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Direct Simulation of High-Altitude Ultraviolet Emission
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Ultraviolet emissions radiated by hydroxyl (OH) are computed for hypersonic nonequilibrium flow
conditions corresponding to the Bow-Shock Ultra-Violet-2 flight experiment. The flowfield is analyzed
using the direct simulation Monte Carlo method. These computations include direct analysis of the elec-
tronically excited state of hydroxyl. Ultraviolet emission is estimated using a nonequilibrium radiation
code. New algorithms are described that improve the numerical resolution of the excited state that occurs
at number densities as low as 10 > cm >, Results are presented for the altitude range from 80 to 100 km.
It is shown that the high-altitude emission is sensitive to modeling of the interaction of the gas with the
vehicle surface. Sensitivity of emission predictions to freestream concentrations of hydrogen-bearing spe-
cies is also considered. It is found that the quasi-steady-state assumption often employed in the non-
equilibrium radiation code is invalid at high altitude. Comparison of the predicted values for peak OH
emission with flight measurements indicates good agreement. Detailed comparisons of the spectra, how-
ever, indicate that the simulations fail to include strong nonequilibrium effects observed in the measured

data.

Nomenclature

excited electronic state designation or reaction rate

constant, m*> mol™ ' s~

= activation energy or electronic energy level, J

statistical weight

Planck’s constant, 6.625 X 107>, J s

altitude, m

Boltzmann’s constant, 1.38 X 107, J K™

rate coefficient, m® mol™' 5™

third body species

= species number of particles, temperature exponent in
rate coefficient expression

= species number density, m >

time, s

electronic temperature, K

rotational temperature, K

translational temperature, K

vibrational temperature, K

cell volume, m”

particle weight
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frequency, Hz

mass density, kg m™?
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Subscripts

diss = dissociation
ex exchange
form = formation
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qu = quenching

[] = concentration annotation
Superscripts

e = electronic index

i = particle index

r = rotation index

s = species index

t = translation index

v = vibration index

0, 1 = excited states index
o = initial condition

Introduction

WIDE range of coupled physical phenomena occur in

hypersonic flows about slender bodies including the
rocket bow shock and its plume. The accurate prediction of
the optical radiation emitted from these flows is difficult be-
cause of the complex coupling of many different physical phe-
nomena. It is not uncommon for predictions of missile radia-
tion signatures to be in error by orders of magnitude. To
address this issue for the possible use of ultraviolet sensors,
two flight experiments have been flown to measure radiation
from the bow shock of a missile flying at 3.5 km/s (BSUV-1,
Ref. 1) and 5.1 km/s (BSUV-2, Ref. 2). In a series of previous
investigations,' > generally successful computations of emis-
sions caused by nitric oxide (NO) and atomic oxygen (O) have
been obtained. In these prior studies, significant improvements
were required in terms of physical models and numerical al-
gorithms to achieve agreement with the flight data.

The present investigation continues these studies by consid-
eration of data from BSUV-2 for emission from the hydroxyl
radical (OH). An earlier study obtained qualitative results us-
ing continuum fluid dynamics for this data at altitudes below
88 km.> The study reported here, however, has the goal of
breaking new ground by obtaining the first quantitative pre-
dictions of the OH radiation. The data for OH emission from
BSUV-2 are only available at high altitudes (above 80 km).
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Hence, all flowfield analyses are performed using the direct
simulation Monte Carlo method (DSMC).

For prediction of emission, hydroxyl is a more attractive
molecule than NO. In the first place, it has only one significant
electronically excited state, the A state: OH(A). In addition, the
rates of de-excitation of this molecule because of collision and
spontaneous processes have been studied extensively in the
laboratory. Thus, at the onset of the analysis, there are fewer
unknown physical coefficients for the OH system in compar-
ison to that for NO emission. Because of the relative simplicity
of the OH system, it is a goal of the present study to include
the production and quenching of the single excited state di-
rectly in the DSMC flowfield simulations. This will be found
to require the development of special algorithms to allow ade-
quate numerical resolution of the excited state that appears as
a trace species.

In the following text a description is made of the numerical
methods employed in this study. The physical models and nu-
merical algorithms developed for the DSMC analysis are dis-
cussed. The nonequilibrium radiation code (NEQAIR) is also
briefly described. In terms of results, a procedure for deriving
low-altitude data from the BSUV-2 flight experiment is first
discussed. General properties of the DSMC flowfield solutions
are then presented. Direct comparison of the predicted peak
emissions and spectra with the BSUV-2 data are provided. Fi-
nally, sensitivity of the predicted emission to various aspects
of the simulations is discussed.

Numerical Methods

In this section the numerical methods employed in the pres-
ent investigation are described. The physical models employed
in the DSMC computations are first reviewed. Then, several
new algorithms are introduced that improve simulation of re-
acting trace species. Finally, the nonequilibrium radiation code
is briefly outlined.

DSMC Physical Models

The DSMC code employed in the present study is based on
the vectorized algorithm described in Ref. 6. The code includes
finite rates of rotational and vibrational relaxation, and disso-
ciation, exchange, and recombination chemical reactions. A
nine-species reacting flow model is employed for the following
species: N, N, O,, O, NO, and H,O, OH, H, and the electron-
ically excited state OH(A). In addition to the familiar air re-
actions, the hydrogenated species undergo the reactions listed
in Table 1. The air chemistry is simulated using the dissocia-
tion and exchange reaction models described in Ref. 5. The
reactions listed in Table 1 are modeled using the total collision
energy form of the generalized collision energy model de-
scribed in Ref. 4. A description of the approach employed to
simulate the spontaneous de-excitation of OH(A) is given in
the next section.
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In a previous study’ it was found that the prediction of ul-
traviolet emission for both NO and O was sensitive to the
model assumed for interaction of the gas with the vehicle sur-
face. In particular, the peak emission was found to vary by a
factor of about 5 for modest variation in o, the accommoda-
tion coefficient for the translational energy mode. In Ref. 5, it
was found that the best agreement of prediction with experi-
mental data occurred for a value for «, of 0.85. This value is
consistent with molecular beam experiments. In the present
study, the assumption of fully diffuse reflection (all accom-
modation coefficients are set to unity) is retained as the default.
However, additional computations are performed for decreased
accommodation coefficients. The surface temperature in all
cases is taken as 500 K as measured during the BSUV-2 flight.

DSMC Trace Species Algorithms

For the flow conditions considered here, the mole fractions
of N,, O,, and O are orders of magnitude higher than those
for the other chemical species. To resolve trace species in the
DSMC technique, a weighting scheme has been developed’
that allows species with different mole fractions to be repre-
sented by similar numbers of particles in the simulation. This
is achieved by assigning a numerical weight W, to each particle
i. The number density of species s in a particular cell is then
given by

ng = EN\/V (1)
where N, is the number of particles of species s in the cell that
is of volume V. This weighting scheme was successfully ap-
plied to the prediction of NO emission for the BSUV-2 flight
experiment as discussed in Ref. 5. In the present investigation
the weighting scheme is needed to resolve the excited state
OH(A) and its precursors, OH and H,O. It will be found that
OH(A) exists in the flows at number densities less than 10
cm™ >, and these are handled without difficulty by the weighting
scheme.

Additional problems relating to the adequate resolution of
OH(A) did occur in the study, however. For any OH(A) particle
to exist in the flow, it must be produced through collisional
excitation. It is important to note that only collisional excita-
tion mechanisms for OH(A) production are considered in this
study. For all conditions considered there are few intermolec-
ular collisions and, therefore, the number of possible excitation
events is small. Hence, the number of OH(A) particles in the
simulation can be very low. This problem is addressed in two
ways. First, whenever a collision involving an OH particle has
sufficient energy to allow electronic excitation, the reaction
probability is set to unity. The numerical weights of the prod-
ucts of this reactive collision are then adjusted to ensure con-
servation of mass. In addition, a special procedure is employed
for these excitation collisions whereby several OH(A) particles
are created (say, 30) instead of just one. Each OH(A) particle

Table 1 Rate coefficients for hydrogenated reactions
Rate coefficient, m®> mol ‘s ',
I; - ATI\%(*IJI{I)
Reaction A N E/k, K
HO + N, = OH + H + N, 581 X 10°° 0.00 —53,000.0
HO + O — OH + H + O, 1.13 x 1077 —1.31 —59,400.0
HO+ O —-OH+H+ O 1.13 x 1077 —1.31 —59,400.0
OH + N,— O + H + N, 1.25 X 107" 0.06 —51,000.0
OH +0,— O+ H + 0O, 1.25 x 107 0.06 —51,000.0
OH+0—-0+H+O0 1.25 X 107" 0.06 —51,000.0
H+ 0,—OH + O 3.65 X 10°'° 0.00 —8,450.0
O + HO — OH + OH 1.13 X 107" 0.00 —9,240.0
OH + N, — OH(A) + N, 238 X 107" 0.40 —46,600.0
OH + O, < OH(A) + O 6.75 x 107 *® 0.40 —46,600.0
Reaction Einstein coefficient, s ' _ _—
OH(A) = OH + hv 1.44 X 10° —_ —_
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has unique properties, but all are sampled statistically using
the familiar DSMC procedures to conserve energy and mo-
mentum. The numerical weight of each particle is again ad-
justed to conserve total mass for consistency with Eq. (1).

Using these algorithms, it is possible to maintain several
thousand OH(A) particles in the simulation even at the highest
altitude condition. However, the following spontaneous de-ex-
citation reaction can quickly remove all of these precious
OH(A) particles:

OH(A) » OH + hv )

The rate of decrease of OH(A) caused by this process may be
written

d[OH(A)]  [OH(M)]
dt - T

(3)

where square brackets indicate number density, and T = 6.9 X
1077 s is the excited-state lifetime. To first order, the number
density of OH(A) at the end of a simulation time step At may
be written

[OHA)]"* = [OH@]T1 — (At/)] )

To incorporate this process into the DSMC computation, a con-
stant de-excitation probability of Az/t is applied to every
OH(A) particle every time step. For the time step employed in
the 100-km computation, the de-excitation is most likely about
0.145. Hence, this mechanism can very rapidly depopulate the
simulation of OH(A) particles. To address this difficulty a spe-
cial procedure is implemented in which the numerical weight
of each OH(A) particle is adjusted and no OH(A) particles are
actually removed from the simulation. For consistency with
Eq. (4), it may be shown from Eq. (1) that the numerical
weight W of all OH(A) particles must be decreased according
to

Wit = Won X [(1 = (At/7)] (5)

The production of OH particles by Eq. (2) is performed sta-
tistically. Thus, for every OH(A) particle found in the flowfield,
the probability of creating an OH particle with the same nu-
merical weight is At/7.

Nonequilibrium Radiation Model

The nonequilibrium radiation code NEQAIR (Ref. 8) is em-
ployed for the prediction of ultraviolet emission from the
DSMC flowfield solutions. The modeling of OH ultraviolet
emission using NEQAIR is discussed and verified in Ref. 9.
A common assumption made in using the NEQAIR code is
that a quasi-steady-state (QSS) exists for the number densities
of the electronically excited species. The assumption requires
that the time scale of chemical processes is much smaller than
the time scales for diffusion and for changes in overall prop-
erties.® Under these conditions the local values of temperatures
and ground-state species number densities obtained from the
DSMC computation may be used to compute the populations
of the electronically excited states.

The present study departs from this approach by calculating
directly in the DSMC computation the number density of
OH(A). Because this species will be found to occur in very
small quantities, inclusion of OH(A) in the computation does
not affect the number density of OH to a significant extent.
Hence, the present study allows direct assessment of the va-
lidity of the QSS assumption for high-altitude flows.

Experimental Data

Detailed spectral measurements from BSUV-2 are available
from about 110 km to 71 km. However, information for the
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Fig. 1 Comparison of spectra measured on BSUV-2 as a function
of altitude.

10%¢

o Measured by BSUV-2
L ) Derived from BSUV-2
—8— Calculated (Levin)

- - -

S} © S,
& & S
T

Peak Emission (W/cm?/sr/um)

e
Q
%
T

10580‘3 16“‘ 16‘5 16“i

Ambient Number Density (cm™®)

Fig. 2 Comparison of OH(0-0) spectral peak data and analytic
kinetic model for derivation of data at 80 km.

OH system is only readily accessible for altitudes of 84 km
and higher. At lower altitudes, the OH emission may be present
but subsumed by the NO vibronic structure. This behavior is
illustrated in Fig. 1 in which BSUV-2 spectra at three different
altitudes are shown. Note how the OH(0-0) transition at 0.31
pm becomes apparent at the higher altitudes. In the following
analysis, the idea is to extend the flight OH data to 80 km
based on physical arguments. At this altitude, most of the OH
in the flow originates through the dissociation of water. Hence,
the flight data can be equated to the computed radiance at 80
km to determine the freestream water concentration. The de-
rived water concentration can be checked for consistency with
the available atmospheric data.

A comparison between the measured spectral peak heights
of the OH(0-0) transition with the radiation calculated from a
kinetic analysis was presented in an earlier work.” The results
of this analysis are shown in Fig. 2. Closed-form density-de-
pendent expressions were derived from the kinetic analysis by
making two key assumptions. The first is that N,-water dis-
sociation is the dominant process in forming OH, i.e.,

d[OH]
dr

= kdiss[H2O][N2] - kfom1[OH][H][N2] (6)

where the square brackets indicate concentration, kg is the
dissociation rate of water, and kg, is the formation rate. The
second assumption is that the OH(A) lifetime 7 is much less
than flow and reaction times, thereby producing OH(A) in
steady state with respect to the ground state. Hence

[OHA)] _ _ kelNoJ
[OH] kN2l + 1/7

(7



226 KOSSI, BOYD, AND LEVIN

where ke, and kg, are the excitation and quenching rates, re-
spectively. At high altitudes the chemical kinetics are far from
steady state, so that

d[OH]

# 0 ~ kg[HO][N2] (8)

Because the collisional excitation rates are low
[OH(A)] ~ k[N-][OH(X)]T 9

This gives the result that at high altitudes (80 km and higher)
the radiation [or the concentration of OH(A)] is proportional
to density ‘“‘cubed.” Using this expression, a spectral peak
height is derived at 80 km and is indicated in Fig. 2. Note that
the OH(A) concentration calculated by either Eq. (8) or (9) is
a close approximation to the QSS calculation performed in
NEQAIR and discussed in the next section.

Using the DSMC flowfield and the full radiation model, the
OH spectrum is computed at 80 km. An estimate of the am-
bient water mole fraction is then obtained through comparison
of the peak with the derived 80-km data point. The derived
water mole fraction is 1.5 X 107° This value lies within the
range of data reported in Ref. 10, which are adapted from Ref.
11 from atmospheric measurements and varying from about
1.0 X 107°to 8.0 X 10°*

Results

As in previous computational studies of the BSUV-2 flight,
only flow over the 10-cm-radius spherical nose of the vehicle
is simulated. In every case the velocity is 5.1 km/s, and four
different altitudes are considered: 80, 88, 94, and 100 km.
Freestream conditions are listed in Table 2. The concentrations
of the hydrogenated species are obtained from a model at-
mosphere presented in Ref. 10. There is significant uncertainty
in the determination of the composition of species involved in
odd-hydrogen chemistry in the middle atmosphere. There can
be important variations caused by geographic location and time
in the solar cycle. In terms of water content the values listed
in Table 2 represent an upper bound that occurs under condi-
tions of solar minimum. There are no measurements of OH
concentration above 70 km in the literature. Hence, the values
employed here from the model atmosphere are considered rep-
resentative rather than definitive.

The presentation of results is divided into two sections: (1)
variation of general flow properties over the altitude range of
interest, and (2) comparison of predicted emission with BSUV-
2 flight data including sensitivity of predicted emission to gas-
-surface interaction model and freestream composition.

General Flow Properties

In Figs. 3a and 3b, profiles of number densities and tem-
peratures along the stagnation streamline of the vehicle are
shown for the 80-km case. A well-defined shock is formed with
significant excitation of the rotational and vibrational modes.
Sufficient chemistry occurs such that the number density of
OH rises above that of H,O close to the surface. The peak
number density of OH(A) is about 10° cm >, In Fig. 3b, the
electronic temperature of OH is computed from the predicted

populations of the ground state (n,) and first excited state (n,)
using

. E.lk
T logl(go/gi)(n/ng)]

where E, is the energy of the first electronic excited state. Note
that the electronic temperature computed in this manner is sig-
nificantly higher than the vibrational temperature.

The effect of rarefaction on this flow may be seen in Figs.
4a and 4b, which show number densities and temperatures
along the stagnation streamline at an altitude of 100 km. Note
that for clarity of the results presentation, the shock-layer do-
main is reduced in Fig. 4. This explains the fact that the tem-
peratures do not reach the initial value. In this case, there are
significant reductions in the peak temperatures for all three
energy modes. There is very little chemistry and all species
have a relatively flat density profile indicating the importance
of diffusion. This is also indicated by the peak number density
of OH(A) of about 107> cm ™ for this case.

To assess the QSS assumption generally employed in the
nonequilibrium radiation analysis, profiles of OH(A) along the
stagnation streamline are shown in Figs. 5a and 5b for altitudes
of 80 and 100 km, respectively. Once again, for clarity, the
shock-layer domain is reduced in Fig. 5b. The profile labeled

VEAR

Fig. 3 a) Number densities and b) temperatures along the stag-
nation streamline at 80 km altitude.

Table 2 Flow conditions

3

i, km p., kg m~ T.,K Xno Xas Xua

80 2.00 X 1077 181 5.6 X 10°° 43 x 10°° 20 % 1077
88 5.11 X 10°° 195 3.0 X 10°° 1.2 %X 10°° 7.0 X 10°°
94 1.30 X 10°° 177 1.2 X 10°° 3.0 X 107" 9.0 X 10°°
100 5.68 X 1077 185 72 X 1077 20X 10 1.0 X 10°°
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Fig. 4 a) Number densities and b) temperatures along the stag-
nation streamline at 100 km altitude.
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QSS uses the DSMC solution in each cell along the stagnation
streamline for temperatures and all species number densities
{except [OH(A)]} to compute the OH(A) profile. Clearly, at
80 km, there is sufficient collision activity to make the QSS
assumption quite reasonable. The OH(A) is formed by neutral
collisional excitation of OH in the ground electronic state by
molecular nitrogen and oxygen. Further, the relatively high
collision rate in this flow prevents the OH(A) molecules from
diffusing. The agreement between the DSMC and QSS profiles
is satisfactory.

By contrast, at 100 km, the DSMC profile for OH(A) is
nearly flat, indicating that diffusion processes dominate over
collisional excitations. The sharp decrease in [OH(A)] pre-
dicted by the QSS assumption at the vehicle wall (Z =
—0.1016 m) is because of the reduction of translational tem-
perature as predicted by the DSMC computation. The direct
simulation of OH excitation shows no such decrease because
OH(A) molecules diffuse all along the stagnation streamlines
from their point of formation because of the reduced collision
rate under this condition. Assuming that the DSMC technique
predicts the diffusive phenomena accurately, the emissions
shown next are all computed using the OH(A) profiles pro-
vided by the direct simulations rather than using those obtained
from the QSS approximation.

Emission Predictions

Several data sets for the peak emission at 0.31 wm as a func-
tion of altitude are compared in Fig. 6. Experimental data are
taken from the spectra measured on the BSUV-2 flight. For these
data, the background NO emission is subtracted to leave a com-
ponent owing only to OH. As discussed earlier, a data point at
80 km is derived from the flight data because the OH features
there are supposed to be subsumed by emission from NO. Two
different sets of computational results are provided. The results
labeled o = 1 use the freestream concentrations for H,O, OH,
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Fig. 5 Variation in OH(A) concentration along the stagnation
streamline at a) 80 and b) 100 km altitudes.
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Fig. 6 Peak emission at 0.31 pwm as a function of altitude.

and H listed in Table 2, and the gas-surface interactionis mod-
eled using fully diffuse reflection. This profile provides good
agreement with the flight data up to about 88 km. In this range,
the predicted emission lies within a factor of 2 of the flight data.
This disagreement falls well within the range of uncertainty in
specification of the freestream atmospheric compositions of the
hydrogen compounds. Above 88 km, the o = 1 predictions lie
below the flight data by several orders of magnitude.

To assess the sensitivity of these predictions, further compu-
tational studies are performed. In the calculations labeled a < 1
in Fig. 6, energy accommodation coefficients less than unity are
employed. Specifically, the coefficients for the translational, ro-
tational, and vibrational modes are set to o, = 0.85, o, = 0.5,
and a, = 0.1, respectively. The accommodation coefficient for
the translational mode used here is consistent with values ob-
served in molecular beam experiments. It is also necessary to
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note that the values of the accommodation coefficients of the
internal energy modes do not influence the radiation prediction.
The freestream composition is again that listed in Table 2. Use
of this gas-surface interaction model, which has been partially
verified in Ref. 5 through comparison with the NO and O
BSUV-2 data, leads to significant increases (factors of orders of
magnitude) in the predicted emission. At all altitudes, the DSMC
results using the modified gas-surface interaction model are
now in excellent agreement (within a factor of 4) with the flight
data. The explanation for the increases in emission is partly
illustrated in Figs. 7a and 7b, which compare the temperature
and OH(A) number density profiles along the stagnation stream-
line computed at 100 km for the two different approaches to
gas-surface interaction. When the accommodation coefficients
are less than unity, the resulting translational temperature is in-
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Fig. 7 a) Temperatures and b) OH(A) concentration along the
stagnation streamline at 100 km altitude.
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Fig. 8 Variation with altitude of the atmospheric composition of
hydroxyl

creased in comparison to the case in which perfectly diffuse
reflection is assumed. In addition, with a translational energy
accommodation coefficient less than unity, the OH(A) number
density is increased significantly.

A more complete understanding of these differences requires
consideration of collision energies rather than temperatures.
When complete accommodation is assumed, the highest energy
collision in the flow is between an incident freestream molecule
traveling at 5 km/s and a reflected particle traveling at a typical
speed of 1 km/s. The collision energy of this interaction is
barely above the activation energy for the electronic excitation
of OH. In contrast, when incomplete accommodation is as-
sumed, the peak collision energy occurs for interaction between
incident and reflected particles both traveling at 5 km/s (in op-
posite directions), and this impact energy is significantly above
the activation energy.

Sensitivity of the emission predictions to the assumed free-
stream concentrations is also considered. The freestream con-
centrations for H>O and H are again those listed in Table 2. In
the case of OH, the concentration is obtained from a model
atmosphere presented in Ref. 12. Comparison of these values
with the model data of Ref. 10 is shown in Fig. 8. The difference
between the models represents an attempt to quantify the un-
certainty in determining the freestream concentration of hy-
droxyl at high altitude. The flowfield is computed using the
o < 1 parameters, and the emission results are compared with
the BSUV-2 data in Fig. 9. At lower altitudes the computed
emission is most sensitive to the freestream water composition,
indicating that the primary source of OH here is through the
dissociation of H,O. However, at high altitudes, the emission is
almost directly proportional to the freestream mole fraction as-
sumed for OH. At all altitudes the DSMC results are in very
good agreement with the flight data within a factor of 3, except
at 100 km where the peak emission is decreased by a factor of
3 with respect to the decrease of an OH mole fraction at that
altitude with the model data of Ref. 12.

While it is satisfying to obtain reasonable predictions of the
peak height, it is also of interest to consider the full spectra. In
Figs. 10a and 10b, spectra computed using the o = 1 parameters
are compared with the BSUV-2 data at altitudes of 88 and 100
km. Note that the nonequilibrium radiation computations only
consider the spectral contributions from OH. All other contri-
butions, notably those from NO, are omitted for clarity. In both
cases, the computed spectra do not reproduce many of the im-
portant spectral features of the data. This inconsistency was ob-
served in earlier calculations as well.” The calculated spectra do
not predict the presence of the OH(A)1-0 vibronic transition at
0.28 wm and the shoulder of the 0-0 peak at 0.31 wm is too
narrow. Both of these features are absent from the simulated
spectra because the predictions for the OH rotational and vibra-
tional temperatures are inaccurate. For the cases considered
here, these temperatures for OH are almost identical to the in-

Do Uagd oy
Frhuse T THul
15 1
O 1611 4N
8 e B Ser. Mol (uefimby - 121
E :
3 :
o A 56
£ 45
L |
1.4 1%
Iy “ By fhy
i
= — e .
1. 1
4y 43 g §

3

0
THK-tPA Doyayeight (meg'ka)
F

g. 9 Peak emission at 0.31 pm as a function of altitude.



KOSSI, BOYD, AND LEVIN 229

Fig. 10 Ultraviolet spectra: a) at 88 km altitude and b) normal-
ized at 100 km.

ternal energy temperatures for the bulk gas. Figure 4b shows
bulk vibrational and rotational temperatures on the order of 1000
K, whereas the spectral data indicate the OH vibrational and
rotational temperatures to be on the order of 7000 and 3000 K
respectively, as shown in Ref. 9. This large discrepancy cannot
be explained in terms of thermal relaxation effects. It is pro-
posed that OH molecules that are both rotationally and vibra-
tionally excited must be formed through the dissociation of wa-
ter. Detailed molecular dynamics analysis of water dissociation
appears to confirm this idea."

Summary and Conclusions

The DSMC was applied to compute formation of the single
electronically excited state of hydroxyl, OH(A), in a nonequi-
librium, hypersonic flow. The conditions considered corre-
spond to the BSUV-2 flight experiment over the altitude range
of 80-100 km. Numerical resolution of the excited state,
which appears as a trace species through rare chemical reac-
tions, required the development of several new algorithms. The
new schemes were successful in resolving OH(A) at number
densities as low as 1077 cm ™.

Comparisons of the number density profiles of OH(A) com-
puted directly in the DSMC analysis exhibited a significantly
diffusive behavior, particularly at the higher altitudes. This in-
dicated that the QSS assumption often employed in nonequili-
brium radiation modeling was not applicable under these con-
ditions.

The profiles of OH(A) computed directly by the DSMC
method were used to obtain ultraviolet spectra. When surface
accommodation coefficients of 1 were used for all energy
modes, the spectral peaks predicted at 0.31 wm were in good
agreement with the BSUV-2 flight data below 88 km. At higher
altitudes, the predictions were lower than the measurements by
orders of magnitude. It was found that the computed emission

was sensitive to the model employed in the DSMC computa-
tion for the interaction between the gas and vehicle surface.
When accommodation coefficients less than unity were em-
ployed the emission increased significantly. Using coefficients
obtained from a previous study and freestream concentrations
of H,O and OH taken from the literature the predicted peak
emissions at all altitudes agreed with the BSUV-2 data within
a factor of 4. The present study also demonstrated that the
high-altitude-predicted emission was sensitive to the assumed
freestream concentration of hydroxyl.

Comparison of the spectral shapes predicted in this study
with data measured on BSUV-2 showed relatively poor agree-
ment. While the peak of the OH(0-0) transition was accurately
predicted, all other features observed in the flight data were
missing from the predicted results. This indicated that the gas
was in a much more highly nonequilibrium state than predicted
by the simulation. This shows that additional research is
needed to study, in detail, the dynamics by which OH is
formed through the dissociation of water.
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