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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

To ensure mission success goals, Earth satellites must be analyzed for their ability
to survive hypervelocity impacts (HVI) by orbital debris, as collision of a functional
satellite with even a millimeter-sized object traveling at typical orbital speed (7 km/s and
higher) can be detrimental for both the spacecraft and Earth’s orbit environment [1].
Consequences may include loss-of-spacecraft failures owing to damage of components
vital for satellite functioning (e.g., electronics units or connecting cables), as well as the
bursting of pressurized containers, such as satellite propellant tanks. In turn, this can cause
multibillion-dollar financial losses for spacecraft owners and significant negative impact
on Earth’s orbit environment due to new orbital debris generation. To avoid such scenarios,
orbital debris impact survivability must be analyzed during the early stages of satellite

design, when initial structural sizing is being performed [2].

Efforts to design lightweight orbital debris shields have been mainly driven by the
need to protect habitable modules of the International Space Station (e.g., [3-6]), which
were designed as pressurized thin-walled structures with limited ability to absorb and
dissipate the energy of hypervelocity projectiles. Accordingly, they are equipped with
single-purpose shielding. Protective properties of such single-purpose shields as the
Whipple (dual wall) shield [7-8], stuffed Whipple [9-10], and multiwall shield [8] were
extensively investigated. Based on these studies, manufacturers have developed and
adopted ballistic limit equations (BLEs)—empirical response-surface models linking either

critical projectile diameter that can cause shield perforation with the impact conditions
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(projectile speed and material) and shield design parameters (so-called “performance
BLEs”), or the required shield parameters to ensure no-perforation for the given projectile

diameter and impact conditions (so-called “design BLEs”) [10-13].

Structures of unmanned (robotic) satellites, however, are usually different from
manned spacecraft, and it is often possible to use multifunctional design strategies for
greater weight efficiency instead of the single-purpose shielding [14]. In a typical satellite
design (e.g., CASSIOPEE, RADARSAT, Terra, GOCE, BeppoSAX, etc.), most impact-
sensitive equipment is situated in the enclosure of the structural sandwich panels. Being
the most commonly used elements of satellite structures, these panels form the satellite’s
shape and are primarily designed to resist launch loads and provide attachment points for
satellite subsystems [15]. With low additional weight penalties, their intrinsic ballistic
performance can often be upgraded to the level required for orbital debris protection [16].
Perforation of a satellite structural panel can be considered as a failure criterion as
otherwise unprotected components (e.g., circuit boards, cables, etc.) and components that
are highly vulnerable to orbital debris impacts (e.g pressurized propellant tanks) may be
rendered non-functional post-impact. Assessing the orbital debris impact survivability of
robotic satellites requires HVI testing or reliable BLEs (or other predictive models) for
sandwich panels, capable of accounting for various impact conditions and design
parameters, including, but not limited to projectile material and shape, material of the

facesheets, type and geometric parameters of the panel’s core.

For the projectile materials, the engineering orbital debris model ORDEM 3.0,
recently developed by NASA [17], breaks down the debris population into three categories

according to the type of material, namely low- (plastics), medium- (aluminum) and high-
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density (steel and copper) classes. Although the medium-density fragments traditionally
dominate the overall debris population, it is also important for the safety of spacecraft to
ensure satisfaction of the design constraints in case of impacts by the other debris classes.
The objective of this thesis with respect to projectile materials is to determine if the existing
predictive models for sandwich panels were built using sufficient experimental data to be

applicable to low-, medium- and high-density projectile material classes.

Projectile geometries vary in Earth’s orbital environment and differ from
symmetrical simple geometries seen in experimentation. Historically, predictive models
have taken advantage of spherical projectiles due to the ease of experimentation, and
replication and for simplification in modelling, though, expansion to non-uniform shapes
have been simulated. This thesis will investigate and discuss the applicability of sandwich
panels’ BLEs for different projectile shapes, as well as the sufficiency of the corresponding

experimental data to validate them.

Facesheet materials used in sandwich structure design may consist of multiple
lightweight materials and associated combinations, with preference given towards low-
density alloys and polymers. In addition, multi-layer insulation (MLI) may serve as a
preliminary barrier of protection. The validity of existing predictive models will be

reviewed for different facesheet materials and material combinations.

Core materials. Cost effective debris shields traditionally possess honeycomb-
cores, characterized by core thickness, areal density, cell wall (foil) thickness and cell size
[18]. Honeycomb core materials are commonly variations of aluminium alloy, Nomex®,

Nextel, Kevlar, glass- and/or carbon-fibre [19, 20]. Recent developments have shown



promise in metallic open-cell foam cores, typically composed of aluminum alloy or
titanium [21]. Open-cell foam cores are characterized by core thickness, pore density
(measured by number of pores per inch, PPI) and foam relative density. Honeycomb- and
foam-core spacecraft sandwich structures are schematically represented in Figure 1, which
details the thicknesses of the facesheets (tf) and core thickness (S). Experimental studies,
along with the compatibility of existing BLEs and predictive models towards the available
core options, being honeycomb-core and open cell-foam, and core materials will be

reviewed in this thesis.
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Figure 1. Schematic of single honeycomb-core (left) and foam-core (right) panels (Ref.

[16]).
1.2 Honeycomb-core sandwich panels (HCSP)

1.2.1 Experimental studies

Shielding applications are typically concerned with micro-meteoroids and orbital
debris less than 1 cm in size, which cannot be tracked nor avoided with pre-determined
avoidance measures [22] and dominates the orbital debris population. Single-purpose
shields include monolithic shielding (simply a singular facesheet), Whipple shields (consist
of two facesheets separated by spacing) and its variations (Whipple shield with flexible
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stuffing; multi-wall shields). Additional facesheet possessed by Whipple shield warrants
higher damage tolerance and weight efficiency to that of monolithic shielding [23].
Honeycomb-core sandwich shields were developed as an alternative to the single-purpose
protective systems [24]. Similarly, to the Whipple design, a honeycomb-core sandwich
panel possesses two facesheets, but attached to a honeycomb-core. As HCSPs are pre-
available on many spacecraft, serving functions as load-bearing structures, upgrading their
ballistic performance for debris protection warrants weight reduction by removing the need

for additional external shielding installment [16].

1.2.2 Channeling effect of honeycomb

Honeycomb-core shielding incurs a channeling effect on the debris cloud as a result
of the hexagonal cell structure which limits the radial expansion of the debris cloud post-
fragmentation [24]. Since channeled, an adverse effect is the increased concentrated areal
damage on the rear facesheet, reducing the shielding effectiveness as compared to that of
a Whipple shield configuration, where post-fragmentation damage is spread radially due
to expansion of the fragment cloud [25]. These effects are illustrated in Figure 2. Here, the
debris cloud expands freely throughout the Whipple shield spacing (void) but is inhibited
in the honeycomb cells, as cell walls provide resistance to projectile fragments [26]. Taylor
et al. [25, 27-28] concluded this reduction in protective capability for honeycomb-core
structures in comparison to a Whipple shield, as a result of forty-two honeycomb-core HVI
tests. Honeycomb-core test data was then viewed versus the modified Cours-Palais

Whipple Shield ballistic limit curve to which comparisons were drawn.
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Figure 2. Propagation of fragment cloud in between front and rear walls of a Whipple
shield (left) and a honeycomb-core sandwich panel (right). Effects of fragment cloud

expansion and channeling are clearly visible.

1.2.3 Effect of multi-layer insulation (MLI)

Multi-layer insulation and its constituents serve two distinct purposes: to maintain
a suitable thermal climate for equipment and improve the protective performance of
satellite structures [19]. When ML is applied on top of satellite sandwich panels, it serves
as an additional protective layer enhancing disruption of a projectile. Variations of MLI
include enhanced and toughened multi-layer insulation (EMLI and TMLI, respectively).
EMLI is constructed by introducing Kevlar and beta cloth — woven silica fibers — as
additives to standard MLI, whereas TMLI is constructed solely with additional layers of
beta cloth. EMLI and TMLI provide improved protection in comparison to standard MLI.
This was confirmed experimentally by Lambert et al. [23] who compared honeycomb-core

samples from five distinct satellite structures and demonstrated that higher kinetic energy



was required to perforate panels protected by TMLI and EMLI than those protected by

standard multilayer insulation.

1.2.4 Effect of facesheet material

Carbon fiber-reinforced plastics (CFRP) are extensively used in the design of
satellite sandwich structures to improve their weight efficiency [23, 29]. CFRP facesheets
are common practice, coupled with an aluminum (Al) honeycomb core, in satellite design
with use noted in the GOCE, Radarsat2, Hershcel/Plank, Integral and BeppoSAX satellites
[29-30]. With respect to CFRP facesheets, Ryan et al. [30] predicted lower Hugoniot
pressures when struck with a spherical Al projectile than that witnessed by Al facesheets
at equivalent velocities. Impact velocities required for the onset of projectile fragmentation
(shattering) and the onset of projectile melting in the case of impacts on CFRP targets were
higher than those of Al targets. In particular, for Al projectile-CFRP target impacts,
projectile shattering and melting initiated at 4.2 km/s and 8.4 km/s, respectively, while for

Al-Al impacts the corresponding velocities were 3 km/s and 7 km/s.

Hypervelocity impact experimentation of CFRP/AIl honeycomb-core sandwich
panels have noted ample testing in literature [23, 25, 27-32]. Taylor et al. [25, 27-28]
documented forty-two preliminary experimentations of CFRP/AlI HCSP. Impact incident
angles of 0°, 15°, 30°, 45°, 60° and 75° were investigated in a velocity range of 4.5 km/s
to 6.2 km/s. Lambert, Schéafer and Geyer [23] performed five tests on CFRP/AI
honeycomb-core sandwich panels samples, representative of the Envisat earth observation
satellite. Testing included projectile diameters of 0.9 mm - 1.5 mm, velocities of 5.3 km/s
- 6.6 km/s for only normal incident impacts. Ryan et al. [30] investigated the ballistic

performance of six representative CFRP/AI honeycomb-panels (GOCE, Radarsat2,
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Hershcel/Plank and BeppoSAX configurations). Fifty-five impact tests were
commissioned in the test program; velocities ranging between 2.02 km/s - 7.75 km/s,
impact incident angles of 0°, 45° and 60° and spherical aluminum projectile diameter
between 0.0761 mm - 5 mm. This expanded upon testing conducted by from Ryan,
Schéefer and Riedel and Ryan et al. [29, 31] who performed thirty-eight HV1 experiments,
representing structure configurations from the Radarsat-1, Radarsat-2, Radarsat-3, GOCE
and BeppoSAX. Spherical aluminum projectiles were used, with diameters up to and
including 0.5 mm - 2.0 mm. Velocity range consisted of 2.02 km/s - 6.62 km/s for incident
impact angles of 0°, 45° and 60° [29]. A comparative analysis was performed using the
normalized ballistic protection capability (NBPC), the ratio of the critical projectile
diameter to areal weight of the shielding sample. Resulting ranges were plotted concluding
that the Radarsat-2, Radarsat-3, GOCE and BeppoSAX samples produced similar NBPC,
however, Radarsat-1 significantly underperformed in comparison and is believed to be the

result of the Radarsat-1 configuration having a much thicker honeycomb-core.

1.2.5 Effect of honeycomb material

Historically, honeycomb-core materials have seen vast usage of Al compositions,
however, materials such as Nomex®, Nextel and Kevlar are potential inclusions [19].
Nextel and Kevlar materials are used as intermediate facesheet materials in multi-wall
shielding types to further increase protective capability. Ryan and Christiansen
investigated three honeycomb-core configurations, namely 2.0 inch-thick Nomex, 1.0
inch-thick Trussgrid, and standard 2.0 inch-thick Al-honeycomb. Nomex® is a non-
metallic honeycomb structure which capitalizes on the use of aramid-fibres, prized for its

lower surface hardness and resulting higher ricochet angle. Sample cores were 5.08 cm



thick with a total areal density of 1.10 g/cm3. Trussgrid® is defined as a three-dimensional
honeycomb composed of cross-laminated Al foil, used to enhance energy absorption.
Samples possessed a 2.54 cm thick core and an areal density of 0.74 g/cm3. Standard 2.0
inch Al samples were composed of 5.08 cm cores possessing a total areal density of 1.43
g/cm3. Testing encompassed impact velocities ranging between 2 km/s - 6 km/s, 0° and
60° impact angle and spherical Al projectile diameters between 2 mm - 6 mm. In
comparison to the standard 2.0 inch Al-honeycomb, testing concluded that the Trussgrid
samples were superior as perforations were prevented whereas Nomex samples exhibited
poorer results to that of the Al-cores. Significant changes in debris cloud nature were
observed in the Nomex sample as lateral extension was increased resulting in a lessening
of the channeling effect. This reduction did not translate to an improvement of shielding

capability as increased areal damage to the rear facesheet was noted.

Earlier experimentation by Yasensky and Christiansen [21] investigated the
performance of Al- and titanium honeycomb core sandwich panel structures. Testing
incorporated 0.5 inch and 2.0 inch Al- and 0.5 inch-thick titanium-cores possessing panel
areal densities of 0.37 g/cm?, 1.59 g/cm?, and 0.93 g/cm?, respectively. The experimental
program used spherical Al projectiles ranging between 0.8 mm - 3.6 mm in diameter and
impact velocities between 6.22 km/s - 6.99 km/s for incident angles of 0°, 45°, and 60°. As
was deduced from the tests done with 0.5 inch cores, panels with titanium core and titanium
facesheets could tolerate normal impacts of larger-size projectiles than all-aluminum
panels. An increase of the projectile critical diameter by approximately a factor of 1.8 and
its mass by a factor of 5.5 due to the use of titanium was accompanied by an increase of

the panel’s areal weight by approximately a factor of 2.5. It is, however, believed by the



authors of this thesis that the observed improvement of the ballistic performance can be
mainly attributed to the use of titanium facesheets rather than the use of titanium core in

the tested panels.

1.2.6 Effect of projectile material

As a variety of materials used in spacecraft design have increased over the years,
so did the composition of orbital debris population, and the projectile materials considered
when designing orbital debris shielding should be expanded. By introducing materials such
as graphite, nylon, glass and steel into low-earth orbit the ratios of, low-, medium- and
high-density micrometeoroid debris have shifted. This is especially true for CFRP as usage
increase resulted in more CFRP fragments due to mission-related debris and fragmentation
debris generated by collisions and explosions in Earth Orbit [33]. Predominantly, medium-
density Al projectiles were tested - experimentally and numerically - due to its widespread
usage [18, 21, 23-24, 30-31, 34-42]. Testing of low- (plastics) and high-density (steel and
copper) projectile materials are scarcer, however, some experimentation on graphite,

nylon, glass and steel have been performed [20, 25, 27-28, 33, 43].

Taylor et al. [25, 27-28] documented forty-two HVI experimentations with nylon,
aluminum, titanium and various steel projectiles possessing diameters of 0.8 mm - 6.2 mm.
Of the forty-two experiments, a subset of twenty-eight shots consisting of 1.2 mm, 1.5 mm
Al, 1.2 mm titanium and 1.0 mm steel spherical projectiles were investigated to compare
impact energies and blast damage to the HCSP structure. A strong dependence of the

ballistic limit on projectile density was identified.
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A comprehensive HVI database was constructed by Hyde et al. [20] for the Orbiter
shuttle program. Factors investigated included projectile material and dimensions, impact
location, and damage characterization (where applicable, inside and outside hole
diameter(s) on thermal tape and facesheets, facesheet damage type and facesheet crater
depth and diameter(s)). Experimentation allowed for extensive categorization of payload
bay door radiators to which 65 tests were performed using spherical projectiles of glass,
Al, aluminium-oxide and stainless steel. With respect to post-impact damage
characterization, glass projectiles resulted in facesheet cratering whereas higher density
materials such as Al, aluminium-oxide and stainless steel projectiles predominately
perforated the facesheet. For similar projectile diameters, stainless steel possessed larger
perforations (inner hole diameters) than aluminium-oxide and even more so than aluminum

projectiles.

1.2.7 Effect of projectile geometry

Commonly, BLE and predictive models are developed under the premise of using
spherical projectiles to set a characteristic dimension - a sphere’s diameter — however, in
reality fragments can possess various geometries. Programs such as the DebriSat
hypervelocity experiment have identified the need to study alternative projectile
geometries, employing the use of cylindrical projectiles, which inherently have a
dependence on the angle of attack (AOA) [33, 43]. By verifying numerical simulations to
experimental results, a wide variety of impact obliquities and projectile orientations were
investigated. It was concluded that the critical dimension, critical length, could be
composed of the projectiles’ diameter, pitch and obliquity. Projectile geometries

representative of a rod and disk were compared. When the critical mass of the spherical
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projectile exceeded that of the cylindrical projectiles, rod geometries possessing low pitch
and disk geometries possessing high pitch warranted critical impact. The Debrisat HVI
program studied Whipple shields only, however, similar effects may be characteristic for

sandwich panel structures.

Prior to the DebriSat experiments, Cours-Palais [44-47] reviewed the effect of
shape parameters on Whipple shields by analyzing HVI data from the literature. The
experimental data analyzed studied the effect of disk, plate, cylindrical, rod and jet
projectile geometries with normal incidence loading conditions. Characteristic shapes were
defined by diameter and length. It was concluded that non-spherical impactors present a
heightened threat to that of spherical projectiles as fragmentation upon initial impact is less
pronounced. This implies that the projectile is not dispersed by the frontal facesheet, and
the projectile retains significant fragment size of increasing lethality to the shield.
Confirmation was achieved as testing showed solid debris present, independent of
velocities trialed. An investigation conducted by Schonberg and Williamsen [48] also
confirmed the lethality of non-spherical impactors by using radar cross-section (the
arithmetic mean of three longest characteristic lengths, being through-body length and the
two corresponding perpendicular projections measured from it; RCS) diameter in ballistic
limit curves (BLC). Ballistic limit curves were used to predict the effects of cylindrical,
disk, tall cone, short cone, and cube projectile types. Post-analysis concluded that long
cones, disks, and cube face-on possessed increased perforating capabilities than spherical
projectiles, with short solid cones also being arguably more lethal than spheres. These
studies, however, considered only single-purpose shielding and have not been extended to

sandwich panels.
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Figure 22. Deep ANN architecture 70/30 split overfitting.

Figure 23. Shallow best performing ANN architecture 80/20 split.

3.4 Verification of new predictive models
To conduct verification of the developed predictive models (new BLE and ANN),

additional numerical simulations were performed (see Table A.3) and their results were
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compared with the BLE and ANN predictions. It should be noted that these new datapoints
have not been used in either BLE fitting or ANN training and, thus, were ‘unfamiliar’ to
both predictive models. Also, panel configurations in these additional numerical
simulations featured one or multiple design parameters which have not been represented
in the database used for BLE fitting and ANN training, as highlighted in Table A.3. For
example, simulations VERO4A and VERO04B were conducted with HCSP that had
facesheet thicknesses, honeycomb depths, cell and foil sizes that were different from those

possessed by the HCSP configurations included in the BLE fitting/ANN training database.

Table 4 compares the ballistic limit predictions of the new BLE and the verified
LS-DYNA model. As can be deduced from the table, in all cases, the BLE demonstrated
an excellent correlation with the predictions of the sophisticated numerical model, with the

discrepancy ranging from 1.13% to 5.58% only.

Table 4. Verification of BLE predictions.

PROJECTILE FACESHEETS HONEYCOMB BALLISTIC LIMIT
Designation Sf;jg’ Material | Material Thi;:rl](r?]ess, Grade* D;?:]h' SII\I/TCH mr;LE Er(;s)r,
VERO1 7.00 A|%r(2117- A|§r0661- 1.30 1/?)?88':]'-)2- 250 1.50 1.58 5.58
veroz | 700 | AL A'?%Gl' 1.60 3/1&500352' 3go | 170 | 178 | 468
VERO03 700 AI%&H- AI(_Sl%Gl- 100 5/3565()()252- 00 | 110 | 116 | 531
Veros | 7op | AP0GOS |y | saso | g | As0 | 148 | s
Veros | 7ao | ARO[ ATOTS | gy | umsose | gy | 130 | 126 | 335
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For the ANN, ballistic limit estimations of impact scenarios VERO1 to VERO5 were
iteratively determined using the ANN to classify outputs for critical projectile diameters
until the ballistic limit was sandwiched between a passing (non-perforating) and failing
(perforating) outcome. Critical projectile diameter estimations by the ANN closely
resembled the simulation ballistic limits and are compared in Table 5. The difference

between simulation and ANN predictions ranged between 0.67% and 7.27%.

Table 5. Verification of ANN predictions.

PROJECTILE FACESHEETS HONEYCOMB BALLISTIC LIMIT

Designation Slfris(sj‘ Material | Material Thiﬁ]kr?]ess' Grade* D;?Tt]h’ SII\I/TCH mZNN E';;Srv
VEROL | 700 | AZOLT- | AIGOOL g 5 o092 | a5 | MO0 | 198 200
VERD? | 700 | AZOU- | AIBOL-| o | IS | gy | 170 | 176 | 353
VER3 | 700 | AOLT | AIOOOL T g | SR2SO052 | g | 1O LAB ) T2
VERO | 700 | AU | AIBOBL-| g | SRS | g | 150 | 151 | 067
veros | 700 | AIOIT- | AITOTS- | VSO | g | 130 | 126 | 308

For verification purposes, the ANN utilized all 56 experiments contained within the
experimental and numerical database to develop correlations and patterns used for
prediction upon the verification cases VEROL to VERO05. As the number of training
instances increased, the predictive accuracy of the ANN was re-examined and captured in
Table 6, determined through tallying the number the correct (true positives and negatives)
and incorrect predictions (false positives and negatives) by the ANN. Table 6 compares the

verification ANN results from 15 supplementary tests conducted for both 56 training
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instances and 44 training instances (as used in the ANN architecture selection process) and
demonstrates an evident increase in predictive accuracy with an increase in the number of

training instances.

Table 6. ANN accuracies for varied number of training instances.

No. of No. of Predictions ANN
Instances (False +/-) (True +/-) Accuracy (%)
44 37 143 180 79.44
56 19 133 152 87.33

Clearly, as more training instances became available, ANN learning and adaptability
improved, achieving a predictive accuracy of 87.33%, despite the verification cases

possessing panel configurations not previously represented in the database.

3.5 ANN graphical user interface

Upon verification of the ANN, a graphical user interface (GUI) was developed
using MATLAB’s GUI app designer to use the neural network to predict outcomes —
perforation or no-perforation — for user specified honeycomb-core panel, projectile, and

impact conditions, with the layout captured in Figure 24.
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Figure 24. GUI layout.

Here, the following functionalities are summarized,

- Read spreadsheet button accesses the pre-processed experimental and numerical

database and displays all listed variables and data.

- Add entry will send the user defined fields - text fields and drop-down menus - to

the testing pool for prediction.

- Submit will run ANN for the user defined honeycomb-core panel, projectile, and

impact conditions, outputting the results to MATLABs workspace.
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CHAPTER 4

CONCLUSIONS

4.1 Conclusions

Parameters of the honeycomb core (such as cell size and foil thickness), as well as
the material of the core, influence the ballistic performance of honeycomb-core sandwich
panels in cases of hypervelocity impact by orbital debris. Two predictive models capable
of accounting for this influence have been developed in this thesis: one utilized a
conventional approach based on a dedicated ballistic limit equation, while the other
employed an artificial neural network trained to predict the outcomes of HVIon
HCSP. BLE fitting and ANN training were conducted using a database composed of
46 numerical experiments, performed with a validated numerical model and ten physical
tests derived from the literature.

The new ballistic limit equation is based on the Whipple shield BLE, in which the
standoff distance between the facesheets was replaced by a function of the honeycomb cell
size, foil thickness, and yield strength of the HC material. The corresponding fit factors
were determined by minimizing the sum of squared errors between the BLE predictions
and the results of HVI tests listed in the database. The BLE was then tested against a new
set of simulation data and demonstrated an excellent predictive accuracy, ranging
from 1.13% to 5.58%.

The artificial neural network was developed using MATLAB’s Deep Learning
Toolbox framework and was trained utilizing the same HCSP HVI database as
was employed for the BLE fitting. A comprehensive parametric study was conducted

to define the ANN architecture best suited for the problem being solved, including such
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parameters as the activation function, the number of hidden layers and the number of
nodes per layer. As a result, the developed ANN utilized the Root Mean Square
Propagation (RMSPROP) activation function and one hidden layer with three nodes. The
ANN demonstrated low error percentage between 0.67% and 7.27%, when tested against
a set of simulation data not previously used in the training of the network. From this, a GUI
was developed to permit users to use the ANN for ballistic performance evaluations of
specific HCSP configurations. Users can access the pre-processed experimental and
numerical database, and add user-defined panel, projectile, and impact conditions into the
testing pool for prediction. Scenarios are passed to the ANN which will then predict and
assign outcomes of non-perforating (pass) or perforating (fail), based on the patterns and
correlations previous learned.

Both developed predictive models (the BLE and the ANN) are recommended
for use in the design of orbital debris shielding for spacecraft, involving honeycomb-core
sandwich panels. While the BLE features simplicity and somewhat superior accuracy, the
ANN may be advantageous due to its ability to be easily extended to accommodate new
impact  scenarios  (e.g. non-spherical and/or  non-metallic projectiles) and  panel

configurations (e.g. composite facesheets and cores), when such data become available.
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APPENDICES

Appendix A

Table A.1 — Experimental database

PROJECTILE FACESHEETS HONEYCOMB EXPERIMENT
ggsuigcr?ation Eﬁﬁid’ Material ;"ﬁf Material lhrifrtnes Grade* 3iﬁth’ g)utcom Ref
HITFo00s | 691 | AP0 as0 | A0 o7 1/8-5052-0.003 | 508 | P 40
HITFO314S | 675 | Al0LT- | gy | AIBOBL- ) ¢ 4y 1/8-5052-0.003 | 12.7 NP 41
2 T4 T6

HITFO314S | g g | AR0LT- | g | AIBOBL- | 4y 1/8-5052-0.003 | 12.7 p 41
1 T4 T6

HIFTO4150 | 686 | 20N | 320 '?('36061' 127 1/8-5052-0.003 | 508 | P 41
HIFT04150 | 6.22 '%'12017' 3.60 '%'f%l' 127 1/8-5052-0.003 | 508 | P 41
Al 6.70 '%'12017' 153 '%'37075' 1.60 8’ 38'15056' 500 | NP 39
A2 6.80 '%'12017' 1.89 ¢é7075' 1.60 g/ égf%e' 50.0 P 39
A3 710 | AP aas | AT g 3/10-50%- 500 | P 39
A4 740 | 22 | 36 ¢é7075‘ 1.60 8’ 0% 500 | P 39
A5 7.20 '%'12017' 3.94 ¢é7075' 1.60 3/ égfog’ﬁ' 50.0 P 39

* Honeycomb grade: cell size [in] — honeycomb material — foil thickness [in]. For example, 1/8-5052-0.003 stands for a honeycomb
with 3.18 mm [1/8 in] cells made of Al5052 and having a foil thickness of 0.076 mm [0.003 in].

Table A.2 — Simulations conducted to expand the database for the development of the BLE and
ANN

PROJECTILE FACESHEETS HONEYCOMB RESULT
P —
i i Perforati
Designation Speed, Material Size, Material Thicknes Grade* Depth, mm erforation
km/s mm S, mm NP - No
Perforation.
SIMO01 7.00 '.I‘i‘fm?' 1.40 ¢é6061- 1.60 1/8-5052-0.001 | 25.0 NP
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