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Ablation and Thermal Response Program
for Spacecraft Heatshield Analysis

Y.-K. Chen* and Frank S. Milos'
NASA Ames Research Center, Moffett Field, California 94035-1000

An implicit ablation and thermal response program is presented for simulation of one-dimensional transient
thermal energy transport in a multilayer stack of isotropic materials and structure that can ablate from a front
surface and decompose in depth. The governing equations and numerical procedures for solution are summarized.
Solutions are compared with those of an existing code, CMA, and also with arcjet data. Numerical experiments
show that the new code is numerically more stable and solves a much wider range of problems compared with
the older code. To demonstrate its capability, applications for thermal analysis and sizing of aeroshell heatshields
for planetary missions of Stardust, Mars Microprobe (Deep Space II), Saturn Entry Probe, and Mars 2001, using
advanced lightweight ceramic ablators developed at NASA Ames Research Center, are presented and discussed.

Nomenclature

a = absorption coefficient, m~!

B’ = dimensionless mass blowing rate, n/p,u.Cy
= pre-exponential constantin Eq. (8), s7!
Cy = Stanton number for heat transfer

= Stanton number for mass transfer

specific heat, J/kg-K

activation temperature in Eq. (8), K

= view factor

= outward pyrolysis mass flux, kg/m?-s

= enthalpy, J/kg

= partial heat of charring, defined in Eq. (6), J/kg
= radiation source function in Eq. (2), W/m?-sr
radiant intensity in +x direction, W/m?-sr
= radiant intensity in —x direction, W/m?-sr
= extinction coefficient, a + o,, m™!

= thermal conductivity, W/m-K

= mass flux, kg/m?-s

= pressure, N/m?

conductive heat flux, W/m?

= radiative heat flux, W/m?

= universal gas constant, J/kmol-K

= surface recession, m

= surface recession rate, m/s

= temperature, K

= velocity, m/s

= moving coordinate, y — s, m

stationary coordinate, m

= coefficient in Eq. (9), defined in Ref. 10

= surface absorptance

= volume fraction of resin

= surface emissivity

= time, S

= optical thickness

= optical thickness for path of length D

= blowing reduction parameter

= density, kg/m’
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o = Stefan-Boltzmann constant, W/m2-K*
o, = scattering coefficient, m™!

T = mass fraction of virgin material, defined in Eq. (5)
¥ = decompositionreaction order in Eq. (8)
Subscripts

c = char

e = boundary-layeredge

g = pyrolysis gas

i = density component (A, B, and C)

j = surface species

v = virgin

w = wall

Introduction

PACECRAFT heatshieldstypically use thermal protection sys-

tem (TPS) materialsthat pyrolyzeand ablate at high temperature
for mass-efficient rejection of aerothermal heat load. Pyrolysis is an
internal decomposition of the solid that releases gaseous species,
whereas ablation is a combination of processes that consume heat-
shield surface material. For design and sizing of ablating spacecraft
TPS materials, it is imperative to have a reliable numerical proce-
dure thatcan compute surfacerecessionrate, in-depth pyrolysis,and
internal temperature histories under general heating conditions.

The program! CMA was developed by the Aerotherm Corpora-
tion in the 1960s. It solved the internal energy balance and decom-
position equations coupled with the ablating surface energy balance
condition to simulate the response of ablative heatshieldsin hyper-
sonic flows. Since then, the CMA code has been widely used in the
aerospaceindustry for analysis of ablating TPS materials on re-entry
vehicles and space probes. However, in the CMA code, the in-depth
energy equation is linked explicitly to the internal decomposition
and ablating surface equations, and the decompositionrate is com-
puted with an explicit method.? Thus, CMA solutions are sensitive
to the user-specified time step as well as to grid size, and the so-
lution accuracy is difficult to estimate. If the pyrolysis gas rate or
the surface recession rate is sufficiently high, CMA computations
can fail to converge because of the nature of the explicit scheme
implemented in the code.

Recently a methodology for high fidelity TPS sizing compu-
tations™* for hypersonic vehicles was developed at NASA Ames
Research Center. This procedurerelies on iterations between a flow
environment code and a TPS thermal response code. This iteration
process is computationallyintensive, and any numerical instability,
such as that which can occur in CMA, will substantially slow down
or thwart the entire iteration process. To streamline this iterative pro-
cedure, an accurate and numerically stable thermal response code
is indispensable.
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This work presents the program® FIAT, which is a reliable and
stablenumerical procedurefor simulation of thermal response of ab-
lators for spacecraft heatshields under a wide range of surface and
in-depth conditions. In additionto removing the potentialnumerical
instability problem of the CMA code, the FIAT code has additional
new features such as an integrodifferential equation for internal
radiative flux, optimized TPS thickness, and a flow code interface.
FIAT and CMA solutions for test cases are compared to verify the
code consistency and accuracy. The predicted in-depth tempera-
ture histories for phenolic-impregnatedcarbon ablator® (PICA) and
silicone-impregnatedreusable ceramic ablator’ (SIRCA) are com-
pared with data from arcjet tests. Results from analysis of advanced
lightweight ceramic ablators developed at NASA Ames Research
Center, such as PICA and SIRCA with and without secondary im-
pregnation, for the space missions of Stardust, Mars 2001 (Ref. 8),
Mars Microprobe, and a Saturn entry probe are also presented to
demonstrate the capabilities of FIAT.

Governing Equations and Numerical Procedures

This section presents a summary of the equations solved by FIAT
and a discussion of some pertinent aspects of the numerical proce-
dures.

Internal Energy Balance Equation
The internal energy balance is a transient thermal conduction
equation with additional radiation and pyrolysis terms>

oT| o (0T _9p
= =—(r=- hy — )=
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In Eq. (1) the x-coordinate system moves with the receding surface,
whereas the y-coordinate systemis stationary. The individual terms
in Eq. (1) may be interpreted as follows: rate of storage of sensi-
ble energy, net rate of thermal conductive and radiative heat fluxes,
pyrolysis energy-consumptionrate, convection rate of sensible en-
ergy due to coordinate system movement, and net rate of energy
convected by pyrolysis gas.

The radiative heat flux for a gray medium with isotropic scatter-
ing is’
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where « is the optical thickness, I’ (k*) = o T* /7 for radiative equi-
librium conditions, and E, is the exponential integral function.’ If
the material is optically thick (opaque, k — 00), which is true for
some solids, Eq. (2) simplifies to

40  3T*
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The local specific heat is formulated from functions of tempera-
ture input for both virgin material and char. In partially pyrolyzed
zones (p. < p < p,), the specific heat is obtained from the mix-
ing rule

Cp=TCphy + (1 = T)Cpe “)

where the weight variable 7 is the mass fraction of virgin material
in a mixture of virgin material and char that yields the correct local
density:

T= (1 - /0(‘//0)/(1 - /Of//ov) (5)

The thermal conductivity k and extinction coefficient K are
weighted in a similar manner. The pyrolysis gas enthalpy &, is an
input function of temperature and pressure. The quantity h is
defined as

7 vhv - (‘h(‘
A o
Pv = Pe

6)

Internal Decomposition Equation

A three-componentdecompositionmodel is used. The resin filler
is presumed to consist of two components that decompose sepa-
rately, whereas the reinforcingmaterialis a third componentthat can
decompose. The instantaneous density of the composite is given by

p=T(pa+pp)+ A —=Tpc (7
where subscripts A and B represent components of the resin and
C represents the reinforcing material. I" is the volume fraction of

resin and is an input quantity. Each of the three components can
decompose following the relation

Wi
BT, (u) ,
y Pui

where p,; and p,; are the original and residual densities of compo-
nent i, respectively.

9p;

i i =A,B,C (8
29 i .B.C (3)

Internal Mass Balance Equation

Internal decomposition converts some of the solid into pyrolysis
gas. Assuming quasisteady one-dimensionalflow and an imperme-
able backface, the pyrolysis gas mass flux is related to the decom-
position by the simple mass balance’

oy % ©)
dy 06

Surface Energy Balance Equation

The conditions at the ablating surface are determined by convec-
tive and radiative heating and by thermochemicalinteractionsof the
surface with the hot boundary-layergas. The surface energy balance
equation employed is of the convective transfer coefficient type and
takes the following form?:

/OeueCH (H; - hew) + n./l(‘h(‘ + mghg
+ pettoCog [ Y (. -zl - B

+awqrw - Fo'szS —Gew = 0 (10)

The first term in Eq. (10) represents the sensible convective heat
flux. The sum of the second, third, and fourth terms is defined as the
total chemical energy at the surface. The Z* terms represent trans-
port of chemical energy associated with chemical reactions at the
wall and in the boundary layer.!° The Z* driving force for diffusive
mass transfer includes the effects of unequal diffusion coefficients.
The fifth and sixth terms are the radiative heat fluxes absorbed and
reradiated by the wall, respectively, and the last term is the rate of
conduction into the TPS.

A blowing correction allows for the reduction in transfer coeffi-
cient due to the transpiration effect of the mass injection into the
boundary layer. The blowing rate correction for convective heat
transfer is

Cu _ b (1 +21B") (in
CHl 20B’

where A is the blowing reduction parameter, Cy is heat transfer co-

efficient for the ablating surface, and Cy; is the heat transfer coef-

ficient for a nonablating surface. With A = %, Eq. (11) reduces

to the classical laminar flow blowing correction.!!
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Numerical Procedures

The four main equations solved at each computational time step
are the internal energy balance equation (1), the internal decom-
position equation (8), the internal mass balance equation (9), and
the surface energy balance equation (10). The internal energy bal-
ance equationis discretized using the finite volume method for each
computational cell, and the internal decompositionis computed for
eachnode. These equations are strongly coupled within the implicit
scheme except for the radiative heat flux term defined in Eq. (2).
The dependent variables in the discretized equations are T, ¢., p,
g,and p; (i = A, B, C). The block matrix solver in the FIAT code
is the same as that used in OMLITS.?

A fully implicit treatment of the radiation term in Eq. (2) would
require the inversion of a full matrix, which is very computation-
ally expensive. Instead, FIAT currently treats Eq. (2) as an explicit
source term in Eq. (1). From our experience, radiation tends to re-
duce temperature gradients within the solid; thus, explicit treatment
of Eq. (2) does not create an instability problem unless radiation
within the solid is dominant, which is unlikely to occur in sizing
computationsof currently known TPS materials. An option for fully
implicit treatment of Eq. (2) may be considered in a future version
of FIAT if necessary. For an optically thick medium, the radiative
flux term of Eq. (3) is used instead of Eq. (2), and this term is coded
implicitly within Eq. (1). The matrix system remains block tridiago-
nal because radiation transport through an opaque medium depends
only on conditions at neighboring nodes.

Surface thermochemistry tables required for solution of the sur-
face energy balance equation (10), are computed by the program
ACE! or the program MAT.'* The user selects sets of values for
pressure P, dimensionless gas rate B;, and dimensionless char
rate B!; specifies the elemental composition of the environmen-
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Fig. 1a Surface heating history at the stagnation point of the Stardust
forebody.
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Fig. 1b PICA mass blowing rate history for total heat load of 27
kJ/em?.

tal gas, the char, and the pyrolysis gas; and supplies thermodynamic
data for all species in the system. The thermochemistry code then
computes all of the dependent quantities of interest at each table
pointin the P x B/ x B; matrix of independentvariables.

For problems with ablation, the computational grid is compressed
to reflect the surface recession at each time step. The size of the
compressed zone can be specified by the user. For the thermal re-
sponse of nonablating heatshield materials, FIAT performs just like
OMLITS because the nonablating surface is merely a special case
of the general ablating surface condition.

Two input files are required for running the FIAT code. The first
file contains all material properties including pressure-dependent
thermal conductivity,specific heat, emissivity, absorptivity,decom-
position kinetics, pyrolysis gas enthalpy, and thermochemistry ta-
bles. An index is assigned to each TPS material or structure listed
in this file, and FIAT searches for material properties based on the
assigned index. The material property file can be directly generated
from the material database program TPSX'* and reused for different
applications without modification. The second input file, which is
applicationdependent, specifies the control parameters, the heating
environment, and the computational grid. The convective heating
environmentcan be specified using an enthalpy or temperature heat
transfer coefficient or a prescribed heat flux.!

An optimized TPS material thickness can be computed through
a global iteration loop using a shooting method. The maximum
bondline temperature and the convergence criterion are defined by
the user. The FIAT code also provides interfaces with flow codes,
such as GIANTS'® and GASP,"” and with thermochemistry codes,
such as MAT and ACE, for high-fidelity fully coupled TPS sizing
computation. Examples of such coupled sizing computations are
presented in separate papers.®*
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Fig. 1c PICA mass blowing rate history for total heat load of
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Results and Discussion

In the first part of this section, comparisons between FIAT and
CMA solutionsare presentedto demonstratethe differencein perfor-
mance between the two codesand also to check the code consistency.
In the second part, the thermal response of PICA and SIRCA under
arcjet conditions (as predicted by FIAT) are shown and compared
with thermocouple data. In the last part, the applications of FIAT
for flight conditions, including the Stardust, Saturn Entry Probe,
Mars 2001, and Mars Microprobe missions, are demonstrated. Most
of these flight cases cannot be easily solved using the CMA code
because of the numerical instability problem discussed earlier.

The effect of radiation on the performance of TPS materials can
be an importantissue. However, because there is insufficient experi-
mental data to support the computational work, radiation effects are
not included in this paper, but will be examined in the future.

Code Comparison

The mass blowing rates of char and pyrolysis gas of a PICA heat-
shield surfacefor a proposedStardusttrajectoryhave been computed
using both FIAT and CMA. The nonablating fully catalytic surface
heating history* is shown in Fig. 1a. The total heat load is approx-
imately 27 kJ/cm?. A comparison of predictions between the two
codes is presented in Fig. 1b. The solid lines are the FIAT solution
and the dotted lines are the CMA solution. In general, the predicted
mass blowingrates are in good agreement exceptfor the oscillations
seen in the CMA solution. It has been found that the magnitude and
location of these oscillations depend on the time step and grid se-
lected by the user. For some combinations of time step and grid,
a converged CMA solution can be obtained with some degree of
oscillation, but for other combinations the oscillations become so
severe that no converged solution is obtained.
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Because of the matrix operationsin the implicit solution, the com-
puter time required for FIAT is approximately 35% more than that
for CMA to complete one time step. This difference may vary as the
grid size or heating rate changes. No attempt was made to highly
optimize the FIAT code because the total computing time for a typi-
cal FIAT runis only a few secondson amodern desktop workstation.

If the total heat load is halved (to 13.5 kJ/cm?), the predicted mass
blowing rates from both codes decrease, as shown in Fig. 1c. For
this relatively low heatload case, no oscillationappears in the CMA
solution, and the two solutionsare almost on top of each other. If the
total heat load is doubled (to 54 kJ/cm?), the blowing rates increase
as shown in Fig. 1d. For this high heat load condition, no converged
CMA solutionwas obtained,and only the FIAT solutionis presented.
The average and maximum percent difference in surface blowing
rates between FIAT and CMA solutions is listed in Table 1. The
averagedifferenceis less than 2% for the relatively smooth solutions
at 13.5 kJ/cm? (Fig. 1¢) and 3-9% for the oscillatory solutions at
27 kJ/cm? (Fig. 1b).

This example shows that if the total heatload is low, nearly identi-
cal solutions can be computed successfully using either the explicit
(CMA) or implicit (FIAT) code. If the heat load is about the level

Table 1 Difference between FIAT and CMA solutions

Solution difference,® %

Case Mass flux Average Maximum

13.5 kJ/em? Char 1.2 3.9
Pyrolysis 1.7 6.0

27.0 kJ/cm? Char 3.8 12.3
Pyrolysis 8.9 31.8

2Solution difference = abs[(FIAT-CMA )/FIAT].
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Fig. 2 Comparison between FIAT solution and arcjet thermocouple data; labels indicate thermocouple depth.
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of that at the forebody stagnation point of the Stardust aeroshell,
the explicit solution can be obtained with some oscillations, but the
quality of solution is sensitive to the selected time step and grid.
If the heat load is further increased, explicit solutions are difficult
to obtain. The results from this test case demonstrate that FIAT
is numerically more stable and solves a wider range of problems
compared with CMA.

Arcjet Simulation

In Figs. 2a-2d, the in-depth thermal responses of PICA and
SIRCA predictedby the FIAT code are compared with arcjet thermo-
couple data. The arcjet tests were conducted in the NASA Ames 60
MW Interactive Heating Facility and 20 MW Aerothermal Heating
Facility. The test models were flat-faced cylinders with diameters
rangingfrom 13.97to0 15.24 cm. Three thermocoupleswere installed
at different depths in each test model. Details of the arcjet testing
can be foundin Refs. 6 and 7. The purpose of the FIAT analysis was
to develop and validate material response models for these materials
over a range of heating conditions. The in-depth thermal response
was assumed to be one dimensional near the model axis, where the
thermocouples were located.

Many arcjet test cases for each material have been computed and
compared with thermocoupledata. However, because of space limi-
tations,only two representativecases for each material are presented
here.The arcjetconditionsfor the four casesare listedin Table 2. The
temperature histories of PICA at three depths for models 16075-1
and 16075-3 are shown in Figs. 2a and 2b, respectively. The surface
recessionfor model 16075-1is 0.69 cm and that for model 16075-3
is 0.48 cm. The solid lines are the thermocoupledata, and the dotted
lines are the FIAT predictions. The FIAT calculations provided a
reasonable match to the in-depth thermocouple data as well as to
the surface temperature and recession. The temperature histories of
SIRCA for models S9510-1 and S9510-2 are shown in Figs. 2¢ and
2d, respectively. The surface recession for model S9510-1 is 0.09
cm and that for model S9510-2is 0.03 cm. The SIRCA total surface
recession for these test conditions was sufficiently small so that sur-
face recession could be ignored, and only internal decomposition
(pyrolysis) was considered in the FIAT computations.

Flight Applications
Stardust

PICA was selected as the Stardust forebody TPS material. Pre-
dictions of PICA thermal response were obtained using the FIAT

Table 2 Summary of arcjet test conditions®’

Stagnation )
Geold wall» pressure, ~ Test ~Recession, cm
Material W/cm?-s Model no. atm time, s Arcjet FIAT
PICA 568 16075-1 0.28 45 0.69 0.64
PICA 852 16075-3 0.34 30 048 045
SIRCA-15F 50 S9510-1 0.20 60 0.09  0.00
SIRCA-15F 33 S9510-2 0.10 60 0.03  0.00
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Fig. 3a Heat load distributions over the Stardust aeroshell forebody.
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Fig. 3b Surface recession distribution over the Stardust aeroshell
forebody.
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Fig. 3¢ Mass loss distributions over the Stardust aeroshell forebody.
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Fig. 3d Temperature histories at the stagnation point of the Stardust
aeroshell.

code, and representativesolutions are presentedin Figs. 3a-3d. The
Stardustforebody aeroshellis a 60-deghalf-angle sphere-cone with
nose radius of 0.23 m and base radius of 0.41 m. The convectiveand
radiativeheating of a nonablatingfully catalytic surfaceat seven tra-
jectory points were obtained by Olynick et al.* using the GIANTS
and NOVAR codes.'® The thermal response of PICA is assumed to
be one dimensional. This assumptionis true for most of the forebody
surface exceptnearthe corner. The totalintegratedheatload over the
forebody surface with blowing reduction parameter of 0.5 is shown
in Fig. 3a. The heat load at the stagnation point is about 27 kJ/cm?.
The maximum contribution from radiation is about 2 kJ/cm? (7.5%
of the total heat load).
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The stagnation-pointmass blowing rate history is shownin Fig. 1a
and was discussed earlier. In Fig. 3b, the surface recession distribu-
tion over the forebody surface is presented. The surface recession
is 1.07 cm at the stagnation point, about 0.6 cm at the conical sec-
tion, and 0.63 cm at the corner. The total mass loss, including char
recession and pyrolysis gas, per unit area vs distance is shown in
Fig. 3c. The total mass loss of PICA over the entire forebody surface
is 1.06 kg. The temperature histories for the stagnation point at the
ablating surface and at fixed depths of 1.27,2.54, and 5.08 cm (the
bondline) are presented in Fig. 3d. The maximum surface temper-
ature is around 3400 K at the peak heating point. The heatshield
thickness was optimized to maintain a bondline temperature below
523 K.

The FIAT solution presented here was not fully coupled with the
flow environmentcode. The thermal response solution was obtained
using the nonablatingheat flux computed from the flow code with as-
sumed blowing reduction parameter. A blowingreductionparameter
A= % is used for all the Stardust results presented. A fully coupled
computation* has also been performed using FIAT and GIANTS.
The fully coupled solution showed that A = % is a good approxima-
tion in the vicinity of the stagnation point. Details of the fully cou-
pled computations are discussed in Ref. 4 for Stardust and in Ref. 3
for Mars Pathfinder. The CMA code was used for the latter case in
which the surface heating was low compared with the Stardust entry
and the surface recession was negligibly small. Because of the nu-
merical instability problem discussed earlier, the CMA code failed
to perform the fully coupled iterations for the Stardust forebody
computation.

Mars Microprobe (Deep Space II)

In Figs. 4a-4d, the thermal responses of Mars Microprobe fore-
body heatshield candidate materials predicted by the FIAT code
are presented. The aeroshell of the Mars microprobe is a 45-deg
half-angle sphere-cone. The nose radius is 6.2 cm, the corner ra-
diusis 1.9 cm, and the base radiusis 12.4 cm. The nonablating fully
catalytic convective heat flux at 11 trajectory points was obtained
using the GIANTS code.® The stagnation-point heating history is
shown in Fig. 4a. The peak heating rate is 250 W/cm?, and the total
nonablating heat load is about 8.7 kJ/cm?.

To meet special requirements for this mission, the surface re-
cession in the nosetip region should be kept as low as possible.
Thus, PICA and SIRCA highly loaded with secondaryimpregnation
of polymethyl methacrylate (PMMA) were proposed as candidate
heatshield materials. The intent was to maximize the pyrolysis gas
blowing rate so as to minimize the char surface recession.

Figures 4b and 4c¢ present the mass blowing rate history and the
in-depth temperature, respectively, at the stagnation point for both
materials. For PICA/PMMA the maximum pyrolysis gas blowing
rate is around 0.14 kg/m?-s, which is about one order of magnitude
higher than the char mass blowing rate. For SIRCA/PMMA the
maximum pyrolysis gas blowingrate is 0.06 kg/m>-s. The optimized
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Fig. 4a Surface heating history at the stagnation point of the Mars
microprobe.
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Fig. 4c Temperature histories at the stagnation point of the Mars mi-
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Fig. 4d In-depth density profiles at the stagnation point of the Mars
microprobe.

heatshield thickness is 1.02 cm for PICA/PMMA and 0.76 cm for
SIRCA/PMMA. The total charrecessionis 0.1 cm for PICA/PMMA
and 0.002 cm for SIRCA/PMMA. The surface temperature remains
below 1700 K on PICA but reaches about 2200 K on SIRCA.
PMMA decomposes at relatively low temperature (about 673 K),
and the carbon substrate of PICA has relatively high thermal con-
ductivity. Sufficient thermal energy can be conducted into the py-
rolyzing zone to support the large-scale PMMA decomposition in
PICA. On the other hand, SIRCA has a lower thermal conductivity;
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thus, its pyrolysis rate is less than that of PICA, but its surface
temperature is higher. Nevertheless, because of the long time for
thermal soak for this mission (the heatshield remains attached until
the vehicle impacts the surface), the higher conductivity material
(PICA) has a larger optimized thickness.

The in-depthdensity profiles for PICA/PMMA at times of 31,71,
and 100 s are shown in Fig. 4d. The PMMA decomposes at such
a high rate that the pyrolysis (density) front is very sharp. A fine
spatial grid and small time step are required to accurately solve this
problem.

Saturn Entry Probe

The TPS sizing for a proposed Saturn Entry Probe is presented
in Figs. 5a-5d. Two TPS materials selected for this preliminary
sizing were PICA-15 (240 kg/m?) and conventional carbon pheno-
lic (1440 kg/m®). Results are presented for two different proposed
trajectories that provide bounds for the heating environment. Tra-
jectory 1 has entry velocity of 27 km/s and entry angle of —20 deg,
whereas trajectory 2 has entry velocity of 30 km/s and entry angle of
—45 deg. The probe forebody is a 45-deg half-angle sphere-cone,
with nose radius of 26.25 cm and base radius of 46.8 cm.

Figure 5a shows the estimated nonablating surface heating distri-
butions along the heatshield forebody surface for both trajectories.
The optimized thickness and surface recessionare shown in Figs. 5b
and 5S¢, respectively.For this sizing calculation, the maximum bond-
line temperatureis 560 K, and the heatshieldis ejected at 151 s. The
backface of TPS material is assumed to be adiabatic, and the blow-
ing reduction parameter is assumed to be 0.5 for laminar flow and
0.35 for transitional and turbulent flow. The estimated total TPS
mass is given in Fig. 5d. The total mass of carbon phenolicis about
32 kg for both trajectories, whereas the mass for PICA-15 is only
about 7 kg.

This computation suggests that significant mass reductioncan be
achievedby using the newly developedlightweightceramic ablative
materials for the TPS on outer planetary entry probes. However, the
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strength of these materials must be assessed for such applications.
Additionally, because the surface recession for PICA-15 is greater
than that of carbon phenolic as the result of the density difference
between the two materials, the effect of surface recession on aero-
dynamic performance should be studied if PICA is selected as the
heatshield material.

Mars 2001

The TPS sizing computation for the Mars 2001 heatshield is
shownin Figs. 6a-6d. The Mars 2001 aerocapturevehicleis a 70-deg
half-angle sphere-cone with nose radius of 0.60 m and corner ra-
dius of 0.06 m. A constant 11.1-deg angle of attack is assumed
in the flow computation. A three-dimensional flow simulation was
performed by Wercinski et al.® using the GASP code.!” The in-
tegrated heat load along the pitch plane is shown in Fig. 6a. The
maximum heat load occurs at the windward-side corner. The heat
pulse is not high enough for significant surface recession to oc-
cur. Hence, computations were performed without surfacerecession
butincludingin-depth pyrolysis. Three TPS materials [SIRCA-15F,
SIRCA-secondary polymer-layered impregnated tile (SPLIT), and
SLA-561V] were investigated for the preliminary sizing computa-
tion. SIRCA-SPLIT was modeled as a standard tile substrate with
its outer half impregnated with RTV-556 resin, i.e., regular SIRCA,
and the inner half impregnated with PMMA resin to the same total
density.

The optimized thickness distributions along pitch plane for three
materials are presented in Fig. 6b. The maximum thickness for
SIRCA-SPLIT is about 3.1 cm, and that of SIRCA is about 3.4 cm.
The thickness of SLA-561V is slightly higher than that of SIRCA.
Figure 6¢ shows the stagnation point mass blowing rates for SIRCA
and SIRCA-SPLIT to explain the difference in performance be-
tween two materials. The regular SIRCA has its peak mass blowing
rate near the peak heating point (110 s), and then the blowing rate
graduallydeclines. The pyrolysisgas blowingrate of SIRCA-SPLIT
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has two peaks. The first peak, which is the same as that of a regular
SIRCA, is due to the decomposition of RTV-556, and the second
peak is the result of PMMA decomposition, which occurs as the
thermal energy reaches the second-half of material. The high pyrol-
ysis gas blowing rate blocks more surface convective heating, and
additional energy is consumed in depth by the PMMA decompo-
sition reactions. Consequently, SIRCA-SPLIT remains relatively
cool in depth compared with regular SIRCA, and the optimized
thickness of SIRCA-SPLIT is less than that of SIRCA. Figure 6d
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Fig. 6a Totalheatload distributionsover the Mars 2001 forebody pitch
plane.
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Fig. 6b Optimized TPS thickness distributions over the Mars 2001
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gives the total TPS mass for contoured aeroshells with optimized
thickness distributions from Fig. 6b. The SIRCA-SPLIT material
provides 5-6 kg of mass reduction compared with the other two
materials. A comparable mass reduction is obtained for constant
thickness aeroshells using the maximum thicknesses from Fig. 6b.

Conclusions

The FIAT program has been developed. FIAT solutionshave been
compared with arcjet thermocouple data and with solutions from
the CMA code. The FIAT code was shown to be numerically more
stablethan CMA and, thus, capable of solvinga widerrange of prob-
lems. The application of FIAT for TPS thermal response and sizing
for real flight missions, including the Stardust, Mars Microprobe,
MARS 2001, and a Saturn Entry Probe with various TPS materials
was demonstrated. FIAT has been proven to be an extremely useful
computationaltool for analysis and sizing of spacecraftheatshields.
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