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Improving Metallic Thermal Protection System Hypervelocity

Impact Resistance Through Numerical Simulations

Carl C. Poteet* and Max L. Blosser'
NASA Langley Research Center, Hampton, Virginia 23681

A design of experiments approach has been implemented using computational hypervelocity impact simulations.
The purpose of this study is to determine the most effective place to make minor design changes to an existing
metallic thermal protection system to improve hypervelocity impact protection provided to underlying components.
Simulations are performed using axisymmetric models in a shock-physics hydrodynamics code and compared
with existing experimental data. The axisymmetric models are then used in a statistical sensitivity analysis to
determine the influence of design parameters on degree of protection. Several damage metrics are identified and
evaluated. Damage metrics related to the extent of substructure damage produce misleading results; however,
damage metrics related to the degree of dispersion of the hypervelocity projectile produce results that correspond
to physical intuition. Based on analysis of variance results, it is concluded that increasing the spacing between
the outer surface and the substructure is the most effective way to increase hypervelocity impact resistance. The
second most effective design change is to increase the thickness of the outer foil layer. When design considerations
are taken into account for the system in this study, it is explained that increasing the thickness of the outer foil

layer is the most practical design change.
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Introduction

YPERVELOCITY impact resistance is an important design

consideration for metallic thermal protection systems (TPS)
proposed for future reusable launch vehicles. The impact velocity
between orbiting particles (space debris and micrometeoroids) and
orbiting vehicles is typically in excess of material sound speed,
resulting in the term hypervelocity impact. The average relative
velocity between space debris and orbiting vehicles is 10 km/s, but
can be as high as 16 km/s. At these velocities, even small particles
have sufficient energy to damage a spacecraft significantly. Metallic
TPS may cover a large percentage of the vehicle exterior surface,
resulting in increased probability over the vehicle design life of
impact with particles large enough to penetrate the TPS. Penetration
of the TPS may decrease the level of thermal protection provided on
reentry, and the impact debris may also damage components (fuel
tank, crew cabin, structural members, etc.) underneath the TPS.

A review of metallic TPS development evolution is included in
Ref 1. Several of the more recently developed metallic TPS concepts
include a foil-gauge honeycomb sandwich on the TPS outer, aerody-
namic surface and a inner foil layer on the inner surface that together
with foil side walls encapsulate several centimeters of fibrous insu-
lation. Figure 1 shows the metallic TPS concept examined. The TPS
is mechanically attached to underlying components. Computational
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results are compared to experimental results in which attachment
is to a 0.254-cm-thick aluminum 2024-T81 plate representative of
the space shuttle aluminum substructure. Material selection for the
TPS outer honeycomb sandwich depends on thermal and mechani-
cal conditions present during the flight cycle of the reusable launch
vehicle, where design considerations include peak reentry surface
temperature, oxidation, creep, and pressure loading expected at the
TPS mounting location. Inconel 617 and Ti—-6Al-4V outer honey-
comb sandwich materials are examined in this study. Inconel 617 has
been identified as a viable material for use in the outer honeycomb
sandwich for vehicle regions that experience peak temperatures be-
tween 600 and 980°C during reentry. In regions experiencing peak
temperatures lower than 600°C, Ti—-6Al-4V is a candidate material.
The inner foil layer, comprising the back of the TPS panel, experi-
ences lower temperatures and is made of Ti—-6Al-4V for all vehicle
regions.

The configuration of the metallic TPS design in the center of a
panel, away from the edges and attachments, is very similar to a
Whipple shield,? a structure used to protect satellites from space
debris. As shown in Fig. 2, the basic Whipple shield design consists
of one or more thin walls separated by a standoff distance from
the structure being protected. The center of a TPS panel (excluding
the fibrous insulation and honeycomb core) is similar to a Whipple
shield, consisting of three thin-foil layers with spacing between
them. Therefore, the TPS panel may already be in a good config-
uration to shield against orbital debris. With modification of key
design parameters, it may be possible to enhance impact protection
significantly.

The objective of this study is to identify, at a preliminary design
level, the most mass efficient way to modify an existing metallic
TPS to improve the impact protection provided to underlying com-
ponents. The improved TPS design must still meet the requirements
and constraints imposed by the launch vehicle it is mounted on.
The design requirements significantly limit the wall thicknesses
that can be used because launch vehicles are extremely weight
critical. Launch vehicle design considerations also limit the total
standoff distance that can be used because increasing TPS thick-
ness increases the overall vehicle size, adversely affecting vehicle
weight and performance. These vehicle level design issues will be
considered when selecting design parameter levels in the statistical
analysis and when determining the best design changes to improve
hypervelocity impact protection.

A given TPS design can potentially be attached over many types of
components, composed of different materials, thicknesses, standoff,
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Fig. 2 Basic Whipple shield design principle.

and tolerance to damage. The design of both the TPS and the un-
derlying component are important in determining penetration and
damage from hypervelocity impact and should be considered for a
detailed final design. This study, however, is undertaken at a prelim-
inary design level, focusing only on the TPS design, and the ability
of the TPS design to disperse effectively the hypervelocity projec-
tile. A well-dispersed projectile should be less of a threat to any of
the potential components to which metallic TPS will be attached.

The approach taken was to first generate computational models of
hypervelocity impact on metallic TPS panels. Two configurations of
TPS were selected for modeling, one with an Inconel 617 outer hon-
eycomb sandwich and the other with a Ti-6Al-4V outer honeycomb
sandwich. Both computational models correspond to configurations
tested in Ref. 3. Comparison is made with the experimental results.
Then, the TPS with Inconel 617 outer honeycomb sandwich is used
in a statistical sensitivity study that varies five TPS design parame-
ters to identify design changes that will improve impact protection
provided to underlying components.

Experimental Results

In a previous effort,’ 33 experimental hypervelocity impact tests
were performed on various metallic TPS configurations using the
NASA Marshall Space Flight Center Orbital Debris Simulation Fa-
cility. All tests were with either 0.318-,0.476-, or 0.635-cm spherical
1100-0O aluminum projectiles fired normal to the TPS surface, with
velocities ranging from 7.0 to 7.9 km/s. There were 20 tests with
the TPS design studied in this paper. Figure 1 shows a schematic of
the primary features of the TPS design.

Figure 3a shows a cutaway view through the center of the TPS
panel shown in Fig 1. In the experiments, the facesheets and hon-
eycomb core of the outer honeycomb sandwich panel were com-
posed of either Inconel 617 or Ti—6A1-4V, with facesheet thick-
nesses ranging from 6.35E—3 cm to 2.54E—2 cm and 7.62E—3 cm
to 3.56 E—2 cm, respectively. Two different honeycomb core cell
sizes were examined for the Inconel 617 outer honeycomb sand-
wich, either 0.476 or 0.635 cm, but only the 0.476-cm core was
examined for Ti-6A1-4V outer honeycomb sandwich. Honeycomb
ribbon gauge was dependent on cell size: Honeycomb cell size of
0.476 cm used 3.81 E—3 cm gauge ribbon; honeycomb cell size of
0.635 cm used 5.08 £—3 cm gauge ribbon. The insulation layer was

Table 1 Experimental parameters

Parameter Specimen 6 Specimen 17
Projectile

Material 1100-0 Al 1100-0O Al

Velocity, km/s 7.5 7.1

Diameter, cm 0.476 0.476
Outer facesheet

Material INC617 Ti—6Al-4V

Gauge, cm 0.0127 0.0127
Honeycomb core

Material INC617 Ti—6Al-4V

Cell size, cm 0.635 0.476

Gauge, cm 5.08E—-03 3.81E-03

Depth, cm 0.711 0.711
Inner facesheet

Material INC617 Ti-6Al-4V

Gauge, cm 0.0127 0.0127
Insulation

Material Saffil Saffil

Thickness, cm 5.08 5.08

Approximate density, g/cm? 0.0233 0.0233
Titanium foil

Material Ti-6Al-4V Ti-6Al-4V

Gauge, cm 7.62E—-03 7.62E-03
Substructure

Material 2024-T81 Al 2024-T81 Al

Thickness, cm 0.254 0.254
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Fig. 3 Comparison of experimental TPS configuration (through the
thickness) to axisymmetric computational model.

composed of Saffil™ alumina-based fibrous insulation. Density of

tested insulation layers were estimated to be between 0.0203 and
0.0263 g/cm?, and in most test cases, the insulation layer was 5.08 cm
thick. In tests with the configuration of Figs. 1 and 3, the inner foil
layer was 7.72 E—3 cm thick Ti-6Al-4V foil, and spacing between
the inner foil layer and the substructure was 0.95 cm. The substruc-
ture was 0.254-cm-thick aluminum 2024-T81 plate, representative
of the space shuttle substructure.

Two particular test cases were selected for comparison with com-
putational hypervelocity impact simulations: specimen 6, which
uses an Inconel 617 outer honeycomb sandwich, and specimen 17,
which uses a Ti—-6A1—4V outer honeycomb sandwich. Experimental
parameters for both specimens are listed in Table 1. Specimens were
chosen that had outer facesheet parameters in a desirable range when
other factors, such as weight, structural requirements, and low-speed
impact damage from hail and flying through rain were considered.
Both of these cases use a 0.476-cm-diam projectile. From the ex-
periments, it was found that most of the TPS configurations tested



POTEET AND BLOSSER 223

prevent substructure penetration from 0.318-cm-diam projectiles.
All tests with larger 0.635-cm-diam projectiles result in penetration
of the TPS and substructure, and it was clear from the level of dam-
age that significant modification of the TPS would be required to
provide protection against a projectile of this size. However, sub-
structure damage in tests with the 0.476-cm-diam projectile was
sensitive to changes in TPS parameters, making this projectile size
interesting for study in a sensitivity analysis.

Testing of specimens 6 and 17 resulted in penetration of the TPS
panel and substructure. Details of the damage to the substructure will
be given in the section “Comparison with Experimental Results.”
For complete data from the experiments, see Ref. 3.

Method

In this study, computational models are developed of a simpli-
fied TPS configuration, representative of the center of a metallic
TPS panel. Two models are created, the first for TPS with Ti—-6Al—
4V outer honeycomb sandwich panel and the second for TPS with
Inconel 617 outer honeycomb sandwich panel. Damage predicted
using the first and second models are compared to experimental
specimens 17 and 6, respectively, reported in Ref. 3. Experimental
parameters are listed in Table 1. The Inconel 617 model is then used
in a statistical sensitivity analysis to quantify and rank influences of
key design parameters on impact protection provided to underlying
components.

Model Description

Two different hypervelocity impact models were generated for
comparison with the experimental specimens listed in Table 1. One
of these was an all-titanium TPS model for comparison with speci-
men 17; the other model was of TPS with Inconel 617 outer honey-
comb sandwich and a Ti—-6A1-4V inner foil layer, for comparison
with specimen 6.

Hypervelocity impact models were generated in CTH,* a shock-
physics code developed at Sandia National Laboratories. CTH can
be used to solve problems involving multiple materials, large de-
formations and strong shocks. A finite volume technique is imple-
mented with an Eulerian mesh to solve the conservation of mass,
momentum, and energy equations. Only mechanical effects are con-
sidered in this study. Electromagnetic, chemical, and heat conduc-
tion effects are neglected.

Figure 3 shows a comparison of the key features of the computa-
tional model with the experimental setup. An axisymmetric model
was generated to reduce computational time and memory require-
ments, allowing workstation-class computer resources to be used.

The honeycomb sandwich panel outer facesheet and inner
facesheet will be referred to as layer 1 and layer 2, respectively.
The honeycomb core between layers 1 and 2 was omitted. To model
honeycomb core accurately requires a three-dimensional model. The
3.81 E—3-5.08 E—3 thick honeycomb ribbon requires an extremely
dense mesh, which would result in model size and runtimes in ex-
cess of the capabilities of available computer workstations. Previous
computational studies’ using the same TPS configuration studied in
this paper revealed that impact normal to the outer surface at dif-
ferent locations relative to the honeycomb core can produce signifi-
cantly different responses. Impact in the center of a honeycomb cell
was shown to channel the debris cloud, resulting in an increase in
debris cloud lethality compared to a TPS panel without honeycomb
core. However, impact directly over a junction in the honeycomb rib-
bon resulted in increased dispersion of the debris cloud and reduced
damage to the substructure. In Ref. 5, it was shown that the level
of debris cloud dispersion when the honeycomb was omitted was
in between that of the cell-centered and junction-centered impact.
It would be very informative to study the effect of the honeycomb
layer in greater detail, either computationally or experimentally;
however, at the preliminary design level it is believed that omission
of the honeycomb layer is justified.

The Saffil fibrous insulation layer was neglected because it could
not be readily modeled with CTH. The low-density insulation should
attenuate the effects of the impacting projectile somewhat, and ne-
glecting the insulation should produce a conservative result. It is

Table 2 CTH material parameters

Yield strength, Fracture strength,

Material EOS MPa MPa

1100-0 Al SESAME aluminum 34 —100
2024-T81 Al SESAME aluminum Johnson—Cook —1500
Ti—-6A1-4V ANEOS Ti—-6A1-4V 880 —2860
Inconel 617 ANEOS Ni 350 —1400

assumed that when statistical analysis is performed on the simplified
model, design changes identified as increasing the level of protec-
tion to underlying components will be beneficial for the case with
Saffil as well. However, the effect of Saffil is not well understood.
Although it is assumed to be minor, the tests in Ref. 3 do not clearly
reveal the influence of the Saffil insulation layer.

The inner foil layer and aluminum substructure were modeled. In
discussion of the computational model these layers will be referred
to as layer 3 and substructure, respectively.

Material modeling in CTH can be broken into three categories:
volumetric response, resistance to distortion, and failure.® Material
volumetric response, or resistance to compression, is predicted us-
ing an equation of state (EOS). Highly detailed, tabularized EOS
are used with CTH that report pressure and energy as a function of
density and temperature. The EOS used are valid through the range
of densities and temperatures experienced in a hypervelocity impact
and account for multiple material phase changes. Material consti-
tutive response for the hypervelocity projectile and TPS layers was
modeled with a simple elastic—plastic model with Von Mises yield
surfaces. The aluminum substructure was modeled using the more
detailed Johnson—Cook viscoplastic model. Failure in tension was
modeled using the standard CTH option in which tension is relieved
by introducing a void into computational cells when the hydrostatic
tensile stress exceeds fracture strength.’

Table 2 contains the EOS, yield strength, and fracture strength
values used. The SESAME? aluminum EOS was used for both
A1 1100-0 and Al 2024-T81. A density correction factor was used
with Al 2024-T81 to account for the lower density due to alloying.
A tabularized version of the analytical equation of state (ANEOS)’
was used for titanium-foil layers. The EOS for Inconel 617 was
approximated by using the tabularized ANEOS for nickel with a
density correction factor of 1.06 to correct for the density differ-
ence. Because Inconel 617 is heavily alloyed, it is unclear what the
accuracy of the EOS approximation will be.

Materials in Table 2 with a numerical entry under yield strength
use an elastic—plastic model with Von Mises yield surface for ma-
terial strength. The substructure was modeled using the Johnson—
Cook viscoplastic model® with default values for 2024-T351 alu-
minum because no constitutive model was available for 2024-T81.
Failure in tension was modeled using the standard CTH option in
which tension is relieved by introducing a void into computational
cells when the mean principal stress exceeds the fracture strength.
The fracture strength for 2024 aluminum is estimated from values
for 2219 aluminum given by Hertel.? Fracture strength for titanium
is derived from the dynamic yield stress reported by Babcock et al.'®
multiplied by a factor of two, as suggested by Silling.” Values for the
dynamic yield stress of Inconel 617 were not available. However,
dynamic yield strength is typically on the order of twice the static
yield strength. Fracture strength for Inconel 617 was obtained by
multiplying the yield strength!! by a factor of two (to approximate
dynamic yield strength) and then multiplying by an additional factor
of two (as suggested by Silling”).

Axisymmetric models were generated in which a rectangular
mesh of computational cells were created in a radial plane. Thus,
each rectangular computational cell represents a cylindrical annulus
centered around the axis of symmetry. As shown in Fig. 3, a radi-
ally symmetric boundary condition was imposed along the axis of
symmetry, preventing mass, momentum, stress deviator, and energy
fluxes through the axis of symmetry. Absorbing boundary conditions
were used along all other boundaries, allowing material to flow out
of the computational domain. Material layers were unrestrained.
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Because impact occurs at velocities in excess of material sound
speeds, the conditions at the edges of a material layer will not in-
fluence the response during the initial microseconds of impact, the
time frame of interest.

It is standard practice to use four or more computational cells
through the thickness of a layer to allow adequate resolution of the
shock structure.'? In addition, to ensure an accurate computational
solution, computational cells should be square in impacted areas
and cell dimensions should only be varied gradually. A two-step
Eulerian solution scheme is used in CTH that requires that both
material and void be meshed. The geometry of the model in this
study, with large spacing between relatively thin layers, requires an
extremely dense mesh. To make solution of the model on the com-
puter resources available more practical, it was decided to use only
two computational cells through the wall thickness, the rationale
being that the shock structure in the thin layers may not be captured
completely, but that the shock structure generated in the larger, more
massive incoming projectile will be generated with reasonable ac-
curacy. In a previous study, it was shown that this assumption was
reasonable for problems with this geometry.’ This reduces the re-
quired number of computational cells by a factor of four and total
runtime by a factor of five. Runtime is on the order of 1 CPU-day
for this modeling scheme, running on an SGI MIPS R10000 CPU.

During a hypervelocity impact simulation, a large amount of low,
density gas is generated, which tends to increase computational
run time dramatically and may lead to numerical difficulties. To
avoid computational problems, a material filter was used to remove
material with both density below 0.005 g/cm® and pressure below
0.1 MPa. Discarding material of such low density is assumed to
have a negligible effect on the simulation.

Comparison with Experimental Results
Figures 4 and 5 show progression of the computational hy-
pervelocity impact simulation of an all-titanium TPS panel, for

Y
-

0 Layer 1 )
| e
10k Layer 2
3
30:
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Time=1.00 usec

comparison with results from experimental specimen 17. Except
for the omission of the honeycomb layer and Saffil insulation layer,
computational simulation parameters were consistent with the ex-
perimental parameters listed in Table 1. Figure 4 shows the initial
configuration and calculation at 1.00 and 3.00 us, with results dis-
played in the vicinity of layers 1 and 2. Layer 1, despite being much
thinner than the projectile diameter, has shocked the projectile at
1.0 us, causing spalling to occur. Spalling is a tensile failure result-
ing from the reflection of compressive waves at free surfaces. At
this point, the debris cloud is composed primarily of high-density
fragments arranged in an expanding semispherical pattern. On im-
pact with layer 2, fragments in the leading edge of the debris cloud
are shocked again. At 3 us, alow-density gas region is noticeable in
front and to the side of the high-density fragments. The debris cloud
high-density core disperses as it travels toward layer 3. Figure 5
shows calculation at 8.75, 10.25, and 12.00 us, with results dis-
played in the region of layers 3 and the substructure. At 8.75 us,
contact is made with layer 3, and by 10.25 us, the debris cloud is
dispersed considerably. Solid fragments show up in the results as
high- (greater than 1000 kg/m?) density regions and are still no-
ticeable in the debris cloud before substructure impact. At 12 us,
substructure penetration is underway. Solid fragments near the im-
pact centerline are in the process of penetrating the substructure,
and overlapping fragments farther from the centerline have resulted
in severe cratering. The shock wave initiated by the debris cloud
impact causes limited spalling to the rear of the substructure, be-
tween X = 3.4 and 6.6 mm. These damage mechanisms combine to
produce the 9.8-mm hole shown in Fig. 6, which shows the com-
putational results compared to a top-down view of specimen 17
substructure damage. The experimental and computational results
shown in Fig 6 are shown to scale to allow comparison of the dam-
age areas. The computational result shows only the intact portion of
the substructure at 14.35 us, with the debris cloud gases removed
to make the substructure damage easier to discern.
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Fig. 4 Computational simulation of impact on all-titanium TPS panel during penetration of layers 1 and 2.
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Fig. 5 Computational simulation of impact on all-titanium TPS panel during penetration of layer 3 and substructure.
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Fig. 6 Comparison of predicted and measured substructure damage
for all-titanium TPS panel.

Substructure penetration in specimen 17 appears to be due to
multiple overlapping fragments. When fragment impacts partially
overlap multiple craters are formed, one on top of the other. This
buildup of damage can result in penetration even if the individual
fragments do not have sufficient energy to penetrate the substructure
alone. There are two distinct holes in the experimental substructure.
The larger hole measures 10.5 by 4.4 mm and the smaller hole
measures 2.5 by 1.4 mm. There is an area of severe cratering be-
tween the two holes formed by multiple small fragment impacts.
Both holes and the severely cratered area are located within a di-
ameter of 15 mm, labeled penetration diameter in Fig. 6. Several
less severe fragment craters are located outside of the penetration
diameter drawn on Fig. 6. A barely visible bulge is also noticed in
the substructure.

Similar phenomena are observed when comparing specimen 17
to the corresponding computational result. Penetration by multiple
small fragments occur in both experiment and computation. Re-
gions of fragment overlap are observed in computation, as well as
experiment. The area of significant damage to the experimental sub-
structure, labeled the penetration diameter in Fig. 6 has a diameter of
15 mm, which is comparable to the calculated penetration diameter
of 9.8 mm. It is not clear why two distinct substructure penetrations
occurred in the experiment. This indicates that there were two sep-
arate mass concentrations in the debris cloud, which may be due to
debris cloud interaction with the honeycomb core, but could also
be due to breakup of the projectile before impact with the outer
facesheet of the outer honeycomb sandwich. Premature projectile
breakup is a commonly observed occurrence in hypervelocity im-
pact testing. It is hypothesized that if the mechanism resulting in
distinct damage regions was not present in the experiment, the ex-
perimental substructure penetration diameter would be smaller and
would compare more favorably with the computational results.

To aid in discussion of the experimental and computational re-
sults, several limitations of axisymmetric models should be noted.
The first limitation is that fragments away from the impact centerline
have a cylindrical annulus shape. Thus, if a off-centerline fragment
penetrates the substructure, it results in a annular hole, separating
the substructure material in the center from the rest of the substruc-
ture. Thus, the predicted substructure damage characteristics may
differ from experiment. However, the computational results should
give a good indication of the degree of dispersion and state of the
material in the debris cloud.

The second computational model is of a TPS panel using Inconel
617 outer honeycomb sandwich, generated for comparison with ex-
perimental specimen 6. Experimental parameters are listed in Ta-
ble 1. Except for the omission of honeycomb core and Saffil in-
sulation layers, the computational parameters are the same as the
experimental parameters. The progression of impact in the second
model is qualitatively similar to the computational results shown for
the all-titanium model in Figs. 4 and 5 and is not shown. The second
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Fig. 7 Comparison of predicted and measured substructure damage
for Inconel TPS panel.

model significantly overpredicts substructure hole size, as shown in
Fig. 7. Computational results are shown at 16.5 us. Only intact por-
tions of the substructure are shown, with impact debris removed to
allow substructure damage to be seen clearly. Although the center-
line fragment penetration diameter of 0.8 mm compares favorably
with the experimental hole diameter of 0.7 mm, it is clear that if
this calculation were run for a longer time that the significant frag-
ment crater at X =4.5 mm would result in the substructure region
at X >4.5 mm becoming detached, resulting in a computed hole
size of 10.3 mm. Experimentally, only one fragment penetration
occurred, along with several shallow fragment craters.

The reason for the lack of agreement between computation and
experiment is unclear and may be due to the lack of required ma-
terial properties for Inconel 617. Omission of the honeycomb core
and Saffil insulation layers in the computational model also may
have affected the predicted substructure damage. There are also un-
knowns associated with the experiment. It is possible that, in the
experiment, the particular impact location relative to the foil walls
in the honeycomb core increased dispersion of the impacting pro-
jectile, resulting in less substructure damage. It is also possible that
the projectile broke up prematurely in the experiment, which could
lead to less substructure damage.

Although substructure damage is overpredicted in the second
model, TPS with Inconel 617 outer honeycomb sandwich is of pri-
mary interest in this research and is used in the statistical sensitivity
analysis that follows. It is assumed that the Inconel model will pro-
duce results that are trendwise accurate, allowing TPS parameter
variations to be ranked according to influence on protection pro-
vided to underlying components.

Statistical Sensitivity Analysis

The primary objective of this study is to determine the most ef-
fective place to make minor design changes to an existing metallic
TPS to improve hypervelocity impact protection. The effects of
a large number of parameters, or factors, needed to be quantified
and compared. An efficient method was needed to assess the rela-
tive importance of many factors. The conventional approach would
be to investigate one factor at a time, with the remaining factors
held constant. This method is acceptable for a few variables that do
not change much from their baseline values. Moreover, this one-
factor-at-a-time method assumes that the effect of each variable is
independent of variations of the other variables.

A factorial design approach can be used in which a few discrete
values are chosen for each design parameter, and all possible com-
binations are evaluated. However, the number of analyses required
can quickly become unmanageable.

The method selected for this study borrows techniques commonly
used in robust design.'>!* Design parameters (independent vari-
ables) are varied simultaneously in a matrix of experiments (or in
this case, a matrix of analyses) defined by orthogonal arrays. The
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effects of a large number of design parameters, evaluated over the
range of interest, can be determined efficiently using this method.
The method used in this study follows closely the procedures pre-
sented in Ref. 13, as well as similar procedures in Ref. 14.

The first step in statistical sensitivity analysis is to identify the de-
sign parameters of interest. Care must be taken to select a reasonable
and meaningful range of variation for each design parameter. The
range of variation can affect how much each factor influences the re-
sults. The selection of the factors and their ranges usually depends
on engineering experience and judgment, and a good selection is
essential to formulate the problem properly for meaningful results.
Several levels, usually two to four, are selected to cover the range
of each design parameter.

The next step in statistical sensitivity analysis is to determine
what experiments or analyses need to be performed to determine
the effects of the selected factors on the performance of the system.
Orthogonal arrays are used to define the number of analyses to be
performed and the combination of design parameter levels for each
analysis. A limited number of standard orthogonal arrays' are avail-
able to accommodate specific numbers of design parameters with
various levels per design parameter. Table 3 shows the L ¢ two-level
orthogonal array used in this paper. In the orthogonal array there is
a column for each design parameter, and each row is a particular
combination of levels of each design parameter. The numbers 1 and
2 in Table 3 represent the level of a particular design parameter in
a given analysis. The columns of the array are mutually orthogonal
that is, for any pair of columns, all combinations of design param-
eter levels occur, and they occur an equal number of times.'* The
smallest standard orthogonal array is chosen to accommodate the
number of design parameters and design parameter levels. Any extra
columns in the orthogonal array can either be ignored, or in some
cases used to estimate the effects of interactions between design
parameters.

An experiment, or in this case an analysis, is performed for every
row in the orthogonal matrix with the combination of design param-
eter levels defined in that row. Interpretation of the results is straight-
forward. The result or results for each analysis are tabulated, and the
overall means for all analyses are calculated. The means for each
level of every design parameter are also calculated. Each column
of the orthogonal matrix contains an equal number of experiments
at each level of the design parameter associated with that column.
The results associated with each level of that design parameter are
averaged to obtain the associated means. The effect of a design pa-
rameter level is defined as the deviation it causes from the overall
mean. Therefore, the effect of each design parameter level can be
obtained by subtracting the overall mean from the mean associated
with the particular level of that design parameter. This process of
estimating the design parameter effects is sometimes called analysis
of means (ANOM).

When ANOM is used, the effect of each design parameter, called
the main effects, can be determined independently. A simple additive
or superposition model is assumed for the response 7:

n = overall mean + Z (design parameter effect) +¢ (1)

design
parameter

where ¢ is the error of the additive approximation. Thus, the response
for any combination of design parameter levels can be estimated
using this equation. In a typical design of experiments analysis,
this error term would also include a contribution associated with
the error in repeatability of measuring 1 for a given experiment.
However, for the current application the response is obtained from
analysis, so error associated with measurement repeatability does
not exist.

The results of ANOM can provide considerable insight into the
effect of the various design parameters; however, an analysis of vari-
ance (ANOVA) can give a more accurate indication of the relative
importance of the design parameters and provides a means of rank-
ing the factors in order of importance. ANOVA can be used to de-
termine the contribution of each design parameter to total variation
from the overall mean value. The sum of squares of the differences
from the mean for all of the levels of a particular design parame-
ter provides a measure of how much that design parameter affects
the result over the specified range. The percentage that this sum
of squares value contributes to the total for all design parameters
gives a measure of the relative importance of that particular design
parameter.

As part of the ANOVA, the error associated with the additive
assumption can be estimated. The method used for the error estimate
depends on the number of design parameters and design parameter
levels and on the orthogonal matrix used in the statistical sensitivity
analysis.

The sum of squares due to error!
following relationship:

3 can be calculated using the

sum of squares due to error = (grand total sum of squares)
— (sum of squares due to mean)
— (sum of squares due to design parameters) 2)

where the grand total sum of squares is the sum of the squares of all
values for a particular result, the sum of squares due to the mean is
the overall mean squared times the number of analyses (or number of
rows in the orthogonal matrix) and the sum of squares due to design
parameters is the sum of squares of all of the design parameter
effects. There are degrees of freedom associated with each of the
quantities in Eq. (2). The degrees of freedom for the grand total sum
of squares are the number of rows in the orthogonal matrix. There

Table 3 L;¢ two-level orthogonal array

Design parameter

AxD,

BxD, C xE, CxD, B x E, AxXE,

number A B CXDXE C BXDXE AXDXE AXBXC D BxCxXxE AxXxCXE AxBxD AxBXE AxCxD BxCxD E

Trial A X B, AxC, BxC, D xE,

1 11 1 1 1 1 1 1
2 11 1 1 1 1 1 2
3 11 1 2 2 2 2 1
4 11 1 2 2 2 2 2
5 1 2 2 1 1 2 2 1
6 1 2 2 1 1 2 2 2
7 1 2 2 2 2 1 1 1
8 1 2 2 2 2 1 1 2
9 2 1 2 1 2 1 2 1
10 2 1 2 1 2 1 2 2
11 2 1 2 2 1 2 1 1
12 2 1 2 2 1 2 1 2
13 2 2 1 1 2 2 1 1
14 2 2 1 1 2 2 1 2
15 2 2 1 2 1 1 2 1
16 2 2 1 2 1 1 2 2
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is one degree of freedom associated with the mean. Each design
parameter has one less degree of freedom than the number of levels
for that design parameter. Therefore, the degrees of freedom for the
error can be calculated as follows:

(degrees of freedom for error)
= (number of rows in orthogonal matrix — 1)
— (sum of degrees of freedom for all design parameters) (3)

The degrees of freedom for the error must be greater than zero for
Eq. (2) to be useful.

An approximate estimate of the sum of the squares due to error
can be obtained by pooling the sum of squares corresponding to
the design parameters having the lowest mean square. A rule of
thumb!? is to use the sum of squares corresponding to the bottom-
half of the design parameters (as defined by lower mean square) and
the degrees of freedom corresponding to those design parameters.
Pooled error estimates are used for the results shown in this paper.

Once the sum of square due to error and the degrees of freedom
for error have been calculated, the error variance can be estimated
as follows:

(sum of squares due to error)

error variance = 4
(degrees of freedom for error) @

The variance ratio F is a measure of how important the effects of
a design parameter are compared to the error.

F (mean square due to a factor)

®

(error variance)

The mean square due to a design parameter is the sum of squares
of the differences from the mean for a design parameter divided by
the degrees of freedom associated with that design parameter.

Design Parameters

In all sensitivity analyses, a 0.476-cm-diam Al 1100-O projectile
was assumed with a normal impact velocity of 7.1 km/s. From a
series of experimental impacts on metallic TPS,? it was found that
0.318-cm-diam aluminum projectiles could be stopped by most TPS
configurations without modification. All tests with 0.635-cm-diam
aluminum projectiles resulted in penetration of the TPS and sub-
structure, and it was clear from the level of damage that significant
modification of the TPS would be required to provide protection
against projectiles of this size. However, substructure damage in
tests with 0.476-cm-diam aluminum projectiles was very sensitive
to changes in TPS parameters, making this projectile size interest-
ing for study in a sensitivity analysis. It seems likely that minor
modifications to the TPS design will improve impact resistance to
projectiles in this size range.

The thicknesses of each of the three layers, as well as the spac-
ing between layers 1 and 2 and the spacing between layers 1
and 3, were selected as design parameters. Table 4 lists the five
design parameters, A—E, along with the design parameter levels
studied.

Levels were chosen that would encompass a reasonable design
range for metallic TPS panels. In addition, design parameters A—C
were calculated so that the difference in mass between level 1 and 2
would be the same for each, 0.05 kg per panel (0.54 kg/m?). This
is to determine the most effective location in the TPS to add mass.
Level 1 and level 2 values for design parameters D and E were
chosen to encompass a design range reasonable for metallic TPS

Table 4 Parameter levels studied in statistical sensitivity analysis

Design

Parameter Level 1, cm Level 2, cm Description

A 1.27E-02 1.91E-02 Thickness layer 1

B 1.27E-02 1.91E-02 Thickness layer 2

C 7.62E-03 1.96E—02 Thickness layer 3

D 7.11E-01 1.42E400 Spacing layer 1/layer 2
E 5.79E+00 8.33E400 Spacing layer 1/layer 3

panels and do not represent equal mass differences in a simple way.
The change in mass for parameter D is dependent on the density of
the honeycomb core. For the honeycomb used in the experiments,'
a 0.71-cm increase in honeycomb thickness results in a 0.95-kg/m?
weight increase. The change in mass for parameter E is dependent
on the specific metallic TPS design being used and the method of
varying the standoff between layers 1 and 3. The following discus-
sion will focus on the metallic TPS panel design shown in Fig. 1. For
reference, the areal mass of the baseline TPS configuration (param-
eters as specified for experiment 6 in Table 1) is 7.13 kg/m?>. This is
based on design equations from Ref. 15, modified to account for the
lower density insulation used in the experiments. If the insulation
thickness is increased and the beaded side wall elongated to ac-
commodate the 2.54-cm increase in overall TPS thickness between
levels 1 and 2 of design parameter E, the weight increase, calcu-
lated using data from Ref. 15, is 0.88 kg/m”. However, the increase
in insulation weight accounts for 70% of this weight and is not re-
quired. With modification, the TPS panel could be constructed with
a spacer underneath the insulation layer that would allow TPS panel
thickness to be varied without increasing insulation thickness, po-
tentially reducing the weight increase related to parameter E£. There
are, however, other less obvious weight penalties related to increas-
ing the TPS panel thickness. Increasing design parameter £ from
level 1 to level 2 significantly effects the outer mold line of the ve-
hicle, so that the impact on vehicle weight or performance will be
greater than just the TPS weight increase.

Orthogonal arrays are used to define the number of analyses to
be performed and the combination of design parameter levels for
each analysis. A limited number of standard orthogonal arrays are
available to accommodate specific numbers of design parameters
with various levels per parameter.'* An L s two-level orthogonal
array, shown in Table 3, was selected for statistical sensitivity anal-
ysis since in this case it provides high resolution for the determi-
nation of design parameter sensitivity. The L ¢ array contains 15
columns and requires 16 experiments or analyses to be performed.
Design parameters can be assigned to certain columns dependent
on the orthogonal array chosen. In this study, the 2nd, 3rd, 5th,
9th, and 16th columns were used for design parameters A—E. A
signal strength, which can be thought of as a signal-to-noise ra-
tio, is calculated for each column to reveal the system sensitivity
to variation of the design parameters. Signals are also obtained for
interactions between the design parameters. The other columns in
Table 3 contain interactions between the design parameters, where
x represents interaction. For example, A x B, located in column
3, represents the interaction between design parameters A and B.
The columns containing interactions are confounded, meaning that
multiple readings are contained in the same column. In this case,
each double interaction is confounded with a triple interaction. In
the preceding example, the fourth column contained the interaction
between design parameters C, D, and E in addition to the interac-
tion between design parameter A and B. Predicted sensitivities will
be less accurate for interactions because columns with interactions
are confounded. The emphasis of this research is on the effect of
design parameter variation, and the design parameters were found
to be more influential than the interactions. Each row represents
a particular analysis, where the 1 and 2 entries in the remaining
columns represent the design parameter levels. As shown in Ta-
ble 3, there are 16 rows, trials 1-16, where each row represents
a single analysis. The numbers in the row, either 1 or 2, repre-
sent the level of the design parameters for the analysis. Numbers
listed in columns containing interactions are used in interpretation
of the results and have no influence on the design parameter levels
analyzed.

Damage Metrics

Use of statistical analysis requires identification of a response
n to be measured as a factor of goodness, a way of quantifying
the positive effect of varying design parameters. Careful selection
of this factor is essential to obtaining meaningful results, and the
parameter chosen should directly represent the physics involved in
the process.'*
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Fig. 8 Schematic representation of hypervelocity impact with three
different conceptual shielding configurations.

In this study, 7 relates to the effectiveness of the TPS at protect-
ing components located underneath the TPS, such as the aluminum
substructure in the experiments. It is a measure of the damage po-
tential to the substructure, or in other words, a damage metric. Two
forms of damage metrics were investigated: predicted substructure
damage and degree of dispersion of the incoming projectile.

Predicted substructure damage using hole sizes was the more intu-
itive damage metric; however, statistical analysis using substructure
hole size as a factor of goodness produced misleading results when
used with statistical sensitivity analysis. Figure 8 shows three con-
ceptual impact cases that reveal why this is the case. The first case
(Fig. 8a) shows impact on an unprotected substructure, resulting
in a hole approximately the size of the incoming projectile. The
second case (Fig. 8b) uses a Whipple shield that results in projec-
tile breakup, but does not sufficiently disperse the projectile debris
cloud. The result is a substructure hole size that is larger than if the
substructure was unprotected. Finally, the third case (Fig. 8c) repre-
sents an effective Whipple shield that disperses the debris cloud to
the extent that the substructure withstands the impact. If these shield
designs were ranked based on substructure hole size the no bumper
design (Fig. 8a) would be ranked above the thin bumper design
(Fig. 8b), even though the thin bumper design is reducing and dis-
persing the impact energy. Statistical sensitivity analysis based on a
metric related to substructure hole size will not produce meaningful
results.

The other form of damage metric identified focuses on the degree
of dispersion of the incoming projectile. In this form of damage
metric, the state of the projectile debris cloud after impact with TPS,
before substructure impact, is used. Identification of a single number
that would adequately describe the degree of debris cloud dispersion
was difficult. It was decided to measure what will be referred to as
percent momentum radius for several different percentage values.
Percent momentum radius is defined as the radius, measured from
the axis of symmetry, that contains a specified percentage of the
initial projectile axial momentum. This concept is shown in Fig. 9 for
a highly idealized impact scenario, where 50 and 100% momentum
radii are shown as a function of time. Percent momentum radius is a
time-dependent quantity, which requires that a consistent reference
be used for measurement in all of the cases examined. Because the
geometry of the cases varied considerably, a fixed time was not
used, for example, 10 us. Instead, percent momentum radius was
recorded at the initiation of substructure impact, which varied from
10 to 16 s after initial projectile impact.

Percent momentum radius was calculated over the active com-
putational cells only. To improve runtime and eliminate potential
numerical problems, the computational cells containing layers 1
and 2 were removed after impact. In addition, momentum was lost
out of the sides of the computational domain, which was sufficiently
dispersed to be of no threat to the substructure, but does result in a
significant drop in total momentum. Because of these momentum
losses, the largest percent momentum that could be used for all cases
was 30%. In addition, 10 and 20% momentum radii were calculated.

Table 5 Damage metric data for statistical sensitivity analyses

Damage metric

Hole 10% 20% 30%
Trial diameter, Momentum Momentum  Momentum
number cm radius, cm radius, cm radius, cm
1 1.24 0.33 0.441 0.61
2 0.75 0.24 0416 0.65
3 0.136 0.43 0.6 0.74
4 0.16 0.24 0.333 0.47
5 1.76 0.56 0.708 0.83
6 0.62 0.24 0.429 0.49
7 0.2 0.41 0.518 0.61
8 0.34 0.30 0.568 1.07
9 0.17 0.59 0.708 0.89
10 0.66 0.23 0.473 0.64
11 0.04 0.42 0.511 0.67
12 0.17 0.30 0.778 1.41
13 1.26 0.40 0.518 0.73
14 0.156 0.46 0.873 1.28
15 0.079 0.49 0.67 0.9
16 0.58 0.30 0.575 0.76

Space
Debris

Bumper

Debris Cloud

at Time T, (

Debris Cloud
at Time T,

Substructure

Radius

Fig. 9 Explanation of percent momentum radius using idealized dia-
gram of axisymmetric impact problem; debris cloud at several arbitrary
times.

Percent momentum radius was used in preference to substruc-
ture hole size because it was more directly related to the physics of
projectile breakup. Use of this parameter resulted in the ranking of
TPS designs based on their ability to disperse incoming projectiles,
which has the added advantage of uncoupling the computational
results for the TPS from the specific substructure material and ge-
ometry simulated.

Results

TPS Design Guidelines

After completing the analyses specified in Table 3, statistical sen-
sitivity analysis was performed for several different damage met-
rics. Table 5 lists the predicted substructure hole size and momentum
radii. All simulations predict substructure penetration, however, im-
provement in debris cloud dispersion is achieved through variation
of the TPS parameters. Table 6 shows representative ANOVA results
for the 30% momentum radius damage metric. Design parameters
and interactions (columns from Table 3) are listed in order of influ-
ence to the damage metric. Design parameter E has the most effect
on the 30% momentum radius damage metric. The second column
in Table 6 lists a description of the design parameters. For example,
design parameter E is the spacing between layers 1 and 3. The third
and fourth columns list the difference from mean of the damage
metric at design parameter levels 1 and 2, respectively. In this case,
design parameter E results in an average —0.17-cm decrease in the
30% momentum radius when set to 5.79 cm and a 0.17-cm increase
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Table 6 ANOVA for 30% momentum radius damage metric
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Difference from mean, cm

30% Momentum radius Sum of % Total
Parameter factor ranking Level 1 Level 2 squares (SS) SS DOF Mean SS F
E Spacing layer 1/layer 3 —1.74E-01 1.74E-01 4.87E-01 46.49 1 4.87E-01 46.06
A Thickness layer 1 —1.13E-01 1.13E-01 2.05E-01 19.56 1 2.05E-01 19.39
DxE Interaction 8.19E—-02 —8.19E—-02 1.07E—01 10.25 1 1.07E—01 10.15
AxD Interaction 6.31E—02 —6.31E-02 6.38E—02 6.09 1 6.38E—02 6.04
D Spacing layer 1/layer 2 —4.94E—-02 4.94E-02 3.90E-02 3.73 1 3.90E-02 3.69
CxD Interaction 4.94E-02 —4.94E—-02 3.90E—-02 3.73 1 3.90E—-02 3.69
B Thickness layer 2 —3.69E-02 3.69E—-02 2.18E—-02 2.08 1 2.18E—-02 2.06
A X E* Interaction 3.56E-02 —3.56E—-02 2.03E-02 1.94 1 2.03E-02
c? Thickness layer 3 —3.19E-02 3.19E-02 1.63E—02 1.55 1 1.63E—02
B xC* Interaction —3.06E—-02 3.06E—02 1.50E—-02 1.43 1 1.50E—-02
A x B? Interaction —2.94E-02 2.94E-02 1.38E—-02 1.32 1 1.38E—-02
C x E* Interaction 2.69E—02 —2.69E-02 1.16E—02 1.10 1 1.16E—02
B x D* Interaction 1.69E—02 —1.69E-02 4.56E—03 0.44 1 4.56E—03
B x E* Interaction 1.19E—-02 —1.19E-02 2.26E—-03 0.22 1 2.26E—-03
AxC? Interaction —6.87E-03 6.87E—-03 7.56E—04 0.07 1 7.56E—04
Total 1.05E+00 100
4Pooled error, 8E—02 SS, 8-DOF, 1 E—02 mean SS.
Table 7 Recommended change in design parameters 1.0E+05
determined using different damage metrics - \T: 0 sec
10% Momentum  20% Momentum  30% Momentum g 8.0E+04
Rank radius radius radius E" \
1 Decrease D Increase E Increase E E 6.0K+04
2 Increase E Increase A Increase A E Ls \
é 4.0E104 H—
when set to 8.33 cm. The fifth and sixth columns report the sum of = \ T=3 sec
squares of the damage parameter and percent total of the sum of S 2.0E+04 {\'— | /
squares. The seventh column lists the degrees of freedom (DOF) 5
of each design parameter and interaction, which is 1 in all cases 0.0E+00 A , g
because the array is limited to two levels. The eighth column is the 0.0E:00 2.0E-01 4.0E-01 6.0E01 S8.0E01

mean sum of squares, which was calculated by dividing the sum of
squares by the number of DOF.

The final step in statistical sensitivity analysis is to calculate the
variance ratio F'. The variance ratio, similar to a signal-to-noise
ratio, measures the importance of the effects of a design parameter
compared to the error or noise in the results. The variance ratio F,
calculated using Eq. (5), is shown in the ninth column of Table 6.

Table 7 lists the two most influential design parameters for each of
the damage metrics examined. Statistical sensitivity analyses using
20 and 30% momentum radii both predict that a 2.54-cm varia-
tion of design parameter £ will have the most influence on debris
cloud dispersion. The second most influential design change was the
0.00635-cm variation of design parameter A. Both the 20 and 30%
momentum radii predict that increasing the value of parameters E
and A will increase debris cloud dispersion and, it is assumed, pro-
vide better protection from hypervelocity impacts to the underlying
components.

Even though it is predicted that design parameter £ is more influ-
ential than design parameter A, it is likely that from a design stand-
point design parameter A is the better parameter to change. Change
of design parameter E, although more influential than changing A,
results in a 0.88-kg/m? increase in TPS weight, whereas the increase
of parameter A from level 1 to level 2 results in a 0.54-kg/m? in-
crease in TPS weight. Although modifications could be made to the
TPS design to reduce the weight increase associated with increasing
parameter £, increasing the thickness of the TPS panel influences
the outer mold line of the vehicle, which will have a negative effect
vehicle weight and performance. Increasing design parameter A,
the outer facesheet thickness, provides additional benefits to the ve-
hicle from an operability standpoint. Increasing the outer facesheet
thickness increases the ability of the vehicle to fly through rain,
resist ground hail strikes, and resist damage during assembly.

Further examination of Table 7 reveals that there is a discrepancy
between predictions using 10% momentum radius as a damage met-
ric and those using larger radii, such as 20% momentum radius and
30% momentum radius. Although there is agreement that design

Radius (cm)

Fig. 10 Annular momentum distribution in typical axisymmetric sim-
ulation, revealing centerline mass accumulation after impact with
layer 2.

parameter E is influential, using the 10% momentum radius dam-
age metric results in the prediction that a 0.71-cm variation in design
parameter D, the spacing between layers 1 and 2, is the most in-
fluential and that the value of the parameter should be decreased to
improve impact protection. This nonintuitive result leads to the hy-
pothesis that there are some phenomena leading to the difference of
predictions resulting from using 10% momentum radius as adamage
metric, as opposed to the 20 or 30% momentum radius, and that the
difference is probably related to the fact that 10% momentum radius
measurements focus on a narrower region of the impact debris cloud
than 20 and 30% momentum radii measurements. Analysis results
were examined to obtain a better understanding of the phenom-
ena leading to this discrepancy and are discussed in the following
section.

Modeling Artifacts

Examination of density and momentum data during the penetra-
tion of layer 2 reveals the source of discrepancy between the 10%
momentum radius damage metric, which focuses on a narrow region
of the computational domain, and the 20 and 30% damage metrics,
which focus on a larger area. Momentum readings along the axis
of symmetry were found to decrease gradually after impact with
layer 1, as expected, but after impact with layer 2 momentum along
the centerline increases rapidly. This is shown in Fig. 10, which plots
annular momentum per unit area at 0.0, 3.0, and 5.0 us for a typical
impact simulation. Annular momentum per unit area is defined in
Fig. 11 and is

n

. L@, )
Lunnular(l) = .
; AG)

(6)
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Fig. 11 Schematic showing the summation of axial momentum in an-
nular elements, where L(i, j) is the axial momentum of annular element
at radial indice i and axial indice j.
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Fig. 12 Initiation of funnel effect during penetration of layer 2.

where i and j are the radial and axial computational cell indices,
L is the axial momentum of the specified cell, and A is the cross-
sectional area of the annulus formed by the computational cell at
the specified radial index. At T =0.0 us, impact is initiated with
layer 1. At T =3.0 us, penetration of layer 2 is in progress, and
the annular momentum has decreased substantially. However, at
T =5.0 us, after penetration of layer 2, a spike is noticeable in the
annular momentum at radius of 0.0 cm, along the axis of symmetry.
Examination of debris cloud radial velocity during penetration of
layer 2 revealed that as layer 2 deforms it imparts a significant
negative radial velocity to portions of the debris cloud, as shown
in Fig. 12. This funnel effect directs portions of the debris cloud to
the axis of symmetry. In the axisymmetric model used, the radial
velocity of the funneled debris is set to zero when it reaches the axis
of symmetry, causing debris to accumulate along the axis. The funnel
effect combined with the centerline mass accumulation results in the
increase of momentum along the centerline.

Estimation of the upper bound value of centerline mass accumula-
tion reveals from 0 to 4% of the initial axial momentum concentrated
along the centerline after impact with layers 1 and 2, where extent of
momentum concentration depends on the configuration of layer 1,
layer 2, and the spacing between these layers. The funnel effect
and centerline mass accumulation explains the discrepancy between
the statistical sensitivity analysis results using 10% momentum ra-
dius and sensitivity analyses using larger momentum radii. Because
centerline mass accumulation may be as high as 4%, the 10% mo-
mentum radius will be significantly influenced, where the degree of
influence will be lower for 20 and 30% momentum radii.

Conclusions

A design of experiments approach was used with computational
hypervelocity impact analyses to determine the most effective place
to make minor changes to an existing metallic TPS design to im-
prove hypervelocity impact protection to underlying components.

This study is conducted at a preliminary design level, focusing on
general improvements to the hypervelocity impact protection be-
havior of the TPS, without specification or detailed modeling of
the underlying components that would be necessary at a final de-
sign level. The underlying component to which the TPS attaches
could include fuel tanks, crew cabins, or structural members. In ad-
dition to the TPS, a 0.254-cm-thick aluminum 2024-T81 plate is
included in the model, located directly underneath the TPS. The
aluminum plate is representative of the space shuttle substructure
and is included in the model to allow comparison with experimental
results.’

Two axisymmetric models were created for comparison with two
experimental impact test configurations reported in Ref. 3. The first
configuration uses a Ti—-6Al-4V outer honeycomb sandwich panel,
and the second configuration uses a Inconel 617 outer honeycomb
sandwich panel. Several modeling assumptions and simplifications
were required and are reported, The axisymmetric models predict
that penetration of the representative space shuttle substructure is
primarily due to solid fragments remaining in the debris cloud,
which is consistent with experimental results. The predicted sub-
structure penetration diameter for the first configuration, 9.8 mm,
was comparable to the 15-mm diameter of the circle that encloses
the area of substructure penetration and significant cratering in the
experiment. Penetration diameter for the second configuration was
significantly larger than the corresponding experiment penetration.
Possible explanations for discrepancies are given for both configu-
rations.

The second TPS configuration, which uses a Inconel 617 outer
honeycomb sandwich panel, was of primary interest and was se-
lected for use in the statistical sensitivity study. Five TPS parame-
ters were studied. The choice of appropriate damage metric, used
as a factor of goodness to rank competing designs, was critical. Use
of percent momentum radius as a damage metric provides a good
indication of the level of dispersion of the hypervelocity projectile
before impact with the substructure. Use of 20 or 30% momen-
tum radii in sensitivity studies produced results that correspond to
physical intuition. Of the design parameters investigated, increas-
ing the spacing between the outermost layer and the substructure
was predicted to be the most influential design change. The second
most effective design change was to increase thickness of the out-
ermost surface of the TPS panel. However, when other TPS design
considerations are addressed, increasing the thickness of the out-
ermost surface of the TPS panel has many advantages. Increasing
the outer surface thickness not only improves hypervelocity impact
protection, but also increases the resistance of the panel to rain, hail,
and handling damage. On the other hand, increasing the spacing be-
tween the outermost layer and the substructure not only results in
a greater increase of TPS weight but also adversely effects vehicle
performance and weight by changing the outer mold line.

It was found that use of substructure hole size as a damage metric
in statistical sensitivity analysis is misleading because the hole size
does not directly indicate the level of dispersion in the debris cloud.
This may result in marginally effective protection systems being
ranked lower than the case of no protection system at all because
the marginal systems will break up the hypervelocity projectile,
potentially producing larger substructure holes.

The centerline mass accumulation observed in axisymmetric
analysis results is not realistic for this problem. The discrepancy
between 10% momentum radius sensitivity analysis results and the
20 and 30% momentum radii sensitivity results is attributed to the
centerline mass accumulation. Use of 10% momentum radius as a
damage metric produced unintuitive results because the focus of this
measurement is the central portion of the model influenced by the
centerline mass accumulation. It is concluded that 20 and 30% mo-
mentum radii measurements give a better indication of the degree
of dispersion in the debris cloud.

In conclusion, a useful method has been developed for improving
the hypervelocity impact protection provided by metallic TPS to un-
derlying components. Analysis is performed at a preliminary design
level with several simplifying assumptions. The results from sensi-
tivity analyses provide guidance for future metallic TPS designs.
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