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In many hypersonic ¯ ows, the excited states of some chemical species are the dominant radiators. Often, those
electronically excited particles are present in small concentrations and the chemical kinetics mechanisms for their

formation are very complicated and costly to implement in a fully coupled computational ¯ uid dynamics method.
An ef® cient computational method is presented for the calculation of chemical species present in trace amounts,

including excited state species. The usefulness of this overlay method is demonstrated with several examples:
OH(A) formation from water vapor in a hypersonic shocklayer, state-speci® c CO vibrational relaxation and CO(a)

formation in a rocket motor nozzle, and CO(a) kinetics in an expanding ¯ ow. The overlay calculations allow a
careful sensitivity analysis of the kinetics modeling and permit comparison with radiance data obtained in ¯ ight.

Introduction

T HERE has been a general interest within the hypersonicscom-
munity to study optical emissions from chemically reacting

¯ ows in nonequilibrium. Such radiation can be measured in both
ground-based and ¯ ight experiments with well-established instru-
mentation techniques.These measurementsprovidedata to validate
the modeling of species concentrations and temperatures in hyper-
sonic ¯ ows.

The approachcommonly used today to model the spectral radiant
intensity for different ¯ ow conditions is to ® rst obtain a solution to
the conservationequations for species concentrationsand tempera-
tures as a function of their location in the ¯ ow. An important aspect
of the ¯ ow modeling is that the chemical kinetics model applies to
the ground-statespecies only. Then a separate radiation model uses
the ¯ ow solutionto computethe spectralradianceat each point in the
¯ ow. The radiationmodel generally consists of two parts: computa-
tion of the excited state species concentrations and the line-by-line
spectral distribution of the radiation. Usually, the ® rst part of the
model has the greater degree of uncertainty.

To calculate the excited state populations,one typically assumes
a master set of rate equations for populating the excited state levels.
For the calculation of radiation in the ultraviolet to visible spectral
region, these equations represent the distributionof excited states in
the atomic or molecular vibrational, rotational, and electronic lev-
els. When the collision rate is suf® ciently high, it is also assumed
that theexcitedstatepopulationdistributionis the quasi-steady-state
(QSS) solutionof the master set of equations.This conditionoccurs
if two criteria are met. First, the time constants for the population
excitation equations must be fast compared with the average gas
¯ ow residence time. Second, the production and destruction rates
are closely balanced.1 The QSS condition has been found to hold
for the population of the electronic states of NO for stagnation re-
gion ¯ ows for 10-cm-radius spheres at a speed of 5 km/s and up
to altitudes of 80 km (Ref. 2). However, there are other situations
where it is expected to fail.

The second assumption usually made in the solution of the mas-
ter equations for the excited state populations is that the primary
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creation mechanism is by electron or neutral collisions with the
ground-state species. As the ¯ ow density decreases, collisions be-
tween two ground-state species that directly produce the excited
state species become important. These chemiluminescent reactions
are known to be potentially important for the two cases that we
present here.

The addition of excited state mechanisms to the reaction set in-
creases the computationalcost of the ¯ ow solution. In rare® ed con-
ditions, many reaction paths are possible and must be included.
Often the rate constants and branching ratios are not well known.
For these reasons,multiple computationsare often required to quan-
tify the sensitivityof the inclusionor exclusionof speci® c processes
and the uncertainty in the rate constants.

Hence, an ef® cient computationalmethod is required to calculate
the electronically excited states in both compressed and expanding
¯ ows. A method is presented, based on the key assumption that the
excited electronicstate species concentrationsare suf® ciently small
such that they are trace species compared with the bulk ¯ ow. Then,
an examplecalculationof the concentrationof electronicallyexcited
hydroxylradicals,OH(A), in a stagnationregion ¯ ow is considered.
This calculation can be compared directly with the conventional,
uncoupled approach. This comparison provides the validation of
the method.

The second example correspondsto the calculationof the excited
state CO(a) populationin an expanding¯ ow from a solid rocketmo-
tor.This problemcannotbe solved in the uncoupledmanner because
the long lifetime of the CO(a) state and the low collision frequency
in the expanding¯ ow make the use of the QSS approximationques-
tionable. The large number of reactions and processes that need to
be consideredwill illustratethe ef® ciency and usefulnessof the pro-
posed technique.This case requiresa descriptionof the ground-state
chemical two-phase ¯ ow. There exists a wealth of detailed model-
ing of rocket motor operationand nozzleexhaustproperties that has
been primarily focused on evaluating motor performance. The re-
sults of this modelingmust be taken into considerationas one tries to
model the radiationdue to plume±freestreaminteractions.Modi® ca-
tion of thesemodels to directly includeexcitedstate chemistry is not
straightforward. Therefore, a method that utilizes well-developed,
two-phase ¯ ow packages3, 4 as the basis for modeling excited state
chemistry uni® es separate research communities. Moreover, it en-
ables the use of optical diagnostics as a tool for the understanding
of motor operation and plume radiance in the ultraviolet.

Flow® eld Simulation Method
The overlay method that we describe in this work consists of two

steps. First, the ¯ ow® eld is simulated by solving the Navier±Stokes
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equations that have been extended to include the effects of ® nite
rate chemical reactionsand internalenergy relaxation.This solution
includes all of the chemical species that may be present in large
amounts or those that are important in the chemicalkinetics of those
major species. Then, the mass conservation equations for the trace
chemical species are overlaidon the previouslycomputed ¯ ow® eld.
Because the trace species are present in very small amounts, they
do not affect the mass, momentum, or energy of the bulk ¯ ow.

The computational ¯ uid dynamics method that was used to sim-
ulate the ¯ ow of the major species in the stagnation region of a
re-entry experiment5 and in the plume of the thrusting rocket6 has
been discussed in earlier work. The baselinemodel for air is a react-
ing mixture of thermally perfect gases composed of the following
chemical species: N2 , O2 , NO, N, and O. These species are allowed
to react with one another at ® nite rates. Here NO is included as a
major species because it may be present in relatively large amounts
and because is acts as a reaction intermediary in the Zeldovich reac-
tions. The internal energy is described by translational, rotational,
and vibrational temperatures.Finite rate relaxationof the rotational
and vibrational temperatures to the translational temperature is also
modeled.

The ¯ ow is assumed to be described by the extended Navier±
Stokes equations,which for two-dimensional ¯ ows may be written
in conservation law form as

@U

@t
+

@F

@x
+

@G

@y
= W (1)

where U is the vector of conserved quantities,F and G are the ¯ ux
vectors in the x and y directions, respectively, and W is the source
vector due to chemical reactions and the relaxation of the vibra-
tional and rotational temperatures toward the translational tempera-
ture. More details concerning the form of the ¯ uxes and the source
vector may be found in earlier work.5 The numerical method for
the solution of Eq. (1) uses modi® ed Steger±Warming ¯ ux vector
splitting,7 and the steady-state solution is obtained using implicit
Gauss±Seidel linerelaxation.8 The method has been validated by
comparison to a wide range of experimental data. The ¯ ow proper-
ties thus obtained will be hereafter referred to as the bulk solution.

If the argument is made that the introductionof trace species into
the bulk ¯ ow does not affect the energy or momentum of the bulk
solution,thena simpli® ed conservationlaw for theseoverlayspecies
can be written

@q s

@t
+

@

@x
( q su + q s Ãus) +

@

@y
( q s v + q s Ãvs) = w s

s = 1, 2, . . . , ns (2)

where s is the index of each of the ns overlay species, q s is the
species mass density, w s is the chemical source term, u and v are
the mass-averaged ¯ ow velocities in the x and y directions, and Ãus

and Ãvs are the diffusion velocities of species s. The mass-averaged
velocitiesare obtained from the bulk solution, as are the densitiesof
the major species and the temperatures that appear in the chemical
source term. Hence, once the steady-state bulk solution has been
obtained, Eq. (2) can be solved. Note that the overlay approach
could also be used to add internal energy conservation equations,
providedthat theenergycontainedin thesemodes is small compared
with the total energy;however, this approachhas not been employed
to date.

To make this decomposition of the ¯ ow® eld into a bulk solution
and an overlay solution, we have assumed that the overlay species
do not alter the state of the bulk solution appreciably. There are
three criteria that must be met for this condition to hold. First, the
trace species must be present in small amounts so that only a small
fraction of the mass is missing from the bulk ¯ ow solution.Second,
the presence of the trace species cannot affect the diffusion coef-
® cients of the bulk species. A very light overlay species, such as
H, could possibly alter the mass diffusion coef® cient of the heavy
bulk species if it was present in large mass fractions. However, as
the overlay species are present in only trace amounts, this is not an
important effect. Third, and most importantly, the overlay species
cannot affect the chemical kinetics of the bulk species. For exam-
ple, NO may be present in only small amounts, but it may be the

most ef® cient reaction path for the dissociation of N2. Therefore,
it cannot be treated as an overlay species unless N2 dissociation is
not important under the conditions of the simulation. In practice,
with the appropriate choice of the overlay species, we can apply
this method when the trace species are present at levels of less than
about 10¡ 4 mass fraction, which would produce errors of less than
0.1% in the bulk solution properties.

The overlay equations, Eq. (2), must be solved in an analogous
fashion to the bulk solution, Eq. (1). That is, the same numerical
method must be used so that mass conservationof the trace species
is assured.Also, for simplicityand to reduce interpolationerrors, the
overlay solution is obtained on the same grid as the bulk solution.
The numericalmethod for the overlay equationsmay be derived in a
similar fashionto the methodfor the bulksolution.We recognizethat
the convective ¯ uxes are homogeneous in the conserved quantities.
For example, the convective ¯ ux vector in the x direction is

Fs =
æ
çççè

q 1u

q 2u
...

q ns u

ö
÷÷÷ø

= AUs = uIUs (3)

where Us is the vector of conserved quantities, Us = ( q 1 , q 2,
. . . , q ns

) 0 , and I is the ns £ ns identity matrix. It is straightforward
to develop an upwind differencing method where the direction of
differencing is based on the sign of u. However, this could lead
to a mismatch between the bulk and trace species solutions at dis-
continuities. Rather, the same method that is used to compute the
u-convection speed in the bulk solution should be used in this cal-
culation as well.

For example, in our calculations, we use a modi® ed Steger±
Warming ¯ ux-vector-splittingapproach,where for ® rst-order accu-
racy, the i+ 1

2
cell-facesplit ¯ uxes,F+

s i+1/ 2 and F ¡
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and

A§
i + 1

2
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2
(Ui + Ui + 1)] (5)

The split Jacobian matrices A§ are simply given by A§(U) =
1
2
(u § j u j )I or with the modi® cation suggested by Buning and

Steger9 to correct the slope discontinuity in stagnation regions. In
regions of strong pressure gradients, we smoothly switch to true
Steger±Warming ¯ ux vector splitting. Then the x direction split
¯ uxes are

F+
s i + 1

2
= A+

i Us i F ¡
s i + 1

2
= A ¡

i + 1Us i + 1 (6)

The switching between the two upwind ¯ ux representations must
be done in the same way in the overlay solution as in the bulk ¯ ow
solution.

The solution of Eq. (2) is much less costly than the solution of
Eq. (1) would be if both the bulk and overlay species were included.
This is because the cost of solving Eqs. (2) and (1) scale approxi-
mately as the square of the number of equations being solved. By
solving two smaller sets of equations, the computational cost is re-
duced. Also, aside from the source terms, Eq. (2) is linear in q s ,
making it easier to solve. Also note that the ¯ ux vector splitting
is dramatically simpli® ed because the ¯ ux Jacobian is a diagonal
matrix, and therefore the evaluation of the ¯ uxes is trivial. Also,
many of the components of the source terms can be computed once
and stored foruse in all subsequenttime stepsduringconvergenceto
steadystate.Therefore,the cost per iterationof the overlayequations
is considerablyless than that of the full equationset. In practice, the
overlay equation set usually converges to a steady state with about
a factor of 10 fewer iterations than the bulk solution. Thus, it is
possible to incorporate detailed excited state chemistry models in
the overlay solution. Moreover, for altitude regimes where the con-
tinuum formulation becomes questionable, Eq. (2) can be solved
relative to the bulk ¯ ow properties derived from a direct simula-
tion Monte Carlo (DSMC) solution10 and, if necessary, using mass
diffusion properties computed with the DSMC method.
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Modeling of the OH(A) Population
in the Bow Shock Flow

Our analyses of the bow shock ultraviolet (BSUV) ¯ ights 1 and
2 have identi® ed the modeling of radiation from the OH(A) state as
important for understandingultraviolet molecular radiation in tran-
sitional ¯ ows.11 We have tested the validity of the overlay method
for the productionof the ground-state trace species of water, H, and
OH by comparison with fully coupled calculations. Once the ® ve-
species reacting air calculation was obtained, the overlay solution
cost was almost negligible (less than 10% of the bulk solution).The
processes considered in this work for the formation of OH(A) are
added to the ground-stateprocessesused in our earlier work.11 They
are

O2 + H
k1

Ã ! O + OH (7)

H2O + N2

k2

Ã ! OH + H + N2 (8)

OH + N2

k3

Ã ! O + H + N2 (9)

H2O + O
k4 f

¡ ! 2OH (10)

H + O + M
k5 f

¡ ! OH( A) + M (11)

H + 2OH
k6 f

¡ ! H2O + OH(A) (12)

OH(A) + M
k7

Ã ! OH + M , M = N2 , O2 (13)

OH( A)
A

¡ ! OH(X ) + h m (14)

where M is a neutral third body, most likely N2 . Table 1 (Refs. 12±
15) gives the Arrhenius parameter values assumed for the rates in
Eqs. (7±14).

Figure 1 shows a plot of the number density as a function of dis-
tance from the wall along the stagnation streamline for the hydro-
genated ground state and OH(A) excited state species. The overlay
calculations were performed for a sphere cone with a 4-in. nose ra-

Table 1 OH (A) excitation modela,b

Equation no. C f i g i E f i / R Source

7 2.2 £ 1014 0.0 16,646.0 Baulch et al.12

8 3.5 £ 1016 0.0 100,510.0 Baulch et al.12

9 7.5 £ 1014 0.06 100,470.0 Baulch et al.12

10 6.8 £ 1013 0.0 9,240.0 Baulch et al.12

11 1.2 £ 1013 0.0 6,940.0 Hidaka et al.13

12 8.3 £ 1015 0.0 0.0 Davis et al.14

13, M = N2 4.2 £ 108 0.5 ¡ 687.0 Copeland et al.15

13, M = O2 4.6 £ 109 0.5 ¡ 450.0

14 1.4 £ 106 0.0 0.0 Copeland et al.15

aki f = C f i T
g i exp( ¡ E f i / RT ).

bThe units of the rates are in cm3 /mole/s (or higher), R = 1.9872 cal/mole-K, and E f i

is in cal/mole.

Fig. 1 OH(A) and hydrogenated species.

Fig. 2 Comparison of modeled OH(A) state populations on the stag-
nation streamline obtained from the QSS and overlay methods.

dius, at a velocity of 5 km/s and an altitude of 85 km. It is assumed
that the water dissociationrate is governed by the translationaltem-
perature,which reaches a peak value of about 13,000 K in the stag-
nation region. The ground-state hydrogenated species are present
in concentrations of about four orders of magnitude less than the
freestream number density.

Figure 2 shows a comparison of the OH(A) concentration in the
stagnation streamline obtained by the overlay technique (Fig. 1)
and that obtained by solution of the QSS equations in the radiation-
excitationmodel. The overlaymethod and the QSS distributionpro-
duce similar pro® les of OH(A) across the shock layer. However,
note that the overlay result is shifted slightly downstream toward
the body surface, its peak is reduced in magnitude, and it predicts
more OH( A) near the body surface.These three effects occur due to
the correct nonequilibriumformation of OH(A) in this shock layer.
At lower densities or in regions where the gas velocity is higher,
these effects would be increased and the QSS distribution would
be in error. The integrated number density through the shock layer
of the OH(A) concentrationobtained with the overlay and the QSS
methods are 1.4 £ 107 and 1.3 £ 107/cm2, respectively. Because
the shock layer radiance is directly proportionalto this quantity, the
small difference between the two methods is insigni® cant for this
case. The same level of agreement between the overlay and the QSS
OH(A) integrated number density was obtained for the spherical
region of the sphere cone shape.

The agreement between the QSS and overlay result is physically
reasonable,even at an altitudeof 85 km. Although the ¯ ow is highly
rare® ed, the production of OH( A) is dominated by Eqs. (8), (13),
and (14). The collisionrates are still suf® ciently high such that these
rates are fast compared with the ¯ ow residence time in the stagna-
tion region. Earlier work with the same vehicle shape and velocity2

veri® ed this result for the NO(A) state populationat 80 km. Because
OH(A ! X) and NO(A ! X ) are strong dipole allowed transi-
tions the OH(A) QSS overlay comparison applies to both systems.
However, the computationalmethod used in earlier work2 could not
be extendedto more rare® ed ¯ ows or a two-dimensionalcalculation.

Modeling of the CO(a) Population in a Plume Flow
The second example involves the modeling of the population of

a relatively long-lived electronically excited state, CO(a), which
radiates to the ground state to produce the Cameron bands. In par-
ticular, we are interestedin using the overlay technique to model the
plume radiance that was observedfrom two solid-propellantmotors
at about 100 km altitude. The substantial increase in the lifetime of
this state, compared with the ® rst example, and the large number of
reaction mechanisms necessitate the use of the overlay technique.

In addition to demonstrating the utility of the overlay technique,
there is an additional motivation for selecting this case. The obser-
vation of the Cameron band emission from the Antares and Star-27
rocket engine was unexpected because molecular emission from
solid propellants had never been observed before. In the work of
Candler et al.6 the presenceof this radiationwas noted, but its origin
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was not explained.Hence the principal use of the overlay technique
in this work is to explore, for the ® rst time, different sources of this
radiation in a quantitative manner.

We consider two basic classes of reaction mechanisms as the
source of the radiation. Because the combustion process of the
Antares (and Star-27) motors produces a gas with about 40% mole
fraction of CO, we examine the likelihood that a suf® cient amount
in the a3 P excited state is produced in the combustionchamber and
exits the motor nozzle. If the excited state CO population freezes,
then the external ¯ ow conditions are suf® ciently rare® ed so that
further electronic state quenching is unlikely. The second class of
mechanisms tests the possibility of producing a suf® cient amount
of CO(a3 P ) to explain the observed radiation by excitation of noz-
zle exit species with the plume±body shock layer. In both cases we
have assumed that all excitationmechanisms are gas phase; i.e., the
micron-sizedsolid aluminaparticlesdo not directlyprovidea source
of reactantsor surfacereaction sites during the excitationprocesses.

We start with the ® rst class of reaction mechanisms, hereafter
referred to as the internal nozzle set. To calculate the CO(a) state
pro® le in the nozzlewe need to knowtheconcentrationsof themajor
ground-statechemical species of an aluminizedsolid propellantand
the gas temperature as the gas expands from the throat region to the
nozzleexit. For theclass of rocketssuch as the Antares, the ¯ ow con-
ditions require the use of a large set of ® nite rate chemical reactions
speci® c to ammonium perchlorateÐaluminum fuel propellants.16

This set of reactants and rates and the model of thermal nonequi-
librium between the gas and the alumina particles are discussed by
Kawasaki et al.4 Figure 3 shows the gas temperature and CO con-
centration along the nozzle centerline from the throat to the exit ob-
tained with the VIPER model.4 In Fig. 4 the other major species are
shown. The concentrationsof NO and OH, potentially strong radia-
tors in the ultraviolet,are seen to be about three ordersof magnitude
lower than CO. In the nozzle calculationsthat follow, the conditions
shown in Figs. 3 and 4 are used as the bulk ¯ ow solution.The CO(a)
excitation mechanisms are overlaid on these ¯ ow conditions.

Fig. 3 Nozzle centerline CO concentration and gas temperature.

Fig. 4 Nozzle centerline concentrations of other ground-state species.

The CO(a) state is initially created in the combustion chamber at
a Boltzmann distribution of about 3,300 K. The state can be deex-
cited or quenched through neutral collisions or produced by excited
state chemical reactions. For the conditionsof interest here, the de-
excitation by collisional quenching is the most likely process. The
quenching of

CO(a), CO(a) + M
kQ

¡ ! CO(X ) + M

has been studied by Slanger and Black17 and more recently Farrenq
and Rossetti.18 Slanger and Black measured the quenching rate kQ

to be relativelylarge, 7.6 £ 10¡ 11 mol/cm3s, excepthe noted that the
quenchingdoes not occur to the ground vibrational level. The more
recent work of Farrenq and Rossetti18 showed that the state most
likely to be populated after a collision is the CO ground state in its
26th vibrational level. Essentially, the electronic energy of the ex-
cited CO(a) state is converted into vibrational energy of the ground
state.Dependingon thenumberof collisionsand the (V-V) and (V-T)
rates for removal of CO from its ground electronic and excited vi-
brational states, the CO(X , v = 26) state will be out of equilibrium
with the expanding gas. The degree to which this state remains out
of equilibrium determines whether the CO(a) formed in the com-
bustion chamber is the source of the radiation observed in ¯ ight.

Only a model that retains the manifold of CO ground-state vi-
brational levels can be used to test this hypothesis. This model can
be overlaid with the VIPER solution. To develop such a model we
follow closely the work of Chiroux et al.,19 who considered the rate
equations for the individual vibrational states of expanding ¯ ows
with CO, NO, N2 , and C. The ¯ ow that they modeled was assumed
to expand through an ori® ce with an expansion ratio of 110 and ini-
tial pressureand temperatureof 100 atm and 2000K, respectively.A
number of processes were considered,but those of interest to us are
the (V-V), (V-T), and (V-E) rates for excitation and deexcitation of
a vibrationalmanifold of ground state CO and CO(a) in the ground
vibrational state. We retain vibrational state speci® city for CO(X ,
v = 0, 45) only. The rate equations for CO(a) and CO(X , v = 0,
45) are

d[CO(a, w)]

dt
= ¡ Sv ! w ¢ exp ( ¡

D E

kT ) ¢ [CO(a, w)][CO]

+ Sv ! w [CO(v)][CO] ¡ Aa [CO(a, w )] (15)

d[CO(v)]

dt
= (V ¡ V ) + (V ¡ T ) + (V ¡ E) ¡ Av [CO(v)] (16)

where S and D E are de® ned by Chiroux et al.19 and Aa = 142 and
Av = 5 transitions/s. The basic types of processes considered were

CO(v) + CO(w ¡ 1)
Q

v ,v ¡ 1
w ¡ 1,w

¡ ! CO(v ¡ 1) + CO(w) (17)

CO(v) + X i

P
v ,v ¡ 1
i¡ ! CO(v ¡ 1) + X i (18)

CO(X 0 R , v) + CO(X 0 R )
Sv ! w

Ã ! CO(a3 P , w = 0) + CO(X 0 R )

(19)

Closed-form expressions for the rate coef® cients in Eqs. (15±18)
from the work of Chiroux et al.19 were used. Equations (15) and
(16) are the source terms [w s of Eq. (2) for the 46 overlay species].
It was assumed that D v = §1 and X i is CO (in any vibrational
level of the ground electronic state). The rate coef® cient for the (V-
E) expression, Eq. (19), is weighted strongly toward v = 26 and
w = 0 and v = 19 and w = 5. In additionto Eq. (19),we considered
a chemical channel for the formation of CO(a),

CO2 + C $ CO(a) + CO (20)

CO2 + C $ CO(v) + CO(w) (21)

Reactions(19) and (20) were assumed to proceedin both directions,
although the forward rate for Eq. (20) remains uncertain.

Figure 5 shows an overlay prediction of the CO ground vibra-
tional state populationsfor the centerlineof the Antares nozzle.The
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Fig. 5 Distribution of CO vibrationalstates at the throat and exit plane
of the Antares nozzle.

Fig. 6 Pro® le of CO(a) and CO(X, v = 26) along centerline of the
Antares nozzle.

relative population,CO(X, v)/CO(X, v = 0), is shown as a function
of vibrational level for the solutionsat the throat (top curve) and the
nozzle exit plane (lower curve). The throat conditions represent the
initial ¯ ow conditions determined by the steady-state combustion
conditions of 300 psi at a temperature of 3355 K. The curve at the
exit deviates somewhat from a Boltzmann distribution. The devia-
tion, however, is not as large as was observed by Chiroux et al.19 In
their case the CO(v = 26)/CO(v = 0) ratio at the exit was about
10 ¡ 7 compared with our result of 10¡ 13 , for a temperature much
less than our gas temperature of about 2100 K. This difference can
be explained by the different nozzle characteristicsand ¯ ow condi-
tions. The Antares nozzle is conical with an expansion ratio of 15.3
instead of 110. The presence of the hot solid particles also sustains
the gas temperature to much higher values than the case considered
in the work of Chirouxet al.19 The higherdensitiesand temperatures
beyond the throat tend to drive the populationscloser to equilibrium
conditions in the Antares nozzle. Figure 6 shows the CO(a) and
CO(X , v = 26) state populationsobtained as a function of distance
from the throat. The CO(a) state can be seen to closely follow the
CO(v = 26) state population.

During the steady-state burn of the Antares and Star motors the
observed spectra was a gray-body continuum superimposed with
small molecular features. After the Antares and Star motor burned
out, the nature of the spectra changed so that only the Cameron
band spectra were observed. The presence of the same molecular
radiation during the steady-state burn is inferred from examination
of the data.20 Hence, the overlay-CO populations were also com-
puted with a different bulk solution derived from motor conditions
corresponding to a 10-fold reduction in the combustion chamber
pressure. Figures 7 and 8 show the CO(X, v) distribution along the
nozzle centerline as a function of v and CO(a) vs distance, respec-
tively. Note that the CO(a) number density at the exit is higher
than that obtained during nominal motor conditions (see Fig. 6).

Fig. 7 Distribution of CO vibrationalstates at the throat and exit plane
of the Antares nozzle, chamber pressure reduced by one-tenth.

Fig. 8 Pro® le of CO(a) and CO(X, v = 26) along centerline of the
Antares nozzle, chamber pressure reduced by one-tenth.

Reduction of the number density increases the CO vibrational
freezing.

The results shown in Figs. 5±8 demonstrate that the overlay tech-
nique can be used to model a complex set of kinetics reactions with
a large number of states. The use of the model is independent of
the nozzle type or operating conditions. The results also evoke the
speci® c questionas to whether the degree of freezing is suf® cient to
explain the observed CO Cameron band emissions. For the nomi-
nal operating conditions, the concentrationof CO(a) at the exit was
computed to be about a factorof 103 above that givenby equilibrium
at the local gas temperature. For the condition where the chamber
pressure was reduced (Figs. 7 and 8), the local gas temperature is
suf® ciently low (1665K) such that thermallyno CO(a) shouldexist.
Consistent with the increase in CO vibrational freezing, we calcu-
late a CO(a) exit concentrationof about2 £ 105/cm3 . However,with
the current model the CO(a) concentrationcalculated in both cases
is insuf® cient to explain the experimentaldata by about three orders
of magnitude.

We turn to the second class of mechanisms that were considered
to test the possibility of producing CO(a) by excitation of nozzle
exit species with the plume±body shock layer. The bulk solution for
the expanding ¯ ow of the rocket exhaust at an altitude of 110 km
and speed of 2 km/s was that obtained in earlier work.6 The cal-
culation of the bulk solution assumed that there are two types of
(ground) state gas species present: the gas that leaves the nozzle
and the gas that originates in the freestream. Because the densities
are low, it is assumed that these two types of gas species do not
react with one another. The overlay species considered are CO(a),
N2(A), NO(A), and gaseous C. The concentration of the ® rst three
at the start of the external overlay calculation (nozzle exit plane) is
determined by the internal nozzle calculation. As was shown, the
nozzleexit concentrationsof these excitedstates is small. The initial
concentrationof C remains a free parameter, to be discussedfurther.
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To calculatetheexcitedstate speciesconcentrationsthe following
reactions were considered:

CO(a)
Aa

¡ ! CO + h m (22)

N2(A)
AN2¡ ! N2 + h m (23)

NO(A)
AN O

¡ ! NO + h m (24)

CO(a) + N2

k f 8

¡ ! CO + N2( A) (25)

CO(a) + CO
k f 9

¡ ! 2CO (26)

N2( A) + NO
k f 10

¡ ! N2 + NO(A) (27)

CO + N2( A)
k f 11

¡ ! CO(a) + N2 (28)

2CO
k f 12

¡ ! CO(a) + CO (29)

N2 + NO(A)
k f 13

¡ ! N2( A) + NO (30)

C + O2

k f 14

¡ ! CO(a) + O (31)

CO(a) + O
k f 15

¡ ! C + O2 (32)

Table 2 (Ref. 21) provides the values of the rate constants used.
Without the inclusions of Eqs. (31) and (32) there was no increase
of the CO(a) concentration in the plume shock layer from that at
the nozzle exit. Figure 9 shows the spatial dependenceof the CO(a)
concentrationobtained with Eqs. (22±32).

The results shown in Fig. 9 assume an atomic C concentrationat
the nozzle exit of 1013/cm3 . To obtain agreement with the spectral

Table 2 CO(a) shock layer excitation model
ratesa

Equation no. C f i E f i / R

22 1.4 £ 105 0.0

23 2.0 £ 106 0.0

24 4.7 £ 1010 0.0

25 6.0 £ 1012 2,198.5

26 4.6 £ 1013 0.0

27 3.9 £ 1013 0.0

28 1.2 £ 1013 0.0

29 2.7 £ 1014 70,560.0

30 2.4 £ 1014 9,040.5

31 1.6 £ 1013 0.0

32 1.2 £ 1014 0.0

aNomenclature21 is as de® ned in Table 1. The rates are
in units of cm3 /mole-s, except for Eqs. (22±24), which
are in units of transitions/second. The g terms are all 0.

Fig. 9 Contour levels of CO(a) log10(number/cm3) in the plume of the
BSUV2 rocket; 2 km/s and 110-km altitude.

data,20 a carbon concentrationof 1011/cm3 is required for the reac-
tion set given by Eqs. (22±32) and the rate coef® cient values given
in Table 2. This representsa concentrationof only one part in 107 of
the total gas number density.The amount of carbon at the exit plane
of solid-propellant exhausts is not well known, although potential
sources exist. The internal overlay nozzle calculations showed that
the forward and backward reactions of Eqs. (20) and (21) do not
account for any carbon formation.Since the Antares motor contains
an ablating carbon phenolic throat liner, a source of carbon at the
nozzle throat was also assumed in the calculation. Insertion of car-
bon at the nozzle throat did not produce carbon at the exit because
the chemicalkineticsare too close to equilibrium.A more likelycar-
bonaceous source at the nozzle exit is from C2 or C3. Quantitative
modeling of the processes in solid-propellantmotors is still needed
to establish the number densities for C2 and C3 in the nozzle ¯ ow.
Such species would interactwith the freestreamO2 similarly to Eqs.
(31) and (32). State speci® c rates exist,22 but more measurements
are needed to resolve discrepancies in the literature.

Conclusions
The overlay method has been demonstrated to be an ef® cient

technique in modeling excited state species in compressed and ex-
panding¯ ows. Two differentcaseshavebeen considered.In the ® rst
case, the OH(A) state populationhas beenmodeled in the bow shock
¯ ow. The population is compared with that derived from the QSS
solution. At 85 km differences are apparent, although the radiation
at the stagnation point is essentially the same for both models. For
the second case that was considered, the computation of the CO(a)
state population in a plume ¯ ow, the QSS approach is not possible.
The ef® ciency of the method enabled us to study large systems of
states, up to 47, for some cases. The approach also permitted us to
quantitativelyevaluate the contributionsfrom differentexcited state
mechanisms.This studyallowedus to concludethat the originof the
Cameron band emission observed during the bow shock ultraviolet
¯ ight2 is most likelydue to the interactionof exhaustcarbonspecies
such as C2 or C3 with freestream atomic oxygen. Although the CO
vibrational and electronic a state population is out of equilibrium
with the local gas temperature, the degree of nonequilibriumis not
suf® cient to explain the observed radiation.
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