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Two recent sounding rocket experiments obtained spectral data at wavelengths of 200-400 nm from
the shock-heated air surrounding a vehicle under flight conditions of 3.5 km/s at altitudes of 40-70 km
and 5 km/s for altitudes of 110-65 km. Previous analyses of the data have emphasized modeling the
radiation from the NO molecular system. The chemical kinetics of OH, a trace species in the flow, and
the electronic state excitation mechanisms are simpler than those for NO. Hence, the comparison between
modeling and data potentially provides a clearer assessment of the modeling of the flow thermochemical
processes. This article discusses the OH flowfield and radiation models that we have developed, compar-
isons with data, and the implications of this work to ongoing NO flow and radiation modeling. Additional
data from the side-viewing spectrometers from the 5-km/s flight will also be presented and analyzed. The
angular dependence of the photometer data was compared with a solution obtained from a viscous three-
dimensional flowfield calculation with reacting water chemistry.

Nomenclature
A = excited electronic state designation of OH,

Einstein A coefficients or, predissociation
rate, s'1

/ = temperature functional form
h = Planck's constant, 6.625 X 10~27 erg-s
k = reaction rate, cm3/mole-s, cm3/mol-s, Boltzmann's

constant, 1.38 X 10~16 erg/K
M = third body neutral species such as N2 or O2
T = translational temperature, K
^ = rotational temperature, K
Tv = vibrational temperature, K
t = time, s
u = flow velocity, m/s
u = diffusion velocity, m/s
w = chemical source function, kg/m3-s
X = ground electronic state designation of OH
x = flow direction, m
/z = reduced mass, amu
v = average collisional velocity, cm/s
p = mass density, kg/m3

r =. OH(A) state lifetime, s
v = frequency of light, Hz
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v' = initial vibrational state
v" = final vibrational state

Subscripts
d = predissociation
/ = forward
j = flow direction
r = reverse
s = species index
0 = initial condition

Superscripts
ex = exchange
[] = concentrations

Introduction

T HE first bow shock flight experiment (April 1990) mea-
sured the ultraviolet (uv) radiation from shock-heated gas

in the nose region of a 0.1016-m nose radius rocket traveling
at 3.5 km/s at altitudes from 40 to 70 km (Ref. 1). The second
bow shock flight experiment (February 1991) provided similar
types of uv data during re-entry at 5 km/s between the altitudes
of about 110-65 km for the flow passing over both the nose
region and about 1 m further down the body.2 The description
of the instrumentation for these two flights that measured the
OH radiation in the 310-nm spectral region has been described
earlier.

The emphasis of the data analyses for the bow shock flights
has been to understand the radiation emitted between 190-260
nm, because of the NO molecular system.3'4 The altitude de-
pendence of the ratio of the OH-to-NO radiation was analyzed
through finite rate chemical kinetics, modeling at temperatures
and densities typical of flow conditions for the first flight.
However, none of the OH data has been analyzed with thermo-
chemical-nonequilibrium flow and radiation models. With the
interest in predicting the OH radiation at conditions different
than the first two flights.5 It is timely to develop a computa-
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tional fluid dynamics (CFD) and radiation model that can be
compared with data of 1-nm spectral resolution.

The study of the OH system is amenable to detailed flow
and radiation modeling. The chemical kinetics analyses of the
bow shock 1 conditions show that OH production occurs
through a single-step process by the dissociation of trace
amounts of water vapor present under ambient conditions. The
formation of OH is more direct than the two-step process re-
quired to form NO. Therefore, there is less uncertainty in the
reaction modeling, and it is possible to more easily evaluate
the flow thermochemical models. The observed radiation at
310 nm is because of a transition from a single electronic
excited state, in contrast to the uv emission from the NO mol-
ecule. The extensive laser-induced fluorescence database of
cross sections for vibrational and rotational state-specific elec-
tronic quenching mechanisms improves the fidelity of the ra-
diation calculations well beyond what is possible for NO.

The research presented in this article involved the devel-
opment of 1) a simplified OH kinetics-radiation model; 2) a
new CFD method that allows the inclusion of detailed mech-
anisms for the formation of trace species (such as OH or NO)
for two- and three-dimensional flows; and 3) a multitempera-
ture, spectral radiation model. The main results are summa-
rized next.

The need to analyze the OH data at different viewing ge-
ometries and two flight conditions encouraged the develop-
ment of a simplified kinetics-radiation model. The density de-
pendence of the data was found to change from the first to the
second flight. This combined model was useful in developing
an excitation model to explain why the density dependence of
the data varies from linear at high densities to cubic at low
densities. The mechanisms found to be important were used in
constructing the new CFD and radiation models that were ap-
plied to the forward- and side-viewing observations.

Since the altitude of the second flight was higher than the
first, a new approach to the CFD modeling was found to be
necessary. For the stagnation region, a multitemperature, re-
acting mixture of dry air gases was modeled. Since water and
its chemical derivatives represent less than 1 part in 105 per
volume, its presence does not change the bulk flow energy and
momentum. Hence, the water thermochemistry model was in-
corporated in a simplified conservation law for the hydrogen-
ated (trace) species. The important implications of this overlay
implementation for reacting trace species is also discussed in
this article.

To evaluate the data seen through the periscopes (of the
second flight), a nonreacting, three-dimensional viscous cal-
culation was undertaken to provide estimates of the gas trans-
lational temperature and total number densities. The overlay
approach was then used to calculate the OH concentrations.

Finally, an absolute, spectral radiation model was developed
for OH. In addition, major modifications were made to the
computational technique used before. Previous work6'7 as-
sumed that the vibrational state distribution of excited elec-
tronic states is described by the ground-state bulk flow vibra-
tional temperature. With a vibrational-state-specific treatment
of the electronic excitation/de-excitation mechanisms, the vi-
brational temperature of the emitting species can be modeled
and compared with spectral data. The vibrational temperature
of OH will be shown to be very different from that of the
major constituents in the flow. Hence, the common assumption
that the vibrational temperature of other radiating molecular
species formed in the shock layer is the same as that of N2 is
likely to be incorrect.

With this more complete set of modeling capabilities, im-
portant questions can be answered. This article discusses the
source of the OH for the second flight, forward-viewing, high-
altitude spectra and its relationship to the first flight. The OH
vibrational temperature is derived from these spectra and com-
pared with theory. Comparison of the absolute magnitudes of
the computed and measured OH radiation was found to be

consistent with atmospheric models for water. Finally, the util-
ity of the side-viewing OH measurements, although compli-
cated by vehicle motion effects, is shown to be useful for test-
ing the fidelity of the three-dimensional calculations. The
angular-functional agreement between the photometer data and
calculations was found to be excellent.

Flight Data
Figure 1 shows a summary of the early re-entry scans ob-

served in the forward-viewing spectrometer during the second
bow shock flight experiment. Spectra were observed at lower
altitudes, but as in the first flight,1 the OH radiation is sub-
sumed by the NO band systems. Spectral data from both flights
show that the ratio of the predominant OH peak (310 nm) to
the NO peaks (200-260 nm) increases with altitude. Figure 1
shows that at an altitude of about 100 km the OH radiation
can still be observed with a magnitude of 3 X 10~8 W/cm2 JJL sr
(an average over five scans). The lack of NO radiation at 100
km allows the OH(A, v' = 1 -> X, v" = 0) peak at 280 nm to
be observed. The presence of these two peaks permits us to
evaluate the OH vibrational temperature.

In addition to the forward-viewing instruments, there were
eight photometers and a scanning spectrometer (identical to
the forward-vie wing one) viewing the flow 1.25 m downstream
of the vehicle nose and looking perpendicular to the nominal
direction of flight. Figure 2 shows a simplified schematic of
the two instrument viewing geometries and vehicle motion. Of
these instruments the following three are of interest to the OH
radiation analyses: 1) a photometer with center wavelength set
at 310 ± 4 nm (the peak of an OH transition), 2) a photometer
centered at 230 ± 25 (the NO gamma and beta-band systems),
and 3) a scanning spectrometer (200-400 nm with 1-nm res-
olution). The intensity of the OH photometer as a function of
time is shown in Fig. 3. It can be seen that the signal is mod-
ulated at the payload spin frequency with a period of approx-
imately 0.47 s. During the portion of the flight for which data
is shown in Fig. 3, the angle of attack of the payload was 10
deg, higher than anticipated. The large variation in intensity
was caused by the coupling of the angle of attack with the
spin motion, making the flow asymmetric. While this modu-
lation hampered the reduction of the spectral data, the large
modulation with angle permits a test for three-dimensional
flow calculations.

Figure 4 shows an average of all side-viewing spectral scans
taken as the spinning rocket descended from 72 to 65 km. This
composite spectra shows the two major components of the OH
molecular spectra, a peak at 310 and one at 280 nm and an
additional structure. The separation of the OH spectra from the
additional structure (most likely NO) was determined by look-
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Fig. 1 Spectral scans from the forward-viewing spectrometer of
ultraviolet bow shock radiation taken during re-entry of the sec-
ond flight. The spectra shown at approximately 100 km is the
average of scans taken over the altitude range of 110-95 km.
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Fig. 2 Instrument viewing geometry for the precessing rocket
motion (not drawn to scale).

spectrometer FOV is in the direction of maximum signal.
When individual spectral scans are examined, this effect can
be seen quite clearly; i.e., the spectral nature changes dramat-
ically from scan to scan. It was happenstance that the scanning
spectrometer was tuned to 310 nm when the rocket had rotated
such that the normal component of the off-axis velocity vector
coincided with the viewing axis. The composite spectra of Fig.
4 represents an average of spectral scans for different align-
ment conditions. However, it should be noted that the time to
scan between 280-310 nm is less than the half width of the
peak, as seen in the photometer data (Fig. 3).

References 1 and 2 discuss the calibration of the spectrom-
eters and photometers. All instruments were calibrated with
NIST-traceable sources and had absolute accuracy of about
±20%. The spectrometers and photometers were also cross
calibrated.

Kinetic Analyses
To guide the flow, modeling a separate, kinetic analysis was

undertaken using flow conditions representative of the bow
shock ultraviolet (BSUV) 2 flight experiment. The modeling
also permitted order of magnitude level comparison with the
data. The set of reactions added to dry air chemistry were

O2 + H O + OH (la)

£ 0
360 362 364 366 368 370 372

Time after launch, sec

Fig. 3 Intensity of the OH 310 ± 4 nm side-viewing photometer
as a function of time.

8 TT Five scans averaged from 72 - 65 km

260 280 380 400300 320 340 360

Wavelength, nm

Fig. 4 Sum of all side-viewing spectral scans taken as the spin-
ning rocket descends from 72 to 65 km.

ing at individual spectral scans of the digital data for the bi-
alkali detector of the uv spectrometer. The spectrometer scans
in wavelength in a continuous fashion from 400 to 250 nm
and then from 250 to 400 nm. The time for this total scan is
1.95 s. Figure 2 shows that both the spectrometer and the pho-
tometer field of view (FOV) varied from the windward side to
the leeside during each revolution of the rocket. The near-
synchronous behavior of the scan and vehicle rotation rates
implies that not all wavelengths will be observed while the

H2O + N2 *-^> H + OH + N2

OH + N <-̂ -> NO + H

H2O + O <-̂ -» OH + OH

H + O H- N2 «-?-» OH(A) + N2

OH(A) + N2 A OH + N2

OH(A) OH + hv

(Ic)

(Id)

(le)

(If)

dg)

Table 1 gives the values for the rates in Eq. (1) (Refs. 8-
11). To explore the BSUV 2 flight conditions, a matrix of
temperatures from 2000 to 10,000 K and total molecular den-
sities from 5 X 1012 to 1 X 1016 mol/cm3 was used. For these
cases the time-dependent concentration of OH, OH(A), and
NO was determined using the Chemkin code.12 For these ex-
ploratory calculations it was assumed that the ambient water
mixing ratio per volume was 10~5. This assumption will be
discussed further later. Conditions typical of the second flight
conditions at 90 km altitude and 5 km/s are a gas temperature
of 10,000 K and a total number density of 1 X 1013/cm3. Com-
parison of the kinetic solution at these conditions with the
solutions presented in Ref. 3 show that there is considerably
less water dissociated than for the first flight conditions. From
the matrix of conditions considered it was found that the sec-
ond reaction dominates the production of OH. The collision-
ally induced excitation mechanism [reverse reaction of Eq.

Table 1 OH thermochemical kinetics model"

Reaction
1
2
3
4
5
6
7

V
2.2 X 1014

3.5 X 1016

4.0 X 1013

6.8 X 1013

1.2 X 1013

9.8 X 1011

1.4 X 106

i?«
0.0
0.0
0.0
0.0
0.0
0.5
0.0

EflIRb

16,646
100,510

0
9,240
6,940
0.0
0.0

Reference

8
8
8
8
9

10
11

"Rates are in cm3/mole/s (or higher).
bR = 1.9872 cal/mole-K, Efl is in cal/mole.
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Fig. 5 Comparison of the BSUV 2 OH spectral peak heights with
radiances calculated from OH concentrations derived from the
kinetics analyses.

(If)] was the only important mechanism in the production of
OH(A). To use the kinetics model solutions, an estimate of the
gas residence time in the FOV of the forward spectrometer
was made. For these flow conditions it was found that a value
of 100-/AS residence time was reasonable and was used to com-
pare the computed OH(A) concentration with the data.

Figure 5 shows the measured spectral peaks at 310 nm as a
function of altitude or freestream density. The data were ob-
tained from the forward-viewing spectrometer with the radi-
ance contributions from other radiators (principally NO) at 310
nm subtracted. Also shown are the computed radiances using
the OH(A) concentrations of the kinetics analyses. The calcu-
lated radiances assume an optical bandwidth of O.OOS^i, a ra-
diative lifetime of 700 ns, and an effective radiating length of
1 cm. Figure 5 shows that the density dependence of the data
varies from cubic at low densities to linear at high densi-
ties.

The results of Fig. 5 may be explained with closed-form
density-dependent expressions for the concentration of OH(A).
For flow conditions at which all data were taken, the OH(A)
lifetime r is short compared to flow and reaction times. Hence,
OH(A) will be in steady state with respect to its ground state:

[OH(A)]/(OH) = *6rN2/(*6/N2 + I/T) (2)

Equation (Ib) is the dominant process for the formation of OH
or

d(OH)
dt MH20)(N2) ~ MOH)(H)(N2) (3)

The two important limits of Eq. (3) are for times at and far
from the steady state.

First consider the steady-state case. The number density of
H, OH, and H2O must be equal to the initial concentration of
water, <H2O)0, and equal amounts of OH and H are produced.
Setting Eq. (3) equal to zero and applying species conservation
gives an expression for the concentration of OH:

(OH) = —k>f + y + £2/MH2O)o
(4)

In the present case k2f > k2r and (H2O)0 is also small (the frac-
tion of water is one part in 10~5 or less). Using a binomial
expansion for the square root term of Eq. (4) gives the simple
result

(OH) = |(H20)0 (5)

Equation (5) is only valid when the water has been largely
decomposed. These conditions are encountered for tempera-

tures on the order of 8000 K and pressures of 0.01 atm for the
first bow shock flight. In the high-density and high-temperature
limit, the collisional processes in Eq. (2) dominate. Substitu-
tion of Eq. (5) into Eq. (2) shows that the steady-state OH
concentration is linear with density, as implied by Fig. 5.

Consider the other limit of Eqs. (2) and (3), i.e., the chemical
kinetics are far from steady state and the collisional excitation
rates are low. Initially Eq. (3) has the form

d(OH)
dt *2/(H20)(N2) (6)

The [OH(A)]/(OH) ratio is still in steady state, but collision
terms no longer dominate. Instead,

[OH(A)]/(OH) = (7)

In this case the intensity does not vary linearly with density.
Instead there is a density dependence for both the concentra-
tion of OH and the ratio of [OH(A)] to (OH). This leads to a
cubic dependence at the lowest densities.

The density dependence of the data appears to be almost a
square law, because the data span altitudes between the two
limits discussed previously. The high-density limit was not
measurable on the second flight, since the OH radiation be-
comes subsumed by that of NO. The conditions of the first
flight come closer to this limit.

Flowfield Simulation—Overlay Method
The primary CFD method that is used to simulate the stag-

nation region for the cases of interest here is discussed in Refs.
4 and 13. A finite volume method is used to solve the
Navier-Stokes equations, extended to account for finite rate
chemical reactions and internal energy relaxation. The model
for wet air is a reacting mixture of perfect gases composed of
eight chemical species (N2, O2, NO, N, O, H2O, H, and OH).
The internal energy is described by translational, rotational,
and vibrational-electron temperatures.

For the eight-species wet-air model, nine finite rate chemical
reactions are considered:

<8a)
(8b)
(8c)
(8d)
(8e)

N2 + O <-> NO + N

NO + O <-> O2 + N

O2 + H <-̂ -> O + OH

H2O + N2 4^> H + OH + N2

OH + N2 <-̂ -> H + O + N2

(80

(8g)

(8h)

H2O + O 2OH

These chemical reactions are assumed to proceed in both the
forward and reverse directions.

The dry air species forward rates are expressed in the stan-
dard Arrhenius form and correspond to those given in Table 2
of Ref. 3. The source of the Arrhenius parameters for the first
five reactions and the computation of the reverse rates have
been discussed in earlier work.4'14 The ground-state reaction
rates involving species with hydrogen were computed as fol-
lows. The forward rates were taken from the high-temperature
data of Baulch.8 The reverse rates were related to the forward
rates with the assumption of detailed balancing. The equilibria
constants were computed from the JANNAF database for high-
temperature reactions.12 The values of klf through k4f used in
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the flowfield simulations are those given in Table 1, except for
Eq. (8h). The forward-rate constant coefficients used for k%f
were C/3 = 7.5 X 1014 cm3/mole/s, 7j3 = 0.06, and Ef3/R =
100,470 cal/mole.

For conditions where the translational and vibrational tem-
peratures are not equilibrated, it is common to assume that the
dissociation reactions are governed by the geometric average
of these two temperatures,15 V77V This model was developed
to account for the reduction in the dissociation rate because of
vibrational nonequilibrium. However, translational-vibrational
relaxation for water is fast compared to that of N2, so that
other temperature weighting averages for the dissociation rates
involving the hydrogenated species must be considered. The
geometric weighting was retained for the forward dissociation
rates of the dry air species.

Figures 6 and 7 show predicted stagnation streamline tem-
peratures and species at 80 km and 5 km/s for a vehicle with
a nose radius of 10.16 m. In the calculations the assumed mix-
ing ratio of water in the freestream16 was one part in 105. The
high degree of thermochemical nonequilibrium is apparent
from the temperature and species profiles. Comparison with
chemical kinetic solutions obtained for the first bow shock
flight experiment, at 3.5 km/s and 60 km altitude, shows that
the degree of water dissociation is much less for the second
flight conditions.3

Considering the flight data shown in Fig. 1, it can be seen
that for the forward-viewing instruments the altitudes of inter-
est for the second flight data are higher than 80 km. At these
altitudes the use of full thermochemical models in the CFD
calculations become more difficult because of long conver-
gence times. Three additional species imply an even greater
computational burden, particularly when many calculations are
needed to test the sensitivities of various thermochemical mod-
eling parameters.

Since water and its chemical derivatives are trace species,
one would expect that the solution of their thermochemical
properties could be decoupled from the full flow solution. Cal-
culations made at 80 km with and without water gave identical
temperatures and concentrations of all nonhydrogen-containing

14,000

12,000

* 10,000
CD

| 8,000

8. 6,000
E
£ 4,000

2,000

0
0.5 1 1.5 2

Distance from Wall, cm

2.5

species. If the argument is made that the introduction of these
trace species in the flow cannot affect the energy or momentum
of the bulk solution, then a simplified conservation law for the
expanded set of constituents (bulk 4- overlay or trace) can be
written, which involves only the conservation of overlay spe-
cies,

dps d(psUj +

dt dXj

psusj) (9)

Fig. 6 Flow calculated temperatures at 80 km, 5 km/s, and a
vehicle, nose radius of 10.16 cm.

The velocity, temperatures, and nonoverlay species densities
are held fixed during the overlay calculation. In this case, the
bulk solution represents the CFD solution for dry air only.
Hence, once the steady-state bulk solution has been obtained,
Eq. (9) can be solved for different reaction sets, holding the
bulk solution fixed. The solution of Eq. (9) is much less costly
than the solution of the CFD for both bulk and overlay species
because the cost varies approximately with the square of the
number of equations being solved. Also, the overlay solution
converges to a steady state quickly, and therefore, it is possible
to incorporate detailed excited state chemistry models. More-
over, for altitude regimes where the continuum formulation
becomes questionable, Eq. (9) can be solved using the bulk
properties from the direct simulation Monte Carlo (DSMC)
method.17

The overlay method provides a full spatial solution of the
trace species concentrations. The ability to account for diffu-
sion of light species through the flow, such as H, is particularly
important for the modeling of the OH chemistry. Ignoring the
diffusion effects produces spatial profiles significantly different
(and incorrect) from those shown in Fig. 7. Hence, although
the flow region of interest may be localized, a full spatial treat-
ment is required.

A comparison of the species concentrations derived by the
full CFD and this overlay method at 80 km showed complete
agreement between the two methods. Figure 8 shows the hy-
drogenated species profiles obtained from the overlay method
at an altitude of 88 km, where a full CFD calculation would
be very expensive.

The three-dimensional flow computations to be compared
with OH side-viewing data were performed as follows. The
recently developed data-parallel LU relaxation method18 was
modified to solve the overlay conservation equations for the
hydrogenated species, and excellent convergence properties
were obtained.

Two three-dimensional flowfield simulations were performed
for the BSUV 2 geometry at a 10-deg angle of attack at an
altitude of 65 km. First, we used the DP-LUR method to solve
the Navier-Stokes equations using a perfect gas equation of
state. Then, the OH formation reaction set [Eqs. (8g-8i)] was
overlaid on this flowfield. We used the perfect gas equation of
state for the bulk solution because in the vicinity of the side-
viewing photometer, the gas is relatively cold (peak tempera-
ture is 4118 K). Some vibrational energy excitation and oxy-

o E

0.5 1 1.5 2

Distance from Wall, cm
2.5

Fig. 7 Flow calculated hydrogenated species at 80 km, 5 km/s,
and a vehicle nose radius of 10.16 cm.

^ 10

[OH]

[H]

0 2 4 6 8
Distance from Wall, cm

Fig. 8 Calculated overlay species at 88 km, 5 km/s, a vehicle nose
radius of 10.16 cm, and a freestream water mixing ratio of 10~5.



LEVIN ET AL. 205

-0.5 0.0 0.5

Fig. 9 Temperature contours in the plane of the BSUV 2 side-
viewing windows at 65 km. The scale is meters.

-0.5 0.0 0.5

Fig. 10 OH concentration contours in the plane of the BSUV 2
side-viewing windows at 65 km. The scale is meters.

gen dissociation would occur at these conditions, but this
would not change the results significantly. A grid with 128
points in the axial direction, 100 points in the normal direction,
and 64 points in the circumferential direction was used. This
grid was fitted to the body, and included the sphere-cone to a
point just downstream of the viewing plane. Only one half of
the body was simulated because of its bilateral symmetry. The
computations were performed on a 64-node partition of the
Army High Performance Computing Research Center CM-5.

Figures 9 and 10 are contour plots of gas temperature and
the OH number density, respectively. As expected, there is a
pronounced variation of the temperature and density with the
angle from the windward side. The conditions shown in Figs.
9 and 10 will be used to model the side-vie wing OH photom-
eter data.

OH Radiation Model
The observed OH radiation (310 nm) is from the A -> X

transiation only. Hence, it can be modeled in greater detail and
with higher confidence than the NO radiation between 190-

300 nm, which involves transitions from four electronically
excited states. There is also an extensive set of measurements
that provides vibrational and rotational state-specific excitation
cross sections for transitions among the X and A levels. Thus,
it is possible to obtain state-specific expressions for the elec-
tronic state populations. Under the flight conditions the number
of collisions is sufficiently high, so that the quasi-steady-state
(QSS) assumption for electronic excitation is assumed to be
valid.7 The vibrational temperature of the A state can then be
determined directly from the solution of the QSS equations.
The usual assumption that the excited electronic state vibra-
tional temperature is the same as that of the bulk flow species
can thus be verified. Predissociation from the OH(A) state for
vibrational levels greater than v' = 2 further reduces the mani-
fold of vibrational states that need to be considered. The pro-
cesses considered were

M + OH(A, v' = 0) —±> M + OH(X)

M + OH(A, i/ = 1) -^» M + OH(X)

M + OH(A, i/ = 2) -^> M + OH(X)

A2dOH(A, v' = 2) -

OH(A, v' = 3) - O + H

OH(A, v' = 0) —-> OH(X) + hv
AIOH(A, i/ = 1) •

OH(A, i/ = 2) •

M + OH(A, v' = 1)

M + OH(A, i/ = 2) •

M + OH(A, v1 = 2)-

OH(X) + hv

OH(X) + hv

(10a)

(10b)

(10c)

> M + OH(A, v = 0)

> M + OH(A, v = l ) (lOd)

> M -f- OH(A, v = 0)

where M is a neutral third body. Equations (lOa-lOd) repre-
sent quenching, dissociation, spontaneous emission, and
exchange processes, respectively. The reverse reactions for
Eqs. (lOa) and (lOd) are also modeled.

The values for the rates used in the model are given in Table
2 (Refs. 10, 11, and 19). The measured cross sections are re-
lated to the rates by the average velocity:

(H)

Table 2 OH vibrationally resolved excitation rates"*

Rate
Ao - 1.44 X 106

A! = 0.36 X 106

A2 = 1.35 X 106

k<,x = 3.7 A2 vf(T)
kox = 12 A2 vf(T)
k,x = 4.9 A2 vf(T)
klx = 15.9 A2 P/(D

Aw = 3.7037 X 106

A3d = 1.0 X 1010

JkS = 12 A2 v
kZ = 2.1 A2 v
k% = 17.0 A2 v
kZ = 2.0 A2 v
kZ = 15.0 A2 v
k% = 0.5 A2 v

Units
-i

s"1

s'1
cm3/mol-s
cm3/mol-s
cm3/mol-s
cm3/mol-s

s'1
s'1

cm3/mol-s
cm3/mol-s
cm3/mol-s
cm3/mol-s
cm3/mol-s
cm3/mol-s

Collision
species

__
__

M = N2
M = O2
M = N2
M = 02

——
M = N2
M = O
M = N2
M = O2
M = N 2
M = 02

Source
Ref. 11
Ref. 11
Ref. 11
Ref. 10
Ref. 10
Ref. 19
Ref. 19

Ref. 11
Ref. 11
Ref. 11
Ref. 11
Ref. 11
Ref. 11
Ref. 11
Ref. 11

T = 300 K. "See text for definitions of f(T) and v.
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The cross-sectional data have been obtained for a tempera-
ture of 300 K. The data of Fairchild et al.,10 at 1 100 K for the
A(v' = 0) -» X quenching, was used to determine a functional
dependence for the rates [/(D of Table 3]:

. N2 (12a)

(12b)

The same reference suggests a value off(T) equal to unity
for the vibronic energy exchange rates, A:to, £21. and k%>.

The NEQAIR (Ref. 6) model was generalized to solve for
the QSS distribution of OH(A) in each of its three vibrational
states. Following the computation of the distribution of vi-
bronic states, the NEQAIR spectroscopic database was used to
calculate the OH radiation. The spectroscopic data was im-
proved to use more accurate vibrational-rotational energy
terms20 and the dependence of the line strength on rotational
energy level.21 Equations (lOa-lOd) imply a constant rota-
tional dependence for the predissociation rates. An approxi-
mation used in this work was to assume predissociation from
rotational states greater than 23, 12, and 4 for transitions from
the i/ = 0, 1, and 2 states, respectively.20

Comparison with Data
Consider again the forward-vie wing spectra shown in Fig.

1. Comparison of these spectra with theory provides various
types of basic modeling diagnostics: 1) predictability of the
altitude dependence, 2) the validity of using the bulk temper-
atures to represent those of the OH(A) state, and 3) comments
about the absolute magnitude of the calculated radiation. The
results of these comparisons will be discussed in detail.

The freestream density dependence of the spectral peaks at
about 310 nm provides information about the validity of the
ground and excited state thermochemical models. Figure 11
shows a comparison of the spectral peak heights (data shown
in Fig. 5) with our calculations of the OH(A) concentration
integrated over the spectrometer FOV (the stagnation stream-
line). Data and calculations are plotted as a function of the
freestream density normalized by the freestream density at 100
km. The calculated OH(A) concentration is the sum of the
steady-state OH(A, i/) concentrations summed over the three
vibrational states. Two different ground-state thermochemical
models were used in the calculation of the forward rates, k\f
through &4/, of Eq. (8). These results are shown in the figure
as the (7Tvib)1/2 model15 and the T model.17 It can be seen that
the model that uses the translational temperature gives better
density-dependent agreement with the data.

Figure 12 shows a comparison of the forward-viewing spec-
tra obtained at the highest altitude, ~100 km, and a spectra

•&

I o

1 0 -

io-6-

1 O'7-

1 o-8,

io-9-
1

nr x
: D
: x
\ xx

: 0

• O
——— . —— i i i i ml
0 10C

(88) (85 )

a

X Data

D T

° (TTvib )1 /2

(80 km)

-

-

-ID'1

-ID'2

- io-3

- io-4

• o

Normalized Free Stream Number Density

Fig. 11 Comparison of the forward-viewing OH spectral data
and the overlay/OH(A) steady-state calculations for the BSUV 2
high-altitude conditions. The correspondence between the abscissa
and altitude is indicated by the values in parentheses.
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Fig. 12 Comparison of the forward-viewing normalized OH
spectra at 100 km and the calculated spectra for the BSUV 2 high
altitude conditions (88 km).
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Fig. 13 Flow temperatures and excited state species stagnation
streamline profiles at 88 km for the BSUV 2 flight conditions.

calculated at 88 km, each self-normalized. The rotational split-
ting of the OH(A, v' = 0) -> OH(X, v" = 0) structure near 310
nm is a good measure of the rotational temperature. The ratio
of the peak heights at 280 (v' = 1 -> v" = 0) and 310 nm and
the shape of the right shoulder of the 310-nm peak structure
depend on the vibrational temperature. Spectra were calculated
(independent of the flow solution) for a matrix of rotational
and vibrational temperatures between 2000-7000 K. This
analysis showed that the experimental spectra could be best
characterized by a rotational temperature between 2000-4000
K and a vibrational temperature between 5000-7000 K. Com-
parison of the spectra generated and measured shows that
some, but not all, elements are in agreement. It appears that
the rotational temperature of the bulk gas is in good agreement
with the data. The lack of structure at 280 nm and the reduced
shoulder of the 310-nm peak predicted by the flow and radi-
ation modeling indicates that the bulk vibrational temperature
is very different from the data. Figure 13 helps to elucidate
this result. The bulk flow translational, vibrational, and rota-
tional functions and the normalized OH(A) concentration are
plotted as a function of distance from the wall along the stag-
nation streamline, or equivalently the FOV of the spectrometer.
The measured spectra is dominated by those temperatures
where the OH(A) concentration peaks. At that point in the flow
the rotational temperature is seen to be about 3000 K, which
is consistent with the temperature obtained from the spectral
fit. The bulk vibrational temperature of 1000 K, however, is
clearly much lower than that given by the spectral data.

Spectral fits were also obtained for the other BSUV 1 and
2 data shown in Fig. 1 and Ref. 1. The spectral fit at the highest
altitude was considered to be the most reliable since no NO
molecular background subtraction was required. Nevertheless,
a vibrational temperature of about 5000 K was obtained for
the other cases as well. Again, the vibrational temperature that
best fit the data was found to be higher than that of the bulk
gas.
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"""""Maximum [OH(X)]/cm
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Fig. 14 Comparison of OH side-viewing photometer data and
calculated OH and summed-OH(A) radiation angular dependence.

The calculated spectra shown in Fig. 12 has a peak absolute
magnitude of 4.8 X 10~5 W/cm2 ^ sr, which can be compared
with the magnitude of the spectra shown in Fig. 1 of about 2
X 10~7. The most likely causes for this discrepancy can be
attributed to errors in the modeling of the bulk flow translation
temperature, the OH thermochemical model, or the freestream
water mixing ratio. Detailed comparison of DSMC and CFD
calculations for the bulk flow properties at the same 88-km
conditions show good agreement in the bulk heavy particle
translational temperature. The OH thermochemical model is
fairly straightforward. In this calculation it was assumed that
the forward dissociation rates were governed by the transla-
tional temperature. The absolute spectral magnitude (but not
shape) was found to be very sensitive to different temperature
weightings for the forward dissociation rates. Consistent with
the chemical kinetics of OH formation, the magnitude in-
creased for higher heavy particle translational temperature
weighting. However, as shown in Fig. 11, the T weighting
gives an altitude dependence consistent with the data.

As mentioned earlier, the freestream water mixing ratio was
assumed to be 10~5 parts per volume. At a given altitude, the
absolute magnitude of the OH radiation is linearly proportional
to the freestream water concentration, because the forward pro-
cess [Eq. (8g)] dominates. Hence, if the assumed freestream
water concentration is too high, then the absolute magnitude
could be reduced accordingly. The atmospheric data and mod-
els shows more variability in the data for the altitude range of
the second flight than of the first. Above 90 km, the water
mixing ratio could vary from 1CT7 to 10~5 parts per volume.16'22

Hence, the calculated absolute value can be shown to be within
a factor of 2 of experiment. Alternatively, the modeling used
in conjunction with the flight data can be viewed as providing
an independent assessment of the concentrations of an atmo-
spheric trace species.

The discussion in this section has emphasized what can be
learned from the comparison of the calculations with the for-
ward-viewing spectrometer. Now we compare the data ob-
tained from the side-looking instruments with a three-dimen-
sional flow simulation. The observed spectra averaged over
scans taken as the rocket descended from 70 to 65 km (Fig.
4) suggests that OH radiation is the dominant feature in the
side-looking spectra. The ratio of the two peaks should have
given the vibrational temperature. The modulation imposed by
the rotation and nearly harmonic relation between the scan rate
and the rotation rate makes the assessment of the vibrational
temperature more difficult than the forward-vie wing data. At
best, the ratio can be said to be consistent with a vibrational
temperature between 3000-4000 K. Figure 9 shows that this
temperature is in general agreement with the temperatures ob-
tained from the viscous nonreacting three-dimensional flow
calculations.

The three-dimensional flow temperatures, total number den-
sities, and OH concentrations were used in the radiation model

to calculate the OH(A) concentration at each flow grid point.
Each radial corresponds approximately to the line-of-sight of
the OH photometer, which varies as a function of angle from
the windward direction. To compare with broadband photo-
metric data, it is sufficient to sum the OH(A) concentration
along each radial. Figure 14 shows a comparison of data and
the calculated maximum-OH concentration, and, summed-
OH(A) concentration as a function of angle. The agreement
between the half-power point of the data and the calculated
summed-OH(A) concentration is excellent for these nonsym-
metric flow conditions. It can also be seen that the OH con-
centration at the location of the maximum temperature, along
a given radial, has a much broader angular dependence than
the data. This is because of the lack of coincidence of the
maximum temperature and maximum OH concentration.

Conclusions
A number of important observations can be made from the

research discussed in this article. There is sufficient water in
the freestream to account for the radiation from OH that was
observed in the bow shock 2 flight re-entry. Thus, the cause
of the altitude dependence of the ratio of the OH/NO radiation
observed in the second flight is similar to that observed in the
first. A kinetic analysis demonstrated the key mechanisms for
the production of OH in the ground and excited states. For the
matrix of conditions considered, it was found that the colli-
sionally induced dissociation of water dominates the produc-
tion of OH. The neutral species collisionally induced excitation
mechanisms was the only important term in the production of
OH(A). These two conclusions are similar to our findings for
the first flight conditions, but for the second flight conditions,
there was considerably less water dissociation.

Two new computational models were developed. A com-
putational flow method was shown to be able to efficiently
model the chemical kinetics of trace species in a chemically
reacting flow. The solution of the bulk or main flow species is
held constant to permit detailed modeling of the trace species.
The technique was successfully applied to the stagnation and
aft regions of the vehicle. The species concentrations obtained
from the overlay flow calculations were then used in the new
OH radiation model.

Examination of the forward-viewing spectral data gave a
number of significant results. It was found that for the second
flight, high-altitude conditions, the vibrational temperature of
the OH (A) system is different than that of the bulk flow. This
may have implications for the modeling of uv emission in
similar flows from other simple diatomic species. Comparison
of the spectral radiance data with calculations showed that the
heavy particle translational temperature characterized the water
dissociation. The absolute magnitude of the computed spectra
at 88 km suggests ambient water concentrations on the order
of 10~7 parts per volume.

The modulations observed in the side-viewing spectroscopic
and photometric data are caused by the nonzero angle of attack
and the coning motion of the vehicle during re-entry. They
have the undesirable effect of complicating the analysis of the
data and reducing the amount of useful data. Nevertheless, sets
of useful data were found and studied. It was found that the
calculation closely reproduced the angular modulation ob-
served in the photometric data.
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