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The direct simulation Monte Carlo method is applied to a radiating, hypersonic, axisymmetric flow over a
blunt bedy in the near continuum regime. The ability of the method to predict the flowfield radiation and the
radiative heating is investigated for flow over the Project Fire II configuration at 11.36 km/s at an altitude of
76.42 km. Two methods that differ in the manner in which they treat ionization and estimate electronic excitation
are employed. The calculated results are presented and compared with both experimental data and solutions
where radiation effects were not included. Differences in the results are discussed. Both methods ignore self
absorption and, as a result, overpredict measured radiative heating. :

Nomenclature

transition probability

degeneracy

Planck’s constant, J s

excitation rate coefficient

third body

number density, part/m?

surface heat flux, W/cm?

radius of the vehicle, m

distance along the surface, m
temperature, K

velocity, km/s

mole fraction

axisymmetric coordinates, m or rad
energy of a particle or state, J
distance normal to the surface, m
wavelength, or mean free path, u or m
frequency, s—!

density, kg/m?

relaxation time, s
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convective value
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r = rotational value

stag = stagnation point value
t = translational value

v = vibrational value

w = wall value

o0 = freestream value
Superscript

average quantity

Introduction

HE current interest in re-entry and aerobraking vehicles

requires an ability to calculate rarefied, hypersonic flows
with high degrees of thermal and chemical nonequilibrium.
The direct simulation Monte Carlo (DSMC) method of Bird!
has proven to be an effective tool in calculating these types
of flows. For many of these flows, the radiation from the
shock layer can be a significant portion of the overall heating.
Because of this, increased attention has been given to ex-
tending the method to treat flows with ionization and radia-
tion.2"¥ The ability to calculate such flows may be necessary
to effectively design the thermal protection systems required
by these future vehicles.

Problems arise in the calculation of nonequilibrium radia-
tion because of the large number of radiative states that exist,
and because a significant amount of radiation can come from
sparsely populated states and minor species. This requires a
large number of simulated particles to avoid unacceptably
large statistical scatter. To address these problems, Bird* pro-
posed a radiation model which uses a phenomenological ap-
proach. Although Bird demonstrated the ability of the DSMC
method to calculate flows with radiation, much of the data
employed was somewhat approximate. Recently, Carlson et
al.®~® have examined the ionization modeling and calculation
of the electronic excitation numbers with the aim of improving
the modeling of the physical processes present.

Due to the computational costs in simulating flows with
ionization and radiation with the DSMC method, many pre-
vious works*® have limited their computations to one-di-
mensional calculations. Such calculations did not address the
effect of the plasma sheath on the surface properties. Fur-
thermore, previous calculations® showed that using a one-
dimensional stagnation streamline DSMC approach to predict
the radiative heating would be deficient. Thus, the extension
to two-dimensional/axisymmetric calculations is necessary to
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examine radiative heating predictions. The ionization model
developed in Refs. 6—8 was extended to two-dimensional/
axisymmetric DSMC calculations by Taylor et al.” The proper
calculation of surface properties necessitated the development
of a sheath model. The goal of this work is to extend this
two-dimensional/axisymmetric procedure to include both ion-
ization and radiation, and to examine their effects on surface
properties.

In order to determine the ability of the DSMC procedure
to predict surface properties in an ionizing and radiating flow,
calculations are conducted for the axisymmetric flow over the
Project Fire II vehicle at 1634 s into the mission.'” This point
was in the near continuum region with an altitude and free-
stream velocity of 76.42 km and 11.36 km/s, respectively. This
case was chosen because some radiative heating was mea-
sured, but the conditions were such that the computational
time for the DSMC calculations were still manageable. Dif-
ferences between the modeling procedures are evaluated, and
wherever possible, the results are compared with experimen-
tal measurements.

DSMC Method

The DSMC method, developed by Bird,'-* employs statis-
tical methods to simultaneously calculate the trajectories of
thousands of simulated particles. While these particles move
through the domain, they interact with each other and with
various boundaries. The position, velocity, and internal states
of the various particles are stored and modified when inter-
actions occur. The macroscopic flow properties are, in turn,
calculated by averaging the local particle properties when a
sufficiently large sample has been obtained. The surface prop-
erties are determined directly from the momentum and energy
transfers between the simulated particles and the surface
boundaries.

The physical models used in all of these calculations include
the following. The variable hard sphere (VHS) model was
used for the molecular interaction potential. The Larsen-
Borgnakke model was used for the distribution of the energy
to the different internal modes of the particles. Both of these
models are the most widely used for the DSMC method and
are detailed in Ref. 1. The modifications to the standard
procedure include a model for temperature-dependent vibra-
tional collision numbers, detailed in Ref. 11, and a local time
stepping procedure described in Ref. 12. For the VHS model
employed, the probabilities for the chemical reactions were
selected in such a way to reproduce, at equilibrium, experi-
mentally measured rate coefficients.'® A total of 44 chemical
reactions were used in the present study. The reaction rates
were based on a set proposed by Park and Menees.'* The
coefficients for the first 41 reaction rates are tabulated in Ref.
6. The last three reactions are the recombination reactions
for N,, O,, and NO. The rate coefficients for these reactions
were obtained from curve fits of the equilibrium constants
given in Ref. 15 and from the forward rates already obtained.

The addition of electrons to the flowfield through ionization
requires some modification of the DSMC procedure. The
electrons are characterized by extremely high velocities and
collision frequencies compared to the other particles in the
flow. This requires the DSMC calculations to use a very small
computational time step, and this results in long computa-
tional times. Furthermore, because of the addition of charged
particles in the flowfield, an electric field is created. This
electric field which is created by the motion of the ions and
electrons results in charged particle acceleration. This field is
evaluated away from the sheath from ambipolar diffusion
considerations. Furthermore, the plasma sheath that develops
acts to insulate the surface from the electrons. More details
on the modeling of the plasma sheath are presented in Ap-
pendix A. These and other issues relevant to the ionization
process were dealt with in Refs. 6, 7, and 9. The models used
to include radiation in the simulation will be outlined in more
detail in the following section.
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The Project Fire 1I surface was constructed of beryllium.
Upon re-entry, the vehicle was exposed to the atmosphere,
and BeO was believed to have formed. The catalytic recom-
bination coefficient at the indicated surface temperature for
BeO is thought!'® to have a value of about 0.02. This value
was used for all DSMC calculations presented in this study.

Radiation Modeling

Consider the addition of nonequilibrium radiation modeling
into the DSMC procedure. Although Bird has shown the
ability of the DSMC method to calculated flows with radia-
tion,* much of the data employed is somewhat approximate.
In an attempt to remove some of the uncertainties and lead
the modeling to a more accurate representation of the physical
process present, Carlson and Hassan® have proposed some
changes for the electronic excitation modeling. The calcula-
tions presented in this study will compare the two modeling
procedures. Thus, a brief outline of the two procedures fol-
lows. A complete description of the radiation modeling is
presented in Refs. 4 and 8.

First, consider the radiation modeling proposed by Bird.*
The method includes electronic excitation and thermal radia-
tion from bound-bound transitions only, which is known to
be significant in flows on the order of 10 km/s. Because the
number of radiative states is so large, and because a significant
amount of radiation can come from minor species and sparsely
populated states, the radiation modeling is calculated using a
phenomenological model. The model is similar to the Larsen-
Borgnakke model currently used for the rotational and vi-
brational excitation with some minor changes. Instead of as-
signing each computational particle a certain state, as with
rotation and vibration, each particle is assigned a distribution
over all available electronic states up to the dissociation or
ionization energy. The distribution is an equilibrium distri-
bution appropriate to the effective temperature based on the
sum of the relative translational energy and the electronic
energy of the particles in the collision. This allows a reason-
able amount of computational particles to be used without
unacceptably large statistical scatter. Because each compu-
tational particle represents a large number of actual particles,
this procedure also is physically reasonable.

Asin the excitation of the rotational and vibrational modes,
the excitation rates for the electronic modes must be deter-
mined. Because little data is available on the excitation cross
sections of the species involved in real air, Bird adopted a
primarily qualitative method to demonstrate the capability of
the method. Bird argued that the electron-ion and electron-
neutral elastic cross sections are on the order of 10 ¢cm?,
and that the electron impact excitation cross sections are on
the order of 107 !¢ cm?. This suggests the fraction of collisions
that leads to electronic excitation should be about 0.1. Bird
further argued that because of the assumption of a distribution
over all electronic states, instead of a single state, that this
number should be further reduced. These numbers apply to
electron and ion impact collisions. The numbers are further
reduced by a factor of 10 for neutral impact collisions.

The molecular band system employed is the same as that
by Park!” and involves the electronic states of molecular oxy-
gen, neutral and ionized molecular nitrogen, and nitric oxide.
These are tabulated in Ref. 4 along with the mean time to
spontaneous emission. A computational restriction requires
that the computational time step in the collision routine be
less than the minimum radiative lifetime.* Thus, when radia-
tion is included in the calculations, the computational time
step is small and long computational times result.

Because of the large number of electronic states present in
the atomic species, the states have been combined to form a
manageable number of groups.* The radiative transitions are
also grouped and are referred to by a number rather than
spectroscopic code. As a result of the grouping, each tran-
sition will generally involve only a fraction of the states in the
upper groups. The electronic states, radiation transition groups,
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and participating fractions are tabulated for both the atomic
oxygen and nitrogen in Ref. 4.

The radiation model employed by Carlson and Hassan® is
the same as above, with the exception of the method for
determining the electronic excitation numbers. Because of the
approximate nature Bird used in calculating the electronic
excitation numbers, Carlson and Hassan proposed a different
method of calculating these numbers based on existing data,
in order to remove uncertainties in the procedure. A detailed
description of the method is presented in Ref. 8. A brief
description of their procedure is as follows.

The reactions responsible for the bound-bound radiation
are

M+ B, <> M+ B, (1)
B, < B, + hv 2)

where j and k denote electronic states and Av is the radiation
emitted. The largest rates in the above reactions are for charged
particle collisions. However, for a slightly ionized flow, neu-
tral particle collisions are also important. Thus, Carlson and
Hassan calculate the production rate of particles in some elec-
tronic state, multiply by the electronic energy of that state,
and sum over all possible states. Setting this to a Landau-
Teller form for 7, gives

g_é_e_l _ Q — n(écq _ éi)
"o T @ (2 S’n"> B T )

where n and #, are the number density and the number density
of particles in some electronic state j, respectively, and &,
£, and £, are the average electronic energy, the average
electronic energy in state j, and the average equilibrium elec-
tronic energy, respectively. An estimate of 1/7 is then given
to be

1 2 8jnr'[KM(j)nM + A

e S en “
where
Ku(j) = 2 Kuljs k)
e (5)
A(j) = ; A(j, k)

Here, A(j, k) and K,,(j, k) are the transition probability and
excitation rate coefficients, respectively. Thus, the fraction of
collisions that lead to electronic excitation is just equal to
1/7v, where v is the collision frequency. Also, since this is for
electronic excitation by electron impact, the collision fre-
quency used is that for the electrons. But, since electrons are
minor species in the flow, local cell quantities will have large
amounts of statistical scatter. Thus, average values over the
whole domain for the relaxation times and collision frequen-
cies are calculated and used in the simulation. The rate coef-
ficients above are available from the NEQAIR radiation code
of Park,'® except for those for molecular oxygen and the high-
est excited level of molecular nitrogen. These values were
obtained from Slinker and Ali."

The above applies for electronic excitation by electron and
ion impact. The cross sections for the collisions of neutral
heavy particles are smaller than those of electron collision by
approximately the ratio of the two masses.!” Thus, the frac-
tions for electronic excitation are reduced by this amount for
neutral particles.

Furthermore, if the relaxation numbers are calculated cor-
rectly, then it will not matter whether the energy is assigned
to a specific state, as with rotation and vibration, or a distri-
bution of states, as with the electronic modes. Since the ra-
diation is determined by the electronic energy, then as long

as the average electronic energy is computed correctly, the
electronic energy of the system will remain the same, regard-
less of how the energy is distributed among the electronic
states. This means that when a large sample is considered,
the results should not depend on the manner in which the
average electronic energy is assigned. Therefore, a further
reduction in the electronic excitation collision numbers should
not be required.

Before the results are presented and discussed, a summary
of the major differences between the two modeling proce-
dures is given as follows. Note, the references to “‘Bird’s
method” will correspond to using the ionization and electronic
excitation modeling presented by Bird,* and similarly, “cur-
rent method” will correspond to using the ionization and pro-
posed electronic excitation modeling presented in Refs. 6—8.
For the ionization modeling, the major difference is in how
the electrons are treated. In Bird’s method, the motion of the
free electrons is constrained to that of the ion from which it
originated. For the current method, the free electrons are
allowed to move freely and are affected by an electric field
which is calculated from ambipolar diffusion considerations.
Also, the current method employs a model for the plasma
sheath that develops on the surface,’ which is not used nor
required with Bird’s method. For the electronic excitation,
Bird’s method employs relaxation constants which were finely
tuned using the AVCO experiment.* The current method uses
data obtained mostly from the NEQAIR program, which should
make it applicable over a wide range of conditions.

Another difference in the two methods is the computational
resources required. The addition of ionization modeling using
Bird’s method requires little additional memory and com-
putational time. However, the addition of radiation using
Bird’s method requires much smaller computational time steps,
typically less than the time required for spontaneous emis-
sion, resulting in longer computational times. Also, there is
a substantial memory increase required to store the electronic
levels for each simulated particle with Bird’s method. All
calculations presented using Bird’s method simulated approx-
imately 250,000 particles, whereas the current method cal-
culations simulate around 750,000 particles. This increase in
the number of simulated particles used for the current mod-
eling procedure is due to the ionization modeling used.” To
calculate the local electric field for the current method, a
meaningful sample of charged particles is required. This typ-
ically requires more global particles than needed for Bird’s
method. Also, longer calculations are required to smooth the
electric field before steady state is established. The further
addition of radiation modeling using the current method has
the same memory increase requirements as Bird’s method.
However, since the current method already uses a reduced
computational time step for the electron interactions, the ad-
dition of the radiation modeling does not affect the compu-
tational time step because collision times based on the electron
collision frequency are comparable to the times required for
spontaneous emission. The end result is that the computa-
tional times and memory required to include ionization and
radiation using Bird’s method are generally smaller than those
using the current modeling procedure. Note, for all calcula-
tions presented involving radiation using either method, self
absorption was neglected.

Results and Discussion

Results are presented for the axisymmetric simulation of
the Project Fire II configuration at 1634 s into the mission.
The vehicle was at an altitude of 76.42 km with the freestream
flow conditions given in Table 1. The computational grid,
shown in Fig. 1, consists of 18,000 cells (30 x 600), and was
used for all computations presented. The grid requirements
of the DSMC method were met for all cases shown.

For the first set of calculations, radiation was not included,
and the ionization and electronic excitation were computed
using Bird’s method.* Figure 2 shows the convective heat



TAYLOR, CARLSON, AND HASSAN:

Table 1 Flow conditions for the
Project Fire II vehicle at 1634 s

Property Value Units
Altitude 76.42 km
U, 11.36 km/s
p.. 3.50836 x 10°3 kg/m?
n, 7.294 x 10 part/m?
T, 194.602 K
A 2.318 x 1073 m
T, 615 K
(o5 172.0 = 5% W/em?
Ox st 8.2 = 20% W/cm?
Y § = 0.03m.
0.35 L i T 1 1 .J
0.30 |- “1
0.25 |- -1
g
~ o.20| ]
] =
o.1s [ R =10.336m
0.10 |- ]
30 x 600
o0.05 .
0 1 1 1 L 1

.00
-0.20 -0.15 -0.10 -0.05 0.00 0.05 0.10 0.15 0.20 0.25
x (m)

Fig. 1 DSMC computational grid used for Project Fire II calcula-
tions.
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Fig. 2 Convective heat transfer along the surface for DSMC solution
using Bird’s method without radiation.

transfer Q. as a function of distance along the surface of the
vehicle S. Measured values!'® at § = 0.03 m yield a convective
heating value of approximately 172 W/cm?. The experimental
error was given as +5%. The variation along the surface for
this case was not given, but similar experimental conditions
showed a slight decrease in the heating as S increases. Present
calculations yield a value of 220 W/cm? which decreased to
173 W/cm? at the shoulder. Thus, DSMC calculations over-
predict the heat transfer in the stagnation region by 20-30%,
but agreed much closer as S increased.

The distribution of the translational T,, rotational T,, vi-
brational T,, and electron T, temperatures along the stag-
nation line n are shown in Fig. 3. A high degree of non-
equilibrium as well as a very high peak translational temperature
are noted. This suggests that the inclusion of radiation may
be important for any realistic simulation. Also, since the trans-
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Fig. 3 Various temperatures along the stagnation line for DSMC
solution using Bird’s method without radiation.
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Fig. 4 Charged species mole fractions along the stagnation line for
DSMC solution using Bird’s method without radiation.

fer of kinetic energy for collisions between heavy particles
and electrons is very inefficient, the electron temperature does
not equilibrate until very near the wall. Almost complete
dissociation of both O, and N, was noted in the shock layer.
In Fig. 4, the mole fractions of the electrons and major ions
are shown along the stagnation line. The peak electron mole
fraction occurs close to the body at a value of about 0.065.
The major ion, N*, also peaks at this point with a value of
about 0.04. Note, directly after the shock, N? peaks at a
value of about 0.018 and is locally the major ion present.
Since N% is a strong radiator, this could be an important
factor in the amount of radiation that would be predicted.
The next set of calculations include radiation and ionization
using Bird’s method in the DSMC simulation. Figure 5 shows
a comparison of the convective heat transfer for the calcu-
lations with and without radiation with the Project Fire II
experimental value. Very little change is noted with the in-
clusion of radiation. Thus, the DSMC calculations are still
overpredicting the experimental values. Figure 6 shows a com-
parison of the radiative heat transfer from the total radiative
spectrum and for part of the radiation spectrum. The partial
radiation spectrum is the heat transfer calculated for radiation
with wavelengths 0.2 u and above. This is calculated to com-
pare with the Project Fire II experimental values which were
limited to this range from the measuring techniques em-
ployed.? The measured values® at the stagnation point for
the radiative heat transfer yield a value of approximately 8.2
W/em?, with the experimental error given as +20%. The
present calculations show the predicted value at this location
was 88.0 W/cm? for the heat transfer from radiation 0.2 p and
above, and was 202 W/cm? for the total radiative heating.
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Fig. 5 Comparison of the convective heat transfer along the surface
between DSMC solutions using Bird’s method with and without ra-
diation included.
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Fig. 6 Comparison of the radiative heat transfer along the surface
for DSMC solution using Bird’s method with Project Fire II experi-
mental data.

Typically, almost all of the radiation less than 0.2 u (uv ra-
diation) will be self absorbed before reaching the surface, and
will not contribute to the radiative heating.?! Thus, the uv
contributions can be neglected when approximating the amount
of radiative heating which will realistically occur.

Previous calculations presented by Bird* showed excellent
agreement in the surface radiative heating prediction for two
Project Fire II cases. The calculations were conducted using
a one-dimensional stagnation streamline DSMC code devel-
oped by Bird. It was noted later by Moss et al.® that predic-
tions of the radiative surface heating using that one-dimen-
sional stagnation line code would be deficient. While the
radiative emission predicted would be correct, the surface
radiative flux would not account for the radiation contribution
to the surface from particles that were removed from the
computational domain. The removal is a procedure required
to simulate the stagnation line for these flows, and is described
in Ref. 3. Thus, the radiative surface heating predictions using
this code would be low. So, in light of this, the radiative
heating predictions for the Project Fire II cases previously
shown by Bird would also overpredict the measured radiative
heating values.

A comparison of the distributions of the translational T,
and electron 7, temperatures along the stagnation line are
shown in Fig. 7. The temperature shock occurs slightly later
with the inclusion of radiation, but otherwise, little change is
observed. Similar agreement is noted with the other flow
properties and are not shown. The emission profiles for the
molecular species and the separate atomic species are shown
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Fig. 7 Comparisons of the translational and electron temperatures
along the stagnation line between DSMC solutions using Bird’s method
with and without radiation included.
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Fig. 8 Emission profiles along the stagnation line for DSMC solution
using Bird’s method.
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Fig.9 Predicted radiation spectrum at the stagnation point for DSMC
solution using Bird’s method.

in Fig. 8. The atomic nitrogen is seen to be the major con-
tributor for the emission throughout the shock layer, con-
sisting of at least half of the emission at all points. It should
also be noted that the molecular contribution consists almost
solely of N3 emission. The spectral intensities I, are shown
at the stagnation point in Fig. 9. The major line responsible
for most of the radiative heating is at 0.129 w, which is the
N.4 line from the atomic line grouping for N.* The next major
contributor is the N3 (1—) band system at 0.39 u. Together,
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these two are responsible for 54% of the radiative heating at
the stagnation point for this case.

The last set of calculations are including radiation and ion-
ization using the current modeling procedure described ear-
lier. Figure 10 shows a comparison of the radiative heat trans-
fer between the DSMC simulations using the two radiation
modeling procedures with the experimental value. The new
electronic excitation procedure calculates electronic collision
numbers much less than the values presented by Bird. This
was also seen in the one-dimensional calculation presented in
Ref. 8. This results in a much faster excitation of the electronic
levels of the species directly behind the shock. Thus, differ-
ences in the emission profiles and important radiation lines
between the two methods are to be expected. As is seen from
Fig. 10, the present model predicts a similar radiative flux
when contributions from all wavelengths are considered, yet
it yields a value close to the experimental measurements when
only contributions from 0.2 u and above are considered. Thus,
the current method is predicting more uv radiation than Bird’s
method. Although radiation below 0.2 w is expected to be
absorbed, the present method cannot be declared superior to
Bird’s method. Such a conclusion has to await the incorpo-
ration of a model that accounts for absorption and bound-
free transitions.

The translational temperatures 7, are compared between
the two radiation models in Fig. 11. The profiles are still
basically the same, yet the shock standoff distance and the
equilibrium temperature have decreased. This is possibly the
result of the considerable increase in the radiation from the
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Fig. 10 Comparison of the radiative heat transfer along the surface
between DSMC solutions using Bird’s method and the current method.
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Fig. 11 Comparison of the translational temperatures along the stag-
nation line between DSMC solutions using Bird’s method and the
current method.
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Fig. 12 Comparison of the global emission along the stagnation line
between DSMC solutions using Bird’s method and the current method.
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Fig. 13 Emission profiles along the stagnation line for DSMC solution
using the current method.
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uv spectrum. Since the uv radiation is not allowed to be reab-
sorbed, this results in substantial energy loss by the flow, and
thus, the shock standoff distance decreases. Similar trends
were noted for the other flowfield properties. A comparison
of the global emission between the two methods is given in
Fig. 12. Due to the faster excitation of the electronic levels,
the global emission directly behind the shock is higher than
that predicted by Bird’s method. Also, the emission profiles
for atomic oxygen and the molecular species using the new
method, seen in Fig. 13, are very similar to profiles using
Bird’s method, seen in Fig. 8. Note, however, that the mag-
nitudes are slightly different. Furthermore, the amount of
emission from the atomic nitrogen predicted from the current
method is nearly twice that predicted by Bird’s method. Thus,
the atomic lines and molecular band systems responsible for
the majority of the radiation emission are quite different be-
tween the two methods.

Lastly, the spectral intensities at the stagnation point for
the current method are given in Fig. 14 for the molecular
bands, atomic nitrogen lines, and atomic oxygen lines. Com-
paring this figure to Fig. 9, the important point is that the
current method shows nearly half an order of magnitude drop
in the N7 (1) band intensity. Whereas the molecular con-
tribution dropped, the contribution from the atomic nitrogen
lines increased by an order of magnitude for 2 or 3 of the uv
radiation lines. Also, there is a noted drop in the intensity
for the atomic oxygen lines in the IR radiation range. These
figures show that the electronic relaxation numbers have a
significant effect on the flowfield, and thus, on which radiative
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Fig. 14 Predicted radiation spectrum at the stagnation point for DSMC
solution using the current method.

mechanisms become prominent. In turn, this significantly af-
fects the radiative heating predictions.

Concluding Remarks

A new radiation modeling procedure proposed by Carlson
and Hassan® has been extended to two-dimensional/axisym-
metric DSMC calculations for weakly ionized, radiating, hy-
personic flows. Using this method, the radiating, axisym-
metric flow over the Project Fire II vehicle at 1634 s into the
mission was investigated. Comparing results using the current
method with those using the radiation model developed by
Bird* showed that the electronic relaxation numbers can sig-
nificantly ‘alter the prominent radiative mechanisms and the
amount of radiative heating calculated. Thus, accurate mod-
eling of the electronic relaxation and calculation of the elec-
tronic excitation numbers is very important in correctly pre-
dicting radiation for these types of flows. Although the present
model predicts radiative heating representative of the exper-
iment when contributions are limited to wavelengths 0.2 u
and above, the result may be fortuitous. The current proce-
dure needs to incorporate an absorption model before such
a claim can be accepted.

Appendix: Modeling of Surface Plasma Sheath

When an ionized gas flows over a surface, an extremely
large electric potential develops over a thin region between
the plasma and the wall. The thickness of this region, calied
a plasma sheath, is on the order of the Debye length which

is given by
6.90 [ cm (A1)

where T, is in Kelvin, and n, is the number of electrons per
cm’. For the surface conditions presented, the local Debye
length d, is much smaller than the local mean free path A.
Thus, intermolecular collisions within the sheath can be ne-
glected, and particles are assumed to only interact with the
sheath and the surface. This sheath affects the plasma by
insulating the surface from the electrons, while accelerating
the ions to the surface.?? Also, since the surfaces modeled are
considered to be electrically conducting, the surface will be
fully catalytic to the ions. That is, ions will combine with
available electrons to neutralize on contact with the wall, and
thus, their ionization potential will be released to the wall.
Generally, in the DSMC method, all particles are assumed
to reflect according to the classical diffuse model®* with com-
plete thermal accommodation to the surface temperature. Due
to the plasma sheath, this model alone is not sufficient to

47Tn ?

model the surface reflections of the charged particles. Thus,
a simplified model is introduced to account for the influence
of the surface sheath on the charged particles.

First, consider the effects of the plasma sheath on the elec-
trons. The potential barrier resulting from the presence of the
sheath prevents most of the electrons from reaching the sur-
face. As a result, only a very small fraction of the highly
energetic electrons can penetrate the sheath. Also, since no
intermolecular collisions are assumed to occur in the sheath,
the velocity of the electrons exiting the sheath can be assumed
to be directly related to the velocity entering the sheath. As-
suming the local sheath potential varies only normal to the
surface, then the velocity of the electrons exiting the sheath
will have the same tangential component and the opposite
normal component of the velocity entering the sheath. This
behavior can be modeled by allowing the electrons to reflect
specularly from the surface.?® Thus, reflecting the electrons
specularly results in no net electron energy flux to the surface.

Next, consider the acceleration of the ions to the surface
as a result of the plasma sheath. This acceleration increases
the amount of energy imparted to the surface by the ions. On
average, the ions reach the surface with thermal energy 2T,
plus the sheath potential energy |e¢|.>* In addition, the ions
recombine with available electrons to release their ionization
energy to the surface. The current modeling used for surface
reflections is sufficient to model the thermal energy and the
recombination energy contributions. But, for ion surface re-
flections, the sheath potential energy needs to be calculated
and added.

To calculate the sheath potential ¢, the procedure used by
Camac and Kemp? is employed. Since the sheath potential
ad]usts to allow no net current to cross,* the sheath potential
is calculated by setting the electron current towards the sur-
face equal to the total positive current, i.e.

(nc./M)exp(—ed/kT,) = (nc,/4)y +J (A2)

where n; and s, are the ion and electron number densities at
the edge of the sheath, and ¢, is the mean thermal velocity
for the electrons, and J is the wall electron emission. Because
of charge neutrality at the edge of the sheath, n, = n,. The
term c¢; is determined by the drift velocity of the ion in the
sheath. Because intermolecular collisions are assumed neg-
ligible in the sheath, the value of ¢; is given by>

= T Ty (A3)

In addition, J is assumed to be negligible. Also, ¢, is given
by23

= (2@ (2KT,Im,) (A4)

After substituting the above equations, the sheath potential

reduces to
kT, 1 (m,
¢ = 2e /” [277 (m)] (AS)

Thus, the sheath potential becomes only a function of T,.
Therefore, the modeling of the ion surface reflections involves
calculating a local value of T,, and then, obtaining the local
sheath potential from Eq. (AS) After the ion diffusely reflects
and recombines with an electron, releasing its ionization en-
ergy to the surface, the sheath potential energy le¢} is added
to the energy imparted to the surface to account for the sheath
effects.
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