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Brightness calculations for visible emissions from nitrous oxide, known as a spacecraft glow, around
the Atmospheric Explorer (AE) satellite are presented over an altitude range of 140 – 180 km. The � ow� eld
is determined using the direct simulation Monte Carlo method. A novel overlay technique is developed
to capture the microscopic behavior of rare atmospheric species, such as nitric oxide. A simple model for
glow is proposed, identifying nitric oxide as the important species in the gas phase controlling � ow
brightness. Sensitivity to altitude and to different chemical reaction cross sections for nitric oxide pro-
duction is assessed. The importance of nitric oxide production is found to be greatest at lower altitudes.
At higher altitudes, the ambient concentration of nitric oxide is the critical factor in determining glow
brightness. Comparison of the results with measurements from the AE indicates an ef� ciency of approx-
imately 0.01 for producing the excited state of nitrous oxide from nitric oxide impacting on the vehicle
surface.

Introduction

R AM surfaces in low Earth orbit are known to exhibit vis-
ible and uv glow. Such glows have been detected during

satellite � ights of the Atmospheric Explorer (AE)1 and Space
Shuttle missions.2,3 In proposed models of this phenomenon,
ambient chemical species are assumed to travel through the
� ow� eld without undergoing collisions, and gas-surface reac-
tions are entirely responsible for glow production.4– 9 It is im-
portant to focus on two important effects that are critical in
the production of glow. At the lower, more dense altitudes, a
weak shock forms in front of the ram surface. In this region,
the assumption of a collisionless � ow is inappropriate. In ad-
dition to affecting the physical structure of the � ow� eld, col-
lisions in the shock can also change the chemical composition.
At the higher altitudes, production of precursors to glow, pri-
marily nitric oxide, becomes negligible and the accurate inclu-
sion of freestream concentrations of these precursors is critical.
From data taken by the AE satellite, it is evident that the rate
at which the brightness of glow at 6563 Aº changes with alti-
tude, and therefore, with freestream density, is dramatically
different below 160 km, compared to that above 160 km.1 This
experimental evidence suggests that gas – gas collisions be-
come important below 160 km, indicating that the � ow is col-
lisional. Therefore, to predict glow brightness accurately, a
method is required that includes the effects of 1) gas – gas col-
lisions in the weak shock, 2) precursor ambient species con-
centrations, and (3) chemical production of the precursors
throughout the � ow� eld.

The freestream conditions at altitudes around 160 km are
extremely rare� ed. With a Knudsen number of order 100 for
the AE vehicle, a high degree of both thermal and chemical
nonequilibrium is to be expected throughout the � ow� eld. The
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direct simulation Monte Carlo (DSMC) technique is ideal for
simulating rare� ed � ows and has been successfully applied to
hypersonic, nonequilibrium aerothermochemistry in previous
work.10 Production of the chemical species critical to the for-
mation of � ow in this regime is controlled by rare collisions
and chemical events. Proper modeling of such rare events us-
ing the DSMC technique requires modi� cations to the standard
form of the method. A new approach is outlined in this paper.
In particular, procedures are described for handling the inter-
action of rare particles with a more dense background � ow� eld
and for calculating the production of particles as a result of
rare chemical events. Results are presented for simulation of
the AE satellite over a range of altitudes from 140 to 180 km.
General � ow� eld structure, various velocity distributions, and
calculations for glow brightness are each discussed.

Note that there is a wealth of data available detailing ob-
served glow around ram surfaces of the Space Shuttle. While
there are similarities between AE glow and Shuttle glow, there
are also substantial differences in the � ow conditions, which
could affect the glow production. Available Shuttle data are
typically taken in a higher altitude range than AE data, dra-
matically changing the ambient � ow conditions. The control
thrusters of the Shuttle also affect the concentration of many
chemical species around the ram surfaces. In addition, the sur-
face material of the Shuttle is different than that of the AE
satellite, which likely will affect the surface chemistry. Given
the additional complexities of simulating Shuttle glow, the
present investigation is limited to � ow around the AE satellite.

Glow Production Model
A simple model for the glow mechanism is proposed. The

production of glow is assumed to be entirely caused by the
gas – surface reaction:

* *NO(g) 1 O(a) ® NO (g) NO ® NO 1 hn2 2 2

where (g) indicates a molecule in the gas state, and (a) indi-
cates a surface adsorbed particle. The is formed in anNO*2
excited state and then spontaneously decays to the ground
state, emitting a photon. These photons comprise the glow. The
molecular surface coverage of a satellite results from a com-
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plex balance of atmospheric and � ow properties, surface ac-
commodation, thermal desorption, collisional desorption, and
chemical reactions. In general, the probability of saturation
becomes less likely with increasing altitude. In the present
study, the simplifying approximation is made that the surface
is saturated with oxygen atoms, one of the dominant ambient
species at the altitudes of interest. Obviously, the � ux of nitric
oxide striking the surface will be crucial to determining the
brightness of the glow. Where the � ow is collisional, gas – gas
collisions and reactions will be important in determining the
nitric oxide � ux.

A number of simplifying assumptions are made in imple-
menting this model. The assumption of a surface saturated with
atomic oxygen is taken to mean that the surface is entirely
covered, not just that all available sites are covered. Thus, any
NO molecule striking the surface will strike an adsorbed oxy-
gen atom with unit probability. The actual coverage percentage
varies with material type and temperature. The actual proba-
bility of a reaction between an incident NO molecule and ad-
sorbed oxygen atom is a function of incident energy, surface
temperature, physical orientation, and other factors. The only
factor included in the present model is the requirement of a
suf� cient incident energy. Incident NO molecules are required
to have a translational energy that exceeds an activation energy
for the reaction. Beyond that, the probability of reaction is
taken to be unity. Potential additions to the model therefore
include a more detailed description of surface chemistry and
a variation of the surface coverage of atomic oxygen with al-
titude. Given the microscopic detail available in a DSMC sim-
ulation, the framework exists to readily incorporate these ef-
fects.

The proposed kinetic model is quite simplistic and is chosen
to emphasize the role of the incident species � ux on the sur-
face, these quantities being directly predicted by the present
DSMC analysis. Much more complex and competing chemical
kinetics may apply. For example, NO may be adsorbed on the
surface and oxidized by incoming oxygen atoms. Ambient or
� ow-produced nitrogen atoms may also interact with the sur-
face, ultimately resulting in NO2 formation. Chemical reactions
on the surface between adsorbed species might also form N2,
O2, and NO, as well as NO2. Furthermore, the importance of
these reactions may vary with altitude. A study of these surface
reactions is not the goal of the present effort. These more com-
plex phenomena may be evaluated in subsequent analyses uti-
lizing the species surface � uxes predicted in the present effort.

For the lower range of altitudes where glow brightness data
were taken on the AE (less than 180 km), the ambient con-
centrations of NO and N are less than the concentrations of
N2, O2, and O by several orders of magnitude. Furthermore,
the rates of the relevant chemical reactions are such that NO
and N are not produced in quantity throughout the � ow� eld.
Using the de� nition that any species with a mole fraction less
than 1022 is considered rare and is otherwise considered com-
mon, then in all cases considered, NO and N can be classi� ed
as rare species, whereas N2, O2, and O are common species.
Given that the ratio of the number density of the common
species to that of the rare species is so great, it is a reasonable
assumption that the collisions and reactions of the rare species
do not signi� cantly affect the common species � ow� eld.

Atmospheric Considerations
Flow of air against a ram surface at orbital speed (8 km/s)

is primarily a � ve-species gas mixture, consisting of N2, O2,
NO, N, and O. Atmospheric concentrations for all of these
species excluding NO are determined using the MSIS-90
model.11 A robust atmospheric model, dependent on a wide
variety of speci� c input conditions, the MSIS model is used
here to generate a generic atmosphere. Unfortunately, the num-
ber density of nitric oxide is not included in the atmospheric
structure produced by the model. Determining accurate NO
number densities is a dif� cult problem. The formation and de-

struction of nitric oxide is a key component of the odd-nitro-
gen cycle that occurs in the Earth’s atmosphere. Many different
factors determine the concentration of NO at any particular
time, and the concentration is highly sensitive to many of these
factors. In this study, estimates for nitric oxide number den-
sities are taken from experimental rocket measurements.12

When analyzing the simulation results, it should be kept in
mind that only estimates of the NO concentrations have been
used. These estimates are likely different from the actual at-
mospheric NO concentrations experienced during the AE
� ights.

DSMC Resolution Dif� culties
The DSMC technique is particle method applicable to dilute

gas � ows where binary collisions dominate. Each particle in
the simulation represents a large number of real molecules.
The ratio of the number of real particles to the number of
simulated particles is termed the particle weight Wp. The time
step is chosen to be a fraction of the mean collision time of
the � ow, so that particle motion can be decoupled from the
collision mechanics. Simulating rare species and low proba-
bility events using the DSMC technique causes a number of
resolution dif� culties. When simulating a � ow� eld with one
or more rare species, there is often no single acceptable choice
for the value of the particle weight. A relatively low value of
Wp is required for a statistically signi� cant number of particles
representing the rare species to be generated. However, with
the particle weight set at such a value, inordinate numbers of
particles representing the common species will also be gen-
erated. This results in unacceptably high numbers of simulated
particles in each cell, requiring massive amounts of computa-
tional effort to calculate the � ow� eld. Alternatively, the value
of Wp can be set relatively high, so that reasonable numbers
of common species particles are produced. In this case, how-
ever, very few, if any, rare species particles are then produced
and the simulation no longer generates meaningful statistics
for the rare species. Prior experience with rare species and
resolution dif� culties are discussed in Refs. 13 and 14.

Previous attempts to handle these resolution dif� culties have
used a continuum-based overlay method.13,14 A two-step pro-
cedure is used to calculate the � ow� eld. In the � rst step, a
DSMC simulation is performed to determine the properties of
the common species throughout the � ow domain. The particle
weight in this simulation is set so that essentially no rare spe-
cies particles are created. The second step involves a contin-
uum-based calculation, where mass conservation equations are
solved for the rare species using the underlying DSMC � ow-
� eld solution as a background. The assumption is made that
the behavior of the rare species does not have an appreciable
effect on the common species � ow� eld. This continuum-based
approach suffers from two problems. The procedure used to
solve the mass conservation equations makes use of the tem-
perature calculated for the common species in each computa-
tional cell. However, in the range of altitudes relevant for
spacecraft glow, the � ow� eld is suf� ciently rare� ed and in
such a degree of nonequilibrium that thermodynamic variables
such as temperature are not valid representations of the state
of the gas. The velocity distribution of the molecules is very
often bimodal and certainly not Maxwellian. It is therefore
inappropriate to use thermodynamic temperature to character-
ize the underlying � ow� eld. In addition to this, the use of a
continuum-based overlay also results in a loss of microscopic
detail of the rare species. Such detail, particularly velocity dis-
tributions, may have a signi� cant impact on chemical rates and
glow production. It is important that this microscopic infor-
mation is retained throughout the simulation.

DSMC Overlay Method
In this study, a DSMC-based overlay technique is developed.

Conceptually, this is very similar to the continuum overlay
approach, where two separate simulations are performed. In
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this case, however, both simulations use the DSMC technique.
In the � rst (base) simulation, the particle weight is set so that
the common species are represented at an appropriate level. In
the second (overlay) simulation, the particle weight is reduced
so that the rare species are represented. Generation of the com-
mon species is suppressed during the overlay simulation. In
essence, the overlay simulation can be considered to be a mag-
ni� ed simulation, focusing only on the rare species. As a par-
ticle method, the DSMC technique is ideal for handling the
nonequilibrium nature of the � ow� eld and for determining the
microscopic behavior of the particles. Thus, the DSMC overlay
approach overcomes the two main disadvantages of the con-
tinuum overlay method.

Coupling Between Rare and Common Species

The main challenge of performing a DSMC overlay simu-
lation lies in achieving a detailed coupling between the two
distinct simulations. This is not a concern in the base simula-
tion as it is assumed that the � ow� eld of the common particles
is unaffected by the behavior of the rare particles. It is a sig-
ni� cant concern, however, when performing the overlay sim-
ulation. The overlay simulation cannot simply be assumed to
be a regular DSMC simulation at a lower density. The rare
particles are moving through and colliding with a background
of much denser common species. In addition, rare chemical
events in the base simulation that did not noticeably affect the
common species � ow� eld may have a pronounced affect on
the rare species � ow� eld.

To achieve this coupling, the particle properties are binned
in every cell during the sampling period of the base simulation.
Five different properties for each species are binned: the three
components of velocity, the rotational energy, and the vibra-
tional energy. During the overlay simulation, a temporary com-
mon particle is created to act as a collision partner for each
rare particle in every cell. These temporary particles have their
properties determined through sampling of the bins stored dur-
ing the base simulation. The binned properties are taken to be
statistically independent for this sampling. From these pairs,
the appropriate number of common – rare collisons are deter-
mined. After standard DSMC collision mechanics are per-
formed, the temporary particles are discarded. Thus, the par-
ticles of the overlay simulation interact with the background
� ow� eld at the microscopic level. It is important to note that
given the assumption that the rare species have a number den-
sity that is several orders of magnitude lower than the common
species, the probability of common – rare collisions is much
greater than rare – rare collisions. In the cases considered here,
rare – rare collisons are neglected in the overlay simulation.

Chemistry in DSMC Overlay

Applying the DSMC overlay procedure outlined in the pre-
ceding text to chemically reacting � ows is somewhat more
involved. It is important to determine which classes of colli-
sions will lead to chemical reactions that affect the rare spe-
cies. The three possible candidates are common – common col-
lisions, common – rare collisons and rare – rare collisons. As
was previously mentioned, rare – rare collision are neglected,
so that no reactions stemming from these types of collision are
considered. Common – rare collisons are handled using the bins
and temporary particles. Standard DSMC reaction routines are
used to handle the probability and mechanics of common – rare
reactions. After any such reactions, only rare particles remain
in the simulation. However, consideration must be given to the
relative importance of common – rare reactions compared to
the common – common reactions. Because the probability of a
common – rare collision is several orders of magnitude lower
than a common – common collision, the reaction probability
must be very high for the common – rare reaction to be im-
portant relative to the common – common reaction. In the cases
considered here, the reaction probabilities for the reactions of
interest are not suf� ciently high, and the inclusion of com-

mon – rare reactions has no quantitative effect on the rare spe-
cies � ow� eld. This leaves only common – common reactions
as the important reactions in terms of the production of rare
species.

Common – common reactions cannot be handled during the
overlay simulation using standard DSMC techniques because
no common – common collision pairs are processed. Regard-
less of the technique used to determine the concentration and
properties of the rare particles created via these reactions, their
introduction into the overlay simulation will take the form of
a source term for the different rare species in every cell. A
more general scheme for accomplishing this would require
binning more detailed information, such as velocity distribu-
tions of the population of reacting particles, during the base
simulation. For the work presented here, an approximate
method of determining both the rate of production and the
properties of the rare species resulting from common – com-
mon reactions is used. The predominant reaction considered is

N 1 O ® NO 1 N2

It is assumed that only the most energetic collisions lead to
chemical reaction. In the AE � ows, this occurs when a free-
stream particle collides with a particle that has rebounded from
the ram surface of the satellite. Thus, there are two different
types of collisions leading to the formation of nitric oxide:

Y T YN 1 O ® NO 1 N (1)2

T Y YN 1 O ® NO 1 N (2)2

where the arrows indicate the direction in which the particle
is moving. Thus, reaction (1) represents a freestream nitrogen
molecule, moving at orbital speed, colliding with an atomic
oxygen molecule that has re� ected from the surface. Reaction
(2) represents freestream atomic oxygen reacting with re� ected
N2.

Data on the velocity distributions of O and N2 scattered from
a surface at orbital speeds are limited. Examination of the col-
lision of 8 km/s oxygen atoms with engineering surfaces in-
dicates that the scattering is largely diffuse, although the scat-
tered atoms have a broad velocity distribution centered around
1 km/s.15 Limited measurements of high-velocity N2 scattering
suggest that the mean scattered velocity is approximately 2
km/s.16 Using a value of 8 km/s for orbital speed, this results
in a relative velocity of 9 or 10 km/s for reactions (1) and (2),
respectively. Using these approximations and appropriate val-
ues for the cross section of the reaction at these speeds, the
rate of production of NO and N can be determined in each
cell using the equation:

dn(NO) dn(N) Y T T Y= = n(N )n(O)g s 1 n(N )n(O)g s2 1 1 2 2 2
dt dt

where represents the number density of species X movingYn(X )
in the direction indicated by the arrow, g is the estimated rel-
ative velocity, and s is the reaction cross section. An appro-
priate value for s is found from consideration of other sources.
In the � rst overlay simulation, cross sections of s1 = 4 3 102 22

m2 for reaction 1 and s2 = 6 3 102 22 m2 for reaction 2 are
used.17 In the other overlay simulation, values for s1 and s2

obtained from a molecular dynamics trajectory analysis are
used18 and are � ve times greater than the values used in the
� rst overlay simulation.

In each cell at each time step, a number of NO and N par-
ticles are generated according to the production terms evalu-
ated using number densities and velocity distributions from the
base simulation. For the non� ow direction components of ve-
locity, the properties of the NO and N particles created can be
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Fig. 3 Number density pro� les along the axis at 140 km.

Fig. 2 Common species translational temperature at 140 km.

Fig. 1 Computational grid used at all altitudes.

Table 1 Summary of freestream conditions

h, km Kn` n`(NO), m23 n`(N), m23

140 27.5 7.0 3 1012 7.54 3 1012

150 47.7 5.5 3 1012 1.39 3 1013

160 75.9 4.0 3 1012 2.17 3 1013

170 114.0 3.0 3 1012 2.90 3 1013

180 164.5 2.0 3 1012 3.44 3 1014

approximated from the velocity distributions of N2 and O, re-
spectively. The velocity component in the direction of the � ow
for the newly formed NO and N is approximated by the c.m.
velocity of the collision, with a thermal spread obtained by
sampling the azimuthal velocity distribution in that cell.

Because of the rare� ed nature of the atmosphere in the al-
titude range of interest, the number of collisions predicted and
calculated during any DSMC simulation of a body in this en-
vironment is quite low. If a particle weighting scheme were to
be implemented instead of the overlay method, there would be
an insuf� cient number of N2, O collisions to create NO par-
ticles. This behavior is independent of the numerical values of
the weights chosen. Furthermore, the number of collisions
throughout the � ow� eld is suf� ciently low, preventing accurate
statistics of the velocities of reactant collisions and of NO pro-
duction to be obtained directly. Thus, there is a need for the
general velocity binning and the source term chemistry imple-
mentation described earlier.

Results
Simulations are performed at 10-km intervals over the alti-

tude range of 140 – 180 km for � ow over the AE satellite. The
geometry of the satellite is approximately a 0.7-m-radius cyl-
inder, 1.0 m in length. At each altitude, three different simu-
lations are made. The � rst of these is a base DSMC simulation,
where the � ow� eld of the common species is determined and
particle properties are binned. Two overlay DSMC simulations
are then run using the base simulation for the background con-
ditions. These simulations differ in the choice of cross sections
for the source term chemical reactions for NO and N. A sum-
mary of freestream values is given in Table 1.

Computational Performance

The simulations presented here are performed using a highly
modi� ed version of MONACO, a parallel, object-oriented
DSMC code developed at Cornell University.19 The code is
run on up to eight nodes of an IBM SP-2 parallel computer.
The total number of particles used during the simulation varies
from 1.5 3 105 to 1 3 106, depending on the altitude. The
total number of particles is relatively high to ensure that an
adequate number of particles exist in the small cells along the
axis near the body, and to produce accurate statistical results
when binning of the velocity and energy distributions. For the
base simulations, the � ow takes 6000 time steps to reach
steady state, and the � ow� eld is sampled for 2000 time steps.
The transient period for overlay simulations also takes 6000
time steps. For overlay simulations, 5000 sampling steps are
used to accurately resolve wall distributions. The computa-
tional effort required also varies signi� cantly between the var-
ious runs. Base simulations are runs with a computational cost
of 10 ms/particle/processor/ time step. The additional overhead
of sampling the velocity distributions increases the cost to 24
ms/particle/time step in the overlay simulation. This variation
in computational cost coupled with the varying number of par-
ticles results in a range of execution times from 2 to 10 h.

General Flow� eld Structure

A grid consisting of 722 computational cells is used for all
altitudes (Fig. 1). Cells of a typical DSMC grid scale in size
with the local mean free path of the � ow. For the altitudes
considered, the freestream mean free path varies from about 3

to 200 m, and thus, is not a useful scaling parameter. Instead,
cell sizes are scaled to achieve useful resolutions during sam-
pling. This permits the same grid to be used for all of the
altitudes and cases considered.

The overall structure of the � ow� eld is given in Fig. 2,
which shows the translational temperature at 140 km. A diffuse
bow shock can be seen in front of the body of the AE, con-
sistent with rare� ed, hypersonic � ow. No quantitative conclu-
sions should be drawn from plots such as this, as the relevance
of thermodynamic variables in this rare� ed regime is ques-
tionable. It is provided more for a qualitative overview of the
structure of the � ow� eld.

Plots of the number density for all � ve species along the
axis at 140 km and using the � rst set of reaction cross sections
are shown in Fig. 3. The data for these density pro� les is
obtained from both the base and overlay simulations. The large
difference in the number density between the common species
and the rare species throughout the entire � ow� eld is clearly
seen. Thus, the de� nition that a rare species is rare at all points
in the � ow is valid.
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Fig. 6 Variation of the x-velocity distribution functions with
cross section in a mid� ow � eld cell.

Fig. 5 Variation of the x-velocity distribution functions with
cross section in an in� ow cell.

Fig. 4 Variation of the normal velocity distribution functions at
the wall with altitude.

Sensitivity to Altitude

Effects of varying the altitude on the form of the velocity
distributions are now considered. For the distributions pre-
sented, the comparison is made between cases at 140 and 180
km, using the � rst reaction cross section. Above this altitude
range, the freestream concentration of atomic nitrogen in-
creases to such a level that it can no longer be considered a
rare species. Future investigations will consider altitudes above
180 km. Unless otherwise stated, the distributions from the
intermediate altitudes follow the trends from lower to higher
altitude described in the plots. Note that in all cases, the dis-
tributions are normalized. Thus, an increase in one area of a
particular distribution must lead to a corresponding decrease
in other areas.

Figure 4 illustrates distributions of the normal velocity com-
ponent of nitric oxide particles impacting the vehicle surface.
At 180 km, the majority of the particles striking the surface
have a velocity centered around 8 km/s with a thermal spread
corresponding to freestream conditions. This peak represents
freestream particles that have reached the surface of the sat-
ellite without undergoing any collisions. The two other peaks
in the 180-km distribution are representative of the nitric oxide
particles created from source term reactions. The two distinct
peaks are a result of the different c.m. velocities of the two
production reactions. The velocity distribution at 140 km
shows a similar form. The main distinction lies in the relative
importance of the source term NO to freestream NO. At 140
km, the majority of NO particles striking the surface are cre-
ated in the � ow� eld, as opposed to those present in the ambient
atmosphere. It should also be noted that, because of the im-
portance of the source term chemistry at the lower altitudes,
the average velocity of the NO particles hitting the surface is
comparatively lower than at the higher altitudes. This is im-
portant in interpreting the effect of using the larger reaction
cross sections.

The normal velocity distributions have not been plotted for
the lower range of velocities (vn < 3 km/s) because the distri-
butions are identically zero in this range. This indicates that
the number of common – rare collisions in the � ow� eld is ex-
tremely limited, even at the lowest of the altitudes considered.
If there were a substantial number of common – rare collisions,
a discernible number of relatively slow-moving NO particles
rebounding from the surface would undergo a gas – phase col-
lision and restrike the surface with a low normal velocity com-
ponent.

Sensitivity of Reaction Cross Sections

Comparison of the effects of the two reaction cross sections
tested is most appropriately studied at the lowest altitude con-
sidered, 140 km. At this altitude, the base � ow� eld density is
the highest, and therefore, the effects of changing the cross
section are the most noticeable. Figures 5 – 8 compare the nitric

oxide x-velocity distributions for cases using the two cross
sections at 140 km at four points in the � ow� eld. The four
points chosen are 1) the in� ow cell along the axis approxi-
mately 10 m from the front of the satellite, 2) a mid� ow� eld
cell approximately 3 m from the surface on the axis, 3) the
last cell before the wall on the axis, and 4) on the ram surface
of the satellite itself.

Figure 5 compares the x-velocity distribution in the in� ow
cell along the axis. In both cases, two distinct groups of par-
ticles are evident. The group with the high, positive x velocity
represents freestream particles moving toward the satellite at
orbital speeds. The other represents particles that have collided
with the front face of the satellite and are moving away with
a negative x velocity. Given the extremely rare� ed conditions,
these particles travel throughout the entire � ow� eld without
undergoing collisions. Note that the relative frequency of par-
ticles in the rebounded group is larger with the second, larger
cross sections (s2). With the larger cross section, more particles
are created throughout the � ow� eld because of the source
chemistry. A majority of these particles also collide with the
surface, rebound, and are sampled in the in� ow cell with a
negative x velocity.

A comparison of the x-velocity distributions in the mid� ow-
� eld cell on the axis is presented in Fig. 6. The two groups
evident in the in� ow cell are also seen here. The relative in-
crease of the negative x-velocity group with the second cross
section is also apparent. In addition to these groups, two
smaller groups are distinguishable. Noticeably smaller in mag-
nitude than the � rst two groups, these can be seen at an x
velocity of about 5 km/s. These groups represent the particles
created through the source term chemistry that have yet to
collide with the AE satellite. The two peaks in this grouping
show the difference in the c.m. velocity in the two source term
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Fig. 7 Variation of the x-velocity distribution functions with
cross section in a near-wall cell.

Fig. 8 Variation of the normal velocity distribution functions
with cross section at the wall.

Fig. 10 Comparison of predicted glow brightness using s 2 with
AE experimental data.

Fig. 9 Comparison of predicted glow brightness using s 1 with
AE experimental data.

reactions. When an N2 molecule traveling at orbital speed col-
lides with a re� ected oxygen atom, the c.m. velocity is larger
than when the atomic oxygen is traveling at orbital speed and
collides with a re� ected N2 molecule.

Near the wall, the comparison between the distributions is
noticeably different. In both cases shown in Fig. 7, the distri-
bution is dominated by a group of re� ected particles, moving
in the negative x direction with a relatively slow speed. The
form of these distributions is consistent with the number den-
sity pro� les. The magnitude of the velocity of the rebounding
particles is relatively small, so that it will take a much longer
time for these particles to leave the cell than it will for the
high-speed freestream particles in the opposite direction. Con-
sequently, at any time, there are many more re� ected particles
than freestream particles in cells near the surface. As was noted
previously, because of a lack of gas – gas collisions, very few
of these particles ever collide and strike the surface again.

The � nal comparison of the effects of changing the reaction
cross section is given in Fig. 8, which shows distributions of
the normal velocity component along the vehicle wall. In both
distributions, the presence of source term NO as well as free-
stream NO is evident. Also distinguishable is the bimodal be-
havior of the source term particles. Once again, the increased
importance of the source term chemistry is visible; the distri-
bution obtained using the second set of cross sections is heav-
ily weighted toward these particles. Note that the predominance
of source term particles is so large that it greatly overshadows
the freestream peak.

Glow Brightness Predictions

Figures 9 and 10 show a comparison between data mea-
sured by AE for the glow brightness centered at 6563 Aº with
a linewidth of 20 Aº at varying altitudes1 and predictions based

on the DSMC overlay simulations using the cross-sectional
sets s1 and s2. In both cases, the results have been plotted in
units of Rayleighs, where one Rayleigh is de� ned as 106

photons/cm2/s. The DSMC overlay prediction of the glow
brightness is determined through the following procedure.
Starting with the average nitric oxide � ux striking the surface,
it is assumed that each NO molecule striking the surface in-
teracts with an adsorbed oxygen atom. Some experimental ev-
idence suggests that only NO molecules with a translational
energy greater than 3 eV may react.20 Molecules with energy
greater than this threshold form a molecule in the gas*NO2

phase that spontaneously decays, emitting a photon. Note that
the effect of this threshold energy is only signi� cant at the
lower altitudes, where a signi� cant fraction of the NO is cre-
ated via chemistry in the weak shock. At orbital speed, ambient
NO molecules almost always have an energy greater than the
threshold. Inclusion of the threshold in the analysis reduces
the lower altitude glow predictions by about factor of 2. Ac-
ceptance of the requirement of a threshold energy for reaction
is not universal. If an activation energy for reaction is not
included in the analysis, the glow brightness predictions at the
lower altitudes increase by a factor of 2. Each molecule*NO2

that is formed is assumed to emit the photon in a random
direction, with all directions being equally probable. The
wavelength of the photon emitted is determined using the mea-
sured laboratory spectrum of nitrous oxide.21 The DSMC pre-
diction of the brightness is further scaled down so that the
prediction agrees with experiment at an altitude of 160 km.
The magnitude of this scaling is substantial, on the order of
102, and is larger for the second cross-sectional cases. This
scaling is required for the most part to correct for the unit
probability assumption for the gas-surface reaction. The actual
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reaction probability is likely to be signi� cantly less than 1, so
that the actual production rate of is less than the incident*NO2

NO � ux striking the surface. In each case, a prediction of the
� ow brightness using the preceding procedure based solely on
freestream nitric oxide is included for comparison. At a par-
ticular altitude, the magnitude of the difference between the
DSMC overlay prediction and the freestream estimate is an
indication of the importance of gas – gas collisions and chem-
istry.

DSMC glow predictions using the � rst cross sections are
presented in Fig. 9. In general, the predictions show good
agreement over the range of altitudes considered. The devia-
tion from the freestream reference is greatest at the lowest
altitude. This is consistent with the input conditions and the
previous results concerning the production of nitric oxide. At
the lower altitudes, the density is higher so the production from
source term chemistry is greater. This results in a higher over-
all NO � ux, which in turn, leads to increased glow production.
As altitude increases, the DSMC predictions approach the
freestream reference predictions. At the highest altitude con-
sidered, 180 km, the two predictions almost coincide. This is
an indication that production of nitric oxide in the � ow� eld is
unimportant at higher altitudes and that the glow is almost
entirely a result of freestream nitric oxide. In addition, it dem-
onstrates the importance of the initial estimates of the nitric
oxide densities, as the DSMC predictions will inevitably match
the freestream predictions at higher altitudes. Error in the am-
bient nitric oxide number density directly translates into error
in the glow production.

Figure 10 gives the glow predictions from simulations using
the second cross sections. The DSMC simulations are seen to
overpredict the brightness at the lower altitudes, where the
source term production of NO is more important. Larger pre-
dicted brightness using the second cross sections is certainly
to be expected, as the larger magnitude of the second cross
sections results in an increase in the production of NO. It is
not entirely clear, however, that the � rst cross section should
be preferred over the second simply on the basis of the su-
perior agreement with the experimental data. Detailed effects
of the normal velocity distributions along the wall for the in-
cident nitric oxide are neglected in the simulations presented
here. For the lower altitude case, as seen in Fig. 4, a larger
fraction of the NO striking the surface is produced through the
source term chemistry. This results in the NO striking the sur-
face having a lower average velocity at the lower altitudes. If
the simple assumption is made that the higher the incident
energy, the higher the probability of reaction, then the pre-
dicted brightness at the lower altitudes would be reduced. This
will be the focus of further study.

Conclusions
A DSMC overlay technique suitable for simulating rare spe-

cies has been developed. This method was applied to the � ow
around the AE satellite to predict the glow brightness*NO2

over the altitude range of 140 – 180 km.
Feasibility of the DSMC overlay technique has been dem-

onstrated. Number density pro� les shown indicate that the
relative difference between the densities of the common and
rare species is three orders of magnitude. Thus, the DSMC
overlay method can clearly resolve the behavior of rare spe-
cies. Numerous velocity distributions for nitric oxide have
been presented, showing the ability of the method to provide
microscopic detail for the rare species throughout the simula-
tion.

Prediction of the glow brightness over a range of altitudes
has been made. For the reaction cross sections based on mea-
surement, the qualitative agreement of the scaled predictions
with the experiment data was quite good. For the cross sections
based on computational chemistry, the agreement was not as
good at the lower altitudes where the prediction was signi� -

cantly larger than experiment. This overprediction could be
tempered by the inclusion of collisional energy effects in the
formation of . In both cases, the importance of sourceNO*2
term chemistry was seen to diminish at higher altitudes. At
altitudes greater than 200 km, the results suggest that the glow
production is entirely a result of ambient nitric oxide. This
highlights the importance of accurately determining the am-
bient concentrations of the rare species. The computations in-
dicate that the mean ef� ciency of creating through theNO*2
impact of NO traveling at orbital speed with a surface saturated
with atomic oxygen is approximately 0.01.
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