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Detailed Computation of Ultraviolet Spectra
in Rarefied Hypersonic Flow

Koffi K. Kossi* and Iain D. Boyd®
Cornell University, Ithaca, New York 14853

A new nonequilibrium radiationmodel is described that predicts the ultraviolet spectrum of hydroxyl (OH) from
theelectronic transition A — X for flow conditions corresponding to the bow-shock ultraviolet 2 flight experiment.
Unlike previous studies, the new model includes the direct analysis of the electronically and vibrationally excited
states, OH(A,v' = 0,1, 2), of OH in the flowfield simulations. The flowfield is analyzed using the direct simulation
Monte Carlo method. Results are presented for the altitude range of 80-100 km, where the Knudsen number varies
from 0.036 to 1.3. The computation uses algorithms that improve the numerical resolution of the excited states
that typically occur at mole fractions of 10~ 15, The collisional transfer of rotational and vibrational energies of the
electronic state, OH(A ), are also studied in detail. It is demonstrated that the usual assumption made in continuum
radiation models, that the rotational and vibrational temperatures of the electronically excited state are the same
as those of the ground state of the bulk flow, fails. An importantimprovement is achieved in the spectral prediction
using the new nonequilibrium radiation model, and good agreement is obtained between flight data and emission

predictions over a range of altitudes.

Nomenclature
A = excited electronic state designation or reaction rate
constant, m®> molecule™" s~!
c = speed of light, m s~!
E = activation energy or energy level of state, J
F’ = rotational energy, m~!
G’ = vibrational energy, m™"
g = statistical weight
H = altitude, km
h = Planck’s constant, 6.625 x 10734, J s
J' = rotational quantum number
K = rate coefficient, m®> molecule™! s!
k = Boltzmann constant, 1.38 x 1072*, JK~!
M = a third body species
N = species number of particles or temperature exponent
in rate coefficient expression
n = species number density, m—3
0 = partition function
T, = rotational temperature, K
T, = translational temperature, K
T, = vibrational temperature, K
t = time, s
%4 = cell volume, m?
w = particle weight
X = ground electronic state designation or mole fraction
0 = vibrational characteristic temperature, K
v = frequency, Hz
o = mass density, kg m~>
T = lifetime or vibrationalrelaxation time, s
Subscripts
e = electronic index
i = particle index
r = rotation index
s = species index
t = translation index
u = electronic upper state index
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v = vibration index

v’ = upper vibrational state
X = colliding particle
0,1,2 = excited states index
00 = initial condition
Superscripts

diss = dissociation

ex = exchange

form = formation

qu = quenching

[1 = concentration annotation

Introduction

LTRAVIOLET diagnostic experiments have been carried out

to measure the intensity and spectral distribution of the radia-
tion emitted from the shock wave of a missile flying at 5.1 km/s, the
bow-shock ultraviolet 2 flight experiment (BSUV-2),! and to vali-
date aerodynamics and radiation transfer models related to re-entry
conditions. Detailed spectral measurements from BSUV-2 are avail-
able from about 110 to 71 km with uncertainty of a factor of about 2
(Ref. 1). The Knudsen number range for flow over the 10-cm radius
nose of BSUV-2 varies from about 1 to 0.001. Therefore, numeri-
cal simulation of these flows is difficult due to the thermochemical
nonequilibrium conditions, and the emission prediction signatures
can be in error by orders of magnitude. In a previous paper,” we dis-
cussed the prediction of ultraviolet emissions radiated by hydroxyl
(OH) for hypersonicnonequilibriumflow conditions corresponding
to BSUV-2 (Ref. 1). The study obtained flowfield solutions that in-
clude the direct analysis of the electronically excited state species
of OH using the direct simulation Monte Carlo (DSMC) method.
Then the emission was predicted from the flowfield solutions using
the nonequilibrium radiation code NEQAIR.** The present inves-
tigation continues these studies with the development of a reliable
method for predicting the signatures, with the goal of breaking new
ground by including the production and quenching of the electroni-
cally and vibrationally excited states, OH(A, v’ = 0, 1, 2), directly
in the DSMC flowfield simulations. The effect of rarefaction and
the extremely small mole fractions of the radiating species, about
10~°, have required the development of new algorithms that im-
prove the numerical resolution of the trace species.” A further goal
of the present study is to take advantage of the direct analysis of
the electronic state species to study in detail its rotational and vi-
brational energies. This allows assessment of the usual assumption
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made in NEQAIR that the rotational and vibrational temperatures
of the excited state species are the same as those of the bulk flow or
of the ground state species.

To perform the spectral computation, one must first know the
number density of the electronically, vibrationally, and rotationally
excited states. In the case of an equilibrium condition, this number
density is determined from the pressure and the enthalpy. However,
for nonequilibriumflow conditions,such a procedureis not possible.
Under some conditions, the number densities of the excited states
may instead be determined using the Boltzmann distribution for the
electronically, vibrationally,and rotationally excited states. In addi-
tion, as described in Ref. 5, the number density of the electronically
excited states can be calculatedby solving the Master equations.The
main assumption in this approachis that a quasi-steady state (QSS)
exists for the number density of the excited species. The assump-
tion requires the electronic excitation rate coefficients to be much
faster than the timescales for diffusion and for changes in overall
properties. Under such conditions, the nonequilibrium flow prop-
erties, which are the species number densities, the rotational, the
vibrational, and the electronic temperatures, must be known. Then
the vibrationally and rotationally excited state number densities are
computed using the Boltzmann distribution within these levels.

However, the present study departs from this approach by com-
puting directly the nonequilibrium number density of the electron-
ically and vibrationally excited state species. This approach allows
the direct assessment of the validity of the QSS theory, especially
in high-altituderegimes where the chemical processesbecome rare.
The present method can also be very useful in helping to under-
stand the nonequilibriumprocesses that the excited species undergo
by providing information about their rotational and vibrational re-
laxationphenomena. In fact,in NEQAIR, the vibrational,rotational,
and electronic temperatures of the bulk flow or of the ground state
speciesare used to compute the number density of the electronically,
rotationally, and vibrationally excited states. In reality, in the con-
ditions of highly nonequilibriumflows, the internal temperatures of
the ground state species or those of the bulk flow may be very differ-
ent from the temperatures of the excited states. In such conditions,
the approximation used so far in NEQAIR can lead to errors by
orders of magnitude. In the case of the OH molecule, it was found
that the ground state species undergoes vibrational energy transfer
collisions with rates slower than for the A state, OH(A), by about
a factor of 100 (Ref. 6). Therefore, the main goal of the present
study is to develop a reliable method for signature predictions at
high-altitude conditions.

The outline of the present study is as follows: First, the physical
models and numerical algorithms developed for the DSMC anal-
ysis are discussed. Then the nonequilibrium radiation code used
in this study is briefly described. The model of vibrational energy
transfer of the electronically excited state is introduced. In terms
of results, general properties of the DSMC flowfield solutions are
presented. Results obtained with the new nonequilibrium radiation
model are compared with the NEQAIR model. Direct comparison
of the predicted peak emissions and spectra with the BSUV-2 data
are presented. Finally, the flowfield properties that include the rota-
tional and vibrational temperatures of OH(A) are presented,and the
emission predictions are analyzed in terms of the OH(A) rotational
temperature dependence.

Numerical Models

The numericalmodelsemployedin the presentwork are described
in this section. The physical models implementedin the DSMC code
are first considered. The new nonequilibriumradiationmodel is then
introduced, and finally the vibrational energy transfer of OH(A) is
presented.

Physical Models

The DSMC code employed in the present study is based on the
vectorized algorithm described in Ref. 7. The code includes finite
rates of rotational and vibrational relaxation and dissociation, ex-
change, and recombinationchemical reactions. A key development
in the code is the implementation of a numerical weighting scheme
that allows accurate and efficient simulation of trace species.® For

the altituderange of interest here, the weighting scheme is neededto
resolve the excited states, OH(A, v’ = 0, 1, 2), and their precursors,
OH and H,O. It will be found from computations that the electron-
ically and vibrationally excited state species, OH(A, v' = 0, 1, 2),
existin the flows at mole fractionsof less than 10—, and these condi-
tions are handledefficiently by the new weightingscheme. However,
forany OH(A, v' = 0, 1, 2) particles to exist in the flows, they must
be produced through collisionalexcitation. For the altitudes of inter-
est here (80-100 km), there are few intermolecular collisions, and
therefore the occurrence of possible collisionevents is very rare. As
described in Ref. 2, whenever a collision involving an OH particle
has sufficient energy to allow electronic and vibrational excitation,
the reaction probability is set to unity. The numerical weights of the
products are then adjusted to ensure conservation of mass. A spe-
cial procedure is employed for these excitation collisions whereby
several OH(A) particles are created instead of just one. Once again,
the numerical weight of each particle is adjusted to conserve total
mass. Using this procedure, it is possible to maintain thousands of
OH(A,v" = 0, 1,2) particles in the simulation. The spontaneous
deexcitationreactions

OH(A,v' =0,1,2) - OH+ hv (D)
and the predissociationreaction
OH(A,v'=2) > O+H )

are implemented in the DSMC code using the algorithm described
in Ref. 2.

The observed OH ultraviolet emission is from the A — X tran-
sition only. Therefore, it is relatively simple to include the produc-
tion and quenching of the electronically and vibrationally excited
states directly in the DSMC flowfield simulations. An 11-species
reacting flow model is employed for the species N,, N, O,, O, and
NO; H,0, OH, and H; and electronically and vibrationally excited
states OH(A, v/ = 0, 1, 2). The maximum vibrational levels in the
computations are fixed to v’ = 2 because the experimental spectra
show no features of vibrational levels greater than 2. In addition
to the air reactions,” the hydrogenated species undergo the reac-
tions listed in Table 1. Note that the quenching and deexcitation
coefficient rates are from Ref. 4, and the reverse reactions coef-
ficient rates are then computed using the principle of balance at
equilibrium. The reactions are simulated by the DSMC code using
the total collision energy form of the generalized collision energy
model.’ In previous studies, it was shown that prediction of ultra-
violet emissions was sensitive to the model assumed for interaction
of the gas with the vehicle surface >' It was found in Ref. 10 that
the best agreement of prediction with experimental data occurred
for the translational accommodation coefficient of 0.85. This value
is consistent with molecular beam experiments. The rotational and
vibrational accommodation coefficients were then set, respectively,
to 0.5 and 0.1. The rotational accommodation coefficient is also
consistent with the observed molecular beam, and the vibrational
accommodationcoefficientwas estimated. In the presentwork, these
values are retained and the surface temperature is taken as 500 K
as measured during the BSUV-2 flight. It is also shown in Ref. 2
that the prediction of ultraviolet emission for OH was sensitive to
the freestream concentration. Therefore, the concentrations of the
hydrogenatedspecies obtained from a model atmosphere!! and used
in Ref. 2 are retained here and listed in Table 2.

Nonequilibrium Radiation Model

The nonequilibrium radiation code described in Ref. 3 and em-
ployed for prediction of emission from flowfield solutions was dis-
cussed and verified in Ref. 4 for OH, comparing the measured spec-
tra with the predicted emissions. The common assumption made in
the NEQAIR code is that the QSS exists for the number densities
of the electronically excited species and a single rotational and vi-
brational temperature model is employed. The validity of the QSS
assumption for high-altitude flows was assessed in Ref. 2 using the
number density of electronic state species from the DSMC com-
putation. In that approach, the number density of the rotationally
and vibrationally excited state was computed using the Boltzmann
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Table1 OH Kkinetics mechanism

Rate coefficient, m® molecule™! s=!; K = ATN o(~E/KT)

Reaction A N E/k, K
H,O +N, > OH+ H+ N, 5.81 x 10715 0.00 —53,000.0
H,O + 0, > OH+H + O, 1.13 x 10797 —1.31 —59,400.0
H,0+0— OH+H+O0 1.13 x 10797 —1.31 —59,400.0
OH+N, > O+H+N, 1.25 x 10715 0.06 —51,000.0
OH+0, > O+H+0, 1.25 x 10715 0.06 —51,000.0
OH+0—-0+H+0 1.25 x 10715 0.06 —51,000.0
H+0, «—>OH+O0 3.65 x 10716 0.00 —8,450.0
O + H,0 < OH + OH 1.13 x 10716 0.00 —9,240.0
OH + N, — OH(A, v =0) + N, 9.40 x 10717 —0.37 —46,600.0
OH + 0, — OH(A, v/ =0) + O, 2.70 x 10715 —0.37 —46,600.0
OH+ N, — OH(A,v' = 1)+ N, 2.30 x 10719 0.27 —51,173.0
OH + 0, — OH(A, v/ = 1)+ O, 6.68 x 10718 0.27 —51,173.0
OH(A,v' =0)4+ N, — OH + N, 1.64 x 10710 0.50 687.0
OH(A,v' =0)4 0, — OH + O, 476 x 10718 0.50 450.0
OH(A,v' =1)4+N; — OH + N, 2.17 x 10710 0.50 687.0
OH(A,v' =1)4 0, — OH + O, 6.31 x 10718 0.50 450.0
OH(A,v' =0)+ N, — OH(A,v = 1)+ N, 5.65 x 10718 0.50 —4,573.0
OH(A, v/ =0) 4+ 0, — OH(A, v = 1)+ O, 9.66 x 10710 0.50 —4,573.0
OH(A,v' =0)+ N, — OH(A, v =2)+ N, 7.46 x 10718 0.50 —9,146.0
OH(A, v' =0) 4+ 0, — OH(A, v =2) + O, 243 x 10710 0.50 —9,146.0
OH(A,v' =1)+ N, — OH(A, v =2)+ N, 8.01 x 10~!8 0.50 —4,573.0
OH(A,v' = 1)+ 0, — OH(A, v =2) + O, 9.20 x 10719 0.50 —4,573.0
OH(A,v' = 1)+ N, — OH(A, v =0) + N, 5.37 x 10718 0.50 0.0
OH(A, v' = 1)+ 0, — OH(A, v =0) + O, 9.17 x 10710 0.50 0.0
OH(A, v/ =2)+ N, — OH(A, v =0) + N, 6.71 x 10718 0.50 0.0
OH(A, v/ =2) 4 0, — OH(A, v =0) + O, 2.18 x 10710 0.50 0.0
OH(A,v' =2)+ N, — OH(A, v = 1)+ N, 7.61 x 10718 0.50 0.0
OH(A,v' =2)4+ 0, — OH(A, v = 1)+ O, 8.74 x 1071° 0.50 0.0
Einstein coefficient, st
OH(A,v' =0)— OH + hv 1.44 x 10°
OH(A, v' = 1) — OH + hv 1.36 x 10°
OH(A,v =2)— OH + hv 1.35 x 10°
Predissociation Rate, s—1
OH(A,v' =2)— O+H 3.70 x 10°

Table2 Flow conditions

H.km po.kgm™ T, K Xpo Xou Xu

80 200x 1075 181 5.6x107° 43x107° 2.0x 1077
88 511107 195 3.0x10° 12x107° 7.0x10°°
94 130107 177 12x107° 3.0x10710 9.0x10°°

100 5.68 x 1077 185 7.2x1077 20x 10710 1.0x 107

distribution. The number density of the upper state in the sponta-
neous emission modeling is then written as

_, &S 4D ) ke G FUD
n, =n, o exp{ k|: T + T i” 3)

The present work, however, departs from this approach by calcu-
lating directly from the DSMC code the number densities of the
electronicallyand vibrationallyexcited states. In this new approach,
the number density of the upper state is written as

Q@I+ _he[ Fi(JY
nu_nvr—Qr exp{ . [—T;‘ i|} 4)

In addition to an assessmentof the QSS assumption, the new model
allows direct assessmentof the usual assumption made in NEQAIR
that the rotational and vibrational temperatures of the excited state
are the same as those of the bulk flow or of the ground state species.

Rotational and Vibrational Energy Transfer of OH(A )

Collisional transfer of rotational and vibrational energies of
OH(A) is the topic of interestin this section. Simulating directly in
the DSMC code the production and quenching of OH(A) provides

the opportunity to study in detail the rotational and vibrational en-

ergy transfer. From the exchange reaction

OH(A, v =1)+ M — OH(A,v' =0)+ M

5

where M =N,, O,, we can define the vibrationalrelaxationtime t as

1
- = nxKIO

2]

6)

where K, is the vibrationalexcitationrate relatedtothe v’ = 1 — 0
vibrationaltransitioncross sections, which are reportedin Ref. 4 and
listed in Table 1. The vibrationalrelaxationtimes of OH(A) and OH
with N, as a colliding partner are shown in Fig.1. It is noted that the
vibrational relaxation time of OH(A) is orders of magnitude lower
than that of OH, which indicates the OH vibrational energy trans-
fer rate to be slower than for the A state, OH(A). The rotational
relaxation times of OH and OH(A) are assumed to be the same.
The rotational and vibrational energy transfer are then imple-
mented in the DSMC code in addition to the other molecules using
the algorithmsdescribedin Refs. 12 and 13. However, for vibrational
energy transfer modeling, care must be taken when simulating both
vibrational energy exchange and chemical exchange reactions be-
tween OH(A, v' = 0, 1, 2). In fact, the exchangereaction processes
involving OH(A, v = 0, 1, 2) also characterize the vibrational en-
ergy exchange phenomena. Because the vibrationallevels of OH(A)
are each treated as if they were separate chemical species and the
vibrational relaxation is then treated as a chemical reaction, no ad-
ditional vibrational relaxation process is applied to OH(A).

Results

The presentation of results is divided into three sections: 1) vari-
ation of flowfield properties over the altitude range of interest,
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Fig. 1 OH and OH(A) vibrational relaxation times as a function of
temperature.
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Fig. 2 a) Number densities and b) temperatures along the stagnation
streamline at 80-km altitude.

2) comparisons of predicted emissions using the new nonequilib-
rium radiation model with the NEQAIR model predictions and
BSUV-2 flight data, and 3) presentation of general flow proper-
ties including OH(A) rotational and vibrational temperatures and
sensitivity of predicted emissions to OH(A) rotational temperature.

As in the previous computational studies of the BSUV-2 flight,
only flow over the 10-cm-radius spherical nose of the vehicle is
simulated. The velocity is in every case 5.1 km/s, and four different
altitudes are considered: 80, 88, 94, and 100 km. The hydrogenated
speciesmole fractions, obtainedfrom a model atmospherepresented
in Ref. 11, are listed in Table 2. In all cases, the accommodation
coefficients for the three energy modes (translation, rotation, and
vibration) are set, respectively,to o, = 0.85, o, = 0.5, and o, =
0.1, and the surface temperature is taken as 500 K as measured
during the BSUV-2 flight. It is also necessary to note that the values
of the accommodation coefficients of the internal energy modes do
not influence the radiation prediction.

Flowfield Properties

The computed temperatures and number densities are shown in
Figs. 2 and 3 for altitudes of 80 and 100 km. The results show the
shock layer becoming thicker at higher altitudes and that a large de-
gree of thermal nonequilibriumexists for the altitudes investigated.
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Fig. 3 a) Number densities and b) temperatures along the stagnation
streamline at 100-km altitude.

At 80 km, the extent of the chemistry for some of the speciesis illus-
tratedin Fig. 2a, where OH and OH(A, v’ = 0, 1, 2) number density
profiles are included. However, at 100-km altitude, the number den-
sities of species are almost flat, indicating the relative importance of
diffusion over chemical processes, and the peak number density of
OH(A, v = 0) is reduced from 10'> m~? at 80 km to about 10’ m~>
at 100km. The peak values of the temperaturesare also considerably
reduced, indicatingthe effectof rarefaction. The effectof rarefaction
is also illustrated in Fig. 3a by the OH(A, v’ = 2) number density
profile. In fact, for any OH(A, v’ = 2) particle to exist in the flow,
it must be produced through OH(A, v = 0) or OH(A, v = 1)
collisional excitation. Despite the fact that several OH(A, v = 2)
particles are assumed to be created at each collisional event, very
few OH(A, v' = 2) particles are simulated after several thousand
time steps. Note that, despite the efficiency of the numerical model
in handling the trace species simulation, the statistical noise related
to OH(A) properties are significant. For clarity of presentation, the
shock layer domain is reduced in Figs. 3a and 3b. This explains the
fact that the temperatures do not reach the freestream value.

In Figs. 2b and 3b, the vibrational temperature of OH(A) is com-
puted from the predicted number density 7, of the ground state,
OH(A, v' = 0), and the first excited state, OH(A, v’ = 1), number
density n, using the Boltzmann distribution:

AE,/k

T, =———
ba(ny /n0)

where AE, characterizes the difference between the two energy
levels. It is noted that the vibrational temperature computed in this
manner is relatively constant.

OH Emission

In Figs. 4a and 4b, the computed spectra at 80 and 100 km are
compared with the results obtained using the QSS theory. Itis shown
that the spectra computed using the QSS theory do not simulate the
vibrational transition of OH(A) 1-0 at 0.28 um and the shoulder of
the OH(A) 0-0 vibrational transition at 0.31 pm is too narrow. The
absence of the 1-0 feature in the QSS theory is explained by the
inaccuracy of the vibrational temperature used in this model. Note
that the new radiation model does not use the vibrational tempera-
tures but rather the number densities computed from the flowfield
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Fig. 4 Comparison between DSMC and NEQAIR of the ultraviolet
spectra.
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Fig. 5 Normalized ultraviolet spectra at 100-km altitude.

simulations. The splitting of the 0-0 peak and the left-hand shoulder
of the 0.31-um peak depend on the rotational temperature, and the
disappearance of the 0-0 peak at 100 km in both models is due to
the small value of the rotational temperature.

InFig. 5, the spectrum computed with the new model is compared
with the BSUV-2 flight data at 100 km. Although the comparison
is reasonable, the peak value at 0.28 um in the prediction is rela-
tively small compared with the data, and the left-hand shoulder of
the 0.31-pum peak has almost disappeared. One possible explanation
for the relatively small value of the predicted peak at 0.28 um is
inaccuracy in the OH(A) collision cross sections. In fact, the ratio
of the peak heights at 0.28 um (v' = 1 — v” = 0) and 0.31 um
(v = 0 — v” = 0) depends on the vibrational temperature. The
collision cross sections for vibrational energy exchange reactions,
listed in Table 1, were measured for temperatures of about 3000 K,
and the use of these data for flow conditions with translational tem-
peratures around 10,000 K may lead to errors. The disappearance of
the left-hand shoulder of the 0.31-m peak is explained by the rela-
tively small value of the computedrotationaltemperature,indicating
that the simulationcannotpredictcorrectlyall spectral featuresof the
data. As showninFig. 3b, the rotationaltemperatureis about 1500 K,
whereas the spectral data indicate the rotationaland vibrational tem-
peratures to be on the order of 3000 and 7000 K, respectively.
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Fig. 6 Peak emission at 0.31 pm as a function of altitude.
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Fig. 7 Temperatures along the stagnation streamline.

The peak emissionsat 0.31 wm as a function of altitude are com-
pared in Fig. 6. The experimental data are from the spectra mea-
sured by BSUV-2. The spectral peak height at 80 km is derived
from calculation and measurement data using physical arguments.*
The agreementis quite good at all altitudes lying within a factor of
2 at 88 km and about 10 at 100 km. Recall that there is about a factor
of 2 uncertainty in the BSUV-2 data.

OH(A) Flow Properties and Emission Sensitivity
to Rotational Temperature

To assess the validity of the single rotational and vibrational tem-
perature assumption employed in NEQAIR, profiles of bulk flow
and OH(A) temperatures along the stagnation streamline are shown
in Figs. 7a and 7b for altitudes of 80 and 100 km. Note that the
vibrational temperatures obtained through vibrational relaxation of
OH(A) and reproduced in Figs. 7a and 7b are different from the
temperatures in Figs. 2b and 3b, which were obtained assuming a
Boltzmann distribution. It is seen in Fig. 7b that the internal temper-
atures of OH(A) are very high in the freestream. This is explained
by the importance of the diffusion process. In fact, due to rarefac-
tion effects at 100 km, OH(A) particles produced through chemi-
cal processes diffuse all along the stagnation streamline from their
point of formation, preventing OH(A) internal temperatures from
converging to the freestream value. It is also clearly shown that the
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Fig. 8 Rotational temperature dependence of the ultraviolet spectra.

internal temperatures of OH(A) are different from those of the bulk
gas. However, at 80 km where there is a sufficient number of colli-
sionevents, the two rotationaltemperaturesare very similar. The two
vibrational temperatures are quite different; the OH(A) vibrational
temperatureis very close to its rotational temperature, and the peak
value is about 7500 K. At 100 km, simulations show that OH(A)
internal temperatures are very high compared with the bulk gas.
The OH(A) rotational and vibrational temperature peaks are about
4000 and 5000 K, whereas the bulk gas flow simulationindicatesthe
flow rotational and vibrational temperatures to be about 1500 and
800 K, respectively (Fig. 3b). The presentresults also show that the
OH(A) vibrational temperature becomes important compared with
the rotational temperature, in agreement with the BSUV-2 flight
experiments. However, the present results are different by about
1000 K from the spectral data, which indicate the OH(A) rotational
and vibrational temperaturesto be on the order of 3000 and 7000 K,
respectively. To explain the discrepancy, further results were com-
puted by varying the internal energy mode accommodation coeffi-
cients. However, the results obtained for several tests indicate that
the internal temperatures do not vary much with accommodation
coefficients. It is concluded that the internal temperatures of OH(A)
arerelated to OH(A) chemical processes, and this conclusionwill be
confirmed in the following discussions. In simulating OH(A) pro-
duction from OH molecules using the generalized collision energy
model, any excess collision energy above the activation energy is
equipartitionedinto the rotational and vibrational modes. This ap-
proach is partially verified through the relatively good agreement
obtained with the BSUV-2 spectra.

Sensitivity of the emission predictions to the OH(A) rotational
temperature is considered here. The new nonequilibrium radiation
model is again considered. In contrast to results shown earlier, the
rotational temperature of the bulk gas in the emission prediction is
replaced by the OH(A) rotationaltemperature. As seen from Fig. 8b
at 100 km, the splitting of the 0-0 peak and the right-hand shoulder
of the 0.31-um peak vary considerably with the rotational temper-
ature. At 80 km (Fig. 8a), this variation is insignificant, indicating
that the OH(A) rotational temperature is the same as the bulk ro-
tational temperature. In Fig. 9a, the spectrum computed using the
OH(A) rotational temperature is compared with the BSUV-2 data at
100 km. An improvementis obtained with the left-hand shoulder of
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Fig. 9 Comparison of the normalized ultraviolet spectra at 100 km.

the 0.31-um peak, which has increased significantly in the calcu-
lated spectrum. However, this peak value is relatively high compared
with the experimental data, indicating that the OH(A) rotational
temperature is too high in the numerical simulation. To assess this
conclusion, the emissionis predicted at 100-km altitude assuming a
rotational temperature of 3000 K. Figure 9b indicates a decrease in
the right-hand shoulder of the 0.31-um peak, which is now in good
agreement with the BSUV-2 flight data. This result confirms the
OH(A) rotational temperature to be on the order of 3000 K. Using
the OH(A) rotational temperature, it is noted that the peak emission
at 0.31 um is reduced, especially at 100 km where the OH(A) and
the bulk gas rotational temperatures have a large discrepancy.
Assuming the rotational temperature of OH(A) to be 3000 K at
100-km altitude and comparing the predicted peak with the flight
data, an estimate of the OH freestream mole fraction is then ob-
tained. The derived OH mole fraction is about 4.0 x 10~°. This
value is about 20 times higher than the value reported in Table 2.
Using the same procedure, the freestream water mole fraction is
derived at 80 km through comparison of the predicted peak with the
derived 80-km data point. The derived water mole fraction is about
6.1 x107% and very close to the datareportedin Table 2. It was found
in Ref. 2 that, at low altitudes, such as 80 and 88 km, the emission
predictions were directly proportional to the ambient water mole
fraction. However, at high altitudes, such as 94 and 100 km, where
the effects of rarefaction are very significant, the emission predic-
tions were directly proportionalto the OH freestreammole fraction.
Considering these results, the ambient water mole fraction and the
OH freestream mole fraction are also derived at 88 and 94 km. The
water mole fraction is found to be on order of 4.2 x 107° at 88 km,
and the OH mole fraction is about 6.0 x 10~ at 94 km. The derived
mole fractions of the hydrogenated species are reported in Table 3.
Using the mole fractions of the hydrogenated species listed in
Table 3, the DSMC method is applied to compute the flowfield
properties, and the new nonequilibrium radiation model is used
to predict OH emission over the altitude range of 80-100 km. In
Fig. 10, the peak emissions at 0.31 um as a function of altitude
are compared with data taken from the spectra measured on the
BSUV-2 flight. Clearly, excellent agreement is obtained, suggest-
ing that the hydrogenated species mole fractions experiencedin the
BSUV-2 flight experiments are within the data listed in Table 3.
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Table 3 Derived freestream mole fractions

H,km Xu,0 Xon
80 6.1 x 107° —
88 42 x 107° —
94 S 6.0 x 107°
100 — 4.0x107°
10
L] Measured by BSUV-2
g 10%F ¢ O Derived from BSUV-2
= \ DSMC
b N
« 10°} h
5 .
2 107 el
3 \""5%
g 10° .
3
T o°f
-10 L L
10750 85 95 100

90
Altitude (km)

Fig. 10 Peak emission at 0.31 pum as a function of altitude using the
derived OH mole fractions.
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Fig. 11 Temperatures along the stagnation streamline at 100-km alti-
tude using the derived OH mole fractions.

However, as mentioned previously, the quenching coefficient rates
can also explain the discrepancy observed between the predicted
spectra and the experimental data. The derived mole fractions must
then be considered representative rather than definitive.

Consideringonce again the flow and OH(A) properties at 100-km
altitude, it is shown in Fig. 11 that the OH(A) rotational and vibra-
tional temperatures are in good agreement with the temperatures
indicated by the BSUV-2 spectral data. It is noted that the internal
temperaturesof OH(A) obtained with the new freestreammole frac-
tion are higherthan those reportedin Fig. 7b. In fact, because the OH
mole fractionis increased, the occurrenceof collisionalexcitationis
also increased and so are the number of particles in high rotational
and vibrational levels. This result also demonstrates that, in high-
altitude conditions, OH(A) internal energy temperatures are related
to the chemical processes rather than collisional energy transfer.

Summary

The direct simulation Monte Carlo method was used to predict
the number densities of electronicallyand vibrationallyexcited state
species of OH in nonequilibrium, hypersonic flight conditions. The
conditions corresponded to the BSUV-2 flight experiment over the
altitude range of 80-100 km.

The profiles of OH(A, v' = 0, 1,2) were then used to predict
the ultraviolet spectra from OH(A). The comparisons of both the
peak value and the overall spectral shape were found to be in good
agreement with the flight data. However, the ratio of the peaks at
0.28 um showed some disagreements that could be related to the

inaccuracy of the quenching and exchange collision cross sections
at high temperature. In addition, the left-hand-shoulder height at
0.31 um showed disagreements at high altitude that are due partly
to inaccuracy in computing rotational temperatures. Nevertheless,
the present study represents a significant improvement compared
with NEQAIR.

Comparisons of OH(A) rotational and vibrational temperatures
with the bulk gas flow values showed that at the lower-altitude con-
ditions the two rotational temperatures were in good agreement,
whereas the vibrational temperatures were very different. Further-
more, it was also shown that at high altitudes the OH(A) internal
temperatures were higher than those of the bulk gas. Using OH(A)
rotational temperatures, the emission was computed thatreproduced
boththe spectralshapesand the peak emissiondependenceon the ro-
tational temperature. Comparisons of the emission predictions with
the BSUV-2 flight experiments allowed the estimation of H,O and
OH ambient mole fractions over the range of altitudes of interest.
The H,O ambient mole fractions were found to be close to values
from a model atmosphere, whereas OH freestream mole fractions
were found to be higher by about a factor of 20. Using the derived
freestreammole fractions, the flowfield was then computed, and the
emissions predicted. Good agreement was obtained with the flight
data for both the peak emission and the overall spectra. With the new
freestreammole fractions, agreement was obtained between OH(A)
internal temperatures and those indicated by the spectral data.
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