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Highly nonequilibrium radiation transitions from electronically excited states generated by collisions of atomic

oxygen with reaction control system thruster plumes is modeled for different altitudes and vehicle velocity

conditions. The flowfield results are obtained using a Navier–Stokes solver to calculate the flow inside the nozzle and

the direct simulation Monte Carlo method (DSMC) is used to simulate the chemically reacting, 3-D plume-

atmospheric interaction. The radiation rate is compared for two types of overlaymethods andwith direct simulation

in DSMC. The distribution function for collisional relative velocities is explored and used to interpret the sensitivity

of the radiation rate to freestream altitude, temperature, velocity, and to the radiationmechanism activation energy.

Nomenclature

A = Arrhenius preexponential parameter, m3=s
B = Arrhenius temperature dependence parameter
ca, cb = Cartesian velocity vector of species a and b, m=s
Ea = activation energy, J
Fnum = ratio of real molecules to simulated particles
f�g� = distribution function for relative collision velocities
g = relative collision velocity, m=s
h = Planck’s constant, J � s
Kn = Knudsen number, ratio of local mean free path to the

diameter of nozzle exit
k = Boltzmann constant, J=K
kf = reaction rate, m3=s
mr = reduced mass, kg
Nr = radiation rate, number of radiation reactions per m3=s
NSS = new species
nk = number of simulated particles, per unit volume, with

weighting, per m3

nts = number of time steps
n0k = number of atoms or molecules per unit volume, per m3

P�g� = reaction probability
Tref = reference temperature, K
V = cell volume, m3

Wk = species weighting factors, where 0<Wk � 1 and k is
the species index

� = VHS viscosity-temperature dependence parameters
� = gamma function
� = 1 for unlike species and 0 for like species, see Eq. (11)
� = photon frequency, Hz
�r = reaction cross section, m2

�ref = reference cross section, m2

�tot = total collision cross section, m2

� = time step, s

Subscripts

FS = freestream
k = species index

I. Introduction

R EACTION control system (RCS) engines are used on rockets
and satellites to provide thrust for altitude maneuvers (pitch,

yaw, and roll). In the past few years extensive experimental [1,2] and
theoretical [3,4] studies have been undertaken to predict RCS jet
interactions with the ambient atmosphere. The numerical studies
were conducted at low altitudes (up to about 60 km) using solutions
of the Navier–Stokes equations. At higher altitudes, the jet
freestream interactions are mostly in the transitional to rarefied
regimes where a continuum approach would be inapplicable to
calculate the flowfield.

The direct simulation Monte Carlo (DSMC) method [5] was used
in earlier work [6,7] tomodel the interaction between a continuum jet
and the rarefied atmosphere. In the first work [6], Navier–Stokes and
DSMC methods were used in the RCS nozzle and plume flow
simulations. The DSMC method was used to compute the 3-D
nitrogen jet interacting with freestream nitrogen for a sharp leading-
edge corner flow configuration and the results were compared with
experimental data. In the second work [7], a Navier–Stokes method
was used to model the plume to obtain a starting surface and both
Navier–Stokes and DSMC methods were used to simulate an argon
plume interacting with the rarefied nitrogen freestream around a
sharp leading-edge flat plate at zero incident angle. Both works
simulate the jet interaction with the freestream at low altitudes where
nitrogen is the main species.

For space vehicles flying through an atomic oxygen-rich
environment, the interactions of the plume effluents with atomic
oxygen are rare, but sufficiently energetic to cause chemical
reactions of species in both ground and excited states, and radiation
from excited state species potentially could interfere with onboard
optical sensors. Because the plume-atmospheric interaction cannot
be created in ground-based facilities, experimental validation of
numerical simulations has not yet been possible. Thus, the modeling
and simulation of radiation from the interaction, particularly in the
ultraviolet (UV), may also provide important diagnostic information
about the spatial dependence of the jet–atmosphere interaction.

The modeling of radiation from high-altitude spacecraft thruster
plumes in low Earth orbit is challenging due to the multiple length
scales in the plume expansion to near-vacuum conditions. The mean
free path varies by five orders of magnitude from the dense plume-
exit flow to the large mean free path of the freestream, ambient
conditions. In our previous work [8], interaction of a jet from a side-
mounted 60-lbf thruster with the rarefied atmosphere between
altitudes of 80 and 160 km was modeled. The DSMC method was
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applied to model the 3-D jet–atmospheric interaction with chemical
reactions between freestream and plume species. The jet–
atmospheric interaction structure showed significant changes for
variations of the freestream altitude from 80 to 160 km. At 80 km the
flowfield exhibits continuumlike features, such as an oblique shock
wave, whereas at 160 km the shock is replaced by a much-diffused
interaction zone. The spatial distribution of UV hydroxyl radical
radiation was examined with the radiation calculation code,
NEQAIR [9], and was found to follow the jet–atmospheric
interaction shock structure. The previous work did not model the
interaction at even higher altitudes, such as 300 km, and it is likely
that similar radiation methodology cannot be used at such high
altitudes. At an even higher altitude, 380 km, the modeling of
ultraviolet OH(A) and NH(A) radiation from the interaction of a
retrofiring hydrazine plume with the ambient atmosphere was
conducted using the DSMC method [10]. An overlay [10] method
was developed to examine the transient radiation phenomena for the
retrofiring configuration and the 3-D steady-state radiation for a
small angle of attack was calculated directly from the DSMC
calculation and compared with the MirEx experimental data.

The purpose of this work is to study the nonlocal thermodynamic
equilibrium (non-LTE) radiation that is caused by the interaction of
reactive freestream atomic oxygen with thruster plume species.
Moreover, we will show that the upper state populations cannot be
modeled by an effective temperature and the actual distribution
function predicted by the DSMC method must be used. Because the
previous RCS–atmospheric interaction work emphasized altitudes
lower than 160 km, it is unlikely that the radiation calculation
employed in [9] could be applied to higher altitudes, for the same
RCS configuration, because the number of collision events will be
sufficiently low that it is not clear whether local thermodynamic
equilibrium conditions will exist. Because of the relatively high
collision velocities, there is sufficient energy to create species in
electronically excited states, which can sequentially radiate.
However, because there is as much as a five order of magnitude
difference, for some cases, between the freestream and plume
concentrations, the distribution of relative collision velocities is
highly nonequilibrium. The fidelity to which these infrequent
radiation events need to be modeled is difficult to quantify. Towards
that end, we choose to model the radiation rate from two example
systems that may occur in typical plume–atmospheric interactions:
N2�B3�g ! A3�u� and OH�A2�� ! X2�i� radiation events, for
a range of freestream conditions of 100 to 300 km and 5 to 8 km=s.
Although these are not the only radiators in the ultraviolet and visible
spectral regions, we chose these two systems because they have
different activation energies. The main interaction between
atmospheric atomic oxygen and the plume occurs in a region
several meters to several hundred meters downstream of the nozzle
exit where the plume expands to the rarefied atmosphere. Compared
to the conditions for the calculations presented in [8], we will study
the interaction at an even higher altitude, and therefore, a higher
concentration of atomic oxygen. We will compare results obtained
using the overlay technique developed in previous work [10] with a
new numerical overlay technique that uses a distribution function
based on the relative collision velocities sampled from the DSMC
simulation as well as a direct modeling approach in which the
radiation events are simulated in the DSMC simulations. The
computational effort for these three different methods of calculating
the radiative rate varies significantly, with the DSMC computation
being the most intensive. The comparison of the spatial distribution
of the radiation rate among the three methods will bound the
uncertainty in using the less-exact methods. To study the
nonequilibrium nature of the flow, we present collision relative
velocity distribution functions at selected points in the flowfield and
also use these results to help interpret simulation results.

The organization of the paper is as follows: In the next section, the
geometry and flow conditions of the problem are presented and the
potential sources of radiation are also briefly introduced. In Sec. III,
the Navier–Stokes and DSMC calculation methods for flowfield as
well as overlay, numerical overlay, and DSMC radiation calculation
approaches are discussed. In Sec. IV, the results of jet–atmospheric

interaction simulations are presented for different altitudes and
vehicle velocities, and relative velocity distribution functions are
shown to highlight the nonequilibrium physics of the interaction
region. The three radiation calculationmethods are compared and the
sensitivity of the radiation rate to altitude, freestream temperature,
vehicle velocity, and chemistry model are discussed.

II. Flow Conditions and Description of Problem

The schematic of the simulated flow studied in this work is shown
in Fig. 1. The vehicle is modeled as a cylinder at zero angle of attack
with a length of 0.3 m and a diameter of 0.06 m. A generic, bell-
shaped nozzle is located on a side of the vehicle with throat and exit
diameters of 0.2286 and 1.468 cm, respectively, and a length of
1.468 cm. The flow conditions at the nozzle throat and exit locations
are given in Table 1. The species mole fractions at the throat are
assumed to be constant throughout the nozzle. Hence we use a new
species, NSS, to represent the composite effects of species CO, H2,
HCl, and CO2. The jet species chemistry set is listed in Table 2. The
mass and diameter of the composite NSS species are calculated from
the mole fractions of those species given in Table 1 and assuming a
hard sphere atom. The effects of this simpler chemistry model
compared to a full chemistry model will be discussed in Sec. IV.D.4.

The vehicle is assumed to have a velocity of 5 or 8 km=s at an
altitude of 100 or 300 km, and the freestream conditions are given in
Table 3. Note that atomic oxygen is a major species in the freestream
at these altitudes and the radiation reactions between freestream O
atoms and the plume N2 and H2O molecules are the only ones
considered in this work. Potential freestream–freestream and
freestream–plume species chemical reactions are not included in the
DSMC simulations to simplify our calculation because the
contributions from such reactions to the flowfield and subsequent

Fig. 1 Schematic of the flow.

Table 1 Nozzle throat and exit conditions

Parameters Throat Exit

Pressure, N=m2 9:569 � 106 9291.8
Density, kg=m3 13.0 0.04522
Temperature, K 1993.9 556.4
Mach number 1.000 5.057
N2 mole fraction, % 13.856 ——

H2O mole fraction, % 15.621 ——

CO mole fraction, % 8.157 ——

H2 mole fraction, % 26.767 ——

HCl mole fraction, % 15.727 ——

CO2 mole fraction, % 19.872 ——

Table 2 Nozzle throat and exit conditions

Parameters Throat Exit

Pressure, N=m2 9:569 � 106 9291.8
Density, kg=m3 13.0 0.04522
Temperature, K 1993.9 556.4
Mach number 1.000 5.057
N2 mole fraction, % 13.856 ——

H2O mole fraction, % 15.621 ——

NSS fraction, % 70.523 ——
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radiation rate are small [11]. The two important sources of radiation
come from following the transitions:

N 2 � O!
kf1
N2�B� � O (1)

N 2�B� ! N2�A� � h�1 (2)

H 2O� O!
kf2
OH�A� � OH (3)

OH �A� ! OH� h�2 (4)

TheArrhenius parameters for these reactions are taken from thework
of Dimpfl et al. [12] and listed in Table 4. The symbols A and B in
Eqs. (1–4) represent the electronic state designation for themolecular
species involved in the chemiluminescent and spontaneous emission
processes.

III. Numerical Method

A. Navier–Stokes Calculation

To obtain a starting surface for the DSMC calculation, the Navier–
Stokes (NS) solver GASP [13] is used to obtain the relatively dense,
2-D axisymmetric flow starting from inside the nozzle throat to just

outside of the nozzle exit. The computational domain, as shown in
Fig. 2, extends about 0.4 m in both the plume radial X and axial Y
directions. To better capture the flow gradient at the boundaries and
in the shock regions, a three-zone stretched structured grid was
created for the GASP/NS calculation. Zone 1, inside the nozzle, has
2500 cells, and, the exterior zones (2 and 3) each have 5000 cells.

A no-slip boundary condition is used to model the gas–wall
interactions with a fixed temperature at the rocket surface and the
nozzle internal wall assumed to be 600 K. The rocket surface is the
lower long boundary in Fig. 2 (between thewhite region and zone 3 at
Y � 0:015 m) and the nozzle internalwall is the right boundary in the
small insertedfigure in the upper right-hand corner. The nozzle exit is
assumed to be conformal to the vehicle surface. A fixed inlet
boundary condition is used at the nozzle throat and first-order
extrapolation boundary conditions are used at the outlets, which are
the upper and right boundaries in Fig. 2. A singular boundary
condition is set at the left boundary in Fig. 2 to represent an axis of
symmetry.

The residence time of the flow inside the nozzle is too short for
chemical reactions to occur. Therefore, to simplify the calculation,
the flow is simulated as a one-species gas with an average specific
heat ratio of 1.2482 and an averagemolecularmass of 22:515 g=mol.
These two parameters are calculated from the multispecies mole
fractions, given in Table 1.

B. DSMC Flowfield Calculations

In general, the use of the Navier–Stokes equations to model
expansions of high density flows into a vacuum is problematic. The
criteria for switching from the NS to the DSMC computational
method is defined by the Knudsen number, defined as the ratio of
mean free path to the characteristic length (the nozzle exit diameter).
Because the NSmethod is valid for Knudsen numbers on the order of
0.01 and less, we analyze the NS solution to find the density contour
corresponding toKn� 0:01.We then construct a starting surface [8]
that corresponds to a density of 3:262 � 10	4 kg=m	3, or a number
density of 0:873 � 1022 m	3. The species number densities are
calculated from the product of the starting surface densities and the
mole fractions given in Table 1 because we assume that the degree of
O penetration is so low that the chemistry close to the nozzle is
frozen.Moreover, because the collision rate is sufficiently high close
to the nozzle exit, we further assume that the velocity and
temperature are the same for all species.

The DSMC-based 3-D computational tool, SMILE [14], is used in
calculation. The majorant frequency scheme is employed for
modeling molecular collisions. The computational domain for
altitude of 300 km, shown as a solid-lined box in Fig. 3, extends 100,
200, and 40m in theX,Y, andZ directions,with 50, 100, and 20 cells,
respectively. Note that the Z direction is perpendicular to the paper.
The number of subdivisions in a cell in the region near the starting
surface is up to 10 � 10 � 10 and the total number of collision
subcells at steady state reaches approximately 0.2 million. For an
altitude of 100 km, the atmospheric–plume interaction region is
much smaller. Therefore, the computational domain, shown as a
dashed-lined box in Fig. 3, extends only 8, 10, and 4 m in the X, Y,
and Z directions, with 40, 50, and 20 cells, respectively. The number
of subdivisions in a cell in the region near the starting surface is up to
20 � 20 � 20 and the total number of collision subcells at steady state
reaches 0.4 million.

The region designed by the symbol L shows the location of the
vehicle as well as the approximate location of the starting surface
discussed in the preceding section. It can be seen that the DSMC
domains are much larger than the previous NS computational
domain. The freestream enters the computational domain from the
left boundary, and at some point starts to interact with the expanding
plume, forming an interaction region where the density is increased
relative to the plume and radiation reactions may occur. Based on
Tables 2–4, we use nine chemical species in the DSMC simulations:
N2, O, OH, H2O, N2�B�, OH(A), NSS, O2, and N2FS. To tell the
difference between freestream N2 and plume N2, we used two
different species identifiers for them. The two radiation reactions

Table 3 Freestream conditions at altitudes of 100 and 300 km

Parameters

Altitude, km 100 300
Temperature, K 184 1005
Number density, per m3 1:100 � 1019 8:501 � 1014

O mole fraction, % 7 82
O2 mole fraction, % 13 0
N mole fraction, % 0 1
N2 mole fraction, % 80 17

Table 4 Radiation reactionsa,b

Reagent Product A, m3=s B Ea, J=molecule

O� N2 N2�B� � O 5:770 � 10	19 0.41 1:179 � 10	18

O� H2O OH�A� � OH 3:800 � 10	21 1.30 7:674 � 10	19

aHere O is from the freestream and H2O and N2 are from the plume.
bA, B, and Ea are the Arrhenius rate parameters.

Fig. 2 Computational grid (GASP).
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among the plume and freestream species and the respective rate
constants are summarized in Table 4.

In the DSMC calculation, to obtain good statistical results, for
infrequent radiation reactions, a weighting scheme [15] is used for
different species. The number of real molecules can be related to the
number of simulated particles with weights by

n0k �WkFnumnk (5)

A time step of � is chosen to keep the simulated particle distance
traveled less than a grid size during one time step. The weighting
factorsWk, Fnum, and time step � for 300 and 100 km cases are listed
in Table 5. The DSMC simulation results are sampled for 500,000
steps after they reach the steady state, at the 20,000th step, with about
1.7 million simulated particles in the computational domain (at the
steady state). Note that our simulation results have been examined to
be independent of DSMC numerical parameters, such as time step,
grid size, and number of particles. A computation typically takes
about 72 h on 32 parallel AMD Athlon processors with 1.6 GHz
CPUs.

C. Overlay Radiation Calculations

In the radiation calculations, the fraction of electronically excited
states such as N2�B� or OH(A) that are formed is so small that they
are trace species. As trace species wewould not expect their presence
to change the global or “bulk” flow properties such as temperature,
total number density, ground-state N2, H2O, or freestream atomic
oxygen.Wewill show that this is reasonablewhenwe discuss the rate
for the excitation processes given by Eqs. (1) and (3) obtained by

direct calculation in DSMC. If this is the case then we can calculate
the radiation reaction rates ofN2�B� orOH(A) as a function of spatial
location by overlaying processes (1) and (3) on the DSMC data. In
this section, we assume that because the plume N2 or H2O number
density is sufficiently high that its velocity distribution is
Maxwellian.

According to kinetic theory, the total number of radiation reactions
per second per m3, Nr, may be expressed as

Nr � nanbh�r�g�gi (6)

where na is the number density of reactant O species, nb is the
number density of reactant plumeN2 orH2O species, g is the relative
collision velocity between species a and b,

g�
��������������������������������������������������������������������������������������
�cax 	 cbx�2 � �cay 	 cby�2 � �caz 	 cbz�2

q
(7)

where cax, cay, caz, cbx, cby and cbz are the Cartesian velocity of
species a and b. The h i brackets denote that the product of the
collision cross section and the relative velocity should be averaged
by integrating over the relative velocity g. The number densities, na
and nb, are obtained from the DSMC calculations described in the
preceding section. The general expression for the averaged product
of reaction cross section and relative collision velocity is given as

h�r�g�gi �
Z 1
0

�r�g�gf�g� dg (8)

where f�g� is the distribution function for the relative collision
velocities of freestream O and plume N2 or H2O.

The interaction of the plume with the freestream at high altitude
does not significantly affect the plume core flow because its number
density is much larger than that of the freestream. Additionally, if we
assume that the relative translational energy is the dominant
contribution to the total collision energy (i.e., no internal energy)
reaction cross section Eq. (8) may be rewritten as

h�r�g�gi �
Z 1
	1

Z 1
	1
P�g��tot�g�gf�ca�f�cb� dca dcb (9)

where P�g� � �r=�tot is the reaction probability.
For an altitude of 300 km, the N2 or H2O plume species

temperature is relatively low compared to the freestream
temperature. Therefore, we may further assume that in a given cell
each of the plumeN2 molecules has the same velocity. Likewise, we
assume that all plumeH2Omolecules in a cell have the same velocity
identical to each other. With this assumption, Eq. (9) can be
simplified as

h�r�g�gi �
Z 1
	1
P�g��tot�g�gf�ca� dca (10)

where g is now only a function of the velocity of atomic O, ca.
The standard expression for the reaction probability is given by

[16] as

P�g� � �r
�tot
�

����
�
p

�A

2�ref��32� B�

�
mr

2k

�1
2	�

�
1

2�2 	 ��
mr

kTref

�
�

�
�
1 	 2Ea

mrg
2

�
1	��1

2
mrg

2 	 Ea
k

�
B	1

2��
(11)

where �� 1 for unlike molecules and values are from [14]. The
Arrhenius parameters are for the rate constant kf,

kf � ATB exp
�
	Ea
kT

�
(12)

and are listed in Table 4.
The variable hard sphere (VHS) expression for�tot is given by [17]

as

Fig. 3 DSMC calculation domains, solid-lined box for 300 km cases,

dashed-lined box for 100 kmcases, and symbolLpoints to the vehicle and

starting surface.

Table 5 Time step, Fnum, and weighting factors in DSMC calculations

Altitude 100 km 300 km

�, s 1 � 10	6 1 � 10	5

Fnum 2 � 1016 1 � 1017

Species Weighting factor
O 1 � 10	1 1 � 10	2

N2 1 1
OH 1 � 10	3 1 � 10	4

H2O 1 1
N2�B� 1 � 10	5 1 � 10	6

OH(A) 1 � 10	3 1 � 10	4

NSS 1 1
O2 1 � 10	1 1 � 10	2

N2FS 1 � 10	1 1 � 10	2

314 LI, ZHONG, AND LEVIN



�tot � �ref
�

1

2�2 	 ��
mrg

2

kTref

�	�
(13)

Substitution of Eqs. (11) and (13) into Eq. (10) gives

Nr � nanb
����
�
p

�A

��3
2
� B�

�
mr

2k

�1
2	� �2 	 ��1	�

��2 	 ��

Z 1
	1

�
1 	 2Ea

mrg
2

�
1	�

�
�1

2
mrg

2 	 Ea
k

�
B	1

2��
g1	2�f�ca� dca (14)

where f�ca� � � ma
2�kTa
�32 exp�	 mac

2
a

2kTa
� is the Maxwellian velocity

distribution function and we have assumed that the oxygen atoms
have an average speed and temperature throughout the flow
corresponding to those in the freestream.

To evaluate Eq. (14) with the Monte Carlo method, we randomly
choose 10,000 velocities in f�ca� to obtain the average product of
reaction cross section and relative collision velocity, h�r�g�gi. With
Eq. (14) and the velocities and densities of plumeN2 from theDSMC
calculation, we can calculate the total number of radiation reactions
per second per m3, Nr. Generally, this overlay method is very fast.
However, when the vehicle velocity is low, such as 5 km=s, we may
have to choose so many velocities to obtain accurate results, making
the calculation more time-consuming than the 8 km=s case.

D. Numerical Overlay Radiation Calculation

The expression for radiation rate, Eq. (14), is based on an
assumption of an equilibrium Maxwellian distribution that may not
always be valid. To obtain an accurate radiation reaction rate, we
numerically integrate Eq. (8) using the actual relative velocity
distribution function f�g� obtained from the DSMC calculation. The
reaction cross section �r�g� as a function of collision velocity g can
be calculated from Eqs. (11) and (13) using the Arrhenius rate
coefficients of Dimpfl et al. [12] as

�r�g� �
����
�
p

�A

��3
2
� B�

�
mr

2k

�1
2	�

�
1 	 2Ea

mrg
2

�
1	�

�
�1

2
mrg

2 	 Ea
k

�
B	12��

g	2� (15)

Figure 4 shows the resulting reaction cross sections for Eqs. (1) and
(3) as a function of relative collision velocity. Because the OH(A)
formation reaction has a lower threshold, the OH(A) radiation rate
should be higher than that of N2�B�.

To evaluate the exact numerical overlay expression, we record the
collision relative velocity distribution function f�g� calculated in the
DSMC calculation after sampling begins. When the calculation is
finished, we normalize the relative velocities for all O and N2 or O
and H2O pairs to obtain the distribution function of collisional
relative velocity f�g�, as will be shown in Sec. IV.C. The reaction
rate then can be numerically integrated fromEq. (8) with the reaction
cross section �r�g� and number densities na and nb taken from the
DSMC calculation. We will take two specific cells, B and D, at
locations of (	7, 7, 0) and (	29, 41, 0) at 300 km as two examples to
study the detailed distribution information. Note that because cell B
is at a position nearer to plume compared to cell D, as shown in Fig. 3,
we expect the velocity distributions to be significantly different.

E. Radiation Rate Obtained Directly from the DSMC Calculation

Because we have added the radiation reactions in the DSMC
calculation,we can also compute the radiation rates directly. Because
these rates are low, we have used small species weighting factors for
N2�B� and OH(A) to artificially increase the simulated reaction rates
in the DSMC calculation (see Table 5). In each cell, we record every
reaction, in each time step, after sampling with all the cases run for a
total of 500,000 time steps. The reaction rate may be expressed as

Nr �
nrFnumWk

nts�V
(16)

Because the lifetimes of N2�B� and OH(A) in Eqs. (2) and (4) are
about 1 ms [18], and therefore are on the order of the time step, the
radiation rates are assumed to be the same as the reaction rates for
Eq. (1) or Eq. (3). The calculation of the radiation rate in the DSMC
method is the most exact method; however, it is the most difficult
because the reaction is rare. Because of these conditions, wemust use
a large number of samples to obtain smooth results, thereby leading
to long computational times.

IV. Results and Discussion

A. Flow Inside the Nozzle

The flow inside the nozzle is calculated by the Navier–Stokes
solver, GASP,with the parameters andmodel discussed in Sec. III.A.
The flow structure is shown in Fig. 5, in which density contours are
plotted. The density at the center of the nozzle exit is very close to the
value listed in Table 1.

Fig. 4 Reaction cross section �r�g� as a function of relative collision

velocity g.

Fig. 5 Density contours from the Navier–Stokes calculation. The left-hand side shows the flowfield results over the entire NS computational domain.

The right-hand side shows a zoomed region of point A, which includes the internal nozzle and near exit flowfield.
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Because the NSmethod is valid for Knudsen numbers on the order
of 0.01 and less, we analyze the NS solution shown in Fig. 5 to find
the density contour corresponding toKn� 0:01.We then construct a
starting surface that corresponds to a density of 3:262�
10	4 kg=m	3. At the starting surface, the species number densities
are calculated with the nozzle flow mole fractions and the velocity
and temperatures are taken from the NS solution.

B. Jet/Atmosphere Interaction

Next, we consider the effect of freestream density. Figures 6 and 7
show the number density contours of plumeN2 at altitudes of 100 and
300 km with a vehicle velocity of 8 km=s. At 100 km the plume is
swept back, away from the freestream because the freestream density
is high and the flowfield exhibits continuumlike features. At 300 km
the plume is insensitive to the freestream because there are so few
collision due to low freestream density. Note the difference in the
spatial range scale between the two altitudes.

Figures 8 and 9 show the number density contours of freestreamO
at altitudes of 100 and 300 km for a vehicle velocity of 8 km=s. At
100 km the freestream O contours skew away from the freestream,
whereas at 300 km the freestream species skew towards the
freestream. The variation of the atomic oxygen spatial distribution
from 100 to 300 km is similar to the change in continuum-type
features observed in the plume N2 contours.

C. Examples of Velocity Distributions in the Flow

Based on the sampled DSMC data, the O species velocity
distribution functions at pointsB (left) andD (right) in theX (top) and

Y (bottom) directions are shown in Fig. 10. For both points B and D,
there are two peaks in the Vx distribution function. The left peak
represents those atoms that have collided with plume molecules,
which leads to a lower O atom velocity, and the right peak represents
those atoms that have not yet collided. Both right peaks arewellfitted
byMaxwellian distribution functions at a temperature of 1005 K, the
freestream temperature. The corresponding Vx distribution function
for point D has a higher right peak because point D is farther from the
plume, which, in turn, means that there are more particles that have
not collided with the plume. For point B, theVy distribution function
also has two peaks. The atoms in the right peak have collidedwith the
plume and gain positive velocities in the Y direction. The Vy
distribution function for atomicO at pointD isMaxwellian because it
is further from the plume.

TheN2 plume velocity distribution functions at points B (left) and
D (right) for the X component of velocity are shown in Fig. 11. Both
points B and D show distribution functions with negative velocity in
the X direction, as the plume expands. Note that the N2 plume
number density is about four orders of magnitude greater than the O
number density in this case. Thus, most of theN2 molecules have had
no chance to collide with O atoms, or other molecules, and the
collisional effects seen in the O atom velocity distribution functions
are not seen for plume N2. Unlike atomic O, Fig. 11 shows that the
plumeN2 velocity distribution functions are close to the equilibrium
distribution functions at the local flow temperature, in all three
directions at points B and D. A good fit to the Maxwellian
distribution is obtained for temperatures of about 150 K or a bit less.

Fig. 6 Number density of plume N2 at 100 km at a velocity of 8 km=s.

Fig. 7 Number density of plume N2 at 300 km at a velocity of 8 km=s.

Fig. 8 Number density of freestream O at 100 km at a velocity of

8 km=s.

Fig. 9 Number density of freestream O at 300 km at a velocity of
8 km=s.

316 LI, ZHONG, AND LEVIN



This result suggests that the plume N2 molecules have smaller
thermal velocities than the atomic O particles. The latter originate
from the freestream, which has a temperature of about 1000K. These
examples demonstrate that the assumptions used in the derivative of
Eq. (10), that is, the plumeN2 molecules have afixed velocity and the
oxygen atoms have an average speed and temperature throughout the
flow, may be a reasonable approximation for the overlay method
discussed in Sec. III.C.

The analysis of the Cartesian velocity distribution functions for
particles obtained from the two different sources in this flowfield (the
plume and the freestream), at two different locations, establishes
credibility in the numerical task of indexing, collecting, and storing
of this data. To evaluate Eq. (8) we need to know the distribution
function for relative velocities of colliding O and N2 or O and water
pairs. In the DSMC calculation, we calculate the collision relative
velocity, Eq. (7), and apply the acceptance and rejection principle

Fig. 10 Velocity distribution functions (top:X-velocity component; bottom:Y-velocity component) for freestreamOat altitude of 300kmandvelocity of

8 km=s. The distribution function, f �ca�, is plotted on the ordinate. Here and in the subsequent figures, all the distribution functions are normalized and

the dashed and solid curves represent DSMC data and the analytic Maxwellian distribution.

Fig. 11 Velocity distribution functions (X-velocity component) for plume N2, f �cb�, at altitude of 300 km and velocity of 8 km=s.

Fig. 12 Velocity distribution functions for collisional relative velocity, f �g�, at points B and D at altitude of 300 km and velocity of 8 km=s.

LI, ZHONG, AND LEVIN 317



[5], which ensures that the pairs selected for a collision occurwith the
same frequency as we would expect based on the reaction rate.
Although the relative velocity distribution function is theoretically
always available from DSMC calculations, in practice, it is difficult
to collect and study this information due to large data storage
requirements. To obtain the distribution functions of collisional
relative velocity, we choose a velocity range based on the �r�g�–g
relation in Fig. 4 and divide it into about 300 intervals. We record all
the collision velocities in each cell during the DSMC calculation and
bin them into the intervals and normalize the distribution function at
the end of the calculation.

The normalized distribution functions for collision velocity are
shown in Fig. 12.At point B, 40%of the accepted collision pairs have
a collision relative velocity less than 6000 m=s, whereas at point D,
the percentage of pairs with relative velocity less than 6000 m=s is
20%. This means that the reaction probability at point D is higher
then point B, even though the plume number density is lower.

D. UV Radiation Rate

1. Comparison of Different Methods

First we consider N2�B� and OH(A) radiation at 300 km and at a
velocity of 8 km=s to demonstrate the three methods for computing
radiation. Figures 13–15 show the N2�B� radiation results from the

overlay, numerical overlay, and DSMC methods, respectively. The
spatial distribution of the radiation rate may be seen to be close,
although the magnitude of the rates differ in the peak radiation
region. Figure 16 shows a plot of the radiation rates predicted by the
threemethods on line K [from (	80, 75, 0) to (5, 0, 0)]. The rate from
the overlay method is higher than the others in the region near the jet
because in this overlay method we assume that all velocities follow a
Maxwellian distribution and therefore none of the freestream O
atoms have lost energy through collisionswith plume species. This is
not true, especially in region close to the jet. The rate fromDSMCcan
be seen to be close to the numerical overlay and the residual
difference is statistical error because the reaction is rare in the DSMC
calculation. Figure 17 shows the corresponding OH(A) radiation
results only from the overlay method because similar to the N2�B�
case, the radiation rates only differ slightly among the threemethods.
The linear plot, Fig. 18, shows a comparison of the radiation rates
from the three methods on line K. The trend is similar to the N2�B�
case, with the overlay result a bit higher than the other two methods.
Because the OH(A) reaction rate is higher than the N2�B� case, the
curves are smoother and the DSMC result is closer to the numerical
overlay method.

2. Sensitivity of the Radiation Rate to Altitude

We next consider the effect of freestream number density and
freestream species concentrations on the radiation. Figures 19–22

Fig. 13 Radiation rate ofN2�B� from the overlaymethod at 300 kmat a

velocity of 8 km=s.

Fig. 14 Radiation rate ofN2�B� from the numerical overlay method at

300 km at a velocity of 8 km=s.

Fig. 15 Radiation rate ofN2�B� from DSMC at 300 km at a velocity of

8 km=s.

Fig. 16 Radiation rate of N2�B� from different methods on line K at

300 km at a velocity of 8 km=s. The x value of 0 is closest to the nozzle.
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show the variation in N2�B� and OH(A) radiation rate contours for
altitudes of 100 and 300 km and for a vehicle velocity of 8 km=s.
From examination of the figures, we see that because the number
density of the low altitude case is higher, the radiation region ismuch

smaller at 100 km than at 300 km. The ratio of the radiation at 100–
300 km is found to vary by a factor of approximately 105, which is the
ratio of the freestream number densities. For both radiation
processes, the general spatial dependence is similar to that of the
atomic oxygen and plume species seen earlier in Figs. 8 and 9.

3. Sensitivity of the Radiation to Freestream Temperature and Vehicle

Velocity

Figure 23 shows that OH(A) radiation rate at 300 km, at a velocity
of 5 km=s is predicted to be low. DSMC computations showed that
for the same freestream conditions no N2�B� radiation is predicted.
To check the freestream temperature effect on the radiation field
solution, we ran a special case for 300 km and 5 km=s with an
artificially decreased freestream temperature of 184K, the freestream
temperature at 100 km, and found that there is no OH(A) radiation.

At point E (	29, 21, 0.0) in the flow of this special case, we
sampled the collision relative velocity distribution function of plume
water and freestream O. The distributions of the collisional relative
velocities at point E for the original and artificially low freestream
temperature cases are shown in Figs. 24 and 25. For the OH(A)
radiation reaction, the critical relative velocity value,

Vcritical �
��������
2Ea
mr

s
(17)

below which there are no reactions is 10; 444:3 m=s. In Fig. 24, for
the low-temperature case, there are no collision pairs with a relative

Fig. 17 Radiation rate of OH(A) from the overlay method at 300 km at
a velocity of 8 km=s.

Fig. 18 Radiation rate of OH(A) from different methods on line K at

300 km at a velocity of 8 km=s.

Fig. 19 Radiation rate of N2�B� from DSMC at 100 km and a vehicle

velocity of 8 km=s.

Fig. 20 Radiation rate of N2�B� from DSMC at 300 km and a vehicle

velocity of 8 km=s.

Fig. 21 Radiation rate of OH(A) from DSMC at 100 km and a vehicle
velocity of 8 km=s.
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velocity greater than the critical velocity and there are no radiation
reactions at point E. For the original freestream temperature case, the
solid curves in Fig. 24 and expanded scale in Fig. 25 show that a very
small fraction of the collision pairs have velocities greater than the
critical velocity. It is this small fraction of collisions that accounts for
the radiation in Fig. 23. Thus for rare radiation events that may be
sensitive to the tail of the distribution function, uncertainties in the
freestream conditions can influence the results.

The vehicle velocity also has an important effect on the radiation
rate. For a vehicle velocity of 5 km=s, there is noN2�B� radiation for
the altitude of 100 km, because the relative collision velocity is too
low. As a second example, consider Figs. 22 and 23, which show the
OH(A) radiation rate at 300 km for 8 and 5 km=s, respectively.
Compared to the 5 km=s case, the reaction probability increases
dramatically and the average radiation rate is about 1000 times higher
at 8 km=s.

4. Effect of Chemistry Model

In our calculations, we used a new species, NSS, to replace the
plume species other than N2 and H2O. To check the effect of this
replacement on the chemistry model, we simulated a case at 100 km

and 8 km=s with the full species set. All of the DSMC numerical
parameters are the same, except that we use the NSSweighting factor
for the additional CO, H2, HCl, and CO2 species. We choose to
compare the replacement chemistry model with the full one for this
freestream condition because the difference between the two models
will bemaximized for the range of velocities and altitudes considered
in this work.

Figure 26 shows the number density contour of plume H2O at an
altitude of 100 km for a vehicle velocity of 8 km=s for the reduced
species model, and Fig. 27 compares the water number density
profiles for the reduced and full species model across the interaction
region. Themaximum difference in water concentration between the
reduced species and full species model, shown in Fig. 27, is about

Fig. 22 Radiation rate of OH(A) from DSMC at 300 km and a vehicle

velocity of 8 km=s.

Fig. 23 Radiation rate of OH(A) from DSMC at 300 km and a vehicle

velocity of 5 km=s.

Fig. 24 Distribution functions of relative collision velocities for water

and atomic O at point E at altitude of 300 km and velocity of 5 km. Solid
line for original temperature case and dashed for artificially low

freestream temperature case.

Fig. 25 Distribution function of relative collision velocity at point E for
regular temperature case for an expanded velocity range corresponding

to the tail of the original distribution shown in Fig. 24.

Fig. 26 Number density of H2O at 100 km at a velocity of 8 km=s
(reduced species model).
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10%. Similarly, Fig. 28 compares the atomic oxygen profiles across
the interaction region for the two reaction sets. It may be seen that the
concentrations are quite close, but, the peak of the full species case is
a bit wider. Figures 29 and 30 show similar profiles of translational
temperatures and it may be seen that the difference is about 5%.
Figure 31 shows the collision relative distribution functions for these
two cases at point F (	0:3, 2.1, 0) of Fig. 26. It may be seen that the
distribution function of the full species case shifts to the right, giving
a higher probability of reaction. Note that unlike the relative velocity
distributions at 300 km, Fig. 31 shows a single peak. The higher
collision rate at the lower altitude creates a distribution function

closer toMaxwellian thanwas observed in Figs. 12 and 24.However,
neither of the distribution functions shown in Fig. 31 areMaxwellian
(values of temperature between 12,000 and 21,000 K were tried).
The calculation of radiation produced by chemiluminescent
reactions by use of a flowfield-derived temperature may be in error
if the tail of the distribution dominates. This would be the case for
both the OH(A) and N2�B� radiation cases discussed in this paper
because both processes have sufficiently high threshold values.

Figure 32 shows a comparison of the OH(A) radiation rates
predicted by the two reaction sets, which is seen to be very close
except in the peak radiation region where the difference is about
10%. This discrepancy is the resultant combination of differences in
the number densities and collision relative velocities. Based on these

Fig. 27 Comparison of number density ofH2O at 100 km at a velocity
of 8 km=s on line L.

Fig. 28 Comparison of number density of O at 100 km at a velocity of

8 km=s on line L.

Fig. 29 Translational temperature at 100 km at a velocity of 8 km=s
(reduced species model).

Fig. 30 Comparison of translational temperature at 100 km at a
velocity of 8 km=s on line L.

Fig. 31 Comparison of distributions at 100 km at a velocity of 8 km=s
at point F.

Fig. 32 Comparison of OH(A) radiation rate at 100 km at a velocity of

8 km=s.
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comparisons, it may be seen that the radiation rates predicted by the
reduced chemistry set are probably accurate to within 10%.

V. Conclusions

In this work, we modeled the highly nonequilibrium radiation
caused by the interaction of RCS thruster plumes with reactive
freestream atomic oxygen at different altitude and vehicle velocity
conditions. The frequency of radiation events that are generated by
the plume–atmospheric interaction from two example systems,
N2�B� and OH(A), with different activation energies, were
considered in our calculations.

The flow inside and near the thruster was obtained with a Navier–
Stokes solver. From theNS solution, a starting surface was created to
begin the DSMC calculations. The chemically reacting 3-D plume–
atmosphere interacting flow outside the nozzle flow was simulated
by the direct simulationMonte Carlo method. The flowwas found to
exhibit continuumlike features at 100 km, whereas at 300 km the
plume shape was found to be relatively insensitive to the freestream.

Distributions of relative collision velocities were shown for the
plumeN2 and freestream atomic O species at two different locations
at 300 km with a vehicle velocity of 8 km=s. The distributions
showed that there are two populations of oxygen atoms, those that
have and have not collided with the plume and therefore the oxygen
atom distribution function is non-Maxwellian. The ratio of O atoms
that have collided with plume molecules to those that have not was
found to be higher at the point closer to the plume, as expected. The
velocities of the group of oxygen atoms that had not collidedwith the
plume could be fit by a Maxwellian distribution function with a
temperature corresponding to that of the freestream. As expected, the
results showed that the plume N2 species has a lower temperature or
smaller thermal velocities than the atomic O particles.

Radiation rates from the three methods, overlay, numerical
overlay, and DSMC, at 300 km with a vehicle velocity of 8 km=s
were compared and found to be close for the lower activation energy
formation of OH(A). The agreement among the three methods was
good, but in the region of peak radiation the overlay methods may
overestimate the radiation by a factor of 1.5–2.0. The higher
freestream number density increases the radiation rate and the
freestream temperature and velocity also play important roles. Both a
high freestream temperature and velocity produce collision pairs that
have high collision relative velocities, which, in turn, increases the
fraction of collision pairs with velocities larger than the critical
velocity. For nonequilibrium flows, the reaction probability is
sensitive to the number of collisions that exceed the critical velocity,
so that both the freestream temperature and velocity can affect the
radiation rate.
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