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An approach for modeling the infrared (IR) glow radiation about the space shuttle at low-Earth-orbit � ight
altitudes is examined. The study builds on the modeling and numerical techniques developed for understanding
the visible glow of the Atmospheric Explorer. Because of the rare� ed nature of the � ow, a direct simulation Monte
Carlo method is used. The study extends the earlier gas-phase reaction model to include NO vibrational-state-
speci� c formationusingcross sections derived from quasi-classical trajectory calculations. IR spectra are computed
using the state-speci� c NO vibrational levels and an accurate line-by-line spectral model. The effect of internal and
translational energy accommodation coef� cients in the Maxwell gas–surface interaction model was studied. The
translational energy accommodation coef� cient affects the width of the NO overtone transition ( D º = 2) spectral
peak, and a value less than unity is required to give good agreement between modeling and experiment. The
vibrational energy accommodation coef� cient signi� cantly impacts the magnitude of the NO infrared spectra.
The in� uence of surface reactions on the IR spectra was also examined and shown to be small. Finally, simulated
spectra are compared with IR data obtained from shuttle space � ight experiments. The comparison shows that the
postulated gas and gas–surface phase models used in particle simulation enable one to predict quantitatively IR
spectra at high altitudes.

I. Introduction

S PACECRAFT glow is caused by the interaction of spacecraft
surfaces with the rare� ed atmosphere in low Earth orbit. De-

tailed informationon the physicaland chemicalprocessesthat occur
at the surface and in the gas phase is critical for understandingglow
formation mechanisms and for interpretation of the experimental
data obtained in recent years.1;2 Numerical methods that enable one
to model spacecraft glow are of great importance because they can
provide for very detailed information on the spacecraft local atmo-
sphere,which can affect onboardopticalsensors.However, accurate
models for gas-phase and gas–surface collision processes need to
be employed to improve the credibility of numerical predictions.

Because spacecraft glow processes occur at high altitudes, tradi-
tionalcomputational� uiddynamicsapproachesfail, and methodsof
rare� ed gasdynamicshave to be used. The most successfulmethod
of rare� ed gasdynamics for modeling chemically reacting � ows is
the direct simulation Monte Carlo (DSMC) method, which can be
applied for the simulation of two- and three-dimensional chemi-
cally reacting � ows about space vehicles in the transitional regime.
Reliable results require the use of accurate and adequate models
for gas-phase and gas–surface collision processes.An approach for
modeling surface processes has been developed in Refs. 3–5, suit-
able for the DSMC method.The DSMC approachpresented in these
papers improves the ef� ciency of the computational procedure so
that suf� cient accuracy can be obtained at all altitudes of interest.
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Moreover, this high accuracypermitsus to evaluatethe sensitivityof
predicted radiation to changes in freestream conditions, chemistry
models, surface models, and radiation. Many of these comparisons
involve small differences; hence, high accuracy is a necessity.

The process responsible for glow in the visible portion of the
spectrum2;6 is the emission from NO¤

2 molecules (where NO¤
2 de-

notes an excited electronic state of NO2) formed by the recom-
bination of atmospheric, hyperthermal O(3P) atoms with surface-
adsorbed NO. The principal process for surface glow follows an
Eley–Rideal mechanism (see Ref. 7) with NO¤

2 formed by subse-
quent collisions of O with surface-physisorbed NO. The DSMC
modeling of Collins et al.,5 Karipides et al.,8 and Gimelshein et al.9

showedthat therewas suf� cientNO formed in the diffusebow shock
to account for the NO¤

2-originated visible radiation measured by
photometers onboard the Atmospheric Explorer (AE) spacecraft.1

Hence, gas-phase NO, formed by the exchange reaction

N2 C O ! NO C N (1)

was demonstrated to be the glow precursor species.
Although there is a large body of glow radiance data from the

shuttle, AE was selected for our initial modeling efforts because it
was free of potential thruster � ring surface contamination. Unlike
the shuttle, however, AE did not obtain spectroscopic data and the
spectralregionof its photometerswas limited to the visibleandnear-
UV. Comparisonof the experimentaldata obtained in the Spacecraft
Kinetic Infrared Test (SKIRT),10¡12 � own on the shuttle with mod-
eling, provides an opportunity to identify the state of the NO glow
precursor.

This paper utilizes the previous � ndings while concentrating on
a new aspect, the infrared glow radiation of vibrationally excited
NO. The two major mechanisms in� uencing the formation of NO
species will be studied. The � rst is the NO production in the gas
phase by the exchange reaction given in Eq. (1). The second is the
in� uenceof the shuttle surfaceto theNO infrared(IR) spectra.There
are two types of NO molecules that radiate in the � eld of view of
the spectrometer,those that radiatebeforeand after encounteringthe
surface. Hence, by comparison with the NO IR measurements, we
will be able to access our ability to model the visible glow precursor
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species and the level of surface accommodation.The computational
efforts of the work will be directed toward modeling of IR emission
produced during the � ight of the Space Transportation System at
the orbit altitude of 263 km. The IR spectral radiation from NO
in the wavelength range 1.5–5.5 ¹m as measured by the SKIRT
instrument will be examined. Analysis of the SKIRT spectral data
by Ahmadjian et al.12 showed that the data are characterizedby an
NO vibrational temperature of approximately 8000 K.

The outline for the paper is as follows. The thermochemical and
surface models used in earlier work will be presented. The salient
features of the SMILE DSMC code and the NEQAIR-IR radia-
tion models will be discussed. In the Results section, we show the
sensitivity of the IR spectra to the degree of wall accommodation,
the impact of surface reactions, and energy redistribution. Finally,
comparison of theory with the SKIRT experimental data will be
presented.

II. Thermochemical Model
A. Interactions with the Surface

Different gas–surface interaction models will be considered in
this paper. The baseline case will consider the gas–surface inter-
action de� ned by use of the accommodation coef� cients. In the
baseline calculations, a Maxwell model is used for a nonreactive
gas–surface interactions that assumes complementary fractions of
diffuse and specular re� ections for molecular translational and in-
ternal energies.Generally, the Maxwell model is constructedon the
assumption that a fraction 1 ¡ ® of the molecules is re� ected from
the surface in a specular fashion, whereas the fraction ® is reemit-
ted diffusely,with the Maxwellian distribution.The words specular
re� ection are usually used for molecular velocities. Here, for con-
venience, we also apply them to the internal energies, implying that
specularmeansnochangeof energiesaftera collisionwith a surface.
In this work, the translationalenergy accommodationcoef� cient ®t

is taken to be either 1 or 0.8. The vibrationalenergy accommodation
coef� cient ®v is varied from zero to one, and the rotational energy
accommodation coef� cient ®r is set equal to ®v . Note that it was
found in Ref. 13 that for high-temperaturenitric oxide ®t > ®v > ®r .
Because the IR spectra were determined to be least sensitive to the
rotational energy accommodation coef� cient, the relation ®v D ®r

was employed to avoid using ®r as one more free parameter. In this
model, the wall is assumed to have no in� uence on the residence
time of the incident gas � ux species.

As was shown in earlierwork, however,high-altitudegas–surface
interactionsthatweaklybondNO to the spacecraftsurfacefor a � nite
time are required to model the density dependence of the visible
glow as well as its magnitude. Therefore, for the second and third
surface models considered here, chemical reactions on the surface
are included as the two limiting cases of surface parameters given
in Table 1.

The detaileddescriptionof gas–surfacehigh-altitudeprocessesof
the second and third surface models has been given in earlierwork.4

Brie� y, the major surface processes responsiblefor the visible glow
from NO¤

2 are

NO C S Ã! NOS (2)

O C NOS ¡! NO2 C S C hº (3)

M C NOS ¡! M C NO C S (4)

Table 1 Summary of surface glow parameters

Parameter Range of values

NO heat of absorption 16 kcal/molea

20 kcal/moleb

O heat of absorption 3 kcal/mole
Sticking coef� cients

for adsorption processes 0.5
Wall temperature Tw 300 K
Glow cross sections for process (3) 0.1 ÊA2

Scrubbing cross sections for process (4) 0 ÊA2a

4 ÊA2b

Total number of surface sites 0:24 £ 1020

per square meter, nT

aSecond surface model. bThird surface model.

where S represents a surface site available for physisorbtion and
NOS represents that species adsorbed to the surface. Reactions (2),
(3), and (4) are adsorption/desorption, glow processes, and scrub-
bing reactions, respectively. Equations (3) and (4) are assumed to
proceedonly in forward direction.The scrubbingprocesses involve
all gas species (denoted as M), that is, N2, O2 , NO, N, and O.

The desorption rate constant [reverse processes of Eq. (2)] is
assumed to be temperature-dependent as kµD=h exp.¡Hs=kTw/,
where Hs is the heat of absorption, k is the Boltzmann constant,
µD is the Debye temperature, and Tw is the wall temperature. The
forward rate is derivedfrom the inherentpropertiesof thegas species
incidenton the surfaceand the surfacematerial by use of the sticking
coef� cient. Table 1 gives the values of the surface parameters5 that
were used in this work for the second and third surface models.

B. Gas-Phase Chemical Reactions
and Vibrational Energy Redistribution

A seven-species mixture consisting of N, O, N2 , O2 , NO, NO¤
2 ,

and NO2 was used.At the high altitudesstudied,the impact of chem-
ical reactions on major species N2, O2 , and O, is negligibly small.
Only the reaction path, Eq. (1), may, therefore, affect the formation
of NO¤

2 . In previous work, we used the conventional total collision
energy (TCE) model (see Ref. 14) and a model based on the reaction
cross sections obtained through the trajectory calculations of Bose
and Candler.15 We found the second model to provide a higher yield
of NO formation for the AE conditions.3 In this work, we only use
the Bose and Candler15 cross-sectiondata. In addition, because our
goal is to model accurately the NO IR spectra, we treated each vi-
brationallevel of NO (up to 21 levels) as a separate � ow species.For
a given precollision N2–O relative energy, the Bose and Candler15

vibrational–rotational state-speci�c cross sectionswere assumed to
follow a Boltzmann distribution in terms of the postcollisional vi-
brational and rotational energies of NO, as described in a private
communication with D. Bose in December 1999.

Use of the quasi-classical (QC) cross-section data avoids the
choice of a semi-empirical vibrational redistribution model such
as that based on the Larsen–Borgnakke (LB) energy redistribution
technique16 or proportional energy partitioning.17 However, accu-
rate potential energy surfaces for chemical reactionsare not usually
available,and these phenomenologicalmodelsmust be used. To un-
derstand the difference between the QC model and a phenomeno-
logical model, the NO vibrationalpopulationsand resultant spectra
based on both types of models will be compared.The LB technique
of energy partitioningapplied to the case of chemical reactions was
the phenomenological approach used in this work. In this scheme,
the energy between two energy modes (or, in the general case, sets
of modes) a and b is calculatedusing the joint distributionfunction

fe.Ea; Eb/ D fe.Ea/ fe.Eb/

where Ea and Eb are energies of modes a and b and fe are equilib-
rium distribution functions

fe.E / / E » =2¡1 exp[E=.kT /]

Here, » is the number of degrees of freedom of the corresponding
mode. The energy Ea is then sampled from

fe.Ea/ fe.Ec ¡ Ea/

where Ec is the total energy of two modes (it does not change in a
collision) and Eb is calculated as Ec ¡ Ea . This routine is applied
subsequentlyto redistribute the energy available after reaction over
the reaction products and their modes. The phenomenological ap-
proach is similar to the LB model originallydevelopedto model the
energy transfer between translational and internal modes.

In the reaction of interest, N2 C O ! NO C N, the procedure is
as follows. First, the total energy of the system N2 C O is changed
E 0

c D Ec C Qreac , where Qreac is the reaction heat. Then, the energy
E 0

c is redistributed between the relative translational and internal
NO modes. The relative translationalenergy is calculatedusing the
joint distribution function

fe.Etran/ fe.E 0
c ¡ Etran/
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and E int;NO D E 0
c ¡ Etran. Finally, Eint;NO is redistributedbetween ro-

tationaland vibrationalmodes of NO. That means that the rotational
energy is sampled from

fe.Erot;NO/ fe.Eint;NO ¡ Erot;NO/

and the vibrational energy is Evib;NO D Eint;NO ¡ Erot;NO.

III. Numerical Methods
The SMILE computational tool based on the DSMC method

will be used in computations; details may be found elsewhere.18

The SMILE capabilities important for the present work are the
accurate collision schemes, models for energy transfer, two-level
rectangular grids adaptive to � ow gradients, different grids for col-
lisions and macroparameters, and parallel implementation with ef-
� cient load balancing techniques. The majorant frequency scheme
is employed for modeling molecular collisions.19 The variable hard
sphere model was used for modeling intermolecular interactions.
The LB model with temperature-dependent rotational and vibra-
tional relaxation numbers was utilized for rotation–translation and
vibration– translation energy transfer. The TCE model was em-
ployed to calculate all gas-phase chemical reactions except Eq. (1),
for which the QC results were used. The complete list of reactions
may be found elsewhere.3

SMILE was modi� ed to account for surface reactions. Instead
of a three-step approach used for modeling trace species gas-phase
and surface reactions,5 a more ef� cient one-step algorithm4 was
utilized. A weighting scheme3 has been used to simulate both the
elastic collision processes between major and trace species and the
chemical reactions in gas phase and on the surface. The use of a
weighting procedure is indispensable for obtaining credible results
involving radiative processes due to the very small relative concen-
trations of species important for radiation. The procedure enables
one to increase substantially the sample size of the trace species.

The radiation can be calculated by the use of the steady-state
DSMC � ow solution, which provides a two-dimensional spatial
distribution of species concentrations and temperatures. For high-
altitude conditions, it was assumed that the radiation was optically
thin. The NEQAIR-IR model of Packan et al.,20 an accurate line-by-
line spectroscopic model, was used. The spectroscopic transitions
appropriateto NO and OH in the spectral region from 1.0 to 7.5 ¹m
were calculated under the assumption of either a Boltzmann distri-
bution of vibrational states or the state-speci�c populations given
by the QC or the LB model. For all cases, a Boltzmann distribution
for the rotational temperature was assumed. The spectra were cal-
culated with a spectral resolutionof 0.1 ÊA and averagedover 600 ÊA,
which approximates the circular variable � lter (CVF) resolution of
the SKIRT instrument of 1¸=¸ D 2%.

IV. Flow Conditions, Geometry,
and Computational Parameters

The rare� ed � ow about the space shuttle at the altitude of 263 km
was investigated. The freestream conditions used are listed in
Table 2. The wall temperature is not known from experiment, and
a constant value of 300 K commonly used for high altitudes is as-
sumed hereafter. To determine the possible in� uence of the surface
temperature on the IR spectra, a calculation was also performed at
a surface temperature equal to 1100 K. The � ow was simulated as
two dimensional, with the geometrical setup given in Fig. 1. The

Table 2 Freestream conditions

Parameter Value

Altitude 263 km
Speed 7922 m/s
Ambient temperature 1132 K
Total number density 2.11e C 15 mol/m3

Freestream mole fractions
N2 0.285
O2 0.0128
O 0.65985
NO 0.00005
N 0.0423

Fig. 1 Schematic of SKIRT shuttle measurements.

calculations were performed for two angles of attack, ° D 0 and
45 deg. Figure 1 also shows a schematic of the geometry of the
SKIRT measurements onboard the shuttle.

The computationaldomainused in the calculationswas from¡65
to 5 m in the X direction [parallel to the line of sight (LOS)] and
from ¡30 to 30 m in the Y direction, with the center of coordinates
located in point A. (Contour level � gures shown in the next section
conform to these computational domain dimensions.)

A two-levelgrid was used to model the glowformationoff of a � at
plate in the � eld of view of the spectrometer. The average number
of particles used to model the � ow was about 420,000. The cell
size for background cells in the collisional grid was 1 £ 1 m, with
a � ner mesh of 10 £ 10 cm used close to the body. This resulted in
a total of approximately 70,000 collisional grid cells. The cell size
in the macroparameter grid was 25 £ 25 cm with a � ner resolution
of 5 £ 5 cm used near the body. The total number of cells used in
the macroparametergrid was approximately85,000 cells. Note that
the freestream mean free path at 260 km is of the order of 1000 m,
which certainly makes the cell size appropriate from the point of
view of DSMC requirement that cell size be smaller than the mean
free path.

V. Computational Results
A. In� uence of Energy Redistribution

Consider � rst the sensitivity of our simulations to the method of
postcollisionalvibrationalenergy redistribution.A translationalen-
ergyaccommodationcoef� cientof onewas assumed,and two values
of zero and one were used for the internal energy accommodation
coef� cients ®r D ®v .

Figures 2 and 3 show vibrational population distributions at a
point close to the surface for the two redistribution models consid-
ered and the two limiting cases of vibrational energy wall accom-
modation.The resolutionof the higher vibrationalpopulationstates
is challenging because they become a smaller fraction of NO, itself
a trace species. Hence, if emphasis is given to the distributions up
to level 10, we can deduce the following results from Figs. 2 and 3.
For both internal energy accommodation coef� cients, the QC cal-
culations produce an NO population of levels smaller than seven,
slightly higher than that for the LB energy redistributionapproach,
whereas the population of levels greater than seven is lower for the
QC model.

Generally, the postcollisionvibrationalstate distributiongivenby
the QC dataneednot followtheLB energyredistributionbecausethe
QC results are determined by the reaction potential energy surface.
In the absence of QC data, the total collision energy model and the
LB model would typicallybe used. In our case, it was found that the
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Fig. 2 Relative vibrationalpopulationdistributionsat X = 0:1 m along
the LOS for the QC and the LB redistribution models; ®v = 0 (®t = 1).

Fig. 3 Relative vibrationalpopulationdistributionsat X = 0:1 m along
the LOS for the QC and the LB redistribution models; ®v = 1 (®t = 1).

LB scheme enables one to obtain vibrational populations close to
thoseproducedwith theQC model.The reasonfor that is that the QC
model for reaction (1), under the conditions of interest, essentially
follows the local equilibrium distribution of collision energy over
the reaction products. This conclusion agrees with the results of
Ref. 21, where the two models were compared in detail for several
temperature conditions;however, this cannot be generally assumed
for other reactions.

Figures4 and5 show the resultantspectrafor the two energyredis-
tributionmodels and limits of wall accommodation.Consistentwith
Figs. 2 and 3, the magnitudeof the spectral radiance shown in Fig. 4
(no accommodation) is higher than for full accommodation(Fig. 5).
When the two models of energyredistributionare compared,the QC
model results give higher values of the radiation. The LB and QC
energy redistributionmodels with and without accommodationgive
essentially the same width of the spectral distribution.

B. Macroparameter Flow� elds and Sensitivity
to Vibrational Accommodation Coef� cient

The results shown in this subsection are for ®t D 1, no surface
reactions,differentvibrationalaccommodationcoef� cients, and ro-

Fig. 4 Calculated spectra showing the NO IR overtone transition
D º = 2 and higher for two models of vibrational energy partitioning;
®v = 0 (®t = 1).

Fig. 5 Calculated spectra showing the NO IR overtone transition
D º = 2 and higher for two models of vibrational energy partitioning;
®v = 1 (®t = 1).

tational and vibrational energy redistribution of NO formed by
reaction (1) as given by the data of Bose and Candler.15

Figure 6 presents the distribution of the total number density in
the � ow for ®v D 0. Because the � ow is highly rare� ed, there is no
clearly formed bow shock, and the density increases monotonically
from the freestream boundary downstream to the surface. Note that
the calculations were performed for larger computational domain
sizes than shown here.The resultswere found to be insensitiveto the
increaseof the domain.The total numberdensity spatialdistribution
for fullydiffuseaccommodationon the surface,®v D 1, was foundto
be essentiallythe same. Similarly,Fig. 7 shows that thepro� le ofNO
numberdensityalongtheLOS (seeFig.1) is alsoalmost independent
of thedegreeof rotational–vibrationalsurfaceaccommodation.This
is reasonablebecause the main source of energy to create the diffuse
shock and produce NO is due to the conversion of translational
energy into chemical energy, and collisions with the translation–

internal energy exchange are very rare in such a rare� ed � ow.
However, when one considers the dependence of the vibrational

temperature distribution in the shock layer as a function of vibra-
tional accommodation, the difference is much more dramatic. The
NO vibrational temperature was determined from the following
relationship:

N"av D
kµv

exp.µv=Tv/ ¡ 1
(5)
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Fig. 6 Total number density contours levels in molecules per cubic
meter for ®v = 0.

Fig. 7 NO number density along the LOS from the shuttle body to the
freestream.

where N"av representsthecell averagedvibrationalenergyper particle
and µv is the characteristic temperatureof vibration.Figure 8 shows
the spatial distribution of the NO vibrational temperature obtained
for ®v D 1. In contrast, the temperature � eld for no accommodation
with the wall, ®v D 0, is constant with a value of »5000 K.

Figure 9 provides an alternative view of the NO vibrational tem-
perature distributions at three distinct points along the LOS for full
accommodation with the wall. The fraction of NO molecules in a
given vibrational state º is shown as a function of vibrational level
at each of the three locations. Note that, for º > 1, all three loca-
tions exhibit the same dependence that can be characterized by a
temperature of »5000 K. However, when the º D 0; 1 levels are
considered, the vibrational states do not follow a Boltzmann distri-
bution, and the variation in vibrational temperaturesshown in Fig. 8
is due to the large change in slope introduced by these two states.
The change in populationdistributionsis not uniformas we progress
from a locationclose to the body (X D 0:1 m) toward the freestream
(60 m). This is because there are three sources of NO in the � ow-
� eld: freestream(»10%) NO and NO chemically formed that either
has collided or has not collided with the surface. For the location
closest to the surface, the majority of the NO is formed chemically
and collided with the wall, whereas at 30 m, the fraction of NO
molecules that did not collide with the wall is higher. At 60 m, most
of the NO is from the relatively cooler freestream. Note from Fig. 9

Fig. 8 Vibrational temperature contours for full accommodationwith
the surface, ®v = 1, and the QC data.

Fig. 9 Relative vibrational population distributions at three locations
along the LOS for full accommodationwith the surface, ®v = 1, and the
QC data; X = 0:1 m curve represents a point closest to the surface. The
ordinate gives the fraction of NO molecules in the º vibrational state
relative to the total number of NO molecules at the indicated location.

that the vibrational state distribution at 30 m is the highest. This is
consistent with the concept that the highest vibrational distribution
occurs during the gas-phase NO formation process, and collisions
with full accommodation lower the vibrational energy.

If we select a point in the � ow (for example, close to the body at
X D 0:1 m), we can consider the change in vibrationalstate distribu-
tion for a variablevibrationalaccommodationcoef� cient. Figure 10
shows the vibrational state distribution for the three values of ®v :
two limiting cases of accommodation and a third value of ®v D 0:8
typical for NO molecules with high collision energies.13 Again, if
the distribution is considered for º > 1, the effective temperature
is the same in all three cases (as well as for the curves shown in
Fig. 9) and has an approximate value of 5000 K. For º > 1, all vi-
brational populations are higher when there is no accommodation
with the wall, affecting the absolute magnitude of the IR spectra
as well as its shape. The departure of the º D 0 and 1 levels from
a Boltzmann distribution for ®v > 0 illustrates that the majority of
the NO at this spatial location has collided with the wall. The º D 0
level is increased relative to that of no accommodation because its
energy value is closest to that of the 300-K wall.
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Fig.10 RelativevibrationalpopulationdistributionsatX = 0:1 malong
the LOS for ®v = 0, 0.8, 1, and the QC data.

Fig. 11 Calculated spectra showing the NO IR fundamental transition
D º = 1 as a function of degree of accommodation and level of detail of
vibrational distributions.

The rotational temperatures are also affected by the degree of
surface accommodation, or change in ®r . For ®r D 0 the rotational
temperature close to the surface is approximately 4400 K, whereas
for ®r D 0:8 it is »1400 K.

Finally, spectra are calculated along the LOS of the SKIRT in-
strument using the NEQAIR-IR model for differentwall accommo-
dation values. All spectra are presented in units of spectral radiance
(SR), watts per square centimeter micrometer steradian and are av-
eraged over 600 ÊA. The most important feature of the spectra is
the peak width and then the value of the peak height. A larger peak
width indicatesa higherNO vibrationaltemperature.Figures11 and
12 show the calculatedspectra in the NO fundamentaland overtone
spectral regions.Spectra are shown for the two limitingvalues of vi-
brationalaccommodationand two vibrationallevel populationmod-
els. The models labeled nonequilibrium and equilibrium represent
vibrational populations determined directly from the DSMC � ow
solution of the 21 nitric oxide vibrational states and a Boltzmann
distribution at the NO vibrational temperatures [Eq. (5)]. The mag-
nitude of the spectral radiance at a point in the � ow is proportional
to the number of NO molecules in each vibrational level. For a spe-
ci� c internal energy accommodation coef� cient, the ratio between
vibrational populations is similar at other locations along the stag-
nation line. Consistent with Fig. 10, the spectral radiance spatially

Fig. 12 Calculated spectra showing the NO IR overtone transition
D º = 2 and higher as a function of degree of accommodation and level
of detail of vibrational distributions. The equilibrium, ®v = 1, curve has
been multiplied by a factor of 10.

Fig. 13 Calculated spectra showing the NO IR fundamental transition
D º = 1 as a function of degree of accommodation for nonequilibrium
populations.

integrated along the stagnation streamline for no accommodation
(®v D 0) with the wall is approximatelyanorderofmagnitudehigher
than a fully accommodating wall (®v D 1). Also, the difference be-
tween the equilibriumand nonequilibriumspectra is larger for cases
of full accommodation. Because a value of ®v D 0:8 is more real-
istic than no accommodation, the nonequilibrium and equilibrium
spectra for ®v D 1 are of the most interest. If emphasis is given to
these two spectra, it can be seen that the nonequilibriumspectrum
gives a wider peak.

Figures 13 and 14 show simulated spectra in the fundamentaland
overtonebands,respectively,usingthecomputednonequilibriumvi-
brational populations as a function of the level of accommodation.
In both spectral regions, the magnitude of the radiance increases
with less accommodation of vibrational energy exchange with the
cooler surface. More important, the shape of the spectra change be-
cause they are a composite of multiple vibrational level transitions.
A nonaccommodatingsurface preserves the higher vibrationalpop-
ulations, which increases the contributions to the spectra at wave-
lengths longer than the band center peak. However, the level of
nonaccommodation required to elevate the vibrational structure is
physically unrealistic.
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Fig. 14 Calculated spectra showing the NO IR overtone transition
D º = 2 and higher as a function of degree of accommodation for
nonequilibrium populations.

Fig. 15 Total number density along the LOS from the shuttle body to
the freestream.

C. Sensitivity of Radiance to Translational Energy
Accommodation Coef� cient

In this section, the impact of the translational energy accom-
modation coef� cient ®t on NO vibrational populations and spec-
tra is examined. The results presented here were obtained using
®r D ®v D 0:8 and two values of ®t , 0.8 and 1. Surface reactions
were neglected, and the postcollisional internal energy redistribu-
tion is given again by the Bose and Candler data.15

Figure 15 shows the total number density pro� les along the LOS
for two differentvaluesof ®t . Because20% of particles re� ect spec-
ularly for ®t D 0:8 (i.e., with higher velocities than those re� ected
diffusely at 300 K), they move away faster from the body, which
results in a reduced gas density of about 20%. Figure 16 shows that
the translational temperature is also increased for ®t D 0:8.

For ®t D 0:8 there are more energetic collisions between the
freestreamO particlesand the N2 particles specularlyre� ected from
the wall. The higher precollision relative energies in Eq. (1) causes
a signi� cant postcollisionalenergy redistribution toward higher vi-
brational levels. A comparison of the NO vibrational populations
for the cases of ®t D 1 and 0.8 is given in Fig. 17. The important
point of Fig. 17 is that, for ®t D 0:8, the slope of the upper vibra-
tional levels changes so that the vibrational temperature based on
these levels, for example, 7–10, approaches 8000 K. This value, in
turn, agrees well with the estimate given in Ref. 12.

Fig. 16 Translational temperature pro� les along the LOS from the
shuttle body to the freestream.

Fig.17 RelativevibrationalpopulationdistributionsatX = 0:1m along
the LOS for ®t = 0.8 and 1.0 and for the nonequilibrium model.

The larger populations of high vibrational levels for ®t D 0:8 re-
sult in a considerablybroaderIRspectra.This is illustratedin Fig. 18,
where the spectra are shown for the NO IR overtone transition.The
spectra are close for the � rst � ve or six vibrational levels, whereas
the radiance from higher vibrational levels º > 10 is signi� cantly
larger for ®t D 0:8 (wavelength longer than 3 ¹m).

D. Impact of Surface Reactions and Surface Temperature
The results presented in the preceding sections were obtained

using the Maxwell gas–surface interaction model with no surface
reactions. Let us examine now the in� uence of the surface reac-
tions on the formation of NO and the vibrational state distribution.
Two sets of parameters that affect surface reactions were used (see
Table 1 for their speci� c values). Figure 19 shows a comparison
of the vibrationalpopulationdistributionswith and without surface
reactions for ®t D 1. Both surface models represent a potential de-
pletion source of NO because they permit the conversion of NO to
NO¤

2 . In the surface models, incidentNO gas can stick to the surface
with a probability of 0.5, followed by subsequent desorption, con-
version to NO¤

2 , or ejection (by scrubbing) as NO. Ejected NO are
assumedto accommodateto the300-Ksurfacein allmodes.Because
the sticking process effectivelychanges the internal energy accom-
modation coef� cient, in the calculations presented in this section,
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Fig. 18 Calculated spectra showing the NO IR overtone transition
D º = 2 and higher for ®t = 0.8 and 1.0.

Fig. 19 Relative vibrational population distributions at X = 0:1 m
along the LOS for the QC energy redistribution model and different
surface models.

®r D ®v was set to 0.8 and 0.9 for surface reactions turned on and
off, respectively.This produces the same fraction of NO molecules
re� ected diffusely and, therefore, excludes the possible impact
of ®v .

The surface reactionschange the concentrationof NO rather than
the vibrationalenergies, and it is, therefore,not likely that the use of
either surface model will signi� cantly affect the vibrationalpopula-
tions, as can be seen in Fig. 19. Figure 20 shows that the magnitude
of the radiation is slightly changed by the surface model but not
the shape. As expected, the no-surface-reactionmodel predicts the
highest amount of radiation. The main difference between the uti-
lized surface models is the heat of adsorption. The higher heat of
adsorption of the third model causes more NO to physisorb on the
surface and representsa greater loss mechanism.Thus, the NO radi-
ance shown in Fig. 20 for the third model is lower than the � rst. The
differences among all three surface models are not large compared
to other variationsdiscussedearlier.Comparisonof the NO IR spec-
tra does not provide a way to discriminate the two surface models
given in Table 1.

To examine the in� uence of the surface temperature that is often
not well de� ned, the computationswere conductedfor two valuesof
Tw , 300 and 1100 K. The latter value is probably an upper estimate
for Tw . A higher surface temperature results in higher velocities of
re� ected particles. Under the rare� ed conditions of 263 km, those

Fig. 20 Calculated spectra showing the NO IR overtone transition
D º = 2 for different surface models.

Fig. 21 In� uence of the surface temperature on NO number density
along the LOS from the shuttle body to the freestream; ®r = ®v = 0:9
and ®t = 1.

highervelocitiescause, in turn, a faster removalof re� ectedparticles
from the surface. The pro� les of NO number density along the
LOS are shown in Fig. 21. The number density near the surface for
Tw D 1100 K is approximately one-half of that for Tw D 300 K due
to the faster removal of molecules from the surface.

The almost four times larger wall temperature corresponds to
almost two times larger velocities of re� ected particles with an av-
erage velocityof 600 m/s for Tw D 1100 K. This value is still smaller
than that of the freestream velocity of 8 km/s. As a result, the ele-
vated surface temperature leads to some increase in the vibrational
population of the upper levels, but the effect of increased surface
temperature on IR spectra is not signi� cant. The NO radiance is
larger in the portion of the spectra connected with high vibrational
levels for Tw D 1100 K (Fig. 22), whereas the position of the maxi-
mum is not changed.

E. Comparison with Experiment
The SKIRT instrument, having spectral coverage from 0.7 to

5.4 ¹m, was a cryogenically cooled circular variable � lter
instrument11 that measured shuttle glow, airglow, and other phe-
nomena. Similar instruments � ew on shuttle missions STS-39 and
62.Figures23–25 showthe data takenby SKIRT, the speciesassign-
mentsofAhmadjianet al.,12 andsimulatedspectrabasedon thework
presented here, for two angles of attack. In the measurements,12
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Fig. 22 Calculated spectra showing the NO IR overtone transition for
two wall temperatures.

Fig. 23 Comparison of measured SKIRT and calculated spectra at
zero angle of attack, ®t = 1:0; SR is in watts per square centimeter
micrometer steradian.

outgassing from external surfaces is believed to have been mini-
mized, thereforereducing the possiblecontributionof other sources.
In our calculations, the QC data, the third surface model, ®v D 0:8,
and ®t D 0:8 and 1.0 values have been used. Our calculations did
not include OH or NOC as potential IR sources. Note that, although
NO2 radiates in this spectral region, it is consistently not observed
in the IR glow data. The level of NO irradiance is above the noise
level of the instrument, and NO2 is approximately 1

10 th of the NO
population.Consistentwith the data, the predicted level of radiation
decreases for higher angle of attack.

For 0-deg angle of attack, there is a considerable difference ob-
served in the widths of the predicted and experimental data for the
1º D 2 spectral region for ®t D 1 (Fig. 23). The results of ®t D 1:0
underpredict the data, whereas the calculation with ®t D 0:8 over-
predicts it. However, Fig. 24 shows that the calculated width of the
NO 1º D 2 peak is in closer agreement to the experiment if a value
of ®t D 0:8 is assumed. Note that the vibrational temperature based
on the upper levels for ®t D 0:8 (Fig. 17) is close to 8000 K, similar
to that obtained in Ref. 12. The location of the calculated peak in
Figs. 23 and 24 is also different, 2.8 ¹m vs the value of 3.0 ¹m
observed in the experiment. As shown in Fig. 25, the agreement
is better for the angle of attack of 45 deg when ®t D 0:8 is used.
Generally, the experimental shape is reproduced well if a value of
®t between 0.8 and 1.0 is used. The improved agreement with ex-
periment pertains to the comparison with both the width and the
absolute value.

We also considered the possibility that there might be contribu-
tions from other radiating species, such as the OH fundamental.
However, the source of the OH is not precisely de� ned, and, there-
fore, it is dif� cult to estimate its vibrational temperature,Moreover,

Fig. 24 Comparison of measured SKIRT and calculated spectra at
zero angle of attack, ®t = 0:8. SR is in watts per square centimeter
micrometer steradian.

Fig. 25 Comparison of measured SKIRT and calculated spectra at
45-deg angle of attack, ®t = 0:8.

for high vibrationaltemperatures,the OH fundamentaland the over-
tone reverse in magnitude.

VI. Conclusions
The modeling of the IR radiation from nitric oxide produced in

the � ow about the space shuttle at 260 km was performed by the
DSMC method using different gas–surface models. The radiation
was calculated by the NEQAIR-IR code using the computed vi-
brationaldistributions.The work demonstrates the capability of the
DSMC method to predict quantitatively radiative emission in the
IR region in the rare� ed, chemically reacting � ows for low-Earth-
orbital � ightconditions.Several importantspeci� c conclusionsmay
be drawn based on the results of the study.

Two different energy redistribution models were studied to ana-
lyze the productsof the N2 C O ! NO C N reaction.The � rst model
was taken from the QC data, and the second was an energy redistri-
bution model based on the LB technique. Our work shows that the
choice of energy redistributionmodel does not signi� cantly impact
the NO vibrational populations in the � ow about the shuttle and
consequently the NO IR spectra. The simple LB technique may,
therefore, be used for this case where the vibrationaldistributionof
reactionproductsis mostly equilibrium;this result, however, cannot
be applied generally to other molecular systems.

The NO IR radiation was shown to be insensitive to the choice of
surface chemistry model. Two different sets of surface parameters
were used that account for absorption/desorption,glow, and scrub-
bing processes. Both sets gave similar NO vibrational populations
and spectra. The radiance intensity was not found to be strongly
dependent on the surface temperature either.

The in� uence of the internal (rotational and vibrational) energy
accommodationcoef� cientswas examined.The increaseof the frac-
tion of specularly re� ected particles (i.e., particles whose internal
energy does not change after a collision with the surface) causes an
increase in the number of molecules with vibrational level higher
than zero. The larger populations in the higher vibrational levels
signi� cantly increases the magnitude and slightly broadens the re-
sultantNO spectra.The impactof thetranslationalenergyaccommo-
dation coef� cient was also analyzed.It was shown that a decreasein
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the translational accommodation coef� cient considerablybroadens
the NO spectra while preserving the value of the maximum.

The steady-state solution for the level-speci�c NO vibrational
populations in the DSMC modeling and its subsequent utilization
in a radiation code, instead of a temperature-based approach, is
critical for the accurate prediction of IR spectra. The impact of vi-
brationalnonequilibriumis especiallysigni� cant for internalenergy
accommodation coef� cients close to one.

The comparison of the calculated spectra with the � ight mea-
surements was conducted. The agreement between the results of
simulations and the experiment is quite satisfactory in the width
of the spectra and especially in their maximum value (within 30%
for 0-deg and 5% for 45-deg angle of attack) if the translational
and internal energy accommodationcoef� cients of 0.8 are used. An
assumptionof 20% surface specularityis reasonablefor both the ve-
locitiesand vibrationalenergiesof molecules in rare� ed � ow and is,
therefore, recommended here. The increase in the number of parti-
cles whose velocitiesdo not change after collisionswith the surface
causes a larger portion of collisions with greater energy. This, in
turn, creates NO products with higher internal energy. This factor
was found to be the most signi� cant in reproducing the experimen-
tal data. It provides a fundamental explanation and con� rmation of
the NO vibrational temperature derived in the original analysis of
Ahmadjian et al.12 of the shuttle IR data.
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