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Abstract
The accurate prediction of reaction and phase equilibria for complex
chemical systems is an important problem in chemical engineering.
Thesephenomenaoccur simultaneously during the industrially critical
process of reactive distillation. In a series of papers, we have shown
that molecular-level computer simulation is an alternative predictive
approach to traditional (macroscopic) approaches and that the simula-
tions do require less experimental input data than the traditional ap-
proaches. We have studied phase equilibria by ourmodification of the
Gibbs Ensemble Monte Carlo method and by the Gibbs-Duhem inte-
gration technique combinedwith themolecular dynamicsmethod; the
methodshavebeenapplied tobothmodelandreal systems. Further,we
have studied reaction equilibria in one- and two-phase systems by the
ReactionEnsembleMonteCarlosimulationmethod. Wehavedealtwith
systems related to reactive-distillation processes and plasmas. Finally,
we have developed a newMonte Carlo method for direct prediction of
fluid systemsatfixed total internal energy or enthalpy. Wehave applied
the method to the prediction of the adiabatic temperature in reactors
and to thepredictionof the temperature changeduring Joule-Thomson
processes.

1 Introduction
Phase and reaction equilibrium calculations for complex chemical sys-
tems are traditionally carried out by means of empirically-based ther-
modynamic equation of state and/or liquid-state activity-coefficient
models. The main goal of such calculations is the prediction of the
pressure-temperature-composition behavior of the mixture. In order
to implement these approaches, particular experimental data concern-
ing the behavior of each constituent pure fluid is required. These data
are then combined with the mixture model; in addition, a mixture pa-
rameter appearing in the theory is often evaluated by means of an ex-
perimentalmeasurementonthemixture. Giventhis input information,
the system behavior is then calculated using standard thermodynamic
relations. The accuracy of these approaches in predicting the exper-
imental data varies; as with nearly all empirically-based methods, the
path to further progress is not always clear.
The alternate approach to the calculation of phase and reaction

equilibria involves modelling the intermolecular interactions between
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the constituent molecules of the system followed by phase and reac-
tion equilibrium calculations using various computer simulation tech-
niques. In addition, computer simulation approaches can calculate the
volumetric properties of themixture, which are often difficult to deter-
mine experimentally.
Molecular-based simulationapproacheshave a considerable advan-

tage over the empirically-based approaches in that predictions may be
made in the absence of experimental data of any kind, provided one
can construct an intermolecular potential model for the system. Such
models can now be constructed by relatively straightforwardmeans to
within reasonable accuracy. They can be computed either by ab initio
calculations or by a combination of ab initio calculations and an adjust-
ment of some model parameters to conveniently chosen experimental
propertydata. The latter approachusuallyperformsbetter for the ther-
modynamics of the systems and our utilization of this approach for
hydrofluorocarboncompounds is illustrated in Refs. [1, 2, 3].

2 What are Computer Simulations?
Computer simulations are in many respects very similar to real exper-
iments. In a real experiment, we first prepare a sample of the material
that wewish to study. Then, we connect the sample to somemeasuring
instrument, and we measure the property of interest during a certain
time interval. Sinceourmeasurement is subject to statisticalnoise, then
the longer weaverage themore accurate ourmeasurement becomes. In
a computer simulation, we follow exactly the same approach. First, we
prepare a sample i. e., we select a model system typically consisting of
several hundred particles. Then, we either solve Newton’s equations of
motion (in the molecular dynamics method) or we use the Metropolis
algorithm (in theMonte Carlomethod) for the system in hand until the
properties of the systemno longer change with time (i. e., we equilibrate
the system). After equilibration, we perform the actual measurement.
In fact, some of the most common mistakes that can be made when
performing a computer simulation are very similar to those that can
bemade in real experiments (e. g., the sample is not prepared correctly,
the measurement is too short, the system undergoes an irreversible
change during the experiment, or we do not measure what we believe
we are measuring). Computer simulations typically give us informa-
tion about the positions and momenta of the particles in the system.
This information is then converted to observable quantities such as the
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pressure or the internal energy using standard statistical-mechanics
relations.

3 Computer Simulation of Phase Equilibria

3.1 ModifiedGibbs EnsembleMonte CarloMethod
In 1987, Panagiotopoulos suggested thefirst directmethod for the sim-
ulation of phase equilibria, the Gibbs Ensemble Monte Carlo method.
In this method, each coexistence phase is represented by a separate
simulationboxandphase equilibriumconditions (equality of tempera-
ture,pressureandchemicalpotentials)areachievedbyacombinationof
uniqueMonte Carlomoves. The Gibbs EnsembleMonte Carlomethod
hasnotbeenconsideredtobecompetitive to the traditionalapproaches
in their predictive accuracy of the vapor-liquid equilibriumproperties,
primarily a result of the fact that simulated vapor pressures of pure
fluids are very sensitive to the details of the underlying intermolecular
potentialmodel. Wecircumvented theproblemof accurately obtaining
the simulation pure-fluid vapor pressures by incorporating the experi-
mentalpure-fluidvaporpressuredata into theoriginalGibbsEnsemble
MonteCarlomethodasdescribed inRef. [4]. Refs. [4, 5] showedthat the
modifiedGibbs EnsembleMonteCarlomethod improved the accuracy
of the vapor-liquid equilibriumprediction formixtures; the simulation
results were in very good agreement with the traditional approaches as
well as the experimental results. Unlike macroscopic thermodynamic-
basedapproaches such as theWilsonand theUNIFACapproximations,
no experimental information concerning themixtureswas required.

3.2 Gibbs-Duhem IntegrationMethod
In1993,Kofkeproposedadirectcomputersimulationmethodforphase
equilibrium calculations, the Gibbs-Duhem integration method. The
methodcombinesthebestelementsoftheGibbsEnsembleMonteCarlo
technique and thermodynamic integration. For pure substances, given
the conditions of coexistence at a single coexistence point, simultane-
ousbut independent isothermal-isobaricensemblesimulationsofeach
phase can be carried out in succession in order to trace out the entire
coexistence curve. Formixtures, given the conditions of coexistence for
the pure substances at the special temperature and pressure, simulta-
neous but independent semi-grand ensemble simulations are similarly
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carried out in succession to determine the entire phase envelope. In
both cases, simulation parameters are adjusted during the simulation
runinordertosatisfytheClapeyron-typeequation. TheClapeyron-type
equation is a first-order nonlinear differential equation that prescribes
how the pressuremust change with respect to the temperature in order
tomaintain coexistence for the case of pure substances, while similarly
it prescribes how the pressure must change with respect to the species
fugacity fractions in the case of mixtures. The Clapeyron-type equa-
tion is solved by the predictor-corrector method and the integrand is
evaluated using the simulations.
Kofke’s original works combined the Gibbs-Duhem integration ap-

proachwith theMonteCarlomethod and applied themethod tomodel
atomicfluids. InRefs. [6,7,8,9,10,11,12],weusedtheGibbs-Duhemin-
tegrationapproachwiththemoleculardynamicsmethod(themolecular
dynamicsmethodcandeterminedynamicpropertiesof thecoexistence
phaseswhiletheMonteCarlomethodcannot)andappliedtheapproach
to both idealized models as well as real systems. In Refs. [6, 7, 8], the
methodwasutilized togeneratevapor-liquidequilibriumdata forpolar
and nonpolar molecular model fluids. Subsequently, these data were
used in the description of the vapor-liquid equilibria of alternative re-
frigerants [9]. Further, we applied the method to the prediction of the
vapor-liquid equilibria of chlorine modelled with an anistropic poten-
tial [10]; simulation results were in excellent agreement with experi-
ments. Ref. [11] dealt with an application of theGibbs-Duhem integra-
tion technique to vapor-liquid equilibria ofmodelmolecularmixtures.
Finally, we adopted the Gibbs-Duhem integration approach for solid-
fluidequilibriumcalculations inRef. [12]. InRef. [12],wecombinedthe
approachwith the Parrinello-Rahmanmolecular dynamicsmethod for
solid-phasesimulationsandpredictedsolid-fluidequilibria foramodel
molecular system.

4 Simulation of Reaction Equilibria
In 1994, Smith and Tříska, and Johnson et al. independently proposed
the first direct method for the simulation of reaction equilibria, the
Reaction Ensemble Monte Carlo method. After specifying the system
stoichiometry and the thermodynamic constraints, the method only
requires a knowledge of the species intermolecular potentials and their
ideal-gasproperties. Themethod’s simplicityallows it tobereadilyused
for situations involvinganynumberof simultaneous reactionsaswell as
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reactionsoccurringwithinorbetweenphases. Incollaborationwith the
author of themethod Prof.W. R. Smith, we used themethod to predict
reaction and phase equilibria for the reacting mixtures: Br2+Cl2+BrCl;
isobutene+methanol+MTBE [13, 14]. The simulation results were in
very good agreementwith thosegivenby the traditional approaches. In
contrast to these approaches, no experimental information concerning
themixtures was required.
We further demonstrated the generality of the method for predict-

ingthethermodynamicbehaviorofchemically reactingplasmasusinga
molecular-levelmodelbasedontheunderlyingatomicandionicinterac-
tions. WefirstmodifiedandappliedtheReactionEnsembleMonteCarlo
method for the test case of a heliumplasma inRef. [15]. In Ref. [16], we
then calculated new results for the thermodynamic properties of argon
andairplasmas; thesearecomplexsystems involving7and26reactions,
respectively. We calculated the plasma thermodynamic properties for
temperatures up to 100,000K. We also evaluated the contributions of
different aspects of the model to the calculated thermodynamic prop-
erties. We compared the essentially exact simulation results with those
obtained from the Debye-Hückel approximation to assess its accuracy.
Forargonandairplasmas,wehavefoundthat theaccuracyof theDebye-
Hückel approximation results, although reasonable, is generally worse
thanwas observed for theheliumplasmaat a similar pressure. Thiswas
likely due to the effect of larger molecular sizes in the case of the argon
and air plasmas. Also, based on the findings for the helium plasma, we
expect that the errors of the Debye-Hückel results for both the argon
and air plasmaswill increasewith increasing pressure.

5 Simulation at Fixed Total Internal Energy or
Enthalpy

Calculations of theproperties of fluid systemsat fixed total internal en-
ergyoratfixed total enthalpyareother importantproblems inchemical
engineering. Two examples are: (i) adiabatic flash (Joule-Thomson ex-
pansion) calculations for non-reacting pure fluids and for mixtures at
fixed total enthalpy and pressure; and (ii) adiabatic flame-temperature
calculations for reacting mixtures at either fixed total internal energy
and volume, or at fixed total enthalpy and pressure. For such problems
themainobjective is to calculate the system (absolute) temperatureand
other systemproperties.
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InRef. [17], wepresentedanewmethodology forperformingMonte
Carlo simulations atfixed total internal energyoratfixed total enthalpy,
for both non-reacting and reacting systems. The resulting method is
the first to enable the direct solution of such problems. In Ref. [18],
we applied the method to the predictions of temperature changes for
the alternative refrigerant HFC-32 undergoing the Joule-Thomson ex-
pansions in single- and two-phase regions. In Ref. [19], we further
illustrated our methodology on an adiabatic calculation involving the
ammonia synthesis reacting system.

6 Conclusion
It is now 40 years since the first computer simulation of a liquid was
carried out at the Los Alamos National Laboratory in the United States.
The Los Alamos computer, calledMANIAC, was at that time one of the
most powerful available. The first method for phase equilibrium sim-
ulations was proposed in 1987 and the first method for the simulation
of reaction equilibria was suggested in 1994. In recent years, computer
simulation has become a standard tool for predicting the macroscopic
properties of systems. Rapid development and availability of fast com-
puters, progress in ab initio calculations of the interaction potentials
as well as the development of new simulation techniques enable us to
study larger andmorecomplex systemsand theirphasebehavior. How-
ever, wemust bemindful that the intent of computer simulation is not
only to provide us numerical results for the system properties but also
to provide a molecular-level understanding of the system based on the
interactions of the constituentmoleculesmakingup the system. There-
fore, the computer simulation of model systems plays a critical role in
understanding and assessing the effects of various types of molecular
forcesonthesystemproperties. Thecomputersimulationshouldnotbe
regarded as a competitor of experimental andmacroscopic approaches
but rather theirpartner. Apartner thatbrings adeep-molecular insight
into the system properties. We hope that we have contributed to some
extent to this effort.
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Molecular Physics, 1996, Vol. 87, No. 1, 167±187

Molecular dynamics simulations of ¯uorinated ethanes

By MARTIN LI!SAL‹

Thermodynamics Laboratory, Keio University, 3-14-1, Hiyoshi, Kohoku-ku,

Yokohama-shi 223, Japan

and VA! CLAV VACEK

Department of Physics, Czech Technical University, Technicka! 4, Prague 166 07,

Czech Republic

(ReceiŠed 3 April 1995 ; reŠised Šersion accepted 16 August 1995)

DiŒerences in thermodynamic properties are investigated by means of

constant pressure±constant temperature molecular dynamics simulations for

three isomeric pairs of ¯uorinated ethanes : CHF
#
CHF

#
(HFC-134) and

CF
$
CH

#
F (HFC-134a) ; CF

$
CH

$
(HFC-143) and CHF

#
CH

#
F (HFC-143a) ;

and CH
#
FCH

#
F (HFC-152) and CHF

#
CH

$
(HFC-152a). These semi-rigid

molecules have interaction centres at the atomic sites and internal rotation
about the C±C bond. Intermolecular interactions consist of repulsion±

dispersion and Coulombic parts. Molecular dynamics simulations were per-

formed at the normal boiling points and the accord between simulated and
experimental values of the potential energy and molar volume is very good. A

great diŒerence was found between the repulsion±dispersion and Coulombic

contributions to the potential energy for every isomeric pair. A detailed analysis
of the repulsion±dispersion and Coulombic interactions was carried out and

was discussed in relation to the thermodynamic properties. A comparison of the

radial distribution functions, autocorrelation functions and self-diŒusion
coeAcients for these substances is also presented.
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MOLECULAR PHYSICS, 2002, VOL. 100, NO. 15, 2487±2497

REMC computer simulations of the thermodynamic properties of
argon and air plasmas

MARTIN LIÂ SAL1, WILLIAM R. SMITH2*, MICHAL BURESÏ 3,
VAÂ CLAV VACEK4 and JIRÏ IÂ NAVRAÂ TIL5

1 E. HaÂ la Laboratory of Thermodynamics, Institute of Chemical Process
Fundamentals, Academy of Sciences, 165 02 Prague 6, Czech Republic

2 Department of Mathematics and Statistics, and School of Engineering, College of
Physical and Engineering Science, University of Guelph, Guelph, Ontario, Canada

N1G 2W1
3 Department of Physical Chemistry, Institute of Chemical Technology, 166 28

Prague 6, Czech Republic
4 Department of Physics and 5 Computing Centre, Czech Technical University,

167 06 Prague 6, Czech Republic

(Received 21 September 2001; revised version accepted 31 January 2002)

The reaction ensemble Monte Carlo (REMC) computer simulation method (Smith, W. R.,
and Triska, B., 1994, J. chem. Phys., 100, 3019) is employed to calculate reaction equilibrium
in multi-reaction systems using a molecular based system model. The compositions and ther-
modynamic properties of argon plasmas (7 reactions) and air plasmas (26 reactions) are
studied using a molecular level model based on the underlying atomic and ionic interactions.
In the context of the speci®ed molecular model, the REMC approach gives an essentially exact
description of the system thermodynamics. Calculations are made of plasma compositions,
molar enthalpies, molar volumes, molar heat capacities, and coeDcients of cubic expansion
over a range of temperatures up to 100 000K at a pressure of 10 bar, and the results are
compared with those obtained using the macroscopic level ideal-gas and Debye±HuÈ ckel
approximations.
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Direct molecular-level Monte Carlo simulation of

Joule–Thomson processes

MARTIN LÍSAL1, 2, *, WILLIAM R. SMITH3 and KAREL AIM1

1E. Hála Laboratory of Thermodynamics,
Institute of Chemical Process Fundamentals,
Academy of Sciences of the Czech Republic,

165 02 Prague 6, Czech Republic
2Department of Physics, J. E. Purkynĕ University,

400 96 Ústı́ n. Lab., Czech Republic
3Department of Mathematics and Statistics and School of Engineering,

College of Physical and Engineering Science,
University of Guelph, Guelph, Ontario N1G 2W1, Canada

(Received 21 April 2003; accepted 22 May 2003)

We present an application of the recently developed constant enthalpy–constant pressure
Monte Carlo method [SMITH, W. R., and LÍSAL, M., 2002, Phys. Rev. E, 66, 01114] for the
direct simulation of Joule–Thomson expansion processes using a molecular-level system
model. For the alternative refrigerant HFC-32 (CH2F2), we perform direct simulations of the
isenthalpic integral Joule–Thomson effect (temperature drop) resulting from Joule–Thomson
expansion from an initial pressure to the representative final pressure of 1 bar. We consider
representative expansions from single-phase states yielding final states in both single-phase
and two-phase regions. We also predict the dependence of T(P, h) and of the Joule–Thomson
coefficient, � (P, h), on pressure along several representative isenthalps, as well as points on
the Joule–Thomson inversion curve. HFC-32 is modelled using a five-site potential taken from
the literature, with parameters derived from ab initio calculations and vapour–liquid
equilibrium data. The simulated results show excellent agreement with those calculated
from an international standard equation of state.

MOLECULAR PHYSICS, 2003, VOL. 101, NO. 18, 2875–2884

30



AdiabaticMonteCarlo Simulation
of Ammonia Synthesis Reaction∗

Martin Lísal,1,2 andWilliamR. Smith3

1E. Hála Laboratory of Thermodynamics, Institute of Chemical Process Fun-
damentals, Academy of Sciences of the Czech Republic, 165 02 Prague 6, Czech
Republic
2Department of Physics, J. E. Purkyně University, 400 96 Ústí n. Lab., Czech
Republic
3Department ofMathematics andStatistics, andSchool ofEngineering, College
of Physical and Engineering Science, University of Guelph, Guelph, Ontario
N1G2W1,Canada

Abstract

We describe the implementation of a recently developed Monte Carlo
algorithmforthemolecular-basedcalculationoffluidpropertiesatcon-
stantenthalpy[W.R.Smith,andM.Lísal,Phys.Rev.E66,01114-1(2002)].
We apply the algorithm to the calculation of the composition and adi-
abatic flame temperature for the industrially important ammonia syn-
thesis reaction.

∗Submitted toMolecular Simulation, 2003.


