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Advanced Model of Nitric Oxide Formation
in Hypersonic Flows

Deepak Bose* and Graham V. Candler†
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A model for nitric oxide (NO) formation in low-density hypersonic � ows is presented. The thermal
nonequilibrium reaction rates, reactant energy removal rates, and product energy disposal rates are based
on a quasiclassical trajectory analysis of the Zeldovich reactions. At hypersonic � ow conditions, the newly
obtained reaction rate for the second Zeldovich reaction is approximately an order of magnitude larger
than the commonly used rate. The rate of this reaction is a weak function of the reactant internal energy,
but it produces vibrationally excited NO molecules that result in an elevated NO vibrational temperature.
A � ow� eld model that includes these effects is proposed, and a computational � uid dynamics method is
used to simulate the BSUV1 and BSUV2 � ight experiments. The new model generally improves the
agreement with the spectrally resolved radiation data; however, it appears that there are additional
mechanisms that preferentially remove the highly excited NO molecules.

Introduction

T HE nitric oxide (NO) molecule is an important source of
thermal radiation in hypersonic � ows. Thus, accurate

models for its formation rate and internal energy state are re-
quired. In hypersonic � ows, NO is formed via the Zeldovich
reactions

N 1 O ® NO 1 N (1)2

O 1 N ® NO 1 O (2)2

However, little is known about the kinetics of these reactions
at the high temperatures that characterize hypersonic � ows.
Experimental investigations of these reactions are restricted to
rate constant determinations at moderately high temperatures.
The rates of reaction (1) are available up to 8000 K, and for
reaction (2) up to 3000 K,1 whereas the temperature in hyper-
sonic � ows may exceed 20,000 K. The reaction rates used for
hypersonic � ow calculations are obtained by extrapolating
the low-temperature data, resulting in large uncertainties. In
high-altitude hypersonic � ows the gas is in a thermal non-
equilibrium state, which affects the reaction rates; these non-
equilibrium reaction rates are particularly dif� cult to obtain
experimentally. It is also necessary to determine the internal
energy state of the newly formed molecules, because these
molecules require many collisions to vibrationally equilibrate.
Therefore, the NO kinetics and radiative emission are strongly
in� uenced by the molecules’ nascent energy.

To adequately model these effects in � ow simulation codes,
a detailed theoretical study of reactions (1) and (2) is needed.
We use a quasiclassical trajectory (QCT) method in which the
classical equations of motion are used to simulate the molec-
ular collisions on the relevant potential energy surfaces (PESs)
obtained from ab initio computational chemistry studies.
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The authors carried out an extensive QCT study of reaction
(1) to obtain various reaction attributes, such as the thermal
rate constants, nonequilibrium rate constants, state-speci� c rate
data, and product NO vibrational energy disposal.2– 4 Using the
database obtained from this study, advanced models for this
reaction were formulated. These models were obtained for
both a continuum approach based on reactant temperatures5

and for a particle simulation approach (DSMC) based on re-
actant collision energies.6 Signi� cant improvements in the ki-
netics of NO formation were obtained in high-altitude � ows,
which then explained the formation of vibrationally and rota-
tionally hot NO observed in the BSUV � ight experiments.7,8

A QCT study for reaction (2) has also been carried out by
the authors.9 The rate of this reaction is high because the re-
action barrier is small. Thus, this reaction is likely to play an
important role in � ows where many N atoms are present. Also,
past evidence indicates that this reaction produces vibrationally
and rotationally hot NO molecules,10,11 and the product energy
disposal may be important for this reaction.

In this paper, we use the QCT database to develop a model
for the formation of NO in high-temperature hypersonic � ows.
We include the effects of thermal nonequilibrium on the re-
action rate and we model the vibrational and rotational energy
of the newly formed NO molecules. We then use this model
to simulate hypersonic � ows over blunt bodies. It is found that
although a detailed treatment of reaction (2) does not make a
noticeable difference in the amount of NO produced, the vi-
brational energy disposal modeling makes signi� cant differ-
ences in the vibrational temperature of NO in the � ow regimes
considered. The results of the simulations are used to compute
uv spectral intensities from the NO bands. These are compared
with the spectrometer data obtained from the � ight experi-
ments, and we � nd that the new models give improved agree-
ment with the data.

Quasiclassical Trajectory Calculations
In Refs. 2 and 4, we studied reaction (1) using the two

relevant potential energy surfaces (PESs) of the 3A0 and 3A9
states, that join the reactants and the products in their ground
electronic states

1 1 3 2 4N (X ( ) 1 O( P) ® NO(X P) 1 N( S)2 g

The QCT data for reaction (2) with its reactants and products
in their ground electronic states are presented in Ref. 9

3 2 4 2 3O (X S ) 1 N( S) ® NO(X P) 1 O( P)2 g
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Fig. 2 Thermal nonequilibrium rate constants of the Zeldovich
reactions: a) (2) and b) (1).

Fig. 1 Comparison of the rate constant of reaction (2) obtained
in this work with various recommended data based on experi-
ments listed in Ref. 1.

This reaction occurs on the two lowest PESs of the 2A9 and
4A9 states.12,13 The ab initio studies of these surfaces were con-
ducted by Walch and Jaffe,13,14 and the analytical surface � ts
of Duff11 are employed in the current study.

A quasiclassical trajectory code written in CMFORTRAN
with a standard Monte Carlo15 approach is used on the Think-
ing Machines Connection Machine-5 (CM-5). For each case,
depending on its energy, between 16,384 and 131,072 trajec-
tories are run. A fourth-order Runge– Kutta algorithm with a
constant time step is used for the time integration. All trajec-
tories are started by placing the N atom 9 Aº away from the
O2 molecule and are � nished when the product species are
identi� ed and found to be at least 9 Aº away from each other.
The expressions used to determine the reaction attributes and
the sampling scheme are given in Refs. 3 and 4.

Thermal Rate Constants

Experimental determinations of the thermal rate constants of
reaction (2) have only been made up to the moderately high
temperature of 3000 K.1 Moreover, these rates are often as-
sociated with uncertainties because of interference from reac-
tion (1), which is dif� cult to separate at temperatures above
2000 K. The most widely used rate expression is 6.4 3 109T
exp(23150/T ) cm3 mol2 1 s2 1 recommended by Baulch et al.1

For high-temperature � ow calculations, Park et al.16 recom-
mend 8.4 3 1012 exp(219450/T ) cm3 mol2 1 s2 1 for the back-
ward reaction (NO 1 O ® O2 1 N), which is used with the
detailed balance principle to compute the rate of reaction (2).
In practice, these rates are extrapolated to high temperatures
for hypersonic � ow simulations.

Figure 1 plots the QCT-based rate of reaction (2), along with
the expressions based on experimental data. As can be seen,
good agreement is obtained with the recommended data, ex-
cept for the expression of Park et al.,16 which was obtained by
� tting the experimental data on the backward reaction between
2000 and 5000 K, where there is reasonably good agreement.
However, the temperature dependence predicted by the ex-
pression of Park et al. strongly disagrees with all other rec-
ommendations; at temperatures above 10,000 K the difference
is almost an order of magnitude. Thus, using the QCT rates in
� ow simulation codes may result in a signi� cant increase in
NO formation.

The following modi� ed Arrhenius rate expression is ob-
tained using the QCT data

9 1.179 3 21 2 1k(T ) = 2.49 3 10 T exp(24005.5/T ) cm mol s
(3)

for 1000 # T # 14,000 K. Because this expression is obtained
with a least-squares � t, the parameters must be viewed as sim-
ply an outcome of the � t.

Rate Constants for Nonequilibrium Flows

Because hypersonic � ows are generally characterized by
multiple temperatures, a thermally averaged reaction rate is of
limited use. The rate constant must be available as a function
of the translational Tt, rotational Tr, and vibrational Tv temper-
atures of the reactants. In this section we use the QCT method
to predict the effect of thermal nonequilibrium on the rate of
reaction (2). To make comparisons, we also present similar
data for reaction (1) obtained previously.2– 5

Let us consider the variation of the thermal rate constant of
reaction (2) with respect to the reactant (O2) vibrational tem-
perature. This is obtained by sampling the vibrational energy
of O2 molecules from a Boltzmann distribution at Tv. The non-
equilibrium rate data are plotted in Fig. 2a for various transla-
tional– rotational temperatures T. It is seen that there is a rel-
atively mild effect of vibrational nonequilibrium on the rate of
reaction (2). This is expected because this reaction is exother-
mic and the reaction path has an early barrier. When Tv is
decreased from T to 1000 K, the rate is reduced from its equi-
librium value by only a factor of 1.09 at T = 3000 K, and a
factor of 1.3 at T = 14,000 K. This is a much smaller effect
than obtained for reaction (1), as shown in Fig. 2b. The value
of reactant Tr causes an even smaller effect on the rate of
reaction (2). Thus, for convenience we neglect the in� uence
of Tr on the reaction rate and assume Tr = Tt = T for the QCT
calculations. When Tr ¹ Tt, we assume T = Tt and safely ignore
the value of Tr, for the purpose of computational � uid dynam-
ics (CFD) modeling. Thus, in a CFD simulation, rotational
nonequilibrium is still important to obtain an accurate value
of Tt.

The rate constant of reaction (2) as a function of T and Tv
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Fig. 4 Variation of product NO vibrational energy with reactant
Tv at various translational– rotational temperatures: a) reaction
(2) and b) reaction (1). ——, average NO vibrational energy at
Tv.

Fig. 3 Variation of reactant vibrational energy removal with Tv

at various translational– rotational temperatures: a) reaction (2)
and b) reaction (1). ——, average vibrational energy of the re-
actant molecule at Tv.

Table 1 Coef� cients of the polynomial � t [Eq. (5)]
describing the effect of vibrational nonequilibrium

on the rate constant of reaction (2)

a00 2.710 3 10101 a11 25.867 3 10209

a01 5.384 3 10205 a10 1.073 3 10203

a02 3.413 3 10209 a20 28.338 3 10208

a03 22.122 3 10214 a30 2.349 3 10212

a12 22.484 3 10213 a21 2.759 3 10213

DErms 0.012 DEmax 0.028

is represented analytically by � tting the QCT data. We use a
total of 51 data points in the range

T = 3000– 14,000 K
(4)

T = 1000– 14,000 Kv

for Tv # T. The reaction rate is expressed as

i j 3 21 21k(T, T ) = exp a T T cm mol s (5)v i j vSO D
i, j

where the temperatures are in K and the coef� cients ai j are
obtained using a least-squares algorithm, and are given in Ta-
ble 1. A similar expression for the rate constant for reaction
(1) was obtained in Ref. 5.

Energy Removal and Disposal Modeling

In this section we discuss the energy removal and disposal
of reaction (2) under thermal nonequilibrium conditions.

Again, we present the same information for reaction (1) for
comparison purposes.

The fact that the vibrational temperature of O2 only margin-
ally affects the rate of reaction (2) implies that there should
be little preferential removal of O2 as a result of reaction (2).
This is shown in Fig. 3a, which presents the average vibra-
tional energy of O2 removed per reactive collision vs the re-
actant Tv at various translational– rotational temperatures. The
solid line represents the average reactant vibrational energy at
Tv. This shows that the average O2 vibrational energy removed
per reactive collision is close to the average O2 vibrational
energy and there is little preferential removal. This is quite
different than reaction (1), as shown in Fig. 3b.

Let us now discuss the vibrational energy of the NO formed
by reaction (2). As can be seen in Fig. 4a, the NO molecules
are formed with a much higher vibrational energy than that of
an average NO molecule at the reactant Tv. This is primarily
because of the exothermicity of reaction (2) and a preferential
channeling of the reactant translational energy into product
vibration. It is also found that the product NO vibrational en-
ergy increases rapidly with increasing reactant vibrational tem-
perature. This is because the O2 vibrational level strongly de-
termines the NO vibrational energy disposal, as noted in Ref.
9. On the other hand, the NO molecules formed by reaction
(1) are vibrationally hotter than the reactant N2 only when Tv

is much lower than T. Under near-equilibrium conditions, the
product NO vibrational energy is close to the average reactant
vibrational energy. In summary, the NO formed by reaction (2)
is always on average vibrationally hot, while that produced by
reaction (1) is only vibrationally hot when the reactant vibra-
tional temperature is lower than the translational– rotational
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Table 2 Coef� cients of the polynomial � t
[Eq. (8)] describing the reactant vibrational

energy removal and product vibrational
energy disposal because of reaction (2)

e9v e0v

a00 5.714 3 10208 8.194 3 10201

a01 8.715 3 10205 3.581 3 10205

a02 5.470 3 10209 9.260 3 10209

a03 22.838 3 10213 22.138 3 10213

a10 0.000 3 10100 6.558 3 10205

a11 0.000 3 10100 2.443 3 10209

a12 0.000 3 10100 23.639 3 10213

a20 0.000 3 10100 1.094 3 10210

a21 0.000 3 10100 28.780 3 10214

a30 0.000 3 10100 23.222 3 10214

DErms 0.022 0.008
DEmax 0.054 0.020

temperature. The implications of this effect in hypersonic � ows
will be discussed in the next section.

Let be the O2 vibrational energy removed from the re-e9v
actants per reactive collision, and be the NO vibrationale0v
energy disposed to the products by reaction (2). We � t these
two quantities using the QCT data with the following expres-
sion:

i je9 = a T T eV (6)v ij vO
i, j

and likewise for . The values of ai j are given in Table 2;e0v
similar expressions for reaction (1) were obtained in Ref. 5.

Hypersonic Flow Computations
In this section we study the implications of our QCT study

in several hypersonic � ow� elds. In addition to reactions (1)
and (2), three dissociation reactions are modeled

N 1 M N 1 N 1 M, (9.76 eV)2

O 1 M O 1 O 1 M, (5.12 eV) (7)2

NO 1 M N 1 O 1 M, (6.49 eV)

where M is a collision partner. We use CFD to solve conser-
vation equations for the following � ow variables: species den-
sity rs, total gas momentum per unit volume in the x and y
direction ru and rv, vibrational and rotational energy of NO
per unit volume Ev,NO and Er,NO, combined vibrational and ro-
tational energy of N2 and O2 per unit volume Ev,g and Er,g, and
total energy unit volume E. This forms a set of 12 simulta-
neous equations that may be written in conservation-law form
as

­U ­(F 1 F ) ­(G 1 G )I V I V
1 1 = W (8)

­t ­x ­y

where U is the vector of conserved quantities, FI and GI are
the convective � ux vectors in the x and y directions, FV and
GV are the diffusive � ux vectors, and W is the source vector
as a result of chemical reactions and energy exchange. Con-
sider the internal energy equations of NO and N2, O2; the rel-
evant portions of the vectors are

E E uv,NO v,NO

E E ur,NO r,NOU = , F = (9)IS E D S E u Dv,g v,g

E E ur,g r,g

­c ­TNO v,NO
re $ 1 kv,NO NO v,NO

­x ­x

­c ­TNO r,NO
re $ 1 kr,NO NO r,NO

­x ­x
F = 2 (10)V

­c ­c ­TN O v,g2 2re $ 1 re $ 1 kv,N N v,O O v,g2 2 2 2­x ­x ­x

­c ­c ­TN O r,g2 2re $ 1 re $ 1 kr,N N r,O O r,g2 2 2 2­x ­x ­x

where ev,s and er,s are de� ned to be Ev,s/r and Er,s/r, respec-
tively, $s is the diffusion coef� cient, and cs is the mass fraction
of species s. kv,s and kr,s are the vibrational and rotational heat
conductivities. The temperature, Tv,NO, characterizes the vibra-
tional energy of NO and Tv,g characterizes the combined N2,
O2 vibrational energy. We de� ne Tr,NO and Tr,g similarly.

The source vector is written as

Q [exch] 1 Q [chem]v,NO v,NO

Q [exch] 1 Q [chem]r,NO r,NOW = SQ [exch] 1 Q [chem] 1 Q [exch] 1 Q [chem]Dv,N v,N v,O v,O2 2 2 2

Q [exch] 1 Q [chem] 1 Q [exch] 1 Q [chem]r,N r,N r,O r,O2 2 2 2

(11)

The quantities Qv,s[exch] and Qr,s[exch] represent the rate of
energy exchange per unit volume as a result of nonreactive
collisions in the � ow� eld. This includes vibration– translation
(VT), vibration – vibration (VV), rotation– translation (RT), and
rotation– rotation (RR) energy transfers. We use the � rst-order
perturbation expression developed for VT relaxation by Lan-
dau and Teller17 with semiempirical relaxation times of Milli-
kan and White.18 For VV transfer we use the � rst-order per-
turbation expression of Schwartz et al.19 with a transition
probability, , of 0.01. The RT transfer is predicted by the120P 021

classical model of Parker.20 Because of a lack of appropriate
models, we use an RR relaxation time of 10 collision times,
which is expected to be close to the actual value.

The quantities Qv,s[chem] and Qr,s[chem] in W represent the
rate of energy redistribution per unit volume because of the
chemical reactions; data for these energy transfer rates are ob-
tained from the QCT-based � ts.

In this paper we simulate the BSUV1 and BSUV2 � ight
experiments to compare the results of the new models with
experimental data. These experiments made spectrally resolved
measurements of the uv emission in the stagnation region of
the vehicle. The � rst � ight � ew at a speed of 3.5 km/s, and
took measurements from 37 to 75 km altitude. The second
� ight � ew at 5.11 km/s and made measurements during re-
entry from 90 to 65 km altitude. Both vehicles consisted of a
4 in. (10.16 cm) nose radius spherically blunted cone. The
experimental spectra are found to be dominated by the NO g
and b systems because of the NO(A ® X ) and NO(B ® X )
transitions.

It was concluded by Levin et al.7,8 and Boyd et al.21 that
previous state-of-the-art � ow simulation and radiation model-
ing methods could only match the experimental spectral radi-
ance within about two orders of magnitude at high altitudes.
Also, the predicted relative peak intensities of different tran-
sitions did not match the spectrometer data. The � ow simula-
tion code used for those simulations employed the Park

model22 for vibration– dissociation coupling and theTTÏ v

rates recommended by Park et al.16 for the Zeldovich reactions.
The effects of thermal nonequilibrium on the rates of the Zel-
dovich reactions were neglected. Also, it was assumed that NO
was formed with a vibrational energy equal to the average gas
vibrational energy. Moreover, only one vibrational temperature
was used to characterize the three diatomic species. In this
paper we consider this as the baseline model.
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Fig. 6 Computed stagnation streamline temperature pro� les for
BSUV1 (T and Tv,g are plotted only once because they are ex-
tremely close for all models): a) 53.5 and b) 63 km.

Fig. 5 Computed stagnation streamline mass fractions for
BSUV1: a) 53.5 and b) 63 km.

Table 3 Various models used to treat the Zeldovich
reactions in the CFD code

N2 1 O ® NO 1 N O2 1 N ® NO 1 O

Model I Rate: Rate:
Park et al.22 Park et al.22

NO energy disposal: NO energy disposal:
Average energy Average energy

Model II Rate: Rate:
QCT (Ref. 5) Park et al.22

NO energy disposal: NO energy disposal:
QCT (Ref. 5) Average energy

Model III Rate: Rate:
QCT (Ref. 5) QCT [Eq. (5)]

NO energy disposal: NO energy disposal:
QCT (Ref. 5) QCT [Eq. (6)]

In this work we use the QCT data to improve the NO ki-
netics models. First, we employ the Macheret and Rich23 vi-
bration– dissociation coupling model for the N2 and O2 thermal
nonequilibrium dissociation rates. This model was shown by
Boyd et al.21 to improve the NO concentration predictions by
increasing the O2 dissociation rate under strong nonequilibrium
conditions. We also solve separate conservation equations for
the vibrational and rotational energies of NO. This is referred
to as model I. The Zeldovich reactions are treated in the same
manner as in the baseline model.

Model II includes the improvements employed in model I,
and we use the QCT data to model the � rst Zeldovich reaction.
This is done by using the thermal nonequilibrium rate constant,
energy removal, and energy disposal expressions from Ref. 5.

Model III extends model II by using the current QCT data
to model the second Zeldovich reaction. Table 3 summarizes
the different models discussed.

Results and Discussion
BSUV1 Flows

Let us � rst consider the effect of modeling enhancements
on the amount of NO formed at the BSUV1 � ight conditions.
Figure 5 plots the NO mass fraction pro� les along the stag-
nation streamline at 53.5 and 63 km altitudes. Model I pro-
duces more NO than the baseline model because the Macheret
and Rich vibration-dissociation coupling model23 predicts
higher O2 dissociation rates than the Park model24 when Tv <<
T. Increased formation of atomic oxygen results in more NO
formation via reaction (1). The NO mass fraction predicted by
model I is more than an order of magnitude higher than that
predicted by the baseline model at a location 1 cm away from
the body surface; this is where Tt and the radiative emission
reach their maximum levels.

When we use model II, the NO concentration decreases in
the � ow� eld compared with using model I. This is because of
the reduction of the rate of reaction (1) by vibrational non-
equilibrium. The relative difference between the predictions of
the NO mass fraction by models I and II increases with altitude
due to stronger vibrational nonequilibrium. Model III produces
almost no change in the NO mass fraction because at BSUV1
conditions, the QCT and Park et al.16 rate expressions for re-
action (2) are similar (Fig. 1).

The models produce signi� cantly different NO vibrational
temperatures along the stagnation streamline, as seen in Fig.
6. As mentioned earlier, the baseline model does not solve for
a separate vibrational temperature of NO, thus, in that model
Tv,NO is equal to Tv,g. In model I a separate vibrational energy
equation is solved, but because NO is assumed to be formed
with the average vibrational energy, Tv,NO is very close to Tv,g.
The small difference near the shock is caused by the diffusion
of high-energy NO molecules across the bow shock wave.
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Fig. 7 Computed and BSUV1 experimental stagnation line spectra at 53.5 km altitude.

Fig. 8 Computed stagnation streamline mass fractions for
BSUV2: a) 79 and b) 85 km.

Fig. 9 Computed stagnation streamline temperature pro� les for
BSUV2 (Tt and Tv,g are plotted only once because they are ex-
tremely close for all models): a) 79 and b) 85 km.

When we use the QCT-based model for energy disposal re-
sulting from reaction (1), there is an increase of Tv,NO because
of the vibrationally hot NO formation via reaction (1). The
biggest difference in Tv,NO is caused by model III, which adds
the QCT-based model for reaction (2). This reaction forms
about 30% of the NO molecules in the stagnation region. Be-
cause a large fraction of the reaction exothermicity is chan-
neled into product vibrational energy, Tv,NO is very large in
these � ows. The fact that Tv,NO is higher than T is not surprising
because the high Tv, NO is caused by energy disposal, and not
by energy relaxation.

The results of these � ow� eld calculations were used as input
to the nonequilibrium air radiation (NEQAIR) code,24,25 and
the stagnation line spectra were computed. For the purposes

of this discussion, the radiation modeling is assumed to be
correct. Figure 7 compares the experimental and predicted uv
spectral radiance in the 200– 250 nm range. We have normal-
ized the predicted spectra relative to the data at 226 nm to
make the comparison of the spectral features possible. The
magnitude of the spectra depends only on the number of NO
molecules, and not on the internal energy modeling. The base-
line model and models I and II predict the relative peak heights
well, except for the peak at 204 nm. However, the most de-
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Fig. 10 Computed and BSUV2 experimental stagnation line spectra at: a) 79, b) 85, and c) 87.5 km altitudes.
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tailed model (model III) gives relatively poor agreement,
which is indicative of an overly high vibrational temperature.
Thus, it appears that the high vibrational temperatures pre-
dicted by model III are spurious, and it is likely that there are
other mechanisms that cool the vibrational temperature of NO.
A possible mechanism is an NO destruction reaction that se-
lectively consumes the high vibrational energy NO molecules,
resulting in lower Tv,NO. Another possibility is a more rapid
VV draining of the NO vibrational energy. Because these ef-
fects depend on the collision rate, they must become less im-
portant in rare� ed � ows; this will be further discussed for the
BSUV2 � ows.

BSUV2 Flows

Figure 8 plots the NO mass fraction pro� les predicted by
the different models. At 79 km there is not much difference
between the various NO mass fractions obtained. The lowest
NO production is with the baseline model, as a result of the
use of the model. Large differences occur at 85 km,T TÏ v

where an increase in the NO mass fraction occurs as a result
of the improved vibration– dissociation coupling model (model
I). The NO mass fraction decreases when model II is used
because of the reduction of the rate of reaction (1) by thermal
nonequilibrium. Model III increases the NO mass fraction be-
cause the QCT-based rate of reaction (2) is about an order of
magnitude larger than the Park rate24 at these conditions. How-
ever, because reaction (2) forms only about 12% of the NO,
its effect on the overall NO mass fraction is fairly small.

Figure 9 shows the Tv,NO predicted by the different models
at 79 and 85 km. It is seen that model I predicts a higher NO
vibrational temperature than Tv,g, although NO is assumed to
form at the average vibrational energy of the gas. This appears
surprising at � rst; however, there are several reasons for this
effect. First, the VT rates for NO are higher than for N2 and
O2, causing Tv,NO to rise faster. Secondly, as observed in the
BSUV1 � ows, the increase of Tv,NO near and upstream of the
shock is caused by the upstream diffusion of high-energy NO
molecules from inside the shock layer. Models II and III in-
crease Tv,NO because of the use of the QCT-based energy dis-
posal modeling. At 85 km and higher, reaction (2) is not a
signi� cant contributor to NO formation, and model III has a
small effect.

Figure 10 plots the computed normalized spectra at 79, 85,
and 87.5 km altitude predicted by the different models. Model
I improves the predictions of the uv spectra because of the
increased Tv,NO. However, there remains poor agreement of the
relative peak heights at 85 and 87.5 km. The QCT-based en-
ergy disposal models (models II and III) produce better agree-
ment with the experimental spectra. This is the most signi� cant
result of this analysis, as it is a direct test of the NO vibrational
energy disposal model used in the � ow simulation. Because of
the rare� ed nature of these � ows, the product NO vibrational
temperature remains unperturbed by the other collision-based
mechanisms. The slight worsening of the agreement with mod-
els II and III at 79 km is again likely caused by these mech-
anisms that rapidly lower Tv,NO by removing highly excited
NO molecules.

Conclusions
Thermally averaged QCT rates are presented for the second

Zeldovich reaction, O2 1 N ® NO 1 O, based ab initio po-
tential energy surfaces. The thermal equilibrium rate constants
are found to be in good agreement with various experimental
and recommended data, with the exception of the rates derived
from the expression recommended by Park et al.17 For this
reaction, the vibrational temperature of the reactants has a lim-
ited effect on the reaction rate. The average NO vibrational
energy of the molecules formed by this reaction is much higher
than the reactant O2 vibrational energy because the reaction
exothermicity is channeled into the products. The QCT data-
base is used to develop a � ow� eld model for high-temperature

nonequilibrium air� ows. CFD is used to simulate two recent
� ight experiments. The detailed model for the second Zeldo-
vich reaction does not appreciably alter the NO mass fractions;
however, it signi� cantly raises the NO vibrational temperature.
At high altitudes, this higher NO vibrational temperature pro-
duces better agreement with the radiation data; however, at low
altitudes, the agreement worsens. This is most likely a result
of additional collisional processes that quickly remove the
highly excited NO molecules. Therefore, to further improve
the agreement, these processes must be included in the � ow-
� eld model.
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