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The purpose of this paper is to describe and demonstrate new capabilities in the two-dimensional implicit thermal
response and ablation program. These expanded capabilities include grid options for flight and arcjet geometries,
a sizing algorithm for the flight-type geometry, and an orthotropic thermal conductivity model. Applications to
analysis of an orthotropic low-density carbon-phenolic material in arcjet and flight environments relevant to the
Orion crew module are presented. For the arcjet environment, multidimensional conduction effects strongly
influence the in-depth thermal response. For a lunar return flight environment, in the shoulder region of the crew
module (where the radius of curvature is smallest), the thermal response is influenced by multidimensional
conduction and by the orientation of the orthotropic material.

Nomenclature
A area, m>
A,B,and C = density components
B = reaction preexponential constant, s~!
B’ = dimensionless mass blowing rate
Cy = Stanton number for heat transfer
Cy = Stanton number for mass transfer
Cp = specific heat, J/kg - K
D = model diameter, m
E/R = reaction activation temperature, K
F = right-hand-side terms of some equations
H, = recovery enthalpy, J/kg
h = enthalpy, J/kg
h = (pvhv - pzrh(r)/(pv - ,05), J/kg
K = thermal conductivity tensor, W/m - K
k = thermal conductivity, W/m - K
m = mass flux, kg/m? - s
4 = pressure, Pa
q. = conduction heat flux, W/m?
q, = radiation heat flux, W/m?
R, = nose radius, m
R, = shoulder radius, m
r = radial coordinate, m
T = temperature, K
t = time,s
u = gas velocity, m/s
v = local grid velocity vector, m/s
X = axial or horizontal coordinate, m
y = vertical coordinate, m
Z = mass fraction of virgin material
o = surface absorptance
r = volume fraction of resin
e = surface emissivity
& = general body-fitted coordinates, m

Presented as Paper 1223 at the 46th AIAA Aerospace Sciences Meeting
and Exhibit, Reno, NV, 7-10 January 2008; received 10 January 2008;
revision received 14 July 2009; accepted for publication 14 July 2009. This
material is declared a work of the U.S. Government and is not subject to
copyright protection in the United States. Copies of this paper may be made
for personal or internal use, on condition that the copier pay the $10.00 per-
copy fee to the Copyright Clearance Center, Inc., 222 Rosewood Drive,
Danvers, MA 01923; include the code 0022-4650/09 and $10.00 in
correspondence with the CCC.

*Aerospace Engineer, Thermal Protection Materials and Systems Branch,
Mail Stop 234-1. Senior Member ATAA.

Aerospace Engineer, Thermal Protection Materials and Systems Branch,
Mail Stop 234-1. Member AIAA.

1089

0 = angle between through-the-thickness direction
and x axis

A = blowing reduction parameter

o = total solid density, kg/m?

o = Stefan-Boltzmann constant, W/m? - K*

P = porosity

¢ = vector of independent variables

v = reaction order

Subscripts

c = char

e = boundary-layer edge

g = pyrolysis gas

P = in-plane direction

i = density component

m, n = index of computational cell

o = stagnation point value

TTT = through-the-thickness direction

v = virgin

w = value at the heated surface

1 = unblown value

Superscript

14 = index of time level

I

N THE last decade, the authors developed a family of programs

for analysis of ablative thermal protection system (TPS)
materials. The fully implicit ablation and thermal response program
(FIAT) simulates the internal heat conduction, in-depth thermal
decomposition, quasi-steady pyrolysis gas flow, and surface ablation
of TPS materials in one dimension [1]. The two-dimensional
(2-D) implicit thermal response and ablation (TITAN) and three-
dimensional FIAT (3dFIAT) codes extended the modeling to two and
three dimensions, respectively [2,3]. FIAT is widely used by NASA
and industry and is a primary analysis and sizing tool for the Orion
TPS Advanced Development Project. The 3dFIAT program can
analyze the thermal response of the entire heatshield of a space
vehicle; however, this code is too resource intensive for practical
application in vehicle design cycles. TITAN has intermediate
resource requirements and therefore may be useful for analysis of
problems for which a one-dimensional (1-D) model has uncertain
applicability or accuracy and a three-dimensional (3-D) solution is
too difficult.

The purpose of this paper is to describe and demonstrate new
capabilities that were added to the TITAN program specifically for
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the analysis of TPS materials in test and flight environments relevant
to the Orion project. These expanded capabilities include a grid
option for flight geometries, a sizing algorithm for the flight-type
geometry, and a model for orthotropic thermal conductivity. Two
different analysis geometries that motivate this work are stagnation
arcjet models and the shoulder region of the Orion crew module [4].
These two geometries will be discussed sequentially.

The effects of multidimensional heat conduction have been
observed in recent arcjet tests. Specifically, the data from deep
thermocouples (TCs) appear to have a time scale or magnitude that is
inconsistent with 1-D analysis. It is postulated that this inconsistency
is a consequence of heat conduction from the sides of the arcjet
model. Figure 1 shows the iso-q model shape used in recent testing.
This iso-q shape has anose radius R,, equal to the model diameter D, a
slightly rounded shoulder, and cylindrical sides. Most recent tests
used models with a 10.16 cm diameter. Figure 2 presents a cross
section of a TPS sample tested for 200 s that had 1.3 cm of recession
at the centerline. The black curve shows the initial unablated shape.
The sidewall heating had sufficient magnitude to produce a sub-
stantial char depth and some recession, as evidenced by the slightly
canted sides. Nevertheless, the ablated shape is comparable with
the initial shape. A typical computational fluid dynamics (CFD)
calculation for this iso-q shape is provided in Fig. 3. This solution
was calculated using the data-parallel line relaxation (DPLR) code
[5]. The heat flux varies less than 10% over most of the front face. The
heat flux on the cylindrical side, as shown by the dashed portion of
the curve, is 10 to 20% of the stagnation point value for the first
5 cm beyond the shoulder (which is the entire side length of the test
samples). This magnitude of heating is not negligible; therefore, it is
to be expected that a substantial heat load passed in through the sides
of the model. Clearly, a multidimensional tool such as TITAN is
required to perform high-fidelity analysis of the thermal response of
this TPS material in these arcjet tests.

The Orion crew module enters the atmosphere at hypersonic
velocity and with a variable angle of attack (AOA). Figure 4 shows a
representative lunar skip (LS) entry trajectory that was used in recent
analyses [0]. The entry velocity is 10.8 km/s. There are significant
variations in the AOA, but the yaw angle remains near 0 deg.
Therefore, the environments and material response are assumed to
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Fig. 1 Model shape for stagnation arcjet tests. Test samples have the
same external shape as this calorimeter.
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Fig. 2 Cross section of an iso-q model tested for 200 s. The ablated
shape, after 1.3 cm of recession, is comparable with the initial shape.
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Fig. 3 Normalized heat flux distribution for an arcjet sample with the
iso-q shape.

retain a plane of symmetry. Time-dependent aerothermal environ-
ments for fully turbulent flow over the unablated vehicle shape were
generated by the configuration-based aerodynamics (CBAERO)
code [7] with CFD-based anchor points, as described in [8]. The
assumption is that the effect of shape change on the aerothermal
environment may be neglected, because the maximum surface reces-
sion is much smaller than the local radius of curvature for this large
heatshield. With this assumption, the flow simulation and the TPS
response simulation may be performed in an uncoupled manner.
For this LS trajectory, the nominal (unmargined) convection and
radiation history at the maximum heating location in the plane of
symmetry are plotted in Fig. 5. The trajectory has two heat pulses.
The first heat pulse, corresponding to the high-velocity skip through
the upper atmosphere, has a peak total heat flux and duration of
approximately 410 W /cm? and 200 s, respectively. The second heat
pulse, corresponding to the lower velocity entry subsequent to the
skip, has a lower peak total heat flux of about 100 W/cm? but a
longer duration of about 400 s. At this specific heatshield location,
the radiative heating is relatively small compared with the convective
heating; however, at other locations, the radiative contribution is
more significant. The convection heat load distribution over the
heatshield surface is illustrated in Fig. 6. Because of the high AOA
(near 23 deg during the skip), the convective heat load is concentrated
in a strip along the windward shoulder of the vehicle. The maximum
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Fig. 4 LS entry trajectory for the Orion crew module.
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Fig. 5 Surface heating history at the maximum heating location for the
LS trajectory.

radiative heat load (not shown) is about 7% of the maximum
convective heat load, and the radiation is concentrated on the
windward side of the spherical dish near the location of the stagnation
point during the skip.

A recent paper [6] compared full 3-D predictions with 1-D
approximations at locations critical to the TPS design for the Orion
crew module. Figure 7 is a plot of the peak bond line temperature in
the plane of symmetry, predicted by FIAT and 3dFIAT for the LS
trajectory and a 12-cm-thick heatshield. The TPS material is phenolic
impregnated carbon ablator (PICA), which is a lightweight ceramic
ablator developed at NASA Ames Research Center in the 1990s [9].
InFig. 7, the vertical gray lines at a streamlength of +2.38 mindicate
the junction between the central dish and the shoulder. The stream-
length is defined as zero at the geometric nose and positive on the
windward side. On most of the central dish, FIAT (using spherical
curvature) provides an excellent approximation to the 3dFIAT
solution. Near the peak heating location on the shoulder, FIAT
(using cylindrical curvature) predicts a higher maximum bond line
temperature than 3dFIAT. This trend is considered conservative
in the sense that the FIAT calculations, using peak bond line
temperature as the sizing criteria, will err in the direction of greater
TPS thickness in this critical region of the heatshield.

The preceding calculations used an old PICA thermal ablation
property model (version 2) that assumes the thermal conductivity is
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Fig. 6 Convective heat load distribution for the LS trajectory.
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Fig. 7 Peak bond line temperature in the plane of symmetry for the LS
trajectory and a 12-cm-thick PICA heatshield.

isotropic [10,11]. At this time, neither FIAT nor 3dFIAT include
capability to model nonisotropic thermal conductivity. Thermal
property data recently have been collected on a number of ablative
materials, including PICA. Some materials have a multilayer
structure, others are filled honeycombs, and some are tilelike. The
thermal conductivity is orthotropic for all three material types. Many
materials are transverse isotropic, which is a subset of orthotropic.
For transverse isotropic materials, there is a primary through-the-
thickness (TTT) direction with thermal conductivity that is different
(and typically lower) than the value in the perpendicular plane [called
the in-plane (IP) direction]. PICA is one example of a transverse
isotropic material. The new PICA thermal ablation property model
(version 3.3), which includes orthotropic thermal conductivity, is
described in [12], which is an export restricted report.

The effect of orthotropic thermal conductivity on thermal per-
formance and sizing cannot realistically be assessed using a 1-D tool
such as FIAT. With some minor assumptions, TITAN can be used for
thermal analysis of the arcjet geometry, as well as thermal and sizing
analysis of the flight geometry, while taking into account multi-
dimensional heat conduction and orthotropic thermal conduc-
tivity. These capabilities will be demonstrated in this paper.

II. Equations

The governing equations (which include energy conservation,
a three-component decomposition model, and the surface energy
balance) are solved with a moving grid system to simulate the shape
change due to surface recession. A finite volume method is used to
discretize these equations.

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

T _
pcpE=V-(K-VT)—(hg—h)V-mg—mg-th—l—pcpv-VT
()]

The individual terms in Eq. (1) may be interpreted as follows: the rate
of storage of sensible energy, the net rate of thermal conductive heat
flux, the pyrolysis energy consumption rate, the net rate of energy
convected by pyrolysis gas, and the convection rate of sensible
energy due to coordinate system movement.

Most ablative TPS materials are organic resin composites. The
composite solid is modeled as a general mixture of a two-component
resin and a reinforcing material. The local density of the solid is given
by the equation:

p=(1-=®)I(ps + pp) + (1 —=Dpcl 2)

where A and B represent components of the organic resin, and C
represents the reinforcing material. The porosity ® and resin volume
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fraction I' are input quantities. Each of the three components may
decompose independently by an Arrhenius-type reaction rate:

3 (Pi - Ioci) _ _B_(Pi - Pci)‘[/’ exp(_Ei) + v- Vp;
al Pui ' Pui RT Pui '

i=A B, C (3)

where p,; and p,; are the original (virgin) and the residual (char)
density, respectively, of component i. The assumption of indepen-
dent reactions is consistent with results from thermogravimetric
analysis.

Virgin and char density and thermal properties (c,,, k, @, €) are
specified as functions of temperature and, if necessary, pressure and
orientation. The virgin and char states are well defined, and most
properties may be measured over some range of conditions. The
char thermal conductivity is an exception, because samples from
relevant environments (arcjet or flight) tend to be too small or
inhomogeneous. Therefore, this property typically is estimated by
tuning the predicted thermal response to match temperature histories
measured in arcjet tests. The pyrolysis gas enthalpy &, is input as a
function of temperature and pressure. The thermal and mechanical
properties of some heatshield materials are available in the TPSX
material properties database [13].

The thermal properties of partially charred states are not uniquely
defined, because any intermediate density may be reached by
different time—temperature histories. The properties of such states
are also impractical to measure, due to chemical instability of the
material in the temperature range of interest. To circumvent these
difficulties, the properties of partially charred material are obtained
by interpolation of the specified virgin and char properties using
density as an independent variable. For example, in the partially
pyrolyzed zone (p. < p < p,), the specific heat is obtained from the
mixing rule:

Cp = Zcpv + (1 - Z)Cpc (4)
where
.= (d=p/p)
(1= pc/pv)

In the previous equation, the subscripts v and ¢ denote the virgin and
char properties, respectively, and z is the mass fraction of virgin
material (in a theoretical mixture of virgin and char) that yields the
correct local density p. This model enables the material properties to
transition smoothly from the virgin state (z = 1) to the char state
(z = 0) using uniquely defined properties that are bounded by the
two specified states. The thermal conductivity is weighted in the
same manner.

Pyrolysis gas flow is assumed to be quasi-steady, and the pyrolysis
gas is assumed to be in thermal equilibrium with the porous solid
(partially or fully charred) through which it is flowing. Assuming an
impermeable boundary at the inner boundary, the gas can flow only in
the outward direction, and the outward pyrolysis gas mass flux is

1 [ndp

where 1 is the distance from the inner boundary in the surface-normal
direction and A(7) is the cross-sectional flow area.

Conditions at the ablating surface are determined by the aero-
thermal environment and by chemical interactions between the
boundary-layer gas, the pyrolysis gas, and the ablation products.
TITAN employs a convective transfer coefficient form of the surface
energy balance:

peueCH[Hr - hw] + mrhr + mghg - (mc + mg)hw
+ Xy rw — GewTﬁ) —qew = 0 (6)

Here, p,u,Cy is the convective heat transfer coefficient, H, is the
recovery enthalpy, and all other quantities are defined at the ablating

surface. The first term in Eq. (6) is the convective heat flux, the
second through fourth terms represent the chemical energy released
(or absorbed) by ablation, the fifth and sixth terms are radiation
absorption and emission, respectively, and the final term is the rate
of heat conduction into the TPS. This equation is simplified from
the general form presented in [14] by assuming equal diffusion
coefficients within the boundary layer and equal Stanton numbers
for heat and mass transfer. These are standard assumptions for most
entry environments and TPS materials. If these assumptions are not
applicable, more general forms of the surface energy balance may be
used. We also assume that flowfield radiation is reflected or absorbed
at the surface but not transmitted into the material. This assumption is
good for carbon-based materials that contain little or no glass.

A blowing correction accounts for the reduction in heat transfer
coefficient due to the injection of gases from pyrolysis and surface
ablation into the boundary layer. The blowing correction equation
used by TITAN is

Cy (1 +21B')
Cyi  2AB @

where

/

_ (mc + mg)
B peuecM

Here, A is the blowing reduction parameter and Cj; / Cp, is the ratio
of the blown (ablating) to the unblown (nonablating) heat transfer
coefficients. For laminar flow, A = 0.5 or higher, depending on the
geometry and the ratio of molecular weights of the injected and
boundary-layer-edge gas. For transitional or turbulent flow smaller
values of A are used. B’ is the nondimensional mass blowing rate at
the surface. Unless noted otherwise, a blowing reduction parameter
of 0.5 is used for the calculations presented herein.

In the preceding equations, the input quantities are H,, p,u,Cpyy,
@y, €y, A, and g,. The solution variables are m,, g., and T,.
Therefore, m, and h,, are the only additional unknowns. Tables of B/,
and h,, for ablative materials may be generated using the aerotherm
chemical equilibrium or multicomponent ablation thermochemistry
codes [15,16]. In general, for pyrolyzing ablators, B, is a complex
function of temperature, pressure, and By.

III. Solution Procedures

Equation (1) is written in Cartesian coordinates x and y. To make a
transformation to a general body-fitted coordinate system of & and 7,
the following chain rule of differentials is applied:

0 _0§0 on9d 0 _0§9  0nd
ox  O0xdE  dxdn’ dy  dydE  dyadn

Equations (1) and (3) in a general body-fitted coordinate system may
be written at cell (m, n) as

(®)

Am,n&pfn.n + Bm.n8¢;‘;1,n+l + Cl71.n8¢1€1.n71

= _Dm,115¢fn+l,n - Em.n5¢fn—l‘n + A(pfn,n (9)
where
) oF,
¢ = [Tv Pas PBs IOC] Aqsmn = Fidl Am.n =I- % dt
J lm.n
JF; oF;
Byy=—7— dt and C,,=-—— dr
a¢/ mn+1 a¢} m,n—1
JF; JF;
Dy,=—— dr Epn=—71 dr (10)
8¢J m+1.n a¢] m—1.n

In the previous equation, I is the identity matrix, F; is the right-hand-
side terms of Eq. (1) in the general coordinate system divided by pc ),
F, to F, are the right-hand-side terms of Eq. (3) for components A to
C, and subscripts i, j = 1 to 4.
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Equation (9) is solved by a block tridiagonal matrix inversion,
using Gauss—Siedel line relaxation with alternating sweeps in the
backward and forward directions [17]. The backward sweep consists
of the solution of

Am,n5¢§7§?'l + Bm.n8¢;(nl.)n+l + C»l.n8¢;(rf,)nfl
= =D, 88, 10— Ennbb i+ A, (11a)

and the forward sweep solves

Am,118¢l(f«)n + Bm.n5¢ipf,)n+l + Cm.n5¢ff,)n—l
= _Dm<n5¢(zil) - Enl<n8¢(£) + A¢fnn (1 lb)

m+1.n m—1,n

The time advancement of the solution proceeds as follows. The
explicit change in the solution at time level £ is computed at all (m, n)
locations and is stored. Then, the backward sweep is performed from
the last m line to the first. Equation (11a) is solved using a block
tridiagonal matrix inversion technique at each constant m line.
The results for 8¢, , are used as they become available. Next, the
forward sweep is performed from the first m location to the last.
Again, this sweep involves the solution of a series of block tri-
diagonal equations (11b), during which the most recently available
data for 8(/>f,,,,1 are used. In this fashion, the solution may be advanced
to time level £ + 1 using ¢4+ = ¢%,, + 8¢%, .

A time-accurate solution can be achieved by increasing 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 default algorithm 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 exceeding user input values of
the maximum time step and the maximum temperature change per
time step at any node.

A two-block grid for an arcjet geometry is shown in Fig. 8. The
grid is highly compressed near the outer surface that will be subject to
aeroheating conditions. The interior block, which is shaded yellow,
has point indices m = jp to il and n =2 to jp — 1. The exterior
block has point indices m = 2, il and n = jp to jl. In the exterior
zone, the backward sweep is performed from the back face (m = il)
to the centerline (m = 2), and then the forward sweep is performed
from the centerline to the back face. In the interior zone, the backward
sweep starts from the back face (m = il) to the interface between
interior and exterior zones (m = jp), and then the forward sweep is
from the interface to the back face. A one-block grid for a flight
geometry is presented in Fig. 9. For this grid, the backward sweep is
performed from the back face to the front face, and then the forward
sweep is in the direction of increasing streamlength, which is the
clockwise direction in the figure. If surface recession occurs, the grid
is compressed along lines of constant m, corresponding to the
surface-normal coordinate 7.

flow

>

Fig. 8 Two-block TITAN grid for an arcjet model. The exterior block is
45 x 96 and the interior block (shaded yellow) is 73 x 24.

axis of symmetry

shoulder

maximum heat
load location

region in the plane of symmetry of the Orion crew module.

The grid system is first generated based on the initial shape of TPS
material, and then (if ablation occurs) the surface grid points move
with the receding surface, and the interior points are reconstructed
accordingly. For a given time step, the new surface grid points
are determined based on the local surface recession rate. Then, the
internal grid points are constructed using two different approaches.
In the first approach, the new grid system is rebuilt by compressing
the outer block only. In the second approach, moving speeds for the
interfaces between the interior and exterior blocks are calculated
based on the distribution of recession rates along the exterior surface.
Then, the grid points are constructed accordingly. Solid material is
allowed to convect from the interior block into the exterior block. The
second approach is better for simulations with large-scale recession,
but it requires more computational time. Once the new location of a
grid point is determined, the local grid velocity is the ratio of moving
distance of this point and the time step.

For a transverse isotropic material, the thermal conductivity in the
principle orthogonal directions (IP and TTT) is input. The angle 6 of
the TTT direction from the x axis of the Cartesian (x, y) geometry
also must be specified. The conductivity tensor is then rotated into the
Cartesian frame using the direction cosines of the angle 6 [18]:

K, K, cosf —sinf || Kypp O cosf sinf
|:ny Kyyi|=|:sin9 cos “: 0 KIP“:—sinQ 0059:|
|: Krppcos?0 + Kipsin?0  (Kppr — Kip) cos Osin 9i| 12
(Kt — Kp) cosOsin @ Kpppsin?6 + Kpcos?6

For arcjet models, the TTT direction typically is aligned with the
axis of the model; otherwise, the thermal response is 3-D. For the
flight geometry, the TTT direction of any specific piece of TPS
depends on how that piece was manufactured or machined from a
block of material. One purpose of using TITAN is to determine the
effect of TTT angle on TPS sizing, and then the TTT angle becomes a
design parameter.

IV. Benchmark Solutions

The new capabilities added to TITAN in this work are the ortho-
tropic thermal conductivity model, the one-block grid, and the TPS
sizing algorithm. The sizing algorithm finds the minimum TPS
thickness that is consistent with a set of maximum temperature limits
assigned to the subsurface material interfaces. The implementation
of the sizing algorithm is exactly the same as that used in the FIAT
code. To demonstrate these new capabilities in TITAN, two bench-
mark problems are presented in this section.

The first benchmark problem considers orthotropic thermal con-
duction without ablation and shape change to check the accuracy of
the thermal conduction solver in TITAN. The TITAN results are
compared with solutions obtained from the commercial finite
element solver MSC.MARC that have been validated elsewhere
[19,20]. Both codes use the one-block grid, depicted in Fig. 10, that
contains 41 points along the surface and 77 points through-the-thick-
ness. The inner and outer radii are 5.08 and 10.16 cm, respectively.
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6=90°

Fig. 10 Coordinate definition, one-block 41 x 77 grid, and temper-
ature data locations for the TITAN-MARC benchmark problem.
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Fig. 11 TITAN and MARC predictions for first benchmark problem
with no pyrolysis, no ablation, and orthotropic thermal conductivity.

Simple boundary and initial conditions are applied. The interior
face and the sides at # = 0 and 90 deg are insulated, and the initial
temperature is 294 K. The temperature of the outer surface is linearly
increased to 1000 K in 100 s then maintained at that temperature
to 2000 s. Temperature histories are saved for the nine locations
indicated by the black points in Fig. 10. Points 1 to 3 are along the
x axis at 0 = 0 deg, points 4 to 6 are at an angle of § = 45 deg, and
points 7 to 9 are on the y axis at = 90 deg. In these calculations, the
TPS material properties used were those of orthotropic PICA (except
with pyrolysis equations turned off) because MSC.MARC does not
contain an internal pyrolysis model.

TITAN and MSC.MARC were run with the TTT direction parallel
to the y axis, then the TITAN calculation was repeated with the TTT
direction aligned with the x axis. By symmetry, these two TITAN
solutions should be the same, except flipped around a line at 6 = 45
deg. The computed temperature histories are presented in Fig. 11.
The calculations agree very well with each other, except for small
differences that are primarily a result of spatial interpolation to the
exact geometric points specified for output. The thermal penetration
is faster in the IP direction than in the TTT direction because the IP
conductivity is greater than the TTT conductivity. As would be

expected, the results at points 4 and 5 lie between those obtained
along the two axes.

The second benchmark problem examines the sizing algorithm
used in the TITAN code. Because there was no multidimensional
charring material thermal response solution available for compari-
son, for this case, TITAN results are compared with 1-D FIAT
solutions for two test problems. Solutions from FIAT have previously
been checked against arcjet data and other available solutions [1].
FIAT solves Egs. (1-7) but with only one independent coordinate
variable. Nonplanar geometries are accommodated by inclusion of
the variation in surface area along the coordinate direction. For
example, the heat flux gradient term of Eq. (1) may be written

VVT) = g (r"ka—T) (13)

" or or

where r is the coordinate variable, and n =0, 1, or 2 for planar,
cylindrical, or spherical coordinates, respectively.

This benchmark problem uses the same initial geometry (Fig. 10),
initial temperature, and insulating boundary conditions as described
in the first benchmark problem. At the outer boundary, the surface
heating conditions from the maximum heating point of the LS
trajectory (Fig. 5) are applied identically for all surface points. Also,
the old PICA property model with isotropic thermal conductivity
was used. With these assumptions and boundary conditions, the
temperature is a function of radius and time only; that is, there is no
mathematical dependence on the angle 6 in Fig. 10. Therefore, FIAT
may be used to calculate a solution 7' (r, t) for comparison with the
TITAN solution T'(x, y, f). More specifically for this case, a 2-D
planar analysis for TITAN is geometrically equivalent to a 1-D
cylindrical analysis for FIAT. Also, a TITAN calculation with axial
symmetry (that is, y becomes r, the radius) is geometrically
equivalent to a 1-D spherical analysis for FIAT.

For all four of these analyses, the TPS was sized to a maximum
backface temperature of 523 K at 500 s while taking into account in-
depth pyrolysis, surface ablation, and the full surface energy balance
from Eq. (6). The outer surface was fixed and the inner surface was
moved until the specified maximum temperature was achieved at the
inner boundary. A sizing time of 500 s (corresponding to only the first
heating pulse) was chosen because, for the full trajectory, the desired
inner temperature limit was impossible to achieve within a 10.16 cm
outer radius.

Some key results from the four analyses are listed in Table 1. The
peak surface temperature and total recession are both relatively
insensitive to the type of geometry. The optimized thickness is
approximately 10% greater for the spherical geometry than for the
cylindrical geometry. This result is obtained because the surface heat
load is the same in both calculations, but the surface-to-volume ratio
is larger in the spherical geometry. For both cases, TITAN calculates
an optimized thickness approximately 1.5% larger than FIAT. This
small difference is attributed primarily to the relative accuracy of 1-D
and 2-D temperature interpolations.

Figures 12 and 13 show temperature histories at depths of 1.27,
2.54, 3.81, and 5.08 cm from the initial surface, plotted for the
optimized thickness for the TITAN planar and TITAN axisymmetric
cases, respectively. The TITAN results are shown as solid curves,
and the FIAT results are dotted curves near the TITAN results. The
agreement between the two codes for both cases is evident. For
each depth, the maximum temperature is greater for the spherical
geometry.

Table 1 TITAN and FIAT results for the second benchmark problem

Peak surface
temperature, K

Optimized Total
thickness, cm recession, cm

Solution type

TITAN planar 6.40 0.492 2865
FIAT cylindrical 6.31 0.491 2863
TITAN

axisymmetric 7.08 0.502 2869
FIAT spherical 6.97 0.501 2868
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Fig. 12 Predicted temperatures at four depths from the original
surface for the second benchmark problem: TITAN planar case with
ablation, pyrolysis, and isotropic thermal conductivity.
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Fig. 13 Predicted temperatures at four depths from the original
surface for the second benchmark problem: TITAN axisymmetric case
with ablation, pyrolysis, and isotropic thermal conductivity.

V. Arcjet Model Analysis

The Orion TPS Advanced Development Project conducted
multiple arcjet test series of TPS materials with possible application
to the crew module. Extensive property testing was also performed to
generate a database of material properties for use in analyses. The
baseline heatshield material was PICA. Initial analyses for PICA
used an isotropic thermal property model previously developed to
analyze the performance of PICA on the Stardust vehicle [10,11].
However, the recent testing provided quantitative data to define
the orthotropic nature of this material. Specifically, the thermal
conductivity in the TTT direction is lower than that used in the
isotropic property model, and the thermal conductivity in the IP
direction is greater. A new orthotropic thermal property model was
developed using the new property and arcjet test data.

Iso-g-shaped arcjet models with multiple TCs and 5.08 cm radius
were manufactured and tested. Figure 14 shows a cross section of the
unablated iso-q model shape (solid black), a slightly ablated shape
(dotted), and ten TC locations (symbols), which are listed in Table 2.
Because of spatial constraints for installation, all ten TCs could not

-2 T T T T T
— initial shape
- slightly ablated shape
® thermocouples
0
€ 1@
© 02
2 3e
& o4
£ oL _
g 6e
]
< e5
41 -
centerline
6 1 1 | 1 1
-6 -4 -2 0 2 4 6

y coordinate, cm
Fig. 14 Cross-sectional drawing of the iso-q arcjet model showing TC

locations. Two different back face geometries (shown with gray lines)
were used.

be placed within a single model. Some models contained TCs 1 to 5
on the axis and others contained TCs 5 to 10, located at various radii
at depths of 2.286 and 3.048 cm from the nose tip. Location 10 had
three TCs located at different circumferential angles. All models
were manufactured with the TTT direction parallel to the axis of
symmetry.

Tests were conducted in the NASA Ames Aerodynamic Heating
Facility, which has multiple swing arms for insertion of models
and calibration probes [21]. During the same arcjet run, stagnation
pressure and cold wall heat flux were measured, and three PICA
samples were tested. Two samples had offaxis TCs and one had axis-
only TCs. In this manner, temperature data from all ten locations may
be obtained from one arcjet run.

The material response was calculated using both FIAT and TITAN.
The 1-D FIAT calculation used the stagnation point conditions with
the TTT material properties. The TITAN simulations used ortho-
tropic thermal conductivity with aeroheating and pressure distribu-
tions generated by the DPLR code. The aerothermal boundary
conditions were assumed to be invariant for the duration of arcjet
exposure. This assumption is valid if the ablated shape remains
approximately the same as the initial shape for which the aerothermal
distributions were generated. Figure 2 provided supporting evidence
for this assumption. After the model is removed from the arcjet flow,
the convective boundary condition is turned off. The calculation
continues with internal pyrolysis and heat conduction, and the
surface cools only by reradiation to an environment at 294 K.

In the TITAN calculation, the small peak in heat flux predicted by
DPLR at the shoulder region for the unablated shape causes the
shoulder to round slightly, and the heating distribution is altered.
The calculation cannot continue with the original (peaked) heating
profile because, within seconds, the ablated surface would show an
unrealistic indentation. Therefore, the flowfield was recomputed for
the slightly ablated shape, shown as a dotted curve in Fig. 14. Heating
and pressure distributions for the two shapes are compared in Fig. 15.
The ablated shape has a more uniform heating distribution on the
front face and no local maximum on the shoulder; however, the
pressure drops off more rapidly with radius. The modified heating

Table 2 Nominal TC locations within arcjet models

TC number X, cm r,cm
1 0.381 0.000
2 0.762 0.000
3 1.143 0.000
4 1.524 0.000
5 3.048 0.000
6 2.286 0.000
7 2.286 2.540
8 2.286 3.810
9 2.286 4.445
10 3.048 4.445
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Fig. 15 Heating and pressure distributions for initial and slightly
ablated shapes.

and pressure distributions, combined with the slightly rounded
shoulder, allow a stable uncoupled calculation for the entire TITAN
run. An alternative approach for conducting the simulation would be
to start with the original shape and heating distribution and then, as
needed, calculate a series of new DPLR solutions using grids for
ablated shapes during the course of the TITAN run. Methodology
and solutions for such coupled DPLR-TITAN calculations are
discussed in [22].

Results are presented from a test conducted at stagnation con-
ditions of 246 W/cm? and 8.5 kPa, with an exposure duration of
42 s. This test was the most severe condition from which data from
10 TCs were obtained. Temperature predictions and data for six axial
locations are presented in Figs. 16 and 17. The TC data are presented
as dotted curves, the TITAN predictions are black curves, and the
FIAT predictions are green curves. Both FIAT and TITAN provide a
good match to TC1 that fails near 2200 K. For TC2 and TC3, the
TITAN solution is slightly better than the FIAT solution. For TC4
to TC6, TITAN approximately matches both the time scale and
magnitude of the thermal response. The time scale to each maxima
looks correct in the FIAT calculation, but the magnitude of the
predicted thermal response is too low. Clearly, the 1-D calculation
underpredicts the amount of thermal energy within the sample. The
reason for this disagreement is fairly obvious; during arcjet exposure,

2500 — T
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—
(o))
o
o
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500 {1
] 246 W/cm?, 8.5 kPa, 42 s
1 I 1 I 1 I 1
0 40 80 120
Time, s
Fig. 16 Comparison of TITAN and FIAT predictions with data for
TCs 1 to 3 located on the axis of the iso-q model.
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Fig. 17 Comparison of TITAN and FIAT predictions with data for
TCs 4 to 6 located on the axis of the iso-q model.

the model is heated along the whole exterior surface. The model
sides have a larger surface area than the front face and, as shown
previously, the heat flux is significant along the sides. Therefore,
there is a substantial heat load on the sides that increases the in-depth
temperatures above the level predicted by a 1-D analysis. Thermal
penetration in the radial direction is enhanced by the relatively high
IP conductivity of PICA.

Temperature predictions and data for four radial locations at a
depth of 2.286 cm are compared in Fig. 18. For each TC location, two
data sets are presented as dotted curves, and the TITAN prediction is
the black curve. Atall four locations, the TITAN predictions approxi-
mately match the time scale and magnitude of the peak temperatures,
and the agreement is excellent during the cooldown period. The
agreement at near-surface TC9 provides some validation for the
methodology used to generate the aeroheating distribution.

Finally, Fig. 19 provides temperature predictions and data for two
radial locations at a depth of 3.038 cm. One location is near the
surface and the other is at the centerline. For both locations, the
agreement between the TITAN prediction and the TC data is out-
standing up to 700 s. Also shown is the poor FIAT prediction
for TCS. The agreement at near-surface TC10 provides further

depth =2.286 cm
| 2 data sets

TCO | r=4.445cm
--------- r=3.810cm
- r=2.540cm
--------- r=0.000 cm —
— TITAN

1200

1000

800

Temperature, K
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246 W/cm?, 8.5 kPa, 42 s
| | | |
0 100 200 300 400 500
Time, s
Fig. 18 Comparison of TITAN predictions with data for TCs 6 to 9
located at an initial depth of 2.286 cm from the stagnation point of the
iso-q model.
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Fig. 19 Comparison of TITAN predictions with data for TCs 5 and 10
located at an initial depth of 3.048 cm from the stagnation point for the
iso-q model.

validation of the DPLR solution methodology. The agreement at
deep centerline TCS provides validation of the new orthotropic
thermal conductivity model for PICA.

In the past, PICA thermal response in arcjet models has been
very difficult to model on time scales longer than about 100 s. The
calculations presented here clearly demonstrate that sidewall heating
and orthotropic thermal properties are probably the major causes of
this difficulty. For 5.08 cm radius models, the 1-D approximation
for PICA is poor for times and depths greater than about 100 s and
1.5 cm, respectively. Milos and Chen [23] provide further com-
parisons of TITAN predictions with data from PICA arcjet test
models.

VI. Orion Heatshield Analysis

In this section, calculations are performed using the environment
for the LS entry trajectory that was introduced in Figs. 4-7. This
environment has a long duration with two heat pulses. The peak heat
load occurs in the shoulder region at the location indicated by an
arrow in Fig. 9. The TITAN calculations use a 41 x 87 grid that is
compressed near the heated surface. This geometry and environment
are previously analyzed by FIAT and 3dFIAT (Fig. 7) using the old
isotropic thermal conductivity model for PICA. For comparison
purposes, TITAN is run using the same isotropic property model.

3000 . — I .

2800

2600

2400

2200

2000

Peak Surface Temperature, K

1800 = |----- 3dFIAT .
— TITAN
1600l | O FIAT

Ll ! | !
22 24 26 2.8

Streamlength, m

Fig. 20 Peak surface temperature for the LS trajectory predicted by
three codes.

Orion flow environments are assumed to be fully turbulent; conse-
quently, a blowing reduction parameter A = 0.4 is used in the
material response analyses.

Figures 20-22 present the peak surface temperature, total reces-
sion, and peak bond line temperature as a function of streamlength
along the initial surface. Predictions from FIAT, TITAN, and 3dFIAT
are given on each plot. The TITAN solutions contain additional
points because a finer grid was used. The streamlength definition is
the same as that used in Figure 7. However, here we focus only on
the windward shoulder region. In each figure, the gray vertical line
indicates the tangency point between the spherical dish and the
shoulder.

The predicted maximum surface temperatures (Fig. 20) are almost
identical. The maximum surface temperature is primarily determined
by the peak heat flux at any location, and all three codes use the
same boundary condition data and surface energy balance. The total
surface recession (Fig. 21) also is almost identical. The recession of
any surface point is strongly correlated with the local heat load at that
location. Multidimensional analysis shows that lateral conduction
has only a minor effect on these two quantities.

The predicted maximum bond line temperatures (Fig. 22) show an
expected dependency on the assumed geometry for each code. The
FIAT solutions are independent at every location. This 1-D analysis
corresponds to an assumption of zero thermal conductivity in the
direction parallel to the surface. The 3dFIAT solution includes

25 ; , ; , ;
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— TITAN
20 O FIAT |
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]
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00 1 I 1 I 1
2.2 2.4 2.6 2.8
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Fig. 21 Total recession for the LS trajectory predicted by three codes.
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Fig. 22 Peak bond line temperature for the LS trajectory predicted by
three codes for a 12 cm PICA thickness.
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Fig. 23  PICA thickness for the shoulder tile, optimized for a maximum

temperature of 523 K at the bond line for the LS environment. This
function is periodic.

conductivity in all directions, and there is a net heat flux away from
the hottest shoulder location. Therefore, 3dFIAT predicts a lower
maximum bond line temperature compared with FIAT but a slightly
higher bond line temperature at the outer rim of the spherical dish
(that is, the solid curve crosses the symbols near the vertical gray
line). The TITAN solution shows an intermediate behavior. There is
heat conduction away from the hottest location, and the peak bond
line temperature is lower than that predicted by FIAT. But unlike the
3dFIAT solution, in the TITAN solution, heat cannot flow through
the sides of the one-block grid that were assumed to be insulated.
Consequently, TITAN predicts a higher bond line temperature than
3dFIAT near the fore and aft faces of the tile, corresponding to
streamlengths of 2.32 and 2.79 m, respectively.

The preceding calculation was repeated using the TPS sizing
option in TITAN. A maximum temperature limit of 523 K was
specified for the bond line between the PICA and the structure, and
the outer surface was fixed. The calculation was performed using
both the old isotropic thermal conductivity model and the new
orthotropic thermal conductivity model for PICA. For the isotropic
model, clearly the optimized thickness should be less than 12 cm
because the peak temperatures in Fig. 22 are below the specified
limit of 523 K. For the orthotropic property model, the optimized
thickness depends on the orientation of the TTT (low-conductivity)

Minimum
thickness

Maximum
thickness

um heat

load location

Fig. 24 Minimum and maximum thicknesses that achieve a maximum
temperature of 523 K at the bond line for the LS environment. The
orientation of the low-conductivity TTT direction is shown.

direction with respect to the tile geometry. To investigate the range of
this effect, sizing calculations were performed for TTT angles
spanning the entire range of —90 to 4+-90 deg.

The TPS sizing results are provided in Fig. 23. For the isotropic
model, the optimized PICA thickness is 9.1 cm. For the orthotropic
PICA model, the optimized PICA thickness varies from 7.4 to
9.7 cm. There is a relatively sharp minimum in thickness near a TTT
angle of —47 deg and a relatively broad maximum for angles of +37
to +57 deg. These maximum and minimum thicknesses and the
corresponding orientations for the low-conductivity TTT direction
are illustrated in Fig. 24. The high-conductivity IP direction is
perpendicular to the TTT direction. For the minimum thickness, the
TTT direction is aligned toward the structure in the center of the tile,
and the IP direction is aligned so that energy may be conducted
effectively toward the cooler rearward portions of the geometry. The
broad maximum in thickness occurs for angles for which energy is
effectively conducted toward the structure.

VII. Conclusions

The 2-D TPS analysis tool, TITAN, was upgraded to allow
orthotropic thermal conductivity and to perform TPS thickness
optimization for a one-block grid applicable to flight geometries. To
validate these changes in TITAN, benchmark calculations were
performed for a sample geometry using different boundary condi-
tions and material property models. Good agreement with non-
ablating results from the MARC finite element code and ablating
results from the FIAT code was demonstrated for specific cases.

Applications of TITAN to 2-D analysis of a low-density carbon-
phenolic material in arcjet and flight environments relevant to the
Orion crew module were presented. Using CFD boundary conditions
for a slightly ablated shape, it was feasible to perform uncoupled
TITAN analyses of iso-q-shaped arcjet models. A new orthotropic
property model provided very good agreement with TC data for both
onaxis and offaxis locations for times up to 700 s. In comparison, the
typical 1-D approximation along the model centerline was very poor
for times as low as 100 s. The conclusion is that multidimensional
conduction strongly influences the in-depth thermal response
because of the small arcjet model size and the high IP conductivity of
the material under consideration.

TITAN analyses were performed for a TPS tile in the windward
shoulder region of the Orion crew module for an LS entry environ-
ment. This region presents technical difficulties to analysis because
the peak heating occurs in a location with strong streamwise gra-
dients and near a change in curvature. For an isotropic thermal model,
TITAN results are between those predicted by the 1-D and 3-D tools
FIAT and 3dFIAT. For an orthotropic property model, the TITAN
results depend on the orientation angle of the low-conductivity TTT
direction. Optimized TPS thickness was calculated for the entire
range of angles for the TTT direction. A minimum or a maximum
thickness may be obtained, depending on the alignment of low- and
high-conductivity directions.
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