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Abstract: In the present work, reactive rarefied gas flows over the SAfpAue were performed using the direct simu-
lation Monte Carlo method. The main goal of this work is toesxcthe influence of weakly ionised gas flows during the
SARA reentry phase at 80 km altitude. In order to perform therdcal reactions the Quantum-Kinetic chemistry model
was implemented into the dsmcFoam code. According to thétsethe chemical reactions have a significant influence
on the temperature reduction of the shock wave and flowfieldtsre surrounding the SARA capsule.
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1. INTRODUCTION

The evaluation of flow structure around a re-entry vehickediaays been one of the key issues in the design of space
vehicles. Due to high-energy shock wave formed upstrearheaxfe vehicles, free electrons may be produced if the air
molecules collisions energy is sufficient. As a result, akke@nise gas affects the flowfield structure and may cause
a temporary interruption of data transfer between the spafteand ground stations. In order to alleviate the blatkou
problem, it is important to be able to determine the distidiuof electrons near the vehicle surface. In this way, an
extended version of the Quantum-Kinetic chemistry modsldeen implemented into the dsmcFoam code and applied in
investigation of the Brazilian Reentry Satellite (SARA)hg the reentry phaséviatheret al,, 2005.

SARA suborbital platform has been developed by the Institiet Aeronautica e Espaco at DCTA (Departamento de
Ciéncia e Tecnologia Aeroespacial) in order to conductngifie and technological experiments in low gravity environ
ment. This capsule can carry up to 55 kg of scientific equign®tay in orbit during the execution of the experiments,
and return to Earth after the accomplishment of the taBKSTI-AEB, 2012. For the particular case of SARA capsule,

a few studies are available in the current literature andgoe of them is discussed below.

Morgenstern and Moraes JR003 provided a detailed experimental and numerical investgaof the flowfield in
the base region of the capsule. It was observed the formafitoo main vortices characterized by a unsteady flow
region. The effect of this unsteady perturbation on the fleldfin the external cylindrical region, where the parachute
pressure sensors are located, was the main concern ofutlis $the numerical solution showed good agreement with the
experimental data and a better understanding on the wakBdldwharacteristics was achieved.

Numerical studies of hypersonic blunt body flows with cheahizon-equilibrium conditions were investigated by
Guzzo and Azeved(®010. The main objective of their work was to conceive a compnshe understanding of the
Eulerian/Lagrangian hybrid methodology and to test anidia&e the code over simple configurations. The results showe
a good agreement for the overall flow structure and shock \pagédion when compared with available literature. In
addition, the hybrid code seems to be less influenced by tti@grameters and presented a robust approach for hypersoni
problems.

Machado(2012 has presented a computational two-dimensional tranaienatdynamic investigation of heating and
ablation processes on the Brazilian sub-orbital Platfo@onsidering the capsule composed by two layers, the stainle
steel structure and the thermal protection system, thiy/stias able to capture the temperature peak and to reprégent t
ablation process.

Hypersonic non-reacting gas flow simulations over an aximgtnic version of the SARA capsule were conducted
by Santog2013 for altitude varying from 100 to 80 km altitude. The obj&etiof his work was the investigation of the
surface accommodation coefficients on the aerodynamiesaacting on the capsule surface, and of the heat transésr rat
to the capsule surface.

Palharini and Azeved(2017 performed rarefied hypersonic gas flow over the SARA cageudeder to investigated
the influence of chemical reactions on surface quantitidssanck wave structured. It was found that chemical reastion
lead to a significant reduction on the shock wave temperativeell as in heat transfer coefficient.

The planetary atmospheres through which hypersonic \eshitlay pass consist of a number of chemical species.
Although, it is known that the gas in the atmosphere is compoat microscopic level, of discrete atoms and molecules,
a useful approximation arises if the atmosphere is tresgead @ntinuum. The flow over a vehicle moving through the



atmosphere can then be modelled by appealing to the fundahpeimciples of momentum interchange and mass and en-
ergy conservation. This continuum approach is at the roobofentional computational fluid dynamics (CFD) methods
for the solution of the Navier-Stokes (NS) equatioBertin and Cummings200§. However, as the Knudsen number
increases, the non-continuum, particulate-like behavidthe gas becomes more important. Numerical models hoping
to simulate such rarefied conditions must be able capturedtmplex physics for high-speed vehicle re-entry. The flow
environment is characterised by a distinct bow-shock epstrof the body followed by a high temperature region imme-
diately downstream of the shock. In this searingly hot regahemical reactions may take place involving dissoaigtio
exchange and ionisation. In the lee side of the craft theeehigghly rarefied zone within which thermochemical non-
equilibrium conditions may exist. The paucity of moleculeshis zone may require that the region be described using
a non-continuum, particle-based formulation. In an attetogurther investigate such flow regime, BirBi(d, 19949
proposed the direct simulation Monte Carlo method (DSMQ)ic has become the main computational tool for the
study of hypersonic aerothermodynamics.

The precise determination of the flowfield structure underrttochemical nonequilibrium conditions is of funda-
mental importance to mitigate the effects of chemical ieaston space platforms. In this way, the primary goal of the
research is to compute inert and reactive gas flows over thiRAS#apsule at 80 km altitude in order to gain a better
understanding of the impact of weakly ionised gas on the fedd/&tructure surrounding the vehicle.

2. COMPUTATIONAL METHOD

In highly rarefied environments (Kx 0.1) the analysis of gas flows in the non-continuum regimedstmaturally
conducted using specialized computational techniquestieaderived from a statistical mechanical representatiche
behavior of individual particles. The most successful @&sthtechniques is undoubtedly the direct simulation Monte
Carlo (DSMC) approach, originally proposed Biyd (1994.

The DSMC technique instructs particles to move and collsiagikinetic-theory considerations that can capture the
non-equilibrium gas behavior accurately. DSMC consideskenular collisions using stochastic rather than deteistiin
procedures over a time step which is a small fraction of thammmllision time, and each DSMC particle represents
a large number of real gas molecules. The decoupling ofghautiallistic motion and particle collisions improves the
computational efficiency of DSMC greatly in comparison wother particle methods such as molecular dynamics (MD).
The computational domain is divided into either a struaduweunstructured grid of cells, with each cell of a dimension
that is a small fraction of the local mean free path size. Téiks @re then utilized to select particles for collisions on
a probabilistic basis, and they are also used for sampliagrtacroscopic flow properties. Intermolecular collisiors a
handled probabilistically using phenomenological moaeisch are designed to reproduce real fluid behavior when the
flow is examined at the macroscopic level. The DSMC technigagsbeen shown to provide a solution to the Boltzmann
equation as the number of simulated particles tends towarttie value within the flow field{agner 1992. The DSMC
approach is currently the dominant numerical method fafrad gas flow applications.

In the DSMC methodology, particle clusters must be endowild the correct properties to capture kinetic and
rotational modes of energy storage. Vibrational excitatibthe gas molecules as well as dissociation of both oxygdn a
nitrogen are likely to be important features of the flow ambany hypersonic vehicle at the highest altitudes (80-12pD km
and speeds, while, even at lower speeds and altitudestivitahexcitation and limited dissociation of oxygen andl st
likely to be important Anderson 2009. Such real-gas effects need to be properly accounted rfiathd present work,
the quantum kinetic (Q-K) chemistry model is used to perfatmemically reactive gas flow over the SARA capsule.
This model describe the chemical reactions in a 5-speciesadlel based solely on microscopic gas considerations
(Bird, 2011, Galliset al, 2009 Bird, 2008 Wysonget al, 2012 Scanloret al, 2015. The vibrational energy mode
plays a key role in chemical reactions in the Q-K model. THwrational modes of a gas are normally active when
the system is sufficiently energised, e.g., under the highadpy conditions combined with shock structures commonly
found in hypersonic applications. The vibrational moderfsipart of the total energy budget and limits the amount of
post-collision energy available to the translational astétional modes. In addition, it often introduces a new mafde
non-equilibrium to a rarefied gas system as the number ofoik required for vibrational relaxation is significant!
higher than that for translational or rotational equilibm (Gallis et al., 2009. The full set of chemical reactions and its
implementation into the dsmcFoam code is describe8danloret al. (2015.

The Q-K chemistry model was successfully implemented inbodsmcFoam codé&¢anloret al, 2015 which take
into account 19 reactions. In additidnechty and Lewig2011) extended the Quantum-Kinetic model to include reac-
tions involving charged species. In order to investigateglasma formation around the SARA capsule, a 11 species
reactions model (M Oy, NO, N, O, N+, O2+, NO+, N+, O+, e-) was implemented into the dsmcFoam as amsixte
of the 5 species reactions model. With this new set of chdnmeeations, it is possible to investigate, in a more aceurat
manner, the reentry of space vehicle and to study the conuatimn blackout caused by the electron layer formed around
the spacecraft. In this way, the chemical reaction framkwsomodified to account for reactions involving charged par-
ticles and electrons, following the work of Liechtliéchty, 2013. Currently, 116 reactions are implemented into the
dsmcFoam code using the 11-species chemistry model. Sothes# reactions are presented in Tahles



Table 1: Molecule-Electron lonization.

Ne Reaction

1 Ny +e” =N +e +e
2 O, +e - 0f +e +e
3 NO+e — NOT +e +e”

Table 2: Atom-Electron lonization.

Ne Reaction
4 N+e - Nt+e +e
5 O+e -0 +e +e”

Table 3: Atom-Molecule lonization.

N° Reaction

6 N+ Ny — N +e + Ny
7 N+O, - Nt +e +0,
8 N+NO— Nt +e” +NO
9 O+N, - OF +e +Ny
10 O0+0, -0 +e +0y
11 O +NO— O" +e~ +NO

3. GEOMETRY DEFINITION AND FREESTREAM CONDITIONS

A detailed representation of the Brazilian Reentry Saél shown in Figl. SARA was designed based on the
cone-sphere configuration in which the nose radiug) (R 0.2678 m and 11°4half-angle conical afterbody. The total
length of the capsule is 1.410 m with a base radius of 0.503&linthe simulations were performed at @ngle of attack,
i.e., the incoming freestream is parallel to the x-axis.
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Figure 1: Schematic view of the SARA capsule.

The freestream conditions used in the present investigatiorespond to those experienced by the Brazilian reen-
try capsule at 80 km altitude. In order to run the simulatjghe freestream conditions were extracted from the U.S.
Standard Atmosphere tabldSQAA/NASA/USAF, 1976. The freestream conditions for the altitude consideretthim
investigation are shown Tablé.



At 80 km altitude, the atmosphere is composed by 78.68%®R.97% Q, and 0.35% O. The freestream mean free
path, Ao, is 4.67x10°% m and it was determined using the variable hard sphere malemodel Bird, 1994. The
overall Knudsen number, K is defined as the ratio of the molecular mean free path totainerharacteristic dimension.
Considering the SARA's nose radius as the characteristiedsion, the Knudsen number correspond to 0.0174 and lies
in the transition regime. The reentry velocity is set at 7888 for the dsmcFoam computations and established based on
the velocity-altitude-map presented Bgssoa Filh¢2008.

Table 4: Freestream conditions experienced by the SARAut@jp$ 80 km altitude.

Parameters U, [M/S] Tao [K] oo [M™3]  poe [kG/M?]  poo [PA] Aoo [M]
Values 7860 188.64 3.3610%° 1.85x107° 0.105x10~! 4.67x10°3

4. COMPUTATIONAL DOMAIN AND BOUNDARY CONDITIONS

In the present investigation, advantage is taken from SARRIsymmetry in order to reduce the computational costs.
As shown in Fig2, the undisturbed freestream conditions is imposed -0.2stre@m (X,) of the SARA stagnation point,
and the computational domain normal to the probe extendaddistance of 0.8 m in the— andz—directions. In the
present investigation, the wake region was not considarddire computational domain is truncate af X 1.41 m. The
schematic of the computational domain and its main parastelepicted in Fig2a).

After the generation of the cubic mesh and the definition eftibundary conditions, the OpenFOAM mesh utility
called snappyHexMesh is used to ‘snap’ the mesh on to the SARA CAD geometry growiexphedral cells over the
surface. A total of 14.1 million cells are used in the dsmeRazlculations. The computational mesh employed in
the present calculations is showed in Fip). The computational mesh is filled with 160.3 million DSM@rficles.
Freestream conditions are applied at the inlet of the coatjoumal domain. The flow at the downstream outflow boundary
is supersonic and vacuum conditions are specifial( 1994. The two perpendicular planes on the side of the capsule
represents the symmetry planes, where all flow gradienthaloto the plane are zero. At the molecular level, this
boundary condition is equivalent to a specular reflectingj. wehe wall temperature was kept constant at 1000 K and
gas-surface interactions were modelled using diffuseatfies with full thermal and momentum accommodation.
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Figure 2: a) Computational boundary conditions and b) dirgliview of the computational mesh at the SARA'S nose.

5. COMPUTATIONAL RESULTS AND DISCUSSIONS

In this section, the primary macroscopic properties sudemperature, number density, pressure and velocity along
the stagnation streamline are presented for rarefied hyipierflows over the SARA capsule at 80 km altitude. The results
are showed in nondimensional form, i.e, the macroscopipgrtes and the stagnation streamline are normalised by the
freestream properties and stagnation streamline lenegpectively.



In the DSMC calculations, translational, rotational antrational temperatures are obtained for each cell in the
computational domain through the following equations,

N 2
m;C’
! c? = L J; ' (1)
e kg T 3%z N
N
Erot)j
T 2Merot - 2 jgl( t)j @)
rot kBCT'Ot kBC’!'Ot N ,
Ty = —— = Owi ©
ln(1+T$) ln<1+ ]63@1,“7 >

> (evin)
j=1

wherekp represents the Boltzmann constat,, andz,;;, are average rotational and vibrational energies per fartic
computed within the respective cell, aBd;, the characteristic vibrational temperature.

The effects of chemical reactions on the temperature bigidn along the stagnation streamline are shown in Fig-
ure3a). In this plot, the normalised temperature (I/)Tstands for the translational temperaturg.(J, rotational temper-
ature (T,..¢), vibrational temperature ([;,). In addition, empty and full symbols represents inert agattive gas flows,
respectively.

According to Figure3a), it is clearly seen that thermodynamic non-equilibriwcowrs outside the cavities, as shown by
the lack of equilibrium between the translational and inékinetic temperatures. Thermal nonequilibrium occunemw
the temperatures associated with the translational,ioott and vibrational modes of a polyatomic gas are differe
In addition, it is noticed a significant reduction on the pe#ktemperature when the chemical reactions are activated.
For translational, rotational and vibrational temperasuthe reduction on the peak temperature was 74,1%, 58,3% and
33,4%, respectively. The reduction on the peak temperathen chemical reactions are used for aerothermodynamics
calculations of reentry vehicles demonstrates the impogaf such code feature which have a significant impact on
prediction of thermal protection system thickness and ke structure.

The shock wave thickness may be calculated as the distahwedsetwo points in the translational temperature plot
located at half of the peak value. For the inert gas case,hibeksvave thickness range from X = 0.025 to X = 0.265.
However, in the dsmFoam-QK calculation, a reduction on tieck wave thickness is observed and it varied from X =
0,05 to X = 0,23. In this way, the strong shock wave formedngash of the vehicle during the reentry was strong enough
to activate the chemical reactions and promote a reducfi@d% on the shock wave thickness. The chemical reactions
are mainly endothermic, i.e, they remove energy from the flawsing a reduction on the shock wave temperature and
thickness. This result is clearly seen at the temperatstghlition around the SARA capsule at Figuded and b).

The density within the computational cells on thencFoam code is obtained using the following expression,

>

m
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wheren is the local number densityp is the molecular mass, amdl and N are, respectively, the average and total
number of simulated particles within a given cell. Furtherej Fy represents any number of real particles andsvthe
computational cell volume.

The influence of chemical reactions on the number densityildision along the stagnation streamline is depicted
on Figure3b). From this plot, it is noticed that the number density fani the SARA capsule are similar for reacting
and non-reacting flows. However, as the flow moves towardsehile, the number density increases at X = 1.025 and
reaches the maximum value at X = 0.0. At the stagnation pibiistclear notice that the number density for reactive gas
is higher than that presented for inert gas. Due the chemgéealtions, new gas species are produced inside the shock
contributing to an increase of 73% on number density at thgnsttion region. The number density contours are shown
in Figures4c) and d).

The pressure determined by tiencFoam code is obtained using the following expression,
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wheren is the local number density, is the molecular mass; is the thermal velocityN and N are, respectively, the
average and total number of simulated particles within amgiell, and, is the computational cell volume.

In a similar approach, the pressure distribution along tagreation streamline is shown in Figuse). There is no
significant changes on the pressure distribution up toimea¢ = 0.3. Due the shock wave upstream of the vehicle, it is



observed a slight shift on the pressure profile from X = 0.3 to®X075 in which reactive flow presented lower values. At
the stagnation point, the pressure for reactive and inentegched is 1100 times the freestream pressure and nocaghifi
variations are observed at this region. The same physitaMieur is clear seen on the pressure contours in Figieges
and f).

The DSMC method is essentially a statistical method. In tey, the macroscopic properties are computed as
averages from the microscopic properties in each cell inctimaputational domain. As a result, the velocity vector is
given by the following expression,

_ | (6)

wherem andc represents the mass and the velocity vector of each indiligarticle, andV is the total number of
simulated particles within a cell.

According to Figure3d), the velocity for reactive and non-reactive gas flow angilar up to location X = 0.475.
From X = 0.475to X = 0.1, similar trend to those observed fer phessure distribution along the stagnation streamline
is observed, i.e, a shift on the velocity profile. At the stipn point, the velocity is reduced almost to zero and no
significant changes are observed. Figulgsand g) shows the velocity contours for reacting and naatieg flow. From
these contours, it is noticed that the velocity is not infleeshby the chemical reactions apart from a very small region a
the shock wave formed in front of the capsule.
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Figure 3: Normalised properties distribution along thgstdion streamline: a) temperature (I/); b) number density
(n/ny), c) pressure (p/p) and d) velocity (JU]/W,). Empty symbols and full symbols represents inert (dsmoibiRr)
e reactive (dsmcFoam-QK) gas flows, respectively.
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Figure 4: Primary properties contours over the SARA comjiutal domain at 80 km altitude.



6. CONCLUDING REMARKS

Hypersonic rarefied flow simulations over the SARA capsulgeiformed using the direct simulation Monte Carlo
method. The reactive gas flow is modeled employing the “QurarKinetic” chemistry model which takes into account
an 11-species chemistry model and is able to perform 116 iclaéreactions.

The analysis of the computational results shows that clredméactions have a significant impact on the primary
properties distribution along the stagnation streamlitem the primary properties the most affected was the teatyes.
There was a reduction of 74,1% on the translational tempexathen the simulations were performed with chemical
reactions. The temperature reduction inside the shockteadreduction on the shock wave thickness due the energy
absorbed by the molecules to promote the chemical reactimnaddition, the production of species inside the shock
by the chemical reactions increased by 73.3% the numbeitdetighe stagnation point. Finally, for the pressure and
velocity distribution along the stagnation streamlinesrhwas a slightly shift on the curves inside the shock region
However, no significant influence was observed in the pressoud velocity.
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