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ZERO DEBRIS THRESHOLDS STUDY - ACTIVITY OVERVIEW

/IESA study «Space System Impact Analysis of Zero Debris orbital clearance and
vulnerability thresholds for future missions” AO12042:

ESA funded study

Study Manager: Sibyl-Anna De Courson
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ZERO DEBRIS THRESHOLDS STUDY - ACTIVITY OBJECTIVE

/Il Aim of the ESA Zero Debris Thresholds study:

1. To discuss the evolution of space debris mitigation requirements on:
: ESA Space Debris Mitigation
= Orbital clearance Recrikieits
= On orbit break-up risk

and the associated thresholds, by analysing their impacts on different space missions and
on the long-term space environment

2. To critically assess and identify gaps in current methodology and tools for the verification of
those requirements and thresholds

I/l Proposed evolution of «break-up» requirements:

4 )

» ZDA-003: The probability of accidental break-up of a spacecraft in Earth Orbit shall be less than 10-3 (TBD) until-ts-end-of
life until re-entry or up to 100 years.

« ZDA-004: The determination of accidental break-up probability shall quantitatively consider all known failure modes for the

release of stored energy, capable of causing an accidental break-up, and break-ups caused by external sources such as
impacts with space debris and meteoroids.
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ZERO DEBRIS THRESHOLDS STUDY — «VULNERABILITY» ASSESSMENT

/Il «Probability of Break-Up» refers to the probability that an event completely or partially destroys an
object and generates a significant amount of space debris, i.e. that a significant fraction of the S/C

mass is released as smaller fragments

Internal Sources of MMOD impacts on
Failure on-board energy
(RAMs) sources
¥ 3
*  During nominal mission e During nominal mission
(typically low for good S/C) (which command proper
»  After End-of-life: O (if proper configuration design)

After End-of-life: O (if proper
passivation is performed)

passivation is performed)
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impacts
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During nominal mission
(depends on orbit and
spacraft mass)

After End-of-life (which
commands proper selection
of disposal phase orbit /
duration)
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ZERO DEBRIS THRESHOLDS STUDY - STUDY CASES

/1l Simplified assessment of the break-up risk until passivation performed for six study cases:

Orbital altitude

and inclination 632 km 780 km 540 km 500 km 8069 km 35786 km
! 97.9° 86° 97.55° 97.4° 0° 0°
[km,°]
Lifetime until 76 125 3.0 50 10.0 155
paSSIVatlon
Mass [kg] 1620 685 8 57 685 3460

Large LEO LEO Constellation CubeSat Small LEO GEO S/C
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STUDY CASES - DEBRIS ENVIRONMENT

/lSpace Debris Environment with MASTERS8 — LEO Simulations @ 1 Aug 2024

Space Debris Spatial Density - DRAMA
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«VULNERABILITY» APPROACH

//l Tool: ESABASE2 by FEV/Etamax

I Footprint modelling approach: projection of critical items (i.e. tanks and
batteries) onto the S/C external surfaces

i1 Environmental Models:
I MicroMeteoroids: MEM3
I Debris: MASTERS with most recent reference population (August 2024)

/Il Min — max size of MMOD fluxes:
I Lower size: spectrum lower limit

I Upper size: 10 cm (when collision avoidance capabilities are available)

/I Critical items and failure modes:

Batteries

I Tank: tank wall perforation as event leading to break-up

I Battery: Cell / Case perforation as event leading to break-up

I A specific threshold with E/m>40 J/g for the other parts of the S/C to define fragmentation events
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ANALYSIS WORKFLOW Solar Panels

SADM
connection area

1) Build the esabase model

LEO Constellation - Payload
Antenna

Orbit 780 km, i=86.4°

Nominal Lifetime 12.5 years Secondary
Payload

Dry Mass 685 kg

2) Assign ballistic equations for each critical surface -y

3) Analyse the results in terms of impacts and failures

Meteoroids Flux Debris Flux

4) Evaluate potential design improvements if the 10-3 threshold is not met

Total Break-Ups

Debris Meteormds Probability of
S(;mulatlon Break-Up | Break-Up |Break-Up due to
uration Events Events _[MMOD impacts* ‘

1 year 2.65E-04 5.99E-05 3.25E-04

M|SS|on 3.31E-03 7.49E-04 4.05E-03
*excluding EMR

Ilfetlme

= Debris = Meteoroids
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SUMMARY OF RESULTS

/Il Probability of Break-up (PoBU) results during nominal lifetime, to be checked against the reference threshold of 10-3

Orbital altitude and inclination [km,°] 632 km 780 km 540 km 500 km 8069 km 35786 km

97,9° 86° 97,55° 97,4° 0° 0°
Lifetime until passivation 7,6 12,5 3,0 5,0 10,0 15,5
Mass [kg] 1620 685 8 57 685 3460
PoBU due to MMOD impacts on on-board 23E-04  41E-03  43E-05  7.2E-04  56E-04 7.0E-04
energy sources
Ratio wrt 103 23% 405% 4% 72% 56% 70%
PoBU due to internal sources of failure 1E-04 5E-05 1E-06 5E-05 5E-05 5E-05
Ratio wrt 10-3 10% 5% 0% 5% 5% 5%
PoBU due to impacts EMR>40J/g 3.9E-05 3.2E-04 1.6E-05 3.1E-05 7.4E-08 3.1E-11
Ratio wrt 103 4% 32% 2% 3% 0.01% 0.00%
Total PoBU excluding EMR>40J/g 3.3E-04 4.1E-03 4.4E-05 7.7E-04 6.1E-04 7.5E-04
ratio wrt 10-3 33% 410% 4% 7% 75%
Total PoBU (with EMR conservative estimate) 3.7E-04 4.4E-03 6.0E-05 8.1E-04 6.1E-04 7.5E-04
Ratio of EMR>40J/g over Total PoBU 11% 7% 27% 4% 0.01% 0%

Study cases (**): conservative assumption for battery break-up when battery case is penetrated
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SUMMARY OF RESULTS

Summary of Main Findings

0.0004

For one case (LEO constellation), results exceed the reference ‘
threshold of 10-3, even with low-impact design changes. Two other | =
cases (small LEO and GEO) are close to this threshold. BATTERY

Batteries in the studied spacecraft were often near external panels, making them
more vulnerable to MMOD impacts.

Tanks were better protected, because located closer to the spacecraft center and
away from outer panels.

Meteoroids Failure Flux

To reduce accidental break-up risk, design measures shall be included
from early phases, as later improvement may be ineffective and costly.

The models and failure modes to predict break-up behavior are still not
well established.

Initially, battery case perforation was assumed as failure mode, leading to overly
severe results, especially when battery cells were not fully covered.

Later, battery cell perforation was used as failure mode, considering the cell
thickness in impact resistance.

RAM Direction

Debris Failure Flux

@]
View of a battery pack
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CRITICAL ASSESSMENT OF METHODOLOGY

/Il Building the ESABASE model

I Footprint modeling has several limitations and is highly dependent on the assumptions and simplifications made by

the analyst (some impact directions are neglected, difficulty in modeling complex shapes with varying thickness and
spacing, level of detail at analyst’s discretion)

I Alternative methodology was developed by TAS-I as part of the EC funded study P2ROTECT (Prediction, Protection
and Reduction of Orbital Exposure to Collision Threats, Feb. 2011 — Dec.2013). The P’ROTECT modelling
approach requires the development of two parallel ESABASE/Debris models and analyses: one for the internal
components and another for the external structure and the external items. However alsn the PZROTFCT method
strongly depends on assumptions made by the analyst.
= External model:

 Failures of external components.
» Perforation of BUS panels

= |nternal model:

* Failures of internal components
» External components and appendages modelled for shadowing reasons

I Debris cloud propagation tools would be beneficial — provided they are available and fully validated.
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ZERO DEBRIS THRESHOLD: PROPOSED WAY FORWARD

» ZDA-003: The probability of accidental break-up of a spacecraft in Earth Orbit shall be less than 10-3 (TBD) until re-entry or
up to 100 years.

» ZDA-004: The determination of accidental break-up probability shall quantitatively consider all known failure modes for the
release of stored energy, capable of causing an accidental break-up, and break-ups caused by from external sources such as
impacts with space debris and meteoroids.

/Il TAS-I Proposed Way Forward

I Focus break-up assessment (ZDA-003 and ZDA-004) only on explosions due to on-board energy sources, i.e.
excluding energetic impacts.

I Split the requirement ZDA-003 in two categories for internal events and MMOD induced events, as they refer to
completely different typologies of causes

= Break-up risk threshold ~1E-3 until end-of-life (after orbital clearance manoeuvre and passivation) for explosions
due to MMOD impacts on on-board energy sources

= Stricter threshold ~ 1E-4 until end-of-life for break-ups due to internal failures, which is usually low for well-
designed spacecratft.

I As to a potential dedicated threshold for energetic impacts causing fragmentation, conduct a dedicated analysis with
EMR > 40 J/g, including disposal orbit. This threshold has to be benchmarked against other thresholds, such as the
1 cm “catastrophic collision” threshold.
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CONCLUSIONS

/Il Within the Zero Debris Threshold activity, a critical review of
requirements on spacecraft vulnerability to impacts was performed, and A S Dbt Mgt
options to strengthen such requirements were proposed for future Requirements
evolution in 2030. e -

I/l To assess the feasibility of those threshold and their impact on space
missions, a simplified analysis was performed on six study cases
among different size classes and orbital regimes

//| Different aspects related to the «spacecraft break-up risk» were l
iIdentified, and analyses were performed to compare the results against
the proposed thesholds.

DOCUMENT

ESA Space Debris Mitigation

I/l Recommendations for the proposed requirements evolution and for i e
their verification methods were derived ’
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THANK YOU FOR YOUR ATTENTION!

~ Q&A: Any question?
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