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

Y.-K. Chen¤ and F. S. Milos†

NASA Ames Research Center, Moffett Field, California 94035-1000

The TITAN programfor predicting charring material ablationand shapechangeof 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 � nite volume approximation with a general body-� tted
coordinate system. A time-accurate solution is achieved by an implicit time-marching technique with Gauss–Seidel
line relaxation with alternating sweeps. Benchmark solutionsare calculated and compared with availablesolutions
to check code consistency and accuracy. For fully coupled solid–� uid simulation, this technique has been directly
integrated with both a high-� delity Navier–Stokes solver and an aerothermal � ow� eld engineering correlation
code. Representative computations, including a slender hypersonic reentry vehicle and a � at-faced cylinder model
in an arcjet test, are presented and discussed in detail.

Nomenclature
A = area, m2

Ba = preexponentialconstant in Eq. (6), s¡1

B 0 = dimensionless mass blowing rate, Pm=½eueCM

CH = Stanton number for heat transfer
CM = Stanton number for mass transfer
cp = speci� c heat, J/kg ¢ K
Ea = activation energy in Eq. (6), J/kmol
F = radiation view factor in Eq. (8)
Hr = recovery enthalpy, J/kg
h = enthalpy, J/kg
Nh = partial heat of charring, de� ned in Eq. (4), J/kg
k = thermal conductivity,W/m ¢ K
Pm = mass � ux, kg/m2¢ s
P = pressure, N/m2

qC = conductive heat � ux, W/m2

qR = radiative heat � ux, W/m2

R = universal gas constant, J/kmol ¢ K
Rc = corner radius, m
Rn = nose radius, m
s = surface recession, m
Ps = surface recession rate, m/s
T = temperature, K
t = time, s
u = velocity, m/s
v = local grid velocity, m/s
Z ¤ = coef� cient in Eq. (8), de� ned in Ref. 11
® = surface absorptance
0 = volume fraction of resin
" = surface emissivity
¸ = blowing reduction parameter
»; ´ = general body-� tted coordinate system
½ = total density, kg/m3

¾ = Stefan–Boltzmann constant, W/m2 ¢ K4

¿ = mass fraction of virgin material, de� ned in Eq. (3)
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Á = vector of independent variables, de� ned in Eq. (12)
9 = 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

` = index of time level

Introduction

S PACECRAFT heatshieldstypically use thermal protection sys-
tem(TPS)materialsthatpyrolyzeandablateat high temperature

for mass-ef� cient rejectionof the aerothermalheat load.Pyrolysis is
an internal decompositionof the solid that releasesgaseous 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 imperativeto have a reliablenumericalpro-
cedure that can compute surface recession rate, in-depth pyrolysis,
and internal temperaturehistoriesunder general heating conditions.

CMA1 was developedby theAerothermCorporationin the1960s.
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 heatshields in hyper-
sonic� ows.Recently,FIAT was developedatNASA Ames Research
Center.2 FIAT is numericallymore stableand solvesa wider rangeof
problems compared with CMA, and it has been used for TPS sizing
calculations for various NASA space missions, for example, Mars
Path� nder and Stardust.2 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,3 also developed by the Aerotherm Corporation, is an en-
gineering code for fully coupled solid–� uid simulation with two-
dimensional(axisymmetricor planar)geometry.InASCC, theeffect
of pyrolysis gas from internal decomposition is not implemented,
and the thermal diffusion equation is solved using a � nite dif-
ference scheme with overlaid grids that is not always accurate.4

A two-dimensional ablation code developed at Sandia National
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Laboratories uses the � nite control volume method with unstruc-
tured grids.5 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 surfacerecession.The effect
of pyrolysisgas was not considered,however, and the solid–� uid in-
teraction was not discussed.More recent work considered different
iterative approaches for coupling the � uid and solid solutions.6

The subject of this work is the development of the TITAN pro-
gram to perform high-� delity thermal response and shape change
simulations for charring materials. The governingequations,which
include energy conservationand a three-componentdecomposition
model with a moving grid, are discretizedusing a � nite volume ap-
proximation with general body-� tted coordinates. A time-accurate
solution is achieved by an implicit time-marching technique using
Gauss–Seidel line relaxationwith alternating sweeps.7 The compu-
tational grid consists of an interior zone and an exterior zone. The
interior zone remains � xed in the course of computation, whereas
the exterior zone is compressed to account for surface ablation. In
most cases, a coupled � uid–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
solver8 GIANTS and the aerothermal� ow� eld engineeringcorrela-
tion code3 MEIT are directly integratedwith TITAN using a loosely
coupledmethod for simulationof the solid–� uid interaction.Repre-
sentative computations, including a slender nosetip and a � at-faced
cylinder, will be presented and discussed in detail.

Governing Equations
The internal energy balance is a transient thermal conduction

equation with additional pyrolysis terms9:

½cp
@T

@t
D r ¢ .krT / ¡ .hg ¡ Nh/r ¢ Pmg C Pmg ¢ rhg C ½cpv ¢ rT

(1)

The individualterms in Eq. (1) may be interpretedas follows: rate of
storage of sensible energy, net rate of thermal conductive heat � ux,
pyrolysis energy consumption rate, net rate of energy convectedby
pyrolysis, and convection rate of sensible energy due to coordinate
system movement. The local speci� c heat is formulated from func-
tions of temperature input for both virgin material and charred. In
partiallypyrolyzedzones (½c < ½ < ½v ), the speci� c heat is obtained
from a special mixing rule:

cp D ¿ cpv C .1 ¡ ¿/cpc (2)

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

¿ D ½v.½ ¡ ½c/

½.½v ¡ ½c/
(3)

The thermal conductivity k is weighted in the same manner. The
pyrolysis gas enthalpy hg is input as a function of temperature and
pressure. The quantity Nh is de� ned as

Nh D ½v hv ¡ ½chc

½v ¡ ½c

(4)

The thermal and mechanical properties of many ablators for space-
craft heatshield applications are available in the TPSX program10

accessible through the Internet.
A three-componentdecompositionmodel9 is used.The resin � ller

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 composite is given
by

½ D 0.½A C ½B / C .1 ¡ 0/½C (5)

where A and B represent components of the resin and C represents
the reinforcing material. The parameter 0 is the volume fraction of
resin and is an input quantity. Each of the three components can
decompose following the relation

@½i

@t
D ¡Bai exp ¡

Eai

RT
½oi

½i ¡ ½r i

½oi

9i

C v ¢ r½i (6)

where ½r i is the residual or terminal density of component i , and
½oi is the original density of component i . The motion of pyrolysis
gas is assumed to be one-dimensional (along the ´ direction), and,
thus, the mass � ow rate of pyrolysis gas at the surface is calculated
using the following approximation:

Pmg D
¡1
A

´w

´0

@½

@t
A d´ (7)

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 convectivetransfer coef� cient type and takes the
following form9:

½eueCH .Hr ¡ hew/ C ½eueCM Z¤
je ¡ Z ¤

jw hT w
j ¡ B 0hw

C Pmchc C Pmghg C ®wqRw ¡ F¾ "w T 4
w ¡ qCw D 0 (8)

The � rst term in Eq. (8) represents the sensible convective heat
� ux. The sum of the second, third, and fourth terms in Eq. (8) is
de� ned 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.11 The Z ¤ driving
forces for diffusive mass transfer include the effects of unequal
diffusioncoef� cients. The � fth and sixth terms are the radiativeheat
� uxes absorbedand reradiatedby the wall, respectively,and the last
term, qCw , represents the rate of conduction into the material. Here
B 0 is the normalized mass blowing rate. Tables of B 0 for charring
materials can be generated using the ACE11 or MAT techniques.12

A blowing correction allows for the reduction in transfer coef� -
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 convectiveheat transfer is

CH D CH 1
.1 C 2¸B 0/

2¸B 0
(9)

where ¸ is blowing reduction parameter, CH is heat transfer coef-
� cient for the ablating surface, and CH 1 is the heat transfer coef� -
cient for the nonablating surface. With ¸ D 0:5, Eq. (9) reduces to
the classical laminar-� ow blowingcorrection.13 A variable¸ is used
for cases with transitionalor turbulent � ow.

Solution Procedure
Equation (1) is written in Cartesian coordinates.To make a trans-

formation to a general body-� tted coordinate system (» and ´), the
chain rule of differentials is applied:

@

@x
D @»

@x

@

@»
C @´

@x

@

@´
;

@

@y
D @»

@y

@

@»
C @´

@y

@

@´
(10)

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

Am ;n±Ál
m;n C Bm ;n±Ál

m;n C 1 C Cm;n±Ál
m ;n ¡ 1

D ¡Dm;n±Ál
m C 1;n ¡ Em ;n±Ál

m ¡ 1;n C 1Ál
m;n (11)

where

Á D [T ; ½A; ½B ; ½C ]; 1Ál
m ;n D Fi dt

Am ;n D I ¡
@Fi

@Á j m ;n

dt ; Bm ;n D ¡
@Fi

@Á j m ;n C 1

dt

Cm;n D ¡ @ Fi

@Á j m;n ¡ 1

dt ; Dm ;n D ¡ @Fi

@Á j m C 1;n

dt

Em ;n D ¡ @Fi

@Á j m ¡ 1;n

dt (12)
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In Eq. (12), I is the identity matrix and F1 is the right-hand-side
terms of Eq. (1) in the general coordinate system divided by ½cp .
F2– F4 are the right-hand-sideterms of Eq. (6) for components A–C ,
and subscripts i and j D 1– 4.

Equation (11) may be solved by a block-tridiagonalmatrix inver-
sion using Gauss–Seidel line relaxation with alternating sweeps in
the backwardand forwarddirections.7 The backwardsweepconsists
of the solution of

Am;n±Á.`/
m;n C Bm;n±Á

.`/

m;n C 1 C Cm;n±Á
.`/

m ;n ¡ 1

D ¡Dm;n±Á
.`/

m C 1;n ¡ Em ;n±Á
.` ¡ 1/

m ¡ 1;n C 1Á`
m;n (13a)

and the forward sweep solves

Am;n±Á.`/
m;n C Bm;n±Á

.`/

m;n C 1 C Cm;n±Á
.`/

m ;n ¡ 1

D ¡Dm;n±Á
.` ¡ 1/

m C 1;n ¡ Em ;n±Á
.`/

m ¡ 1;n C 1Á`
m;n (13b)

The time advancement of the solution proceeds as follows. The
explicit change in the solution a time level ` is computed at all com-
putationalcell (m, n) locationsand is stored.Then, � rst thebackward
sweep is performed from the last m line to the � rst. Equation (13a)
is solved using a block-tridiagonal matrix inversion technique at
each constant m line. The results for ±Á`

m;n are used as they become
available. Next, the forward sweep is performed from the � rst 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 ±Á`

m ;n are used. In this fashion, the solution
may be advanced to time level ` C 1 using Á` C 1

m;n D Á`
m;n C ±Á`

m;n .
If time accuracy is not of interest in the computation (e.g., non-

ablating, steady-state cases4;14 ) the time step 1t 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
computationallyef� cient; therefore, the default algorithmperforms
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 � at-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 D j p–il and n D 2– j p-1)
and exterior (m D 2–i l and n D j p– jl ). The computational cells in
the interior zone remain � xed in the course of simulation, and those
cells in theexteriorzone are compressedin the´ directionto account
for surface recession. In the exterior zone, the backward sweep is
performed from the backface (m D il ) to the centerline (m D 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 D il ) to the interface between interior and exterior
zones (m D jp), and then the forward sweep is from the interface
to the backface. The two grids presented in Fig. 1 are suf� cient
to provide good de� nition 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-� delity solid–� uid simulationis achievedby
integratingTITAN with GIANTS usinga looselycoupledtechnique.
The numerical method adopted in the GIANTS code to solve the
governingNavier–Stokes equations7 is exactly the same as that used
in the TITAN code. The aerothermal heating is very sensitive to the
body geometry. Thus, when the maximum local surface recession
exceeds a prede�ned criterion since the last surface heating update,
a new computational � uid 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

Fig. 1a Computationalgrid for � at-faced cylinder.

Fig. 1b Computationalgrid 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 � ve-species air chemistry (N2, O2, NO, N, and O). As required
on a case-by-case basis, an 11-species (or higher) model can be
used.Unlessnotedotherwise,a blowingreductionparameter¸ D 0.5
was used in TITAN to take into account the blockage due to mass
blowing.

The CFD calculationis very computationallyintensivecompared
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 ef� ciency of the CFD code.

Benchmark Solutions
Two groups of benchmark calculations are presented in this sec-

tion. The � rst 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 � nite element solver MARC15 that has been validated
elsewhere.16 The secondgroupof benchmarkcasesexamines thepy-
rolysisgas and surfaceablationmodels used in the TITAN code.Be-
cause there was no multidimensional charring material thermal re-
sponsesolutionavailablefor comparison,theconditionsfor an arcjet
model, which is a � at-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.2) The TPS material properties
used in the � rst group are those of ultrahigh-temperature ceramics17

(UHTCs), and properties used in the second group are those of
two advanced lightweight ceramic ablators, phenolic impregnated
carbon ablator (PICA18 ) and silicone impregnated reusable ce-
ramic ablator (SIRCA19), developed at NASA Ames Research
Center.

Comparisons between TITAN and MARC solutions for an ax-
isymmetricnosetip are presented in Figs. 2a and 2b. The nose radius
Rn is 0.254 cm, the cone half angle is 5 deg, and the total length is
8.255 cm. A cold wall heat � ux of 900 W/cm2 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.

Fig. 2b Steady-state centerline temperature pro� le predicted for ax-
isymmetric nosetip.

the same nose radius, total length, cold-wall heat � ux, 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 � at-facedcylinder 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 � ux of
900 W/cm2 was imposed over the front � at 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 pro� le 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 pyrolysisgas and surfaceablationmodels in TITAN,
test cases with a 10.16-cm-radius � at-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-dimensionalmodel.

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

Fig. 3b Steady-state centerline temperature pro� le predicted for pla-
nar nosetip.

The � rst case was calculated using SIRCA material properties
and a cold-wall heat � ux of 50 W/cm2 . 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
negligiblysmall, and, thus, thepyrolysisgas model can be examined
alone. Figures 5a and 5b show the comparison between TITAN and
FIAT results.The pyrolysismass blowing rateat 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 � ux was 445 W/cm2 , the surfacepressure
was 0.35atm, and the lengthof heatpulsewas 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 � at-faced
cylinder.

Fig. 4b Steady-state centerline temperature history predicted for � at-
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 precedingcomputationswere repeatedusing
a complete PICA material model includingboth pyrolysisand abla-
tion. The cold-wall heat � ux was 270 W/cm2 , 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 � nal set of benchmark calcu-
lations con� rms 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 � rst 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

Fig. 5a Pyrolysis gas blowing rate predicted for SIRCA test case.

Fig. 5b 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 work4 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 initialnosera-
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 work4:
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-ablationblowing rate predicted for PICA test case with-
out pyrolysis.

Fig. 6b Temperature histories predicted for PICA test case without
pyrolysis.

The � rst test case calculated using TITAN/GIANTS was for
a typical arcjet test model, which is a � at-faced cylinder with
Rn D 3.81 cm, Rc D 0.381 cm, and a total length of 7.0 cm. The
computationalgrid 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
� ux was calculated using GIANTS. This surface heating distribu-
tion is then imposed as part of initial surface boundary conditions
for TITAN. The wall heat � ux distributionat various times is shown
in Fig. 9b. As expected,at t D 0 s the heating rate near the tangency
point between the � at 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 D 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
suf� ciently � ne to resolve the solid shape change for this partic-
ular test case. The calculation shows that the aerothermal heating

Fig. 7a Mass blowing rates predicted for � nal PICA test case.

Fig. 7b Temperature histories predicted for � nal 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-� delity,
fully coupled solid–� uid simulation program was available. The
initial stagnation-pointheating was about 400 W/cm2 , and the � nal
heating was slightly below 600 W/cm2 .

The second test case using TITAN/GIANTS is a slender body
PICA nosetipwith Rn D 0.254 cm, a cone half angle of 5 deg, and a
total lengthof 8.255cm. Thecriterionusedforupdatingtheaerother-
mal heating boundary condition was a change of 0.5% of the nose
radius. From a CFD point of view, the computation of � ow over a
slender body is relatively easy compared with that over a � at-faced
cylinder because there exists a large subsonic region over the entire
front surface of the � at-faced cylinder. Thus, the CFD solution for
a slender body converges at a much faster pace than that of the � at-
faced cylinder.The cold-wall heat � uxes 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/cm2 , and at the end of heat pulse (25 s)
the stagnation-point heating is reduced to about 480 W/cm2. The
surface contours are shown in Fig. 10b. The � ow gradually rounds
the slender nosetip, and, consequently, the stagnation heating is re-
duced. This trend is opposite to that of � at-faced cylinder, where
the stagnation-pointheat � ux increases with time (Fig. 9b). As the
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Fig. 8a Sample trajectory for slender hypersonic reentry vehicle.

Fig. 8b Stagnation point temperature history predicted for slender
body.

Fig. 8c Shape change predicted for slender body.

Fig. 9a Computationalgrid for � at-faced cylindrical arcjet test model.

Fig. 9b Surface heating distributions on arcjet model at various times
(showing effect of shape change).

Fig. 9c Surface contours of arcjet model at various times (dotted line
shows incorrect uncoupled shape).

result of shape change, the heat � ux 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 performedfor comparisonpurposes.In each case the initial
heating pro� le at t D 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. 9c and 10b, respectively. In each
case a nonphysical result is obtained: for the blunt arcjet shape, the
shape indents near the corner (Fig. 9c), 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 signi� cant shape change.
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Fig. 10a Surface heating distributions on slender body at 0 and 25 s
(showing effect of shape change).

Fig. 10b Surface contours of slender body at 0 and 25 s (dotted line
shows incorrect uncoupled shape).

Conclusions
The TITAN programforpredictingcharringmaterial ablationand

shape change has been developed.From benchmark calculations, it
has been con� rmed that TITAN solutions are consistent with � nite
element thermal responsesolutionsof MARC, one-dimensionalpy-
rolysis and ablation simulations of FIAT, and axisymmetric shape
change calculationsof ASCC. High-� delity, fully coupled,multidi-
mensionalsolid–� uid simulationsfor typicalarcjetmodelsalsowere
successfully demonstrated using the integrated TITAN/GIANTS
procedures.A � at-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–� uid 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 � ight simulation of ablating slender body
nosetips.

Appendix: Grid Resolution Example
The blunting of the � at-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 � ux pro� le over time. To provide
an example of the grid resolutionand accuracy of TITAN, solutions

Table A1 Grid parameters

Grid jp jl i l

1 21 45 59
2 21 69 59
3 41 89 117

Fig. A1 Three grids for arcjet model.

Fig. A2 Initial and � nal 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 solutionsof Fig. 9 were obtained
using grid 2. Grid 1 is coarser,and grid 3 is � ner. Each solutionused
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 � nal surface heat � ux distribu-
tions. Initially, the three solutions are almost identical, but small
differences occur over time as the shape changes. The trend is a
predictionof slightly lower heating at the nose with � ner grid reso-
lution, but the difference in heat � ux is less than 2% at all times for
the two � nest grids. Figure A3 presents the � nal 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.
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