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Two-Dimensional Implicit Thermal Response
and Ablation Program for Charring Materials

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

The TITAN program for predicting charring material ablation and shape change of thermal protection materials
is presented. The governing equations include energy conservation and a three-component decomposition model.
The surface energy balance condition is solved with a moving grid to calculate the shape change due to surface
recession. The governing equations are discretized with a finite volume approximation with a general body-fitted
coordinate system. A time-accurate solution is achieved by an implicit time-marching technique with Gauss-Seidel
line relaxation with alternating sweeps. Benchmark solutions are calculated and compared with available solutions
to check code consistency and accuracy. For fully coupled solid-fluid simulation, this technique has been directly
integrated with both a high-fidelity Navier-Stokes solver and an aerothermal flowfield engineering correlation
code. Representative computations, including a slender hypersonic reentry vehicle and a flat-faced cylinder model

in an arcjet test, are presented and discussed in detail.

Nomenclature
area, m>
preexponential constant in Eq. (6), s~
dimensionless mass blowing rate, n1/p,u,Cy,
Stanton number for heat transfer
Stanton number for mass transfer
specific heat, J/kg - K
activation energy in Eq. (6), J/kmol
radiation view factor in Eq. (8)
recovery enthalpy, J/kg
enthalpy, J/kg
partial heat of charring, defined in Eq. (4), J/kg
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
corner radius, m
nose radius, m
surface recession, m
surface recession rate, m/s
temperature, K
time, s
velocity, m/s
local grid velocity, m/s
coefficient in Eq. (8), defined in Ref. 11
surface absorptance
volume fraction of resin
surface emissivity
blowing reduction parameter
general body-fitted coordinate system
total density, kg/m*
Stefan-Boltzmann constant, W/m? - K*
= mass fraction of virgin material, defined in Eq. (3)
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¢ = vector of independent variables, defined in Eq. (12)
v decomposition reaction order in Eq. (6)
Subscripts

c = char

e = boundary-layeredge

g = pyrolysis gas

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

J = surface species

m,n = index of computation cell

v = virgin

w = wall

Superscripts

l = index of time level

Introduction

PACECRAFT heatshieldstypically use thermal protection sys-
tem (TPS) materialsthat pyrolyzeand ablate at high temperature
for mass-efficientrejection of the aerothermal heatload. Pyrolysisis
an internal decompositionof the solid that releases gaseous species,
whereas ablation is a combination of processes that consume heat-
shield surface material. For the design and sizing of ablating space-
craft TPS materials, it is imperative to have a reliable numerical pro-
cedure that can compute surface recession rate, in-depth pyrolysis,
and internal temperature histories under general heating conditions.
CMA! was developedby the Aerotherm Corporationin the 1960s.
This technique solved the internal energy balance and decomposi-
tion equations, coupled with the ablating surface energy balance
condition, to simulate the response of ablative heatshieldsin hyper-
sonicflows. Recently, FIAT was developedat NASA Ames Research
Center.? FIAT is numerically more stable and solves a widerrange of
problems compared with CMA, and it has been used for TPS sizing
calculations for various NASA space missions, for example, Mars
Pathfinder and Stardust.? However, the governing equations solved
in both CMA and FIAT codes are one-dimensional. Thus, these two
codes are not reliable for conditions in which the one-dimensional
assumption is not true, such as a nosetip of a slender hypersonic
reentry vehicle or an arcjet test model with small nose radius.
ASCC,? also developed by the Aerotherm Corporation, is an en-
gineering code for fully coupled solid-fluid simulation with two-
dimensional (axisymmetricor planar) geometry.In ASCC, the effect
of pyrolysis gas from internal decomposition is not implemented,
and the thermal diffusion equation is solved using a finite dif-
ference scheme with overlaid grids that is not always accurate.
A two-dimensional ablation code developed at Sandia National
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Laboratories uses the finite control volume method with unstruc-
tured grids.’ In this code, mesh motion owing to ablation is imple-
mented by assuming the mesh behaves as a linear elastic solid with
surface-nodedisplacementequal to the surface recession. The effect
of pyrolysis gas was not considered,however, and the solid-fluid in-
teraction was not discussed. More recent work considered different
iterative approaches for coupling the fluid and solid solutions

The subject of this work is the development of the TITAN pro-
gram to perform high-fidelity thermal response and shape change
simulations for charring materials. The governing equations, which
include energy conservationand a three-componentdecomposition
model with a moving grid, are discretized using a finite volume ap-
proximation with general body-fitted coordinates. A time-accurate
solution is achieved by an implicit time-marching technique using
Gauss-Seidel line relaxation with alternating sweeps.” The compu-
tational grid consists of an interior zone and an exterior zone. The
interior zone remains fixed in the course of computation, whereas
the exterior zone is compressed to account for surface ablation. In
most cases, a coupled fluid-solid simulation is required for accu-
rate prediction of shape change, because the aerothermal heating is
very sensitive to the geometry of solid surface. The Navier-Stokes
solver® GIANTS and the aerothermal flowfield engineering correla-
tion code® MEIT are directly integrated with TITAN using a loosely
coupled method for simulation of the solid-fluid interaction. Repre-
sentative computations, including a slender nosetip and a flat-faced
cylinder, will be presented and discussed in detail.

Governing Equations

The internal energy balance is a transient thermal conduction
equation with additional pyrolysis terms’:

oT -
pc,,; =V.-(kVT) - (hy =)V -1y +my-Vh, + pc,v-VT
(1)

The individual terms in Eq. (1) may be interpreted as follows: rate of
storage of sensible energy, net rate of thermal conductive heat flux,
pyrolysis energy consumption rate, net rate of energy convected by
pyrolysis, and convectionrate of sensible energy due to coordinate
system movement. The local specific heat is formulated from func-
tions of temperature input for both virgin material and charred. In
partially pyrolyzedzones (p. < p < p,), the specific heatis obtained
from a special mixing rule:

Cp = Tcpu + (1 - T)Cpc (2)

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

e Lo =)
/O(pu - pc)
The thermal conductivity k is weighted in the same manner. The
pyrolysis gas enthalpy %, is input as a function of temperature and
pressure. The quantity % is defined as
= Dl = pche @
Pv — Pe
The thermal and mechanical properties of many ablators for space-
craft heatshield applications are available in the TPSX program!°
accessible through the Internet.

A three-componentdecompositionmodel’ is used. The resin filler
is presumed to consist of two components that decompose sepa-
rately, whereas the reinforcing material is the third component that
can decompose. The instantaneousdensity of the compositeis given
by

3

>

p=T(pa+ps)+ (1 —=Dpc )

where A and B represent components of the resin and C represents
the reinforcing material. The parameter I" is the volume fraction of
resin and is an input quantity. Each of the three components can
decompose following the relation

Wi
api Eai Pi — Pri
— = _B, ——— ) pui -Vp, (6
o1 exp( RT )p ( o +v-Vp; (6)

where p,; is the residual or terminal density of component i, and
Poi 1s the original density of componenti . The motion of pyrolysis
gas is assumed to be one-dimensional (along the n direction), and,
thus, the mass flow rate of pyrolysis gas at the surface is calculated
using the following approximation:

—1 Nw ap
i, = —— — JAd 7
mg A no (at> ! ( )

Boundary Conditions
Conditions at the ablating surface are determined by convective
and radiative heating and by surface thermochemical interactions
with boundary-layer gases. The surface energy balance equation
employed is of the convective transfer coefficient type and takes the
following form’:

peueCH (Hr - hew) + peueCM |: Z (Zje — ij)hj-w — B/hwi|

+mchc + mghg +C{wqu - FUEwT: —fqcw = 0 (8)

The first term in Eq. (8) represents the sensible convective heat
flux. The sum of the second, third, and fourth terms in Eq. (8) is
defined as the total chemical energy at the surface. The Z* terms
represent transport of chemical energy associated with chemical
reactions at the wall and in the boundary layer.!! The Z* driving
forces for diffusive mass transfer include the effects of unequal
diffusion coefficients. The fifth and sixth terms are the radiativeheat
fluxes absorbed and reradiated by the wall, respectively,and the last
term, gc., represents the rate of conduction into the material. Here
B’ is the normalized mass blowing rate. Tables of B’ for charring
materials can be generated using the ACE!! or MAT techniques.'”
A blowing correction allows for the reduction in transfer coeffi-
cients due to the transpiration or blowing effect of gases from py-
rolysis and surface ablation being injected into the boundary layer.
The blowing rate correction equation for convective heat transfer is

)

fa(1 + 21B")
2\B'

Cy =CH1|:

where X is blowing reduction parameter, C is heat transfer coef-
ficient for the ablating surface, and Cp, is the heat transfer coeffi-
cient for the nonablating surface. With A =0.5, Eq. (9) reduces to
the classicallaminar-flow blowing correction.!® A variable A is used
for cases with transitional or turbulent flow.

Solution Procedure

Equation (1) is written in Cartesian coordinates. To make a trans-
formation to a general body-fitted coordinate system (£ and n), the
chain rule of differentialsis applied:

9 _060 903 0 _260 im0
ax  dx 9t  dx on’ dy 9y dE 9y an

Equation (1) in a general body-fitted coordinate system may be
written at cell (m, n) as

Am.n6¢,ln_n + Bm.n6¢,ln_n+ 1 + Cm.n6¢;ln_n -1

(10)

= _Dm.n(S ,I,1+1_n - Em-'l6¢11n— I,n + A(piln.n (11)
where
¢ =1[T, pa, ps, pcl, A¢,l,1_,, = F;dr
IF, IF,
Am.n =\l-— dr ), Bm.n = -5 dr
a¢j m.,n a¢/ m,n+1
JF, IF,
Cm.n =% dr, Dm.n e dt
a¢j m,n—1 a¢/ m+1,n
aF;
Em.n =T dr (12)
a¢j m—1.n
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In Eq. (12), I is the identity matrix and F) is the right-hand-side
terms of Eq. (1) in the general coordinate system divided by pc,,.
F,- F, are the right-hand-sideterms of Eq. (6) for components A-C,
and subscriptsi and j =1-4.

Equation (11) may be solved by a block-tridiagonalmatrix inver-
sion using Gauss-Seidel line relaxation with alternating sweeps in
the backward and forward directions.” The backward sweep consists
of the solution of

{2 (©) (0)
A"l-'l 6¢t§z.)n + B’”-'l 6¢m.n+ 1 + C’”-”6¢111.n —1
= _D’”-”S(ﬁsz[)-%— ln E’”-”6¢t§f—_ll.)n + A¢tl;z.n (138‘)
and the forward sweep solves
¢ (©) (0)
A’”-” 6¢t§z.)n + B’”-” 6¢m.n+ 1 + C’”-”6¢111.n —1
= _D”l-”6¢t§f-:11.)n - E’”-”6¢t§zl)— 1.n + A¢tl;z.n (13b)

The time advancement of the solution proceeds as follows. The
explicitchangein the solution a time level £ is computed at all com-
putationalcell (m, n)locationsand s stored. Then, first the backward
sweep is performed from the last m line to the first. Equation (13a)
is solved using a block-tridiagonal matrix inversion technique at
each constantm line. The results for §¢!, , are used as they become
available. Next, the forward sweep is performed from the first m
location to the last. Again, this involves the solution of a series of
block-tridiagonal equations, Eq. (13b), during which the most re-
cently available data for 8¢, , are used. In this fashion, the solution
may be advanced to time level £ + 1 using ¢5 %! =5 + 867, .

If time accuracy is not of interest in the computation (e.g., non-
ablating, steady-state cases*!*) the time step At should be as large
as possible, and the number of alternating sweeps in each time step
should be one. A time-accurate solution can be achieved by in-
creasing the number of alternating sweeps in each time step or by
reducing the time step. The latter approach was found to be more
computationally efficient; therefore, the defaultalgorithm performs
only one forward and one backward sweep per time step. The time-
marching algorithm is adaptive, increasing or decreasing the time
step as required to maintain good convergence while not exceed-
ing user input values of the maximum time step and the maximum
temperature change per time step at any node.

A typical computational grid for a flat-faced cylinder is shown
in Fig. 1a, and that for a slender body is shown in Fig. 1b. The
grid is divided into two zones: interior (m = jp-il and n =2-jp-1)
and exterior (m =2-il and n = jp- jl). The computational cells in
the interior zone remain fixed in the course of simulation, and those
cellsin the exteriorzone are compressedin the 7 directionto account
for surface recession. In the exterior zone, the backward sweep is
performed from the backface (m =il) to the centerline (m =2),
and then the forward sweep is performed from the centerline to
the backface. In the interior zone, the backward sweep starts from
the backface (m =il) to the interface between interior and exterior
zones (m = jp), and then the forward sweep is from the interface
to the backface. The two grids presented in Fig. 1 are sufficient
to provide good definition of the temperature history and shape
change in response to the surface heating for all cases consideredin
this work. A grid resolution example for the most complex case is
provided in the Appendix.

A fully coupledhigh-fidelity solid-fluid simulationis achievedby
integrating TITAN with GIANTS usinga loosely coupledtechnique.
The numerical method adopted in the GIANTS code to solve the
governingNavier-Stokes equations’ is exactly the same as that used
in the TITAN code. The aerothermal heating is very sensitiveto the
body geometry. Thus, when the maximum local surface recession
exceeds a predefined criterion since the last surface heating update,
a new computational fluid dynamics (CFD) grid is generated based
on the current body geometry, and the CFD routine, GIANTS, is
called to update the aerothermal heating environment. Each call to

Re s‘ Exterior Zone (L)
ry
§ @iljp)
Rn
/. ~~ \ Interior Zone
@i @ipGp.2) (i.2)

Fig. 1a Computational grid for flat-faced cylinder.

Exterior Zone

Interior Zone

Fig. 1b Computational grid for slender body.

the CFD routine is a quasi-steady-statecalculation. In this work, the
nonablating (cold wall) heating was calculated by GIANTS using
a five-species air chemistry (N,, O,, NO, N, and O). As required
on a case-by-case basis, an 11-species (or higher) model can be
used. Unless noted otherwise,a blowingreductionparameter A = 0.5
was used in TITAN to take into account the blockage due to mass
blowing.

The CFD calculationis very computationallyintensive compared
with the thermal response computation. For a fully coupled simu-
lation, most of the CPU time is consumed by the CFD portion of
computation; therefore, the total CPU time and memory required is
determined primarily by the efficiency of the CFD code.

Benchmark Solutions

Two groups of benchmark calculations are presented in this sec-
tion. The first group considers multidimensional thermal conduc-
tion without ablation and shape change to check the accuracy of the
thermal conduction solver that is the basic structure in the TITAN
code. The results are compared with solutions obtained from the
commercial finite element solver MARC' that has been validated
elsewhere.'s The second group of benchmark cases examines the py-
rolysis gas and surface ablationmodels used in the TITAN code. Be-
cause there was no multidimensional charring material thermal re-
sponsesolutionavailablefor comparison,the conditionsfor an arcjet
model, which is a flat-faced cylinder with 10.16-cm (4-in.) radius,
are calculated using TITAN and the solution along the centerline is
compared with the one-dimensional solution obtained with FIAT.
(Solutions from FIAT have previously been checked against arcjet
data and other available solutions?) The TPS material properties
used in the first group are those of ultrahigh-temperatue ceramics'’
(UHTCs), and properties used in the second group are those of
two advanced lightweight ceramic ablators, phenolic impregnated
carbon ablator (PICA'®) and silicone impregnated reusable ce-
ramic ablator (SIRCA!'®), developed at NASA Ames Research
Center.

Comparisons between TITAN and MARC solutions for an ax-
isymmetric nosetip are presentedin Figs. 2a and 2b. The nose radius
R, 15 0.254 cm, the cone half angle is 5 deg, and the total length is
8.255 cm. A cold wall heat flux of 900 W/cm? was imposed on the
spherical section of the nosetip, and the initial temperature was set
to 300 K. The stagnation point temperature vs time and the steady-
state centerline temperature vs distance are shown in Figs. 2a and
2b, respectively. A similar comparison for a planar geometry with
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Fig. 2a Stagnation temperature history predicted for axisymmetric
nosetip.
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Fig. 2b Steady-state centerline temperature profile predicted for ax-
isymmetric nosetip.

the same nose radius, total length, cold-wall heat flux, and mate-
rial properties is presented in Figs. 3a and 3b. The results indicate
that the thermal conduction solutions predicted from TITAN and
MARC are in excellent agreement for both transient and steady-
state conditions.

Predicted solutions for a flat-faced cylinder are shown in Figs. 4a
and 4b. The cylinder radius is 0.635 cm, the corner radius is
0.158 cm, and the total length is 2.54 cm. A cold-wall heat flux of
900 W/cm? was imposed over the front flat face. The material prop-
erties are the same as those of the preceding cases. The stagnation
point temperature history and the centerline steady-state tempera-
ture profile are presented in Figs. 4a and 4b, respectively. Again,
there is good agreement between the thermal response predictions
from the two codes.

To check the pyrolysis gas and surface ablationmodelsin TITAN,
test cases with a 10.16-cm-radius flat-faced cylinder were per-
formed. The corner radius is one-tenth of cylinder radius, and the
total length of cylinder is 5.08 cm. Because of the large cylinder
radius, solutions near the centerline should approximately behave
like a one-dimensional model.

3500

3000

2500
g
o 2004
2
g
g 15004
g Rn=0.254 cm
& 4000 |

TITAN: solid line
500 1 MARC: symbol
0 } + } :
0 20 40 60 80 100
Time (s)

Fig. 3a Stagnation temperature history predicted for planar nosetip.

3500
300 1 Rn = 0.254 cm
2500 | § TITAN: solid line
3 MARC: symbol
2
2 2000
«
g
g 1500 4
=
1000 4
500 ; : : :
0 2 4 6 8 10

Distance (cm)

Fig. 3b Steady-state centerline temperature profile predicted for pla-
nar nosetip.

The first case was calculated using SIRCA material properties
and a cold-wall heat flux of 50 W/cm?. The total length of the heat
pulse was 60 s, and the surface pressure was 0.2 atm. The blowing
reduction parameter was set to zero just to simplify the code-to-
code comparison. Under these conditions, the surface recession is
negligibly small, and, thus, the pyrolysisgas model can be examined
alone. Figures 5a and 5b show the comparison between TITAN and
FIAT results. The pyrolysismass blowing rate at the stagnationpoint
vs time is presented in Fig. 5a, and the temperature histories at the
surface, and at depths of 2.54 and 5.08 cm, are shown in Fig. 5b.
The results indicate that the TITAN solution with pyrolysis gas is
consistent with the FIAT solution with pyrolysis.

The second test condition for the same geometry was performed
using PICA material properties. In this case, to examine just the
surface recession model, the internal decomposition rates were set
to zero. The cold-wallheat flux was 445 W/cm?, the surface pressure
was 0.35atm, and the lengthof heatpulse was 45 s. Centerlineresults
from TITAN and FIAT are presented in Figs. 6a and 6b. Figure 6a
displays the char mass blowing rate vs time, and Fig. 6b shows
the temperature histories at the surface and at depths of 2.54 and
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Fig. 4a Stagnation temperature history predicted for flat-faced
cylinder.
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Fig. 4b Steady-state centerline temperature history predicted for flat-
faced cylinder.

5.08 cm. The TITAN results agree well with FIAT predictions for
this condition of surface recession without pyrolysis.

In the third case, the preceding computations were repeated using
a complete PICA material model including both pyrolysis and abla-
tion. The cold-wall heat flux was 270 W/cm?, the surface pressure
was 0.35 atm, and the length of heat pulse was 45 s. The blowing
reduction parameter was again set to zero. The char and pyrolysis
mass blowing rates vs time are shown in Fig. 7a, and temperature
histories are shown in Fig. 7b. This final set of benchmark calcu-
lations confirms that TITAN solutions agree with FIAT with both
pyrolysis gas and ablation effects included.

Fully Coupled Solid-Fluid Simulations
Two groups of fully coupled computations are presented in this
section. The first group of solutions was obtained using the inte-
grated TITAN/MEIT code, and the second group was computed
using the integrated TITAN/GIANTS code. MEIT computations
are relatively inexpensive compared with GIANTS. However, the
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3 SIRCA TITAN: solid line
Né FIAT: symbol
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S
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‘B 0002
2
2
>
Q-‘ e,
0 : o
0 50 100 150 200

Time (s)
Fig. Sa Pyrolysis gas blowing rate predicted for SIRCA test case.
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Fig. Sb Temperature histories predicted for SIRCA test case.

correlations implemented in MEIT are only appropriate for a slen-
der body with small cone angles. The accuracy of MEIT was
examined in previous work* and will not be discussed in this
paper.

A trajectory-basedaerothermal analysis for a slender hypersonic
reentry vehicle with a carbon-carbon nosetip was performed us-
ing TITAN/MEIT. Because there was no pyrolysis gas involved in
this calculation, the TITAN prediction can be compared against an
ASCC solution to check code consistency (with both codes using
two-dimensionalaxisymmetricheatconduction). The initialnose ra-
dius was 2.18 cm, and the cone half angle was 9 deg. The trajectory
used for this case is shown in Fig. 8a. The comparison of stagnation
point temperature history between TITAN and ASCC is shown in
Fig. 8b, and the shape change is presented in Fig. 8c. The predic-
tions from TITAN and ASCC are generally in good agreement. The
stagnation point temperature predicted by ASCC is slightly lower
than that of TITAN. This result is consistent with previous work*:
ASCC tends to underpredict the transient conduction into the ma-
terial. Thus, the predicted recession from ASCC is slightly lower
than that calculated by TITAN.
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Fig. 6a Char-ablation blowing rate predicted for PICA test case with-
out pyrolysis.
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Fig. 6b Temperature histories predicted for PICA test case without
pyrolysis.

The first test case calculated using TITAN/GIANTS was for
a typical arcjet test model, which is a flat-faced cylinder with
R, =3.81 cm, R, =0.381 cm, and a total length of 7.0 cm. The
computational grid is shown in Fig. 9a. The TPS material is PICA,
the model holder is Alumina Enhanced Thermal Barrier (AETB)
tile, and the substructure is aluminum. First, the nonablating heat
flux was calculated using GIANTS. This surface heating distribu-
tion is then imposed as part of initial surface boundary conditions
for TITAN. The wall heat flux distributionat various times is shown
in Fig. 9b. As expected, at t =0 s the heating rate near the tangency
point between the flat face and the corner is more than twice the
stagnation point heating.

It is well known that the body shape and surface heating strongly
affect each other. The surface contours of the fully coupled calcu-
lation at time =0, 15, 25, and 35 s are presented in Fig. 9c. In this
coupled calculation, a new CFD calculation was performed when-
ever the maximum surface recession exceeds 0.5% of the corner
radius at the preceding CFD calculation. From numerical experi-
ments with various criteria, it was found that this 0.5% criterion is
sufficiently fine to resolve the solid shape change for this partic-
ular test case. The calculation shows that the aerothermal heating
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0 20 40 60 80 100
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Fig. 7a Mass blowing rates predicted for final PICA test case.
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Fig. 7b Temperature histories predicted for final PICA test case.

rounds the corner of test model, thereby reducing the cornerheating
while consequently increasing the heating in the stagnation region.
The surface heating distribution gradually becomes more uniform
(Fig. 9b) toward the end of heat pulse. This phenomenon was an-
ticipated but was not studied previously because no high-fidelity,
fully coupled solid-fluid simulation program was available. The
initial stagnation-pointheating was about 400 W/cm?, and the final
heating was slightly below 600 W/cm?.

The second test case using TITAN/GIANTS is a slender body
PICA nosetipwith R, =0.254 cm, a cone half angle of 5 deg, and a
totallengthof 8.255 cm. The criterionused for updatingthe aerother-
mal heating boundary condition was a change of 0.5% of the nose
radius. From a CFD point of view, the computation of flow over a
slender body is relatively easy compared with that over a flat-faced
cylinder because there exists a large subsonic region over the entire
front surface of the flat-faced cylinder. Thus, the CFD solution for
a slender body converges at a much faster pace than that of the flat-
faced cylinder. The cold-wall heat fluxes for the sharp nose at 0 and
25 s are shown in Fig. 10a. The initial stagnation point heating is
slightly higher than 600 W/cm?, and at the end of heat pulse (25 s)
the stagnation-point heating is reduced to about 480 W/cm?. The
surface contours are shown in Fig. 10b. The flow gradually rounds
the slender nosetip, and, consequently, the stagnation heating is re-
duced. This trend is opposite to that of flat-faced cylinder, where
the stagnation-pointheat flux increases with time (Fig. 9b). As the
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Fig. 8a Sample trajectory for slender hypersonic reentry vehicle.
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Fig. 8b Stagnation point temperature history predicted for slender
body.
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Fig. 8¢ Shape change predicted for slender body.

AETB-12
0.381 cm

3.8l cm

PICA Aluminum

Fig. 9a Computationalgrid for flat-faced cylindrical arcjet test model.
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Fig. 9b Surface heating distributions on arcjet model at various times
(showing effect of shape change).
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Fig. 9¢ Surface contours of arcjet model at various times (dotted line
shows incorrect uncoupled shape).

result of shape change, the heat flux distribution around the nose
region becomes more uniform toward the end of heat pulse.

For both TITAN/GIANTS test cases, an uncoupled calculation
was also performed for comparison purposes. In each case the initial
heating profile at r =0, from Figs. 9b and 10a, were used for the
duration of the heat pulse, and the resulting surface contours are
presented as dotted lines in Figs. 9¢ and 10b, respectively.In each
case a nonphysicalresultis obtained: for the blunt arcjet shape, the
shapeindents near the corner (Fig. 9¢), whereas for the slender body
the nosetip becomes indented (Fig. 10b). These examples clearly
demonstrate why CFD grids and solutions need to be recalculated
for problems with significant shape change.
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Fig. 10a Surface heating distributions on slender body at 0 and 25 s
(showing effect of shape change).
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Fig. 10b Surface contours of slender body at 0 and 25 s (dotted line
shows incorrect uncoupled shape).

Conclusions

The TITAN program for predictingcharringmaterial ablation and
shape change has been developed. From benchmark calculations, it
has been confirmed that TITAN solutions are consistent with finite
element thermal response solutionsof MARC, one-dimensionalpy-
rolysis and ablation simulations of FIAT, and axisymmetric shape
change calculationsof ASCC. High-fidelity, fully coupled, multidi-
mensional solid-fluid simulationsfortypicalarcjetmodels also were
successfully demonstrated using the integrated TITAN/GIANTS
procedures. A flat-faced cylinder model and a slender body nosetip
were studied. The results indicate that shape change cannot be cor-
rectly predicted without using the fully coupled solid-fluid com-
putation because the aeroheating environment and body geometry
strongly affect each other. Uncoupling the phenomena can produce
unrealistic numerical solutions. TITAN is expected to be useful for
the development of thermal response models for ablators using ar-
cjet test data and for the flight simulation of ablating slender body
nosetips.

Appendix: Grid Resolution Example

The blunting of the flat-faced arcjet model (Fig. 9) is the most
computationally challenging problem presented in this work. This
case includes both pyrolysis and recession, and the shape change
produces a large change in heat flux profile over time. To provide
an example of the grid resolution and accuracy of TITAN, solutions

Table A1 Grid parameters

Grid jp jl il
1 21 45 59
2 21 69 59
3 41 89 117

grid 1:
grid 2:
L
émlw,gﬁﬁ:’ .
e
i ,a".'f o
uunu% .Iﬂﬂt:
grid 3:

Fig. A1 Three grids for arcjet model.
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Fig. A2 Initial and final surface heating distributions on arcjet model
for three grids.

were obtained for the three grids presented in Fig. A1 with grid
parameters listed in Table A1. The solutions of Fig. 9 were obtained
using grid 2. Grid 1 is coarser, and grid 3 is finer. Each solution used
the automatic, adaptive time step and grid movement algorithms;
that is, there was no attempt to force the three solutions to use
comparable time steps or grid movement.

Figure A2 shows the initial and final surface heat flux distribu-
tions. Initially, the three solutions are almost identical, but small
differences occur over time as the shape changes. The trend is a
prediction of slightly lower heating at the nose with finer grid reso-
lution, but the differencein heat flux is less than 2% at all times for
the two finest grids. Figure A3 presents the final shapes calculated
using the three grids. After 35 s of heating and about 0.75 cm of
recession, the three solutions are very close to each other.
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Fig. A3 Final surface contours of arcjet model for three grids.

References

lMoyer, C. B., and Rindal, R. A., “Finite Difference Solution for the In-
Depth Response of Charring Materials Considering Surface Chemical and
Energy Balances,” NASA CR-1061, June 1968.

2Chen, Y.-K., and Milos, F. S., “Ablation and Thermal Analysis Program
for Spacecraft Heatshield Analysis,” Journal of Spacecraft and Rockets, Vol.
36, No. 3, 1999, pp. 475-483.

3King, H. H. C., Muramoto, K. K., Murray, A. L., and Pronchick, S. W.,
“ABRES Shape Change Code (ASCC 86): Technical Reportand User’s Man-
ual,” Rept. FR-86-24/ATD, Acurex Corp., Mountain View, CA, Dec. 1986.

4Chen, Y.-K., Milos, E. S., Bull, J. D., and Squire, T. H., “Integrated
Analysis Tool for Ultrahigh-Temperature Ceramic Slender-Body Reentry
Vehicles,” AIAA Paper 99-0350, Jan. 1999.

5H0gan, R. E., Blackwell, B. F., and Cochran, R. J., “Application of Mov-
ing Grid Control Volume Finite Element Method to Ablation Problems,”
Journal of Thermophysics and Heat Transfer, Vol. 10, No. 2, 1996, pp.
312-319.

%Kuntz, D. W., Hassan, B., and Potter, D. L., “Iterative Approach for
Coupling Fluid/Thermal Predictions of Ablating Hypersonic Vehicles,”
ATAA Paper 99-3460, June 1999.

7Candler, G. V., “Computation of Hypersonic Ionized Flows in Chemical
and Thermal Nonequilibrium,” ATAA Paper 88-0511,Jan. 1988.

8Chen, Y.-K., and Henline, W. D., “Analysis of Hypersonic Arcjet
Flowfields and Surface Heating of Blunt Bodies,” AIAA Paper 93-0272,
Jan. 1993.

9«User’s Manual: Aerotherm Charring Material Thermal Response and
Ablation Program CMA87,” Rept. UM-87-11/ATD, Acurex Corp., Moun-
tain View, CA, Aug. 1987.

108 quire, T. H., Milos, E. S., Hartlieb, G. C., and Rasky, D. J., “TPSX:
Thermal Protection Systems Expert and Material Property Database,”
ICCE/, Fourth International Conference on Composites Engineering,
edited by D. Hui, International Community for Composites Engineering
and College of Engineering, Univ. of New Orleans, New Orleans, LA, 1997,
pp- 937,938.

H«User’s Manual: Aerotherm Chemical Equilibrium Computer Program
(ACES81),” Rept. UM-81-11/ATD, Acurex, Mountain View, CA, Aug. 1981.

2Milos, E. S., and Chen, Y.-K., “Comprehensive Model for Multicom-
ponent Ablation Thermochemistry,” AIAA Paper 97-0141, Jan. 1997.

13Kays, W. M., and Crawford, M. E., Convective Heat and Mass Transfer,
2nd ed., McGraw-Hill, New York, 1980, pp. 355-357.

14Kolodziej, P, Bull, J. D, Milos, F. S., and Squire, T. H., “Aerother-
mal Performance Constraints for Small Radius Leading Edges Operating at
Hypervelocity,” Eighth Annual Thermal and Fluids Analysis Workshop on
Spacecraft Analysis and Design, NASA CP-3359, 1997, pp. 9-1-9-7.

SUsers Manual, MARC Analysis Research Corporation, Volume A:
Users Information, MARC Analysis Research Corp., Palo Alto, CA, 1994,
pp- AL.1I-A1.8.

16Users Manual, MARC Analysis Research Corporation, Volume E:
Demonstration Problems, MARC Analysis Research Corp., Palo Alto, CA,
1994, pp. E5.0.1-5.18.8.

17Bull,J. D., Rasky, D. J., and Karika, J. C., “Characterization of Selected
Diboride Composites,” 16th Conference on Metal Matrix, Carbon, and
Ceramic Matrix Composites, edited by J. D. Buckley, NASA CP-3175,Pt. 1,
Jan. 1992, pp. 247-265.

8Tran, H., Johnson, C., Rasky, D., Hui, F.,, Chen, Y.-K., and Hsu,
M., “Phenolic Impregnated Carbon Ablators (PICA) for Discovery Class
Missions,” AIAA Paper 96-1911, June 1996.

Tran, H., Johnson, C., Rasky, D., Hui, F., and Hsu, M., “Silicone Im-
pregnated Reusable Ceramic Ablators for Mars Follow-On Missions,” AIAA
Paper 96-1819, June 1996.

M. Torres
Associate Editor



