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Simulation of Foam-Impact Effects on the Space Shuttle
Thermal Protection System

Eric P. Fahrenthold* and Young-Keun Park"
University of Texas at Austin, Austin, Texas 78712

A series of three-dimensional simulations has been performed to investigate analytically the effect of insulating
foam impacts on ceramic tile and reinforced carbon-carbon components of the space shuttle thermal protection
system. The simulations employed a hybrid particle finite element method and a parallel code developed for use
in spacecraft design applications. The conclusions suggested by the numerical study are in general consistent
with experiment. The results emphasize the need for additional material testing work on the dynamic mechanical
response of thermal-protection-system materials and additional impact experiments for use in validating compu-

tational models of impact effects.
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Introduction

T HE report of the Columbia Accident Investigation Board! con-
cluded that the effects of foam impact on the wing leading
edge of the space shuttle was the most likely cause for the loss of
the Orbiter Columbia. Strong evidence in support of this conclu-
sion is provided by a recent series of impact experiments conducted
at Southwest Research Institute by a NASA-SwRI-industry team.?
The current consensus regarding the cause of the accident was not
present in the early stages of the investigation because little exper-
imental data relevant to the accident conditions were available and
because significant lead times were required to prepare and conduct
the necessary impact experiments.

Soon after the loss of Columbia an impact analysis team was
assembled,® whose purpose was to investigate analytically the ef-
fects of foam impact on components of the space shuttle thermal
protection system and to support the conduct of experiments de-
signed to duplicate the impact events observed during launch of the
vehicle. This group included NASA, industry, national laboratory,
and university participation and employed a variety of numerical
methods* and computer codes’ to simulate the impact events of
interest. The present paper describes simulations performed using
a hybrid particle finite element method® and a parallel computer
code’ to model the impact of foam blocks on both ceramic tile and
reinforced carbon-carbon (RCC) components of the space shuttle
thermal protection system. The simulations described here were
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performed in advance of the aforementioned experiments and em-
ployed the best available material property data for foam, tile, and
RCC. The conclusions suggested by the simulations are in general
consistent with the results of later experiments, although additional
material testing, material modeling, and simulation work are needed
to develop a validated computational approach to impact damage as-
sessment for future space shuttle applications.

The sections that follow describe the numerical method used in the
simulations, the structural and material models assumed for the foam
projectiles and the ceramic tile or RCC targets, the computational
costs of the simulations, and the results of the numerical study,
including suggestions for future research.

Numerical Method

In recent research focused on the design of orbital debris shield-
ing, a new numerical method and parallel computer code have been
developed for use in spacecraft design applications. This hybrid
numerical method employs in tandem nondeforming Lagrangian
particles and large-strain finite element kinematics® to simulate im-
pact problems involving shock loading, large deformation plastic-
ity, and complex fragmentation dynamics. The method has been
implemented in a three-dimensional code and validated by compar-
ison with published experiments at impact velocities ranging from
1 to 11 km/s (Ref. 9).

The hybrid method combines the general contact-impact model-
ing capabilities of particle methods with a true Lagrangian descrip-
tion of strength effects, the latter offered by finite element tech-
niques. It avoids the tensile instability problems that have hindered
the effective use of some particle techniques, as well as the mass
and energy discard normally associated with Lagrangian finite el-
ement models of material failure. No particle-to-element mapping
is required because both particles and elements are used through-
out the calculation, but to represent distinct physical effects. The
particles model all inertia and all contact-impact as well as volu-
metric thermomechanical response in compressed states, while the
elements model tension and elastic-plastic shear. Material failure is
represented by the loss of element cohesion, after which particles
not associated with any intact element are free to flow under general
contact-impact loads.

In the case of spherical particles, the state-space model for the
particle-element system?® consists of evolution equations for the par-
ticle translational momenta [ p] and center of mass position vectors
[c]
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augmented by evolution equations for the internal state variables

§O = §O[p®, ¢, 5O, a», V), Er)] @)



202 FAHRENTHOLD AND PARK
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where f@ is a damping force, m® is a particle mass, S is a par-
ticle entropy, d) and D are element shear and normal damage
variables, E") is a plastic strain tensor, i is a particle index, and j
is an element index

vV =v[c?, s, a9, D9, BV (6)

The specific functional forms of the thermomechanical potential and
the internal state evolution equations depend upon the constitutive
assumptions as well as the adopted interpolations for the density and
displacement fields. The present work investigated for the first time
the application of this method to a relatively low-velocity impact
regime, in problems which nonetheless involved complex contact-
impact, material failure, and fragmentation phenomena difficult to
simulate using structural finite element codes.

Material Models

The simulations described here employed simple material models
for the foam, tile, felt strain isolation pad (SIP), and RCC, with mate-
rial properties estimated using the available experimental data. All
materials were assumed to be isotropic elastic perfectly plastic,!”
with an accumulated a plastic strain criterion applied to initiate
element failure. The available material database can be summa-
rized as follows. In support of the Columbia accident investigation,
NASA Glenn Research Center!! and Sandia National Laboratories!?
performed mechanical property tests on foam, tile, and reinforced
carbon-carbon. Mechanical property tests previously performed on
SIP and on SIP-tile combinations are described by Sawyer'3 and
Cooper and Sawyer,* respectively. The relevant thermal properties
for polyurethane, tile, SIP, and carbon-carbon materials are provided
by Oertel,'> Banas et al.,'® Myers et al.,'” Ohlhorst et al.,'® and the
commercial literature.'”

Table 1 lists estimated properties for the materials of interest.
These values were used (except in the case of the SIP) to perform the
simulations described in this paper. The present analysis adopted a
yield strength for the tile corresponding to the lowest experimental
measurements of Lu et al.'” In the case of the RCC, the present
analysis assumed a yield strength equal to the bending strength
measured by Lu et al.'? because the failure mode for the RCC panels
was expected to be flexure of the panel surface under the foam
impact load. At the time the present analysis was performed, the
data available to the authors on SIP properties were very limited.
As a result, the SIP density was underestimated by a factor of 2.3,
and the single layer of SIP elements used in the numerical model
was assigned the same stiftness properties as the tile. The effect of
the underestimating the SIP density was to slightly underestimate
the target areal density and in the present analysis is not considered
to be significant. The experiments of Cooper and Sawyer!* suggest
that the stiff SIP elements used here would tend to overestimate the
tile damage produced by the foam impact load.

More general models of the dynamic mechanical deformation
and failure of the foam, tile, felt, and reinforced carbon—carbon

Table 1 Material properties

Material property Foam Tile SIP RCC
Young’s modulus, psi 1360 9022 220 2.21 x 10°
Shear modulus, psi 529 3510 110 1.04 x 100
Reference density, Ib/ft®  2.15 9.00 12.3 98.6
Yield stress, psi 422 23.9 27.4 14.0 x 10°
Specific heat, Btu/lbm-°F 0.454 0.151 0.315 0.171
Thermal expansion 0 225x1077 1.00x 107> 7.28 x 1077

coefficient, 1/°F
Plastic failure strain 1.0 1.0 1.0 0.01

materials are needed. The authors and others are currently engaged
in work to develop improved material models, with anisotropy
and strain-rate dependence significant in some if not all of these
materials.

Tile-Impact Model

Analysis of launch videos, supplemented by computational-fluid-
dynamics studies, suggested that ceramic tiles located on the lower
surface of Columbia might have been struck by a block of insulating
foam shed from the vehicle’s external tank. A series of experiments
was therefore planned to measure the impact damage produced by
highly oblique foam block impacts on tile arrays similar to those
covering the lower surface of the orbiter wing. Simulations were run
in advance of these experiments, to estimate the impact damage. The
simulation parameters are listed in Table 2.

In each simulation the target model was composed of a 2 x 4
ft array of tiles, each tile having an areal extent of 6 x 6 in. The
uniform tile thickness matched that in the suspected impact areas,
over the main landing-gear door (MLGD), and in the nearby wing
acreage. In the simulations the tile array was supported by an alu-
minum plate, whose lower surface was fixed along a circumferential
edge strip, the latter with a width of 1 in. The SIP that separates the
tile and the aluminum wing structure was modeled with a single
layer of finite elements; however, similar (gap filler) material of-
ten interposed between the individual tiles was not modeled. The
foam projectile was modeled as a homogeneous hexahedral block.
The dimensions, obliquity, and orientation of the foam block at
impact were varied between simulations, as a result of uncertain-
ties in the interpretation of the launch videos, a dependence of the
impact obliquity on the vehicle impact location, and a desire to in-
vestigate the effect of projectile orientation (roll angle) on impact
damage.

Computer resource requirements and some limitations of the re-
search code and preprocessor used here made it necessary to in-
troduce certain geometric approximations. Because available com-
mercial preprocessors do not generate hybrid particle finite element
models, a special preprocessor was employed. The latter code gen-
erates solid models composed of uniform hexahedra and associated
ellipsoidal particles, so that an element and particle deletion process
was used to introduce the gaps between the tiles. As a result, the
width of these gaps was overestimated. Combined with the afore-
mentioned neglect of gap fillers, the assumed geometric model ap-
proximates conservatively the structural strength of the actual tile
array. A second approximation was introduced in modeling the in-
dividual tiles, whose external surfaces are coated in a borosilicate
layer, to a depth approximately 5% of the tile thickness. Computer
resource requirements precluded modeling of features with such
small dimensions, so that the tiles were taken to be monolithic with
material properties derived from the published strength and stiftness
properties of an individual tile.

Table 2 Parameters of the tile-impact simulations

Parameter MLGD1 MLGD2 MLGD 3 Wing acreage

Projectile velocity, fps 700 700 700 720

Impact obliquity, deg 5 5 5 13

Projectile roll, deg 90 0 0 0

Projectile cross 35x11.535x11.5 55%x11.5 55x11.5
section, in.

Projectile length, in. 21.25 21.25 28.5 19.0

Tile thickness, in. 1.875 1.875 1.700 2.450

Aluminum plate 0.1875 0.1875 0.2689 0.2720
thickness, in.

Simulation time, ms 5.0 5.0 6.0 5.0

Number of particles, 1.10 1.10 1.42 1.48
millions

Number of processors 128 128 192 192
(SGI origin)

Wall clock time, h 76.5 90.1 127 102
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Fig. 1 Simulation results for case MLGD 1.

Tile-Impact Simulations

The four tile-impact simulations were performed on systems
operated by NASA Ames Research Center and required between
three and five wall clock days on 128 or 192 processors of an
SGI Origin. The models were composed of over one million par-
ticles, with the simulations extending over 5 or 6 ms of physical
time.

The first two simulations differed only with respect to projectile
orientation (roll angle) and modeled the impact of a 1.06-1b block of
foam, at a velocity of 700 fps, on a tile array similar to those which
cover the main landing-gear doors. Impact obliquity was 5 deg. The
simulations showed 12.0in.? of material (0.178 tile volumes) eroded
by the long edge impact and 19.6 in.? of material (0.290 tile volumes)
eroded by the short edge impact. Figures 1 and 2 show the simula-
tion results, including views of the predicted tile erosion. In both of
these simulations, the maximum predicted depth of penetration was
approximately one-half of the tile thickness. Because the short edge
impact appeared to be more damaging under the postulated impact
conditions, subsequent simulations (and later experiments) involved
foam blocks rotated so as to strike the tile array along the projectile’s
short edge. Experiments that approximately correspond to these two
simulations were later performed by Kerr et al. The first experiment
produced three craters with a total volume of approximately 0.1 in.?
although much of this damage might have been caused by the unin-
tended impact of a Mylar burst disc used in the compressed air gun,
which launched the projectile. The second experiment produced no
impact craters. Because the aforementioned numerical modeling as-
sumptions minimized both tile strength and tile lateral support while
maximizing the stiffness of the SIP layer, the tile-impact damage was
overestimated. However the eroded volume error was less than one-
third of one tile volume, with the damage distributed among several
tiles.

The third and fourth simulations considered somewhat more se-
vere impact conditions. The third case assumed a 2.24-1b projec-
tile and a slightly reduced tile thickness. (Tile thickness varies
with position over the lower surface of the orbiter.) The result was

an increase in eroded material, to 48.2 in.? (0.789 tile volumes),
and an increase in the maximum depth of penetration to three-
quarters of the tile thickness. These simulation results are depicted
in Fig. 3. Finally the fourth case considered a lower mass projec-
tile (1.53 1b) but a slightly higher impact velocity (720 fps) and a
more direct impact, with the impact obliquity taken to be 13 deg.
The tile thickness in the target was increased in order to repre-
sent a wing acreage area away from the MLGD. The simulation
results, shown in Fig. 4, predicted erosion of 70.6 in.®> of mate-
rial (0.785 tile volumes) and a maximum depth of penetration to
the level of the SIP, in one small area. Experiments that approxi-
mately correspond to these two simulations were later performed
by Kerr et al.? The first experiment produced no impact craters.
The second experiment produced four craters, each with an areal
extent of less than 1.0 in.? (depth not provided). It appears that the
aforementioned numerical modeling assumptions again caused the
tile-impact damage to be overestimated. The eroded volume error
was less than one tile volume, with the damage distributed among
multiple tiles.

In summary the pretest simulations predicted in the worst case the
removal of less than one tile volume of ceramic material, under mod-
eling assumptions that conservatively approximated tile strength
properties, the lateral support provided in the tile gap region, and
the compliance of the SIP layer. Subsequent testing showed that
none of the impact configurations considered here produced signif-
icant damage to the target tile array.

RCC-Impact Model

As in the case of the underwing tiles, analysis of launch
videos and complimentary computational-fluid-dynamics work sug-
gested the possibility that Columbia’s wing leading edge was
subjected to a highly oblique foam block impact. A series of
experiments on reinforced carbon-carbon panels was therefore
planned to investigate the effects of such impacts, for panel ge-
ometries representative of the leading-edge region most likely in-
volved. Prior to these experiments, two simulations were run to
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Fig. 2 Simulation results for case MLGD 2.

Fig. 3 Simulation results for case MLGD 3.
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Fig. 4 Simulation results for the wing-acreage impact case.

Table 3 Parameters of the wing leading-edge impact simulations

Parameter Corner-impact case ~ Edge-impact case

Projectile velocity, fps 775 775
Projectile dimensions, in. 55x11.5%x22.8 55x11.5%x22.8

Projectile roll, pitch, yaw, deg 0.0, 17.5, 6.32 30.0, 17.5, 6.32
Impact obliquity, deg 14.6 14.6
Panel dimensions, in. 20.5x384x21.3 205x384x21.3
Panel thickness, in. 0.25 0.25
Simulation time, ms 1.635 2.000
Number of particles (millions) 1.90 1.90
Number of processors 128 256

(SGI origin)
Wall clock time, h 96 74

estimate the impact damage. The simulation parameters are listed in
Table 3.

The target model used in the simulations represented the geom-
etry of wing leading-edge panel number six. The limitations of the
preprocessor used here again led to certain approximations. A pro-
file for the model cross section was obtained by fitting coordinate
data extracted from a CAD model of the actual panel and assum-
ing a constant RCC wall thickness. This cross section was then
extended an axial distance equal to the total panel length, with stiff-
ening ribs added at both ends, similar to those found on the actual
part. The upper and lower edges of the panel were held fixed in the
simulations. This target model was considered to be generally rep-
resentative of the strength and stiffness of the actual structure. The
simulations assumed that in the RCC elements failure would occur
at a plastic strain of 0.01, a relatively brittle failure criterion. The
thin silicon-carbide coating present on the actual part was not mod-
eled, again because of the high computational cost of simulations,
which resolve very small-scale features. As discussed in a preced-
ing section, the particle-element preprocessor used here produced
models composed of uniform hexahedra, so that the curved surface
of the RCC panel model was represented with a stairstep geometry.

The starting conditions for the two simulations differed only with
respect to projectile orientation (roll angle), one objective of the
analysis being to determine the relative severity of impact damage
caused by edge and corner impacts. The specified impact point was
located a distance of 18.1 in. from the panel edge, measured along
the panel arc, and the impact obliquity (14.6 deg) was specified as
the angle between the target surface normal at the impact point and
the projectile velocity vector, the latter aligned with the long axis
of the foam block. The pitch, roll, and yaw of the projectile were
computed so as to match these specifications.

RCC-Impact Simulations

The RCC-panel-impact simulations were performed on SGI Ori-
gin systems at NASA Ames Research Center and required between
three and four wall clock days on 128 or 256 processors. The mod-
els were composed of approximately two million particles, with the
simulations extending over no more than 2 ms of physical time. The
simulation results are depicted in Fig. 5 (corner impact case) and
Fig. 6 (edge impact case). The first simulation modeled a corner
impact and resulted in failure of the panel, with a crack approxi-
mately 6 in. in length developing along the panel surface, normal to
the leading-edge stagnation line. The second simulation modeled an
edge impact and showed greater panel damage, in this case multiple
cracks, the largest extending along half the length of the panel and
aligned parallel to the stagnation line.

Although the scope of the RCC-impact simulation work described
here was limited, the results indicate failure of the panel under the
postulated foam-impact loads. These results are in general consistent
with later experiments conducted on space shuttle wing leading-
edge panels. Experiments that approximately correspond to these
two simulations were performed by Kerr et al.? In the first exper-
iment, a corner impact test conducted on a panel six target at a
21-deg obliquity resulted in a crack of length 5.5 in. located at the
panel edge and oriented parallel to the stagnation line. In the second
experiment, an edge impact test conducted on a panel eight target
at a 25-deg obliquity resulted in gross failure of the panel surface,
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Fig. 5 Simulation results for the RCC-corner-impact case.

Fig. 6 Simulation results for the RCC-edge-impact case.
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producing a 17 x 16 in. hole in the panel surface. Comparison of
the experiments and simulations is complicated by differences in
target geometry and impact obliquity. Because the experiments in-
volved higher impact obliquities, they would be expected to produce
more damage than is depicted in the simulations. The first simula-
tion showed a crack similar in size to that observed in the first
experiment, although the predicted location and orientation were
not correct. The second simulation showed large cracks in the panel
surface, at an impact obliquity 10 deg less than that which resulted
in gross panel failure in the second experiment. In general the nu-
merical modeling work, which incorporated best case assumptions
with regard to RCC strength and ductility, appears to provide good
estimates of panel impact damage.

Conclusions

The present paper has described a series of pretest simulations
performed to estimate damage produced by external foam strikes
on thermal protection system components of the space shuttle.
The simulations employed a hybrid particle finite element tech-
nique and a parallel computer code developed for use in space-
craft design applications. The simulation results are in general con-
sistent with experimental results available for this class of prob-
lems and indicate that the numerical method used here is suit-
able for application in a relatively low-velocity regime. The ap-
plication of this numerical technique to future impact problems
would be facilitated by further methods and interface development
work, aimed at accommodating complex structural geometries de-
scribed by a standard CAD database or a commercial finite element
preprocessor.

Several conclusions specific to the operation of the space shuttle
and the design of future aerospace planes are suggested:

1) Additional material testing and constitutive modeling research
describing the deformation and failure of thermal protection system
materials is needed.

2) Numerical methods and code development work is needed
to provide a validated computer simulation capability for impact
damage assessment.

3) Additional, higher resolution simulations should be performed
to investigate the effects of any simplifying assumptions made in
the areas of material modeling and structural geometry.

4) Additional impact testing should be conducted, over a wider
range of impact conditions to validate proposed computational anal-
ysis techniques.

Research in the suggested areas is already in progress. The au-
thors are currently engaged in work that will allow the hybrid particle
finite element technique used here to model impact on any struc-
tural geometry described by a general hexahedral finite element
mesh.
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