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Abstract. The current work implemented excited levels of atomic N andesponding electron impact excitation/de-
excitation and ionization processes in DSMC. Results sh@t when excitation models are included, the Starduct 68.9
km re-entry flow has an observable change in the ion numbeitteshand electron temperature. Adding in the excitedeve
of atoms improves the degree of ionization by providing iddal intermediate steps to ionization. The extra ionarat
reactions consume the electron energy and reduce thecgi¢emperature. The DSMC results of number densities ofexkci
levels are lower than the prediction of quasi steady stdtrilzaion. Comparison of radiation calculations usingcaienic
excited populations from DSMC and QSS indicates that, astdegation point, there is about 20 % difference of the tadia
heat flux between DSMC and QSS.
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INTRODUCTION

For high-speed reentry vehicles, such as Stardust[1]zabioin and radiation effects are important for the high-
efficiency design of heat shield. Due to the fact that high Magmber hypersonic reentry flows are from transitional
to continuum, radiation plays an important role in genegtieat, in addition to heat transfer.

In the past, the Stardust mission, entering the atmosphdr2.&km/s, has been the task of postflight analysis to
estimate the validity of flow solver using finite volume scteeamd the Nonequilibrium air radiation (NEQAIR) code
[2], which is a line-by-line based radiation solver in an oapled manner [3]. Recently, coupled radiation calcuratio
with chemically reacting flow model, using the Data Pardliele Relaxation (DPLR)[4] code and newly developed
line-by-line database based on NEQAIR [5], for the Stargestk heating conditions was performed [6].

Under the transient flow and strong shock condition, comtindoreakdown occurs. Therefore, alternative to CFD
technique, particle methods, such as direct simulationt®l@arlo (DSMC)[7] method, are required to accurately
simulate high-speed reentry flow at high altitude. In ouergavork, DSMC simulations with charged species was
coupled with the particle based photon Monte Carlo (p-PM@&)}had, [8] using the efficient spectral modules[9] or
with the FV-PMC methods[10] for the Stardust reentry flowditions.

Although the radiation calculation was improved using th&@Pmethods in the above calculations, one assumed
particles to be in electronically ground level in DSMC and #iectronically excited populations were obtained by
using either the Boltzmann distribution or the quasi stestdie (QSS) method[11]. For the modeling of the radiation
and chemical reactions, electronic excitation processesl o be correctly modeled in order to accurately predict
the flow field. Most DSMC calculations assumed particles tanbiie electronically ground state, and energies are
assigned to only translational, rotational, and vibradlanodes. However, since the hypersonic flows are energetic,
the addition of electronic modes can change the flow field dkaseredict radiation and chemical reaction effects.
Because the ionization rates from electronically exciéegls are generally higher that those from the ground [@\a!,
the addition of electronically excited levels and elecitdransitions to DSMC will change the flow field prediction.

From our previous research,[8, 10] atomic excitation axghtéon are known to be more important for the energetic
earth reentry flows compared to molecular radiation. Thoeegfin this work, atomic excited levels and electronic
excitation processes are modeled in DSMC and different atedmeaction rates are modeled for each electronic level.
For each electronic transition, excitation and de-exoitatross sections are investigated, and the electronita¢ion
populations are controlled by the cross sections.



IMPLEMENTATION OF ATOMIC EXCITATION INDSMC

The very first step to implement atomic excitation in DSMQigdentify the important electronic levels for the atomic
species which, in this work, are atomic nitrogen, N, and atawygen, O. In NEQAIR [2], 22 electronic levels are
considered for N and 19 for O. However, from our previous dtigation on the N and O spectral radiation[9, 10], for
N two electronic excited levels, 4th (120 nm) and 5th (113w},rand, for O, 5th (130.4 nm) and 9th (102.7 nm), were
found to be important. Therefore, for N, the correspondiegteonic levels, 1st (ground), 4th (excited), 5th (exd)te
and continuum (ionized) levels, and electronic transipoocesses are implemented in the DSMC and are shown in
Fig. 1. Likewise, corresponding levels and transitionsiay@emented for O. In the DSMC implementation, an index
of electronic levelij, is assigned for each DSMC atomic patrticle.

In Fig. 1, atomic N gets excited and de-excited by collisi¢K#,j)) and radiative (A(i,j)) processes. When an atom
collides with another atom, a molecule, or an electron,lésteonic levels can potentially change. Collision-inddc
electronic transitions in an atomic or molecular systempasicularly effective when the collider is an electron.
Particularly, when a free electron with high energy collideith an atom in a bound state, the energy of the free
electron can be transferred to the atom through the prodessaronic excitation. In this case, the excitation rate
from the initial statel to the final statej is K(i, j)NiNe. A summary of the excitation/de-excitation and ionization
processes of atomic N, studied in this work, may be written as

N(1)+e — N(4)+e 1)
N +e D N e @)
N4 +e Y N e 3)
NG +e BV N@)te @)
N +e 59 NF42e (5)
N@4) +e U9 Nt L2e (6)
NG +e B9 Nt f2e @)

where N{) and N" represent an atomic species of electronic energy lewahd its ion, respectively. Similar
excitation/de-excitation and ionization processes afétd are studied.

After a pair of N(1) and € is selected for collision, three processes are possibbitation, (processes (1) and (2)),
ionization (processes (5)) and thermal collision. The taticin takes place under the conditiBp > E(i) with the
probability Po(i). HereE; is the collision energy omgrg?/2, mg is the reduced mass of the N(1) and gair andg is
the collision relative velocity. The collision energy cdaabe written asnevZ/2 as the electron mass is much smaller
than the atom mass and electron velocity is much higher tierof an atomE(i) is the electronic energy difference
between levelsand 1 (ground level) anid> 1. The individual excitation probability,
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Pex(i) ovns (8)
The total excitation cross sectiofiy, is calculated as the sum of the individual cross secti®ngex(i). gex may not
be negligible compared to the total, which is representettiéyariable hard sphere (VHS) model. the excitation cross
sections for the N and O taken from the work of Stone and Z§f[2]. For electron energy under 20 ev, which is
the maximum electron energy in the flow considered in thiskptdre VHS cross sections of N is in the range of 21
- 5 A2, therefore, the excitation probability is from 0 to 25%. 8arly, the upper limit of the excitation probability
for O is 26%. Once the pair is determined to undergo the dimitprocess, the collision energy is reduced by the
electronic energy differendg(i) to E, = E. — E(i). The velocities of the atom N(i) and eIectron,e?’N(i) andv, are

determined from the momentum and energy conservation laws
MV + MeVe = MV + MeVe 9)
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wheregis a random unit vector. Thus, the post-excitation colligaergy is transformed into the energy of the relative
motion of the atom N(i) and electrone

The ionization (process (5)) occurs when the collision gnét; is greater than the ionization enerfy with the
probability

Oion
Plon e (11)
Figures 2 show the ionization cross sections for the N takam the work of Kim[14]. For low electron energy, the
ionization cross sections are significantly lower than ¢hoexcitation as the ionization threshddd is higher than
excitation thresholdE(i). When the pair of N(1) and electron és determined to have a ionization reaction, firstly,
the collision energ¥. is reduced to t&, = E; — E». Then an inelastic collisions between N(1) andig performed
based on momentum and energy conservation laws and thegbsinnal velocities of N(1) and*earev;il(i) andvg.

The last stage of the ionization process is that the N(1) ateromposes into an'Nion and anothere The velocities
of the ion N and electron e are determined as

VN* = ve = v;lil(l) (12)
The thermal collision cross sectiong,, for a collision pair of N(1) and electromas then calculated as
Oel = OVHS— Oex— Oion (13)

When the pair is not determined to undergo excitation orzation process, the pair will simply have the thermal
collision or elastic collision as both colliders have nceimial energies. This process occurs most of the time as the
excitation and ionization cross sections are relativelglstompared to the total (VHS) cross section. The post-
collisional velocities are determined as

MV + MeVe = M) +MeVe (14)
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In addition, when an excited-level atom, N(i), collideswénother particle, the collision is treated in the same
way as a ground-level atom, N(1), collides with anotheriplrand the electric level will remain the same. However,
when an excited-level atom reacts with another particli,isf an exchange reaction, such as NO + N{)N; + O,
the electronic energy is added to the collision energy terdghe the reaction probability and, if a reaction occurs,
is treated as internal energy and will be released as ani@ddiit the reaction heat. If the reaction is an dissociation
reaction, such as N(i) + ©— N(i) + O + O, the electric level will remain the same and no #latic energy shall be
released.

FLOW FIELD RESULTS AND DISCUSSION

In the flow modeling, 15 species (N, O, C/NO™, Np, O, NO, CO, CN, CQ, N3, O3, NO*, and €) are considered
for the Stardust blunt body re-entry flow. Figure 3 shows ttaediist blunt body geometry that is studied in this work
and the flow condition is listed in Table 1. The DSMC methodmplemented in the Statistical Modeling In Low-
density Environment (SMILE)[15] computational tool. TwésMC simulations of the Stardust re-entry flow at 68.9
km altitude are then performed with and without the atomigitexion. Note here that the radiative processes are not
modeled in this comparison.

Figure 4 shows distribution of the translational, rotasipmibrational and electron temperatures along the stagna
line with and without atomic excitation. It can be seen frdra tipper left part, the translational temperature is the
highest and the rotational, vibrational and electron tenajpees are close. There is no difference of the translation
temperatures between the simulations with and without itercitation (see upper right part). When comparing the
rotational and vibrational temperatures (lower left), tbiational temperature with atomic excitation is slightlgher
than that without excitation and the vibrational tempemais on the opposite side. The electron temperature with
excitation, however, can be seen to have more than 10%etiiterfrom the one without excitation which is due to the
fact the excitation reactions consume electron energy.



Figure 5 show the total, ion and electron number densitiéfs avid without excitation. The ion and electron number
densities, in general, are close to each other for both cas#se average ion velocity model is applied to the movement
of the electrons. Since the density of the major speciesem#ar body, atomic N, is the same for both simulations,
the total number density has no change when excitation iscadthe ion number density changes significantly as the
N* increases significantly with a maximum of 40% when atomidtaion is applied. Adding in the excited levels
of atoms improves the ion number densities or the degreenifation by providing additional intermediate steps to
ionization. The extra ionization reactions consume theteda energy and reduce the electron temperature.

The ion, electron, atom number densities and the electropaeature in each cell along the stagnation line from
the non-excitation DSMC calculation are put into QSS catiahs. The rates in the NEQAIR are modified so that
they match the cross sections used in the DSMC calculatiRadiative decay is firstly ignored in QSS as they are
not modeled in DSMC. Figure 6 shows comparisons of numbesitles of N(4) and N(5) from DSMC and QSS
calculations with and without radiative decay. In the ledttpof the figure, the QSS results are smooth as the input
variables are smooth and it is a non-statistical methodeMBEMC results have a quite large statistical error. The
QSS predicts higher N(4) number density than that N(5) arld e different from those from DSMC. The DSMC
predicts a slight higher N(5) density than N(4). Also DSM@dticts a higher N(4) and N(5) number densities than
QSS beforeX = —0.015m but lower number densities aftér= —0.015m. The difference between DSMC and QSS
results may also due to the fact that DSMC uses cross sectiwhthe does not assume that electron velocity has a
Maxwellian distribution.

RADIATION CALCULATIONSUSING ELECTRONIC EXCITED POPULATIONS
IMPLEMENTED ON DSMC

In this section, radiation is calculated using the eledétratate populations implemented on DSMC excitation
modeling. The analysis of radiative heating to the Starblstt body has been performed using established radiation
models such as the Langley Optimized Radiative Noneqiulibr(LORAN) code[16] and the Nonequilibrium Air
Radiation (NEQAIR) code[2]. These radiation models canegate the electronic excite populations of atomic and
molecular species using the Boltzmann or non-Boltzmaratiogiship, which use an internal temperature and species
concentrations on the ground level from the flowfield solutio this work, the electronic state populations calculate
from DSMC are directly used to calculate radition. The tarigdab (TS) approximation is employed to solve the
radiative transport equation (RTE), using the exact aitals$olutions based on exponential integrals[17]. Thest€im
transitional probability data for bound-bound transii@re taken from NEQAIR and only bound-bound radiation is
considered because the continuum radiation is much lesslmated to total radiation than atomic line radiation. The
Voigt line shape is used to describe the thermal and eleandsion induced line broadening. Since DSMC only
implemented two excited states for atomic N and O as preljaliscussed, six bound-bound transition data related
to the two excited states are extracted from NEQAIR for eacinic N and O species.

Figure 7 shows the total emission and radiative heat fluxehtixed atomic N and O species along the stagnation
line of the Stardust blunt body using DSMC and QSS populatiata. The total emission using QSS populations
is observed to be higher than the emission using the exciedlgtions implemented on DSMC fror¥-0.45 to
-1.55 cm due to higher electronic state populations from .Q®8&mic O emission contributes to the total emission
approximately by 3 % for both DSMC and QSS cases. Two dididha of radiative heat flux along the stagnation
line from DSMC and QSS have similar pattern except the refjimm x=-0.25 to -0.85 cm. At the stangation point,
there is about 20 % difference of the radiative heat flux beM@SMC and QSS. The radiative heat flux calculated
using the chosen two levels of electronic state populas@pproximately 50 % of the radiative heat flux considering
all electronic excited levels and transitions.

SUMMARY

The current work implemented excited levels of atomic N amdesponding electron impact excitation/de-excitation
and ionization processes in DSMC. Results show that wheite¢gion models are included, the Starduct 68.9 km re-
entry flow has an observable change in the ion number densitid electron temperature. Adding in the excited
levels of atoms improves the degree of ionization by prawgdadditional intermediate steps to ionization. The
extra ionization reactions consume the electron energyredidce the electron temperature. The DSMC results of
number densities of excited levels are different from thoslicted by of QSS and it is due to the non-equilibrium
characteristics of the flow. Comparison of radiation caltiohs using electronic excited populations from DSMC and



QSS indicates that, at the stangation point, there is al@s 2lifference of the radiative heat flux between DSMC
and QSS.
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TABLE 1. Free Stream parameters

Parameter 68.9 km
Temperature, K 224
Number density, molec/fn  1.6028x 10?1
Speed, km/s 11.9
O, mole fraction, % 23.72
N> mole fraction, % 76.28

Knoo(L = 0.22 m) 0.017
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FIGURE 1. Collisional and radiative transitions of atomic N modeledhis work.
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FIGURE 2. Comparison of ionization and two electronic excitation ¢14tand 1 to 5) cross sections for N as a function of
electron energy.
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FIGURE 3. Stardust Geometric Configuration.
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FIGURE 4. Distribution of the translational, rotational, vibratanand electron temperatures along the stagnation linehfor t
Stardust blunt body at 68.9 km altitude with and without dtoexcitation.
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FIGURE 5. Distribution of total, ion, and electron number densitiemg the stagnation line for the Stardust blunt body at 68.9
km altitude with and without atomic excitation.
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FIGURE 7. Comparison of total emission and radiative heat flux of theeahiatomic N and O species along the stagnation line
of the Stardust blunt body using DSMC and QSS populations.



