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Abstract. The current work implemented excited levels of atomic N and corresponding electron impact excitation/de-
excitation and ionization processes in DSMC. Results show that when excitation models are included, the Starduct 68.9
km re-entry flow has an observable change in the ion number densities and electron temperature. Adding in the excited levels
of atoms improves the degree of ionization by providing additional intermediate steps to ionization. The extra ionization
reactions consume the electron energy and reduce the electron temperature. The DSMC results of number densities of excited
levels are lower than the prediction of quasi steady state calculation. Comparison of radiation calculations using electronic
excited populations from DSMC and QSS indicates that, at thestangation point, there is about 20 % difference of the radiative
heat flux between DSMC and QSS.
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INTRODUCTION

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

In the past, the Stardust mission, entering the atmosphere at 12.8 km/s, has been the task of postflight analysis to
estimate the validity of flow solver using finite volume scheme and the Nonequilibrium air radiation (NEQAIR) code
[2], which is a line-by-line based radiation solver in an uncoupled manner [3]. Recently, coupled radiation calculation
with chemically reacting flow model, using the Data ParallelLine Relaxation (DPLR)[4] code and newly developed
line-by-line database based on NEQAIR [5], for the Stardustpeak heating conditions was performed [6].

Under the transient flow and strong shock condition, continuum breakdown occurs. Therefore, alternative to CFD
technique, particle methods, such as direct simulation Monte Carlo (DSMC)[7] method, are required to accurately
simulate high-speed reentry flow at high altitude. In our recent work, DSMC simulations with charged species was
coupled with the particle based photon Monte Carlo (p-PMC) method, [8] using the efficient spectral modules[9] or
with the FV-PMC methods[10] for the Stardust reentry flow conditions.

Although the radiation calculation was improved using the PMC methods in the above calculations, one assumed
particles to be in electronically ground level in DSMC and the electronically excited populations were obtained by
using either the Boltzmann distribution or the quasi steadystate (QSS) method[11]. For the modeling of the radiation
and chemical reactions, electronic excitation processes need to be correctly modeled in order to accurately predict
the flow field. Most DSMC calculations assumed particles to bein the electronically ground state, and energies are
assigned to only translational, rotational, and vibrational modes. However, since the hypersonic flows are energetic,
the addition of electronic modes can change the flow field as well as predict radiation and chemical reaction effects.
Because the ionization rates from electronically excited levels are generally higher that those from the ground level,[12]
the addition of electronically excited levels and electronic transitions to DSMC will change the flow field prediction.

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



IMPLEMENTATION OF ATOMIC EXCITATION IN DSMC

The very first step to implement atomic excitation in DSMC is to identify the important electronic levels for the atomic
species which, in this work, are atomic nitrogen, N, and atomic oxygen, O. In NEQAIR [2], 22 electronic levels are
considered for N and 19 for O. However, from our previous investigation on the N and O spectral radiation[9, 10], for
N two electronic excited levels, 4th (120 nm) and 5th (113.4 nm), and, for O, 5th (130.4 nm) and 9th (102.7 nm), were
found to be important. Therefore, for N, the corresponding electronic levels, 1st (ground), 4th (excited), 5th (excited)
and continuum (ionized) levels, and electronic transitionprocesses are implemented in the DSMC and are shown in
Fig. 1. Likewise, corresponding levels and transitions areimplemented for O. In the DSMC implementation, an index
of electronic level,i, is assigned for each DSMC atomic particle.

In Fig. 1, atomic N gets excited and de-excited by collisional (K(i,j)) and radiative (A(i,j)) processes. When an atom
collides with another atom, a molecule, or an electron, its electronic levels can potentially change. Collision-induced
electronic transitions in an atomic or molecular system areparticularly effective when the collider is an electron.
Particularly, when a free electron with high energy collides with an atom in a bound state, the energy of the free
electron can be transferred to the atom through the process of electronic excitation. In this case, the excitation rate
from the initial statei 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−
K(1,4)
−→ N(4)+e− (1)

N(1)+e−
K(1,5)
−→ N(5)+e− (2)

N(4)+e−
K(4,1)
−→ N(1)+e− (3)

N(5)+e−
K(5,1)
−→ N(1)+e− (4)

N(1)+e−
K(1,c)
−→ N+ +2e− (5)

N(4)+e−
K(4,c)
−→ N+ +2e− (6)

N(5)+e−
K(5,c)
−→ N+ +2e− (7)

where N(i) and N+ represent an atomic species of electronic energy leveli and its ion, respectively. Similar
excitation/de-excitation and ionization processes of atomic O are studied.

After a pair of N(1) and e− is selected for collision, three processes are possible: excitation, (processes (1) and (2)),
ionization (processes (5)) and thermal collision. The excitation takes place under the conditionEc > E(i) with the
probabilityPex(i). HereEc is the collision energy ormRg2/2, mR is the reduced mass of the N(1) and e− pair andg is
the collision relative velocity. The collision energy can also be written asmev2

e/2 as the electron mass is much smaller
than the atom mass and electron velocity is much higher than that of an atom.E(i) is the electronic energy difference
between levelsi and 1 (ground level) andi > 1. The individual excitation probability,

Pex(i) =
σex(i)
σVHS

. (8)

The total excitation cross section,σex, is calculated as the sum of the individual cross sections,∑i σex(i). σex may not
be negligible compared to the total, which is represented bythe variable hard sphere (VHS) model. the excitation cross
sections for the N and O taken from the work of Stone and Zipf[13, 12]. For electron energy under 20 ev, which is
the maximum electron energy in the flow considered in this work, the VHS cross sections of N is in the range of 21
- 5 Å2, therefore, the excitation probability is from 0 to 25%. Similarly, the upper limit of the excitation probability
for O is 26%. Once the pair is determined to undergo the excitation process, the collision energyEc is reduced by the
electronic energy differenceE(i) to E′

c = Ec−E(i). The velocities of the atom N(i) and electron e−,~v′N(i) and~v′e, are
determined from the momentum and energy conservation laws

mN~v
′

N(i) +me~v
′

e = mN~vN(1) +me~ve (9)

~v′N(i) −~v′e =

(

2E′

c

mR

)1/2

~e (10)



where~e is a random unit vector. Thus, the post-excitation collision energy is transformed into the energy of the relative
motion of the atom N(i) and electron e−.

The ionization (process (5)) occurs when the collision energy Ec is greater than the ionization energyE∞ with the
probability

Pion =
σion

σVHS
. (11)

Figures 2 show the ionization cross sections for the N taken from the work of Kim[14]. For low electron energy, the
ionization cross sections are significantly lower than those of excitation as the ionization thresholdE∞ is higher than
excitation thresholdE(i). When the pair of N(1) and electron e− is determined to have a ionization reaction, firstly,
the collision energyEc is reduced to toE′

c = Ec−E∞. Then an inelastic collisions between N(1) and e− is performed
based on momentum and energy conservation laws and the post-collisional velocities of N(1) and e− are~v∗N(i) and~v∗e.

The last stage of the ionization process is that the N(1) atomdecomposes into an N+ ion and another e−. The velocities
of the ion N+ and electron e− are determined as

~v′N+ =~v′e =~v∗N(1). (12)

The thermal collision cross section,σel, for a collision pair of N(1) and electron e− is then calculated as

σel = σVHS−σex−σion (13)

When the pair is not determined to undergo excitation or ionization process, the pair will simply have the thermal
collision or elastic collision as both colliders have no internal energies. This process occurs most of the time as the
excitation and ionization cross sections are relatively small compared to the total (VHS) cross section. The post-
collisional velocities are determined as

mN~v
′

N(1) +me~v
′

e = mN~vN(1) +me~ve (14)

~v′N(1)−~v′e =

(

2Ec

mR

)1/2

~e. (15)

In addition, when an excited-level atom, N(i), collides with another particle, the collision is treated in the same
way as a ground-level atom, N(1), collides with another particle and the electric level will remain the same. However,
when an excited-level atom reacts with another particle, ifit is an exchange reaction, such as NO + N(i)→ N2 + O,
the electronic energy is added to the collision energy to determine the reaction probability and, if a reaction occurs,
is treated as internal energy and will be released as an addition to the reaction heat. If the reaction is an dissociation
reaction, such as N(i) + O2 → N(i) + O + O, the electric level will remain the same and no electronic energy shall be
released.

FLOW FIELD RESULTS AND DISCUSSION

In the flow modeling, 15 species (N, O, C, N+, O+, N2, O2, NO, CO, CN, CO2, N+
2 , O+

2 , NO+, and e−) are considered
for the Stardust blunt body re-entry flow. Figure 3 shows the Stardust blunt body geometry that is studied in this work
and the flow condition is listed in Table 1. The DSMC method is implemented in the Statistical Modeling In Low-
density Environment (SMILE)[15] computational tool. Two DSMC simulations of the Stardust re-entry flow at 68.9
km altitude are then performed with and without the atomic excitation. Note here that the radiative processes are not
modeled in this comparison.

Figure 4 shows distribution of the translational, rotational, vibrational and electron temperatures along the stagnation
line with and without atomic excitation. It can be seen from the upper left part, the translational temperature is the
highest and the rotational, vibrational and electron temperatures are close. There is no difference of the translational
temperatures between the simulations with and without atomic excitation (see upper right part). When comparing the
rotational and vibrational temperatures (lower left), therotational temperature with atomic excitation is slightlyhigher
than that without excitation and the vibrational temperature is on the opposite side. The electron temperature with
excitation, however, can be seen to have more than 10% difference from 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 densities with and without excitation. The ion and electron number
densities, in general, are close to each other for both cases, as the average ion velocity model is applied to the movement
of the electrons. Since the density of the major species in the near body, atomic N, is the same for both simulations,
the total number density has no change when excitation is added. The ion number density changes significantly as the
N+ increases significantly with a maximum of 40% when atomic excitation is applied. Adding in the excited levels
of atoms improves the ion number densities or the degree of ionization by providing additional intermediate steps to
ionization. The extra ionization reactions consume the electron energy and reduce the electron temperature.

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

RADIATION CALCULATIONS USING ELECTRONIC EXCITED POPULATIONS
IMPLEMENTED ON DSMC

In this section, radiation is calculated using the electronic state populations implemented on DSMC excitation
modeling. The analysis of radiative heating to the Stardustblunt body has been performed using established radiation
models such as the Langley Optimized Radiative Nonequilibrium (LORAN) code[16] and the Nonequilibrium Air
Radiation (NEQAIR) code[2]. These radiation models can generate the electronic excite populations of atomic and
molecular species using the Boltzmann or non-Boltzmann relationship, which use an internal temperature and species
concentrations on the ground level from the flowfield solution. In this work, the electronic state populations calculated
from DSMC are directly used to calculate radition. The tangent slab (TS) approximation is employed to solve the
radiative transport equation (RTE), using the exact analytical solutions based on exponential integrals[17]. The Einstein
transitional probability data for bound-bound transitions are taken from NEQAIR and only bound-bound radiation is
considered because the continuum radiation is much less contributed to total radiation than atomic line radiation. The
Voigt line shape is used to describe the thermal and electroncollsion induced line broadening. Since DSMC only
implemented two excited states for atomic N and O as previously discussed, six bound-bound transition data related
to the two excited states are extracted from NEQAIR for each atomic N and O species.

Figure 7 shows the total emission and radiative heat flux of the mixed atomic N and O species along the stagnation
line of the Stardust blunt body using DSMC and QSS populationdata. The total emission using QSS populations
is observed to be higher than the emission using the excited populations implemented on DSMC fromx=-0.45 to
-1.55 cm due to higher electronic state populations from QSS. Atomic O emission contributes to the total emission
approximately by 3 % for both DSMC and QSS cases. Two distributions of radiative heat flux along the stagnation
line from DSMC and QSS have similar pattern except the regionfrom x=-0.25 to -0.85 cm. At the stangation point,
there is about 20 % difference of the radiative heat flux between DSMC and QSS. The radiative heat flux calculated
using the chosen two levels of electronic state population is approximately 50 % of the radiative heat flux considering
all electronic excited levels and transitions.

SUMMARY

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



QSS indicates that, at the stangation point, there is about 20 % difference 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/m3 1.6028×1021

Speed, km/s 11.9
O2 mole fraction, % 23.72
N2 mole fraction, % 76.28
Kn,∞(L = 0.22 m) 0.017



FIGURE 1. Collisional and radiative transitions of atomic N modeled in this work.
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FIGURE 2. Comparison of ionization and two electronic excitation (1 to 4 and 1 to 5) cross sections for N as a function of
electron energy.



FIGURE 3. Stardust Geometric Configuration.
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FIGURE 4. Distribution of the translational, rotational, vibrational and electron temperatures along the stagnation line for the
Stardust blunt body at 68.9 km altitude with and without atomic excitation.
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FIGURE 5. Distribution of total, ion, and electron number densities along the stagnation line for the Stardust blunt body at 68.9
km altitude with and without atomic excitation.
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FIGURE 6. Distribution of N (4) and N (5) number densities along the stagnation line for the Stardust blunt body at 68.9 km
altitude from DSMC and QSS calculations without (left) and with radiative decay (right).
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