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ABSTRACT

SCARAB (Spacecraft Atmospheric Re-Entry and
Aerothermal Break-Up) is an ESA software tool al-
lowing the analysis of mechanical and thermal destruction
of spacecraft during controlled or uncontrolled re-entry.
It is an integrated software package (flight dynamics,
aerodynamics, aerothermodynamics, thermal and struc-
tural analysis) used to perform re-entry risk assessments
(quantify, characterize and monitor surviving fragments
during re-entry). The software has been validated with
in-flight measurements and re-entry observations, and
it has been compared to other re-entry prediction tools
(NASA, FSA/Russia). The software has been developed
continuously since 1995 and has evolved over time based
on lessons learned from preceding software versions,
upgrades and specific requests on re-entry analyses per-
formed for various satellites (e.g. ROSAT, BeppoSAX,
TerraSAR-X, GOCE), the Automated Transfer Vehicle
(ATV), and the Ariane-5 launcher program. During the
studies for the Ariane-5 stages, it turned out that the
re-entry analysis of launch vehicle stages requires to model
and to analyze special phenomena and features not nec-
essary for satellites. Obvious differences to satellites are:
tank bursting events due to the full or residual propellant
loading, possibility of explosions due to fuel leaks or fuel
release by tank bursting, different dynamic behavior due
to sloshing effects. Consequently, the development of a
special launcher dedicated extension — SCARAB 3.1L
— started at the end of 2006. This extension intends to
integrate into the latest SCARAB release all the com-
plementary tools and analysis methods which have been
developed due to urgent needs of launcher related re-entry
analysis work in the last years. This paper describes the
development history of SCARAB, the general analysis
approach, and the implemented analysis methods, with
special attention on the development of launcher specific
analysis capabilities for the new SCARAB 3.1L.

1. INTRODUCTION

The development of SCARAB started in 1995 with
an ESOC (European Space Operation Center) contract
awarded to HTG with ITAM (Institute of Theoretical and
Applied Mechanics, Russia), GMV (Grupo de Mecanica

del Vuelo, Spain), and FGE (Fluid Gravity Engineering,
United Kingdom) as subcontractors. This team established
the basis for SCARAB. They combined five technical dis-
ciplines, aerodynamics, aerothermodynamics, dynamics,
thermodynamics, and structural mechanics, which are rele-
vant to perform a numerical re-entry simulation of a space-
craft including its destruction into one multi-disciplinary
analysis system. The development of SCARAB 1.0 was
completed end of 1997.!

Mid of 1998, shortly after the release of SCARAB 1.0, a
new contract was awarded to HTG, ITAM, Energocosmos
(Russia), and the Moscow State University for the devel-
opment of SCARAB 2.0. The main objective for this de-
velopment was to improve and optimize the first version
in order to make SCARAB applicable to re-entry analyses
for projects like Ariane-5 and ATV. The development of
SCARAB 2.0 was completed early in the year 2000, with
an additional contract extension completed in 2002.23

During the development of SCARAB 2.0, requests for
comparisons between SCARAB and NASA’s re-entry anal-
ysis software ORSAT (Object Reentry Survival Analysis
Tool) came from the IADC (Inter-Agency Space Debris
Coordination Committee). Furthermore, a re-entry analy-
sis for ATV was requested by ESA. In order to accomplish
these tasks, an intermediate upgrade of SCARAB 1.0 was
necessary since SCARAB 2.0 was not yet available. This
lead to the HTG in-house development of SCARAB 1.5.4

Although SCARAB 1.5 was never meant to be an official
release of SCARAB, this version was later on also used
for many other re-entry analyses like for ROSAT, Ariane-5
stages (EPC, EPS and ESC-A), BeppoSAX, TerraSAR-X,
and GOCE. The decision to use SCARAB 1.5 instead of
SCARAB 2.0, which was completed in the meantime, was
mainly driven by its stable performance and the good con-
fidence of the users in this version. Many additional fea-
tures were developed to fulfill the analysis requests of the
projects, all summarized in a support toolbox for SCARAB
L.5.

The disadvantage of the decision to keep on using
SCARAB 1.5 for the requested re-entry analyses was that
SCARAB 2.0 was never brought to similar maturity. Thus,
some of the new desirable features of SCARAB 2.0 were
not available for these analyses.

The development of SCARAB 3.0 started at the beginning
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of 2002. One of the main objectives for this version was
to merge the two development branches. The capabilities
of SCARAB 1.5 (incl. its support toolbox) and SCARAB
2.0 should be combined into one integrated version with
project maturity. This goal was achieved by the end of
2005.°> SCARAB 3.0 has just successfully completed its
first application to an Ariane-5 EPC re-entry analysis.®

The complex studies for Ariane-5 stages performed in the
past revealed that re-entry analyses for launch vehicle stage
require additional or different analysis capabilities, respec-
tively, than for satellite re-entries. Finally, this lead to the
latest step in the SCARAB development history: SCARAB
3.1L (’L” for launcher). The development of this version
started end of 2006 and should be completed until the end
of 2008. The objective is to upgrade SCARAB 3.0 by im-
plementing those analysis features which have been identi-
fied to be especially necessary for the analysis of launcher
stage re-entries.

2. GENERAL ANALYSIS APPROACH

The SCARAB software distinguishes between two basic
steps: spacecraft modeling and re-entry analysis. The mod-
eling step comprises the complete geometry definition of
the spacecraft based on geometric primitives (e.g. spheres,
boxes, cylinders, etc.). The surface of each primitive is
partitioned into triangular surface panels with user-defined
resolution (see FIG. 1). These panels are the primary ba-
sis for all analysis steps. A material can be assigned to
each primitive. The properties of these materials (e.g. den-
sity, melting temperature, heat capacity, etc.) are stored in
SCARAB’s material database. This material database pro-
vides constant and temperature dependent properties, and
can be extended by the user depending on his modeling
needs.

FIG. 1:

Geometric SCARAB Model of Ariane-5 EPC
(cryogenic main stage)

The re-entry analysis can be subdivided into three basic
tasks: dynamic, thermal, and fragmentation analysis. The
dynamic analysis provides the computation of the re-entry
trajectory and the attitude motion of the spacecraft. The
thermal analysis calculates the heating and melting of the
spacecraft during re-entry. The fragmentation analysis de-
termines the destruction of the spacecraft into fragments.
All fragments can either demise completely, break-up into
new fragments, or impact on the ground. All fragments
must be subject to all three analysis tasks separately.

The dynamic analysis numerically solves the equation mo-
tion (Runge-Kutta method with variable time steps based
on error estimations). The sums of all acting forces and
torques form the right sides of the equations of motion.
Eq. 1 is the force equation given in the inertial frame (su-
perscript index 1), Eq. 3 is the moment equation given in

Re-entry Risk Assessment for Launchers - Development of the New SCARAB 3.1L

T. Lips, B. Fritsche et al.

the body-fixed frame (superscript index B). The spacecraft
position and attitude vectors are calculated by solving the
differential Eqgs. 2 and 4.

(1) msc V' =Y Fl(#,d 1)
) A=V

B3) 18Py +10Ps+ s <10 =3 TP, 1)

1

4) § =05007;
msc Spacecraft mass
Vi Spacecraft acceleration vector
F! External force vectors
A Spacecraft position vector (center of mass)
q Quaternion vector (spacecraft attitude w.r.t. in-
ertial frame)
t Time
?’,\7’ Spacecraft velocity vector (center of mass)
1 Spacecraft moments of inertia matrix
_.';_33 Angular acceleration vector of the body-fixed
' axes w.r.t. inertial frame
I Time derivative of the spacecraft moments of

inertia matrix

g Angular velocity vector of the body-fixed axes
w.r.t. inertial frame

T",-B External torque vectors

Z}[ Time derivative of the quaternion vector

0 Quaternion matrix of the spacecraft attitude in

the inertial frame

The thermal analysis calculates the temperature of each
panel of the geometry. Each panel has a uniform tempera-
ture (one thermal node). The panel temperatures are com-
puted based on Eq. 5. The left side of this panel heat bal-
ance gives the sum of all heat sources and sinks, the right
side gives the corresponding temperature change depend-
ing on the panel mass and the specific heat capacity of the
panel material.

dr,

(5 Qp.,lot = Qp.,conv + Qp,cond + Qp,rad =m,Cp W

Qp,mf Total heat flux on the panel

Op.conv  Convective (aerothermodynamic) heat flux on
the panel

Q‘,,‘m,,d Conductive heat flux on the panel

Op rad Radiative heat flux on the panel

mp Panel mass

cp Specific heat capacity of the panel material

T, Panel temperature

In SCARAB, the convective (aerothermodynamic) heat
flux is always positive. Convective cooling is neglected as
the aerodynamic and aerothermodynamic methods are only
valid for hypersonic conditions (Ma > 6). The conductive
heat flux summarizes the net heat flux (positive or nega-
tive) resulting from conductive heat exchange of a panel
with all its neighbor panels. It depends on the tempera-
ture gradients between the thermal nodes and the thermal
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conductivity of the panel materials. The radiative heat flux
computation considers by default only the radiative cool-
ing and is therefore always negative. It depends on the
panel temperature and the emission coefficient of the mate-
rial. External radiative heating (e.g. from the shock in front
of the spacecraft) is neglected as this is usually only rel-
evant for high speed re-entries of spacecraft coming from
outer space (e.g. planetary probe re-entries). Radiative heat
exchange between panels is implemented in SCARAB but
usually not used as the computation effort for this feature
is very high.

The thermal analysis has to distinguish between panel heat-
ing and melting. If the melting temperature of a panel is
reached, the panel temperature remains constant and the
panel mass is reduced:

. dm
6 =g, —L
(6) Op.tor dm dr
qm Specific heat of melting of the panel material

The fragmentation analysis considers two effects: thermal
and mechanical fragmentation. Thermal fragmentation is
the separation of spacecraft components due to melting of
connecting elements. A structural integrity check algo-
rithm determines after each simulation time step if there
are unconnected groups of panels. These fragments are
treated as separate fragments afterward. Mechanical frag-
mentation means the breaking of connections due to acting
forces and torques. Whereas thermal fragmentation is con-
sidered throughout the complete re-entry analysis, mechan-
ical fragmentation is only determined for a limited number
of user-defined cut planes. A cut plane through the space-
craft defines the load-bearing joints (group of panels in-
tersected by the cut plane) and the two fragments on both
sides of the cut plane. The stress inside the joints is cal-
culated based on the forces and torques acting on the two
spacecraft parts separated by the cut plane. If the stress
exceeds the strength of the joint material (temperature de-
pendent), the connection breaks and the two fragments are
also treated as separate fragments.

3. ANALYSIS METHODS

3.1. Aerodynamics

Egs. 1 and 3 require the sum of all forces and torques act-
ing on the spacecraft during re-entry. By default, SCARAB
considers loads from aerodynamics, gravitation (includ-
ing zonal harmonic terms up to J8), third body perturba-
tions (Sun and Moon), and solar radiation pressure. Since
SCARAB 3.0, also forces and torques caused by thruster
firings can be included.

The most complex analysis method is the aerodynamic
analysis. The aerodynamics module of all SCARAB ver-
sions determines the aerodynamic loads depending on the
actual flow conditions (free molecular, transition regime,
continuum flow), spacecraft shape and attitude. This is
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achieved by an integration of the pressure and shear stress
components acting on the unshadowed surface panels.

(7) Fy=0.5p.V2 /S (cpii+cef)dSus

®) M, :O.Spwvjfs [(F—Few) % (cpii+ coT)] dSus

Fy Aerodynamic force vector
My Aerodynamic torque vector
Poo Free stream density

Veo Free stream velocity

cp Local pressure coefficient
cr Local shear stress coefficient
7 Panel normal vector

7 Panel tangential vector

Sus Unshadowed surface

7 Panel position (center)

Fem Spacecraft center of mass

Free molecular flow (subscript index FM):

s

1[H(Sn) X(Sn) Tw}
Nz 2 VI

T1(S,
(e

Cp,FM

sin @ 260 1
10) ¢ = S){1+a+b | —— =
(10)  crrm NTE (Sn) " t(n 2))
with:
g2 1
T1(S,) = S,e ™"+ (Sﬁ + 2) [1+erf(S,)]
@
X(Sn) = e S+ /TS, [1+erf(S,)]
2 S 2
erf(S, :—/ e ¥ dx
(Sn) VT Jo
S, = S cos O
Seo =Maw/X/2
Seo Free stream speed ratio
Sy Normal fraction of S..
Tw Wall temperature
T Free stream temperature
0 Local flow inclination (see FIG. 2)
a,,b, Nocilla coefficients (normal)
az, by Nocilla coefficients (tangential)
Mae. Free stream Mach number
K Specific heats ratio

Continuum flow (subscript index C):

2
¢p.c = kn1cpo c0s” 0 +kyo

(11)

12) czc=0
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Surface

FIG. 2: Local Flow Inclination

with:

K+1 K—1
2kMa2 —k+1
and correction factors ky1 and ky» for modified Newtonian
theory:

cosO > 0.73: kyi=1 kyy=0
cos <0: kyi =0 kypy =0
0.73 > cos6 > 0:
ot — 1 0.73 —cos O
0.73 Nlei 073 4
713 —cos

kyy=—— |(k+1 24—

N2 073 (KD eos 0+
Dst Stagnation point pressure
Poo Free stream pressure

Transitional regime:

(13)
(14)

cp=cCpct+ (Cp,FM —CpﬂC)fp(KnP)
¢t = corm fo(Knz,0)

with bridging functions f), and f7:

Y

fr= % (l+erf[AK7nrp log (f”é’)])

Kn, > 1.8: AKn, =13

Kn, <1.38: AKn, =14

1 Vi3 Kn,;

=—11 f 1
fe 2( e {AKnT o8 (0.555)})
Kn; > 0.555: AKn; =1.5
Kn; <0.555: AKn; =2.5
Knp = Kne

Kng = Kne/(0.240.8 cos® 0)
Kne.o = 210070(poo7 To)/Lref

Ao — 3.2-.[1(T0)
07 b /TV2RT,
Lref =2 Apr/ﬂ,'
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Kne. Modified Knudsen number

Moo ) Modified mean free path

Ty Temperature behind normal shock

Lyey Spacecraft reference length (diameter of a
sphere with equivalent projected area)

u Dynamic viscosity

R Gas constant

Apr Spacecraft projected area

3.2. Aerothermodynamics

The aerothermodynamics module of SCARAB calculates
the convective heat flux Q) cony from the flow onto the sur-
face panels of the modeled spacecraft, required by Egs. 5
and 6. As for the aerodynamics analysis, the convec-
tive heat fluxes depend on the actual flow conditions (free
molecular, transition regime, continuum flow), spacecraft
shape and attitude.

In continuum flow, SCARAB 1.0 used the interpolation
formula proposed by Detra, Kemp, and Riddell” for the
stagnation point heat flux in laminar flow. The profile of
the laminar heat transfer around the spacecraft was com-
puted using a combination of the laminar stagnation value
and tabular laminar heat transfer profiles for various blunt
bodies (ellipsoids with different fineness ratios). For turbu-
lent heat transfer, the local heat fluxes were directly com-
puted based on the interpolation formula proposed by Detra
and Hidalgo®. This approach provided the local turbulent
heat transfer depending on the distance from the stagnation
point, which was approximated by the shortest distance be-
tween the surface position and the stagnation point. The
choice of whether to use the laminar or turbulent formu-
lations was made using a standard Reynolds number ap-
proach.

In free-molecular flow, the local heat fluxes on the space-
craft surface were calculated with a local flow inclination
dependent method given by Daley®. A Knudsen number
bridging function was used to combine free-molecular and
continuum heat fluxes in the transitional flow regime.

The aerothermodynamic methods of SCARAB 1.0 proved
to be not flexible enough for re-entry objects of arbitrary
shape like satellites, while providing good results only
for aerodynamically shaped objects like capsule or rocket
noses. A new method was developed for SCARAB 1.5 and
later. This method works more similar to the aerodynamic
method, calculating local heat transfer coefficients (Stanton
numbers) for each panel.

The laminar-turbulent transition is now neglected by this
method. During the development of SCARAB 3.0, much
effort was put into the development of turbulent exten-
sion with streamline tracing. Unfortunately, this attempt
failed due to the complex arbitrarily shaped re-entry ob-
jects, which was also the reason to revise the original
aerothermodynamic method of SCARAB 1.0.
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Qp,conv :Ap,us St Poo Voo

(15)
(0.5V2 — cpair (T — Ts))
Ocom =0.5p. V2 [ StdS,s
(16) SMX
Ve Cpair /S St (Tiy — T) dSus
Apus Unshadowed panel surface area

St Local heat transfer coefficient (Stanton number)
of the panel

Specific heat capacity of the air

Total convective heat flux on the spacecraft

Cp,air

QC ony

Free molecular flow:

Stry =
M=o /nss,

: lx(&) (Si+ e

17
—o.5e35]

with k¥ = 5/3 for full accommodation of the molecule’s
translational energy and no accommodation of their inter-
nal energy.

Continuum flow (modified Lees ' theory):

2.1
(18) Stc = fe(6)
A /Reoo70
with:
Voo P L
Re..o = Peo ey
(To)
cos0>0: fc=0.14+09cosB
cosf <0: fc=0.1
Re. Modified Reynolds number
Liey Spacecraft reference length (same as for Knud-

sen number calculation)

Transitional regime (bridging function):

Stem

£/ 1+ (SIFM/Stc)2

(19) St =

3.3. Shadow Analysis

All panels of the spacecraft geometry are subject to a
shadow analysis because panels can be shadowed from
the flow. Only the unshadowed surface fraction of each
panel contributes to the aerodynamic and aerothermody-
namic loads (see Egs. 7, 8, 15, and 16). The shadow anal-
ysis of SCARAB is based on geometric area projections in
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Shadow

—>
V.

FIG. 3: Shadow Analysis Schematic

flow direction. Flow expansion behind shadowing panels is
neglected (Mae,, Sco — ©0).

There are two types of shadowing. Leeward panels
(cosB < 0) are shadowed from the flow by themselves.
Windward panels can be shadowed by other panels lying
in front of them.

3.4. Panel Definition and Melting

The geometric primitives of SCARAB 1.0 defined only sur-
face shells with zero wall thickness. The real wall thickness
was only virtually specified by the user in order to facilitate
the calculation of mass, center of mass, and moments of in-
ertia of each primitive. Also the thermal analysis required
the mass of each surface panel.

The aerodynamic and aerothermodynamic loads were only
calculated for the outside surface of each panel. The back
side surface (semi-transparent panels of the left cone in
FIG. 4) was not considered by the analysis modules. There-
fore, SCARAB 1.0 was only capable to analyze geometries
with completely closed surfaces. In case of the left cone
shown in FIG. 4, this meant that the geometry had to be
closed by two circular discs, for example.

The problem of unconsidered back side surfaces reap-
peared though at later steps of the re-entry analysis when
panels start to melt and holes in the surface are generated.
If holes are present, the back side surfaces are no longer
shadowed completely and must be taken into account by
the aerodynamic and aerothermodynamic analysis. Also
the exposed edges of panels around such holes with zero
wall thickness do not represent the geometry correctly any-
more.

In summary, it has to be concluded that SCARAB 1.0 could
perform re-entry analyses only until the first melting of a
surface panel. This limitation was resolved by SCARAB
1.5.

The most important improvement of SCARAB 1.5 was the
introduction of volume panels (see FIG. 5). Each volume
panel of a geometric primitive defines now not only one
outside surface panel but up to eight: one front side panel
(identical to the original surface panel), one back side panel
(separated from the front side by the wall thickness), and up
to six lateral panels (depending on the covering by neighbor
panels).

Molten volume panels (incl. all surface panels) are auto-
matically removed during the re-entry analysis. Newly ex-
posed lateral surface panels are automatically generated if
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FIG. 4: Surface Panelization — SCARAB 1.0 (left)
vs. SCARAB 1.5 and later (right)

Volume Panels
(SCARAB 1.5 and later)

Surface Panels
(SCARAB 1.0)

FIG. 5: Surface Panels vs. Volume Panels

neighbor panels have been removed due to melting. The
exposure of formerly shadowed inside panels is correctly
treated by the shadow analysis. All mass properties (i.e. to-
tal mass, center of mass, moments of inertia) are continu-
ously updated based on current volume panel data.

The implementation of this SCARAB feature, the so-called
pane-wise melting, was the major development step to
make SCARAB applicable to real re-entry analysis scenar-
ios.

4. IMPROVEMENTS FOR LAUNCHER

In addition to the total mass and size, the most signifi-
cant difference between launcher stages and satellites is the
presence of very large tanks containing a huge amount of
propellant. The liquid and gaseous tank contents can be
a multiple of the structural mass. At the time of re-entry
residual tank contents can influence the dynamic and de-
struction behavior of the stage. This section will outline
the tank specific analysis capabilities of SCARAB.

4.1. Tank Bursting

During re-entry, the aerothermodynamic loads are directly
increasing the tank wall temperature. The tank content is
also heated due to thermal conduction from the tank wall
into the tank content (liquid and/or gaseous). This will
finally lead to an evaporation of the liquid (if present).
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Throughout this heating process, the tank pressure p; is in-
creasing. In parallel, the temperature increase of the tank
shell decreases the strength of the tank material, reducing
the burst pressure p; of the tank. The final consequence
is the bursting of the tank if the tank pressure exceeds the
burst pressure.

The first tank analysis method of SCARAB was already de-
veloped for SCARAB 1.5 as an external tool during the re-
entry analyses for ATV. This method was integrated com-
pletely into SCARAB 3.0.

The current tank analysis specifies tank contents (liquid and
gaseous) as a mass point with uniform temperature inside
of the tank shell. The tank heating process can be subdi-
vided into three phases (if liquid is present):

1. Liquid/gas heating phase — pressure increase due to
liquid expansion and gas heating

. Liquid evaporation phase — pressure increase dom-
inated by evaporation process, tank pressure equals
evaporation pressure of the liquid (p; = p,)

3. Vapor/gas heating phase — pressure increase due to

heating of gaseous tank contents

These phases are also illustrated in FIG. 6. For pure gas
tanks, only the third phase is applicable.

1) !
Pressuregas Pressuregas
— W
N
Liquid Liquid
) /93/
e
= 2
2 1 J
é e T i
Py
Temperature

FIG. 6: Liquid Evaporation during Re-entry — Tank Pres-
sure Increase and Bursting Pressure Decrease

The tank analysis of SCARAB 3.0 considers only liquid-
gaseous phase transitions and vice-versa. SCARAB 3.1L
will include all possible phase transitions for tank contents.
Especially freezing and deposition (gas-to-solid) turned out
to be relevant for the cryogenic propellants of the Ariane-5
EPC. FIG. 7 shows the simplified phase diagram that will
be the basis for modeling three-phase material properties
of tank contents in the SCARAB material database.
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FIG. 7: Phase Diagram for Tank Contents (SCARAB 3.1L)

The decrease of the burst pressure is computed based on
user-defined reference bursting conditions. A reference
tank burst pressure py, ¢ is specified for a reference tem-
perature T}, ..y (manufacturer data). These values are cor-
related with the decreasing ultimate tensile strength O,
between T}, s and the current maximum tank wall temper-
ature T}, ,,qx Which corresponds to the weakest point of the
tank shell:

Omax ( Ttw,max )

(20)
o-max(Tb,ref)

Pb(Ew,max) = Pb,ref *

4.2. Tank Explosion

In SCARAB 3.0, a tank bursting event has no destructive
consequences on the re-entry object. Only the tank con-
tents are released, reducing the total mass of the spacecraft.
However, the release of high energetic fuels into the high
enthalpy flow environment during re-entry is likely to ig-
nite such tank contents. This could possibly cause an ex-
plosion of the burst tank.

Fuel tank explosions and the corresponding fragmentation
of the re-entry object will be treated by SCARAB 3.1L. A
fragment generator based on the breakup model of NASA’s
EVOLVE 4.0!! has been developed. If an explosion event
is detected during re-entry, the re-entry object is destroyed
completely. Explosion fragment properties like size and
mass are randomly sampled according to the distribution
functions of the breakup model. A shape identification al-
gorithm determines the most likely simplified geometric
shapes (i.e. spheres, boxes, cylinders) that are in line with
the fragment parameters.

In a next step, all explosion fragments are subject to a
re-entry analysis with SESAM (Spacecraft Entry Survival
Analysis Module, SESAM !?). SESAM is a fast, 3 degrees-
of-freedom (no attitude computation, random tumbling as-
sumed) re-entry analysis tool for simplified geometric ob-
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jects. SESAM has the capability to analyze thousands of
explosion fragments down to the ground within only a few
seconds.

As for a standard SCARAB analysis, the final output of a
SESAM analysis are number, size, mass, and impact veloc-
ity of all surviving fragments, as well as their impact loca-
tions. These data can be used to asses the risk for people
on the ground to be hit or injured by surviving spacecraft
fragments.

During the latest discussions for the development of
SCARAB 3.1L it was proposed not to destroy the complete
re-entry object into fragments according to the breakup
model. Especially the complete breakup of components
consisting of high strength materials (e.g. a rocket engine)
is considered as rather unrealistic. Therefore, methods will
be developed to exclude certain materials from the frag-
ment generation process and follow-on SESAM analysis.
These materials should be treated as intact SCARAB frag-
ments.

4.3. Tank Sloshing

Sloshing of liquids is a complex effect depending on many
parameters like tank shape, liquid properties, container
movement, acceleration, etc. 13 For the use in the SCARAB
3.1L software, a simplified model had to be created which
depends only on the acceleration vector of the spacecraft,
the liquid volume and the tank shape. This model is based
on the combination of three independent damped spring-
mass systems which are oriented perpendicularly to each
other and each one is parallel to one of the axes of the tank-
fixed coordinate system. The equation of motion for such
a system is given in Eq. 21.

1) X +2D; ;% + 0?x; =0
Xi Spring elongation for system i w.r.t. tank-fixed
coordinate system
D, Damping coefficient for system i
w; Circular frequency for system i

For the calculation of the frequencies, a method devel-
oped by Leonard and Walton ' is used. This method de-
scribes the determination of sloshing frequencies in rota-
tional elliptic tanks. Three kinds of sloshing are distin-
guished depending on the acceleration vector acting on the
liquid: horizontal, longitudinal, and transversal sloshing
(see FIG. 8). The original equations are given in Eqs. 22—

24.
h .
(22) o, = \/ ie,z tanh ( are 8,,)
T'free V'free
h
(23) =42 k,,,,tanh( ell k,‘,,>
Olfree Olfree
h
(24) o = | =2k tanh( e k)
Ofree Olfree
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wy, Horizontal frequency

; Longitudinal frequency

0 Transverse frequency

g Gravitational acceleration

T free Radius of circular free surface

Ofree Semi mayor axis of elliptical free surface

h Liquid depth of the ellipsoidal tank

Liquid depth in reference circular cylinder,

heire = f (R Feire)

her Liquid depth in reference elliptical cylinder,
hey = f(h7acirc)

hcirc

& n™ root of first derivative of Bessel function of
first order and first kind

ki n,kn  Constant proportional to positive parametric ze-
ros of the first derivatives of the Mathieu func-
tion

n Sloshing mode

ell

FIG. 8: Sloshing Directions: Horizontal, Longitudinal, and
Transversal Sloshing

These equations needed to be modified for the use in
SCARAB during re-entry. The constant gravitational ac-
celeration is replaced by the actually acting acceleration
vector of the spacecraft. Only the first sloshing mode is
considered and a correction factor is introduced. The fre-
quencies depend on the filling height, the acceleration and
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the eccentricity of the tank.

Due to the fact that only accelerations parallel to the
main axes of the rotational ellipsoid were investigated by
Leonard and Walton '#, a bridging method had to be found.
Sloshing frequencies can be calculated based on one com-
ponent of the acceleration vector for the two other direc-
tions. This yields six frequencies in total (two per direc-
tion). Weighted mean values are used for each direction,
with the acceleration vector components as weighting fac-
tors.

In order to use this model, the real tank shape has to be
transfered into an equivalent rotational elliptic tank. This
is achieved by determining the maximum tank dimensions
for each tank axis. The mean value of the two length values
with the smallest difference is considered as the length of
the two equal axes of the ellipsoid. The third axis has the
length of the other main axis of the tank. The equivalent
tank has to fulfill two conditions: the ratio of the two main
axes has to be equal to the ratio of the original tank, and the
equivalent tank has to have the same volume.

The position of the center of mass of the liquid at the begin-
ning of a SCARAB simulation time interval is compared to
the steady state position. This provides the displacement at
the beginning of the time interval for each direction. The
center of mass moves during the interval according to the
oscillation equation (Eq. 21). The damping coefficients
must be specified by the user. The steady state position
of the center of mass is calculated under the assumption
that the steady state surface will be oriented normal to the
acceleration vector.

In SCARAB 3.0, liquid tank contents are modeled as fixed
mass points located in the center of mass of each tank. In
SCARAB 3.1L, these mass points can move. Therefore,
also the spacecraft center of mass can move. This causes
also changes of the moments of inertia. In SCARAB 3.0,
the center of mass and the moments of inertia are only
changed by fragmentations and panel melting. However,
they are assumed to be constant during a time interval.
Therefore, the / &')EB term in Eq. 3 could be neglected. This
is not true anymore for SCARAB 3.1L due to the simula-
tion of sloshing effects.

One test case for the sloshing module was a cylindrical tank
with spherical endings. The re-entry started at 200 km alti-
tude with a velocity of 7 km/s. The tank had a initial pitch
rate of 60 deg/s. The tank was filled with about 37 m?® of
liquid hydrogen, with a mass of about 3 t. 5 kg of Helium
were used as pressure gas. The tank had a total length of
about 20 m. The diameter was about 5.4 m. FIGS. 9-12
show some SCARAB results with and without simulation
of sloshing.

At the beginning of the re-entry, the centrifugal force is
dominating. Gravitational and aerodynamic accelerations
do not influence the tank content. Thus, the liquid is located
at one end of the tank. At lower altitudes, when the aero-
dynamic forces on the spacecraft increase, the stable tank
rotation is disturbed and the liquid starts to slosh causing a
tumbling motion of the tank.

Due to the tumbling of the tank, the liquid center of mass
moves into the direction of the center of the tank. This ef-
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fect is also increased due to the beginning evaporation of
the liquid hydrogen. The spacecraft center of mass also
moves closer to the center (see FIG. 9). This has a large in-
fluence on the movement because the pitch rate is damped
by this effect (see FIG. 10). The positive pitch rate is finally
reduced to zero and afterward oscillates around zero with a
high amplitude.

The other two rotation rates are shown in the FIGS. 11 and
12. They also increase much more than in the case without
sloshing simulation. For the analyzed tank, the considera-
tion of sloshing effects results in an earlier and much more
pronounced tumbling motion.

Another interesting effect was that due to the different tank
motion some panels of the sloshing tank got higher heat
fluxes than without sloshing. Therefore, the bursting pres-
sure was reached earlier. The sloshing tank burst at higher
altitudes.

145
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FIG. 9: Spacecraft Center of Mass (COM, length direction
of the tank)
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5. SUMMARY AND CONCLUSIONS

SCARAB is a software tool for the numerical simulation of
the destruction process of spacecraft re-entering the Earth’s
atmosphere. This paper has described the development his-
tory of SCARAB from its first release in 1997 to the lat-
est development steps for the new SCARAB 3.1L which
will provide dedicated analysis modules for the re-entry
of launcher stages. The general analysis approach for the
three basic tasks of a re-entry analysis — dynamic, ther-
mal, and fragmentation analysis — has been outlined, and
analysis methods for the calculation of aerodynamic and
aerothermal loads have been presented. All these meth-
ods are based on triangularly panelized geometry defini-
tions for the re-entry object. While surface panels with zero
wall thickness were sufficient for the calculation of aerody-
namic and aerothermal loads, the introduction of volume
panels with the actual wall thickness was necessary to per-
form a complete destruction analysis on panel level. The
essential development of the so-called panel-wise melting
for SCARAB 1.5 brought the software to applicability for
real space projects and the required risk assessments within
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such projects.

The latest re-entry analyses for the Ariane-5 program re-
vealed special needs for the simulation of launcher spe-
cific effects. The major difference between launchers and
satellites identified in this context is the presence of large
tanks with a high amount of propellant inside. Therefore,
the development of the new SCARAB 3.1L has been ini-
tiated in 2006. This version should be finalized by the
end of 2008. This paper has described the implementa-
tion of three tank specific analysis capabilities: tank burst-
ing, explosion, and sloshing. Especially the introduction
of the simulation of liquid sloshing inside of tanks consti-
tutes another major step for the improvement of SCARAB.
Sloshing has a dominating effect on the dynamics of a re-
entering launcher stage and thus also on the follow-on de-
struction process until the tank is damaged and the liquid is
released.
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