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Foreword

[SO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out through
ISO technical committees. Each member body interested in a subject for which a technical committee
has been established has the right to be represented on that committee. International organizations,
governmental and non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely
with the International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the different types
of ISO document should be noted. This document was drafted in accordance with the editorial rules of the
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Introduction

The purpose of this document is to help satisfy two of the high-level requirements defined in the top-level
International Standard on space debris mitigation, ISO 24113. Specifically, this document aims to maximise
the survival of critical equipment required to perform post-mission disposal of an unmanned spacecraft,
and to limit the possibility of an impact-induced break-up of the spacecraft. The analysis procedures in this
document are consistent with those defined in References [1] and [2].

In principle, this document can also be used to assess the impact survivability of an unmanned spacecraft in
support of other mission objectives. However, careful adaptation of the document can be necessary if put to

such use.
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Space systems — Survivability of unmanned spacecraft
against space debris and meteoroid impacts for the purpose
of space debris mitigation

1 Scope

This documment defines requirements and procedures for analysing the risk that an unmannéd|spacecraft
fails as a rgsult of a space debris or meteoroid impact.

2 Normative references

The follow]ng documents are referred to in the text in such a way that some or all.of their content fonstitutes
requirements of this document. For dated references, only the edition cited applies. For undated feferences,
the latest gdition of the referenced document (including any amendments) applies.

[SO 24113,|Space systems — Space debris mitigation requirements

3 Terms and definitions
For the pufposes of this document, the terms and definitions'given in ISO 24113 and the following apply.

ISO and IEC maintain terminology databases for use inistandardization at the following addresse|

2]

— IEC Elgctropedia: available at https://www.electropedia.org/

— ISO Online browsing platform: available athttps://www.iso.org/obp

3.1
ballistic limit
threshold ¢f impact-induced failure.of a structure

Note 1 to enptry: A common failuré threshold is the critical size of an impacting particle at which perforation occurs.
However, d¢pending on the characteristics of the item being hit, failure thresholds other than perforatjon are also
possible.

3.2
catastrophic break-up
event that fomplétely destroys an object and generates space debris

3.3
critical equipmremnt
item(s) on a spacecraft whose failure would prevent the completion of one or more essential functions, such
as post-mission disposal

3.4

high-energy SD/M

space debris or meteoroid object whose impact kinetic energy exceeds the threshold necessary to cause the
catastrophic break-up (3.2) of a spacecraft

Note 1 to entry: The threshold is usually expressed in terms of the kinetic energy of an SD/M impact relative to the
mass of the spacecraft, i.e. an energy-to-mass ratio (EMR). A typical value for the EMR threshold is 40 ]/g.

© IS0 2024 - All rights reserved
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project lifecycle
phases of a project from mission analysis through to disposal

Note 1 to entry: The phases of a project are summarised in Table 1. A more detailed description can be found in
1SO 14300-1[31.

Phase Description
Pre-phase A Mission analysis
Phase A Feasibility
Phase B Defnition
Phase C Development
Phase D Production
Phase E Utilization
Phase F Disposal
3.6
small SD/M

Table 1 — Summary of the phases of a project

space debrjis or meteoroid object whose size does not exceed one centimetre in its largest dimens

Note 1 to entry: This threshold is defined for two reasons. First, in impagt risk analysis models it i
characteris¢ accurately the penetrative damage inside a spacecraft from an SD/M impactor larger than one
in size. Secdnd, it is difficult for current shielding technology to protect'a spacecraft against an SD/M imp
than one cefitimetre in size.

4 Symbols and abbreviated terms

4.1 Sympols

O O W o>

QU Q.

LF

power law term

power law term

4peed of sound of the material in a target wall (km/s)

donstant value

dritical diameter/of an impactor at the threshold of failure of a wall, panel or shield (cm|
diameterflargest fragment in an in-line cloud ejection cone (cm)

diandeter of impacting particle or projectile (cm)

ion

difficult to
centimetre
actor larger

COTIISTdIIt Vdiue

Brinell hardness of the material in a target wall

factor that combines the material properties of a target

factor that combines the material properties of a CFRP target

factor that distinguishes between different types of impact damage failure
factor that combines the material properties of a target

factor that combines the material properties of a target

© IS0 2024 - All rights reserved
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factor that combines the material properties of a target

factor that combines the material properties of a target

factor that combines the material properties of a target

factor that combines the material properties of a target

factor that distinguishes between different types of impact damage failure

adjustable coefficient to separate the ruptured and non-ruptured data points in an RLE

adjustable coefficient to separate the ruptured and non-ruptured data points in an RLE

ddjustable coefficient to separate the ruptured and non-ruptured data points in an RLH

thass of impacting particle or projectile (g)

—e

nternal pressure in a pressurised tank (ksi)V

donstant value

quter radius of a pressurised tank (cm)

qtand-off distance between the outer bumper of a shield and-aback wall (cm)
thickness of aluminium wall (cm)

thickness of bumper shield (cm)

thickness of CFRP wall (cm)

thickness of composite material in a COPV {em)

thickness of foam core in sandwich panel (cm)

thickness of liner materialina COPV (cm)

total thickness of cylindrical portion of COPV material overwrap, i.e. toomp + tiiner (€M)

—e

Impact velocity-(km/s)
high velocity limit for transition from fragmentation to hypervelocity regime (km/s)

Ipw velocity limit for transition from ballistic to fragmentation regime (km/s)

velocity of largest fragment in an in-line cloud ejection cone (km/s)
normal component of impact velocity, i.e. v cos@ (km/s)

weighting coefficient

weighting coefficient

weighting coefficient

1) 1ksi=6,895 MPa.

© IS0 2024 - All rights reserved
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Py
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weighting coefficient
weighting coefficient
weighting coefficient
weighting coefficient
impact angle with respect to surface normal (degrees)
weighting coefficient

weighting coefficient

weighting coefficient

weighting coefficient

Q)

real density of one or more layers of material (g/cm?)

real density of foam core in sandwich panel (g/cm?)

Q)

density of aluminium wall (g/cm3)

density of bumper shield (g/cm3)

density of CFRP wall (g/cm3)

density of the composite material in a COPV (g/cm3)
density of foam core in sandwich panel (g/cm3)

density of honeycomb core in a sandwich panel (g/cm3)
density of impacting particle or projgetile (g/cm3)
density of a single wall, or density-of back wall in a multiple wall configuration (g/cm3)
Noop stress of a pressuriseditank, i.e. p; . ry /tior (Ksi)

yltimate tensile stresg-ef-the material in a pressurised tank (ksi)
ynidirectional ultimate stress of the composite material in a COPV (ksi)
yltimate stress-of the liner material in a COPV (MPa)

yield stress of the liner material in a COPV (MPa)

yield'stress of material in a single wall or the back wall in a multiple wall configuration

angle between central axis of in-line cloud ejection cone and surface normal (degrees)

spread angle of in-line cloud ejection cone (degrees)

© IS0 2024 - All rights reserved
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4.2 Abbreviated terms

AIT
BLE
CFRP
COPV
CVCM
EMR
FTA
GEO
GVF
HVI
IADC
LEO
MLI
MVF
REACH
RLE
RML
SD/M
STENVI
TT&C

5 Requ
5.1 Gen

511 Th

assembly integration and test

ballistic limit equation

carbon fibre reinforced plastic
composite overwrapped pressure vessel
collected volatile condensable material

energy-to-mass ratio

fault tree analysis

geostationary orbit

geometric view factor

hypervelocity impact

Inter-Agency Space Debris Coordination Committee
low Earth orbit

multi-layer insulation

modified view factor

registration, evaluation, authorisation and restriction of chemicals
rupture limit equation

recovery mass loss

space debris/meteoroid(s)

standard environment/interface

telemetry, tracking,yand command
irements for impact risk analysis

bral

e top-level International Standard on space debris mitigation, ISO 24113, specifies twyq

SD/M imp

a)
b)

T TRt oot It r oo Crrrtrreo ot o tos

ensure the post-mission disposal of a spacecraft;

high-level

limit the probability that a spacecraft experiences an SD/M impact-induced break-up before its end of life.

5.1.2 To satisfy these high-level requirements, the following two distinct analysis cases can be defined:

a)

defined by an inability to perform successful disposal;

b)

defined by a catastrophic break-up.

© IS0 2024 - All rights reserved
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5.1.3 The analysis in case 2 can be subdivided by analysing the following two types of catastrophic break-
up separately:

a)

alarge

b)

amount of stored energy, such as a pressurised vessel;

case 2a: a catastrophic break-up caused by the impact of a small SD/M on an equipment item containing

case 2b: a catastrophic break-up caused by the impact of a high-energy SD/M on the spacecraft.

5.1.4 Detailed requirements to support the implementation of these analyses are provided in 5.2 and 5.3.

5.2 Failure probability thresholds

5.2.1 Fol
threshold
successful.

5.2.2 Foi
specified fi
aresult of

5.2.3 Foi
specified fi
aresult of

NOTE ]
requiremen

5.2.4 Th
in the spac

NOTE i

5.3 Failyire probability analysis

5.31 To

correspong
5.3.2 IfH
5.3.3 Th
NOTE 4
and 2b are d
procedures

case 1, during the design of a spacecratt for which a disposal manoeuvre has been
chall be specified for the probability that an SD/M impact prevents the disposal 1

case 2a, during the definition of a mission and the design of a spacecraft,'a threshd

case 2b, during the definition of a mission and the design of a‘spacecraft, a threshd

h high-energy SD/M impacting the spacecraft.

'he threshold in case 2b can be specified taking into account the significance of the mission,

e debris mitigation plan.

ach of the probability thresholds can be expressed as a maximum value for the probability of fa

ling probability of failure, Py, is calculated and compared with the specified maximum v
r > Pp max then measures shall be taken to reduce Py so that it is below the maximum y

p analysis andreduction of P, for each of the analysis cases shall follow a clearly defined

An exampléeprocedure for analysis case 1 is described in Clause 6. Example procedures for analy
escribed in Clause 7. For some types of spacecraft, such as small ones or those operating in GE
for analysis cases 2a and 2b can be considered if the impact risks are sufficiently low.

ts, and the expected severity of adverse effects on the orbital environment if a break-up occurs.

planned, a
rom being

Id shall be

r the probability that the spacecraft experiences a catastrophic break+up-before its end of life as
h small SD/M impacting an equipment item containing a large amountof stored energy,.

Id shall be

r the probability that the spacecraft experiences a catastrophic break-up before its end of life as

the mission

e failure probability thresholds shall be set by:the approving agent responsible for requirements

flure, Pg .y

catisfy each of the failure probability thresholds in 5.2, an analysis shall be performed in which the

lue, Py o
ralue.

procedure.

rsis cases 2a
D, simplified

5.3.4 The results of the impact risk analysis, the methodology used, and any assumptions made shall be
approved by the approving agent of the spacecraft.

6 Impa

ct risk analysis procedure for case 1

6.1 The consideration of SD/M at sub-centimetre sizes is particularly important when analysing the
impact risks that can prevent the successful disposal of a spacecraft. An analysis of such impactors:

a)

defined by not being able to perform a successful disposal;

© IS0 2024 - All rights reserved
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b) allows any impact vulnerabilities in the spacecraft design to be identified;

c) guides the implementation of appropriate levels of impact protection in the spacecraft.

6.2 A procedure for performing a detailed analysis of the probability that a spacecraft cannot complete a
successful post-mission disposal, as a result of impacts from small SD/M, is shown in Figure 1. The procedure
is designed to be followed in phases B and C of the spacecraft project lifecycle.

NOTE It is also possible to perform a simple impact risk analysis during phase A for the purpose of defining
key aspects of the proposed design of the spacecraft, such as its geometric characteristics. A procedure for such an
analysis is described in Annex A.

6.3 Duri

ng the preliminary design in phase B, the aim of an impact risk analysis is to be

ufficiently

detailed that it can suggest and enable efficient protection solutions which can otherwise be

during the

6.4 Byc

final stages of development.

usually pogsible due to the complex subsystem interrelationships that are characteristic of space
during phase C, the main goal is to refine the impact risk analysis of the spacecraft and identify
design where additional shielding is necessary.

impossible

bntrast, in the late development stages a redesign of the general spacecraft darchitedture is not

rraft. Thus,
hreas of its

© IS0 2024 - All rights reserved
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Figure 1 illustrates the key steps in the procedure and the flow of information between the steps.

—>

threShOId' PF max

Identify failure probability

Redesign spacecraft so that
critical equipment is less
vulnerable to impact

Definition of spacecraft

Revise spacecraft

operating parameters and

architecture design

modelling assumptions

Identification of critical
equipment (used for
disposal) and surfaces

—

thprove protection design
of vulnerable, critical
equipment

Identification of BLEs

failure, P, (i.e sal of

,O

‘\\Qewse failure criteria
assumptions; remove
conservatism in BLEs

Refine SD/M environment

Analysis of probagﬁof

spacecraft %& nted by
an S impact

flux modelling

End
RU v ;DC
analysis or
) design? )
Design Analysis

Figure 1 — Impact risk analysis procedure for case 1

© IS0 2024 - All rights reserved
8



https://standardsiso.com/api/?name=667361f08ce3ffd066a058256f5f289a

ISO 16126:2024(en)

Table 2 provides a more detailed description of each step in the procedure.

Table 2 — Impact risk analysis procedure for case 1

Step Description Further infor-
mation

Definition of spacecraft operating parameters and architecture design

1.1 Define the operating parameters of the spacecraft, such as its operational orbits and attitude
orientation relative to the direction of motion.

1.2 Define the architecture design of the spacecraft, such as its geometric characteristics and|B.2.2.2
dimensions, the layout of all equipment, and the material properties of all surfaces, including
any shielding.

2 Idéntification of critical equipment

2.1 Iddntify every equipment item on the spacecraft that contributes to post-mission disposal.

2.2 For each equipment item determine its redundancy, impact damage modes and any other
degign aspects that are pertinent, such as operating pressures.

2.3 Use a reliability analysis technique, such as fault tree analysis or failure modes andyeffects
analysis, to identify the system-level consequences that result when each of the equipment
items is damaged by impact.

2.4 Idgntify the critical equipment, i.e. those items which, when damaged by impact, can prevent
post-mission disposal.

2.5 Onleach critical equipment item, identify the critical surfaces, i.e. these'surfaces which, when
damaged by impact, cause the item to fail.

Idé¢ntification of BLEs

(@)
W
[

to C.3.8,
to C.5.3

3.1 Idgntify existing BLEs that are suitable for determining the ballistic limit of each surface or
coipbination of surfaces on the spacecraft, especially thé critical equipment.

]
Ul
=

(@)
o~
(=Y

to C.4.3,
to C.5.3

3.2 If asuitable BLE cannot be identified for a particular sitrface or combination of surfaces, then
petform a set of HVI tests, as well as hydrocode sifdulations if SD/M environment models
indicate significant flux at velocities higher than the maximum velocity in the HVI tests, to
adapt an existing BLE or derive a new one.

]
Ul
=

o~}
[\
DD
o

3.3 For each surface or combination of surfaceson the spacecraft, especially the critical equip-
ment items, define an impact failure ctiterion, such as perforation.

4 Anfalysis of probability of impact-induced failure

o~}
W
[y
(g
(=}

os}
W
[O8]

4.1 Select an SD/M impact risk anal§sis model that can evaluate the probability of impact-induced
failure of a spacecraft.

o~]
)
N
S
os]
o
o
o

4.2 Select an SD/M environmentmodel that is suitable for use with the chosen impact risk analysis
mddel, and use it to produce a data set of directional impact fluxes on the spacecraft over the
lifd of its normal operations.

o~]
N
DN
“
oe}
S
N
fo)

4.3 Us¢ the chosen SD/M impact risk analysis model to compute the impact and perforation fluxes
onexternal surfaces of the spacecraft.

wn

o~}
[\
DD
&

4.4 Us¢ the chesen SD/M impact risk analysis model to compute the probabilities of impact and
pefforation for external surfaces of the spacecraft.

loe}
[\
DD
oo

4.5 Us¢ the chosen SD/M impact risk analysis model to compute the perforation fluxes on the
surfaces of equipment inside the spacecrart.

N
o

4.6 Use the chosen SD/M impact risk analysis model to calculate Py, i.e. the probability that one |B.2.
or more of the selected critical equipment items fail during the normal operations of the
spacecraft as a result of an SD/M impact, thereby preventing the successful disposal of the
spacecraft.

Revision of the analysis or design

5.1 If Pp > Pp .0 TeVise aspects of the analysis or design by considering the following (in order|B.2.2.10
of preference):

a) modify the analysis assumptions in terms of failure criteria or spacecraft
modelling;

© IS0 2024 - All rights reserved
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Table 2 (continued)

Step Description Further infor-
mation
b) compare the flux values obtained from the selected SD/M environment models|Reference [4]
with those from other models to characterize the differences due to inherent
uncertainties in the models and, if appropriate, select alternative models for the
analysis;
c¢) perform additional impact testing and, if necessary, hydrocode modelling to|C.4.1 to C.4.3
remove engineering conservatism in the BLEs;
d) identify those areas of the spacecraft design which are the greatest contributors|Annex D
to the spacecraft impact failure probability, and systematically apply one or more
shielding modifications:
e) examine alternatives for designing the spacecraft so that it can be orientated in | Anngx D
such a way that its most vulnerable, critical equipment does not face the direction
of greatest impact flux.
7 Impagt risk analysis procedures for case 2
7.1 General
7.1.1 Impact risk analysis procedures for cases 2a and 2b are provided in 7.2 and 7.3, respegtively. The
procedure$ are designed to be followed in phases B and C of the spacecraft project lifecycle. Preliminary

analysis of]

7.1.2 Th
of impact-i

7.2 Case

7.2.1 Th
impact ris}k

a) enable
by a cg
b) allows
contai
c) guides
contai
7.2.2 A
of a catast

e overall probability of impact-induced failure forcdse 2 is calculated by combining the
hduced failure for case 2a and case 2b.

2a

b consideration of SD/M at sub-céntimetre sizes is particularly important when an
s that can cause a catastrophic break-up. An analysis of such impactors:

s the probability of impact-induced failure of a spacecraft to be calculated, where failur
tastrophic break-up;

any impact vulnerabilities to be identified in the design and location of spacecraft
hing large amounts.of stored energy;

the implementation of appropriate levels of impact protection for spacecraft
hing large.amounts of stored energy.

rocedure for performing a detailed analysis of the probability that a spacecraft fails

case 2b during phase A can also aid selection of the opérational orbit of the spacecraft]

probability

hlysing the

b is defined

equipment

equipment

as a result

Faphic break-up caused by the impact of a small SD/M on an equipment item contain

ing a large

amount of storedemergy, s showm i Figure 2:

7.2.3 Since the impact risk analysis for case 2a can be thought of as a subset of the analysis for case 1, the
steps in the procedure are almost identical to those described in Clause 6. Table 3 provides a more detailed
description of each step in the procedure.

7.2.4 Alternatively, a much simplified version of the procedure, which does not necessitate the use of an
SD/M impact risk analysis model, can be implemented as follows.

a) Selectand use an SD/M environment model to calculate the most likely impact velocity and angle for an
SD/M particle on a spacecraft in its particular orbit.

© IS0 2024 - All rights reserved
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b) Select and use a BLE, with the information in a), to calculate the diameter of an SD/M particle that is
most likely to cause the break-up of an equipment item containing a large amount of stored energy.
For example, in the case of a metallic pressurised vessel, the RLE in C.3.7 can be used together with
information on the vessel design and its operating pressure.

¢) Use the chosen SD/M environment model to calculate the impact flux of SD/M particles, with diameter

as calc

ulated in b), on the spacecraft.

d) Use the equations in B.2.2.7, with the flux information in c), to calculate the probability that the
equipment item breaks up.

e) In the case of an equipment item depleting its contents, repeat steps b) to d) to evaluate the effect of
pressure change.

f) Repeaf
the ov
impact

NOTE ]
multiple as{
inside a ves

steps b) to e) for all equipment items containing a large amount of stored energy, an
perall probability that the spacecraft fails as a result of a catastrophic break-up\cau
of a small SD/M.

'his procedure provides a quick but approximate result. It can be useful when there€ is a need
essments to understand the effect of operational parameters changing over time, such as t
el

d calculate
sed by the

to perform
he pressure
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Identify failure probability
threshold, P

7% Fmax

Definition of spacecraft

vulnerable to impact, and
fewer fragments are released
if a break-up does occur

operating parameters and
architecture design

Revise spacecraft

Iiprove protection design
of vulnerable, critical
equipment

Identification of critical
equipment (containing large
amounts of stored energy)

and surfaces

modelling assumptions

Identification of BLEs

Analysis of probabi@%f
failure, P, (i.e. break-up of
spacecraft cau y a small
Sh/ M“Alpact)

\@Jise failure criteria

6\ assumptions; remove
conservatism in BLEs

Refine SD/M environment

flux modelling

O End
® :
O
Yes
I°
«?\ Revise

— analysis or

Design design? Analysis

Figure 2 — Impact risk analysis procedure for case 2a
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Table 3 — Impact risk analysis procedure for case 2a

Step

Description

Further infor-
mation

Definition of spacecraft operating parameters and architecture design

Define the operating parameters of the spacecraft, such as its operational orbits
and attitude orientation relative to the direction of motion.

Define the architecture design of the spacecraft, such as its geometric character-
istics and dimensions, the layout of all equipment, and the material properties of
all surfaces, including any shielding.

Identification of critical equipment

Identify every equipment item on the spacecraft that contains a large amount of

stored energy, including pressure vessels, high-pressure propellant tanks and
high-pressure batteries.

2.2

For each equipment item determine its redundancy, impact damage modes and afy
other design aspects that are pertinent, such as operating pressures.

2.3

Use areliability analysis technique, such as fault tree analysis or failure modesand
effects analysis, to identify the system-level consequences that result when each
of the equipment items is damaged by impact.

2.4

Identify the critical equipment, i.e. those items which, when damaged by impact,
would rupture causing a catastrophic break-up and, in so doing, make a conservative
assumption that the surrounding spacecraft structure willnotbe able to contain
the fragments and content of the ruptured items.

2.5

On each critical equipment item, identify the critical.strfaces, i.e. those surfaces
which, when damaged by impact, cause the item tq break-up catastrophically.

Identification of BLEs

Identify existing BLEs that are suitable for determining the ballistic limit of each
surface or combination of surfaces on the spaggcraft, especially the critical equipment.

(]
[o8]
—

| to C.3.8,
to C.5.3

@)
Ul
=

3.2

If a suitable BLE cannot be identified for-a particular surface or combination of
surfaces, then perform a set of HVI teSts, as well as hydrocode simulations if SD/M
environment models indicate significant flux at velocities higher than the maximum
velocity in the HVI tests, to adaptan existing BLE or derive a new one.

(@)
o~
j—

| to C.4.3,
to C.5.3

@)
Ul
=

3.3

For each surface or combinatien of surfaces on the spacecraft, especially the critical
equipment items, define &n impact failure criterion, such as perforation or rupture.

os]
N
xS}
3

Analysis of probability of break-up due to a small SD/M impact

Select an SD/M impact risk analysis model that can evaluate the probability of
impact-induced failure of a spacecraft.

4.2

Select an SD/M environment model that is suitable for use with the chosen impact
risk analysismodel, and use it to produce a data set of directional impact fluxes on
the spacecraft over the life of its normal operations.

4.3

Usé€ the chosen SD/M impact risk analysis model to compute the impact and perfo-
ration fluxes on external surfaces of the spacecraft.

B.2.2.5,B.2.2.6

4.4

Use the chosen SD/M impact risk analysis model to compute the probabilities of
impact and perforation for external surfaces of the spacecraft.

W
N
N
I~

4.5

Use the chosen SD/M impact risk analysis model to compute the perforation fluxes
on the surfaces of equipment inside the spacecraft.

4.6

Use the chosen SD/M impact risk analysis model to calculate Py, i.e. the probability
that one or more of the selected critical equipment items break-up catastrophically
during the normal operations of the spacecraft as a result of an impact with a small
SD/M.

Revision of the analysis or design

If Pr > Pp a0 PeVise aspects of the analysis or design by considering the following
(in order of preference):

a) modify the analysis assumptions in terms of failure criteria or
spacecraft modelling;

© IS0 2024 - All rights reserved
13

B.2.2.10



https://standardsiso.com/api/?name=667361f08ce3ffd066a058256f5f289a

ISO 16126:2024(en)

Table 3 (continued)

Step

Description

Further infor-
mation

b)

d)

compare the flux values obtained from the selected SD/M environment
models with those from other models to characterize the differences
due to inherent uncertainties in the models and, if appropriate, select
alternative models for the analysis;

perform additional impact testing and, if necessary, hydrocode
modelling to remove engineering conservatism in the BLEs;

identify those areas of the spacecraft design which are the greatest
contributors to the spacecraft impact failure probability, and
systematically apply one or more shielding modifications:

Reference [4]

C41toC4.3

Annex D

e)

f)

examine alternatives for designing the spacecraft so that it can be
orientated in such a way that its most vulnerable, critical equipment
does not face the direction of greatest impact flux;

identify any aspects of the spacecraft design which can be modijfied
to limit the release of fragments into the space environment if a
catastrophic break-up occurs.

Anbgx D

7.3 Cas¢

7.3.1 Th
that can c{
induced fal

2b

e consideration of a high-energy SD/M is particularly impertant when analysing the impact risks
use a catastrophic break-up. An analysis of such impactofrs enables the probability|of impact-
lure of a spacecraft to be calculated, where failure is defined by a catastrophic break-yp.
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7.3.2 A procedure for performing a detailed analysis of the probability that a spacecraft fails as a result of
a catastrophic break-up caused by the impact of a high-energy SD/M on the spacecraft, is shown in Figure 3.

Identify failure probability
threshold, P,

Redesign spacecraft so
that its geometric
characteristics or orientation
will reduce the collision

Revise spacecraft
modelling assumptions

Definition of spacecraft

el ; : operating parameters and
cross-section in the direction architecture decion
=

of preatest impact flux

Specification of %
catastrophic break-up g\\
EMR threshold a

Revise catastrophic

Q break-up EMR threshold | [<
0\\ assumptions
Analysis of pr @\%y of
failure, P, (i.e. k-up of Refi .
spacecraft ed by a high efine SD/M env1.ronment
flux modelling

End
Revise
analysis or
design?
Design & Analysis

Figure 3 — Impact risk analysis procedure for case 2b
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Table 4 provides a more detailed description of each step in the procedure.

Table 4 — Impact risk analysis procedure for case 2b

Step

Description

Definition of spacecraft operating parameters and architecture design

Define the operating parameters of the spacecraft, such as its operational orbits and attitude orien-

tation relative to the direction of motion.

1.2

Define the architecture design of the spacecraft, such as its geometric characteristics and dimensions.

Specification of catastrophic break-up EMR threshold

2.1

Apply an EMR value for the threshold of an impact-induced catastrophic break-up.

Analysis of probability of break-up due to a high-energy SD/M 1mpact

3.1

Selectan SD/M impactrisk analysis model that can evaluate the probability of impaet-ind
of a spacecraft.

iced failure

3.2

Select an SD/M environment model that is suitable for use with the chosen‘impact ri
model, and use it to produce a data set of directional impact fluxes on the.spacecraft ov¢
its normal operations.

sk analysis
er the life of

3.3

Use the chosen impact risk analysis model to calculate Py, i.e. the probability that the space
up catastrophically during its normal operations as a result of an impact with a high-en
During this analysis, if the EMR threshold is exceeded by SD/M‘objects of size greater
then these objects can be disregarded providing the spacecrafthas a collision avoidancg
Note that this is not conservative since the collision avoidance capability can also fail.

traft breaks
ergy SD/M.
han 10 cm,
b capability.

Revision of the analysis or design

If Pp > Pp .0 IeVise aspects of the analysis or designby considering the following (in of
erence):

a) modify the analysis assumptions “ih terms of catastrophic break-up th
spacecraft modelling;

b) compare the flux values obtained from the selected SD/M environment modelg
from other models, e.g. as'discussed in Reference [4], to characterize the diffg
to inherent uncertaintiesin the models and, if appropriate, select alternative|
the analysis;

c) examine alternatives for designing the spacecraft in such a way that its
characteristicssor orientation reduces the collision cross-section in the d
greatest impact flux.

d) examine/alternative operational orbits with lower impact fluxes which sti
misSioh requirements

der of pref-

reshold or

with those
rences due
models for

geometric
irection of

1 meet the
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Annex A
(informative)

Procedure for an impact risk analysis during phase A

For the feasibility studies in phase A of the spacecraft project lifecycle, a simple impact risk analysis can
help with defining key aspects of the proposed design, such as operational orbit and spacecraft geometric

characteris

tics.

A procedul
used to prg

'e for performing a simple impact risk analysis during phase A is listed in Table A.h.]

vide a preliminary assessment of the spacecraft design with respect to case 1 and cas

Table A.1 — Impact risk analysis procedure during phase A

his can be
e 2.

Step

Description

Sel
for
IS(
ris
An|
de
im

ectan SD/M environment model and use it to compute the directional impact fluxes on the|

its proposed operational orbits until its end of life

14200 41 provides guidance on the selection and use of suitable SD/M environment modelg
k analysis.

example of an SD/M impact flux data file is provided in Reference [46]. This format, known as S
eloped by the IADC as a standardised means of transferring flux data from SD/M environmer
pact risk analysis models. It lists the flux data in discrete bins. The fluxes can be aggregated
vs to produce a variety of graphical plots, such as:

a)

b)
and elevation direction.

the total flux of SD/M impacting the spacecraftfrom each azimuth and elevation directid

the flux of SD/M of a given size range or velocity range impacting the spacecraft from ed

spacecraft
for impact

TENVI, was
t models to
in different

n;

ch azimuth

Ing
de

At
bo
the
ex
ch

orporate the results of the impact flux analysis into the overall system engineering prog
fine the spacecraft geometric characteristics and the approximate additional mass nj
impact protection

this early stage in the assessment it’can be necessary to treat the spacecraft as a sphere or
, if attitude laws are known. In\some instances it is also possible to evaluate individual majorj
spacecraft. The results of stich an assessment can influence the preliminary layout of a spa
hmple, if there were a largé flux from a particular direction, then the possibility of modifying th
racteristics of the spagecraft can be considered to reduce its projected area in that direction. Ealrly analysis
can also inform the choiee of mission orbit by showing differences between SD/M fluxes in candi

ess to help
argins for

A bounding
surfaces of
recraft. For
P geometric

late orbits.

Re|
sig
Fo
SD

peat the preceding steps if any of the proposed operational orbits of the spacecraft ay

nificantly

" the purposeof an impact risk analysis, a significant orbital change can be considered as one i

M spatidl density changes by at least 10 %.

e changed

h which the
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Annex B
(informative)

Methods and models for analysing the impact risk from small SD/M

B.1 Gen

eral

Case 1 (in Clause 6) and case 2a (in 7.2), respectively, describe impact risk analysis procedures fo
the probability that:

a) a spad
small §
b) a spac
equipy]
This annex

ecraft is not able to complete a successful post-mission disposal as a resultiof im
bD/M;

ecraft experiences a catastrophic break-up as a result of an impact from'a small S
hent item containing a large amount of stored energy.

provides information on methods and models that can be used forthese analyses.

B.2 Anallysis methods

B.2.1 Ge

If the crite
then a logi
impact prg
spacecraft

the im

protec
structy
itis no
which

neral

ion for impact-induced failure of a spacecraft is:defined as perforation of the externa
ral consequence of this specification is that engineers will concentrate on applying any
tection to the external structure whilst giving little consideration to the equipment
On the face of it, this approach has a number of benefits, for example:

bact risk analysis is relatively simplg;

1re;

L necessary to know anything about the design, operation or location of the underlying
can be difficult to identify early in the spacecraft design process.

ned spacecraft ohe’can see that such an approach is reasonable since the perfo
d module wouldyhave serious consequences for the safety of the crew. However, the §
r true for an tmmanned spacecraft. It is entirely possible that an unmanned spacecraft g
rticle penetrating its external structure. There are several reasons why, including:

sulting-penetrative fragmentation cloud does not necessarily impact any sensitive
hl.equipment;

r analysing

bacts from

D/M on an

structure,
necessary
inside the

tion enhancements can be impleniented quite easily by the addition of shielding to the external

bquipment,

ration of a
ame is not
an survive

or critical

equipment is insufficient to cause its failure;

For a man

pressurise

necessarily

an SD/M p

a) the re
intern

b)

9

d)

e)

a penetrated equipment item can sometimes survive if it has in-built redundancy;

if an equipment item is impacted, there is a possibility the cloud particles cannot penetrate its casing;

if perforation of the equipment casing occurs, there is a possibility that the resulting damage inside the

if the equipment item does fail, then this does not necessarily mean termination of the mission. For

example, if there is an undamaged back-up unit located elsewhere in the spacecraft then the mission can

potent

ially survive.

Thus, by focusing protection enhancement on the external structure of an unmanned spacecraft, and
ignoring the inherent robustness of the spacecraft design, it is likely that the structure will be heavier
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and bulkier than is strictly necessary. This suggests that, for unmanned spacecraft, a more sophisticated
approach is necessary when analysing the impact risk and implementing protection, one in which damage to
the spacecraft interior is considered.

B.2.2 Main steps

B.2.2.1 General

The procedures for analysing the risk to an unmanned spacecraft from small SD/M impacts, as described in
case 1 and case 2a, comprise a clearly defined set of steps. Methods for accomplishing the main steps in the
procedures are described in B.2.2.2 to B.2.2.10. They are derived from Reference [2].

B.2.2.2 Q
This subcld

First,a 3D
spacecraft
properties
defined in
terms of gé
For examp
the simple
analysis ar

When defi
of the spaq
the spacec
geometric
be calculat
coordinate

B.2.2.3 D
This subcld

The defini
driven by i
document

to min

— to avoid an impact-induced break-up of the spacecraft.

On a typic
such as ele
subsystem|

btain the spacecralt geometry
use relates to step 1.2 in case 1 and case 2a.

representation of the spacecraft physical architecture is constructed. The gedmetry o

structure, including external panels, internal walls, shelves, etc., is modelled; an|
are assigned to each of these structural elements. Each equipment item\on the spaced
terms of its geometry, material properties, and internal/external position on the sp:
ometric modelling accuracy, it is usually not necessary to impleniént a high degree o
e, when modelling an equipment item that has an irregular shap#, it is usually sufficien
5t regular shape that approximates it. This helps to reduee the complexity of the i
d the associated simulation run-times.

hing the geometry information, it is necessary to select a reference frame for the

raft surfaces can be located in this reference framre through the Cartesian coordina
centres and three rotations around the coordinate axes; the unit normal to each surfa
ed. Furthermore, by calculating the applicable transformation matrixes it is possil
data from the main reference frame to local reference frames for the individual surfaq

efine impact failure criteria for critical surfaces
juse relates to step 3.3 in case 1 and case 2a.

fion of impact-related failure criteria for the different elements of an unmanned sp
W consideration of whether they are critical to some operational aspect of the spacec]
the concern is twofold:

imise the possibiity that an impact prevents post-mission disposal of the spacecraft;

hl unmanned spacecraft, many of the equipment units contribute to its post-missio
ments’of the attitude and orbit control subsystem, the communication subsystem, and
Therefore, this equipment can be considered critical for the purposes of an impact rig

f the entire
d material
raft is also
icecraft. In
[ precision.
t to choose
mpact risk

main body

ecraft. This can be the same reference frame as used for the SD/M environment fljixes. All of

fes of their
ce can also
ble to pass
es.

acecraft is
aft. In this

n disposal,
the power
k analysis.

From an impact perspective, the main items of interest can be categorised as follows:

propel

electronics boxes;
batteries;

pressurised vessels;

lant pipes and heat pipes;

solar arrays;

wires and cables.
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Several of these items are protected by a single-wall casing. The ballistic limit of a single wall is dependent
on the criterion for failure. In many cases the failure criterion is defined to be perforation of the wall.
However, other criteria are also possible, such as the production of detached spall or incipient spall at the
rear side of the wall. In the example of an aluminium box protecting sensitive electronics equipment the
choice of detached spall as a failure criterion, rather than perforation, can be preferable since the impact
risk analysis will lead to a more conservative engineering solution. Annex C describes some ballistic limit
equations where these failure criteria can be applied. The same failure criteria can also be applied to multi-
wall shield designs, such as a sandwich panel placed some distance in front of an electronics box.

When assessing the risk that an impact causes the accidental break-up of a spacecraft, other failure criteria
are important. Generally, a break-up can occur either when the kinetic energy of an impact between an
SD/M object and a spacecraft is sufficiently high, or when a small SD/M object impacts an equipment item
containing a large amount of stored energy.

In the form
a variety d
these type
failure crit|
the impact

In the latte
particular
one of two

a) the crg

b) ruptur
Tests havd

pressurise

In the case
stresses to|
if reactive,
of a large 3
a significa
break-ups.

The failurg
conditions
overpressy
conservati
Alternativg
pressurise
wall ballist

It is not ¢
environme

er case, the analysis of the failure criteria for an impact-induced break-up can be pétrfo
f modelling techniques, examples of which can be found in References [9], [10}-and
5 of model become more mature and widely available, it is reasonable to applya’simp
erion. Perhaps the most common criterion, albeit a rather crude one, is a threshold for
kinetic energy to the mass of the spacecraft. A typical value for the EMR'\threshold is 4

r case, the impact of a small SD/M object on a pressurised vessel, such as a propellan
concern for most spacecraft. The impact of an SD/M particle on a'préssurised vessel c{
significant damage modes:

ation of a perforation hole through which the contents of-the vessel leak;
e of the vessel.

shown that a relatively narrow margin exists“between the perforation and ru
 wall under hypervelocity impact.

'med using

[11]. Until
e break-up
the ratio of

0]/g.

F tank, is of
hn result in

pture of a

of a perforation leak, it is possible for the spacecraft to spin-up uncontrollably and t
cause parts of the spacecraft to break off. There is also the possibility that the leaki

mount of stored energy can lead-to-catastrophic failure of the spacecraft and the ge
1t quantity of space debris. All efithese failure scenarios can loosely be described as

for producing either<of the above damage modes are different, and depend on {
re relative to the ambient pressure. If an impact risk analysis for accidental break{
ve approach, then,it is reasonable to choose perforation as the failure criterion for
ply, if there isSconfidence that a small impactor can only cause a break-up by rup
1 vessel, then the failure criterion can be set as rupture in the analysis. Annex C proy
ic limit equations for pressurised vessels using either of these failure criteria.

mmop-practice to expose a critical item, such as a pressurised vessel, directly tg
nt-hecause of the SD/M impact risk. Usually, these items are located inside a spacecr

;

can subsequently detonate and cause an explosion. In the case of a rupture, the sudden release

resulting
contents,

heration of
accidental

response of a vessel is influenced by whether it is pressurised. That is, the threshold impact

he vessel’s
up takes a
the vessel.
turing the
ides single

the space
hft. For the

case of a pr

: | 1 1 1 Al 1 1o pa | £ ot 4 LN | | q 11
COSUTISTU VESSTT PIdLTU SUIIT UISLATILT UTIIHIIIU 4 SPdLTLLAIT ST ULTULc, I C1TUUU TITOUTTITT

approach

1 is used in the impact risk analysis (see B.2.2.8), then vessel wall failure (perforation or rupture) can be
determined by applying the relevant BLE in Annex C.

Alternatively, in the example of an impact on a CFRP or aluminium gas-filled high-pressure vessel placed a
certain distance behind an MLI/sandwich panel, where the failure criterion is perforation, the SRL ballistic
limit equation has shown good agreement with test data.[!2] This equation has been developed specifically
for such an arrangement (i.e. equipment behind a structure) and can be applied in cloud modelling approach
2, described in B.2.2.8.

B.2.2.4 Selectan SD/M environment model

This subclause relates to step 4.2 in case 1 and case 2a.
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An SD/M environment model is a key element in determining the magnitude of the impact threat that a
spacecraft is likely to experience. ISO 14200 [4] provides information on the capabilities, selection and use
of SD/M environment models to calculate the impact flux on a spacecraft with a given set of mission and
orbital parameters. For a spacecraft in a given orbit, these models typically provide the number of impacts
per unit area per unit time as a function of particle size, speed, and impact angle.

ISO 14200 notes that there are likely to be significant differences in the calculated fluxes among the
available candidate models. This is particularly true for small SD/M, such as millimetre-size particles, where
knowledge of the population is very limited. Therefore, when selecting an environment model, ISO 14200
recommends that the customer or supplier of the spacecraft compare the fluxes of several models. ISO 14200
also notes that to achieve adequate safety margin in the design of a spacecraft or its subsystems, it is
reasonable to select the model with the highest flux values when analysing the risk caused by SD/M impacts.

B.2.2.5 (
This subcls
Typically, 3
impact dir
spacecraft
The transf
a) throug
b) usingt

After read

ompute the SD/M impact fluxes on external surfaces
juse relates to steps 4.2 and 4.3 in case 1 and case 2a.

n SD/M environment model provides flux information in ‘bins’ according to particle s
bction and velocity. It is commonplace also for the flux information to he(rovided rel
reference frame.

er of flux data to an impact risk analysis model is usually accomplished in one of two w
h a bespoke interface between the environment model and the impact risk analysis m
he STENVI interface described in Reference [46].

ing the flux data file, an impact risk analysis model can create impact flux vecto}

external syrface of the spacecraft. Thus, when consideringthé entire spacecraft, the total impa

be represe
matrix refé

hted as a two-dimensional m x n matrix of impact flux values, F;, where each of the m

elevation angle, and where each of the n columns refets to a particular external surface of the spz

B.2.2.6 (
This subcld

To comput

ompute the SD/M perforation fluxes on external surfaces
use relates to step 4.3 in case 1 and case 2a.

e the portion of the total impact flux that perforates the spacecraft hull and penetrate

vehicle, suitable ballistic limit equations can be employed. A BLE is a type of empirical damage equ

to predict
item. It is
parameter
Annex C.

BLEs are 4
then itis p
combinatid

he size of an impacting particle that can cause the failure of a spacecraft structure or
1sually expressed.@® a function of impact speed, impact angle, particle density and
5 of the target,such as wall thickness and material. Further information on BLEs is §

pplied onl a‘case-by-case basis. For example, if one of the external surfaces is a sandy
bssibleto'use a BLE such as the SRL equation [¢] or the STP equation [7] to calculate if 3
n of impact parameters, associated with a given impact flux value, results in the sandw

ize and the
hitive to the

ays:

bdel;

's for each
ct flux can
"fows in the

rs to a specific combination of particle diameter and relative impact velocity, azimuth angle and

cecraft.

L inside the
lation used
equipment
the design
vailable in

vich panel,
particular
rich panel’s

perforation.‘Alternatively, if the external surface is a thin aluminium wall, such as used in the ¢
exposed electronics box, then the calculation can be performed using the Cour-Palais single wall

psing of an

LE [8].

By following this method for each element of the impact flux matrix, then an m x n perforation flux matrix,
Fp, can be constructed. Thus, Fy, is effectively a subset of F. That is, some of the flux values in the matrix, Fp,
are zero because perforation does not occur.

B.2.2.7 C

ompute the probabilities of impact and perforation for external surfaces

This subclause relates to step 4.4 in case 1 and case 2a.

The followi

ing method for calculating impact probability is described in Reference [1].
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For spacecraft that fly with a fixed orientation, SD/M fluxes are treated as vector quantities and the effects
of directionality carefully evaluated. Most space debris impacts typically occur on the forward-facing,
side-facing, and space-facing surfaces of an Earth-orbiting spacecraft, where the forward-facing surface is
defined as the leading surface in the direction of motion of the spacecraft, i.e. the velocity direction or “ram”
direction.

The number of impacts, N, from SD/M particles larger than a given diameter, increases linearly with exposed
area (4), flux (F), and exposure time (At):

N=F AAt (B.1)

Impact fluxes for each external surface can be extracted from the matrix, F;, described in B.2.2.5. It should

be noted t':at }mpf\l‘f F]nvoc‘ e nr\f r'r\nc‘ff\hf IY\ flmn Thnvnpnv'n an ]f\wgn 17f\]nnc r\F /\l' rn g aa¥atl than tWO
years) it isjcustomary to use an averaged value of F or, alternatlvely, to sum N over smaller timessfeps.
The probability of exactly n impacts occurring in the corresponding time interval can be‘deternjined using
Poisson st3tistics, provided N is sufficiently small (<~10):
N
Py = —J e™ (B.2)
n!
Thus, the grobability of no impacts, P; _ y, is given by:
Pig =¢™ (B.3)
And the prpbability of at least one impact is:
PI>0 = 1 - e_N (B4)
The same dquations can be used to calculate the number of impacts, N, that cause the failure of each external
surface of the spacecraft. In this case the perforatien flux values for each external surface can b¢ extracted
from the njatrix, Fp, described in B.2.2.6. Hence;the probability of perforation of each external gurface can

be calculat]
Knowing t

simple mat
the spacec

B.2.2.8 (

B.2.2.8.1
This subcld

The next 1

ed.

he impact probability and pérforation probability of each external surface, it is then
ter to calculate the overall'probabilities of impact and perforation, i.e. for all external
Faft.

ompute the SD /M perforation fluxes on internal equipment

General
juse relates to step 4.5 in case 1 and case 2a.

najor step in the analysis process involves calculating the fraction of each of the |

flux valued

h relatively
surfaces of

berforation

in F' that dlrpr‘ﬂv hits_and cnhcpmmnﬂv causes the fajlure of each surface of eve

y internal

equipment unit. Thls is the most dlfflcult step to 1mplement It requires a careful balance to be struck
between computational accuracy and simulation run-time.

When an SD/M impactor perforates the external structure of a spacecraft at a relatively low (ballistic) speed,
typically less than 3 km/s, it will stay largely intact. However, at impact speeds between approximately
3 km/s and 7 km/s the particle usually breaks up into a cloud of solid fragments. Beyond ~7 km/s, a speed
that is generally considered to be representative of a hypervelocity impact, the cloud comprises mostly fine
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vaporous material. Broadly, there are two different approaches that can be taken to quantify the damage
such clouds can inflict when they propagate inside a spacecraft.

— Cloud modelling approach 1

Employ a model that characterises the shape of the cloud and the distribution of mass and velocity
within it. Then, using a geometrical method, propagate the cloud inside a spacecraft to identify the
surfaces of internal equipment items that are hit by the cloud. For each cloud-surface interaction use a

simple

damage equation, such as a single-wall BLE, to calculate whether the equipment fails.

Cloud modelling approach 2

Employ a model that uses a multi-wall BLE in conjunction with a geometrical function to calculate

wheth

re and one

or mof
requir

The follow
It is b3
equipn]

the m¢q

intern
BLEs @
which

The fa
using {

on which they are based. Furthermore, with a single-wall equation it is easier to apply a failui

other {

By prd
can be

The main
computer (
design cha

B.2.2.8.2 a

It can e upgraded readily as and when new test data become available; thereby enabling the

It is ideally suited to investigate the impact vulnerability of ay/spacecraft design and an

oran SD/M impactor cancause the entire combination of spacecraft external struchy
e internal equipment walls to fail. For this approach, knowledge of the structure of &
bd.

ng qualitative arguments have been put forward in support of the first approach.

sed on analyses of the physical interaction between penetrating SD/M@nd spacecrz
hent, and so it is inherently more accurate.

thod to be improved continuously.

h] equipment. Such freedom is not necessarily possible in the second approach, since
an only be used reliably when investigating the nanrow range of geometric character
they were derived experimentally.

lure of internal equipment can be computed.ith reference to the damage on their
ingle-wall damage equations, whose reliability is high because of the large databases

han perforation.

considered with a high degree of-accuracy.

loud is not

1ft internal

hccuracy of

y layout of
multi-wall
istics from

rover faces
bf test data
e criterion

pagating a cloud inside a spacecraft, the effects of mutual shadowing between equipment units

irguments in support of the-second approach are that it ought to be simpler to implement in a

ode and faster to run. Therefore, it is well suited to the early phases of a spacecraft mi
hges are more frequent.

hd B.2.2.8.3 provide examples of how the two modelling approaches can be applied ]

the cumuld

B.2.2.8.2

tive failure flux or failure probability for each internal equipment surface.

Example of cloud modelling approach 1

The first cl
This inclu(ﬁes the geometric properties of the cloud, and its mass distribution and velocity dist}

udiniodelling approach utilises knowledge of the structure of a cloud for an impact rif

ssion when

o calculate

k analysis.

ibution, to

calculate h

ow the cloud propagates inside a spacecraft.

In such a model itis usually sufficient to characterise the geometry of an expanding cloud as the superposition
of two cones, where one of the cones represents “in-line” fast, heavy fragments that follow a similar trajectory
to the original impactor, and the other represents “dust” fragments. Thus, each cone is characterised by the
direction of its axis, as measured from the surface normal, and the spread (or spray) angle around the axis.
Figure B.1 illustrates the geometry of the in-line cloud cone, which is the most damaging part of a cloud.
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References
and for thd
diameter a
panel, the 1

The model

Figure B.1 — In-line cloud geometric model for a spacecraft single wall 14

[13] and [14] describe a cloud model for the case of an SD/M impactor perforating a
case where it perforates a sandwich panel. Equations are provided-for the angles ¢
nd velocity of the largest cloud fragment, the SD/M diameter at the-ballistic limit of
hreshold velocity for SD/M fragmentation, and the total mass of the’cloud.

also provides a geometric function for propagating the cloud inside a spacecraft t

the portion of the cloud that is intercepted by each of the internal-equipment surfaces. One vej
method for this purpose is to use an anisotropic ray-tracing algorithm that fires rays ¢nly within

geometric
the cloud ¢
Instead th
which hav{
is necessal
space cont
the cloud (
been adapt

Thus, retu
is calculatg
Therefore,

one. However, the main drawback of this approachcis)that it is computationally quité
e model makes use of so-called MVF. These are (GVF, typically used for thermal c4
e been modified to take account of the cloud axis orientation and spread angle. This
y since GVF are normally obtained for surfaces that emit rays along every direction

single wall
and ¥, the
the wall /

p calculate
y accurate

b intensive.
1lculations,
correction
n the half-

hining the target, and hence they are not adéquate to simulate the flux of fragments c¢ntained in

one. The MVF method is valid for two surfaces that are in direct view of each other.
ed for the situation where there is partial or total shadowing from other intervening s

Fning to the discussion in B.2.2(6,\for each element of the perforation flux matrix, H

It has also
urfaces.

b, the MVF

ed from the relevant spacecraft surface towards each surface of the internal equipment units.

for an element [i, j] in the matrix, Fp, the fraction of the perforation flux that directly

internal sufrface is given by:

Fpli, j1j

= Fpli,j] - VI, jli

hits the kth

(B.5)

Where V[i,
of the per

1) is the MVFE.\To determine if the k™ internal surface fails when it is impacted by t

is fraction

ration flux,‘then a damage equation for a single wall can be applied using the cortesponding
information from the cloud model. For example, to calculate whether the largest fragment in

cloud will

perforate the inteérnal surface then a single wall BLE can be used. This is usually applicable for lower velocity
impacts (appréximately < 7 km/s). Alternatively, for hypervelocity impacts (typically > 7 km/s), a critical
energy equation can be used to calculate if the energy of the cloud is sufficient to perforate the internal
surface. Either way, the result can be recorded by entering the Fpli, j|; value in a failure flux matrix, Fg
(at element Fg[i, j];), when perforation occurs, and the value zero when it does not. Finally, the cumulative
failure flux for the kth internal surface is achieved by summing Fgl[j, j]; for all i and j.

Further details of this cloud model, including the assumptions made in its derivation, are available in
References [13] and [14]. An example of a similar type of cloud model is given in Reference [15].

B.2.2.8.3 Example of cloud modelling approach 2

An alternative method for computing the penetrative damage inside a spacecraft is described in
Reference [16]. At the heart of it is an orthographic projection technique. The vulnerable area of an internal
equipment item is calculated in relation to the point of impact on a spacecraft external surface by being
projected orthogonally along the cloud velocity vector. This unbounded projected area is then clipped by
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the projection of the external spacecraft surface with respect to the cloud velocity vector. Shadowing effects
from other equipment items are also considered in the projected area calculation. The final projected area is
then used to determine the “susceptibility” of the equipment item, which is one term in the computation of
the item’s failure probability. The other significant term in the equipment failure probability calculation is
the “lethality” of the penetrating SD/M particle with respect to the equipment item. Physical damage effects
are determined using BLEs, such as the SRL multi-wall equation, where the spacecraft external surface is
described by the SRL's bumper terms and the internal equipment casing is the rear wall term in the equation.

B.2.2.9 Compute the probability of impact-induced failure of the spacecraft

This subclause relates to step 4.6 in case 1 and case 2a.

In the eve
failure for
can be det
redundanc
such as FT|

Generally,
at each lev

J 1C1)
the operatlon of the spacecraft elther in terms of post mission dlsposal or acc1dent

y elsewhere in the spacecraft. To perform such an evaluation it is commonplaceto-use §
.

h fault tree is constructed using a Boolean logic approach to represent thefunctional re
el of the spacecraft architecture, from equipment to subsystem and-finally to the wh

brmined. This requires consideration of the criticality of the equipment and thejpres¢

ces of that
| break-up,
nce of any
technique

ationships
ble system.

By following the logical connections the failure of an individual equipment itein’ can be traced through the

tree to rev
can impact
multiple fal

When this
probability
of impact-i
carein ord|
happen wh

B.2.2.10 I¢
This subcld

By combi
impact ris
design. O
threshold
as well as
discussed |

Finally, it if
of the spac

B.3 Anallysis models

B.3.1 Ge

}[ﬁng flux data, damage equations and spacecraft geometry information, as describeg

bal whether the spacecraft fails. In doing so, it is important to remember that a single d
and damage several equipment items. Therefore, it can be necessary to trace the consg
filures in the tree when assessing the damage from one penpetrative impactor.

process is repeated for every penetration, the failures\can be aggregated to quantify
of impact-induced failure of each equipment item onthe spacecraft, and secondly the
nduced failure of the spacecraft, Py. It is necessafy to implement the aggregation m
er to avoid the mistake of counting the same extérnal SD/M impact event several times
en a single debris cloud damages multiple equipment items.

lentify impact vulnerabilities and protection solutions

juse relates to step 5.1 in case 1 and:€ase 2a.

assessment can be perforimed to help identify the main areas of vulnerability in a
ions can then be evaluated to reduce Py, if necessary, so as to meet the failure
requirement, Pg ....-For example, the benefit of implementing SD/M shields can bq
pther protection efthahcement strategies, such as increasing equipment redundancy.
more fully in Annexes D to F.

worth notingthat the steps in B.2.2.8 to B.2.2.10 can be bypassed if the probability of
pcraft caleulated in B.2.2.7 is less than Py ..

bris cloud
quences of

firstly the
probability
bthod with
which can

above, an
spacecraft
brobability
b analysed,
These are

berforation

neral

This subclause relates to step 4.1 in case 1 and case 2a.

A number of statistically-based computer codes have been developed to perform detailed impact risk
analyses of non-trackable SD/M particles. These allow a fully three-dimensional numerical analysis of
a spacecraft, including directional and geometrical effects and shielding considerations. In doing so, they
normally support the application of different environment flux models and damage equations. The codes
provide a 3-D display of the results.

Typical user-specified input parameters for these tools are:

— the orbit and mission parameters;
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— spacecraft attitude, geometry and shielding;

— the particle type, size, mass density and velocity range to be analysed;

— the damage equations and related parameters to be applied.

The computed output generally includes data such as:

— the distribution of impacts for a specified particle size range;

— the distribution of damaging impacts (e.g. perforations) taking into account the spacecraft shielding and
damage assessment equations;

— the mean particle impact velocity (i.e. magnitude and direction);

— thenu

— thepr

bability of failure.

mber of craters of a specified size;

B.3.2 Information on specific codes

Tables B.1

to B.4 provide summary information on several codes that can andlyse the risk to a

spacecraft

from SD/M impacts. These codes have been validated in different ways. For simple test cases, sucH as a single
wall and fikxed impact velocity, the results have been compared to calculations done by hand. Hpwever, for
more complex test cases, such as for when the full directional and vélocity distribution of thel impacting
particles i§ included, the codes have been validated by comparing results against a set of benchmark test
cases defirfed by the IADC U1,
Table B.1 — Accessibility and use of impact risk analysis models
Impact risk analysis [Owner / devel- Countryor Maodel accessible Model accessible Usgd for re-
model oper region directly via licence indirectly via anal- search studies
to 3rd parties ysis service to 3rd
parties

BUMPER ] NASA USA va v v
DRAMA/M|DAS [18]  |ESA Eurépg v v v
ESABASE2 ESA /

v - v
DEBRIS [19] etamax space Burope
MODAOST [20] CAST China x v v
PIRAT [21] Ernst Mghth- oo many v v

stitut,
S3DE [22.23] Hartbin Inst.of ., .~ < v v
Technology

SHIELD3 [2}] PHS Space UK x v
[S£]STEMA DEBRIS | pirbus France 4 x v
TURANDOF-25] JAXA Japa va x v

a2  Requires US government contract.
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Table B.2 — Capability of impact risk analysis models to read flux data from the space debris
environment models listed in ISO 14200 [4]

Impactrisk anal- | ORDEM 3.0 ORDEM 3.1 MASTER MASTERS8 SDEEM SDEEM Any model
ysis model 2009 CPE file 2015 2019 outputting
CPE file format STENVI SEI
format file format
BUMPER v v x x x v
DRAMA/MIDAS x x x v x x
ESABASE2 / DE- v " v v N N )
BRIS
MODAOST x x v v v v v
PIRAT v v v v x x v
S3DE x x v v v v v
SHIELD3 x x x x x x v
SYSTEMA /| DE- . " N . N J Y
BRIS
TURANDOT v v v v v x x
Table B.3 — Capability of impact risk analysis models to read flux.data from the meteproid
environment models listed in ISO 14200 141
Impactrisk anal- | Griien et al. Divine- NASA SSP. MEM R2 Any mogdel
ysis model Staubach 30425 outputting
STENVI|SEI
file format
BUMIPER x x v v v
DRAMA/MIDAS v v x x x
ESABASE2 / DE- Y Y N Y )
BRIS
MODAOST v 4 v x v
PIRAT v v x x v
S3DH v v v x v
SHIE[LD3 x x x x v
SYSTEMA / DE- C . N x Y
BRIS
TURANDOT v v x v x

Table B.4 — Special analysis features of impact risk analysis models

Impactrisk analy-" | Spacecraftin- Self-shadowing Secondary Optimise Optinlise equip-
sis model ternal damage ejecta shielding? ment layout?
BUMPER 2 % v
DRAMA/MIDAS 2 v x v v
ESABASE2 / DEBRIS 2 v v v v
MODAOST 1,2 v x v v

PIRAT 2 v x v v

S3DE 1,2 v x v v

Key:

1 cloud modelling approach 1

2 cloud modelling approach 2

a  Provides information to support this analysis.
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Table B.4 (continued)
Impact risk analy- Spacecraftin- Self-shadowing Secondary Optimise Optimise equip-
sis model ternal damage ejecta shielding? ment layout?
SHIELD3 1,2 v x v v
SYSTEMA / DEBRIS 2 4 x v v
TURANDOT x 4 x v v
Key:
1 cloud modelling approach 1
2 cloud modelling approach 2
a  Provides information to support this analysis.

B.3.3 Unlcertainty considerations

A major li
associated
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discre
millim|
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limitat
the md

Uncertaint]
and so car
One of the
calculation

whereby the program inputs for each.run are varied by a certain amount based on engineering

However,
uncertaint

Efforts arg
model pro
assessmen

fetre particle sizes;

itation with most impact risk analysis models is that they do not quantify, the un
with an impact risk analysis. Generally, uncertainty bounds or confidghce interv
'he most significant sources of uncertainty in an impact risk analysis aré;

bancies between space debris environment models in determining.impact fluxes, eg

bdge about the mass density of space debris, as generated by/environment models;

racies in the derivation of damage equations, because théy dre often based on a statist
r of impact tests or on numerical simulations for which:there is limited confidence in t

ions in the application of damage equations, bécause they generally do not take

ions in analysing the damage inside a spacecraft as a result of a penetrative impact. In
delling of a cloud’s interaction with internal equipment is usually simplified.

ies such as these can significantly influence the risk calculation, as discussed in Refe
eful consideration is necessary when deciding whether to modify the design of a
main problems in determining uncertainties has been the lack of available data to g
. Traditionally, this has beeniovercome by doing multiple runs of an impact risk ane

his approach lacks rigor-since it does not properly take into account the size of the
es.

now underwayte address the various uncertainties. For example, the MASTER 8 er
yides uncertainty estimates for its population models which can be passed on to i
L tools. Howéver, there is currently no recommendation on when to use the uncertainty
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Annex C
(informative)

Ballistic limit equations

eral

es of material in the target and projectile. Therefore, it is importantto exercise care \
ions, especially in situations where the limitations are exceeded.

ually developed by drawing a curve through a set of pass/fail imipact test data. Thus, it
ns of assessing whether a surface (or collection of surfaces)ean be penetrated by an iy
nce, BLEs represent a core element of almost every impact risk assessment code.

neral

e describes generalised forms of a single wall BLE and a multiple wall BLE, as

b they tend
hnd angles,
when using

provides a
hpactor. As

defined in

Reference [19]. The BLEs comprise terms that describe the properties of a particle and the tafget that it
impacts.
C.2.2 Single wall BLE
The single wall BLE defines the critical'size of particle on the threshold of failure of a homogeneous structure
such as an pluminium wall. It can be’written in the following parametric form:
1
tw A
d.= (C.1)
| KeKypB VY (oos6)* pi
C.2.3 Muyltiple wall BLE
To determinethe critical size of a particle penetrating a multiple wall shield design, the BLE can|be written
in the following parametric form:
1
t, +Koth po? A

K1pPv7 (cos6)* ps?pet

In using Formula (C.2), three velocity regions are considered. At low velocities (typically below ~3 km/s), the
ballistic region, an impactor is poorly fragmented by a bumper, and a very small number of solid particles
are released. Between approximately 3 km/s and 7 km/s, an impactor is broken into several pieces, which
can be solid or vaporous. This is the transition region. Above ~7 km/s, the hypervelocity region, an impactor
is broken up into a dense cloud of numerous fine vaporous particles. The three velocity regions are often
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expressed in terms of the normal component of the impact velocity, as follows: v, < v, vi<v, <v,and v, 2 v,
where v, and v}, are the lower and higher transition velocities between the three regions, respectively.

For impacts whose velocities are either in the ballistic region or the hypervelocity region, Formula (C.2) is
used. However, for impact velocities in the transition region, i.e. between v, and v, linear interpolation is
used to calculate the critical particle diameter, as follows:

d =

C

|

Vh —Vn

Vh =V

Vn —V]

]dc (Vl )+(

Jdc (Vh )

Vh =V

C.3 Specific examples of ballistic limit equations

(€.3)

C.3.1 Geperal

This clausq relates to step 3.1 in case 1 and case 2a.

This clausg lists specific examples of BLEs for some typical spacecraft structures. Many,more eq
be found in the literature. For example, References [1] and [28] provide comprehensive collectio

The limitations of the equations are also clearly identified.

C3.2 Si

plified BLE for a single wall or multiple walls

The areal density, p,, of one or more layers of material along a given line 6f sight is its mass densityj
by the total thickness of the layer(s).

For a simpliified assessment of the critical diamete

the BLE in
dc =K

where K hd
that the uf

r,d

y Yo

of SD/M impactor that can perforate this ar}

Formula (C.4) can be used!29],

DA

s a value of 0,07 for a typical single layerof material, such as aluminium alloy 6061-T§
its for d, and p, are cm and g/cm?\respectively. Higher K values can be achieved fq

designed multiple wall shields, such as the Whipple shield (K = 0,35) and the multi-shock shield

Note thatt
of the criti
the materi

It should b|
also be apr

It should 4
SD/M imp4
determina
use a more

hese K values are only intended te-give a rough estimate of shielding effectiveness. The
fal diameter, d_, provides a Jower bound on the size of impactor that can be expected t
] layer(s), i.e. it is a conservative value for the ballistic limit.

e noted that while the\BLE uses perforation as the criterion of failure, other failure
lied.

[so be noted that Formula (C.4) does not require any information on the properties
ct, such as.méan impact velocity, since these are embedded within the K term. For am
ion of ballistic limit, in which particle characteristics are explicitly considered, it is n
sophisticated BLE, such as one of those in C.3.3 to C.3.8.

lLations can

s of BLEs.

multiplied

[angement,

(C.4)

,assuming
r specially
(K =0,70).
calculation
b perforate

riteria can

bf a typical
bre precise
pcessary to

C.3.3 BL

Esfor a metallic single wall

The BLEs in Table C.1 assess the performance of a metallic single wall where the threshold of failure is
defined by one of the following types of impact damage: perforation, detached spall, or incipient spall.
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Table C.1 — BLEs for a metallic single wall

Stainless stleel single
wall [28]

Wall type Conditions Ballistic limit equation
~ 18
0,25 05 |19
pp/pw<1,5 d =tlH (Pw/Pp)
C
k 2/3
Aluminium single L 5,24(v cosd / C) J
wall (8] 18
[ 0,25 3/2 119
pp/pwzl,S d =tlH (Pw/Pp)
C
k 5,24(v cosG/C)Z/3
L 025 03 1
Titanium single wall ty 17 (Pw /Pp)
[@] - dC = 7 2/3
5,24(vcosO /()
18
05 Tro

o _| tw (Pw/pp)

‘ k K(v cosQ)Z/3

The follow|ng values for k and K can be used in the BLEs:

— k=3,0} 2,2; 1,8 for incipient spall, detached spall, and perforation,réspectively;

— K=0,345.

Figure C.1 llustrates a typical plot of a metallic single wall BLE>In this example, the resulting balllistic limit

curves are|shown for an aluminium spherical projectile impacting a 1,5 cm thick aluminium w

different apgles[28l.
Y

2
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Figure C.1 — Example ballistic limit curves for an aluminium single wall
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C.3.4 BLE for a CFRP single wall

The BLE in Table C.2 assesses the performance of a CFRP single wall where the threshold of failure is defined
by one of the following types of impact damage: perforation or detached spall [31],

Table C.2 — BLE for a CFRP single wall

Wall type Conditions Ballistic limit equation
05
CFRP single wall - d. = tw (PW /Pp) T
k Kcppp (v cosO) /

The follow|ng values for k and K zp can be used in the BLE:
— k=3,0} 1,8 for detached spallation and perforation, respectively;
C.3.5 BLE for a sandwich panel with a honeycomb core
C.3.5.1 (@eneral
The ballistic limit of a honeycomb core sandwich panel is a funcfion of its face-sheet thidkness, cell
dimensions and cell wall thickness, core depth, and the materials used. Few equations currently exist that
combine these parameters. Instead, the most common approach is.to adapt existing multi-wall BLEs for use
with sandwich panels.
C.3.5.2 SRL BLE
A BLE called the SRL equation has been developed to-determine the ballistic limit of any type [of dual- or
triple-wallfshield design, including an equipment.item located some distance behind a spacecraff structure,
such as a sandwich panellell12], The SRL equation is named after its originators, Schaefer-Ryan-Lambert. It
is an extension of the ESA triple-wall equation‘and was derived following a programme of impdct tests on
a variety of typical equipment located behind spacecraft panels. The equipment included electronics boxes,

batteries,

The SRL eq
failure of t
was defing
equipment

vire harnesses, pressure vessels, propellant pipes and heat pipes.

juation was calibrated so that its ballistic limit curve corresponded with the onset of]
he equipment. For pressirized equipment, such as propellant pipes and propellant taj
bd as rupture or leaKage. For electrical equipment, such as harnesses or electro
Lspecific failureceriteria were established corresponding with observed functional

such as vo

The SRL e
design, is s
high (v, 2y

|
([uation for,a sandwich panel with honeycomb core (excluding equipment), i.e. a dual

age spikes, data errors or power loss.

hown inTable C.3. It assesses the impact performance of the shield over the three velod
W, Jow (v, <)), and intermediate (v, < v, < v).

functional
hks, failure
hics boxes,
anomalies,

wall shield
ity ranges:
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Table C.3 — SRL BLE for a dual-wall shield design

Panel type Velocity Ballistic limit equation
regime
Sandwich panel with P 1/3
honeycomb core 1,155 51/3;53\,/3 [ﬂ]
70
Vy 2V ¢\ 2/3 1/3 1/9 2/3 5
K3]/) pp/ pb/ v¥/ (cos®)
18
; 1/2 “1—9
—w_ | ¥ ) +t
v, SV d, = (H3s | 2V )
0,6pé/2v2/3 (c056)5
V<V, <V See Formula (C.3)
Table C.4 lists possible values for some of the terms in the SRL equation.

Table C.4 — Values for terms in the SRL equation

Outer layer v Vi Kss | Ksp (-« )
Al 3 7 14 | 04 43 (if 45° < 6 < 65°), else 5/4
CFRP 4,2 8,4 1,1 0,4 4/3
Other 3 7 1,4 0,4 4/3 (if 45° < 6 < 65°), else 5/4
It should He noted that the thickness terms in the SRLtequation are for aluminium walls. To d

thickness
areal densi

ta =t

A more de
Reference

By way of i

Ballistic lignit curves are shown for an aluminium spherical projectile impacting a dual wall ShﬁE
hgles. In this example the shield is a sandwich panel with 0,145 cm thick CFRP face-s

different a
5,06 cm th

pf another material, such as CFRP, into the“équivalent thickness of aluminium then
ties are assumed, as shown in Formula (C.5).
PCFRP

FRP
[ Pal ]

failed consideration of the-application of the SRL equation to CFRP sandwich panels
32].

|lustration, Figure G.2 provides a plot of the SRL BLE for a typical CFRP sandwich pane

ck aluminiuit-honeycomb core. The influence of the three velocity regions is clearly se
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I 2 03 4 5 6 7 8 9 1011 1213 1415 X
Key
X  impactjvelocity (km/s)
Y  projectjle diameter (cm)
x  impactfat 0°
A impactjat 45°

Figure C.2 — Example ballistic limit curves for a dual wall CFRP sandwich panel

The SRL equation can be applied to a variety of multi-wall shield designs, including:
— MLI with a stand-off distance to an underlying equipmentitem;

— MLI placed directly on top of an equipment item;

— an equlipment item placed behind a single wall shield;

— honey¢omb sandwich panels (with or without MLI);

— an equlipment item placed behind a dual.wall shield, such as a sandwich panel (with or withofit MLI).

It is important to exercise care when-applying the SRL equation to a particular shield design. Reference [6]
provides s¢veral examples of how the‘equation can be used properly. It should also be noted that, given the
generalisedl nature of the SRL eguation, the calculated ballistic limit can sometimes be conservatjve.

C.3.5.3 S[IPBLE

The STP g¢quation is.-fhamed after its originators, Sibeaud-Thamié-PuilletlZ]. It provides the critical
perforation diametér)for a projectile of density py, impacting a honeycomb sandwich panel at velpcity v and
takes the foprm shewn in Table C.5. It is applicable both to the high and low velocity regimes.

Table C.5 — STP BLE for a honeycomb sandwich panel

Panel type Velocity regime Ballistic limit equation
Sandwich panel with 1
honeycomb core v, 2V, Ky (thc +t,, +K2tg p}% ) A

v, <V de =

)
K1 pEv7 (cos)f plss® pet
v <v,<vy See Formula (C.3)

In this BLE the weighting coefficient ¢, is always 0, and so the term p, . has no influence on the calculation of
the ballistic limit.
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The total thickness of the honeycomb cell walls, t;, is calculated in Formula (C.6).

n
e =[1f<4 r Int(s tzne ﬂ (C.6)

Where the “Int” function returns the integer part of any real argument and the terms r and g define the
honeycomb cell geometry, as shown in Figure C.3:

Ok

b n il Valllay h Y £ L £l 1 11 2
rigulc U.o — UCIHIIIIUII U1 IUIICYCLUIID LTI gCUIIICLT Y

The paramleters in the equation have the values listed in Table C.6.

Table C.6 — BLE parameter values

Parameter vp <V (=3) vy 2 vy (7)) )
K 0,6 (0, ,,/40) 05 3,918 (0, ,,/70373] 15
K, (0, w/40) 05 0
A 1,056 1,5
B 0,5 0,5
4 2/3 1
K 0 0
6 0 -0,5
& 5/3 1
&1 0 0,167
o 0 0
U 1 0
K 1,22 1,12
K, 6,014 0,014
n 0,374 5 0,293

C.3.6 BLE for a sandwich panel with a metallic foam core

The BLE in|Table C.7 assesses the impact performance of a metallic foam core sandwich panel ovdr the three
velocity rapges: high (= v;), low (v < v}), and intermediate (v, <v < vy) [33].

Table C.7 — BLE for a metallic foam core sandwich panel

Panel_tﬁe Velocity regime Ballistic limit equation

Metallic foam core 2/3 0,45
sandwich panel (tw +0,5pa ¢ /P )"t (Gy,w /70)

1/3

vz, d.=1,915
¢ PéBPtl,/sz/g (C059)4/5
05 .11
(tb iy (Gy,w /40) i (pf / Pw ))
vsy d.=1,83
18/19
(pg'5V2/3 (c050)4/5) /
Vi <v<yy See Formula (C.3) (use vinstead of v )
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The following values for vy and v, can be used in the BLE:
— v, =4,0 (cos6)1/3
— v, =2,25 (cosh)1/3

C.3.7 BLEs for a metallic pressurised vessel

Whether or not a pressurised vessel ruptures on impact depends on its internal pressure. Some studies have
shown that when the pressure is below 15 % to 25 % of a metallic pressure vessel’s static burst pressure
then rupture is unlikely to occur (see References [34] to [37]). This can be a reasonable assumption to
make when analysing the impact-induced break-up risk of such a vessel. For higher pressures, though, it is
necessary to use a BLE that can determine whether rupture occurs.

One such $LE has been derived from tests of unshielded spherical and cylindrical metalli¢)’g

vessels im
is sometin
According
operating (
ultimate te
impact ene
noting that
and so it is

acted along their radial trajectory line, where the failure criterion is rupturel38ICTHe
es referred to as an RLE, is shown in Table C.8. The equation takes the form-of a
to the originators of the equation, “To render the equation as broadly appli¢able as p
onditions (x-axis) were parameterized as the hoop stress in the tank (nog-dimensional
nsile stress of the tank wall material), and the impact conditions (y-axis) were param
rgy (non-dimensionalised by a number of appropriate tank wall material properties).”
the ratio of hoop stress to ultimate stress decreases as a tank enipties during its oper
important for an impact risk analysis to take this into account.

Table C.8 — BLE for a metallic pressupised vessel

ressurised
BLE, which
power law.
bssible, the
ised by the
eterized as
It is worth
htional life,

W3ll type Ballistic limits@‘ation
L2 B
Spheyrical 2 MpY _ [ 50
metdllic pres- “3a e
surided tank (p i3 )Cz Pp 3/ u
w
b Pw

The ballist
equation i

where

a=1,
a=72%,

Thus, assu

ic limit can be expressed in terms.of the mass of the impacting projectile by rearr
Table C.8 as follows:

p B p 23
4| Oh 3\ c?| o H3/4 |2
[C,j (hat3) [p v

u w

if pp/pw < 1,5
if pp/pyp>A,5

mirlg the SD/M impactor is spherical, the critical diameter, d,

,d., is given by:

anging the

€.7)

f

6mp):|1/5
7Py )

(€.8)

Values for the power law terms are listed in Table C.9 according to the shape of the pressurised vessel.

Table C.9 — BLE power law values

Vessel shape A B
Spherical tank 0,838 -1,115
Cylindrical tank 0,327 -1,661
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Based on these power law values, the ballistic limit curves for spherical tanks and cylindrical tanks can be
plotted, as shown in Figures C.4 and C.5, respectively. In both figures the power law curve separates the
regions of rupture and non-rupture.

Y

dN

1N

2 N

1 \K’\“"Nm

| P R T | P T T S T S S R R
t 1 t 1ttt
n n n n n n n n n X
n < < N N ™Mo SN N0 0NN 0 O
[ = = IR =N N N = N e = =N = N N = N e

Key
X hoop sfress/ultimate stress
Y non-dijnensional projectile energy

Figure (.4 — Rupture/non-rupture response of radially impacted spherical metallic tanks (with
hoop stress normalized by material ultimate strength at the test temperature)
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Figure C.5 — Rupture/non-rupture response of radially impacted cylindrical metallic tanks

Usually, a propellant tank operates with a stress ratio (0,,/0,) of 0,5 at the beginning of the mission, and
a smaller stress ratio of 0,2 at the end of operations. Following the simple procedure outlined in 7.2.4, a
typical spherical titanium tank, with a wall thickness of 0,9 mm has an impactor rupture limit diameter
of 5,8 mm at the beginning of operations and 8,1 mm at the end of operations. Thus, when the tank is
operated at an altitude of 700 km, the cumulative flux of impactors with diameters larger than these limits
is 0,000 70 impacts per square metre per year and 0,000 45 impacts per square metre per year, respectively,
according to the SD/M environment model MASTER-8. Therefore, the average cumulative flux is 0,000 58
impacts per square metre per year.
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When the tank cross-section is 0,24 m2, and the operational life is 5 years, the average probability of rupture
is 0,000 7. This probability is lower than the 0,001 threshold for the probability of break-up caused by stored
energy, as specified in SO 24113, and so it can be deemed low enough to be of limited concern.

A further consideration is that propellant tanks or high-pressure vessels are not usually exposed directly to
outer space, particularly at the vulnerable front surfaces of a spacecraft. Normally, they are hidden inside
the spacecraft behind various structural elements or other equipment. This means that an impacting object
will most likely be fragmented, thereby decreasing the penetrative damage that it can cause to a tank or
pressure vessel.

Finally, an alternative RLE, applicable to a spherical titanium alloy (Ti-6Al-4V) pressurised tank containing
hydrazine, has been developed using numerical modelling techniquesl32l. The equation is shown in

Formula (C.9).

d.=K

C

o

where the

have not yg¢

at low
inert f

at pres
critica

aroun

C.3.8 BL

Preliminarly power law BLEs have been developed for COPV using the failure criteria of rt
perforation, respectively[49, Both equations arelisted in Table C.10, and the ballistic limit curve
in Figure C.6. In this instance thé.impact conditions (y-axis) are parameterized a
momentum (non-dimensionalised).

is plotted

V—0,865

symbol, K, contains all of the parameters (material properties, etc.) exceptfor p,, the
vapour hydrazine pressure (in the range 1 bar to 5 bar)2), and v, the impact velocity»Although
t been experimentally validated, some interesting observations are made, including:

pressures (< 0,2 bar), hydrazine reactivity has no additional detrimental effect comy
uid, i.e. there is no detonation of vapour hydrazine;

sures in the range 1 bar to 5 bar, once detonation occurs,‘then pressure has no ef|
| diameter, i.e. the RLE does not depend on pressure;

the tr:jlnsition between ‘non-reactive’ and ‘reactive’ hydrazine’occurs between 0,2 barand 1 b
0,8 bar to 0,9 bar.

Es for a composite overwrapped pressure vessel

Table C.10 — BLE, for a composite overwrapped pressure vessel

(C.9)

b saturated
the results

ared to an

fect on the

hr, possibly

Ipture and
for rupture
5 impactor

Wall type Failure OV Ballistic limit equation
criterion |
L1 L L3 B
Rupture "% Pp 14 . lin P 20, R B
3 | Ou,comp '/ Pcomp 100 100 Oy, comp
pcompttot -
comp
Composite A A
overwrapped
pressure mpVy ( Pp ]Ll [1 Oy, lin 2 1 Oy, lin o
vessel 1/2 100 100
Perforation P 3 Ou, comp Peomp
of liner comp“tot comp
(front face)
G
—p|1-—h
. 1—e Ou, comp
— PO
1-¢7?

2) 1bar=0,1 MPa=105Pa; 1 MPa=1N/mm?2
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Care is needed when applying the BLEs in Table C.10. For example, some of the stress terms use the units of
ksi whereas others use MPa.

Values for the power law terms are listed in Table C.11.

Table C.11 — BLE power law values

Term Value
A 2,166 x 103
B -0,943
D 4,0
G 7,25
Ly 0,1
L, -1,0
Ly -1,0
P, 6,0 x 103
Y

0,35

03

0,25

0.2

0,15 k

0,1 \

0,05

/

I

0,01 +
0,02 +
0,03 +
0,04 +
0,05 +
0,06 +
0,07 +
0,08-+
0,09
0,1
0,11 +
0,12 +
0,13 +
0,14 +%
0,15 +
0,16 +%
0,17 +
0,18 +
0,19 ~
0,2
>

Key
X  hoop sfress/composite ultimate tensilestress
Y non-dimensional projectile momentum

Figurle C.6 — Rupture/mnon-rupture response of radially impacted composite overwrgpped
pressure vessels

C.4 Development of a ballistic limit equation

C.4.1 Gepneral

This clause relates to step 3.2 in case 1 and case 2a.

If a suitable ballistic limit equation cannot be identified for a particular surface or combination of surfaces,
then it can be necessary to adapt an existing BLE or derive a new one. Adaptation of a BLE, such as one of
those listed above, can be considered if the equation closely matches the particular shield / structure design
of interest. Usually this is the case, but occasionally, if the design is sufficiently novel, a new BLE is necessary.

The most common way to satisfy either of these approaches is to perform a set of HVI tests. In the case of
a BLE adaptation the number of impact shots is generally quite limited, since the purpose is just to provide
a small number of ballistic limit reference data points against which the existing equation can be adjusted.
By contrast, the development of a new BLE can require an extensive impact test program involving a wide
variety of shots.
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To adapt an existing BLE, one can consider the following limited impact test programme:

a) impactshots in each of the following three velocity ranges: the ballistic range (typically below ~3 km/s),
the transition range (typically between ~3 km/s and ~7 km/s), and the hypervelocity range (typically

above ~7 km/s);

b) impact shots at each of the following two angles: the angle perpendicular to the outermost surface and

the mean angle of impact on the outermost surface, as determined from an analysis of the directional
impact fluxes.

C.4.2 Hypervelocity impact testing

Ideally, a BLE should span the entire impact velocity range of on-orbit impacts, which is approximately 1 km/s

to 16 km/s[for space debris and 11 km/s to 7Z Km/s for meteoroids. Since laboratory hypervelocity launchers
generally dannot accelerate millimetre-size projectiles much beyond 10 km/s, it is sometimes n%cessary to
combine the laboratory experiments with numerical simulations (e.g. using hydrocodes)\to characterize
BLEs over [the full velocity range. Therefore, HVI tests are necessary to (a) obtain theeferende points of
BLEs with|n the testable range and their verification, and (b) provide data for testing (i.e. vrification,
calibration)) of the numerical codes (including models of material behaviour under, H¥I conditiong).

The hyperyelocity launchers normally used for impact testing are the following:

— one-stpge powder guns;

— two-stiage light-gas guns;

— electrgmagnetic launchers;

— electrgstatic launchers;

— blast (explosive) launchers.

The follow|ng types of measurement technique can be employed:

— optical registration of the impact process (high frame-rate photography);

— X-ray 1legistration of the impact process_(if possible, multi-flash and multi-aspect X-ray);

— registiation of dynamic pressuresystresses, and impulse by gauges placed into target;

— registiation of time of arrival by contact gages;

— post-tgst study of damageZ¢raters, holes, etc.).

Reference [1] provides jnformation on several HVI launchers that are capable of simulating SD/M impacts on
targets. Thiese have been put through a series of calibration tests, defined by the IADC, to provideconfidence
in the resu|ts obtained.

C.4.3 Hydrocode modelling

In order to perform numerical simulation of fast transient events, innovative numerical methods have been
under development since the early 1950s. These so-called hydrocodes or wave-propagation codes allow the
study of the time-resolved progression of acoustic and shock wave propagation due to impact, penetration, or
detonation in fluids and solids. This class of codes is fundamentally based on a spatial and time discretization
of the impacting bodies into small elements to which the first principles or conservation equations for mass,
momentum and energy are applied over small time steps. In hydrocodes, the first principles of physics are
applied together with an equation of state to give the relationships between pressure, density, and internal
energy. This provides a complete set of equations governing hydrodynamic behaviour.

Hydrocode modelling complements impact testing as a means of determining ballistic limit equations,
particularly at the very high velocities that are characteristic of SD/M impacts. Before applying a hydrocode
for this purpose, its applicability needs to be verified by comparison with experimental results. Reference [1]
provides information on several hydrocode models which might be suitable. These have been undergoing a
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series of benchmark simulations defined by the IADC for the purpose of demonstrating that results obtained
are comparable to those from impact tests.

C.5 Uncertainty considerations for ballistic limit equations

C.5.1 General
This clause relates to steps 3.1 and 3.2 in case 1 and case 2a.

The development of a ballistic limit equation based on hypervelocity impact tests is susceptible to a number
of uncertainties. These include variations in the performance of the materials under test, changes in the
test environment, and the accuracy of measurements. In the worst case, these uncertainties can give rise to

completely
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The shape of an SD/M particle can be described by its length-to-diameter (L/D) ratio. Generally, space
debris particles of the order of a few millimetres have small L/D ratios. Thus, the particles have a reasonably
compact shape and closely approximate a sphere. By contrast, space debris objects larger than approximately
one centimetre in diameter have higher L/D ratios but are much less massive than a sphere of the same
characteristic length.

Impact risk analyses generally assume that the shape of an SD/M particle can be described by its
characteristic length, which is approximated by a sphere of the same diameter. This assumption is driven
in part by the limitations of impact test facilities, which generally use spherical projectiles to derive the
BLEs used in impact risk analyses. Unfortunately, the assumption is not well supported by analyses of the
distribution of particle shapes from spacecraft fragmentation events [41] and recent laboratory impact test

© IS0 2024 - All rights reserved
41


https://standardsiso.com/api/?name=667361f08ce3ffd066a058256f5f289a

ISO 16126:2024(en)

studies!#2]. For example, Reference [43] shows that the shape of a particle and its orientation at impact can

have a sign

ificant influence on the ballistic limit.

The effect of particle shape is currently an active area of research within the IADC, and should eventually
lead to the development of new or modified particle shape-dependent BLEs. This will mitigate a long-
standing source of uncertainty in impact risk analyses.

C.5.3 Temperature dependence

Impact tests have shown that the shielding performance of materials under hypervelocity impact varies
with temperature. At cryogenic temperatures the impact damage on some aluminium alloys and composite
materials is slightly less pronounced than at room temperaturel#4l. At higher temperatures, such as 110 °C
and 210 °C, impact tests revealed that the hole diameters in bumpers were noticeably larger than those in
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Annex D
(informative)

Guidance for implementing impact protection on a spacecraft

D.1 Gen
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relates to step 5.1 in case 1 and case 2a.
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on information in Reference [1], a study called ReVuS, which is summarised in-Refé
edge of best practices in the industry. The guidance is given primarily fromhe point
ing impact protection, and does not necessarily consider other aspects of.the spacec
ich trade-offs might be necessary.

siderations for evaluating impact protection solutions
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its demisability during uncontrolled re-entry of the spacecraft.
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D.3 Guidance for implementing impact protection at the spacecraft level

D.3.1 General design measures

There are several possibilities for improving the survivability of a typical unmanned spacecraft without
necessarily adding dedicated shielding mass. These involve design modifications at the spacecraft level. For
example, the following general design measures can be considered:

a)

b)

d)

f)

g)

modify the geometric characteristics of the spacecraft either to minimise the cross-sectional area of
the most vulnerable surfaces in the direction of the highest SD/M impact flux or to change the angles of

exposed vulnerable surfaces with respect to the flux;

take full advantage of the available structures on the spacecraft and add dedicated shielding layers only

where[necessary, for example, to protect those surfaces of the spacecraft, or its critical equipment, that

are idgntified as being particularly vulnerable to impact;

optimise the layout of equipment, including harnesses, with respect to the direction of t
impact flux, for example by locating critical or sensitive equipment items in the leastvulnera

he highest
ble parts of

the spdcecraft, or hiding them behind other more robust items (shadowing), or positioning them further

away flrom vulnerable surfaces, or re-orientating them;

compartmentalize the interior to mitigate the effect of a small SD/M impact on vulnerable
used in spacecraft disposal or on equipment containing a large~amount of stored e
compartment structure can achieve this by acting as a bumperfyshield; it can also help
fragments resulting from the break-up of a pressurised vessel bya’small SD/M impactor;

increape the redundancy of vulnerable equipment items used in spacecraft disposal to n
effect pf small SD/M impacts;

determine if it is better for an equipment item to have collocated redundancy or distributed r|
to mitigate the effect of small SD/M impacts;

avoid placing redundant hardware in line with major flux vectors or close to one another
disadviantages on cable routing and thermal properties are expected; this is to reduce the
impactor damaging both primary and back<up equipment items;

includ¢ automatic systems (e.g. autematic isolation valves and self-sealing bladders) to isolate
of impact damage, such as propelant leakage;

include an impact sensor network to detect impacts and guide operators in resolving any ano
can result;

equipment
hergy. The
to contain

itigate the

edundancy

f no major
risk of an

the effects

malies that

include the capabilityto-perform safe-mode operations to isolate and recover from the attitfide control

anomaly effect duelte-an SD/M impact;

includ¢ the capability to optimise the attitude profile of the spacecraft when it is exposed to 3

in elevated

impact risks-or when it is not required for operational purposes, to increase protection in the direction

of the highest impact flux; note that normal attitude control operations might not be poss

ble during

such s¢enarios.

D.3.2 General design constraints

When designing the geometric characteristics of a spacecraft and the location and orientation of externally-
mounted equipment, it is worth considering the possible damage effects from ejecta released by an oblique
impact on an exposed surface. ISO 11227 [2] provides a test procedure for characterising the ejecta released
from a surface when it is impacted by an SD/M particle.

When optimising the layout of equipment with respect to the impact flux direction, it is important to
consider the following constraints:

a)

maintaining a satisfactory centre of mass for the spacecraft;
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ng the thermal requirements of equipment units are satisfied;

limiting the use of spacers and balance masses;
limiting the length of cables;

maintaining EMC between sensitive units or emitting magnetic units;

ng units by functionality to reduce the overall harness mass and AIT complexity;
ing heavy units on a stiff interface;

ing moving parts that can induce vibrations as far as possible from the payload.

b) ensuri
)
d)
e)
f) groupi
g) mount
h) mount
When conj
against: a

(thereby increasing mass and reducing reliability), more complex AIT sequences, and~the n

protect sw

D.3.3 Su

D.3.3.1 Propulsion

In view of
impacts by
offered by

If there arg
more vuln
feasible. Fg

a)
b)

when {

when t
feedin

c) inthe
Alternativd
pressure a

There can
providing
of valves 4
areas, then

The use of
considerat

fdertng physical separation of redundancies, 1T 15 Tmportant to batance the protectt
higher volume demand, additional harness mass, the necessity for supplementary

itches relaying between the redundant units.

bsystem-specific design measures

the critical nature of a propellant tank, it can be advantageéus to protect such an
locating it in a part of the spacecraft that takes full adyatitage of the surrounding
pther equipment, structures and any additional reinforcément that is deemed necessa

multiple tanks on a spacecraft, then it can be desirable to deplete and depressurise t
brable locations first. Note, however, that there ave several situations where this m
r example:

he mass balance properties of the spacecraftare adversely affected;

he reliability of the propulsion system isiadversely affected due to an increased risk of a
b line malfunction;

Case of multiple bipropellant tanks it is not necessarily feasible to deplete one before a

bly, to reduce the break-up\risk defined in case 2a, it can be better to decrease the
cross all of the tanks by Gising them equally. Careful study is necessary to select the cor}

hlso be benefits in@euting propulsion subsystem pipes to avoid vulnerable areas of a
Certain design criteria are satisfied, such as: minimized length, residuals, pressure lo
nd sensors, AlT)and thermal aspects. If it is not possible to route pipes away from
it is worth.censidering whether to add shielding to protect the pipes.

shut-off-valves and containment to protect other equipment if a leak occurs is another
on,

Since thru

n benefits
connectors
pcessity to

item from
protection

Fy.

hose in the
ght not be

propellant

hother.

maximum
ect option.

spacecraft

bS, position
vulnerable

important

sters are pvpncpd items fhﬂy are difficult to shield from QnI/M impar‘fc’ and so thd

preferred

protection

approach for these items is to ensure there is sufficient redundancy.

D.3.3.2 Batteries

When pressurised battery cells are to be used on a spacecraft, it is important to subject them to the same

impact des

ign considerations as other pressurised vessels.

It is also important to select shielding for batteries based upon the type of cell to be protected, its failure
modes, and the acceptability for loss of individual battery cells.
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D.3.3.3 Avionics

It can be beneficial to decentralise the avionics functions by using a distributed architecture within the
spacecraft.

D.3.3.4 Solar array

It is important to size a solar array to take account of the degradation in its performance, caused by the
accumulation of damage from small SD/M impacts during the mission lifetime, so that the specified loss
factor (x per year, in per cent) is satisfied.

When designing a solar array, it is worth considering the effect of different sizes of impact on the various
parts of the solar array, such as an individual cell or a string of cells, so as to minimise the power loss.

It is important to incorporate a robust wiring architecture, with redundant electrical connectiorlls between
cells, strings, modules, and arrays, and with suitable numbers of by-pass diodes to minimise)power loss if a
string of cdlls drops out of the power-generation circuit.

To enhancg the survivability of a deployable solar array, one of two different approaches can be taken, either:

a) use th:[n, flexible arrays so that a penetrating particle can pass through causihg relatively little damage; or

b) use toyghened panels to absorb the kinetic energy of the particle. This €ah be achieved by toyghening or
lamingting solar cell cover glasses, or adding MLI (or enhanced ML1) t6 the rear of the panel structure.
MLI has demonstrated its ability to act as a protective bumper byyabsorbing the energy of gmall SD/M
impactor. During impact, a small SD/M is progressively disrupted as it passes through the MLI layers,
with the extent of failure increasing in the lower layers and a gradual reduction in the|impactor’s
velocitly.

D.3.3.5 Wire harness

If a wire harness is vulnerable to impact then its survivability can be enhanced either by adding shielding,
designing in redundancy or routing it away from wwlnerable areas of the spacecraft.

The follow|ng shielding methods merit consideration:
a) using thicker cable insulation;

b) adding a protective, flexible layer such as MLI or ceramic cloth, taking care not to compfomise the
thermal radiation requirements’of the harness.

Within the constraints of mass and complexity, when designing a wire harness to have redunfdancy, it is
worth congidering the folowing:

— spatially separatethe redundant cables to reduce the vulnerability to impact, especially in exgosed areas
wherellittle orho’additional protection can be provided;

— ensurd thé.cables are of equal length (for resistance reasons);

— avoid inducing unwanted magnetic Iields due to separate routing of the cables;

— since redundant cables meet at connection points on an equipment item, ensure these locations are well
protected.

D.3.3.6 TT&C antenna

When positioning an antenna it is beneficial to consider the inherent protection provided by other parts
of the spacecraft, whilst remaining in the proximity of associated hardware (to reduce cable length) and
satisfying field-of-view and thermal requirements.

The use of redundant antennae, where feasible, also merits consideration.
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