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Modeling of Spacecraft Rare� ed Environments
Using a Proposed Surface Model
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The modelingof spacecraft glow surroundinga small clean satellite is discussed. A direct simulationMonteCarlo
(DSMC) technique was used to model the � ow� eld and included both surface and gas-phase chemical reactions. It
has been suggested thatemission from excited NO2 moleculesproduces the spacecraft glow. The DSMC calculations
included chemical reactions in the � ow� eld to produce NO, as well as surface chemical reactions to generate
the NO2 . The orbit-dependent optical radiation was calculated and compared with data from the Atmosphere
Explorer experiment over the 140–200-km altitude range. The results show that the surface model can account for
the observed data in magnitude and altitude dependence for suitable choices of the surface heat of absorption and
freestream NO concentration.

Introduction

S PACECRAFT-INDUCED glow observations and measure-
ments of the Atmosphere Explorer and the Space Shuttle1 ;2

show qualitative similarity in the spectral features of both data sets
despite the different environments. Various models have been sug-
gested to explain the Shuttle glow observations,3 – 7 which were
made in the environment of a large spacecraft. The environment
of large spacecraft is generally contaminated by hydrazine rocket
engines used for orbit-keeping purposes and other outgassing pro-
cesses. The clean environmentof a small spacecraftmakes it a bet-
ter candidate for modeling the glow and comparing with data. The
model was developed to compare with data from two small, cleaner
satellites, Skipper8 and Atmosphere Explorer (AE)1; however, data
are presently available from AE only. Almost all models of visible
spacecraft glow attribute the glow to emission from excited NO2

formed at the surface. These models have not resolved the question
of the source of NO or addressed the magnitude of the glow as a
function of altitude.

This paper examines the chemical reactions in the � ow� eld of a
small satellite as one source of NO, the precursor to NO2 . Various
neutral–neutral chemical reactions were incorporated in the direct
simulationMonte Carlo (DSMC) modeling; however, the key shock
layer chemical reaction for the formation of NO is the reaction of O
with N2 . A DSMC method9 that includedgas-phasereactionsof am-
bientgases to formNO undermoderate to highly rare� ed freestream
conditions was used. Because the � ow conditions are highly rar-
e� ed, the sensitivityof the model to freestream conditionswas also
considered.Without the bene� t of the DSMC technique, numerical
calculations would not be possible under these rare� ed conditions.

For the conditions under consideration the number densities of
nitric oxide and atomic nitrogen in the freestream are less than the
number densities of other species in the freestream (N2 , O2, and O)
by several orders of magnitude. Also, the production rates of NO
and N in the � ow� eld are very low due to the rarefaction effects.
Thus, NO and N can be consideredas trace species,and the standard
DSMC technique must be modi� ed. The proper representation of
the trace species in the DSMC calculationsrequiresan unacceptably
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large number of simulated particles in the � ow domain, resulting
in a massive computational effort. To handle these computational
problems, a new DSMC techniquehas been developedand used for
the present calculations.This new DSMC technique is conceptually
similar to the Monte Carlo overlay method of Karipides et al.7 but
differs in the detailed implementation.

The incidentrateofNO strikingthe surfacecan be calculatedwith
the DSMC technique,and it will be shown that there is suf� cientNO
formeddue to chemicalreactionsin the � ow� eld to assign it as a pre-
cursor to the glow. To quantitativelymodel the glow, a surfacemodel
must be developed for the conversion of NO to excited-state NO¤

2 .
(NO¤

2 designates an electronic excited state of NO2.) The present
work models the surface reactions for the formationof excited NO2

at the surface using the DSMC method9 and, using a set of param-
eters to represent the surface conditions, calculates the radiance as
a function of the orbit.

The outline of the paper is as follows: The main features of a
surface model that are evaluated in a full DSMC simulation will
be discussed in the next section. The key surface interactions and
parameters will be introduced. Based on the most likely surface
parameters for a spacecraft surface, the suggested mechanism is
an Eley–Rideal model. The large variation in the surface and glow
literature for the values of the fundamental surface parameters is
discussed in this section as well. A set of initial values is suggested
and modeled directly in the DSMC calculations for the formation
of NO¤

2 and the glow radiation. The computational method of cal-
culating the formationof NO, as well as the inclusionof the surface
processes into the DSMC calculations,and the results are discussed
in the following section.The results of that section demonstrate the
utility of an overlay technique in the calculations of trace species
such as NO, the main precursor,and NO¤

2 . The calculationswill also
show that it is possible to decouple the rare� ed � ow and gas/surface
interactions,for the densitiesunder consideration,which is useful if
the dynamics of spacecraft glow are to be studied.A comparison of
the calculated radiance with the AE data is given. The lack of sat-
isfactory comparison suggests that both the surface parameters and
processes must be reconsideredin the context of the actual satellite
orbital parameters.Based on input from the DSMC calculations,the
last sectiondevelopsthe full time-dependentglowequationsthat are
directly applied to a low Earth orbit.

Surface Model for DSMC Simulations
The surface model assumes that the spacecraft is covered with

at least a few layers of an oxide surface. The surface oxide layer
443
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will be treated as being chemisorbedand not available to react with
incoming NO. Additional surface bombardment by O and NO will
result in those species being physisorbed to the surface. The princi-
pal process for surface glow follows an Eley–Rideal mechanism10

with NO¤
2 formed by collisions of O with surface-physisorbedNO.

The formation of NO¤
2 could potentially occur via a Langmuir–

Hinshelwood mechanism involving the reaction of both surface ad-
sorbedNO and O. This mechanismwas not considered,basedon the
range of heat of adsorption values that are reasonable for a surface
glow model. Gasser10 providesan estimate of the numberof surface
sites a surface adsorbed species can visit based on its heat of ad-
sorption. A low value of about four site hops and that the fractional
coverage of surface adsorbed O will be shown to be very low make
the Eley–Rideal mechanism a more realistic choice.

The physisorption process implies weaker bonding than chemi-
sorption with a typical heat of absorption of about 5 kcal/mole
(Ref. 11). However, there is not a sharp distinction between phys-
isorptionand weak chemisorption.10 The term physisorptionis used
to describetheprocesswherebyNO is adsorbedwithoutdissociation
and with weak chemical bonding to the surface. The physisorption
data suggest that NO has a larger bonding energy to a metal oxide
surface than O (Ref. 11). A low bonding energy (»3–5 kcal/mole)
for O will give a fractional coverage of adsorbed O too low for it to
act as a major contributor in the production of NO¤

2 . (Nevertheless,
both processeswill be carried in the test cases and DSMC code.) The
measurements of Sonnenfroh and Caledonia12 indicate that NO is
bound to a laboratoryNi surface with approximately6.5 kcal/mole.
Recent thermal desorption spectra of NO on NiO(100)/Ni(100) and
NO on a thin NiO(100) � lm show a heat of adsorption of about 10
kcal/mole (Ref. 13). Finally, the heat of adsorptionof NO from bare
Ni has been measured to be 23 kcal/mole (Ref. 14).

In the modeling, a value for the heat of adsorption is required.
However, because the heat of adsorption depends on the surface
material and its condition, there remains a large uncertainty in this
parameter. The spacecraft glow intensity is directly proportional to
theprecursor-adsorbedspeciescoverage,which in turn is sensitiveto
the heat of adsorption.The range of chemisorptionenergies is quite
large, extending from about 10–195 kcal/mole (Ref. 15). Hence, to
exercise the model two values for the heat of adsorption of NO, 10
and 20 kcal/mole, both within the range of weak chemisorptionwill
be considered.The correspondingvalues for the heat of adsorption
of O used were 10 and 3 kcal/mole.

The number of empty surface sites available for either O atom
or NO molecule physisorption will be a function of the spacecraft
altitude, the rates of surface adsorption and desorption, and other
surface removal processes. During these processes, a monolayer
of adsorbed species is formed at the oxide surface so that each
site adsorbs at most one gas species. The surface processes can be
expressed as

O C S
k1Ã! OS (1)

NO C S
k2Ã! NOS (2)

NO C OS
¾3¡! NO2 C S C hv (3)

O C NOS
¾4¡! NO2 C S C hv (4)

M C OS
¾5M¡! M C O (5)

M C NOS
¾6M¡! M C NO (6)

where S is a surface site available for physisorption and OS and
NOS are those species adsorbed to the surface. The forward (k f 1;2)
and backward (kb1;2) reactions of Eqs. (1) and (2) represent adsorp-
tion and desorption,respectively.Surfaceadsorbedspeciesmay also
be removed from the surface by collisions with the incoming � ow
gas species in two possible ways. Equations (3) and (4) represent
the removal of an adsorbed species and the generation of radia-
tion, whereas Eqs. (5) and (6) represent removal by a nonreactive
processes, called here scrubbing. The scrubbing processes are as-
sumed to involve the major gas species M, or N2, O2 , and O, with
the � rst two species assumed to be twice as ef� cient as O based on

their largermasses,or¾iN2 D 2¾i ; ¾i;O2 D 2¾i ; and¾iO D ¾i ; i D 5; 6.
Speci� c values used for ¾5 and ¾6 will be discussed subsequently.
Equations (3–6) are assumed to proceed only in the forward direc-
tion. Using Eqs. (1–6), the concentration of a surface species, e.g.,
NOS, can be expressed as

dnNOS

dt
D k f 2nS fNO ¡ nNOS kb2 C ¾4 fO C

M

fM ¾6M .7/

where fO and fNO, are the � uxes of O and NO to the surface
(number/m2-s), nNOS and nOS are the surface number density
(number/m2 ) of NO and O adsorbed on the surface, and nS is the
number of (empty) surface sites available. The expression may be
further reduced by assuming conservationof surface sites:

nT D nOS C nNOS C nS .8/

where nT is the total number of available surface sites per unit area.
The adsorptionand desorptionrate constants,k f 1;2 and kb1;2, have

been expressed in earlier DSMC work using transition state theory
as16

k f 1 D
h2T

2¼makµ 2
D

(9)

kb1 D
kµD

h
exp ¡

Hos1

kT
(10)

where h is Planck’s constant, k is the Boltzmann constant,ma is the
massof atomicoxygen, Hos1 is theheatof adsorption,µD is thedebye
temperature, and T is the surface temperature. Equations (9) and
(10) are valid for the condition where the surface and gas phase are
in thermochemical equilibrium at T . Because the � ows of interest
here are highly rare� ed and in thermochemicalnonequilibrium,the
validityof this relationshipcan bequestioned.Instead,a forwardrate
that is derivedfromthe inherentpropertiesof thegas speciesincident
on the surface and the surface material, a sticking coef� cient, was
used. The sticking coef� cient S0 is then expressed in terms of k f 1;2

as

S0 D k f 1;2nT .11/

where the i D 1; 2 subscript for S0 has been suppressed because a
common valueis assumed.The workofVattuoneet al.17 and Insepov
and Zhankadamova18 suggests a sticking coef� cient of about 0.5.
The use of a forward rate k f 1 , derived from the sticking coef� cient
of 0.5 instead of a value derived from the expression given by Eq.
(9), represents a signi� cant departure from equilibrium conditions.
If the same values were used in Eq. (9), i.e., T D 300 K and a debye
temperature of 400 K, a rate of 3:6 £ 10¡22 m2 would be obtained.
However, when the sticking coef� cient relationship is used, the ab-
sorption rate is found to be about two orders of magnitude higher,
2:1 £ 10¡20. Equating the right-hand side of Eq. (9) to this value of
2:1 £ 10¡20 gives an effective translational temperature of 17,500
and not 300 K. This value of the temperature is appropriate to a
beam of about 8-km/s species hitting the surface. After the species
has hit the surface and stuck, it can then be assumed that the species
has equilibrated with the wall temperature, and the value of 300 K
can be used in Eq. (10) for the calculationof the desorptionrate. For
the calculationspresented in this paper, a debye temperature of 400
K, a wall temperature of 300 K, and a total number of satellite sur-
face sites of 0:24 £ 1020 /m2 (frompurelygeometricconsiderations)
were assumed.

The second part of the surface model [Eqs. (3–6)] involves the
reaction of physisorbed O and NO with the incoming NO and O
gases to release the physisorbedspecies and form NO¤

2 , which then
emits a photon to the ground state, NO2 , or to scrub NO or O from
the surface back into the gas phase. Quantitative measurements of
these separate reactive and nonreactivecross sections have not been
made, and a range of values will be inferred from experimentaldata
and phenomenologicalevidence. The data of Baulch et al.19 give a
value for the three-body gas-phase process:

NO C O C M
k3-body¡! NO2 C M .12/
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of k3-body D 3:0 £ 10¡33 exp(940/T )cm6/mol-s. Using simple gas
kinetic theory, a methodology for relating gas–gas-phase interac-
tions to surface-phase processes can be derived. In the gas phase,
the reaction cross section for a binary process can be related to that
of a tertiary process as

¾2-body D nc A3
¸

Nd
¹

8¼kT
.13/

where ¾2-body is the reaction cross section for the two-body process,
nc is the concentrationin number/cm3 of the third body in the three-
body gas-phase reaction [or M in Eq. (12)], A3 is the Arrhennius
coef� cient for Eq. (12), ¸ is the mean free collision path, Nd is the
average diameter of the species, and ¹ is the reduced mass. From
the work of Sonnenfroh and Caledonia,12 an approximate binding
energy of 6.5 kcal/mole is given and can be compared with the gas-
hase activation energy of Baulch et al.19 of about 2 kcal/mole. Our
surfaceof interestis notNi, and thecharacterizationof the spacecraft
compared to the actual measurementsof Sonnenfroh and Caledonia
cannot be determined because the speci� c satellite surface material
is not known. Therefore, to � rst order, the activation energy for
the process for the formation of NO2 is roughly the same in the
surface and gas phases, as is consistent for physisorptionprocesses.
Accepting this connection, we can interpret the third body as the
surface and ¾2-body as the rate for the process:

O C NOS
¾2-body¡! NO2

Typical numbers substituted into Eq. (13) give a value of ¾2-body on
the order of 1–10 ÊA2.

In a similar manner, the gas-phase measurements of Fontijn
et al.20 of the rate constant for the productionof NO¤

2 can be used to
estimate ¾4 . From their measurements at 300 K, they found that the
chemiluminescent (light-producing) process was about a factor of
1/30th as ef� cient as Eq. (12). Their rate for the chemiluminescent
gas-phase process was also found to be about two orders of magni-
tude higher than that measuredby Wurster and Marrone21 at 3750 K
and reevaluatedby Baulch et al.19 and Levitt.22 The decrease in the
rate at increasedtemperaturesis attributedto the competitionof pro-
cesses that do not proceed through the NO2. QA/ state, the precursor
electronic state responsible for the visible glow, and the increased
likelihoodof populatinghighervibrational–rotationallevelsof the QA
state that predissociate.Hence, for the collision energies of interest
here, the range of reasonablevalues for ¾4 is on the orderof 1–0.001
ÊA2 , with a more likely value closer to 0.001 ÊA2 . It is interesting to
point out that gas phase measurements of Fontijn et al.20 also show
that aboutone binarycollision in 106 producesthe emission of light.
The gas-phasevalue will be shown to be similar to that observed in
the spacecraftglow measurementsand furtherencouragesthe model
of a physisorbed or weakly chemisorbed NO surface species as a
precursor to the spacecraft glow.

A value for the scrubbing cross sections [Eqs. (5) and (6)] is
required.The measurementsof Sonnenfrohand Caledonia12 show a
range of values with a maximum for the total collisional desorption
cross section of 1.6 ÊA2 . We have considered a range of values of
0.01–1 ÊA2 because it is unlikely that the process is truly gas kinetic
and data on these speci� c processes are not readily available.

Finally, with the de� nition of the surface processes and estimates
of the physical parameters, an expression for the glow radiation
can be developed. For the AE geometry the observations were
made looking through the glow. The total intensity I , in units of
photon/cm2s, can be expressed in terms of the spatial distribution
of NO¤

2 , designated as N ¤, as

I D
2¼

0

1

0

1

4¼

N ¤.x/

¿
dx dÄ D 1

2

1

0

N ¤.x/

¿
dx .14/

where ¿ is the radiative lifetime and x D 0 is the surface. Although
the � ow is highly rare� ed, using a planar model we can estimate
the distribution of the NO¤

2 gaseous species in front of the surface
in steady state as

@.N ¤v/

@ x
D ¡

N ¤

¿
or N ¤.x/ D C0 exp ¡

x

¿v
.15/

The variableof integrationC0 is the value of N ¤.x D 0/ and is equal
to PN ¤

s =v, where PN ¤
s is the generation rate of NO¤

2 at the surface and
v is the velocity of the gas. SubstitutingEq. (15) into Eq. (14) gives

I D .¾3nNOS fO C ¾4nOS fNO/

2
.16/

An interesting result of Eq. (16) in the planar model is that the sur-
face irradiance is independent of the lifetime of the radiating state.
Thus, in this � rst-order analysis, we can see that the uncertainty of
the lifetime due to surface effects is removed. Likewise, we would
expect in the full DSMC calculation that the result would not be
strongly in� uenced by the speci� c lifetime value. Reasonable com-
parison between the radiation calculated with the complete DSMC
solution used in Eq. (14), and this approximation will demonstrate
the utility of Eq. (16).

DSMC Computational Approach
To model a gas � ow with infrequent collisions leading to the

production of NO required a new DSMC technique, which is dis-
cussed here. In this new technique, the simulations are performed
in two steps. First, the DSMC calculations are performed with a
reasonable number of simulated particles so that the major species
are represented appropriately in the computational domain. Then
the second DSMC calculations are performed, where it is assumed
that trace species particles do not affect the major species particles.
Therefore, the number of major species-simulated particles, their
positions in the � ow domain, and their properties (based on previ-
ous calculations) remain unchanged.On the contrary, the simulated
particles of trace species are increased so that they are represented
properly in the � ow� eld and they are free to move in the � ow� eld.
The � ow� eld has two different sets of simulatedmolecules: a major
species set and a trace species set. The number of real molecules
represented by a simulated particle is different in these two sets.
Therefore, for the calculationof the number of collision pairs in the
no time-counter routine, the major species simulatedparticlesnum-
ber is increasedby multiplyinga weightingfactorso that a simulated
particle of the major and trace species represents the same number
of real molecules. In the pair selections,the major species simulated
particles are also weighted accordingly.Thus, the right collision fre-
quency is obtained, and there is no bias in species selection. Only
those major–major species collisions that produce the trace species
are accepted,and in these collisions,major species particles remain
unchanged. Among the trace–trace species collisions, any formed
major species particle is removed from the � ow� eld. In the case
of the major– trace species particles collisions, any newly formed
major species particle is also removed from the � ow� eld. In the
collisional mechanics and chemistry routines, all particles have the
same weighting factors. Otherwise, the standard DSMC collision
mechanics is used for the collisions.

Gas–surface processesare evaluatedconcurrentlywith the calcu-
lation of the gas-phase � ow. At each time step in the calculation of
the major species, the rate equation for the physisorptionof atomic
oxygen at the surface,

dnOS

dt
D S0 fO 1 ¡

nOS

nT
¡ kb1nOS .17/

is solved numerically, based on the � uxes and occupied site values
at the previousand present time steps using a Runge–Kutta method.
Thus, the atomic oxygen particles that strike the surface in a time
step are removed from the � ow� eld with the probability

Pr1 D S0[1 ¡ .nOS=nT /] .18/

and the number of simulated particles that are added (desorbed) in
the � ow� eld from the surface per unit area in time 1t are equal to
kb1nOS1t . The calculations proceed until the � ow reaches steady
state and the � ux of atomic oxygen to the surface and the atomic
oxygen fractional surface coverage does not change.

In the trace species DSMC calculations, each time a simulated
NO molecule strikes the surface it is checked to see whether it
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has possibly participated in the process given by Eq. (3), with the
probability given as

Pr2 D ¾3nOS .19/

If theNO particleis acceptedfor the reaction,then it is removedfrom
the � ow� eld, and a NO¤

2 simulated particle is added in the � ow� eld
near the surface with the velocity according to the half-range equi-
librium Maxwellian distribution based on the surface temperature.
These NO¤

2 particles move in the � ow� eld without any collision
between themselves and other species; however, they can radiate
in the � ow� eld with the speci� ed radiation lifetime ¿ to decay to
the ground electronic state of NO2. At each time step, a test is per-
formedfor allof theexistingNO¤

2 particles.An acceptance–rejection
method is used to test whether a particle will radiate. All particles
are assumed to have equal probability of radiation, which is equal
to 1t=¿ . Generally, the value of ¾3 is very small, which makes the
reactiongiven by Eq. (3) for a simulatedmolecule of NO to become
NO¤

2 a rare event. Therefore, the probability as shown in Eq. (19)
is increased by the multiplication of the weighting factor to obtain
a reasonable sample size of reactions of simulated molecules. Each
time a simulated NO molecule reacts at the surface to form a simu-
lated NO¤

2 molecule, according to a weighted probability, it is con-
sidered that only a fraction (1/weightingfactor) of the simulatedNO
molecule has reacted. The fraction of reacted NO molecules is ac-
cumulated, and when it becomes unity, a simulatedmolecule of NO
is removed from the � ow� eld. Hence, the NO¤

2 simulatedmolecules
formed at the surface contain (1/weighting factor) less number of
real molecules as compared to real molecules represented by one
simulatedmoleculeof NO. Again, the calculationsproceeduntil the
� ow reaches steady state and the � ux of NO to the surface and the
NO fractional surface coverage does not change.

After the � rst (major species) and second (trace species) sets of
gas and surface calculations have reached steady state, a � nal set
of simulations are performed. The third set of DSMC calculations
is performed for major species again, where the reaction described
by Eq. (4) is allowed at the surface by using the surface coverage
values of NO calculated from the second set of DSMC calculations
for trace species. Each time a simulated particle of atomic oxygen
strikes the surface, it is checked to see whether it has participated in
the reactiongivenby Eq. (4). The probabilityof a reactionis givenas

Pr3 D ¾4nNOS .20/

and rest of the numerical technique used for the formation and de-
struction (radiation) of NO¤

2 is the same as described in the trace
species DSMC calculations.

In these calculations, a � ne grid resolution is used for cells. The
cell dimensionsare much less than the localmean freepath.A steady
state is assumed when the number of simulated particles, including

Table 1 List of chemical reactionsa

Reaction number Reaction and energy, J A B Ea=k, K

1 O2C N C 8:197£ 10¡19 ! 2O C N 5:993£ 10¡12 1 59,370
2 O2 C NO C 8:197£ 10¡19 ! 2O C NO 5:993£ 10¡12 1 59,370
3 O2 C N2 C 8:197£ 10¡19 ! 2O C N2 1:198£ 10¡11 1 59,370
4 O2 C O2 C 8:197£ 10¡19 ! 2O C O2 5:393£ 10¡11 1 59,370
5 O2 C O C 8:197£ 10¡19 ! 2O C O 1:498£ 10¡10 1 59,370
6 N2 C O C 1:561£ 10¡18 ! 2N C O 3:187£ 10¡13 0:5 113,000
7 N2 C O2 C 1:561£ 10¡18 ! 2N C O2 3:187£ 10¡13 0:5 113,000
8 N2 C NO C 1:561£ 10¡18 ! 2N C NO 3:187£ 10¡13 0:5 113,000
9 N2 C N2 C 1:561£ 10¡18 ! 2N C N2 7:968£ 10¡13 0:5 113,000
10 N2 C N C 1:561£ 10¡18 ! 2N C N 6:900£ 10¡8 1:5 113,000
11 NO C N2 C 1:043£ 10¡18 ! N C O C N2 6:590£ 10¡10 1:5 75,550
12 NO C O2 C 1:043£ 10¡18 ! N C O C O2 6:590£ 10¡10 1:5 75,550
13 NO C NO C 1:043£ 10¡18 ! N C O C NO 1:318£ 10¡8 1:5 75,550
14 NO C O C 1:043£ 10¡18 ! N C O C O 1:318£ 10¡8 1:5 75,550
15 NO C N C 1:043£ 10¡18 ! N C O C N 1:318£ 10¡8 1:5 75,550
16 NO C O C 2:719£ 10¡19 ! O2 C N 5:279£ 10¡21 ¡1:0 19,700
17 N2 C O C 5:175£ 10¡19 ! NO C N 1:120£ 10¡16 0:0 37,500
18 O2 C N C 2:719£ 10¡19 ! NO C O 1:598£ 10¡18 ¡0:5 3,600
19 NO C N C 5:175£ 10¡19 ! N2 C O 2:490£ 10¡17 0:0 0

aFive-species model. Rate coef� cient, m3/(mol-s) D AT ¡B exp.¡Ea=kT /:

the newly formed particles at the surface in the � ow� eld, achieved
a � xed value within statistical � uctuations.The � nal results are ob-
tained througha time-averagedsolutionover a largenumber of time
steps. In the steady state, the number of trace species particles per
cell was on average 70. The statistical � uctuations in the computed
macroscopic quantities (such as the NO surface � ux) are on the
order of 12%.

The molecularcollisionsare simulatedby thevariablehardsphere
molecular model. Energy exchange between the translational and
internal modes is modeled by the Larsen–Borgnakke statistical
model23 with rotational and vibrational collision numbers of 5 and
50, respectively.

The total collision energy model of Bird24 has been used to sim-
ulate the chemical reactions in the � ow� eld, and 19 chemical reac-
tions are considered for this study. The three-body reactions are not
signi� cant in the � ow� eld under the present conditions and are not
included in the � ow� eld chemistry. The reaction rate data for the
� ve-species air model (O2 , N2 , O, N, NO) (Table 1) are the same
as those used in earlier research.25 The data are derived from the
compilation by Bortner.26

DSMC Simulation Results
Flow� eld and Surface Fluxes

The � ow conditions and the body con� guration of the Skipper8

satelliteare usedfor thepresentcalculations.The altituderangeused
is that from 130 to 200 km, which encompasses moderate to high
rare� ed conditions. A freestream velocity of 7.922 km/s is consid-
ered for these simulations. The freestream conditions for the major
speciesare from Jacchia,27 and those for the trace species are from a
soundingrocket experiment.28 The gas–surface interactionfor those
molecules that do not participate in the surface reactions is assumed
to be diffuse with full thermal accommodation,and the surface tem-
perature is assumed to be at a constant value of 300 K. Table 2 lists
the freestream and � ow conditions used in the calculations for this
work.

A range of altitudes is investigated for the production of NO
in the � ow� eld and formation of NO¤

2 at the surface with a pro-
posedsurfacemodel usingDSMC axisymmetriccalculationsfor the
Skipper satellite con� guration. Using the code, the production of
NO in the axisymmetric � ow� eld and the formation of NO2 at
the surface were simulated. The geometry is shown in Fig. 1. A
comparison of the � ow� eld and formation rates for the axisym-
metric case (the Skipper geometry) and the cylindrical body (the
AE geometry) was also carried out. The small differences found al-
lowed a comparison of the AE data with the axisymmetric case for
which more extensive calculationswere performed. Figure 2 shows
the computational grid used for the DSMC calculations to model
the Skipper satellite environment, with a base diameter of 0.772 m
and a nose radius of 1.0 m. It is reasonable to compare the results
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Table 2 Freestream conditions

Mole fractionsTotal number
Altitude, km density £ 1016 , m¡3 Temperature, K O2 £ 10¡2 N2 O N £ 10¡3 NO £ 10¡5

130 19.430 500 7.09 0.69 0.24 0.0 7
140 9.3540 625 6.18 0.65 0.29 0.05 8
150 5.3071 733 5.46 0.62 0.33 0.2 9
160 3.3508 822 4.86 0.58 0.37 1.04 11.0
180 1.6198 947 3.89 0.51 0.44 3.08 18.0
200 0.9061 1026 3.13 0.45 0.51 6.62 11.0

Fig. 1 Comparison of Skipper and AE.

Fig. 2 DSMC computational grid of satellite.

for this geometry with AE data becauseboth geometrieshave a nose
radius of about 1.0 m, which is much less than the mean free path
for all of the altitudes considered.

Figures 3 and 4 show the � ow� eld structure along the stagna-
tion streamline for altitudes 130 and 160 km. The nondimensional
density pro� les in Fig. 3 show that shock wave is very diffuse for
both altitudes, and a similar behavior has been observed for all of
the altitudes considered. There is a large increase in the density
near the stagnation point, which is characteristic of the � ow at a
cold wall for hypersonicconditions.The � ow� eld is rare� ed for all

Fig. 3 Nondimensional density pro� les along stagnation streamline.

Fig. 4 Temperature pro� les along stagnation streamline at 160 km.

of the altitudes considered, and the degree of rarefaction increases
with increase in altitude.There is a considerableamount of thermal
nonequilibrium in the � ow� eld because the internal and transla-
tional temperaturesdifferwidely.The internalenergymodes remain
frozen at the freestream values due to the lack of collisions needed
to excite these at rare� ed conditions.This behavior is demonstrated
in Fig. 4 for an altitude of 160 km.

For the modeling of surface-glowprocesses,an important param-
eter from the gas phase calculations is the � ux of gas phase species
toward the ram surface. The incident number � ux (molecules strik-
ing the surface/m2-s) at the surface for the various species is shown
in Fig. 5 for 160 km. The incident � uxes are plotted as a function
of the nondimensionaldistance (S=Rn ) along the surface measured
from the forebodystagnationpoint.The � ow expansionat the corner
reduces the � uxes to the side surface of the satellite as compared to
the forebody surface. The relative surface � ux values for different
species,as well as the dependencewith normalizedsurfacedistance,
are similar for all altitudes considered. Figure 6 shows the altitude
dependenceof the surface � uxes at the stagnationpoint for the three
major species (left-hand axis) and NO. All surface � uxes decrease
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Fig. 5 Shock layer species surface � ux pro� les as a function of nor-
malized surface distance at 160 km.

Fig. 6 Shock layer species surface � ux at the stagnation point as a
function of freestream number density.

with increasing altitude, as expected, but not all species have the
same density-dependentbehavior. The lack of a simple density de-
pendence is due to the change in the relative strength of the shock
in front of the body for this altitude range. At higher densities, or
increasing collision rates, the role of chemical reactions relative to
the freestream conditions determines each species concentration.
The altitude where these two effects are matched is different for
each species.The number � ux of molecularN2 is much higher than
the other species � ux for all of the altitudes considered because it
is the dominant species in the freestream. The surface number � ux
of atomic oxygen is higher at all altitudes than that of molecular
oxygen. This is principally due to the larger number density of O
than the O2 in the freestream, although at lower altitudes the dis-
sociation of O2 also adds a small contribution. The surface � ux of
NO is about three orders of magnitude lower than that of the other
species, consistent with the assumption that it is a trace species.

The density dependenceof the NO surface � ux is most important
because it is a direct precursor to NO¤

2 . The calculations show that
the number density of NO, as well as the production rate of NO in
the � ow� eld, decreases as the altitude increases. It can be observed
in Fig. 6 that NO has the most pronounced change in its density
dependence;hence, the mechanism for its productionchanges from
high to low altitudes. Moreover, this change in density dependence
is also seen in the AE radiance data. Figure 7 shows that at 140 km
there is a considerableamount of NO productionin the � ow� eld due
to chemical reactions.The NO surface� ux is shown for calculations
with and without chemical reactions.At 140 km, chemical reactions
providemore than an orderof magnitude increase in the NO surface
� ux levels relative to the contribution of NO from the freestream.
It has been observed from the calculations that the main reaction
from Table 1 that contributes to the production of NO is N2 C O
! NO C N. Figure 8 compares the computed NO incident surface
� ux at the stagnation point with and without NO present in the
freestream. Figure 8 shows that for altitudes below 160 km the
collision rate is suf� cient to be the dominant source of NO. Even
at 180 km, however, the inclusion of freestream NO only increases

Fig. 7 Effect of chemistry on the surface incident number � ux of NO
at 140 km; note surface number � ux is in the same units as used earlier.

Fig. 8 Comparison of calculated NO � ux levels incident at the surface
as a function of altitude.

the NO surface � ux level by a factor of about 2. Figure 8 also shows
that the NO surface � uxes at higher altitudeswill be affected by the
high degreeof variabilityof the ambientNO concentration.Because
the ambient NO concentrationswere not measured during AE, our
modeledglow radiancesat high altitudeswill re� ect this uncertainty
as well.

The NO surface � ux levels, although small, are suf� cient to pre-
dict spacecraft glow. A radiative lifetime for NO¤

2 can be estimated
from the Shuttle observations,where the glow is observed to stand
off about 10 cm from the body. A lifetime on the order of 0.3 ms is
consistent with this observation and NO¤

2 leaving the surface with
a thermal velocity of the surface temperature (300 K) (Ref. 3). Use
of this lifetime and the AE data permits an estimate of the number
density of NO¤

2 . Assuming that each NO produced in the gas phase
strikes the surface and forms NO¤

2 , our calculatedNO � ux levels are
orders of magnitude higher than required by the AE data. However,
the gas–surface conversionprocesswill not occur with an ef� ciency
of unity, and we now discuss results with the incorporationof a sur-
face model.

Surface Simulation Results
To calculate the surface concentrationof NO and O, the concen-

tration of NO¤
2 , and the radiation, the speci� c surface process cross

sectionsmust be given.Becausethe calculationsreportedin this sec-
tion are primarily concerned with the demonstration of the DSMC
computational technique, typical values were chosen. The second
set of surface parameters used to explore a range of values that can
be compared with data will be discussed in the subsequent section.
The values selected here for the results shown in Figs. 9 and 10
were Hos1 D Hos2 D 10 kcal/mole, S0 D 0:5; ¾3 D ¾4 D 1 ÊA2 , and
¾5 D ¾6 D 0. The choice of a scrubbing cross section of zero does
not limit the demonstration of the method because the collisional
removal rate is essentially attributed to the radiative channel only.
Figure 9 shows contour levels for the NO¤

2 concentration for 140
(top) and 180 (bottom) km. The gas density decreases at the higher
altitude, and the majority of the excited states are produced in the
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Fig. 9 Contour levels of log10 (NO ¤
2 ) at 140 (top half) and 180 (bottom

half) km for Hos1 = 10 and Hos2 = 10 kcal/mole.

Fig. 10 Surface radiation as a function of altitude for Hos1 = 10 and
Hos2 = 10 kcal/mole.

ram direction, consistent with the earlier surface � ux plots. Using
the tangent slab approximation to evaluateEq. (14), the radiationat
each point along the surface can be calculated.Figure 10 shows the
radiance as a function of distancealong the body using a lifetime of
¿ D 0.0003 s and the DSMC-computed � ow NO¤

2 values.
To ef� ciently evaluate the change of radiance values for different

surface parameters, it is important to assess the degree of coupling
between the surface and the gas phase properties. The use of a
physisorbedmodel and the highly rare� ed natureof the � ow suggest
that at steady state changes in the propertiesof the adsorbedsurface
species do not in� uence the gas properties such as the � ux incident
to the surface. Figure 11 shows a comparison of the O and NO
incidentsurface� uxes for the secondset of heat of adsorptionvalues
that were considered, 20 kcal/mole for NO and 3 kcal/mole for
O at an altitude of 160 km. Because the model assumes that the
NO � ux is produced by gas-phase reactions or freestream NO, the
change in the heat of adsorptiondoes not affect the incident surface
� uxes.Furthermore,the modeldoesnot containanysurfacecatalytic
values. Hence, the incident surface � uxes are invariant over this
range of heat of adsorption values and � ow conditions and need
not be recalculated at each altitude for different adsorption values.
The decoupling of the gas- and gas–surface-phase portions of the
calculation is useful in the next section where a time-dependent,
non-steady-stateanalysis is developed.

Surface Glow and Satellite Dynamics
The results of Fig. 10 show that a surface model can be incorpo-

rated into the DSMC formalismto evaluatesurfacereactionsof trace
species.Comparisonof the stagnationpoint valueat 140 km with the
measured AE radiance value of approximately 60,000 Rayleighs1

shows, however, that the present calculations substantially under-
predict the data (Yee, private communication). This disagreement
could be due to incorrect values for the surface � uxes (particularly
NO), the surface model parameters, or both. A comparison of the

Fig. 11 Comparison of surface � uxes as a function of normalized sur-
face distance for different heats of adsorption at 160 km; note that the
NO and O surface � uxes calculated with the higher adsorption values
are indicated by lines.

rate used for the productionofNO with the recenttrajectorycalcula-
tions of Bose and Candler29 shows that the latter rate may be higher,
but the maximum difference is only about a factor of 5. Therefore,
it is more likely that an improvement with data can be obtained by
modifying the surface parameters.

Consider again the surface processes indicated in Eqs. (1–6). The
concentrationof NO and O adsorbedon the surfacecan be expressed
as

dnOS

dt
D a1 ¡ b1nOS ¡ c1nNOS (21)

dnNOS

dt
D a2 ¡ b2nOS ¡ c2nNOS (22)

where the coef� cients a1;2; b1;2 , and c1;2 are a function of time. The
coupling in the equationsoccursbecause the total numberof surface
sites (a constant) is the sum of the number of empty sites (available
for adsorption) and the number with O and NO adsorbed. The last
two termsare a functionof time. It is instructiveto lookat theexplicit
form of Eq. (22). Use of Eqs. (10) and (11) gives

a2 D S0 fNO (23)

b2 D .S0=nT / fNO (24)

c2 D
S0 fNO

nT
C

kµD

h
exp ¡

Hos2

kT
C fO¾4

C ¾6 fO C 2 fO2 C 2 fN2
(25)

A similar set of relationshipscanbederivedfora1; b1, and c1 . Setting
the left-hand sides of Eqs. (22) and (21) to zero gives an explicit
relationship for the steady-state values of nNOS and nOS in terms of
the surface� uxes fO, fNO; fN2 , and fO2 , and the surfaceparameters.
Figure 12 shows a comparison of the fractional surface coverage
obtained from the steady-state solution of Eqs. (22–25) and the full
DSMC calculation, for the same surface parameters used in the
calculationsshown in Figs. 9 and 10.The fractionalsurfacecoverage
is the concentrationof adsorbatedividedby the totalnumberof sites,
e.g., nNOS=nT . Figure 12 shows again that the gas and gas–surface
processes can be decoupled. The solution of Eqs. (22) and (21) for
the surface concentrations, either in steady state or as a function
of time, can be used in Eq. (16) to calculate the glow radiance. A
comparison(not shown) of the stagnationpoint radiancevalues as a
function of altitude computed with the full DSMC calculation and
the use of Eqs. (16), (21), and (22) gave a factor of two agreement,
which is much less than the other uncertainties in the surface model
and is an indication of the accuracy of the approximations used
in the particle–surface interaction simulation. (Note that for this
choice of surface parameters the steady-state and time-dependent
solutions are identical.) Hence, the remaining surface glow results
are calculated using the decoupled DSMC-surface time-dependent
model.
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Fig. 12 Comparison of fractional surface coverage computed by
DSMC and uncoupled steady-state solution for Hos1 = 10 and Hos2 = 10
kcal/mole.

Fig. 13 Adsorbate fractional coverage for an AE orbit as a function of
altitude.

Figures 10 and 12 suggest that the choice of typical surface pa-
rameters does not producesuf� cient radiationbecausethe fractional
surface coverage is too low. Based on this test case, an increase in
the surface concentration of NO is required. Equation (25) shows
that the NO surface concentrationcan be signi� cantly enhanced by
increasing Hos2 . Based on the earlier discussionof the range of rea-
sonable surface parameters, we have chosen a second value of Hos2

of 20 kcal/mole. (In addition, a more realistic value for the heat of
adsorptionof O to a metal oxide surface of 3 kcal/mole is assumed.)
In the selection of the second set of surface parameters, we also
considereda nonzero scrubbingcross section.However, an increase
in the scrubbing cross section ¾5;6 decreases the amount of surface
adsorbate and, therefore, reduces the radiation.

The surface � uxes, which have been shown as a function of al-
titude, become a function of time when associated with a speci� c
satellite trajectory. The AE data examined in this paper correspond
to orbit 1202, an elliptical orbit with a perigee of approximately
142 km and an apogee of about 4000 km. The surface adsorbate
concentrationsare calculatedsolvingEqs. (22) and (21) numerically
with a Gear integration routine for stiff, coupled linear differential
equations.30 The integrations start at an altitude suf� ciently high
such that it can be assumed that the surface concentrations are ini-
tially zero and continue through the perigee and back up toward the
apogee.Figure 13 shows the results of the time-dependentsolution,
and the values of the other surface parameters used in the calcu-
lations are ¾3 D ¾4 D 0:01 ÊA2 and ¾5 D ¾6 D 0:1 ÊA2. Two new
features in the resultsare apparent.The NO adsorbatefractionalsur-
face concentrationhas increased by two orders of magnitude. With
this value of Hos1 , the NO surface concentration is not symmetric
about the perigee, 142 km altitude. The surface NO concentration
is higher after the perigee, upwards bound. The discontinuityin the
surfaceadsorbatefractionre� ects thechangesin densitydependence
of the surface � uxes shown in Fig. 6.

The asymmetry in the calculated surface coverage means that the
predictedglowradiancewill also be asymmetric. It occursprimarily

Mark Burrage, University of Michigan, http://www.sprl.umich.edu/
VAE/.

Fig. 14 Effect of time radiance solutions for different collisional re-
moval cross sections; value of ¾4 = 0:01 ÊA2 was used for both cases.

because the heat of adsorption is suf� ciently large such that the sur-
face lifetime begins to approach the rate of change of the surface
� uxesabout theorbit.The gas–surface-phaseprocessesno longerre-
main in steady state with the local orbital conditions.The gas-phase
processes, however (which determine the surface � uxes), reach
steady state on the order of milliseconds,a much faster timescale.A
value of 20 kcal/mole adsorption heat is approximately the lowest
value that will induce an asymmetry in surface coverage for this
orbit. In addition, the degree of asymmetry depends on the ratio of
the two dominant terms in Eq. (25):

kµD =h exp[¡.Hos2=kT /]; ¾6 fO C 2 fO2 C 2 fN2

Figure 14 shows that the asymmetry increases as the collisional
removal (or scrubbing) cross sections are decreased or as the two
terms approachcomparablemagnitudes.Again, higher values in the
surface coverage or radiance are observed on the up-bound portion
of the orbit. The change in S0 does not change the shape of the time-
dependent solution; rather, it is a constant scaling factor (in the a2

term) enabling the two solutions to be plotted on a common set of
axes.The steady-statesolution for the lower scrubbingcross section
is readilyseen to be differentfrom its correspondingtime-dependent
solution.Moreover, the asymmetry would be inconvenientto model
in the surface-coupledDSMC solutionbecausethe latter calculation
is carried out to steady state.

The present AE glow data are suf� ciently convolved with back-
ground air glow that we are presently not able to correct for the
variation of air glow during different parts of the orbit. Other data
sets are presently under examination. However, we cannot use this
data set to con� rm or deny the existence of an asymmetry. If such
data were available they would help to discriminate between the
two surface models used in Fig. 14. The parameters used in the � rst
case, S0 D 0:5 and ¾6 D 0:1 ÊA2, are closer to the values found in the
literature and will be retained as our best estimate.

Finally, in Fig. 15 we compare AE orbit 1202 data with our cal-
culations. The data values that we use in Fig. 15 are obtained from
the work of Yee and Abreu1 and are the in-band radiance measured
in the 732 § 2 nm photometer with the following modi� cations:
To represent the total NO¤

2 emission, the AE data must be increased
by the ratio of the NO¤

2 spectral distribution to the 2-nm spectral
� lter width. From the Shuttle glow spectral data,2 we obtained an
effectivebandwidthof 249.8 nm for the NO¤

2 emission. More recent
considerationsof thecalibrationmethodsused to reduce the AE data
suggest a reduction of the original data given by Yee and Abreu1

by a factor of 3 (Yee, private communication). The � rst set of cal-
culations shown (diamonds) are identical to those shown in Fig. 14
(� lled circles), and it is assumed that all species contribute to the
scrubbingmechanism. Figure 15 shows that the absolutemagnitude
of these calculations is in much better agreement with the data than
those calculations that used a heat of adsorption of 10 kcal/mole.
Although the calculated radiance is higher than the data, the dis-
agreement can be correctedwithin the choice of literatureestimates
for the radiationef� ciency. A number of researchershave estimated
the ef� ciency of the glow process. Mende et al.31 approximates the
Shuttle glow ef� ciency to be about 1 in 105 O particles. If we take
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Fig. 15 Comparison of time-dependent radiance solutions with AE
orbit 1202 data; value of S0 = 0:5; Hos1 = 3; Hos2 = 20 kcal/mole,
¾3 = ¾4 = 0:01, and ¾5 = ¾6 = 0:1 ÊA2 was used for all calculations.

the ratio of the AE radiance data to our computed O � uxes, we ob-
tain an ef� ciency of about 1:5 £ 10¡6–2:2 £ 10¡6 , which is close
to what was observed in gas phase measurements of Fontijn et al.20

and is closer to the glow ef� cienciesderivedby Yee and Dalgarno.32

Moreover, if we reexpress Eq. (16) as

¾4 ¼ 2IAE

nNOS fO

and use our calculated adsorbed NO concentrations,we � nd that a
value of 0.006 ÊA2 brings us into agreement with the AE data. This
is well within the range of cross sections estimated for this process.
The sensitivity of our results to the inclusion of scrubbing by two
of the major species, N2 and O2 , is shown in the second calcula-
tion of Fig. 15. In that calculation (inverted triangles) the surface
coverage increases, and similarly to Fig. 14 the time asymmetry
is more apparent. The theory of Yang et al.33 suggests these two
species are as effective scrubbers as O or NO. Hence, when all of
the surface � uxes are included, the surface coverageand radiance is
reduced, the discontinuityin radiation is observed, and a small time
asymmetry is predicted.

Conclusions
Our work on the topic of spacecraft glow has been conducted

in two phases. The � rst phase of the work sought to identify the
origin of the precursor species related to the glow. A new DSMC
method suitable for trace species � ow� eld calculations, which in-
cludes chemical reactions, was developed and used for modeling a
small satellite environment.That work identi� ed NO formed in the
bow shock in the ram directionof the spacecraft as the source of the
glow mechanism. It was shown that the trace amountsof NO formed
by the reaction of O and N2 in the diffuse bow shock are adequate
to provide the concentration of NO2 observed in the AE data. Our
results are similar to those obtainedearlier by Karipides et al.,7 who
showed that a reasonableagreementbetween the freestreamdensity
dependence of the incident NO surface � ux and the AE radiance is
obtained. A simple freestream density dependence for the glow is
not observed due to the changing contributions of freestream NO
and that formed in the chemistry shock layer. Below 160 km, the
NO formed in the shock layer is the dominant source.

The second phase of the work was to postulate and develop a
surface model so that the radiance could be predicted in an abso-
lute sense. The surface model presented here, based on an Eley–

Rideal mechanism, assumes that a surface, physisorbed (weakly
chemisorbed) NO molecule originally formed in the bow shock can
stick to a metal-oxide surface, for a residence time on the order of
10–20 s and is subsequently removed by an incoming O atom to
radiate or is collisionally removed from the surface without pro-
ducing light. When evaluated with reasonable values for the heat
of adsorption, a radiation cross section, and a collisional scrubbing
cross section, the model gives good agreement with the absolute
magnitude and shape of the AE data.
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