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Abstract destructive deorbiting of satellites. Typically,

) this reentry process requires special methods to
One of the most important parameters for protect against aerodynamic heating. Indeed,
design and one of the most difficult to calculate gepending on the entry parameters, the effects
numerically is the heat transfer to the can pe very different. For instance, in the case
spacecraft. The heat transfer is composed of tWo ot 5 gpace shuttle coming back to Earth, the
parts: convective and radiative heatingn conditions are such that radiation plays only a
effect, a very intense shock wave, created at thepeglectable part compared to the hydrodynamic
front of atmospheric reentry vehicles during effects. Meanwhile, in some cases, radiative
their flight, leads the temperature behind the {ansfer is determinant.

shock to raise up to several thousand degrees. anq finally, the velocity of a superorbital object

prot_ec_tion system (TPS) is a crucial step in the Indeed, the objective of such high speed
preliminary design study of a probe. reentries is to save fuel by slowing down the

The calculation of a flow around a reentry yehicle only using the planet's atmosphere as an
vehicle involves many parameters that make gergdynamic brake. As an example, for the

necessary the use of robust codes. The presemreturning Appolo capsules, two third of the
work concerns the use of the; Nhodel for  energy was dissipated by the means of radiative
radiative  transfer  fully coupled with {ansfer effects.

aerodynamics ~ equations. The numerical A giscussion about the optimum shape of an
simulations around the space probes are gnptry vehicle [1] concludes that a body of large
performed and presented in this paper. nose radius is favorable in planetary entries as it
produces a thick shock layer. This observation
was the basic principle on which were built the
early space missions vehicles. However, such a

A very intense shock wave is created at the front Shape revealed to bring an unexpected heating
of atmospheric reentry vehicles during their related to radiation. As a matter of fact, the
flight. Almost all the kinetic energy changes temperature in the shock layer being very high
into internal and chemical energy. The (of the order of 10000K), the gas is then fully

temperature raises behind the shock up to dissociated, or partially ionised, and it also ad

several thousand degrees. to the production of radiation. This

It mainly deals with controlled reentry of Phenomenon, amongst the chemical and
vehicles which are intended to reach the aerodynamic phenomena, is thus taken into
planetary surface intact, although it may also account in nowadays feasibility studies of

include minimally controlled cases such as atmospheric reentry.

1 Introduction
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The calculation of a flow around a reentry ogpu, Odpu;u; _  ap .
vehicle involves many parameters that make ~g; ox, N WJ’ i
necessary the use of robust codes. Indeed, 2)

considering radiative transfer, we must be able , 9 | ou,  0u; 20u, o
to approximate closely enough the solution of  0x; ox; 9x, 30x '

the radiative trar]sfer. equat_ion 'in regimes as PE OpuE  dpu

different as the diffusion regime in the hot and + =- +Fu,

dense gases of the shock layer, and the transpor % %% o

regime in the cold and transparent regions, as _ 9 ( aTJ 0 (s u,) (3)

— |+ —\7z. U.
ox ) ox; "
=)

depending on the temperature range the
database may not be complete. Moreover, the
hydrodynamic behaviour of the flow should not 22 Radiativetransfer
be neglected as it dictates the position and
characteristics of the shock and the drag, and The radiative transfer phenomenon is
can be influenced by the radiative effects. involved in many applications and its relevant
The present work concerns the use of the M numerical simulation turns out to be essential.
model for radiative transfer fully coupled with  Solving the full radiative transfer equation is in
aerodynamics equations. We developed an general too expansive, and alternative model
accurate finite volume method according to the must be considered.
nonlinear system of conservation laws that
governs this model. We proposed to derive an
HLLC method which preserves the stationary Let us assume the Radiative Transfer
contact waves. To supplement this essential Equation (RTE) with no scattering source term,
property, the method is proved to be robust and gnd a frozen flow in Local Thermal
to preserve the physical admissible states. A Equilibrium. In fact, radiative transfer is not
relevant asymptotic preserving correction is conserved so we choose to couple the radaitive
proposed in order to obtain a method which is and matters energies to obtain a conserved total
able to deal with all the physical regimes [2]. energy. We describe radiative transfer and its

The model M is next introduced into an interaction with matter through the following
aerothermodynamic ~software in order to equations:

simulation the flow around a hypersonic probe

well as the intermediate regimes. The medium +5Xi
opacities are determined from the chemical N
composition of the gas and the state the speC|es+[z
are in, some radiating more or less, and %%\t

2.2.1 Description

fully coupled with the radiation transfer. 100, 60 = a(B,(T)-1)
c ot (4)
2 Mathematical Modeling apc T_ ”J(B (T) - NdQdv

0 s?

21 Governed Equations where T is the matter temperaturg@ is the

Let us consider the conservative balance density, andC, is the specific heat at the
equations for mass fraction for ne chemical constant volume. The term(B,(T)-1) sets a

species, momentum, and total energy. balance between the photons emission and
absorption opacity & (T) is the Planck’s
9pC, , 9puiC, _ 9 b .|, (1) function at the frequenay).
ot ox, Tk | P ox, W Let us emphasize that the radiative equations (5)

and (6), issued from the first two moments of
the radiative transfer equation, are coupled to

2
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the matter, involving the T
governed by equation (7).

GE+V -F = Ccr(a.T’i - E)‘
IWF+cV-P=—-coF, (5

temperature

(D)

Here, E denotes the radiative energy ardhe
radiative flux vector. The positive constarus
ando respectively denote the speed of light and
the opacity. The positive constand is
prescribed by physics.

From this system, there exist many possibilities
in the choice of the closure hypothesis. This
choice is indeed important as it determines the
various properties of the model, its capacities
and failures.

2.2.2 M Model

In recent years, several models have been

introduced and the present work is devoted to
one of them; namely the Mmodel introduced

by Dubroca-Feugeas [7]. This model is able to
restore some essential physical
satisfied by the radiation transfer equation.
Indeed, this model provides an accurate
prediction of radiation and matter interaction. In
addition, both energy positiveness and flux
limitation are preserved. An other important
property restored by the model concerns an
asymptotic diffusive regime which is reached as

soon as the opacities are larger (see Mihalas-

Mihalas [14] or Pomraning [15]).
Also, we introduce the Eddington factgr in
ordre to express the radiative pressBreit is

given by:
P=; ((1 — XU+ (3x(f) - UF|F|];“) B (g)
with

R T

where we have introduced the normalized flux
vectorf=F/cE and we have sét|f||.

The interest of the Mmodel is twofold. On one
hand, it preserves the positiveness of the

properties

radiative energy,H > 0) and the flux limitation,

f <1 . On the other hand, the suggested model
satisfies an equilibrium diffusion regime when
the opacity tends to infinity (see [14], [15]).
Indeed, as soon as is large, we introduce a
rescaling factore, a Knudsen number like, to
rewrite the system as follows:

e+ V-F = %(QT"] — FE)
e F + 2V -F = =2 H,

0 (pCuT) = —F(al* - E).

Arguing a classic Chapman-Enskog expansion
where €, the equilibrium state is defined by
E,=aT, and F, =0 while the equilibrium
temperature is solution of the following
diffusion equation:

O(pCuTo +aTy) =V - (5VT5) =0 (10

3 Numerical Methods

3.1 Software

The numerical methods presented in this
document have been introduced in the ARES
code from the CEA/CESTA. ARES is a two
dimensional aerothermodynamic code that
contains various types of flow models such as
Euler, Navier-Stokes, and with turbulence
models, simple chemistry or non-equilibrium
chemistry. This code is based on an extension of
Roe's approximate Riemann solver [17]. The
Harten-Yee TVD scheme [11] is used to solve
the hyperbolic part of Navier-Stokes equations.
The second order of spatial precision is obtained
using minmod limiter. The Navier-Stokes
equations is strongly coupled with radiation
transfer equations. This coupling is taken into
account through the source terms.

3.2 Numerical Consideraion of the M
M odel

The first approach of the M model was
developed by [7] where an HLL scheme was
proposed. This scheme was robust since it

3
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preserved the admissible states. Unfortunately demonstrate the quality of the solution provided
such a numerical approach failed to by the solver. Tests have been performed in [2],
approximate the asymptotic diffusion behaviour. and we show here some improvements from the
To correct such an issue, several techniquesresults obtained therein.

were proposed in the litterature and the reader isWe consider the domain (x,¥)0, 2] x [0, 1]m
refered to Gosse-Toscani [10], Buet-Cordier [5], as shown on Fig. 4. Computations made here
Buet-Despres [6], Berthoet al. [2], [4] for a are run on a 8& 40 cartesian grid, with a time
description of the main numerical methods. In stepat fixed by the CFL restriction. The domain
fact, all these techniques are the same strategys composed of a dense materjaC{=8.6 x 10"
The first step is devoted to the transport j.:3¢x- and g=2 x 10m™Y) and a transparent

operator given by: region. A free streaming beam adjacent to the
) _ dense material enters the domain through the
HE + V- F =0, top left boundary. The other boundaries of the
HF +c*V-P=0 (11) domain are supposed to be transparent. The
8(pC,T) = 0 initial temperature is 1K in the dense material

' : ’ and 300K elsewhere. A radiative temperature of

where a standard HLL scheme (see [12] for the T=5.8<10°K is applied on the left side of the
details) is considered. The main benefit of this transparent region (froy=0.5m toy=1m).
numerical approximation is an easy preservation
of the admissible states for a viscous
discretisation. Actually, the difference between
all the above mentionned works concerns the
numerical process of the resolution.

The main comment about this very brief
overview concerns the approximation of the R
transport part of the Mmodel, given by (Eq.
11), which is systematically approximated by
the well-known HLL numerical procedure.
Indeed, as soon asis set equal to zero, all the
above cited numerical methods turn out to T S02000K
coincide with the explicit or implicit HLL
scheme for (Eq. 11). :
Recently we developped a new numerical S foe
scheme [3]. That is to derive a contact
preserving scheme [18] of the HLLC type to
approximate the weak solution of (Eq. 11). Such Fig 1. Geometry (left) and exact solution (right)
an accuracy property is useful to perform for the 2D case.

simulations of physical interest. We proved that

the updated radiation state vector remains The exact solution is drawn on Fig. 1. Indeed, in
admissible with_ a po_sitive radiative energy and e upper part the photons are simply translated
a relevant flux limitation [3]. from the left boundary to the right of the
domain. In the lower part, the solution remains
constant against time since no photon enters this
area. The liney=0.5m is then a stationary
contact discontinuity for theMi-system. The
dense material does not get any photon either

Let us now consider a 2D academic test case. |t2Nd its temperature remains constant.
has very stiff initial conditions and intends to

o =0

F=0

4 Numerical Results

4.1 Shadow cone
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Fig. 2: Comparison of the radiative temperature
predicted by the HLL scheme (top) with the

HLLC (buttom).

025 1.988

(lH LL)

0.5
0.8
0.7
0.5
0.5

04
03
0.2
0.1

25 L.988

(HLLC)

Fig. 3: Comparison of the material temperature
computed by the HLL scheme (top) with the

HLLC (buttom).
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scheme is able to deal properly with the
discontinuity. Solution of the HLLC scheme
with the asymptotic preserving correction and a
second order MUSCL extension has a behavior
very close to the exact solution.

4.2 Venusian Atmospheric Reentry

We have here performed simulations of a
hypersonic flow around a planetary reentry
probe in the case of a Venus like reentry.

In this numerical experiment, we look at an
object with the dimensions of the Pioneer Venus
bus portion of the spacecraft that reached Venus
in December 1978. It is a 2.5m diameter vehicle
weighing 250kg. The trajectory point
considered in this simulation is located at an
altitude of about 80km, and the temperature at
this point is of 142K and the pressure is 300Pa.
Atmospheric reentries in Venus are to be known
to be quite difficult because of the thickness of
its atmosphere (about 90 times thicker than the
Earth atmosphere). For the simulations
performed here, we solely look at the forepart of
the body.

The chemical composition of the venusian
atmosphere is assumed to be made of 100% of
CQO,. The initial opacities are also considered
constant over the computed domain and equal to
5000m".

The chemical species considered in the
calculations are CCO, C, G, O..

We can observe that the flow is entirely
modified. The shock positions are differents for
the two simulations (11 cm at the axis when the
RT is not taken into account, against 3.7 cm for
the case coupled) (Fig. 4 and Fig. 5).
Additionally, we refine the mesh in the
boundary layer close to the body. This second
mesh is still divided into 40 cells in the
direction and 15 cells in the direction, as the
original mesh, but is refined on the boundary of
the probe. Fig. 6 shows the temperature
predicted on the two different meshes by both

Figs. 2 and 3 respectively show the radiative HLL and HLLC schemes

and material temperature distributions obtained we can see that the HLLC scheme predicts
from the HLL and HLLC schemes. It is obvious  similar results on both grids while the solution
that the HLL scheme induces an important of the HLL scheme contains much more

numerical diffusion which affects the lower part
of the domain. On the other hand, the HLLC

numerical diffusion on the first grid.
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We thus confirm the gain in accuracy we have  wseof T T T T
made when developing an HLLC like Riemann S ——
solver. Moreover, from a computation cost point [ [ ] T ]
of view, performing these tests on one processor g 10000~ |+ oy oo conpling / .
(type: Itanium Il - 1.6 GHz), we outline that it is P | e |
approximately two times longer to obtain a f [ Lo fefmednebpun| ]
converged solution with the refined mesh than 2 st i .
with the regular mesh. It is therefore cheaper to i ]
realize the needed calculations over a regular i : 1
mesh, and it is accurate enough when using the  —u—* . 5 PN
HLLC approximate Riemann solver. 2 e . Pieoecniibol o] .
Fig. 6: Center line Temperature Distributions
Tm hydro (comparison “no coupling” and with coupling)
h 4.3 Flight Case: FIRE 11
e The Fire Il mission took place in May 22nd,
e 1965. The FIRE-Il flight experiment was

performed in 1965 in order to validate the
aerothermodynamic models used to design the
Apollo thermal protection system. Its main goal

803

was the assessment of the radiative heating
environment during an Earth reentry. The
s vehicle geometry was an Apollo type with a
reentry velocity of 11.4&m/s.
= The case simulated is a point of the trajectory at
i 1636s, taken at the Altitude = 71.04km (Earth
" atmosphere).
The geometry 93.47 cm radius Sphere is
by 0 - considered.
Fig.4 : Isotherme (simulation without Transfer “
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Fig. 5 Isothermes (simulation with Transfer Fig. 7: 60 * 100 Mesh
Radiative coupling) V=11.4 km.§", Density = 8.57x18 kg.m?,

T,=210 K, T, =810 K
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The case is simulated with MonoTemperature T.
11 species (N O,, NO, N, O, N+, N+, O+,
O+, NO+, e-) are considered and Park chemical
kinetic reactions (20 chemical reactions with
catalicity) [1] are included for calculation.
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Fig. 8: Isotherm around the FIRE-Il spacecraft
Strong Coupling with Radiative Transfer
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A general overview of the flowfield is presented
in Fig. 8, which shows contours of translational
temperature in the flowfield.
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Fig. 9 : Temperature profiles along the
stagnation line for the 1636 seconds, 11-species,
noncatalytic wall case.

The temperature profiles are concordants with
other studies [19]. For this case of the reentry of
FIRE Il into the Earth atmosphere, its influence
on the radiative heat flux is negligible

5 Conclusions

A code for the simulation of hypersonic flows at
reentry conditions is developed. This code
allows us to take into account the radiative
transfer thank to a strong coupling between the
aerodynamics part and the radiative transfer.
The use of the new numerical technique ensures
a judicious discretization of the source term and
preserves a discrete limit diffusion equation.
Several numerical experiments attest the
relevance of the method and its ability to
perform simulations of physical interest.

In the future, we will develop the method
multigroup in order to take into account the
variation of the opacity in function of the
frequency and the temperature.
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