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Direct Monte Carlo simulation methods for nonreacting and reacting systems
at fixed total internal energy or enthalpy
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A Monte Carlo computer simulation method is presented for directly performing property predictions for
fluid systems at fixed total internal enerdy, or enthalpy,H, using a molecular-level system model. The
method is applicable to both nonreacting and reacting systems. Potential application§laedtabatic flash
(Joule-Thomson expansipralculations for nonreacting pure fluids and mixtures at fixddR), whereP is
the pressure; an@) adiabatidflame-temperatujecalculations at fixed,V) or (H,P), whereV is the system
volume. The details of the method are presented. The method is compared with existing related simulation
methodologies for nonreacting systems, one of which addresses the problem involving fixing portibas of
of H, and one of which solves the problem at fixdcconsidered here by means of an indirect approach. We
illustrate the method by an adiabatic calculation involving the ammonia synthesis reaction.
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Calculations of the properties of fluid systems using aBoltzmann’s constant. The dependent variable is the dimen-
molecular-based model at fixed total internal enetgjyor at  sionless Helmholtz energy3A. The goal is to perform a
fixed total enthalpyH, are important problems of both the- simulation at a specified value of8A)/Jx, wherex is one
oretical and practical interest. Two examples @peadiabatic  of {N;,V,B}; these derivatives are given b§y(BA)/IN;
flash (Joule-Thomson expansipgalculations for nonreact- = gu; (where u; is the chemical potential of specigé},

ing pure fluids and for mixtures at fixedH(P), whereP is  9(BA)/dV=— BP andd(BA)/dB=U. Although simulation
the pressure, an?) adiabatic flame-temperature calcula- methods implementing constant values of the first two de-
tions for reacting mixtures at either fixetd (V), whereVis  rivatives are well known2], we consider all three cases
the system volume, or at fixedd(P). For such problems a from the same viewpoint to obtain the proposed approach.
main objective is to calculate the systéabsolute tempera- The proposed method involves combination of the usual
ture T and other system properties. particle displacement moves during ax,; (V,8) simulation

In this paper, we describe a methodology for performingwith moves to fix the specified value of the derivative,
Monte Carlo simulations at fixed or at fixedH, for both  9(B8A)/dx, wherex is a member of the seiN;,V,5}. In
nonreacting and reacting systems. The resulting methods enrder to obtain the appropriate acceptance probability for
able the direct solution of such problems. We compare outhanges in the variabbe (x moves,Ax), we employ meth-
approach with existing related simulation methodologies forodology similar in spirit to that used by the virtual-
nonreacting systems, one of which addresses a differemfarameter-variation approach for calculatifig8A)/dx in a
problem of fixing portions olJ or of H, and one of which  simulation [3]. Here, we consider solving the problem at
solves the problem at fixed considered here by means of hand as a strategy for solving the nonlinear equation

an indirect approach. For reacting syste(nst considered

by existing methods we describe how to implement in con- of

junction with our approach the reaction-ensemble Monte &_dzo @)
Carlo method(REMC) [1]. To illustrate our methodology,

we provide an example of an adiabatic calculation involvingfor x, wheref=S8A andd is the specified value of the de-
the ammonia synthesis reacting system using a molecularivative. This is equivalent to solving the equation

based model.

<exp<5—d)>=l, (2)
. SIMULATIONS AT FIXED U AND FIXED H

where the angular brackets denote a canonical-ensemble
We consider the independent variables of a Monte Carlgjmulation average.
canonical-ensemble simulation as the §¥f,V, s}, where We assume there is a unique solution to B, and con-
N; is the number of particles of specieg=1/(kT), andkis  sider the two cases whéiis either strictly convex or strictly
concave with respect ta Whenf is convex, solving Eq(1)

corresponds taninimizing Hx) with respect tax, where
*Electronic address: wsmith@gibbs.mathstat.uoguelph.ca

TElectronic address: lisal@icpf.cs.cz F(x)=f(x)—dx. 3)
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In this case, the acceptance probability for a chafigen-
volving Eq. (2) is

Peove AX)=min[ 1,exg —AF)]

e (2]

], (4)

where the subscript 0 denotes the current simulation value,

Whenf is concave, solving Eq1) corresponds tonaximiz-

ing F(x), or equivalently tominimizing—F(x). The accep-

tance probability for a chang&x involving Eqg. (2) in this

case is
Peoncavk AX)=min[1,exg AF)]
] . (5)

of
=min{1,ex% —) —d)Ax
X 0

BA is a convex function oN; andV, due to the material

and mechanical stability conditions, respectivig}y; and the

resulting acceptance probabilities for implementing simula

tions at constanx=u; and at constank=P match the

known result2]. Unlike the situation for the first two vari-
ables, BA is a concavefunction of 8, due to the thermal
stability condition[4], and for a simulation at constant speci-

fied total internal energy, i.e., at fixedN(,V,U), we must
use Eq.(5). We set

U=U'®+y, (6)

where |G denotes the ideal-gas value, &b the configu-
rational energy. The acceptance probability for a chahge
is then

PAR)YVI=min{1,exd (U +Uy—U*)AB]Y,  (7)

where the superscript * denotes the specified value.
For a simulation at fixedN; ,P,H), we set

f=BA+ BPV=jG,

il =U+PV=H=H'S+U+PV N €S)
P - B’

where G is the Gibbs energy ani is the total number of

particles in the system. Sin@G is a concave function g8,
Eq. (5) gives the transition probability for a change3 as

PAB)ITE

-

IG N
H+ U+ P*Vo— E—H*)ABH. 9)

In the above, the IG values are conveniently obtained

from tabular compilations of thermochemical dq& and
the definitions

\B
H'®=2> —h°, (10
T Na
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T

hi'G=AHfi(298.15+f (12)

Cpi(T)dT,
298.15

U'C=H'S—NKT, (12)
whereAHy; is the molar enthalpy of formation of specigs
Cp; is its molar heat capacity, ard, is Avogadro’s constant.
Simulations at specifiedN;,V,U) and (N;,P,H) thus
entail simulations in theN;,V,8) ensemble involvings
change moves with transition probabilities given, respec-
tively, by Egs.(7) and (9), in addition to the usual particle
translational and rotational moves, and volume change
moves to fixP if appropriate. Finally, if chemical reactions
occur in the system, they may be implemented by including
reaction moves via the REMC methodology.

II. COMPARISON WITH EXISTING SIMULATION
METHODS FOR NONREACTING SYSTEMS

Ray and Grabef6] developed approaches for performing
a simulation at a specified value of the sum of the system

kinetic energy and the configurational energy, and at a speci-
fied value of the sum of these quantities @d. The system
kinetic energy corresponds t6/2)N/ 3, wheref is the num-

ber of degrees of freedom per particle. The specified quanti-
ties donot correspond to the total internal energy and total
enthalpy, respectively, since electronic energy-level contribu-
tions to U'® in the case atomic fluids, and vibrational and
electronic energy-level contributions 10'® in the case of
molecular fluids ar@otincluded(rotational energy levels are
treated approximately Kristof and Liszi [7] used the ap-
proach of Ray and Graben to formulate an alternative Gibbs-
ensemble method for calculating vapor-liquid equilibria, a
different problem from that considered here.

Escobedo and Chef8] developed a method based on
thermodynamic integration for calculating the properties of
pure fluids and mixtures at fixed (in principle, a similar
approach could be implemented at fixgd, using

(dT) _ N - v
dP/,, NaCp b '

This approach can be used to perform &hR) calculation,
but it requires integration from an initial stat&{,P,) de-
fining H, involving a sequence of simulations to calculate the
integrand of Eq(13) at intermediate state points.

NV
( (13

aT

IIl. EXAMPLE: ADIABATIC SIMULATION OF AMMONIA
SYNTHESIS REACTION

As an illustrative example of our methodology, we con-
sider ammonia synthesis
N, + 3H,=2NH; (14
in an adiabatic flow reactor, with the inlet stream consisting
of a stoichiometric feed of Nand H, at the temperature

T,,=298.15 K and the pressuRe=1000 bars, correspond-
ing to an inlet enthalpyH;, . The adiabatic reaction tempera-
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ture occurs at the reactor exit when the exit stream is amine the value of the enthalgy;,, calculating itvia Eq. (8).
reaction equilibrium and the value of the total enthalpy at the/Ve then carried out a combine¢i(P) and REMC simula-

exit is unchanged from that at the inléte,=H;, [9]. tion at this value oH.

; i ) The inlet stream enthalpy was determined as 0.8861
We modeled nitrogen as a two-site Lennard-Jofleh +0.0081 kJ mol!, and the exit temperature was calcu-

frg:)lﬁgule with the addl.tlon of three point c.:harges. to accounf;ted to beT,,=850.9+ 1.5K. The exit mole fractions were
quadrupole, using the molecular interaction paramy(N2)=0.146tO.001, y(H,)=0.438+0.001, andy(NHx)
eters of Vrabeet al.[10]. The hydrogen molecule was mod- =g 416+0.002. The importance of the nonideality contribu-
eled as a single LJ sphere with the addition of three pointions is illustrated by the fact that adiabatic calculations in-
charges to account for its quadrupole, using the moleculavolving an ideal-gas model yield an exit temperature of
interaction parameters of Darkrim and Levesqa&]. For ~ 798.5 K, exit mole fractiong/(N,)=0.155, y(H,)=0.465,
ammonia, the model of Gaet al. [12] was used, consisting andy(NH;)=0.380.

of a LJ plus negative point-charge site to represent the nitro-
gen atom, and three positive point charges to represent the

three hydrogen atoms. The IG quantities involved in Egs. This research was supported by the Grant Agency of the
to (12) were taken from the JANAF thermochemical tables(.:zech Republic under Grant No. 203/02/0805, by the Na-
. . . ional Research Council of Canada under Grant No.
[5] and the simulations were performed using 500-100 GP1041, by NATO Collaborative Linkage Grant No.
molecules. _ _ PST.CLG.978178/6343, and by the SHARCNET computing
We first carried out a simulation at constai; (P,8) of  facility of the University of Guelph. We thank Dr. Jir

a system corresponding to the inlef ¥, mixture to deter-  Kolafa for fruitful discussions and many valuable comments.

ACKNOWLEDGMENTS

[1] W. R. Smith and B. Tiska, J. Chem. Phy400 3019(1994; [7] T. Kristof and J. Liszi, Chem. Phys. LetR61, 620 (1996

M. Lisal, I. Nezbeda, and W. R. Smitijd. 110, 8597(1999. Mol. Phys.94, 519(1998.

[2] M. P. Allen and D. J. TildesleyComputer Simulation of Lig-  [8] F. A. Escobedo and Z. Chen, Mol. Sim@, 395 (2007).
uids (Clarendon Press, Oxford, 1987 [9] J. R. Elliot and C. T. LiraJntroductory Chemical Engineering

[3] H. L. Vortler and W. R. Smith, J. Chem. Phy$12 5168 Thermodynamics(Prentice Hall, Upper Saddle River, NJ,
(2000). 1999, p. 497.

[4] J. S. RowlinsonLiquids and Liquid Mixtures(Butterworth, [10] J. Vrabec, J. Stoll, and H. Hasse, J. Phys. Cheh0% 12 126
London, 1969. (2002.

[5] M. W. Chase Jr., NIST-JANAF Therochemical Tabl@sPhys. [11] F. Darkrim and D. Levesque, J. Chem. Phy/9, 4981(1998.
Chem. Ref. Data Monogr. @.998]. [12] J. Gao, X. Xia, and T. F. George, J. Phys. Ch&@f, 9241

[6] J. R. Ray and H. W. Graben, Phys. Re\34 2517(1986); H.

1993.
W. Graben and J. R. Ray, Mol. Phy&0, 1183(1993. (1993

011104-3



