \/2 fluid over the tem-
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Figure 1 Vapor-liquid coexistence curve for three Lennard-Jlones quadrupolar pure fluids. (0) Gibbs

ensemble simulation results from this work (Q* = 1 and /2) and [1] (Q* = 0), where 0* = Q/(ec™)"?.

( ) umbrella-sampling Monte Carlo results from [11]. (----) and (--—-~ ) thermodynamic perturba-

tion theory results using, respectively, the argon [13] and Lennard-Jones [14] equations of state for the
reference fluid properties.

perature range 7% = 1.8 to T* = 2.1. Their simulations were performed for two
different system sizes, 108 and 32 molecules. In their paper the critical temperature
estimated from the results of the 108-molecule simulations is significantly lower than
that from the 32-molecule simulations. Following this trend, our estimate for 7%
(using 500 molecules) is lower than their estimate with 108 molecules. As discussed in
the Appendix, system size has a negligible effect on the Gibbs simulations reported
here, and therefore the critical parameters given in Table 2 should be close to the

infinite-system size limit.
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‘Table 2 Critical densities and temperatures of the LJQ fluids.

o* o Igd Source
0.0 0.31 + 0.02 1.33 +£0.02 [1]
1.0 0.34 + 0.02 1.60 + 0.03 This work
\/2.0 0.34 + 0.02 2.24 + 0.04 This work

Thermodynamic perturbation theory using either reference fluid equation of state
predicts liquid densities which are greater than the simulation results for the qua-
drupolar fluids, although both predict the coexistence properties of the pure Lennard-
Jones fluid away from the critical point in good agreement with simulation results.
The Lennard-Jones equation of state predicts a critical temperature for the pure
Lennard-Jones fluid which is too high, and used in conjunction with the perturbation
theory also predicts critical temperatures for the quadrupolar fluids which are signifi-
cantly higher than our simulation estimates.

In Figure 2, the coexistence pressure is plotted versus inverse temperature. The
simulation results lie close to the approximately straight lines predicted by the
perturbation theory. Shing and Gubbins [11] used an umbrella sampling method to
obtain the free energy over a range of temperatures, and therefore could not calculate
the coexisting pressures. These pressures are calculated directly in the Gibbs simu-
lation technique used here.

3.2 Mixtures

In Table 3 we present the simulation results for the phase coexistence properties of the
= +1, ¢ = —1 quadrupolar fluid mixture at three reduced temperatures,
T* = 1.168, 1.335 and 1.502 (140, 160 and 180 X if the potential parameters for Ar,
g/k = 119.8, ¢ = 3.405 A are used for reference, as in [6]). The potential parameters
¢ and ¢ for the Lennard-Jones part of the potential were identical for the two
components. At each temperature we performed simulations at three different mole
fractions. Since the mixture is symmetric, only concentrations less than 0.5 need to be
considered. The values of g* = ga’, P* = Po’/e and E* = E/e are again reported
for both phases, and also the chemical potential u* = (i, /¢ + T* Inp*) of the two
components in each phase. The conditions for phase equilibrium are satisfied to good
accuracy for the two higher temperatures.

For the three runs at the lowest temperature, 7% = 1.168, the difference between
the chemical potentials of the two components in the two phases, as calculated by
Widom’s test particle method, differ on the average by 0.62, with the liquid-phase
chemical potentials having systematically higher values. Previous calculations of the
chemical potential in dense quadrupolar fluids [12] have resulted in uncertainties of
similar magnitudes for the calculated chemical potentials when Widom’s method is
used. However, we believe that the results for the compositions and vapour-phase
densities reported here are significantly more accurate than this difference would
imply. This is based on the following observations: (a) control plots of the density,
energy, pressure and number of molecules of each species in the two regions converge
to stable values, independent of the initial conditions for all simulations reported here;
(b) simulation results for the compositions of the coexisting phases at different overall
mixture compositions are mutually consistent and in good agreement with pertur-
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Figure 2 Reduced vapour pressure, P* = P’ /e, versus the inverse of the reduced temperature, 1/7*,
where T* = kTJe. for pure quadrupolar fluids. Symbols are the same as for Figure 1.

bation theory calculations. Since both the Gibbs-ensemble simulations and Widom’s
test particle method calculations rely on insertions of particles at random positions,
an interesting question is why the Gibbs simulations appear to converge faster than
the calculation of the chemical potentials using Widom’s method. A possibility is that
the Gibbs technique uses both test- and real-particle interaction energies, in a similar
way to the combined f-g sampling method [15]. Indeed, a recalculation of the results
for the chemical potentials at the lower temperature using the f~g sampling technique
resulted in an average deviation of only 0.29 between liquid- and gas-phase chemical
potentials, as shown in Table 4, supporting our contention that the Gibbs simulation
results are at equilibrium. We also performed two simulations in the constant-NV'T
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Table 4 Chemical potentials calculated using the f-g sampling technique.

Run ™ — Ui —u3y — Uy — Uiy
20 1.168 7.87 5.25 8.19 5.27
21 1.168 6.97 5.24 7.45 5.53
22 1.168 5.75 5.8% 6.15 6.14

ensembile at the coexisting densities predicted by the Gibbs simulation 21. The Widom
test particle expression, Equation (4), is exact in these simulations. However, we still
observe an average deviation between liquid- and gas-phase chemical potentials of
0.36. The results of these simulations are given in the Appendix. It should be em-
phasized that the chemical potentials are not used in the course of the simulation. The
evolution of the simulations according to the transition probability Equations (1-3)
are exact for the Gibbs ensemble, and the chemical potentials are only calculated to
check for possible large deviations from equilibrium.

In Figure 3 pressure versus mole fraction curves are shown for the quadrupolar
mixture at three reduced temperatures. We have again included the results from
perturbation theory for comparison. We observe a weak negative azeotrope for these
mixtures of two quadrupolar fluids of opposite sign at T = 140K, as observed
experimentally in the CO,/C,H, mixture. The errors in the pressures at the other
temperatures make it difficult to be certain of the form of the P-x projection. The
agreement between the Gibbs simulations and the Lennard-Jones equation of state is
close to our crror estimates for all three temperatures. As the temperature is increased
the results from the argon equation of state overestimate the pressures to a larger
degree. It should be emphasized that the calculations using the constant-N VT Gibbs
method are possible despite the very narrow pressure-composition phase envelope for
this mixture, because in density-composition space the two-phase region is sufficiently
extensive to permit initiation of the Gibbs simulation within that region. The uncer-
tainties in the coexistence pressures (calculated from the gas phase) are a few percent
of the total pressure, and thus allow the observation of a weak negative azeotrope.

Figure 4 shows the liquid densities of the mixtures as a function of mole fraction.
The perturbation theory again fails in its prediction of the coexisting liquid densities.
Both the Lennard-Jones and argon equation of state versions of the perturbation
expansion produce densities which are significantly higher than the Gibbs simulation
results. This is consistent with the trends observed for the pure quadrupolar fluids.

4 CONCLUSIONS

We have demonstrated that the Gibbs method can be applied for the calculation of
phase equilibria for fluids that interact with strong orientationally-dependent forces.
The simulations are successful even when coexisting liquid densities are as high as
o* = 0.83. Concentrations and densities for the coexisting phases are predicted with
accuracies higher than those possible when the Widom test-particle method is used for
the determination of the chemical potentials. Comparisons between the Gibbs-ensem-
ble simulation results for pure quadrupolar fluids and corresponding results using
extensive umbrella-sampling calculations for the determination of free energies illu-



19: 59 14 January 2011

Downl oaded At:

PHASE EQUILIBRIA OF QUADRUPOLAR FLUIDS 157

50

T T

T=180K

Q -
~——— _ﬁ’
3 4
8 E;‘H:::::::::::: ~~~~~ T = 160 K .
/g “ JL. D I ) "T'::::::::::....._ ___________
L =+ \‘i‘*gk\%i " a
o i i
Q _ - -
S J
r
N T=M40K ]
e ) e e . J
_p_
o] S
‘n ——
(@]
< 1
0.5 0.6

Figure 3 Pressure, P, versus mole fraction of component 1, X, for the LJQ mixture with % = +1,
% = — 1 at three temperatures, where 0* = Q/(e0”)"?. The potential parameters for Ar, ¢/k = 119.8K
and ¢ = 3.405A are used to obtain values for T and P from the calculated reduced values. (a) Gibbs
ensemble simulation results for the vapour phase, (0) Gibbs ensemble simulation results for the liquid
phase, (—---) and (——-— ) thermodynamic perturbation theory results using, respectively, the argon {13]
and Lennard-Jones [14] equations of state for the reference fluid properties.

strate some of the advantages of the Gibbs technique: far fewer simulations are
required and the thermodynamic properties for the coexisting phases are obtained in
the course of a single simulation.

Comparison of the simulation results with thermodynamic perturbation theory
calculations using a Padé approximant for the free energy illustrate some of the
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Figure 4 Reduced coexisting liquid density, o* = ga° /e, versus mole fraction of component 1, X, for the
LJQ mixture with % = +1, 0% = —1 at three temperatures, where Q* = Q/(es’)"?. The potential
parameter for Ar, ¢/k = 119.8 K was used to obtain T from the reduced temperature. Symbols are as in
Figure 1.

strengths and limitations of existing theoretical techniques and reference fluid equa-
tions of state. For the particular form of perturbation theory used, the pressures and
compositions of the coexisting phases are predicted accurately, but coexisting liquid
densities are not. The deviations between theory and simulation increase as the
quadrupole strength increases.
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APPENIX
1 Potential Model

The potential model used in this work consisted of the Lennard-Jones 12-6 potential
and an embedded central quadrupolar-quadrupolar interaction given by [16],
30.0;
E; = _Q__SQ_, -
4R;
Q. is the quadrupole moment on the /" molecule, R; is the distance between molecules
{ and j and,

5¢¢ — 5S¢t — 15¢]¢] + 2 (¢5 — Seiq)] &)

¢ = é. Ry,
CJ = €j. R”,
¢ = 6.8

i
Iéij is a unit vector pointing from molecule j to molecule / and é; and ¢, are unit vectors
along the molecular axes.

2 Technical details of the simulations

The initial densities of the two regions were chosen from the results of a series of trial
simulations which we performed to determine the approximate form of the vapour-
liquid coexistence curves under investigation. The initial positions of the molecules in

a particular region were chosen at random on a face centered cubic (FCC) lattice. The
quadrupole vector é of the first molecule was set at (1 /\/ 3, 1/4/3,1/{/3) and then given
a random rotation about a randomly chosen axis, using procedures described in [17].
The initial vector of a molecule i was chosen by performing the same procedure on
the (i-1)"® vector. In this way the initial configuration for a simulation consisted of a
specified number of molecules placed on an FCC lattice with random orientations.

A spherical cutoff equal to half the box length was applied in both regions. Long
range corrections to the energy and pressure were taken into account by integrating
the potential and the virial respectively from the cutoff to infinity, setting g(r) = 1.0.
The minimum cutoff distance used in this work was R, ~ 3.56. The range of the
correlations due to the orientations of the molecules is of the same order as the range
of positional correlations in the fluid [7]. The integral over all orientations and
positions from R, to infinity for the quadrupolar interaction is therefore zero.

The simulations were performed in cycles. A cycle is defined as a single trial
rotation-displacement move for each of the N molecules, followed by one attempted
volume change and Nizans attempted transfers of a molecule from one region to the
other. In the rotation-displacement move a trial position and orientation were chosen
for a molecule. The trial position was sampled randomly from a uniform distribution.
A parameter in the program controlled the maximum displacement of a molecule. The
trial orientation was chosen by the same method used to set up the initial orientations.
Another parameter limited the maximum random rotation about the chosen axis.
From the results of our trial simulations was found that if we attempted to accept
50% of the rotation-displacement moves in the liquid phase, by varying both the
maximum displacement and maximum rotation parameters simultaneously, the ro-
tation part of the move dominated and the maximum displacement fell to small
values. Convergence of the simulations was slow. To solve this problem without
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Table 5 Technical details of simulations performed.

Run Initial conditions Neo Nyrop Nrrins % Acceptance
Ny Nay Npw Nyy of o
| 175 175 75 75 0.850 0.030 2000 1100 1000 0.15
2 70 280 30 120 0.820 0.020 2000 3000 1000 0.17
3 175 175 75 75 0.820  0.020 2000 3000 1000 0.17
4 175 175 75 75 0.750  0.060 2000 2000 500 0.80
5 70 280 30 120 0.730  0.040 1000 3000 400 0.86
6 175 175 75 75 0.610  0.110 1000 3000 150 2.8
7 350 350 150 150 0.610  0.110 1000 3000 150 2.6
8 70 280 30 120 0.610  0.110 1000 3000 150 3.0
9 175 175 75 75 0940  0.050 2000 2000 300 2.9
1o 175 175 75 75 0.550  0.150 2000 2000 30 3.0
11 175 175 75 75 0.600 0.100 2000 2000 30 37
12 150 150 100 100 0.570  0.150 2000 2000 30 9.9
13 175 175 75 75 0.850  0.030 2000 1000 1000 0.43
14 175 175 75 75 0.740  0.060 2000 2000 150 0.51
15 175 175 75 75 1.050  0.040 2000 2000 150 1.5
16 175 175 75 75 1.050  0.040 2000 2000 {50 1.1
17 175 175 75 75 0.670  0.090 2000 2000 150 22
18 150 150 100 100 0.580  0.012 2000 2000 50 9.9
19 150 150 100 100 0.580  0.012 2000 2000 50 7.6
20 35 31s 15 135 0960  0.010 2000 2000 1000 0.14
21 70 280 30 120 0.820  0.020 2000 3000 1000 0.13
22 175 175 7 75 0.820 0.020 2000 3000 1000 0.13
23 35 315 15 135 0.850  0.030 2000 2000 500 0.77
24 70 280 30 120 0.730  0.040 1000 3000 400 0.63
25 175 175 75 75 0.730  0.040 1000 3000 400 0.67
26 175 175 75 75 0.730  0.040 2000 2000 500 0.63
2 35 315 IS 135 0.550  0.100 2000 3000 100 2.6
28 70 280 30 120 0.610 0.110 1000 3000 150 2.8
29 175 175 75 75 0.610  0.110 1000 3000 (50 2.

separating the displacement and rotation of the molecules into two trial moves, we
fixed the maximum rotation parameter in both regions at a typical liquid density value
of 0.7 radians and varied the maximum displacement separately in the two regions to
accept 30% of the trial moves. The value of the maximum displacement in the liquid
region therefore increased and we observed much faster convergence of the simu-
lations. The maximum displacement was updated every 10 cycles during the equili-
bration period to achieve the desired 30% acceptance and then fixed for the pro-
duction phase of the simulation. A similar parameter determined the maximum
change in the volume during the single attempted volume fluctuation. This parameter
was also updated every 10 cycles during the equilibration phase of the simulation to
accept 50% of volume fluctuation moves. In the transfer move a completely random
orientation was generated using a rejection technique [17]. The position and orien-
tation of the test particle are completely independent of the real particle’s position and
orientation for each attempted transfer.

In Table 5 we present the technical details of the simulations. For each run the
initial numbers of each species in the two boxes, the initial densities and the number
of equilibration and production cycles are shown. The number of attempted transfers
per cycle, Nizans, 1S also given in the table together with the percentage of the total
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number of attempted interchanges that were successful during the production phase
of the simulation. The proportion of successful transfers is a sensitive function of
liquid density.

Most of the simulations reported here were performed on a Cray XMP/48 com-
puter. For 500 molecules and 150 attempted interchanges per cycle, a simulation of
2000 equilibration and 2000 production cycles (run 17) required 1000 CPU seconds.
Two simulations, run numbers 16 and 18 were performed on an IBM 3090-600 which
was approximately three times slower than the Cray XMP/48 for the program used
in this work.

3 Validation and number dependence

The energy and pressure calculations were initially checked by reproducing previous
simulation results for LJQ fluids [10]. We also performed two canonical simulations
at T* = 1.168 for the quadrupolar mixture at the values for the coexisting densities
and mole fractions obtained from run 21. The values of the energies, pressures and
chemical potentials calculated in these runs were in good agreement with the Gibbs-

ensemble results: o = 0.834, X,; = 0214, E* = —859, PF = 0.01,
ufr = —7.69, u¥ = —5.01 and oF = 00131, X, = 0.158, E¥ = —0.21,
P} = 0.0141, u¥, = —742, ufy = —5.46. One simulation was performed with

twice the number of molecules, N = 1000, to check for system size effects. As shown
in Table 1, the results of runs 6 and 7 which were performed with different numbers
of molecules at the same conditions, agree within the error limits quoted.
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