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Stationary Coupling of Hypersonic Nonequilibrium
Flows and Thermal-Protection-System Structure

Farid Infed,* Ferdinand Olawsky,* and Monika Auweter-Kurtz"
University of Stuttgart, 70550 Stuttgart, Germany

The aim is to present a method of coupling aerodynamic convective heating, radiative exchange, and thermal
conduction. The models that describe heat conduction within thermal-protection-system (TPS) materials and
radiative exchange at the surface of space vehicles have been developed to supplement catalysis modeling at the
surface with the aim of accurate prediction of the thermal loads during reentry. These models have been developed
for the three-dimensional parallel-multiblock (P-MB) URANUS (upwind relaxation algorithm for nonequilibrium
flows of the University of Stuttgart) code. The influence of radiative exchange and thermal conduction within the
TPS material on the catalysis and the gas state at the surface, and thus on the heat load distribution at the surface,
is demonstrated for the reentry vehicles COLIBRI and X-38 with real TPS coating.

Nomenclature
C..tps = thermal protection system (TPS) element specific
heat matrix
C; = position vector of the center of surface i
CpTPS = specific heat of the TPS material, J/(kg - K)
D = TPS heat conductivity matrix
€yib.i = vibrational energy of species i, J
F = total energy flux at the surface, W/m?
F; = view factor to see surface S; from the surface S;
Fiibx = vibrational energy flux of the molecular
species k, W/m?
ho.i = enthalpy of species 7, J/kg
L, I, I, = momentum fluxes in normal and tangential
directions (kg - m)/s
J = Jacobian
Ji = mass flux vector at the surface of species i
K = shear-stress tensor for viscid fluxes
K. tps = TPS element diffusion conductivity matrix
= vector operator 9/dx, d/dy, 9/9z
Ma = Mach number
N(&,n,¢) = shape function vector
n = normal vector to the surface
P, = position vector of point i
4 = pressure, Pa
0. 1ps = TPS nodal thermal load vector
q = heat-conduction flux vector of the gas phase
i rad = radiative flux received by surface i, W/m?
Gjrad = radiative flux emitted by surface j, W/m?
Grad = radiative heat-flux vector
q1ps = heat-conduction flux vector of the TPS material
r = position vector between the center of S; and §;
r, @, = spherical coordinates
S, = projected surface of S; in the direction §; ;, m?
S; = surface j, m?
T, tps = TPS nodal temperature vector
T; = temperature of surface S;, K
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Tyiv.k = vibrational excitation temperature
of the molecular species k, K

t,s = tangential vectors at the surface

14 = velocity vector of the gas at the surface

Vol, = TPS element volume, m?

v = velocity of the space vehicle, m/s

X, ¥, 2 = Cartesian coordinates

Z; = mass flux of particles of species i, kg/s

y = recombination coefficient

At, = TPS element time step, s

g; = emission coefficient of surface S

Ap = TPS longitudinal heat-conduction coefficient,
W/m- K

Avib k = vibrational heat-conductivity coefficient of the
molecular species k in the gas phase, W/m - K

Ao = TPS transversal heat-conduction coefficient,
W/m-K

% = viscosity coefficient, kg/m - s

v = viscous dissipation flux vector

& n ¢ = TPS element local coordinates

Ok = density of species k, kg/m?

PTPS = TPS material density, kg/m’

Q;j = solid angle to see surface S; from surface S;, rad

Subscripts

k = caused by reaction k

rs = reflected or scattered

Superscripts

m = time index

+ = leaving the surface

- = coming to the surface

Introduction

OR the development of reusable space transport systems, a

detailed prediction of the thermal loads during the reentry
is essential. A partially catalytic thermal-protection-system (TPS)
design would provide a lower weight system, although reliability
would need to be proven. The P-MB URANUS code for hypersonic
nonequilibrium flows has been developed at the Institute of Space
Systems of the University of Stuttgart for an accurate prediction of
the thermal loads.

An example of such a reentry vehicle is the X-38. The vehicle is
thermally highly loaded for a large trajectory range. It is equipped
with an advanced reusable TPS. This consists of SiC-based ceramics
at the high-temperature areas such as stagnation point and body-flap
regions, and SiO; shuttle tiles for the cooler surface areas. Along the
upper trajectory, a dissociated, laminar nonequilibrium flow exists,
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which leads to significant catalytic reactions at the surface. Redox
reactions coupled to catalytic reactions and leading to passive and
active oxidation can become important in the high-temperature ar-
eas. Up to now, the heat-shield design has been mostly based on
the fully catalytic design assumption. In the present paper steady-
state surface-temperature distributions are computed with the P-MB
URANUS nonequilibrium code. The influential gas-surface inter-
action is taken into account by a global catalysis model using the
temperature-dependent overall recombination coefficients for SiC
and SiO, as measured by Stewart.! With this formulation the mea-
sured forebody surface heat flux along the integral C/C-SiC heat
shield of the MIRK A? capsule was satisfactorily reconstructed along
the trajectory. Preflight surface-temperature uncertainties with ref-
erence to the fully catalytic design assumption have also been com-
puted for the X-38 in the past.>*

As is well known, some of the resulting heat flux at the surface
of space vehicles during the reentry is radiated away. In the case
that the entire contour is convex, the radiation is not hampered, but
for concave configurations, such as for the X-38 with body flap,
there are surface elements that see each other. This creates a com-
plicated pattern of absorption and emission of radiated heat on such
elements leading to a significant increase in the surface tempera-
ture. This phenomenon can be treated by a view factor approach,
where a visibility coefficient for every surface element is computed.
A practical method to compute the view factors is presented here.
This paper also describes how radiative exchange and the resulting
radiative heat fluxes are coupled with the flowfield in order to obtain
a steady-state solution by P-MB URANUS.

The trajectory path of the reentry vehicle X-38, as an example,
shows that it experiences a quasi-steady heat load for nearly 900 s
with no significant changes of flight parameters (body-flap deflec-
tion or angle of attack of the vehicle).>® Previous experiments in
the plasma wind tunnels’ with TPS material probes (SiO,, SiC),
which back-face is isolated by a KAPYROK™ insulator material
(aluminumoxide insulator as it is foreseen for the X-38), showed
that the heating of the material probes with the same thickness as is
used for X-38 reaches a steady state after 70 s. Thus, the state of the
TPS and the flowfield is stationary for a significant amount of time.

The TPS materials just mentioned have a heat-conduction be-
havior that significantly influences the temperature distribution at
the surface and thus the gas state. One approach to take this phe-
nomenon into account is to take the thermal equilibrium heat load
distribution at the surface from the flow solver as input for an ex-
ternal heat-conduction solver for the TPS, which then calculates a
temperature distribution at the surface. This distribution is then put
back into the flow solver to recalculate a new gas state and thus a
new surface heat load distribution. The procedure is repeated un-
til convergence is achieved for the coupling of both solvers.® This
method is very time consuming and not practical for large three-
dimensional simulations. This paper also describes the coupling of
the heat conduction within the TPS materials with the flowfield by
using a finite element model, which calculates the temperature of
the TPS due to convective heating from the flow.

To ensure accurate modeling, experimentally obtained
temperature-dependent emissivity, conduction coefficients and heat
capacity coefficients for real TPS materials (C/SiC and SiO,) have
been used.

P-MB URANUS Code

In the P-MB URANUS nonequilibrium Navier—Stokes code the
governing equations are solved in a fully coupled finite volume
formulation.” The Navier-Stokes equations consist of five species
continuity equations for N,, O,, NO, N, and O, three momentum
equations, the total energy equation, and three vibrational energy
equations for the molecular species N;, O,, and NO.

The discretization of the inviscid fluxes of the governing equa-
tions is performed in the physical space by a Godunov-type up-
wind scheme employing a gas kinetic flux-vector-splitting'® solver,
whereas the viscous fluxes are discretized in the transformed compu-
tational space by central differences on structured multiblock grids
using formulas of second-order accuracy.

Thermochemical relaxation processes in the gas phase are
accounted for by the multiple temperatures coupled-vibration-
chemistry-vibration model.!""'? The influence of vibrational excita-
tion on chemistry and the influence of chemical reactions on vibra-
tion are modeled consistently in the source terms of the conservation
equations.

In dissociated reentry flows strong gradients are observed in
density, temperatures, and velocities. To describe the exchange of
mass, momentum, and energy under these conditions, Chapman—
Cowling’s first approximations for the transport coefficients, trans-
lational thermal conductivity of heavy particles, viscosity and mass
diffusion'? were implemented.

To calculate the steady-state solution of the finite volume Navier—
Stokes equations, implicit Euler time differencing with the usual
Taylor-series linearization is applied. The resulting linear system
has to be solved for each time step. For At — oo the scheme is ex-
actly Newton’s method. It is not necessary for Newton’s method to
compute the Jacobian exactly. Approximations can be made to re-
duce memory requirement. For this reason, the Jacobian is presently
only computed with first-order inviscid fluxes and a thin shear layer
approximation for the viscous fluxes. So, the resulting matrix con-
sists of seven blockdiagonals with 12 x 12 blocks. The linear sys-
tem is solved with the Jacobi line-relaxation method. To accelerate
the code, the Krylov subspace methods generalized minimal resid-
ual (GMRES), biconjugate gradients stabilized method (BiCGstab),
conjugate gradient squared (CGS), transpose-free quasi-minimum
residual method (TFQMR), and quasi-minimal residual conjugate
gradient stabilized (QMRCGstab) with a vectorizable incomplete
lower—upper (ILU)-preconditioner have been implemented.'*

The newly designed P-MB URANUS code®” is able to deal with
nearly any kind of structured multiblock meshes, which enables it
to deal with complex reentry vehicle geometry.

In a multiblock mesh, beside the surface boundary, flow bound-
aries (inflow, outflow, symmetry) can occur at each of the six block
sides. The P-MB URANUS code is able to handle data exchange
for both exact face-to-face and multiple-face mesh blocks neigh-
bors matching, which is the case for the mesh used for the X-38
simulations presented here. The data exchange in P-MB URANUS
is performed by message passing interface (MPI). Hence, the porta-
bility of the code on widely used supercomputers like NEC SX-5,
Cray T3E, or Hitachi SR8000 is guaranteed.

To maintain second order in discretization and extrapolation, the
data exchange occurs at the block boundary over an intersection
zone (domain overlapping) of two cells.

Different blocks can have different local coordinate directions.
This has to be considered when exchanging data between two block
neighbors. The necessary data conversion is done during the com-
munication and is hidden from the application.

To obtain the full performance of the system used, the
load-balancing tool JOSTLE!® was implemented into the P-MB
URANUS code. The attached load-balancing tool is able to find
an optimal distribution of the blocks to the available processors in
most cases.

The data structure of the newly developed parallel multi-
block extension is already prepared to be able to cope with
the next step, adaptive mesh refinement, which is still under
development.

Boundary Conditions

A slip model, which is able to predict chemical and thermal
nonequilibrium effects at the surface of reentry vehicles, has been
implemented into the P-MB URANUS. It is based on a previ-
ous model developed by DaiB'” and has been extended for three-
dimensional parallel multiblock applications.'8

The basic idea of the modeling is balancing incoming and out-
going particles, momentum, and energy fluxes at the surface. The
calculation of all fluxes is described in detail in Ref. 18.

The mass source terms have to be balanced by the mass flux
normal to the surface. Thus we get

jionT =7 -7 M
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The mass flux of particles leaving the surface consists of the flux of
particles that have been reflected or scattered at the surface and the
fluxes that are the result of chemical reactions at the surface:

3
Zh=74,+ Y 7 )
k=1

The reactions accounted for at the surface are
N+N— N,
O+0— 0,

NO +NO — N, + 0O,

To calculate the reflected fluxes, we use temperature-dependent
overall recombination coefficients for finite-rate catalytic TPS ma-
terials (SiC, SiO,), which were measured by Stewart.! These are
used to determine the fluxes that underwent a chemical reaction at
the surface, and then, since fluxes coming to the surface are known,
the reflected fluxes are computed, that is,

ZH =wz; 3)

with y = f(T). The recombination coefficients y have been cali-
brated along a surface-temperature range between 300 and 2000 K
as shown in Figs. 1 and 2.
From the continuum theory we know that the momentum fluxes to
a surface are the projection of the momentum tensor on the normal
vector of the surface. Considering that the velocity has tangential
terms on the surface, the resulting boundary conditions for the mo-
mentum equations of the Navier—Stokes equations are
p—n-uK-n" =Tt -1~ 4)

n n
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Fig. 1 Recombination coefficients for SiC.

10"
\ Stewart’s measurements
102k (AIAA 96-1863)
: E
2
=z
10°F
10—4 I S SR S R
0.0005 0.001 0.0015 0.002 0.0025 0.003
1T, [K"]

Fig. 2 Recombination coefficients for SiO,.
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For the vibrational energy boundary equations we get
Lk - e (Toivi) — Avivk Vvioal -1 = Fly = Fop )

Finally the boundary condition for the total energy becomes

5
[Zjiho,i+q+v]'n=F+—F_ 8)

i=1

with the heat-conduction flux vector

3
q=— |:)\transVT + Z()"vib,k vTvib.k + )\rol,kvnnt,k)il (9)
k=1

and the contribution of the viscous dissipation to the heat flux
v=—ukK-V (10)

The rotational and translational heat-conduction coefficients are also
taken from the gas phase.

Radiative Exchange at the Surface

Every surface, which has a temperature above absolute zero, emits
radiative flux in all directions. Thus, if a surface element is able to
see another one, each surface receives a part of the flux emitted by
the other one.

In this section, we will show how the radiative flux received by
an elementary surface i from another surface j is calculated. Every
body emits an energy that depends on its temperature. The radiation
emitted by S; in the direction of S, leads to an increases of surface
temperature 7,. The same phenomenon applies to S, such that the
temperature 77 of S increases as well. As consequence, a modifica-
tion of 7} changes the flux emitted from S;. To evaluate the radiative
flux received by a surface S; from all other surfaces j, we write

Girad = Z quj,rad (11)
J

According to Stefan—Boltzmann’s law of radiation, we get
qjrad = Sj +0 - T/4 (12)

The emission coefficients for the widely used TPS materials (C/SiC
and SiO;) are temperature dependent and are considered so in our
modeling. Further details considering this issue will follow later
in this paper. First, we will explain the calculation of view factors
for two surfaces, and then we consider the case how each surface
element sees all other surface elements. To simplify the computa-
tion, we will consider that our surfaces are Lambertian, that is, the
luminance L is independent of the emission direction:

L@©) =L (13)

where 6 is the emission direction. The notations are shown in Fig. 3.
The hemispherical flux emitted from S; in all directions is

qirad = L1 S (14)
and the flux emitted from S, in the direction of S, is
q1>20a = L1Sa - Q2 (15)
with S, =S| - cos6,. At last we have
Fi2 = q1-2.1d/q1.1aa = (Q12]c0s 01]) /7 (16)
We evaluate the cosines of the angles 6, using the scalar product

cos(01) = (ny -r)/(Im] - Ir]) an
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Si

Fig. 3 Geometrical notation for the calculation of the view factors.

A TPS tile emits radiation only from the side where the normal
vector points into space. The other side is coated with insulation
that absorbs the radiation, so that the view factor is considered to be
null when n; - n, > 0. A surface can-not see itself; thus, F;; =0. The
computation of every view factor is done without simplification. If
we have n surfaces, we calculate n(n — 1) view factors. If a surface
S; can see a surface S; but if S; is totally under the horizon of §;,
S; would see the isolated side of S;. In this case, the view factor F;;
has to be null even if the computation of F;; returns a nonnull value.
The property S; - Fj; = S; - Fj; is notused, even if it could reduce the
computation time. With the approach using the horizon, the surfaces
S; can be modified so that only its visible part is considered. The
minimum between S; - F;; and S; - F; is taken because if there is a
computational error for one of the two view factors F;; or Fj;, two
identical surfaces could emit different fluxes, which is not possible.
Two conditions have to be fullfilled by the model. The first is that
every view factor must have a numerical value between 0 and 1:

0<F;<1 (18)

F;; =0 if surface element i emits no energy in the direction of
surface element j, and Fj; =1 if surface element j receives all of
the energy emitted by S;. Hence the second property is that

IR (19)
J

because there is no creation of energy. Now we explain how we
calculate the solid angle that is necessary for the computation of
the view factors. To show the method, we will determine the solid
angle of surface S, as seen from surface S, where S, is composed of
four points Py, P,, P3, and P,. We begin by converting the Cartesian
coordinates of the four points in spherical coordinates to simplify the
calculation of the projection of the surface S,. Then, we keep only the
part of S, visible by S;. Finally, we return to Cartesian coordinates to
determine the area of the projected surfaces. We consider the sphere
centered at C, passing by point C, with radius r. To determine the
spherical coordinates, we use a local basis (¢, s;, n;). We denote
x=t; - (P; —C,) and y=s, - (P; — C)) and obtain the coordinates
of the point P; with the following relations:

r=1C—Ci| (20)
ry, = 1P — C] 2D
| n- P = C)
= A, < 2
¢p, = cos [ P —C| (22)
@p, = tan™! <X> x>0 (23a)
X

)+71, x <0, y>0 (23b)

Yp, = tan~! (X> -, x <0, y<0 (23¢c)
X

(p,),:%, x=0, y>0 (23d)

Yp, = —= x =0, y<0 (23e)

We notice that —7 <¢ < + 7 and 0 < ¢ <m. When we calculate
the solid angle, it is important to know which part of S, is effectively
seen by the surface S;. That is what we call the horizon problem. In
fact we must calculate S5, which is part of the surface S, over the
horizon defined by the plane (¢, s). To accomplish this calculation,
we begin by ordering the points so that

Op, = bp, = Pp, = Pp, (24)

¢p, indicates the position of P; with regard to the horizon. To calcu-
late the area of the surface over the horizon, we have five possible
configurations that correspond to the position of the horizon:

¢p, <7/2 (25a)
$p > /2. b, < /2 (25b)
p = 7)2, r, <1/2 (25¢)
b, = 7/2, b, <7/2 (25d)
¢p, > /2 (25e)

Now we have new projected points Py, Py, P1, P} with the follow-
ing relations:

xpr =€y = €1 - sin (¢r,) - cos (¢r,) (26a)
ypr =10 = €| -sin (¢p,) - sin (¢z,) (26b)
zp+ = 1€ = €| - cos (¢r,) (26¢)

The coupling of the radiative exchange at the surface is given by
extending Eq. (8) for each surface cell i by adding the radiative term
given by Eq. (11):

5
[Zjiho,[+q+v+qrad]'n=F+_F— (27)

i=1

Herein the left-hand side of Eq. (27) denotes the new total heat flux
at the surface.

Heat Conduction in the TPS

In this section we will present a finite element based model, which
gives a new temperature distribution at the surface taking into ac-
count thermal conduction within the TPS. Just for convenience, we
would like to emphasize that this model works such that the heat-
conduction equations are solved for each time step of the flow solver.
The resulting surface temperatures, and thus the TPS conduction
heat fluxes, are then inserted into Eq. (27).

For a differential control solid TPS volume, the first law of ther-
modynamics, which states that thermal energy is conserved,'” can
be written as follows:

T,
PTPSCp, TPS <% + V1T~pSLTTP5> + L grps = Stes (28)

where vrps is the velocity vector for mass transport of heat in the
TPS and Stps is the source term vector for heat generation rate per
volume unit. Fourier’s law is applied to give the heat-flux vector in
relation to the thermal gradients:

qres = —D - LTrpg (29)
where
A, 0O
D=|0 i O (30
0 0 &,

As we mentioned before, we use a finite element approach to solve
Eq. (28) for the nodal temperature. To do so, we have to modify the
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equation by introducing the concept of shape functions to provide a
relationship between the TPS volume data and the data at the nodes
that define our TPS control volume element. The advantage of this
approach is that any kind of grid and element constellation of the
grid can be treated. P-MB URANUS automatically generates a TPS
grid. Staring from the flow mesh, the surface geometry of reentry
vehicle is given. Using a few input parameters such as element type,
cell number, and TPS material widths, the mesh is calculated in the
preprocessing phase. Both flow mesh and TPS grid share the same
nodes at the surface. As stated in Eq. (28), the temperature 7Trps
varies both in time and space. This dependency for each element is
separated as

Trps = N - T, 1s (€29)]

The origin of the local coordinates &, n, and ¢ of an element’s shape
functions is at the element’s geometrical center and

Thus the time derivatives of Eq. (31) can be written as

% =NT. % (33)
Furthermore, let
LTrps = B - T, 1es (34)
with
B=L-N"

The calculation of B is given in Ref. 18. After considering the
boundary conditions at a surface I', neglecting the effects of mass
transport within the solid TPS material and assuming that no heat
generation occurs within the TPS, Eq. (29) becomes

aT,
pres / cpawsN - N d(Vol) === / B" DB d(Vol) T, 1ps
vol vol

+ /N -nf DB AT, 1ps = Q. 1rs (35)
r

where nr is the unit outward normal vector of the TPS grid boundary
surface I". Equation (35) can be rewritten as

oT,
C. s % + K tpsTetps = Qe.1ps (36)

Because we are only interested in the stationary solution of Eq. (36),
we approximate the time derivative of the nodal temperature by

m m — 1
8Te,TPS Te,TPS - Te,TPS

o At 67
Equation (36) is then
(Cetes/ A (T, 1es)™ + Ketes(Tetes)™
= (Qe1ps)" + (Cetes /A (Terps)" ™!
or
K 1ps(Tetps)" = (Qetes)” + (Cetps/ AD(Teps)™ " (38)

Equation (38) reflects the physics for each element. Thus, an as-
sembly process for the entire TPS grid of each block has to be
performed before solving Eq. (38) for the nodal temperature. For
stability criteria,?

Pe,TPS * Ce,Tps * VOl

At, <
2max(Ao, Ap)

(39)

The biggest time step possible in a TPS grid block is used for solving
Eq. (38).

Flow mesh

“iflow “ITPS rad|

Surface I
A1psn>n+t
> TPS grid
i \

qTPS,n+1->n

Block n Block n+1 Surface I1

Fig. 4 Flux composition at the surface and heat-conduction flux ex-
change between two neighboring TPS grid blocks.

The nodal load vector of Eq. (38) contains the heat flux from
the flow side and the radiated heat flux from the surface of the TPS
material, which is the only heat sink for this model, and the TPS heat
flux of the neighboring blocks. In fact, the nodal load vector is the key
for the parallelization of the heat-conduction model. The common
method of parallelizing Eq. (38) is by assembling the equation over
all blocks and then solving the resulting linear system by methods
of domain decomposition on certain number of processsors.”!

This method would cause an imbalance of the calculation loads
of each processor, because the TPS solver in the P-MB URANUS
code has to be treated on each processor, which has a block with
surface boundary. Figure 4 gives an overview of the composition of
the nodal load vector. As seen in Fig. 4, for the nodes that are at
the surface, the heat load vector contains the heat flux from the flow
taken from Eq. (27) and the radiated flux. Thus,

5
(Qerps)" = / - |: foho,i +q+v+ qrad:| -n
r

i=1

T4

—c-0- (TZ?TPé) dr (40)
For the nodes at the block boundaries, we take the TPS heat flux
from the neighboring block as input for the current block,

(Qeps)" = / N -n[DLN" (T, 1ps)" " dIl (4D
n

Because the backface of the TPS is insulated, the heat flux at this
side is considered to be null.

After the assembly process, we solve the heat-conduction equa-
tions (38), which have the form Ax = b by the conjugate gradient
method* after preconditioning with the inverse of the main diagonal
of A.

For the final step, the coupling is given by supplementing Eq. (27)
with the TPS heat conduction flux vector so that we obtain

5
|:Zjih0,i+q+qrad+v+qTPSi|'n:F+_F 42)

i=1
with
gres = DLN" - T, 1ps 43)

Experimental Data for the Modeling

We use experimental data for our modeling. All data are tempera-
ture dependent and fitted by polynomial functions over a temperature
range that covers the typical range of use (300-2200 K). The densi-
ties of the materials are considered to be temperature independent.
We use 3200 kg/m? for C/SiC and 2197 kg/m? for SiO,.?? Figures 5—
8 show the measured values (symbols) and the corresponding fitting
functions.

‘Data available online by anonymous FTP to WARP.CS.CMU.EDU
(128.2.209.103) as quake-papers/painless-conjugate-gradients.ps [cited 15
Oct. 2002].
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Fig. 5 Heat-conduction coefficients for C/SiC (m, longitudinal; A,
transversal).
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Fig. 6 Heat-conduction coefficients for SiO,.
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Fig. 7 Specific heat capacity for C/SiC.
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Fig. 8 Emission coefficients for C/SiC.

The corresponding fitting polynomials are
A-C/SiC:

L, = 4.64016992789728 x 107'% - T
—3.29345481116632 x 107" - T}
+9.06467896911026 x 1078 . T
—1.20562544627109 x 107* - T

+7.90264328097808 x 1072 - T,,

— 6.24818856805873

Xo = 1.02091145725730 x 107 - T
—7.28768552512860 x 1072 . 1}
+2.01276446499472 x 1078 . T3

—2.64846669104229 x 107> - T2

w

+ 1.70840675354520 x 1072 - T,

— 1.14260670379805
1-Si0;:
Ay = Ao = 2.84980259590809 x 1070 73

w

—1.00477567335607 x 107° . T2
+2.10470691383035 x 107 - T,,

+2.30200395365815 x 107"
£-Si0,, £ = 0.89 (see Ref. 23), ¢,-C/SiC, (T,, < 2073.15 K):
¢, = +2.568809878123 x 107" . T

—1.35574349915567 x 1077 - T3

w

—6.42021696584042 x 107 - T2

+1.22930795134935 x 1072 - T,,

+3.21678570693030 x 10*

(T, >2073.15K), ¢, = 1863.0 J/kgK, c,,-SiO, has been taken from
the website.’
e-C/SiC:

e = —8.38642669240192 x 107" - T}
+1.11867854310319 x 107" . T2
—5.62657219365013 x 1077 - T,

+1.23930426522556 x 107 - T,

—1.20676050349761 x 107!

Results of COLIBRI and X-38 Simulations

COLIBRI (concept of a lifting body for reentry investigations)
has been conceived as a testbed to perform autonomous scientific
and technological experiments during a reentry flight. The vehicle
is characterized by a blunt-body shape with a nose radius of 0.18 m,
as in Fig. 9. In the case of this vehicle, we will only demonstrate the
influence of the TPS grid resolution on the temperature distribution
at the surface. A more challenging geometry is given by the X-38
(Fig. 10), prototype vehicle for the crew return vehicle, which shall
allow quick return of astronauts on the International Space Station to
Earth in cases of emergency. The results of X-38 are more interesting
for the modeling of heat conduction within the TPS and radiative
exchange at the surface, because the geometry of the vehicle has
concave shapes and angular parts. In addition there is a change in
TPS materials.

The reentry of the COLIBRI and X-38 vehicles is simulated for a
trajectory point at 64.6 km with Ma = 19.8. The detailed upstream
condition data are as follows:

p = 12.1707 N/m?

oxz = 1.3813 x 107 kg/m?

$Data available online at http://webbook.nist.gov [cited 20 Sept. 2002].
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Fig. 10 Geometry and TPS coating of X-38.

po2 = 4.2371 x 10 kg/m’
pno = 1.8770 x 107'° kg/m’
pn = 8.7621 x 107" kg/m’
po = 1.0008 x 1076 kg/m’
Typne = 234.0321 K
Tyib.00 = 234.0321 K
Tubno = 234.0321 K
v = 6085 m/s

For the considered trajectory point, both vehicles have an angle of at-
tack o = 40 deg. The body-flap deflection of the X-38 is § =20 deg.
The surface-temperature distribution is computed for the real TPS,
which is based on SiC and SiO, technology. The X-38 nose cap,
nose skirt, and chin panel are made by C/SiC and are considered so
for the simulations. The rest of X-38’s surface is equipped with SiO,
tiles, which is also taken into account for the simulations discussed
here (see Fig. 10). COLIBRI’s TPS is completely coated by C/SiC,
as in Fig. 9. For the simulations of the X-38, a Deutsches Luft- und
Raumfahrtzentrum (DLR) multiblock mesh, which contains wake
flow regions, is used. This mesh has 1.02 million cells and consists
of 18 initial blocks. Simulations for COLIBRI were performed on
amultiblock mesh generated with GridPro?® consisting of 10 initial
blocks with 800,000 cells. For both vehicles, COLIBRI and X-38,
the near surface resolution is within the scope of mean free path
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Fig. 11 Temperature distribution along the symmetry line of X-38 with
real TPS coating without radiative exchange/TPS heat conduction at
64.6 km with 1 million (7), 500,000 (7;), 150,000 (73) cells mesh and
the resolution uncertainties £1-3 (error between solution 7'; and 7'3) and
£1-2 (error between solution 7'; and T5).

length (10~° m) and thus sufficient for the prediction of the surface
heat flux. The resolution in the normal direction is 80 cells. For the
tangential directions, the mesh is resolved by 66 cells for each initial
block. This applies for both COLIBRI and X-38. Studies concern-
ing the resolution of the flow meshes for both vehicles have been
performed in the past.®!> As an example for flow mesh studies, the
temperature distribution along the symmetry line of the X-38 with
real TPS coating at a trajectory point at 64.6 km is showed for three
resolution levels in Fig. 11.

Figure 11 shows, considering the error curves [e1-3 = (T1-T3)/ T}
and &1, = (T1-T2)/ T1], that the surface temperature or the surface
heat flux, the primery concern of the new modeling presented in this
paper, is mesh independent after a resolution higher then 500,000
cells. However, for a more reliable solution a 1 million cells resolu-
tion is still preferable.

The SiC-based tiles of the X-38’s TPS have a thickness of
4 x 1073 m. For simplification we approximate the SiO,-based tiles
as having the same thickness. The TPS grid consists of finite linear
brick elements and is resolved by 20 cells in the orthogonal direc-
tion. The resolution in tangential directions is as for the flow mesh.

The simulation for X-38 was performed on an NEC SX-5 com-
puter using six CPUs and requiring 17.8 GB of memory. COLIBRI
simulations required between 13.5 and 14.5 GB of memory depend-
ing on the resolution of the TPS grid used for the sensitivity study.
The TPS material of COLIBRI has the same thickness of the X-
38’s TPS. The TPS grid resolution is 20, 40, and 60 cells in the
orthogonal direction.

The simulation for X-38 ran with a total performance of 9.4
GFLOPS on six NEC-SXS processors. Courant—Friedrichs-Lewy
(CFL) numbers up to 100 have been reached for the computations
with a second order flux discretization; higher CFL numbers were
possible for first order discretization. On average, each iteration took
about 45 s. In total, the simulation took about 25 h of computation.

Figure 12 shows the convergence history of the X-38 with real
TPS coating. Both radiative heat exchange and TPS heat-conduction
modeling are activated. A significant difference in the convergence
history without the modeling presented here!> has not been ob-
served. The calculation of the residual for the flow solver can be
obtained from Ref. 14. The residuals calculation of the TPS heat
conduction model is explained in Ref. 16.

The performance for COLIBRI simulations was about 8.1
GFLOPS on five NEC-SX5 processors. CFL numbers up to 500
were possible for second order flux discretization. An iteration took
about 39 s. Each simulation case was completed within 17 h. The
convergence history for COLIBRI is similar to the one of X-38.

Influence of the TPS Grid Resolution
In this section the influence of the TPS grid resolution on the

temperature distribution at the surface is demonstrated in the case
of the blunt-body vehicle COLIBRI.
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Fig. 12 Convergence history of the X-38 with real TPS coating with

radiative heat exchange and TPS heat-conduction modeling.

Figure 13 shows the temperature distribution of COLIBRI with
and without heat conduction within the C/SiC TPS material. As
expected, the highest temperature is observed at the nose region
where the material has to sustain a temperature of 1950 K. The
temperature distribution for parts a and b of Fig. 13 is smooth,
as is expected for Navier—Stokes simulations. As expected, the heat
conduction within the TPS caused a moving of the temperature from
the hot windward side to the cooler leeward side of the vehicle. The
difference (AT = T 1ps — Ts) in temperature is not significant for
such a blunt-body configuration with a continuous TPS coating, as
shown in Fig. 14. The differences were within the range of —20 to
440 K. However, the aim of the simulations with COLIBRI was to
demonstrate the sensitivity of the solution with regard to the TPS
grid resolution. Figure 15 shows the temperature over the contour
length in the nose region for three different TPS grid resolutions.
It shows that the solution is not sensitive to the resolution of the
TPS grid. This result demonstrates that the resolution of 20 cells in
orthogonal direction is already adequate and thus further refinement
of the 4 x 1073 m thick TPS grid is unnecessary.

Radiative Exchange at the Surface of the X-38

In this section we analyze the impact of the radiative exchange on
the surface-temperature distribution in the cavity region of the body
flap of the X-38 where radiation effects, as a result of the concave
geometry, are, as expected, a driving mechanism and cause impor-
tant changes in the heat load distribution. Considering the baseline
temperature distribution, radiative exchange effects on other parts
of the vehicle are negligible. To isolate the effects of radiation, the
thermal heat conduction within the TPS materials has not been taken
into account for the analysis. Figure 16 shows an increase of the sur-
face temperature at the main body of the X-38, which is coated with
SiO; tiles, and at the body flap, which is coated with C/SiC. Data
extrapolation along “extrapolation line” 1 and 2 (Figs. 17 and 18)
gives a closer look at the two hotspots. Figure 17 shows the tem-
perature, recombination coefficients for oxygen and nitrogen, and
the temperature difference AT between the solution with radiative
exchange (symbols) and without radiative exchange at the surface
along extrapolation line 1.

The maximum temperature difference is about 400 K. The fig-
ure also shows that the recombination of the atomic species has
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Fig. 13 Temperature distribution at the surface of COLIBRI a) with-
out heat conduction within TPS material and b) with heat conduction
within TPS.
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Fig. 14 Distribution of temperature difference at the surface of
COLIBRI between solutions with and without heat conduction within
TPS material.

been decreased after taking the radiative exchange into account
while a temperature increase can be observed. Concordantly, the
surface catalysis is noninvolved at the temperature increase of the
SiO; tiles.

For the body flap the surface catalysis has a crucial role. From
Fig. 18 one can observe that radiative exchange significantly in-
creased the recombination of atomic oxygen, which dominates the
temperature distribution along extrapolation line 2. The highest dif-
ference in temperature occurs where the difference in recombination
has the highest value.
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Fig. 15 Temperature distribution at the surface of COLIBRI for three
different TPS grid resolutions.
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Fig. 17 Temperature, temperature difference distribution, and recom-
bination coefficients along extrapolation line 1 with and without radia-
tive exchange at the surface.

1100 AT 350
r 300
1000
" 250
900 —
= T 200
E. i T l‘:'
|-800:— 1509
E 100
700 F
v 50
600 0
'1003
10" E
= F
L f
=]
T
i In
10 Loaaa b b b g b g b b alagaal
02 03 04 05 06 07 08 09 1 1.1

z[m]

Fig. 18 Temperature, temperature difference distribution, and recom-
bination coefficients along extrapolation line 2 with and without radia-
tive exchange at the surface.

N

Fig. 19 Temperature distribution at the surface of the X-38 with real
TPS without heat conduction within the TPS.

The results show how significant the consideration of radiative
exchange and the impact it could have on the surface catalysis.
Considering the pressure range in this concave zone (30-50 Pa),
active oxidation of the C/SiC material is highly possible.

Heat Conduction Within the TPS of the X-38

Figures 19-21 show the temperature distribution at the surface
of the X-38 with radiative exchange at the surface before and af-
ter taking the heat conduction within the TPS into account. At the
first sight there are no great differences to observe; the temperature
distribution has the same topology: the highest temperature is at
the stagnation point region; temperature jumps caused by material
change at the conjunction zones of the nose cap; pressure-driven
temperature distribution at the winglet; and temperature augmenta-
tion at the angular regions of the X-38 as a result of thinner local
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Fig. 20 Temperature distribution at the surface of windward side of
the X-38 with real TPS.
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Fig. 21 Temperature distribution at the surface of the X-38 with real
TPS.

Fig. 22 Temperature differences at the surface of the X-38 before and
after considering heat conduction within the TPS.

boundary layers. As we have seen for COLIBRI, the temperature
is marching from high-temperature to lower-temperature regions.
The temperature displacements show a three-dimensional behavior.
Figure 21 gives the best view for this behavior.

Changes in surface-temperature distribution after considering the
heat conduction within the TPS become obvious when taking a
look at the differences between the surface temperatures of the two
simulation cases. Figure 22 shows quantitatively the differences for
the X-38 vehicle.

As we can see in Fig. 22, the changes are very significant, vary-
ing between —100 K and +200 K. There is augmentation of the
temperature at the angular regions of the vehicle. The peculiarity is
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Fig. 23 Temperature differences at the windward side of the X-38 body
flap before and after considering heat conduction within the TPS.

— =

-200 -140 -80 -20 40 100

TPS split line

Fig. 24 Temperature differences at the windward side of the X-38 body
flap before and after considering heat conduction within the TPS taking
TPS split line into account.

that there are no great differences between the maximum values of
the temperature distributions of the cases, but rather a displacement
of the regions where they occur. In combination with catalytic re-
action, as we have seen for the radiative exchange at the surface,
heat conduction within TPS accelerates catalytic reactions at the
surface in a significant way, so that new heat loads at the surface
arise. This can be observed at the winglet. The temperature distri-
bution at the winglet is mainly governed by pressure distribution.
Adding the effect of heat conduction, the nonequilibrium gas par-
ticles, which are transported in the boundary layer and marching
streamwise, recombine at surfaces further downstream. These sur-
faces are additionally heated by the conduction, which causes an
increase in the recombination at the surface and thus an increase in
the heat distribution.

Another example for the interaction between heat conduction and
angular geometry is given at the body-flap edges. Here, tempera-
ture increases up to +175 K are observed; see Fig. 23. In case of
TPS material split line at the hot edge, that is, considering the TPS
material tiles insolated from each other, see Fig. 24, temperature
increases up to +120 K can be observed. The analysis supported by
Fig. 25 shows that the heat conduction accelerates the recombina-
tion of nitrogen, which dominates the temperature distribution and
causes the significant temperature change at the windward side of
the X-38’s body flap.

As another example for the influence of the catalytic reactions
at the surface in combination with heat-conduction within TPS, we
consider the nose cap region, which baseline temperature is given in
Fig. 26. Figures 27 and 28 show a closer view of at the temperature
differences and the locations.
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Fig. 25 Temperature, temperature difference distribution, and recom-
bination coefficients along the split line.
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Fig. 26 Temperature distribution at the nose-cap region with heat con-
duction within the TPS.

We observe a temperature increase of +130 K. The catalytic
behavior of TPS material experiences changes, especially the
recombination of the atomic nitrogen. As we have seen for the ex-
trapolation line 1, the catalysis is not responsible for the temperature
augmentation. So the increase is purely contributed to simple heat
conduction.

The gas state is also influenced by the heat conduction within the
TPS. As final results, we would like to show the changes in compo-
sition and temperature in the gas along stagnation streamline. The
solid lines of Figs. 29 and 30 denote the variables of the case where
the heat conduction within the TPS has been taken into account. For
the stagnation streamline the maximum difference in translational
temperature is +250 K, where the molecular oxygen concentration
is also higher. As expected, the influence of the heat conduction only
influences the gas state within the range of the boundary layer. The
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Fig. 27 Temperature difference at the nose-cap region with and with-
out heat conduction within the TPS.
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Fig. 28 Temperature, temperature difference distribution and recom-
bination coefficients along extrapolation line 3.

contribution of the Figs. 29 and 30 serves as proof of the coupling
with the gas phase. This should be important for the absorption’s
behavior of the species if gas radiation is accounted for the simula-
tions.

Accuracy of the Results

Previous results with the URANUS code showed a good agree-
ment with the simulated and the in-flight measured heat load
distributions.> However, the accuracy was within the range of 5%
on the windward side heat distribution. The developed modeling
in this paper considering the radiative heat exchange at the surface
and the heat conduction within the TPS material delivers the ex-
pected results. However, for more accurate predicting of the heat
loads using the models discussed here, some issues have to be
considered.
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Fig. 30 Translational temperature along stagnation streamline: - - - -,
with TPS heat conduction.

First, the heat-conduction effects do not consider the real de-
sign property of the TPS tiles and the way they are connected on
the space vehicle. The simulations consider large parts of the same
material coating to be accumulated on one place of tile without
chinks in between. Even though the modeling can consider any
kind of isolation or chink, the feasibility of such an approach is
not practical because the mesh should give the exact surface con-
tour of an entire space vehicle with a detail level, which cannot be
computed.

Second, the recombination coefficients used in the simulations are
not pressure dependent. So, for the cavity region, where the pressure
sinks dramatically, the recombination coefficients also have to be
pressure dependent. Nevertheless, temperature increases obtained in
this article in the cavity region still have, at least, their quantitative
legitimacy.

Summary

Models that describe radiative exchange at the surface and thermal
heat conduction within TPS material have been successfully derived
and implemented in the P-MB URANUS code, supplementing the
catalysis modeling at the surface. The models have been demon-
strated in the case of the X-38 reentry vehicle. The models showed
significant temperature changes at the surface in combination with
the strong interaction with the catalysis of the TPS material. The heat
conduction showed a temperature increase of up changes +175 K
at the surface of the X-38 with a real TPS coating depending on
the insulation assumption. Such influence cannot be neglected. The
radiation model showed a dramatic increase of 4420 K, in combi-
nation with heat conduction within the TPS +500 K at the body-flap
cavity region of X-38.

The modeling also influences the gas state within the range of the
boundary layer in significant way. The models do not take heat gen-
eration in the TPS into account. After implementing the newly devel-
oped catalysis model, which allows many more reactions at the sur-
face and predicts heat-generation terms at the surface, we are aiming
toinclude these terms in the TPS heat-conduction model. In addition,
a more reliable prediction of the surface-temperature distribution
can be obtained. Furthermore, simulations with reentry vehicles with
much more interesting nonconvex geometry such as EXPERT are in
preparation.
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