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Detailed Simulation of Surface Chemistry
Leading to Spacecraft Glow
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Glow brightness around the Atmosphere Explorer satellite over the altitude range of 140-300 km is calculated
using a multistep approach. The flowfield around the satellite is simulated using the direct simulation Monte-Carlo
method. An overlay technique is used to simulate rare atmospheric species with acceptable statistical accuracy.
Both nonreactive and reactive surface events are modeled by a system of ordinary differential equations. A simple
analytical model is then used to convert a surface flux to glow brightness. A comprehensive set of production
mechanisms is included in the calculation of glow brightness for the first time. The effects of satellite rotation are
investigated and found to be most significant at higher altitudes. Sensitivity to the surface event parameters is
assessed, and the critical production reaction for spacecraft glow is identified. The importance of the freestream
concentration of nitric oxide is demonstrated. Very good agreement with experimental data is achieved.

Nomenclature
A“* = species A adsorbed on the surface
A; =speciesi, where | <i <N
A = species A moving toward the surface
A = species A moving away the surface
F; = flux of species i to the surface, particles/(m?s)
K[! = Langmuir-Hinshelwood reaction rate for species i and j,
m?/particles
N = number of species
n; = surface number density of species i
n, = surface number density of surface sites
Q = species of interest
S; = sticking coefficient for species i
X = free surface site
& = probability of ejection after Eley-Rideal reaction
et = probability of ejection after Langmuir-Hinshelwood
reaction
®; = surface coverage of species i, identical to n; /n,
a{} = desorption cross section for species i and j, m?
o/ = Eley-Rideal cross section for species i and j, m?
T = thermal desorption time for species i, s

Introduction

HE occurrence of an orange-red visible glow around ram sur-

faces in low Earth orbit has been well documented.!> This
spacecraft glow can interfere with optical experiments onboard
satellites and could also provide a possible detection mechanism
of missiles during reentry. The spectra of spacecraft glow measured
on several vehicles are consistent with the spectrum of electron-
ically excited nitrogen dioxide (NO3), red shifted from the gas-
phase spectrum.® The production of nitrogen dioxide in rarefied,
high-speed airflows is a complicated process, involving a number
of precursor steps. Detailed modeling of these processes is required
to calculate accurately glow brightness in simulated flows. In this
study, a three-stage model is used to calculate spacecraft glow. In the
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first stage, gas—gas collisions in the weak bow shock in front of the
ram surface lead to the creation of rare chemical species. In the sec-
ond stage, these rare species and the species of the bulk gas interact
with each other through a complex set of processes that occur on
the surface of the spacecraft. The surface events result in a flux of
NO; emitted from the surface. In the third stage, this flux is con-
verted into glow brightness using a straightforward model. A Monte
Carlo method is used to track the reactions in the weak shock.” A
Runge—Kutta method is used to solve a set of ordinary differential
equations describing the surface events. The solver also incorpo-
rates the model that converts the excited nitrogen dioxide flux into
a glow brightness.

This paper presents the results of detailed simulations of space-
craft glow, with a focus on the effects of surface chemistry. Details
are given of the satellite missions from which experimental data
are taken. The surface model is described by giving the types of
events that are included and the limiting assumptions employed in
the modeling. Numerical and additional modeling considerations
are discussed. The results presented include a study of a represen-
tative case, sensitivity to model parameters, and comparisons to
experimental data.

Atmosphere Explorer Satellite

To provide a source for comparison of the numerical predictions,
data are taken from flights of the Atmosphere Explorer (AE) satel-
lites. The AE satellites flew three missions during the 1970s and
early 1980s. The satellite body is approximately a cylinder of ra-
dius 0.7 m and length 1.0 m. The AE satellites typically flew spin
stabilized with the axis of spin perpendicular to the velocity vec-
tor. It also flew in a despun mode for particular orbits. Whereas a
wide variety of instruments were carried onboard, two experiments
are of particular interest here. The first of these is the visible air-
glow experiment (VAE).® Measurements of glow were recorded for
several wavelengths. This report focuses on glow measurements at
656.3 and 732.0 nm for the altitude range of 140-300 km. Only
the forward-looking glow values are considered here. In this range,
the magnitude of the glow varies from ©O(100) to O(1) Rayleighs.
A well-known feature of these data is a change in the slope of the
glow brightness with altitude at an altitude of about 165 km (Ref. 1).
This bend has been attributed to the importance of gas—gas chemical
reactions at the lower, more dense altitudes.> The second AE exper-
iment of interest is the neutral atmosphere composition experiment
(NACE).” This experiment measured the ambient concentration of
several air species, including nitric oxide. Measurement of nitric
oxide concentration is important because its value varies greatly in
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the Earth’s atmosphere. Therefore, the prediction of the ambient
concentration of NO using analytical models is difficult. Indeed,
the density values recorded by the NACE show a large scatter at
each of the altitudes of interest. This variation provides lower and
upper bounds for the NO concentrations, which are used as an input
condition for the simulations.

Surface Event Modeling

The glow measurements are consistent with the spectrum of NOJ.
In flows of rarefied air, NO; is created through reactions involving
nitric oxide. Two of the primary candidate surface reactions that
lead to the production of nitrogen dioxide are

NO + 0 — NO; 1)
0+ NO* — NO; 2

where the superscript a indicates the species is adsorbed on the sur-
face. The reaction that dominates depends on the relative concen-
trations of O and NO, both in the gas phase and on the surface, and
on the reaction rates. The gas-phase concentrations are computed
using a Monte Carlo method. These concentrations are affected by
both the assumed freestream concentrations and the chemical re-
actions that occur in the flowfield. The surface concentrations are
computed using a Runge-Kutta method to solve the system of dif-
ferential equations described in the next section.

Surface Events

Five types of surface events are considered: physical adsorp-
tion, thermal desorption, collisional desorption, gas—surface (Eley—
Rideal) reactions, and surface-surface (Langmuir-Hinshelwood)
reactions. In this section, each event is classified and described in
terms of a general chemical representation. The parameters charac-
terizing the event are then defined. Finally, the effect on the rate of
change of surface number density is expressed in differential form.

An adsorption event occurs when a molecule impacting the sur-
face does not reflect, but rather is trapped on the surface. There are
several ways in which a molecule may be adsorbed, physical and
chemical adsorption being the two primary forms. Any molecule
that chemically adsorbs to the surface is tightly bound and much
less likely to participate in other surface events. Thus, the only type
of adsorption considered in this model is physical adsorption, where
the physisorbed species are assumed to form a monolayer on top of
the chemisorbed species.® A physical adsorption event is represented
by

0+X— Q"

where X symbolizes a free surface site. Each event can be char-
acterized by a sticking coefficient, which is simply the probability
that a molecule striking the surface becomes adsorbed. The rate of
change of surface number density for species Q is

N

dn

_t2=sQFQ 1->"6 3)
i=1

The term in parentheses represents the fraction of adsorption sites
that are uncovered and available.

Spontaneous desorption of a physisorbed molecule is termed ther-
mal desorption. Such events occur when the thermal energy of the
surface is large enough to overcome the bonding energy of the
physisorbed molecule. Symbolically, this is

0> 0+X

In this model, thermal desorption events are characterized by a time
constant. This characteristic time combines the effect of binding en-
ergy and surface temperature. The rate of change of surface number
density for species Q is

dl’lQ ng /
dt To @

Collisional desorption is desorption that is initiated from the sur-
face through a direct collision with an incident gas-phase molecule.
An event of this type can be written

Ai+Q'—> Ai+0+X

A collision cross section characterizes collisional desorption events.
Theoretically, this cross section varies for each type of collision pair.
In the present study, this parameter is varied depending only on the
adsorbed species. The rate of change of surface number density for
species Q due to species i is

—= = —Fngo! )

Chemical reactions involving an incident gas-phase molecule and
an adsorbed molecule are termed Eley-Rideal reactions. The prod-
uct may stay adsorbed to the surface or may be ejected into the
flowfield. Shown symbolically, these are

A+ A% > 0

As with a collisional desorption event, an Eley—Rideal reactios is
characterized by a cross section. Each Eley-Rideal reaction results
in a reduction of the surface concentration of species A;. The sur-
face concentration of species Q will increase if the particle remains
adsorbed on the surface. Defining €7 as this probability of ejection
into the gas phase of the species Q created from species i and j, the
rates of change may be expressed as
—_— = (1 - efj’) o Finj, % =—o Finj (6)
The final type of surface events considered are Langmuir-
Hinshelwood reactions, involving two surface-adsorbed molecules.
Similar to gas—surface reactions, the resultant product may stay ad-
sorbed on the surface or may be ejected into the flowfield, or

Al + A% > 042X
Al +AS—> Q0+ X

Noting that surface-surface reactions are described through a reac-
tion rate as opposed to a cross section, the rates of change become
an _ dng dn

o =—L =—K!"nin; (7
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It is useful to define a species surface coverage, ®; =n;/ny,
where ny is the surface number density of available sites. Divid-
ing Egs. (3-7) by n,; and combining them, the overall rate of change
of surface coverage for species Q can be written collectively as
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Values for the fluxes are determined from the Monte Carlo simu-
lations. A listing of all of the events considered is given in Tables 1
and 2. Baseline values for the parameters in all of the surface events
are taken from the report by Gorelev et al.” These baseline val-
ues represent a collection of values from literature as well as esti-
mates and approximations. To compliment the Gorelev et al. report,
values for the parameters of important events are taken from ad-
ditional sources. In particular, sources were found for nitric ox-
ide adsorption'®~'2 and thermal desorption,'* for molecular oxygen
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Table1 Nonreacting events

Event Parameter
Physical adsorption S

N2 +X —> N 3 (el) 0.03

C& +X—>0; (€2 0.03
NO+X — NO" (e3) 03

Ij +X >N (ed) 0.3
O+ X —> 0% (e5) 03
Thermal desorption T, S

Ng — Nz +X (e6) 0.25

of — 02 +X (7 0.25
NO” — NO+ X (eB) 25.00
N? —» N +X (€9 25.00
04 — O+ X (el0) 25.00
NOj — NO,+X (ell) 25.00
Collisional desorption o, m?
M+N¢ > Np+ M+ X (el2) 1.0 x 10~1°
M+O" - 02+M+X (el3) 1.0 x 10719
M+ NO* - NO+M+X (el4) 4.5 %1020
M+N > N+M+X  (el5) 4.5 %1020
M+0* > 0+M+X (el6) 45 x 10720
M+NO¢ — NO; +M+ X (e17) 45x 10720

Table 2 Reacting events

2

Reactions Parameter, m

Eley~Rideal o

N2+ 0%+ X — NO“ +N¢  (el8) 2.7 x 10722
O+N* - NO*  (el9) 3.6 x 10720
N+O“ — NO*  (e20) 3.6 x 10-20
0+NOZ — NO*+ Oy (e21) 1.0 x 10720
N+0° 2, NO + X (€22) 2.5 x 10-2!
O+N* > NO"+X (e23) 2.5 x 1072
O+ NO* - NOj  (e24) 1.0 x 1072t
NO+ 0% —» NO" (€25) 1.0 x 10721
NO+0% > NOJ+X  (e26) 1.0 x 1072
NO+ NO* - NO3 +N¢+ X  (€27) 1.0 x 1072
0+NO* — NO3 +X (€28) 1.0 x 1072
0+0* > 0, + x (€29) 45x 10720

Langmuir-Hinshelwood K

O“+N* - NO“+X (e30) 5.0 x 1072

N“+N* > Ny +2X  (e31) 5.0 x 1072

07 +0% - 05 +2X  (e32) 5.0 x 1072

0%+ NO“ - NO, +2X  (€33) 5.0 x 1073
adsorption'*~!? and thermal desorption,® and for molecular nitro-

gen adsorption.?! In general, for the cited sources, whose exper-
imental conditions closely match ram-surface satellite conditions,
these additional values support the values of the Gorelev et al. report.
Therefore, as a baseline case, the Gorelev et al. values are used.

For many of the parameters of the important events, values are not
available in the literature. This is especially true for some of the less
commonly considered Eley-Rideal reactions and collisional des-
orption cross sections. In other cases, the studies are for different
surface conditions, different temperatures, and include different re-
action phenomenon than considered here. In particular, many studies
deal with chemisorption and dissociative adsorption, whereras the
main adsorption mechanism in this study is physisorption onto an
atomic oxygen monolayer. Regardless of these differences, these
values are useful for bounding the parameters used. It is important
to note that the significance of the surface event modeling described
earlier to the present work is that it represents a substantial increase
in detail from previous work in Ref. 5.

Simulation Considerations

As outlined in the Introduction, the numerical approach used to
implement the model has three distinct stages. The first stage is a
Monte Carlo simulation that determines the structure of the flowfield
and incident fluxes to the surface. The second stage is an ordinary
differential equation solver, employing the Runge-Kutta method.
This solver also incorporates the final stage, converting between
NO; flux and glow brightness.

Rare Gas-Phase Species

The flowfield around the AE satellite is simulated using the direct
simulation Monte Carlo (DSMC) method.?? The DSMC technique
is appropriate for simulating rarefied flows where binary collisions
dominate. Many studies have used DSMC to investigate flows ex-
hibiting high degrees of thermal and chemical nonequilibrium.?*2¢
The DSMC technique uses a relatively small number of computa-
tional particles to represent the molecules of the real gas. Collisions
between two computational particles can exchange momentum, ex-
change internal energy, and lead to chemical reactions. Instanta-
neous probabilities of collision, exchange, and reaction are chosen
to match models from kinetic theory and rates from phenomeno-
logical models. Macroscopic properties of the simulated gas are
calculated from average values of the particle properties.

The ambient conditions of the Earth’s atmosphere in the altitude
range of interest are such that some of the species are extremely
rare. Here, a rare species is defined as one having density that is
at least two orders of magnitude lower than that of the bulk gas.
Given the rarefied nature of the flow, the DSMC method is a natural
choice for a numerical approach to solve for the flowfield structure.
However, there are some fundamental problems with applying the
standard DSMC method to a flow with rare species. These problems
are overcome by using a DSMC overlay method, which is more fully
described in Ref. 5.

Surface Chemistry Including Satellite Rotation

A simple scheme is used to solve the system of ordinary differ-
ential equations given by Eq. (8), using a slightly modified version
of the fourth-order Runge—Kutta method. One of the key sets of in-
put parameters are the incident fluxes F;. The base values for these
fluxes are determined from the DSMC solutions, providing a strong
link between the two stages. Furthermore, the effects of the satellite
rotation must be accounted for if flights of the AE satellite are to
be simulated accurately. Thus, these base fluxes are modified by a
piecewise function consisting of a sinusoidal term for the forward-
half of the rotation and a null term for the back-half of the rotation.
The rotation has the overall effect of reducing the total flux to the
surface in comparison to the despun case.

Conversion from Surface Flux to Glow Brightness

To make a direct comparison with the VAE data, the emitted flux
of NOJ must be converted into a glow brightness. The measured
glow brightness is given in units of Rayleighs, defined as

6
| Rayleigh = L0 Photons pl;"“’"s

cm? - s
Dimensional considerations suggest a form for the conversion
model. First, the simplifying assumption is made that each NOJ
molecule decays to the ground state and emits a photon within a
very short timescale. Thus, a direct conversion from molecules to
photons can be made. Second, the probability that an emitted pho-
ton has a wavelength within a particular range is given by the ratio
of line width area to the total NO spectrum area (see Fig. 1). The
spectrum used is that of a red-shifted NOj spectrum, as described
in Ref. 25. In the present study, the glow at 656.3 and 732.0 nm is
considered. The photometer in the VAE experiment has a line width
of 2 nm. For these wavelengths, the area ratios are approximately
5 and 155 100, respectively. Thus the final conversion is

« particles « area 9 1 flux[Rayleigh ©
u ————r — =
m? - s ratio 1010 ux[Rayleighs] )

Results

Multiple simulations of the flowfield around the AE satellite are
performed over the altitude range of 140-300 km, with more fo-
cus. Two sets of ambient conditions are considered at each altitude,
corresponding to a low and a high nitric oxide concentration in the
freestream. These ambient concentrations for NO are determined
using data from the NACE experiment conducted onboard the AE
satellite. Values are listed in Table 3 for reference. All other concen-
trations are determined using the Mass Spectrometer and Incoherent
Scatter (MSIS) model.2

13
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Table 3 Ambient NO concentrations measured by NACE

Altitude, Low density, High density,

km m~3 x 10712 m=3 x 10712

140 8 30

150 5 25

160 3 25

170 3 20

180 2 20

190 2 20

200 1 15

250 1 12.5

300 0.7 10

1.0 T T —T T T

08 |- /
172
g /
£ osf i
-5, . area under spectrum = 162.3 ]
o
Qo
=2
< 04l -
2 ]
[on

02| .

area = 1.246 area=1.616
0.0 YD ST S T S S 1 P n Il n PR Y
500 550 600 650 700 750 800

A (nm)

Fig. 1 NOj spectrum and photometer line widths.

The results from these simulations are examined in three sections.
First, a representative case is chosen and studied in detail, with
particular emphasis being given to the effects of satellite rotation.
Second, the sensitivity of the predicted glow brightness to the event
parameters is assessed. Finally, a comparison is made between the
simulated glow brightness and experimental measurements taken
during flights of the AE satellite.

Detailed Study of a Representative Case

The 140-km, high-NO-concentration case is chosen for the repre-
sentative case. Because this case has the highest ambient density of
all of the cases considered, chemical effects should be the most vis-
ible. For purposes of contrast, the 140-km, high-NO-concentration
case is compared with the 300-km, low-NO case. In both cases, the
initial surface coverage of all species is zero. Although the assump-
tion of a clean surface is certainly not to be expected for the real
satellite surface, it does provide a uniform starting condition.

Figure 2 shows time-accurate results for glow brightness. Both
despun and rotational predictions are shown for each altitude. Com-
paring the despun results for both 140 and 300 km shows the bright-
ness reaches its steady-state value very quickly at 140 km; at 300 km
relatively more time is required. This difference in time is a direct
consequence of the higher incident flux at 140 km. The 140-km
rotational results exhibit the expected qualitative behavior, showing
a cyclic variation with a period of 15 s. Two distinct phenomena
are evident. For each half-period, corresponding to when the de-
tector is exposed to the incoming flux, the brightness rises to a
maximum value and then decreases. Note that the peak value oc-
curs slightly after the time of maximum flux, due to the inherent
timescale of the chemical processes leading from incident fluxes
to glow production. The other half-period shows a log-linear de-
crease in glow, corresponding to when the detector is in the shadow
of the satellite and thermal desorption dominates. In the first half-
period, the glow at 140 km is greater than the glow at 300 km, as
expected. In the second half-period, this is not the case. This ini-
tially counterintuitive result is understood through an examination
of the relative fluxes of the different species at the two altitudes. At
300 km, the flux of NO and O relative to the total flux is greater
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Fig. 3 Effects of satellite rotation on fractional surface concentrations
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than it is at 140 km. This leads to a higher surface concentration
of these species, which results in a higher glow brightness due to
event (e33). A more complete analysis of this behavior is available
in Ref. 27. As a final comparison, the peak glow values in the rota-
tional case at 140 km match the despun steady-state value. This is
not the case at 300 km. Again, this is attributed to the lower flux at
300 km.

Surface coverages for all six species at 140 km are shown in Figs. 3
and 4. Atomic oxygen is the dominant species, with a coverage one
order of magnitude greater than N, at peak value and at least two
orders of magnitude greater than all other species. However, even
with the high incident flux at 140 km, the surface coverage of atomic
oxygen is only approximately 10%, indicating that the surface is
primarily uncovered at all altitudes. Also notable is the disparate
behavior of N, and O, from the other species. Both of these species
have relatively low thermal desorption times. Thus, when the surface
is rotated away from the incident flux, their coverages drop rapidly,
giving the cyclic variability shown in Fig. 4.

A direct comparison of the time-accurate surface coverages at
different altitudes is not particularly informative. The disparate be-
havior of N, and O, from the other species is seen at all altitudes.
It is more illustrative to compare relative steady-state surface con-
centrations of the species with altitude. Figure 5 shows this com-
parison. For clarity, molecular nitrogen and oxygen are shown with
symbols. The relative surface concentration of these two species de-
creases with altitude, which follows directly from the lower ambient
concentrations at the higher altitudes. Similarly, the increase in the
surface coverages for atomic nitrogen and oxygen can be explained
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from the higher atmospheric concentrations of these species at the
higher altitudes. The increased coverages of N and O lead to the
increased surface concentration of NO via the Eley-Rideal reac-
tions (e19) and (e20). This, in turn, results in an increase in the
concentration of NO, due to reactions (e24) and (e25).

As a final look into the representative case at 140 km, the orbital
speed of the satellite in the DSMC simulation was lowered from
8 to 7.2 knmy/s. This lower value may be more reasonable consid-
ering the corotation of the atmosphere.?® Given this reduction of
orbital velocity by 10%, the glow production behaves as expected,
with reduction in peak glow brightness of approximately 11%. The
small difference is due to reduced gas—gas chemistry. This close cor-
respondence also indicates that additional simulations with varied
orbital speeds are unnecessary at any altitude.

Sensitivity to Event Parameters

Given the large number of surface events, shown in Tables 1 and 2,
itis useful to study the sensitivity of the glow brightness to the event
parameters. From this sensitivity study, the important events are
identified. For each event, the corresponding parameter is multiplied
by the factors 0.1, 0.2, 0.5, 2, 5, and 10. Incidences where this
multiplicative factor leads to unphysical values of the parameter
are ignored. A complete surface event simulation is performed for
each modified value. The 140-km, low-NO-concentration DSMC

10

N

T

10°

from Baseline Case

. oe0
®

€. 4
xOLe, 4

Relative Change in Brightness

10" 1 1 i I i
N, 0, NO N [e]

Fig. 6 Sensitivity of brightness to sticking coefficients. Change to stick-
ing coefficient: 0O, X0.1; O, X0.2; ¢, X0.5; %, x1.0; ¢, x2.0; ®, X5.0;
and m, x10.0.

10' -
7)) -
[}
m -
=
53
= -
@O
=g §
St @ @ e o @
S - L 2
cm -
Ceg [ [ ]
O O B
2 | | |
:(ES H
q) -
o
10-1 1 l l 1 1 |
N, o, NO N 0 NO,
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simulation is used to determine the incident fluxes. Sensitivity is
assumed to be similar at other altitudes.

An examination of all of the surface events shows that events
(€26), (e27), (e28), and (e33) are the reactions that lead directly
to the production of NOJ. These reactions are referred to as the
production reactions. The only reactants in all of these reactions
are NO and O. It is expected that the glow brightness will be most
sensitive to parameters of events relating to these two species.

The sensitivity to the sticking coefficients of the freestream
speciesis shown in Fig. 6. Glow brightness is most sensitive to two of
the coefficients, those for N, and O. For atomic oxygen, the bright-
ness is proportional to the sticking coefficient. Increased atomic
oxygen surface coverage enhances production reactions (e26) and
(€33). For molecular nitrogen, the brightness is inversely propor-
tional to the sticking coefficient. Molecular nitrogen acts as an in-
hibitor because it is not a direct precursor to glow and adsorbed N,
competes with precursors for free surface sites. It is an important
inhibitor simply because it is the second most common species in
the altitude range of interest.

Figure 7 shows the sensitivity to the inverses of the thermal des-
orption times. The brightness is seen to be only sensitive to the ther-
mal desorption time for NO. Accounting for the variation shown
being for the inverse desorption times, it is evident that increasing
the time leads to an increase in glow production. Adsorbed NO is a
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reactant in production reactions (e27), (¢28), and (e33), and so an
increased lifetime on the surface leads to greater production of glow.

The effect of varying the collisional desorption cross sections is
given in Fig. 8. For these events, the glow production is sensitive to
cross sections for both NO and O and in particular NO. Both species
show that the glow is inversely proportional to the cross sections.
Given that NO and O are the only reactants of the production reac-
tions, this sensitivity result is not surprising.

Figure 9 shows the sensitivity to the cross sections for all of
the Eley—Rideal reactions, events (e18-e29). The glow brightness
increases with an increase in the cross sections for events (el8),
(e20), and (e28). The first two of these reactions lead to an increase
in the surface coverage of nitric oxide. The last of these reactions is a
production reaction and leads directly to the formation of NO3. The
magnitude of the sensitivity to this event identifies it as the primary
production reaction. The importance of this reaction is consistent
with the findings in Ref. 29. The glow production is reduced with an
increase in the cross section of reaction (e24). This reaction reduces
the surface coverage of nitric oxide.

The calculated glow brightness shows little sensitivity to the
Langmuir-Hinshelwood reaction rates. This behavior is to be ex-
pected after an examination of the governing system of ordinary
differential equations (8). The term corresponding to produc-
tion from a surface-surface reaction contains the expression

300

280

260

240

220

Altitude [km]

200

180

RN E S EEEERSEEE ERERE REREE RIRRE RERREE RE

160

140 T | Lo ..

107 107 107 10°
Incident NO Flux Ratio

Fig. 10 Contribution of chemically produced NO to total incident
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Fig. 11 Comparison of predicted glow brightness to AE data at
656.3 nm.

(1—€/ngK[1©,0;. Because n, is O(10*), K is O(10~%), and
all other terms are O(1), the magnitude of this term will be of
O(107*). A similar analysis of another term, e.g., the expression for
collisional desorption, gives a magnitude as high as ©(10~!). Thus,
it is not surprising that Langmuir-Hinshelwood reactions have a
limited effect on the overall glow production.

Comparison to AE Data

The incident flux of nitric oxide that participates in the production
of glow has two sources. Nitric oxide is found in limited concen-
trations in the ambient atmosphere. As was mentioned earlier, these
concentrations vary significantly due to solar activity, magnetic cy-
cles, and other phenomena. Again, for this reason, the ambient con-
centrations of NO are taken from the NACE experiment. Nitric oxide
is also produced chemically in the weak shock in front of the vehi-
cle. At the higher altitudes, the flow is almost collisionless, and the
production of NO in the weak shock is negligible. Thus, almost all
of the NO in the flowfield is ambient NO. At the lower altitudes, a
significant portion of the NO in the flowfield is produced through
gas—gas reactions. This behavior is quantified in Fig. 10. The plot
shows the fraction of the total incident NO flux that is chemically
produced NO. Values for both the low and high ambient nitric oxide
concentrations are plotted. As expected, this fraction decreases as
altitude decreases.

The steady-state values for glow brightness at 656.3 nmusing both
ambient NO concentrations are compared to experimental data from
the AE satellite in Fig. 11. The calculated values agree well with the
measured glow brightness, representing a substantial improvement
over the previous results presented in Ref. 5. This improvement is
a direct consequence of the more detailed modeling. Furthermore,
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the sensitivity to the ambient concentration of NO is greater at the
higher altitudes. This sensitivity is a direct result of the chemically
produced NO being less significant at the higher altitudes, magni-
fying the importance of fluctuations in the ambient concentrations.

Figure 12 compares the simulated values for glow brightness
to the experimental measurements at the 732.0-nm wavelength. At
this wavelength, the calculated values also agree well with measure-
ments at altitudes above 160 km. At the lower altitudes, there is an
underprediction. This indicates that the surface reactions and events
responsible for the production of glow are too infrequent at the lower
altitudes. The sensitivity of the brightness at the higher altitudes to
the ambient NO concentration is also seen at this wavelength.

Conclusions

This study represents the first detailed computation of spacecraft
glow that includes a comprehensive set of production mechanisms.
From the examination of the representative case, the chosen sim-
ulation method was shown to be qualitatively valid. The effects of
satellite rotation were effectively captured. In terms of the forward-
looking glow brightness, these effects were more important at the
higher altitudes. The behavior of the species surface concentrations
were found to strongly depend on the magnitude of the thermal des-
orption time constants. Relative concentrations varied with altitude
according to ambient densities and specific surface events.

The sensitivity study showed that parameters relating to nitric ox-
ide and atomic oxygen are the most important values in determining
the glow brightness. Again, this is as expected, because NO and O
are the only reactants in the production reactions. Specifically, the
events (el), (e5), (e8), (e14), (e16), (¢18), and (e20) were identified
as the critical precursor events. Furthermore, the Eley-Rideal reac-
tion O+ NO* — NOj} + X (e28) was found to be the dominant pro-
duction reaction. The insignificance of the Langmuir-Hinshelwood
reactions was explained through an order of magnitude analysis of
the governing differential equations.

The importance of the ambient concentration of nitric oxide at the
higher altitudes was clear. Comparison of the predicted brightness
values to data taken by the VAE onboard the AE satellite was very
good. The agreement of the calculated glow brightness to experi-
mental measurements represented a significant improvement over
previous numerical predictions.
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