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Abstract

High energy in-space collisions may lead to the catastrophic fragmentation of entire spacecraft. Current empirical
models employed to predict spacecraft breakup are based on ground experiments and observation of debris cloud
generated by collision events. Due to the continuous growth of the number of resident objects orbiting the Earth and
the risk they pose to operational satellites, in the last years the interest in collecting new test data on spacecraft
collisions has increased, as well as the request to improve current breakup models and develop new ones.

In this context the University of Padova performed a set of impact simulations, with a custom fragmentation
algorithm, on satellites mock-ups consisting of cubic, cylindrical, and parallelepiped shapes with internal boxes
representing on-board components. The considered scenarios include several targets and impactors masses and sizes
and different impact geometries (in terms of velocity, impact angle and location). Simulations results consist in the
generated fragments characteristic length cumulative distributions. It was observed that all distributions show different
sections that can be attributed to different damage modes: the smaller fragments are generated by the spacecraft
components fragmentation, the intermediate ones by the detached internal boxes, and the largest ones consisting in
intact pieces of the spacecraft separated from the main structure. The limits, extent and slope of these sections depend
on the impact conditions, the satellite structure and the impact point; a piecewise analytical model is derived for the

simulation data, showing a good accordance with the fragments distribution trends.
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Nomenclature

EMR Impact Energy-to-Mass Ratio, J/g

k Correction coefficient
L¢ Characteristic length, m
m Line slope

msat  Satellite mass, kg
Nc¢ Cumulative number

a Angle of collision, deg

1. Introduction

In less than one century of exploitation of near-Earth orbits, several fragmentation events have occurred, generating
an increasing number of potentially dangerous space debris [1]. The scientific community is particularly concerned [2]
about to the continuous grow of small satellites market [3] and large constellations deployment [4][5]. In fact, the
probability of massive collisions among spacecraft is directly related to the number of satellites in orbit [6]; this can
act as starting point for cascade events affecting the whole near-Earth environment. In addition, past episodes such as
the Cosmos-Iridium one [7] showed that the generated fragments are not limited to the involved altitudes but can
contaminate neighbourhood orbits.

While effective collision avoidance strategies and mitigation policies and practice can reduce the risk of in-orbit
collisions [8]-[11], it is still necessary to understand the mechanisms involved in satellites collisions and identify the
main parameters that might influence fragments generation. To date, the NASA Standard Breakup Model [12] is the
most important tool to predict the distributions of fragments generated by collision events; in function of the impact
Energy-to-Mass Ratio (EMR), the model employs the involved bodies mass or momentum as input parameter. Due to
its extreme simplicity, the NASA SBM cannot distinguish between events with the same specific energy (e.g., central
Vs. glancing impact). Other semi-empirical models try to address this limitation by considering the breakup
dependence from collision configuration (FAST [13]), by including material properties, and by allowing to specify

that certain parts of an object will remain intact after the collision (IMPACT [14]).
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Identifying the main parameters that might influence satellites break-up and fragments generation is therefore
important to understand this phenomenon. To date, the total number of known in-space collisions is quite limited; in
addition, only a fraction of the generated fragments can be detected by ground sensors, limiting data available for this
purpose. In addition, the geometry of the collision, in particular the impact point, is often unknown. This can be
partially overcome by the few ground impact tests on satellites mock-ups [15]-[20]; however, in these cases the
simplification of the test models (e.g., with no appendages) and the impact geometries (e.g. impacts on the centre of
mock-up faces) is still limiting the identification of the parameters of interest.

To overcome this limitation, numerical simulations can be employed to evaluate a wide range of collision scenarios,
evaluating the influence of different impact parameters. In this context, the Collision Simulation Tool Solver (CSTS)
is a semi-empirical code simulating collisions involving satellites and providing statistically accurate fragments
distributions with a low computational effort [21]. Among its applications, CSTS was employed to study the potential
fragmentation of ENVISAT [22] and LOFT [23]; in the latter case, simulations investigated the effect of projectile size
and point of impact, suggesting that the NASA SBM overpredicts the fragments for glancing impacts and small
impactors. The validation of CSTS algorithms was performed through comparison with ground tests data, both for
simple targets (up to 6 km/s) and complex configurations (up to 3.6 km/s) [21]; for conditions outside this validated
range (e.g. higher impact velocities), the performed simulations campaigns still provided results consistent with the
limited observation and literature data (e.g. fragments number increase with projectile mass and velocity).

On these bases, a more accurate investigation of the parameters influencing spacecraft collisions is performed with
CSTS. The main objective of the simulation campaign is the investigation of the effect of geometry (velocity, impact
angle, impact point) on collisions of spherical projectiles with plates and complex targets (satellites mock-ups with
cubic, parallelepiped and cylindric shapes). In this phase both target and impactors are made in aluminium; the
investigation of the effect of different materials (e.g., composites) is still running, as well as the analysis of scenarios
with complex impactors.

This paper is organized as follows. Next section introduces the simulation plan, followed by a description of the
geometries of the targets. A summary of the main simulation results follows, in terms of fragments characteristic length
cumulative distributions. Last, the main parameters influencing distributions trends are discussed and a piecewise

distribution model is introduced.
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This work is performed in the framework of the ESA-funded project "Exploiting numerical modelling for the
characterization of collision break-ups" (ESA AO 10305), in which CISAS participates in collaboration with SpaceDys

(a spin-off company of the University of Pisa).

2. Simulation plan
In this section the simulation plan for this activity is presented. The CSTS software [21] is accurate and less
computationally intensive with respect to the commonly available hydrocodes; however, particular care was applied
in determining the parameters under investigation, in order to keep the number of simulations under control.
The parameters of interest in this campaign include:
¢ shape and structure of the target
o size of the spherical projectile
e impact point
e angle of collision
e impact velocity
e internal structure
The simulation plan can be seen in Table 5 in Appendix 1; it consists in 22 different impact scenarios. A first
assessment of the effect of impact point, impactor shape, and target mass, size and material is performed assuming a
simple shape for the target (a cube, SIM 1-14), populated with a given number of internal components (see Figure 1,
top left). Following this first geometry, few additional elementary shapes were selected: a parallelepiped (populated
with internal boxes, SIM 20-23, see Figure 1, top right), a flat plate (SIM 24-29, see Figure 1, bottom left), and a
cylinder (populated with internal boxes, SIM 30-34, see Figure 1, bottom right). The impact geometry is also varied in
this study; considering the involved geometries, the following impact points were selected:
1. central impact on a face of the target;
2. off-center impact on an edge of the target;
3. impact on the side of the cylinders (mid position);

4. impact on the base of the cylinders (close to the center).
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y [m) ¥

Figure 1: Target shapes for the simulated scenarios, from top to bottom, left to right: cube with internal components,

parallelepiped with internal components, flat panel, cylinder with internal components.

With respect to cubic targets, they were divided in three size classes: cubes with edges of 50, 150 and 300 cm. In
each size class, different target masses were imposed, to assess the effect of different internal density distributions on
the generated fragments. The variation was performed keeping the target model geometry and internal distribution
fixed and adjusting only the internal boxes density. The impactor masses were 0.18 kg or 1 kg. Different impact
velocities allowed EMRs between 1 and 735 J/g, to investigate fragmentations below and above the commonly
accepted threshold of 40 J/g that discriminates between sub-catastrophic and catastrophic impacts. For all different
configurations, the influence of impact geometry (impact angle and impact point) is evaluated with dedicated
simulations.

With respect to the parallelepiped (SIM 20-23) and the flat plate (SIM 24-26) targets, the geometry is fixed and the
influence of the impact conditions are investigated, with EMRs respectively of 24 and 97 J/g (below and above the
catastrophic fragmentation threshold of 40 J/g) and 402 and 3281 J/g (well above the catastrophic fragmentation
threshold).

Last, for the cases with cylindrical targets (SIM 30-34), the geometry and the impact velocity (10 km/s) are fixed
and different impactor masses (0.18 kg and 1 kg) and impact points are investigated; EMRs are respectively of 9 and

73 Jlg, the latter above the catastrophic fragmentation threshold.

3. Simulation models

This section reports an overview of the geometrical models generated for this simulation campaign. For each

simulation group the models are described and their main characteristics are listed and compared.
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In general, the structure of the targets is composed by external and internal plates and solid boxes, representative
of electronics, instrumentation and subsystems. The plates material is aluminium. Internal boxes are divided in two
families: with fixed density (to be maintained equivalent in scenarios with same target geometry and different masses)
and with adjustable density (to adjust the mass in scenarios with same target geometry and different masses). In case
of scaled geometries, the internal distribution is always maintained. Last, structural links are provided between the
internal elements, to simulate the connections and the joints among components and with structural panels.

As reported in the simulation plan Table 5, the first family of collision scenarios investigated in this campaign has
a cubic target with internal boxes. Three different sizes (edges of 50, 150 and 300 cm) are considered, to investigate
size effect in collisions; the target mass varies from 25 kg to 50 kg and 100 kg for the smaller size, to evaluate the
effect of the equivalent density in fragments generation. Figure 2 shows the three models, including the simulation

cases in which they are employed.

= 150x150x150 cm? 300x300x300 cm?
50x50x50 cm 33 x SIM1 63 x SIM1

sat

Mass: 25, 50, 100 kg Mass: 457 kg Mass: 3200 kg
Simulations 1, 2, 3,4,5,6,8 Simulations 10, 12 Simulation 14

Figure 2: Cubic-shape targets with internal components

The second family of collision scenarios involve a parallelepiped target (Figure 3, left). In this case the mass and
the geometry are fixed for all the considered simulations (SIM 20-23). Similarly, the third family of simulations involve

a solid flat plate as target (Figure 3, right, SIM 24-26).
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50x100x20 cm? 40x100x0.5 cm?
R PN
[T { 0.1 P>
oz | [ | E 0 !‘:"i/g \‘\\zz
iur [1| ey \\R V\
o | B 05 S ~ S
3. g CEEEE ~ _df
* e ’ @ 0
.-5\/;_‘” 0
. 02 0 yml 05 7 2
| yim) x[m]
Mass: 93 kg Mass: 5.6 kg
Simulations 20, 21, 22, 23 Simulations 24, 25, 26

Figure 3: Parallelepiped-shape targets with internal components (left) and flat plate (right)

The fourth and last family of simulations involve aluminium cylinders (with internal boxes) as targets. Figure 4
shows model employed for simulations 31 to 34; in all cases the geometry and the mass of the target are kept constant
and only the impact conditions change. Cylinders are modelled in CSTS as octagonal prisms, approximating their
lateral face with eight flat plates; this helps in simplifying the fragmentation model, with a consequent reduction of

simulation times.

D=100 cm, H=300 cm

SIS 05
0 — )

05 05
x[m] ym]

Mass: 1008 kg
Simulations 30, 31, 32, 33, 34

Figure 4: Aluminium cylinder shape with internal components (left) and steel cylinder (right)

4. Simulation results
In this section the main simulation results are presented and discussed. Simulations outputs are shown in terms of

characteristic length distributions. The characteristic length is intended as the arithmetic mean of (a) the longest
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156 dimension of the object, (b) the longest dimension of the object measured normal to the direction of a, and (c) the
157 longest dimension of the object normal to these two directions [24].

158

159  4.1. Sensitivity to resolution

160 Before starting the simulations campaign, a study on SIM 1 was performed to evaluate the sensitivity of the results
161  tothe model. The resolution is defined by a threshold size: objects with an average dimension larger than this threshold
162 are tracked and propagated by the software; smaller debris are grouped in “bubble” objects collectively treated as a
163 cloud of dust. Figure 5 shows the comparison of characteristic length distributions for SIM 1 for a resolution of 0.5
164 mm (black circles) and 1 mm (blue squares). It can be noted that the difference is negligible for fragments larger than
165 2 mm. The simulation time for the two cases is respectively of 23 h (resolution of 0.5 mm) and 12 h (resolution of 1
166 mm). In order to reduce the computation time and provide results for a first round of analysis, a resolution of 1 mm

167 was chosen for all simulations.

10000 Cube target, 50x50x50cm2, resolution comparison
T T T

® SIM1,-res.0.5mm
1000 ¢
§ 100
E
3
10 F 1
L
L]
1 - : . ®
0.001 0.010 0.100
168 Lc, m
169 Figure 5: Comparison of characteristic length distributions for two different simulations resolutions
170 4.2, Target: Cube
171 For the first family of simulations (cubes populated with boxes as targets, aluminium spherical projectiles), Table

172 1summarizes the target and impactor size and mass and the main impact parameters. In the remainder of the document,
173 the colour and marker code defined in the table will be employed for all the plots.

174
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Table 1: summary of simulations with cube as target

Sim. ID

Edge (cm) Mass (kg) Mass (kg) Velocity (km/s) Impact angle Impact Point EMR (J/g)

Target

Projectile

Impact parameters

SIM-1

SIM-2

SIM-3

SIM-4

SIM-5

SIM-6

SIM-8

SIM-10

SIM-12

SIM-14

50

50

50

50

50

50

50

150

150

300

25

25

25

50

50

100

100

457

457

3200

0.18

0.18

0.18

0.18

0.18

1.47

0.18

1.47

1.47

1.47

10.00

10.00

10.00

10.00

10.00

10.00

1.00

10.00

10.00

10.00

0°

0°

45°

45°

0°

0°

0°

0°

45°

0°

Centre
Edge
Centre
Edge
Centre
Centre
Centre
Centre
Centre

Centre

360

360

360

180

180

735

1

161

161

23

Simulations from 1 to 8 have the same target size and geometry but different mass and impact conditions; Figure
6 shows the characteristic length cumulative distributions for these scenarios. In all the scenarios it can be noted that
the fragments distributions can be divided in three different sections: residual large parts of the target, not involved in
the collision (fragments larger than about 15 cm, green background), components and elements detached by the target
due to the failure of structural links and joints (fragments between 4 and 15 cm, yellow background), and all the debris
generated by the fine fragmentation of the elements involved in the collision (smaller than 4 cm, red background). It

can be noted that the distribution of the largest fragments is only partially affected by the different impact parameters

in all the evaluated scenarios.
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Cube target, 50x50x50cm?

10000 ¢
- Small debris
1000
. r
E L
€ | arge
QC, intact
= 100F osomae B
g el NP e parts
=}
E J
8 ® SIM 1, center 0 deg, 25 kg % i LN
®  SIM 2, edge 0 deg, 25 kg ‘-
10 & SIM 3, center 45 deg, 25 kg 3
F| A SIM 4, edge 45 deg, 50 kg % &
SIM 5, center 0 deg, 50 kg
SIM 6, center 0 deg, 100 kg, mp=1.47 kg &
¢ SIM 8, center 0 deg, 100 kg, v = 1 km/s *
1 1 i L PR | 1 $
0.001 0.010 0.100
LC, m

Figure 6: Comparison of characteristic length distributions for cubic targets with size 50x50x50 cm?; where not otherwise

specified, mp=0.18 kg, v=10 km/s

For all simulations in Figure 6, it can be noted that the total number of fragments is related to the EMR value: SIM
8 (EMR=1 J/g, purple in figure) shows less than 100 fragments, SIM 6 (EMR=735 J/g, cyan) reaches 7091 fragments,
while the other simulations (EMRs between 180 and 360) generate from 1600 to about 3000 fragments. The influence
of the impact point and impact angle can be noted comparing SIM 1 (central impact at 0 deg, black) with SIM 2 (blue
— edge impact) and SIM 3 (green — central impact at 45 deg): while the shapes of the curves are similar, the total
number of fragments significantly decrease with an impact on the edge, in particular for characteristic lengths below
30 cm, and is slightly reduced for an impact at 45 deg, even for simulations with the same EMR. This result confirms
the existence of a dependence between impact geometry (e.g. the fraction of the target involved in the event) and
fragments generation. The effect of the target mass can be observed comparing SIM 1, black circle and SIM 5, yellow
hexagram, that present the same impact conditions and masses respectively of 25 and 50 kg: while the two trends are
similar, the heavier target shows a slightly lower number of fragments (about 7% less).

Figure 7 shows characteristic length cumulative distributions for the remainder of the cube targets (i.e., with larger
edge sizes). Results are compared to SIM 6 (cyan, size of 50x50x50 cm?) to evaluate the effect of target size on
fragments distribution; all simulations have the same impactor (1.47 kg sphere) and collision velocity (10 km/s). Again,

in all scenarios it can be noted that the fragments distributions can be divided the three different sections previously

IAC-22-A6.2.10 Page 10 of 24
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204 introduced: large intact parts of the target, detached components and elements, and smaller debris. In these distributions
205 it can be noted that the transition points between the three sections translate in function of target and internal component
206 sizes.

207 Considering the small fragments (characteristic lengths <5 cm), it can be noted that the distributions are comparable
208 for all simulations. This result suggests that for similar impact conditions (central impact point, same projectile mass
209  and velocity) the size of the target would influence only the size of few larger (and massive) objects, while the majority

210 of the smaller fragments will be comparable among the scenarios.

Cube target, v= 10 km/s

10000 p : ,
Small debris
1000 F ]
5 Detached
X! Large
c components
2 intact
[}
2 100t s “ parts
®
=]
€
>
O
10 | !
SIM 6, 50x50x50 cmZ, 100 kg > »,
SIM 10, 150x150x150 cm? :
SIM 12, 150x150x150 cm?, 45 deg : *
*  SIM 14, 300x300x300 cm?, 1000 kg *
1 1 1 1 » *
0.001 0.010 0.100 1.000
L., m
211 c
212 Figure 7: Comparison of characteristic length distributions for cubic targets of different sizes; where not otherwise specified,
213 m=457 kg, impact at 0 deg.
214  4.3. Target: Parallelepiped
215 For the second family of simulations performed in this campaign (parallelepipeds populated with boxes as targets,

216  aluminium spherical projectiles), Table 2 summarizes the target and impactor size and mass and the main impact

217 parameters; the target is the same for all the scenarios (size of 50x100x20 cm?, mass of 93 kg).
218

219 Table 2: summary of simulations with parallelepiped as target
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Impact parameters
Sim. ID  Projectile mass (kg) Colour code
Velocity (km/s) Impactangle Impact point EMR (J/g)

SIM-20 0.18 10 0° Centre 97 -
SIM-21 0.18 5 70° Centre 24
SIM-22 0.18 5 0° Edge 24 -
SIM-23 0.18 5 45° Edge 24
220
221 Characteristic length cumulative distributions are shown in Figure 8 for the four scenarios. In general, the four

222 curves have a similar trend, with the transition points between different fragments sources (intact parts of the target,
223 detached components, and debris from fine fragmentation) recognizable at around 20 cm and 5 cm. The effect of the
224 impact point (center on SIM 20 and 21, edge on SIM 22 and 23) and angle (0 deg for SIM 20 and 22, 45 deg for SIM
225 23, 75 deg for SIM 21) is minor on the trends and can be detected only in the range 1-5 cm; this can be related to the
226 small size of the projectile with respect to the target dimension.

Parallelepiped target, 50x1 00x20cm2, mp=0.18 kg

10000 g T T T T
i i
— Small debris | |
| |
| |
1000 \ i i g
| |
@ . Detached !
Qo I |
[S :components:
2 | , Large
2 100t R N I intact 1
s . ! arts
2 . Y P
3 I ,“sﬁ I
©] : L) zl#
10 ¢ i }:; E
A SIM 20, center 0 deg, v=10 km/s : : sm o
SIM 21, centre 70 deg, v=5 km/s | | av
= SIM 22, edge 0 deg, v=5 km/s [ [ e
SIM 23, edge 45 deg, v=5 km/s | | s
1L I | 1 1 =
0.001 0.010 0.100 1.00C
227 o m
228 Figure 8: Comparison of characteristic length distributions for parallelepiped targets in group A
229 4.4, Target: Simple plate
230 For the third family of simulations (aluminium flat plates, aluminium spherical projectiles), Table 3 summarizes

231  the target and impactor size and mass and the main impact parameters; the target is the same for all the scenarios (size
232 of 40x100x0.5 cm?®, mass of 5.6 kg).
233

234 Table 3: summary simulations with flat panel as target
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Impact parameters

Sim. ID  Projectile mass (kg)

Velocity (km/s) Impactangle Impact Point EMR (J/g)
SIM-24 0.18 5.00 0° Centre 402
SIM-25 0.18 5.00 45° Centre 402
SIM-26 147 5.00 0° Edge 3281

Colour code

Figure 9 shows the characteristic length cumulative number distribution for the three simulations. It can be noted

that SIM 24 (normal impact, black) and SIM 25 (impact at 45 deg, blue) have a similar trend; both scenarios have the

same EMR of 402 J/g. On the contrary, a larger impactor collides with the panel on one edge in SIM 26 (green), leading

to a larger EMR (3281 J/g); in this case, the total number of fragments is comparable to the previous cases and the

only significant difference arises in the range between 2 mm and 4 cm, with up to an order of magnitude of more

fragments.

Cumulative number

4.5. Target: Cylinder

1000 e
® SIM 24, center 0 deg, mp=0.18 kg
= SIM 25, center 45 deg, m =0.18 kg ]
SIM 26, edge 0 deg, mp=1.47 kg
100 ¢
10 F °
" - )
= 0
on
o
< u
a0
1 Il 1 1 »
0.001 0.010 0.100
LC, m

Flat panel, 40x100x0.5cm?, v=5 km/s

Figure 9: Comparison of characteristic length distributions for flat panels

For the fourth family of simulations (cylinders populated with boxes, aluminium spherical projectiles), Table 4

summarizes the target and impactor size and mass and the main impact parameters; the target is the same for all the

scenarios (diameter of 100 cm, height of 300 cm, mass of 1008 kg).
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Table 4: summary of simulations with cylinder as target
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Impact parameters

Sim. ID  Projectile mass (kg) Colour code
Velocity (km/s) Impactangle Impact point EMR (J/g)
147 10.00 0° Centre 73
0.18 10.00 45° Centre 9
0.18 10.00 0° Edge 9
147 10.00 0° Centre 73
of base
0.18 10.00 0° Centre 9

The characteristic length distributions for this family of simulations can be seen in Figure 10. Similarly to previous
complex targets (cube and parallelepiped populated with internal boxes), in all scenarios it can be noted that the
fragments distributions can be divided in three different sections: fragments larger than about 60 cm (residual large
parts of the target, not involved in the collision), the objects between 13 and 60 cm (components and elements detached
by the target due to the failure of structural links and joints), and all the debris smaller than 13 cm (generated by the

fine fragmentation of the elements involved in the collision).

Cylinder target, v= 10 km/s
T 7

10000 Small debris

5 1000 Detached 1 4
[
= \ components
= l l
c l |
2 ! I Large
S 100 & 3 ' intact E
> k \ !
1Y l
g | | parts
(@] = 1
e SIM30, center, 0 deg, m_=1.47 kg M
10 m  SIM 31, center, 45 deg, mp=0.18 kg "Ei
SIM 32, edge, 0 deg, mp=0.18 kg :gi
W oom
A SIM 33, center of base, 0 deg, mp=1.47 kg :‘ :,,:
SIM 34, center, 0 deg, mp=0.18 kg : o
1l L | 1 Ly
0.001 0.010 0.100 1.000

LC, m

Figure 10: Comparison of characteristic length distributions for cylinder targets

In SIM 30 (black) and SIM 33 (red) the same impactor (1.47 kg spherical aluminium projectile) and the same
velocity (10 km/s) are used; in this case the effect of the impact point (center of the cylinder side for SIM 30, center of
its base for SIM 33) is clearly visible, with the generation of more than five times more fragments in the latter case
(3709 objects for SIM 30, 20804 for SIM 33). In this case the geometry of the target strongly influences the fragments
generation: in case of a normal collision on the base of the cylinder (as in SIM 33), the fraction of the target mass

involved in the impact is larger than in the lateral impact scenario (such as in SIM 30); the impactor (and the debris
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266 cloud generated in the first collision) will therefore encounter a large number of objects on its trajectory through the
267 target.

268 With respect to the other scenarios, it can be noted that all curves have a similar trend. The effect of projectile size
269 can be appreciated comparing SIM 30 (1.47 kg, diameter of 10 cm) with SIM 34 (cyan, 0.18 kg, diameter of 5 cm):
270  while for large fragments (> 10 cm) the distributions are similar, for smaller fragments SIM 34 generates less debris
271 (1851) than SIM 30 (3709).

272

273  4.6. Comparison of different targets

274 In addition to the previous analysis, different targets with similar impact conditions (but with different target sizes,
275 masses, and geometries) can be compared to investigate the influence of target geometry on fragments generation. In
276 particular, SIM 1 (50x50x50 cm3 cube target), SIM 20 (50x100x20 cm?2 parallelepiped target), and SIM 34 (cylinder
277  target wit D=100 cm and H=300 cm) are subjected to the same impact conditions (0.18 kg impactor colliding at 10
278 km/s on the centre of one face). Figure 11 shows cumulative number as function of characteristic length for these
279 scenarios: it can be noted that the different geometry is influencing not only the number and the size of the largest
280 fragments (i.e. intact parts of the target and elements and components detached by the structure), but also the
281  distribution of smaller fragments. In particular, it can be noted that SIM 34 (cylinder, cyan) has a lower number of
282  total fragment but, in general, a high number of objects for sizes larger than 5 cm.

v=10 km/s, mp=0.18 kg, center 0 deg

10000 fr : , ,
®  SIM 01, cube: 50x50x50 cm?
A 3IM 20, parallelepiped: 50x100x20 cm?
\ SIM 34, cylinder: D=100 cm, H=300 cm
1000 —
[9)
Ko}
€
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©
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284 Figure 11: Comparison of characteristic length distributions for SIM 01, SIM 20, and SIM 34

285 4.7. Discussion
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Simulations results give a general overview of the response of different geometries to collisions with simple
impactors (spherical projectiles). In general, it was observed that:adobe

e The characteristic length distributions of fragments generated by CSTS can be divided in three main groups:
larger fragments, representative of parts of the target that remain intact, components and elements that detach
from the target structure, and small debris generated by the fine fragmentation of the parts that are directly
involved in the event.

e Arelationship between the characteristics of target and impactors and the number and shape of the distribution
is clearly visible in the compared cases.

e Ingeneral, results suggest a relation between the geometry of the impact (impact point and direction, objects
size) and fragments distributions, that could be associated to the fraction of the target directly involved in the
fragmentation process.

In addition to the previous comments, a particular trend can be noted for the smaller debris class (i.e., the fragments
generated by the finer fragmentation of the parts directly involved in the event). Referring to Figure 11, this section
can be further divided in two quasi-linear parts: a steeper distribution of the smaller fragments and a lower slope up to

the transition to the detached components section.

4.8. Piecewise distribution model

The analysis of characteristic length distributions suggests that a novel piecewise analytical model could be
generated. The model, represented in Figure 12, is identified by the three branches (from 1 to 3) and the two points A
(between the first and second branches) and B (between the second and third branches). The first branch includes the
largest and intermediate fragments (i.e., intact parts of the target and components detached from the satellite); the
second and the third parts represent the finer fragments. In this section the main parameters that influence the trend of

the three sections are introduced and a first formulation of the model is proposed.
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Figure 12: Three-section piecewise model, with its branches identified with the numbers from 1 to 3 and the notable

points A and B.

As for the first branch, identified by the number 1, a dedicated analysis showed that for many datasets the trend of the
largest fragments is quite consistent with the slope of the NASA SBM. The fragments present in this first branch are
representative of parts of the satellite that have remained partly intact and a direct relationship between the size of the
satellite and the position of point A has been sought. The observation of the datasets has therefore allowed defining
the abscissa of point A based on the characteristic length of the satellite; the ordinate of point A is similarly related to

the mass of the satellite:

Lep = Lesar/10 1)
. 355 o

“4 " logyo(mgur - 1000)
m, = —1.71 3)

Last, my is the slope of the first branch and is the same as the NASA SBM.
As for the second branch, the identification of the coordinates of point B is sufficient to trace the representative
segment of the distribution. Again, the abscissa of point B is based on the characteristic length of the satellite.
Lep = Lesar/30 4
The ordinate of point B is also defined according to the impact parameters. In general, a relationship can be noted
between the number of fragments and the specific energy of the impact (defined by the EMR parameter, which
identifies how "energetic" the impact is), the equivalent density of the satellite (the ratio of its mass msa to the cube of

its characteristic length Lc sa, Which gives an idea of how "compact"” the satellite is) and the angle of impact o (which
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helps to represent how much fraction of the collision "involves" the satellite). The formulation of the ordinate of B

thus becomes:

Nep = Nea+ ANcp )

AN, 5 = 10 - log;o(EMR - 1000) -

(6)
+log, (::i) -cos(a) - k
cSAT

To consider edge impacts, the corrective coefficient k is also included. The values of k are between 1 (impact
passing through the centre of mass of the satellite) and 0 (glancing impact). As reference, an edge impact normal to
one of the faces is evaluated as 1/3, an edge impact directed through the inside of the target has a coefficient k larger
than this value, while an impact near one edge and directed “outside” the target is evaluated lower than 1/3. We want
to emphasize that in the current model the dependence on the angle of impact and on the coefficient k is representative
of the "mass fraction" of the satellite directly involved in the impact. In future refinements of the model, it is planned
to replace this parameter with a "coefficient of mass involved", defined as a function of the point of impact and the
ratio between the mass of the sections of the target and the impactor involved in the collision and the total mass of the
system.

Last, the third and final branch is defined by the point B and the inclination of the curve. In this case the slope was
modeled with a formulation linked to the initial value proposed by the NASA SBM (-1.71) and to the EMR and mass

parameters of the satellite:

Mgar
€; = max (1, log,, (1—0)) @)
¢, =log1o(10 - EMR) /¢y 8
0 c, <0
m; =0.75-{-1.71-¢c, 0<c, <1 9)
-1.71 =1

In addition, collision scenarios with very-low EMRs (below 10 J/g) are corrected with a scaling parameter:

EMR
et 10
m = m; (10)
ANl p = AN - 2% (11)

10
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Comparing this model with literature, it is worth to notice that a relation between the cumulative distribution slope
and the logarithm of the EMR has been already introduced for fragments mass distributions in the IMPACT algorithm,
as well as the concept of mass fraction [25]. In addition, the 10 J/g threshold was already and independently proposed
for the same model as a lower boundary for the transition from complete to highly incomplete fragmentation [26].

Figure 14 compares simulation results with the piecewise model. It can be noted that for all cases the model is
capable to represent the fragments distribution trend. Among the results, only SIM 14 (largest and heaviest cubic target)
is strongly overestimated by the model.

A particular attention should be given to SIM 33 (cylindric target, impact on base). In this case, the “mass fraction”
involved in the event is clearly larger with respect to the other scenarios involving cylindric targets impacted on their
lateral faces. Considering that the ratio between the cylinder radius and its height is 3, for this scenario such value is
assumed for the corrective coefficient k. Figure 13 shows SIM 33 simulation data in comparison with the piecewise
model with and without the correction. It can be observed that the corrected distribution is more representative of the
numerical data. This is a further strong suggestion that the “mass fraction” involved in the collision shall be considered

in future refinements of this model.

SIM 33

~ *  Simulation data
====:No correction

10000 ¢ = = :Correction factor k=3 |
(8]
Z
100 3
|
"\\
1 : h
0.001 0.010

Figure 13: SIM 33: comparison of simulation data with piecewise model, without and with a correction factor k.
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Figure 14: Comparison between simulation data and piecewise distribution model
5. Conclusions

In this document a summary of a simulation campaign on multiple scenarios of in-orbit collision was reported,
highlighting the main results in terms of fragments characteristic length distributions. A total of 22 simulations were
performed, focusing on aluminium targets and simple aluminium impactors.

In general, it was observed that the characteristic length distributions of fragments generated by CSTS can be
divided in three main groups: larger fragments, representative of parts of the target that remain intact, components and
elements that detach from the target structure, and small debris generated by the fine fragmentation of the parts that
are directly involved in the event. Fragments distributions are strongly influenced by the impact geometry (and
therefore the “mass fraction” of the target involved in the collision).

A piecewise model was elaborated following these considerations. It consists in three branches, which parameters

are related to the impact EMR, the satellites models size and mass, and the impact geometry; for low EMRs (below 10
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J/s) a scaling correction is employed. The model represents the simulation data trends with enough accuracy; its
formulation suggests the importance of the “mass fraction” involved in the collision in fragments generation.

To expand the validity of these results, further simulations are running to evaluate the influence of target material
(e.g., CFRP instead of aluminium) on fragments generation. In parallel, more complex scenarios involving larger
impactors with internal components distributions are under scrutiny. In the future, it is planned to compare simulations
results with experimental and observation data to obtain a wider dataset. This information will be important to further
improve the proposed novel analytical satellite breakup model by including all the parameters affecting in-orbit

collisions.
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Appendix A: Simulation plan

Table 5: Simulation plan with simulation 1D, target and impactor characteristics, and impact parameters

Target Impactor Impact parameters
Sim.
Size, Mass Mass Vel. Impact | Impact | EMR
1D Shape Material Shape
cm® (kg) (kg) (kmfs) angle Point (J/g)
SIM-1 50x50x50 Al-alloy 25 Sphere 0.18 10.00 0° Centre 360
SIM-2 50x50x50 Al-alloy 25 Sphere 0.18 10.00 0° Edge 360
SIM-3 50x50x50 Al-alloy 25 Sphere 0.18 10.00 45° Centre 360
SIM-4 50x50x50 Al-alloy 50 Sphere 0.18 10.00 45° Edge 180
SIM-5 50x50x50 Al-alloy 50 Sphere 0.18 10.00 0° Centre 180
Cube
SIM-6 50x50x50 Al-alloy 100 Sphere 1.47 10.00 0° Centre 735
SIM-8 50x50x50 Al-alloy 100 Sphere 0.18 1.00 0° Centre 1
SIM-10 150x150x150 | Al-alloy 457 Sphere 1.47 10.00 0° Centre 161
SIM-12 150x150x150 | Al-alloy 457 Sphere 1.47 10.00 45° Centre 161
SIM-14 300x300x300 | Al-alloy | 3200 J Sphere 1.47 10.00 0° Centre 23
SIM-20 50x100x20 Al-alloy 93 Sphere 0.18 10.00 0° Centre 97
SIM-21 50x100x20 Al-alloy 93 Sphere 0.18 5.00 70° Centre 24
Parallelepiped
SIM-22 50x100x20 Al-alloy 93 Sphere 0.18 5.00 0° Edge 24
SIM-23 50x100x20 Al-alloy 93 Sphere 0.18 5.00 45° Edge 24
SIM-24 40x100x0.5 Al-alloy 5.6 Sphere 0.18 5.00 0° Centre 402
SIM-25 Flat Panel 40x100x0.5 Al-alloy 5.6 Sphere 0.18 5.00 45° Centre 402
SIM-26 40x100x0.5 Al-alloy 5.6 Sphere 1.47 5.00 0° Edge 3281
D=100cm,
Al-alloy | 1008 | Sphere 1.47 10.00 0° Centre 73
H=300cm
D=100cm,
Al-alloy 1008 Sphere 0.18 10.00 45° Centre 9
H=300cm
D=100cm,
Cylinder Al-alloy 1008 Sphere 0.18 10.00 0° Edge 9
H=300cm
D=100cm, Centre
Al-alloy 1008 Sphere 1.47 10.00 0° 73
H=300cm of base
D=100cm,
Al-alloy 1008 Sphere 0.18 10.00 0° Centre 9
H=300cm
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