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Abstract q = generalized coordinates
r = position vector

The vibrational energy distribution and the degree ofe=Mmean bond length

dissociation within a system of hydrogen and oxygerfij = POSition vector between atoms i and |
molecules was modeled using molecular dynamicé = time

(MD). The first step in this process was to model thel = temperature

atomic and molecular interactions. Since hydrogen an# = intermolecular potential

oxygen form diatomic molecules, vibration is the onlyV = velocity vector

intramolecular force that must be computed. The Mors¢/ = intramolecular potential

potential is used to perform this calculation. Atomica = degree of dissociation

interactions outside the molecule are modeled using th@g = Morse parameter

Lennard-Jones potential. The vibrational energy levet = Lennard-Jones energy parameter
distribution of this model demonstrated excellentg, = vibrational energy

agreement with the Boltzmann distribution. In thisy = quantum energy level

molecular dyna_mics simulation, dissoc@atiorj occursg, = characteristic dissociation temperature
when the potential energy between two vibrating atoms, = gensity

exceeds a critical ve}lue. Rec.omb|_nat|on is also possibl . = characteristic density

between two prewousl_y dissociated atoms by th = Lennard-Jones size parameter
reverse mechanism. This process enables a system(}g: spacing of vibrational energy levels
start in a state of molecules and proceed to an- "' . i
equilibrated state of atoms and molecules. Thée®e = first anharmonic correction
molecular dynamics simulation accurately modeled .
both the rate of dissociation and the ratio of species at Introduction

equilibrium. Finally, a system of both hydrogen and » )

oxygen was simulated. The results of this simulation The ability to model a combustion process
were compared to the CET code and showed excellefimerically is very important to the development of
agreement. This investigation demonstrated that simpi$!ture propulsion systems. For example, a computer
chemical reactions in relatively large systems can b&odel would be useful in cases where an analytical

modeled using molecular dynamics. solution was not valid or an experiment was too
difficult to perform. One method of modeling chemical
Nomenclature reactio_ns through computer simulation is molecular

— dynamics.

The first step in simulating a reacting gas by
molecular dynamics is determining how vibrational
energy is distributed among the atoms. Once this is
accomplished, modeling simple reactions is possible.
One of the least difficult reactions to model is the
dissociation and recombination of a homonuclear
diatomic species such as hydrogen and oxygen.

a = acceleration vector
C; = rate constant

D = dissociation energy
E, = Morse parameter

f = intermolecular force
g = degeneracy

H = Hamiltonian

k = Boltzmann constant
L = Lagrangian

m = atomic mass

Molecular Dynamics

n = rate constant Molecular dynamics is the numerical simulation of
N = number of molecules atomic and molecular motions and forces in a system.
N"™ = number of molecules in a particular energy level By observing the trajectories of these particles, many

p = momentum thermodynamic and fluid mechanical properties can be



calculated. The main advantage of this technique is thaxperiments, the intramolecular potential is required to
its accuracy is only dependent on the selection of ahave a potential well at the mean bond length and
intermolecular potential and the precision of theapproach the dissociation energy as the atoms become
numerical integrator. No physical properties need to bénfinitely separated. Also, like the Lennard-Jones
known nor assumptions made about the simulate@otential, it must go to infinity as the atoms approach
medium. However, the disadvantage is that the size afach other. One such model that conforms to these
the molecular systems must be extremely small. This ispecifications is the Morse potentfalhis potential is
due to the large number of force calculations that muggiven by
be made.
_ Modeling the atomic potentials is one of _the most V(r): De—Zﬁ(r—re) _2De—ﬁ(r—re) +E
important parts of a molecular dynamics simulation. ®
This particular investigation deals with atoms that are ) ) . ) )
free to vibrate within the molecules. Such a systenYVhere D is the dissociation energy, r is the internuclear
requires both intermolecular and intramolecularS€paration,dis the mean bond length aficand E are
potentials. The intramolecular potential is utilized inconstants computed from spectroscopic data. Unlike
computing the forces between two atoms of the samkennard-Jones, the Morse potential is based on four
molecule, while the intermolecular potential is used toParameters. The differences between the two potentials
calculate forces between atoms of different molecules. €@n be seen in Figure 1. This figure shows that the
depth of the Morse potential well compared to its long
Intermolecular Potential range p_o.tential is far greater than Fhat of Le_nnard-Jones.
In addition, the Morse potential permits smaller

In molecular dynamics, the potential is taken to beseparatlon distances between the atoms.
pairwise additive. This means that the total energy ir
the system is a sum of the isolated two-body 25%1%
contributions. Three body and higher terms are usuall
neglected because of the vast increase in computation
time and their relatively small influence on gaseous 2
systems. The most commonly used pairwise additive
potential, u, for modeling intermolecular forces
between atoms separated by a distarces the one
proposed by Lennard-Jonks.

(W%ﬂ@@zg; ®

This potential produces a short range atomic : : : : :
; : ! 1 15 2 25 3 35
repulsion which simulates the overlap of electron rij (m) <1070
clouds and a long range attraction due to induce

. i . ?ﬁigure 1. Morse and Lennard-Jones Potentials
dipoles. The only adjustable parameters are a size

parameterg, and an energy parameter,Both of these FEinite Difference Method
values are a function of the species being simulated:
Since the intermolecular forces are necessarily . .
conservative, the force resulting from the above Onpe the pqtenUaIs have been estabhshed, the
potential is equations of motion can bg produced. One typ|ca! form
of the equations of motion in molecular dynamics is the
Hamiltonian® The Hamiltonian is defined in terms of

®)

1.5}

Lennard Jones

Energy (J)

a 3 O : . X
f(r) __ d(l;(rr) _ 24§ gégg _ Egg% ) the Lagrangian L and a set of generalized coordinates q
H(p’,C]’)= qu Px -L(ﬁlﬁ) 4)
Intramolecular Potential

The potential between two atoms of the sameWherepls the momentum and is given by
molecule differs slightly from the intermolecular
potential. In order to conform to spectroscopic



aL % -&, /KT
P = ) N"_ ge (13)
a9, N 2ge”
and where N'*/N is the fraction of molecules in a particular
level, g is the degeneracy, is the vibrational energy,
: _6_H s _a_H 6.7) K is the Boltzmann constant and T is temperature. For
qk - pk - ( 1 ) . . . . . .
op, aq, vibrational energy distribution, there is no degeneracy.

This means that there is only one state per level isr g
In terms of Cartesian coordinates, the equations ofnity. . L . .
; However, since vibrational energy increases in
motion become . . . .
discrete increments, a relationship must be formed
- between the quantum energy levels and the vibrational
ﬁ -k f)i =-Ou=f (8,9) energy. This relationship is given by
m
These equation of motion must now be integrated to &, :a)e(v +.5)— xea)e(v +.5)2 -.5w, +.25x.w, (14)
obtain the trajectories of the atoms. One of the most
common finite difference methods is the velocity Verletynerey is the quantum energy leved, is the spacing
algonthm. This technique has the.advantgge of belmgjf the vibrational energy levels, angux is the first
third-order accurate even though it contains no thirds,narmonic correctioh.
order derivatives. The velocity Verlet is a two step | conrast, the molecular dynamics code outputs
process. First, the position is advanced one time stefprational energy which must then be converted to
and the velocity is advanced half of a time step. discrete quantum levels by solving equation 14vfor
, This operation is performed on every molecule at every
r(t +At): r(t)+v(t)At +—a(t) (10) Flme step. One further pqmpllcatlon is thamust be an
integer. The most efficient method to convett is
B At HZ At simply to truncate it. Truncat!on ensures that t.he zero
v +— = v(t)+—alt) (11)  energy level bin is equal in size to the other bins. The
O 20 2 last step is to count the number of molecules in each

energy level. At this point the results can be compared
At this point, the forces are computed and velocity igo kinetic theory.

advanced another half time step.

Reactions

At At
+ = + — — + 12
v+ o) V% 20 2 alt+a) (12) The second part of this investigation focuses on

modeling simple chemical reactions using molecular

This method offers simplicity and good stability for dynamics. The flrst step is to simulate the dl_ssoc_latlo_n

a relatively large time step. The velocity Verlet and recombination of a single molecular species, in this
algorithm also has the advantage that it is relativelyf@Se, hydrogen and oxygen. Then, the complexity is

easy to program and requires little computer memory{ncreased by running a simulation that contains both

These qualities are essential when modeling largBydrogen and oxygen and observing the reactions that
numbers of atoms. occur in this dual species system.

Kinetic Theory

Vibrational Enerqgy Distribution

According to kinetic theory, dissociation occurs
The first goal of this molecular dynamics simulation When a second body impacts a molecule at a sufficient

was to model the vibrational energy distribution within €N€rgy level. In the case of a single species system,

a system of oxygen molecules. Vibrational energy i€Nly one type of atom is present, which means the

distributed in discrete energy levels according to the€cond body can be either another molecule or another
Boltzmann distributiors. atom. If the impact occurs with an energy greater than

the dissociation energy of the molecule, the molecule
dissociates.

Similarly, recombination is modeled as a three body
reaction. The first two bodies are atoms, while the third



is another atom or molecule. When the three bodies The method chosen for this molecular dynamics
collide, energy is released as the two atoms combineode was ‘curve hopping®® Dissociation takes place
This energy is then transferred to the third body in thevhen the potential between two atoms of an oxygen
form of translational motion. This type of reaction is molecule exceeds some critical value. The point at
less common than dissociation because it involves thevhich this occurs is relatively ambiguous because it is
collision of three bodies. Hence, an equation can bdifficult to explicitly define the point on the Morse
formed to describe the degree of dissociation in gotential curve where the molecule dissociates.
system of diatomic molecules as a function of tme. ~ Therefore, in this simulation, a molecule is said to
dissociate when the potential between the two atoms
da C, o P o0 reaches 96% of thg dissociation energy. This value was
—:—T”pgl—a)e @ -—a g (15)  chosen because it produced suitable agreement with
. m 0 Ps O kinetic theory. However, the results were only slightly
affected by varying this ratio between 90% and 99%.
In this equation, € and n are experimentally As dissociation occurs, the atoms jump from the Morse
determined rate constants. In addition, a similato the Lennard-Jones potential, hence ‘curve hopping'.
equation can be formed for the equilibrium degree of Recombination of atoms is performed in the
dissociation. opposite manner. When the potential between two
dissociated atoms decreases below 0.5 kT, the atoms

a*? @9l combine to form an oxygen molecle.When
1-a* = 0 O recombination occurs the potential between the two
(16) atoms is switched from the Lennard-Jones to the Morse
O kg’z Q:fu potential.
H!“ O,/ L . " .
W‘D h g @rﬁ(l_ee T) Qe;a g Both recombination and dissociation require a
B o O change of potential surface for the two atoms involved

in the process. When this switch occurs, there is a jump
In this equation,a* is the equilibrium degree of in the potential energy of the constituent atoms. To
dissociation, @4 is the characteristic temperature of account for this, the atoms’ velocities are scaled to
dissociation, T is the temperatupeis the density, m is adjust their kinetic energy to match the change in
the atomic mass, k is the Boltzmann constant, h is theotential so the total energy of the system remains
Planck constant®, is the rotational characteristic constant. Subsequently, as the atoms move with their
temperature, ©, is the vibrational characteristic N€W veloc.ltles., they affect their neighbors. In the case
temperature, @ is the atomic electronic partition of recombination, the energy released by the creation of
function, and Q™ is the molecular electronic partition @ 0xygen molecule is transferred to the surrounding
function. However, this is a very complicated &oms by this process. Therefore, no third body is
expression and can be simplified by the Lighthill 'equired for recombination to occur.
approximatior?. Lighthill found that the value of the

bracketed expression remained relatively constant and Molecular Dynamics Simulation
could be given bypy, the characteristic density. This
simplifies Eq. 16 to the form. Two different types of codes are used in this
molecular dynamics simulation. The first is a
a*? e T vibrational energy distribution code which only models
—= P4 (17)  atomic vibration and does not allow the molecules to
1-a p dissociate. This program is used to compute the

Boltzmann distribution. The second code is a reaction
code which is very similar to the vibrational energy
Molecular Dynamics distribution program. The only major difference is the
reaction code allows dissociation and recombination.
Unfortunately, it is not possible to apply this This is accomplished by updating an array that specifies
technique to a molecular dynamics simulation that usewhich atoms are connected. The reaction code is used
atomic potentials because there are no discret® compute the degree and rate of dissociation in the
collisions. The distance between atoms never actuallgystem. Both hydrogen and oxygen were simulated
goes to zero because this would cause an infinitendividually by the two codes and a reaction simulation
repulsive potential. Therefore, another techniqgue mustontaining both hydrogen and oxygen was performed.
be used to simulate dissociation and recombination In each case, the simulation begins with the entire
reactions. system as molecular species and arranged in a face-
centered cubic lattice. A cubical environment is utilized




and periodic boundary conditions are imposed. When Results and Discussion
computing the vibrational energy distribution, 256

molecules were used. However, only 108 molecules The first goal of this investigation was to determine
were present in the single species reaction simulatioRhe vibrational energy distribution in a system of
This reduction in atoms vastly increased the speed Gholecules. Simulations were run at a variety of
the code which was necessary because of the relativeiggmperatures using both hydrogen and oxygen. In all
long time period required for the system to achievecases, 256 molecules were present and the code was
equilibrium. Finally, the dual species reaction codeexecuted for 20,000 time steps. Since the distribution is
used 128 wygen andl28 hydrogen molecules in order averaged over time, the more time steps performed, the
to achieve high resolution data. All of these codes use gmaller the statistical fluctuations.
1 fs time step for oxygen and a 0.2 fs time step for Figures 2 and 3 show the vibrational energy
hydrogen. Such small time steps are required t@jstribution of oxygen calculated using molecular
accurately model the high frequency vibrations of thegynamics compared to the Boltzmann distribution
atoms. Standard molecular dynamics codes use timmputed for both harmonic and anharmonic
steps an order of magnitude larger. interatomic potentials at a temperature of 1942 K. They
In addition, these programs employ a variety ofshow excellent agreement between the molecular
techniques which greatly increase the performance afynamics code and the Boltzmann distribution. These
the code. The first of these methods reduces the nUmbsrots are given in terms of the normalized fraction of
of force calculations by limiting the range of the molecules relative to the zero vibrational energy level.
Lennard-Jones potential. This technique is validsjnce this molecular dynamics simulation utilizes the
because the intermolecular potential becomes veryorse potential, the computational points should lie on
small at atomic separation distances of only a fewhe anharmonic distribution. The logarithmically plotted
diameters. For this simulation, a cut-off radius ofo2.5 data points show a small deviation from the theoretical
was selected. There is a resulting jump in potentiaturve at higher energy levels. This data could be
energy as an atom crosses this radius, but it is usuallshproved by increasing the number of time steps and
very small. Also, since the force that atom 1 exerts Ofincreasing the number of molecules in the system.
atom 2 is equal to the force that atom 2 exerts on atom
1, only one force calculation needs to be performed fo 1
both situations. ool
Four identical versions of the vibrational energy
distribution code were submitted to four processors o<08f
COCOA. The temperature and density of the systeméoj. Boltzmann (harmonic)
would be the same, but the initial velocities of the= | \ _____ Boltzmann (anharmonic)
atoms were chosen at random. This caused each case go.e- o o MD
produce slightly different results that when averagecgo.5¢
reduced fluctuations in the vibrational energy i ,|
distribution curve. COCOA is a collection of 25 dual &
processor Pentium® Il computers linked together b)EOS'
fast Ethernet’ A 20,000 time step run would typically So.2}
take about 2 hours to complete. In the case of th
reacting gas, eight identical codes were executed o
COCOA with varying initial conditions. In the case of  §; 1 2 3 R e ? 8
hydrogen, 45 million time steps were used. This code Energy Level

would take about 27 hours to run. In the case Ofjqre 2 vibrational energy distribution of oxygen

0>t<)ygenA:87(r)] million time _?Lgps were urs]ed,hwh;]chd t00kyolecules calculated using molecular  dynamics
about ours to run. This means that the nydrogep, ,,areq to the Boltzmann distribution for both

code ran at 1.67 million timg steps per hour, while the, monic  and  anharmonic  interatomic potentials
oxygen code ran at 1.45 million time steps per hours_;g40

The difference between the two codes was the number
of linked list cells used. In the case of hydrogen, the
density of the system allowed 9 cells per dimension to
be used, while the oxygen case only allowed 8 cells per
dimension. This is a perfect example of the effect of
linked list cells on the performance of a molecular
dynamics code.
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Figure 3. Vibrational energy distribution of oxygen Figure 4. Vibrational energy distribution of hydrogen

molecules calculated using molecular

dynamicsmolecules calculated using molecular dynamics

compared to the Boltzmann distribution for bothcompared to the Boltzmann distribution for both

harmonic and anharmonic interatomic potentialsharmonic and anharmonic
T=3935 K

T=1942 K

Figures 4 and 5 show the vibrational energy
distribution of hydrogen molecules calculated using
molecular dynamics compared to the Boltzmann
distribution computed for both harmonic and
anharmonic interatomic potentials at a temperature cé
3935 K. Excellent agreement can be seen between tlico’:
molecular dynamics results and the Boltzmann=
distribution. However, the molecular dynamics data 2
appear to lie on the harmonic Boltzmann distribution<
instead of the anharmonic distribution. This is &
unexpected because the Morse potential, upon with th'g
simulation is based, is an anharmonic potential. Also, a's
indicated by the high temperature at which thisg
simulation was run, hydrogen molecules require muct
greater energy to reach higher energy levels. It is als
interesting to note the greater divergence in the
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Figure 5.Vibrational energy distribution of hydrogen
molecules calculated using molecular dynamics
compared to the Boltzmann distribution for both
harmonic and anharmonic interatomic potentials
T=3935 K

The second part of this investigation examined the
dissociation and recombination reactions in a system of
atomic and molecular species. Due to the large number
of time steps required, only 108 molecules were used.
In addition, only high pressure and high temperature
cases were examined in order to minimize the time
required for the system to achieve equilibrium. Figure 6
shows the molecular dynamics simulation the degree of
dissociation of hydrogen compared to kinetic theory.



45 . . - - - - - - converted to kinetic energy in the form of increased

i atomic motion. This naturally, increases the
temperature of the system. It is also interesting to see
35} the high frequency fluctuations in temperature that
a0l occur when the system reaches equilibrium. The
S temperature can vary by up to 200 K. This temperature
o5t fluctuation is caused by the large number of molecules
g ol that are dissociating and recombining.
O 15} ——  Kinetic Theory 1 01
——  Molecular Dynamics
10}, 0
5 -0.1
0 : ; ; : ; ; ; ; -0.2
o 1 2 3 4 5 6 7 8 9 .
Time (ns) S_o3f

Figure 6. Molecular dynamics computation of the 5_ '
degree of dissociation of hydrogen compared to kineti<§-0-4-
theory

In this plot, the blue line represents the moleculai -o0.6f
dynamics data, while the red line represents kinetic
theory. As can be seen from the plot, the molecula
dynamics simulation begins with no dissociation. The -08 : : : , : : : :

. o 1 2 3 4 5 6 7 8 9
system reaches equilibrium quickly and is then Time (ns)
compared to equilibrium kinetic theory. The kinetic _. . . .
theory fluctuates based on fluctuations in temperaturefIgure 8. Energy drop during the simulation
The Lennard-Jones parameters chosen for this Figure 8 shows the energy drop that occurs during
simulation weres = 2.7E-10 m and = 4.0E-22 J. This the simulation. The drop in energy takes place over a
plot demonstrates good agreement between moleculaglatively long span of 45 million time steps. In this

dynamics simulation and kinetic theory. period, the energy drops by roughly ¥ of a percent.
This is not a significant loss in energy and does not

6100 - - - - - - - - appear to adversely affect the system. However, this
loss of energy cannot be remedied because of the nature

6000} ! of the dissociation code. When a molecule dissociates

the energy released is transferred into the resulting
atoms. This increase in kinetic energy causes the atoms
to dramatically increase their velocity. Frequently, the
velocity of the atoms exceeds the maximum value
allowed by the time step. The result is a loss of total
energy in the system. This problem could be solved by
5700f T decreasing the time step, but that would cause the code
to run slower.
5600 ! In addition to the hydrogen simulations, molecular
dynamics simulation of the dissociation of oxygen was
5500 . . . . . . . performed. Similar to the hydrogen simulations, three
o 1 2z 3 T“ime (ng) 6 7 8 9 cases were run at various temperatures to observe how
the oxygen Lennard-Jones parameters varied.
Figure 7. Temperature fluctuations during theFurthermore, since oxygen is one of the main
simulation components of the atmosphere, its dissociation has been
Figure 7 shows the temperature fluctuations thaf"ore C'OSe'y_exa'”.”"?ed by experimenters. This means
that rate of dissociation data can be located. Therefore,

occur during the simulation. This plot clearly shows theh lecular d . d v b q
initial rise in temperature that occurs when thell'® Molecular dynamics code can not only be compare

molecules are dissociating. This temperature rise ilo the theore';ical_ equilibrium degree _Of dissociation, but
caused by the breaking of chemical bond. When a bonﬁlso to the kinetic theory rate eguanon. The Lennard-
breaks, the chemical potential energy of the bond idON€S parameters chosen for this run veere3.0E-10

5900f

5800f

Temperature (K)




m ande = 9.0E-22 J. Figure 9 shows the moleculartubes™* Therefore, most experimentalists arbitrarily
dynamics results compared to the equilibrium degree afhose n to be —1.5 for oxygen and experimentally
dissociation, while Figure 10 shows the moleculardetermine €. In addition, ¢ can vary up to 50%.
dynamics results compared to the kinetic theory ratdherefore, the experimentally determined @as
equation. used?, 1.9E21, and n was chosen to correspond to the
molecular dynamics data, -1.6. However, there is very
little difference between this value and the one
arbitrarily selected for experiments.

50

Conclusions

Vibrational energy distribution and dissociation
reactions of hydrogen and oxygen were examined by
molecular dynamics simulations. Results of the
vibrational energy distribution studies have shown

Dissociation (%)
N
ul

15 — Kinetic Theory | excellent agreement with the Boltzmann distribution.
—— Molecular Dynamics Both.the rate of dissociation and the equilibrium d.egrge
10f T of dissociation have also compared well to kinetic
5 ) theory. This investigation has demonstrated that simple
o . . . . . . large-scale chemical reactions can be modeled by
0 10 20 30 40 50 60 70 molecular dynamics.
Time (ns)

However, this project is only the first step in

Figure 9. Molecular dynamics computation of themodeling chemical reactions by the ‘curve hopping’
degree of dissociation of oxygen compared to kinetianethod of molecular dynamics. The simulations
theory performed in this investigation only contained a few
hundred atoms. Future simulations should be
considerably larger. This could be accomplished
without diminished performance by parallelization of

the code. In addition, water, which was not modeled in
this program should be included in future simulations.
By including water, the hydrogen — oxygen combustion
process can be completely modeled by molecular
dynamics. Finally, the combustion of hydrocarbons
should be simulated. Due to the large number and
different type of atoms in even the simplest
hydrocarbon, the complexity of the system will be

greatly increased.

50

I
4]

IN
<)

w
(%))

w
(=]

N
(=)

Percent Dissociation
N
a1

—— Kinetic Theory

=
(%))

—— Molecular Dynamics

References
5
o m m = m = - o 'Rapaport, D. C.The Art of Molecular Dynamics
Time (ns) Simulation Cambridge University Press &dition,

1995.
Figure 10. Molecular dynamics computation of the

degree of dissociation of oxygen compared to kine“QMorse, P. M. Diatomic molecules according to the
theory wave mechanics. II. Vibrational leveRhysical

Again there is excellent agreement between theReview34, pp. 57-64, 1929.
molecular dynamics results and kinetic theory. Just as
in the hydrogen runs, there is an initial temperature riséHaile, J. M. Molecular Dynamics = Simulation:
as dissociation occurs. However, the system of oxygenElementary MethodsJohn Wiley, New York, %
takes longer to reach equilibrium. edition, 1992.

According to kinetic theory, Eq. 15, the rate of
dissociation is based on two parameteys@ n. nis “Allen, M. P., and Tildesley, D. Computer Simulation
very difficult to measure experimentally due to the Of Liquids Clarendon Press, Oxford; &dition, 1987.
limitations of the test apparatus, principally shock



*Vincenti, W. G., and Kruger, C. Hhtroduction to
Physical Gas Dynamic&rieger Publishing Company,
Malabar, Florida, 1986.

®Suchard, S. N., and Melzer, J.$pectroscopic Data,
Volume 2: Homonuclear Diatomic Molecul@he
Aerospace Corporation, Los Angeles, CA, 1976.

"Liu, Q., Wang, J., and Zewail, A. H. Solvation ultrafast
dynamics of rections. 10. Molecular dynamics studies
of dissociation, recombination and cohererlmirnal
of Physical Chemist\99, pp. 11321-11332, 1995.

8%Song, T. T., Hwang, Y. S., and Su, T. M.
Recombination reactions of atomic chlorine in
compressed gases. 3. Molecular dynamics and
Smoluchowski equation studies with argon pressure
up to 6kbarJournal of Physical Chemistryl01, pp.
3860-3870, 1997.

°Amar, F. G., and Berne, B. J. Reaction dynamics and
the cage effect in microclusters of,Br,. Journal of
Physical Chemistry88, pp. 6720-6727, 1984.

Modi, A. COst effective COmputing Array.
http://cocoa.ihpca.psu.edu, 1998.

Ypark, C. Two-temperature interpretation of
dissociation rate data for,Mind Q. AIAA paper 88-
0458, January1988.

2Byron, S. R. Measurement of the rate of dissociation

of oxygen.Journal of Chemical Physic80(6), pp.
1380, 1959.

10



