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A semiclassical molecular dynamics approach is used to model the dissociation of water to form the hydroxyl
radical. The unimolecular dissociation of water is utilized to compute the probability of reaction, as well as to
determine the productOH translational,vibrational,androtationalenergy distributions.The� ow regime of interest
is that between 80 and 100 km, so that a rare� ed gasdynamics technique must be used. The molecular dynamics
probabilities of reactions and product distributions are, therefore, used in the direct simulation Monte Carlo
method to model spatial distribution and temperatures of OH in the bow shock of a 5-km/s vehicle. The fraction
of translational energy transferred to internal water energy during dissociative collisions was parameterized. The
rates of OH production predicted by the molecular dynamics model are approximately a factor of � ve lower than
those predicted by the total collisional energy model for 10% energy transfer and are approximately equal for
100% energy transfer.

Nomenclature
Ec = total collision energy
Ed = dissociation threshold
Eint;H2O = internal (rotational and vibrational) energy of H2O
E T

cm = energy of the center of mass of H2O
E Trel

H;OH = relative OH–H translational energy
Etrn;H2O¡M = relative translational energy of H2O and M
H = Hamiltonian for the water molecule
J = rotational quantum number
m i = mass of i th atom
pi j = momentum of i th atom in j th direction
ri j = coordinate of i th atom in j th direction
T = kinetic energy of water nuclei
V = potential energy of water
v = vibrational quantum number
Zr = rotational relaxation number
Zv = vibrational relaxation number
´ = conversion ef� ciency of translational collision

energy to internal water energy
» = number of degrees of freedom

Subscripts

int = internal
rot = rotational
trn = translational
vib = vibrational
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I. Introduction

T HE modeling of chemical reactions in hypersonic � ows re-
quirestheuseof chemicalratesand crosssectionsthat are either

obtained from experiments or derived theoretically.Most chemical
rates are expressed in terms of an Arrhenius equation whose param-
eters are derived from shock tube studies often conducted at tem-
peratures or thermal nonequilibrium conditions different from the
� ow conditions required in the modeling. Theoretical rate models
generally are semi-empirical in nature, and it is dif� cult to quantify
the errors made when they are applied to the general case.The avail-
ability of spectra of a hypersonicchemically reacting � ow from the
bow shock ultraviolet � ight experiments1 provided new impetus to
improve the � delity of chemical rates used in � ow� eld calculations.
The work of Bose and Candler2 showed that a quasi-classicaltrajec-
tory method could be used to model the � rst Zeldovich reaction rate
and that the populationsof high vibrational levels of NO product is
large compared to those of bulk N2 . In the work of Boyd et al.,3 the
molecular dynamics reaction cross sections were successfully used
in the direct simulation Monte Carlo (DSMC) method. Application
of the NO vibrationaldistributionshas also been shown to be crucial
for modeling high-altitude infrared spacecraft glow.4 The ultravio-
let NO spectra, however, is complicated by the contributions from
multiple excited electronicstates. In contrast, the UV spectra of OH
is well de� ned and under rare� ed conditions should be sensitive to
the detailedprocessesinvolvedin water dissociationin shockheated
� ows.

UV radiation from the OH (A ! X ) system has been studied ex-
tensivelyin thecombustionandatmosphericsciencescommunities.5

The hydroxyl radical is also readily observed under various hyper-
sonic � ow conditions, where it is produced by shock chemistry
reactions.6 The strong spin-allowed transition from the � rst excited
state, A26C , to the ground state means that it is readily observ-
able, even when present in trace quantities. Spectra of OH at alti-
tudesof approximately100 km were observedduring the bow shock
UV � ight experiment2 (BSUV2). The mission and instrumentation
havebeendescribedpreviously.1 Earlier workdemonstratedthe sen-
sitivity of the OH spectra to variation in the vibrational temperature,
and within the accuracy of the data the OH vibrational temperature
was estimated to be between 4000 and 7000 K for 100 km (Ref. 7).
Although this is a large temperatureuncertainty,the OH vibrational
temperature is signi� cantly different than the predicted shock layer
bulk (N2) vibrational temperature of »1000 K for this altitude.
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To date, there has been no fundamental explanation of why the
OH vibrational temperature in such � ows is different from that of
N2 . More detailedtreatmentof the couplingof the � ow and radiation
modeling has been undertaken for the OH(A) system.8 This work,
however, does not lead to OH vibrational temperatures consistent
with the BSUV2. We have shown in previouswork1 that the dissoci-
ation of water primarily goes through collisionswith N2 at altitudes
of 80 km. The freestreamatmospheric constituentschange between
80 and 100 km, and for � ows at 100 km, the atomic oxygenmay also
be an important collider dissociating water. If we are to understand
the mechanismfor formationof vibrationallyhot OH in transitional
� ows, we must expect to model in detail the fundamentalprocesses
of water collisionallyinducedexcitationand dissociationby N2 and
O. Modeling of collisional excitation and reactions of polyatomic
systems in high-temperature � ows is a dif� cult problem. The ef� -
ciency of collisional energy transfer to the internal energy of the
water molecule before dissociation will effect the OH product state
distribution.

As a � rst step in this direction, the goal of this work is to present
the results of calculations of recently obtained vibrational distribu-
tions of OH formed by water unimoleculardissociationwith param-
eterized collisional energy transfer. The vibrational and rotational
state distributions of OH formed as a result of water dissociation
have been calculated from the semiclassical molecular dynamics
trajectorymethod. The degree to which the postdissociativenascent
distributions will be sustained in the � ow depends on the collision
rate and will, therefore, be different for 80 and 100 km. The � ow
conditions corresponding to the BSUV2 are transitional and can
only be represented by a rare� ed gas technique; hence, the DSMC
approach will be used.

The outline of the paper is as follows. The main change to the
thermochemical model of earlier work4 has been the inclusion of
state speci� c OH product distributions obtained from water disso-
ciation. The modeling of unimolecular water dissociation and the
resultant product distributions are given in the next section. In the
following section, the DSMC method is discussed. Finally, the re-
sults of the incorporation of the molecular dynamics dissociation
probabilities and product distributions into the DSMC method are
presented. The general features of the � ow� elds will be compared
at altitudes from 80 to 100 km at a constant speed of 5 km/s for a
10.16-cm nose radius. Flow� eld vibrational and rotational distribu-
tions of OH predicted by the molecular dynamics data and the local
equilibrium energy redistribution technique will be compared.

II. Modeling of the Unimolecular
Dissociation of Water

Moleculardynamicsenables one to calculatefrom � rst principles
probabilities,cross sections, and rate constants for fundamentalele-
mentary reaction processes.Because these quantities depend on the
motion of the atomic nuclei, a classical rather than exact quantum
treatment of that motion has been shown to provide a good approxi-
mation for the investigationof reactionmechanisms.9 The potential
energy surface (PES) represents the change in electronic energy as
a function of the internuclear distances. When the potential energy
surface is obtained using � ts to a series of quantum mechanical sin-
gle energy point calculations,the scatteringmethod is referred to as
a semiclassical one. For triatomic molecules, reliable surfaces have
been generated using ab initio quantum mechanical calculationsas
well as experimental data.10 Such surfaces do not exist, unfortu-
nately, for the water–N2 interaction. For the collision energies of
interest (1.7 eV), the primary method by which the neutral colliders
dissociate water is to transfer their kinetic energy to the vibrational
modes of water. A classical trajectory calculation of unimolecular
water dissociation,that is, water self-dissociation,using an accurate
water PES can, therefore, approximate the resultantOH vibrational
and rotational product distribution.

Considerable studies have been carried out for the unimolecular
dissociationofwater.11¡13 These studies,however,have emphasized
the product distribution for considerably higher dissociation ener-
gies (»9:5 eV) and from the electronically excited states of water
and the product distribution of the OH(A) state. Because the ener-

getics of the BSUV2 � ows are clearly not this high, the results of
earlier unimolecular dissociation studies could not be assumed to
be applicable.

A. Method of Calculation

The classical Hamiltonian for the water molecule may be
expressed as

H D T C V D E (1)

For systems of three nuclei and larger, it is most convenient to
express the Hamiltonian in the laboratory reference frame in a
Cartesiancoordinatesystem.For three nuclei,Hamilton’s equations
of motion become

Ppi j D ¡ @V

@ri j

(2)

Pri j D
pi j

m i

(3)

where the overdot denotes a time derivative,i D 1; 2; 3 (atoms), and
j D 1; 2; 3 (directions). The 18 coupled equations can be solved
for the coordinates and momenta of the three-atom system using a
fourth-order Runge–Kutta method (see Ref. 14).

The two-valued surface-ground state PES for water calculated
by Murrell et al.15 was used in this work. The use of two diabatic
surfacesgives an accurategroundstate water PES in the dissociation
region, the prime region of interest in our calculations.

Because the trajectorymethod is deterministic, the 18 initial con-
ditions for the three nuclei must be speci� ed. Speci� cation of initial
conditions is more dif� cult for polyatomic systems, but two possi-
ble methods were examined.Shaffer and Newton16 provide analytic
expressions for the normal modes of water in terms of Cartesian co-
ordinate displacements. Initial conditions could be generated using
these analyticexpressionsas follows. The amplitudeof each normal
mode is proportional to the square root of the vibrational energy of
that mode, and the relative phases may be chosen by selecting three
random numbers. The normal mode analysis assumes that there are
small interatomic displacements, an assumption that is valid for
low-energy vibrational states. However, for the � ow conditions of
interestthe deviationof interatomicdistancesfrom normal mode be-
havior can be signi� cant. The second method is more general, does
not require a normal mode assumption, and is only dependent on
the total internalwater energy.The method is based on microcanon-
ical sampling whereby the coordinates and momenta are chosen
separately.17¡19 Trajectories are then computed for the set of initial
conditions (see Ref. 20 for further details).

The accuracy of the classical trajectory method is governed by a
number of numerical issues. In the selection of initial coordinates,
a maximum value of 5 ÊA for the three internuclear distances was
selected because it is much larger than the equilibrium internuclear
distance of 0.956 ÊA. The trajectories are computed for a total time
of 1 £ 10¡12 s, which is many vibrational periods. Total energy is
conserved to better than 0.005%, and the trajectories are integrated
backward in time to return to the initial condition, as a numerical
check. Depending on the initial conditions, which govern which
portion of the PES will be traversed, the water molecule will either
remain intact (not dissociate) or dissociate into OH C H, within the
total time of 1 £ 10¡12 s. The other two reaction channels, O C 2H
or H2 C O, were found to be unlikely for the internal energies of
interest here.

B. Calculation of Probability of Dissociation

For any internal energy above the � rst dissociation threshold, the
water molecule will dissociate,given a suf� cient length of time, that
is,

d
£
H2O¤

¤

dt
D ¡k

£
H2O

¤
¤

(4)

where [H2O¤] is the concentration of internally excited water
molecules. The � rst dissociation threshold is the energy required
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Fig. 1 Reaction probability time dependence as a function of various
internal energy values.

Fig. 2 Comparison of the probability of dissociation as a function of
relative collisional energy for the TCE and unimolecular dissociation.

to break the H–OH bond of water and, for the PES used in this
work, was approximately 47,500 cm¡1. If the reaction dynamics is
statistical, the unimolecular decay is governed by a single lifetime.
Figure 1 shows a plot of the fraction of water molecules remaining
intact as a function of time. Deviation from a straight line (on a
log plot) indicates that the reaction dynamics of water dissociation
exhibits nonstatisticalbehavior. Figure 1 shows that the nonstatisti-
cal nature increases as the amount of energy above the dissociation
barrier is raised. Furthermore, the rate of dissociation increases as
the water excitation energy increases. The deviation from statisti-
cal unimolecular dissociation has been discussed by Schranz and
Sewall21 and Schranz et al.22 for other polyatomic systems. Hence
it is reasonablethat such behaviorcan be observedfor unimolecular
water dissociation.

The use of the molecular dynamics unimolecular dissociation to
predict a probability of dissociation in the DSMC simulation re-
quires that a speci� c time constant for water dissociationbe chosen.
Calculation of the probability of the dissociation of water by a col-
lider would avoid this questionbecause the length of the interaction
time would be determined in the context of the scattering calcula-
tion and would be a function of the relative collisional velocity and
the interaction potential. An approximation to the probability can
be made by assuming that the interaction time is the ratio of the ef-
fective variable hard-spherediameter of water and the collider (N2)
to their relative velocity.23

Figure 2 shows a comparisonof the dissociationrate given by the
total collisionalenergy(TCE)24 and unimoleculardissociationmod-
els.Two extremeconditionsare shown for the TCE rate, thosewhere
all precollisionalenergy modes contribute to the reactionprocess vs
the TCE probability when only the precollisional translational en-
ergy is included. The energy dependence of the unimolecular rates
at various reaction times are also shown. The unimolecular prob-
abilities are seen to have a different energy dependence than the
two cases of the TCE model. Moreover, the unimolecular probabil-

ities approach unity as the energy is increased, whereas the TCE
model does not. The DSMC simulation results obtained with the
TCE model (translationalenergy only) and the unimoleculardisso-
ciation probabilitieswill be compared in Sec. IV.

C. Final State Distributions

The use of the unimolecular dissociation to predict dissociated
product state distributions is the second, and perhaps more impor-
tant, result of the moleculardynamics approach.For each trajectory,
the water is determined to have dissociated if the distance between
the H atom and the OH molecule is suf� ciently large (larger than
5 ÊA). The energy after the dissociation is divided into the following
components:

E D E T
cm C E Trel

H;OH C E Trel
OH C VOH (5)

where the sum of the last two terms represents the internal energy
of OH if VOH is expressed relative to zero potential energy.

The rotational and vibrational energies of the OH molecule can
be described classically, and vibrational and rotation motion are
assumed to be separable.25 At the end of each trajectory(that results
in dissociation), the coordinates of OH group are analyzed as a
function of time to compute numerically the rotational quantum
number J and the vibrationalquantum number v (Refs. 20 and 25).

The product distributionsof the ensemble of trajectoriesare used
as a database in the DSMC computations. It was found that the dis-
tribution of ETrel

H;OH, the relativeOH-H translationalenergy, broadens
and shifts to higher translation energy values as the initial water
energy increases. Figures 3–5 present examples of the OH prod-
uct vibrational and rotational quantum number distributions ob-
tained from the molecular dynamics trajectory calculations. The
number of trajectories for each initial water energy condition was
approximately 50,000. Figure 3 shows the change in vibrational
distributions for different water internal energy values. At internal

Fig. 3 Comparison of OH vibrational distributions at different water
energies.

Fig. 4 OH rotational level distribution for an internal water energy of
55,000 cm¡ 1 .
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Fig. 5 Comparison of OH rotational level distribution for the 0 vibra-
tional level for different internal water energies.

energies below 50,000 cm¡1, there is insuf� cient energy to popu-
late the v D 1 vibrational level, whereas at 70,000 cm¡1 , the higher
levels (up to seventh) are signi� cantly populated. Also as the en-
ergy is raised, the effective vibrational temperature increases and
the vibrational levels approach a Boltzmann distribution. Figure 4
shows a comparison of the OH rotational distribution at an internal
energy of 55,000 cm¡1 for the � rst three vibrational levels. There
is a maximum in population that shifts to lower rotational quantum
number at the higher vibrationalquantum number. It was found that
as the internalenergy was raised the rotationaldistributionsbecome
broader for all vibrational levels. Figure 5 shows a plot of the nat-
ural logarithm of the probability of formation in a J level divided
by the degeneracy of the level as a function of rotational energy.
All curves correspond to the lowest vibrational quantum number
for three different water internal energies. Except for the lowest in-
ternal energy, it can be seen that the populations deviate strongly
from a Boltzmann distribution.

III. Numerical Technique and Collision Models
The SMILE computational tool based on the DSMC method

is used in the computations. The details on the method may be
found elsewhere.26 The SMILE capabilities that were used in the
present work include models for energy transfer, two-level rectan-
gular grids adaptive to � ow gradients, different grids for collisions
and macroparameters, and parallel implementation with ef� cient
load balancing techniques. The number of simulated molecules in
the computational domain was about 1:3 £ 106, a suf� cient value
to avoid the in� uence of statistical dependenceon the modeling re-
sults. Different grids adaptive to � ow gradients were used to model
collisions and macroparameters.The total number of collision and
macroparameter cells was about 150,000 and 30,000, respectively.
The total number of time steps was about 50,000 with a timestep of
2 £ 10¡7 s for 80 km and 2 £ 10¡6 s for 100 km, and the macropa-
rameter sampling was started after 5000 time steps. Because the
residence time of molecules in a collision cell is slightly larger than
the time step, and the average number of molecules in a cell is
more than 10, the � ow parameters presented here are based on an
approximate sample size of 105 particles.Such a sample size is suf-
� cient to obtain a reasonable accuracy both for macroparameters
and distribution functions.

The majorantfrequencyscheme is employedformodelingmolec-
ular collisions.27 The variable hard sphere model was used for mod-
eling intermolecular interactions. The Larsen–Borgnakke model28

with temperature-dependent and constant value rotational and vi-
brational relaxation numbers was utilized for rotation– translation
and vibration– translationenergy transfer. The TCE model was em-
ployedto calculatethecrosssectionsfor allgas-phasechemicalreac-

Table 1 Rate coef� cients for hydrogenated reactions

Rate coef� cient,a m3 molecule¡1 s¡1

Reaction A n E=kB , K

H2O C N2 ! OH C H C N2 5.81£ 10¡15 0.000 ¡53,000.0
H2O C O2 ! OH C H C O2 1.13£ 10¡7 ¡1.31 ¡59,400.0
H2O C O ! OH C H C O 1.13£ 10¡7 ¡1.31 ¡59,400.0
OH C N2 ! O C H C N2 1.25£ 10¡15 0.06 ¡51,000.0
OH C O2 ! O C H C O2 1.25£ 10¡15 0.06 ¡51,000.0
OH C O ! O C H C O 1.25£ 10¡15 0.06 ¡51,000.0
H C O2 $ OH C O 3.65£ 10¡16 0.00 ¡8,450.0
O C H2O $ OH C OH 1.13£ 10¡16 0.00 ¡9,240.0

aHere k D AT n exp.¡E=kT ).

tions involvingthe chemical speciesN2 and O2 and their derivatives.
The complete list of N2 and O2 reactions may be found in earlier
work,29 and the additionalhydrogenatedreactionsused in this work
are given in Table 1.

The following procedure is used to model reacting and inelastic
processes in the collision routine. The � rst step after a pair of sim-
ulated molecules was accepted for a collision is to check if the pair
can undergo chemical reactions. To this end, the probabilities are
calculated for all chemical transformationsthat may occur between
the two molecules of given species. For example, in the collision
betweenwater and nitrogenmolecules,both water and nitrogenmay
dissociate. (Note that in the TCE model the reaction probability is
zero if the collision energy is smaller that the reaction threshold or
the dissociation energy.) Then, the appropriatechemical reaction is
selected according to the calculated probabilities. After the reac-
tion path is chosen, the total energy available is reduced to account
for the reaction heat or dissociation energy and is distributed over
the energy modes of reaction products. ( The energy redistribution
mechanisms are given subsequently.) If no reaction occurred, the
collision pair is checked for the possibility of the energy exchange
between the translational and internal modes (inelastic collisions).
The probabilityof an inelastic collision is inversely proportional to
the rotational and vibrational relaxation numbers Zr and Zv . The
detailed modeling of collisions that involve internal energy transfer
is more complicated for polyatomic systems and will be the sub-
ject of future work. Here we present results using the temperature-
dependent variable Zr and Zv model.

The � rst three reactions of Table 1, the dissociation of water, are
the important mechanisms of OH production in these � ows. The
Arrhenius data related to the � rst three reactions from Table 1 were
used to calculate the water dissociation cross sections based on the
TCE model. The OH and H2O species were considered as trace
species whose weighting factor was varied from 10¡5 to 10¡9 de-
pending on the altitude of the simulation. The species weighting
scheme29;30 was utilized in the computations. The reaction cross
sections were also calculated using molecular dynamics calcula-
tions of unimolecular dissociation (UD) in the manner discussed
in Sec. II.B. The use of a reaction cross section derived from uni-
molecular rates requires an assessment of the degree of conversion
of translational energy into internal water energy, before the wa-
ter self-dissociates.This conversionef� ciency ´ was parameterized
with values of 10–100%. The choice of ´ affects the selection of
dissociation probability values used to assess the outcome of the
collision, that is, the choice of the abscissa of Fig. 2, as well as the
energy thatwill be availableforOH � nal stateproductredistribution,
that is, which curve to select from Fig. 3.

Two energy redistributionmodels were considered.The baseline
model for energy redistribution was that suggested by Haas.31 The
details of the � rst energy redistributionmodel are as follows. First,
the total collision energy Ec is calculated. The total collision en-
ergy is the sum of the relative translational and internal energies
of the reactants. Then, all reactant species energies (relative trans-
lational, rotational, and vibrational) are multiplied by a factor of
.Ec ¡ Ed /=Ec , where Ed is the water dissociation threshold. The
new velocities of H2O and the collision partner are calculated. Af-
terward, the water molecule is divided into OH and H. The energies
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of the OH–H pair (relative translational OH internal energies) are
calculated so that the magnitude is proportional to the number of
degreesof freedomof the correspondingmodes and the sum is equal
to the sum of rotational and vibrational energies of water. Finally,
new velocities of OH and H are calculatedusing new relative trans-
lational energy of the OH–H pair and the velocity of the center of
mass equal to the water velocity.

The algorithm for energy redistribution for the H2O C M !
OH C H C M dissociation reaction may be represented by the
following three main steps:

1) The energy of reaction is calculated,

Ec D Etrn;H2O¡M C Eint;H2O

2) The dissociation energy Ed is proportionally subtracted from
the energy modes that contribute to dissociation as follows:

E 0
c D Ec ¡ Ed D E 0

trn;H2O¡M C E 0
int;H2O

D Etrn;H2O¡M[.Ec ¡ Ed/=Ec/] C Eint;H2O[.Ec ¡ Ed/=Ec]

where the prime denotes the propertiesafter the dissociationenergy
subtraction.

3) The � nal postreaction energies are calculated

E 00
trn;OH¡H D »trn;OH¡H

»trn;OH¡H C »int;OH
E 0

int;H2O

E 00
rot;OH D »rot;OH

»trn;OH¡H C »int;OH

E 0
int;H2O

E 00
vib;OH D »vib;OH

»trn;OH¡H C »int;OH

E 0
int;H2O

With such a redistribution, the internal energies of OH are
proportional to the internal energy Eint;H2O of H2O.

The second energy redistribution model utilizes the rotational
and vibrational OH product distributionsobtained from the molec-
ular dynamics calculations presented in Sec. II.C. Once again, this
redistribution will depend on the conversion ef� ciency of transla-
tional collisionalenergy to internalwater energy, and results will be
presented for the two limiting cases of ´ D 10 and 100%.

The gas–surface interaction was modeled using the Maxwell
model. Three different accommodation coef� cients were utilized
for translational, rotational, and vibrational modes of re� ected
molecules. A value of the translational accommodation coef� cient
of 0.85 was assumed,whereasa smaller valueof 0.5 was used for the
internal energy accommodation coef� cients. For high-energy col-
lisions simulated in this work, the internal energy accommodation
coef� cients may be even lower.32

IV. Results
The results include a discussion of the general properties of the

� ow� eld and a description of the resulting OH vibrationaldistribu-
tions. The results are presented for altitudes 80 and 100 km using
three chemistry/energyredistributionmodels.The baselinemodel is
the TCE chemistry model with the energy redistributioncalculated
according to Haas31 model (HM). In the second model, water dis-
sociation probabilitiesobtained from the unimoleculardissociation
calculations are used and HM is utilized for energy redistribution.
Finally, the third model utilizes the unimolecular probabilitieswith
the unimolecular OH product distribution results. Table 2 summa-
rizes the nature of these three models.

A. General Flow� eld Features

In this subsection, we discuss the macroscopicparameters of the
� ow. Note that the chemistrymodeldoesnot impact thepropertiesof
major � ow species N2, O2, and O. Table 3 gives the freestreamcon-
ditions for the two altitudesfor which resultswill be shown.Figure 6
shows the total number densities contours for 80 and 100 km.
Figure 6 shows the growth of the shock layer width as the rar-
efaction increases. Figure 7 shows the corresponding translational

Table 2 Flow� eld water dissociation chemistry models

Energy
Model Water dissociation redistribution
description probability model

Baseline TCE-HM Total collisional energy Haas model
Model 1 UD-HM Unimolecular dissociation Haas model
Model 2 UD-MD, Unimolecular dissociation Molecular

´ D 10, 100% dynamics

Table 3 Freestream conditions

Altitude, Total number density, Water mole OH mole Temperature,
km number/m3 fraction fraction K

80 4:18 £ 1020 5:6 £ 10¡6 4.3 £ 10¡9 181
100 1.19£ 1019 7.2 £ 10¡7 2.0 £ 10¡10 185

Fig. 6 Comparison of total number densities normalized by
freestream values for 80 km (top) and 100 km (bottom).

Fig. 7 Comparison of translational temperature (K) for 80 km (top)
and 100 km (bottom).
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Fig. 8 Comparison of OH number density normalized by the
freestream valuefor 80 km (top) and 100 km (bottom); TCE-HM model.

Fig. 9 N2 temperature pro� les along the stagnation streamline for
80 km.

temperature contours for 80- and 100-km altitudes. The maximum
translational temperatures at both altitudes and approximately the
same, with a somewhat higher value at 80 km. To illustrate the dif-
ference in water dissociation rates for the two altitudes considered,
Fig. 8 compares the spatial distributionsof OH number density for
80- and 100-km altitudes. The freestream number densities of OH
at 80 and 100 km are 1:8 £ 1012 and 2:4 £ 109 m, respectively.The
baselinechemistrymodelwas used in thesecomputations.Thestruc-
ture of the � elds is qualitatively similar to that of the bulk shown in
Fig. 6, with the peak value at 80 km a factor of »1:25 £ 104 higher
than that at 100 km. Approximately three orders of magnitude in
the peak ratio is due to the change in freestream OH concentra-
tion, and one order of magnitude is due to the slower rate of water
dissociation.

The difference in the bulk translational, rotational, and vibra-
tional temperature for the two altitudes under consideration can be
seen in closer detail by examining the spatial distribution along the
stagnation streamline. Figures 9 and 10 show that the � ow exhibits
thermal nonequilibrium both for 100 and 80 km. All temperatures
are higher at 80 km than the respective values at 100 km. The re-
duction in the bulk translational temperature, as well as number
density, at 100 km indicates that the relative collisionvelocitieswill
be lower, and hence, the water dissociation rate will be reduced for
all of the three chemical models considered here.

The amount of OH formed as well as its � nal state vibrationaldis-
tribution will depend on the characteristics of the water molecules

Fig. 10 N2 temperature pro� les along the stagnation streamline for
100 km.

Fig. 11 Comparison of water internal temperature pro� les along the
stagnation streamline for 80 km calculated using the variable and
constant rotational and vibrational excitation models.

in the � ow. Figure 11 shows a comparison of the water transla-
tional, rotational, and vibrational temperatures along the stagnation
streamline at 80-km altitude for the baseline chemistry model with
constantas well as temperature-dependent rotationaland vibrational
collisionnumbers Zv and Zr . For reference,Fig. 12 shows the values
of thecollisionnumbersalong the stagnationstreamlineat 80 km for
the temperature-dependent model. Constant numbers of Zr D 5 and
Zv D 250wereusedfor the modelwith constantcollisionnumbers.33

All three vibrationalmodes were modeled as separate states for wa-
ter. The vibrationaltemperature representsan averageover the three
vibrationalmodes.Figure 12 shows that even at 80 km there is a high
degreeof nonequilibriumbetween the internal (vibrationaland rota-
tional) and translationalenergy modes. Figure 11 shows that there is
no signi� cant differencebetween the two models of energy transfer.
Obviously at 100 km the collision rate is lower, and the difference
between the water temperaturesfor the two collision models is even
smaller than at 80 km. Hence, the followingOH results are all based
on the temperature-dependent energy transfer model.

B. Sensitivity to Water Chemistry Modeling

In this subsection,we consider the sensitivity of the OH concen-
trations and temperatures to the water dissociationmodels given in
Table 2. The variationof these characteristicswith respect to the wa-
ter dissociationmodel and altitudecould result in importantchanges
in the OH UV spectra.
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Fig. 12 Rotational and vibration relaxation numbers as a function
of distance along the stagnation streamline at 80 km for the variable-
temperature relaxation models.

Fig. 13 Comparison of OH number density pro� les along the stagna-
tion streamline at 80 km for the TCE-HM and UD-HM models with
different energy contributions.

Consider the sensitivity of OH production to the reaction prob-
ability model, that is, TCE-HM and UD-HM. Figures 13 and 14
show OH numberdensity at 80 and 100 km for these two models. In
Figs. 13 and 14 the body is located at X D 0. The different slope of
the reactionprobabilitiesas a functionof collisionenergyfor the two
models discussedin the precedingsectionscausesa differencein the
slopefor theTCE modeland theUD model with ´ D 100%(Fig. 13).
Generally, the UD model predictsa lower OH density in the shallow
portionof the shockand slightlyhighervaluescloserto the wall. The
UD model with ´ D 10% shows a signi� cant delay in producingOH
connected to a certain induction time necessary to excite rotational
and vibrational modes of water molecules. Similar differences in
terms of dissociation incubation were observed by other workers
for air species N2 and O2 when the TCE model was compared with
models that account for vibration–dissociation coupling.34;35 This
behavioris evenmore pronouncedat 100km, where a smaller degree
of water internal mode excitation is observed. Note the distribution
function of energy of reacting molecules is narrower for 100 km,
and a small difference between the TCE model and the UD model
with ´ D 100% shows that the difference in reaction probabilities is
small for this range of collision energies. Similar to an altitude of
80 km, the UD model produces higher values closer to the wall.

Fig. 14 Comparison of OH number density pro� les along the stagna-
tion streamline at 100 km for the TCE-HM and UD-HM models with
different energy contributions.

Fig. 15 OH temperature pro� les along the stagnation streamline at
80 km for the UD-HM energy redistribution model.

Let us now compare the temperatures of OH for different wa-
ter dissociation models. The OH temperature pro� les depend both
on altitude and the manner of energy redistribution. The � rst de-
pendence comes from the impact of the collision rate on the water
internal energy distribution.To analyze the second dependence, the
comparison is shown for the UD-HM and UD-molecular dynamics
(MD) models,with two values of precollisionalenergy contribution
(the OH temperatures obtained from the TCE model were found to
be identical to those of the UD-HM model). The OH temperature
pro� les obtained by these two water chemistry models were found
to be considerablydifferent.

Figure 15 shows a comparison of the OH translational, rota-
tional, and vibrational temperaturesalong the stagnation streamline
at 80 km for the HM model of energy redistribution.Similar to the
water temperatures, the three OH modes are in thermal nonequilib-
rium, and the peak OH vibrational temperature of approximately
3000 K is lower than both the rotational and translational tem-
peratures. Figure 16 shows a comparison of the OH temperature
pro� les along the stagnation streamline at 80 km for different en-
ergy contributions to the MD energy redistribution.Comparison of
Figs. 15 and 16 shows that the OH translational temperature pro-
� les are very close for the HM and UD models with ´ D 100%,
but the OH rotational and vibrational temperatures have a different
spatial distribution. In the region where the rotational temperature
reaches a maximum, both models give similar results, but the HM
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Fig. 16 Comparison of OH temperature pro� les along the stagnation
streamline at 80 km for different energy contributions to the UD-MD
energy redistribution model.

Fig. 17 OH temperature pro� les along the stagnation streamline at
100 km for the UD-HM energy redistribution model.

model predicts lower rotational temperatures than MD. Figure 16
shows that the degree of precollisional translational energy contri-
bution does not signi� cantly effect the translational and rotational
temperatures. Comparison of Figs. 15 and 16 also shows that the
OH vibrational temperatures are substantially different in terms of
magnitudes and shapes for both distribution models and the degree
of precollisional translational energy contribution. In Figs. 15 and
16, the body is located at X D 0. With ´ D 10%, the shape of the OH
vibrational temperaturealong the stagnation streamline is similar to
that predicted by the UD-HM model; however, the maximum OH
vibrational temperature is greater by 1000 K.

Figures 17 and 18 show the effect of a lower collision rate. In
Figs. 17 and 18, the body is located at X D 0. Similar to the 80-km
predictions, only the OH translational temperature pro� les are the
same forbothmethodsof energyredistributionand´. The numberof
collisionsin the � ow is so small at 100km thatboth the rotationaland
vibrational temperatures obtained by the HM energy redistribution
procedure are found to be signi� cantly lower than those obtained
with the molecular dynamics if 100% contribution of translational
precollisional energy is assumed. The OH rotational temperature
given by the UD-MD model with ´ D 10% has a distribution along
the stagnation streamline similar to that of the UD-HM redistribu-
tion model and a slightly larger magnitude. The magnitude of the
OH vibrational temperature and its distribution along the stagna-

Fig. 18 Comparison of OH temperature pro� les along the stagnation
streamline at 100 km for different energy contributions to the UD-MD
energy redistribution model.

Fig. 19 Comparison of OH vibrational distributions at 80 km for dif-
ferent methods of energy redistribution (UD-HM vs UD-MD) models;
X = ¡¡ 0:009 m, Y = 0.

tion streamline are found to be very different for the three energy
redistributionmodels.

C. OH Vibrational Distributions

The OH temperature pro� les given in the preceding section
demonstrate nonequilibrium among translational, rotational, and
vibrational modes within the shock front, but to understand the
BSUV2 spectra we are especially interested in the vibrationaldisti-
bution of OH at selected locations along the stagnation streamline.
By examining the discrete OH vibrational populations at selected
points along the stagnation streamline,we can ascertain the true de-
gree of vibrationalnonequilibriumand the v D 0; 1 populations for
the three distribution models. The v D 0; 1 populations are of inter-
est because they relate to the BSUV2 high altitude OH spectra. In
previous work,7 we showed that the spectra could only be modeled
if one assigned vibrational and rotational temperatures that were
considerablydifferent from that of the bulk (N2 ) � ow. The OH UV
spectral peak height ratio at 280 nm (the 1– 0 band) and the 310 nm
(the 0– 0 band)are dependentmainly on the vibrationaltemperature.

Figure 19 shows a comparison of the OH vibrational distribu-
tions at 80 km for different methods of energy redistribution at
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X D ¡0:009 m, Y D 0. This correspondsto the point along the stag-
nation streamline where the OH vibrational temperature predicted
by the UD-HM redistributionmodel is highest (Fig. 15). The coor-
dinate X D 0 corresponds to the position of the surface. Figure 19
shows that for the lowest altitude considered here, none of the re-
distribution models gives an equilibrium distribution of vibrational
states. The UD-MD model gives a lower 0–1 vibrational state ratio
than the UD-HM model. As expected, the ratio of 0–1 vibrational
populationsis reduced if a higherpercentageof precollisionaltrans-
lational energy is assumed. This is because more energy is trans-
ferred to the water internal modes and, therefore, available to pop-
ulate the higher OH vibrational states. The UD-MD with ´ D 100%
would overpredictthe ratio of the spectral features, and the ´ D 10%
would underpredictit. The UD-HM model would predict no notice-
able radiation peak corresponding to the 1 ! 0 transition.

A similar comparison of the three OH vibrational state distribu-
tions for 100 km at X D ¡0:015 m along the stagnation streamline
is shown in Fig. 20. The location in the � ow chosen corresponds
to that where the UD-HM model predicted an OH vibrational tem-
perature of »900 K and the UD-MD with ´ D 100 and 10% contri-
bution predicted OH vibrational temperatures of 4500 and 1700 K,

Fig. 20 Comparison of OH vibrational distributions at 100 km for
different methodsof energy redistribution(UD-HM vs UD-MD)models;
X = ¡ ¡ 0:015 m, Y = 0.

Fig. 21 Comparison of OH vibrational distributions at 80 km using
the UD-MD model with 100% contribution of translational energy for
different locations along the stagnation streamline, Y = 0.

Fig. 22 Comparison of OH vibrational distributions at 100 km using
the UD-MD model with 100% contribution of translational energy for
different locations along the stagnation streamline, Y = 0.

respectively. None of the energy redistribution models predict an
equilibrium vibrational distribution, although levels 1– 4 approach
an equilibriumdistribution.Collisionswith the cold wall providethe
main source for deviation from an equilibrium distribution for the
0 and 1 vibrational states. Only the UD-MD model with ´ D 100%
gives a peak ratio close to experiment.

Figures 21 and 22 show comparisons of the OH vibrational dis-
tributions at different locations along the stagnation streamlines for
the 80- and 100-km cases, respectively. For all locations, at both
altitudes, all of the OH distributions are nonequilibrium. For the
point closest to the wall (value closest to zero) the ratio between the
zeroth and � rst vibrational states populations is highest, indicating
the in� uence of gas molecules colliding with a cooler wall. Moving
away from the wall toward the peak of the shock, the 0–1 state ratio
will decrease. As we proceed toward the freestream, where the gas
translational temperatures will be lower, the � rst vibrational state
population starts to decrease again. The difference in the distribu-
tion shape for 80 and 100 km is due to the signi� cant impact of
collisional relaxation in the shock front at 80 km.

V. Conclusions
A semiclassical molecular dynamics approach has been used to

model the dissociation of water to form the hydroxyl radical. The
unimolecular dissociation of water is used to model the probabil-
ity of reaction, as well as to determine the product OH transla-
tional, vibrational, and rotational energy distributions. These data
have been incorporated into the DSMC method to predict OH con-
centrations in the � ow and OH vibrational state distributions. The
use of a semiclassical molecular dynamics approach requires an
accurate scattering potential, which is not readily available for
all molecular systems. When such surfaces can be calculated by
quantum chemistry techniques, the molecular dynamics approach
avoids assumptions related to energy redistributions among differ-
ent energy modes that must be made for other DSMC chemistry
models.

Speci� cally, we note that the unimolecular water dissociation
rates are similar to those predicted by the conventionalTCE model
for this reaction if it is assumed that all of the precollisional trans-
lational energy contributes to the dissociationreaction. However, if
the contributionis set to a more realistic value of 10% (approximate
amount of energy transferredbetween translationaland internal en-
ergies on average during the collision), the rates are considerably
lower for the unimolecular dissociation model.

When we compare the product distributions obtained from the
trajectory calculations with those derived from the equipartition
(HM) DSMC model we � nd that the distributions are signi� cantly
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different.The molecular dynamics tends to predicta greaterpopula-
tion of the higher OH vibrational states. None of the redistribution
models, however, predict an equilibrium OH vibrational distribu-
tion. As the � ow rarefaction increases, the differences between the
two redistributiontechniquesand the degree of precollisionaltrans-
lational energy contribution becomes more important. The varia-
tion among the three models suggests that a more detailed treatment
where the full collision can be modeled is necessary.
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