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An approach for modeling visible glow radiation about a spacecraft in low Earth orbit has been examined. A
new technique for simulation of surface chemical reactions based on the direct simulation Monte Carlo method is
used. The study focuses on the sensitivity of glow radiation to the gas-phase reaction model and surface reaction
cross sections in the altitude range from 140 to 200 km. Comparison of predictions for different gas reaction
cross sections and surface parameters is given with the Atmospheric Explorer data. It is shown that although
the radiance is increased by a factor of two when a quasi-classical model is used, the altitude dependence of the
predicted radiation is the same as that obtained using the total collisional energy model. Furthermore, it is found
that the influence of the freestream NO concentration on the total radiation is small for altitudes up to 200 km.
The main contribution is the formation of NO in bow-shock gas-phase reactions.

Nomenclature
A = preexponential factor in the Arrhenius expression
B = temperature exponentin the Arrhenius expression
E, = activation energy
F.um = ratio of molecules to simulated particles
fi = number flux of the ith species
H, = heat of absorption
1 = radiation intensity
k = Boltzmann constant, chemical rate constant
ky, = desorptionrate
M = chemical species
N; = number of collisions of speciesi with species j
n = number density
ny = total number of surface sites
P = probability
S = vacant surface site
S, = sticking coefficient
T = temperature
y = relative velocity, gas velocity
Wi = weighting factor of the kth species
Zi; = collision frequency of species i with j
At = time step
Oy3,r4 = cross sections for glow production
or = total collision cross section
T = radiation lifetime
Subscript
S = surface adsorbed species
Superscript
* = electronically excited state
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I. Introduction

PACECRAFT radiation is primarily caused by the interaction

of spacecraftsurfaces with the rarefied atmosphere in low Earth
orbit. Detailed information on the physical and chemical processes
that occur at the surface and in the gas phase is critical for un-
derstanding glow formation mechanisms and the experimental data
accumulated in recent years. Numerical methods that enable one to
simulate spacecraftglow are of importance because they can provide
for very detailed data on the spacecraftlocal atmosphere, which has
many important operational applications such as spacecraft con-
tamination and optical sensor interference. In terms of numerical
modeling, a key issue for further improving reliability is the use of
accurate and adequate models for gas-phase and gas/surface colli-
sion processes. Development and application of efficient numerical
models and algorithms for simulating these collisions is, therefore,
critical for obtaining credible data on radiation phenomena.

It is well known' that the important spacecraft glow processes
occur at high flight altitudes (higher than 100 km) where the effects
ofrarefactionplay a determiningrole. The traditional computational
fluid dynamics approaches based on solution of the Navier-Stokes
or viscous shock layer equations fail at such rarefied conditions.
Methods of rarefied gas dynamics therefore have to be used for
modelingthese processes. The most powerfulmethod of rarefied gas
dynamics is the direct simulation Monte Carlo (DSMC) method.? A
recent approachfor modeling surface processes has been developed
inRefs. 3 and 4 thatis suitable for the DSMC method. The adsorption
and formation of new species on the surface was simulatedin Ref. 3
using the DSMC method, and the visible glow fromexcited NO, was
calculatedfor hypersonicflow aroundthe Atmospheric Explorerand
compared with experimental data.’> The earlier work of Karipides
etal.*7 also examinedspacecraftglow using the DSMC method. The
numerical approach used in this work is differentin that an overlay
approachis notused. Moreover, a differentset of issues is examined
here. The presentpaper uses the results of Refs. 3 and 4 and extends
them to provide a more detailed explanation of spacecraft glow.

The main objectives of this work are to present an improved
DSMC approachformodelingsurface processes,to apply it for mod-
eling glowradiationin an energeticflow around the AtmosphericEx-
plorer (AE), and to study in detail the influence of gas-phase chem-
ical reactions on NO, glow radiation. The DSMC approach pre-
sented here improves the efficiency of the computational procedure
so that sufficientaccuracy can be obtained at all altitudes of interest.
Moreover, the high accuracy permits us to evaluate the sensitivity
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of predicted radiation to changes in freestream conditions, chem-
istry models, surface models, and fully coupled vs analytic radiation
models. Many of these comparisons involve small but physically
meaningful differences where high accuracy is a necessity.

In the following section the chemical processes responsible for
NO, glow at high altitudes are reviewed. Then, the description of
a new DSMC procedure is presented that uses a weighting scheme
for modeling chemical reactions in gas and on the surface. The
principal differences between the present approach and previously
used techniques’ are discussed. After a brief discussion on flow
conditionsand utilized parameters of the DSMC method, the results
of the computational study are given. The sensitivity of the glow
radiation to the chemical reaction model and the freestream NO
concentration is clarified. Comparison with analytic predictions is
followed by the results obtained for different surface parameters.
Finally, comparison of the numerical data with flight measurements
is presented.

II. NO, Radiation Mechanisms

A. Surface Processes

The detailed description of processes occurring at spacecraftsur-
faces at high altitudes is given in the work of Dogra et al.> Here we
mention only the most important features relevant to modeling the
visible glow. The process responsible for glow in the visible por-
tion of the spectrum?® is the radiation of NO; molecules formed by
the recombination of atmospheric, hyperthermal O(P) atoms with
surface-adsorbedNO (here NO; denotes an excited electronic state
of NO,).

The spacecraft surface is assumed to be a metal oxide. Surface
bombardment by O and NO results in those species being ph-
ysisorbed or weakly chemisorbed to the surface, as long as there
are available sites. The principal process for surface glow follows
an Eley-Rideal mechanism (see Ref. 9) with NO; formed by subse-
quent collisions of O with surface-physisorbedNO. The formation
of NOJ through the interaction of gas-phase NO and adsorbed O
particles has also been considered in simulation, but not found to
be significant. The second possible mechanism of NO; formation,
based on a Langmuir-Hinshelwood scheme including reaction of
both surface adsorbed NO and O, was not considered due to the
relatively low heat of adsorption values that are reasonable for a
surface glow model ?

Hence, the major surface processes responsible for the visible
glow originated from NOJ are summarized as follows:

NO + S < NOg (D)
O+ § < Oy 2)

O+ NOg— NO,+ S+ hv 3)
NO + Os — NO, + S+ hv 4)
M+ NOs— M+ NO+S (5)
M+03—=M+0+S 6)

where S represents a surface site available for physisorption. Reac-
tions (1) and (2) are adsorption/desorption reactions, reactions (3)
and (4) are glow processes, and reactions (5) and (6) are scrub-
bing reactions. Equations (3-6) are assumed to proceed only in the
forward direction. The scrubbing processes involve all gas species
(denoted as M), that is, N,, O,, NO, N, O, and NO,.

The desorption rate constants [backwards processes in Eqgs. (1)
and (2)] are assumed to be temperature dependent and defined as

ky = 10" exp(—H,/kT,), s

where T, is the wall temperature. The forward rate is derived from
the inherent properties of the gas species incident on the surface
and the surface material by use of S,. The values of the surface
parameters from Ref. 4 were used in this work. Table 1 provides
their summary.

Table1 Summary of surface glow parameters

Parameter Range of values

NO heat of absorption, kcal/mole 16 (set 1)

20 (set 2)
O heat of absorption, kcal/mole 3
Sticking coefficients for adsorption processes S, 0.5
‘Wall temperature 7,,, K 300
Glow cross sections for processes (3) and (4) 0.1

o3, 4. A?

Scrubbing cross sections for processes (5) and (6) A2 0 (set 1)

4 (set 2)
Total number of surface sites per m2, ny 0.24 X102

B. Gas-Phase Processes

A seven-speciesmixtureconsistingof N, O, N;, 0,,NO, NOJ, and
NO, was used. At the high altitudes studied, the impact of chemical
reactions on major species N,, O,, and O is negligibly small. The
reaction path

N, + 0 — NO + N

is the single, dominant chemical reaction responsible for the for-
mation of NO, which in turn controls the production of NO;. This
reaction is highly endothermic, but in the center of mass system of
collisions between freestream and reflected particles there is suffi-
cient collisional energy at these orbital conditions. The interaction
of the wall with the reacting gas, therefore, affects the chemical
reaction rate. These effects do not change the conclusions of this
work and are reported elsewhere.!” The full set of air chemical re-
actions has been modeled for the sake of completeness, including
fifteen dissociation reactions and four exchange reactions. The list
of reactionsis given in Table 2 together with constants for the corre-
sponding Arrheniusequations,k = AT % exp{—E,/ kT }. Here, k is
the reaction rate. The heat of reaction given in column 3 of Table 2
is the energy transferred between the translational, rotational, and
vibrational modes of reagents (or reaction products for negative re-
action heat values) and the potential energy of electronic levels of
reaction products (or reagents for negative reaction heats). The val-
ues for the constants A, B, and E, taken from earlier work® were
used here.

The glow processes (3) and (4) comprise two components. The
firstis related to the formation of NOJ on the surface, and the second
is the spontaneousemission NO; — NO, + A vin the gas phase. The
key parameter of the second stage is the average life time of NOJ,
7;, which was assumed to equal 0.0003 s.

III. Numerical Method

A. General Approach

The DSMC-based computational tool, SMILE,!! has been used
in computations. The majorant frequency scheme of Ivanov and
Rogasinsky'? is employed for modeling molecular collisions.
SMILE was modified respectively to account for surface reactions.
Instead of a three-step approach based on an overlay concept used
for modeling trace species gas-phase and surface reactions in ear-
lier work,? a more efficient one-step algorithm was developed. A
weighting scheme has been used to simulate both the elastic colli-
sion processes between major and trace species and the chemical
reactions in gas phase and on the surface. The major and trace gas
speciesin the flows discussedin this work are N,, O,, and O and NO,
N, andNO,, respectively. The most important gas/surface processes
involve NOg, Egs. (1), (3), and (5). Consistent with the gas phase,
NOgs is modeled as a trace species. It is emphasized that the use of a
weighting procedure is indispensable for obtaining credible results
on NO; radiative processesdue to very small relative concentrations
of species important for radiation. The procedures enables one to
increase drastically sample size of the trace species.

B. Weighting Scheme for Modeling Elastic Collisions

The elasticcollisionswere simulated using the weighting scheme?
adopted for the majorant collision scheme. The weighting scheme
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Table2 List of gas-phase reactions

Reaction Enthalpy of

number Reaction path reaction, J A, mol - s/m? B E, ]

1 0, +N—0+0+N 8.197 x 10719 5.993 X 10712 1 8.197 x 101
2 0, +NO— O+ 0 +NO 8.197 x 1071 5.993 X 10712 1 8.197 x 101
3 0,+N,— O0+0+N, 8.197 x 10719 1.198 x 10711 1 8.197 x 101
4 0,+0,— 0+0+0, 8.197 x 1071 5.393 x107!! 1 8.197 x 101
5 0,+0—0+0+0 8.197 x 10719 1.498 x 10710 1 8.197 x 101
6 N, +O—= N+N+0 1.561 x107'8 3.187 x 10713 0.5 1.561 x 10718
7 N, +0,— N+N+O0, 1.561 x10~'8 3.187 x 10713 0.5 1.561 x 10718
8 N, + NO— N + N + NO 1.561 x107'8 3.187 x 10713 0.5 1.561 x 10718
9 N, +N, = N+ N +N, 1.561 x10~'8 7.968 X 10713 0.5 1.561 x 10718
10 N, +N—= N+N+N 1.561 x107'8 6.900 x 1078 1.5 1.561 x 10718
11 NO+N,—» N+O+N, 1.043 x 10718 6.590 x 10710 1.5 1.043 x 10718
12 NO+0,—= N+0+0, 1.043 x 10718 6.590 X 10710 1.5 1.043 x 10718
13 NO+NO— N +0 +NO 1.043 x 10718 1.318 1078 1.5 1.043 x 10718
14 NO+O—N+0+0 1.043 x 10718 1.318 1078 1.5 1.043 x 10718
15 NO+N—N+O+N 1.043 x 10718 1.318 1078 1.5 1.043 x 10718
16 NO+0— 0, +N 2719 x 10710 5.279 x 102! -1 2719 %1071
17 N, +O— NO+N 5.175 %1071 1.120 x 10716 0 5.175 X 10719
18 0, +N—NO+0 —2.719x 1071 1.598 10713 -0.5 4.968 x10~20
19 NO+N— N, +O -5.175x 107" 2.490 X 10~17 0 0

will be explained by its connection to the usual gas kinetic formula-
tion. Let us introduce the following nomenclatureand relationships:

W, = species weighting factors (or weights), where 0 < W, <
1 and & is the species index

ny = number of simulated particles, per unit volume,
with weighting

n;, = number of atoms or molecules per unit volume

F.n = conversionbetween molecules and simulated
particles

o, = totalcollision cross section as defined by Bird?

For cr}, or = CT],-F“um, where the prime indicates the properties of
real molecules. The number of real molecules can be related to the
number of simulated particles with weights by

I’l;( = WkF“umnk (7)

Major speciesare assigneda weightingfactorvalue of unity, whereas

trace species have a typical value of W, =0.005 in this work. Hence,

the trace species concentrations are increased by a factor of 1/ W,.
According to kinetic theory, a molecule of species i experiences

N/ collisions with species j in a time period At of

N/ =n’jcr}(v)vAt (8)

i

. . ’
with a collision frequency Z;;

Zlfj = n’ja}(v)v 9

where v is the relative velocity of the moleculesand the bar indicates
the average taken over a group of molecules. When the simulations
are performed, we choose similar expressions for the number of
collisions between simulated particles that will provide an efficient
procedure and reduce to the gas kinetic result of Egs. (8) and (9).
For collisions between simulated particles the collision frequency
may be written as

Z, =n,or(v)vW, (10)
where the bar indicates an averaging over pairs in a cell. If the
definitions given before are substituted into Eq. (10), it can be seen
that it is consistent with Eq. (9), the gas kinetic result.

A key task in performing the simulation is to efficiently select
pairs of particles and evaluate whether a collision has taken place.
In this section we consider nonreactive collisions. Hence, if a colli-
sion has occurred the velocities of the particles are changed accord-
ing to the selected intermolecular force law. The determination of

whether a collision has occurred is based on both the statistical or
probabilisticelement of the simulation and the total collision cross
section. The number of pair selections of species (i, j) percell in a
time period At is n; Zl.jAt. Equation (10) shows that when we use
a weighting scheme we are multiplying the collision frequency by
W;. Hence, if particle i is a trace species and particle j is a major
species, then the trace species changes its velocity. Alternatively,
if particle i is a major species and particle j is a trace species, it
is unlikely that i will change its velocity. This is consistent with
the concept of major and trace species because the major species
properties are supposed to be independent of the presence of trace
species.

In the work of Ivanov and Rogasinsky,!? an efficient procedure
was developed to simulate the collision procedure. This scheme,
known as the majorant frequency scheme (MFS), redefines the col-
lision frequency used in the simulation as

Z}\;IFS =nj[C7T(V)V]maX WI (11)

The collision frequency in a cell is calculated using the number
of simulated molecules in the cell and the maximum value of the
product of the total collision cross section and the relative collision
velocity. The number of potential collision pairs is, therefore, maxi-
mized with respectto the productof the cross sectionand the relative
velocity. Once a pair is selected, the probability that a collision oc-
curs is evaluated by an acceptance-rejection test of the ratio of

or(v)v

=—0 12
[GT (V)V]max ( )

The number of collisions between pairs (i, j) is then

or(v)v

NEOUMES — ) ZMESA P =, ZMESApd —— 13
Y " Y " Y [GT(V)V]max ( )
which is consistent with Eq. (8).
To perform simulations more efficiently, let us suggesta modified
form of the number of potential collision pairs:

NI‘I?FS = Wmaxninj[GT(V)V]maxAt (14)

where W« =max(W;, W;). Once a pair is selected, the probability
that a collision occurs is evaluated by an acceptance-rejection test
of P given in Eq. (12). If accepted, a second acceptance-rejection
test is performed of the ratio of P’ =W,/ W,,,, for i species and
P’ =W,/ Wy« for j species. The total number of collisions is then
NMES P P! and the collision frequency is Wyt ;[67(V)V ] P P,
which can be shown by similar substitutions of the original set of
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definitions to reduce to the gas kinetic result. This procedure has
been found to be particularly efficient for collisions between trace
species.

C. Weighting Scheme for Chemical Reactions in a Gas

Because weights have been shown to be efficient in simulating
elastic collisions, we consider their application to chemically rea-
ctive collisions. Let us consider the reaction

A+B—C+D

where A, B, C, and D are species with weights W,, Wy, W, and
Wh, respectively. The rate equation for the change of concentration
of species C is written in the usual gas kinetic form as

dn’.

where k’ is the rate coefficient
, =

kl =aol(v)v (16)
Here o is the reaction cross section, and in the simulation we use

& =0 Faum (17)
As we discuss the simulation procedure for chemical reactions, we
will find it useful to further define a reaction probability, P! = P,,
as

P. = c,/op (18)

Substitution of Eqgs. (7), (17), and (18) into Eq. (15) gives the rate
of formation of simulated particles C as

ne — WA WB
— =P 19
a or(v)v We nang (19)

When the simulations are performed, it is found useful to reexpress
the reaction rate for simulated particles as

dn, —
d_nt = X W Pror(v)vnang (20)

where W, =max(W,, Wg) and X is the fraction of C simulated
particles formed by the reaction and whose exact form can be ob-
tained by equating Egs. (19) and (20) as

_ WaWg
B Wmax WC ’

WaWsg

X = —
¢ Wmax WD

and, similarly, Xp 2n

The fractions of the particles of species A and B that will remain in
the flow after the reaction are
XA =1- WB/Wmaxa XB =1- WA/Wmax (22)
Note that X¢ and Xp may be greater than one if A and B are major
speciesand C and D are trace species. In this case, Eq. (20) predicts
a net increase in the number of C (and D) species.
Now we discuss the specific implementation of the MSF proce-
dure to chemical reactions. First consider the number of pair selec-
tions NFS, which, similar to Eq. (14), is defined as

N};A]fs = (Wmax2/Wmin)”AnBGT(V)VmaxAt (23)

where W, = min(W¢, Wp) and W, = max[min(W,, Wg),
min(Wc, Wp)]. For each selected A,B pair an acceptance-
rejection test is performed for the probability of a collision,
{or(v)v/or(v)v)ma }. If the pair is selected for a collision, we then
evaluate whether a chemical reaction occurs. The criterion for a
chemicalreactionto occuris thatthe total collisionenergy be greater
than the Arrhenius thresholdenergy and that the reaction probability
P, satisfies an acceptance-rejection test.

The rate of formation of species C is modeled in the MFS proce-
dure as

dnf-AFS Wmax 2 P _— (24)
KT Xe W -nangor(v)v
where xS can be obtained by equating Eqs. (24) and (19) to give
)(éAFS _ WaWg Woin or X]ISAFS _ WaWg Wi, 25)
WC Wmax 2 WD max 2

If a chemicalreactionoccurs, the fraction of particles C and D added
(or created) to the flow is 2™ and xS, respectively. The fraction

of particles A and B removed from the flow is calculated as

MES =1- WB Wmin }(MFS =1- WAWmin

, 26
XA Wmax 2 i Wmax 2 ( )

If a chemical reaction does not occur, then the fractions of
particles A and B whose postcollisional velocities change are
W5 Whin/ Winax 2 and Wy Wi/ Wik o, respectively.

It can be seen that the MFS procedure reduces to the gas kinetic
result as follows. From Eq. (23), the rate of change of N)T° may be

written as

dN};A]fS WmaxZ
—— = ——NANR[O7(V)V |nax 27
it W slor(v)v] (27

and the rate of change of C may be related to the rate of change of
NIES as
or(v)v

[GT(V)V]max

dn. _ dANMES
dr —

where the first set of brackets represents the probability that the pair
has been accepted and the second is the probability that a chemical
reaction has occurred. Substitution of Egs. (25) and (27) into (28)
gives Eq. (19), which was shown to be equivalent to the gas kinetic
result.

D. Weighting Scheme for Gas/Surface Chemical Reactions

Weights were also used to simulate gas/surface reactions for the
following two types of processes:

A+Bg— C (29)
A+Bs— A+B (30)

where the subscript S represents a species absorbed on the sur-
face. The first reaction represents the formation of a new chemical
species C and the second representsan ejection process, also known
as scrubbing. As discussed in the preceding section, the rate equa-
tions for species C in molecular and simulated particle form can be
expressed as

dn’

dn, WaW,
- = ;’V BnAnBS = o, Xcnangg (32)
c

where the reaction cross section G} is related to the simulated cross
section as before, o, = G}F“um, and X = W, W/ W is the fraction
of particles of species C to be created after the reaction (and can be
> 1). As before, the fractions of particles A and B that remain are

Xa =1—Wg/ W,, Xp, =1 =W/ Wy (33)

Similarly, for the scrubbingreaction, the fraction of desorbed parti-
cles of species B from the surface is

XB = WAWB/ WB (34)

These weighting schemes for gas and gas/surface interactions
have been applied successfully for modeling chemical reactions in
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trace species whose concentrations are many orders of magnitude
smaller than those of major species. Note that the use of weighting
factors is shown to be beneficial to obtain credible data with a low
statistical scatter for reasonablecomputationaltimes. The weighting
schemes enumerated here enabled us to reduce the computational
time by at least an order of magnitude as compared with previous
efforts?

E. Details on Modeling of Surface Reactions

In addition to adsorption and glow reactions, scrubbing reactions
were also included in the DSMC algorithm. Calculation of the sur-
face coverage was carried out in the following manner. During the
simulation, the number fluxes were calculated for all gas species
and for all surface elements. The calculation is repeated every N,
time steps, where N, was chosen from 200 to 500, dependingon the
number of simulated molecules. A special smoothing procedurehas
been used to reduce the impact of statistical fluctuations. At time
step N the number flux of ith species to be used in calculation of
the surface coverage is

— N
= SZleNC fis " (1-¢ ZA:N—NCH fis
"7 N -—N¢ N¢

where f;; is the number flux of ith species at time step s, and ¢ is
a parameter determining the contribution of the first N — N, time
steps (€ =0.1 was chosen here). Note that such a procedurereduces
significantly the fluctuations of number fluxes and enables one to
reduce simulation time. After the number fluxes are obtained, the
surface coverage is calculated using the equation

ni,x
Soi f; (1 - ”_T> —kyn; — Z filogn;, + on; ) =0 (35)

where S,; is the sticking coefficient of the ith species, n;, is the
number density of adsorbed molecules of species i, and o, and
o, are the glow and scrubbing reaction cross sections, respectively
(0, =073, 74). The surface coverage is the ratio of 7, to the total
number of surface sites ny.

By the use of surface coverage and number fluxes, adsorption,
glow, and scrubbingreaction probabilitiesare calculated for all sur-
face elements (the detailed equations for all of the processes are
givenin earlier work®). The correspondingnumber flux of desorbed
molecules is also calculated. Then, these probabilities are used over
the next N, time steps.

The glow reactionsare modeled as a two-step process. First, NO;
molecules are created on the surface as a result of a gas-phase O and
NO interaction with NO and O adsorbed on the surface. Then, NO;
molecules move out of the surface and radiate with the probability
proportionalto 7, , where 7; is the NOj lifetime. A radiationlifetime
0f 0.0003 s was used.

F. Analytic Tangent Slab Approximation

A tangent slab approximatior’ has been used in this work for
comparison with DSMC solutions that model the radiative decay
of NOJ. Note first that 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 NOJ number density N as

2r [ 0o
1 N 1 N
1=// — mdde:—/ (x)
o Jo 47T T 2/, T

where x =0 correspondsto the positionof the surface. Equation (36)
represents the tangent slab approximation, implying that the inte-
gration over d€2may be reducedto 2. The steady-statedistribution
of N(x) may be written as

dx  (36)

M = —E or N(x) =Cy exp(—:—v> 37N

0x T 7

Here, v is the gas velocity, and the variable of integration Cj, is the
value of N atx =0 andis equal to N//v. Here, N/ is the generation
rate of NOJ on the surface. Substitution of Eq. (37) into Eq. (36)
gives the tangent slab relation

I'= (Gf3”NOx fo + opano, fNO)/2 (38)

where fo and fyo are the fluxes of O and NO to the surface, nyo,
and nq, are the surface number density (molecules/m?) of NO and
O adsorbed on the surface, and o3 and oy, are the cross sections
for Egs. (3) and (4). Note that in the tangent slab approximation, the
intensity is not a function of the radiative lifetime 7;. Hence, if the
tangent slab approximation can be shown to be close to the exact
expression, Eq. (36), there is no requirement to know the lifetime
of the excited state with high accuracy.

IV. Flow Conditions and Parameters of the Approach

The flow about AE at different flight altitudes has been studied.
The flow is assumed to be two-dimensional, and the AE geometry
is represented by a 2-m-diam cylinder. The freestream conditions
are summarized in Table 3. The freestream conditions for the major
species are from Jacchia,'® and those for the trace species are from
a sounding rocket experiment.'* The speed of 7922 m/s was utilized
for all altitudes. The surface temperature was 300 K.

Because the flow is symmetric, only half of the domain was con-
sidered, with the specularconditions at the symmetry plane. Diffuse
reflection with the complete energy and momentum accommoda-
tion on the surface was assumed. The variable hard sphere model?
was used for modeling molecular collisions, and the Borgnakke and
Larsen model®® with Z, =5 and Z, =50 was employed for energy
exchangebetween the translationaland internal modes. The number
of simulated particles was about 100,000, and the number of cells
was 20,000. The mean free pathat 260 km s of the orderof 1 km, and
the cell size (of the background collisional grid) is approximately
1 m. The number of molecules per cubic mean free path (3 X 107 in
the freestream) used in the computations satisfies standard DSMC
requirements of the minimum cell size> and number of molecules.!6
The time stepof 3 X 1073 s was chosen so that simulated particlesdo
notcross more than one cell per time step. Preliminary computations
showed that the macroparameters and distributions do not change
after 0.3 s. Until this time, the flow is unsteady and parameters are
not sampled or averaged.

The most important gas-phase reaction that influences the radia-
tion process was found to be

N, +O— NO+N (39)

To study the sensitivity of the glow NO; radiation to the cross sec-
tion for this process, two different models were used. The first is the
total collision energy (TCE) model,> and the second is the model
developed by Bose and Candler!” where the reaction cross sections
were obtained basing on quasi-classical trajectory (QT model) cal-
culations.

Two different sets of surface parameters were used as is indicated
in Table 1. The two sets differ in the values of the heat of absorption
for NO and the scrubbing cross section.

Table 3 Freestream conditions

n x10'°,
H m? T,K 0,x107 N» O NOx1077 Nx1073
140 9354 625 618  0.65 0.29 8 0.05
150 5307 733 546  0.62 033 9 02
160 3350 822 486  0.58 0.37 11 1.04
170 2260 878 433 0.55 0.40 14 2.1
180 1619 947 389 051 044 18 3.08
190 1207 980 349 049 047 15 4.6
200 0906 1026  3.13 045 051 11 6.62
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V. Results and Discussion

A. Effect of Gas-Phase Chemistry Model

Consider first the influence of the N, + O— NO + N reaction
model on the flowfield and surface properties. The number density
contours of nitric oxide at the altitude of 140 km are given in Fig. 1
for the TCE chemistry model (bottom half of Fig. 1) and QT model
(upper half). Here and hereafter, surface set 2 has been used, except
where specified otherwise. The computations show that the use of
the more rigorous QT model results in a factor of two increase in the
concentrationof NO. The increasing of concentration,nevertheless,
does not change the shape of the bow shock.

Because there are few collisions and, therefore, reactions, at high
altitudes, chemical reactions between major species have little in-
fluence on changing the composition of the major species. This is
illustrated in Fig. 2 where contours of the total number density are
shown for the two chemistry models. Even though the number of
reactions differs by a factor of more than two, the total number den-
sity profiles are almost identical. This is also true for the surface
fluxes of all major species. The only freestream species affected by
the choice of reaction model are NO and N.

The quantitative effect of the chemistry model on the NO surface
number flux is illustrated in Fig. 3. The number flux profiles are
presentedalong the surface, and the abscissarepresents the distance
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3 n, mol/m 3
1 1.0el15
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3 3.0e15
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12 21lel6
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Fig. 1 NO number density fields for two chemistry models at 140 km;
bottom and top halves are the TCE and QC models, respectively.

Y, m

n, mol/m3

1.0e16
3.0e16
6.0el6
9.0el6
1.4el7
2.0el7
2.7e17
3.5el7
4.4el7
10 5.4el7
11 6.5¢l7
12 7.7e17

OO N R R WN

-5 T
0 5 10
X, m

Fig. 2 Totalnumber density for two chemistry modelsat 140 km; plots
defined as in Fig. 1.
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Fig. 3 NO surface number flux for two chemistry models at 140 km.
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Fig. 4 NO;< number density for two chemistry models at 140 km; bot-
tom and top halves are the TCE and QC models, respectively.

from the stagnation point (point 0) in meters along the body surface
(surface length is 3.14 m). The number flux increases by a factor
of 2.5 throughoutthe surface for the QT model, which is consistent
with its larger reaction cross section for this model at the conditions
under consideration.

The formation of radiating NO; species on the surface is mostly
determined by Eq. (3) rather than Eq. (4) because atomic oxygen
has a low heat of adsorption compared to NO. The key parameters
that influence the NO; radiation are, therefore, the atomic oxygen
flux on the surface and NO surface coverage. The atomic oxygen
flux is not affected by the chemical reaction model. The NO surface
coverage, however, depends on the NO surface flux and therefore,
changes when the number of NO formation reactions [Eq. (39)] is
changed. Because the number of reactions increases considerably
for the QT model, the production of NO; increases proportionally.
This effect is shown in Fig. 4 where the NO; number density is
given. The density decreases drastically away from the body due to
NOj radiative decay.

The chemistry model effect on glow radiation produced by NO;
at altitudes of 150 km and higher is similar to that observed for
140 km. Comparison of the radiance values along the stagnation
line is given in Fig. 5 for different altitudes from 140 to 200 km.
The QT model predicts a higher level of radiation for all of the
altitudes, with approximately the same factor of about2.5 observed
for the NO surface flux and NO; number density.

The computations, therefore, show the importance of using an
appropriate model for the reaction N, + O— NO + N, the single
mechanism responsible for gas-phase NO production. The choice
of the reaction model becomes especially important for altitudes
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Fig. 5 Radiance in Rayleigh vs flight altitude for two chemistry
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Fig. 6 NO number density fields for QT model with (top) and without
(bottom) freestream NO at 200 km.

where the source of nitric oxide from chemical reactions in the
shock layer dominates the nitric oxide of the freestream. That was
observed for all altitudes under consideration, with the chemistry
model influencing mainly the magnitude, but not the shape of the al-
titudedependenceof the radiance. The significance of the freestream
NO concentrationis considered in the next section.

B. Importance of Freestream NO

As mentioned, the NOJ glow radiation principally originates from
the interaction of gas-phase O bombarding adsorbed NO. Because
atomic oxygen is a major species, it is not affected at high altitudes
by chemical reactions or temporal variations of the freestream den-
sity. However, both of these processes may be of great importance
for NO. Nitric oxide molecules adsorbed on the surface come from
two sources, the freestream and the gas chemical reactions. The po-
tential contributionsof these two sources to the radiationis clarified
hereafter.

To study the influence of freestream NO concentration on NO;
radiation, the computations were performed with and without
freestream NO. Because the number of reactions (and, therefore,
the chemistry contribution to the radiation process) decreases when
altitude increases, an altitude of 200 km was chosen to study the
maximum sensitivityto the freestreamNO concentration. Again, the
most important and the most influenced parameters are those con-
nected with the NO concentration. Consider first the QT model. The
NO numberdensity fields for this model with and withoutfreestream
NO are givenin Fig. 6. The obvious conclusionis that the inclusion
of the freestream NO is visible but not a significant factor for the
given conditions.

To provide a quantitative measure of difference between the two
cases, a comparison of NO surface number fluxes using the QT
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Fig. 7 NO surface number flux with and without NO in the freestream
using the QT model at 200 km.
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Fig. 8 NO surface number flux with and withoutthe N, + O — NO +N
reaction using the TCE model at 200 km.

model for these two computationsis presentedin Fig. 7. The results
show that there is a fairly small, less than 10%, reductionin the NO
surface flux when there is no NO in the freestream. The impact on
NO surface coverage and radiationis proportionalto the NO surface
fluxes.

A similar comparison aimed at the extraction of the role of
freestreamNO and NO created in chemicalreactions was performed
for the TCE model. In this case, two different cases were con-
sidered, with and without the reaction Eq. (39). Figure 8 shows
that the freestream NO influence is larger than for the QT model.
This is because the reaction cross section is smaller in the TCE
model. However, the freestream NO concentration is still a much
smaller source of NO than chemical reactions in the bow shock.
This result is consistent with that obtained in earlier work® for the
TCE model at 140 km. The improvements in the numerical accu-
racy presented here enable the comparison in the present work at
200 km, where the resolution of the events is more difficult than at
140 km.

With increasing density (lower altitudes) the relative influence
of bow-shock chemical reactions as a source of NO increases in
comparison to the contribution from the freestream. Therefore, for
the range of altitudes considered (140-200 km), NO produced by
chemical reactions remains the dominant source. Uncertainties in
the ambient atmosphere NO measurements and databases is not
likely to affect the glow radiance.

C. Comparison of the Full Flow Radiation Simulation
with the Tangent Slab Approximation

Animportantissuein the glow analysisis the ability to predictra-
diation using readily available gas-phase surface fluxes of different
species. One of the simple and efficient models for such an analysis
is the model based on the tangent slab approximation,Eq. (38). This
model is based on the one-dimensional treatment, and its applica-
bility and accuracy for two- and three-dimensional flows depends
approximately on the ratio of the shock radiating area to its standoff
distance from the body.
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Fig. 10 NO surface coverage along the spacecraft surface.

To study the applicability of Eq. (38) in place of the full simula-
tion, radiation calculated using the tangent slab approximation was
compared with the full DSMC predictions at the stagnation point.
The latter set of computations used the DSMC NO; spatial distri-
bution to numerically evaluate the first integral given in Eq. (36).
Figure 9 shows such a comparison for the two calculations at dif-
ferent altitudes, using the QT chemistry model. The results for the
NOj radiance show a small, about 10%, overprediction of the ana-
lytic values. The difference is explained by the curvature of the AE
geometry and inherent spatial spreading of gas flow, which makes
the flow slightly different from a one-dimensional case.

To further confirm this result, additional computations were per-
formed for a two-dimensional flat plate geometry at 140 km. The
width of the plate was 1 m, which provided the flow structure close
to one-dimensional near the stagnation line. Very good agreement
between the full flow/radiation calculation and the tangent slab ap-
proximation was observed, with a radiance of 0.815 X 10° R for
the full DSMC compared with 0.812 X 10° R for the tangent slab
solution.

D. Effect of Scrubbing on Surface Coverage and Angular
Dependence of Radiation

The computations indicated that the surface coverage changes
qualitatively when the surface scrubbing mechanism, Eq. (5), is in-
cluded. Figure 10 shows the surface coverage as a function of angle
from the stagnation streamline for two altitudes, 140 and 180 km,
and the two surface models. Similar angulardependenceis observed
for the surface coverage for the other altitudes. For both altitudes
and surface models, the surface coverage can be seen to decrease
monotonouslyfromthe stagnationpoint; however, the surfacemodel
set 2 shows a flatter angular dependence. The difference in angular
dependence for the two surface models is due to the different contri-
butions of freestream particles and particles that are reflected from
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Fig. 11 Radiation along the surface for two surface sets; line repre-
sents a cosine dependence.
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Fig. 12 NO surface coverage at the stagnation point for different sur-
face sets.

the body. Because the surface coverage is proportional to the NO
surface flux and inversely proportional to the major species surface
flux (which cause the scrubbing), the NO surface coverage angular
dependence is flatter than the no-scrubbing case. Note that we do
notsee this difference between the two models for adsorbed oxygen
because its surface lifetime is too short for the impact of scrubbing
to be important.

The radiance along the surface at 140 km is shown in Fig. 11
for the two surface models. For both cases the radiance has a maxi-
mum at the stagnation point and then gradually decreases along the
surface. In Fig. 11, a comparison is also shown of the computed
radiation profiles with a correspondingcosine law distribution, that
is, cos*(a) - max(R). Here, max(R) is the computed maximum radi-
ation (at the stagnation point), « is the angle between the O S line
and the symmetry plane, and O is the center of the body. From
Fig. 11 it can be seen that for the no-scrubbing case the computed
radianceprofile is very close to a cosine-squaredependence. At high
altitudes the surface fluxes closely follow a cosine law dependence,
and the NO; formation is proportional to the product of NO and
O surface fluxes. However, the dependence is more complicated
when scrubbing is included, causing an observable difference be-
tween the computed radiance profile and the cosine law, as shown in
Fig. 11.

Figure 12 presents the fractional surface coverage of NO as a
function of altitude for both sets of surface parameters at the stag-
nation point. The altitude dependence of the two sets of results can
be seen to be significantly different. For surface set 1 (no scrub-
bing) the decrease in the surface coverage of NO is mostly a con-
sequence of the decreasing ambient gas density, which causes a
reduction in the formation rate of NO in the gas-phase chemical
reactions. The increase in the surface binding energy in surface set
2 should increase the fractional surface coverage. This effect is,
however, offset by the removal of NO through scrubbingby the ma-
jor species. The difference between the two sets in the fractional
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coverage of NO with altitude affects the altitude dependence of the
radiation.

E. Comparison of Predicted Radiation with Experimental Data

Figures 13 and 14 compare the predicted radiation for different
flight altitudes with the flight measurementsof Yee and Abreu.’ An-
alytic predictions presented here are a temporal solution of the sur-
face reaction rates based on a specific AE orbit*3 using the DSMC
surface fluxes obtained with the QT model. The normalized DSMC
solutions for the TCE and QT models practically coincide. The ana-
lytic results are also close to those for the full DSMC; however, the
slope s slightly differentbetween 150 and 160 km. The experimen-
tal data predict a noticeable kink at about 155 km, which was not
obtained in the model results. However, the slope of the normalized
radiance for set 2 is much closer to the measurementsthanset 1. The
dramatic slope change is due to the change in the surface scrubbing
cross section. For the range of values considered here, the heat of
absorption variation only changes the magnitude of the radiance vs
altitude dependence and not the slope.

VI. Conclusions

The results of modeling visible glow radiation from NO,
molecules about the AE in the transitional regime were presented.
The range of altitudes from 140 to 200 km was studied. An im-
proved, efficient, DSMC-based model was developed and used in
the computations. The model enables one to simulate gas-phase re-
actions and sticking, glow, and scrubbing processes on the surface
for major and trace species. The following conclusionscan be drawn
as a result of this study.

The use of the quasi-classical model'” for the reaction N, +
O— NO + N resultsin an increase of the radiance by a factorof 2.5
as compared to the TCE model, which is consistentwith larger reac-
tion cross sections given by the QT model. The altitude dependence
of the predicted radiation is the same for either chemistry model.
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The influence of the freestreamNO concentrationon the radiation
is fairly small for all of the altitudes under consideration, and the
main contribution to the radiation is the formation of NO in bow-
shock gas-phase reactions. That suggests that the glow phenomena
discussed here are not affected by the variations and uncertainties
in the high-altitude atmosphere composition.

The comparison of computed radiances with experimental data
shows that to predict the proper radiance vs altitude dependence, a
nonradiativeremoval process of NO from the surface, thatis, scrub-
bing, is required. As was found in our earlier work, the uncertainty
in this fundamental gas/surface cross section dramatically affects
the results.
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