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A methodology is presented for the calculation of the infrared (IR) shock-layer radiance from a slender hy-
personic vehicle. An overlay technique that has been successfully employed for chemically reacting hypersonic
compressed and expanding � ows has been extended to model accurately the vibrational state distributions of NO,
CO, water, and CO2 , which are potential shock-layer radiators in the midwave IR. The spectral predictions show
that radiation from shock heated ambient CO2 will be an important contribution at most altitudes and speeds
slower than 3.5 km/s. A detailed vibrational state-speci� c model of CO2 excitation has been incorporated with the
� ow modeling using an overlay technique. Comparisonsof the spatial distributionsof CO2 vibrationalstates with a
corresponding Boltzmann distribution at the translational temperature show that there are substantial differences
in the populations. These predictions are important for the design of an upcoming sounding rocket experiment.

Nomenclature
A = Einstein spontaneous emission transition rate
h = Planck’s constant
k = rate constant
u = � ow velocities
û = diffusion velocities
w = chemical source function
x = � ow directions
m = frequency of light
m 3 = CO2 fundamental asymmetric stretching mode
q = mass density

Subscripts

i, l = CO2 vibrational state index
j = � ow direction index
s = overlay species index
v , v 0 = initial and � nal N2 vibrational level

Introduction

T HERE is a need to characterize and measure the UV radiation
emitted by the � ows about hypersonic vehicles. In addition

to understanding the basic physics of high-temperature plasmas,
ongoing analyses are establishing how such emissions are useful
for the detection of theater missile targets using the midwave in-
frared (IR) spectral region (3–5 l m) as the baseline and the UV
or visible wavelengths as a second detection wavelength.1 The use
of a second, shorter wavelength combined with the baseline sensor
increases the total information content of the scene. Also, a two-
color detection strategy based on both short and long wavelengths
may provide robustness to the onboard seeker environment. This
paper will present a methodology for the calculation of the self-
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induced, IR shock-layer radiance for a theater missile defense-like
interceptor.

In supportof theseconcepts,a soundingrocketexperimentsimilar
to the earlier bow-shock ultraviolet � ight (BSUV) � ights2 is being
planned.This experimentwill � y the same trajectoryas the BSUV 1
� ight, that is, achievea speed of 3.5 km/s by 40-km altitude,but will
emphasize IR spectral measurements. The 4-in. nose radius of the
BSUV 1 vehiclewill be reduced to a valueof less than 2 in. The cal-
culations shown in this paper use the con� guration of the proposed
advanced interceptor technology (AIT) vehicle, which has a more
slenderforebodythan that � own in the bow-shock� ights.The use of
an IR spectrometer, never before � own in such a con� guration,will
provide diagnosticsof the shock-layermodeling complementary to
our earlier work in the UV.2,3 Earlier work in the UV emphasized
the shock-layer modeling of NO and OH radiation,3,4 species that
potentiallyradiate in the IR spectral region 1.5–5.0 l m as well. The
IR measurements should provide an assessment of the manner in
which vibrationalstates are populated in the ground electronicstate
of these diatomic systems. In addition, IR transitions potentially
will be seen from the polyatomic systems of water, carbon dioxide,
and nitrogen dioxide. Based on our earlier research in UV radiation
excitationmechanisms5 and the anticipatedcollision rates, the base-
line assumption is that the vibrational ground states are populated
by collisions with the major species, N2, at the translational tem-
perature. However, this assumption will be examined here in more
detail for the CO2 system.

A key element in the � ow� eld modeling is the use of an overlay
technique that we originally employed for a chemically reacting,
hypersonic � ow involving the dissociation of water to form OH
(Ref. 4). This techniqueis importantbecauseit enables the inclusion
of large numbers of chemical species and their reactions, as long
as these species exist in trace quantities compared with the major
� ow species such as N2 , O2, O, and NO. This is to be expected for
the IR-active species such as water, its dissociatedproducts, as well
as carbon dioxide. Another facet of the computational ef� ciency of
the overlay technique is that vibrationalstate-speci�c processes can
be modeled for a large manifold of vibrational states by assuming
each vibrational level to be a discrete species. This technique was
employed in earlier work to model the neutral collisional excitation
of a ladderof CO ground vibrationalstates to form an electronically
excited state.6 An extension of this technique is used in this paper

237



238 LEVIN, CANDLER, AND LIMBAUGH

to model the state-speci�c population of CO2 for a manifold of 28
vibrational states.

The outline of the paper is as follows. The following section dis-
cusses the thermochemicalmodel used in the � ow modeling of NO,
NO2 , CO, CO2 , OH, and water, all of which are potential IR radia-
tors. The calculationswill show that there are insuf� cient collisions
to assume thermochemical equilibrium. In the following section,
the � ow solutions are used to predict the IR spectra that would be
seen at a side location aft on the body. A variety of freestream con-
ditions were considered with altitude varied from 30 to 60 km and
the speed varied by 2.5, 3.5, and 5.0 km/s. Although the experiment
will be � own at a single speed, examination of the change of the
spectral properties is instructive and will be discussed. Finally, the
spectra predict the continued presence of CO2 for the conditions
of the � ight experiment. Two state-speci�c models were used to
test the assumption that the vibrational states are populated by the
bulk translational temperature. The vibrational state-speci�c mod-
els and the comparisonsof the population distributionswith that of
a Boltzmann distribution are presented for different conditions.

Thermochemical Model and Flow Calculations
The � ow about thebodycanbe modeledusingan overlaymethod,

which consists of two steps.First, the � ow� eld is simulatedby solv-
ing the Navier–Stokes equations that have been extended to include
theeffectsof � nite-ratechemicalreactionsand internalenergyrelax-
ation. This solution includes all of the chemical species that may be
present in large amounts or those that are important in the chemical
kinetics of those major species. Then, the mass conservation equa-
tions for the trace chemical species are overlaid on the previously
computed � ow� eld. Because the trace species are present in very
small amounts, they do not affect the mass, momentum, or energyof
the bulk � ow. The computational� uid dynamics (CFD) method that
was used to simulate the � ow of the major species in the stagnation
region of a reentry experiment7 has been discussed in earlier work.
The baselinemodel for air is a reacting mixture of thermally perfect
gases composed of the following chemical species: N2, O2, NO,
NO2 , N, and O. For the cases of interest here, they are consideredto
be the major species.These speciesare allowed to reactwith one an-
otherat � nite rates.The internalenergy is describedby translational,
rotational,and vibrationaltemperatures.Finite-raterelaxationof the
rotational and vibrational temperatures to the translational temper-
ature is also modeled. The thermochemical model used for the � ve
species model of earlier work, N2, O2 , NO, N, and O, remains the
same. Table 1 gives the additional reactions that were introduced to
model reactions involving NO2.

Once the spatial pro� le of the air species (N2 , O2 , NO, NO2 , N,
and O) has reached steady state, the chemical reactions involving

Table 1 Thermochemical model and rate coef� cientsa

Reaction C f i
b g i E f i / Rc Third body, M

Dissociation
H2O + M ! OH + H + M 3.5 £ 1013 0.0 50,584 N2

OH + M ! O + H + M 7.5 £ 1011 0.06 50,563 N2

CO2 + M ! CO + O + M 6.9 £ 1018 ¡ 1.5 63,275 N2, O2, NO
1.4 £ 1019 ¡ 1.5 63,275 N, O

CO + M ! C + O + M 2.3 £ 1017 ¡ 1 129,000 N2, O2, NO
3.4 £ 1017 ¡ 1 129,000 N, O

Exchange
O2 + H ! O + OH 2.2 £ 1011 0.0 8,377.5 ——
H2O + O ! 2OH 6.8 £ 1010 0.0 3,492.7 ——
CO + O ! O2 + C 3.9 £ 1010 ¡ 0.18 69,200 ——
CO2 + O ! O2 + CO 2.1 £ 1010 0.0 27,800 ——
N + NO2 ! 2NO 2.41 £ 109 0.0 ¡ 500 ——
NO2 + O ! NO + O2 1.02 £ 1010 0.0 ¡ 300 ——

Recombination
NO + O + O2 ! NO2 + O2 1.45 £ 109 0.0 900 ——
NO + O + N2 ! NO2 + N2 2.03 £ 109 0.0 900 ——
2NO + O2 ! 2NO2 1.2 £ 103 0.0 530 ——

aRate coef� cient is C f i T
g

i exp( ¡ E f i / T ). bRates are in cubic centimeter per mole per second or higher.
c R = 1.98 cal/mole-K; E f i is in calories.

the minor species of H2O, OH, H, CO2, C, and CO are considered.
The reactions of these species were overlaid with the steady-state
solution of the dry air species calculationsin the following manner:

@q s

@x
+

@( q s u j + q s ûs, j )

@u j
= w s

where s is the index for each of the overlay species, q s is the mass
density,ws is thechemicalsourcefunction,x j are the � ow directions
(x and y), u j are the � ow velocities,and ûs, j is the diffusionvelocity.
The solution of this equation is much less costly than the solution
of the full CFD for both bulk and overlay species because the cost
varies approximately with the square of the number of equations
being solved. This method successfullyprovides a full spatial solu-
tion of the trace species concentrations. The ability to account for
diffusion of light species through the � ow, such as H, is particularly
important for the modeling of the water and OH chemistry. Ignoring
such diffusion effects produces spatial pro� les signi� cantly differ-
ent and incorrect. Hence, although the � ow region of interest may
be localized, a full spatial treatment is required. This factor will be
even more signi� cant for the calculationof IR radiationbecause the
portion of the � ow where the IR-active species is produced may be
different than where the radiation occurs. As was done in earlier
work, the argument is made that the introduction of the IR-active
trace species in the � ow cannot affect the energy or momentum
of the bulk solution. Thus, a simpli� ed conservationlaw for the ex-
panded set of constituents(bulk plus overlayor trace) can be written
that involves only the conservationof overlay species. Table 1 also
lists the dissociation, exchange, and recombination processes that
have been included in the overlay solution and the associated rate
coef� cients for these species.

Figure 1 shows the computationalmesh used for an axisymmetric
approximation to the AIT vehicle. The location of a side-viewing
windows is also shown.Present planningfor the soundingrocket ex-
perimentincludesspectra to be obtainedclose to the stagnationpoint
and at the side window. The same 100 £ 100 point computational
grid was used for all calculations shown in this work. The transla-
tional, vibrational, and rotational temperatures were computed for
each freestream condition; however, for this altitude range there
were suf� cient collisions in the � ow such that the translationaland
rotational temperatureswere almost equal. The translationaland vi-
brational temperatures, however, were not found to be equilibrated
even at 40-km altitude. Figure 2 shows a comparison of the temper-
ature contoursat 40 km for the translationaland vibrational temper-
atures. The translational temperature reaches a maximum of about
6000 K as compared with a maximum vibrational temperature of
approximately 4500 K. As expected, the translational temperature
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Fig. 1 Computationalmesh of AIT vehicle.

Fig. 2 Comparison of translational temperature contours (top) with
vibrational temperature contours (bottom) at 40-km altitude, 3.5 km/s.

is much lower in the region of the side-mountedwindow than at the
stagnation point, but still higher than the vibrational temperature.
At 50 and 60 km the degree of thermal nonequilibrium increases,
and the difference in the spatial distributionof the translationaland
vibrational temperatures is more pronounced.

The two sources of IR shock-layer radiation are from molecules
that are present in the atmosphere and those that are formed in the
bow-shock chemistry. Molecules such as CO2 and H2O that are
present in the atmosphere in trace quantities8,9 can provide a large
source of IR radiancewhen they are heated in the shock layer.Bow-
shockchemistryproducesNO and NO2 from the major atmospheric
species of N2 and O2 , as well as OH from the dissociationof water.
(Only small amounts of CO2 dissociation to CO + O is predicted.)
The relative importance of the two types of formation processes
will be determined by the collision rates. Hence, the spectra should
change as a function of altitude because the dominant molecular
radiators change from those formed by shock-layer chemical reac-
tions (low altitudes) to that favored by the heating of the ambient
atmospheric species. Table 2 gives the freestream conditions that
were used in this work. Figure 3 shows a comparison of the number
density pro� les of NO and OH at 40-km altitude, 3.5 km/s along
the stagnation streamlineand at the side-windowlocation.The spa-
tial variability of CO2 and water (not shown) is much less than that
of NO or OH. Nitric oxide is formed in the stagnation region at a
maximum quantity of about 1017 number/cm3. However, at the aft
location the spatial extent of the NO number density is comparable
to the CO2 number density, which is has a relatively constant con-
centration in the shock layer between 1014 and 1015 number/cm3.

Table 2 Atmospheric conditions

Altitude, Number density, Water mixing CO2 mixing
km number/cm3 ratio ratio

30 3.69e17 1.6e–5 3.4e–4
40 8.26e16 1.6e–5 3.4e–4
50 2.19e16 1.6e–5 3.4e–4
60 6.67e15 1.5e–5 3.4e–4

Fig. 3 NO and OH number density pro� les at the stagnation stream-
line and at the side-window location at 40-km altitude, 3.5 km/s.

In fact, comparison of the relative NO and CO2 concentrations at
higher altitudes (for the same speed) showed that only at 40 km and
in the stagnationregion is the NO concentrationsigni� cantly higher
than that of CO2. In a manner similar to that of CO2, the water has an
almost constant distributionabout the body with a concentrationof
» 1011 –1012 number/cm3 . In contrast to water, Fig. 3 shows that the
spatial distributionof OH is nonuniform,and its maximum concen-
tration is in the stagnation region where there is the greatest amount
of water dissociation.However, the amount of water dissociation is
low; thus, we would expect a small spectral contribution from OH.

IR Spectral Shock-Layer Calculations
Through the use of the translationaltemperature and species dis-

tributions,the IRspectrawerecomputedusingtheATHENA10 radia-
tive transportbandmodel.A spectralresolutionof 25 cm ¡ 1 was used
because that is the anticipated spectral bandwidth of the onboard
spectrometer. Spectra shown here are calculated at each grid point
along a line of sight normal to the body in the side-viewingwindow
region shown in Fig. 1. Hence, the spectra represent an integration
over the nonconstanttemperaturesand concentrationsalong the line
of sight.Figure 4 shows the spectra from1.5 to 5 l m at 3.5 km/s, 40-
km altitude. The spectrometer will measure the composite spectra,
but for the purpose of analyzing the spectra, the separate molecular
componentsare shown. It can be seen that the dominant radiator for
these conditions is CO2 and then water. This is consistent with the
� ow� eld species distributionsdiscussed earlier.

The calculations of Trolier et al.11 suggest that NO2 could con-
tribute to the spectra in the region between about 3.5 and 4 l m.
Figure 4 shows that we predict a small amount of NO2 radiation
and is consistentwith our � ow chemistry modeling, which predicts
orders of magnitude less NO2 concentration than NO. The main
productionmechanism for NO2 was found to be the reverse process
of the sixth exchange reaction given in Table 1.

Although the experiment to be � own will collect spectra for
a sounding rocket � ying at a constant speed of 3.5 km/s (verti-
cally), it is interesting to compare the spectra given in Fig. 4 with
that predicted for a � ight at 5 km/s and 40-km altitude. Figure 5
shows the predicted spectra at the higher speed. Consistent with
the thermochemicalmodel, the higher speed, that is, higher transla-
tional temperature, increases the chemical reaction rates to produce
more NO and NO2 . Figure 6 shows the total spectra at an alti-
tude of 30 km for three different speeds. Again, as the collision
rates increase (higher speeds), the species that are produced by the
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Fig. 4 Calculated spectra at 40-km altitude, 3.5 km/s.

Fig. 5 Calculated spectra at 40-km altitude, 5.0 km/s.

Fig. 6 Comparisonof calculated spectra at 30-kmaltitudefor different
speeds.

shock-layer chemistry contribute more to the spectra. At lower
speeds, the opposite is seen (see the curve at 2.5 km/s) for a � xed
speed, the shock-layer kinetics will also vary at different altitudes,
and the NO and NO2 featureswill bemore evidentat lower altitudes.

Carbon Dioxide Vibrational State Modeling
State-speci�c modeling can potentially impact the modeling of

the IR shock-layer radiance. The thermal nonequilibrium aspect
of the � ow as shown earlier is an indication that vibrational state-

speci� c modelingmay be important.The calculatedspectraofFig. 4
are integrated over a slice of gas along a line of sight normal to the
vehicle surface with a temperature of about 2500 K. However, the
temperature at the stagnation point is approximately 6000 K, and
the vibrational distribution of the radiating species created at the
stagnation point can be different than that aft on the body. If the
overall deexcitationrate processesare on the order of the gas veloc-
ity, then the enhanced populations created at the stagnation point,
relative to those downstream,will generatespectra different in mag-
nitude and shape from those shown in Fig. 4. A similar concept was
exploredbySundberget al.12 in theirmodelingof nonequilibriumIR
emission from reentry wake � ows. Their work considered many of
the important energy exchange processes for the species of interest
here, namely, V ¡ T and V ¡ V transfer for CO2 with � ow species
such as N2 , O2 , and O. However, their work did not integrate the
exchangeprocesseswith a thermochemicalhypersonictreatment of
the � ow and was applied only to the wake � ow.

Since the spectra were shown to be dominated by CO2 radiation,
we have chosen that species as a candidate for understandingvibra-
tionalnonequilibriumof an IR radiator.Figure4 shows the spectraof
CO2 at 3.5km/s,40-kmaltitudewith theprominentCO2 spectralfea-
tures and speci� c transitions identi� ed. The number of vibrational
modes and nomenclature is more complex for CO2, a polyatomic
system, than a diatomic system; however, vibrational spectra have
been extensively studied and characterized for CO2 (Refs. 13 and
14). In the spectral region of interest here, the fundamental asym-
metric stretchingmode m 3 radiates at 4.3 l m. Additional transitions
from the combinationbands (transitionsbetweensummation of fun-
damental mode states and the ground state) contribute to the total
CO2 spectra.

In earlier work we used the overlay method to solve for the full
spatial solution of a manifold of the ground vibrationalstates of CO
and the electronically excited CO(a) state in an expanding � ow.6

This work has been further developed to consider the vibrational
transitions in the polyatomic CO2 system. Two vibrational models
were considered in this work with the salient features, that is, the
types of excitation processes included and the number of states,
outlined next.

The � rst vibrational state-speci�c model considers the following
types of processes:

CO2(l)
Ali¡ ! CO2(i ) + h m

CO2(l) + M
kliÃ ! CO2(i ) + M

CO2(l) + N2(v = 0)
kvv 0
liÃ ! CO2(i ) + N2(v 0 = 1)

where the � rst process representsspontaneousemission, the second
process involves V ¡ T collisions with a third body, M =N2 , O2,
and O, and the last expressionrepresentsa V ¡ V process.The rates
are taken from the work of Taylor and Bitterman15 and Sundberg
et al.12 As is pointedout by Sundberg et al., the V ¡ V processwith
N2 is a near-resonantprocess and is potentially a major contributor
to the excitation of the m 3 fundamental mode and the combina-
tion bands. We have included 28 vibrational states (see Fig. 7 of
Sundberg et al.12 ), which includes states up to levels of approxi-
mately 5000 cm ¡ 1 of energy.

The maximum energy level chosen in the Sundberg et al.12 model
was appropriate to the calculation of radiation from a reentry wake
� ow that is predicted to have lower temperatures than would be
obtained in the bow-shock region. To test the sensitivity of our re-
sults to the maximum energy level cutoff, we could expand the
ladder of CO2 vibrational states. This, however, would signi� cantly
increase the number of vibrational states. Limbaugh and Drakes16

and Limbaughet al.17 have consideredthis complexityandproposed
a physicallyrealisticsolution.This approach,which will be outlined
subsequently, permits us to increase the ladder of CO2 vibrational
states, yet maintain the same types of V ¡ V processes as was in-
cluded before. Figure 4 of Ref. 16 shows the energy-level diagram
and de� nition of states. In contrast to the earlier model of Sundberg
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Fig. 7 Comparison of CO2 vibrational levels in the two vibrational
state models considered.

et al.,12 the ladder of states extends up to energies of 10,000 cm ¡ 1.
High-energylevels,which may be assumed to be in thermal equilib-
rium, are grouped into single super states. Super states are de� ned
for m 3 = 0 to include all states between 5800 and 10,000 cm ¡ 1, for
m 3 =1 to include all states between 6200 and 10,000 cm ¡ 1, and for
m 3 =2 to include all states between 6700–10,000 cm ¡ 1. The inclu-
sion of high-energy states provides a reservoir that is necessary to
ensure completeness (or results that are independent of the upper
state cutoff). States with the fundamental vibrational mode quan-
tum numbers m i for i =1, 2, 3 with maximum values of 4, 8, and 2,
respectively, are included in the model. The accidental degeneracy
or Fermi resonance present in the CO2 system expands the usual
vibrational state de� nition from three to � ve quantum numbers.14

However, it is not necessary to represent each speci� c state implied
by the � ve quantum numbers. Instead states that exhibit the Fermi
resonance and close energy coupling are assumed to be in local
thermodynamic equilibrium and are grouped together as a single
state.16,17 Figure 7 shows a comparison of the energy levels in the
two vibrational models. Most of the lower energy levels are com-
mon to both models; however, it can be seen that the second model
contains many states between 3000 and 6000 cm ¡ 1 energy.

The second vibrational state-speci�c model considers processes
similar to the � rst. Radiative decay between vibrationalstates is not
included; however, these were found to have no impact on the ki-
netics solutions of the � rst model. Similar to the � rst model, V ¡ T
and V ¡ V rates are included, and for the latter transitions the reac-
tion set is expanded from the N2(v =0), N2(v = 1) states to include
speci� c vibrational states of CO2. The V ¡ T and V ¡ V rates are
taken from a review by Blauer and Nickerson.18

The � ow solution for the spatial distributionof each of the vibra-
tional states for the two vibrationalmodels providesa large amount
of computational data to examine and analyze, at each speci� c al-
titude considered. All calculations were performed for a speed of
3.5 km/s, for altitudes of 30, 40, 50, and 60 km, and the freestream
mixing ratio for CO2 given in Table 2. Results will be presented and
discussed at four � ow conditions that represent the maximum dif-
ferences expected for this range of parameters. Table 3 summarizes
the � ow parameters at these four locations and � ight conditions.

First consider the time-dependent solutions of the two models at
a constant temperature and number density corresponding to a � ow
condition. Figures 8 and 9 show the solutions for three vibrational
states corresponding to the 4.3, 2.7, and 2.0 l m transitions at con-
ditions correspondingto 30-km altitude in the stagnationregion and
60-km altitude along the side of the body. These calculations rep-
resent limiting conditions where steady state is quickly reached in
the � ow� eld vs a condition where the � ow residence time is short
compared to the time to populate the CO2 vibrational levels. Indeed
both kinetic models predict a time constant to reach steady state on
the order of 10 ¡ 6 s for Fig. 8 vs 10 ¡ 4 s for Fig. 9. Note that in both
cases the steady-statelimit of the three vibrationalstate populations
is signi� cantly lower for the � rst vibrationalmodel than the second.
At the 30-km altitude condition, the � rst vibrationalmodel requires
signi� cantly more time to reach steady state than the � rst. At 60-km

Table 3 CO2 state-speci� c vibrational model conditions
for four � ow points

Total number Translational Vibrational
density, temperature, temperature,

Case number/cm3 K K

30 km, stagnation region 2.27 £ 1018 5639 2357
30 km, aft/window region 4.18 £ 1017 2274 2567
60 km, stagnation region 2.56 £ 1016 6777 874
60 km, aft/window region 8.28 £ 1015 2099 732

Fig. 8 Comparison of kinetic rate equation solutions for the two vi-
brational models at 3.5 km/s, 30-km altitude at the stagnation point.

Fig. 9 Comparison of kinetic rate equation solutions for the two vi-
brational models at 3.5 km/s, 60-km altitude at the side location.

altitude there is little difference in the time constants of the two
kinetic solutions.

Figures 10–13 show the CO2 vibrational state populations pre-
dicted by the solution of the continuum � ow equations at the four
locationsand freestream� ow conditionsgiven in Table 3. The pop-
ulation of each level divided by its degeneracy is plotted as a func-
tion of the energy level to enable comparisons with a Boltzmann
distribution at the gas translational temperatures given in Table 3.
For three of the four cases, the � rst vibrational model predicts a
populationdistributionsigni� cantly different than a Boltzmann dis-
tribution.As in the single point kinetic analyses, the � rst vibrational
model has a lower population than that of the second. Although the
lower energy vibrational states can be seen to overpopulate (rela-
tive to a Boltzmann distribution), they do not radiate in the spectral
region of interest. Moreover, the three states of interest are seen in
those three cases to be signi� cantly lower than a Boltzmann dis-
tribution. The spectral peaks shown in Fig. 4 would be reduced by
the corresponding ratio of the population predicted by the � rst vi-
brational model to that of a Boltzmann distribution.Figures 10 and
11 show that the second model predicts a distribution very close
to that of a Boltzmann distribution, as would appear reasonable at
30-km altitude. At 60-km altitude, Figs. 12 and 13 show that both
models predict distributions signi� cantly different from that of a
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Fig. 10 Comparison of predicted CO2 vibrational populations at
3.5 km/s, 30-km altitude at the stagnation point.

Fig. 11 Comparison of predicted CO2 vibrational populations at
3.5 km/s, 30-km altitude at the side location.

Fig. 12 Comparison of predicted CO2 vibrational populations at
3.5 km/s, 60-km altitude at the stagnation point.

Boltzmann distribution.Again, however, the second model predicts
a much smaller deviation than the � rst. In general, the second vi-
brational model appears to give a more reasonable prediction. The
largedeviationfrom a Boltzmanndistributionof the � rst vibrational
model seen in Fig. 10 is probably due to an insuf� cient number of
vibrational states between 3000 and 6000 cm ¡ 1 (see also Fig. 7).

Because the second vibrational model predicts a distribution of
states clustered about the Boltzmann distribution, it is reasonable
to calculate the effective temperature implied by ratio of adjacent
vibrational levels. Figures 14 and 15 show a comparison of the ef-
fective temperature for each vibrational state at the four conditions
considered earlier with the gas translational temperature.At 30-km
altitude the effective temperatures are essentially the gas transla-

Fig. 13 Comparison of predicted CO2 vibrational populations at
3.5 km/s, 60-km altitude at the side location.

Fig. 14 Comparison of effective CO2 vibrational temperatures at
3.5 km/s, 30-km altitude using the second vibrational state model with
the gas temperature.

Fig. 15 Comparison of effective CO2 vibrational temperatures at
35 km/s, 60-km altitude using the second vibrational state model with
the gas temperature.

tional temperature at the side location.At the stagnationpoint there
is no single value for the effective temperature, but the individual
values approach the corresponding gas translational temperature.
At 60 km the deviation between the effective temperatures and the
gas temperature is larger at both locations, as would be expected
from Figs. 12 and 13. Moreover, it is not possible to de� ne a single
effective temperature for the 60-km, condition.

Conclusions
We have discussed a method to calculate the spatial distribution

of IR radiating species in a hypersonic shock layer. The baseline
model for excitation of ground vibrational states by collisions with
N2 at the translational temperature has been used in a spectral band
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model to predict the bow shock IR spectra. At a speed of 3.5 km/s,
radiation from the ambient CO2 heated in the shock layerwas found
to be the major contributionbetween the altitudes of 30 and 60 km.
Hence,a detailedvibrationalstate treatment to model the population
of the ground vibrationalstates of that specieswas examined.Using
a modi� cation of the overlay technique developed to obtain solu-
tionsof the spatialdistributionin the shock layer of largenumbersof
radiating trace species, we observed large differences between the
baseline excitation model (a Boltzmann distribution at the transla-
tional temperature) and the � rst vibrationalstate model. The second
vibrationalmodel did not exhibitas large a differencewith the base-
line excitation model, and in some cases the effective temperature
approaches the gas translational temperature. However, the results
of the comparison show that for both vibrational models there is a
departure from the baseline model for these � ow conditions. If the
inclusionof more vibrational levels at higher energiesgives a distri-
butioncloserto that of the Boltzmanndistribution,it is likely that the
second model gives a better representation of the � ow conditions.
Ultimately comparisonof spectra obtained from an upcoming � ight
experiment will determine which is the better of the two excitation
models.
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