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Abstract. 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 (HV1) by orbital debris. Two predictive models capable
of accounting for this influence have been developed in this study: 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 HVI on 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, with the discrepancy ranging from 1.13% to
5.58% only.

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. The ANN demonstrated a very good predictive accuracy, when tested against a set
of simulation data not previously used in the training of the network, with the discrepancy
ranging from 0.67% to 7.27%.

Both of the 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.

1 INTRODUCTION

To ensure mission success, Earth satellites must be analysed for their ability to survive
hypervelocity impacts (HV1) by orbital debris, as a collision of a functional satellite with even
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a millimetre-sized object, traveling at a typical orbital speed (7 km/s and higher), can be
detrimental for both the spacecraft and the Earth’s orbit environment [1].

In a typical satellite design, most impact-sensitive equipment is situated in the enclosure of
the structural honeycomb-core sandwich panels (HCSP). 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 [2]. With
low additional weight penalties, their intrinsic ballistic performance can often be upgraded to
the level required for orbital debris protection [3]. On the other hand, perforation of a structural
honeycomb panel can be considered as a failure criterion, as otherwise unprotected satellite
components (e.g., circuit boards, cables) may be rendered non-functional post-impact or even
experience catastrophic failure (e.g., pressurized propellant tanks, gas accumulators).
Therefore, assessing the orbital debris impact survivability of unmanned satellites requires HVI
testing or reliable predictive models for honeycomb-core sandwich panels, capable of
accounting for various impact conditions and panel design parameters.

Several such HCSP-specific models (implemented in the form of ballistic limit equations)
have been described in the literature. They all stem from the well-known BLE for a Whipple
shield. As illustrated in Fig. 1 (left), this commonly used protective system represents a
structure consisting of two thin facesheets (walls) separated by some distance, such that the
front facesheet fragments the hypervelocity projectile. The empty spacing between the
facesheets allow the formed fragment cloud to expand while travelling between the facesheets
and, thus, distribute energy and momentum on a wider area of the rear facesheet. The function
of the rear facesheet is to collect and stop the shattered projectile fragments.

The Whipple shield BLE for projectile speeds vp>7 km/s is given by following equation [4]:
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Here: p, and py, are the projectile and front facesheet (‘bumper’) densities in glem®; tye —
thickness of the rear facesheet in mm; v, — projectile speed in km/s; 8 — impact angle measured
from target normal, deg (8 = 0 for normal impact); oy gc — facesheet yield strength in ksi; and
S is a standoff distance between the facesheets, in mm when tg is also in mm.

For the HCSP, the presence of honeycomb between facesheets has a two-fold effect on the
ballistic performance. In the case of oblique impacts, honeycomb walls serve as additional layers
that can contribute to the fragmentation of the hypervelocity projectile, thus reducing damage to
the rear wall. However, in the case of a normal impact, honeycomb is known to constrain the
radial expansion of the fragment cloud, channeling the fragments through its cells [5]. In turn,
this results in focusing the impact energy and momentum of the fragments onto a small area of
the rear facesheet, as shown in Fig. 1 (right), and facilitates its perforation [6-8]. This most
conservative scenario (impact at normal incidence) is usually considered as the design case for
orbital debris shielding involving HCSP.

It follows from the above that the ballistic performance of HCSP in case of HVI will be
influenced by the parameters of the honeycomb core, such as cell size and foil thickness (see
Fig. 1), as well as the material of the core [4, 9]. Together, these affect the severity of fragment
channeling. This is in line with the findings of Kang et al. [10] who, through a series of numerical
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simulations, concluded that the HC core cell size is the most influential parameter for the damage
of the rear facesheet due to the channeling effect. The same conclusions, regarding the HC cell
size effect, were reached by llescu et al. [11] and Schubert et al. [12].

Sennett and Lathrop [13] proposed a method to account for the cell size effect by replacing
standoff distance S in (1) by either the product of twice the honeycomb cell size (Acey) or by the
core depth (tyc), whichever is less:

S= min(2 - Acey, tuc) 2)

This approach, however, is considered to be a ‘rough estimate’ [4] and does not include other
influential parameters, such as foil thickness and material of the core.

The purpose of this study was to develop and validate honeycomb core parameters sensitive
BLE and another model — an artificial neural network (ANN) for spacecraft sandwich panels
subjected to HVI. The developed predictive models were focused on the most conservative
scenario of HVI at the normal incidence and limited to aluminum HCSP.

2 HVI DATABASE

The development of such predictive models —a BLE and an ANN — relied on the availability
of a database for HVI on HCSP. Such a database was constructed by combining the results of
new numerical simulations conducted in this study with the experimental data already available
in the literature.

While a significant amount of experimental data is available for HVI on HCSP [9], the
following criteria were used when selecting the experiments suitable for the development of
new BLE:

e the projectile impacts the panel at a normal incidence;

o the projectile, the facesheets and the honeycomb core are made of aluminum alloys;

¢ the data set contains full information about the honeycomb core used, including the cell
size and the foil thickness;

¢ no additional protective elements, such as multilayer insulation (ML), are involved.

This resulted in a database only containing the ten entries. Among them, only two pairs of
tests clearly defined the ballistic limit of the panels used in those experiments. Apparently,
although the availability of these experimental results is extremely useful, the database requires
a significant extension to be suitable for the derivation of a BLE capable of accounting for the
influence of honeycomb core parameters.

To facilitate the creation of a database needed for the development of predictive models, this
study adopted the LS-DYNA simulation model that was developed and thoroughly validated in
[14] and [15]. The model employed SPH particles to represent a hypervelocity projectile and a
front facesheet of a HCSP; shell finite elements (FE) for the representation of a honeycomb
core; and adaptive SPH-FE technique for modeling of a rear facesheet, as illustrated in Fig. 1.
The model was used to extend the existing experimental database and supplement it with HVI
results corresponding to different
honeycomb cell sizes (3.18 mm [1/8 in], 4.76 mm [3/16 in], and 6.35 mm [1/4 in]),
honeycomb foil thicknesses (0.025 mm [0.001 in], and 0.075 mm [0.003 in]),
front and rear facesheet thicknesses (1.0 mm and 1.6 mm), and
honeycomb depths (25 mm and 50 mm).
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Figure 1: The LS-DYNA model used to simulate HVI1 on HCSP

A set of 46 simulations was conducted to expand the database available for the new BLE
development to 56 entries — experimental and numerical results combined. Different panel
configurations and their respective ballistic limits, derived from this database, are summarized
in Table 1.

Table 1: Ballistic limits of HCSP configurations considered in physical experiments and numerical

simulations
PROJECTILE FACESHEETS HONEYCOMB BALLISTIC

Designation Speed, km/s Material Material Thickness, mm Grade* Depth, mm Der, mm
HITF03145 6.80 Al2017-T4 Al6061-T6 0.41 1/8-5052-0.003 12.7 0.90
A 6.75 Al2017-T4 Al7075-T6 1.60 3/16-5056-0.001 50.0 1.71
SIMO01 7.00 Al2017-T4 Al6061-T6 1.60 1/8-5052-0.001 25.0 1.70
SIM02 7.00 Al2017-T4 Al6061-T6 1.60 3/16-5052-0.001 25.0 2.50
SIM03 7.00 Al2017-T4 Al6061-T6 1.60 1/4-5052-0.001 25.0 2.50
SIM04 7.00 Al2017-T4 Al6061-T6 1.60 1/8-5052-0.003 25.0 1.50
SIMO05 7.00 Al2017-T4 Al6061-T6 1.60 3/16-5052-0.003 25.0 1.90
SIM06 7.00 Al2017-T4 Al6061-T6 1.60 1/4-5052-0.003 25.0 2.10
SIMO07 7.00 Al2017-T4 Al6061-T6 1.00 1/8-5052-0.001 50.0 1.10
SIM08 7.00 Al2017-T4 Al6061-T6 1.00 3/16-5052-0.001 50.0 1.30
SIM09 7.00 Al2017-T4 Al6061-T6 1.00 1/4-5052-0.001 50.0 1.50
SIM10 7.00 Al2017-T4 Al6061-T6 1.00 1/8-5052-0.003 50.0 1.10
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SIM11 7.00 Al2017-T4 Al6061-T6 1.00 3/16-5052-0.003 50.0 1.10
SIM12 7.00 AI2017-T4 Al6061-T6 1.00 1/4-5052-0.003 50.0 1.30
SIM13 7.00 Al2017-T4 Al6061-T6 1.60 1/8-5052-0.001 50.0 1.50
SIM14 7.00 AI2017-T4 Al6061-T6 1.60 3/16-5052-0.001 50.0 1.90
SIM15 7.00 AI2017-T4 Al6061-T6 1.60 1/4-5052-0.001 50.0 2.30
SIM16 7.00 Al2017-T4 Al6061-T6 1.60 1/8-5052-0.003 50.0 1.50
SIM17 7.00 AI2017-T4 Al6061-T6 1.60 3/16-5052-0.003 50.0 1.70
SIM18 7.00 AI2017-T4 Al6061-T6 1.60 1/4-5052-0.003 50.0 2.10

3 NEW BALLISTIC LIMIT EQUATION

The new BLE for HVI on HCSP proposed in this study is a modification of the Whipple
shield BLE, given by (1). The latter can be re-written for the case of normal impacts (the only
incidence considered in this study, as discussed earlier) in the following form:
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Here: p, and py, are the projectile and front facesheet (‘bumper’) densities in glem®; tpe —
thickness of the rear facesheet in mm; v, — projectile speed in km/s; oy rc — facesheet yield
strength in ksi; and S is a standoff distance between the facesheets in the original Whipple shield
BLE (in mm when trc is in mm) and, as proposed by Lathrop and Sennett [13], can be replaced
in the case of HCSP by twice the honeycomb cell size (Acen) if it is larger than the distance
between facesheets, i.e. S = K- A, Where K = 2.00.

The BLE proposed in this study does not alter the general expression provided by (3),
however the expression for S in our BLE was supplemented by additional terms, such that

8
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where tic — honeycomb depth in mm; tec — thickness of a facesheet in mm; tri — thickness of
the honeycomb foil in mm; oy Hc — yield strength of the honeycomb material in ksi (e.g. 30 ksi

for Al5052 and 50 ksi for AI5056 honeycomb); and K, a, B, v, & are parameters with the values
given in Table 2 below.

Table 2: Parameters of the new HCSP BLE

BLE parameter K a B Yy )
Value 2.63 1.893 -0.804 0.304 1.915

The new BLE fit factors presented in Table 2 were determined by minimizing the
discrepancy (expressed in terms of the sum of squared errors, SSE) between the BLE
predictions and the experimental or simulation data provided in Table 1 (ballistic limits
summary). The goodness-of-fit diagrams for the Whipple shield BLE with the Lathrop and
Sennett correction for the honeycomb core effect (S = 2Acen) and the BLE proposed in this
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study, are shown in Fig. 2. BLE predictions for the outliers are added as data labels on the
goodness-of-fit diagrams. As can be deduced from Fig. 3, the new BLE provides a significant
improvement in terms of the predictive accuracy, compared to the Whipple shield BLE with
the Lathrop and Sennett correction.
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Figure 2: Goodness of fit diagrams for the Whipple shield (with Sennett-Lathrop correction) and the new BLE

4 ARTIFICIAL NEURAL NETWORK

MATLAB’s Deep Learning Toolbox was used to develop an ANN capable of predicting
perforating/non-perforating outcomes of HVI of all-aluminum HCSP structures and projectiles
at normal incidence. A binary output classification scheme was established with the pass ‘non-
perforating’ and fail ‘perforating’ classes set. A perforating case is defined as being when the
fragments fully penetrate through the rear facesheet.

Neural network architecture consisted of an input layer, one hidden layer and an output layer.
Here, the input layer contains the projectile description (projectile size and material), panel
description (facesheet and core thicknesses and material, core foil thickness and cell size) and
impact parameters (impact incidence angle and projectile speed).

Input data is passed to the neurons/nodes located within the hidden layer, which assess the
data versus a set criterion defined by the activation function. When assessed, there are two
possible outcomes: if the input criteria satisfy the conditions set, the neuron/node is activated,
if not, then there is no activation. Activations are calculated using the weighted sums and
associated bias of each neuron/node. Each neuron/node has adjustable weightings assigned in
a similar fashion to the coefficients used in BLE tuning and curve fitting, which are optimized
to improve predictive accuracy. The accumulation of the neurons/nodes, associated weightings
and activation functions create a hidden layer.

Outputs from the hidden layer are passed off to the output layer, the output layer then assigns
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a classification of perforating or non-perforating to each instance predicted, as determined from
its own activation function and neuron/node analysis.

The ANN training database in this study was composed of the experimental and numerical
tests presented in the HCSP HVI database. Training sets were established using a hold-out
validation scheme, using 80% of the database (44 entries, randomly selected), for the ANN to
learn and develop relations. Once developed, the remaining 20% of the database located in the
testing set (12 entries), were used as ‘true’ prediction scenarios, allowing for analysis of the
ANN’s predictive accuracy against known outcomes in the database.

5 VERIFICATION OF THE PREDICTIVE MODELS

To conduct verification of the developed predictive models (new BLE and ANN), additional
numerical simulations were performed and their results were 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.

Table 3 compares the ballistic limit predictions of the new BLE, ANN 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. 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: the difference
between simulation and ANN predictions ranged between 0.67% and 7.27%.

Table 3: Verification of BLE and ANN predictions

PROJECTILE FACESHEETS HONEYCOMB BALLISTIC LIMIT
Designation Sfr?sg’ Material Material Thiﬁi(nrless, Grade* Depth, mm O

SIM BLE ANN
VERO1 7.00 Al2017-T4 Al6061-T6 1.30 1/8-5052-0.001 25.0 1.50 1.58 1.53
VERO02 7.00 Al2017-T4 Al6061-T6 1.60 3/16-5052-0.003 38.0 1.70 1.78 1.76
VERO3 7.00 Al2017-T4 Al6061-T6 1.00 5/32-5052-0.002 50.0 1.10 1.16 1.18
VER04 7.00 Al2017-T4 Al6061-T6 1.30 5/32-5052-0.002 38.0 1.50 1.48 151
VERO05 7.00 Al2017-T4 Al7075-T6 1.00 1/4-5056-0.001 50.0 1.30 1.26 1.26

6 CONCLUSIONS

The new ballistic limit equation developed in this study 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
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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, with the
discrepancy ranging from 1.13% to 5.58% only.

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. The ANN demonstrated a very good predictive accuracy, when tested against a set
of simulation data not previously used in the training of the network, with the discrepancy
ranging from 0.67% to 7.27%.

Both of the 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.
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