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The formation of vibrationallyhot OH is examined for a rare� ed � ow about a sphere at 80 and 100 km using the
direct simulation Monte Carlo method. Four main processes are considered leading to OH production in the � ow,
which include water dissociation, exchange reaction between water and atomic oxygen, and exchange reactions
between hydrogen (H and H2) and oxygen (O2 and O). The principal mechanism of OH production at 100 km
is shown to be the H + O2 ! OH + O reaction, with the maximum OH temperature greater than 5000 K. Water
dissociation is found to be the most important source of OH at 80 km, with the maximum vibrational temperature
of approximately 2500 K. The molecular dynamics results incorporated into the direct simulation Monte Carlo
method are used to simulate water dissociation by N2 and are compared to the results obtained by the conventional
total collision energy model. The OH spatial distribution along the stagnation line predicted by the molecular
dynamics approach is signi� cantly different than that obtained with the total collisional energy model.

I. Introduction

T HE modeling of ultraviolet emissions from hypersonic bow
shocks provides an indication of the � ow� eld gas properties

and compliments the usual hypersonic � ight surface diagnostics of
temperature and pressure. Moreover, the prediction of ultraviolet
radiation from hypersonic vehicles is an important engineering ap-
plication relevant to the prediction of passive optical signatures.
Despite the strong operational and scienti� c reasons for measuring
opticalemissionsfromhypersonicvehicles,suchdataare rare.Spec-
tral radiation from high-energy rare� ed � ows provides a sensitive
metric for the evaluation of energy exchange and chemical reac-
tion models. The bow shock ultraviolet � ight experiments1 (BSUV)
obtained spectra of OH(A26C ¡ X 25) UV radiation between alti-
tudes of 100 and 80 km. These experiments indicate that the OH( A)
species formed in rare� ed, high-energy� ows have internal energies
much greater than that of the bulk � ow. Because there are so few
collisions in these � ows, the spectral data may be used to test the
ability of theory to model near-nascent distributions of chemically
produced radiating species and energy exchange. The UV spectra
of OH(A) are well de� ned and originate from a single excited elec-
tronic state. Under rare� ed conditions, the OH(A) UV spectra are
sensitive to the chemical processes involved in OH formation.

UV radiation from the OH (A) system has been studied exten-
sively in the combustion and atmospheric sciences communities.2

Earlier work3 demonstratedthe sensitivityof the OH spectra to vari-
ation in the vibrationaltemperature.It was shown that the ratio of the
peakheightsat 2800 ƒA (due to the1–0 transition)and 3100 ƒA (due to
the 0–0 transition)depends mainly on the vibrational temperature.3

An OH vibrationaltemperaturein the rangeof 4000–7000K was de-
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rived from the spectral data, demonstrating that the OH vibrational
temperature is signi� cantly higher than the predicted shock-layer
bulk (N2) vibrational temperature of »700 K.

More detailed treatment of the coupling of the � ow and radiation
modeling has been undertaken for the OH(A) system.4 This work,
however,didnot lead to OH vibrationaltemperaturesconsistentwith
the BSUV 2. In earlier work,5 we performed a detailed modeling
of vibrational temperatures and distributions of OH produced by
collision-inducedwater dissociation using unimolecular dynamics
results incorporatedinto the direct simulationMonte Carlo (DSMC)
method.6 A comparison was performed between the total collision
energy (TCE) model7 of the DSMC method and the unimolecu-
lar dynamics approach parametrizing the different contributionsof
the relative translational energy to the energy of water dissocia-
tion. It was found that a 10% contribution of translational energy
gave results similar to those of TCE, whereas 100% contributionof
translationalenergy gave OH vibrational temperatures signi� cantly
higher than predicted by traditional DSMC models.

The goal of this work is to investigate different chemical pro-
cesses that may lead to vibrationally hot OH in the bow shock at
high altitudes and to estimate their effect on the overall vibrational
temperature in the � ow. The DSMC method is used to model the ex-
ternal � ow over a 0.2-m-diam sphere at altitudes of 80 and 100 km,
two freestreamconditionsof the BSUV 2 experiment. An overview
of the potentially important reaction processes is given in the next
section. The model uncertainties associated with the OH produc-
tion reactions are then presented along with the details of modeling
the postcollisionalenergy partitioning.An alternativeto the conven-
tionalTCE model forwaterdissociation,basedon thequasi-classical
treatment of the water dissociation by molecular nitrogen, is pre-
sented. The main idea of using molecular dynamics (MD) cross
sections in the DSMC is to assess the in� uence of strong nonequi-
librium between internal and translational modes on the reaction
process as compared to the conventional DSMC models, such as
TCE. Finally, the results of the computations that elucidate the con-
tribution of different reactions to the productionof vibrationallyhot
OH are discussed.

II. Modeling of OH Production Mechanisms
Previous work considered the OH productionas a result of water

dissociationusing an approximatemodel basedon unimoleculardy-
namics and the TCE model.5 In this work, we extend the unimolecu-
lar dynamics dissociationof water to a full scatteringcalculation,as
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Table 1 Freestream conditions

Condition 80 km 100 km

Total number density, m¡3 4:18 £ 1020 1:19 £ 1019

Temperature, K 185 181
O2 mole fraction 0.21 0.18
N2 mole fraction 0.79 0.78
H2O mole fraction 5:6 £ 10¡6 7:2 £ 10¡7

OH mole fraction 4:3 £ 10¡9 2:0 £ 10¡10

O mole fraction —— 0.04
H mole fraction 5:0 £ 10¡8 5 £ 10¡6

H2 mole fraction 5:3 £ 10¡7 2:4 £ 10¡7

Table 2 Rate coef� cients (m3s¡1) for OH production reactions

k D AT n exp.¡E=kT /

Reaction A n E=kB , K Reference

H2O C N2 ! OH C H C N2 5.81£ 10¡15 0.000 ¡53,000.0 2
H2O C O2 ! OH C H C O2 1.13£ 10¡7 ¡1.31 ¡59,400.0 2
H2O C O ! OH C H C O 1.13£ 10¡7 ¡1.31 ¡59,400.0 2
O C H2O ! OH C OH 1.13£ 10¡16 0.00 ¡9,240.0 2
H C O2 ! OH C O 1.66£ 10¡16 0.00 ¡7,690.0 8
H2 C O ! OH C H 3.12£ 10¡16 0.00 ¡6,897.5 26

well as considerother mechanisms that may potentiallyimpact both
the OH production and vibrational energy distribution.We investi-
gate the relative importanceof differentOH production reactions at
altitudes between 80 and 100 km, which will depend on the number
densities of the chemical species and the reaction cross sections.
Freestream concentrations of reactants and reaction rate constants
are given in Tables 1 and 2, respectively.

There are four reaction mechanisms that may signi� cantly con-
tribute to the total OH production and, therefore, OH vibrational
populations:

H2O C M ! OH C H C M (1)

H2O C O ! OH C OH (2)

O2 C H ! OH C O (3)

H2 C O ! OH C H (4)

where M D N2 , O2 , and O. Process (1) representswater dissociation,
and processes (2–4) describe the formation of OH by exchange
reactions.

The water-dissociationmechanism[Eq. (1)] was studied in a pre-
vious paper,5 where we compared reaction models based on uni-
molecular dynamics with TCE in DSMC simulations. In Ref. 5 we
presented calculations of vibrational distributions of OH formed
by water unimolecular dissociation with parameterized collisional
energy transfer before dissociation calculations. The post-water-
dissociative nascent OH vibrational and rotational state distribu-
tions were calculated from the semiclassical molecular dynamics
trajectory method. Although not a complete treatment of the water-
dissociationprocess, the previous work5 suggested that the dissoci-
ation process produces mostly vibrationally cold OH products due
to a high heat of reaction for the dissociation of water. Moreover,
the relatively slow relaxation of the water vibrational modes, as
compared to its translationaland rotationalmodes, results in strong
vibrational– translationalnonequilibriumeventhoughthe � owtrans-
lational temperature is as high as 15,000 K at 80 km (Knudsen
number of »0.01).

The comparison of water-dissociationrates as a function of tem-
perature is given in Fig. 1 for three collision partners, N2, O2 , and
O. The rates for the last two partners are expected to be similar.
Because N2 outnumbers O2 by a factor of four, we can expect the
contribution from those two colliders to be close. However, the re-
action rates are known for those reactions only for temperaturesup
to 2000 or 3000K. The data for higher temperaturesare mostly their
extrapolation and incorporation of various theoretical predictions.

Fig. 1 Comparison of reaction rates for water dissociation and ex-
change reactions.

Moreover, the temperature-dependent rates cannot be used directly
in DSMC simulations. The application of the DSMC method re-
quires the knowledge of energy-dependent cross sections. In pre-
vious work,5 we have used the trajectory calculation data for the
unimolecularwater dissociationto model the probabilitiesof water-
dissociationreactions. The key assumption of that model is that the
interaction time is the ratio of the effective variable hard-sphere di-
ameter of water and the collider (N2) to their relative velocity. The
validity of this assumption is questionable, and detailed trajectory
calculations on an H2O–N2 potential energy surface are carried out
in this work aimed at obtaining the state-dependent reaction cross
sections for water dissociation.

The cross sections for the water exchangereactionand water dis-
sociation by O and O2 are not available at present. [The interaction
of H2O and O is being studied, but reaction cross sections have not
been published (private communication with D. R. Yarkoni).] To
compare relative contributionsfrom all of the reactions, we need to
model them consistently. To this end, the conventional total colli-
sion energy (TCE) model based on the collision theory for chemical
reactions will be used for the computations in Sec. V.

The formationof OH by Eq. (2) is qualitativelydifferentfromdis-
sociation,with a smaller reaction thresholdand weaker dependence
of OH internal energy on the internal energy of water. Whereas any
air species may dissociate water, only atomic oxygen can partici-
pate in the exchange reaction. As Table 1 shows, there is no atomic
oxygen in the freestream at 80 km; hence, the principal O source is
the oxygen-dissociationreactions in the shock front. The concen-
tration of atomic oxygen at 100 km, however, is about 4%, which
makes this reaction path comparable to dissociation in terms of OH
production.The comparisonbetween the dissociationand exchange
reaction rates are given in Fig. 1. Note that the rates are shown for a
temperature T and thermal equilibrium is assumed between trans-
lational and internal modes. Signi� cant thermal nonequilibriumin
the shock requiresone to use a full � ow model to predict the relative
importance of these reactions.

The hydroxyl radical may also be formed by reaction of O2 C H
[Eq. (3)]. There are several recent measurements of rates and cross
sections for this reaction, for example, Ref. 8. However, to estimate
its contributioninto OH production,it is also necessaryto havegood
estimates of the concentrations of the reactants. Whereas the con-
centrationof O2 is well known at both altitudesof interest, there are
few measurements of H concentration.At altitudes below 100 km,
H concentration is subject to diurnal variation. In our calculations
we used freestream H concentration values from Ref. 9 (also pri-
vate communicationwith R. Bevelacqua). In contrast to the variable
concentrationof the major species due to longitudinaland seasonal
variationsof 50%, theuncertaintyin minor speciesconcentrationsof
H and H2 is an order of magnitude.9 The vibrational temperature of
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OH produced by this reactioncould be even higher than that of OH,
produced by H2O C O exchange due to a lower reaction heat and
fewer number of modes between which the energy of the colliding
partners is distributed.

Finally, OH may be formed by H2 reacting with O [Eq. (4)]. This
reaction can in principle produce OH with even higher vibrational
temperature than the precedingone becauseof its low reactionheat.
However, it is dif� cult to estimate its contribution to OH production
because little is known about the concentrationof H2 . As mentioned
earlier, at 80 km the only source of atomic oxygen is the molecular
oxygen dissociation in the shock front, so that atomic oxygen con-
centration is probably too low for this reaction to have a signi� cant
impact on OH production. Diurnal variation of H2 is expected to
be small at the altitudes of interest. At 100 km, H2 concentration is
expected to be about 5 £ 1012 molecule/m3 , and this reaction may
have some impact on the overall OH production and temperature.

A major part of the chemistrymodeling involves the issue of how
to partition the postcollisionalenergy among the reaction products.
Because there are two types of reactionsstudied in this work (disso-
ciation and exchange), different energy redistributionmodels were
used for these reaction types. For dissociation, the Haas model10

was used. The algorithm of the model is as follows. First, the total
collision energy Ec is calculated. Then all 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
of the OH–H pair (relative translational and OH internal energies)
are calculated so that the magnitude is proportional to the number
of degreesof freedom of the correspondingmodes and that the sum
is equal to the sum of rotational and vibrational energies of water.
Finally, new velocities of OH and H are calculated using the new
relative translational energy of the OH–H pair and the velocity of
the center of mass equal to the water velocity. With such a redistri-
bution, the internal energies of OH are proportional to the internal
energy of H2O.

The proportional decrease of mode energies utilized in the Haas
model10 cannot generally be applied for exchange reactions. For
these reactions, therefore, the discrete Larsen–Borgnakke model11

was used. In this model, the energy availableafter the reaction (total
collision energy reduced by reaction heat) is redistributed, assum-
ing local equilibrium in such a way that the average energy going
into rotational, vibrational, and translationalmodes is proportional
to the number of degrees of freedom in these modes. The num-
ber of vibrational degrees of freedom was calculated based on the
local translational temperature using a simple harmonic oscillator
approximation.

III. Trajectory Calculation of Water Dissociation
Cross Sections

Quasi-classicaltrajectories(QCT)calculationsof the MD method
enable one to obtain probabilities, cross sections, and rate con-
stants for fundamental elementary reactions. Because these quan-
tities mostly depend on the motion of atomic nuclei, a classical
treatment has been shown to provide a good approximation for the
investigationof such reaction mechanisms. To perform QCT calcu-
lations, it is necessary to know the potential energy surface (PES),
which re� ects the change in electronic energy as a function of the
internucleardistances. The MD method is known as quasi classical
when quantum mechanical calculationsare performed to determine
the electronic potential surface energy.

To perform trajectory calculations,the following PES was devel-
oped. The internal degrees of freedom of N2 were neglected, and
because in the reaction of interest no atom exchange occurs, the
potential was written as

V D V H2O C V int

where V H2O is the scattering potential of the water molecule and
V int is the interactionpotential.The water potential V H2O was taken
from the work of Murrell et al.,12 who obtainedan accuratequantum

mechanical solution for the ground state of water using a two-value
surfaceapproach.V int was representedas the sum of three two-body
terms:

V int D VO¡N2

¡
RO¡N2

¢
C VH¡N2

¡
RH1¡N2

¢
C VH¡N2

¡
RH2¡N2

¢

where RO¡N2 , RH1¡N2
, and RH2¡N2

are the distances between the
respective atoms of the water molecule and the center of mass of
the N2 molecule and

VO¡N2 .R/ D A1 £ exp.¡a1 R/ C B1 exp.¡b1 R/ ¡ CON=R6

VH¡N2 .R/ D A2 £ exp.¡a2 R/ C B2 exp.¡b2 R/ ¡ CHN=R6

The form of the two-body potential, taken from Ref. 13, contains a
Lennard–Jones11 attractive term and an exponential repulsive term.
The potential energy surface was � tted to a set of ab initio points,
calculated using the GAMESS computational quantum chemistry
program.14 The values of the parameters are given in the Table 3.

The initial conditions for the classical trajectorieswere speci� ed
using the microcanonical sampling method.15 For the calculations,
the maximum impact parameter bmax has to be speci� ed and should
be large enough so that the dissociationcross section is independent
of bmax . The appropriatevalue of bmax was found to be 2 ƒA. Figure 2
shows the reactionprobabilityas a functionof internalwater energy
for different relative N2–H2O velocities.The reaction probability is
the ratio of reactioncross sectionobtainedfrom the MD calculations
reactionnormalizedby thevariablehardsphere(VHS) totalcollision
cross section.6 The VHS diameter was assumed to be 4 ƒA, and the
exponent was 0.37.

To comparethe trajectorycalculationswith the experimentaldata,
the reaction rate was calculatedfor several temperaturesusing cross
sections obtained from the MD calculations.

Table 3 Parameters used in potential energy surface

Parameter Value

A1 2:357£ 10¡15

a1, ƒA¡1 4.6727
B1 1:275£ 10¡15

b1, ƒA¡1 2.7828
A2 1:2444£ 10¡17

a2, ƒA¡1 3.4325
B2 1:170£ 10¡17

b2, ƒA¡1 3.4620
CON, ƒA6 3:111£ 106

CHN, ƒA6 2:109£ 103

Fig. 2 Probabilities for H2O + N2 reaction as a function of water in-
ternal energy.
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The calculation of the reaction rate coef� cient required the eval-
uation of

kd.T / D
X

v1

X

v2

X

r1

X

r2

f .v1/ f .v2/ f .r1/ f .r2/

£
Z 1

0

¾ .Et ; E int/g f .Et / dEt (5)

where T is the temperature;v1, v2 , r1 , and r2 denote the summation
over all vibrational and rotational modes of the � rst (water) and the
second (nitrogen) molecules; ¾ .E t ; Eint/ is the calculated reaction
cross section; and E t and g are the relative translational energy
and collision velocity of the pair, respectively. The rate coef� cient
[Eq. (5)] is evaluated using a Monte Carlo approach.A logarithmic
interpolationwas used to determine the values of the reaction cross
section for energies between the calculated E i

t and E i C 1
t and E j

int
and E j C 1

int points,

¾ .Et ; E int/ D exp

»
E i C 1

t ¡ E t

E i C 1
t ¡ E i

t

E j C 1
int ¡ Eint

E j C 1
int ¡ E j

int

£
¾

¡
E i

t ; E j
int

¢¤

C
E i C 1

t ¡ Et

E i C 1
t ¡ E i

t

E int ¡ E j
int

E j C 1
int ¡ E j

int

£
¾

¡
E i

t ; E j C 1
int

¢¤

C
Et ¡ E i

t

E i C 1
t ¡ E i

t

E j C 1
int ¡ Eint

E j C 1
int ¡ E j

int

£
¾

¡
E i C 1

t ; E j
int

¢¤

C
Et ¡ E i

t

E i C 1
t ¡ E i

t

E int ¡ E j
int

E j C 1
int ¡ E j

int

£
¾

¡
E i C 1

t ; E j C 1
int

¢¤¼

The functions f in Eq. (5) are theequilibriumdistributionfunctions.
The translational function is

f .Et / D
£
E »=2 ¡ 1

t

¯
0.»=2/

¤
exp[¡.Et =kT /]

For the rotational and vibrational modes they are written as

f .l/ D g.l/ exp[¡E.l/=kT ]=Q

where l is either rotational or vibrational level, g is the degeneracy,
E is the energy, and

Q D
X

l

g.l/ exp

µ
¡

E.l/
kT

¶

is the partition function. The expressions for g, E , and Q may be
found in Ref. 16.

The rate coef� cient was estimated for several temperatures, and
the obtained values were compared with the Arrhenius data for this

Fig. 3 Comparison of calculated and Arrhenius rate coef� cients for
H2O + N2 reaction.

reaction (Table 2). As Fig. 3 shows, there is a reasonable agreement
between the Arrhenius rates and the rates obtainedfrom the MD cal-
culations.The agreement seems to be poorer at lower temperatures
and is most likely due to the inadequacy of the scattering potential
V . Note that the number of trajectories was larger for lower tem-
peratures to provide a constant statistical error of better than 20%
in the entire temperature range. The number of trajectories was ap-
proximately 100,000 for 3000 K.

The molecular dynamics cross-section data were used in the
DSMC calculations to determine the probability of H2O–N2 disso-
ciation as a function of the internal energy of water and the relative
H2O–N2 collision speed.

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

was used in the computations. Details on the tool may be found
elsewhere.17 The SMILE capabilities that were used in the present
work include models for energy transfer, two-level rectangular
grids adaptive to � ow gradients, different grids for collisions and
macroparameters, and parallel implementation with ef� cient load
balancing techniques.The numerical parameters used were similar
to those used by Levin et al.5 The number of simulated molecules
in the computational domain was approximately 1,300,000, a suf-
� cient value to avoid the in� uence of statistical dependence on the
modeling results. Separate grids were used for modeling collisions
and macroparameters adaptive to � ow gradients. The total num-
ber of collision and macroparameter cells was 150,000 and 30,000,
respectively.

The majorant frequency scheme was employed for modeling
molecular collisions.18 The VHS model was used for modeling in-
termolecularinteractions.6 The discreteLarsen–Borgnakkemodel11

(also see Refs. 19 and 20) with temperature-dependent and constant
values for rotational21 and vibrational22 relaxationnumbers was uti-
lized for rotation–translationand vibration– translationenergytrans-
fer. Because correct modeling of H2O internal energy states is im-
portant to predict OH production correctly, special attention was
paid to the H2O–N2 relaxation rate. Constant values of 250 and 15
were used for vibrational and rotational collision numbers Zv and
Zr , respectively.23;24 The TCE model7 was employed to calculate
the cross sections for all gas-phase chemical reactions involving
the chemical species N2 and O2 and their derivatives.The complete
list of N2–O2 reactions may be found in earlier work,25 and the
additional OH-producing reactions used in this work are given in
Table 2 (see Refs. 2, 8, and 26). The H2O–N2 dissociationcross sec-
tions were obtained from the MD calculations,as alreadydiscussed,
and from the TCE model.

The OH and H2O specieswere consideredas trace specieswhose
weighting factor was varied from 10¡5 to 10¡9 depending on the
altitude of the simulation. The species weighting scheme6;27 was
utilized in the computations.Models used for energy redistribution
were discussed in Sec. II.

Finally, gas–surface interactions were assumed to follow a
Maxwell model. Three different accommodation coef� cients were
utilized for translational, rotational, and vibrational modes of re-
� ected molecules. A value of 0.85 for the translational accommo-
dation coef� cient was assumed, whereas a smaller value of 0.5 was
used for the internal energy accommodationcoef� cients.5 For high-
energy collisionssimulated in this work, the internal energy accom-
modation coef� cients may be even lower.28

V. Results and Discussion
The results in this section include a discussion of the general

properties of the � ow� eld and a description of the resulting OH
vibrational distributions and number densities. The contributionof
differentOH productionmechanismsare compared at two altitudes,
and the reasons for the difference in results obtained using different
dissociation models are explored.

A. General Flow� eld Features
The computationswere performed for a � ow about a 0.2-m-diam

sphere. The � ow velocity is 5.1 km/s, and the freestreamconditions
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Fig. 4 Comparison of total number densities normalized by
freestream values for 80 km (top) and 100 km (bottom).

Fig. 5 Comparison of translational temperature (degrees Kelvin) for
80 km (top) and 100 km (bottom).

are given in Table 1 for the two altitudes for which results will be
shown. Note here that the properties of the major � ow species N2,
O2 , and O are not sensitive to the OH productionchemistrymodels.
In this subsection, we discuss the macroscopic parameters of the
� ow.

Figure 4 shows the total number density contours for 80 and
100 km. Figure 4 illustrates the growth of the shock-layer width as
the rarefactionincreases.The shockwave is mergedwith the bound-
ary layer for both cases because the � ow rarefactionis high even for
80 km, where the Knudsen number is 0.03. Figure 5 shows the cor-
responding translational temperature contours for 80- and 100-km
altitude.Themaximumtranslationaltemperaturesat bothaltitudesis
approximatelythe same,with a somewhathighervalueat 80km.The
translational temperature is an important property that determines
the the rates of chemical processes. However, a signi� cant degree
of translational nonequilibrium, that is, non-Maxwellian two-peak
velocity distributionfunctions, complicates the use of temperatures
to calculate the production of trace species such as OH formed by
chemical reactions.

The degree of nonequilibrium between translational and inter-
nal modes is also an important factor for chemical processes. The
difference in the bulk translational, rotational, and vibrational tem-
peratures for the two altitudes under consideration can be seen in
closer detail by examining the spatial distribution along the stagna-

Fig. 6 N2 temperature pro� les along the stagnation streamline for
80 km.

Fig. 7 N2 temperature pro� les along the stagnation streamline for
100 km.

tion streamline. Figures 6 and 7 show that the � ow exhibits thermal
nonequilibrium both at 100 and 80 km. (Here, X is the distance
from the body surface.) The higher collision rate at 80 km causes
all temperatures to be higher than the respective values at 100 km.
At 100 km, the vibrationaland rotational temperaturesare too small
to contribute signi� cantly to the reaction cross sections, with the
translationalmode being the most important.

B. Contribution of OH Production Processes
at 80 and 100 Kilometers

Figures8 and9 show the contributionsof differentOH production
reactionsat 80 and 100 km, respectively,using the TCE model. The
calculations were performed for each reaction separately to isolate
the relative contribution.

At 80 km, themost important reactionleadingto OH productionis
water dissociation.The water exchange reaction,which leads to ap-
proximately the same OH number density at the body surface, starts
later in the shock, because the rate of this reaction dependson the O
concentration.At 80 km, there is almost no O in the freestream, so
that the reaction starts only after enough O is produced in the shock
by oxygen dissociation.The contribution of the H2 C O reaction is
more than an order of magnitude less than the contributionof reac-
tions (1) and (2). Similar to Eq. (2), this reaction [Eq. (4)] starts to
contribute at about the same point in the � ow. The H C O2 reaction
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Fig. 8 OH number density pro� les along the stagnation streamline at
80 km; contribution of different processes.

Fig. 9 OH number density pro� les along the stagnation streamline at
100 km; contribution of different processes.

has almost no impact on the overall OH production because of low
freestream H concentration.

At 100 km, the order of importance changes, with the most im-
portant reaction becoming H C O2 exchange [Eq. (3)]. At the body
surface, the number density of OH produced by this reaction is
about an order of magnitude larger than the number density of
OH, produced by water dissociation [Eq. (1)]. As at 80 km, the
contributions of water dissociation and water exchange are close,
but there is no pronounced delay in the exchange reaction contri-
bution because there is enough atomic oxygen in the freestream.
The contribution of the H2 C O reaction is about an order of mag-
nitude less than the contributions from water dissociation and
exchange.

Although the relationship between water exchange and dissoci-
ation reactions and the H2 C O reaction is approximately the same
at the two altitudes, the relative contributionof the H C O2 reaction
dramatically changes. This can be attributed to an abrupt change in
the H mole fraction, from 5 £ 10¡8 at 80 km to 5 £ 10¡6 at 100 km.

Figure10 shows pro� lesof thevibrationaltemperatureofOH pro-
ducedby the four processesat 80 km. Water dissociation,which was
just shown to produce the most OH at this altitude, gives the lowest
OH vibrationaltemperature.The maximum vibrationaltemperature
of OH produced by dissociation is observed at about 1 cm from the
wall, with the magnitude of slightly more than 2000 K. The reason

Fig. 10 OH vibrational temperature pro� les along the stagnation
streamline at 80 km.

Fig. 11 OH vibrational temperature pro� les along the stagnation
streamline at 100 km.

for such low temperatures compared to the other reactions is the
considerably higher reaction heat subtracted from the translational
and internal energiesof the reactionproducts.At 80 km, the highest
OH vibrational temperature is produced by the H2O C O exchange
reaction. This is mainly due to the process of energy equipartition
over the reactionproductsused in theLarsen–Borgnakke11 model.In
water, there are three rotational and up to six vibrationalmodes that
are noticeablyexcited (under the � ow conditions at 80 km) leading
to a signi� cant amount of internal water energy that is distributed
over OH internal modes.

The OH vibrational temperatures for the different reactions at
100 km are given in Fig. 11. All of the reactions give lower OH
vibrational temperatures as compared to 80 km due to the lower
internal temperatures of the reactants at 100 km. Comparison of
Figs. 10and 11 shows that dissociationreactionpredictsmuch lower
OH vibrationaltemperatureat 100 km. The difference in vibrational
temperatures at the two freestream conditions is due to the energy
redistribution model used for the dissociation reaction. As already
noted, in the Haas model10 the OH internal energy is proportionalto
the H2O internal energy.The important conclusionis that at 100 km
the reaction H C O2 gives the maximum OH vibrational tempera-
ture of over 5000 K. Because this reaction produces the maximum
number density compared to the three other processes, it could be
an explanationfor the high OH vibrational temperature observed in
the experimental spectra.1
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Fig. 12 Relative translational energy distribution of reactants at
100 km.

The principaldifferenceof the � ow at 100 km as compared to that
at 80 km is that the internal modes of all molecules in the � ow are
essentiallyunexcited.The relative translationalenergy is, therefore,
the main contributionto the reactionenergy.Under such conditions,
reactions (3) and (4) were expected to give similar OH vibrational
temperatures.However, examination of the OH vibrational temper-
ature pro� les at 100 km shown in Fig. 11 does not support that
conclusion.

Figure 12 gives a possible explanationfor the large difference in
OH vibrational temperature for reactions (3) and (4). The distribu-
tion function of the relative collision velocity of the reactants for
the two processes summed over all reactions in the computational
domain is presented in Fig. 12. It is seen that the high-energy tail is
signi� cantly higher for the H C O2 reaction,which causes more OH
molecules to be formed in higher vibrational states. The wider dis-
tribution function for the H C O2 collisions in the shock front is due
to the smaller reduced mass of the colliders in Eq. (3) as compared
to Eq. (4).

As was mentioned in the Introduction, the most important char-
acteristic that determines the ratio between the spectral maxima at
2800 and 3100 ƒA is the ratio of the OH(A) vibrationalpopulationsin
the � rst and zeroth vibrational states. The population of the OH(A)
vibrational levels is assumed to be the same as that of OH. Because
the OH vibrationalpopulationsmay be non-Boltzmannin the shock
front, an assessment of that ratio based on vibrational temperature
would be inaccurate.

The normalized populations of vibrational levels 0–6 are shown
in Figs. 13 and 14 for the different reactions at altitudes of 80 and
100 km, respectively. At 80 km, the vibrational populations are
nonequilibriumfor all reactions except for the H2O C O exchange.
At 100 km, all of the vibrational distributions are nonequilibrium.
The distributions may be approximated by two temperatures, one
based on the � rst two vibrational levels and the other based on
vibrational levels one and higher.

The observed nonequilibrium is a result of the combined in� u-
ence of several factors.First, the distributionsof velocitiesand ener-
gies of reactantsare stronglynonequilibrium,which results in some
degree of nonequilibrium in the reaction products. Then, the sub-
traction of a large reaction heat in the dissociation reaction along
with the proportionalenergy redistributionof the Haas model10 can
also promote vibrationalnonequilibriumof OH. Also, there is some
number of vibrationallycold OH molecules from the freestream. If
chemical reactions produce only a small number of OH molecules,
the relative importanceof these freestreamOH molecules increases.
Finally,halfof themoleculesre� ectedfrom thewallwill havefull in-
ternal energy accommodation.Most of the re� ected molecules will
be in the ground vibrational state, and some of them will penetrate
upstream to the point of the highest vibrational temperature.

Fig. 13 OH vibrational distribution at 80 km shown at the point of
maximum vibrational temperature.

Fig. 14 OH vibrational distribution at 100 km shown at the point of
maximum vibrational temperature.

VI. Impact of the Dissociation Reaction Model
on the OH Production

The total collisionenergymodel7 for chemical reactionswas used
in thecomputationspresentedin theprecedingsections.Whereasthe
modelhasbeenused in DSMC calculationsforover two decadesand
is conventionally regarded as a standard DSMC chemistry model,
the accuracy of the model in highly nonequilibrium conditions is
questionable. One of the most commonly used alternatives to the
TCE model for modeling the dissociation process with the DSMC
method is an approach that incorporates, to some extent, vibration–

dissociationcoupling.29 The general concept is that the contribution
of the vibrationalenergy modes to the energy of reaction is more ef-
� cient than that of the other modes. That means that if two colliding
pairs have same total energy (the sum of the relative translational
and internal), the pair with the larger vibrationalenergy has a higher
reactionprobability.Whereas the dissociationreaction for diatomic
molecules has been studied extensively using the DSMC method
and different models have been suggested, the dissociationof poly-
atomics as well as the exchange reactions of diatomics have not
been examined in detail.

To understandthesensitivityof the � owmodelingto thechemistry
model, we used several models for the water dissociation reaction
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Fig. 15 OH number density pro� les along the stagnation line at 80 km
due to H2O + N2 dissociation reaction calculated using different disso-
ciation models.

Fig. 16 OH numberdensitypro� les alongthestagnationlineat 100km
due to H2O + N2 dissociation reaction calculated using different disso-
ciation models.

Eq. (1) in the DSMC � ow modeling. In addition to the TCE model,
we present the results for a model based on the trajectory compu-
tations for the N2 C H2O dissociationprocess as well as the model5

based on the unimolecular dissociation (UD) of water. In the UD
model, the collision time was assumed to be the ratio of the VHS
collision diameter to the relative velocity of the colliding pair, and
the contribution of the relative translational energy to the reaction
energy was taken to be 10% (Ref. 5).

The OH number density along the stagnation line at 80 km is
shown in Fig. 15 for the different dissociation models. The bulk
number density normalized by the OH freestream concentration is
also given in Fig. 15 to illustrate the increase in the number density
that can be attributed to the formation of a bow shock. Note that
the normalized bulk number density values are lower than those for
the dominant OH production mechanisms given in Figs. 8 and 9.
Both the MD and UD models manifest a signi� cant delay in the
OH number density increase. This delay is due to the dissociation
inductiontime necessary to excite water internal energy modes.The
OH number density predicted by the UD model then approaches
that obtained with the TCE model with a difference of less than
50% near the surface. Compared to the UD model, the MD model
shows lower OH production, probably due to the higher degree of
vibration–dissociation coupling.

OH number density along the stagnation line at 100 km, calcu-
lated using different dissociationmodels, is shown on Fig. 16. Here
both the UD and MD models predict signi� cantly lower OH num-
ber density than the TCE model. Moreover, because in both these
models OH production strongly depends on the amount of internal
energy of water and the internal energy modes are essentially un-
excited at 100 km, the OH number density only slightly exceeds
the normalized bulk density. The UD and MD models predict that
almost no dissociation occurs at 100 km.

VII. Conclusions
The DSMC method was used to calculate the � ow� elds in the

bow shock at 80 and 100 km. The main goal of this work was to
elucidatethe possiblemechanismfor the productionof vibrationally
hotOH(A) observedin the BSUV 2 experimentat 100 km. The TCE
model was used to calculate reaction probabilities for all reactions.
The reaction probabilities obtained by the MD/QCT method were
used to provide more detailed modeling of the H2O C N2 dissocia-
tion reaction.

Four main processes that contribute to OH productionin the � ow
were discussed: water dissociation, the exchange reaction between
water and atomic oxygen, and the exchange reactions between hy-
drogen and oxygen. In general, the OH vibrational temperature at
100 km is signi� cantly higher than at 80 km, because the contribu-
tionof differentmechanismsofOH productionchangesas a function
of altitude.

The calculations showed that at 100 km the main mechanism
leading to OH production is the H C O2 exchange reaction. This
reaction also gives the highest vibrational temperature in the shock
wave (more than 5000 K). The number density of OH produced by
this reactionas well as high OH vibrationaltemperaturesuggest that
this mechanism may explain the BSUV 2 spectral data at 100 km.
However, future � ight experiments that simultaneouslymeasure ra-
diation and freestream conditions (by mass spectroscopy) would
provide a de� nitive spectral data set.

Water dissociationgivesvery low OH vibrationaltemperaturesat
100-km altitude.At 80 km, the main mechanism of OH formation is
the collisionallyinducedwater dissociation.The dissociationmech-
anismgiveshigherOH vibrationaltemperaturesthan at 100km, with
a maximum OH vibrational temperature of about 2500 K.

As was shown earlier, MD gave a much lower OH dissociation
rate compared to the TCE model because in this model the reac-
tion probability strongly depends on the internal water energy. At
100 km, there is little excitation of water internal energy modes.
The PES is approximate in that internal energy exchange between
N2 and water is neglected. However, comparison of the computed
MD water dissociationrates with shock-tubedata shows that the as-
sumption of energy exchange in water dissociation is dominated by
relative translational to water internal energy exchange. Hence, the
MD probabilityof reactionsused in the DSMC simulationspresenta
more accurateassessmentofwater dissociationthan theTCE model.
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