AIAA JOURNAL
Vol. 37, No. 4, April 1999

Modeling of Spacecraft Rarefied Environments
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The modeling of spacecraft glow surrounding a small clean satellite is discussed. A direct simulation Monte Carlo
(DSMC) technique was used to model the flowfield and included both surface and gas-phase chemical reactions. It
has been suggested that emission from excited NO, molecules produces the spacecraft glow. The DSMC calculations
included chemical reactions in the flowfield to produce NO, as well as surface chemical reactions to generate
the NO,. 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

PACECRAFT-INDUCED glow observations and measure-

ments of the Atmosphere Explorer and the Space Shuttle'?
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?~’ 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 spacecraft makes 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, Skipper® and Atmosphere Explorer (AE)!; however, data
are presently available from AE only. Almost all models of visible
spacecraft glow attribute the glow to emission from excited NO,
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 flowfield of a
small satellite as one source of NO, the precursor to NO,. Various
neutral-neutral chemical reactions were incorporated in the direct
simulation Monte Carlo (DSMC) modeling; however, the key shock
layer chemical reaction for the formation of NO is the reaction of O
with N,. A DSMC method’ thatincluded gas-phasereactions of am-
bientgases to form NO undermoderate to highly rarefied freestream
conditions was used. Because the flow conditions are highly rar-
efied, the sensitivity of the model to freestream conditions was also
considered. Without the benefit of the DSMC technique, numerical
calculations would not be possible under these rarefied 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 (N,, O,, and O)
by several orders of magnitude. Also, the production rates of NO
and N in the flowfield are very low due to the rarefaction effects.
Thus, NO and N can be consideredas trace species, and the standard
DSMC technique must be modified. The proper representation of
the trace speciesin the DSMC calculationsrequires an unacceptably
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large number of simulated particles in the flow domain, resulting
in a massive computational effort. To handle these computational
problems, anew DSMC technique has been developed and used for
the present calculations. This new DSMC techniqueis conceptually
similar to the Monte Carlo overlay method of Karipides et al.” but
differs in the detailed implementation.

The incidentrate of NO striking the surface can be calculated with
the DSMC technique,and it will be shown that there is sufficient NO
formed due to chemicalreactionsin the flowfield to assignitas a pre-
cursor to the glow. To quantitativelymodel the glow, a surface model
must be developed for the conversion of NO to excited-state NO3.
(NOJ designates an electronic excited state of NO,.) The present
work models the surface reactions for the formation of excited NO,
at the surface using the DSMC method® 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
discussedin this section as well. A set of initial values is suggested
and modeled directly in the DSMC calculations for the formation
of NOJ and the glow radiation. The computational method of cal-
culating the formation of NO, as well as the inclusion of the surface
processesinto 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 NO3. The calculationswill also
show that it is possible to decouple the rarefied flow and gas/surface
interactions,for the densities under 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-dependentglow equationsthat 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
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will be treated as being chemisorbed and 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 mechanism'®
with NOJ formed by collisions of O with surface-physisorbedNO.
The formation of NOJ could potentially occur via a Langmuir-
Hinshelwood mechanism involving the reaction of both surface ad-
sorbed NO and O. This mechanismwas not considered,based on the
range of heat of adsorption values that are reasonable for a surface
glow model. Gasser'® provides an estimate of the number of 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.!” The term physisorptionis used
todescribethe process whereby NO is adsorbed withoutdissociation
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 contributorin the production of NOj. (Nevertheless,
both processeswill be carriedin the test cases and DSMC code.) The
measurements of Sonnenfroh and Caledonia'? indicate that NO is
bound to a laboratory Ni surface with approximately 6.5 kcal/mole.
Recent thermal desorption spectra of NO on NiO(100)/Ni(100) and
NO on a thin NiO(100) film 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
the precursor-adsorbedspeciescoverage, which in turnis 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 corresponding values 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
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NO + § <2 NOS )

NO + 08 2> NO, + S + hv (3)
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where S is a surface site available for physisorption and OS and
NOS are those species adsorbed to the surface. The forward (kf 12)
and backward (k;, ,) reactions of Egs. (1) and (2) represent adsorp-
tion and desorption,respectively.Surface adsorbed species may also
be removed from the surface by collisions with the incoming flow
gas species in two possible ways. Equations (3) and (4) represent
the removal of an adsorbed species and the generation of radia-
tion, whereas Eqgs. (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 N,, O,, and O, with
the first two species assumed to be twice as efficient as O based on

their largermasses,or o;n, = 20;, 0,0, =20;, ando;o =0;,i =5, 6.
Specific values used for o5 and o5 will be discussed subsequently.
Equations (3-6) are assumed to proceed only in the forward direc-
tion. Using Eqgs. (1-6), the concentration of a surface species, e.g.,
NOS, can be expressed as

dn
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where fo and fyo, are the fluxes of O and NO to the surface
(number/m?-s), nyos and ngg are the surface number density
(number/m?) of NO and O adsorbed on the surface, and ny is the
number of (empty) surface sites available. The expression may be
further reduced by assuming conservation of surface sites:

nr = nos + Nnos + Ng (8)

where nr is the total number of available surface sites per unit area.
The adsorptionand desorptionrate constants, k sy » and ky », have
been expressed in earlier DSMC work using transition state theory
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where & is Planck’s constant, k is the Boltzmann constant, m,, is the
mass of atomic oxygen, H,; is the heatof adsorption, 6, is the debye
temperature, and 7 is the surface temperature. Equations (9) and
(10) are valid for the condition where the surface and gas phase are
in thermochemical equilibrium at 7'. Because the flows of interest
here are highly rarefied and in thermochemical nonequilibrium, the
validity of thisrelationshipcan be questioned.Instead,a forward rate
thatis derived from the inherentpropertiesof the gas speciesincident
on the surface and the surface material, a sticking coefficient, was
used. The sticking coefficient S is then expressedin terms of k¢, ,
as

So = ksianr (11)

where the i = 1, 2 subscript for Sy has been suppressed because a
common valueis assumed. The work of Vattuoneetal.!” and Insepov
and Zhankadamova'® suggests a sticking coefficient of about 0.5.
The use of a forward rate k¢, derived from the sticking coefficient
of 0.5 instead of a value derived from the expression given by Eq.
(9), represents a significant departure from equilibrium conditions.
If the same values were used in Eq. (9),i.e., T =300 K and a debye
temperature of 400 K, a rate of 3.6 x 107> m?> would be obtained.
However, when the sticking coefficient relationshipis used, the ab-
sorption rate is found to be about two orders of magnitude higher,
2.1 x 1072, Equating the right-hand side of Eq. (9) to this value of
2.1 x 1072 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 calculation of the desorptionrate. For
the calculations presented 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 x 10 /m? (from purely geometric considerations)
were assumed.

The second part of the surface model [Egs. (3-6)] involves the
reaction of physisorbed O and NO with the incoming NO and O
gases to release the physisorbedspecies and form NO3, which then
emits a photon to the ground state, NO,, or to scrub NO or O from
the surface back into the gas phase. Quantitative measurements of
these separate reactive and nonreactive cross sections have not been
made, and a range of values will be inferred from experimental data
and phenomenologicalevidence. The data of Baulch et al.'® give a
value for the three-body gas-phase process:

k3-body

NO+0+M —=5'NO, + M (12)
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of k3-pogy = 3.0 X 1073 exp(940/T )em®/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

Al
“body = N A= 13
O2-pody = 1 3d SakT (13)

where 0,-p04y 1s the reaction cross section for the two-body process,
n, is the concentrationin number/cm? of the third body in the three-
body gas-phase reaction [or M in Eq. (12)], A; is the Arrhennius
coefficient for Eq. (12), A is the mean free collision path, d is the
average diameter of the species, and u is the reduced mass. From
the work of Sonnenfroh and Caledonia,'> 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.!” of about 2 kcal/mole. Our
surfaceof interestis not Ni, and the characterizationof the spacecraft
compared to the actual measurements of Sonnenfroh and Caledonia
cannot be determined because the specific satellite surface material
is not known. Therefore, to first order, the activation energy for
the process for the formation of NO, 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 0,04y as the rate for the process:

02-body

0+ NOS — NO,

Typical numbers substituted into Eq. (13) give a value of 0-p04y ON
the order of 1-10 A2

In a similar manner, the gas-phase measurements of Fontijn
et al.?° of the rate constant for the production of NO} can be used to
estimate o,. From their measurements at 300 K, they found that the
chemiluminescent (light-producing) process was about a factor of
1/30th as efficient 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 measured by Wurster and Marrone?' at 3750 K
and reevaluated by Baulch et al.' and Levitt.??> The decrease in the
rate at increased temperaturesis attributed to the competition of pro-
cesses that do not proceed through the NO, (A) state, the precursor
electronic state responsible for the visible glow, and the increased
likelihoodof populatinghighervibrational-rotationallevels of the A
state that predissociate. Hence, for the collision energies of interest
here, the range of reasonable values for o, is on the order of 1-0.001
A?, with a more likely value closer to 0.001 A2, It is interesting to
point out that gas phase measurements of Fontijn et al.>° also show
that about one binary collisionin 10° produces the emission of light.
The gas-phase value 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 [Egs. (5) and (6)] is
required. The measurements of Sonnenfrohand Caledonia'? show a
range of values with a maximum for the total collisional desorption
cross section of 1.6 A2. We have considered a range of values of
0.01-1 A2 because it is unlikely that the process is truly gas kinetic
and data on these specific processes are not readily available.

Finally, with the definition 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 /, in units of
photon/cn?’s, can be expressed in terms of the spatial distribution
of NO;, designatedas N*, as

21 00 * 00 *
1:/ / iN(x)dxdsz:l/ MO g a4
0o Jo 2 Jo T

T T

where 7 is the radiative lifetime and x = 0 is the surface. Although
the flow is highly rarefied, using a planar model we can estimate
the distribution of the NOj gaseous species in front of the surface
in steady state as

W _ M, N*(x):coexp<—i> (15)
TV

0x T

The variable of integration Cy is the value of N*(x = 0) andis equal
to N*/v, where N is the generation rate of NO3 at the surface and
v is the velocity of the gas. Substituting Eq. (15) into Eq. (14) gives

_ (03nn0s Jo + 04nos fno)
2

I

(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 first-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 influenced by the specific 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 flow 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 flow 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 flowfield and they are free to move in the flowfield.
The flowfield has two different sets of simulated molecules: 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 calculation of the number of collision pairs in the
no time-counterroutine, the major species simulated particles num-
beris increased by multiplyinga weighting factorso 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 flowfield. In the case
of the major-trace species particles collisions, any newly formed
major species particle is also removed from the flowfield. 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 processes are evaluated concurrently with the calcu-
lation of the gas-phase flow. At each time step in the calculation of
the major species, the rate equation for the physisorption of atomic
oxygen at the surface,

dngs
dr

n
= Sofo(l - %) — kpinos a7

T

is solved numerically, based on the fluxes and occupied site values
at the previous and 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 flowfield with the probability

Py = Soll = (nos/n7)] (18)

and the number of simulated particles that are added (desorbed) in
the flowfield from the surface per unit area in time At are equal to
kpinosAt. The calculations proceed until the flow reaches steady
state and the flux 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

P,z = 03N0ps (19)

Ifthe NO particleis acceptedfor thereaction, then it is removed from
the flowfield, and a NO} simulated particle is added in the flowfield
near the surface with the velocity according to the half-range equi-
librium Maxwellian distribution based on the surface temperature.
These NO; particles move in the flowfield without any collision
between themselves and other species; however, they can radiate
in the flowfield with the specified radiation lifetime 7 to decay to
the ground electronic state of NO,. At each time step, a test is per-
formed for all of the existingNOj 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 At/t. Generally, the value of o3 is very small, which makes the
reaction given by Eq. (3) for a simulated molecule of NO to become
NO; 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; molecule, according to a weighted probability, it is con-
sidered thatonly a fraction (1/weighting factor) of the simulated NO
molecule has reacted. The fraction of reacted NO molecules is ac-
cumulated, and when it becomes unity, a simulated molecule of NO
is removed from the flowfield. Hence, the NOj; simulated molecules
formed at the surface contain (1/weighting factor) less number of
real molecules as compared to real molecules represented by one
simulated molecule of NO. Again, the calculationsproceed until the
flow reaches steady state and the flux of NO to the surface and the
NO fractional surface coverage does not change.

After the first (major species) and second (trace species) sets of
gas and surface calculations have reached steady state, a final 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 participatedin
the reaction given by Eq. (4). The probability of areactionis givenas

P,3 = o4nnos (20)

and rest of the numerical technique used for the formation and de-
struction (radiation) of NO3 is the same as described in the trace
species DSMC calculations.

In these calculations, a fine grid resolution is used for cells. The
celldimensionsare muchless than the local mean free path. A steady
state is assumed when the number of simulated particles, including

the newly formed particles at the surface in the flowfield, achieved
a fixed value within statistical fluctuations. The final results are ob-
tained through a time-averaged solution over a large number of time
steps. In the steady state, the number of trace species particles per
cell was on average 70. The statistical fluctuations in the computed
macroscopic quantities (such as the NO surface flux) are on the
order of 12%.

The molecularcollisionsare simulated by the variablehard sphere
molecular model. Energy exchange between the translational and
internal modes is modeled by the Larsen-Borgnakke statistical
model? with rotational and vibrational collision numbers of 5 and
50, respectively.

The total collision energy model of Bird?* has been used to sim-
ulate the chemical reactions in the flowfield, and 19 chemical reac-
tions are considered for this study. The three-body reactions are not
significant in the flowfield under the present conditions and are not
included in the flowfield chemistry. The reaction rate data for the
five-species air model (O,, N,, O, N, NO) (Table 1) are the same
as those used in earlier research.® The data are derived from the
compilation by Bortner.2®

DSMC Simulation Results

Flowfield and Surface Fluxes

The flow conditions and the body configuration of the Skipper®
satelliteare used for the presentcalculations.The altituderange used
is that from 130 to 200 km, which encompasses moderate to high
rarefied conditions. A freestream velocity of 7.922 km/s is consid-
ered for these simulations. The freestream conditions for the major
speciesare from Jacchia,?” and those for the trace species are from a
soundingrocketexperiment?® The gas-surfaceinteractionfor those
molecules that do not participatein the surface reactionsis 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 flow conditions used in the calculations for this
work.

A range of altitudes is investigated for the production of NO
in the flowfield and formation of NO; at the surface with a pro-
posed surfacemodel using DSMC axisymmetric calculationsfor the
Skipper satellite configuration. Using the code, the production of
NO in the axisymmetric flowfield and the formation of NO, at
the surface were simulated. The geometry is shown in Fig. 1. A
comparison of the flowfield 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 calculations were 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

Table 1 _List of chemical reactions®

Reaction number Reaction and energy, J A B E,/k, K
1 0,+N +8.197x 107" - 20+N 5.993 x 10712 1 59,370
2 0, +NO +8.197 x 107! - 20 +NO 5.993 x 10712 1 59,370
3 0,+N;+8.197x 1071 - 20+N, 1.198 x 10~ 1 59,370
4 0,4+0,+8.197x 107" - 20+ 0, 5393 x 107! 1 59,370
5 0,+0+8.197x 107" - 20+0 1.498 x 10710 1 59,370
6 N, +0+1.561 x 107'% - 2N +0 3.187x 10713 0.5 113,000
7 Ny +05+1.561 x 10718 = 2N+ 0O, 3.187x 10713 0.5 113,000
8 N, +NO +1.561 x 107'® — 2N +NO 3.187x 10713 0.5 113,000
9 Ny +Ns +1.561 x 10718 — 2N+ N, 7.968 x 10713 0.5 113,000
10 Ny +N+1.561 x 10718 - 2N +N 6.900 x 1078 1.5 113,000
11 NO+N; +1.043x 107 - N+0O+N, 6.590 x 10~10 1.5 75,550
12 NO+0;+1.043x 107 - N+0+0, 6.590 x 10~10 1.5 75,550
13 NO+NO+ 1.043 x 10~ - N+ 0+ NO 1.318x 1078 1.5 75,550
14 NO+O+1.043%x10"18 - N+O+0 1.318x 1078 1.5 75,550
15 NO+N+1.043x 10718 - N+O+N 1.318x 1078 1.5 75,550
16 NO+O+2719%x 107" — 0, +N 5.279 x 10721 -1.0 19,700
17 Ny +0+5.175%x 10712 - NO+N 1.120 x 10716 0.0 37,500
18 0, +N+2.719% 107" - NO+0O 1.598 x 10718 -0.5 3,600
19 NO+N+5.175x 107" — N, +0 2.490 x 1077 0.0 0

aFjve-species model. Rate coefficient, m*/(mol-s) = AT % exp(— E, /kT).
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Table 2 Freestream conditions

Total number

Mole fractions

Altitude, km density x 100, m~3 Temperature, K 0, x 1072 N> (0] N x 1073 NO x 107
130 19.430 500 7.09 0.69 024 0.0 7
140 9.3540 625 6.18 0.65 0.29 0.05 8
150 5.3071 733 5.46 0.62 033 0.2 9
160 3.3508 822 4.86 0.58  0.37 1.04 11.0
180 1.6198 947 3.89 0.51 044 3.08 18.0
200 0.9061 1026 3.13 045 0.51 6.62 11.0
Skipper Geometry 200
cylindrical radius ,‘l ’ 15.0 ~ .’
=0386m | | '
______ o Alt. 130 km :
rotation axis | e Alt. 160 km :
Vo plp_10.0 - /
5.0 -
Atmosphere Explorer Geometry
1 1 1 1 I}
o'?s.o -4.0 -3.0 2.0 1.0 0.0
X, m

;o cylindrical radius !
=1m

rotation axis

' [
/I '
!
’
'

N

Fig.1 Comparison of Skipper and AE.

Grid

y, m
e e e e B NS S e e e e

-8 -6 -4 -2 0 2
X. m

Fig.2 DSMC computational grid of satellite.

for this geometry with AE data becauseboth geometrieshave anose
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 flowfield structure along the stagna-
tion streamline for altitudes 130 and 160 km. The nondimensional
density profiles 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 flow at a
cold wall for hypersonic conditions. The flowfield is rarefied for all

Fig.3 Nondimensional density profiles along stagnation streamline.

20000.0 -
Alt. 160 km
15000.0 - \
[ Translational Temperature -
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Fig. 4 Temperature profiles along stagnation streamline at 160 km.

of the altitudes considered, and the degree of rarefaction increases
with increasein altitude. There is a considerable amount of thermal
nonequilibrium in the flowfield because the internal and transla-
tional temperaturesdiffer widely. The internal energy modes remain
frozen at the freestream values due to the lack of collisions needed
to excite these at rarefied conditions. This behavior is demonstrated
in Fig. 4 for an altitude of 160 km.

For the modeling of surface-glow processes, an important param-
eter from the gas phase calculationsis the flux of gas phase species
toward the ram surface. The incident number flux (molecules strik-
ing the surface/m>-s) at the surface for the various species is shown
in Fig. 5 for 160 km. The incident fluxes are plotted as a function
of the nondimensionaldistance (S/R,) along the surface measured
from the forebody stagnationpoint. The flow expansionat the corner
reduces the fluxes to the side surface of the satellite as compared to
the forebody surface. The relative surface flux values for different
species, as well as the dependence with normalized surface distance,
are similar for all altitudes considered. Figure 6 shows the altitude
dependenceof the surface fluxes at the stagnation point for the three
major species (left-hand axis) and NO. All surface fluxes decrease
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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 flux of molecular N, is much higher than
the other species flux for all of the altitudes considered because it
is the dominant species in the freestream. The surface number flux
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 O, in the freestream, although at lower altitudes the dis-
sociation of O, also adds a small contribution. The surface flux 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 dependence of the NO surface flux is most important
because it is a direct precursor to NO3. The calculations show that
the number density of NO, as well as the productionrate of NO in
the flowfield, 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 production changes 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
thereis a considerableamount of NO productionin the flowfield due
to chemicalreactions. The NO surface flux is shown for calculations
with and without chemical reactions. At 140 km, chemical reactions
provide more than an order of magnitude increasein the NO surface
flux 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 N, + O
— NO + N. Figure 8 compares the computed NO incident surface
flux 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 sufficient to be the dominant source of NO. Even
at 180 km, however, the inclusion of freestream NO only increases
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the NO surface flux level by a factor of about 2. Figure 8 also shows
that the NO surface fluxes at higher altitudes will be affected by the
high degree of variability of the ambient NO concentration.Because
the ambient NO concentrations were not measured during AE, our
modeled glow radiancesat high altitudes will reflect this uncertainty
as well.

The NO surface flux levels, although small, are sufficient to pre-
dict spacecraft glow. A radiative lifetime for NO; 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; 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 NO3. Assuming that each NO produced in the gas phase
strikes the surface and forms NO3, our calculated NO flux levels are
orders of magnitude higher than required by the AE data. However,
the gas-surface conversion process will not occur with an efficiency
of unity, and we now discussresults with the incorporationof a sur-
face model.

Surface Simulation Results

To calculate the surface concentration of NO and O, the concen-
tration of NO3, and the radiation, the specific surface process cross
sectionsmustbe given. Because the 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 subsequentsection.
The values selected here for the results shown in Figs. 9 and 10
were H,,, = H,., = 10 kcal/mole, Sy = 0.5, 03 = 0, = 1 A%, and
os = g¢ = 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 NO3 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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ram direction, consistent with the earlier surface flux plots. Using
the tangent slab approximationto evaluate Eq. (14), the radiationat
each point along the surface can be calculated. Figure 10 shows the
radiance as a function of distance along the body using a lifetime of
7 = 0.0003 s and the DSMC-computed flow NO; values.

To efficiently 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 rarefied nature of the flow suggest
that at steady state changes in the properties of the adsorbed surface
species do not influence the gas properties such as the flux incident
to the surface. Figure 11 shows a comparison of the O and NO
incidentsurface fluxes for the second set 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 flux is produced by gas-phase reactions or freestream NO, the
changein the heat of adsorption does not affect the incident surface
fluxes. Furthermore,the modeldoes notcontainany surfacecatalytic
values. Hence, the incident surface fluxes are invariant over this
range of heat of adsorption values and flow 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 value at 140 km with the
measured AE radiance value of approximately 60,000 Rayleighs!
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 fluxes (particularly
NO), the surface model parameters, or both. A comparison of the
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Fig. 11 Comparison of surface fluxes as a function of normalized sur-
face distance for different heats of adsorption at 160 km; note that the
NO and O surface fluxes calculated with the higher adsorption values
are indicated by lines.

rate used for the productionof NO with the recenttrajectorycalcula-
tions of Bose and Candler*® shows that the latterrate 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 processesindicatedin Egs. (1-6). The
concentrationof NO and O adsorbedon the surface can be expressed
as

dn
o = a; — binps — ¢1nNos @D
dr
dn
d_rx;os = a, — byngs — cannos (22)

where the coefficients a; », b; 5, and c; , are a function of time. The
couplingin the equations occurs because the total number of 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 terms are a functionof time. Itis instructiveto look at the explicit
form of Eq. (22). Use of Egs. (10) and (11) gives

a, = Sy fno (23)
by, = (So/n1) fyvo (24)
S, k6 H,,
@= OnJ;NO + TD p(_ sz> + foou
+05(fo + 2fo, + 2/x,) (25)

A similarsetof relationshipscanbe derivedfora,, b,,and c,. Setting
the left-hand sides of Egs. (22) and (21) to zero gives an explicit
relationship for the steady-state values of nnyos and ngs in terms of
the surfacefluxes fo, fno, f,,and fo,, and the surface parameters.
Figure 12 shows a comparison of the fractional surface coverage
obtained from the steady-state solution of Egs. (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 adsorbatedivided by the totalnumber of sites,
e.g., Nnos/nr. 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 stagnation pointradiance values as a
function of altitude computed with the full DSMC calculation and
the use of Egs. (16), (21), and (22) gave a factor of two agreement,
which is much less than the other uncertaintiesin 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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Figures 10 and 12 suggest that the choice of typical surface pa-
rameters does not produce sufficient radiationbecause the 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 concentration can be significantly enhanced by
increasing H,,. Based on the earlier discussion of the range of rea-
sonable surface parameters, we have chosen a second value of H,,
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 scrubbing cross section. However, an increase
in the scrubbing cross section o5 ¢ decreases the amount of surface
adsorbate and, therefore, reduces the radiation.

The surface fluxes, which have been shown as a function of al-
titude, become a function of time when associated with a specific
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 calculatedsolving Egs. (22) and (21) numerically
with a Gear integration routine for stiff, coupled linear differential
equations® The integrations start at an altitude sufficiently 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 o3 = o4 = 0.01 A2 and o5 = o = 0.1 AZ. Two new
featuresin the results are apparent. The NO adsorbatefractional sur-
face concentration has increased by two orders of magnitude. With
this value of H,,, 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
surfaceadsorbatefractionreflects the changesin density dependence
of the surface fluxes shown in Fig. 6.

The asymmetry in the calculated surface coverage means that the
predicted glow radiance will also be asymmetric. It occurs primarily

$Mark Burrage, University of Michigan, http://www.sprl.umich.edu/
VAE/.
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Fig. 14 Effect of time radiance solutions for different collisional re-
moval cross sections; value of o4 = 0.01 A% was used for both cases.

because the heat of adsorptionis sufficiently large such that the sur-
face lifetime begins to approach the rate of change of the surface
fluxes aboutthe orbit. The gas-surface-phaseprocessesno longerre-
main in steady state with the local orbital conditions. The gas-phase
processes, however (which determine the surface fluxes), 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):
k6p / hexpl—(H,2/KT)], 0s(fo +2fo, +2/x)
Figure 14 shows that the asymmetry increases as the collisional
removal (or scrubbing) cross sections are decreased or as the two
terms approach comparable magnitudes. Again, higher valuesin the
surface coverage or radiance are observed on the up-bound portion
of the orbit. The changein S, does not change the shape of the time-
dependent solution; rather, it is a constant scaling factor (in the a,
term) enabling the two solutions to be plotted on a common set of
axes. The steady-state solution for the lower scrubbing cross section
isreadily seen to be differentfromits correspondingtime-dependent
solution. Moreover, the asymmetry would be inconvenientto model
in the surface-coupled DSMC solutionbecause the latter calculation
is carried out to steady state.

The present AE glow data are sufficiently 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 confirm 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 first
case, Sy =0.5and o = 0.1 Az, 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 Abreu' and are the in-band radiance measured
in the 732 £ 2 nm photometer with the following modifications:
To represent the total NO} emission, the AE data must be increased
by the ratio of the NO; spectral distribution to the 2-nm spectral
filter width. From the Shuttle glow spectral data,> we obtained an
effectivebandwidth of 249.8 nm for the NO; emission. More recent
considerationsof the calibrationmethodsused to reduce the AE data
suggest a reduction of the original data given by Yee and Abreu!
by a factor of 3 (Yee, private communication). The first set of cal-
culations shown (diamonds) are identical to those shown in Fig. 14
(filled circles), and it is assumed that all species contribute to the
scrubbing mechanism. Figure 15 shows that the absolute magnitude
of these calculationsis 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 corrected within the choice of literature estimates
for the radiation efficiency. A number of researchers have estimated
the efficiency of the glow process. Mende et al.?! approximates the
Shuttle glow efficiency to be about 1 in 10° O particles. If we take
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the ratio of the AE radiance data to our computed O fluxes, we ob-
tain an efficiency of about 1.5 x 1076-2.2 x 1075, which is close
to what was observed in gas phase measurements of Fontijn et al.>
andis closerto the glow efficienciesderived by Yee and Dalgarno.*?
Moreover, if we reexpress Eq. (16) as

21xg

oy N ————
nyosJfo

and use our calculated adsorbed NO concentrations, we find that a
value of 0.006 A2 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, N, and O,, 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.** suggests these two
species are as effective scrubbers as O or NO. Hence, when all of
the surface fluxes are included, the surface coverage and radiance is
reduced, the discontinuityin radiationis observed, and a small time
asymmetry is predicted.

Conclusions

Our work on the topic of spacecraft glow has been conducted
in two phases. The first 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 flowfield calculations, which in-
cludes chemical reactions, was developed and used for modeling a
small satellite environment. That work identified NO formed in the
bow shock in the ram direction of the spacecraftas the source of the
glow mechanism. It was shown that the trace amounts of NO formed
by the reaction of O and N, in the diffuse bow shock are adequate
to provide the concentration of NO, observed in the AE data. Our
results are similar to those obtained earlier by Karipideset al.,” who
showed thata reasonable agreement between the freestream density
dependence of the incident NO surface flux 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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