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ABSTRACT

The Buropean funded FP7 project ReVuS, aims to
define design <olutions that will reduce the
vulnerability of future low Earth orbit (LEO) satellites
to the small - and medium-sized debris.

An a®esgnent of the wvulnerability of two
representative LEO satellites to these debris has
allowed to evaluate the fail ure probability for the entire
satellite, and to identify the critical ares and
equipment on the satellites. It gppeas that the most
significant contribution to this probability of failure
comes from the celrisin the range 2to 5mm.

Potential solutions to minimise the vulnerability of the
satellite have been identified, both & system and
architecture levels.

The use of shielding protedion is one of the main
solutions, to protect the critical equipment, possidy the
critical aress. Shielding configurations are based on
shielding bricks. Tegs have beenperformedto evaluate
the charaderistics of these shielding bricks and the
performances of a set of shielding configurations. An
asessnent of the proposd solutions is onrgoing, to
evaluae the gan in terms of vulnerability and the
impads on the satellite.

1 INTRODUCTION

The number of debris in ace is continuaudy
increasng, especially asa result of the collisions that
haveoccurredin the pag few yeas. Thusthe presence
of delris could becane an increasng risk for the
survivability of space asets. Indeed the probahbility for
a satellite to collide with orbital debris, dthough very
low, cauld becane ron negligible.
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For the purpos of this projed, the following
asaumptions regarding the different sizes of debris and
their relevance with regect to the aralyses have teen
mace:

e Delris szelarger than 10cm (large sze debris): it
is asumed that they can be detecied catlogued
and tradked from ground collisions can be
predcted awidarce manoewres can be
performed.

e Debris szefrom 0.1 to 10 en (small size debris)
canna be tradked, o that collision with a satellite
camot be pedcted ard coud generate critical
damage, such as thelossof apart of themisson or
the loss of the de-orbit capability of the satellite,
ard could gererate adliitional delris. Indeed the
erergy of such debris particles is high enoughto
penetrate the satellite structure and constitutes a
risk for internal mourted units.

e Delris size below 0.1 cm: the erergy caried out
by this debris is low enoughto beabsorbed by the
structure materials. However, such debris particles
could be athreatfor extemal mourted units such
as sesors, antennas, sdar arrays, pending on their
size aml location.

In order to mitigate this risk, the “Survive” approach
related to the medium sze debris that cannot be
tracked, consists in defining design rules to minimise
the effeds of debris impads on the satellite and its
mission.

2 OVERALL REVUS PROJECT

The ReVuS project is an amswer to the Survive
approach It is a BuropeanFP7 project funded by the
European Union, which started in March 2011 It ams



to define design solutions in order to reduce the
vulnerability of future LEO satellites to small-sized
debris. A debris size range of O0.lmm to 5 cm is
targeted.

2.1 Project Logic

The project follows a three-step approach, as illustrated

in Fig 1:

e the vulnerability analysis, to evaluate the effects of
a collision of a satellite in LEO with small size
debris, the potential damage and the critical parts
of the satellite, the risk of mission degradation.

e the identification and analysis of potential
solutions at system level, and at satellite
architecture level, with a focus on the shielding
concepts and shielding materials.

e the resiliency analysis, aiming at evaluating the
resiliency of the selected solutions with respect to
debris impact and at proposing design rules and
standards.

7 Modelling and 1
vulnerability analysis

4] 4 5

—

ion and

eo;lfiguraﬁon technology

N

Resiliency analysis 6

Insurance
viewpoint

I l Standards & design rules
— Recommendations

Figure 1: Logic of the ReVuS project

2.2 Partnerships

The ReVuS project is carried out by a consortium, led

by Astrium SAS and gathering the expertise of 9

partners from Universities, SME and large enterprises:

e Astrium SAS is leading the activities on the
system level solutions, the resiliency analysis of
proposed solutions and the shielding material
definition and tests, and participates to the
shielding concepts

e Fraunhofer-Gesellschaft zur Forderung  der
angewandten Forschung e. V., (EMI) for the
shielding aspects (shielding architecture and test of
shielding materials), and satellite damage
assessment

e Technische Universitit Braunschweig brings its
knowledge on the debris environment modelling
(MASTER) to generate the flux distribution

e  University of Southampton for their knowledge on
the debris environment modelling (DAMAGE) to
evaluate the candidate shielding protections

e University of Leicester to analyse the distributed
architectures as a system level solution

e Astrium GmbH in charge of the vulnerability
analysis and spacecraft configuration

e PHS Space Ltd for satellite damage assessment
and definition of standard design and rules

e TenCate Advanced Composites BV to define and
produce the shielding materials

e Hiscox Assurance Services to bring the insurer’s
point of view

e  Astri Polska Sp Z.o.0 for the communications and
the dissemination of the results

3 VULNERABILITY ANALYSIS

As shown in Fig 2, the vulnerability analysis is based
on the use of the impact risk assessment SHIELD3
tool:

e To evaluate the probabilities of penetration of
small debris particles in the satellite and in the
equipment

e To determine the failure probability for all
equipment parts considered.

The results of this vulnerability analysis are presented
in detail in [1].
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Figure 2: Approach for vulnerability analysis

Two reference satellites, an Earth Observation optical
satellite and an Earth Observation radar satellite, have
been taken into account. They have different
configurations and different orbit altitude (the optical
satellite has a deployed solar array and is located at 820
km altitude while the radar satellite has a rigid body
mounted solar array and is located at 515 km altitude).



The SHIELD tool relies on information abou the
design of the satellite and on the dirediona
distribution o the flux of delris on the satelites
computed usng the MASTER 2009 environment
modd.

The SHIELD tod has used thes input data to
determine the impact ard failure probabilities for dl
equipment conddered. By combining tis with
information on the redurdancy concepts and the
criticality of specific equipment, a celris impact
related failure probability for the entire mission has
beenderived

This andysis has been dore for the BusnessAs-Usud
(BAU) scerario asimplemented in the MASTER-2009
(Metearoid ard SpaceDelris Temredrial Environment
Refetence) model. This scerario assumes tha current
pracices are © continue into the future. The period
used for the analysis will be the 10 yeas following
January 1¢, 2020.

An evaluation of the flux of debris impading, and of
the flux of delris peretrating the refererce stellites on
ther differert faces has been done for succesive
ranges of particles diameter. It appeass that

e delxis below Imm diameter hasa high probability
of impact, but only few penetrate the satellite, so
that the effects on equipment are very low.

e Debris particles with a diameter in the range (1-
10mm) impad and penetrate the satellites 100
times more often than debris particles in the range
(10-50mm).

e The 1isk of being impaded or peretrated by small
debris is much higher a 800 km than a 500 km

e The radar satelite peents a \ry low
vulnerability to small debris, with a high
Probability of Non Failure (PNF) due to its
cylindrical shape, with axis along velocity vector
and rigid body mourted lar arrays, and its low
dtitude (515 kn) ouside the zones where the
density of debris particlesis high.

The penetration of a debris particle in the satellite, and
in equipment could lead to three ypes of potertial
damages: the lossof the misgon, that could result from
penetration of debris in the tank (with a risk of
exploson or only legkage depending on paticle size
and impact conditiong, or in a non externaly
redundant equipment (in the cag d intemally
redundant equipmert, the level of failure depers on
the intemal architecure); the degadaton of
performances of the satellite s, resulting from the loss of
reources like kattery, the degadation of solar cels,
radiators, lossof payload equipment, tank leakage, etc;
the reduction of the satellite reliability (loss o
redundant equipment).

Exposed functional surfaces which are rot protecied,
such as solar arrays, are in general desgned to tolerate
a Celris impact flux. Such surfaces are thus not
considered in the evaluation of probability of failure.

The SHIELD tool has evaluated the probability of
penetration of satellite equipment by the debris
particles (induding those that havwe penetrated
equipment inside the satellite). Then, taking into
accaint the efecs of the redundarcy concegs, in
particular the factthat the eqlipment hasan intemal or
an externd redundincy, an evauaion of the
probability of non failure o the stelite has been
derived Fig 3 illustrates the probability of failure of
the refererce satelites asa function of the diameter of
debris particles. This is only applicable to the two
refererce stelitesas the result deperts highly on the
size of satellite, its orbit, its layout (deployed or rigid
body mourted solar arrays, etc). Thes figures canna
be taken as general/average numbers. Howewer, it
appeass that the celris of size between 2 ard 4 mm are
the main contributors to the probability of failure (due
to debris impaa) of the stelite.
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Figure 3: Illustration of Probability of failure as a
function of debris size for the two reference satellites



4 POTENTIAL SOLUTIONS

The vulnerability andysis shows tha the effeds of
particle penetration on the satellite equipment are rot
idertical and deper on the satellite configuration
equipment locaion etc. Thus, for eachsatellite, there
are equipment with the highest risk of penetration,
(extemally mourted electronic eqiipmert, payload or
platform, internally mourted equipment located close
to the front face the tubing and the hanesg which
could result in the reduction or the loss of the mission,
and the equipment with catstrophic cansequencesif a
patticle peretrates such as tarks ard bateries
(depending onthe technology).

Based on the results of the vulnerability andysis, two
main caegoriesof solutions (Fig 4) have beendefined
solutions a system level, and solutions at satellite
architecure lewvel, which includes the shielding
solutions.
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Figure 4: Categories of solutions

The system level solutions can take into acocount the
full range d delxis Sze.An example is the fracionated
satellite concept, which consists in sharing some
functions of a satellite (communications with ground
computing capability, payloads etc) on modues
forming a clster, based on wireless communications
and interconnecing network. With an aequae
distance between the modues, a mllision with debris
could lea to the lossof a modue, but nat the complete
mission. Ancther example is the distributed system
concept, which will adapt the principles of existing
terrestrial  wireless to distributed space system
architectures Posshble concepts of operations are also
part of the system level solutions.

At spaceceft architecure level, several types of

solutions canbe cansidered, such as:

e Adequate equipment locaion and physical
segregation of the redundarcies

e Review of architedure of subsystems, such &
solar arays electical architecure, propusion
configuration, harnessconfiguration, etc

e Shielding of the spacecatft: differert strategies of
shielding can be cmsidered However, ther
impact on the gacecaft is different in tems of
accanmodaton ard satelite performance (mass,
thema behaviour, electical propetties RF
propaties), and is a criterion of evaluation of the
shielding strategies.

These solutions will be evaluated with resped to their

accanmodation on the spacecaft and the impads on

the spacecaft configuration in terms of mass launcher
interface,propellart budget, thermal behaviour, etc.

5 SHIELDING ASPECTS

5.1 Shielding Concepts

The shielding solution will have a sgnificant impacton
the massand on the layout of the satellite. Thus it will
rather be used at equipment level, for those items
experiencng the highest risk. The andysis of the
reference satellites, ard also of the current and future
LEO satellites, shows tha various basic configurations
of equipment canbe defined accading to their locaion
in the satellite for equipment having a risk of failure
due to debris. Tens of configurations have been
identified. Some examples are shown in FHg 5.

Internally mounted
equipment at distance
from radiator panel

Internally mounted
equipment behind
radiator panel

Internally mounted Equipment
equipment at distance insulated with
from MLI MLI

Figure 5: Examples of equipment basic configuration

A review of the occurerce d these canfigurations on
various current LEO satellites has led to the
identification and selecion of the most frequently used.

A set of preliminary shielding conceps have been
defined for eachof the lected basc canfiguration.
They include caservatve mnceps (with increased



material thicknessesto proted against particles of 3 to
4 mm, bu no aditional layers and no change of
material) and innowative cancefs (with nev material
and/or additional layers). Each shielding concept is
characerised by the rumber of layers (in general, a
multi-wall is better than a thicker wall), the thickness
ard materials of layers, and the gacing between layers.
Each shielding conceg has a impad on the
performance d the satelite (g. mass volume,
structure ard themmal performarces, integration effort
and manufaduring cost).

The required objecive d the shielding is to reduce the
probability of failure of the satellite (due to debris) by
hdf. As shown in Fig 6, this objedive could be
achievedat satellite level when al items (taking into
acount redundancy scheme) are proteced against
debrisin thesizerangeof 3 to 4 nm.
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Figure 6: Cumulative probability of failure as function
of particle diameter for the two reference satellites

They can be implemerted localy (in the vicinity of an
egecially vulnerable item), or more widely, in order to
protect a large aea d the spacecaft. In some caes

they can be added to conventiond <sructures or
implemented during the manufaduring of sructural
items (for example sandwich panels) or thermal items
(ML1).

More than twenty shielding conceps have been
defined To achewe tis variety of concefs, a number
of shielding bricks were identified and gpplied to te
basc cafiguratons: reinforced MLI, reinforced
sardwich parels (Al or CFRP), reinforced equipmert
box ard intermedate layers. These tricks can be mixed
to define an efficient shielding solution, such as for
instance reinforcedML 1 plus reinforcedparel.

The ewluation of the performarce of the camlidate
shielding concets hasled to plan a canpaign of teds,
in two phases:

o Preliminary tests, dore at brick level. All the
identified shielding bricks have been tested in
order to compare dfferent materials and class the
different bricks. The results have been used to
review ard update the dielding concefs.

e Optimisation tests and tests of selected shielding
concepts. The optimisation tests am to optimise
parameters such asthe gacing between layers.

These tests are keing performed at Fraunhder EMI’'s
two-stage light-gas guns [2] at 7 kn/s.

5.2 Shielding Tests

Experimental evaluation of the shielding @ncepts is
currently on-going. So far, the magjor pat of the
preliminary tests are conducted ard aralysed

The am of the first test campaign is to evaluate
promising shielding components identified during the
study. The shielding comporents ae placed within a
sd-up tha is repreertative for their occurernce within
a aceceft: multi-layer insulation (MLI) and
sardwich parel samples are daced at the outermost
locaion ard impackd direcly, whereas intermedate
layer ssmples are dacedwith some gacing behind a
bumper. The fargets are impaded with nomindly
identical impad condtions above their balli stic limit.
Behind eachtarget, witness platesare gdaced The first
witness plate behind the target (WP1) is considered
somewhat represerntative for modue walls.

Figs. 7 ard 8 show a sardwich parel target (feauring
auminium foam as core) before ard after impact
testing. Fig. 9 shows high-speedvideo imagesfrom the
impact test on this target As canbe ®e egecially
from the later images this type d sandwich parel
prodwcesa geatnumber of fragments that are ejeced
indde the pacecaft. Thisis a ron-desrabe efect
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Figure 7: Sandwich panel target before impact testing
(sample 2.6, experiment 5376).
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Figure 8: Sandwich panel target after impact testing
(sample 2.6, experiment 5376).

As all targets are different, comparison of their
performance is nontrivial. In the approach taken within
the ReVuS project, the penetration capability of the
most damaging fragment impacting the witness plate
simulating the module wall (WP1) is estimated. This
penetration capability is a measure for the quality of
the investigated sample. This parameter describes both
the sample’s ability to disperse the fragment cloud over
a larger area, and (especially for intermediate layer
samples) to decrease a fragment cloud’s energy.

The penetration capability is given in terms of the
penetrated areal density of the shield. This number
includes the (nominal) areal density of all layers that
would have been necessary to stop the impacting
particle. The module wall (represented by WP1 in the
experiments) is calculated from the perforation
capability of the most damaging fragment as identified
by the procedure outlined above, using the Cour-Palais
damage equation.

Using this number, different shield types can be
compared against each other. Fig. 10 shows an
example plot for Al sandwich panel targets. As can be
seen from the graph, samples 2.3 and 2.6 are the most
lightweight to stop the impacting particle.

Figure 9: High-speed video image sequence from
sandwich panel impact testing. Image times with
respect to impact are 13us, 88us, 347us, 495us, 791us,
1106us, 1606us and 3199us.
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Figure 10: Penetrated areal density plotted vs. sample
areal density for the Al sandwich panel targets. Filled
symbols indicate WP1 perforation. Solid line is
identity. All tests have nominally identical impact
parameters (diameter 5 mm Al sphere at 7 km/s).



A paper dedicated to the preliminary tests is presented
at this conference as well [3].

6 ASSESSMENT OF POTENTIAL
SOLUTIONS

An assessment of these potential solutions with respect
to impacts with small size debris will be done in order
to evaluate their benefits with respect to existing
architectures and to compare the performances of these
solutions. In particular, the interest of combining
several solutions will also be assessed.

As an example, an analysis of the implementation on
the representative radar satellite of three possible
solutions has been done with the SHIELD tool [4].
These solutions are based on the use of shielding
configurations to protect some critical equipment and
some areas, and the use of architecture level solutions
(typically equipment relocation). Fig 11 shows that
each of the solutions has fulfilled the required
objective.
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Figure 11: Failure probability vs. impactor size for
each of the radar satellite solutions

Ultimately, this assessment should lead to design rules
for the future spacecraft and to recommendations and
guidelines for reducing the vulnerability of spacecraft
to on-orbit collisions in the future debris environment,
which address protection solutions during design and
operation.

7 CONCLUSIONS

The ReVuS project is defining and assessing different
solutions, at system level and at satellite architecture
level, that could be implemented to reduce the
vulnerability of satellites to small debris, and thus to
avoid or minimise any degradation of the mission. The
shielding of critical satellite elements appears to be one
of the most promising solutions. The vulnerability

analysis of two reference satellite has shown that the
particles inducing the highest probability of failure of
the satellite have sizes in the range 2 to 4 mm. This is
mainly due to their high fluxes as compared to particle
with size above 1 cm. The shielding of the equipment
will be sized against this size of particles. Solutions at
architecture and system levels will take into account
the larger size of debris up to 5 cm.

Within this project, innovative shielding concepts
using new materials have been defined and are tested.

The ReVuS project will allow the elaborating of new
design rules to increase the robustness of European
satellites in the growing population of small debris.
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