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ABSTRACT

The concept of equivalent re-entry breakup altitude and
fragment list tries to build a bridge between the two
re-entry analysis approaches (i.e. object-oriented and
spacecraft-oriented) by using the strengths of both and
overcoming their drawbacks. The results of a full
spacecraft-oriented analysis are post-processed to pro-
vide a statistical analysis of the breakup process, i.e. aver-
age or most-probable equivalent fragmentation altitudes.
The surviving fragments of a full spacecraft-oriented
analysis, which are arbitrarily shaped and can consist
of several subsystem components, are transformed into
equivalent simple-shaped fragments. Equivalence be-
tween both re-entry analysis approaches is achieved if
this concept provides nearly identical on-ground risk re-
sults. This paper describes the development of the con-
cept of equivalent re-entry breakup altitude and fragment
list, and its application to a test scenario for uncontrolled
re-entries.

NOMENCLATURE

AOCS Attitude & Orbit Control Subsystem
AOP Argument of Perigee
AZM Flight Azimuth (rel. to East direction, North pos-

itive)
EPS Electrical Power Subsystem
FP Footprint
FPA Flight Path Angle (rel. to local horizon)
HNS Harness
OBDH Onboard Data Handling
PL Payload
RAAN Right Ascension of Ascending Node
SAW Solar Array Wings
STS Structure Subsystem
TAN True Anomaly
TCS Thermal Control Subsystem
TTC Telemetry, Tracking & Command

1. INTRODUCTION

Almost all space agencies have developed numerical
analysis tools to determine the on-ground risk caused

by surviving fragments from spacecraft re-entering into
the Earth’s atmosphere [1, 2]. There are in general
two classes of tools used for this purpose: the so-called
object-oriented and spacecraft-oriented tools.

Object-oriented tools can be operated quite easily and do
not need much computing capacity. However, these tools
have to rely on a user-defined fragment list describing
all potentially surviving fragments as simple-shaped geo-
metric objects (e.g. spheres, boxes, cylinders, flat plates).
The breakup process itself is not analyzed or predicted by
these tools, but is subject to the assumptions and experi-
ence of the tool operator.

Spacecraft-oriented tools try to predict the fragmentation
process, providing more information about breakup alti-
tudes, number of fragments, and fragment shapes. This
requires a more detailed description of the re-entering
spacecraft and more sophisticated analysis algorithms.
The time and costs for spacecraft-oriented analyses can
be about one order of magnitude higher than for object-
oriented re-entry analyses. The much higher computing
time for such an analysis prevents the application of this
approach in real Monte-Carlo type safety assessments.

The concept of equivalent re-entry breakup altitude and
fragment list tries to build a bridge between these two
re-entry analysis approaches by using the strengths of
both and overcoming their drawbacks. The two ESA re-
entry analysis tools SCARAB (spacecraft-oriented) and
SESAM (object-oriented) are used to analyze an artifi-
cial test scenario for uncontrolled re-entries to assess this
concept.

1.1. SCARAB

SCARAB (Spacecraft Atmospheric Re-Entry and
Aerothermal Break-Up) is a spacecraft-oriented soft-
ware tool allowing the analysis of mechanical and
thermal destruction of spacecraft and other objects
during re-entry (controlled or uncontrolled). It is an
integrated software package (six degrees-of-freedom
flight dynamics, aerodynamics, aerothermodynamics,
thermal- and structural analysis) used to perform re-entry
risk assessments (quantification, characterization and
monitoring of surviving fragments during re-entry). The
software application has been validated with in-flight
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measurements, re-entry observations and wind tunnel
experiments, and it has been compared to other re-entry
prediction tools of the international community.

SCARAB has been developed under ESA/ESOC con-
tracts since 1995 under the lead of HTG (Hyper-
sonic Technology Göttingen) and with support from
other European and international partners. It is con-
sidered as operational software. The software de-
velopment has evolved over time, based on lessons
learned from preceding software versions, upgrades and
specific re-entry analyses performed for various satel-
lites (e.g. ROSAT, BeppoSAX, TerraSAR-X, GOCE,
Sentinel-2/3, SWARM), and for the ATV and the ESA
launcher programs. Typical launch vehicle (or similar)
re-entry applications have been: Ariane-5 stages (EPC,
EPS/VEB, ESC-A), Vega stages (Zefiro-9, AVUM), and
ATV.

SCARAB version 3.1L [3] has been used for this paper.

1.2. SESAM

HTG has also developed SESAM (Spacecraft Entry Sur-
vival Analysis Module), a module of the ESA DRAMA
(Debris Risk Assessment and Mitigation Analysis) soft-
ware [4]. SESAM is an object-oriented re-entry analy-
sis code based on a user-defined fragment list of simple
shaped objects (sphere, box, cylinder, flat plate) which
are released at an also user-defined breakup altitude. The
aerodynamic drag and aerothermodynamic heating coef-
ficients are the same as in NASA’s ORSAT 5.0 (Object
Reentry Survival Analysis Tool, [5]).

SESAM version 1.1a has been used for this paper.

1.3. Test Case

The primary test case for this paper is a stan-
dard SCARAB test scenario for uncontrolled re-entries
(UNC). The properties of an artificial satellite have been
derived in the frame of an ESA study called Risk Assess-
ment for Destructive Re-entry [6, 7] as an average repre-
sentation with respect to size, mass budget, and subsys-
tem components of scientific one-ton class Earth obser-
vation satellites in low Earth orbit. The size of the box-
shaped main body is 1.8 m x 1.8 m x 3.2 m. The two
solar arrays have a size of 1.3 m x 3 m each. The mass
budget for this satellite and its subsystems is shown in
Tab. 1. Fig. 1 shows the SCARAB model (with and with-
out structure). Tab. 2 contains the basic SESAM fragment
list for UNC.

2. BASIC RE-ENTRY ANALYSIS RESULTS

As a first step, basic re-entry analysis results have been
produced with SCARAB and SESAM for the UNC test

Table 1. UNC Mass Budget

Subsystem Mass [kg]

AOCS 76.681
EPS 120.797
HNS 73.445
OBDH 41.311
PL 437.047
SAW 84.037
STS 319.633
TCS 29.717
TTC 15.422

Total 1198.090

Figure 1. SCARAB Model of UNC

case. The initial conditions are given in Tab. 3. The
different initial Kepler elements used by SCARAB and
SESAM ensure equal geodetic initial conditions upon
reaching the re-entry interface at 120 km altitude (see
Fig. 2). Minor differences in the geodetic parameters re-
sult from different state vector conversion routine imple-
mentations of the tools. Both tools have been used with
their default settings:

• SCARAB:
Zonal harmonic terms up to J4, MSISE-90 atmo-
sphere model (F10.7 = 100, Ap = 6), thermal frag-
mentation at melting temperature, minimum frag-
ment mass 300 g

• SESAM:
Zonal harmonic terms up to J2, US-76 atmosphere
model, solar panel break-off at 95 km altitude,
break-up at 78 km altitude, fragment release tem-
perature 300 K



Table 2. Basic SESAM Fragment List for UNC

Name Shape No. of Width/Diam. Length Height Mass Material
fragments [m] [m] [m] [kg]

Parent∗ Box 1 3.2 1.8 1.8 1114.053 -
SAW Plate 2 3.0 1.3 - 42.019 -

Attitude & Orbit Control Subsystem:†

AOCS-B1 Box 2 0.4 0.4 0.3 4.432 AA7075
AOCS-B2 Box 4 0.3 0.2 0.1 1.206 AA7075
MTQ Cylinder 3 0.1 0.7 - 0.563 AA7075
GPS-Ant Cylinder 2 0.3 0.15 - 1.737 AA7075
RWL Cylinder 4 0.34 0.06 - 8.686 A316
STR Box 2 0.3 0.15 0.15 0.529 AA7075

Electrical Power Subsystem:
EPS-B1 Box 2 0.4 0.4 0.3 4.432 AA7075
EPS-B2 Box 1 0.3 0.3 0.2 12.865 AA7075
Battery Box 1 0.7 0.4 0.3 99.067 AA7075

Harness:
HNS1 Cylinder 1 0.05 0.8 - 4.838 Copper
HNS2 Cylinder 2 0.05 0.38 - 2.298 Copper
HNS3 Cylinder 1 0.05 0.4 - 2.419 Copper
HNS4 Cylinder 1 0.05 0.75 - 4.536 Copper
HNS5 Cylinder 1 0.05 0.975 - 5.896 Copper
HNS6 Cylinder 1 0.05 1.55 - 9.373 Copper
HNS7 Cylinder 1 0.05 0.24 - 1.451 Copper
HNS8 Cylinder 1 0.05 0.85 - 5.140 Copper
HNS9 Cylinder 1 0.05 0.9 - 5.443 Copper
HNS10 Cylinder 1 0.05 0.7 - 4.233 Copper
HNS11 Cylinder 1 0.05 1.2 - 7.257 Copper
HNS12 Cylinder 1 0.05 0.26 - 1.572 Copper
HNS13 Cylinder 1 0.05 0.25 - 1.512 Copper
HNS14 Cylinder 1 0.05 0.29 - 1.754 Copper
HNS15 Cylinder 2 0.05 0.86 - 5.201 Copper
HNS16 Cylinder 1 0.05 0.5 - 3.024 Copper

Onboard Data Handling:
OBDH-B1 Box 1 0.2 0.2 0.2 6.073 AA7075
OBDH-B2 Box 1 0.5 0.5 0.5 4.196 AA7075
OBDH-B3 Box 1 0.5 0.4 0.2 21.581 AA7075
OBDH-B4 Box 5 0.3 0.2 0.1 1.206 AA7075
OBDH-B5 Box 1 0.5 0.3 0.2 3.433 AA7075

Payload:
Telescope Cylinder 1 1.0 1.2 - 42.843 AA7075
PL-B1 Box 2 0.4 0.4 0.4 57.101 AA7075
PL-B2 Box 2 0.6 0.3 0.2 35.584 AA7075
PL-B3 Box 1 0.3 0.2 0.1 5.512 AA7075
PL-B4 Box 2 0.3 0.1 0.1 2.79 AA7075
PL-B5 Box 4 0.5 0.4 0.2 22.085 AA7075
PL-B6 Box 1 0.7 0.6 0.4 109.402 AA7075

Thermal Control Subsystem:
TCS-B1 Box 1 0.4 0.3 0.3 25.285 AA7075
TCS-B2 Box 1 0.4 0.4 0.3 4.432 AA7075

Telemetry, Tracking & Command:
Antenna Cylinder 3 0.3 0.15 - 2.101 AA7075
TTC-B1 Box 1 0.4 0.3 0.1 7.953 AA7075
TTC-B2 Box 1 0.3 0.3 0.2 1.167 AA7075

∗incl. STS
†excl. RWL housing and brackets









Table 7. Equivalent SESAM Fragment List for UNC

Name Shape No. of Width/Diam. Length Height Mass Material
fragments [m] [m] [m] [kg]

Parent∗ Box 1 3.2 1.8 1.8 1114.053 -
SAW Plate 2 3.0 1.3 - 42.019 -

Attitude & Orbit Control Subsystem:†

RWL Cylinder 4 0.34 0.06 - 8.686 A316

Electrical Power Subsystem:
Battery Box 1 0.7 0.4 0.3 99.067 AA7075

HNS:
HNS1 Cylinder 1 0.05 0.8 - 4.838 Copper
HNS2 Cylinder 2 0.05 0.38 - 2.298 Copper
HNS3 Cylinder 1 0.05 0.4 - 2.419 Copper
HNS4 Cylinder 1 0.05 0.75 - 4.536 Copper
HNS5 Cylinder 1 0.05 0.975 - 5.896 Copper
HNS6 Cylinder 1 0.05 1.55 - 9.373 Copper
HNS7 Cylinder 1 0.05 0.24 - 1.451 Copper
HNS8 Cylinder 1 0.05 0.85 - 5.140 Copper
HNS9 Cylinder 1 0.05 0.9 - 5.443 Copper
HNS10 Cylinder 1 0.05 0.7 - 4.233 Copper
HNS11 Cylinder 1 0.05 1.2 - 7.257 Copper
HNS12 Cylinder 1 0.05 0.26 - 1.572 Copper
HNS13 Cylinder 1 0.05 0.25 - 1.512 Copper
HNS14 Cylinder 1 0.05 0.29 - 1.754 Copper
HNS15 Cylinder 2 0.05 0.86 - 5.201 Copper
HNS16 Cylinder 1 0.05 0.5 - 3.024 Copper

PL:
PL-B5/6 Box 1 0.7 0.6 0.6 131.487 AA7075

∗incl. STS
†excl. RWL housing and brackets

6. SUMMARY AND OUTLOOK

This paper has described the development of the concept
of equivalent re-entry breakup altitude and fragment list,
in order to build a bridge between the object-oriented and
the spacecraft-oriented re-entry analysis approaches by
using the strengths of both and overcoming their draw-
backs. The two ESA re-entry analysis tools SCARAB
(spacecraft-oriented) and SESAM (object-oriented) have
been used to analyze a test scenario for uncontrolled re-
entries, an artificial scientific one-ton class Earth observa-
tion satellite in low Earth orbit. Basic re-entry analysis re-
sults, based on the default settings of the tools and a basic
fragment list, have been produced and compared. A sta-
tistical analysis of the SCARAB fragmentation process
provided mean fragmentation altitudes below and above
90 km altitude.

Three equivalency principles have been applied to
SESAM: equivalent fragmentation event altitudes
(i.e. solar panel break-off and spacecraft breakup),
equivalent fragment release temperature, and equivalent
fragment list. The latter has been achieved by removing
all subsystem components from the basic fragment list
which are demising completely in SCARAB, and by
combining those fragments from the basic fragment

list which are surviving in SCARAB as connected
fragments.

By applying this equivalency concept to SESAM, the re-
sult differences between SCARAB and SESAM could be
reduced significantly. Especially the difference between
resulting casualty risk figures could be reduced from 43%
to 13%.

The development and assessment of this equivalency con-
cept will be continued. Next steps will be application of
the concept to other test scenarios, automation of the con-
cept, and extension to other physical processes such as
heating.
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