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Stardust reentry flows have been simulated at an altitude of 80 km for a freestream velocity of 12.8 km/s using
direct simulation Monte Carlo (DSMC) and computational fluid dynamics (CFD). Five ions and electrons were
considered in the flowfield, and ionization processes were modeled in DSMC. The ion-averaged velocity method in
DSMC was validated to maintain charge neutrality in the shock. Collision and energy-exchange models for DSMC
were reviewed to ensure adequacy for the high-energy flow regime. Accurate electron-heavy particle collision cross
sections and an electron-vibration relaxation model using Lee’s relaxation time were implemented in DSMC.
Although the DSMC results agreed well with CFD for the collision-only case, discrepancies between DSMC and CFD
were observed in the shock with the relaxation model activated. Furthermore, with full chemical reactions and
ionization processes, DSMC results were compared with CFD. It was found that the assumption of electron
temperature is crucial for the prediction of degree of ionization. At 80 km, the degree of ionization predicted by
DSMC was found to be approximately 5%, but in CFD, the degree of ionization is greater than 25% for the case of
T,=T, and 9% for the case of T, = T;,. In DSMC, the electron-vibration relaxation model was found to be
important to predict electron and vibrational temperatures at this altitude, and the electron temperature is the same
order as the vibrational temperature. Therefore, compared to the DSMC solution, the assumption of 7, = T, is
preferable in CFD. In addition, using the Mott-Smith model, good agreement was obtained between the analytical
bimodal distribution functions and DSMC velocity distributions. An effective temperature correction in the
relaxation and chemical reaction models using the Mott-Smith model may reduce the continuum breakdown
discrepancy between DSMC and CFD inside the shock in terms of degree of ionization and temperatures, but a
general implementation is not clear.

Nomenclature K, = Knudsen number
A = preexponential factor in Arrhenius expression kg = Boltzmaqn _constant
c, = relative speed L = characteristic length
E, = activation energy m = molecular mass
E. = collision energy n = number density . . )
Fr; = fraction of the distribution function in the i direction n = temperature exponent in Arrhenius expression
fa = upstream Boltzmann distribution function P = breakdown parameter
fb = downstream Boltzmann distribution function 14 = pressure
g = bimodal distribution function T =  lemperature . Ce
K, —  backward reaction rate constant T; = temperaturg component in 'the i dllrejctlor}
Ko = equilibrium constant u; = mean‘velocny component in t_he z_d1rect10n
K, —  reaction rate constant v; = ve10c1ty component in the i direction
Z = relaxation collision number
A = mean free path
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T = translational mode (same as tr)
\% = vibrational mode (same as vib)
Superscripts

cont = continuum

part = particle

I. Introduction

HE Stardust spacecraft is one of the crucial projects of planetary

and solar system exploration, returning to Earth in January 2006
after collecting dust and carbon-based samples during its closest
encounter with the comet Wild 2. With the fastest reentry speed ever
achieved by a man-made object at 12.8 km/s, Stardust generated a
strong shock ahead of its blunt body. These shock conditions create
an extremely high-temperature region in which ions and electrons
are generated by ionization processes [1]. The ions and electrons
lead to complicated reactions among charged and neutral particles,
which further affect nonequilibrium atomic and molecular energy
distributions and radiation behavior. The ionized aerothermody-
namics may significantly impact the Stardust thermal protection
layer ablation behavior, which is critical to the Stardust heat shield
design and efficiency [2,3]. Olynick et al. [4] applied a continuum
Navier—Stokes flow solver loosely coupled to radiation and material
thermal ablation models to predict the Stardust reentry flows at
altitudes of 43—-80 km. In previous works by Ozawa et al. [1,5,6],
transitional, ionized reentry hypersonic flows have been simulated
using the direct simulation Monte Carlo (DSMC) method at altitudes
between 68.9 and 100 km. Because of the high reentry speeds of
approximately 13 km/s, the modeling of charged species and the
inclusion of ionization processes to augment neutral species non-
equilibrium chemical reactions challenged the DSMC method. It was
found that charge neutrality can be assumed in the bow-shock region
because the Debye length is very small. The ion-averaged velocity
(IAV) method [1,7] was found to be sufficiently accurate when
compared with an exact charge-neutrality method. The ionization
reaction rates of Park [18] were adapted for use in the usual DSMC
total collision energy (TCE) chemistry model. In addition, collision
and energy-exchange models for DSMC were reviewed to ensure
adequacy for the high-energy flow regime. The variable hard sphere
(VHS) model [8] parameters were revisited to use high-temperature
viscosity data because it was found that the shock thickness for an
artificial gas consisting only of atomic N is sensitive to the viscosity
model used in the total collision cross section. The temperature
correction of Park [9,10], frequently used in continuum calculations,
was implemented to ensure that the rotational and vibrational
collision numbers converged to a single value for very high shock
translational temperatures at which strong coupling between these
two internal modes will occur. The electron-vibration (e-V)
relaxation model of Lee [26] was implemented in the DSMC
calculations to model the enhanced transfer of internal energy to N,
due to the 2.3 eV shape resonance. The prediction of the electron
and vibrational flowfield temperatures were found to be sensitive to
the e-V relaxation model. In DSMC, the degree of ionization (DOI)
increases for lower altitudes with values of 1, 4, and 11% for 100, 80,
and 68.9 km, respectively. Furthermore, the DSMC solutions were
compared with computational fluid dynamics/data parallel line
relaxation (CFD/DPLR) results at 80 km. It was found that DSMC
predicted a lower degree of ionization than CFD, and DSMC
predicted lower energy-exchange rates between translational and
internal modes than CFD. The following two factors were considered
for the discrepancy between DSMC and CFD. First, the assumption
of electron temperature was found to be very crucial in CFD because
electron impact ionization reactions are very important in the flow-
fields and sensitive to T,. In CFD(DPLR), electron temperature was
assumed to be the same as translational temperature. However, in
DSMC, electron temperature was the same order as the vibrational
temperature. Second, the breakdown effect was not negligible for
the Stardust reentry case. The reasons for CFD failure to correctly

resolve the bow-shock structure due to continuum breakdown [11]
are discussed in [12,13].

For a continuum model to be valid in a strong shock condition, it
needs to fulfill the conditions of two parameters, Knudsen number
and breakdown parameter [11,14]. The Knudsen number is obtained
by K, = A/L, where L is a characteristic length. The freestream
Knudsen numbers at altitudes of 68.9, 80, and 100 km are listed in
Table 1 and at altitudes approximately lower than 80 km,
K, . <0.01. The continuum model breaks down with the initial
symptom being that the pressure tensor becomes anisotropic if the
density gradient is too high. The breakdown parameter is calculated
from the expression of [8]

1
P=-
v

(€]

D(tn(p))
Dt

Figure 1 shows the breakdown parameter for the Stardust blunt body
at three altitudes along the stagnation line. At 68.9 km, because of the
high gradient, a sharp peak of approximately 0.5 near the body is
shown. At 80 km, the maximum value is approximately 0.45, and
may be contrasted with a value of P of 0.02 [8], the value at which the
continuum assumption begins to fail. At 100 km, because of the
low density, the maximum becomes as high as 1.0; thus, continuum
models do not apply at this altitude. Therefore, for the flow for
the Stardust blunt body at these three altitudes along the stagnation
line, a kinetic model may be required.

In this work, we discuss the validation of continuum and particle
methods for the Stardust reentry simulations by comparing the
DSMC [8] with a CFD code [15,16]. The DSMC method has been
developed to simulate the ionized hypersonic flows in front of a
Stardust blunt body at altitudes between 68.9 and 100 km. The effect
of collision processes, energy-exchange processes, and chemical
reaction processes on the overall flowfield is investigated, and we
estimate the difference between the DSMC and CFD predictions in a
transitional regime. In this work, the electron temperature in CFD is
set to be the same as either the translational temperature or vibrational
temperature. In addition, we propose a correction model for use in
CFD to minimize the effect of breakdown by studying the DSMC
velocity distribution functions.

II. Modeling of Ionization

The most widely used chemical reaction model in DSMC is the
TCE model [8,17]. In our work, ionization processes are treated as
chemical reactions; thus, the TCE model is used for these processes
as well. In this model, the reaction probability has a special form that
allows one to match experimental reaction rates K ;(7") in modified
Arrhenius form, Ky = AT" exp(—E,/kyT). If one of the reactants is
an electron, the rate is a function of electron temperature 7',. The
backward rates (i.e., ion recombination rates) can be expressed from
the principle of detailed balances as K;, = K;/Kq, where K, is the
backward rate, K, is the forward rate, and K4 is the equilibrium
constant for the reaction. The ionization processes that will be
considered in the flow are listed in Table 2 [18]. For electron impact
ionization processes e~ + N — e~ + NT + e~ (4)ande™ + O —
e” + 0% + e (5) to be used in the TCE model, the temperature
exponent, n, must be greater than —1.5. Hence, the Arrhenius
parameters are modified for the required high-temperature range.

Table 1 Freestream parameters

Parameter 68.9 km 80 km 100 km

Temperature, K 224 185 181

Number density, 1.6028 x 10*! 418 x 10 1.19 x 10"
molecule/m?3

Speed, km/s 11.9 12.8 12.8

0, mole fraction, % 23.72 21 18

N, mole fraction, % 76.28 79 78

O mole fraction, % 0 0 4

K, (L =0.22 m) 4.1x1073 1.3x 1072 54 x107!
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Fig. 2 Comparison of five ionization rates between 500 and 50,000 K.

Fig. 1 Breakdown parameter for the Stardust blunt body at altitudes of
68.9, 80, and 100 km along the stagnation line.

Figure 2 shows thate™ + N — e~ + NT + e (4) is the highest rate
at high temperature and, at lower temperature, N + O — NO™* + e~
(1) is the initiating ionization process. It may also be seen that the
agreement between the original reaction rate of Park [18] and the
modified rates are in good agreement.

A. Numerical Flow Modeling Technique in Direct Simulation
Monte Carlo

In the flow modeling, 11 species (N, O, N*, 0", N,, O,,NO, N7,
O;r , NO*, and e™) are considered for the Stardust blunt body.
Figure 3 shows the Stardust blunt body geometry that is studied in
this work. The freestream parameters at altitudes of 68.9, 80, and
100 km are listed in Table 1.

The DSMC method is implemented in the statistical modeling in a
low-density environment (SMILE) [20,21] computational tool. In
this work, a single-time-step IAV model [7] was used to model
charged species in DSMC. The computational time step, At, is the
one associated with molecular collisions rather than with the electron
collision frequency. For this model, the electron movement depends
on the average speed of ions in a given cell, and compared to the
quasi-neutrality model of Bird [22], is computationally more
efficient. In the IAV model, average ion velocities are calculated per
cell and an electron velocity (or energy) is stored per simulated
electron. This electron velocity is used to calculate the collision
frequency, energy exchange, and chemical reaction rates between
electrons and heavy particles. In DSMC, the majorant frequency
scheme is employed for modeling the molecular collision frequency

[21], and the VHS model is used for modeling the interaction
between particles [17]. Note that collisions are modeled between
electrons and neutrals and ions, but not between electrons and
electrons in DSMC. The viscosity index of the electron species was
set to 0.1 if not specified. The Borgnakke—Larsen (BL) model with
temperature-dependent rotational and vibrational relaxation numb-
ers was used for modeling rotation-translation (R-T) and vibration-
translation (V-T) energy transfer between neutral species, and 51
chemical reactions including five ionization processes are considered
[18,19] for the full set of calculations. The Millikan and White (MW)
[23] form of the relaxation time is used for V-T rates, and Parker’s
rates [24] for the R-T rates. For high temperatures, it is known that
the vibration—rotation coupling is so important that both vibrational
and rotational collision numbers become a similar constant number.
However, without any corrections, as temperature increases (e.g.,
T > 20,000 K), the MW vibrational collision number becomes
smaller than the rotational collision number. Thus, in this work, a
constant correction term of ¢, = 1.0 A? is used for V-T collision
numbers to be consistent with the rotational collision numbers [9,10].
In addition, e-V relaxation is modeled using the Lee’s relaxation
time for N, [25,26] From his solution he found that the maximum
value of the rate coefficient for each vibrational state lies around
16,000 K [25], and that the minimum relaxation time lies around
7000 K, due to the strong shape resonance effect. The e-V collision
number Z..y may be related to the e-V relaxation time 7.y as

PeTe-v
n.kgT,

cont cont
Ze-V = VTe-v, Ze-V = n,0rcC,

(@3

Table 2 Ionization reactions used in the TCE model

Reaction A,m?/s n E,, x107° ] T Reference
(DN 4+ O — NOt + e~ 8.80 x 1018 0.000 4.40 T, Park [18]
2N +N — N +e” 3.39 x 10717 0.000 9.32 T,  Park[18]
(3)0+0— 0f +e” 1.83 x 1077 0.000 11.1 T,  Park[18]
4e  +N—>e +NF +e” 4.15x 10° —3.82 23.3 T, Park [18]
4e  +N—>e + Nt +e 9.00 x 101 —1.00 15.0 T, Modified
B +0—>e +0" +e 6.48 x 10° —3.78 21.9 T, Park [18]
B +0—>e +0" 4+ 3.00 x 10710 —1.00 14.0 T, Modified
(IR)NO* +e~ —->N+0O 1.494 x 107" —0.65 0.00 T, Park [18]
(IRNO* 4+ e~ - N+0O 4.03 x 10~ —1.63 0.00 T, Bird [19]
(IR)NO* + e~ = N+0O 2.00 x 107° —2.05 0.00 T, Modified
QRNS +e~ - N+N 4.483 x 10712 —0.50 0.00 T, Park [18]
(2R)NJ +e~ > N+N 8.88 x 10710 —1.23 0.00 T, Bird [19]
RNy +e~ - N+N 1.00 x 1078 —1.43 0.00 T, Modified
(BR)O; +e~ —>0+0 2.49 x 10712 —-0.50 0.00 T,  Park[18]
(BR)O; +e~ - 0+0 3.83 x 107° —1.51 0.00 T, Bird [19]
(3R)OJ +e~ > 0+0 6.00 x 1078 —1.60 0.00 T, Modified
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Fig. 3 Schematic of a Stardust configuration.

where p,7.y is given from the data of Lee [25], and the other
quantities such as n,, 6;¢,, n,, and T, are calculated in the DSMC
simulation. It may be seen that Z% is dependent on the degree of
ionization and the electron temperature. Using the approach of
Lumpkin et al. [27] and Haas et al. [28], the e-V collision number for
use in DSMC may be obtained by

part __ CT cont

Ze-V ET 4 ;V e-V (3)

More accurate parameters for the VHS model were obtained for
e"+N,e +N,, e +0,e + 0O,, and e~ + NO collisions. The
new parameters for the electron scattering cross sections are listed
in Table 3. The new parameters in Table 3 are used to calculate the
VHS collision cross section ovyyg. For e™ + N, and e~ + NO, the
resonance peak is not negligible; thus, further corrections are
proposed for the collision cross section. For N,, the resonance peak
was added to oyys:

or(A%) = oygs + 22/0.7 X (E,q — 1.5)
(1.5 < Ecq (eV) =2.2)
o7 (A%) = oyys — 22/1.8 X (E. — 4)
(22<E.y (eV) < 4) 4)

where E, is the collision energy. Similarly, for NO,

07 (A%) = oyys + 4/0.7 X (Eeqy — 1.2)
(0.5 < E. (eV) < 1.2)
UT(AZ) = oyns —4/0.8 x (E¢q1 —2)
(1.2 < E. (eV) <2) (5)

The TCE model [38] was used for chemical reactions for both
charged and neutral species. The electric force was not included
because charge neutrality was assumed. The gas-surface interaction
was modeled using the Maxwell model with total energy and
momentum accommodation with a surface wall temperature of
1000 K. No surface reactions are considered for comparisons with
CFD.

Table 3 VHS parameters for electron scattering cross sections

Pairs 1) Opepr A2 T, K Reference
e +N 019 210 1000 [29.30]
e” +N, —0.10 8.0 1000 [31-33]
e +0 ~0.05 7.0 1000 [29,34]
e” 4+ 0, —0.09 5.0 1000 [35]

e+ NO 0.05 115 1000 (36.37]

The time step, cell size, computational domain, and total number
of simulated molecules were investigated to obtain results that were
independent of these DSMC numerical parameters. At 80 km,
approximately, 8 x 10® particles were simulated in the computa-
tional domain, and the total numbers of collision and macro-
parameter cells were 200,000 and 60,000, respectively. The total
number of time steps was about 100,000 with a time step of 3.0 x
10~# s for this altitude. Macroparameter sampling was started after
a time step that was sufficient to reach the steady state.

B. Numerical Methods and Physical Models Used in Computational
Fluid Dynamics

The axisymmetric Navier—Stokes equations with 11-species air
chemistry are integrated to steady state using a finite volume method
of discretization and an implicit time integration scheme [39]. The
inviscid fluxes are computed using a modified Steger—Warming
method [40] that is second-order accurate in space. Viscous fluxes are
computed with a second-order central-difference scheme, and a
formulation that is valid for the high temperatures of interest is used
to compute the viscosity and thermal conductivity coefficients [41].

The transport equations for species densities, momentum, and
energy are solved along with the rotational and vibrational energy
transport equations for a mixture of perfect gases. Charge neutrality
is required in the model. The electronic energy mode is neglected
in the present work. The physical models employed for chemical
reactions and energy relaxation are the same as those used in DSMC.
The energy rate for V-T and R-T relaxation use a Landau-Teller
model with the appropriate relaxation time constants. The Millikan
and White [23] form of the relaxation time is used for the V-T rates
and Parker’s form [24] is used for the R-T rates. The relaxation
times employ the same corrections as the DSMC for consistency.
Chemical reactions for 11-species air including ionization use the
rates of Park for the modified Arrhenius form of the forward reactions
and the principle of detailed balance for the backward rates. These are
also consistent with the DSMC rates. The /TT,;, model of Park is
used for vibration-dissociation coupling. Similar to the DSMC
calculations, no surface reactions are modeled in CFD.

III. Results and Discussion

A. Investigation of Direct Simulation Monte Carlo Sensitivity to
Collision Parameters

The influence of collision parameters on the flowfield was investi-
gated in this high-energy range. In a previous work by Ozawa et al.,
the extension of parameters obtained from low-temperature data was
found to cause an increased error for high temperatures [5]. Thus,
new collision parameters were obtained from high-temperature
viscosity data for N, N,, O, O,, and NO. A comparison of the
viscosity index and diameter for air species, between Bird [8]
(SMILE baseline parameters) and high-temperature data, is listed in
Table 4. It was found that the previous collision parameters, from data
given by Bird [8] (used in SMILE), predicted smaller VHS cross
sections compared with the VHS cross sections obtained from high-
temperature viscosity data [42—44].

The sensitivity of the DSMC flowfield to the VHS total collision
cross section was investigated for a 100%-N-only case at 80 km and a

Table 4 VHS parameters

Bird High temperature
Species ety Trets 1) dieg,  Trets Reference
K A K

N 0.25 296 273  0.15 3.11 1000  Svehla [42]

N, 0.24 4.11 273 0.18 3.58 1000 Stallcop et al.
[43]

(0] 0.25 296 273 0.15 296 1000 Svehla [42]

0, 0.27 4.01 273  0.18 3.37 1000  Wright et al.
[44]

NO 029 4.14 273 0.15 341 1000 Svehla [42]
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Fig. 4 Comparison of number density and translational temperature
at 12.8 km/s for the Stardust blunt body at an altitude of 80 km along
the stagnation line (no reactions, N only.) = 0.25, 0 = 0.15 (VHS), and
@ = 0 (HS) are compared in DSMC.

freestream velocity of 12.8 km/s. A number density of 4.18 x
10%° m~? and a freestream velocity of 12.8 km/s were used. Figure 4
presents comparisons of number density and translational temper-
ature at 12.8 km/s for the Stardust blunt body at an altitude of 80 km
along the stagnation line. Three viscosity index values of @ = 0.25
and 0.15 (VHS) and w = 0 (HS) models were implemented in DSMC
and compared with CFD results. It can be seen that the CFD has
better agreement with the case of @ = 0.15 (VHS) than the original
low-temperature SMILE parameter, @ = 0.25 (VHS). For high-
energy flows, it is important in DSMC to use VHS parameters
obtained from high-temperature viscosity data, such as that of Svehla
[42]. DSMC predicts a slightly wider high-temperature region than
CFD, but the maximum temperature and the profile agreed well for
this case. Note that the present CFD results agree well with the CFD
results calculated by the DPLR software shown earlier [15].

B. Investigation of Energy-Exchange Models for Computational
Fluid Dynamics and Direct Simulation Monte Carlo

In this subsection, we investigate the energy-exchange models
in DSMC and CFD. It was found that for the case of only elastic
collision processes there is not any significant difference between the

DSMC and CFD results. The R-T and V-T relaxations were activated
in this subsection, and the differences between DSMC and CFD as
well as the effect of the breakdown phenomenon are discussed. For
N, and O, vibrational relaxation, a temperature-dependent collision
number obtained from Millikan and White [23] with a high-
temperature correction was used in DSMC and CFD. Without any
corrections, the MW vibrational collision numbers become smaller
than the rotational collision numbers, and this is unphysical. Thus,
a high-temperature correction term is necessary. In the DSMC
calculation, the vibration—rotation coupling was considered using
a constant correction term of o, = 1.0 A% [9,10], and in the CFD
calculation, two correction terms are used, temperature dependent
7.(T) and constant t..

First, zero-dimensional calculations were implemented, and
relaxation models between DSMC and CFD [15,16] were tested. The
DSMC and CFD relaxation rates were compared with the Landau—
Teller equation. Figure 5 shows that the N, vibrational relaxation at
the initial temperature 7, = 10, 000 K for the adiabatic case and both
DSMC and CFD results agree well with the Landau—Teller equation.
For N, rotational relaxation, a temperature-dependent collision
number obtained from Parker [24] was used in DSMC and CFD, and
the relaxation rates were compared. In Fig. 6, only R-T relaxation
was activated, whereas in Fig. 7, both R-T and V-T relaxations were
activated. Good agreement for the R-T relaxation rate was obtained
between DSMC and CFD. Both methods agree well and show faster
R-T relaxation and slower V-T relaxation, as expected.

Figure 8 shows the N, vibrational relaxation at 7\, = 50, 000 K for
the adiabatic case. At this temperature, the high-temperature cor-
rection term is so important that it affects the V-T relaxation rate. In
the CFD calculation, two correction terms are used, temperature
dependent 7,(T) and constant 7, (g, = 1.0 A%)[9,10]. In the DSMC
calculation, the vibration—rotation coupling was considered using a
constant correction term of o, = 1.0 A2, Figure 8a shows a com-
parison between three CFD results and the Landau—Teller equation,
and Fig. 8b shows a comparison between a DSMC result and the
Landau-Teller equation. Three CFD results are compared, the MW
relaxation rate 1) without a correction, 2) with a 7.(T), 3) with a
constant t.. Note that the calculated rates in CFD were compared
with the Landau—Teller equation for all three cases, and they agreed
well. It is shown that for the case without a correction the V-T
relaxation is significantly faster than the other two cases, and the rate
for case 2 is lower than that for case 3. The DSMC relaxation rate was
also compared with the Landau—Teller equation, and good agreement
was obtained. It is also found that the CFD result for case 3 shows
good agreement with DSMC for the constant t, case. Therefore, for
further comparisons between CFD and DSMC, we use this constant
correction term, 7., in both methods.
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Fig. 5 Vibrational relaxation of N, for an adiabatic case, Ty=
10, 000 K.
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Fig. 7 Rotational and vibrational relaxation of N, for an adiabatic
case, T, =10, 000 K.

Using the R-T and V-T relaxation rates that were compared
between DSMC and CFD earlier, flowfield calculations were
performed to test the sensitivity of the flowfield spatial dependence
with respect to energy-exchange models. N, (79%) and O, (21%)
were modeled with no chemical reactions. Using a total number
density of 4.18 x 10%° m™3 and a freestream velocity of 12.8 km/s,
the DSMC predictions were compared with CFD. The viscosity data
for high temperatures was used in the DSMC as well [5].

Figure 9 shows comparisons of the pressure and temperatures
along the stagnation line for the Stardust blunt body at an altitude of
80 km for a freestream speed of 12.8 km/s. Compared with the case
of no relaxation in Fig. 4, we can see the discrepancies between the
DSMC and CFD predictions for this case. Note that, similar to the
previous subsection, the present CFD results were compared with
DPLR, and they agreed well. CFD predicted a slightly thinner shock
than DSMC, and in terms of rotational and vibrational temperatures,
good agreement was obtained. However, CFD predicted much lower
translational temperatures than DSMC [11]. For strong shock
cases, continuum methods have been found to predict a thinner shock
and underestimate the temperature overshoot phenomenon [11-13].
Differences in the DSMC and CFD results are attributed to failure
of the continuum approach in regions of steep flow gradients.
Compared to DSMC, CFD cannot predict the temperature overshoot
phenomenon well, for example. We discuss and investigate the
details of the discrepancy between DSMC and CFD in the following
subsection.
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Fig. 8 Vibrational relaxation of N, for an adiabatic case,
T, = 50,000 K: a) CFD, and b) DSMC.

C. 80 km Stardust at 12.8 km/s

The effect of chemical reactions and charged species between
DSMC and CFD is discussed in this subsection. Eleven species
(N, O, N*, 0", N,, 0,,NO, N, OF, NO*, and e™) cases with five
ionization processes are compared between two methods and
discussed for the Stardust blunt body at 80 km. For CFD, we will test
the assumptions of 7, = T\, and T, = T\;,, respectively, and use a
three-temperature model (T,, Ty, and T,;,). The rates of electron
impact ionization processes are sensitive to electron temperature;
thus, we also investigate the contribution of the two electron impact
ionization processes on the overall degree of ionization. To estimate
thermal protection layer ablation behavior, the prediction of heat
transfer and radiation is important. For radiation calculations, the
predicted electron temperature plays an important role.

Figures 10 and 11 show the normalized total number density,
translational temperature, electron number density normalized by the
freestream number density, and electron temperature contours in
DSMC, respectively. In Fig. 10, it is seen that the shock standoff
distance with regard to the high-temperature region is greater than
that with respect to the high number density region. The maximum
DOl is approximately 5% at 80 km, and the maximum translational
temperature is between 60,000 and 70,000 K. The maximum number
densities are observed at the shoulder of the Stardust body. Because
of the nonequilibrium nature of the flow, the peak number of
reactions can occur, not on the stagnation streamline, but on the
shoulder of the body at 80 km. The peak of the electron temperature,
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Fig. 9 Stardust blunt body at an altitude of 80 km for a freestream
velocity of 12.8 km/s along the stagnation line (no reactions, » from
high-temperature viscosity data): a) pressure, and b) translational,
rotational, and vibrational temperatures. DSMC (MW Z,, and Z; [23])
and CFD are compared. For the correction term, o, = 1.0 &2 for both
DSMC and CFD.

which is about 21,000 K, is also observed on the shoulder of the
Stardust body. Note that, in the modeling of the flow around the blunt
body shape of the aeroassist flight experiment [15,45], a similar
feature was observed. The reason why a peak in the degree of
ionization and thermal excitation occurs off the stagnation point is
that the majority of the gas particles pass through a strong shock wave
and flow around the body without being cooled by collisions with the
surface. Because they travel a greater distance through the shock
layer than those particles that flow along the stagnation streamline,
they experience a greater number of collisions that result in thermal
excitation and chemical reactions. In Fig. 12, the distributions of
total, ion, and electron number densities along the stagnation line in
DSMC are shown. At 80 km, the DOI is approximately 4% in the
stagnation region, with both ions and electrons produced within
x = —0.03 m of the body. The number density of electrons and ions
are nearly the same in the shock region, that is, the charge-neutrality
implementation scheme is validated in the shock region.

First, DSMC and CFD with an assumption of 7, =T, are
compared. Figure 13 presents a comparison of distributions of the
translational, rotational, vibrational, and electron temperature along
the stagnation line between DSMC and CFD for the case of T, = T,.

0.6
[ Notor
0.5 130
I 120
[ 110
o 100
0.4»— 90
[ 80
I 70
E osf 60
> 5 50
r 8 40
[ 7 30
0.2 6 20
[ 5 10
+ 4 5
r 3 4
0.1» 8 > 3
r 1 2
3 MR co b b b T
0.2 -0.1 0 0.1 0.2 0.3 0.4
X, m
a)
0.6
0.5
[ Ty
0.4 65000
[ 60000
€ o 55000
I 50000
> 03[ 45000
I 40000
[ 35000
0.2 30000
N 25000
[ 20000
I 15000
01 10000
+ 5000
[ W 3
I B ]| T R EAETEE ST W
-0.2 -0.1 0 0.1 0.2 0.3 0.4
X, m
b)

Fig. 10 DSMC contours for the Stardust blunt body at 80 km:
a) normalized overall number density, and b) translational temperature.

In DSMC, the maximum translational temperature is about 65,000 K
along the stagnation line, a value high enough to produce electrons in
the shock. It is interesting to note that the electron concentration and
translational temperature peaks do not coincide, with the former
being closer to the body (see Fig. 12). The delay in electron formation
is due to the need for the dissociation and initiation processes (1-3) to
occur. This behavior was noted previously by Olynick et al. [4] and
others [46,47]. In DSMC, the electron temperature is the same order
as the vibrational temperature. However, in the CFD model, due to
the assumption of 7, = T,,, CFD predicts much higher electron
temperatures than DSMC. As shown in Fig. 14, this resulted in higher
electron impact ionization rates. The dominant ionization process is
N+ N — Nf +¢e” (2), but further downstream of the shock,
process (4) e~ + N — e~ + Nt 4 e~ dominates. Further down-
stream of the shock, because of the electron impact ionization
processes, N* and O™ concentrations significantly increase in CFD.
Compared to 4% in DSMC, CFD predicted as high as 25% DOI
along the stagnation line. Furthermore, the higher energy exchange
between the translational and internal modes and the dissociation and
ionization rates resulted in the lower translational temperature in
CED.

Second, DSMC and CFD with an assumption of 7, = T,;, are
compared. Figure 15 presents a comparison of distributions of the
translational, rotational, vibrational, and electron temperatures along
the stagnation line between DSMC and CFD for the case of
T, =T,;. Compared to Fig. 13 (T, =T, case), the discrepancy
between DSMC and CFD is significantly decreased. The maximum



232 OZAWA ET AL.

0.6
0'5—_ nOe
4L 9 2
04 8 15
r 71
[ 6 08
E o3 5 06
> r 4 04
L 3 02
3 2 0.1
0.2 1 005
01|
N JIA]
01\\\l\\\ﬂ5]\\Hluuluuluulu
02 -0 0 0.1 0.2 0.3 0.4
X, m
a)
0.6
L Te
05 20000
3 18000
[ 16000
0.4} 14000
r 12000
[ 10000
E oal 5000
02F
o1
: 1
01\\\l\\\//15’\\Hluuluuluulu
02 -041 0 0.1 0.2 0.3 0.4
X, m
b)

Fig. 11 DSMC contours for the Stardust blunt body at 80 km:

a) normalized electron number density, and b) electron temperature.
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Fig. 13 Comparison of distributions of the translational, rotational,

vibrational, and electron temperatures between DSMC and CFD(T, =
T\,) along the stagnation line at an altitude of 80 km.

translational temperature in CFD is approximately 60,000 K for this
case. As shown in Fig. 16, with the assumption of T, = T4, the
rates for the electron impact ionization processes (4) e~ + N —
e +Nt+e and (5) e~ +0 — e~ + Ot + e are decreased;
thus, the energy consumption due to these reactions is much less than
the case of T, = T,. The maximum number density of N* and O™ is
about one order of magnitude lower than the 7, = T, case. This
results in the longer shock standoff distance in CFD than that of the
T, = T, case. The DOI is predicted to be approximately 9% for this
case in CFD. This indicates that CFD results are very sensitive to the
electron temperature assumption, and by comparing them with the
DSMC result, it would be better to set the CFD electron temperature
to the vibrational rather than the translational temperature. Because
the DSMC calculated 7, separately from 7';,, and the TCE chemistry
model in DSMC resulted in the different chemistry from CFD, the
internal temperatures are higher in DSMC inside the shock, and the
DOl is lower than CFD.
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Fig. 14 Comparison of distributions of e~, N*, and O" number
densities between DSMC and CFD(T, = T,,) along the stagnation line at
an altitude of 80 km.
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vibrational, and electron temperatures between DSMC and CFD(7, =
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D. Velocity Distribution Function at 80 km

In this subsection, we analyze the DSMC velocity distributions
of N, and N in the strong shock. Figure 17 shows the velocity
distributions of N, (left-hand column) and N (right-hand column) at
three locations along the stagnation line for the five ionization
reaction cases: (x[m], y[m]) = (—0.03,0.0) (top row), (x,y) =
(—0.02, 0.0) (middle row), and (x, y) = (=0.01, 0.0) (bottom row).
The top figure shows velocity distributions of N, and N at
(x[m], y[m]) = (—0.03,0.0). The N, velocity distributions are rep-
resentative of the freestream condition, but the N distributions are
broader because the source of atomic nitrogen is from the products of
dissociation reactions in the shock region. In the freestream, little N
exists; thus, the statistical noise is not small. For N,, in the x direction,
the average velocity u, is 12.8 km/s, and in the y and z directions, the
distributions agreed well and u, = u, = 0. The middle figure shows
the distributions in the high gradient region, and the distributions of
N, can be seen to deviate from a Boltzmann distribution. Because the
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Fig. 16 Comparison of distributions of e~, N*, and O* number
densities between DSMC and CFD(7, = T;;,) along the stagnation line
at 80 km altitude.

distribution looks like a two-peak distribution, it can be expressed as
a bimodal distribution function [48]. Also, the distribution is so
different (i.e., temperature) between the parallel and perpendicular
directions to the freestream. Because the effect of deviation from the
Boltzmann distribution is so significant in this region, we will discuss
a bimodal distribution model in the next subsection. However, the
distributions of N have a Boltzmann-like distribution, and there is
little directional nonequilibrium because N is a reaction product.
Using the BL model, the distribution of the product species is similar
to the Boltzmann distribution. The N distributions correspond to
temperatures of approximately 80,000 (top), 42,000 (middle), and
29,000 K (bottom). In the bottom row, distributions of N, and N
are shown inside the shock. Inside the shock, the deviation of N, from
a Boltzmann distribution and directional nonequilibrium are de-
creased. For N, the distributions are Boltzmann-like, and the direc-
tional nonequilibrium is very small.

E. Bimodal Distribution Function Model

In a strong shock, the velocity distribution can be characterized by
the existence of two maxima of comparable magnitudes. In this sub-
section, we discuss a bimodal distribution model [48] and compare it
with the N, distributions obtained from the DSMC calculations.
Note that, in the DSMC results, the full charge recombination at
the wall was used. The bimodal distribution function g is defined as
a weighted sum of the upstream (freestream) f, and downstream
(thermal) f,, distribution functions and can be expressed as [48]

g8 =Friofia(ia Tio) +Fripfin(ip, Tip) (6)

where

_ m 1/2 m(v; — u;)?
filu;, T)) = (ZHkBT,») CXP[_ W} @)

The subscript i denotes the x, y, and z directions, and Fr; , and Fr; ,
are the fractions of the upstream and downstream contributions,

respectively. Because
/ fidv; =1
—00

/ g dv, =1

Fr;, +Fr;, =1 8)

and

we also must have

Using a curve obtained by a least-squares approximation, eight
variables (Fr; , in the x and y directions for a, and Fr; ;, u;, and T; in
the x and y directions for b) at each location were calculated. Note
that u; , and T; , are already known from the freestream conditions.
The calculated bimodal distribution functions for N, are compared
with the DSMC distributions along the stagnation line in Figs. 18 and
19. The left-hand-side figures show g(x) and the right-hand-side
figures show g(y) at (x[m], y[m]) = (—0.06,0.0), (—0.03, 0.0),
(—0.028, 0.0), (—0.026, 0.0), (—0.024, 0.0), (—0.022, 0.0), (—0.020,
0.0), and (—0.018, 0.0). It is shown that the bimodal distribution
functions agree very well with the DSMC distributions at each
location. In the shock, there are two kinds of particles, one that
holds the freestream properties (subscript a), and the other that has
experienced collisions (subscript b). The collided particles have a
thermal temperature that is much higher than the freestream tem-
perature and have a much lower velocity in the x direction than
12.8 km/s. The ratio of thermally hot particles to freestream
particles starts to increase near x = —0.04 m, as shown in Fig. 20.
Figure 20 presents the distribution of Fr, , and Fr,, along the
stagnation line. It is found that the change in Fr, , and Fr, ;, is very
similar between the x and y directions; thus, the fraction of the
downstream contribution can be represented by one function. The
fraction of the downstream contribution starts to increase near
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Fig. 17 Velocity distribution function of N, (left column) and N (right column) at (x,y) = (—0.03, 0.0) (top row), (x,y) = (—0.02, 0.0) (middle row),

and (x,y) = (—0.01, 0.0) (bottom row) for the five ionization reaction cases.

x = —0.04 m and becomes unity around x = —0.02 m. In addition,
the location of the fraction change corresponds to the N, number
density change in the shock between —0.04 and —0.02 m.

Using these fractions, the average temperature in each direction is
obtained as

Tiay =Fr; Tiy + Fr; ) T;y C)
and the temperature is averaged over three directions as

Tlr.av = (Tx.av + Ty.av + TZdV)/3 (10)

In Fig. 21, N, translational temperatures in the x and y directions
along the stagnation line are shown. The dashed lines denote the
downstream temperatures, 7;,; the dashed line with the circles
denote the averaged temperatures, 7 ,,; the solid line with the circles
denotes T ,,; and the dashed line with the squares denote the N,
translational temperature in DSMC. T, ;, is as high as 140,000 K in
the shock and much higher than T, ,. Using the Fr; ,, the maxima of
the averaged temperatures become approximately 100,000 in the x
direction and 40,000 in the y direction. The overall averaged
temperature 7y, ,, obtained from the bimodal distribution function
model is nearly the same as the DSMC result, and the difference is
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Fig. 20 Distributions of Fr, ;, and Fr, , and number density of N, along
the stagnation line.

less than 20%. Hence, the bimodal distribution function model is
representative of the DSMC calculations.

From the solution of the conservation equations [49], the two
fractions Fr; , and Fr; , can be obtained in terms of the average local
velocity u;:

Ui —Uip

Fr ia = )
Uig — Uip

Uig — U (11)

Fr; ), =
Upg — Uip

Solving the equation of transfer and assuming Maxwellian

molecules, the average local velocity was obtained by Mott-Smith
(M-S) [48] as

u; =y + (U, — ui_,,)/{l + exp[(l — Z'b) %}jemer]} (12)

where
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Fig. 21 N, translational temperatures in the x and y directions along
the stagnation line.
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Fig. 22 Comparison of the average local velocity between DSMC and
the M-S model along the stagnation line.

In the x direction, the M-S model is used to calculate the fraction of
downstream contribution and compared with the fraction obtained
earlier directly from the DSMC results. In the freestream,
u,, =124 km/s, T,,=185K, and A, =3.34 x 107> m. The
value of X, 15 set equal to —0.03, the location at which the density
gradient is the maximum along the stagnation line, and a value of
u,, =400 m/s is used in the equations. Figure 22 shows a com-
parison of the average local velocity between DSMC and the M-S
model along the stagnation line. It is shown that the u, is gradually
decreased from x = —0.05 to —0.01 m, and using these values, the
velocities obtained by the M-S model, u;, agree very well with those
of DSMC.

Figure 23 shows that the ratio of thermally hot to freestream
particles, Fr;,, starts to increase near x = —0.04 m. The terms
labeled Fr(x,b) and Fr(y,b) are computed directly from local
distribution functions shown in Figs. 18 and 19. Two other calcu-
lations of the fraction of downstream contribution for bimodal distri-
bution functions obtained using Eqs. (11-13) are also shown in the
figure. The DSMC velocity is used in Eq. (11) for the third case
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Fig. 23 Fraction of the downstream distribution function contribution
for bimodal distribution functions in the M-S model along the stag-
nation line. The DSMC velocity is used for the third case, labeled
Fr(V,.(DSMC)).
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Fig. 24 Comparison of distributions of the translational temperature
between CFD results with and without the M-S model for the chemically
frozen case along the stagnation line.

(labeled Fr(V,(DSMC))), and u, is calculated by the M-S model for
the fourth case. Using the DSMC velocity, the fraction shows a
similar trend to and good agreement with the bimodal distribution
functions obtained directly from DSMC. In addition, using the
velocity obtained from Eq. (12), the fraction of downstream
contribution predicted by the M-S model agrees well with DSMC.
Therefore, the M-S model is applicable to this hypersonic flow with
Mach numbers greater than 35.

Demonstrations were carried out to show the effect of the M-S
model coupling in CFD. To apply the M-S model to the CFD
solution, we need to specify X.epe, and u, ,. We set X e to the
location at which the density gradient is the highest and u,, to
400 m/s as was shown to give good agreement with the DSMC
results. A simple function was obtained to fit with the X e () in
DSMC and the function is used in CFD. Using the fractions,
the average temperature is obtained as Ty, ,, = Fr; , T\, , + Fr; , T} 5.
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Fig. 25 Comparison of distributions of the translational, rotational,
vibrational, and electron temperatures between the CFD results
(T, = Ty;;,) with and without the M-S model along the stagnation line.
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Fig. 26 Comparison of the DOI among DSMC and three CFD results

(T,=T and T, =T,;, with and without the M-S model) along the
stagnation line.

The averaged temperature, T, ,,, obtained from the M-S model was
used as an effective temperature, or a replacement for the CFD
translational temperature when collisional relaxation or chemical
reaction rates were calculated.

First, the M-S model was applied to the chemically frozen case. As
you can see in Fig. 9, the discrepancy in the translational temperature
distribution between the DSMC and CFD was large for this case.
However, it is shown in Fig. 24 that the discrepancy between DSMC
and CFD is reduced with the M-S model and the shock standoff
distance for the CFD with the M-S model agreed well with DSMC.
Because of the freestream contribution to the overall velocity distri-
bution inside the shock, the relaxation was slowed down and the
translational temperature was increased.

Second, the M-S model was applied to the full chemical reactions
and charged species case. Figure 25 shows a comparison of the
distributions of the translational, rotational, and vibrational tem-
peratures along the stagnation line between the cases with and
without the M-S model in CFD (T, = T,;,). It is seen that for the
region far from the body the relaxation was slowed down and the
translational temperature was increased. The maximum temperature
is the same order as DSMC, and both the rotational and vibrational
temperatures in CFD are decreased due to the lower effective
temperature in the relaxation model. Thus, the degree of thermal
nonequilibrium predicted by the CFD (T, = T;,) case using the M-S
model has improved. Note that there still remain differences in the
temperature assumption and chemistry models between the CFD and
DSMC calculations. Finally, a comparison of the DOI among the
four cases, DSMC and three CFD results (T, =T, and T, = T,
with and without the M-S model), is presented in Fig. 26. With the
M-S model, the DOI for the case of T, =T,;, in CFD becomes
approximately 6% and is decreased by approximately 3%. The M-S
model also influences the chemistry inside the shock as well as the
relaxation rates and results in lower ionization rates. However, the
assumption of T, = T,;, was found to be more crucial in CFD
compared with the case of T, = T,.

IV. Conclusions

Hypersonic flows were simulated for the Stardust blunt body at an
altitude of 80 km using the DSMC and CFD methods, and the two
methods were discussed for a high nonequilibrium case. Five ions
and electrons were considered in the flowfield, and ionization
processes were modeled in DSMC. Electrons were moved in the
flowfield using the charge-neutrality assumption and the IAV method
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was validated to maintain charge neutrality. Collision and energy-
exchange models for DSMC were reviewed to ensure adequacy for
the high-energy flow regime. The VHS model parameters were
revisited to use high-temperature viscosity data because it was found
that the shock thickness for an artificial gas consisting only of atomic
N is sensitive to the degree of viscosity in the total collision cross
section. Because electron-heavy particle collisions occur approx-
imately a hundred times more frequently than collisions between
heavy particles, the adequacy of the VHS model in representing the
total collision cross section for electron-heavy particle collisions
was also examined. Accurate electron-heavy particle collision cross
sections based on atomic and molecular collision data were imple-
mented. Moreover, the e-V energy-exchange model using Lee’s
relaxation time is included in DSMC.

With 12.8 km/s, DSMC results agreed well with CFD for the
collision-only case. However, with the relaxation model activated,
the discrepancy between DSMC and CFD was found in the shock,
and relaxation was found to be sensitive to the breakdown effect.

Furthermore, with full chemical reactions and ionization pro-
cesses, DSMC results were compared with CFD results. At 80 km,
whereas the DOI in DSMC was predicted to be approximately 4%
along the stagnation line, the DOI is greater than 25% for the case
of T, =T, and 9% for the case of T, = T,;, in CFD. Although
the N + O — NO™ + e~ reaction is the most important initiation
process for electron formation, electron impact ionization reactions
become dominant further downstream of the shock and N* is the
dominant ion inside the shock. At this altitude, the flow is highly
nonequilibrium; thus, the electron temperature assumption is crucial
to predicting electron impact ionization rates and DOI. In DSMC, the
e-V relaxation model was found to be important to predict electron
and vibrational temperatures at this altitude, and the electron temper-
ature is the same order as the vibrational temperature. Therefore,
compared to the DSMC solution, the assumption of 7, = Ty, is
preferable in CFD.

In addition, DSMC velocity distributions were investigated in the
shock. It was found that the DSMC distributions in the shock could
be represented by the bimodal distribution functions. Also, using the
M-S model, good agreement was obtained between the analytical
bimodal distribution functions and DSMC results for the Stardust
reentry flows.

Finally, a correction of effective temperature in the relaxation and
chemical reaction models in CFD was proposed using the M-S
model, and demonstrations were implemented. Considering the
freestream contribution in the velocity distribution, the CFD solution
was improved. With the M-S model, the CFD translational temper-
ature was increased and the maximum became the same order as
DSMC. The DOI also decreased by approximately 3% for the
Stardust reentry case at 80 km, and the discrepancy between DSMC
and CFD was reduced, slowing down the relaxation and chemical
relaxation rates inside the shock. Although CFD still predicts two
times higher DOI than DSMC near the body, it was found that the
assumption of 7, = T, was the most crucial in CFD and the M-S
model usage has improved the CFD solution.
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