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Comparison is made between the results obtained from meodifications to a state-of-the-art radiation code and
bow shock uv radiation data obtained from recent flight experiments. Initial predictions of the radiation did
not yield satisfactory comparison with the first flight experiment flown at 3.5 km/s between altitudes of 40—70
km, despite improvements to the original flow model. It is found that characterizing the NO excited state
population with the translational temperature, rather than the vibrational temperature, yields better comparison
to the flight data. Comparison of bow shock data from the second flight, flown at 5.1 km/s at altitudes of 70—
90 km, shows that improvements in either flow or radiation modeling are still needed, particularly at high

altitudes.

Introduction

HE first bow shock flight experiment (April 1990) mea-

sured the 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. Two recent papers discussed
the instruments and results' obtained from the flight and anal-
yses of that data.” The calculations undertaken in Ref. 2 at-
tempted to improve the predictive capabilities above 50 km.
The flow model that was originally used® was augmented to
include wall-slip effects, an approximate nonlinear constitu-
tive relation, and rotational nonequilibrium. Solutions ob-
tained with the enhanced flowfield model and the NEQAIR*
radiation model did not appreciably improve the radiation
predictions, which were in error by many orders of magnitude
at altitudes of 50 km and higher. (See Fig. 1 and compare
“baseline” model to the data.)

Recent shock tube studies® suggested an alternative way to
compute the effective electronic excitation temperature for
NO gamma and beta band emission in the NEQAIR model.
This article will discuss that change and show comparison with
flight data. The second theory article,® will discuss our anal-
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yses of the NEQAIR model for the flow conditions of the
Bow Shock 1 and 2 flight experiments.

A second flight experiment, flown February 1991, obtained
data during re-entry for a speed of 5.1 km/s at altitudes from
90 to 70 km. Papers providing details on the instrumentation
and results” and analyses® of the rearward plume measure-
ments have been presented. In this article the postulated changes
to the NEQAIR radiation model are compared with re-entry
data from the second flight. A companion article will discuss
the instrumentation used and data obtained during re-entry
for the second flight.”

In contrast to the first flight predictions, computed second
flight radiances do not show the same altitude dependence as
the UV data. This lack of agreement can be caused by in-
adequate NO chemistry in the flow modeling. Variation of
the O, dissociation rate was examined, as it is the rate con-
trolling step in the production of NO.
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Fig. 1 Comparison of radiation models with Bow Sheck 1 flight data;
230-nm, 0-deg viewing geometry.
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The increase in velocity compared to that of the first flight
(3.5 km/s) offers an opportunity to validate the models at
higher temperatures. Gas temperatures from the first flight
are about 5000 K, whereas flow modeling of the second flight
produces translational temperatures close to 14,000 K. The
ditference in altitude for which data were obtained is also an
important factor. Data were obtained for the first flight be-
tween altitudes of 40—70 km for most of the instruments. The
second flight tests the rarefaction and nonequilibrium aspects
of the flow and radiation modeling at higher altitudes.

Off-axis 230-nm photometer data from the second flight
permits two-dimensional comparison of the flow and radiation
modeling. The analysis of this data was complicated by rocket
precession. Reference 9 discusses the signal modulation cor-
relation with the angle from the instantaneous stagnation point.
The modeling predictions are compared with corrected off-
axis data for a continuous set of angles of 15-45 deg from
the rocket longitudinal axis.

Flowfield Simulation Method

The computational fluid dynamics technique that is used to
simulate the stagnation region along the experimental trajec-
tory is discussed in Ref. 2. However, some changes have been
made to the thermophysical model for air, and therefore, it
is described here.

The model for air is a reacting mixture of perfect gases
composed of eight chemical species (N,, O,, NO, NO*,
N, . N, O, and e ). These species are allowed to react with
one another at finite rates. The internal energy is described
by translational, rotational, and vibrational-electron temper-
atures. Finite-rate relaxation of the rotational and vibrational
temperatures to the translational temperature is modeled. To
simulate a gas with this chemical model, we must solve a
separate mass conservation equation for each chemical species
and a separate energy equation for each energy mode. The
rotational energy per unit volume is given by

R
E" = E p\'eli\' = 2 p.\' M TI' (1)

s=dia s =dia

where the summation index s is over diatomic molecules. The
vibrational-electron-electronic energy may be related to the
vibrational temperature using a simple harmonic oscillator
model and the first two excited electronic states'®

El' = 2 D€y + 2 PiCeis + Pe, (2)

&= dia sEe

The total energy is given by

3R 1
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where A, is the heat of formation.
The rate of energy transfer from translation to rotation is
given by

Orr = 2 [P.\- M + W.\'el'.\'] 4

5 == dia <T,-,\>

The second term in Eq. (4) results from conservation of ro-
tational energy during chemical reactions. The rotational re-
laxation time (r,,) is obtained from the work of Lordi and
Mates,!! wherein they use the work of Parker'? to obtain the
following expression for the rotational relaxation time of spe-
cies s by species f:

%
Ry

VTHT + (374— + 77) THT

32 (5)

T
2

where 7, is the collision time between particles s and ¢. The
average relaxation time {(7,,) is found by number-weighting
the individual relaxation times. The constants used in the
Parker model and the collision diameters are given in Table
1 for the primary species used in this work.

The rate of energy transfer from translation to vibration
Q,_, is based on the Landau-Teller model for harmonic os-
cillators.'’ We can write this as

Qy_y = Z I:P.\ LT)___Q + W\-en:l (6)

s =dia <Tr.\'>

where e,, and e*(T) are the vibrational energy per mass con-
tained in a simple harmonic oscillator at the local vibrational
and translational temperatures, respectively. (r,,) is the av-
erage vibrational relaxation time of species s, and is obtained
by number-weighting the individual vibrational relaxation times
from the interaction of s with itself and the other chemical
species. These relaxation times are obtained from the semi-
empirical expression from Millikan and White.'* However, as
discussed in Ref. 2, an effort has been made to improve the
relaxation times for specific interactions using more recent
data than were available to Millikan and White. The appro-
priate parameters are summarized in Ref. 2. Additionally,
the collision-limiting concept discussed by Park'! is used to
prevent the relaxation time from becoming artificially small
at high temperatures.

For the eight-species air model, eight reactions are consid-
ered

N, +MsN+N+M
0, +MsO+0+M
NO+MsN+O+M

N, + OsNO + N
NO + Os 0, + N
N + Os NO* + e—
N+ Ns NS +e-
NO* + NsN; + O

M

The chemical reaction rates are obtained from Park.'® It is
assumed that for situations where there is vibrational non-
equilibrium, i.e., where T # T,, the dissociation reactions
are governed by the geometric average of these two temper-
atures, V' TT,. This yields a more realistic dissociation rate in
regions where the flow is in thermal nonequilibrium. '

The governing equations described by this model are solved
using a Gauss-Seidel line relaxation method proposed by
MacCormack.'* Modified Steger-Warming flux-vector splitting'”
is used for the spatial differencing.

The computational technique was used to simuiate the stag-
nation region flowfield at points along the trajectories of the
two flights. The chemical species concentrations and temper-
atures obtained from the flowfield simulation are used in
NEQAIR* (non equilibrium air radiation) to compute the
radiation in the uv spectral region. It is assumed that the flow
is optically thin and that radiative heat losses from the gas
can be neglected. It is further assumed that the excited elec-
tronic states are populated according to the vibrational tem-
perature T, but that this distribution is a quasi-steady-state

Table 1 Molecular constants for the use in the
rotational relaxation model

Species Z%, T!, K d,, A
N, 23 91.50 3.709
O, 23 113.00 3.608
NO 23 102.25 3.534




LEVIN ET AL.: ULTRAVIOLET ROCKET EXPERIMENTS—I 449

(QSS) distribution. The flow model used in this manner has
been shown to give good agreement with flight data taken at
higher speeds than the present experiments.'*

The purpose of this article is to test some of the above
assumptions, particularly with regard to the interpretation of
the roles of T and T,. It will be seen that the re-interpretation
of the translational temperature as the temperature that gov-
erns the population of the NO excited states improves the
comparison to flight data for both flights.

Changes to the Radiation Model and Application to
the First Flight Conditions

The NEQAIR radiation model, as originally developed by
Park.* uses the species concentrations and temperatures cal-
culated from the flowfield to determine an effective electronic
excitation temperature T, for the ith electronic state. The
model for the NO molecule includes the first two electronic
levels, A°3* and B*Il*; although, more recent versions of
the model now incorporate the C2II and D23+ higher lying
electronic levels.' The conclusions drawn in this article are
not altered by the lack of these additional electronic states,
since comparison with data is restricted to the 230-nm pho-
tometers, a spectral region not significantly affected by the C
and D state contributions. For more detailed comparison with
spectral data, the inclusion of the D state should be consid-
ered." The radiation modeling assumes that there are a suf-
ficient number of collisions to define an electronic excitation
temperature, but that there are not enough to establish a
Boltzmann distribution. Also, the rates of population and
depopulation of the electronic excited states are assumed to
be much faster than the overall change in these levels; i.e.,
the excitation and de-excitation rates nearly balance each other.
Under these conditions, a QSS distribution exists. Therefore,
the electronic excitation temperature is dependent on various
excitation and de-excitation cross sections and radiative tran-
sition rates (which will be discussed in Ref. 6). It is also
dependent on the choice of governing temperature 7, that
is assumed to characterize the distribution of excited elec-
tronic states. The baseline version of NEQAIR assumes T,

isT,. )

To test the sensitivity of the calculations to the assumptions
-made in modeling the radiation, results were obtained for the
baseline and three alternative models. The four models use
either a Boltzmann distribution or a QSS distribution of the
excited electronic states, each of which may be governed by
either the translational or vibrational temperature. Table 2
summarizes the differences between the models used. in the
simulations. Figure 1 shows these results compared to the

radiation from the 230 nm, 0-deg viewing photometer for the
first flight. The baseline NEQAIR approach yields poor
agreement with the experiment for altitudes above 50 km.
The top curve shows results of radiation calculations based
on a Boltzmann distribution of the NO excited states governed
by the local translational temperature and the NO concen-
tration. This assumption brings the theory into better agree-
ment with experiment; however, this approach overpredicts
the radiation at altitudes lower than 60 km. Calculations were
also made assuming a Boltzmann distribution with T, as the
governing temperature. The results are essentially the same
as the baseline model. A comparison of these results shows
that the choice of the temiperature that characterizes the elec-

Table 2 Radiation models used in the
computation of NO radiation

NO excited state

Model distribution Ty,
Baseline QssS T.
Boltzmann, T, Boltzmann T,
QSS. T Qss T
Boltzmann, T Boltzmann T

tronic state distribution is more critical than assumptions re-
garding the thermal degree of equilibration. Therefore, it
would appear that the governing temperature for NO excited
state population is the heavy particle translational tempera-
ture.

A more plausible description of the excited state population
than the Boltzmann distribution is a QSS distribution gov-
erned by the translational temperature. This differs from the
baseline NEQAIR model in that all rates for excitation of
electronic states by collisions with neutrals are calculated with
T, rather than T,. T, continues to be used to represent the
distribution of vibrational states for a given electronic state
in the calculation of the molecular partition functions. The
results obtained with this approach are plotted in Fig. 1. These
results show good agreement with experiment; however, for
55 km and higher, they fall below the experiment. Figure 2
shows a similar comparison of the radiation models and the
230-nm, 30-deg viewing photometer data. The results are sim-
ilar, with the experiment falling between the results of the
QSS and Boltzmann distributions governed by the transla-
tional temperature. To complete the set, Fig. 3 shows the
same comparisons for the 230-nm, 50-deg viewing photom-
eter. ]

The predictions using T, as the governing temperature have
a different altitude dependence than the other simulations or
the data. However, the results obtained using models based
on the translational temperature have an altitude variation
similar to the data. Therefore, the translational temperature
appears to govern the excited state population of the NO
molecules under these flight conditions. Reference 18 also
shows good agreement between spectra computed with the
QSS-T model and spectral data over a wide range of altitudes.
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Fig.2 Comparison of radiation models with Bow Shock 1 fIight data;
230-nm, 30-deg viewing geornetry.
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Fig. 3 Comparison of radiaﬁon models with Bow Shock 1 flight data;
230-nm, 50-deg viewing geometry.
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Application to the Second Flight
Conditions—0-Deg Viewing

Figure 4 shows the results of the three radiation models
described above applied to the conditions of the second flight
and the forward-viewing 230-nm photometer data. The alti-
tude region for which there was sufficient signal to noise and
nominal instrument response is between 67-86 km. Figure
13 of Ref. 9 shows the consistency of the photometer data
with independent spectroscopic measurements. The compu-
tations are shown in Fig. 4 for altitudes between 55~87 km.

A number of important features are evident from the figure.
The results from the three models approach one another at
lower altitudes where the flow approaches equilibrium. At
higher altitudes the computational results diverge from one

- & -Baseline

- € -Qss-T

- €~ -Boltzmann - T
Photometer data

Spectral Radiance, W/cmzusr
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Fig. 4 Comparison of radiation models with Bow Shock 2 flight data;
230-nm, 0-deg viewing photometer.
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Fig. 5 Comparison of O, relaxation, dissociation, and collision times
at a typical density (p = 1.0 X 10~* kg/m?).
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Fig. 6 Effect of Wray*® O, dissociation rate on comparison of radia-

tion models with Bow Shock 2 flight data; 230-nm, 0-deg viewing
photometer.

another, with the model based on the QSS distribution gov-
erned by the translational temperature approximately follow-
ing the experimental results. Thus, the calculations again show
that the translational temperature, rather than the vibrational
temperature, continues to be more representative of the elec-
tronic excitation temperature of the NO molecule. However,
unlike the comparisons to the first flight, the data show a
different altitude dependence than the computations, falling
off more slowly with altitude. None of the present models fit
the entire altitude range for which data were obtained during
the second flight.

The inability of theory to predict the observed radiance
dependence on altitude may be caused by either remaining
inadequacies in the radiation model® or prediction of the amount
of NO produced in the flowfield. In these conditions, the
production of NO is primarily limited by the rate of produc-
tion of O through the dissociation of O,. The O, dissociation
time is plotted against the rotational and vibrational relaxation
times of the O, molecule in Fig. 5 for a typical density (p =
1.0 x 10~* kg/m*). We have defined the dissociation time as

7 = (Mlpk,) (8)

where k, is the dissociation rate and M is the average molec-
ular weight. It is clear from this figure that the dissociation
time becomes aphysically small at high temperatures, being
less than the vibrational relaxation time above 5500 K, and
less than the rotational relaxation time above 11,000 K. Wray!"
measured dissociation of O, by the Argon atom at temper-
atures similar to those of the second flight. The dissociation
rate used in the calculations was obtained from Wray’s dis-
sociation rate of O, by Ar. This rate was multiplied by a
catalytic efficiency of 9 for molecules and 25 for atoms. How-
ever, Wray analyzed the catalytic efficiency at temperatures
similar to those in the second flight (10,000—14,000 K). He
found that the catalytic efficiency of oxygen atoms relative to
Argon is no more than 1.3 at high temperatures. Thus, it
appears that using a lower catalytic efficiency for the second
flight condition is warranted. The flowfields were recomputed
using catalytic efficiencies of unity for all of the third-bodies
in the O, dissociation rate. The radiation produced by these
flowfields are presented in Fig. 6. Here we see that the data
now fall between the two radiation models governed by the
translational temperature. The decrease in the radiation is
almost entirely due to the decrease in the number of NO
molecules. However, with both dissociation models, the com-
parison at high altitudes is poor, indicating another source of
error in the modeling.

Comparison of First and Second Flight Regimes

There are several differences between the first and second
flight that make the second flight conditions a more stringent
test of the modeling. The difficulties in the flow modeling are
associated with the rarefied nature of these flows and the
resulting uncertainties in the temperatures and species con-
centrations. The radiation modeling is uncertain due to errors
in excitation cross sections and the temperature and accuracy
of the QSS approximation.

Assessment of the accuracy of the modeling of temperatures
and species concentrations in a more rarefied flow regime
than studied before is crucial. Temperatures for Bow Shock
1 were about 5000 K. Thermal nonequilibrium in the flow
produced differences between the vibrational and transla-
tional temperatures of about 1000 K. The translational and
rotational temperatures were essentially equilibrated.? Figure
7 shows an example of temperatures obtained from the flow
model for one of the second flight trajectory points at 80 km
and 5.1 km/s. The degree of nonequilibrium can be seen to
be much greater than observed for the first flight. Figures 8
and 9 show a comparison of the calculated NO stagnation
streamline concentrations for first and second flight condi-
tions, respectively. In Ref. 2 we showed that the kinetics for
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Fig. 7 Stagnation streamline calculated temperatures for Bow Shock
2 experiment conditions of 80 km and 5.1 km/s.
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Fig. 9 Comparison of NO stagnation streamline concentrations for
the Bow Shock 2 flight regime with freestream density scaling.

formation of NO is second-order in freestream density. The
figures also show a tabulation of the square of the freestream
density normalized to the lowest altitude case modeled. The
tabulation provides an interesting comparison with the cal-
culated NO concentrations in the vicinity of the wall. At al-
titudes greater than about 80 km the drop in density ratios is
greater for the second flight than the first. The calculated NO
wall densities at different trajectory conditions in Fig. 8 scale
as the freestream density ratios for the first flight conditions,
except at the highest altitude of 70 km. Figure 9 shows that
the agreement between calculated wall density ratios deviates
significantly from the freestream scaling for the second flight
conditions. The high degree of rarefaction for the second flight
conditions suggest that rarefaction corrections employed in
the flow modeling may be inadequate. Future comparisons
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Fig. 10 Comparison of off-axis 230-nm photometer data from the
second bow shock flight experiment with calculations at TALO of 347
s, ~80 km.
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Fig. 12 Comparison of off-axis 230-nm photometer data from the
second bow shock flight experiment with calculations at TALO of 358
s, ~73 km. Saturation effects at small angles can be seen in the original
data. The curve labeled modified data has removed saturation by peak
interpolation.

with direct simulation Monte Carlo calculations may help as-
sess this uncertainty.?

Application to the Second Flight Conditions — Off-Axis

The second flight also provided instrumentation for viewing
the flow at angles of 30 and 50 deg from the rocket longitudinal
axis. As mentioned in the companion experimental article,’
the nonoptimum separation of the second and third stages
induced a precessional motion upon re-entry. As a resuit, the
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30- and 50-deg photometers viewed the flow at angles from
about 20-60 deg. In Ref. 9 the precession motion was ana-
lyzed and it was shown that the “instantaneous’ angle from
the stagnation streamline could be correlated with time, and
hence, altitude. Therefore, we obtained detailed off-axis ra-
diance measurements. The following results illustrate the level
of agreement with theory and off-axis data. The comparison
emphasizes the angular dependence, as it has already been
shown that the theory cannot satisfactorily reproduce the ab-
solute magnitude. The portions of the data chosen were time
periods after adequate signal-to-noise was obtained, and be-
fore instrument saturation occurred.

Figures 10-12 show comparisons between data and cal-
culations for altitudes at 80, 75, and 73 km, respectively. The
data are taken from the 230-nm 30-deg viewing photometer.
When the 30- and 50-deg 230-nm photometers were compared
at angles where the data sets overlap, they were found to
agree within about 50%. The calculations (each computed at
a fixed altitude) in all three figures show a similar angular
dependence to the data. This validates the off-axis simulation
of the flowfield. The reduction in signal with increasing angle
is due to the lower temperature behind the oblique shock,
which reduces the production of NO molecules. Also, as the
gas that encounters the vehicle near the stagnation point is
swept around the body, it expands and reduces its tempera-
ture. The comparisons suggest that for larger angles, or less
dense flows, the modeling underpredicts the data. However,
the comparison of data and theory shown in Fig. 12 may be
complicated by data saturation.

Conclusions

A computational fluid dynamics method and a radiation
model have been used to simulate the radiation from two
flight experiments. These results show that the temperature
that governs the NO excited states is the translational tem-
perature, rather than the vibrational temperature. Good
agreement between the computations and the experimental
230-nm photometer data were obtained for the first flight,
flown at 3.5 km/s. The same radiation model did not give the
observed altitude variation of radiance at the second flight
conditions 5.1 kmy/s, although the baseline theory was clearly
shown to be incorrect. It appears that there is some question
about the applicability of the current O, dissociation model
at the high temperatures encountered during the second flight.
The temperatures, degree of rarefaction, and the amount of
nonequilibrium are different for the second flight than the
first. Work is ongoing to examine the modeling of these as-
pects to determine its adequacy at the second tlight conditions.
The detailed comparison of off-axis experiment and theory
for the second flight show good agreement; however, at larger
angles, or less dense flow, the theory underpredicts the data.
The upcoming article® examines the radiation model with re-
spect to the validity of key assumptions used to predict ra-
diation in the 230-nm spectral region.
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