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ABSTRACT

The software system SCARAB ('Spacecraft Atmo-
sphericRe-entryandAerothermaBreak-up’)is designed
to calculatethe destructionof spacecraftiuring their re-
entry flight through the Earth atmosphere. This soft-
ware hasa modularstructure,combiningflight dynam-
ics,aerothermodynamicthermalanalysisandstructural
analysis. The software hasbeenappliedto several test
cases.Someresultscould be verifiedwith in-flight mea-
surementsptherresultswerecomparedvith otherexist-
ing re-entry predictiontools. Now we are working on
re-entrysurvivability studiesfor satellitesat their end of
mission. Currentlythereare several satellitesof interest
in orbit which will make an uncontrolledre-entry dur-
ing the next few years.For satelliteswithout controlabil-
ity the SCARAB S/W computeghe satellitedestruction
history and the groundimpactrisk. For 'controlled re-
entries’ (uncontrolledre-entryafter a de-orbitboost)the
computationscan give recommendationfor the choice
of suitableentry conditions. The presentpaperpresents
resultsof currentstudies.

1. INTRODUCTION

Earth-orbitingspaceobjectswhich werenot designedo
survive a re-entryinto the atmosphereusually burn up
during re-entry but very heary or compactonesor parts
thereof may survive and reachground. If it is known
that partsof a spacecrafwill survive the re-entry then
the objectshouldbe de-orbitedwith a controlledmaneu-
vre, if this is possible. A recentexampleis the Comp-
ton GammaRay Obsenatory (CGRO), with a massof
about17 tons, which was de-orbitedover the Northern
Pacific Ocean. A very acutecaseis the Russianspace
station Mir, with a massof more then 130 tons. An-
other class of spacecraftcomprisesobjectswhich are
going to re-enterin an uncontrolledmannerduring the
next several years. Figure 1 shavs the orbital height of
someof thesesatellitesduring the last two years. The
shavn casesare: Abrixas, a X-ray satellite,moving un-
controlled sinceits malfunctioningshortly after launch
in April 1999; Sax,anotherX-ray satellite;Rosat,alsoa
X-ray satellite,moving uncontrolledsinceits endof mis-
sionin February1999; Tubsat-N,a small 'nano’satellite
with communicationfunctions; and Champ, which ex-
ploresthe gravitational and magneticfield of the Earth.

All thesesatelliteswill re-enteithe Earthatmospheren-
controlled. The Tubsatsatellitewill burn-upcompletely
This is alsoprobablefor Abrixasand Champ,with their
massesbout500 kg, but a morerefinedanalysisis cer
tainly requiredfor Saxand Rosat,with masseof more
thanlton.

2. THE SCARAB SOFTWARE SYSTEM

The SCARAB S/W systeni1—4] consistof severalmod-
ules:

¢ asystemmanagemwith amenu-drvenuserinterface,

e ageometrymodulefor the constructiorof a spacecraft
from elementsaandfor the generatiorof surfacepanels,
e a model definition module for the specificationof
model-dependentarameterge.g. masspropertiesref-
erencequantities),

e amaterialdatamodulecontainingmaterialdatatables,
o four re-entryanalysismodules(seebelow),

e avisualisationtool for animatedview of the re-entry
history,

2.1. Flight dynamic analysis

The flight dynamicsmodule of the SCARAB system
analyseghe motion of a spacecraftluring its entry into
the Earth's atmosphere. The analysisstartswith user
definedinitial conditions(statevector, atmospheri@nvi-
ronmentetc.),andcomputeghepositionandtheattitude
of the spacecrafasfunction of time. The currentflight
dynamicstateis forwardedto the otherSCARAB analy-
sis modules. During entry, the thermalor the structural
analysismoduleare able to detecta spacecrafdisinte-
grationevent, causingthe original S/C to break-upinto
smallerparts. In this casethe flight dynamic analysis
hasto be terminatedand, after generatiornof nev mod-
elsfor the S/C parts,to berestartedor eachof the frag-
mentsseparately The flight dynamiccomputationwill
stopagain,if thetracedfragmentitself disintegratespr if
it is destroyedby heatingor if thefragmenthits ground.

Thefinal motionof thefragmentds computecon a prob-
abilistic basiswith 3 degreesof freedom. The trajecto-
ries are computedstartingwith the last point computed
with thefull simulation. The geometryis projectedonto
its principal axis of inertia. From theseprojectedareas
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an effective body shapes determinedo getthe aerody-
namiccoeficientsasfunctionof Machnumberandangle
of attack.Thegrounddispersioris examinedby comput-
ing trajectoriesfor the most probableand the mostun-
favourablesetof coeficients. As resultof the calcula-
tionsonegetsa numberof trajectoriesandcorresponding
impact points, with the dispersionellipse forming their
ervelope.Usingthis informationthe on-groundcasualty
risk canbe computed.

2.2. Aerothermodynamic analysis

The aerothermodynamicanalysis module of the
SCARAB system computesthe aerodynamicforces
and momentsacting on a spacecraftduring re-entry
It also computesthe heat transfer due to corvective
heating by the ambientatmosphere. The forces and
momentsare used by the flight dynamicsanalysisto
determinetrajectory and attitude history, and by the
structuralanalysisto computethe mechanicaloadson
the spacecrafstructure. The corvective heattransferis
usedby the thermal analysisto determinethe thermal
loadsandthethermalresponsef the spacecraft.

2.3. Thermal analysis

The thermal analysismodule of the SCARAB system
analyseshe thermal responseof a spacecrafto exter-

nal heatinput. It computegshe internal heatflow from

the currenttemperaturalistribution, andit computeghe
temperaturehangesesultingfrom the balanceof all ex-

ternalandinternalheatflux terms. Consideredare heat
transferby aerodynamiteating thermalconductiorand
radiative heatexchange(including backradiationto the

free stream). The thermalanalysisalsotreatsthe phase
changeof the spacecrafmaterialby melting, andit de-

tectslocal failuresof the spacecrafassemblyandissues
adestructioreventmessagéo the systemjf suchfailure

occurs.

24. Structural analysis

The structuralanalysismoduleof the SCARAB system
analyseghe structuralresponseof a spacecrafto me-

chanicalloads. Theseloadsaredueto aerodynamiand

inertialforcesandmoments Thestructuralanalysiscom-

putesthe deformationof the spacecrafstructureunder

theseloads. It detectdocal destructiorof the spacecraft
walls andglobaldestructiorby breakinginto parts.Since

thestrengthof thespacecrafinaterialdependsnits tem-

peraturethereexistsastrongcouplingbetweerstructural

andthermalanalysis.

3. RESULTSOF CURRENT STUDIES

3.1. Space Station Mir

The RussianspacestationMir hasbeenin orbit now for

15 years. It's now just the time that the stationwill be
de-orbited. With our SCARAB systemit is possibleto

performa re-entrycalculationof Mir. Unfortunatelywe

could not get enoughdetaileddataon the geometryand
otherpropertiesof the station,like massmomentsof in-

ertia, materials,etc. Thereforewe could only do a very
simplified re-entryanalysisof somethinghatlooks sim-

ilar to the Mir station. Figure 2 shovs our geometric
model of the Mir. It takesinto accountall major parts
of the station: the modulesMir, Kvant, Kvant-2,Spekty

Piroda,Kristall, andthe Progresspacecraftalsothe so-
lar panelsandsomeantennasSofar we arenearreality.

Now, for aflight dynamicanalysiswe needthe massdis-

tribution in the station. But we have only the total mass
(approximately). To have somethingmore, it was as-
sumedhatthemasdistributionis uniform,i.e. thewalls

areof constanthicknesdor all parts. The valuefor this

thicknesswvasadjustedo getthe right total massfor the
materialselectedaluminum). To starta calculation,the
initial statevectoris required. Relying on NASA infor-

mationdistributedvia Internet(March 16) the following

initial orbit datawereused:

Epoch: 03/22/0105:48:31 GMT, apogeex perigee=

209.7x 82.6km, inclination: 51.66deg, arg. of perigee:
239.7deg. Thesedatasetcorrespondso the conditions
afterthefinal of threede-orbitburns,the first startingat

analtitudeof approx.218km, about5 hoursbefore.

Thefirst calculationcarriedoutwith theabove mentioned
parametersdid notyield meaningfulresults. Theassump-
tion that the total massis distributed in equally-thick
walls yields too high heatcapacitiesof the walls, thus
preventingthem from reachingthe melting temperature
at a reasonabldlight altitude. Thereforethe modelwas
re-defined shifting the massfrom the solararrays(con-
taining abouthalf of the total masswhenall walls have
the samethickness)o the remainingparts,arriving at a
thicknesgatio of aboutl:9insteadof 1:1. Figure3 shavs
the computedgeometryat an altitude of 60 km. All so-
lar arrayswith the reducedthicknessare molten away.
Figure4 shaws theflight altitudevs. time for this case.
It canbe seenthatthe stationis 'captured’by the atmo-
spherebeforereachingthe perigeeof its initial elliptical
orbit. Theflight pathafterthe endof the 6D calculation
was computedwith the 3D grounddispersionanalysis.
The variationin the groundimpactlocationis dueto the
probabilisticvariationof the attitudein the 3D analysis,
wherethe attitudeis not known deterministically It has
to be notedthatthis variationcorrespondso the ground
dispersiorellipseof ONE fragment.If thefragmentation
of the spacestationwould be consideredeachfragment
hadits own ellipse.

Figure 5 shows the angularvelocity of the stationdur-

1The de-orbitmaneuvrds currentlyscheduledor March 22, 2001,
justtwo daysafterthe presentatiorf this paper



ing entry. The shavn time interval correspondso flight
altitudesbetween60 and 85 km. The stationis mainly
rotatingslowly, reachingd5 deg/s (8 secondgerrev.) at
60 km altitude. Sincethis resultstronglydependon the
realmomentsof inertia, the true motion canbe different.
After the de-orbitingof the Mir is done,we will carry
out a more detailedpost-flight analysisof the re-entry
includingfragmentatiorof themodules.

3.2. Automated Transfer Vehicle

The AutomatedTransferVehicle (ATV) is a satelliteto
supply the InternationalSpaceStation (ISS) with fuel,
waterandotherconsumablesit alsohasthe taskto lift
thelSSto ahigherorbital altitudein orderto compensate
the altitude loss of the stationdueto atmospheridrag.
After delivery of its goodsit shall be filled with waste
from the ISS andre-enterinto the Earthatmospherén a
destructve way. lts first flight is scheduledor the year
2004.

For ATV we are currently working under contractfor

ESA/ESTEC.As a consequenceye have very detailed
informationaboutevery partof this spacecraft.This sit-

uationis completelydifferentto the Mir case wherewe

have very little information. Figure 6 shavs the geomet-
ric modelcreatedfor ATV. It consistsof about300 ge-
ometric primitives, with almost100000surface panels.
This hugeamountof panelds partly dueto the modeling
of mary detailsinsidethespacecraftlik e tanksandcamgo

carriers,notvisible in Figure®.

Theinitial conditionsat beginning of re-entryare again
conditionsafteracontrolledde-boosmanoeuvreln fact,
the desiredimpactareaon groundis very similar to the
Mir case,i.e. in the SouthernPacific. The final orbit
shall be moreelliptic thanin the Mir case,but a more
importantdifferenceis aninitial spin of 10 deg/s about
the pitch axis. This is doneto be surethatthe spacecraft
is not 'bouncedback’ by the atmospherelue to lifting
forces.

To detectbreak-of of the big solararrays,the mechan-
ical stressedn the joints betweensolar panelsandmain
bodyaremonitored.Figure7 shavstheactualandbreak-
ing stressin one of thesejoints. The actualstressoscil-
latesaccordingto the rotating motion of the spacecraft
aboutits pitch axis. The breakingstressvarieswith the
temperaturef thejoint. At 567 s after beginning of the
calculation(altitude200km) thejoint breaks.This corre-
spondgo analtitudeof 93.5km. Actually all four joints
are breakingat almostthe sametime. Figure 8 shavs
the geometryof the spacecrafbody afterbreakingof the
joints. The break-of resultsin the generatiorof 5 frag-
ments:thebodyandfour solararrays.For eachfragment
there-entrycalculationcanbe continued.Figure9 showns
asexamplethevelocity of all fragmentsafterbreaking.It
can be seenthat the velocity of the main body remains
almostunchangedwhile the solar panelsare strongly
decelerated Regardingtheir ballistic coeficient the so-
lar panelsare moving much fasterdirectly after separa-

tion thanthey would do if they re-enteredassingleparts
from the beginning. Accordingly, they are heatedvery
strongly Figure 10 shawvs the masshistory of the solar
arraysafter separation.They aremelting within approx.
20 secondsgemisingat analtitudeof about90 km.

The mainbody continueghe re-entry alsoloosingmass
by melting. Dueto its high mass the relative massloss
is much smallerthanfor the solar panels. Thereforeit

seemsreasonabléo look for the most probableimpact
point of the body, assuminghat eitherthe body remains
essentiallyintact despitethe melting processpor thatthe
fragmentsgeneratedater on will follow essentiallythe
sametrajectory Figure 11 shaws the flight altitude vs.

time for theoriginal geometryandthefor mainfragment
after breakingof the solararrays. The first 100 s of the
latter trajectoryare computedwith the full 6D analysis,
thelastpartis computedwith the 3D analysis.Figure12

shavs the correspondingroundtracks.

Referringto Figure8, the outershell(s)of the spacecraft
meltaway, thusexposingtheinterior partsto theflow and

henceto the heating. This is shavn in Figure13, where

mostpartsof the outershellsaremoltenaway, revealing

somedetailsof the constructionpartsinside the space-
craft, like tanksandcamo racks.In addition,the docking

systemoriginally locatedat the top of the spacecrafthas

beenremovedby thermalfragmentation.

Thecompleteresultsof the ATV re-entryanalysiswill be
reportedat thefinal presentatiorof the contractin April.

4. CONCLUSIONS

The software systemSCARAB is designedo calculate
the destructionof spacecrafduring their re-entryflight
throughthe EarthatmosphereWith themodelingsystem
of SCARAB very comple spacecrafgeometriecanbe
constructed For complex modelsa lot of informationis
requiredaboutthe shapeand material propertiesof all
constructionparts. The presentpaperhasdemonstated,
thatthe SCARAB S/Wis ableto analyseheuncontrolled
re-entryof complex spacecraft.The casesdiscussedire
the spacestationMir, the ATV spacecraftandthe Rosat
satellite.

It hasto be notedthat SCARAB is a numericaltool. The
accurag of the analysisdependsapartfrom the input
dataand the modeling details, on the algorithmsused.
This is especiallytrue for the engineeringnethodsused
for the aerothermodynamicsyhich were originally de-
velopedfor the re-entry of simple-shapedodies. But
also additional effects not yet treatedhave to be taken
into accountfor exampleburstingof tankswith residual
fuel, which canchangehere-entryhistory considerably
The authorsof this paperareaware of this facts,andthe
softwareis goingto beupgradedontinuosly
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Figure 1. Orbital altitudesof somesatellitesenteringthe
Earth atmospheg during the next decade(derivedfrom
NASATLES)

Figure 2. SCARABNodelof the Mir spacestation

Figure 3. Mir spacestationduring re-entryafter loosing
its solar arraysby melting

200000 —
Mir 60 ——
Mir 3D -
150000
£
(]
S 100000
<
50000 \
0 500 1000 1500 2000 2500

Time[s]

Figure 4. Flight altitudevs.timeduring Mir re-entry
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Figure8. ATV geometnafterbreakingofthesolarpanels
Figure 5. Angularvelocityduring Mir re-entry
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Figure 9. \elocityhistory of the fragmentsafter break-of
of thesolar panels

Figure 6. SCARABNodelof the completeATV
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Figure 10. Masshistory of the solar panelsafter sepaa-

Figure 7. Actualand maximunstressin oneof thejoints tion fromthe satellitebody
connectinghe solar panelswith the satellitebody
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Figure 11. Flight altitudevs. timebefore andafter break-
ing of the solar arrays
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Figure 12. Groundtrack before and after breakingof the
solar panels

Figure 13. ATV geometryafter meltingof large parts of
theoutershellstructue



