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Abstract. Atmospheric reentry is the most critical part of space missions as heat protection, vehicle integrity and commu-
nications are severely affected by the extreme nonequilibrium flow conditions involving high temperatures, strong shock
waves, chemical dissociation and recombination and plasma formation. The accurate prediction of these phenomena
is crucial to guarantee personal and payload safety during this mission stage. The most well known method used to
obtain aerothermodynamic predictions for these nonequilibrium, rarefied, chemically reacting flows is the Direct Simu-
lation Monte Carlo (DSMC) particle method. Here, the aerothermodynamic properties around the Apollo vehicle with
Mach 32 reentry conditions were analyzed, with emphasis on the quantification of the effect of nonequilibrium chemical
reactions in the prediction of heat fluxes. Computations used a recent axisymmetric version of the DSMC code, dsm-
cFoamPlus, implemented in the OpenFoam framework. The axisymmetric model produced similar results compared to
the three-dimensional model, where the inclusion chemical reactions lead, as expected, to endothermic effects decreasing
heat fluxes on the vehicle surface. Furthermore, the axisymmetric results shows the advantages, at least in the preliminary
design phases, of the much less computationally demanding axisymmetric DSMC code.
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1. INTRODUCTION

In recent years, a trend has been observed towards greater reuse of space vehicles. For example, the north-american
company SpaceX recently developed the partially reusable launch vehicle Falcon 9, whose first stage is able to land verti-
cally after separation from the second stage. The reuse of vehicle higher stages, however, requires a series of engineering
studies to ensure the vehicle safety during its reentry into the Earth’s atmosphere and/or other planetary atmospheres such
as recently happened with Perseverance’s Rover in Mars atmosphere.

During the reentry phase, the vehicle is subjected to extremely unfavorable aerothermodynamic conditions, being
exposed to high values of temperature and pressure. In this sense, it is important to carry out fluid mechanics studies
to assess these aerothermodynamic properties, which are important to supply the thermal protection project and also the
stability and control predictions of the spacecraft.

Under reentry initial conditions the atmosphere is rarefied, such that atmospheric properties are very different from
those observed at sea level. Hence, the Navier-Stokes equations usually employed to calculate the fluid dynamics are
not adequate to model this condition, because the continuous hypothesis is no longer valid and the results obtained
are quite imprecise ((Moss et al., 2006)). In this context Bird (1994) pioneeringly proposed the DSMCﬂ method, a
stochastic particle approach, loosely based on the Boltzmann equation, to solve the kinetic equations of motion in order
to calculate the aerothermodynamic properties of the flow around space vehicles in rarefied conditions. The method was

!Direct Simulation Monte Carlo (DSMC).
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then successfully applied in different studies in the last decades, as in (Bird, |1981), (Moss et al., 2006)), (Palharini and
Azevedo, [2015)) and (White et al.,|2018]).

A number of different space missions have undergone reentry conditions in the last decades. Some of the most well
documented missions concerning hypersonic reentry aerothermodynamics are the Apollo missions, widely used in north-
american space program in last century. The Apollo capsule experienced high aerothermodynamics loads acting on it
surface during the reentry phase, so that accurate studies of this phase were executed, including theoretical and numerical
predictions, experimental wind tunnel tests and in flight measurements demanded to guarantee that the vehicle would
resist to the extreme conditions.

When reaching the reentry stage the vehicle undergoes hypersonic flow conditions, which particular characteristics
must be well-evaluated. The extreme variation of thermodynamics properties across shock waves, viscous dissipation
with hypersonic boundary layers and radiative heat transfer creates high temperatures that excite rotational and vibrational
internal energy modes within the molecules, leading to chemical dissociation and recombination and even electronic
ionization of the atoms and molecules (Jr, 2003)).

High temperature chemically reacting flows have influence in the aerodynamic parameters of the vehicle, as chemical
reactions occurring during the reentry phase are mainly endothermic, and being the high heat transfer rates to the surface
the most dominant aspect in high temperature hypersonic flows Jr| (2003). |Allen and Eggers| (1958) showed that an
efficient reentry vehicle shape profile should be subject to a low heat flux and high drag to dissipate the enormous amount
of kinetic energy.

The present work presents a numerical aerothermodynamics analysis of Apollo capsule in reentry conditions using
two DSMC approaches: axisymmetric and 3Iﬂ The axisymmetric configuration is usually employed in computational
analysis due to its advantage regarding the computational costs needed to achieve a solution to the flow conditions. These
results were used in comparison to the three-dimensional ones in order to analyze both the numerical flow predictions of
the main aspects of aerothermodynamics properties and the numerical costs and feasibility of the axisymmetric DSMC.

The numerical computations employed the OpenFOAM framework to perform the aerothermodynamic analysis of
the rarefied hypersonic flow conditions over the Apollo through the dsmcFoamPlus solver and its recently axisymmetric
implementation by (White et al., [2018]).

2. COMPUTATIONAL METHOD
In this section the DSMC method used to perform the thermochemical nonequilibrium flow analysis is presented.
2.1 DSMC METHOD

The DSMC method, as presented by [Bird| (1994), is a stochastic particle method based on the Kinetic Theory as-
sumptions. The DSMC perform an approximation which consists in decoupling the molecular dynamics in advective
noninteracting motions and intermolecular collisions into two successive stages at a time step At, proportional to the
MCTE] between molecules, so that the particles movement is modeled deterministically, while collisions are treated statis-
tically.

As the DSMC operates in the kinetic scales, to represent the huge number of particles (atoms and molecules) presented
in real flows the method utilizes virtual (or equivalent) particles that represent a large number of real particles, as an
approximation of the real number of molecules in real flow conditions. For this to be accomplished there are some
restrictions on the minimum number of molecules used in computational cells. In this context, as the collision rate is a
function of the number of molecules, it is desired that there are as many molecules as possible. Furthermore, a suitable
time step must be chosen in order to capture the particle collision dynamics. Thus, the time step should be sufficiently
smaller than the mean collision time and the cell size Az, used to perform near neighbor collisions and sampling the flow
properties, must be smaller than the mean free path A, of gas molecules. The mean free path can be defined as

¢
Ao = Kn =, 1
0 "o ey
where Kn is the Knudsen number, used to evaluate the degree of rarefaction of the gas; and % = [, where [ is the flow
characteristic length, taken as the diameter of a reentry capsule or defined by the gradient of any macroscopic property (as
shown in the equation above).

2Three-dimensional (3D).
3Mean collision time (MCT)
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Palharini| (2014)) suggests that for a good compromise between physical accuracy and computational efficiency of the
DSMC method, the cell size must be stipulated as close as possible from

Aso

Ar =2 )

to obtain accurate results from simulations in a reasonable computational time. In addition two more parameters are
crucial when performing DSMC computations, namely, the number density n,, which is a measure of the number of
particles per unity volume and the equivalent number of particles nE P that stipulates the relation between the simulation,
virtual, particles and the number of real particles in the flow.

After the particles are advected and collided their properties are sampled and the time-averages of these properties
are used to calculate the macroscopic gas parameters (Bird| |1994). Thus, the DSMC method is capable of calculating
nonequilibrium flow properties in rarefied conditions, resolving the physical characteristics of hypersonic reentry.

The DSMC model used for the current simulations is the dsmcFoamPlus (White et al., [2018)) solver algorithm, de-
signed within the OpenFoam (Foundation} 2021) framework. It consists of a fully parallel numerical implementation that
allows the particles initialization, tracking and admits the simulation of permanent and transient conditions.

3. CHEMISTRY MODELING

For a long time studies of chemically reacting gas flows using the DSMC method have employed procedures that
were first introduced by (Bird, |1979) through the called TCEﬂ model. In these studies, equilibrium kinetic theory was
used to convert the rate coefficients that are defined in terms of the macroscopic gas temperature to collision probabilities
that are functions of the energy of the collision. In essence, the model relays on the availability of reliable data for the
reaction rates, so to overcome this limitation, efforts have been made to develop a model that makes no use of existing
rate equations the Q-K model.

Bird| (2011} describes a chemical reaction model called Q—KE] which uses a 5-species air-model based on microscopic
gas considerations. The molecular species of nitrogen (N5), oxygen (O2), nitric oxide (NO), nitrogen (N) and oxygen (O)
atoms are considered and four different reaction types can be defined, two types of dissociation, molecular recombination
and exchange reactions. In the simulation of high temperature rarefied flows, the chemical processes are described by 19
individual reactions, where the recombination is neglected. Bird (2011} points that the probability of a recombination in a
binary collision is equal to the probability of a third molecule being within a “ternary collision volume”. This probability
is very low because the A\, at high altitudes is comparable to the reentry capsule size, and therefore can be neglected. In
addition, this reaction type can become important in low-altitude simulations where “high density” values are found.

In this model, the Q-K condition for dissociation and recombination phenomena is that the energy in a collision should
be high enough to permit the excitation of the vibrational mode corresponding to molecular dissociation energies, model-
ing the energy exchange between the vibrational and electronic modes to the translational energy mode. The vibrational
energy mode is part of the total energy and limits the amount of post-collision energy available to the translational and
rotational energy modes.

As an expansion of the quantum-kinetic scheme, Lietchy and Lewis| (201 1)) proposed a Q-K model including reactions
involving charged species. In the present work, this 11 species reactions model (N3, Oz, NO, O, N, No+, Oo+, NO+, O+,
N+, e™) was employed into the dsmcFoamPlus. The advantages consist of a more accurate prediction of the flowfield
structure around the vehicle, surface properties and shock wave structure.

3.1 CAPSULE GEOMETRY AND FREESTREAM CONDITIONS

The Apollo capsule was extensively used by NASAE] in last century and is worldwide known as a command module
that transported the first human-beings to the Moon in the 1969 Apollo 11 Mission. The dimensions used in this work are
based in the data provided by (Moss et al.| |2006). The Apollo has a length of 3.4306m and a diameter D;, of 3.9116m.
Figure[T]a) shows a real Apollo picture and[I]b) its dimensions.

The DSMC simulations were performed both in an axisymmetric and 3D models. In these cases a 0° angle of attack
was implemented, hence the freestream is parallel to the X-axis.

“4Total collision energy (TCE).
5Quantum Kinetic (Q-K).
SNational Aeronautics and Space Agency (NASA).
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‘ 3.4306 y

Location| x ¥ s Dp = 39116
1 0.3743|1.8368|1.8872 Rp = 1.9558
2 0.5543 [ 1.9558|2.1158 Rp =4.6939
3 0.6608 | 1.9242|2.2284 Rg = 0.1956
4 3.3254 0.1938 | 5.4056 Rz =0.2311
5 3.3406 | 0.0000|5.6355
cg 1.1455 | 0.1600 - Dimensions in m

(a) Apollo Capsule. (b) Apollo dimensions 2006).

Figure 1. Apollo capsule.

The freestream properties were also based in conditions provided by 2006), where the Apollo capsule is
simulated for hypersonic rarefied reentry conditions.

The conditions applied corresponds to a reentry phase at 105 km altitude. The flow conditions in Table [I| were used
to perform chemical reactions computations. In 105 km altitude the atmosphere composition is characterized by Ny
78,319%, O5 15,808% and O 0,587%. The freestream mean free path was determined using the VHSﬂ molecular model
[1981). The Knudsen number defined as the ratio of the molecular mean free path to a characteristic dimension.
As the Knudsen number was provided by Moss, the mean free path was obtained using the capsule diameter as the
characteristic dimension, providing Ao, = 0.316. The reentry velocity employed was 9600 km/s.

Table 1. Reentry freestream conditions for the Apollo simulation at 105 km altitude..

Condition Value
Mach 32

Velocity Vo [km/s] 9600
Altitude [km] 105
Temperature 7T, [K] 208

Number density no, [m™3]  5.094 x 10'8

Density po. [kg/m3] 2.364 x 1077
Pressure p.[Pa] 0.0144
Knudsen Number Kn, 0.081

3.1.1 axisymmetric model

The DSMC simulation performed using the axisymmetric formulation for the Apollo capsule is shown in Figure[2]

The axially symmetric computational mesh was created through the use of only one cell wedge of 5° in the Y-axis
direction, due the fact that OpenFOAM simulations are inherently three dimensional. Additionally, an “arc-domain” was
employed to improve the computational calculations, since the region that was removed has no influence on the flow over
the capsule.

Another feature necessary for the axially symmetric model is the usage of a RWFﬂ parameter introduced by
(1981) as a method to balance the particle distribution into the cells, where a particle at greater radial distance represent
more real particles than a particle located near the axis. This implies that along the particle trajectories some of them will
be duplicated or discarded to maintain the even number of particles per cell [1981).

7Larsen-Borgnakke Variable Hard Sphere (VHS).
8Radial Weighting Factor (RWF).
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Flow

Diffuse Wall

(a) Axisymmetric domain. (b) Axisymmetric boundary conditions.
Figure 2. Apollo axisymmetric domain.

The computational mesh was initially filled with a total number of 330711 DSMC particles in a domain with 12931
cells. Symmetry boundaries conditions were applied at the “arc” region of domain, which is composed by two wedges.
The inflow boundary was located 3.0 half body diameters from the capsule fore-body stagnation point and the outflow
boundary was located approximately 4.0 body diameters away from the same point. The wall temperature was held
constant at 1029K with the surface being modeled as a diffusive Maxwellian wall.

3.1.2 Three-dimensional model

For the three-dimensional case the computational mesh was filled with a total number of 16477310 particles in a block
with 915119 cells. The same boundary conditions were applied in the capsule and boundary domains. In the the Y—axisﬂ
3.0 half body diameters distance was set. The 3D mesh details can be seen in Figure 3]

As for axisymmetric simulation and for 3D simulations there were applied a MCT =9 x 10~ and At = 2,00 x 10~ Cs.

X Axis [
i,

X Axis

Diffuse Wall

Symmetry plane

(a) 3D domain. (b) 3D boundary conditions.
Figure 3. Apollo three-dimensional domain.

9There were a small difference in the axis distributions for the axisymmetric and 3D modelling. Please observe the images carefully for details.
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4. RESULTS AND DISCUSSION

This section provides a discussion about the hypersonic thermochemical nonequilibrium flow calculations around
Apollo capsule. In this study, two simulation models were applied, the axisymmetric and the three-dimensional one. The
three-dimensional simulation was computed at the Sdo Paulo University cluster Euleﬂ using 400 cores, with the solution
for 100000 (one hundred thousand) iterations being achieved in 48 hours. The axisymmetric computations, otherwise,
were carried on a 16 core workstation and the computations for 1000000 (one million) iterations were performed in 120
hours. In order to observe the behavior of the aerothermodynamics properties three different profiles were extracted from
the domain, each of them normalized by the capsule diameter. The S,E represents the surface points over the capsule
along the X-axis direction.

4.1 Temperature Field

In a hypersonic flow the interaction of the particles high kinetic energy with the vehicle surface converts forms a
strong bow shock wave in front of the fore-body of the Apollo. Figure[dshows the translational, rotational and vibrational
temperature profiles measured from the capsule surface to the inlet boundary. The temperature values along the profiles
were normalized by the freestream temperature (T, ). In the figures, continuum lines represent the axisymmetric results,
while dashed lines represent the three-dimensional results.

150
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S Location at wall _ s T-Rotat Axyssimetric
S 3 s T_\/ibra Axyssimetric
o S; = D [ e T-Trans 3D
~ ; 100 [ T-Rotat 3D
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M, N 81 = 0.00 B T-Vibra 3D /
N _ 4
0 . S; = 011 §
N Sg = 051 E
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~ g .
S~o ~ 5 £
S~o S, = ““.
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Figure 4. Temperature ratio (T/T,) distribution along three different profiles fore-body Apollo capsule for reacting air
flow.

The profiles provided by the axisymmetric and the three-dimesional simulations presented very similar results. Small
difference can be observed in the stagnation streamline S; in the bow shock region.

The molecules in the pre-shock region, shown by the profiles, have the same value vibrational and rotational temper-
atures, i.e, OK, as almost all their energy is contained in kinetic mode. Although, along the shock region the molecules
extensively strikes among themselves and their kinetic energy is redistributed to the internal modes, which is observed
by the peak of rotational and vibrational temperatures shown in the figure above. Furthermore, the difference between

the translational, vibrational and rotational temperature peaks demonstrates the need for the non-equilibrium simulation
models.

4.2 Pressure Field

Figure [5] shows the pressure profiles, also measured from the capsule surface to the inlet boundary condition. The
pressure along the profiles were normalized by the freestream pressure (poo)-

For the pressure field good agreement was achieved by the simulation results for the axisymmetric and three-dimensional
models.

An increase in the pressure field can be observed in the starting point of the bow shock ahead of the fore-body of the

10Supercomputer of Centro de Ciéncias Matematicas aplicadas & Indistria (CeMAI) or in english Center for Mathematical Sciences Applied to
Industry.

11(S; = x/D) is a surface point and the corresponded streamline.
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capsule and remains growing until the surface of the capsules, due the diffusive nature of of the shock in this rarefied
condition.

Furthermore, as the temperature, the nondimensional profiles shows a reduction of the pressure peaks as long flow

moves downstream along the body surface. For stream profile S3 a drop pressure can be seen in the corner capsule region
due to the flow expansion in the wake region.
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Figure 5. Pressure ratio (p/p~) distribution along three different profiles fore-body Apollo capsule for reacting air flow.
4.3 Density Field

Chemical reactions possess an important influence on the reduction of flow temperature around space vehicles in
reentry phase. The reduction of the overall temperature is mainly caused by endothermic reactions which absorbs heat and
cools the surroundings. In this process, part of the flow energy is absorbed by the gas molecules and used in dissociation
process. The dissociated molecules generate new species, for example atomic oxygen. The dissociation process leads to a
significant change on the flow composition around the spacecraft, as shown, for example, by [Palharini and Azevedo|(2015)
that studied the effect of chemical reactions during reentry of the SARA brazilian reentry capsule showing important
differences in the temperature and density fields.
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Figure 6. Density ratio (pspecies/Poo) distribution along three different profiles fore-body Apollo capsule for reacting air
flow.

The relative density profiles for Na, Oz and O species are shown in Figure[6] also measured from the capsule surface
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to the inlet boundary condition. The density of each specie along the profiles were normalized by the overall freestream
density (poo)-

The normalized density results also show good agreement between axisymmetric and three-dimensional simulations
with the major differences being noted in the streamlines S; and Sy near the capsule surface for Ny density ratio, where
axisymmetric results are strongly affected by the particle density in the cells.

Due to high temperatures in the flowfield over the fore-body of the capsule, dissociation reactions leads to considerable
increase of atomic oxygen ratio and a consequent decrease of the Oz. In this context, a relevant increment of Ny density
ratio close to the capsule surface can be noted.

4.4 Velocity Field

The velocity profiles are shown in Figure [7 also measured from the capsule surface to the inlet boundary condition.
The velocity along the profiles were normalized by the freestream velocity (V).
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Figure 7. Velocity ratio (V/V ) distribution along three different profiles fore-body Apollo capsule for reacting air flow.

Velocity profile calculated by axisymmetric and three-dimensional models also had good correspondence. The velocity
fore-body capsule region remains constant since the inlet boundary until the bow shock wave start point, where it decreases
until zero in the capsule surface. But in surface point Sz it’s doesn’t null due a tangent velocity component in the corner.
Again major difference are observed for S; profile due to the axisymmetric cells topology.

4.5 Heat Flux Coefficient

The high Mach number flow around the Apollo capsule is dominated by high temperatures associated to thermo-
chemical phenomena like molecular dissociation. These effects can significantly alter the heat flux over the vehicle
surface. So, an accurate calculation of the heat flux C}, over the Apollo surface is essential for the TPSE] design which
protects the internal instruments from the adverse environment thermodynamic conditions.

The stagnation streamline over the Apollo capsule is used to obtain the heat flux over the vehicle surface, Figure
The length along the vehicle were normalized by the Apollo length L 4;,011,. The capsule length is measured from the
stagnation point x = Om until “cone top”. The surface heat difference between the simulations are more clearly observed,
as the axisymmetric results are noisy when compared to 3D results, although the overall heat flux behavior shows good
agreement between the simulations.

12Thermal Protection System (TPS).
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Figure 8. Heat Flux distribution along Apollo capsule length.

The data oscillation observed in both simulation models of the heat flux along the blunt body region of the capsule
suggests that more computational time may be needed to smooth the results. Nonetheless, the heat flux profile tendency
can be observed. For this case it reaches a peak around 12000 kW/m? in the stagnation point and slowly decreases as the
flow moves downstream of the vehicle.

Figure [0] shows the overall temperature field for the two simulations where the bow shock wave over the capsule is
clearly observed. The shock presence is what favors the high variation of aerothermodynamic properties near the vehicle,
such temperature or pressure as shown in plots above along the text.

Temperature
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| | — 15000
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| |
— 10000
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(a) Axisymmetric domain. (b) 3D domain.
Figure 9. Bow shock fore-body Apollo in both simulations.

5. CONCLUSIONS

In the present study, hypersonic reacting flow over the Apollo capsule was performed at 105 km altitude employing the
DSMC technique. In order to obtain the chemical reactions, the Q-K chemistry model with 11 species was employed. Two
dsmcFoamPlus simulations, an axisymmetric and a three-dimensional were performed providing information concerning
the temperature, pressure, density and velocity in three different streamlines along fore-body the capsule.

Data were used to characterize the flowfield around the capsule, allowing to note the presence of a strong bow shock
wave fore-body capsule and high temperature profiles due the conversion of kinetic energy in thermal energy. Also, the
results showed the importance of accounting the thermochemical nonequilibrium dynamics of the flow, through the use
of Q-K model, to properly compute chemical reaction effects on the flowfield properties and to calculate the chemical
composition of the gas when effects as dissociation take place.

The results obtained for the axisymmetric and three-dimensional reentry simulations showed good agreement over all
the main aerothermodynamic properties analyzed, showing the feasibility of use of the axisymmetric DSMC formulation,
at least on the initial stages of the project of space vehicles, to reduce the computational simulation costs when compared
to three-dimensional simulations.
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