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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 in� uence 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 exponent in the Arrhenius expression
Ea = activation energy
Fnum = ratio of molecules to simulated particles
fi = number � ux of the i th species
Hs = heat of absorption
I = radiation intensity
k = Boltzmann constant, chemical rate constant
kb = desorption rate
M = chemical species
Ni = number of collisions of species i with species j
n = number density
nT = total number of surface sites
P = probability
S = vacant surface site
So = sticking coef� cient
T = temperature
v = relative velocity, gas velocity
Wk = weighting factor of the kth species
Z i j = collision frequency of species i with j
D t = time step
r f 3, f 4 = cross sections for glow production
r T = total collision cross section
s l = radiation lifetime

Subscript

S = surface adsorbed species

Superscript

¤ = electronicallyexcited state
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I. Introduction

S PACECRAFT radiation is primarily caused by the interaction
of spacecraft surfaceswith the rare� ed 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-
derstandingglow formation mechanisms and the experimental data
accumulated in recent years. Numerical methods that enable one to
simulate spacecraftgloware of importancebecausetheycan provide
for very detailed data on the spacecraft local 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 applicationof ef� cient numerical
models and algorithms for simulating these collisions is, therefore,
critical for obtaining credible data on radiation phenomena.

It is well known1 that the important spacecraft glow processes
occur at high � ight altitudes (higher than 100 km) where the effects
of rarefactionplay a determiningrole. The traditionalcomputational
� uid dynamics approaches based on solution of the Navier–Stokes
or viscous shock layer equations fail at such rare� ed conditions.
Methods of rare� ed gas dynamics therefore have to be used for
modelingtheseprocesses.The most powerfulmethodof rare� ed gas
dynamics is the direct simulationMonte Carlo (DSMC) method.2 A
recent approachfor modeling surface processeshas been developed
in Refs. 3 and4 that is suitablefor theDSMC method.The adsorption
and formationof new species on the surface was simulated in Ref. 3
using theDSMC method,and thevisibleglowfromexcitedNO2 was
calculatedforhypersonic� ow aroundthe AtmosphericExplorerand
compared with experimental data.5 The earlier work of Karipides
et al.6,7 also examinedspacecraftglowusing theDSMC method.The
numerical approach used in this work is different in that an overlay
approach is not used.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 approachformodelingsurfaceprocesses,to applyit formod-
elingglowradiationin an energetic� owaroundtheAtmosphericEx-
plorer (AE), and to study in detail the in� uence of gas-phase chem-
ical reactions on NO2 glow radiation. The DSMC approach pre-
sented here improves the ef� ciency of the computationalprocedure
so that suf� cient accuracycan be obtainedat all altitudesof 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 coupledvs 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
NO2 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 techniques3 are discussed. After a brief discussion on � ow
conditionsand utilizedparametersof 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 clari� ed. Comparison with analytic predictions is
followed by the results obtained for different surface parameters.
Finally, comparison of the numerical data with � ight measurements
is presented.

II. NO2 Radiation Mechanisms
A. Surface Processes

The detailed descriptionof processes occurring at spacecraft sur-
faces at high altitudes is given in the work of Dogra et al.3 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 spectrum8 is the radiation of NO ¤

2 molecules formed by
the recombination of atmospheric, hyperthermal O(3P) atoms with
surface-adsorbedNO (here NO ¤

2 denotes an excited electronic state
of NO2).

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 ¤

2 formed by subse-
quent collisions of O with surface-physisorbedNO. The formation
of NO ¤

2 through the interaction of gas-phase NO and adsorbed O
particles has also been considered in simulation, but not found to
be signi� cant. The second possible mechanism of NO ¤

2 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.3

Hence, the major surface processes responsible for the visible
glow originated from NO ¤

2 are summarized as follows:

NO + S $ NOS (1)

O + S $ OS (2)

O + NOS ! NO2 + S + h m (3)

NO + OS ! NO2 + S + h m (4)

M + NOS ! M + NO + S (5)

M + OS ! M + O + 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, N2 , O2 , NO, N, O, and NO2.

The desorption rate constants [backwards processes in Eqs. (1)
and (2)] are assumed to be temperature dependent and de� ned as

kb = 1013 exp( ¡ Hs /kTw ), s ¡ 1

where Tw 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 So . The values of the surface
parameters from Ref. 4 were used in this work. Table 1 provides
their summary.

Table 1 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 coef� cients for adsorption processes So 0.5
Wall temperature Tw , K 300
Glow cross sections for processes (3) and (4) 0.1

r f 3, f 4 , ÊA2

Scrubbing cross sections for processes (5) and (6) ÊA2 0 (set 1)
4 (set 2)

Total number of surface sites per m2 , nT 0.24 £ 1020

B. Gas-Phase Processes

A seven-speciesmixtureconsistingofN, O, N2, O2, NO, NO ¤
2 , and

NO2 was used. At the high altitudes studied, the impact of chemical
reactions on major species N2, O2, and O is negligibly small. The
reaction path

N2 + O ! NO + N

is the single, dominant chemical reaction responsible for the for-
mation of NO, which in turn controls the production of NO ¤

2 . This
reaction is highly endothermic, but in the center of mass system of
collisions between freestream and re� ected particles there is suf� -
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.10 The full set of air chemical re-
actions has been modeled for the sake of completeness, including
� fteen dissociation reactions and four exchange reactions. The list
of reactions is given in Table 2 togetherwith constantsfor the corre-
spondingArrheniusequations,k = AT ¡ B exp{ ¡ Ea / 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
vibrationalmodes 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 Ec taken from earlier work3 were
used here.

The glow processes (3) and (4) comprise two components. The
� rst is related to the formationof NO ¤

2 on the surface,and the second
is the spontaneousemissionNO ¤

2 ! NO2 + h m in the gasphase.The
key parameter of the second stage is the average life time of NO ¤

2 ,
s l , which was assumed to equal 0.0003 s.

III. Numerical Method
A. General Approach

The DSMC-based computational tool, SMILE,11 has been used
in computations. The majorant frequency scheme of Ivanov and
Rogasinsky12 is employed for modeling molecular collisions.
SMILE was modi� ed 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,3 a more ef� cient 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 � ows discussedin this workare N2 , O2 , and O and NO,
N, and NO2 , respectively.The most importantgas/surfaceprocesses
involve NOS , Eqs. (1), (3), and (5). Consistent with the gas phase,
NOS is modeled as a trace species. It is emphasized that the use of a
weighting procedure is indispensable for obtaining credible results
on NO ¤

2 radiativeprocessesdue 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 simulatedusingtheweightingscheme2

adopted for the majorant collision scheme. The weighting scheme
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Table 2 List of gas-phase reactions

Reaction Enthalpy of
number Reaction path reaction, J A, mol¢ s/m3 B Ea , J

1 O2 + N ! O + O + N 8.197 £ 10 ¡ 19 5.993 £ 10 ¡ 12 1 8.197 £ 10 ¡ 19

2 O2 + NO ! O + O + NO 8.197 £ 10 ¡ 19 5.993 £ 10 ¡ 12 1 8.197 £ 10 ¡ 19

3 O2 + N2 ! O + O + N2 8.197 £ 10 ¡ 19 1.198 £ 10 ¡ 11 1 8.197 £ 10 ¡ 19

4 O2 + O2 ! O + O + O2 8.197 £ 10 ¡ 19 5.393 £ 10 ¡ 11 1 8.197 £ 10 ¡ 19

5 O2 + O ! O + O + O 8.197 £ 10 ¡ 19 1.498 £ 10 ¡ 10 1 8.197 £ 10 ¡ 19

6 N2 + O ! N + N + O 1.561 £ 10 ¡ 18 3.187 £ 10 ¡ 13 0.5 1.561 £ 10 ¡ 18

7 N2 + O2 ! N + N + O2 1.561 £ 10 ¡ 18 3.187 £ 10 ¡ 13 0.5 1.561 £ 10 ¡ 18

8 N2 + NO ! N + N + NO 1.561 £ 10 ¡ 18 3.187 £ 10 ¡ 13 0.5 1.561 £ 10 ¡ 18

9 N2 + N2 ! N + N + N2 1.561 £ 10 ¡ 18 7.968 £ 10 ¡ 13 0.5 1.561 £ 10 ¡ 18

10 N2 + N ! N + N + N 1.561 £ 10 ¡ 18 6.900 £ 10 ¡ 8 1.5 1.561 £ 10 ¡ 18

11 NO + N2 ! N + O + N2 1.043 £ 10 ¡ 18 6.590 £ 10 ¡ 10 1.5 1.043 £ 10 ¡ 18

12 NO + O2 ! N + O + O2 1.043 £ 10 ¡ 18 6.590 £ 10 ¡ 10 1.5 1.043 £ 10 ¡ 18

13 NO + NO ! N + O + NO 1.043 £ 10 ¡ 18 1.318 £ 10 ¡ 8 1.5 1.043 £ 10 ¡ 18

14 NO + O ! N + O + O 1.043 £ 10 ¡ 18 1.318 £ 10 ¡ 8 1.5 1.043 £ 10 ¡ 18

15 NO + N ! N + O + N 1.043 £ 10 ¡ 18 1.318 £ 10 ¡ 8 1.5 1.043 £ 10 ¡ 18

16 NO + O ! O2 + N 2.719 £ 10 ¡ 19 5.279 £ 10 ¡ 21 ¡ 1 2.719 £ 10 ¡ 19

17 N2 + O ! NO + N 5.175 £ 10 ¡ 19 1.120 £ 10 ¡ 16 0 5.175 £ 10 ¡ 19

18 O2 + N ! NO + O ¡ 2.719 £ 10 ¡ 19 1.598 £ 10 ¡ 18 ¡ 0.5 4.968 £ 10 ¡ 20

19 NO + N ! N2 + O ¡ 5.175 £ 10 ¡ 19 2.490 £ 10 ¡ 17 0 0

will be explainedby its connection to the usual gas kinetic formula-
tion. Let us introduce the followingnomenclatureand relationships:

Wk = species weighting factors (or weights), where 0 < Wk ·
1 and k is the species index

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

n 0
k = number of atoms or molecules per unit volume

Fnum = conversion between molecules and simulated
particles

r 0
T = total collision cross section as de� ned by Bird2

For r 0
T , r T = r 0

T Fnum, 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

n 0
k = Wk Fnumnk (7)

Major speciesare assigneda weightingfactorvalueof unity,whereas
trace specieshave a typicalvalueof Wk =0.005 in this work. Hence,
the trace species concentrationsare increased by a factor of 1/ Wk .

According to kinetic theory, a molecule of species i experiences
N 0

i collisions with species j in a time period D t of

N 0
i = n 0

j r
0
T (v)v D t (8)

with a collision frequency Z 0
i j

Z 0
i j = n 0

j r
0
T (v)v (9)

where v is the relativevelocityof 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 ef� cient
procedure and reduce to the gas kinetic result of Eqs. (8) and (9).
For collisions between simulated particles the collision frequency
may be written as

Z i j = n j r T (v)vW j (10)

where the bar indicates an averaging over pairs in a cell. If the
de� nitions 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 ef� ciently select
pairs of particles and evaluate whether a collision has taken place.
In this section we consider nonreactivecollisions.Hence, if a colli-
sion has occurred the velocitiesof 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
probabilistic element of the simulation and the total collision cross
section. The number of pair selectionsof species (i, j ) per cell in a
time period D t is ni Z i j D t. Equation (10) shows that when we use
a weighting scheme we are multiplying the collision frequency by
W j . 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,12 an ef� cient procedure
was developed to simulate the collision procedure. This scheme,
known as the majorant frequency scheme (MFS), rede� nes the col-
lision frequency used in the simulation as

Z MFS
i j = n j[ r T (v)v]max W j (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 collisionpairs is, therefore,maxi-
mized with respectto theproductof 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

P =
r T (v)v

[ r T (v)v]max

(12)

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

N coll,MFS
i j = ni ZMFS

i j D t P = ni Z
MFS
i j D t

r T (v)v
[ r T (v)v]max

(13)

which is consistent with Eq. (8).
To performsimulationsmore ef� ciently, let us suggesta modi� ed

form of the number of potential collision pairs:

N MFS
i j = Wmaxn i n j [r T (v)v]max D t (14)

where Wmax =max(Wi , W j ). 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 0 = W j / Wmax for i species and
P 0 = Wi / Wmax for j species. The total number of collisions is then
N MFS

i j P P 0 , and the collision frequency is Wmaxn j [r T (v)v]max P P 0 ,
which can be shown by similar substitutions of the original set of
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de� nitions to reduce to the gas kinetic result. This procedure has
been found to be particularly ef� cient for collisions between trace
species.

C. Weighting Scheme for Chemical Reactions in a Gas

Because weights have been shown to be ef� cient 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 WA, WB, WC , and
WD , respectively.The rate equation for the change of concentration
of species C is written in the usual gas kinetic form as

dn 0
c

dt
= k 0

r n
0
An 0

B (15)

where k 0
r is the rate coef� cient

k 0
r = r 0

r (v)v (16)

Here r 0
r is the reaction cross section, and in the simulation we use

r r = r 0
r Fnum (17)

As we discuss the simulation procedure for chemical reactions, we
will � nd it useful to further de� ne a reaction probability, P 0

r = Pr ,
as

Pr ´ r r / r T (18)

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

dnc

dt
= Pr r T (v)v

WAWB

WC
nAnB (19)

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

dnc

dt
= XC Wmax Pr r T (v)vnAnB (20)

where Wmax = max(WA, WB ) and XC is the fraction of C simulated
particles formed by the reaction and whose exact form can be ob-
tained by equating Eqs. (19) and (20) as

XC =
WAWB

WmaxWC
, and, similarly, XD =

WAWB

WmaxWD

(21)

The fractions of the particles of species A and B that will remain in
the � ow after the reaction are

XA = 1 ¡ WB / Wmax, XB = 1 ¡ WA / Wmax (22)

Note that XC and XD may be greater than one if A and B are major
species and 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 speci� c implementation of the MSF proce-
dure to chemical reactions. First consider the number of pair selec-
tions N MFS

AB , which, similar to Eq. (14), is de� ned as

N MFS
AB = (Wmax 2 / Wmin)nAnB r T (v)vmax D t (23)

where Wmin = min(WC , WD) and Wmax2 = max[min(WA, WB),
min(WC, WD)]. For each selected A,B pair an acceptance–

rejection test is performed for the probability of a collision,
{r T (v)v / r T (v)v)max}. If the pair is selected for a collision, we then
evaluate whether a chemical reaction occurs. The criterion for a
chemicalreactionto occur is that the total collisionenergybe greater
than the Arrhenius thresholdenergyand that the reactionprobability
Pr satis� es an acceptance–rejection test.

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

dnMFS
c

dt
= v c

Wmax 2

Wmin
Pr nAnB r T (v)v (24)

where v MFS
C can be obtained by equating Eqs. (24) and (19) to give

v MFS
C =

WAWB

WC

Wmin

Wmax 2
or v MFS

D =
WAWB

WD

Wmin

Wmax 2

(25)

If a chemical reactionoccurs, the fractionof particlesC and D added
(or created) to the � ow is v MFS

C and v MFS
D , respectively.The fraction

of particles A and B removed from the � ow is calculated as

v MFS
A = 1 ¡

WBWmin

Wmax 2
, v MFS

B = 1 ¡
WAWmin

Wmax 2

(26)

If a chemical reaction does not occur, then the fractions of
particles A and B whose postcollisional velocities change are
WBWmin / Wmax 2 and WAWmin / Wmax 2, 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 MFS

AB may be
written as

dN MFS
AB

dt
=

Wmax 2

Wmin
nAnB[ r T (v)v]max (27)

and the rate of change of C may be related to the rate of change of
N MFS

AB as

dnc

dt
=

dN MFS
AB

dt
¢

r T (v)v

[r T (v)v]max
¢ {v c Pr } (28)

where the � rst set of brackets represents the probabilitythat the pair
has been accepted and the second is the probability that a chemical
reaction has occurred. Substitution of Eqs. (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 + BS ! C (29)

A + BS ! A + B (30)

where the subscript S represents a species absorbed on the sur-
face. The � rst reaction represents the formation of a new chemical
speciesC and the second representsan ejectionprocess,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 0
c

dt
= r 0

f n
0
An 0

BS
(31)

dnc

dt
= r f

WAWB

WC
nAnBS = r f XCnAnBS (32)

where the reaction cross section r 0
f is related to the simulated cross

section as before, r f = r 0
f Fnum , and XC = WAWB / WC 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 ¡ WB / WA, XBS = 1 ¡ WA / WB (33)

Similarly, for the scrubbing reaction, 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 bene� cial to obtain credible data with a low
statisticalscatterfor 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.3

E. Details on Modeling of Surface Reactions

In addition to adsorptionand 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 � uxes were calculated for all gas species
and for all surface elements. The calculation is repeated every Nc

time steps, where Nc was chosen from 200 to 500, dependingon the
number of simulatedmolecules.A special smoothingprocedurehas
been used to reduce the impact of statistical � uctuations. At time
step N the number � ux of i th species to be used in calculation of
the surface coverage is

fi =
e

N ¡ NC

s = 1 fi, s

N ¡ NC

+
(1 ¡ e ) N

s = N ¡ NC + 1
fi,s

NC

where fi,s is the number � ux of i th species at time step s, and e is
a parameter determining the contribution of the � rst N ¡ Nc time
steps (² =0.1 was chosen here). Note that such a procedurereduces
signi� cantly the � uctuations of number � uxes and enables one to
reduce simulation time. After the number � uxes are obtained, the
surface coverage is calculated using the equation

Soi fi 1 ¡
ni,s

nT
¡ kbni,s ¡

i

fi ( r gn i,s + r sni,s ) = 0 (35)

where Soi is the sticking coef� cient of the i th species, ni,s is the
number density of adsorbed molecules of species i , and r g and
r s are the glow and scrubbing reaction cross sections, respectively
( r g = r f 3, f 4 ). The surface coverage is the ratio of ni, s to the total
number of surface sites nT .

By the use of surface coverage and number � uxes, adsorption,
glow, and scrubbingreaction probabilitiesare calculatedfor all sur-
face elements (the detailed equations for all of the processes are
given in earlier work3 ). The correspondingnumber � ux of desorbed
molecules is also calculated.Then, these probabilitiesare used over
the next Nc time steps.

The glow reactionsare modeled as a two-step process.First, NO¤
2

molecules are created on the surface as a result of a gas-phaseO and
NO interactionwith NO and O adsorbed on the surface. Then, NO¤

2
molecules move out of the surface and radiate with the probability
proportionalto s ¡ 1

l ,where s l is theNO ¤
2 lifetime.A radiationlifetime

of 0.0003 s was used.

F. Analytic Tangent Slab Approximation

A tangent slab approximation3 has been used in this work for
comparison with DSMC solutions that model the radiative decay
of NO ¤

2 . Note � rst that for the AE geometry the observations were
made looking through the glow. The total intensity I in units of
photon/cm2 s can be expressed in terms of the spatial distribution
of NO ¤

2 number density N as

I =
2 p

0

1

0

1

4p

N (x)
s l

dx d X =
1

2

1

o

N (x)
s l

dx (36)

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

@(Nv)

@x
= ¡

N

s l
or N (x) = C0 exp ¡

x

s l v
(37)

Here, v is the gas velocity, and the variable of integration C0 is the
value of N at x =0 and is equal to N 0

s /v . Here, N 0
s is the generation

rate of NO ¤
2 on the surface. Substitution of Eq. (37) into Eq. (36)

gives the tangent slab relation

I = r f 3nNOs fO + r f 4nOs fNO 2 (38)

where fO and fNO are the � uxes of O and NO to the surface, nNOs

and nOs are the surface number density (molecules/m2 ) of NO and
O adsorbed on the surface, and r f 3 and r f 4 are the cross sections
for Eqs. (3) and (4). Note that in the tangent slab approximation,the
intensity is not a function of the radiative lifetime s l . 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 � ow about AE at different � ight altitudes has been studied.

The � ow 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 freestreamconditions for the major
species are from Jacchia,13 and those for the trace species are from
a soundingrocket experiment.14 The speed of 7922 m/s was utilized
for all altitudes. The surface temperature was 300 K.

Because the � ow is symmetric, only half of the domain was con-
sidered,with the specularconditionsat the symmetry plane.Diffuse
re� ection with the complete energy and momentum accommoda-
tion on the surface was assumed. The variable hard sphere model2

was used for modeling molecular collisions,and the Borgnakkeand
Larsen model15 with Zr =5 and Zv =50 was employed for energy
exchangebetween the translationaland internalmodes.The number
of simulated particles was about 100,000, and the number of cells
was 20,000.The mean freepathat 260 kmis of the orderof 1 km, and
the cell size (of the background collisional grid) is approximately
1 m. The number of moleculesper cubic mean free path (3 £ 107 in
the freestream) used in the computations satis� es standard DSMC
requirementsof the minimum cell size2 and number of molecules.16

The time stepof 3 £ 10 ¡ 5 s was chosenso that simulatedparticlesdo
not crossmore thanonecell per time step. Preliminarycomputations
showed that the macroparameters and distributions do not change
after 0.3 s. Until this time, the � ow is unsteady and parameters are
not sampled or averaged.

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

N2 + O ! NO + N (39)

To study the sensitivity of the glow NO ¤
2 radiation to the cross sec-

tion for this process, two differentmodels were used. The � rst is the
total collision energy (TCE) model,2 and the second is the model
developedby Bose and Candler17 where the reaction cross sections
were obtained basing on quasi-classical trajectory (QT model) cal-
culations.

Two different sets of surface parameterswere 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 £ 1016,
H m ¡ 3 T , K O2 £ 10 ¡ 2 N2 O NO £ 10 ¡ 5 N £ 10 ¡ 3

140 9.354 625 6.18 0.65 0.29 8 0.05
150 5.307 733 5.46 0.62 0.33 9 0.2
160 3.350 822 4.86 0.58 0.37 11 1.04
170 2.260 878 4.33 0.55 0.40 14 2.1
180 1.619 947 3.89 0.51 0.44 18 3.08
190 1.207 980 3.49 0.49 0.47 15 4.6
200 0.906 1026 3.13 0.45 0.51 11 6.62
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V. Results and Discussion
A. Effect of Gas-Phase Chemistry Model

Consider � rst the in� uence of the N2 + O ! NO + N reaction
model on the � ow� eld 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 speci� ed otherwise. The computations show that the use of
the more rigorousQT model results in a factorof two increase in the
concentrationof NO. The increasingof concentration,nevertheless,
does not change the shape of the bow shock.

Because there are few collisionsand, therefore, reactions,at high
altitudes, chemical reactions between major species have little in-
� uence 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
reactionsdiffers by a factor of more than two, the total number den-
sity pro� les are almost identical. This is also true for the surface
� uxes of all major species. The only freestream species affected by
the choice of reaction model are NO and N.

The quantitativeeffect of the chemistry model on the NO surface
number � ux is illustrated in Fig. 3. The number � ux pro� les are
presentedalong the surface,and the abscissa represents the distance

Fig. 1 NO number density � elds for two chemistry models at 140 km;
bottom and top halves are the TCE and QC models, respectively.

Fig. 2 Total numberdensity for two chemistry modelsat 140km; plots
de� ned as in Fig. 1.

Fig. 3 NO surface number � ux for two chemistry models at 140 km.

Fig. 4 NO ¤
2 number density for two chemistry models at 140 km; bot-

tom and top halves are the TCE and QC models, respectively.

from the stagnationpoint (point 0) in meters along the body surface
(surface length is 3.14 m). The number � ux increases by a factor
of 2.5 throughout the 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 ¤
2 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 in� uence the NO ¤

2 radiation are, therefore, the atomic oxygen
� ux on the surface and NO surface coverage. The atomic oxygen
� ux is not affectedby the chemical reaction model. The NO surface
coverage, however, depends on the NO surface � ux 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 ¤

2 increases proportionally.
This effect is shown in Fig. 4 where the NO ¤

2 number density is
given. The density decreases drastically away from the body due to
NO ¤

2 radiative decay.
The chemistry model effect on glow radiation produced by NO ¤

2
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 about 2.5 observed
for the NO surface � ux and NO ¤

2 number density.
The computations, therefore, show the importance of using an

appropriate model for the reaction N2 + 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 � ight altitude for two chemistry
models.

Fig. 6 NO number density � elds 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 in� uencingmainly the magnitude,but not the shapeof the al-
titudedependenceof the radiance.The signi� canceof the freestream
NO concentration is considered in the next section.

B. Importance of Freestream NO

As mentioned,the NO ¤
2 glowradiationprincipallyoriginatesfrom

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 variationsof 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 radiation is clari� ed
hereafter.

To study the in� uence of freestream NO concentration on NO¤
2

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
maximumsensitivityto the freestreamNO concentration.Again, the
most important and the most in� uenced parameters are those con-
nected with the NO concentration.Consider � rst the QT model. The
NO numberdensity� elds for thismodelwith andwithoutfreestream
NO are given in Fig. 6. The obvious conclusion is that the inclusion
of the freestream NO is visible but not a signi� cant factor for the
given conditions.

To provide a quantitative measure of difference between the two
cases, a comparison of NO surface number � uxes using the QT

Fig. 7 NO surface number � ux with and without NO in the freestream
using the QT model at 200 km.

Fig. 8 NO surfacenumber � uxwith andwithout the N2 ++ O ! ! NO ++ N
reaction using the TCE model at 200 km.

model for these two computations is presented in Fig. 7. The results
show that there is a fairly small, less than 10%, reduction in the NO
surface � ux when there is no NO in the freestream. The impact on
NO surfacecoverageand radiationis proportionalto the NO surface
� uxes.

A similar comparison aimed at the extraction of the role of
freestreamNO and NO created in chemical reactionswas 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 in� uence 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 work3 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 dif� cult than at
140 km.

With increasing density (lower altitudes) the relative in� uence
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

An important issue in the glow analysis is the ability to predict ra-
diation using readily available gas-phase surface � uxes of different
species. One of the simple and ef� cient 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 � ows depends
approximatelyon the ratio of the shock radiatingarea to its standoff
distance from the body.
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Fig. 9 Comparisonof radiation(Rayleigh)obtainedwith the full simu-
lation and the tangent slab analytical approach along the AE stagnation
streamline.

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 ¤

2 spatial distri-
bution to numerically evaluate the � rst 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
NO ¤

2 radiance show a small, about 10%, overpredictionof the ana-
lytic values. The difference is explainedby the curvature of the AE
geometry and inherent spatial spreading of gas � ow, which makes
the � ow slightly different from a one-dimensionalcase.

To further con� rm this result, additional computationswere per-
formed for a two-dimensional � at plate geometry at 140 km. The
width of the plate was 1 m, which provided the � ow structure close
to one-dimensional near the stagnation line. Very good agreement
between the full � ow/radiation calculation and the tangent slab ap-
proximation was observed, with a radiance of 0.815 £ 106 R for
the full DSMC compared with 0.812 £ 106 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
qualitativelywhen the surface scrubbingmechanism, Eq. (5), is in-
cluded. Figure 10 shows the surface coverage as a functionof angle
from the stagnation streamline for two altitudes, 140 and 180 km,
and the two surfacemodels. 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 � atter angular dependence.The difference in angular
dependencefor the two surface models is due to the different contri-
butions of freestream particles and particles that are re� ected from

Fig. 11 Radiation along the surface for two surface sets; line repre-
sents a cosine dependence.

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 � ux and inversely proportional to the major species surface
� ux (which cause the scrubbing), the NO surface coverage angular
dependence is � atter than the no-scrubbing case. Note that we do
not see this differencebetween the two models for adsorbedoxygen
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 stagnationpoint and then gradually decreases along the
surface. In Fig. 11, a comparison is also shown of the computed
radiation pro� les with a correspondingcosine law distribution, that
is, cos2( a ) ¢ max(R). Here, max(R) is the computedmaximum radi-
ation (at the stagnation point), a 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
radiancepro� le is very close to a cosine-squaredependence.At high
altitudes the surface � uxes closely follow a cosine law dependence,
and the NO ¤

2 formation is proportional to the product of NO and
O surface � uxes. However, the dependence is more complicated
when scrubbing is included, causing an observable difference be-
tween the computed radiancepro� le 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 signi� cantly 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 throughscrubbingby the ma-
jor species. The difference between the two sets in the fractional
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Fig. 13 Comparison of the altitude dependence for predicted (set 1)
and measured radiances.

Fig. 14 Comparison of the altitude dependence for predicted (set 2)
and measured radiances.

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
� ight altitudeswith the � ight measurementsof Yee and Abreu.5 An-
alytic predictionspresented here are a temporal solution of the sur-
face reaction rates based on a speci� c AE orbit3,5 using the DSMC
surface � uxes obtained with the QT model. The normalized DSMC
solutions for the TCE and QT models practicallycoincide.The ana-
lytic results are also close to those for the full DSMC; however, the
slope is slightlydifferentbetween 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 measurementsthan set 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 NO2

molecules about the AE in the transitional regime were presented.
The range of altitudes from 140 to 200 km was studied. An im-
proved, ef� cient, 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 followingconclusionscan be drawn
as a result of this study.

The use of the quasi-classical model17 for the reaction N2 +
O ! NO + N results in an increaseof the radianceby a factorof 2.5
as compared to the TCE model, which is consistentwith larger reac-
tion cross sectionsgiven by the QT model. The altitudedependence
of the predicted radiation is the same for either chemistry model.

The in� uenceof 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-altitudeatmosphere 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, that is, 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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