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Abstract. The current work implemented in DSMC vibrational excited levels of N2 and transitions between the levels as well
as the dissociation of nitrogen molecules from different levels. Results show that due to insufficient collisions, the flow around
a sphere at 70/75 km altitudes has a high degree of nonequilibrium in the vibrational mode where the ground level is separated
from the higher levels. The continuum-level calculation results are different from the work of Candler and the nonequilibrium
profile predicted by the discrete-level calculation is alsodifferent.
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INTRODUCTION

For high-speed reentry vehicles, such as Stardust [1], various physico-chemical processes are important in the design
of heat shields. Due to the rapid increase of high translational energy of the gas as it passes through an intense shock,
these strongly-coupled processes include excitation of the internal energy modes, molecular dissociation, ionization
and radiation of the atoms and molecules. Particle simulation methods, such as direct simulation Monte Carlo (DSMC)
[2] method, are required to accurately simulate high-speedreentry flow at high altitudes since continuum breakdown
occurs due to the strong shock condition.

Most previous DSMC calculations assume the gas to be in the electronic ground state, and energies are assigned
continuously to translational, rotational, and vibrational modes. Our previous work [3] addressed the concern of the
excitation of the atoms by implementing excited energy levels of atomic N and O with the corresponding electron
impact excitation/de-excitation and ionization processes in DSMC. The results show that when excitation-state models
are included, there is a small but observable increase in theion number densities and electron temperatures for the
Stardust 68.9 km re-entry flow. Adding in the excited levels of atoms increases the degree of ionization by providing
additional intermediate steps towards ionization.

The work that will be discussed in this paper builds on the previous work by replacing the continuous internal energy
model with higher fidelity collisional radiative (CR) [4] models. In general the three types of CR models, in increasing
order of complexity and computational time, are: electronic, vibrational and rovibrational CR models. In electronic CR
models, transitions between the electronic states are considered and the rotational and vibrational temperatures, Trand
Tv, of the molecules are obtained by internal energy exchange models through collisions. In vibrational CR models,
transitions between the vibrational states of the molecules are also considered and only a rotational temperature Tr
is computed. Finally, in ro-vibrational CR models, no temperature is used to describe the molecular internal energy.
Vibrational CR models will be implemented in DSMC and transitions between the vibrational excited states of the
nitrogen molecules as well as the dissociation of nitrogen molecules from different vibrational excited states will be
considered.

VIBRATIONAL COLLISION RADIATIVE MODEL

Vibrational energy of N2 molecules can be specified on the base of simple harmonic oscillator (SHO) model. In this
case, the vibrational energy level ofV is given by

Ev(V) = kθv(V +0.5),V = 0,1,2, ...,Vmax, (1)



wherek is the Boltzmann constant andθv is the characteristic temperature of vibration. The maximum levelVmax=
[Ed/kθv] whereEd is the dissociation energy and[· · · ] denotes the truncation.

Theequilibrium distribution function for SHO is
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At particle initialization, particle reflection on the surface, and inflow particle sampling, Boltzmann distribution at
temperatureT is used for specifying vibrational levels of new molecules.The algorithm works as follows:

1. Select a random number 0≤ R≤ 1;
2. Find V so that∑V

l=0 fv(l ,T)≥ R;
3. Set V as the vibrational level of the new molecule.

TheVT energy transfer occurs when N2(V)+N2 ⇀↽ N2(V ′)+N2. The sumEc of relative translational energyEtr

and vibrational energyEv of selected molecule is redistributed according to the local equilibrium distributions. The
algorithm works as follows:

1. Select a random number 0≤ R1 ≤ 1;
2. Let l = R1∗ (Vmax+1);
3. Select another random number 0≤ R2 ≤ 1;
4. If R2 < F(l)/Fmax, setV ′ = l , E′

tr = Ec−Ev(l), and exit;
5. Otherwise, go to step 2.

HereF(V) ∝ (Ec−Ev(V))1−α andFmax≡ E1−α
c .

TheVV energy transfer occurs when N2(V)+N2(W) ⇀↽ N2(V ′)+N2(W′). The sumEc of relative translational
energyEtr and vibrational energiesEv(V) andEv(W) is redistributed according to the local equilibrium distributions.
The algorithm works as follows:

1. Select two random numbers 0≤ R1,R2 ≤ 1;
2. Let l = R1∗ (Vmax+1) andm= R2∗ (Vmax+1);
3. Select another random number 0≤ R3 ≤ 1;
4. If R3 < F(l ,m)/Fmax, setV ′ = l , W′ = m, E′

tr = Ec−Ev(l)−Ev(m), and exit;
5. Otherwise, go to step 2.

HereF(V,W) ∝ (Ec−Ev(V)−Ev(W))1−α andFmax≡ E1−α
c .

Thedissociation occurs when N2(V)+N2 → N+N+N2. The total collision energy model is used for the chemical
reaction. In the TCE model, the dissociation occurs when thecollision energyEc = Etr +Ev(V) is greater than the
dissociation energyEd. The reaction probability has a special form,P(Ec), that allows one to match experimental
reaction ratesK f (T) in modified Arrhenius form. When the dissociation occurs, firstly, the collision energyEc is
reduced to toE′

c = Ec−Ed. Then an inelastic collision between N2(V) and N2 is performed based on momentum and
energy conservation laws; and the post-collisional velocities of N2(V) and N2 are~v∗N2(V) and~v∗N2

. The last stage of
the dissociation process is that the N2(V) molecule decomposes into two N atoms, NA and NB. Their velocities are
determined as

mNA~vNA +mNA~vNB = mN2(V)~v
∗
N2(V) (5)
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where~e is a random unit vector. Thus, the entire internal energy of the molecule N2(V) is transfermed into the energy
of the relative motion of the atoms.

NUMERICAL FLOW MODELING TECHNIQUE IN DSMC

The above models were applied to the DSMC simulations of a 5 km/s flow around a 10 cm sphere with a wall
temperature of 500 K at the altitude of 75 km or 70 km. In the simulations, two species (N and N2) and the
formentioned dissociation reaction were considered. The freestream conditions of pure molecular nitrogen modeled
for temperature, number density, andKn,∞(L = 0.01 m) were 200.2 K, 9.33×1020 molec/m3, and 0.12 at 75 km, and,
219.7 K, 1.88×1021 molec/m3, and 0.65 at 70 km, respectively. The DSMC method was implemented in the Statistical
Modeling In Low-density Environment (SMILE)[5] computational tool. Majorant frequency scheme was used for pair
selections, variable hard sphere model was used for collisions and Borgnakke-Larsen model was used for internal
energy exchange. In the simulations, 180,000 simulated particles, 32,000 collisional cells and 32,000 macro parameter
cells are used. The time step was 2×10−7 s and the sampling was done with 9,000 steps before 1,000 pre-sampling
steps.

RESULTS AND DISCUSSIONS

Figure 1 shows the number density and translational temperature contours for flow around the sphere at 75 km without
dissociation. In this case, the continuum vibrational level model is applied. At 70 km, the flow is transitional and the
shock is thick compared to a continuum case. The maximum total density of 5×1022 is observed at stagnation point
of the body and the maximum translational temperature is 14,000 K inside the shock.

Figure 2 shows the comparisons of the number density and translational/vibrational temperatures along the stagna-
tion line with continuum vibrational levels and discrete levels. The case has no dissociation. It can be that both density
and temperatures are unchanged whether discrete levels areapplied or not. The replacement of continuum levelsEv
with discrete levelsEv(V) digitalized the levels. In this work, the same universal relaxation mechanism/rate is applied,
i.e., after the vibrational energy is added to the total collisional energy, same rate based on the collisional energy is
applied. Therefore, the flow field is unchanged. Similarly inFig. 3, when dissociation reactions is enabled, the results
are unchanged since the same universal reaction rate is applied. In addition, since the flow velocity is not high, the
degree of dissociation or the atomic nitrogen mole fractionis low.

When the vibrational populations (number density for different vibrational levels) are examined, it can be seen in
Fig. 4, at 75 km, in the freestream, where the temperature is low (200 K), only the ground state (V = 0) is present.
As the flow temperature increases along the stagnation line,newly created excited N2 molecules follow a Boltzmann
distribution (equally spaced on the log scale). The separation of the ground state with excited states are due to fact that
a large portion of N2 ground state molecules do not experience collisions and stay at the level. At this altitude, there
are not enough collisions so that the vibrational levels of the N2 moleules follow a Boltzmann distribution. At 70 km,
where the number density doubles, the middle part of the figure shows that the difference between ground and excited
levels are reduced due to higher collision rate. However, there are still not enough collisions. In the right part of the
figure, an artificial case with the density at 70 km and a temperature of 5,000 K was investigated. In this case, since
the termperature is high, the particles experience a large number of collisions, the N2 follows a Boltzmann distribution
which indicates the validity of our algorithm. The large difference near the wall is due to the low wall temperature.

When compared our results with the work of Candleret al. [6] where a continuum method with implementation
of discrete levels is applied, Fig. 5 shows the translational/vibrational temperatures along the stagnation line with
continuum vibrational levels at 75 km. It can be seen that oursimulation predicts similar maximum translational
and vibrational temperatures as theirs. However, the shockstand distance is doubled. The difference could due to
the continuum/particle methodology as well as the different parameters used in both works. The discrepancy will be
investigated in detail in the future. In the figure, the numbers 1 ... 6 and letters A ... B represent different locations on
the stagnation line with 1 and A in the free stream and 6 and D closest to the wall.

Finally, the comparison of the vibrational populations from both works at 75 km without dissociation is shown in
Fig. 6. In the work of Candleret al., the degree of non-equilibrium in vibrational mode can be seen since the lines
are not straight. However, in our work, it is obvious that theground state is separated from the excited levels and the
excited levels are following Boltzmann distribution. The separation is not observed in their work. Further investigation
will be made to resolve this issues.



SUMMARY

The current work implemented in DSMC vibrationally excitedlevels of N2 and transitions between the levels as well
as the dissociation of nitrogen molecules from different levels. Results show that due to insufficient collisions, the
flow around a sphere at 70/75 km altitudes has a high degree of nonequilibrium in the vibrational mode where the
ground level is separated from the higher levels. The continuum-level calculation results are different from the work
of Candler and the nonequilibrium profile predicted by the discrete-level calculation is also different. Since the current
model uses a universal relaxation/dissociation rate, the discrete-level and continuum-level simulation results areclose.
Further investigation will be make to introduce individualrelaxation/dissociation rate to utilize the advantage of the
discrete model. The difference with Candler’s work will be studied in detail.
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FIGURE 1. Number density (left) and translational temperature (right) contours for flow around a 10 cm sphere at 75 km without
dissociation. Continuum vibrational level model is applied.

X (m)

N
um

be
rd

en
si

ty
(m

-3
)

-0.04 -0.03 -0.02 -0.01 01020

1021

1022

1023

N2, cont
N2, discrete

X (m)

T
em

pe
ra

tu
re

(K
)

-0.04 -0.03 -0.02 -0.01 0
0

2000

4000

6000

8000

10000

12000

14000

16000

18000 Ttrn, cont
Tvib, cont
Ttrn, discrete
Tvib, discrete

FIGURE 2. Number density (left) and translational/vibrational temperatures (right) along the stagnation line with continuum
vibrational levels and discrete levels. The case has no dissociation and the wall is atX = 0.
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FIGURE 3. Number density (left) and translational/vibrational temperatures (right) along the stagnation line with continuum
vibrational levels and discrete levels. The case has dissociation.
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FIGURE 4. Vibrational populations along the stagnation line withoutdissociation at 70 km (Left), 75 km (middle) and 70
km/5000 K (right).
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FIGURE 5. Comparison of translational/vibrational temperature from the work of Candleret al. (left) and DSMC along the
stagnation line at 75 km with discrete vibrational levels and without dissociation.
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FIGURE 6. Comparison of vibrational populations from the work of Candler et al. (left) and DSMC along the stagnation line at
75 km with discrete vibrational levels and without dissociation.


