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Unified Calculation of Hypersonic Flowfield for a Reentry Vehicle

Toshiyuki Suzuki,* Michiko Furudate, and Keisuke Sawada*
Tohoku University, Sendai 980-8579, Japan

A unified computational fluid dynamics (CFD) method is developed that integrates numerical methods for solving
specific problems related to aerodynamic heating phenomena and ablative heatshield. With the use of this unified
CFD code, trajectory-based analysis on the aerodynamic heating environment for the MUSES-C superorbital
reentry capsule is conducted. Converged solutions can be obtained by loosely coupling the CFD code and the
charring materials ablation code within a few iterations. The results show that the wall surface temperature
in the downstream region is significantly elevated by the effect of turbulence due to ablation product gas. Wall
temperature as well as the recession rate at the stagnation point along the entry trajectory is found to duplicate

well the existing predictions.

Nomenclature
AT = constant,26
d = mixing length, m
E = total energy per unit volume, J/m?
E, = vibrational-electron-electronic energy
per unit volume, J/m?
J; = reaction rate, mol/(m? - s)
k = Boltzmann constant, 1.3806 x 1076 erg/K
ki = surface reaction velocity, m/s
M; = molecular weight of species s, kg/kmol
m, = pyrolysisgasinjectionrate, kg/(m* -s)
ng = number density of species s, cm™>
o = vector of conserved quantities
T = translational-rotaticnal temperature, K
T, = vibrational-electron-electronic temperature, K
u = velocity componentin x direction, m/s
v = velocity componentin y direction, m/s
yt = nondimensional wall coordinate
o = surface reaction probability
Vs = concentration of species s, mol/kg
e = void fraction
K = absorption coefficient at given wavelength including
stimulated emission, cm™!
I = eddy viscosity, N - s/m?
Os = density of species s, kg/m’
s = elemental density of element s, kg/m?
03 = absorption cross section at given wavelength, cm?
X = von Karman constant, 0.4
1) = vorticity,s™!
Subscripts
BL = Baldwin-Lomax turbulence model*
E = equilibrium
i = reactionindex
inj = injection flow from the wall surface
Park = Park’s injection-inducedturbulence model®
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Introduction

ESSONS thatcan be learned from past planetary missions such

as the Pioneer-Venus probes' and the Galileo probe? are really
important in designing heatshields of future space vehicles. The
flight data obtained during the reentry phase of Apollo return cap-
sules are also extremely valuable.

Past attempts for reproducing the flight data in the entry flights
were summarized by Park.? He pointed out that the higher tempera-
ture appeared near the frustum edge of the Pioneer-Venus probe ve-
hicles could be caused by early transitionof the boundary layer due
to an ablation product gas. Promotion of turbulence due to spalled
particles from the heatshield and nonequilibrium radiation of car-
bonaceous species in the shock layer could also be the cause.

The flight data obtained during the entry of the Galileo probe
vehicle into the Jovian atmosphere also indicated substantial dif-
ferences from preflight predictions. Although radiative heating was
dominantin this case, the flight data analysis indicated that the char
layer was thinner at the stagnationregion and far thicker at the frus-
tum region than that of the preflight predictions* Therefore, the
design methodology of ablative heatshieldsestablished so far in the
United States obviously has a room for further improvements.

Ablation phenomena of heatshieldsinvolve complicated physics
that make the prediction quite difficult. However, a simpler physical
model that is suitable for explaining a specific problem can fail to
give an overall descriptionof the problem. Therefore, the only viable
method for accurate prediction of ablation phenomena seems to be
to account for various aspects of the problem simultaneously and,
thus, to combine various computer codes for correspondingspecific
parts of the ablation phenomena.

For the higher heating rate probably caused by the earlier transi-
tion of the boundary layer, Park conjectured that the injected pyrol-
ysis gas was already turbulentand had an increased heating rate. He
developed a turbulence model based on the conventional mixing-
length theory for characterizing the eddy viscosity of the injected
pyrolysis gas at the stagnationpoint.’> Ahn et al. applied this model
to the entire surface of the Pioneer-Venus prove vehicle,’ and they
partially explained the observed higher temperature in the down-
stream region numerically.

In the sequel work of Izawa and Sawada,” a new implementation
of Park’s turbulence model was first developed to show an improved
agreement with the correspondingdata. With this new implementa-
tion method, the aerodynamicheating problemof the Pioneer-Venus
probe vehicle was revisited® by combining a nonequilibrium ther-
mochemical CFD code and a charred materials ablation (CMA)
code’ A consistent boundary condition at the wall was accom-
plished by loosely coupling these codes iteratively along the flight
trajectory. The temperature rise in the ablative heatshield at the
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frustum region was well reproduced, although several assumptions,
such as to give the same stagnation radiative heat flux value over
the entire surface, were made.

For the possible radiative heating, accurate prediction of the heat
flux is only possible when flowfield is fully coupled with radiative
heat transfer. A detailed line-by-line calculation of radiative inten-
sity, however, requires prohibitively large computing time to obtain
radiative heat flux values. Even the multiband model is considered
to be too time consuming for fully coupled calculation of strongly
radiating flowfield.

Recently, Sakai et al 1o developed a radiation model, the Planck-
Rosseland-gray (PRG) model, for reducing computing time in the
radiationcalculation. With the aid of the PRG model, a fully coupled
calculation of the radiation-dominated flowfield has been shown to
be feasible. Furthermore, the recent work of Tsuru and Sawada'!
showed that an implicit integration of the flow equations using the
lower-upper symmetric Gauss-Seidel algorithm could give con-
verged solutionsfor radiationdominated flowfield, evenif the radia-
tive heat flux term was integrated explicitly. Because of the explicit
treatment of the radiative source term, not only the computing time
but also the memory size needed for such calculationis substantially
reduced. Sakai and Sawada showed that the nonequilibriumthermo-
chemical CFD code could also be combined with the PRG model
to give a strongly radiating nonequilibrium flowfield.'? Therefore,
it seems possible now to further combine the CFD codes for pre-
dicting convective heating and those for radiative heating, to give
a unified approach that can potentially give an accurate solution of
the flowfield involving ablation phenomena.

The ultimate aim of the presentstudy is, thus, to integrate the hith-
erto developednumericalmethodsin our group for specific problems
related to ablative heatshield and aerodynamic heating phenomena
and to see whether reliable solutions that are needed for designing
an ablative heatshield can be obtained. The flow features considered
in the unified code will be 1) thermochemical nonequilibrium for
high-temperature air including carbonaceous species, 2) thermal
response of ablative heatshield using a CMA code, 3) injection-
induced turbulence model, 4) fully coupled flowfield with radiative
heat transfer, 5) shape change of heatshield due to recession, and
6) the effect of spalled particles from the heatshield.

Toward this goal, the present study considers flow features 1-3
justlisted and makes a trajectory-basedanalysis on the aerodynamic
heatingenvironmentfor the MUSES-C superorbitalreentry capsule.
In this study, the radiative heat flux transferred to the wall surface is
computed by the tangent-slabapproximationwith using a multiband
methodandis only used as the boundary conditionin the CMA code.
Thus, the flowfield is indirectly coupled with radiation through the
change in the property of ablation product gas. A fully coupled
calculation with radiative heat transfer, as well as recession of the
heatshield (features 4 and 5), will be consideredin a separate paper.
Inclusion of effect of spallation, however, seems to need further
effort.

Numerical Methods

The governing equations are the Navier-Stokes equations for an
axisymmetric flowfield, consisting of species mass, momentum, to-
tal energy, and vibrational-electron-electronic energy conservation
equations.

In this study, the idea of elemental species conservationequation
isintroduced.” For high-temperatureairflow, we employ the follow-
ing 11 chemical species: N, O, N,, 0,, NO, N*, 0", N;, OF , NO™,
and e”. Moreover, we consider 10 species, C, C,, C3, CO, CN, Ct,
H, H,, C,H, and H™, as the ablation products from the heatshield
of MUSES-C reentry capsule thatis made of carbon-phenolic. The
conservative variable Q thus becomes

Q = (Pxn: o, PC, PH> PNs PO PNO> PN* > PO+ :0N2+7 :Oozﬂ POt

0cs PCN> PCOs OC3» PCts PH> PCoH»> Put > PU, pv, E, EN' (1)

where a charge neutrality is assumed to omit p,-. Instead of solving
the conservation equations for Ny, O,, C,, and H,, the following
relations are used to derive px,, Po,, Pc,, and py,:

0 ONF
p_N:ﬂ+2&+m_o+ PON* +2_2+M+ PeN

MN MN MNZ MNO MN+ MN; MNo+ MCN
(2a)
12 L0 £0, PNO Lo+ Poy PNO+ £co
— st 22—t —t+ — F+ 22— —— + —
Mo Mo Moz Myo Mo+ M02+ MNo+ Mco
(2b)
15C Pc Pc, PCcN Pco 14e Pc+ PCoH
— =—+2—+ + +3— 4+ — +2—
Mc Mc Mc, Mex Mco Mc, M+ Mc,u
(2¢)
PH _ PH PH, | PCH | PHT
—_— = — 22— 4 — (2d)
My My My, Mc,u My+

The total density is given by a sum of these elemental densities.
The governing equations for elemental densities pn, po, pc, and
Oy can be written in the form of convection equation as'

00, 0psu 0PV PsU
i+p_+p_+p_

=0, s=N,0,C,H (Q3)
at 0x ay y

for the axisymmetric flowfield. Note that there is no source term
in Eq. (3) because chemical reactions preserve the elements. Note
that the diffusion term in the elemental density conservation equa-
tion is omitted. This implies that the diffusion term of the removed
chemical species is so determined that the overall diffusion of the
corresponding element is to be vanished. In this respect, the use of
an elemental density conservation equation of the present form is
less rigorous. Nevertheless, we have employed it because it seems a
reasonable compromise that can satisfy conservation of total mass
and numerical robustness of the scheme simultaneously. Note that
the diffusion effects of those atomic species that contribute to the
surfacereactions and, hence, to the wall heating rate are all retained
in the species conservation equations. In Ref. 13, the advantages
of using elemental density conservation equations in conjunction
with the diagonal implicit scheme'* indicate that 1) elements are
always conserved no matter how the remaining chemical species
evolve during convergence to steady state and 2) the evolution of
the total density conservation equation is not lagged behind those
of momentum and total energy equations.

Park’s two-temperature model is employed to describe the
nonequilibrium thermochemical states. The vibrational-electron-
electronic energy conservation equation accounts for 1) vibrational
energy excitation of molecules through collisions between heavy
particles, 2) elastic energy transfer between electrons and heavy
particles, 3) gains or losses of energy by electron impact ionization,
and 4) gains or losses of vibrational-electron-electronic excitation
energy of heavy particles in chemical reactions.”” The preferential
dissociation model is not used in this study. Vibrational relaxation
parameters, such as a vibrational relaxation time, are taken from
Refs. 16 and 17. The relaxation time is accounted for Park’s lim-
iting cross section at high temperature. The values of reaction rate
coefficients are taken from Refs. 16 and 18.

The governingequationsare integratedby a finite volume method.
The numerical flux at a cell interface is provided by the AUSM-DV
upwind scheme.!® Spatial accuracy is improved by the MUSCL ap-
proach. An explicit method is used for the time integration, and the
diagonal point implicit method'* is employed for stability mainte-
nance of the source term. Use of the elemental density conservation
equation somewhat complicates the derivation of the Jacobian ma-
trix for the point implicit method but can reduce the number of
species conservation equations that contain chemical source term.
A local time stepping method is used for a faster convergence.

Calculation of Radiative Heat Flux

The radiative heat flux at the wall surface is computed from
the obtained flowfield data using the tangent-slab approximation.
The emission and absorption coefficients are first calculated using a
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multiband model. In the presentmultiband model, the absorptionco-
efficients are evaluated at 2294 wavelengthpoints for airand at 7610
wavelength points for carbonaceous and hydrogenic species. They
are constructed for the wavelength region from 750 to 15,000 A.
The absorption coefficient of the gas mixture is expressed as a sum
of those for individual species in the form of?

K = Z”i‘% 4)

The cross section value is curve fitted using the five parameters in
the form of
=exp(4], [z + AL + AL+ AL+ ALE) )

03,

i

where z =10,000/T,.

Material Thermal Response Code and Surface Reactions

When one tries to obtain the net heating rate at a wall with ab-
lation, consistent boundary conditions between a CFD and a CMA
code should be specified at least in a loosely coupled manner. In
the CMA code, four conservation equations, that is, conservation
of solid density, pyrolysis gas density, momentum of pyrolysis gas,
and energy equations, are solved one dimensionally’ Because the
phenomenon of ablation is essentially time dependent, these equa-
tions are solved along the flight trajectory by changing the boundary
conditions, such as heating rates. The convective heating rate and
the radiative heating rate at the wall at a specified time is provided
from the CFD solution. The heating rate at intermediate time is
interpolated.

The surface of the carbon-phenolic ablator becomes a char layer
under severe aerodynamic heating. The material response proper-
ties, such as an emissivity and densities of virgin and char layers,
are taken from Ref. 21.

The injection rate of pyrolysis gas from the wall is given by the
CMA code as

mp =¢gppilp (6)

The void fraction represents the degree of porosity. Pyrolysis gas
passes through these voids. Because the CMA code solves the void
fractionone dimensionallyto the wall surface, we assume the poros-
ity at the wall surface is identical with the void fraction. Therefore,
at the wall, the ratio of the void portion and the catalytic wall mostly
consisting of char is given by ¢: 1 —¢. The solid and the pyroly-
sis gas are assumed to be at the same temperature, and the surface
composition of the pyrolysis gas is assumed to be in chemical equi-
librium at the common temperature and pressure.

The surface reactions used in this study are describedin detail in
Ref. 18. The surface reaction velocity is given by kinetic theory as

ki = o/ 8KT, [m M, [4 (7)
The reaction rates are given by
"i = (onskwi)w (8)

We consider the following four types of chemical reactions that
occur at the ablator surface.
1) The surface oxidation:

0+ C(s) > CO 9
o = 0.63 eXP(_1160/Tw)s M.Y = M07 ‘,l = (onokwl)w
(10)

where C(s) is the carbon atom of the solid surface.
2) The surface nitridation:

N + C(s) - CN )
M.Y = MN7

a =1, Jr = (pynkw2)w (12)

3) The surface sublimation:

C(s) — C3 (13)
a3 = 30exp(—21,490/T,), M; = Mc,
"3 = Llo(yE.C3 - yC3)kw3Jw (14)

We assume Eq. (13) because the sublimation product of graphite
consists mostly of C; (Ref. 18). The equilibrium composition of C;
for the present study can be expressed as

vec, = 1.9 x 10° exp(—59,410/T,) /(o Tw) (15)
4) The recombination of ions and electrons:
At +e” — A (A:ions) (16)

o, = 17 M.Y = MA7 "n = (IOJ/A+kw)w (17)

The catalytic recombination processes such as

2N — N, 20 = 0O, (18)
are ignored. The concentration of surface reacting species can be
found by solving the relations that the production rate at the wall
balances with diffusion.

Turbulence Model

The turbulence model and concept of injection-induced turbu-
lence used in this study are described in detail in Ref. 7. The
injection-induced turbulence model was implemented into CFD
code by the following approach: We describe the eddy viscosity as

e = (u)BL + ()i (19)

where the first term in the right-hand side is given by the original
form of the Baldwin-Lomax turbulence model.”? The second term
is given by

()i = pd* o (20)
d = max(0, d,, — xy) exp(—y*/A") (21)

The mixing length d takes the maximum value d,, at the wall and
decays exponentially in the boundary layer according to the Van
Driest theory. The wall mixing length d,, is chosen to satisfy the
relation

(1) = Pud 0],y (22)

Code Validation

Because the present unified code consists of several computer
codes that have been separately developed, let us describe a brief
validation history of the software. The thermochemical package
used in the CFD code was originally developed for airflows ac-
counting for five neutral air species. Verification was attempted to
reproduce the Fay-Riddell correlation, and validation was made by
reproducing the flight data of heat flux at the space shuttle nose.2?
It has also been checked extensively in the series of calculation of
shock layer thickness over a sphere and cones in the intermediate
hypersonic range 2*?> The package was then extended to include
carbonaceousspecies and applied to solve the entry flowfield of the
Pioneer-Venus probe vehicle.

The CMA code first reported by Ahn et al. was validated by
the comparison with the experimental data obtained in arc heated
airflow and was applied to solve the thermal response of ablator
heatshield for the Pioneer-Venus probe vehicle” The CMA code
was also examined in detail in Ref. 26 for the ablator material of
MUSES-C. The presentstudy employs the same subroutine package
that was used in Ref. 26.

The injection-induced turbulence model was first incorporated
into a CFD code by combining with one-equationturbulence model.
The code was applied to solve the velocity profile in the boundary
layer over a spherical blunt body with foreign gas injection through
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a porous wall.”’ A peculiar velocity profile seen in the experiment
was qualitativelyreproduced.In anotherstudy, as stated in Introduc-
tion, the heating environment of the Pioneer-Venus probe vehicle
with ablation was calculated ® The higher heating rate at the frustum
edge observed in the flight data was also qualitatively reproduced.
InRef. 7, an alternativeapproach was studied in which the injection-
induced turbulence model was combined with zero-equation alge-
braic turbulence model. This new scheme successfully reproduced
the heat transferrate at the stagnation point of a blunt body with for-
eign gas injection in the hypersonic flowfield. Though the heating
rate in the downstream region was overestimated by factor of 2, the
overall agreement with the experimental data was judged fair. With
use of this new scheme, the entry flowfield of the Pioneer-Venus
probe vehicle with ablation along the trajectory was calculated by
the integrated CFD-CMA code.® A reasonable agreement with the
flight data was obtained for the temperature history not only at the
stagnation point but also at the frustum edge. The present unified
code originates from this integrated CFD-CMA code.

Results and Discussion

The surface geometry for the MUSES-C reentry capsuleis shown
in Fig. 1. The forebody is a 45-deg sphere-cone with a nose radius
of 0.2 m. Figure 2 shows a typical example of structured mesh with
59 x 77 grid points. The forebody computationaldomain extends to
the shoulder. Figure 3 shows the reentry trajectory of the MUSES-C

Fig. 1 Geometry of the MUSES-C reen-
try capsule.

0.05F

Fig. 2 Computational mesh with 59 X 77 grid points.
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Fig. 3 Reentry trajectory of MUSES-C; entry angle at 200 km is as-
sumed to be — 12 deg.

Table 1 Freestream flow conditions

97

Flight Relative

time, Altitude, velocity, Density, Temperature,
S km km/s kg/m? K

55 81 12.053 1.592¢7 215

60 72 11.947 6.068¢7 220

65 64 11.600 1.600e—* 230

70 56 10.611 5.142¢74 245

75 49 8.870 1.128¢73 255

300 T

F —e—Laminar({m,=0)
——1st iteration
—+—2nd iteration
—*—3rd iteration.
——4th iteration
—&—5th iteration
—e—10th iteration
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Convective heat flux, q [WIcmZ]

Fig. 4 Convergence history of the convective heat flux profile along the
surface with ablation at 55 s from 200 km.

capsule with the chosen trajectory points denoted by circles where
CFD calculations were made. The freestream conditions at these
points are listed in Table 1. The entry angle into the atmosphere at
200 km is assumed as —12 deg.

In the course of the present calculation, we first obtain an initial
solution at the first trajectory pointat 55 s of flight time. We assume
that ablation and wall reactions are absent and that the boundary
layer is laminar (hereafter called the laminar solution). The con-
stant wall temperature is arbitrarily chosen as 3000 K. From this
initial solution, we can find the boundary conditions for the CMA
code such as convective and radiative heat transfer rates. We as-
sume the heat transfer rate is zero before 30 s (density is below
1.0 x 1077 kg/m®) and is interpolated by a quadratic function up to
the first trajectory point at 55 s. With the interpolated heating rate
during this period, the CMA code solves the thermal response of the
ablator along the trajectory and gives the wall boundary condition
such as wall temperatureand injectionrate from 30 to 55 s. Once the
wall boundary condition at 55 s is specified, the new CFD solution
with the ablation effect is calculated at the same trajectory point.
The converged solution then gives the new boundary condition for
the CMA code at 55 s, and the thermal response of ablator is again
calculated along the trajectory. In this way, the CFD code and the
CMA code are loosely coupled.

Figure 4 shows the convergence history of convective heat flux
profiles along the wall surface at 55 s. As can be seen, although a
small fluctuation still remains at larger normalized distances, con-
vergence is virtually attained within 5 iterations if compared with
the solution of the 10th iteration (hereafter the converged solution
is called the turbulent solution). Note that the converged profile is
substantially different from the initial one particularly in the down-
stream region due to turbulence effects. One can see a small spike
in the heat flux profile at the stagnation point. This is a typical nu-
merical error that often appearsin the calculationwhen assuming an
axisymmetric flowfield. Experience indicates that this spike can be
eliminated if the detached shock wave is accurately resolved using
a solution adaptive mesh system. Such an effort is not attempted in
this study because the spike can only have a minor effect for overall
heat flux profile. Figure 5 shows the radiative heat fluxes along the
stagnation streamline. Both the wallward radiative heat flux compo-
nent that finally reaches the wall surface as well as the shockward
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Fig. 5 Radiativeheat flux components along the stagnation streamline
at 55 s from 200 km.
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Fig. 6 Convergence history of wall temperature profile along the sur-
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Fig. 7 Converged profile of the convective heat flux along the surface
at the chosen trajectory points.

component that ultimately escapes from the computational domain
are shown. The convergence history of the wall temperature profile
is shown in Fig. 6.

Next, the CFD solution at 60 s of flight time is obtained. As
before, we assume the initial flowfield to be laminar and without
ablation. We then linearly interpolate the heat flux value from 55 to
60 s, which is fed into the CMA code. The solution from the CMA
code then gives the new boundary condition for the CFD code. The
converged and consistent solution accounting for ablation at 60 s is
finally obtained iteratively. The converged solutions at 65, 70, and
75 s of flight time are similarly obtained by using the CFD solution
at the previous trajectory point as the initial solution. Figure 7 shows
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Fig. 8 Wallward radiative heat flux along the stagnation streamline at
the chosen trajectory points.
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Fig. 9 Shockward radiative heat flux along the stagnation streamline
at the chosen trajectory points.

the surface heating profiles accounting for ablation and turbulence
at the chosen trajectory points. Because of the turbulentheating, the
heating rate in the downstream region becomes larger particularly
at 70 and 75 s of flight time. Moreover, because of the blockage ef-
fect due to the significant ablation, the heating rate at the stagnation
pointat 75 s is lower than that at 70 s. The computed wallward and
shockward radiative heat fluxes along the stagnation streamline at
those five trajectory points are compared in Figs. 8 and 9, respec-
tively. It is indicated in Fig. 8 that the radiative heating along the
stagnation streamline toward the wall at 55 s of flight time at the al-
titude of 81 km becomes larger than that at the lower altitude. This is
because the vibration-electron-electronic temperature that dictates
radiative heating rate in the two-temperature model becomes higher
in the shock layer, as shown in Fig. 10.

Figure 11 shows the stagnation point heat transfer rates with ab-
lation along the trajectory. The total heat flux at the stagnation point
is defined here as a sum of the convective heat flux and the wallward
radiative heat flux minus the shockward radiative heat flux. A max-
imum convective heat flux value of about 700 W/cm? is obtained at
70 s. After that time, the convective heat flux decreases because of
the significant convective blockage effect. The wallward radiative
heat flux is about 15% of the convective heat flux at the peak heating
point.

The calculated temperature histories at the ablator surface are
shown in Fig. 12. To compare directly with the existing result, the
initial temperature of the ablator surface at altitude of 200 km is
assumed as 300 K. At the stagnationregion, the temperature history
shows a fair agreement with that given by Suzuki et al.?® They stud-
ied the stagnationheating and the ablation process of the MUSES-C
capsule by using the laminar viscous shock layer (VSL) equations.
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Fig. 10 Vibrational-electron-electronic temperature along the stag-
nation streamline at the chosen trajectory points.
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Fig. 12 Wall temperature history at the stagnation point and in the
downstream region of the MUSES-C reentry capsule.

Although Suzuki et al. considered the laminar boundary layer with
ablation, the heating rate became comparable with the present turbu-
lent solution due to inclusion of catalytic recombinationof O and N
atoms. At the frustum edge, the higher heating can be seen because
of the turbulence due to ablation product gas.

Figure 13 shows the surface recession at the stagnation point.
Although the present solution is slightly shifted from that given in
Ref. 28, the agreement between these solutions is fairly good. The
calculated recession profile along the wall surface at 75 s of flight
time is shown in Fig. 14. Because of significant turbulent heating
in the downstream region, the surface recession becomes larger at
s/R =0.3 than that at the stagnation point and then gradually de-

Normalized distance along the surface, s/R

Fig. 15 Convective heat flux profiles at 70 s from 200 km obtained in
the grid convergence study. Converged solution using an adaptive mesh
also shown.

creases toward the juncture point but slightly increases again at the
frustum edge.

Finally, theresults of grid convergencestudy are shownin Fig. 15.
Both the laminar and the turbulent solutions at 70 s of flight time
are examined. As can be seen, the calculated solutions using a finer
mesh with 59 x 150 mesh points duplicate well the presentsolutions
using the standard mesh thathas 59 x 77 mesh points. In Fig. 15, the
effect of mesh adaptationto the detached shock wave is also shown.
Althougha slightincrease of heat flux value over the surface occurs
for this case, the overall heat flux profile is seen to be unchanged.
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Conclusions

A trajectory-based unified analysis on the aerodynamic heating
environment for the MUSES-C reentry capsule is conducted by
means of integrating a thermochemical nonequilibrium CFD code
that accounts for 21 chemical species including carbonaceousones,
a CMA code that gives the thermal response of ablative heatshield,
and an injection-induced turbulence model that characterizes the
eddy viscosity of the ablation product gas. The radiative heat flux is
computed by using the tangent-slab approximation with the multi-
band model and is used as the boundary condition in the CMA
code, although calculation of the fully coupled flowfield with ra-
diative heat transfer is not accomplished. Moreover, accounting for
shape change due to recession in the CFD calculation and account-
ing for spalled particles from heatshield are as yet to be done. It
is shown that the converged solution along the reentry trajectory
can be obtained by loosely coupling the CFD code and the CMA
code. The convergence at each trajectory point is reached within a
few iterations. The maximum convective heat flux at the stagnation
point is found to be about 700 W/cm?, whereas the wallward ra-
diative heat flux becomes about 15% of the convective value at the
peak heating point. It is also found that the wall temperature in the
downstream frustum region is significantly elevated by the effect of
turbulence due to the ablation product gas. The wall temperature,
as well as the recession rate at the stagnation point along the entry
trajectory,duplicates well that given by the existing VSL/CMA cou-
pling calculation, although the existing result accounts for catalytic
recombination of atomic oxygen and nitrogen at the wall surface,
whereas the present study assumes a noncatalytic wall for those
recombination reactions but includes the turbulence effect of the
ablation product gas.
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