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We report direct Monte Carlo simulations of a chemical reaction system with bimolecular and
termolecular dissociation and recombination reactions of the typeAB=M+A+B. The
simulations are carried out at the molecular level using a simple flexible reaction model for
termolecular reactions satisfying all the requirements of momentum and energy conservation,
microscopic reversibility, and equilibrium. Energy transfer among reactants and products is
included. The method is especially useful for treating reaction systems with nonequilibrium
distributions and coupled gas dynamic-reaction effects. For systems with thermally equilibrated
reactants the observed behavior is identical to that predicted by conventional methd®950©
American Institute of Physics.

|. INTRODUCTION and of termolecular recombination

In earlier studies™® we have found the direct Monte M+A+B—M+AB. )
Carlo simulation methdd® to be well suited for treating
chemical reaction systems with nonequilibrium distributions,Réactions1) and(2) are overall reactions which may occur
coupled gas dynamic-reaction effects, and many other effec®S elementary steps exactly as written or may occur in a
difficult or impossible to treat in any other way. The systemsSeduence of elementary steps, but they must be sufficiently
examined thus far include simple bimolecular reactions, infast to be completed in the time available before further en-
ternal energy transfers and relaxation, a Lindemann-COUNters.
Christiansen unimolecular reaction, and an energy-dependent | addition we include the exchange of energy among
unimolecular reaction. Each of these prior studies was cathe SpeciesA, B, AB, andM in bimolecular collisions ac-
ried out with bimolecular collisions. The inclusion of termo- cording to the reactions

lecular collisions requires a somewhat different approach, l+J14J 3)
and one method for including them has already been '
proposed’° wherel =A,B,AB,M andJ=A,B,AB,M.

We report here the development and testing of a new  Although complex molecular interactions might be
method for treating termolecular reactions in the directreadily utilized we treat the aton#s B, andM as well as the
Monte Carlo simulation of dissociation-recombination reac-moleculeAB as hard elastic spheres in their nonreactive col-
tions of the typeM + AB=M + A+ B. These reactions are lisions with other. Each has a single state. The molediBe
important in systems such as flames and explosions, shod& dissociated only in collisions with the atoM and the
waves and detonations, laser media, and the uppeequired dissociation enerdy;.is provided by translational
atmosphere—systems far from equilibrium for which directenergy. The reverse reaction of recombinationAoind B
simulations are most useful. occurs only with atoniM as the third body.

We have given a complete description of the direct = Nonreactive bimolecular collisions are treated as in our
Monte Carlo simulation technique in earlier wdri The  earlier calculations. The cross section for collisionsSig
usual differential equations of gas dynamics and chemicahnd collision partners are selected with a probability propor-
kinetics are eliminated and a real system is simulated by thgonal to the product of their collision cross section and rela-
motions and collisions of many fewer molecules in a scaledive velocity. In collisions their center-of-mass velocity is
system having dynamic similarity with the real system. Theconserved and, as appropriate for hard spheres, the relative
method is exact in the limit of small time steps and small cellvelocity is conserved in magnitude but randomized in direc-
sizes. The combination of an efficient sampling techniqudion. For thermal equilibrium the rate of bimolecular colli-
introduced by Birf with high speed computers has madesions is given by
possible the simulation of a number of gas dynamic and

1/2
chemical reaction systems previously impossible to analyze. g _ ( :;T ) S Jniny, ()
1,Jd
Il. THEORETICAL BASIS wherey, ; is the reduced mass for the-J pair andn, andn,

. . L o are the number densities of specieandJ.
We consider the general dissociation-recombination re- . : . L
Potentially reactive bimolecular collisions are selected as

action of the typeM + AB=M + A+ B with the specific re- . .
. . . o part of same procedure used to select nonreactive bimolecu-
actions of bimolecular dissociation o . . : .
lar collisions. Reaction(1) is treated with a line-of-centers
M+AB—M+A+B (1)  model in which reaction occurs with probabiliB; for col-
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lisions with a kinetic energy along the line-of-centers greatetion (2) is biased by the relative velocityy 5_g . For a ther-
than an energ¥*. The reaction cross section, which might mal distribution of reactants the resulting distributions for

be obtained in other ways, is given by
$1=0, En<E*, ©)
S1=P1Su as(1—E*/Er), Ep=E*, (6)

whereE,, is the relative initial kinetic energy fdvl andAB.

Under conditions of thermal equilibrium the rate constant for,

reaction(1) is given by
_( 8kT
! THUM,AB

The termolecular recombination reaction, reacii@n is
treated in terms of a bimolecular collision of atdvh with
the center of mass of a pair of fréeandB atoms, identified
as A—B. Reaction occurs with probabiliti, for all colli-
sions ofM with A—B in which the distance betwe#nandB
is less than a critical distaneg . The probability of finding
A-B with a distancer ,_g less thanry is given (approxi-
mately by the ratio of the voluméar3 to the volumeV,, of
the cell containingA and B. Since A and B will normally
have an attractive interaction the probability of findihgB

1/2
%
) P1Su.age” F *Dnynag. (7)

within a distance g will normally be greater than that ratio,

but one can simply adjusk to compensate. In effeaty is a

molecules which react are
P(Eag.Em.a-B)

~e (Eas*Ema-) /KTy i,BU " A-pdvagdoy a_g (15
~e (Fas*Eua-s) /kTE/lxl,éEM A-gdEagdEy a5, (16)

wherev , g anduvy a_g are relative velocities ané, g and

Ewm a_g are the corresponding kinetic energies. The two rela-
tive kinetic energies may be expressed as their sum,
Ei=Eapg*Enm a_s, and the fractiorf in E, 5. In terms of

the sum and the anglé defined byf =co< 6, the distribu-
tion becomes

P(Eag,Emag)~e E/KDEY? cod 6 sir? 9dEd6.
17

In reaction (1) the energy available for distribution
among the reaction products consists of the center-of-mass
energy, which is fixed, and the relative initial kinetic energy
for M + AB less the dissociation energy, which is available to
A, B, and M as kinetic energy relative to their center of
mass. Equatioril7) governs the distribution and it may be
used as the basis for selecting these energies.

For reaction(2) the energy available to the reaction

free variable for fixing the reaction probability. The crossProductsM andAB is their center-of-mass energy, which is

section for the reaction dfl with A—B pairs is given by
$=0, rag=rg, (8)

S$,=PySua-8: Tras<rgr- 9

fixed, and the sum of the relative initial kinetic energie#\of
B, andM and the dissociation energy, which becomes the
kinetic energy of separation of the produttsand AB.

The variations in cross sections for these reactions with
reactant velocities and the distributions of reaction products

Under conditions of thermal equilibrium the rate of reactionare self-consistent. Momentum and energy are conserved and

(2) is given by

4 3
gkT |12 7 TR
Ro= ( WMM,AB) P2Sw,a-B v, NwNa-B (10
or
8KT |2
2= ( WMM,AB) P2Su.a-B 3 7 ENMNANG . (12)

the reactions are microscopically reversible.

lll. CALCULATION PROCEDURES

The calculation procedures described for previous work
require only a few modifications. A termolecular collision
clock is required in addition to the bimolecular collision and
translational motion clocks used earlier. The translational
time is advanced one step and each molecule is moved ac-
cording to its velocity. Bimolecular collisions are then se-

The rate constants and the equilibrium constant for readected and the bimolecular clock is advanced for each colli-

tions (1) and(2) are given by

8kT |2 .
ki= AR P1Su.ase” E /KD, (12
8KT |12 4
ko= A P2Su a-8 3 ™R (13
and
PlSM’ABef(E*/kT)
Keg= : (14

43
P2Su a-B37TR

The distribution of relative velocities fok andB which

participate in reactiori2) is an unbiased distribution identi-
cal to that forA—B pairs in the reaction cell. The distribution

of relative velocities foiM and A—B patrticipating in reac-

sion until the bimolecular collision time passes the
translation time. Termolecular collisions are then selected
and the termolecular clock is advanced for each until the
termolecular collision time passes the translation time. The
process is repeated to continue the simulation.

The time advancétg for bimolecular collisiongreac-
tive or nonreactiveis calculated as in previous work accord-
ing to

2V, 1 1
BT 5 . N2

SiviaN
whereV, is the cell volume andN is the number of mol-
ecules in the cell.

The time advanc@éty for termolecular collisiongreac-

tive) is calculated in a similar manner using a rearrangement
of Eq. (11),

At (18)
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At VC l 1 l VC (19) T T T T T T
T P2Su,a-8 Um,a-8 Nm Na_p 4 3 4009
5 TR
3
3500
or e
V2 1 111 1 (20 % 3000
P2Sw,a-8 Um,a-8 Nm Na Ng f 3' §
3 TR T 2500
The magnitudes of the relative velocitieg A for the
products of reactiori2) andv, ; for the products of reaction 2000
(3) are fixed by the energy available. The directions of these
relative velocities are taken as random. 1500F——1 65— % %5 3
The selections of the relative kinetic energiesiibrrela- 110™® sec

tive to A—B andA relative toB for the products of reaction

(1) are made according to E¢L7). The sum of the energies FIG. 1. Variation of concentration &B with time for reaction at 2000 K as

; otr _ (1 determined by direct Monte Carlo simulation. Squares, starting from mix-
E, is distributed asE,p=f Et and Ey ag=(1-f ),Et ' ture ofM andAB. Circles, starting from mixture d, A, andB. The solid
where f=cog 6. The angled is selected at random in the |jines are the corresponding analytic solutions. Conditions are listed in

interval (0,7/2) and retained with a probability proportional Table I.
to cos ¢sir’ 6.
Our test calculations were carried out as simulations of

homogeneous isotropic reactions using a single cell. The cal- _
g b 9 g The approaches to equilibrium from an excessAd

culations were normally begun with the initial mixture of . . .
gases at thermal equilibrium. In the course of reaction nonf-%nd fr<_)m an excess ¢t B were mves’ggated under cond|-_
equilibrium distributions of reactants and products may oc—t'f)nS I_|sted in Table 1. For thr—__\se CO”O"“‘?_”S there wa_s_sufﬂ-
cur and the temperatufer its equivalentof the system may cient inert gas and the reaction probability was sufficiently

change. In some cases it was useful to use an excess of iné?g:véza;nrc]ie;r:t%l:rl:Ibe“rl;TJrgic;(gt)r/naﬂfggizzzor:]:ayerc%nc;tt)ént
gas and to scale the species velocities periodically in order t3 P y '

produce near-equilibrium distributions and fixed tempera—t ;I"he ;/arlatlons_otf conc:ﬂntrat&ozév ith gmf fct)'r spfecﬁeB
tures. This allowed direct comparisons with analytic soly->tarting from a mixture olvi- an and starting from a

tions for isothermal systems with equilibrium distributions. m'XtWe of M, A, and B. are shown in Fig. 1. The analytic
solutions for thermal distributions of reactants and products

are also shown. The agreement between the Monte Carlo and
the analytic results may be seen to be excellent. The equilib-
rium values attained in the simulations are equal to the inde-
We made a number of test calculations in order to expendently calculated equilibrium value.
plore the method. Some of the results are given here. Similar sets of Monte Carlo calculations for near-
equilibrium conditions were used to obtain rate constants for
the dissociation and recombination reactions and equilibrium

IV. TEST CALCULATIONS

TABLE |. Reaction conditions.

ReactionsM +AB—M+A+B (1)
M+A+B—M+AB (2)
Molecular types: All hard spheres, single states 7+ -
Dissociation energy ofAB: 20 kcal/mol
Massesm,=50, mg=50, my, =50 g/mol
Reaction:M + AB, dissociation with probability?;=0.1
if line-of-centersE>20 kcal/mol
M +,§+ B, see text, probability?,=0.1
37t §=1/4000
Boundaries: Constant volume, isolation, except that constant
temperature maintained by periodic adjustment of L 4
translational energies
Volume: V=1.0 cn?
Bimolecular collision cross sectiorisimulation: 1.0 cn? 3
Number of moleculegsimulation:
(initial M +AB) 8000M, 4000AB .
(initial M +A+B) 8000M, 4000A, 4000B 3 4 5_| e 6 7
Temperature: varied, 1500—-3000 K T
Rate constant&2000 K):
k,=2.82 (molecule/crd) ts? FIG. 2. Rate constants for dissociation reactitvh;- AB—M +A+B, at
k,=73.5 (molecule/crd) 25! several temperatures. Circles, from direct simulation. Solid line, from ana-
lytic expression.

ink,

N
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T | T T T T T T program, and easy to execute. Our treatment of dissociation
and recombination was limited to a single state for the mol-
ecule AB, but the inclusion of multiple states is not a par-
ticularly difficult or complex task. The flexibility of the
method is such that can adapted to any real system for which
detailed reaction rate information is available.

2
ke, {molecules/cm3) “sec™!
H
T
!

W
T
|
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