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In this article the radiation model, NEQAIR, used to calculate the mid-uv radiance for Bow Shock 1 and 2
flight conditions, is examined in detail. An approximate equation for the upper state NO population is derived
that explains the density dependence of the calculations and sensitivity to changes in specific rates. Estimated
neutral collisional excitation rates are replaced with rates based on experiment. For conditions corresponding
to the two flights, the radiation obtained with an explicit treatment of the electronic excitation process was
similar to that obtained from the original model. For the first time, we also test the validity of the quasi-steady-
state assumption in these rarefied flows. We find that the quasi-steady-state distribution of electronic states of

NO is valid for these flow conditions.

Introduction

N the previous article,! we discussed the flowfield simu-

lation, suggested changes to the baseline modeling to in-
corporate the effect of the work of Wray on O, dissociation,
and compared the 230-nm NO photometer data with radiance
calculations. In this article we focus on the implications of
many of the key assumptions in the NEQAIR model to the
results obtained in Ref. 1. The NEQAIR model® is used ex-
tensively by the aerothermodynamics community as a tool to
model radiation in the UV. Therefore, it is crucial to deter-
mine if the discrepancy observed at slower speeds and higher
altitudes can be corrected within the context of that model.
Conclusions that we draw are specific to the NO molecule
only, but may have implications for radiation from other mo-
lecular band systems under similar flow conditions. In this
article we consider three aspects related to the modeling of
NO UV radiation. First, we derive an approximate form for
the NO(A) excited state population that elucidates the mod-
eled radiation density and temperature dependence and sen-
sitivity to specific excitation rates. Then we examine the ad-
equacy of the empirical electronic and the estimated neutral
excitation/de-excitation rates used in NEQAIR for the NO
system. Lastly, we examine the validity of the quasi-steady-
state assumption to the rarefied flow conditions corresponding
to the second bow shock flight.

Derivation of a Simple Expression for the NO(A)
Excited Electronic State Population
In Ref. 1, we showed that the agreement between theory
and experiment was not complete for the second flight con-
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ditions. To separate the uncertainties in the flow and radiation
modeling we consider the sensitivity of the radiation modeling
to changes in temperature and density and excitation rates.
To accomplish this we begin with the full set of rate equations
and show that a simplified expression may be derived for the
flow conditions of the first two flights. Since we are concerned
with the 230-nm photometer data, we restrict our analyses to
the A-state radiation. Excitation rates that couple the A and
B states are small. For spectral regions at wavelengths longer
than 250 nm, approximate analytic forms for the B-state ra-
diation can be derived as well.

The baseline excitation/de-excitation processes that are
modeled are
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where M represents a third body neutral species (most likely
N,), M* is a third-body in an excited electronic state, and the
indices i, j represent the X, A, and B electronic energy levels
of NO. Equations (1-5) represent heavy particle and electron
induced recombination, heavy particle and electron induced
excitation, and spontaneous emission, respectively. The rate
constants, k,, through A, are those associated with the re-
spective Eqgs. (1-5) for the processes proceeding from left to
right. The baseline model does not include any state specific
information about the M or M*. The reverse rates are inferred
from detailed balance
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where T, is the temperature that is assumed to govern the
distribution of the excited electronic states; D,, is the energy
barrier from the ground to the ith excited state; and Q, are
the partition functions (Q,, translational, Q, total, and Q,y,
the ith electronic state) for the Xth species.?

The distribution of electronic states is found by writing the
master equation for all possible transitions

i & Ry Ay Ry
- = - ki + kM —= + — + ki + ki — | p:
n, I; [ if 7 n, ] ks, iM ne:l Pi
Plev n AN, n
+ ke + k=M HEE N o LK Ky
; |: ij if n, n(,Ni[._- p/ ic iM n,
(M
where the normalized population p; is
N(T.)
. 8
p=N (8)

and N, and N, are the actual and equilibrium populations in
the ith electronic state, respectively. The symbols n,, and n,
are the densities of neutrals and electrons in the flow, and
my, is the number of electronic state energy levels (in our
case, 3). N, is computed assuming that the populatlon is in
a Boltzmann distribution at the local governing temperature
T,..- Equation (7) represents the rate of change of the nor-
malized population of the ith electronic state. The QSS dis-
tribution is found by assuming that this rate is slow relative
to the excitation and de-excitation rates, i.e., the left side of
Eq. (7) is set to zero. The effective electronic excitation tem-
perature is defined as
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where N, is the ground state concentration of NO predicted
by the flow modeling, AE; is the electronic energy of the ith
electronic state, and
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In Ref. 1 we discussed the reinterpretation of T, gov in light
of the Bow Shock flight data. The baseline version of the
NEQAIR model used T, for T, in Eq. (9). Based on the
comparxson of theory and experiment given in Ref. 1 we found
that T,,, is best characterized by the heavy particle transla-
tional temperature 7. We continue to use that assumption for
the remainder of this article.

To derive an approximate form for the NO(A) concentra-
tion, we return to Eq. (7). Examination of the various terms
in Eq. (7) shows that the heavy particle collisionally induced
excitation processes and radiative decay mechanisms domi-
nate. Electron collisional rates were observed to be small
because there are an insufficient number of electrons in the
flow. Equation (7) can be solved explicitly for p£°° since the
summation extends over 3 electronic levels. Terms with prod-
ucts involving &%, k%, ks, and A,, were found to contribute
less to the full expression than similar terms with index 2
substituted for 3. Also, with the use of Eq. (6), excitation
rates may be expressed in terms of quenching processes (e.g.,
k¥, i > j) and products of partition functions. Terms with
factors of N,z/N,,, i = 2,3 can then be neglected. After some
algebraic manipulations, the QSS solution of Eq. (7) for the
A state population reduces to

o
PSS = —— 10
N, (10)
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where
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The f factor is given in terms of the related quenching (re-
verse) mechanisms of Egs. (1) and (3) and A,,.

The total radiation from the A state is directly proportional
to

AE, AE,
= N —_ =
KT, v) FNuoeXp ( kT> (12)

Hence, the magnitude of the A state contribution to the 230-
nm photometer radiation is determined by the NO concen-
tration, T and f. Equation (12) provides us with a simple
physical expression from which we can derive an understand-
ing of the relative importance of different excitation mecha-
nisms. Substitution of Egs. (8) and (10) into Eq. (9) gives an
equivalent approximation for the effective electronic excita-
tion temperature T, .. Figure 1 shows an example of the
spatial similarity between the full model radiation [i.e., one
obtained by solution of Eq. (7)] and the approximate form
given by Eq. (12). Comparisons of the exact and approximate
forms of T, for the conditions of the first flight at altitudes
of 40, 60, and 70 km differ by less than 2%. Similar agreement
was found for the second flight at 71 km. The temperature
and density dependence of f changes over the range of con-
ditions for the two flights. For the first flight at 40 km, f is
approximately 0.8 in comparison with 0.07 for the second
flight at 71-km altitude. For the latter case the k,,, rate was
observed to dominate.

The temperature and density dependence of f characterizes
the sensitivity of the radiation modeling to potential changes
in input from the flow modeling. The temperature and density
dependence of f as presently modeled in NEQAIR is given
by the components of Eq. (11)
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where D, is the dissociation energy of the NO molecule (27,752.3
cm 1) and Xaom and Xmewe are the total atomic and molecular
mole fractions, and Q,,, represents the molecular partition
function summed over all rotational and vibrational states for
the ith electronic level, g,, is the ith electronic state degeneracy
number, and ¢ is 107'* cm®. Due to the importance of the
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Fig. 1 Comparison of exact radiation and approximate form spatial
dependence at freestream conditions of 71 km, 5.1 km/s.
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k., rate at higher altitudes, an alternative expression to Eq.
(13) was used from the data of Gross and Cohen*

[NJO] | 1.18 x 10~"7 <§Q—Q>u.3s
NZE nM T

1.24
300
—34 | 22

+ 2.12 x 10 ( T> ]

(It should be noted that the use of Eq. (14) for the second
flight conditions requires a large extrapolation in tempera-
ture.) Figures 2 and 3 show f as a function of temperature
and density for values similar to those obtained from the flow
simulations. The figures show that f is more sensitive to num-
ber density than to temperature. Since the calculated total
density is well established, it is unlikely that any major changes
in the flow modeling will have an impact on f. The use of Eq.
(14) as an alternative to Eq. (13) does not produce a significant
change in f. Hence, changes in the absolute magnitude and
density dependence of radiation must come from the com-
putation of the translational temperature and the NO con-
centration.

The recasting of the NO(A) state concentration in terms
of f provides additional insights beyond the analyses of these
flight experiment data and other spectral regimes where the
radiation is dominated by a finite number of strong transitions.
In the limit of high densities, f approaches 1; i.e., collisional
quenching dominates. At low densities, f is dominated by the
spontaneous emission term, A,,. Hence, f is a convenient
measure of the degree of deviation from Boltzmann thermal
equilibrium conditions in the radiation field. When such de-
viations become large the explicit excitation rate values be-
come critical.

ks =

(14)
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Fig. 2 Comparison of the temperature dependence of f computed
using NEQAIR (solid lines) and Gross and Cohen* (dashed lines) rates
for different flight conditions.
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Fig. 3 Comparison of the density dependence of f computed using
NEQAIR and Gross and Cohen* rates for different flight conditions.
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Fig. 4 Comparison of the density dependence of 230-nm forward
viewing photometer data and freestreamn number density polynomial
functions.

Finally, Eq. (12) postulates a density dependence for the
observed radiation. The flow production Ny, is approxi-
mately fourth-order in freestream number density, and f var-
ies between zero and first-order. Figure 4 shows a comparison
of the density dependence of the 230-nm forward viewing
photometer data from the second flight and polynomial func-
tions of the freestream number density. The comparison shows
that the data from the second flight deviates from a fourth-
order fit which would be equivalent to Boltzmann thermal
equilibrium. It also shows that the functional form suggested
by Eq. (12) appears to be correct.

Replacement of Estimated Neutral Collisional
Excitation Rates in the Radiation Modeling

Neutral collisional excitation processes are presently in-
corporated in the mode] in the manner® given by Eq. (13).
High temperature measurements of some of these rates have
been obtained’ since the original formulation of the radiation
model. To examine this further, we have replaced Eqs. (1-
4) with explicit excitation processes that have intermolecular
electronic state coupling. An alternative form of Eq. (7) is
then used to solve for the electronic state distribution in NO
and the radiance in the 230-nm spectral region. We compare
the 230-nm forward viewing spectral radiance as a function
of altitude obtained with these new rates to the results com-
puted with the Wray flow modeling (see Fig. 6 of Ref. 1).
Inclusion of this more detailed excitation chemistry in the
radiation modeling will test the adequacy of the baseline mod-
eling, and lay the groundwork to examine other quantities of
interest, such as radiation from other excited states of NO or
radiation from other emitters in the flow.

The excitation processes and forward rates that will be used
to derive a new form of the master equation are summarized
in Table 1. The table lists the forward excitation rates in the
usual Arrhenius form

ky; = AT" exp(—AE/KT) (15)
and for those rates fit to data, the temperature range where
measurements were obtained. It should be noted that none
of the data for direct excitation of NO are reported for tem-
peratures greater than 4500 K, which is considerably below
temperatures predicted by the flow modeling for the second
flight. Table 1 (Refs. 7—10 and 14, cited therein) represents
an updated version of rate data originally compiled by Smith
et al.,®* who considered the relevant chemical reactions and
rates for the production of NO(A) in shock heated air. The
reverse reaction rate constants k,, are calculated from the
forward rates by detailed balance.
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Table 1 Fundamental excitation rates

Forward rate constants

Indices Reaction A* n E, erg Tested range, K Ref.
1 N + O — NO(A) 8.64 x 10-17 -0.35 0.0 300-2,000 4
2 N+ O+ M—NOA)+M 2.48 x 1073 —-1.24 0.0 300-2,000 4
3 N + N — Ny(A) 8.14 x 10~v -0.35 0.0 Not applicable 7
4 N+ N+ M- N,(A) + M 1.27 x 107% -1.6 0.0 8,000-15,000 8
5 N + N, — N,(A) + N 1.53 x 1072 -2.23 1.0 x 10~" 8,000-15,000 8
6 N.(A) + NO — NO(A) + N, 6.64 X 10~ 0.0 0.0 Not applicable 9
7.1 N,(A) + O,— N, + O, 2.32 x 10712 0.0 0.0 Not applicable 10
7.2 N.(A) + O—= N, + O 291 x 10-1 0.0 0.0 Not applicable 10
7.3 N.(A) + N— N, + N 4.88 x 10~ 0.0 0.0 Not applicable 10
8.1° NO(A) + N.— NO + N, 1.15 x 10~4 0.5 9.7 x 1013 500-4,500 11
8.2 NO(A) + O, — NO + O, 9.24 x 10~12 0.5 0.0 500-4,500 12
8.3 NO(A) + O—=NO + O 3.06 x 10-1 0.5 0.0 500-4,500 12
8.4 NO(A) + NO —- NO + NO 1.69 x 10~ 0.5 0.0 1,350-2,460 13
9 NO(A) — NO + hv 4.7 x 107 0.0 0.0 Not applicable 14
“Units arc in (cm*/molccule/s) or (cm®molccule/s).  "Sce text.
Since the time of Smith’s work.® new data for reactions 107 g et -

(8.1) through (8,4) have been reported. For the flow regimes = ¥+ © - -
of both flights, the NO(A) + N, — NO + N, reaction (8,1 o 10 & 2] -
of Table 1) is important and will be shown to control a great E: i o ;r
deal of the excitation processes in the radiation modeling. For = 1w i 1r
many of the temperature and density values relevant to the 8 3 i

. . . - . . 8 w 2] -
two flight regimes, the associated reverse reaction is the larg- g 4 E
est excitation mechanism for formation of NO(A). One un- z 10° ¥ > G5, baseline, L
certainty that is associated with reaction (8,1) is the energy g * estimated rates *

N . . ° [] QSS-T, new rates

dependence in its cross section that is used at temperatures 2 107 § [ I
higher than the data fit. We report and use here the larger @ "E q¥
of the rate constant expressions recommended by Smith,!? 10° N U DI .

and based on the relatively sparse but suggestive data in Refs.
5,11, and 13. The other uncertainty is related to the branching
ratio of excited to ground state products. The reactions as
written and implemented in our treatment assume that the
products are in the ground state. The products of quenching
are formed in states and levels that rapidly equilibrate with
the thermal populations, and thus that detailed balance may
be used for reverse rates. The actual branching ratios and
importance of relaxation processes are not well known. Re-
action (8,3) is a theoretical result reported by Smith'? based
on an extension of a theoretical model successfully applied to
other NO quenching reactions.'!

The amount of NO(A) is found by writing out the new
master equation, assuming that the predominant coupling is
between N,, N,(A), N, O, NO, and NO(A). This will give
two coupled first-order differential equations for d[NO(A)J/
dr and d[N,(A)]/dt

d[NO(A)]
dt _ | b b | JINO(A)] a,
wmn"bn%“mwd+h]“®
dr
where

a, = [N][O](kl/’ + kz/{M]) + ,—21 kx.ir[M]i[NO] (17)

b, = —{kl,. + ko [M] + kg [N.] + i ke AM]; + kg,} (18)
b, = k(,,{N(l)i]l 19
= ININJky + KoM + Ko [NIING 3 b M (20)
by = ke [N, (21)

b, = —{kg,_ + ko [M] + ke [N] + £ JNO] + i km,{M],}

(22)
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Fig. S Comparison of the QSS-T (baseline, estimated rates) and QSS-
T (with new rates) for simulation of the 230 nm, 0 deg-viewing radi-
ances a function of altitude.

and k; and k, refer to rate constants given in Table 1, and
unless otherwise indicated, the ground electronic state is as-
sumed. The indices used in Egs. (17-22) correspond to those
given in Table 1, and [M]; is the concentration of the quencher
associated with the (7, i) or (8, i)-th process. In the quasisteady
state, the left side of Eq. 16) is set to zero to obtain

_ @by, — bioas)

[NO](N B (b12bsy — by1by)

(23)

Substitution of [NO(A)],,, into Eq. (9) then gives the elec-
tronic excitation temperature and the spectral radiance from
the gamma band system.

Comparisons of simulations of the 230-nm, 0-deg viewing
photometer radiance using the QSS-T model and the QSS-T
with new rates model are as follows. For the first flight both
models gave the same results. As mentioned earlier, however,
the flow conditions in the second flight are more difficult to
model. Figure 5 shows the new results, “QSS-T (new rates)”
compared with the QSS-T calculation given in Fig. 4 of Ref.
1. They are seen to be nearly identical.

Inclusion of the excitation mechanisms given in Table 1
would seem to provide additional DOF to a complex model;
yet, the results remain nearly the same. To understand this,
a connection with the original radiation modeling is made by
rederiving Eqs. (10) and (11) for the rates in Table 1. The
terms which involve new pathways not included in Egs. (1-
5) are b,,, b5, b,y, and a,. If we ignore these terms in the
expression for [NO(A)],,, (which is actually a good approx-
imation for the first flight conditions, since b-,*b,, >> b ,*b,,
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and a,*b., is usually larger than b,,*a,), we are left with the
expression

[NO(A) = ar/byy (24)

qss

Substitution of Egs. (17) and (18) into Eq. (24), with retention
of the largest contributions and the assumption of detailed
balancing, gives

ke, INJINO(A)L,
N0 = 21K + oy + KNl oy

(25)

Dividing the numerator and denominator by [N,] and setting
it equal to n,,, a good approximation under the present con-
ditions, we have

k&lf
kyip + Koplny, + ki ingy + ky,

foew = (26)

This has the same density functional form as Eq. (11) with
ke = K45 ko = Ay and, k,/ny + ki, = k. The f,.,
factor of Eq. (26) has nearly the same number density de-
pendence as the f factor with the Gross and Cohen? rates
shown in Fig. 3.

Overall, the inclusion of detailed excitation processes and
experimentally determined rates gives as good an agreement
with experiment as before. Of course, the new expression for
[NO(A)],., includes other terms which introduce new pro-
cesses and values that under other flow conditions may be
important or give different results.

Validity of the QSS Approximation to Bow Shock
1 and 2 Flights

The quasi-steady-state assumption is questionable at the
rarefied flow regimes of the second flight and its validity has
never been tested in these rarefied flow regimes. At these
conditions, the rate of population of the NO excited states
may be similar to the rate of fluid motion; if this occurs, the
QSS model will break down. The production and destruction
rate equations for population of the NO, X, A, and B elec-
tronic states can be summarized as a system of coupled dif-
ferential equations of first-order

p=Cp(t) +b 27)

where p(f) is a vector representing the normalized population.
The C and b matrices, which are computed in NEQAIR,
represent appropriate summations over electronic, neutral,
and radiative production and loss terms as given in Eq. (7).
For the ground state, conservation of total population is as-
sumed

Nyo = (poNag + P3N3E)
N

P = (28)

If Eq. (28) is substituted into Eq. (27), the system of three
coupled differential equations can be reduced to two:

p=Cpli) + b (29)

By further algebraic manipulations, a second-order nonho-
mogeneous differential equation with constant coefficients that
are functions of temperature, density, and excitation rates can
be obtained for p,(#). Constants of integration are obtained
from the two initial boundary conditions:

(30)

P, (1)
3

10°

10° 4 ¢ — }
107 10°®
Time (sec)

Fig. 6 Comparison of time dependence for p,(t) at the location
of peak radiation along the stagnation streamline for a speed of
3.5 km/s.

Expressing p, as the sum of the particular (QSS) and ho-
mogeneous solutions gives

pg) B B A bé _ a
poss = 1 7 expland) [1 T - ™ (- a:>]
. b

exp(e) [(al - a,) (o) — az)ploss} Y

where «, and a, are the nondegenerate roots of the associated
quadratic equation and are negative. Analytic relationships
for p; follows in a similar manner. Figure 6 shows solutions
of Eq. (31) computed for trajectory conditions corresponding
to the first flight. The figure shows that the time constant
increases as density decreases; however, even at 60 km there
are sufficient collisions to reach steady state by about 1.0 us.
Compare this with a typical flow time on the order of 20 us.
Thus, the radiative time constant is fast relative to flow trans-
port.

Again, it is useful to derive an approximate, simpler form
of Eq. (31) to determine the dominant processes. It was found
that for the first flight trajectory conditions, Eq. (31) could
be simplified to

A'7
Cl, = —ny, [kgﬁ + kM o+ ko, + —‘]
Ci, = —ny, [k,’x”l + k¥ 4+ ks, + —]

where A,, and A;, are the Einstein transition probabilities
(8.6 and 1.5 x 10° s !, respectively). Equation (32) shows
that in the limit of small density, the time constants approach
the Einstein A coefficients. When collisional processes are
fast relative to flow time scales, the electronic excitation tem-
perature T is less sensitive to the excitation rates than to
the governing temperature. This is consistent with the f factor
sensitivity to temperature, density, and excitation rate values.

The results shown in Fig. 6 provide insight regarding the
time constants that are implied by Eq. (10). To compare these
time constants directly to those in the flow modeling, it is
necessary to extend the above analysis. Under the assumption
that the flow and radiation calculations are decoupled, the
conservation equation for p; along a streamline can be ex-
pressed as

o op,
o

u— =w
ot o

i (33)
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where u is the velocity along the streamline direction £, and
w; is the ith electronic state source term.

For steady flow conditions dp;/dt in Eq. (33) is zero, and
the source terms are given by the right side of Eq. (29). Thus

ap,
u'& = b, + Cyup, + Cusps
ax
(34)
;)
uﬁ = b; + Cyp, + Cips
ox

Equation (34) is solved using a finite difference approach.
The present method is computationally intensive and unop-
timized. Convergence was checked by reducing the grid size.

Comparisons between the exact and QSS-derived temper-
atures and populations for flow conditions at 71 and 80 km
at 5.1 km/s were made. These cases were chosen to be at
sufficiently low densities to warrant testing the applicability
of the quasi-steady-state approximation. Figure 7 shows a
comparison of the electronic excitation temperature for the
A and B states of NO in the quasisteady state and the exact
solution for conditions of 5.1 km/s, 71 km. The exact and
approximate solutions are essentially the same for both the
A and B states. The small differences will have minimal affect
on the computed radiance. The improved formulation given
by Eq. (34) permits computation of the excitation temperature
through the shock front. The normalized populations are shown
for the same flowfield case in Fig. 8. Figures 9 and 10 show
comparisons of the exact and QSS solutions for the excitation
temperatures and normalized populations at conditions of 5.1
km/s 80 km. Even with the decreased density, the exact and
QSS solutions are the same for the A and B states. In view
of this agreement, the QSS model, which is dependent on the
flow residence time being long compared to the electronic
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Fig.7 Comparison of quasisteady state and exact electronic excitation
temperature solutions at 5.1 km/s, 71 km.
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temperature solutions at 5.1 km/s, 80 km.
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Fig. 10 Comparison of quasisteady state and exact electronic exci-
tation normalized population solutions at 5.1 km/s, 80 km.

excitation time constants, may continue to be used in the
density regime of the second flight.

Conclusions

Examination of the radiation model has provided a number
of insights to our understanding of the 230-nm spectral region.
Although the NEQAIR model is sufficiently general to ac-
count for excitation by electrons and neutral particles, only
the latter processes contribute for the flight regimes of the
bow shock ultraviolet (BSUV) experiments. The sensitivity
study shows that the NO(A) state radiation predictions can
be expressed simply in terms of three rate constants with a
simple density dependence. With the assumption of micro-
scopic reversibility, the temperature dependence of the f fac-
tor is understandably weak.

It has been shown that the QSS approximation agrees with
exact solutions of upper state populations and effective ex-
citation temperatures in these flight regimes for the present
modeling rates. These results suggest that the QSS assumption
continues to remain valid at these altitudes for the y- and
B-band contributions which dominate the radiation in the
spectral bandpass of the 230-nm photometer (230 + 25 nm).

Therefore, the types of corrections to the radiation model
that would most likely affect the radiation would have to
involve large changes to the neutral collisional excitation rates
or their temperature dependence.
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