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Comparison is made between the results obtained from a state-of-the-art thermochemical nonequilibrium
flowfield and radiation code and data obtained from a recent experiment. The experiment obtained the first
measurements of ultraviolet radiation from the shock-heated gas in the nose region of a 0.1016-m nose radius
vehicle traveling at about 3.5 km/s at altitudes between 37-75 km. The preflight computations agree at low
altitudes but underpredict the data at high altitudes. Postflight flowfield and radiation sensitivity studies suggest
improvements for the models at high altitudes. Specifically, excitation mechanisms that contribute to production
of NO gamma-band emission need to be revised. Altitude dependence of the radiation observed from the OH
radical can be understood in terms of nonequilibrium chemistry in the flow.

Introduction

T HERE has been a recent effort to study the thermo-
physics of shock-heated air in the vicinity of the nose of

a slender vehicle f lying at about 3.5 km/s. Two recent articles
represent an effort to predict the radiation emission from this
type of flowfield.1 2 This work relied on the numerical tech-
nique of Candler3 to predict the flowfield characteristics and
the nonequil ibrium air radiation (NEQAIR) program of Park4

to assess the radiative emission. Using these results, a rocket
experiment was designed to measure ultraviolet emission from
these flows. This experiment, bow shock ultraviolet (BSUV),
was successfully flown in April 1990. A more lengthy discus-
sion of the payload instrument characteristics and trajectory
may be found in Ref. 5. The results discussed here correspond
to a constant speed of 3.5 km/s at alti tudes from 37 to 75 km.

The computational technique that was used to predict the
flowfield models air as composed of seven chemical species
(N :, O2, NO, NO f , N, O, and e ).(1 These chemical species
are allowed to react with each other at f ini te rates. It is as-
sumed that the temperature that governs the vibrational and
electron translational energy modes Tv may be different than
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the heavy particle translational-rotational temperature T. This
model will be designated throughout this article as the "base-
line multi-T model." Addit ional ly, in the radiation model it
is assumed that Tv is the temperature that controls the pop-
ulation of the excited electronic states. These models have
been tested at various flight conditions and have been shown
to give good comparisons to other experimental data/1 7 Gen-
erally, however, the experimental data that have been used
in the past have been at speeds of 5 km/s and higher and have
provided data for parameters that are not especially sensitive
to the thermochemical model (e.g., surface pressure and heat-
ing rates). The data from this fl ight are considered to be highly
reliable and serve as a good test of the thermophysical model
in the 3.5 km/s flight regime. To determine an upper l imit on
the radiation within the context of the preflight flowfield and
radiation models, emissions were calculated using a variant
of the original baseline mult i -T model. The heavy particle
translational-rotational temperature and the electron-vibra-
tional temperature were assumed to be equil ibrated. (Chem-
ical nonequi l ibr ium was main ta ined . ) The radiation model
was used as before, except that this single temperature was
the controlling temperature. The preflight results from this
model wi l l be designated as the "single-T" model.

It is the purpose of this article to assess the success of the
computational techniques in terms of preflight predictions of
the f lowfield and levels of radiative emission in the 190-400-
nm spectral region. It wi l l be seen that the comparison is f a i r ly
good for the lower portion of the t ra jectory , but that it is
poor for the higher al t i tudes. At lower al t i tudes the signal
magnitudes were in agreement with preflight calculations2 and
ground-based shock tube work. s Flight spectra showed emis-
sions from expected molecular systems, i .e., NO and OH.
This article wi l l discuss enhancements to the models subse-
quent to the f l ight that provide better agreement at higher
altitudes.

The present models have no predictive capabil i ty to model
radiation from the OH radical which was observed during the
f l igh t . Using a quasisteady state assumption, the f lowfield

30



LEVIN ET AL.: ULTRAVIOLET ROCKET FLIGHT 31

temperature and density were used in conjunction with kinetic
analyses to explain the altitude-dependence of that signal.

Comparison of Experiment and PreHight Models
Figure 1 shows the relative signal strength of the shock-

heated gas as a function of time after launch. The photometer
is centered at 230 nm, has a bandwidth of 51 nm, and views
the stagnation region through a conformal fused silica win-
dow. The radiation is dominated by the NO (A -» X tran-
sition) gamma-band system in this spectral region! Absolute
calibration of these data^ provides a signal level of 0.014
W/cm--/isr at 40 km which is a factor of two lower than either
the baseline multi-T or single-T model. At lower altitudes the
analog data curve represents the best detector response. The
orders of magnitude discrepancy between the baseline multi-
T model and experiment at higher altitudes is apparent. The
single-T model is seen to agree well with the data, especially
at higher altitudes.

40Jun SCLkm

30 32 34 36 38 40

Time from Launch (sec)

Fig. 1 Comparison of on-axis photometer relative signal strength with
"single-temperature" and "multiple-temperature" models as a func-
tion of altitude.

• 30° Of f - A x i s

* . Baseline Multl-TIModei [

• -O- Experiment

_........................., ............................. j... .................... ....... j.......... ..........

1 i

• " Z : ! : : : •*

• !
; • • * «-*̂ . [:":- '̂s^T'̂ 'r"" '̂̂ """"""^"^"""^
! - -O Experiment

,_......................... ............................. j.............................|....................

"""""""""""""""""" !"""""""""1

^ 1--•p"-----"----————— -"]

:::X::i
i :

i................................. ........̂
...... ^ .. .... -^

i .. i
i ;

••. 1 !

i % i

Kig. 2 Off-axis radiometer and model comparisons.

In Fig. 2 comparison with the theory is given for the off-
axis NO photometers/ The baseline multi-T calculations pre-
dicted signal levels that would not have been observable by
the off-axis photometers for altitudes higher than 50 km.-
However, the data show that the signal falls off with angle
more slowly than predicted by the baseline multi-T theory.
Again, the single-T model is seen to agree well with the data
at the higher altitudes.

A series of spectra obtained with the forward-viewing spec-
trometer is shown in Fig. 4 of Ref. 5. The spectra show that
the dominant radiator is NO; the NV band structure is not
visible in this flight regime. At longer wavelength the emer-
gence of the OH (X —» A) peak at 310 nm above the contin-
uum of the NO gamma-band structure is observed, particu-
larly at higher altitudes. The OH signal will be shown to be
due to the presence of water in the atmosphere. It also serves
to provide additional confirmation of the mechanism for pop-
ulating the upper electronic states of heteronuclear diatomic
species.

Enhancements to the Flowfield Model
Comparison of experiment with preflight model predictions

shows that the single-T model appears to better predict ra-
diance levels than the multi-T model. In this flight regime,
however, there are insufficient numbers of collisions for the
gas to reach vibrational-translational equilibrium/' Therefore,
a single-T model is physically incorrect with fortuitous ex-
perimental agreement. The discrepancy between the experi-
ment and the baseline multi-T model may arise in either the
flowfield or radiation modeling, or both. In this article we
primarily consider improvements to the baseline multi-T model
that account for rarefication effects V"-" deviations from the
Millikan and White'- vibrational relaxation rates, and nu-
merical accuracy. The last change was achieved through in-
corporation of an adaptive grid technique." The inclusion of
rarefication effects and the improvements to the Millikan and
White relaxation rates will be discussed below.

There are several reasons why the baseline flowfield model
could break down at high altitudes where rarefaction effects
start to become important. In this portion of the trajectory,
the freestream mean-free-path approaches the shock standoff
distance. There are three primary rarefaction effects that must
be considered. First, the linear variation of stress with strain
and heat flux with temperature gradient may break down.
This results in thicker shock waves than predicted by the
Navier-Stokes equations. The second effect is the presence
of rotational thermal nonequilibrium. That is, the rotational
temperature is different than the translational temperature
for significant portions of the flowfield. Thirdly, there may
be velocity and temperature slip at the body surface. In this
work, we have included the first two effects, and neglected
the third because the radiative emission is unaffected by the
conditions near the body surface. Therefore, the exact details
of the flow in the near-wall region do not affect the compar-
ison to the experiment.

The effects of the nonlinear variation of stress with strain
and heat flux with temperature are included through the use
of the simplified translational nonequilibrium model (STNM)
of Lumpkin." In Lumpkin's work several of the important
terms in the Burnett equations were included in one-dimen-
sional flowfield computations. These terms were shown to
accurately reproduce the full Burnett equation results. This
approach was taken in this work so that the effects of the
thick shocks could be included without a large amount of
computational effort. The stress tensor and the heat flux vec-
tor are modified to have the form

( I )
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().\i pT ().\, f'U"A

where D,, is the strain rate tensor

(2)

(3)

and in and 0 are constants defined in Ref. 1 1 , and were chosen
to be TZT = 8 and d = 11.231.

The effects of rotational thermal nonequil ibrium were mod-
eled using the loaded sphere model of Jeans.14 Coupling this
model with the conservation equation for rotational energy,
yields the equation

fit

+ 2 M y E,,w,
(4)

where Erx is the rotational energy of species s per unit volume,
E, is the total rotational energy per unit volume, * represents
the value at equilibrium, vs/ is the diffusion velocity of species
5, and T,.S is the rotational relaxation time. This is the product
of the rotational collision number Zrs and the mean collision
time rrv. The rotational collision number is obtained from the
theory of Parker.15 wx is the rate of change of species s density
due to chemical reactions. Note that this model does not
include any explicit rotation-vibration coupling. However, ro-
tation is effectively coupled to vibration through translation-
rotation and translation-vibration energy exchange mecha-
nisms.

The rotational energy conservation equation is solved along
with the other conservation equations for mass, momentum,
vibrational energy, and total energy. The effects of rotational
nonequilibrium may be seen in Fig. 3, which is a plot of the
temperatures along the stagnation streamline for a 10.16-cm
nose radius body traveling at 3.5 km/s and 50-km altitude.
For these conditions, the rotational nonequilibrium region is
about 0.4 cm, and the vibrational nonequilibrium region is
about 1.0 cm.

The second important change to the baseline flowfield model
was the use of improved vibrational relaxation rates. The
baseline version of the multi-T model assumed the following
semi-empirical form for vibrational relaxation12:

Trxp = - O.OLV,1,4)- 18.42] (atm-s)

A,, = 1.16 x 10

(5)

(6)

where r,.s is the vibrational relaxation time of species r due to
collisions with species .s, /; is the gas pressure, T is the heavy

particle translational temperature, /A,.S is the reduced mass,
and 0rs is the characteristic temperature of vibration. The N,-
NO, N2-O2, O2-O, NO-NO, NO-O, and N2-O interactions
have been shown to deviate significantly from the Mill ikan
and White semiempirical vibrational relaxation rates/' Table
1 lists the new set of parameters used. A' and B', which were
determined by curve-fittingthe data from the respective sources.
The relative change in relaxation rates obtained using the
values given in Table 1 and Eq. (5) can be seen to be largest
at the lower temperatures and are significant in the temper-
ature range of interest here (T ~ 6000 K).

The results of the modifications to the baseline model are
shown in Figs. 4 and 5. Figure 4 shows the heavy particle
translational temperature as a function of each change, and
the total change. Each change has the effect of raising that
temperature immediately after the shock, with the total change
increasing to about 1100 K above the baseline calculation.
The maximum value of the heavy particle translational tem-
perature is most sensitive to the incorporation of rotational
nonequilibrium. The translational temperature over most of
the shock layer was found to be insensitive to any of the
changes made. The effects of the corresponding modifications
on the vibrational temperature are shown in Fig. 5. In contrast
to the translational temperature, the vibrational temperature
is affected most by the corrections to the Millikan and White

Table 1 Modified vibrational relaxation parameters11

System

N,-0,
N,-NO
N,-O
CX-0
NO-NO
NO-O

Source
Breshears et al.16

Taylor et al.17

McNealet al.18

Kieferetal . 1 9

Wray20

Kiefer et al.19

A'
115.1
101.2
31.06
43.56
63.28
43.56

B'
19.45
17.79
16.04
21.03
22.03
21.03

Ar*
228.7
225.3
188.9
111.0
178.7
149.1

= exp(/T7"

Fig. 4 Comparison of predicted heavy particle temperatures for dif-
ferent flowfield models.

0.5 1.0
Distanco from Wall (cm)

Fig. 3 Comparison of temperatures for 50 km, 3.5 km/s and 0.1016-
m nose radius.

Fig. 5 Comparison of predicted vibrational temperatures for differ-
ent flowfield models.
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rates. The number density of NO formed in the shock layer
did not change appreciably from the baseline calculation for
any of the modifications discussed above.

Comparison of New Calculations with Experimental
Radiation Results

Figures 6-8 show the results obtained by using the en-
hanced multi-T model. In these plots NEQAIR has been used
in two different ways. First consider the results obtained by
running NEQAIR as originally formulated by Park.4 The fig-
ures show radiation centered at 230 nm with a filter full-width
at half-maximum of 51 nm for angles of 0, 30, and 50 deg
from the stagnation streamline. The data have been integrated
over a time period of 0.25 s which represents an altitude
resolution of 870 m. The NEQAIR-generated spectral radi-
ance was convolved with the calibrated photometer filter func-
tions. All three viewing angles show similar signal vs altitude
trends, namely the computed results agree well at low altitude,
but are many orders of magnitude in error at high altitude.
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Fig. 6 Final flowfield and radiance model comparison with experi-
ment. Forward viewing 0 deg.
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Fig. 7 Final flowfield and radiance model comparison with experi-
ment. Forward viewing 30 deg.

10'4 -

E 1 °

~E 1 0 ' 6 -

1 10--
1
QC 1 O ' 9 -

1 n" 1 1 -

ck ! !

r........>^4...-...4 . . . . . . . . . . . . 1 . . . . . . . . . . . . I..... ...J............L ........i ^^ : ; : ; -

; ; ; \ v '•£. \ : i :

r . J J ........", .......\L..'.l:l ...i..........L..Jr \ \ ; * • • - . ; i !
r . -o- NEQAIR jV . ;. ' : - - . ; -,

Q NEQAIR/ i ' • - . : •
T equilibrium • • • • > • • • • < : • • • • • • • • , Q -,

- -*• - Experiment ; ^ i • ; :

! ! ! i ] \ :
i i i

35 40 45 50 55 60 65 70 75
Altitude (km)

Fig. 8 Final flowfield and radiance model comparison with experi-
ment. Forward viewing 50 deg.

The small deviation in that trend seen in Fig. 8 (50-deg view-
ing) is probably due to rocket precession (of about a 1-s pe-
riod) that has not been removed from the data. The agreement
between the experiment (enclosed diamonds) and the en-
hanced flowfield with the NEQAIR model (open circles) re-
mains poor at altitudes above 50 km. Moreau et al .2 1 obtained
similar comparison between flight data and their flowfield and
radiance calculations.

The lack of agreement with the experiment caused us to
consider whether there were inadequacies in the NEQAIR
model itself. The NEQAIR model was originally developed
and used in a higher speed flight regime where the primary
radiating band system studied was N2' first negative. Under
these conditions electron impact excitation mechanisms dom-
inate and have therefore been tested more carefully than neu-
tral impact excitation mechanisms. The model assumes that
a pure Boltzmann treatment is not correct; yet, there are
sufficient collisions to arrive at a quasisteady state. The quasi-
steady state formalism requires excitation cross sections which
may be in error from the values presently in the model. Recent
laser-induced quenching experiments22 in NO and N2 have
indicated that the excitation cross section may be a factor of
50 higher than previously thought. It has also been assumed
that the coupling between the first (A) and second electronic
(B) states of NO is stronger than with the ground state. In
addition, the role of the heavy particle and vibrational tem-
peratures in the radiation model has also come under ques-
tion. Assumptions such as these must now be reviewed more
closely before a full correction to the radiation model is made.

To give an indication of the sensitivity of the predicted
radiation to the assumptions in NEQAIR a third curve des-
ignated W U NEQAIR/T equil ibrium" (open squares) has been
plotted. These results were obtained using the enhanced multi-
T flowfield model in conjunction with NEQAIR except that
the way NO radiation is computed has been changed. For the
NO molecular system the electronic state populations have
been calculated assuming a Boltzmann distribution with the
governing temperature assumed to be the flowfield heavy
particle temperature. Using the upper state distribution de-
rived in this manner, the spectral radiance is calculated with
the present NEQAIR atomic and molecular spectroscopic
constants. Comparison of this result with an experiment for
all three viewing angles shows that a Boltzmann assumption
is not correct since a factor of about five more radiation is
predicted than was observed. However, the Boltzmann as-
sumption shows a significantly slower decrease with al t i tude
than the unmodified NEQAIR curve.

This simple modification to NEQAIR demonstrates that
the approach taken to modeling the radiation is critical while
improvements to the flowfield modeling are less important
for these flow conditions. It would appear that the population
of the NO excited states is more closely linked to the trans-
lational temperature than was previously thought. Analvses
presented in the next section for another molecular system
support that conclusion as well.

Analysis of Observed OH Radiation
As mentioned earlier, radiation from the first excited state

to the ground electronic state of the OH radical system was
observed in spectrometer scan traces at higher al t i tudes. At
the lowest al t i tude the OH peak is barely discernible com-
pared to the background level of the NO gamma and beta-
band system. However, by 63 km the OH system is clearly
resolved (see Fig. 4 of Ref. 5). In the discussion below, a
model for the OH radiation wil l be presented based on the
assumption that the source of OH is water present in the
ambient atmosphere. The analysis will focus on the relative
spectral intensity of OH and NO radiation which wil l be shown
to be consistent with the nonequi l ibr ium nature of the flow.
The rate of production of OH and NO will be compared for
density and temperature values appropriate to the flight con-
ditions. The comparisons wil l be based on solutions of an
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augmented set of rate equations made using a code for re-
action chemistry, "CHEMKIN/'2 3 The assumption that the
ratio of NO to OH concentrations can be considered without
recomputing the flow for the case containing water is justified
since trace amounts of an additional component do not sig-
nificantly affect the energy balance, and therefore, will not
change the density and temperature behind the shock.

Radiation from the OH system has been observed in other
rocket flights during re-entry1 and in ground-based shock tube
measurements. In the former case the source may be due to
outgassing from the payload, ambient atmospheric water, or
both. In laboratory tests even trace amounts of water will
dissociate and produce OH which can be observed with ease
due to its strong oscillator strength. In the altitude region
where data were obtained (37-75 km) the mixing ratio of
ambient water is known24 to be on the order of 10 5-10 6.
Additional confirmation of the presence of OH radiation was
obtained from a stagnation stream viewing radiometer.5 Or-
der of magnitude ground state OH radical concentration can
be computed from that radiometer's signal as

7rA
(7)

where /iv is the concentration of OH in the ground state, per
cm3; / is the signal in W/cm2-sr; r is the lifetime of the A
state, 715 ns; A is the central radiometer frequency, 0.310 x
10 (" m; h is Planck's constant, 6.63 x 10 34 J/s; c is the
speed-of-light, 3 x 10s m/s; k is Boltzmann's constant, 0.69
cm V/C; AE is the energy spacing between the X and A state,
32,258 cm '; A* is the approximate shock layer thickness, 1
cm; and T is the approximate upper state electronic temper-
ature, 4830 K.

At 43 km (the lowest altitude after nose cone ejection in-
duced transients) an intensity of 1.7 x 10 5 W/cm2-sr was
observed. This signal level used in conjunction with Eq. (6)
gives a ground state OH concentration on the order of 3 x
l()n/cm3 which when compared with the ambient atmospheric
density of 8.5 x 10KYcm3 gives a mixing ratio on the order

Table 2 Chemical reactions used in CHEMKIN analyses

Original set used in two-dimensional

N, + N, =
N, + O, =

Reaction

N + N + N,
N + N + O2

N, + NO = N + N + NO
N~ + N =
N, + O =
N, + e =
N~ + N O '
O, + N, =
O, + N -
0, + 0, =

N + N + N
N + N + O
N + N + e
= N + N + N O '
O + O + N,

O + O + N
O + O + O,

O: + NO - O + O + NO
O, + e =
O~ + NO
0, + 0 -

O + O + e
- O + O + NO

O + O + O
NO + N, - N + O + 1SL
NO + O",
NO + NO
NO + N =
NO + o =
NO + e
NO + NO
N, + O =

= N + O + O,
= N + O + NO

-- N + O + N
= N + O + O
= N + O + e

* = N + O + N O -
NO + N

NO + O = O, + N
N + O =

0, + H =
H,O + N,
OH + N,"

NO + e

Reactions added

O + OH
= H + OH + N,

= H + 0 + N,

q,,,
3.7E +
3.7E +
3.7E +
L I E +
L I E +
8.30E +
3. TOE +
2.75E +
8.25E +
2.75E +
2.75E +
1.32E +
2.75E +
8.2E +
2.3E +
2.3E +
2.3E +
4.6E +
4.6E +
7.36E +
2.3E +
1.8E +
2.16E 4
6.5E +

flowfield model3

*?„„
21
91 —
9 1 _

22 -
22 —
24
91

19
19 -
19 -
19 -
19 -
99 —

19

.6

.6

.6

.6

.6

.6
1.6
.0
.0

1.0
1.0
.0
.0

1.0
17 -0.5
17 -0.5
17 -0.5
17 -0.5
17 -0.5

19 -0.5
17 -0.5
13 0.1
8 1.29

11 0.0

EJR
223,004
223,004
223,004
223,004
223,004
223,004
223,004
117,215
117,215
117,215
117.215
117,215
117,215
117,215
148,375
148,375
148,375
148,375
148,375
148,375
148,375
74,269
37,863
63,040

for water analyses2-""

2.2E +
3.5E +
7.5E +

14 0.0
16 0.0
14 0.06

16,646
100,510
100,470

of 4 x 10 (\ The assumed approximate shock layer thick-
nesses, A* and 7, are consistent with Figs. 5 and 6.

Since our ultimate goal is to compare the ratio of NO-to-
OH radiation in the near UV (A = 310 nm), a more quan-
titative formalism than Eq. (7) is required to model the rel-
ative production rates of those species. The computation of
the time-dependent concentrations of reacting species re-
quires a solution of coupled rate equations. These reactions
and their forward rates are given in Table 2.

The time-dependent solution of this reaction system based
on kinetic data taken from Ref. 25 provided various insights
into the shock-layer chemistry in this flight regime. For ex-
ample, it was found that the chemical solutions were the same
with and without the presence of water at a mixing ratio of
10 \ i.e., mole fractions of major species such as N2, O2,
NO, N, and O did not significantly change. Figures 9 and 10
give examples of two solutions of these equations obtained
at pressures of 0.01 and 0.3 atm, respectively, and at a tem-
perature of 4830 K. A total reaction time of 10 /xs was used
which corresponds to the time that the gas remains in the
fields of view of the spectrometer and the forward-looking
radiometer after entering the shock layer. In both cases the
presence of OH emphasizes the chemical nonequilibrium as-
pect of the flow. At these temperature and pressure conditions
a purely equilibrium calculation would predict total decom-
position of water. The mole fractions of NO and OH (as
shown in the figures) display a different time dependence that
can be understood from review of the reactions used in the
calculation (see Table 2). Formation of NO is the result of a
reaction between N2 and O which is a reaction product, mak-
ing the formation of NO a two-step process. The formation
of OH, however, is achieved by a single-step dissociation of
H2O. Clearly, while this major difference will not affect the
equilibrium concentrations of OH and NO, it will influence
their relative concentrations before equilibrium is reached.
This effect is particularly apparent when comparing Figs. 9
(altitude >60 km) and 10 (altitude of about 40 km).

Figure 11 shows a plot of the ratio of NO-to-OH concen-
tration as a function of shock-layer pressure with the shock-
layer pressure-to-altitude correspondence also shown. The

1.0 1 0 1.5 1 0 2.0 1 0" =

Reaction Time (sec)

Fig. 9 Finite-rate kinetic solutions for gas conditions at T = 4830 K
and P = 0.01 atm.

] ——— OH

H = 4830°K, p = 0.3 atm

1.0 10 1.5 10'D 2.0 1 0 " "
Reaction Time (sec)

Fig. 10 Finite-rate kinetic solutions for gas conditions at T =
4830 K and P = 0.3 atm.
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Hallo I mo.le.. It action ..NQ/QH
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T-4830'K ar»d

Fig. 11
altitude.
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Pressure(atm)

Ratio of NO to OH relative concentration as a function of

io2 - -

10° -Hi

10 2 ^

Normalized CHEMKIN Derived Ratio
• Data Derived NO/OH Ratio
N O 215nm ± 3nm Photometer,

W/cm2sr
O H 310nm Spectral Peak,

-h

0.0 0.050 0.100 0.15 0.20 0.25 0.30 0.35
Shocklayer Pressure (atm)

Fig. 12 Comparison of data with CHEMKIN model.

figure shows that at higher altitudes the NO-to-OH ratio de-
creases. Since the ratio of the spectral intensity of different
components of an optically thin gas is directly related to their
relative concentrations, the calculated variation of the ratio
of NO to OH with altitude is in agreement with spectrometer
observations.

The NO-to-OH ratio was calculated from the data as fol-
lows. The OH signal was calculated as the difference between
the peak height at 310 nm and the local background, which
was assumed due to the NO gamma, beta, and O, Schumann-
Runge band continuum. The NO signal level was taken from
the narrow band forward-looking NO photometer5 centered
at A = 215 ± 3 nm. Figure 12 shows the normalized ratio of
the NO-to-OH peak as a function of pressure in the shock
l aye r der ived f rom the e x p e r i m e n t compared wi th the
CHEMKIN calculations. The individual measurement values
obtained from the spectrometer and radiometer are also shown.
The offset between the two curves may be arbitrarily set.
Thus, the same shape of the curves shows reasonably good
agreement between experiment and calculation. Deviations
at higher shock-layer pressures ( i .e . , lower altitudes) are prob-
ably due to the diff icul ty of separating OH from the back-
ground NO signal.

Conclusions
The BSUV experiment has provided the first spectrally

resolved data in the flight regime of 3.5 km/s speed from
al t i tudes of 37-75 km. Excellent agreement between mod-
eling and experiment at 40 km was crucial to permit an ac-
curate setting of ins t rument sensitivity levels2 and to provide
confidence in higher alt i tude results. The persistence of ul-
traviolet signals in the NO gamma bands at higher alti tudes
than predicted preflight suggests that improvements are re-
quired in the flowfield and radiation modeling. Subsequent
enhancements to the flowfield modeling have been made to
account for thick shock waves, rotational nonequil ibr ium, bet-
ter grid resolution, and more accurate vibrational-transla-
t ional relaxation rates. These enhancements coupled with the
NEQAIR model did not s ignif icant ly improve agreement wi th
an experiment at the higher al t i tudes. While a Boltzmann

description of the NO excited states provides better altitude
trends, individual al t i tude agreement is about a factor of five
too high. Work is required to incorporate better excitation
cross sections for the NO system and to insure that the dom-
inant excitation/deexcitation paths are modeled correctly.

The study of another molecular system, OH, independently
suggests that the heavy particle temperature controls the up-
per electronic state populations of simple heteronuclear dia-
tomic systems. The spectrometer and photometer observa-
tions confirmed the atmospheric data that lists water as a trace
species in the altitude regime where measurements were ob-
tained. The analyses support the interpretation that OH ra-
diation is due to shock-heated ambient water and not out-
gassing from the payload. The presence of OH in the flow
underscores its chemical nonequil ibrium nature. The alt i tude
dependence of NO-to-OH radiation signal levels distinctly
illustrates the two-step vs single-step production mechanisms
of those two molecular systems.
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