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ABSTRACT

This document contains the minutes of the Fifteenth European
Thermal and ECL S Software Workshop held at ESTEC, Noord-
wijk, The Netherlands on the 9th and 10th October 2001. It isin-
tended to reflect all of the additional comments and questions of
the participants. In this way, progress (past and future) can be
monitored and the views of the user community represented. The
final schedule for the Workshop can be found after the table of
contents. The list of participants appears as the final appendix.
The other appendices consist of copies of the viewgraphs used in
each presentation and related documents.
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1. Tuesday 9th October: Morning Session

1.1. Welcome and I ntroduction

O. Pin (ESTEC)welcomedeveryoneto the workshop,andsaidthat he appreciatedhe effort
thatpeoplehadmadein coming,in spiteof recentinternationakvents. He describedheaims
and structure of the workshop. (See Appendix A)

He explained that the workshop was intended to have three main purposes:

» allow an exchange of vie's on the use of thermal analysis saites
» provide a forum for contact between thevel®pers and the users
» present ne versions of the softare and get feedback from the users

He introduced the teams from ESTEC and Alstom.

He explainedhechangean theformatof theworkshopawayfrom presentationsnly to having
morningsdedicatedo suchpresentationsyith moreinformal softwaredemonstrationg the
afternoonsThe roundtablediscussionvould moveto the endof thefirst day ratherthanthe
end of the workshopwhen many peoplehad to rush for flights. Topics for discussionhad
derived from questionnaire answers received prior to the workshop.

Heinformedeveryondahat5 PCshadbeensetup atthebackof theroom,eachwith a different
softwaretool, andpeoplewereencouragetb play with thetoolsandaskfor demonstrationand
help as appropriate.

Heremindedeveryoneaboutthe ICES conferencen 2002,andthatthe deadlinefor thereceipt
of abstracts had almost arrived.

1.2. Managing the I nterface between ThermXL and ESARAD

A. Robson(Astrium-UK) presentedietailsof working with bothESARAD andThermXL and
therequirementsindproblemsof transferringnformationbetweerthetwo. (SeeAppendixB)

F. du Laurens(Alstom) notedthat the presentatiorhadinvolved the useof ThermXL version
1.0.He saidthatThermXL version2.0would bedemonstratethterin theday,andthis version
did havean ESATAN file exportfacility. O. Pin (ESTEC)saidthe ESATAN exportfacility
provideda static view of the nodes.It was not possibleto exportthe time andtemperature
formula for eachconductor,so it was difficult to model variable conductors However,the
software would highlight any areaswhere there might be problemswith the conversion.
F. du Laurenssaidthat ThermXL version2.0 wasnow undergoindfinal testing,andwould be
available shortly.

O. Pin saidthatoneof the currentESARAD developmentsvasan exportfacility sothatdata

1. The attack on the Wld Trade Center in Ne York on the 11th September 2001.
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could be importedinto tools suchas ThermXL. A work packageto import suchfiles into
ThermXL was currently being defined.

P.Poinag ESTEC)askedvhethertherewasanESATAN importfacility. He felt thatThermXL
was a tool for local analysis,and he didn’'t seeany point in exportinga 10-nodemodel to
ESATAN, but he could seethe needfor extractinga set of nodesfrom an ESATAN file.
A. Robsonsaidthatthe mainreasornto improvethe interfacebetweernthetools wasthe move
from the quick designsizing analysiswherethe modeltendedto developquickly, but thenit
wasdifficult to convertfrom ThermXL to ESATAN. O. Pin saidthathetook P. Poinas’point
and that ESTEC would look into the matter.

O. Pin askedwhetheranyoneelsehadusedThermXL. M. Molina (Carlo GavazziSpace)said
that he hadtried, but hadbeenunableto run it. O. Pin askedwhetherthe PC wasconfigured
with anltalian environmentwith commaasthe decimalseparatorbut M. Molina saidthatthe
PC wasconfiguredwith the UK environmentE. CossonEADS) saidhe hadusedit, but had
experiencedlight problems.O. Pin remindedeveryonethat therewas a known problem of
usinga commaasthe decimalseparatofor thosemachineswith non-UK settings.S. Kasper
(Jena-Optronik) said that he had been using ThermXL without any problems.

1.3. An Introduction to G-DELTAN V3 - An Interactive Thermal Analysis
Tool

C. Williamson (Eutelsat)describedhe developmenbf a simple thermalanalysistool which
interpretedthe input data and which didn’t require a compilation stage.He also gave a
demonstration of the tool. (See Appendix C)

P.vanLeijenhorst(FokkerSpacehskedvhetherit waspossibleto useG-DELTAN to perform
a completethermal analysiswithout plotting any data, and then plot the areasof interest
afterwardsC. Williamson saidthatit was.P.vanLeijenhorstaskedwhetherthe whole of the
analysiscouldbesavedor useatalatertime. C. Williamsonsaidit was,andthatall datacould
be saved to disk, including the text.

0. Pin (ESTEC)askedwhy therewasa 500 nodelimit. C. Williamson answeredhatit asa
relativelyarbitrarylimit, althoughhe hadfoundthatthe softwarebecamdessandlessefficient
as the arrays became larger. The solver ignored unused node numbers in the input.

J.Persson(ESTEC) asked whether it was possibleto generateconductorsin the nodal
breakdowrwhenusingtheautogerfunction.C. Williamsonsaidthatit waspossiblefor simple
shapesJ. Perssoraskedwhich shapesveresupportedC. Williamson saidthat for nodesand
conductors the supported shapes were rectangles, cylinders, disks, fins and loops.

0. Pinaskedwvhethelit wastransparentvhatalgorithmswereused C. Williamsonsaidthatthe
userenteredhepropertiedor thenodesandthenthesoftwareusedasimpleiterationtechnique
rather than a specific algorithm.

O. Pinaskedw~hetherit waspossibleto haveavariableconductodependingpnthetemperature
whenusingautogenC. Williamsonsaidthatit wasnot possiblevhenusingautogenputit was
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possible elsewhere.

M. Molina (Carlo GavazziSpaceaskedwhatwasthe suggestedizeof modelwhich couldbe
handledby the software.He realizedthattherewasa limit of 500 nodes but wantedto what
numberwasbest.C. Williamson admittedthat he didn’t haveany empirical dataon this, but
would guess that 300 nodes probably the optimum number.

M. Molina askedwhy the softwarehad beendevelopedwhen MINITAN had alreadybeen
available C. Williamsonsaidthathenow hadarole asa customeratherthana sub-contractor,
and often neededto do simple analysis.O. Pin felt that G-DELTAN was not really like
MINITAN. It was more like ThermXL becauseat providedreal-time plotting capabilities.
C. Williamson admittedthatit waspossibleto do a lot of thingsusing Excel, but felt thatthe
overhead of using Excel made any analysis slow.

M. Molina askedvhatplanstherewerefor distributionof the softwareoncethebetatestinghad
beencompleted.C. Williamson answeredhat there were no definite plans at the moment.
M. Molina askedwhetherit would be possibleto distributethe softwareoutsidethe company.
C. Williamson said that it would be possible because it was his software.

P.Poinag ESTEC)askedwhethertherehadbeenany comparisorof the speedf G-DELTAN

comparedto ESATAN. C. Williamson said that you had to be carefulin making any such
comparison.ESATAN was optimised for larger models. G-DELTAN wasn'’t intendedto
replaceESATAN. G-DELTAN wasintendedto be atool for quick analysis.Therewasa hole
betweerusinghandcalculationsandusingESATAN. G-DELTAN wasa head-starinto filling

this hole.

P.Poinasaskedwhetherit wouldn’t be possibleto reduceESATAN runtimesby reducingthe
sizesof the arraysused.C. Williamson felt that he could not really commenton ESATAN.
G-DELTAN couldusesmallarraysbecauseat wasintendedfor smallmodels.O. Pin saidthat
ESATAN runsinvolved a lot of overhead A lot of checkinghadto be done becausefor
example the usercould switch on nodesin eachiteration.All of this checkingtook time. He
admittedthatthe ESATAN solverswhereold, andagreedhattheremight be a needto look at
whether more modern solvers and software techniques might be better and faster.

P.Poinasaskedvhethertherehadbeenmanyresearclinto thetime problemsn ESATAN. O. Pin
saidthatalot of thetime couldbeaccountedor in theVARIABLES block handling.Thishad
beendiscoverediuringthework with CNESinto the FHTSsolvers.nitially it wasthoughtthat
the newsolverroutineswerethe sourceof the problem,but the time wasactuallytakenin the
serviceroutineswhich are usedto checkthe variouspropertiesWhatwastrue for the FHTS
solver probably applied to a certain extent to the ESATAN solvers.

C. Williamson said that ESATAN loseswhen using small modelsbecauseof the additional
overhead involved in pre-processing the model and generating and compiling the Fortran.

1.4. Improving Ray-Tracing Algorithmsfor Monte-Carlo Simulations.

B. ShaughnessyRAL) presentedsome ideas on using discrete probability functions to
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determine the path of rays after multi-reflections. (See Appendix D)

HP.deKoning (ESTEC) askedwhether B. Shaughnessyvas aware of the extendedview
factorsin ESARAD. Thesehad certainsimilaritiesto the presentationn thatthey combined
incidentand speculatehaviourB. Shaughnessiiadlookedinto usingthe Markov chain of
transition probabilities and matrix algebra.

P.Renard(Astrium-SAS) askedwhetherthe accuracyof the resultswas dependanbn the
meshing.B. Shaughnessgaid that it was, but notedthat so far he had only studiedsimple
geometriesHe didn’t yet know whetherthe algorithmwould scaleto handlemore complex
geometrieslf it didn’'t work with morecomplexgeometriesthenhe would be forcedto drop
this approach.

1.5. New Ray-Tracing Technique for THERMICA

M. JacquiayAstrium-SAS)describedmprovementso theray-tracingusedin THERMICA to
make use of oct-trees and other techniques. (See Appendix E)

HP.deKoning (ESTEC)askedwhetherthe oct-treealgorithm startedwith a cubeor with a
rectangulablock. M. Jacquiawansweredhattheyusedarectangulablock,andusedvoxelsof
the same ratio.

F. duLaurens(Alstom) wonderedabouthow well the modelwas encapsulatedh the voxel

spaceHe askedaboutthe voxel breakdowrfor anunmeshedphere M. Jacquiawsaidthat at

the surfaceof the spheretherewould be a lot of smallvoxels.During initialization the sphere
would be meshedput voxelswere only requiredfor the surface.lt was possibleto tunethe

initial meshing.

O. Pin (ESTEC)askedaboutthe numberof levelsof voxelsin the oct-tree.M. Jacquiawsaid
thatthe oct-treetypically wentdownto betweent and8 levels,but for pathologicalcaseghe
oct-treecouldhavemorelevels,even20. However it wasn'tusuallypossibleto havetoo many
levelsfor thewholemodel,somorelevelswereonly usuallyusedfor specificsmallareassuch
aselectronicequipment.O. Pin askedaboutthe criteria which were used.Whentherewere
emptyvoxels?How wasit possibleto stopthe increasen levels?M. Jacquiausaidthat the
recursionusuallystoppedvhenthevoxelwasempty,butit wasalsopossibleto limit thelevels
by stopping when there were just 2 or 3 surfaces in the voxel.

1.6. Report on TFAWS and Introduction to Ther mPlot

HP.deKoning (ESTEC) describedthe TFAWS workshop and highlighted the interesting
developmentddewentonto describelrhermPlotautility writtenby HumePeabodyf Swales,
and presented at TFAWS. (See Appendix F)

B. ShaughnesgjRAL) askedaboutthemaximumsizeof ESATAN file whichcouldbehandled

by ThermPlot.O. Pin (ESTEC)saidthathe hadbeenableto processa 16Mb ESATAN output
file for METOP correspondingo atransientase HP. de Koning saidthatthemodelcontained

10
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about 1200 nodes.

O. Pinadmittedthatprocessinghe ESATAN outputfiles did taketime. It wasusuallybetterto
work with binary datafiles ratherthan parsingASCII files. He said that it took 3 hoursto
processhe ESATAN outputfile for METOPin orderto obtainthe heatbalancesThis wason
a systemwith a 400MHz Pentium3 processomwith 128 Mb of memory.M. Molina (Carlo
GavazziSpace)skednhow big the ESATAN outputandExcelfiles hadbeen.O. Pin saidthat
the ESATAN outputfile for this particularMETOP modelwas16Mb. This file containedheat
balancedataratherthantemperaturelata. TheExcelfile producedrom this by ThermPlotwas
10Mb. Howeverthe size of the files would vary on a caseby casebasis.If the usercreateca
largenumberof plots,or a plot involving alargenumberof nodesthentheresultingExcelfile

could become much larger.

O. Pin askedwhetheranyonewould be interestedn using ThermPlot.Ilt wasa freetool, and
couldbe downloadedrom the SwalesWebsite. This wasa first butstill limited answerto the
recurrenneedfor apost-processingpol. He saidthatHumePeabodyvasvery enthusiasticand
wasvery responsiveo problemreports.He stressedhatthe ESATAN sideof ThermPlotwas
still in beingtestedE. CossoEADS) andtwo otherssaidthattheywereinterestedO. Pinsaid
that in any event, various people at ESTEC would experiment in using ThermPIot.

K.Caire(Alcatel) askedvhetherThermPlotalsohadaninterfacefor TMG. HP. de Koning said
HumePeabodyvasworkingon providinga TMG interface buthewasworking single-handed.
HP.deKoningsaidthatThermPlotwasaniceinitiative, butit depende@dnasinglepersonThe
software was free, but there were also no guarantees about its future.

2. Tuesday 9th October: Aftenoon Session

2.1. Artifis/Topic/ThermXL

F. du LaurengAlstom)describedheuseof threelight weighttoolsfor earlydesignstudiesand
demonstratedrtifis and Topic. He saidhe would demonstratd hermXL after the sessiorto
anyone interested. (See Appendix G)

O. Pin (ESTEC)askedwhetheranyonehadusedthe versionof Artifis thathadbeenincluded
on the ESARAD 4.2 CD. A. Robson(Astrium-UK) said that he had testedit, but had not
actually used it. He agreed that it was very quick.

J.PerssorESTEC)askedwhetherit would be possibleto extendthe Topic demonstratiorio
usethe STK file asinput. F. du Laurenssaidthathedidn’t haveSTK installedonthe PC,butit
wouldbepossibleo usethe STK compatibldile which hadbeengeneratediuringthe previous
run of Topic. All that was needed was to remove the initial comment line from the file.

O. Pinaskedwvhetherthedatacouldbeeasilyimportedinto Excel.F. du Laurenssaidthatit was
possible, and users could also create and Excel macro to extract data.

11
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O. PinsaidthatArtifis andTopichadbeendistributedontheESARAD 4.2CDROM, andasked
how peoplecouldaccesshetoolsnow. F. du Laurenssaidthatit would be possibleto include
themwith thenextversionof ESARAD, if therewassufficientdemandandif it wasOK with

ESA. It might then be possible to incorporate D.Gibson’s speed improvements.

P.vanLeijenhorst(Fokker Space)notedthat the usercould seethe percentagef eclipseper
orbit, butaskedwhetherit waspossibleto seethecompletedurationof eclipseduringthewhole
mission.F. du Laurenssaidthattheuserwould currentlyneedto setthe missiontime stepto be
thesameastheorbital period,andthensumtherelevantcolumnsof datain atool suchasExcel.

K.Caire(Alcatel) wasinterestedn the Low EarthOrbit capabilitiesandspecificallywantedto
computethe orbital drift. F. duLaurenssaidthat Topic could handleJ2 perturbationgo the
standard Keplerian orbits, so the orbit precession could be taken into account.

T.BassefAlcatel) askedvhetherArtifis andTopic handledyaw steeringn theattitudecontrol.
F.dulLaurens said that Artifis and Topic used the so-called “Euler angles” just as in

ESARAD 3.2. Theuserhadto fix the attitudeat the startof the run usingtheseEulerangles.
HP.deKoning (ESTEC)said thatit wasn’t currently possibleto do yaw steering.The user
could not changethe attitude of the geometrywithin an orbit. This could be one possible
extension of the tools.

The discussion went on to the presentation of ThermXL @rbéuquet (Alstom).

O. Pin saidthatin the new versionof ThermXL the usercould call the solversfrom Visual
Basic, so it was now possibleto do parameterruns by using Visual Basic to generatethe
parameterandthen call the solvers.O. Pin stressedhat any modelwhich hadbeenbuilt in
ThermXL 1.0 would still be valid in ThermXR.0.

V. Perotto(Alenia) remarkedthat ThermXL could calculatethe heatflux for eachnode,and
askedwhetherit wasalsopossibleto calculatethe sink temperatureO. Pin saidthatthiswasa
goodideain principle,but askedwhatV. Perottomeantby sink temperatureThe questionof

sink temperaturetiad beenraisedat previousworkshopsbut therehad neverbeencomplete
agreement on the definition.

O. Pin saidthattherehadbeena demoversionof ThermXL 1.0 which alloweda maximumof
21 nodes.ThermXL 2.0 would probablybe releasedn a commercialversiononly, with no
demo version, but it would only cost 1000 euros (i.e. 2 days of engineer time).

2.2. Stochastic Approach to Spacecraft Thermal Control Subsystem

F.Lamela(CASA) describeda stochastianethodof performingthermalanalysis.to identify
the critical parameters in a spacecraft thermal design, for example. (See Appendix H)

C. Williamson (Eutelsat)askedaboutthe calculationof the variationof parametergor MLI.
F.Lamelasaid that in orderto decidethe interval for the normal distribution usedfor the
parametersif wasnecessaryo negotiatewith the designerof the otherpartsif possible but
therewasnotreally anydistributionlaw which couldbeappliedto satellitecomponentd-orthe

12
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MLI theyhaduseda normaldistribution.For dependanvariables the softwarewould accept
anyformula, sothe usercould specifyalogarithmiclaw for example but userwasfreeto use
a normaldistribution, or whatevermadesense.The softwareoffered a “calculator” panelto

allow the userto input the formulausedto calculatethe variabledependencyHe stressedhat
user often had to push to get information about the other subsystems to use as input.

C. Williamson askedhow the stochasticapproachaffectedsystematicerrors.F. Lamelasaid
thatthe userdid not needto assumehattherewould be systematicerrors.The softwareused
Monte Carlomethodsandthe samplinguseda combinatiorof data.C. Williamsonaskedabout
pure calculationerrors.F. Lamelasaidthat they hadrun 100 Thermicaand ESATAN model
cases.

S. Kasper(Jena-Optronikjpskedhow the ESARAD resultshadbeenexportedinto ESATAN.
In running parametriccasesthere was a needto perform a lot of runs without manual
intervention,sosomesortof batchfile wasrequiredF. Lamelasaidthatit hadbeendifficult in
ESARAD, but Thermicaallowed the userto add a copy commandto get the datainto the
ESATAN file. S.Kaspercommentedthat it was often necessaryto have additional small
programs to manage parameter data.

HP.deKoning (ESTEC)askedhow muchCPUtime andpowerhadbeenneededor thebattery
analysis.F. Lamelasaidthatthe CPUtime for the overall analysiswasthe CPU time for one
run multiplied by the numberof runs,thereforethe userneededo find waysof reducingthe
time perrun. Oneway wasto adda subroutineto the ESATAN modelto readthe parameters
eachtime, ratherthenpre-processinthewholemodelwith anewsetof parameterdJsingsome
READ statementsould savea lot of time. HP.deKoning askedhow long the analysishad
taken.F. Lamelasaidthatthe basicanalysishadtakenonehourfor the MiniSat case but the
stochastic approach had needed only 24 hours for 80 cases.

HP.deKoning askedwhetherthe softwareran on a Linux cluster.F. Lamelasaid that the
softwareonly ranon oneCPU,butsomecleverscriptingwasneededo sendthe ESATAN runs
to other machines.

C. Puillet (CNES) askedhow it was possibleto know the confidenceinterval for the results
without knowing the distribution law for the parametersF. Lamela said that by using a
probability density function on the results,it was possibleto order the temperaturesand
accumulatecases.When 95% of them matched,the user knew that the resultshave been
achieved.

O. Pin (ESTEC) announced that ESA intended to open an ITT on the subject.

2.3. ESARAD

F. du LaurengAlstom) presentedietailsof variousassumptionssedn ESARAD,andtipsand
usefulpiecesof informationwhich couldbe usedto improvethe users’modellingcapabilities.
(See Appendix I)

H.Rathjen (Astrium-D) askedwhy the user couldn’t put the capacitancevaluesin the

13
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VARIABLESI1 block so that they could be usedto definetemperaturedependencieO. Pin
(ESTEC) answered that this was possible, and the user could do it using cut and paste editing.

S.Kasper(Jena-Optronikicommentedthat when the cutting facilities are used,sometimes
ESARAD is unableto calculatethe capacitanceskF. du Laurenssaid that the capacitance
calculationshouldwork, evenfor cut surfaceslf S.Kasperhada modelwith this specific
problem he should forward it to user support for investigation.

S. Appel (ESTEC)askedwhetherthe thicknesgparametenffectedthe outersurfaceof a shell.
F. duLaurenssaidthatESARAD workedwith thin shellgeometriessothethicknesgs only a
notionalvaluewhich givesa meansof calculatingthe massof the shellanddoesn’taffectthe
geometry as such.

S. Appel askedwhethertherewasany limitation in the valueof NBDIV which the usercould
specify,because¢herewasno mentionof thisin themanual F. du Laurenssaidthathewasnot
sure,andwould needto check.P.Renard(Astrium-SAS)saidthat NBDIV wasusedby the
planetflux calculations,in a different parser.NBDIV was not the samething as the box
meshing. In Thermica, NBDIV was not a user parameter.

P.Renardhada questionaboutthe projectionof the Sunontothe boundingbox in the caseof

non-parallelsolarflux. The circle representindhe projectionof the Sunon the enclosingbox

was very small. This implied that NBDIV would haveto be large. F. du Laurenssaid that
normallytheuserleft theNBDIV parametesetto zero.In thiscase ESARAD would calculate
the optimal value for NBDIV.

B. Shaughness{RAL) askedwvhethertheintersectiortestbetweertheray from the spacecraft
totheplanetorthesun,waswith theedgeof theboundingooxor with thevoxels.F. du Laurens
said that the test was made with the projection on the bounding box.

HP.deKoning (ESTEC) said that there was a publicly available ESARAD algorithms
documentwhich explainedall of the calculations.This documenthad beensuppliedwith
ESARAD 3.2, but was still valid, and could be made available to users.

S.Kasperaskedaboutthe exp3toZ2utility. Wherecouldhefind it? F. du Laurensrepliedthatit
wasonly relevantto thePCversionof ESARAD, andcouldbefoundin theESARAD_DIR\bin
directory of a PC installation.

I. Renouf(Astrium-UK) mentionedhathehadexperiencegroblemswith importing GFFfiles
into ESARAD. S. Kaspersaidthat he hadusedthis, but wonderedwhetherit waspossibleto
havemorethan8 coloursfor displayingtheresultsF. du Laurenssaidhewasawareof this. The
userhadto click on the colourselectiondialog box. The defaultnumberof colourswas8, but
the user could select up to 16 if needed.

HP.deKoning warnedeveryonehatunderWindowsNT, therewasaninherentlimit of 2GB
maximummemorywhich could be usedby any particularprocesgasopposedo mostUnix
platformswhich provide up to 4Gb memoryper process).Therefore,if the modelwasvery
large,or thereweremanyorbit positions,it waspossibleto getpastthis memorylimitation by
usingthe batchprocessesThis releasedhe memorywhich would otherwisebe usedby the
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GUL.

S. Appel saidthatwhenrunningbatchversionsof a model,it wasoften conveniento be able
to run severalversionsof the samemodel,eachwith slightly differentparametersThis could
be achievedvy resettingthe SHOME variableto pointto the currentdirectorysothatdifferent
versions of the model could be run in parallel in different directories.

A. Robson(Astrium-UK) commentedhatESARAD generatea@ singleESATAN file andthat
this often neededto be split up further in orderto include the different blocksin a master
skeleton ESATAN file. He wonderedwhether there was any way of automatingthis.
F. du Laurenssaidthatoneproblemwith this wasthatESARAD didn’t know aboutESATAN
sub-modelsHP.deKoning acknowledgedhe problem and addedthat the next releaseof
ESARAD would allow the userto definean ESATAN templatefile containingplace-holders
for the blocks of interest.The ESATAN file formattingwould theninsertthe blocks at the
appropriate places. This feature should be in the next major release.

F. duLaurenssaidthathe would be talking aboutthe up-comingreleasesn a presentatioron
the following day.

2.4. Round Table Discussion

HP.deKoning (ESTEC) introducedthe last part of the day, which was a Round Table
Discussionevenif thetablewasn’treally round).He told everyonethatO. Pin (ESTEC)had
sentout a questionnairavith a spaceto indicatesubjectsfor discussionESTEChadscanned
theserepliesfor commontopics.He showed‘bullet-lists” of themainpoints.(SeeAppendixJ)

2.5.1. Model reduction
The first common topic was “model reduction”.

HP.deKoning askedwvhy peoplefelt thatmodelreductionwasimportant.Wasit for reason®f
computingtime? Or to simplify post-processingf results?Or for the integrationof models
from sub-contractors.

J.PerssonESTEC)answeredhat for the InternationalSpaceStationanalysistherewas an
obviousneedto havereducedinterfacemodelsotherwisethe analysiswould be completely
unmanageable.Thigasanexampleof areducednodelbeingmadeavailablefrom the system
level for the sub-system or payload level analysis.

S. Price (Astrium-UK) said that the integrationof sub-contractorsmodelsinto an overall
satellite model was the main reasonin Astrium-UK. O. Pin thoughtthat integratinglarge
numbersof detailedandreducedmodelswould alsobe difficult to manageS. Priceadmitted
that these resulted in very large models.

O. Pin askedwhetherthey would havethe sameapproachf the thermalsoftwaretools could
handle models of 10000 nodes.
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S. Pricesaidthatthe CPUtime wasalsoanimportantfactor.ForasatellitesuchasRosettavith
20 instrumentsub-modelsif eachsub-modelvasallowedto havel000nodesthentheoverall
model would be too large. There was the questionof CPU time, as well as the physical
capabilities of ESATAN and ESARAD.

J.Perssortelt that the use of reducedmodelswas a systemintegrationissue:eachmodule
developer was not interested in the details of the other modules.

HP.deKoning agreedhattherewereactuallytwo kindsof reducednodelusagethetop-down
interfacespecificationapproacmeededn phase#\ andB andthe bottom-upapproachheeded
in the phase C/D verification of interfaces, etc.

F.Lamela(CASA) askedwhat was the real meaningbehindmodel reduction.If thereis an
interfacefor a prime contractorwhatwerethe main parameter$or the model. The supplierof
theplatformwasonly interestedn theoverallheatflux. Why wasit necessarto supplyamodel
to specify single heatfluxes? The reducedmodel could be as simple as a table of fluxes, or
temperaturesf key points,andneedonly contain20values S. Pricesaidthatit reallydepended
on how many instrumentsexistedin the model. There was also the issue of whetherthe
integratorwasalsothe supplierof the non-thermakideaswell. It wasn’tsufficientto simply
definethe interfacein termsof temperature®r fluxes becauseften the completegeometry
model was neededtoo, for thermal-radiationinteraction.HP.deKoning agreedthat if the
interfacewaslimited to a conductivemountingplateonly, thenjust supplyingtemperaturesr
fluxes was fine, but if there were radiative links then something more was required.

F. Lamelasaidthat modelsoften contained100 to 200 nodesto modelinternalnodeswhich

werenot neededor the externalinterface. Therewasa differencein the quality of themodels
requiredinternally and that neededby the prime contractor.S. Price arguedthat the prime

contractoralsoneededheinternalinteractionin orderto getthe heatflows from theinstrument
into thespacecraft-. Lamelaadmittedthatthefinal decisionwastheresponsibilityof theprime

contractorandthatthey might needthewholemodel.S. Pricesaidthatthe detaileddesignwas
doneby the instrumentsub-contractordyut they still neededealisticflight conditionsat the
spacecraftevel. The prime contractorneededyeometricaimodels,and not just the interface
temperaturesHe stressedhat what was requiredwas a representativenodel, and that this

didn’t necessarily have to be a detailed model.

F.Lamelasaid that a condensednodel gave information on the temperature®f 15 or so
elementsWhentherewasa smallproblem,thetemperaturesould be extrapolatedrom these
elementsThis washow it hadbeendone20 yearsagoby the structurepeople.A modelwas
neededor theinterfacesA condensednathematicaimodelcouldbe usedfor extrapolationn

the whole model. S. Price felt that a condensednodel only reflecteda limited numberof

parametersandthattheywereonly valid for certainconditions F. Lamelasaidthatthemodels
shouldcontainindependenparametersnly. HP. de Koning saidthatthemainparametersvere
usuallyrepresentedS. Price saidthis gavea reducedmodelwhich the prime could usebut it

wasstill betterto takethe detailedmodelin orderto removeanerrorsintroducedby the model
reduction providedthe softwarecouldhandlethe completedetailedmodelHP. de Koning said
the prime contractorcould keepon runningthe completemodel,but therewereproblemswith

configuration control and integration.
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O. Pinfelt thattherewasa problemof feasibility in usingthe detailedmodels.Thereweretwo

optionswhich neededo be consideredor future developmentsin the first casewhereusers
neededio work with the completemodels,the tools hadto be scalableto handlethe large
models.In the secondcasewhereusersneededo work with reducedmodels,thetools would

need to support model reduction or help to automate it.

HP.deKoning saidthatthethermaltoolsneededo beadaptedo handlelargemodelsin order
to make the completemodel approachfeasible. The questionof model reduction always
generatedbts of discussionTherewasalsothe problemthatseriousverificationof thereduced
modelagainsthedetailedmodelwasoftenvery difficult, andsometimesmpossible Everyone
needed to have confidence in the results.

S. PricesaidthatAstrium-UK hadspecificationsf howto definemodelsandtherelationships
betweendetailedand reducedmodels, even though using reducedmodelscould introduce
errors.

HP. de Koningfelt thatmodelreductionwasenouglof aproblemthatverificationof anymodel
reductiontoolswasnecessaryThesewereoftena blackbox with somematrix linking inputto
output.

S. Pricefelt thatmostlargeprojectshadspecificationgor modelreductionandmosthadsome
softwareto help do it. He was concernedabouttrying to analyseconditionsfor which no
correlationdatawasavailable becauseftentherewasno way to aska sub-contractofor the
datayearsaftertheoriginalwork hadbeencompletedTo investigatesuchcasesnanalysisun
for Envisat would take 24 to 36 hours even with the reduced instrument models.

O. Pinsaidit lookedasthoughmodelreductionwassomethinghateveryonevould haveto live
with, but he askedwhethertherewas a standardwvay of doingit. ShouldESA addresghis?
Shouldtherebe studiesinto automatianodelreductionfunctions?The questiorwould thenbe
howto compareghedifferentmodelreductionschemedHefelt thatin theendit would all come
down to engineering judgement.

S. Pricesaidthat Astrium-UK hadbeeninvolved in RosettaEnvisatand Metop. A common
approacthadbeendevelopedvithin Astriumon howto providemodelsto othergroupswithin
Astrium. This approach would also need to look at reduoedels.

C. Williamson (Eutelsat)felt that therewas not one correctanswerwhenit cameto model
reduction.The modelreductionrequiredfor oneinstrumentmight not bethe sameasrequired
by another instrument. The prime contractors needed to have a pragmatic approach.

HP.deKoning summarized the discussion so far:

» for the foreseeablduture everyonewould have to live with reducedmodels.For example,
theISS ervironmentspecificationdadto betop-davn, but allow a bottom-upapproacHor
integration.

* in additionto the ECSSstandardor thermalcontrol,therewasa needto have checklistfor
model reduction in order to standardise the procedures used.

» projectspecificationsould thenreferto this checklistandguidethe discussiongowardsa
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common approach.

HP.deKoning informedeveryonethatW. SuppenESTEC)would give a shorttalk aboutthe
ECSSThermal Standard.He felt that the level 2 documentscould focus on such thermal
analysisissuesO. Pin askedwhetheranyonewould be interestedn taking partin the ECSS
Working Group.

C. Puillet(CNES)saidthatmodelreductionrhadbeendiscusseth previousroundtablesessions
andthatalot couldbe achievedy specifyinga sink temperatureO. Pin saidthatthe Thermal
ControlStandardlid provideonedefinition, but noteveryonevasagreednthis definition. He
went on to say that the ThermalControl Standardcould also provide modelling and model
reductionguidelines He felt thatthis wasanissuebecauseeopleoften neededo work with
someoneelse’smodels.He saidthathe hadbeencalledin to helpwith problemsin ESATAN
models where the model reduction had been a real mess.

P.vanLeijenhorst(Fokker Spaceyemarkedthatif you didn’t trustthe model,or weredoing
shadowengineeringthenthis needed differentapproacto working with aninterfacemodel.
Whendealingwith aninterfacemodel,it couldbetreatedasablackbox andyou didn’t needto
careabouttheinternalsIf youneededhemodelfor shadowengineeringhenyouneededo be
able to understand the model.

A. Aguilar (SpaceContacgskedvhetherit waspossibleto havea combinednterfacebetween
modelsin orderto allow severalsub-modellersvorking in parallel.O. Pin repliedthatif we

took ESATAN as an example,which allowed the useraccessto the Fortran, it would be
necessaryto have message-passingetweenthe different sub-modelparts. HP. de Koning

admittedthat, technically speaking suchmodel coupling was possible:it would requirethe
additionof very cleaninter-processommunicatiorio ESATAN. However hefelt thatit would

not solvethe problemof managinga multitudeof models,andtherewould still be problemsn

integrating models.

K.Caire (Alcatel) said that every thermalmathematicamodel which sheworked on always
resultedn areducednodel.Everyoneknewthatthereducednodelis notatruephysicalmodel,
but it could be used for random parametervariations. You don’t always have enough
informationabouttheheatflow in thereducednodelandit wasdifficult to correlate GAETAN
could do it, but it was not complete.She said that the main criterion was the heatbalance.
HP.deKoning agreedhatto verify thatareducednodelrepresentthedetailedmodeltheheat
balances should be similar.

O. Pin once more asked whether there were any volunteers to work on the ECSS standards.

F. Koorevaar(FokkerSpacepskedaboutNASA standardsO. Pinsaidthattherewasa NASA
handbook from Marshall Space Flight Center, but this was not available to everyone.

S. Price said that Astrium had a working group which was trying to tackle these issues.
V. Perotto(Alenia) saidthathewasalittle puzzledabouttheusefulnes®f modelreductionHe

hadbeeninvolvedin casesvheremodelreductionhad beentried, but they had endedup in
usingthe detailedmodelsanywaybecausét waslesswork to usethe detailedmodelsthanto
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provethatthe detailedandreducedmodelswereequivalentWhenyou needto useareduced
model from elsewherejt was alwaysnecessaryo identify the requirementsasto why the
reducednodelhadbeenproducedIf thesewerenotwell definedthenyou canhaveareduced
modelthatis difficult to correlateo thecomplexmodel.Oftenyouendupreducinghecomplex
modelagain,andthis couldn’t be doneautomatically Therewassomeneedfor supportin the
post-processingf models.Howeverit wasimportantnot to lose any visibility in the model,
especially if there was a need to use the model again at some point in the future.

HP.deKoning askedwhether automatic model reduction was only realistic for interface
models. He felt that humans needed meaningful numbers in the model.

2.6.2. Cryogenic Systems

The secondissuewhich had beenidentified from the questionnairesoncernedcryogenic
systems, and HRle Koning asked about the specific issues which needed to be discussed.

B. Shaughness{RAL) saidthatRAL hada numberof projectsinvolving cryogenicsystems.
Therewereproblemsof gettingmodelsto convergen variouscold stagespr in thecool-down
stages.

S. Priceansweredhatonthe Astrium projectsinvolving cryo-coolergheyusedtheirownlogic
and software rather than using ESATAN solvers directly.

HP.deKoning saidthatfor Herschel-Planckherewasonesensowhich neededo be keptat
0.1K. Therewasa heatbalancevhich wasvery sensitiveto smallchangesn the heatflux, and
this sensorwas not far from a unit with an 800W dissipation. The model was very il
conditioned.

HP.deKoning askedwhetheranyonehad any more specific issuesrelating to cryogenic
modelling.

I. Renoufremarkedhatasthe systemdecamecooler.the conductivitiesof the materialsalso
wentdown. This oftenmeanghatthe meshingheededo bechangedor thelowertemperatures
because if the nodes were too big then the results were too optimistic.

F. Lamela said that achievingconvergencan some caseswas sometimesdifficult, and to
overcomethis they usedtransientruns over 5000 secondsnsteadof a simple steadystate
calculation.O. Pin agreedthat this wasoneway of doingit, andin fact the samestrategyof
obtaining a steady state by time marching was used in fluid systems and with heat pipes.

F. Lamelasaidthatevenwhenusingthe samesoftwarethe solutionwashighly dependenon
theactualconductorslt waspossibleto reacha solutionwith virtually no heatimbalance put
if a single high conductancevas suppressethe resultscould be different. It waspossibleto
reachasolutionwheretheheatbalancevasperfectbutaddingor removingasinglenodecould
makea differenceof 20 degreesn the results.This madeit difficult to performcorrelationor
sensitivity analysis.
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S. Pricesaidthatthe Astrium cryogenicsolvertook this into accountO. Pin askedwhetherit
usedatime-marchingor a SOLVIT type approachS. Priceansweredhatit usedsteadystate
iterationsandthatthe numberof nodesmadea big differenceastheconductivitychangedThis
wasimportantfor exampleon a strapwhich hada differentconductivityateachendbecausef
thetemperaturalifference He askedwhatassumptionsveremadein the ESATAN equations
for the steadystatesolverswhich werenot valid for cryogenicanalysisHP.de Koning added
thatfor transientanalysisusing SLFWBK the $VARIABLES1 block wasonly calledonce,at
the startof eachtime step,and this meantthat the valueswere often out of dateasfar as
cryogenic processes were concerned.

P.Renard Astrium-SAS)commentedhatwhenusingESARAD or THERMICA for very cold
partsof the model, the use of the extinction parametelin the ray tracing could makea big
differenceln THERMICA thiswasnormallysetto 1%. Thiswasusuallyacceptabléor normal
temperaturganges,but not for cryogenicconditions.The userneededto setthe extinction
threshold to a low value and specify more rays to improve the accuracy.

2.7.3. CAD and FEA Software

The nextissuethrown up by the questionnaireselatedto the useof CAD andFEA software.
HP.deKoning asked whether people needed to use it on a routine or an occasional basis.

P.vanLeijenhorstsaidthathe hadonly neededo useit oncein 11 years.V. Perottosaidthat
Alenia didn’t use it.

K.Caire saidthat Alcatel had missionswhich involved the useof CATIA. They tried to use
CATIA surfaces,but were always obliged to constructanothermodel for conversionto
THERMICA for usein the thermal analysis.HP.deKoning said that they could use the
idealisationof the CAD modelwithin the CAD tool to give a simplified geometricaimodel.
E. Cosson(EADS) said that they had the sameapproachusing IDEAS, and convertedthe
geometricalmathematicamodelto THERMICA. HP.deKoning askedwhy they didn’t use
IDEAS/TMG and was told that they hadn’t used it for the thermal side for a long time.

JP.Dudon(Alcatel) saidthatAlcatel hada problemwith atool which handledthe connections
betweemlCORATHERManda CAD tool. Theywerecurrentlysub-contractingomeextensions
to OPEN/CASCADEIn orderto be compatiblewith newrequirementsHP. de Koning asked
whethertheidealisationrwasbeingdonemanuallyor automaticallywithin thetools.JP.Dudon
repliedthattheywerestill atthefirst stepof thedevelopmenandwereworking on creatingall
of the geometriesn the tool. The secondphasewould be to import the geometriedrom the
CAD tool andthemsimplify them.O. Pinwantedclarificationthattheideawasto usethe CAD
tool. Hewonderedvhathadhappenedo CIGAL. JP.DudonsaidthattheyhadusedCIGAL in
the past,but werelooking at a periodwhenboth CIGAL andthe CIGAL-compatiblenewtool
could be used, but after certain point only the new tool would be used.

A. Aguilar commentedthat there had beena presentatiorabout introducing NURBS into
ESARAD at the previous workshop. He felt that this would solve the problem to some extent.

HP.deKoning explainedthat therehadbeena studyinto convertingSTEPAP203geometry
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into ESARAD andusingNURBSfor ray-tracing.The studyhadalmostbeenfinalizedandhad
resultedn afunctionallyworking product.However it wascomputationallywery expensiveso
it wasn’tobviouswhetherit would beusablan its currentform. It wasn’tclearwhetherthebest
approachwould involve usingthe NURBS directly or whetherthe NURBS would be handled
using facets.He notedthat therewere other areaswhich could be investigated suchas the
octtreeimplementatiorusedin TSSandalsopresentedby Astrium-F,buttherewasn’'taneasy
solutionto handlinglargemodels.Goodmeshingalgorithmswereavailablein Finite Element
tools,sono newdevelopmentvasreally necessaryhere but newalgorithmswould be needed
in thethermaltools.Howeverit would betheinterfacewhichwould bedelivered Forexample,
it would be possibleto input CATIA modelsinto ESARAD. If NURBS were usedfor the
primitive shapesthenit would be possibleo recogniseheseandsimplify themto theprimitive
shapesatherthancontinuingto treatthemasNURBS. HP. de Koning askedwhetheranyone
had any experience in exporting models or results back into the CAD/FEA tools.

C. Williamson said that he had neverhad to do this for the designphase,but had needed
supplierstemperaturenapsin the CAD model. Thiswould betherealapplicationof anexport
capability.

2.8.4. Post-processing

The final issuewhich had been selectedfrom the questionnaireselatedto generic post-
processing.

HP.de Koningsaidthattherewerealot of issuesoncerningpost-processingndtrying to find
budgetand resourcedo duplicate what was alreadyavailablein commercialoff-the-shelf
(COTS) packages would be very difficult.

F. Lamelasaidthatasfar asCASA wasconcernedhis wasanissuewhich could be ignored.
ESATAN neededo calculatetemperaturesandit neededo do it well. Othertools could be
usedto performotherfunctions.lt wasalwayspossibleto generatgost-processingoftwareto
usethe ESATAN resultsand ESARAD geometryinformation. Howeverthis would present
problemdaterbecauseachcompanyhaddifferentneedsThiswasalsotruewithin companies.
An antennaanalysishad one setof requirementsa completesatellite analysishad different
requirements, etc.

HP.deKoning stressedhattherewasa needto getawayfrom monolithic applicationswhich
did everything.If therewasa setof standarddatafiles, thenit would be possibleto develop
suitesof tools which madeuseof the standardormat. He felt thatit would be betterto have
Unix-type filter tools to do the post-processing of these standard files.

F. Lamelasaidthatasfar asthe post-processingpr the structuralpeoplewasconcernedthey
didn’t alwaysknow whattheywantedor the modelswerenotfully compatible or therewasa
needto interpolateresultsin bracketassembliesetc. Allowing a generalformulawasa little
dangerous. One important area was the visualisation of results.

A. Aguilar commentedhat it would be interestingto allow the userto havesometemplate
functionsso thatthe usercould selectthe formatand contentof output,to havetab separated
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output, or spaces,or whatever,in order to allow the integrationwith in-houseor COTS
software. He felt the user should be allowed to define the output format.

HP.deKoning said that the HDF5 binary dataformat had completeC and F77 application
programmeinterfacedo enableuserso readthedata.ThiswasoneapproachAnotherwidely
recognisedormat wasthe useof commaseparatediariablelists. He felt that thereshoulda
smallnumberof simple,straight-forwardormats,or space-efficientormats,andthatshouldbe
all thatthetoolsshouldsupportHe would hesitateaboutdevelopingspecificformats,because
there would always be someone with a new requirement.

V. Perottosaid that the post-processingnformation was interesting,but felt that the users
would beableto do alot morefor themselves aclearexplanatiorof ESATAN's COMMON
blocks were madeavailable.Everyonehad beenobligedto experimentwith the COMMON
blocksif theywantedto extendthe outputfor post-processingde askedwhy this information
had never been made available. HP.de Koning admitted that many people had reverse-
engineeredhis information so that they could useit for their own tools. Maybe it would be
possibleto createa featurerequestfor the supply of the COMMON block specification.The
original reasorfor notdisclosingtheformathadbeento allow Alstom theflexibility to change
the implementation of the software and COMMON blocks without affecting the users.

A. Aguilar said that Alstom should producesomeAPIs to allow retrieval of datafrom the
COMMON blocks.HP.deKoning repeatedhat HDF5 hadsuchAPIs. He stressedhatdirect
accesso the COMMON blocksendangeretheportability of the softwareandmodelsbetween
partnerspr with SINDA, andcould makeshadowengineeringlifficult. Whatwasneededvas
a simple call in the $OUTPUT block to dump data into a standard format.

P.Renardsaidthathe hadsomeexperiencef convertingan ESATAN modelto SINDA for a
customer.He warned that using knowledge of the ESATAN COMMON blocks within
MORTRAN subroutinesnadeit harderto convertthemodelto SINDA. HP.deKoningagreed
thatthe more MORTRAN therewasin a model,the morelikely it wasthat therewould be
problemsn modelportability with SINDA, etc.If modelsneededo be ported,thenmaximum
portability could only be achieved if only the standard features of the software were used.

3. Wednesday 10th October: Morning Session

3.1. Temperature Control Loop Analyzer (TeCLA) Software

V. Perotto(Alenia) describedvork doneby his colleague-.Burzaglion the TeCLA software.
(See Appendix K)

M. Molina (Carlo GavazziSpace)notedthat the softwareworkedfor single phasdoops,and
askedhow mucheffort would be neededo handletwo phasdoops.V. PerottosaidthatAlenia
did not haveany two phaseloopsin their partof the ISS work, so therehadbeenno needto
provide a two phase capability.
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O. Pin (ESTEC) asked whether it would be difficult to provide a two phase capability.
V. Perotto said that it would be necessary to find the correct transfer functions. The control
interface with the loop was not usually done on the branches which had two phase flow. These
were normally only single phase. Adding the control interface which truly reflected the physics
of the loop could greatly increase the complexity of the model. M. Molina summarised by
saying that the physics of the loop was changing in one place, but the control was actually
handled elsewhere. V. Perotto said this was the case, and changes to the model would need to
reflect the physics.

O. Pin remarked that, at ICES, V. Perotto had mentioned the use of EcosimPro to handle the
control laws, and wondered whether they had thought about using it. V. Perotto confirmed that
they had tried EcosimPro, but had only used in the same way as they used ESATAN/FHTS or
FLUINT, so this was not redly different. They needed to run lots of cases with changed
parameters, and spend alot of effort for multiple parametric runs. O. Pin said that it was possible
to create components to handle this, but it was still necessary to identify all of the control
coefficients. He added that functionality was available in EcosimPro to identify the control
parameters. V. Perotto agreed. It was necessary to identify the control coefficients in advance
to be able to perform parametric studies.

3.2. Analysis of Spacecraft Thermal Stability

B. Shaughnessy (RAL) presented some ideas on the start of a project to determine the stability
of spacecraft thermal design and analysis. (See Appendix L)

HP. de Koning said that if ESARAD was used for the prediction [it was|, then ESARAD used
double precision throughout, but the transfer to ESATAN viaan ASCI| file caused truncation.
There was some work in progress to look at a full binary transfer process in order to preserve
the accuracy of results.

HP. de Koning asked whether the trade-off between lumped parameters and finite difference
and finite element methods had been considered. He felt that finite element methods might
provide a better representation. B. Shaughnessy said that the lumped parameter approach was
better for representing spacecraft. The different projects at RAL used ESATAN, so this
investigation into the analysis methods was to validate the origina work. If the investigation
disproves the accuracy of the results, there would be a need to look again at the methods being
used. HP. de Koning said that it would be possible to use hybrid systems, with finite element
analysisfor the optical instrumentsand ESATAN for the rest of the spacecraft. B. Shaughnessy
said that the results had to be mapped to the structural finite element models eventually anyway,
and that would be another area where errors could be introduced. With more methods the
requirements became less well defined.

V. Perotto (Alenia) asked whether it was possible to use the standard tools for analysis such as
ESATAN, ESARAD and finite element methods. He wondered whether an analytical
simulation might be better, or a combination of using the standard tools down to a certain level
and then use valuesfrom that level asboundary conditions or input to the next layer of analytical
tools. Perturbations could be calculated using Fourier transformations. B. Shaughnessy felt that
it was a good suggestion to couple finite difference methods with something else.
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C. Williamson (Eutelsat)remarkedthat therewould alwaysbe uncertaintyin the data.In the
examplegiven during the presentationtherewere uncertaintiesn the temperaturegradients
within the sphere. He felt that conductivity and capacity values were also needed.

G. Barbagallod ESTEC)commentedhatthethermalrequirementfiadbeenexpressedh terms
of the spectralpower densityat a certainfrequency.He askedaboutthe thermalfluctuation
whichneededo bepredictedB. Shaughnessyaidthatthetemperatureariationwasa peakto
peakdifferenceof 2.0x10°® kelvin atroomtemperatureG. Barbagalloagreecandsaidthatthis
would give 10 11 kelvin perroot hertzat certainfrequenciesTherewasthe needto divide by
thebandwidth He wonderechow the 104 figure hadbeenobtained B. Shaughnessyaidthat
this numberhadbeenspecifiedin the structuralanalysisreport. G. Barbagalloremarkedthat
ESATAN hadnotbedesignedor sucha smallvariation.HP. de Koning saidit wasa question
of whethertheusercouldlive with theconvergenceriteria.lt mightbenecessaryo look atthe
heatbalanceratherthan the temperaturaifferences.O. Pin (ESTEC) said that this areaof
ESATAN wascurrentlybeinginvestigatedput he wasscepticalof whetherthis would really
help for suchrequirementsHP. deKoning said that normal double precisionwas accurate
downto 10713, andoffered13 significantdigits, so the analysisneededaccuracywhich was
already quite close to the limits of what was achievable.

V. Perottosaidthatif asolvercouldbeupgradedo supporiconvergencentheheatbalanceit
would alsobe interestingto work with the energy,which wasthe integrationwith respecto
time.

C. Williamson commentedhat this accuracywas requiredduring PhaseA. Thinking ahead
though,if thehardwarewvasactuallybuilt duringPhaseB or C, how couldit everbevalidated?
B. Shaughnessgaidthat verification would be someoneslse’stask.F. Lamela(CASA) said
thatit wouldbe possibleto measurét optically usingthelaserin theinstrumentHP. de Koning
agreedthatthe instrumentitself could be usedin the verification. It wasclearthough,thatto
ensure the spacecraft worked, it needed to be simulated with a high degree of accuracy.

3.3. An Overview of Bepi-Colombo Thermal Analysis

I. Renouf(Astrium-UK) gaveanoverviewof the Bepi-Colombamnissionandthe challengegor
thethermaldesignto handlethewide rangeof thermalenvironmentgor thedifferentphase®f
flight, as well as the orbit and landing on Mercury. (See Appendix M)

F.duLaurens (Alstom) askedwhether |. Renouf would be interestedin wider planetary
modellingin ESARAD atsometime in thefuture,or ahyperbolicorbit capabilityfor modelling
theVenusfly-by. I. Renoufsaidhewould beinterestedandsaidthattheycoulddiscusst after
the presentationlt would certainlyberelevantfor the thermalanalysis.The designfor the fly-
by behindVenuswasimportantbecausef theneedto keepthespacecraftvarm.F. du Laurens
askedwhetherl. Renoufhadusedhis own routinesfor planetarymodelling.l. Renoufreplied
that he usedin-houseroutinesfor varying the temperatureF. du Laurensaskedwhetherthis
temperaturewvas basedon the sub-satellitepoint, or usedthe field of view of the planet.
I. Renouf said that it used the average value.

C. Williamson (Eutelsat)commentedhat he had also tried doing something but it was not
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elegant.He had usedThermicawith different planettemperature$eldin arrays,with some
logic to selectdifferenttemperature$rom the arrayat variouspointsaroundthe orbit. These
arrays had to be generated in advance, and added to the ESATAN model as well.

|. Renoufsaidthat the main problemsin the designandanalysishadto do with the scalean
variationin theflux valuesfor thedifferentphase®f theflight andwithin thefinal orbit. At the
closestpoint to Mercury, the altitude was 400km with flux valuesabove 10000W/nf. The
variationof theflux aroundthe orbit wasalsovery rapid. He wasconcernedboutthe scaling
effects.

3.4. ECSSInitiative

W. Supper (ESTEC) gave an impromptu explanationof the ECSS standardswork, and
describedsomeof theresultssofar. He saidthateveryoneshouldremembethe homepagefor
the ECSSstandardsn orderto downloadthe existing standardsThesestandardscould be
downloadedor free. Thereasa lot of informationon managemerdspectsproductassurance,
guality assurancend varioustechnicalareas.For Thermal Control, the level 2 documents
alreadyexisted,andtherewereon-goingactivitiesto definelevel 3. He hada limited number
of old newsletterswhich peoplecould take away with them, but anyonecould download
electronicversionsof the latestnewslettersfrom the web site. He stressedhat the process
needednput from, and co-operatiorof differentteamsfrom the spaceindustrywith Europe
rather than just from ESA.

The web address was http://www.estec.esa.int/ecss

O.Pin (ESTEC) emphasizedthat volunteers were required to help with this work.
HP.deKoning (ESTEC)saidthatEuroSpaceverehelpingto co-ordinatehework of all of the
different spacecontractors.EuroSpacewould pay for the travel and subsistenceof those
contractorswho participatedin ECSSmeetings,so not all of the costshadto be borne by
industry directly.

W. Suppersaidthatthe high level ThermalControl standardlevel 2, hadalreadybeenissued,
althoughthereweresomeerrorswhich neededo be correctedThreelevel 3 documentsvhere
foreseen:

» thermal handbook(one version had beendevelopedfor CDROM, but this would need
reworking to be a papdrased document)

» reference data (solar constants, etc. so tfeayene vorked with a common set of data)

» guidelines for analysis (a cookbook containingrking practices)

Themorepeoplewho wereinvolvedin providinginput, the betterthe acceptancéevel across

Europeanspaceindustry. This was better than a small group developinga standardto be
imposed on everyone else.
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3.5. Application of CORATHERM for Spacecraft Thermo-Elastic Analysis

JP. Dudon (Al catel) described the current state of CORATHERM, and the recent developments
of the tool to improve its use in the thermo-elastic analysis of spacecraft. (See Appendix N)

S. Appel (ESTEC) was interested in hearing more about the method used to transfer
temperatures from the thermal nodes to the finite element nodes. JP. Dudon said that the
software made use of the partial nodes used in the EQUIVAL method. These gave local
temperature information on structural panels, or the power on unit nodes. Then it was possible
to use the recalculation process to transfer the temperatures from the automatically created
partial nodes onto the classical thermal model. Points could be created on the finite element
mesh which matched these nodes.

S. Appel asked whether this was a consistent method. JP. Dudon said that it was difficult to
discuss the method without needing to go into more detail than could be given in such a short
presentation. The engineers at Cannes had found that combining the radiative and conductive
aspects of panels gave a better way for the conductor processing, and allowed the possibility of
having local information about the geometry and the interpolation of values between points.
O. Pin (ESTEC) said that in EQUIVAL the panels were meshed finely, and then star delta
transformations were applied to the mesh to reduce it, taking environmental conditions into
account.

JP. Dudon gave an example of a panel which was cut into element nodes. The conductive and
radiative links of the nodes were calculated. Some nodes could be eliminated and some
combined to give classical thermal nodes. The thermal nodes have the averaged temperatures
of the partial nodes which have been eliminated. Unit nodes were considered as classical nodes.

HP. de Koning (ESTEC) asked whether the method was limited to rectangular shapes.
JP. Dudon said that there was a constraint on using rectangular shapes at the moment.

3.6. Transient CPL modelling with ESATAN/FHTS and SINDA/FLUINT

C. Puillet (CNES) described work to model capillary pumped loops using FHTS and FLUINT,
and the new capillary pumped elementsin FHTS. (See Appendix O)

O. Pin (ESTEC) asked whether anyone el se in the audience had used the capillary pumped loop
(CPL) elements provided with ESATAN/FHTS 8.6. V. Perotto (Alenia) said that they had tried
at Alenia, but they had used a simpler loop than C. Puillet had shown. The loop had consisted
of only one evaporator and one condenser. They had found similar problems to the ones
presented, such as the time step, and the sensitivity to the number of nodes. He was concerned
about how well physical phenomena could be modelled. He wanted to know when a method
would be available which got rid of the current test cycle of building the loop and running the
testsjust to verify the model.

O. Pin asked whether C. Puillet could be more precise about the physics which the loop had

represented. What still needed to be investigated? C. Puillet answered that low mass flow rates
leading to stratified flow had not been modelled, therefore the results were not accurate. It was
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necessary to have a high mass flow rate in the experiment in order to give homogeneous flow.

O. Pin said that there was a paradox. It would be possible to add more physicsto FHTS, but the
real requirement for thermal engineers would beto get rid of FHTS. Everyone would be happy
to overcome the use of fluid nodes.

O. Pin asked whether Alenia could provide more feedback on the problems they had
experienced. V. Perotto explained that they had tried to get rid of the pre-built capillary pump
elements. They had modelled specific capillary elements using subroutines, but they were still
not happy with the result. They had a student who had been looking into this, but he was
currently away on military service. He felt that rather than develop the tool further, there was a
need to develop experience of modelling such loops. C. Puillet agreed that experience was
needed which matched the models, for example, models having no stratified flow.

O. Pin said that one of the major problems had been how to test the CPL elements themselves
(evaporator, condenser and isolator). The results had to be verified against unit testing of the
elements themselves, and not in experimental loops. C. Puillet admitted that it was not easy to
get amodel to match the experiment.

3.7. Status of M odel Data Exchange

HP. de Koning (ESTEC) described the growing interest amongst the tool vendorsin STEP, and
the current state of devel opment of the STEP-TAS and STEP-NRF interfaces. (See Appendix P)

H.Rathjen (Astrium-D) asked how cut surfaces from ESARAD were handled by STEP-TAS
and imported into other software tools. He had tried using STEP-TAS for converting ordinary
surfaces from ESARAD to Thermica but had found that coordinate information was missing.

HP. de Koning said that all surfaces where converted to a point definition within STEP-TAS,
so arectangle which had been defined by width and height in ESARAD would be converted to
use a P1, P2, P3 definition in STEP-TAS. The fina coordinates also depended on how
translations and rotations were handled in the database, so some intermediate coordinate
transformation information might also be lost in the conversion. H.Rathjen said that losing
coordinate information made model transfer difficult. HP. de Koning agreed. Another problem
area was that labels were lost, but this would be corrected. In the current converters, this
information was not properly mapped, but thiswould be fixed. Cut surfaces were not taken into
account in STEP-TAS exchange. The existence of the surface was transferred, but not the
surfaceitself. The primitive surfaces used as operandsto create the cut surface were transferred,
but not the resulting cut surface. Therefore the receiving tool needed manual intervention to
handle the cut surface.

F. du Laurens (Alstom) remarked that user support had received many calls about transferring
Thermicamodelsto ESARAD viathe STEP-TASinterface where there were alot of statements
suchas SHELL A = SHELL B + SHELL B. He wondered whether this was a similar problem.

HP. de Koning admitted that there were several bugsin the converter which needed ironing out.
The three different levels of interface used in the conversion all had bugs. This was one reason
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to simplify the architecture, remove the old SET-ATS layer, and identify where the bugs
occurred. The implementation of the converter for different tools had unearthed various bugs,
issues to be resolved, and feature requests. These would all be corrected or consolidated in
future releases. Even though it was a slow process, he felt that there was convergence.

M. Molina (Carlo Gavazzi Space) commented that Carlo Gavazzi Space and OHB had been
using the Trasys to ESARAD converter successfully.

HP. de Koning said that anyone who was interested in using the converter should send him a
request via electronic mail. There were alot of test cases for the converter so it was relatively
completely validated.

A. Robson (Astrium-UK) asked whether the opportunity existed to use the STEP protocols to
transfer thermal results into finite element models. HP. de Koning said that Lockheed Martin
had asked him to expand AP209? to include thermal data, but thiswas still under consideration.
Thiswould be alogical way of doing it. However, it would still take time. The other tools were
slowly going the same way. Patran was the only tool which handled AP209 so far, so handling
results was still limited.

4. Wednesday 10th October: Afternoon Session

4.1. Thermica v4.

P. Renard (Astrium-SAS) described the reasons behind the development of a new interface for
Thermica, and gave a demonstration of the new GUI and interactive model builder prototypes.
(See Appendix Q)

O. Pin (ESTEC) asked whether the multi-shape node shown in the interactive model builder
used the centre of gravity for the conductive link. P. Renard replied that it was the geometric
centre rather than the centre of gravity. The density of the material was not taken into account.

H. Rathjen (Astrium-D) asked whether the new user interface would allow the user to specify
cutting tools. P. Renard answered that new shapes had been required in the geometry to handle
cutting tools, but this had now been done. Work was still required on the ray-tracing to support
cut surfaces, but the goal was to support cut shapesin Thermica.

V. Perotto (Alenia) asked for more details of the albedo and infra-red modelling. P. Renard said
that currently the models used constant albedo or temperature values for the planets, but many
people wanted to have different albedo or temperature values for different areas of the planet
model. This could be achieved in the future by alowing the user to edit a table of values.
V. Perotto asked whether such an infra-red model would compute the infra-red fluxes based on
these temperatures. P. Renard replied that there would be no computation within the model. The
temperatures could be used to model the effect of an atmosphere.

2. AP209isthe STEP protocol for the exchange of FEM data.
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F. Koorevaar(FokkerSpace)yaidthatin previousversionsof Thermicait hadbeendifficult to
seethe difference betweenactive and inactive surfaces.P.Renardsaid that this had been
improved.

F. duLaurengAlstom)askedo whatextentdid Thermicasupporthecalculationof conductive
links. P. Renardsaidthatthe contactconductancdetweerclassicalshapesvashandled such
as disk with cylinder, etc.

J.PerssonESTEC)askedwhethercut surfaceswould be handled.P. Renardansweredhat
conductivelinks for surfaceswith booleanoperationsstill neededto be investigated.The
current idea was to re-mesh the cut shape and then check the conductive links.

A. Robson(Astrium-UK) askedwhetherit would be possibleto run the conductivelink
calculationin batchmode.P.Renardadmittedthat batchmodewasalsoimportant,but there
was a need to prioritise which features went into the next version.

4.2. Developmentsin ESARAD, ESATAN and User Support

F.duLaurens (Alstom) and H. Brouquet (Alstom) describedthe latest developmentsin
ESARAD andESATAN, andexplainedthe self-helpideasbehindthe Alstom web site. (See
Appendix R)

A. Robson(Astrium-UK) remarkedhatthe new cyclic solverroutinein ESATAN would not
convergef the modelcontainedogic to control heatersThe modelmight convergeby itself,
but the heater would interfere.

HP.deKoning (ESTEC)askedwhetherthe usercould specifya rangeof nodesfor which the
convergenceriteriaapplied.H. Brouquetsaidthatthis waspossible or the usercould specify
a sub-model.

O. Pin (ESTEC)saidthatthe fact thatthe calling interfaceallowedthe userto specify“ALL”
or “NONE” wasbecausduture work wasforeseeno implementevents.This featureof the
calling interfacewasthefirst steptowardsthis implementationHP. de Koning explainedthat
events would be named, so the user would be able to specify a particular event.

F.Lamela(CASA) askedat whattime themin./max.calculationtook place.Theusermightbe
interestedn partialvaluesof thoseatthe beginningor endof particulartime stepsWhatif the
useronly wantedthe min./max.temperaturafter 52.55seconds®. Pin answeredhatwhen
usingthe new cyclic solverroutinethe usermight only wantthe min./max.valuesduring the
final solutionstage Theusercouldspecifywhenthe STORMM routinewascalled.Oneway to
doit couldbeto usethecyclic solverfirst, thenrun oneadditionalorbit which containedcalls
to STORMM. H. Brouquetexplainedthatthe userneededo addsomelogic to the ESATAN
modelsothatif the time wasgreaterthana certainvalue,for example, STORMM would be
called.F. Lamelawasrelievedthat the modelwould not needto be restartedwith different
startingconditionsin orderto extractthe correctmin./max.valuesfor a particularrangeof
times.
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In answer to a question from C. Williamson (Eutelsat), H. Brouquet said that the min./max.
routine compared the variable which had been defined, and stored the result in other variables.
HP. de Koning said that the user could access these variables if required. There was a minT
variable for each node in the model. H. Brouquet said the user had access to al of the standard
nodal attributes as well as those defined in USRNOD.DAT.

P. Renard (Astrium-SAS) asked whether the introduction of FlexLM would give rise to an
additional cost to the user. F. du Laurens said that there would be no additional cost to the user.
The use of FlexLM would alow the user to have 4 floating licences.

D. Labuhn (OHB) asked about the status of POLYTAN. F.dulLaurens answered that
POLY TAN was now a project rather than a specific product. New features of ESARAD would
fall under the POLY TAN project. HP. de Koning explained that originally POLYTAN was to
have been anew product. Work started in 1995/6 and there had been anumber of prototypesfor
various aspects of the tools. However, it was decided that the POLY TAN product was just too
ambitious, and there werelikely to be problemswith asmooth migration from the existing tools,
and problems with backwards compatibility. Current space projectsran for many years, so there
would still be aneed to use the original tools for along time, so the switch to a completely new
tool would have been difficult to manage. POLY TAN functionality could only have been added
alittlebit at atime. Therefore the decision was made to provide a series of incremental upgrades
to ESARAD and ESATAN, and to build the POLY TAN functionality into successiveindustrial
releases of the existing tools. F. du Laurens announced that the version of ESARAD which
could be considered as forming part of POLYTAN release O was scheduled for release in
February 2002. HP. de Koning said that this version would feature better integration with
ESATAN to alow splitting the model into the different ESATAN blocks, mission capabilities,
and improvements to the visualisation.

E. Cosson (EADS) said that there was often a need to handle ESATAN internal variables for
determining the heat balance, or to monitor the phase change of materials, or just to test the
variables themselves. The QRATES routine gave the imbalance, but it was not possible to use
thisas part of atest. O. Pin asked whether he needed accessto these variablesin order to modify
the user logic. The answer was yes. access to these variables was required. HP. de Koning said
that it should be possible to declare a nodal entity and to check this entity in the user logic. He
agreed that there was a need for someone to write some example code to show users how to do
it.

V. Perotto (Alenia) had some comments on the latest version of ESARAD. He said that they
had tried ESARAD 4.3.2, but it was not really being used. They were running across a network,
and the processing times for the geometry were worse than the old version. Running the
geometry took longer. HP. de Koning asked whether this was using the esrdg batch process.
V. Perotto answered that thiswasjust |oading and processing the geometry in interactive mode.
F. du Laurens suggested to process the geometry using batch mode and then load this into the
GUI. V. Perotto said that he was not sure of the details, but he thought that the batch process
was used, and then the geometry was|oaded into the GUI. F. du Laurens said that it should only
take about 10 to 15 seconds to load a 3000 node model.

V. Perotto said that they had also had problems with transfer orbits. To model Mercury orbiting
the Sun, they had found some strange fluxes. It appeared there was a problem with solar
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constantsnot being calculated.F. duLaurens said that the solar constantwas currently
calculated as the mean value over the transfer orbit, but this would be changed in the future.

V. Perottosaidthatto calculatethe orbital fluxesfor the Bepi Colombomissionto Mercury it

had beennecessaryo havetwo runsin orderto take Mercury’s slow rotationinto account.
Mercury only had 3 planetaryrotationsevery 2 Mercury years. However, modelling two

successiverbitswasnot simplein ESARAD. HP. de Koning saidthatif the modelcontained
24 orbit positionsbut they were unableto run 48 orbit positionsin sequencehen this was
problem.This neededo be investigatedandresolved.V. Perottosaid that they hadrun two

models and then combined the fluxes.

S.Appel (ESTEC) askedwhetherthe Web site could also be usedfor reporting problems.
F. duLaurenssaidthatthis wasnot possibleatthe moment butwasanideafor thefuture.The
usershouldbe able to recall and track reportedproblemson line. He said that usersupport
would continueto handleelectronicmail, butthe Web site shouldtakeoverasthefirst point of
contact.S. Appel askedf he sentelectronicmail to usersupportwould his problembe added
to the Web. Would he have accessto the problem reports submitted by other users?
F. du Laurensansweredhattherewasno directinterfacebetweertheusersupporimail system
and the Web site. Userswould only have accesso their own problemreportsbecauseof
confidentiality issues.

4.3. Workshop Close

O. Pin (ESTEC)saidthatall of the presentations/ould be madeavailableonthe ESTECweb
site, and people who were new to the Workshop would be added to the mailing list.

He saidthat producingthe Minutesof the Workshophadto be on a besteffort basis:it took a
lot of work to produce the Minutes and there were always other tasks to be done.

He thanked Alstom and the other presenters for the effort they had made for the Workshop.

He hoped to see everyone again the following year at the next Workshop.
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Appendix A: Welcome and I ntroduction

Welcome and I ntroduction

O. Pin
ESTEC/TOS-MCV
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Workshop objectives

- To promote the exchange of views and experiences amongst
the users of the Agency's (and others) software packages in
the fields of thermal control and ECLS

* To provide a forum for contact between end users and
software developers

* To present new versions of the software tools and to solicit
feedback for development
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Programme

Mornings - Presentations on the use of thermal analysis tools and
methodologies (with 5-10 mins discussion at the end of each
presentation).

Afternoons - Interactive demonstrations of 45 / 90 minutes.

17:15 today - ESA Round-Table discussion (Hans Peter de Koning).
Topics have been chosen according to your questionnaire answers.

Discussion on major feature requests for ESARAD and ESATAN/FHTS
will be covered tomorrow afternoon by ALSTOM.

PCs are available at the back of the room to try the software ESARAD,
ESATAN, ThermXL, ThermPlot and EcosimPro
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Practical Information

* Presenters: Please leave your presentation (floppy or CD-ROM with
Powerpoint file) with D. Gibson or O. Pin before end of Workshop. Please
leave a paper copy if possible to avoid problems with embedded
fonts/logo’s or Mac.

* Workshop Minutes (for morning sessions and round-table discussion) will
be supplied to participants on the Web.
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Practical Information

Lunch: 13:00 - 14:00. The “foyer” tables are reserved for us

Cocktail today at 18:00 outside the Workshop room

Restaurant booked today for 20:00 (maps available). Please let us know
by 14.00 if you need a lift to the restaurant

* Fax (+31-71-565-5949) and telephone available outside the Workshop
room

» Check your details on the list of participants and inform the Conference
Bureau of any modifications.
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The 32st International Conference on Environmental Systems will be held

15-18 July 2002 in San Antonio, Texas

Deadline for submitting abstracts: 19 October 2001

Thermal software related abstracts to be sent to: Charles Stroom -

Charles.Stroom@esa.int
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Appendix B: Managing the I nterface between ThermXL and Esarad

Managing the I nterface
between
ThermXL and Esarad

A. Robson
Astrium-UK
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* ThermXL Overview

* The Thermal Modelling Process
* Esarad Interface

* Other Interface Issues

* Conclusion
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Thermal Modelling Tools

astrium

ANALYSIS TOOLS GEOMETRY TOOLS
PROs CONs PROs CONs
ESATAN Too Integrates | . Does not
Powerful and | cumbersome . interface with
or . ESARAD well with
flexible. for early study Esatan any other
SINDA phases analysis tools
Not
THERMXL Powerful and . SYSTEMA interface with
flexible analysis. No Esatan and ThermXL
interface with SINDA
other tools
Quick No use for
HAND answers to analysis of HAND No interface Simple
CALCULATION simple more than 2 or | CALCULATION issues geometry only
problems 3 nodes

October 2001

15t European Workshop on Thermal/ECLS Software

© Astrium

What is ThermXL?

astrium

* An add-in for MS Excel that provides Thermal modelling and analysis
capabilities in a spreadsheet environment.

October 2001

a8 =1olx|
||&% Fle Edit view Insert Formot Took Detn Window Help Themmyl RS
Hi3 = =
A ] B fcTo[EJTFT 6 THIT[J K] L [ M [ N [ =
| | |ThermXl Nodes
2
3 |Number Label Type mC a ¢ Ares 0S5 QA OF QI Tojc] T[C] RCTime]
| 4 |1 Parnel B 000 0.00 000 0.00 000 0.00 0.00 0.00 2000 Z0.00 0.00
| 5 [2 Unit D 000 0.00 0.00 000 000 000 253 &800 000 12.81 0.a0
| B (3999 Space B 000 000 000 000 000 000 000 000 -269.00 -269.00 0.00
7
|8 | Radiative loss to space Planet fux [LE)
9
El Unit (Mode 2) B
1] ]
12
13 ‘ Panel (Node 1] I—
o Boundary at 20 degC
1 =

1

I o o R |

[ F e | oHA

15t European Workshop on Thermal/ECLS Software

A

| 1 [ThermXL Gls

2

3 |Label First Node Second Node Value ', Heat Flow|

4 [Panel to Unit 1 2 | 016 ! \1 1581e+10

A B | c | 1} E | F | 6 =

| T [ThermXl GRs {Note: Stefan-Boltzmann applied automatically)

2

3 |Label First Node Second Node Value Heat Flow  View Faclor]

4 |Radiative link to space 2 9993 | 0.03 ! 1.213e+01

=

© Astrium




Why ThermXL? astrium

* ThermXL provides a flexible and simple environment for performing early
study thermal design and analysis.

e Fast turn-around of analyses

* Spreadsheet functionality

- Ability to define time and/or temperature dependent values using Excel
formulae or macros

- Direct plotting facility using Excel charts as required
* Flexibility

- Ability to change parameters easily and see instant results
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The Thermal Modelling Process astrium
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The ThermXL Model

astrium

e ThermXL used by Astrium UK for preliminary Bepi Colombo model development

e ESARAD used for geometry modelling

* Steady state fluxes for interplanetary cruise phases and for the Mercury Surface

Element (MSE) in situ

- no problem inserting ESARAD results into ThermXL

* Transient fluxes for orbiting elements, such as the Mercury Planetary Orbiter (MPO),
and the descent phase of the MSE with its Chemical Propulsion Module (CPM)

- Interfacing tools required to import Esarad results into ThermXL

B Microsoft Excel - BepiColomba_orbiter_mods
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| 9 |6 +Y MLI{70% OSR, 30% SO0AR) o 10.00 036 081 1.74 0.00 0.00 23452 000 10077  -27.48 579
) | 107 IR shield (OSR) D 5000.00 0.20 080 337 0.00 000 11.84 0.00 134.00 -22.14 B832.84
] | 1118 HG Antenna D 6000.00 027 o7 27 0.00 0.00 48618 0.00 113.59 645 2168.47
L) Planet Face | 12]17 IR Shield MLI D 10.00 0.20 080 337 0.00 0.00 4521.62 0.00 131.39 14276 079
0 | 13199 B 1.00 100 100 0.00 0.00 0.00 0.00 000 -270.00 -270.00 003
0,428 R Shield [14]
0,331 15 -
0157 oy e «] [»il%, FLUK data { FLUX { Case ), ThermL Nodes  ThermsL Results £ Stst Hot CaseR | 4] . D
0l =
ve [oon Iy C [ asotpes- N NOCE MR- L-A-===0@.
Ready IT [ T e e
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Importing ESARAD generated GRs

* Fixed GRs are manually imported from ESARAD, with Excel formulae to modify

optical properties during design iterations

£ Microsoft Excel - BepiColombo_otbiter_mods!_2.xls

File Edit View Insert Format Tools Data Window Help Thermil =1=1 lll

DEHAERY smad o- @z £ 4| ao =9 =% 0.

sl BEIE A T %, W -

BRV VoL

Ad | = Top - Antenna
A [ B [ C | D [ E F G | H 0 T J T KA

| 1 |ThermXlL GRs (GRs are directly defined as values)

2 Esarad Mewr Qld

3 Label First Node Second Node Value Heat Flow View Faclor] Walue Emissivity Emissivity

4 |Top - Antenna !‘\ g 1.387e-01 -36.38 1.387e01 0.5 0.56
| 5 Top- Space 1 EE] 1.657e+10 139.56 1.657e-+00 08 08
| B |Bottom - Space 2 EE] 3.041e+010 5185.56 2.661e+00 08 o7
| 7 |-Rio Space 3 a9 8.398e-01 16B.77 §.398e-01 0.808 0.808
| B |+XtoSpace 4 29 8.385e-01 15382 8.385e-01 0.806 0.806
| 8 |Radiator- Shield 5 7 3.490e-01 214.18 3.490e-01 D64 064
| 10 |Radiator- Space |5 EE] 9.213e-01 772.82 9.213e-01 08 08
[ 11 |+Y - Space 5] EE] 1.402e+00 289.49 1.402e-+10 0.606 0.806
[ 12 |Shield - Antenna 7 g 4.909e02 -5.96 4.909e-02 0.56 0.56
| 13 Shield - Space 7 EE] 2.313e+10 520,53 2.313e+00 08 08
| 14 |Antenna - Space 8§ EE] 1.692e+10 586.50 1.692e-+00 o7 o7
[ 15 |Shield MLI - Space 17 a9 2 B96e+10 457371 1.685e-01 08 0.05
[ 16 |MLI 1 5 0.11229975 -B4.74
[ 17 MLl 2 5 0.19003650 16469
[ 18 MLl 3 5 0.05239420 -33.54
[ 19 MLl 4 5 0.05239420 -34.34
[ 20 MLl 6 5 0.05700335 -55.01
| 21 |Shield MLI 7 17 1.685e-01 2479402
|z
[ 23 |MLI Efficiency 005

24
E %
\qﬁqlplnmhermxl GRs { Thermyl Preferences [/ Thermil Gls [ Thermsl GFs / By
[oione Iy (| Avoshepes~ \ N CIO B 4I[E & Z-A-=

Ready [T \ MM
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15t European Workshop on Thermal/ECLS Software

© Astrium




astrium

Importing ESARAD Generated Fluxes

Importing the data is an issue for two reasons:

e Esatan output format not compatible with ThermXL, so importing tool
required.

- Tool written with Visual Basic macros to deal with the format

* Excel does not support interpolation

- Interpolation performed using a sequence of Excel formulae with the
spreadsheet

October 2001

15t European Workshop on Thermal/ECLS Software © Astrium

astrium

Flux data after importing to ThermXL

EZ Miciosoft Excel - BepiColombo_orbiter_model_2.xls
[ Fle Edit Vew Insert Fomat Tools Data sindow Help Thermil -5 5||

D2He SRy [ 2e oo (@2 A 85 0w ¥ 0.
o w - rulEE=E2 %, @3 -H-A-
[
C [ D E F [ G H [ 1 J K L
[ 1] hdean End of table
| 2 [Time i 521 930 2184 4158 5529 7386 7395 8316 50000 51000
| 3 [T 0 [ 224 2473 3851 4057 207 0 [ 2005 2005
| 4 |as2 i a 22325 0 a 0 22325 i a 1971 1971
| 5 |as3 i i 2760 5475 22% i 2 i i 1792 1792
| 6 |asa i i 0 i 2219 5118 2741 i i 1769 1769
| 7 |ass i i 0 i i 0 i i i i i
| 8 |0s6 i i 21 1398 3641 2593 16 i i 1453 1453
IEREE i ] 86 3710 9693 6868 80 i ] 3869 3869
|10 @ss i ] 1965 1302 3402 2857 1959 i ] 1908 1908
|11 as17 i ] 7069 0 ] ] 7069 i ] 624 624
[12aa1 i a 0 1 2 2 0 i a 1 1
EEI[™ i i i 734 1517 1215 i i i 675 675
|14 |0a3 i i 0 5 1 1 i i i 1 1
|15 |0aa i i 0 i & 7 i i i 3 3
|16 |0as i i 0 i i 0 i i i i i
|17 | Qs i i 0 1" E] 10 0 i i [ [
18 |07 i ] ] 0 2 F] 0 i ] 1 1
EEIEE i ] ] 16 23 ] 0 i ] 12 12
|20 | Qa7 i ] ] 235 479 381 0 i ] 214 214
| 21 |QET 18 15 15 7 g E] 15 15 18 10 10
|22 |aE2 4683 4198 4168 3085 2459 2730 4188 4198 4663 3348 3348
|23 |aE3 133 94 93 2 5 14 73 94 133 49 49
| 24 |0E4 120 a1 91 34 2 7 91 91 120 55 55
| 25 |0Es 5 i 0 0 i 0 0 i 5 1 1
| 26 |0EE 235 192 191 9% 38 58 191 192 235 118 118
|27 |aE? 12 E] E] 3 4 4 [] [] 12 7 7
| 28 |cEg 487 362 360 152 EL] 16 360 362 487 223 23
|29 |cE17 301 268 267 196 156 175 267 268 a0 214 214
] H4 b [M[', FLU data WFLUX  Case £ ThermiL Modes / ThermiL Results £ 5t St Hot Case Resuls £ | 4] LU_I
D~ [y (5| Auroshapes = \.Do4\&vg-g-szgnm.
Ready [ i iy
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Interpolating the Data astrium

* A series of Excel formulae are used to interpolate the data during the
solution, to give a QS value for any specified time during the analysis.

Ed Microsoft E xcel - BepiColombo_ model_2.xls - OIx]
) Fle Edt View Insert Format Tooks Data indow Help Therml =1 5[‘
DESH2SRY (BB 0. &= A4 WP -2 ¢3s 0.

Gl =0 =B zu B®%, 43
BEOY YT 0S|
118 = =
M [ N [ 5] [ P [ Q [ R [ s 1 T [ U [ W [ 3‘

[1] TIMEM NOW = 5311.964659
2 matchitime) time index(match) time index(match+1) flux index(match) flux index(match+1)  time  Flux Interpolation

ER g 7395190031 8315962817 i i 6311.965 0

[ 4| 8 7395.120031 8315.952017 a a 6311.965 0

|5 | ] 7395180031 8315.962917 i i 8311.965 1

|6 | g 7395190031 8315.962817 i i 6311.965 1

|7 | 8 7395.120031 8315.952017 a a 6311.965 0

R ] 7395180031 8315.962917 i i 8311.965 1

ER g 7395190031 8315.962817 i i 6311.965 1

[10] 8 7395.120031 8315.952017 a a 6311.965 0

|11 ] 7395180031 8315.962917 i i 8311.965 1

[12] g 7395190031 8315.962817 i i 6311.965 1

[13] 8 7395.120031 8315.952017 a a 6311.965 0

|14 ] 7395180031 8315.962917 i i 8311.965 1

|15 g 7395190031 8315.962817 i i 6311.965 1

[ 16 8 7395.120031 8315.952017 a a 6311.965 0

|17 ] 7395180031 8315.962917 i i 8311.965 1
18 g 7395190031 8315.962817 i i 6311.965 1

[19] 8 7395.120031 8315.952017 a a 6311.965 0

|20 ] 7395180031 8315.962917 i i 8311.965 1

[21] g 7395190031 8315.962817 14.634381 16.415212 6311.965 16

|22 | 8 7395.120031 8315.952017 4197579702 4663.434705 6311.965 4661

|23 | 3 7395180031 8315.952817 94.195224 133442676 6311.965 133

[ 24| 8 7395.120031 8315.952017 91402496 119.66255 6311.965 120

|25 | ] 7395180031 8315.962917 0.202425 5.220787 8311.965 5

|26 g 7395190031 8315.962817 192395338 234.700647 6311.965 235

|27 | 8 7395.120031 8315.952017 8.027751 11.855059 6311.965 12

|28 | ] 7395180031 8315.962917 361.984209 486.724272 8311.965 486

[29 g 7395190031 8315962817 267 675323 301.496572 6311.965

|:|ﬂ<|> [, FLUX data FLUX { Case / ThermiL Modes £ Thermiel Resdlts /£ 3tSt Hot Case Resuks 4 |

Joww~ Iy & muoshepes - N W IO E ALH & Z-A-S
Ready (== [y v e
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Flow chart to import Esarad data to ThermXL  astrivm

Generate Esatan file | s | Separate Flux arrays
fram Esarad into a text file

Impart to Excel
with no formatting
or delimiters

Faormat the data using
"Therm¥LCorvert" macro

M
A

Result is: top row contains orbit tirmes
subsequent rows contain flux data
one row per data type per node

N

Use Watch' function to find closest cell to
current value of Time'

Usze Index function with Match' result to
get values for time and flux
ahove and below current Time' value

h 4

| Interpolate with current time to get intermediate |
value for flux

h 4

Read result into A5, QA or QE column |
in TherrmsL Modes sheet.

October 2001 .
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Gth er Interface Issues astrium

e |nactive Nodes.

- ThermXL does not support 'inactive’ nodes. ThermXL users must therefore delete the
ESARAD generated node and all the couplings to it as part of the process of importing
to ThermXL.

e Couplings Between a Node and ltself.

- ThermXL does not support ‘Self Couplings’, where a node is connected to itself. While
such links have no impact on the heat balance, they are retained by ESARAD for
information, so they must be manually removed.

e Export to Esatan format

- There is no function to export ThermXL models into ESATAN format. This step will
always be necessary when the scale of the model exceeds the practical limits of
ThermXL.

- It would be a simple matter to generate an Excel macro to format the nodes,
couplings, fixed heat sources, and analysis control into ESATAN form. However, this
would not deal with any functions and macros used during the analysis for time or
temperature varying properties, functions to vary fluxes and couplings according to
thermo-optical properties, and so on.

October 2001 .
15t European Workshop on Thermal/ECLS Software © Astrium

astrium

kConcIusion

* The BepiColombo proposal analysis was successfully completed and
ThermXL was found to be a very suitable tool for early phase thermal
design and analysis.

- Short model development time

- Simple and Intuitive to build and develop the model
- Very quick to analyze parameter changes

- Simple to plot results on Excel charts

* The most significant issue with using ThermXL is the amount of work
needed to import the results from ESARAD. Astrium UK has developed a
solution to this interface which results in much faster turn-around of
analysis.

October 2001 .
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Appendix C: Introduction to G-DELTAN V3

Introduction to
G-DELTAN V3

An Interactive
Thermal Analysis Tool

C. Williamson
Eutelsat SA.
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G-Deltan V3

An Interactive Thermal
Analysis Tool

By Craig Williamson, Eutelsat SA

9/10 Oct 2001

G-Deltan Contents

Broad Specification
Capabilities
Variables
Solution Routines
Features

Model Interpreter
User Interface
Benchmarks
Autogen

Postpro
Development
Annex - Syntax
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G-Deltan Broad Specification

Compatible with PC using Windows 95+
Stand alone program

Ease of use

Rapid user interaction

Complex problems

Simple data transfer

9/10 Oct 2001 15th Workshop on Thermal & ECLS Software, ESTEC

G-Deltan Capabilities

500 Nodes
Linear, radiation and fluid conductors
User defined constants

Steady state, transient and combined
analysis

Algebraic definitions of parameters
Variable properties

9/10 Oct 2001 15th Workshop on Thermal & ECLS Software, ESTEC




G-Deltan Solution Routines

« Steady state: successive single point
iteration with user set over-relaxation
(damping) factor

« Transient: explicit forward difference with
automatic reset of time step if required

* Results validated against industry standards

9/10 Oct 2001 15th Workshop on Thermal & ECLS Software, ESTEC 5

G-Deltan Variables

e Power: thermostat, cyclic interpolation,
update with time

« Conductance: vs temperature, update with
time, natural convection

o Capacitance: vs temperature, update with
time

e Limits: stop analysis at defined node
max/min temperature

9/10 Oct 2001 15th Workshop on Thermal & ECLS Software, ESTEC 6




G-Deltan Features

Word processor style interface

Familiar syntax

Model interpreter requires no compilation
Numerous output formats (T, Q, C, etc.)
Real time on-screen plotting of transients
De-bugging and error trapping

Help files in HTML format

9/10 Oct 2001 15th Workshop on Thermal & ECLS Software, ESTEC

G-Deltan Model Interpreter

« Parses model and loads program arrays
* Free format input

* No limit for expression length

* Predefined variables: Pi

 Operators: +,-,*,/,”,div, mod

* Functions: cos, sin, sinh, cosh, tan, arctan, exp,
In, log10, log2, logN, sqgrt, sgr, abs, int

* Bracketing to a level of 20

9/10 Oct 2001 15th Workshop on Thermal & ECLS Software, ESTEC




G-Deltan Screen Plot

Demo 22

Nodes and title loaded
from model -
Automatic real time
scaling -
Fully editable chart g

parameters such as line &
styles and colours

Zoom feature

COpy, print and save
options (EMF)

T T T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

9/10 Oct 2001 15th Workshop on Thermal & ECLS Software, ESTEC 9

G-Deltan User Interface

Menus for all file, print and edit operations
together with run start and help

Buttons for most common functions

Blank nodes, conductors, etc. added by a simple
click

Tabbed window for access to model, outputs and
chart

Log window
Line/column counter for model window
Progress indicator

9/10 Oct 2001 15th Workshop on Thermal & ECLS Software, ESTEC 10




il G-Deltan: [Demo 22]
File Edit Search Chat Toole Option: Add Solve Help

Db S M o 8B Y@ B P S EE ¢ B Y e

Maodels | COutput I Chart I Fost Pro I

Model "Demo ZZ27;

Cortnent 1 "Simple model demonstrating transient analysis, thermostats™:
Comunent s "tiwe wvariskble conductors, cyclic and linesar interpolation':
Fun = Trans: {8teady, Both}

Steady; Damp = 1.5; RBelax = 0.001; Loops = 500;

Tran=s; Start = 0.0; End = 3600.0; Step = 15.0; Out = 30.0;

Frint = Pow; 3Surn:
Plot ; BPil-= Ly P2 -=w2rvPRrSEad e v as iy vph

User constants

Const
Const
Const
Const

GERD:
LENERL;
WIDERD:
GIF:

Run finished at: 10:51:55 on: 31/08/01

Resultz saved to file: "Demo Z2.00T"

|Stopped |Line: 17 Cak 9 |

9/10 Oct 2001 15th Workshop on Thermal & ECLS Software, ESTEC 11

G-Deltan Benchmarks

e Favourable performance compared with
ESATAN for small to medium sized models

M odel Step G-Deltan | ESATAN
NB: G-Deltan run on a 600 105 node | Preprolparse <1 8
MHz PIII laptop PC. Ss Solve 1 14
ESATAN was compiled Total 1 22
and run on a Sun Ultra 1 22node | Prepro/parse <1 2

. . TR Solve 11 19

V\(orksta}tlon. Transient Total 12 o1
simulation of 24 hours, 22 node Prepro/parse <1 N/A
outputs each 60 s. TR+rea | Solve 70

time plot Totd 71

9/10 Oct 2001 15th Workshop on Thermal & ECLS Software, ESTEC 12




G-Deltan Autogen

Automatic generation of nodes and
conductors and meshing for common
shapes (rectangle, cylinder, fin, disc, loop)

User input of dimensions and material
properties

Visual feedback of meshing
Copy/Paste data to G-Deltan

9/10 Oct 2001 15th Workshop on Thermal & ECLS Software, ESTEC 13

I:é' ' @. ‘ Reflectar

Modes l Conductars I Rectangle I
Cylinder ~ Disc ! Fin I Loop

—Farameter

Outer Diameter 2.000

l—_
i Inner Diameter I 0.000

i Conducthivity I 0.430
Total Capacity l 10 800.0 i
Total Power I 125.0 i

M arme
|F|ef|ect0l

Walues Circumf.  |Radial il
Outer 0.020074
Ring 2 0.0024637 0.013223

Ring 3 0.0041062 0.0061481
Iriner 00123113 Ll
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G-Deltan Postpro

» Generation and printing of multiple charts from
transient output file

» Full editing capabilities for line styles and colours
e Automatic scaling
e Zoom feature

» Charts can be copied and pasted into Word
documents, etc. for reports

 Charts can be saved as EMF files

9/10 Oct 2001 15th Workshop on Thermal & ECLS Software, ESTEC 15

File Edit Plot ‘window Help
= & 0O | B @

EZ Chart 1

36
34
32 ] 4 Mode 7 I
= < Mode 8
:30 A hlada Q
S 28] =]
= ps
T 26 a2
g = Plot 3
ﬁ 24 }_36 30 & Modde 13
22 T 2 A [EEE T SR R S S N R > :0381;
H | f t ; A Mode
204 5o P R e e YRR, | | Mode 16
18] — 5l ! ! ! ““1‘ ' ety ¥ ik 2 Mode 17
-E---------'-'i--------'---'---:r ----------- . § i -i-- < Mode 18
1 'L ' v ] '

i
B I e Ty e e s Tl

___________________

______________________________________________

T T T
2000 2800 3000

Time [s]

T
1 500

16| 17

18 Title |Plotd

|File Loaded: D:AGDELTATAGD eltan_Mew\GDeltan Demo 22 PLO
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G-Deltan Development

V3 currently in Beta phase
GUI being refined

Additional solution algorithms desirable for
speed and flexibility

Further variable routines required
Users sought for testing and de-bugging

9/10 Oct 2001 15th Workshop on Thermal & ECLS Software, ESTEC 17

G-Deltan Syntax: Control

« Control of run and outputs

« Examples:
Model = "Denp 105"; {Model Fil enane}
Comrent1 = "105 Node nodel..."; {String <= 70 chars}
Comrent2 = "and ...."; {As Comment 1}

Run = Steady; {Steady, Trans, Both, Diag for error checking}
Danp = 1.65; Relax = 0.001; Loops = 100; {SS}
Start = 10; End = 3600; Step = 15.0; Qut = 60.0; {TR}

Print = Diag; Tenp; Tab; CondL; CondR, Pow, Flow, Mn; Max;
Tau; Cap; Summ {CQutput routines, selectable}

Plot; P1 =1, P2 =2, P3 =3; P4 =4; P5=5; P6 = 6;
{Screenpl ot, 6 nodes}

9/10 Oct 2001 15th Workshop on Thermal & ECLS Software, ESTEC 18




G-Deltan Syntax: Constants

Const = String; Val = Nunber; Conment
{ Comment optional not used by prograni

Examples:
Const = PRGPL; Val = 0.9; Percentage coverage

Const AMBI ENT; Val = 12.5;
Const MASSFL; Val = 10 * 0.15 / 25. 4;

Note: Constants must be defined before they are called

9/10 Oct 2001 15th Workshop on Thermal & ECLS Software, ESTEC 19

G-Deltan Syntax: Nodes

Node(l) {<=500}; Type = D{B=Boundary or
D=Di f f usi on}; C. =No{ Capaci tance}; T =
No{Starting tenp}; Q=No{Power}; Nanme =
String{<= 30 chars};

Examples:

Node(104); Type B, T = 20.0; Nane Boundar y[ 104] ;
Node( 105); Type B, T = 10.0; Nane Boundar y[ 105] ;
Node(1l); Type=D; C=15000; Q=4*8.3; T=20; Name=PCB[1];
Node(2); Type = D T = AMBIENT + 5; Nane = PCB|[ 2];

9/10 Oct 2001 15th Workshop on Thermal & ECLS Software, ESTEC 20




G-Deltan Syntax: Conductors

e G_(Node i, Node j) = Val; {G for Linear
conductor, GR for radiation, G- for fluid}
» Examples:
GL(1, 2) = 0.1234;
GL(5, 57) = PRGPL * 2.3 / 0.76;
GR(34, 345) = 0.63;
GF(45, 46) = MASSFL * CP;

* For GF the upstream node is placed first

9/10 Oct 2001 15th Workshop on Thermal & ECLS Software, ESTEC 21

G-Deltan Syntax: Variables

 Examples:
ThStat (2); Ton=25; Toff=30.0; Stat=0f; Q50.0;
Cycli Q1); Pts=5; Per=800; 0; 0; 240; 15; 400; 20; 600; 15; 800; 0;
Vari a1, 21) ; Type=Q.; Pt s=4; 0; 150; 50; 175; 100; 200; 150; 225;
Updat G(1, 21); Type=G.; Tinme > 1500.0; New = QAd * Pi/2;
Limts(3); Mn = 0; Max = 50;
Updat Q 12); Tinme > 1000; New = 5;

9/10 Oct 2001 15th Workshop on Thermal & ECLS Software, ESTEC 22
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Appendix D: Improving Ray-Tracing for Monte Carlo Simulations

Improving Ray-Tracing
Algorithm
for
Monte Carlo Simulations

B. Shaughnessy
RAL
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Rutherford Appleton Laboratory
Space Science and Technology Department

CLRC

| mproved Ray-Tracing Algorithm for Monte

Carlo Simulations

Bryan Shaughnessy
Space Science and Technology Department
Rutherford Appleton L aboratory
Oxfordshire, OX11 0QX, UK.

Tel: +44 (0)1235 445061
Fax: +44 (0)1235 445848

e-mail: b.m.shaughnessy@rl.ac.uk

15" European Workshop on Thermal and ECL S Software, 9-10 October 2001, ESTEC, Noordwijk, Netherlands.

Rutherford Appleton Laboratory
Space Science and Technology Department

CLRC

Monte Carlo (MC) Approach

» Exchange-factors are calculated through ray-tracing the paths of many

discrete ‘energy-bundles’.
» complex geometries can be modelled.

* but, lengthy computation time to achieve adequate convergence.

» Emitted and reflected directions are selected randomly from probability

functions.

» About 75 - 95% of the ray-tracing process is due to ‘intersection

calculations’ [1].

» Conventional speed-ups:

* bounding volumes, graphics hardware, vector/parallel computing.

15" European Workshop on Thermal and ECL S Software, 9-10 October 2001, ESTEC, Noordwijk, Netherlands.
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Discrete Function Monte Carlo (DFMC) Approach

» Change in data structure used for ray-tracing. Remove or reduce the
number of intersection calculations.

» Discrete functions describe the probability of radiation exchange between
each surface.

* Instead of sampling directions, the destination of the ray is sampled.

* Pre-processing is required to evaluate the ‘transition probabilities’.

* Less ray-intersection calculations are required compared with
traditional Monte Carlo.

» Specular/bi-directional reflection:
* ‘n-bounce’ approximation.
* mesh refinement.

» Very fast algorithms can be used to determine the paths of each ray of
radiation (ray-intersection calculations are NOT required).

15" European Workshop on Thermal and ECL S Software, 9-10 October 2001, ESTEC, Noordwijk, Netherlands.

Rutherford Appleton Laboratory
Space Science and Technology Department

CLRC

Direction Sdlection in MC and DFMC

MC

D
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Rutherford Appleton Laboratory
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Advantages of the DFMC Approach

* A new way of looking at radiative heat transfer calculations.

» Computational speed improvements.

* Discrete probability functions are independent of (overall) radiative

properties.
Pre-processing not required if properties are changed.

« Data structure permits rapid updates of the discrete probability functions:

Moving geometry.
Transient simulations.

15" European Workshop on Thermal and ECL S Software, 9-10 October 2001, ESTEC, Noordwijk, Netherlands.
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Analysis Case

* ‘North’ enclosure wall (2 < ¢ < 3) at 320 K.
(=2 * Rest of geometry at 300 K.

* Emissivity:
1

8enclosure =0.

8obstruction =09

(=45

* Reflections (‘one-bounce’ approximation):
» Specular.
 Bidirectional:

(s 4 I)COS(QR )e—s|o,+oR|

f(elvgl?)z

25,(305(91 )+ e—x(:/zwz) + e—.\v(;z/z—o, )

—7)2 20> 7/2
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Computational Speed |mprovements
Simulation time relative to
Monte Carlo, %
Conv_erg_ence Reference
criteria Specular case Bi-directional
case
+5%
(99% conf.) 13 17 [2]
+10%
50 3
(95% conf.) 33 3]
15" European Workshop on Thermal and ECL S Software, 9-10 October 2001, ESTEC, Noordwijk, Netherlands. 7
Rutherford Appleton Laboratory
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Comparison of Local Heat Fluxes for Specular Case
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CLRC

Rutherford Appleton Laboratory
Space Science and Technology Department

Conclusion

* A very fast ray-tracing algorithm for Monte Carlo simulations has been
presented.

« Initial simulations have indicated that speed-ups to a factor of 8 are
possible.

* Suited to high-reflectivity geometries.

* The data structure:
» permits changes to the radiative model to be assessed quickly.
» offers many possibilities with respect to numerical methods.

» Starting point for developing a new improved radiation simulation
technique.

15" European Workshop on Thermal and ECL S Software, 9-10 October 2001, ESTEC, Noordwijk, Netherlands.

CLRC

Rutherford Appleton Laboratory
Space Science and Technology Department
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Appendix E: New Ray-Tracing Techniquefor THERMICA

New Ray-Tracing Technique
for
THERMICA

M. Jacquiau
Astrium-SAS
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astriumn

Marc Jacquiau

« Main purpose Astrium
 Octree technique description
 First results
» Development status
ESTEC, Noordilk, Oetober §.10 2001 © Astrium
astriumn

. Model physical phenomena
based on rectilinear propagation of particles

Applications :  « thermal radiation
* radiation dose

* perturbing forces/torques
* contamination
* électromagnetism

15th European Thermal Workshop * micrometeoroids ... © Astri
ESTEC, Noordwijk, October 9-10 2001 strium




astriumn

Space discretization
in homogeneous voxels

Ray propagation in voxels : j
simple & fast algorithm
(few integer additions) 4

[]

Intersection tests with each surface of
voxels along the ray path :
directly impacts Performances

v

15th European Thermal Workshop / © Astri
ESTEC, Noordwijk, October 9-10 2001 strium

astriumn
. Today 's modelling requires (all together) :
- bigger models
- more accuracy (i.e. more rays)
- parametric studies
[0 Reduction of voxel size
[0 Exponential increase of the memory size
0 Reduction of the ray propagation speed
15th European Thermal Workshop © Astrium

ESTEC, Noordwijk, October 9-10 2001




astriumn

. CPU and memory evolutions are likely not to be sufficient

. Development of a new technique :
- solving the engineering modelling problems for the next 10
years
0 think of additional features
- with optimal investment (other priorities exist)
[0 avoid too sophisticated methods
- available quickly
0 usewhatis already proven

15th European Thermal Workshop © Astri
ESTEC, Noordwijk, October 9-10 2001 strium

astriumn

. The space decomposition is represented by a tree with
nodes being terminals or fathers of 8 other nodes

t
— PEE !

o——1
o—ro1

= <« Il lllll%
l

&2

l
FE UL I

BN\
G\~

| I 1

o—1

. Initialisation is the most delicate process : I et
- not enough nodes/levels
0 CPU consumption during RT
- too many nodes/levels
[0 CPU consumption during initialisation
0 memory size

15th European Thermal Workshop © Astri
ESTEC, Noordwijk, October 9-10 2001 strium




astrium
Memory occupation (Mo) Mean intersection calls =
zz | | #——e Octree /f ] \
40| | meem |SO-VOXEI / 0 \
zz j/ / ; \\\+§4
' : : 4Level5 ' ' ’ : ’ ' ’ ) 4Level5 ’ ' : )
Strike time (s)
RT CPU time :
300
250 *\ / \
o \ Intersection calculation Voxel change in octree
0 \ Iso-voxel
100 \\l_‘_‘ The higher the number of levels, the
] = b o higher the voxel changes
£ S S S
Level
15th European Thermal Workshop .
ESTEC, Noordwijk, October 9-10 2001 © Astrium
astrium
» Performed on classical Thermica shapes, including
prisms and revolution shapes
Additional tests still necessary on various big models
to confirm the initialization method
» Current development on cut surfaces
with significant improvements compared to MMS
algorithms developed in Esarad phase 1 (1990).
» Ray-Tracing on Nurbs and Meshed surfaces to be
done
* Ray-Tracing implementation in Thermica V4 foreseen
in June 2002
15th European Thermal Workshop © Astrium

ESTEC, Noordwijk, October 9-10 2001
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Appendix F: Report on TFAWS and Introduction to ThermPlot

Report on TFAWS
and

Introduction to Ther mPlot

HP. deKoning
ESTEC/TOS-MCV
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@esa Mochanical Enginosring Dopartmont

- E @ EERs Thermal and Structures Division

Reporft on TFAWS 2001

12th Thermal and Fluids Analysis Workshop
NASA Marshall Space Flight Center / Univ. of Alabama
Huntsville, AL, USA, September 10-14, 2001
http://tfaws01.msfc.nasa.gov
Hans-Peter.de.Koning@esa.int

cc esa Mechanical Engineering Department
mEEsETEINIIET W Thermal and Structures Division
Forma¥f

o 5days- 196 registered attendees

o 13 half-day Paper Sessions (mostly 2 tracks in parallel)
— Spacecraft and Vehicle Fluid Systems Design, Analysis and Test
— Spacecraft and Vehicle Thermal Systems Design, Analysis and Test
— Interdisciplinary Analysis and Integration
— Propulsion and Launch Vehicle Thermal Systems Design, Analysis and Test

» 4 Keynote addresses
* Product Overview Lectures/ Short Courses

» Hands-On Computer Classes
— 4 classrooms equiped with 40 PCs or SGI workstations each

9+10 Oct 2001 15th European Workshop on Thermal and ECLS Software Sheet 2




@esa Mochanical Enginosring Dopartmont

- E @ EERs Thermal and Structures Division

POLs, Short & Hands-On Courses

e CFD Tools
— CFDRC: CFD-Fastran, CFD-ACE+, CFD-GEOM, CFD-VIEW, MDICE
— NASA: Corsair, Gridgen
— 7?2 FIELDVIEW

o Spacecraft / instrument thermal control and thermo-hydraulics
— Cullimore & Ring: Thermal Desktop/RadCAD, FIoCAD, SINDA/FLUINT
— Harvard Thermal: Thermal Analysis System (TAS)
— Maya/ SDRC: I-DEASTMG and FEMAP/TMG
— NASA-MSFC: Generalized Fluid System Simulation Program (GFSSP)
— Network Analysis: SINDA/G, SINDA/ATM (FEMAP), THERMICA
— Space Design: TSS, SINDA/FLUINT 3.0

9+10 Oct 2001 15th European Workshop on Thermal and ECLS Software Sheet 3

@esa Mochanical Enginooring Dopartmont

mEEsETEINIIET W Thermal and Structures Division
Papers

o “Usual” mix of overviews, case studies, specialist subjects

» Highlights (personal selection)
— Inovative application of optical fiber to measure (radiation) temperature

— ThermPlot Excel-based postprocessor for SINDA and ESATAN
Freeware by Swales (Hume Peabody)

» Good response to ESA Thermal Model Data Exchange using
Open Standards “evangelist” paper
— Mayawill start STEP-TAS interface implementation in TMG
— MSC/Patran now has a beta-version STEP-TAS interface

9+10 Oct 2001 15th European Workshop on Thermal and ECLS Software Sheet 4




@esa Mochanical Enginosring Dopartmont

9+10 Oct 2001

- E @ EERs Thermal and Structures Division
General Trends - Tools

Increase in interest for thermal control and CFD
— Large programs. NASA'’s 2nd Gen Reusable Launch Vehicle (RLV)

Back to basics: improvements of basic algorithms
— new sparse matrix solvers
— enhancements for ray-tracing

Connect to CAD and structural FEA
— increase scaleability of tools for very large models
Engineering analysis process integration / speed-up
— multi-disciplinary and multi-physics analysis
— concurrent engineering
— computer aided workflow & configuration control

15th European Workshop on Thermal and ECLS Software

Sheet 5

@esa Mochanical Enginooring Dopartmont

9+10 Oct 2001

= pEE AN E T Es Thermal and Structures Division
Specific ftool developmenitis

Use of Conjugate Gradient sparse matrix solvers
— SINDA/G and TMG claim significant solve speed increase

Advanced oct-cell algorithm in TSS to speed up ray-tracing
— For large models (severa thousand surfaces) need to go to 12 levels degp

Thermal Desktop focus on “CAD-like” GUI modelling
— Some users like this: model building speed, quick results
— Other usersdidlike it: difficult to know/verify/control/rerun model

M S-Office (Excel, Visio) toolkit for SINDA/G
FEMAP/TMG sister product to I-DEASTMG

15th European Workshop on Thermal and ECLS Software

Sheet 6




@esa Mochanical Enginosring Dopartmont

9+10 Oct 2001

- E @ EERs Thermal and Structures Division
-
Conclusions

Well organised, very practical workshop
Very interesting detailed hands-on courses
— At beginner, routine, advanced user levels
Open atmosphere - even between competing tool developers
Renewed interest in thermal control and CFD

Trend: integration of thermal analysis into engineering process
— Ingest CAD / FEA models
— Analysiswith large set of surfaces

Renewed activity in thermal tools development

15th European Workshop on Thermal and ECLS Software

Sheet 7
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9+10 Oct 2001

- E @ EERs Thermal and Structures Division
Intro fo ThermPlo?

Tool developed by Hume Peabody of Swales Aerospace, USA

Used successfully on METOP Phase C/D analysis
— Swalesisresponsible for the US instruments on METOP

Freeware - download from www.swales.com after registration

Can read files from standard output routines of
SINDA/G, SINDA/FLUINT, ESATAN

ESATAN interface can be considered a beta rel ease
— No formal validation performed (yet)

Need to use quite high spec PC: 128+MB RAM, 500+MHz

15th European Workshop on Thermal and ECLS Software

Sheet 8
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Artifis
Topic

ThermXL

F. du Laurens d’Oiselay
Alstom
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15" European Workshop on
Thermal and ECLS Software

ESTEC, The Netherlands

October 9-10, 2001

ARTIFIS / TOPIC / ThermXL

Henri Brouquet
Frédéric du Laurens d’'Oiselay
ALSTOM Power Technology Centre
+44 116 284 5748
esa.support@power.alstom.com

ALSTOM

' 5) ARTIFIS — Thermal Analyser ALSTOM

A.R.T.I.F.I.S.: ‘Accurate Reference Tool for
Incident Fluxes Impinging on Spacecraft’

* Presented at ESTEC in 1996 (ECLS Workshop)

« Benchmarked with handbook ‘Spacecraft thermal
control design data’

» Acted as reference to validate incident fluxes
calculated by ESARAD v-3

F. du Laurens - H. Brouquet - ARTIFIS / TOPIC / ThermXL - © ALSTOM Power UK Ltd Page 2 /21




8 ' 3) ARTIFIS — Features ALSTOM

* Pre-phase A in-house thermal analyser
e Fast and easy to use
e Same ‘concept’ as ESARAD
« Simple orbiting surfaces
e Batch process, MS-DOS / Unix

* |ncident fluxes calculated by means of analytical
expressions

e Accurate and reliable results
e One single orbit

F. du Laurens - H. Brouquet - ARTIFIS / TOPIC / ThermXL - © ALSTOM Power UK Ltd Page 3/21

A ' 3) ARTIFIS — Current Developments ALSTOM

* Already in use at ESTEC since 1998

e First version distributed with ESARAD v-4.2 earlier
this year

* Improvements carried out over the last year by
Duncan Gibson (ESTEC)
* New code standards
 CPU improvements
* No new major functionality

F. du Laurens - H. Brouquet - ARTIFIS / TOPIC / ThermXL - © ALSTOM Power UK Ltd Page 4 /21




* Flat plate

Th e ARTIFIS w—1. HH
11isex Copyright ESA-ESTEC x|
i11sex Frederic du LAURENS seese) ]

* Cylinder
* Sphere
* Cube

Spin available for flat plate and cylinder

* Coating is assumed to be black paint

F. du Laurens - H. Brouquet - ARTIFIS / TOPIC / ThermXL - © ALSTOM Power UK Ltd Page5/21

R

)) ARTIFIS — ‘Kernel ALSTOM

e Same standards as ESARAD v-3

* One single orbit
* LOCS - planet or ‘Sun’ oriented

* Euler angles — ¢, P and w

* |Incident fluxes calculated by means of analytical
expressions

e Simpson’s integration method
e Accurate and reliable results

F. du Laurens - H. Brouquet - ARTIFIS / TOPIC / ThermXL - © ALSTOM Power UK Ltd Page 6 /21




) ARTIFIS — Ouput ALSTOM

Bl FluxResults.rpt - WordPad E I ] 5
File Edit Wiew Insert Format Help
Di=(E| 2| ol 5[ (@] =
ARTIFIS v-1.0 REPORT
Flat Plate.
PY - Flat plate area=1.00 m2
u p' I I eS LOCS: Planet oriented.
Euler sngles: phi=0.0 deg psi=180.0 deg omegs=0.0 deg
PY E=1360.0 W/ mZ delta=23.00 deg
uX esu S . rp Rp=6371.0 km go=5.80655 m/s2
Tenp=288.0 K Albedo=0.300
£5=800.00 Jm Zp=800.00 Jkm
o Fll IXReS| IItS G FF a=7171.00 km 2=0.000000 i=95.0 deg
N alpha=0.0 deg Cmega=135.0 deg
Bera=36.17 deg Eclipse: Yes
ENGLE TINE 15 IF 1L IS+IA+IF
0.00 0.00 0.000 307.928 0.000 307.928
18.83 316.38 0.000 307.928 0.000 307.926
19.33 324.79 £20.285 307.928 0.000 928.212
45.00 755.95 166.733 307.928 2.371 477.032
=0.00 1511.80 0.000 307.928 152.023 455.951
135.00 2267.85 0.000 307.928 254.024 561.952
180.00 3023 .80 0.000 307.928 207.221 515.149
2z5.00 3779.76 0.000 307.928 41.401 3459.329
z68.14 4504,39 620,285 307.928 0,000 926.212
268.64 4512 .79 0.000 307.928 0.000 307.928
270.00 4535.71 0.000 307.928 0.000 307.926
315.00 5291.66 0.000 307.928 0.000 307.926
380.00 6047, 61 0.000 307.928 0.000 307.928
AVERAGE 76.499 307.928 &1.959 466.3686
For Help, press F1 [ A

F. du Laurens - H. Brouquet - ARTIFIS / TOPIC / ThermXL - © ALSTOM Power UK Ltd Page 7 /21

ALSTOM

Numhey of orbhital positions. W [81:
aﬂmher of orbital positions = 68
Shadow offset, offset [B.58 degl:
Shadow offzet = B.50

#xx LOCS Orientation e

PLAMET ORIENTED: 1
SUM ORIENTED §
LOCE owrientation choice [11:

1
PLANET _ORIENTED. Please wait...

F. du Laurens - H. Brouquet - ARTIFIS / TOPIC / ThermXL - © ALSTOM Power UK Ltd Page 8/21




) TOPIC — Thermal Designer ALSTOM

T.0.P.1.C.: ‘Thermal and Orbital Propagated
Information Calculator’

* Presented at ESTEC in 1998 (ECLS Workshop)
 Built on top of ARTIFIS

 Benchmarked with handbook ‘Spacecraft thermal
control design data’

F. du Laurens - H. Brouquet - ARTIFIS / TOPIC / ThermXL - © ALSTOM Power UK Ltd Page 9/21

' 5) TOPIC - Features ALSTOM

&,:1

* Pre-phase A in-house thermal designer
e Fast and easy to use
« Simple Earth-orbiting surfaces
* Analysis performed throughout a mission timeline
* J, perturbation, Sun-synchronous orbit
» Batch process, MS-DOS / Unix

* |ncident fluxes calculated by means of analytical
expressions

e Accurate and reliable results

F. du Laurens - H. Brouquet - ARTIFIS / TOPIC / ThermXL - © ALSTOM Power UK Ltd Page 10 /21



R

)) TOPIC — Current Developments ALSTOM

* Already in use at ESTEC since 1999

e First version distributed with ESARAD v-4.2 earlier
this year

* Improvements carried out over the last year by
Duncan Gibson (ESTEC)

* New code standards
* CPU improvements
* No new major functionality

F. du Laurens - H. Brouquet - ARTIFIS / TOPIC / ThermXL - © ALSTOM Power UK Ltd Page 11/21

* Flat plate

TOPIC w—1.25 Tl
*x% Copyright ESA-ESTEC e} ]|
il Frederic du LAURENS e |

* Cylinder
* Sphere
* Cube

* Spin available for flat plate and cylinder

* Coating is assumed to be black paint

F. du Laurens - H. Brouquet - ARTIFIS / TOPIC / ThermXL - © ALSTOM Power UK Ltd Page 12 /21




ALSTOM

* Same standards as ESARAD v-3
* One single orbit
e LOCS - planet or ‘Sun’ oriented

e Euler angles — ¢, Py and

* |Incident fluxes calculated by means of analytical
expressions

e Simpson’s integration method

F. du Laurens - H. Brouquet - ARTIFIS / TOPIC / ThermXL - © ALSTOM Power UK Ltd Page 13/21

K 3) TOPIC — Ouput Files ALSTOM

* FluxDetails.rpt
» Flux values in detail, each orbital position
* Thermal.rpt
* Fluxes, eclipse, B angle, solar constant...
* Solar.rpt
« Equation of time, Julian date, solar declination...
MinMaxESH.rpt
* Min and max values, ESH...
Orbits.rpt

F. du Laurens - H. Brouquet - ARTIFIS / TOPIC / ThermXL - © ALSTOM Power UK Ltd Page 14 /21




ALSTOM

=xx Points in Orbit seee

Number of orhital positions. W [81:
16
Humber of orhital positions == 16
Shadow offset, offset [B.58 degl:
Shadow offset,. offset. == BA.58

=x% Mission Definition e
Mo a
Ye i
Mizsion from input file [A1:

=
=55

Reading mission information from input file
File name [Orhits.rptl:
WARNING: Orbits.rpt has been taken as default value.

Reading file Orbits.rpt
Please wait...

File read successfully.

28 3a :15)
+ +

e e e +——————————————— ]

F. du Laurens - H. Brouquet - ARTIFIS / TOPIC / ThermXL - © ALSTOM Power UK Ltd Page 15/21

ALSTOM

Satellite Parameter Flanet Parameter Orhit Parameter Orhital Points Info————————
Geometry Euler &ngles
Radius I 6378140000 Apoges |4nnnn 000000 Esmﬁfr o
< Flal Plate Phi  axis X I 0.0
Grawity I 9.810000 Perigee I G00.000000 Eclipse Offset 0.500000
Side Length 1.0 ek s I”-U
Temperature I 256400000 Inclination I 0.000000 Start Angle 0.000000
Omega axis 2" I 0.0
< 3phere = Albedo I 0.325400 alpha I 0.000000 End Angle 360.000000
— Spin
Radius 1.0 Positions I1 Initial time I 0.000000
<& Cube Spin Axis X I 1.0 Period I 34759618721
2 3 r— Solar Parameter Eclipse Parameter Orbit Preview
Side Length 1.0 Pl s I”-U
Declination I 0.000000 Eclipse? IEcI\pse
Spin Axis 2 I 0.0
S Cylinmen Solar Constant I 1371.450000 Entry Angle I 168632608
= Orie Nt 0 i =—
Side Length 1.0 < Flanet Criented alphas I 0.000000 Exit Angle I 191367392
< Sun Reference Line Oriented
Radius 1.0 i
omegaG 0.000000 Curation FE21.868232
< True Sun Oriented : I I
FPercentage I 22.502745
I T

F. du Laurens - H. Brouquet - ARTIFIS / TOPIC / ThermXL - © ALSTOM Power UK Ltd Page 16 / 21




' )) ThermXL v-2.0 — Status ALSTOM

* Final testing currently on-going
» Actual release expected late October 2001

* Four major enhancements
* Heat balance calculation for each node
* Worksheet ‘User Results’ automatically generated
« ESATAN file export
 Possibility of using Visual Basic (macros...)

F. du Laurens - H. Brouquet - ARTIFIS / TOPIC / ThermXL - © ALSTOM Power UK Ltd Page 17 /21

L Microsoft Excel - cazel2 xls

”ﬁ File Edit W¥iew Insert Format Tools Data | wWindow Help Thermil = Iﬁllil
D2EERY tBR<TS o- - @& = s i es = -7
”n !’:Eﬁ|*|’ B Transient v|”.\3.ria| - 10 Y|B ri H|§§§|§% 3 |_7&v&v #
we = =
& | B e D [ E F | J [ K [ L M M [ 5] =
1 |Thermil Hodes TRAHSIEHT
2
3 |Humber Label Type mC 1] £ QE al T0 [C] T[C] RCTime Imbalancel_
4 |1 End bar 1 ] 3.59e+01 7 .00e+01 26657 o715 3.5 5.70e+00
5 2 bar D 7.7 2e+01 2667 21.72 3.5 1.74e+01
E |3 bar ] T 7 8e+01 25 EY 47 .84 3.5 1.7 4e+01
7|4 bar ] 7. 79e+01 26657 45.51 3.5 1.74e+01
g8 |5 End bar 2 ] 3.89e+01 25 57 4472 3.5 & ESe+00
g 993 space B 0.00e+00 27515 27315 00 4.70em
A0 T
4| 4[» M5 ThermXL Nodes ¢ Therm#L GLs 4 Therml GRs £ ThermiL GFs £ Therml Analysis £ Thermdl Results £ Therml User Resulks |3[:[

Ready | I | | [ | _ |
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2 Microsoft Excel - caseD2 xls
”ﬁ File Edit Wiew Insert Format Tools Data éindow Help ThermzlL _Iﬁllﬂ
DdEgly el (a®(= A 858
e 20| % | b B transient v|“.0.ria| <o A A
EE - =
A B ] C [ D E I F =

1 |ThermXL User Results J
2

3 Results of cell references

4 Time HF{GR{1,999)) Imbalance 1 convergence

5 REF -» 0220379321 8.951804752 0.005994467

1] 0 0171825733 I !

7 ] 0.184405003 26.07576941 0.00037 2455

5] 10 0190973123 17.29384297 | 0.009305017

9 15 0.195916963 13.85379713 0.005118463

10 20 0.200115355 11.97919621 0.007343894

11 25 0.203886112 10.8283983  0.006838126

12 30 0.2073953585 1009182143 0.006507234

13 35 0210744417 9613292426 0.005290542

14 40 0.2139953515 9. 300685226  0.005148579

15 45 0.217200655 9.096005041 0.006055552

16 a0 0.220379321 §.961804752  0.0059944657

17

18 -
14 [« [#[£ Therm®L Analysis £ Therm#l Resulks % ThermXL User Results if]
Ready I T — 4

F. du Laurens - H. Brouquet - ARTIFIS / TOPIC / ThermXL - © ALSTOM Power UK Ltd Page 19/21

ThermXL v-2.0 — ESATAN Export ~ ALSTOM

X Microsoft Excel - casel2 xls

E File Edit Yiew Insert Format Tools Data ‘Window Help | ThermiL ;Iili“

0 @HI%@“&I & E‘®|nv cu .|§53 Thermil Enable... (i1 @ 4% | 100% -|@|
o e | *| P W Transient = |“ Arial 22 Generate GRs

E3S LI = | M Group [odes, .
A [ CHN D [ E [ =
ThermXL Analysis (The Tre “ ;t v hsed for the next analysis)
Stop
Steady State Parameters Sl arsiert ~ b Status
= o Register...

Mazx. No. lterations Count 3

ence 5.99e-03

Damping Factor prmal Response Time 3.45e-+00

User Guide. ..

EN
2
| 3 |
| 4 |
a
| 6 |Convergence Criterion
| 7|
| & |
| 2 |
0

About ThermisL. ..

—

Transient Parameters t Calculation Status

T |

—

| 12 | Start Time 3 0.0 Time_s 49.0
| 13 |End Time 3 a0.0 Time_m 435
| 14 | Output Interval 3 50 Time_e 50.0
| 15 |Initial Timestep 3 1.0 Current Timestep 1.0
| 16 |Min. Timestep 3 0.0
| 17 |Max. Timestep 7 50.0
| 18 |Max. No. lterations 3 100
| 19 | Convergence Criterion Y 1.00e-02
| 20 |Max. Delta T [C] per Timestep Y 1.00e+10
1 |Damping Factor 3 1.00
I39< ¥ | ¥l [x ThermXL Analysis { Thermil Resulks ThermiL User Results JJJJ
Ready 1 — o — L ——
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X Microsoft Excel - tutoriald. sl [Read-Only]
ﬁﬁile Edit Yiew Insert Format Tools Data wWindow Help Thermzl

DEHESR_RY $BRY o- G&® = & 412 9 H[ o -

Radiator length

F. du Laurens - H. Brouquet - ARTIFIS / TOPIC / ThermXL - © ALSTOM Power UK Ltd

o = | *| P H Transient - “ Arial ~ 10 '| B 7 U |§ =
M45 - =
A B ¢ | b | E G [ H ] | g
1 _|Albedo heat flux per unit area
2 t 1] 377.98 264583 30238 377976 H57.73) 453571 491368 529166 S669.63 K048
3 an 471 1] 0 3768 68.04 859,42 ar.18 4015 69,39 3|8.07 4.71
4
Radiator min max =
5 length 0.24‘ ‘ temp. 165442  temp. 21.7044 W AN GLEE e
4}
| 7|
Radiator Payload temperature v. radiator length
8 length min max
9 0.2 279273 2998522
10 0.3 9.66953 126919 35
11 0.25 17.4222 19.9BE7 an - -
17 074 16F447 21 7044 +
EE} @ 25
| = = ™
| 14 | ® 20 = * Minirnum value
15 @ *»* )
E E- 15 = Maximurm value i
| —— | L}
17 =10 -
18
13 5
20 0 . T T
| 21| o 0.1 0z 03 04
32
23
24
25

-
4w [p# Thermyl Nodes # Therm#l Gls 4 Thermi¥L GRs # Therm#l GFs 4 Thermil fnalysis 4 Therm¥l Results 3 Results { Therrrjll_l 3

Page 21 /21
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Appendix H: Stochastic Approach to Spacecraft Thermal Control

Stochastic Approach
to
Spacecr aft Thermal Control
Subsystem

F.LamelaHerrera
CASA
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CASA ESPACIO

STIOGMASTIC APPROACH TO
RS ACECRAFET
THERMAL CONTROL SUBSYSTEM

ESTEC 15 Thermal and October 2001
ECL S Software
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EADS ' STOCHASTIC APPROACH TO

CASA ESPACIO

T
FeN physicall parameters
ticallpreperties
ConRtace
I—j@nﬁ@ process
Density,
B Scatter on environment parameters
External fluxes
AOCS
W Scatter on interface definition
Units power dissipation
Harness

ESTEC 15 Thermal and October 2001
ECL S Software
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EADS STOCHASTIC APPROACH TO

CASA ESPACIO

ohedmaiematcal moedel
Selecting rameters and giving them a variation law

Selectie aicombinatentor input values with the Monte Carlo
grleigleielofoje)y/

Cloning|therVieiher model for each set of input variables
combination

Running deterministic cases with a cloned model per
combination

ESTEC 15 Thermal and October 2001
ECL S Software
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EADS ' STOCHASTIC APPROACH TO

CASA ESPACIO

> —
W&: Ol Spacecrait

Radiatio) ohduction

m Fluid Systemns

CPL anditeepiieat Pipes (hubbles, non-homogenous wicks, ...)
B Launchers Agrethermal Eluxes

Angle of attack, density,...
B Reentry Vehicles

Angle of attack, density,...

ESTEC 15 Thermal and October 2001
ECL S Software
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Non Stochastic Problems

_ Uncertaimlysis m Critical design cases selection
m Correlation oirtesiresults B Definition of designs
B Design Improvements Radiation areas

Robust heating systems

ESTEC 15 Thermal and October 2001
ECL S Software
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icalfUncerainty Analysis
te
Iiransien

OutpuSHE tEmperature ofi an item (I.e. equipment) by
combnmgraliinput parameters simultaneously

|dentificationreifiighly’ sensible parameters in order to propose,

i mecessany, a specific development test or interface control
follow-up

Definition of maximum: uncertainty.

Definition of uncertainty with levels of confidence (98%, 95% or
90%) in one run

ESTEC 15 Thermal and October 2001
ECL S Software
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-r 'Uﬂcertainty analysi

Note: All'input variables have uniform distribution.
Initial phase for uncertainty: analysis.

In'the final project phase the distributions will be
changed to Normal or Uniform distribution, as defined

ESTEC 15 Thermal and October 2001
ECLS Software
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—_—

- 'Uﬂcertaintyanfyéi C

L ANT INPUT VARIABLES |

File Functions Ant-Hill Windows Tools

—Independent Input Wariables: 9 Shot: 1

in_0 ——> ALPHA Rear Frame CLEAR ANOD. S || [o39 5

in_1 ——> ALPHA Rear Frame CHROMIC ANOD. 0.38

in_2 ——> EPSILON Rear Frame CLEAR AMOD. 0.89

in_3 ——> EPSILON Rear Frame CHROMIC ANOD. 0.6

in_4 ——> MLI FACTOR 2

in_5 ——> OBDH POWER 23

in_8 ——> TRP POWER 8.35

in_7 ——> PCU POWER 12.52

in_8 ——> MW POWER | (43 B
Ju Juif

5] 1= A

| ——

1 3 ] o & J_
e A o e @) — Output Variables: 4 Shot: 1
. 'ﬂii; =i _ out_0 ——> Batt Temp 6.78
"-{-n—r; out 1 ——> OBDH Temp 27 07
— out_ 2 —> TRP Temp 19.42

ESTEC 15 Thermal and October 2001
ECLS Software
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in_0 (7.71565%)

in_0 £13.7948%
ih_2 (6 .40EITR )

in_4 (41.3995% )

in_4 (15.4437%)

in_5 (12.355%)

in_7 {12.9953%) in_S{37.0051%)

in_E (11.4171%)

in_B(B.361717%)

Others (8.03791%

in_7 (7.7E3E5%)

in_f (12.7265%)

Others {3.5574%.)

MLI Factor the most significant for the Battery The Power and MLI factor the most

significant for the OBDH
ESTEC 15" Thermal and October 2001
ECLS Software
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. in_0{10.73%)
in_0(11.112%)

in_1 (5.48954%)
ih_2 (718577325
in_4 (26.2141% )

in_4 (27 0823%) 5 (164084%)
in__ .

in_5(7.5112%
in_S { ¥ in_G (13.8404%)

[ | in_7 (31 0533%) [ g
B in_8 (10.5287%) Moy

M ... (5.52872%) [ [

MLI Factor and its Power the most significant The Power of OBDH, its Powerand MLI
for the PCU factor the most significant for the TRP

ESTEC 15 Thermal and October 2001
ECL S Software
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ESTEC 15 Thermal and
ECLS Software

October 2001

EADS+

CASA ESPACIO

STOCHASTIC APPROACH TO S

9.6

7.2

4.8

24

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

4.42

5.162
out_0 ——= Batt Temp

Num. Classes:-_ 22 Export| Print| =

Batt profile

ESTEC 15 Thermal and

ECLS Software

5.904 6.646 7.388 8.13

178 21.004
out_3 ——= PCU Temp

Mum. Classes: [ [22

24.408 27.812 31.216

34.62

Export| Print| Close

| PROBABILISTIGDATAGE UNCERTAINTY ANALYSIS

Frequency

12,

S e el e -1

Frequency

21 " TR N IO [ S P
[ N
6L}
18- I
19.38 22.76 26.14 29.52 329 36.28

out_1 ——= OBDH Temp

um. Classes: [T [ [22 Export| Print| Close

OBDH profile
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© Uncertainty analysi

PROBAR DATA OF WNCERTAINTY ANALYSIS

Num. shot{X_Min |X Max|Conf _Mean|Mean Conf_Mean+ |Conf_Std{Std Conf_Std+ |Var
80 0.42 0.391 0.399 0.015 0.0206
80 0.44 0.389 0.401 0.0238 0.0325
80 0.91 0.887 0.893 0.0123 0.0169
80 0.7 0.538 0.567 0.0584 0.0799
80 7 4.11 4.86 1.48 2.03
80 30 24.4 25.6 2.5 3.42
80 9.28 9.67 0.754 1.03
80 11.9 12.6 1.41 1.93
80 5.25 5.64 0.765 1.05
80 5.76 6.15 0.774 1.06
80 26.2 27.9 3.2 4.38
80 18.1 19.3 2.32 3.18
80 24.3 25.9 3.26 4.46

=
<
]

ESTEC 15 Thermal and October 2001
ECLS Software
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" Uncertainty analysi

PROBAE

=
<[
2

Modal class|Modal class+|CV(%) |Avdev |Skewness|Kurtosis|Description

0 0.407 0.414 4.4] 0.0152 -0.0219 -1.31|ALPHA Rear Frame CLEAR A.

1 0.35 0.361 7 0.024] -7.47E-06 -1.24]|ALPHA Rear Frame CHROMIC A.
2 0.87 0.875 1.6 0.012] -7.55E-06 -1.3|EPS Rear Frame CLEAR ANOD.
3 0.475 0.512 12.2 0.06 0.158] -0.246|EPS Rear Frame CHROMIC AN.
4 2 2.62 38.2 1.49] -0.00899 -1.24]MLI FACTOR

5 25 26.2 11.5 2.45] -0.00318 -1.12|0BDH POWER

6 9.82 10.2 9.2 0.768 -0.0243 -1.3|TRP POWER

7 11.5 12.2 13.3 1.39] 0.00353 -1.22|PCU POWER

8 4.72 16.2 0.765] 0.00477 -1.27|MW POWER

5.35 15 0.742 0.558| -0.399|Batt Temp
27.8 29.9 13.7 3.05 0.0917f -0.621|OBDH Temp
17.8 19.4 14.3 2.07 0.408 0.226|TRP Temp
24 15 3.05 0.238] -0.348|PCU Temp

ESTEC 15 Thermal and October 2001
ECLS Software
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" Uncertainty analysis c

| PROBABIIISTIC DATA OF UNCERTAINTY ANALYSIS

90% Confidence levell95% Confidence level]99% Confidence level

Mean Std uncer Tmax Uncer Tmax uncer Tmax
. Batt Temp 5.96 0.895 1.48 7.44 1.75 7.71 2.51 8.47
OBDH Tem 27 3.7 6.12 33.12 7.25 34.25 10.40 37.40
TRP Temp 18.7 2.68 4.43 23.13 5.25 23.95 7.53 26.23
PCU Temp 3.76 6.22 31.32 7.37 32.47 10.57 35.67

| out 3 -—>PCU
3.462e+01

3.122e+01}--------- ——————— : —————— .
2781401} - A— e @b T e
PCU RESULTS T : ' L

244 e+01 -

2.100€+01 [ - ooy - Moot b

1.760e+0] : : : : :
ESTEC 15t Thermal and 957e+00 1.06e+01 1.17e+01 1.28e+01 1.39e+01 1.49e+01

ECLS Software in_13 —= PCU

+
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. IectlonFsed on temperatures for a fixed
2eioh basedionrenyvironments
ieanyAStell f

naiNparamerers (Radiation data, heat inputs and thermal
model) can Berehanged

Orbit altitude, inclination, ascending node...
Satellite attitude

External Radiation values (solar, albedo, terrestrial)
Season
Conductances

ESTEC 15 Thermal and October 2001
ECLS Software
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%r;al (C2PACIES
| Welrrana/or thresholds
Unitpewer ipation (sunlight/eclipse)

Note:

THERE IS A CRITICAL CASE FOR EACH UNIT OR SATELLITE ELEMENT

CRITICAL CASES SELECTION DEPENDS ON THE RESPONSE OF THE
DESIGN, NOT ON THE INPUTS

ESTEC 15 Thermal and October 2001
ECL S Software
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ﬁ‘g

EaExampler SpanishiMINISAT. 3 years of flight .

nilater2iNeces
Sun peJ tation up to 7 degrees)

Atti_t_@ound Sun axis 0=360°. YAW angle
OMItINEnateRI50° (any ascending node)

Note: Any cembination of orbit ascending node, season and
satellite attittide is feasible depending on launch day.

ESTEC 15 Thermal and October 2001
ECL S Software
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Critical cases sérgctio

%,

| Input Variables: |3

|in_0 —--> wvaw angle
|lin_1 =--> ancending node *10
|lin_2 =-> month

| Output WVariables: |9

cut_0 —--> tmax-bat

lout_1 —--> tmax-0BDH
lout_2 —--> tmax-TRANS
llout_3 —-> tmax—-PDU
llout_4 —-> tmax—-HW
llout_b —=-> tmax—-EHMW

out_6 —--> tmax—-sunsensor
llout_7 —--> tmax-PCU
llout_8 —-» tmax-panelsolar

ESTEC 15 Thermal and October 2001
ECLS Software
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Critical cases sérgctio

SN SPOHUERYAG) ’ — MW, Battery, PCU, PDU and EMW
’ Timax: 30.94°C _ Tmax 31.95°C

Yaew, 178 ° Yaw 107 °
ASCERMeHEs40) Ascen node O

SeasONNPECEIEN Season December

out_4 —-> tmax—MW
31.95p-

out_2 ——> tmax-TRANS
3094

208l 3092

20.67 2989

37.53 2

2784
26.4

26.81

S T Sl -
0 6.8 13.6 20.4 272 34
in_2 ——= ancending node *10

Correlation |0.0633: Run jl] ﬂ Shot j 226 d Print Closel

25.26

0 6.8 136 204 27.2 34
in_2 ——= ancending node *10

Correlation |—0.002 Run j |1_ ﬂ Shot j IE ﬂ ﬂl Closel

ESTEC 15 Thermal and October 2001
ECLS Software
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A stochastic 8 SiS for critical cases selection based on

temperatu Unexpected more extreme temperature profiles
fo)f YAW'ﬁs eifd /8 and 107. Flight data confirms this new critical
case.

For other satellite units additional critical cases were found. Stochastic
analysis suppliesimore infermation for accurate determination of
critical design cases.

ESTEC 15 Thermal and October 2001
ECL S Software
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resent Approach Stochastic Approach

ChEE EViatiens Definition of main parameters related to
Select a parameter: iy model heat transfer in the model.

Verifyithe res for CORRELATION MATRIX
thermocounle Selection of parameters variation range

and interval to move their range.
Run all test cases imposing objectives
Verification of feasible correlation

Select other parameteriviodify model
New runs and veriiication of results

Repeat process to meet correlation
ol results.
criteria

Total analysis loop working|time in Lozl proble.ms SO“_J“O”_ _
weeks to months Total analysis working time in days

ESTEC 15 Thermal and October 2001
ECL S Software
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_—
ELATION & FLIGHT PREDICTIONS. PHASE C/D

APRLICATION

MAIN THERMAL PARAMETERS
IDENTIFICATION

h INPUT/OUTPUT CORRELATION MATRIX
GROUPS OF RESPONSE SELECTION —
TEST SPECIFICATION TEST PREDICTION TC'SCORRELATION MATRIX

TEST PHASESSENSITIBITY
MEASURED TEMPERATURES
W ACTUAL TEST CONDITIONS
CORRELATION OBJECTIVES

TEMPMEAN VALUE
CORRELATION CRITERIA CORRELATION

TEMP STANDARD DEVIATION

w FLIGHT PREDICTIONS

ESTEC 15 Thermal and October 2001
ECL S Software
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amplereixXVIVIENVISPithenmal balance test
ErdEepends on
three mai eters
(Cond cetersV M, MLIFeenductance,
ClesmgfieiNniermalemittance)

ESTEC 15 Thermal and October 2001
ECL S Software

LOOK FOR TENDENCIES

IDENTIFY DEVIATIONS

SELECT PARAMENTERS

ESTABLISH PARAMETER SCATTER RANGE

@ UNCORRELATED MODEL

CORRELATED MODEL
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- Critica%wgﬁts déviation  lewer than 5 degrees.

e

ESTEC 15 Thermal and October 2001
ECLS Software
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=
Input Variables: |3

dv_0 --» MLI FACTOR
dv_1 --» EMITTANCE FOIL FACTOR
dv_2 =--> CONDUCTANCE SVM

— Critical el s Geviation lower than 5 degrees.
Output Variables: (14

- obj_0 --»> Total Hean

e ] obj_1 =-=-> Total 8D
obj_2 =--> LTT +Z
obj_3 --» LTT -Z
obj_4 --> LAT MSP -Z
obj_5 --»> LAT MSP +Z
out_6 --» Mean LTT
out_7 --» 8D LTT
out_8 =--> Mean Centre MSP
out_9 --> 8D Centre MSP
out_10 --> Hean LAT HSP
out_11 --> SD LAT MSP
out_12 -->» Mean WEBS
out_13 --> MSP WEBS

ESTEC 15 Thermal and October 2001
ECLS Software
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m Global correlation matrix Main significant parameters

ESTEC 15 Thermal and October 2001
ECL S Software
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al test -ﬁE

TPUT CORELAﬁON MATRIX. GROUPS OF RESPONSE

ESTEC 15" Thermal and October 2001
ECL S Software




.
EADS |

CASA ESPACIO

STOCHASTIC APPROACH TO S

ELATIONIEXERCISENVPOSING OBJECTIVES
inal
4| ¥ out_14 ——> Distance to target
6.523 .
5.806 -/
5.088 /-

Interval of movement
4.371

3.653 |
17 24 32

40

Combination
2.936 :
1 9

minimum
distance 4| = Shot Number
Y_Min: 2.936 Y_Max: 6.523 Export Print Close

Objective

October 2001

ESTEC 15 Thermal and
ECLS Software

.
EADS |

CASA ESPACIO

STOCHASTIC APPROACH TO S

LATION EXERCISE IMPOSING OBJECTIVES

October 2001

ESTEC 15 Thermal and
ECLS Software
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Thermal test corTeIatio

r_ ————— -
CORRELATION @MPOSWG OBJECTIVES

4| ¥[ obj 1 -—=Total SD
2.57

_|

4| ¥| obj_0 ——= Total Mean

1.24

2.302

2.034

1.766

1.498

1.23

-2.11

1 9 17 24 32 40
4| ¥| Shot Number

¥_Min: I 1.23 Y_Max: |2.5?r

1 9 17 249 32
4| ¥| Shot Mumber

¥ Min: | -2.11 Y_Max: | 1.24

40

Exportl Printl C|053| Exportl Printl Closel

ESTEC 15 Thermal and October 2001
ECLS Software
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Thermal test corTeIatio

INREOSSIEIE

-
EACHIALL OBJECTIVES?

7

L

B
I

)
(11

I
i' _’ )

It isiot possiblerton

|

obj_1 ——= Total 5D
2.57

2GH

'—.
(b

7| OIS N A S S

a mean'deviation cer?

and standard deviation cene

Y| E—— OSSN 'S 5 AN S—

That is the effect of non used 1766 """""
input variables 1498 [~ R 7 Rt

1.23 '
11 144

obj_0 —-—= Total Mean

Correlation |—0.9?5 Run jlm ﬂ Shot j |34 ﬂ Printl Closel

-0.77 -0.0999999 057 1.24

ESTEC 15 Thermal and October 2001
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EffermMances
jO)|UStily aneme nafdeviations

PROBILEMS INTTIHEIS
Correlatip_ﬂ@een modelland telemetry data with uncertain enviromental conditions
Limited dataiiionm S/Eierassess anomalies and deviations
PROPOSAIL
Stochastic analysis combining all parameters and statistical treatment.
Great amount of' scenarios to be evaluated
Pathologic behaviors
Levels of confidence to support conclusions
Corrective actions

ESTEC 15 Thermal and October 2001
ECL S Software
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NOVMINAL PESIENANBIDESIGN LIMITS. PHASE A

APPINGATION
JIETCESIgRYSIENRpUivarable.

The range eirdatansiiarger than the nominal ones.
-

35W+20%
13W+30%

35W+20% 7 4 e |

N

f i
45W+15% } ;‘%—‘\\/‘Q,“"

o | S0

S

ESTEC 15 Thermal and October 2001
ECL S Software
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I [ [ e
PATTERN between black coating and aluminium. Tmax<50°C

ESTEC 15 Thermal and October 2001
ECL S Software
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CONCLUSIONS
ereEistictanalysis metheds directly considering the scatter of

parametersand thenaistributions (e.0. loads, geometry, and material properties)
prov's additienalipiermation eiithe designs.

IRtredUCHEN ol -con@pts spichras Robustness, Flexible, Optimum or Cost Effective
allows choosing the BESIT DESIGN”

Drawbacks: Theruse elimeassive analysis requests a very well conditioned heat
transfer phenemenareiithe S/C. This method does not substitute expertise by
number of uncontrolled runs.

Implementation at EADS CASA Espacio:
Soil Moisture and Ocean Salinity (SMOS) instrument, (phase A).

XMM Mirror Support Platform and Meteosat Second Generation thermal test
correlation.

Spanish Minisat flight performance verification.
NEXT: GalileoSat, A5 Vehicle Equipment Bay

ESTEC 15 Thermal and October 2001
ECL S Software
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Appendix I: ESARAD

ESARAD

F. du Laurens d’Oiselay
Alstom
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15" European Workshop on
Thermal and ECLS Software

ESTEC, The Netherlands
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ESARAD v-4.3
Advanced Support

Frédéric du Laurens d’Oiselay — Support Manager
ALSTOM Power Technology Centre
+44 116 284 5748
esa.support@power.alstom.com

ALSTOM

(! 5) Objectives ALSTOM

* Run a model through a complete loop

« Geometry modeling to temperature mapping
* Make use of advanced features

« Capacitance calculations

Visualisation of complex attitude

Defining complex orbit .
Importing a model into ESATAN
Retrieving temperatures in ESARAD 0%
e Batch mode techniques %

Frédéric du Laurens - ESARAD v-4.3 Advanced Support - © ALSTOM Power UK Ltd Page 2 /41




' )) Analysis Loop — Geometry ALSTOM

- <= | Capacitances \

. /

/ GEF \ Kernel
Temperature x

ESATAN file mapping _
Orbit

Visualisation

d

@ | Attitude

Frédéric du Laurens - ESARAD v-4.3 Advanced Support - © ALSTOM Power UK Ltd Page 3/41

Ect Moddel Operations Define Help

* Geometry building ==

el 2B iy e PR O

 Model tree
* Visualisation
e On-line help

* Visualisation R
o Customisable
« Additive
* Interactive

Frédéric du Laurens - ESARAD v-4.3 Advanced Support -

4 Add Mews Combine

E| <

= Add Mew Cut o - Parameters

! [;5& A Merwe Assembly
Purge hadel

‘;{—! Expand from zelected fr_l I

= Cortract to selected

Hl

o @ antenna
54 panels

© ALSTOM Power UK Ltd Page 4/ 41



' 5) Analysis Loop — Capacitances ALSTOM

D ~ " [capacitances |
Geometry \

/ GEF \ Kernel
Temperature x

ESATAN file mapping _
Orbit

N / /

Visualisation | g | Attitude

Frédéric du Laurens - ESARAD v-4.3 Advanced Support - © ALSTOM Power UK Ltd Page 5/41

K ' 3) Geometry — Capacitances ALSTOM

. # Define Bulk Material (2 of 2) -]
* Creating a bulk o —
- SpecificHest  [s0z.0 |
e Density e
» Specific heat o | cwmea | e |

» Conductivity

—Side 1 ide 2

* Defining shell sty o
. Geometry
e Bulk Cee . 51
e Thickness mas e S

Frédéric du Laurens - ESARAD v-4.3 Advanced Support - © ALSTOM Power UK Ltd Page 6 /41




: 5) Capacitances in ESATAN ALSTOM

* Capacitance definition
 Ability of a material to store energy
e C = density -volume -specific heat = mass -Cp

e Stored in ESATAN in $I NI Tl AL

$CONSTANTS
$REAL
# Material data for 'Al'
Cp_Al = 902. 000000;
Dens Al = 2710. 000000;

$I NI TI AL
C100 = 0.001000 * Cp Al * Dens_ Al # box
C101 = 0.001000 * Cp Al * Dens Al # box

Frédéric du Laurens - ESARAD v-4.3 Advanced Support - © ALSTOM Power UK Ltd Page 7 /41

Geometry Capacitances \
/! SHE | |Kemel |

Temperature x
ESATAN file mapping _
Orbit

N / v

Visualisation | g | Attitude

Frédéric du Laurens - ESARAD v-4.3 Advanced Support - © ALSTOM Power UK Ltd Page 8/41




9) MCRT Method in ESARAD ALSTOM

Discretised boxel

ﬁﬁ Sun projection

4
>
y \
p
L
¥
y
S

Full boxel

Planet projection

Empty boxel
—]
A
| S
X

>( 3

Boxel

Unit box meshing (NBDIV)

Frédéric du Laurens - ESARAD v-4.3 Advanced Support - © ALSTOM Power UK Ltd Page 9/41

3) Analysis Loop — Orbit ALSTOM

e :
Geometry Capacitances \

/GFF N\

Temperature x

ESATAN file mapping -
" /
4

Kernel

Visualisation | g | Attitude

Frédéric du Laurens - ESARAD v-4.3 Advanced Support - © ALSTOM Power UK Ltd Page 10/41




ALSTOM

* Classical orbital parameterss ESARAD orbital

¢ a — semi-major axis parameters
e — eccentricity e ha=a-(1 + e) — Rplanet
* i —inclination * hp =a-(1 — e) — Rplanet

« Qp —right ascension of the =1
ascending node (RAAN) Qics = Qr —ag(t)

* — argument of periapsis as(t) — right ascension of
« 8 — true anomaly the Sun at time t

cO=W
- 0=06

Frédéric du Laurens - ESARAD v-4.3 Advanced Support - © ALSTOM Power UK Ltd Page 11 /41

Ascending

/Node

Line of nodes

Frédéric du Laurens - ESARAD v-4.3 Advanced Support - © ALSTOM Power UK Ltd Page 12 /41




ALSTOM

Q5 = Qr —ag(t)

Line of nodes //
Ascending Node AN

Frédéric du Laurens - ESARAD v-4.3 Advanced Support - © ALSTOM Power UK Ltd Page 13 /41

ALSTOM

* Low altitude (~ 800 km), circular orbit
* Inclination i > 90° (~ 98°), related to altitude
* Fixed local solar time of ascending node LST

* Achieved in practice by drifting the ascending node of
the orbit
« dQ./dt ~ 0.985 °/day i.e. 360° over 365.24 days

* Angle between Earth-Sun vector and line of nodes is
constant throughout the mission

 Drift physically induced by natural shape of Earth
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9 sun-Synchronism in ESARAD ALSTOM

e SSO are easy to model in ESARAD since the
reference line X, points always at the Sun

e Q= (LSTN—12h) - 360° / 24"

Line of nodes /
Ascending Node AN
Xies —
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5) Geostationary Orbits ALSTOM

* Virtually constant equatorial sub-satellite point
* Period = 23h 56min 4.09 sec = 86164.09 sec
* Solar day = 24h Omin 0.0 sec = 86400.00 sec
* (86400 — 86164.09) x 365.2414 = 86164.09 !

sidereal
day

*

First point of Aries

solar
day
Earth's orbit
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ALSTOM

ot f

« So-called TRANSFER ORI ENTED

* Xcg points to an arbitrary direction (e.g. I')

* Altitudes ha and hp are actually distances from
centre of Sun

Line of nodes \
Ascending Node AN

AN
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1§ ' 3) Analysis Loop — Attitude ALSTOM

e :
Geometry Capacitances \

/ GEF \ Kernel
Temperature x

ESATAN file mapping _
Orbit

N v/ v
Visualisation | g -
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' 5) Variable Euler Angles — Orbit ALSTOM

e Euler angles are attributes of orbit
* Orbit is attribute of radiative case
* Need to define an orbit up-front

# ESARAD 4.3.2 - Kernel
Edit Radiative Case

File Tree Calculation WeEiit]

B aEE BE Ry R

Coordinste...

Reporting ESATAN LCitararsy

Aftitude of Apoapsis:

at

-

_--- FoAlumi Aftitucle of Perispsis:
b Argument of Periapsis:
- Coppe
e Gold
- 1

B2 Bulks
L@ c
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' 3) Variable Euler Angles — Arrays ALSTOM

* Define a radiative case
* Define 3 arrays of reals
* Need to know the number of orbital positions

ORBI T sso_orhit;

RADI ATI VE_CASE rad_782km

REAL OVEGA ANG 21] = {180.0, 40.0,., 300.0, 310.0}:
REAL PHI AN 21] = {0.0, 40.0,., 300.0, 310.0}:
REAL PSI _ANG 21] = {0.0, 80.0,.. 40.0, 80.0}:
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8 ' 3) Variable Euler Angles — Rad Case = ALSTOM

* Affect first angle values to | NI Tial values

sso_orbit.INNT_PSI = PSI _AN{ 1];
sso orbit.INIT_PH = PH AN{d 1];
sso_orbit.I NI T_OVEGA = OVEGA_AN({ 1];

* Affect the pre-defined orbit to radiative case

rad _782km ORBI T = sso_orbit;
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K ' 3) Variable Euler Angles — Loop ALSTOM

* Affect the Euler angles at each iteration
* Affect the pre-defined orbit to radiative case

| NTEGER or bi t i ndex;

FOR (orbit _index = 1; orbit_index <=
rad_782km NUM ORBI T_POSI TIONS; orbit_index = orbit_index + 1)

sso_orbit.INIT_PSI PSI _ANJ orbit i ndex];
sso_orbit. I NI T_PH PH _AN{ or bi t _i ndex] ;
sso_orbit. I NNT_OVEGA = OVEGA AN{ or bi t _i ndex] ;

rad_782km ORBI T = sso_orbit;
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=% 0ne or more sttitude attributes have been modified.

Fetrnel-*** YWiarning Error: current function is Modified Attribute Yalue

=% Al hest flux results are out of date. Delete all heat flux results 7
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ALSTOM

Geometry

GFF

/!

ESATAN file

~

Temperature
mapping

<= | Capacitances \

Kernel

}

Orbit

Attitude

d
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Visualisation — Shade Settings ALSTOM

# Define Shade

Defining Shade:

Colour Pallette:

ievey  Camera Help

BV g nzxe. 92 P © we
HEEEEEOCO fay vt =
1 T I -

Shade Colours:

i Apply Reset | Dismiss | Help | | mimandHistory
i = : - e MR . S S e
RN |[EEGIN MODEL TRATINING
I 5
+ ]
ay ES
Undizplay a
Reset ﬂ
ey 4 Enter Cammanid =
[V Axes =1+ { Materials v lb
o, : + ournd opt[l] = "Aluminium";
[ Hodes D “_i"\l Opticals o
: ¢ Aluminium +Z
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ALSTOM

. THERMO—GPT | CAL
ndieplay NAMED PROPERTY

Reset

Refresh
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Visualisation — Clipping Planes ALSTOM

XN
SN

ﬂu

3o|gla|s|x|o|o]|+|o]|w |

Egz
N—7

ACTIVITY

ACT IVE
RRRRRR I NACT IWE
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' )) Visualisation — Matching Kernel ALSTOM

* Visualisation process independent from kernel

* Apply the orientation of the first orbital position
throughout the orbit

* Any parametrisation within the kernel should be

plugged into the visualisation Command/History
window
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1§ ' 3) Analysis Loop — ESATAN File ALSTOM

ol

e :
Geometry Capacitances \

/GFF N\

Temperature x

Kernel

N / v

Visualisation | g | Attitude
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ALSTOM

Takes geometric model and calculated results

Outputs an ESATAN input file representing the
thermal model

User specifies which quantities to output e.g. REFs
and HFs

User can specify a minimum cutting threshold and an
average deviation threshold

A number of different thermal models can be output
from a single geometry
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(! 3) ESATAN File Output ALSTOM

# CommandHistorf=I[=] || + Error Reports  [SIm]

T @mrmdl

B vietr # ESARAD 4.3.2 - Geometry
¥ Output REF Check it! File Tree Edit Model Operstions Define Help
[ Output Heat Flux ] (™ | [ iﬂ@_ P =

& Gold _AI* e
& Sicell b

Thermal Model finrma -] =4 Bulks

[/ Steady State Solution S

= Transient Solution (=4 Radiative Cases
-4l sz0_7E2hm
_| hission Variables
B WFs
Ok | Reset | Cancel | Help | _| REFs
_| HF=
[—]""ﬂ Thermal Modeals

B3 thrmdl

* File =ESATAN Output... T Conmrte

Page 31/41

' 5) Analysis Loop — Creating GFF ALSTOM

e :
Geometry Capacitances \

FA

Temperature x
ESATAN file mapping _
Orbit

N / /

Visualisation | g | Attitude
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5) Running ESATAN ALSTOM

* Filter exponents in file *. d — PC only
» exp3to2 < outputfile.tan > outputfile.d

e Set capacitances in $| NI Tl AL and GLs
e Call routine DMPGFF in $OUTPUTS

* Run steady state and transient case

ESATAN will create two GFF output files:
e * GFF1 - corresponds to steady state

e * GFF2 - corresponds to transient case
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- MW Tree Edt Radistive Caze Display “iew Camera Help
* Open appropriate... GCRvE O RIRA DB P
Include. .. =S CaE
« Model e e

Save

Radiative case S
Thermal model

e ...and import GFF file
Steady state: GFF1

Transient; G-F2
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ALSTOM

<% | Capacitances

Geometry

/GFF N\

ESATAN file

. /

Kernel

}

Orbit

Visualisation | g | Attitude

d
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| 5) Temperature Mapping Setup

ALSTOM

* Display Post-Proc Thermal...

Fezults at & Single Position Total_Internal_Hest_Source

~Orbit Parameters Total_Rest_Heat_Source

Results Around the Orbit

Drehy 2veraged Orbit Resutts Area
[ Madel Solar_Mhsorptivity
[+ Orhit Infra-Red_Emissivity
[ Flanst Incidert_Albedo_Heat_Source
[ Periapsis Incidert_Earth_Hest_Source

Incidert_Solar_Hest_Source
|| Ascending Mode

Model Scale:

o

Planet Scale:

# Post-Process Thermal Model {Step 1 of 2) # Post-process Thermal Model (Step 2 of 2)
Post-Process: IThermaI Modes - I

Thermal Madek Ithrmdl -]

Display &A= Fesults Around the Orhbit - I Capactance

ARty | Next= | Cancel Help Apply =Prev

Cancel Help
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on

)) Analysis Loop — T°(C) Display ALSTOM

= :
Geometry Capacitances \

/ GEF \ Kernel
Temperature x

ESATAN file mapping _
Orbit

Attitude
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In-Orbit Temperature Display ALSTOM

* |n-orbit results

[_[C]x] = vie

T,
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L Madel: thrmdl Attribute: Tempe ture

""l

EXTERMAL
RESULT

435 .14
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e Easier
« DOS/Xterm environment
» Handling text files e e £

esrdk < modell k.t
esrde < modell_e,t

"run,bat" 10 lines, 133 characters
* Faster e 4

total B24
—ruxrw-r-- 1 support engsw 45 Feb 15 09:46 modell_a.t
A —ruxrw-r-- 1 support engsw E432 Feb 15 14:49 modell e.t
® Geol I Ietry Ioad I ng —ruxrw-r-- 1 support engsw E087 Feb 15 11:21 modell_e2.t
—ruxrw-r-- 1 support engsw 18391 Feb 15 09:48 modell_g.t
—ruxrw-r-- 1 support engsw 4534 Feb 15 09:47 modell k.t
—ruxrw-r-- 1 support engsw 337 Feb 15 14:57 modell k2.t
[ ] Kernel ru n —ruxrw-r-- 1 support engsw 133 Feb 21 09:24 run,bat
erc23> LSrun,bat
Information: new log file created
Information: new log file created

° Conﬁg uration control L, s St
 Choose version of model

* Chaining analysis
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ALSTOM

i 1o
o F I I e n am eS File Edit Format Help
DELETE MODEL "TRATNING' S =

e training.erg
e training.erk

. . 4 L2 i
e training.ere
=lalx|
File Edit Formak Help
. call del *.log =
e Extra files call del *.GFF*
call del TRAININGH*
° NI call esrda < training.era
tralnlngera call esrdg < training.erg
call esrdk < training.erk
e run.bat

call esrde < training.ere
call exp3to2 < training.d > training.tan —

41 oz
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Appendix J: Round Table Discussion

Round Table
Discussion

H.P. deKoning
ESTEC/TOS-MCV
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Thermal and Structures Division

c;' esa - e e 1 e £ Mechanical Engineering Department

Round Table Discussion

Hans-Peter.de.K oning@esa.int

c;' esa - e e 1 e £ Mechanical Engineering Department

Thermal and Structures Division
[ 4
Topics

Model Reduction

Analysis of cryogenic systems
Connection to CAD/FEA models
Generic post-processing

9+10 Oct 2001 15th European Workshop on Thermal and ECLS Software

Sheet 2




@esa Mochanical Enginosring Dopartmont

- E @ EERs Thermal and Structures Division

Model Reduction

* What isthe purpose of model reduction?
— Acceptable computation time?
— Manageable post-processing / interpretation?
— Manageable integration subco modelsin system model?
* Model reduction versus
reduced/consolidated view of model and results,
and keep running the complete model

 How isreduced model verification handled?

9+10 Oct 2001 15th European Workshop on Thermal and ECLS Software

Sheet 3

@esa Mochanical Enginooring Dopartmont

mEEsETEINIIET W Thermal and Structures Division
Analysis of cryogenic sysfems

o User experience?

 Particular requirements for modelling

e Numerical accuracy

» Handling non-linearities

» Adequate representation of material/properties

« ESARAD/THERMICA, ESATAN OK? Specia pre-cautions?

9+10 Oct 2001 15th European Workshop on Thermal and ECLS Software

Sheet 4




@esa Mochanical Enginosring Dopartmont

- E @ EERs Thermal and Structures Division

Connection fo CAD_ /FEA models

Are usersimporting CAD/FEA models routinely?
— What standards? Or proprietary interfaces?

How isidealisation done?

— By hand / automatic? In CAD tool? In thermal modelling tool?
Typical moddl size?

— Hundreds of surfaces? ~1000? ~5000? ~10000? ~50000? ~100000?
Closing the loop: export back to CAD/FEA necessary?

9+10 Oct 2001 15th European Workshop on Thermal and ECLS Software Sheet 5

Cesa__,. mechptct sty overimens

- E @ EERs Thermal and Structures Division

Generic posf-processing

Asked many times...
|s it possible to agree on common functionality?
Can current proprietary packages be merged into one public one

Build around common open standard results data format
— STEP-NRF/ HDF5 results format is planned to become available in 2002
— Then output routines for ESATAN, ESARAD, ...

9+10 Oct 2001 15th European Workshop on Thermal and ECLS Software Sheet 6
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Appendix K: Temperature Control Loop Analyzer (TeCLA) Software

Temperature Control Loop Analyzer
(TeCLA)
Software

F. Burzagli
Alenia Spazio
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Temperature Control Loop Analyzer (TeCLA)
Software

F. Burzagli - S. De Palo - G. Santangelo
(Alenia Spazio)

15th European Workshop on Thermal and ECLS Software

Foreword

A typical feature of an active loop thermal system is to guarantee a tight

temperature range to external and/or internal users through a stable and fast
control dynamics.

This goal is obtained through a compromise between
- stability (“bullet-proof”, relatively slow system)

- performance (reactive, potentially nervous system)

This compromise is not always possible.
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Standard Temperature Control Configuration

Loop Heat Load

ittt »
1
1
1 Hot Branch
I | 1 a*
P i Controller __
I :’ .1 // l
1 I \‘
< [l:[l{ % 3-way Valve <
Temperature
Sensor
—
Cold Branch HX
—>
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Regenerative Temperature Control Configuration

Temperature
Sensor

Warm Branch
Cold Branch [I:[I

HX

| Hot Branch
aE

3-way Valve

_______________
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Approaches to Stability Analysis

Method Pros Cons
Q Usually expensive
Experimental Q Stability directly assessed for the tested Q0 Huge number of scenarios to be investigated
Testing configurations 0 Stability not guaranteed in other configurations
than the tested ones
Q0 Huge number of scenarios to be investigated
Numerical Q No test set-up costs Q Stability not guaranteed in other configurations
Simulation Q Utilization of standard simulators than the tested ones
Q Modeling uncertainties
Q Extensiwve investigation of all the possible
i loop configurations L .
Theoretllcal P 9 . L . Q Simplified representation of the loop
Analysis Q Worst case identification (parametric)
Q Possible use of robustness indicators

15th European Workshop on Thermal and ECLS Software

Approaches to Stability Analysis (cont’d)

A detailed analysis of the loop stability and performance has to consider the
following points:

investigation of stability based on automatic control theory (linear and/or non-
linear) =» [theoretical analysis]

choice of “optimal” and “robust” control law coefficients =» [numerical
simulation and theoretical analysis]

identification of operational worst case scenarios =» [theoretical analysis]
simulation of transients leading to worst case scenarios (verification of
stability regions) = [numerical simulation]

optional testing campaign focused on worst case operational scenarios

(verification of stability regions and system performance) =» [experimental
testing]
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Node 2/Columbus Testing Experience

Examples of the experimental activity are the testing campaign on Node 2
Breadboard and on Columbus Water Loop Step IV (both carried out in the
period July-August 1998) .

Some limits of the trial and error methods were highlighted:

the stability/instability assessment of the system was limited only to the
tested cases;

various sets of control coefficients were tested to investigate the influence on
the system stability;

evidence about the reliable identification of the worst case scenario was not
obtained;

15th European Workshop on Thermal and ECLS Software

TeCLA Code

Temperature Control Loop Analyser (TeCLA) was developed by Alenia to
perform stability analysis on Node 2 layout and software. The main features
of the code are:

The loop layout can be interactively inserted by the user

3-way and heat exchanger hydraulic and thermal data are interpolated by
means of neural network

the worst case scenario is found inside a range of operational parameters
given by the user (and derived from requirements)

stability regions in terms of controller gains are evaluated

stability regions evaluated on the basis of Nyquist (linear) and circle (non-
linear) criteria

robustness indicators (vector, phase or gain margin) are given for each pair
inside the stable zone
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TeCLA Code - graphic user interface

=" Loop Configuration

Input Form

EXCHANGER W Te [0 IFl K [00 0]
= = e ) [ (o [

pipe 3

MV
pipe 1
FLUID

pipe 4

40 40 time [min]: i
Message Report ime: [min]: - tim

Multiple Calculation Single Calculation Find Coefficients

%' Loop Data

EXCHANGER TWMY INPUT

Ap [T40 | [psl Mg [3000 | [kl wol [00801 73] Ky 000 T |40 IF] finys [2310 bkl

Ke [01 prl o -
Effectiveness spB [05 | [Fl b [ b
Data calculated by NTU-Method Ko l1— W] Vi |5 ™ m, |2200 [Ib/h]
Interpolation NH3-HX eff. data ‘ Interpolation TWMY hyd. data Hodeautic Ch . To #1552 TF]
ydraulic Characteristics
3414 btu/h]
s1 us | oK | |SENSOR RT:[5 & Data interpolated by Log-Polynomial % i)
FLUID PROPERTIES PIPE 1 PIPE 2 PIPE 3 PIPE 4

. L[#] o L [#] o L[] o L[#R]

SR AR ahee [3 [10174 ||| 3rathar [T [0 3thad [+ |[14675 (|3 hae [T [0
Thermal cond - [30750 300 pbuhFl || aepter [1 1232 | |[attpte [T 207z |||amtete 6 [1915 |||aapte 1 [22iE
Specific heat |1 1 bwbFl || et [I[2721 | |[1tstest [T [0 tseel [1[3805 ||[1stest [i [0

density: |0.0361 0.0226 [Ibin3]
viscosity [2098E5 | [36TEE | (bt sit2)

1" QD's - Fittings 90° 1" QD's - Fittings 90° 1" QD's - Fittings 90° 1" QD's - Fittings 90°
intermak [0 gamat [1 intermal: (0.5 gamah: |0 intemal |05 gamakh: 1 intemnal: (05 gamate [0
Evé: |05 bend [0 EMA: |0 bend: IU EWdy IU 5 bend |0 Eva |0 bend [0
3/4" QD's - Fittings 90° || 3/4" QD's - Fittings 90° || 3/4" QD's - Fittings 907 || 3/4™ QD's - Fittings 90°

internat: (1 gamaty (0 intermal: [0 gamah: |0 intemal: |1 aamah: |0 intemnal: [0 gamat [0
bend: |1 bend: |0 bend: |2 bend: |0

N2 LTL Default N2 MTL Default
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TeCLA Code - stability region screen shot

Processed Loop Data

Input Coefficients (single case)
Tc Tz To o
277,59 274.26 289,88 14261 0.001

Miscellaneous parameters Model Coefficients

B <1

limit |
Exchanger hydraulic data

!
Pa
P

3306 Nl

¢0 0015182 gk

Bypass hydraulic data
0046289 SL us
oK

Dut of range data will be replaced
KD

Memol

CoefCale: T0=62.11; Q0= 14261; Tewt= 33,99

MarginDef: Loop H2 - w(min}=0 035; wimas)-0.832

MarginD'ef: Loop #2 - KP(minj=0.00; KP{max)=Z.08 - KD{minj=1.91; KD(maxj=8 64
CoefCale: T0=62.11: 00= 14261; Text=33.93

MarginDef: Loop 2 *w(min}=0.035; wimaz)=0.832

MarainDef: Loop H2 - KP(min}=0.00: KP{max)=2.08 - KD{min}=1.91; KD[max}=8 64

Message Report
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Application to Node 2 LT and MT loops
(iso-phase margin curves - standard configuration)

LTL Standard Configuration - Phase Margin Curves MTL - Worst Scenario - Phase Margin Curves
14 55
5
12 45
/—\ . N\ o margi
1 no marg 4
35 \
% 08 L — PM=10° E 3 / \
= 2 PM=10°
¢ o6 // —\ \ a 25 .
. PM=20° X 2 TN PM=20°
o —,
04 : ' [/ N\ \
PM=30° PM=30°
A~ 1 y / el \ \ \
0.2 4 PM=40°
ol W B LI\ = 1 A \
0 0
-1 0 1 2 3 4 5 6 -2 0 2 4 6 8 10 12
KD [VI°F] KD [VI°F]
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Application to Node 2 LT loop
(iso-phase margin curves - regenerative configuration)

SPCU Regenerative Configuration - Phase Margin Curves

0.12
/
PM=5° \
0.1 -
\ no margin
PM=10°
L

0.08 /
0.06 /A
0.04 (
0.02 AN

-05 0 05 1 15 2 25 3 35
KD [V/°F]

~

AN

KP [VI°F]

—
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SINDA-Fluint Simulations vs. TeCLA predictions

LTL - Standard Configuration - Stability Region
[Q,=11.2kW-T,,,=37 °F]

LTL Standard Configuration - Transient Simulation

25 100
90 4
2 TN o]
= 701 \
g e i selected gains :g :Z: L
< g’_ 40 4
/ iR
05 20
/ \ STABLE CASE
0- 0 2 4 6 8 io 12 ’ 0 500 1000 1500 2(;00 zgoo 3(;00 3;00 4[;00 4500
KD [VI°F] Time [sec]
Heat variation: + 10 kW (max injected power: 11.2 kW)
AmmoniaT:37°F - KP=15 - KD=2 - KI=0.001
15th European Workshop on Thermal and ECLS Software
SINDA-Fluint Simulations vs. TeCLA predictions (cont'd)
LTL - Standard Configuration - Stability Region LTL Standard Configuration - Transient Simulation
[Q,=11.2 KW- T, =34 °F ]
18 100
20
15 o |
selected gains
=N
T s &0
* / g 40 1
0.6 s .
03 20
/ 10 UNSTABLE CASE
0 ; ; ; ;
-2 -1 0 1 2 3 4 5 6 7 8 ’ 0 200 400 600 860 1600 1260 14‘00 15;00 1800
KD [VI°F] Time [sec]

Heat variation: + 10 kW (max injected power: 11.2 kW)

Ammonia T: 34 °F

- KP=15 -

KD=2 -

KI =0.001
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TeCLA ongoing development

The software is being updated in order to:

— cover a wider range of layout configurations (100% completed, debugging
ongoing)

— cover a wider range of control laws (50% completed)

— utilize a wider spectra of stability and robustness indicators (20% completed)

TeCLA will be structured in two separate units:
— the solver (ANSI C) runs on Unix platform
— Intranet/Internet access to graphic pre- and post-processing (Java)

Development schedule:
—  mid 2002

15th European Workshop on Thermal and ECLS Software

TeCLA Architecture (ongoing development)

A

Scripting ! ANSI C : Scripting
(Java) ! ! (Java)
! |
Graphic - , ' : _ Graphic
Input I/F > Input File : TeCLA solver : Output File T S s
! |
1 1
1

1 1
I
Graphic ' i i Graphic
Neurgl IIE > Neural DB i Neural NetWOI'k] : Error LOg > Error Seport
1 : .
1 L I
! |

Client Server Client
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Future Work

» Coefficient optimization:

Insert an inverse Laplace transform routine to provide information on the system performance inside
the stable region

* Mission control utilization:

Link of the software to real-time flight telemetry to analyze off-nominal scenarios and verify the
stability of the implemented control law parameters

« Extension to pressure and mass flow rate controls

» Software validation:
In the framework of Node 2 Testing activity at integration level (if possible)

NOTE: once the Java I/F has been assessed for TeCLA, its use can be extended to develop connection
tools between mission control telemetry and simulation software (SINDA-FLUINT, ESATAN-FHTS)
to analyze flight transient with considerable time saving.
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Appendix L: Analysis of Spacecraft Thermal Stability

Analysis
of
Spacecr aft Thermal Stability

B. Shaughnessy
RAL

161



15th Thermal and ECL S Software Workshop ESA-WPP-193

162



Rutherford Appleton Laboratory
Space Science and Technology Department

CLRC

Analysis of Spacecraft Thermal Stability

Bryan Shaughnessy
Space Science and Technology Department
Rutherford Appleton Laboratory
Oxfordshire, OX11 0QX, UK.

Tel: +44 (0)1235 445061
Fax: +44 (0)1235 445848

e-mail: b.m.shaughnessy@rl.ac.uk
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Objectives of Presentation

* A short study is just underway to assess the Phase A thermal stability
analysis that has been made for the Laser Interferometer Space Antenna

(LISA).

* The study aims to:

» assess the validity of the standard thermal modelling approaches

when investigating small temperature fluctuations.

» recommend methods for improving analysis of spacecraft thermal

stability.

» The purpose of this presentation is therefore to describe the work in

progress:

* summarise the initial review of uncertainty and error sources.
» place the review in the context of spacecraft thermal stability analysis.

* invite ideas and suggestions.
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LISA Mission Summary

» Gravitational wave detector based on a Space interferometer:

* Measures changes in separation between free falling test masses to 10pm
accuracy.

» Six test masses on three spacecraft in an equilateral triangle formation.

» Major thermal disturbances are due to:
* Variation in solar constant due to Sun’s normal modes of oscillation.
* Fluctuations in electrical power dissipation.

» Thermal stability requirements:
« Optical Bench temperature stability better than 1x10¢ K/Hz¥2 at 1 x10-3 Hz.
» Electronics temperature stability better than 1.2x103 K/Hz2,

» Telescope optical path length changes resulting from thermo-elastic effects <
40pm/Hz/2

15" European Workshop on Thermal and ECL S Software, 9-10 October 2001, ESTEC, Noordwijk, Netherlands. 3
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LISA Mission Summary

—

Sporooarolfd 432

~

Spocecraft #1

15" European Workshop on Thermal and ECL S Software, 9-10 October 2001, ESTEC, Noordwijk, Netherlands. 4




Rutherford Appleton Laboratory
Space Science and Technology Department

CLRC

Therma Modelling

» The thermal response of the unit is assessed by applying fluctuations, at specific
frequencies, due to:

» Solar Constant.
» Electrical power dissipations.

* The semi-amplitude of temperature fluctuations is obtained from the absolute
temperature predictions (i.e., Y2(T pax = Tmin))-
* numerical stability must be achieved

» Therefore, the thermal model must be able to identify temperature differences smaller
than 2x106 K (the difference between the absolute temperature predictions).

15" European Workshop on Thermal and ECL S Software, 9-10 October 2001, ESTEC, Noordwijk, Netherlands.
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Thermal Stability Analysis Issues

» Understand the sources of instability
* numerical instability.
* ‘real instability.

* How to select appropriate model parameters

» time steps.
* meshing density.

* What are the limits on the accuracy for stability analysis predictions?
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The Three Main Sources of Numerica Error

Data Uncertainty

Differences between the thermal model and the final ‘as-built’ spacecratft.
For example,

» Heat capacities.
» Radiative exchange-factors.
» Conductances.

Rounding
Computer approximation to the real number.
Truncation

Replacing the exact partial differential equations with finite difference
approximations.

15" European Workshop on Thermal and ECL S Software, 9-10 October 2001, ESTEC, Noordwijk, Netherlands.
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Data Uncertainty

* LISA thermal analysis is for Phase A - details of the final spacecraft
configuration are not known.

» The data uncertainty can be reduced to some extent as the design is
developed (e.g., through Phases B and C).

* Sensitivity analysis can be used to quantify these uncertainties.
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Data Uncertainty Example

* Object at uniform initial temperature T, t<0
* Immersed in fluid at temperature T, at t=0
» Convective coupling = hA = 0.1 W/K

* Heat capacity = C = mc,= 1.0 J/K

6 _T-T. __ OMALD
o= =epr Ein
ei -rl _Too D DC DD
C
T=—
hA
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Sensitivity to Heat Capacity, C
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-
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Sensitivity to Convective Coupling, hA
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Rounding
* A characteristic of computer hardware.
* Floating point number system: y = = m x (3¢,
where m = mantissa; 3 = base; e = exponent range; t = bias.
» The sign, mantissa, and exponent range only are stored to represent
floating point numbers.
» The two main floating point formats are:
Type Size  Mantissa Exponent Unit Range
(bits) (bits) (bits) roundoff
Single 32 23+1 8 ~6x10° 10"
Double 64 52+1 11 ~1x10"°  10%%%
« ESATAN solution routines use Double Precision
15t European Workshop on Thermal and ECL S Software, 9-10 October 2001, ESTEC, Noordwijk, Netherlands. 12
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Accumulation of Rounding Errors

» Theoretically, in finite difference routines the rounding errors accumulate
linearly with time.

» the occurrence of rounding errors is not random.

» Minimising the time step will increase the rounding errors.
* ‘larger’ time step is desirable.

» Cancellation
* is when two nearly equal numbers are subtracted.
» can exacerbate problems.
» occasionally beneficial because errors are also cancelled.
» avoid subtracting values that are in error.

15" European Workshop on Thermal and ECL S Software, 9-10 October 2001, ESTEC, Noordwijk, Netherlands.
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Truncation

 Truncation error would exist even if a computer had perfect representation
of numbers and no round-off error.

« Truncation errors are associated with the discrete approximation of a
continuous quantity.

* time-steps.
» spatial discretisation.

* Minimising time step and refining mesh is desirable.

* Spatial discretisation is generally coarse in Phase A models and becomes
finer, as appropriate, during Phases B and C.

* A fine mesh is desirable for predicting temperature gradients over low
conductivity structures.

15" European Workshop on Thermal and ECL S Software, 9-10 October 2001, ESTEC, Noordwijk, Netherlands.
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Truncation
» The ESATAN ‘SLFWBK’ solver was used for the LISA Phase A thermal
analysis:
» Crank-Nicholson forward-backward difference method.
» centred on the midpoint of the time-step.
* ‘implicit scheme’: simultaneous solution of temperatures at each time-
step.
* numerically stable for any size of time-step.
* the time discretisation is ‘second order’ correct (i.e., proportional to
the square of the time step):
» halving the time-step reduces the truncation error by a factor of
4.
15t European Workshop on Thermal and ECL S Software, 9-10 October 2001, ESTEC, Noordwijk, Netherlands. 15
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Midpoint Scheme

* The slope of the tangent to a function at the midpoint is a better
approximation to the derivative than the ‘forward difference’ scheme

/

Forward difference

True derivative

-(h/2) X x+(hi2)  x+h
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Influence of Step-Size on Truncation and Rounding

» Simply reducing the step-size as much 1
as possible does not achieve the best
accuracy.

 truncation : minimise step-size.
* rounding : ‘larger’ step-size.

Forward difference

ation errors
dominate

* The optimal step-size therefore needs to
be determined.

LOG(Error)

» Can the transient response be analysed
to identify optimal step-size:
« statistical. Optimum step-size ——————

* noise.

0 LOG(step-size) 1

15" European Workshap on Thermal and ECL S Software, 9-10 October 2001, ESTEC, Noordwijk, Netherlands. 17
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Conclusions

» Three main sources of error that can influence thermal stability analysis:
» data uncertainty.
* truncation.
* rounding.

* Planned work:
» Complete review of error sources.
» Assess hardware/software characteristics.
» Develop methodology for setting up and undertaking thermal stability
analysis.
* |s present analysis capable of assessing the LISA thermal
requirements?

15" European Workshap on Thermal and ECL S Software, 9-10 October 2001, ESTEC, Noordwijk, Netherlands. 18
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About BepiColombo

Thermal Design Issues

Required Thermal Analysis
Thermal Modelling Issues
Proposed Software Developments
Conclusions
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Cbout BepiColombo astrium
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QVhat Is BepiColombo? astrium

ESA mission to Mercury (Cornerstone 5)
Consists of 3 science spacecraft

- MPO: Mercury Polar Orbiter, performs close range study of the planet
surface and investigation into gravity field & rotational state

- MMO: Mercury Magnetosphere Orbiter, performs measurements of Mercury
magnetosphere (supplied by ISAS, Japan)

- MSE: Mercury Surface Element, a lander to record data from the planet
surface

Includes 2 propulsive modules

- SEPM: Solar Electric Propulsion Module, provides AV to spacecraft to
perform transfer to Mercury (uses lon engines)

- CPM: Chemical Propulsion Module, provides AV to spacecraft to perform
Mercury orbit injection manoeuvres, and descent to surface

All modules travel to Mercury as a single composite

October 2001 .
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Mission and Spacecraft astrium

e Launch date: 2009/2010 MPO
e Launched by Ariane V
e Transfer lasts 2% years
e Arrive in Mercury Orbit: 2012
e Performs 2 Venus flybys (1 inside,
1 outside)
CPM
o ?Sﬁthogirrggg;n Workshop on Thermal/ECLS Software © Astrium
Mercury Transfer Path astrium

Simulation of a 2010 launch

o October 2001 )
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Chermal Design Issues astrium

October 2001 :
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Chermal Issues astrium

The thermal subsystem for BepiColombo must maintain the
temperature of all components in the system with
temperature limits for all phases of the mission.

This includes a wide variation in environmental conditions
(Earth to Mercury). In addition the thermal environment at
Mercury is very extreme, in a hot case scenario.

The thermal subsystem on the entire BepiColombo
spacecraft will push the limits of what can be achieved with
current (or near) technology. As such the thermal
performance is a critical item with respect to the success of
the mission (more so than almost any previous mission).

October 2001 .
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Chermal Environment astrium

The Solar Flux environments that are seen in the mission include:

Earth = 1370 W/mz2 (1 AU)

Venus = 2940 W/m2 (0.7 AU)

Mercury [Apohelion] = 6290 W/m?2 (0.45 AU)
Mercury [Perihelion] = 14490 W/m2 (0.3 AU)

The Planet Surface Temperatures that are seen in the mission include:
e Earth = 260K [black body temperature]

Venus = 232K [black body temperature] (atmospheric = 720K)

Mercury [Apohelion] = 600K (sub-solar point)

Mercury [Perihelion] = 700K (sub-solar point)

Mercury (dark-side) = 100K

October 2001 .
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kCritical Hardware Iltems astrium

The following have already been identified as critical items that must
be thoroughly addressed by the thermal analysis:

Chemical propellant tanks

RCS thrusters

Main chemical engines

Solar array wings

Cruise configuration and effects caused by it
MPO structure

MPO instrument cooling

MSE landing site environment

Thermal parameters of Mercury surface

October 2001 .
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Gequired Thermal Analysis astrium
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Q)verview of Thermal Analysis astrium

Analysis in the following areas will be required during the project:

e Transfer analysis
- LEOP @ Earth: Transient, Complete Spacecraft Composite
- Fly-bys @ Venus: Transient, Complete Spacecraft Composite
- During Transfer: Steady State, Complete Spacecraft Composite
e In Mercury orbit manoeuvring analysis
- Mercury Orbit Acquisition: Transient, Spacecraft Composite minus SEPM
- MMO to MPO Orbit Transfer: Transient, MPO+MSE+CPM Composite
- MSE Descent: Transient, MSE + CPM
MMO Orbit: Transient, MMO & MPO+MSE+CPM Composite
MPO Orbit: Transient, MPO & MSE+CPM Composite
MSE In-Situ: Steady State/Transient, MSE
Planetary Surface Modelling: Steady State/Transient

October 2001 .
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Q)verview of Thermal Models Required astrium

The following system level models will be required during the project:

SEPM: Detailed and Simplified

CPM: Detailed and Simplified

MMO: Detailed and Simplified

MPO: Detailed and Simplified

MSE: Detailed and Simplified
Combined models of above

Planetary and Planetary feature models

October 2001 .
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Chermal Modelling Issues astrium
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Qﬂodelling Issues (1) astrium

e Simulation of the Mercury body in Planet flux calculations

- IR fluxes from the planet are more influential than solar flux at some points in
the orbit

- A common (and easy to use) solution is recommended

- ‘ Spacecraft in orbit

Py ! ‘N
— 400°C L ——
350°C 300°C

‘Varying temperature across planet surface ‘

@ October 2001 )
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Qﬂodelling Issues (2) astrium

e Defining analysis cases (controlling amount of analysis performed)
- It is important that the design driving analysis cases have been identified
- There is potential for very large amount of analysis to be required
e Updating the design based upon thermal performance
- Some of the primary design features are driven by the thermal performance

- There is little thermal performance margin, therefore design changes could
have a significant effect

- A clear understanding of the thermal performance is mandatory for the
project to be successful

@ October 2001 )
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Qﬂodelling Issues (3) astrium

e Model Control
- The common Astrium modelling philosophy is being used
- This provides control of model updating
- Selection of common software is recommended
e Compatibility of Module models

- Models of the various modules in numerous configurations are required to
perform the analysis

- A system is required to ensure that combination of thermal models for
different modules is as straight forward as possible (part of the Astrium
modelling philosophy)

- This will reduce the time and effort required (resulting in savings in cost and
schedule)

- Reduce the possibility for errors to be introduced

October 2001 .
15t European Workshop on Thermal/ECLS Software © Astrium

Qﬂodelling Issues (4) astrium

e Issues relating to thermal testing for this program require considerable
consideration. Particularly in relation to:

- Performing thermal testing capable of producing realistic data for model
correlation at Mercury

- Obtaining thermal performance data for materials in Mercury environment

October 2001 .
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Croposed Software Developments sl
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Croposed Software Developments astrium

e Common development of a method of planet modelling (varying planet
temperature across the surface)

- Recommended that this is added as a new feature of ESARAD and
SYSTEMA

- Alternatively, is it possible to implement this as a function in ESATAN?
- Development of some method of modelling this is crucial for the project!
e Common development of model control/processing tools

- Such tools have been developed by Astrium within the MetOp project for
example to manipulate the data coming out of ESARAD

- These can be further refined, developed and documented to become
integral with performing thermal analysis on this program

- Such tools can result in significant improvements in the thermal analysis
process (and with respect to the amount of analysis required on this
program this could be critical)

October 2001 .
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kConcIusions astrium
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kConcIusions astrium

e The major thermal design issues have been identified
e The required thermal analysis has been identified

e The major thermal modelling issues have been
identified

e A number of key software developments have been
proposed

October 2001 .
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Appendix N: CORATHERM for Spacecraft Thermo-Elastic Analysis

Application of
CORATHERM
for
Spacecr aft Thermo-Elastic
Analysis

J-P. Dudon
Alcatel Cannes
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SPACE

APPLICATION OF CORATHERM TO SPACECRAFT
THERMO-ELASTICITY ANALYSIS

T. Basset, J.P Dudon

ALCATEL SPACE

© Copyright Alcatel Space 2001 15th ESA Workshop page 1/12 - 09/10/01

v
Summary

SPACE

V 1-About CORATHERM capabilities

V' 2 - Developments dedicated to Thermo-elasticity
(T-E) analysis

V¥ 3-Validation of the developments :

] New method for the computation of thermo-elastic
deformations on spacecraft panels.

© Copyright Alcatel Space 2001 15th ESA Workshop page 2/12 - 09/10/01




1- CORATHERM capabilities

SPACE

V¥ Thermal Model nodes for panels:

1 Structure nodes : averaged temperature
1 Unit nodes : isothermal nodes
V¥ Out of Model nodes::

0 Elementary conductive nodes : automatically generated
and eliminated

1 Partial nodes: Loca thermal information within nodes

EEEEEEEEEEEEEE N Partial Node of
UNIT noden°4 node n°4 Structure Node 2
Panel Structure Structure <—v >
UNIT nodens [ Elementary Nodes Nodes1, 2and 3 i
||||||||||||||||||||||||||||| STEP 2 \
Partial Node of
STEP 1 Unit Node 5
© Copyright Alcatel Space 2001 15th ESA Workshop page 3/12 - 09/10/01
v .
ALCATEL 2 - Development dedicated to T-E
SPACE application

WV Objective : Accurate evaluation of the structure
deformations under effect of thermal gradients

V¥ In-house devel opment of specific tools
0 Main development : Automated interface PATRAN/

CORATHERM/ NASTRAN specifically dedicated to
mechanical engineersfor improving T-E analysis

> Specific Thermal Meshing
(Upside panel)

M echanical M eshing
(Neutral fiber)

Specific Thermal Meshing
(Downside panel)

DOWN
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Development dedicated to T-E application

SPACE

V¥ Technical and Industrial Objectives:
0 Increasing accuracy
0 Saving time
0 Increasing reliability

V¥ Main requirements :

7 Keep advantages of both thermal (CORATERM) and
mechanical (NASTRAN) framework

7 Does not increase the Thermal engineer’s work

o Allows rapid and optimised data exchange between
both domains

© Copyright Alcatel Space 2001 15th ESA Workshop page 5/12 - 09/10/01
\ . . .
Development dedicated to T-E application
SPACE
@ Pre_pr OCGSSI ng 3- Final thermal model (Up)
1-EF | o
mechanical
mesh |
Mixing e
2- Classical |" ERE R
thermal x4 58 w 52
meShIng 34 a8 37 37 a e = IR ER Lt -
(nodal) s — ) / "
Pr eserved Created
a 35 Thermal Model  Partial nodes
nodes
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Development dedicated to T-E application

SPACE

V' Temperature computation
7 On classical thermal model nodes (Equivalent Temp.)

7 On partial nodes (Loca Temp.) in arecalculation
process

1 Using a physically consistent method (Equivale)
0 For steady and transient cases

V¥ Interface toward NASTRAN

1 Affectation of local temperatures to the corresponding
mechanical nodes (EF terminology)

7 Generation of NASTRAN format temperature file

© Copyright Alcatel Space 2001 15th ESA Workshop page 7/12 - 09/10/01

3 - Application to T-E Computation
V¥ Thermo-elagticity isa linear pnenomenon 5
" Separation between : g’; % @fﬁ%
~ Structural behaviour (Mo B%X ey Mewg ‘o
. Thermal behaviour (variation of temperature) Eqivg SXTNE
V¥ Classical computation method R

1 CORATHERM provides classical thermal inputs
- Rough thermal mapping in PATRAN

7 NASTRAN computes Thermo Elastic deformations
~ Limited to steady state computation

V¥ Current method (new)
1 CORATHERM NG provides accurate and detailed thermal
inputs
0 Transient effects are still ignored

© Copyright Alcatel Space 2001 15th ESA Workshop page 8/12 - 09/10/01
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Accurate thermal mapping is provided by CORATHERM
M 1S computed using NASTRAN (pre-treatment) for a

given instant

Applicable to transient calculations
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A/
Application to T-E Computation

SPACE

V¥ Application to Jason Model : deformations of 15 DOF

radians

out of eclipse

A
L |

eclipse out of eclipse

<
L |

po

secondes

1 High accuracy of the results
- avoid over or sub-sizing

1 Better understanding of the phenomenon with the transient behaviour
- determination of realistic Sizing cases

© Copyright Alcatel Space 2001 15th ESA Workshop page 11/12 - 09/10/01

v
4 - Conclusions

SPACE

V¥ Validation of a new methodology to compute T-E
deformations

1 Optimisation of Thermal (AT) and Mechanical (Mg, g) analyst's
know-how

V¥V New possibility to Compute accurate thermal mapping on
honeycomb panels

1 Prevents from abusive approximations

1 Direct impacts on pointing budget
V¥ Automated procedures are now validated

V¥ Transient results are provided
0 Better understanding of the phenomenon
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Appendix O: Transient Capillary Pumped Loop Modelling

Transient Capillary Pumped Loop Modelling
with
ESATAN/FHTS
and
SINDA/FLUINT

C. Puillet
CNES
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TRANSIENT CAPILLARY PUMPED LOOP
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ESATAN/FHTS AND SINDA/FLUINT
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OBJECTIVES
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TEMPERATURE RESULTS
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ANALYSIS

CONCLUSION
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CNES/MMS 5kW AMMONIA CAPILLARY PUMPED LOOP

DEVELOPPED UNDER CNES
CO-FUNDED R&D CONTRACT
(1993-1994)

1 TWO-PHASE RESERVOIR
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CAPILLARY EVAPORATOR PRINCIPLE

LIQUID | ). VAPOUR VAPOUR
INLET i OUTLET A\ CHANNEL

POROUS
MATERIAL

POROUSMATERIAL
10to 40 mm

0.05t0 0.5m
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OBJECTIVES

START-UP MODEL OF 1st EVAPORATOR FROM FULLY FLOADED LOORP.
DEVELOPPED IN MID 90's USING MECHANICAL PUMPS AND VALVES.

MODEL CONVERTED IN ESATAN/FHTS IN 99, PRESENTED AT 13th EWTES.

REMAINING ISSUES :
USE OF FHTS CAPILLARY ELEMENTS
COMPARISON WITH SINDA/FLUINT

OBJECTIVE :
TO EVALUATE ESATAN/FHTS CAPILLARY ELEMENTS
TO GET A MODEL SIMPLER AND MORE PRACTICAL TO USE

MAINS POINTS :
FLUID TIME CONSTANTS (little solid inertia)

EVAPORATORS CLEARING (EVAP. 2 TO 5)
VAPOUR FRONT DISPLACEMENT
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MODEL

MECH. EVAPORATORS

VAPOUR LINE

- v : : : .
X ] Convective coupling with air

T T T Global pressure drop

CONDENSER

ISOLATOR Prgfggre : \
CAPILLARY EVAP. Cooling loop @ 0°C

EVAPORATOR | OUTLET
l LIQUID LINE

Convective coupling with air

'
[ 1 |
A PRESSURISER

CAPIL. EVAPORATORS Heater with prop. regulation

MODEL GEOMETRY CORRECTED
MECHANICAL PUMPS MODELLING AS CLOSE AS POSSIBLE TO CAPILLARY PUMPS
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SINDA/FLUINT WITH MECHANICAL PUMPS

Mass flow rate evaporator 1

20052 S s PRESSURE OSCILLATIONS
e S CAUSED BY VAPOUR FRONT
1s0e0z | \ Nt ENTERING EACH FLUID NODE

SAWER] e => HIGH MASS FLOW RATE
] ot TUBE\ /\ & PRESSURE PEAKS
; 5,00E-03 : ’\ \h\
(N
0.00E+00 : ‘ ‘ —— LOOp pressure dI’Op
0,00E+00 1,00E+01 2,00E+01 3,00E+01 4,00E+01 vomsos A\

-5,00E-03
Temps (s)

3,0E+03

& 2.5E+03

s

3 2,06+03 1F—

4 ‘— PL1005-PL1004 - Pompe

o 1,5E+03 1#— P

2 ‘7 PL1009-PL1321 - Conduite principale
3 1,0E+03 H—

2]

5,0E+02

e

0,0E+00

-5,0E+02

200
Temps (s)
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ESATAN/FHTS WITH MECHANICAL PUMPS

Mass flow rate Evaporator 1
SAME BEHAVIOUR

2,00E-02

SMOOTHER

1,50E-02 4

——FR5002 - ISOL
——FR5007 - Pompe - Tube
——FR5008 - Tube - Vanne 1
——FRS5009 - Vanne 1 - 2
——FR5011 - Vanne 2 - Sortie 1

5,00E-03 - LOOp pressure drOp

4,0E+03

1,00E-02

@
S
<
°
E
z
2
E
=
‘o
a

0,00E+00 T T
0,00E+00 1,00E+01 2,00E+01 3,00E+01 4,00E+4

3,5E+03

3,0E+03

-5,00E-03

2,5E+03

Temps (s)

2,0E+03

‘7 PL1005-PL1004 - Pompe

1.5E+03 7 | — PL1009-PL1321 - Condite principale

Saut de pression (Pa)

1,0E+03

5,0E+02

0,0E+00

-5,0E+02

0 200

Temps (s)
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Division Mécanique Thermique Energétique
SINDA/FLUINT WITH CAPILLARY PUMPS

Mass flow rate evaporator 1
OSCILLATIONS MORE SEVERE

THAN WITH MECHANICAL PUMPS

Ls0e 2 SAME GLOBAL BEHAVIOUR

—ISOL

—— Apreés injection de puissance
1,00E-02 Cannelures - Vanne 1
——Vanne 1-2

——Vanne 2 - Sortie 1
—— Sortie 1
5,00E-03 —— Avant injection de puissance

Débit massique (kg/s)

acoeoo | S e Loop pressure drop

3,5E+03

-5,00E-03

2,5E+03

1,5E+03 - .
—— Evaporateur capillaire
—— Conduite principale
T "
T t

5,0E+02

-5,0E+02

Saut de pression (Pa)

-1,5E+03

-2,5E+03

-3,5E+03 -
0 300 400 500 600 700

Temps (s) (blue line : cap. evap. plotted as negative)
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ESATAN/FHTS WITH CAPILLARY PUMPS

Mass flow rate evaporator 1 SAME CONCLUSION AS WITH
SINDA/FLUINT

3,00E-02 -

2,50E-02

2,00E-02

—— FR5002 - ISOL
‘ ‘ ‘ —_FR5007 - Pompe - Tube

1,50E-02

{ FR5008 - Tube - Vanne 1
‘ ——FR5009 - Vanne 1 - 2
\ ——FR5011 - Vanne 2 - Sortie 1

Débit massique (kg/s)

1,00E-02 \‘ ——FR5012 - Sortie 1
N\ Loop pressure drop

& 4,0E+03

0,00E+00 1,00E+01 2,00E+01 3,00E+01 4,00E+01 5,00E+01 3,5E+03

0,00E+00

-5,00E-03 3,0E+03
Temps (s)

2,5E+03

2,0E+03

—— Evaporateur capillaire
1,5E+03 - f . -
| —— Conduite principale
| | {
P i
"

1,0E+03

Saut de pression (Pa)

5,0E+02

0,0E+00

-5,0E+02

Temps (s)
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TEMPERATURE (MECHANICAL PUMPS)

Temperature : end of vapour line, beginning & end of liquid line

results vs. test measurement
3,5E+01

3,0E+01

—— FHTS - Fin tube vapeur

—— FHTS- Début tube liquide
<«— end of vapour (test) —— FHTS - Fin tube liquide

—— Essais - Fin tube vapeur
—— Essais - Début tube liquide

\4_ end of ||CIU|d (test) —— Essais - Fin tube liquide

1,5E+01 —— FLUINT - Fin tube vapeur
FLUINT - Début tube liquide

1,0E+01 - —— FLUINT - Fin tube liquide

5,0E+00

2,5E+01 ~

)

o

2,0E+01

Température (

0,0E+00 ‘ ‘ | ‘ beg. of liquid (test)

0 400 500 600 700 800

Temps (s)

VAPOUR FRONT MOVES TOO FAST

15th European Workshop on Thermal & ECLS Software - 9-10 October 2001 - Noordwijk, NL

Division Mécanique Thermique Energétique

TEMPERATURE ESATAN/FHTS
mechanical vs. capillary

Temperature : end of vapour line, beginning & end of liquid line

3,5E+01

3,0E+01 -

2,5E+01

——FHTS Capil - Fin tube vapeur

—— FHTS Capil - Début tube liquide

2,0E+01 ——FHTS Capil- Fihlul?e liquide

—— FHTS Non capil - Fin tube vapeur
FHTS Non capil - Début tube liquide

——— FHTS Non capil - Fin tube liquide

1,5E+01

Température (°C)

1,0E+01

5,0E+00

0,0E+00

400

Temps (s)
THE VAPOUR FRONT MOVES EVEN FASTER WITH CAPILLARY PUMPS

(NO CONTROL ON MASS FLOW RATE FOR FIRST BUBBLES GENERATION IN
THE CAPILLARY PUMP)
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INFLUENCE OF NUMBER OF NODES

Isolator

INITIAL STEADY-STATE :
vapour

THEN THE HEAT EXTRACTION IS REMOVED ON THE UPPER LINE

FINAL STEADY-STATE :

Q<0

INFLUENCE OF NUMBER OF NODES ON MASS FLOW RATE WITHIN ISOLATOR ?
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CONVERGENCE IN TIME STEP
MASS FLOW RATE IN ISOLATOR

— 0.02s
—— 0.004 s |}
—— 0.0008 s |i.

mass flow rate (kg/s)

10—11

10_12" 1 i 1 i 1 i 1 i 1 i 1 i 1 i 1 i 1 i 1 i 1 i 1 i 1 i 1 | IH

o 1 2 3 4 5 o8 7 8 9 10111213 14 15
time (s)

CPU: 0.02s/42s, 0.004s/81s, 0.0008s/146s
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INFLUENCE OF NUMBER OF NODES

CONVERGENCE REQUIRES
A VERY HIGH NUMBER
OF NODES

FRONT MOVES FASTER

CPU: 16 / 1mn21s, 28/ 2mn19s, 52 / 5mn12s, 100 / 10mn6s, 196 / 21mn4s, 388 / 60mn6s
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ANALYSIS

ABILITY TO SOLVE START-UP FROM FULLY FLOADED LOOP WITH PARALLEL LINES

TYPICAL CPU TIME : ESATAN/FHTS SINDA/FLUINT
MECH. PUMPS 120 mn 10 mn
CAPIL. PUMPS 180 mn 50 mn

LARGE INFLUENCE OF PRESSURE DROPS ON RESULTS

NUMERICAL DIFFICULTIES TO SOLVE IF VAPOUR FRONT IS BLOCKED BY
EVAPORATORS BEFORE IT REACHES THE CONDENSER

VERY SMALL TIME STEPS

HOWEVER, QUESTIONS ABOUT COHERENCE OF PHYSICS MODELLED WITH REALITY
LUMPED PARAMETER METHOD
HOMOGENEOUS MODEL

=> MORE ANALYTICAL AND EXPERIMENTAL WORK WOULD BE REQUIRED ON A
SIMPLER LOOP (1 EVAPORATOR , 1 CONDENSER) TO GET CONFIRMATION
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CONCLUSION

THE ESATAN/FHTS CAPILLARY ELEMENTS WORK PROPERLY WITHIN
THE LIMITATION OF THE PHYSICAL MODEL

CAPILLARY ELEMENTS SIMPLIFY THE WORK OF THE USER

THE MODELLING OF START-UP IS POSSIBLE

HOWEVER, MAYBE IT SHOULD BE LIMITED TO MODELS IN WHICH
FLUID TRANSIENT IS NEGLIGIBLE

MORE QUESTIONS THAN ANSWERS AT THE END OF THE WORK

DOUBT ON THE POSSIBILITY TO GET A SIMPLER AND MORE
PRACTICAL MODEL FOR FLUID START-UP
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TRANSIENT CAPILLARY PUMPED LOOP
MODELLING WITH
ESATAN/FHTS AND SINDA/FLUINT

Christian PUILLET, Hugo MAMEDE FIGUEIREDO

C.N.E.S.
Département Thermique
DTS/AE/MTE/TH
18, avenue Edouard Belin, F-31401 TOUL OUSE cedex 04, France
christian.puillet@cnes.fr
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Appendix P: Statuson Model Data Exchange

Status
on
Model Data Exchange

HP. deKoning
ESTEC/TOS-MCV
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- E @ EERs Thermal and Structures Division

@esa Mochanical Enginosring Dopartmont

Staftus on Model Data Exchange

Hans-Peter.de.K oning@esa.int
(ESA D/ITOS-MCV)

15th European Workshop on Thermal and ECL S Software
ESTEC, Noordwijk, The Netherlands
9-10 October 2001

@esa Mochanical Enginooring Dopartmont

mEEsETEINIIET W Thermal and Structures Division
[ 4
Topics

» Brief introduction to STEP

» Brief overview of STEP-TAS and STEP-NRF

o State of STEP-TAS implementations

» TRASYS/STEP-TAS and TRASY SIESARAD converters
« ESARAD STEP-AP203 import and NURBS support

e Road ahead

» Announcement NASA/ESA Aerospace Product Data Exchange
based on Open Standards Workshop
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- LT T ——

Thermal and Structures Division

Objective of STEP / ISO 70303

« STEP = STandard for the Exchange of Product model data
= casual name for 1SO 10303

e “1SO 10303 is an International Standard for the computer-
interpretabl e representation and exchange of product data. The
objective is to provide a mechanism that is capable of describing
product data throughout the life cycle of a product, independent
from any particular system. The nature of this description makes
it suitable not only for neutral file exchange, but also as abasis
for implementing and sharing product databases and archiving.”

(From 1SO 10303 Part 1)

9+10 Oct 2001 15th European Workshop on Thermal and ECLS Software Sheet 3

- LT T —

Thermal and Structures Division

The (Aero)Space STEP Profocols Map

1SO 10303
[ _ _

Documentation: PDF i | Industrial Automation
Systems -
Product representation
and exchange

Mechanical and assembly design: AP203 and AP214

Thermal analysis: STEP-TAS

Propulsion: STEP-PRP

| System Engineering: AP233
S S A S S
Product Configuration
AP203 / AP214 / PDM Schema
Technical Data Package: AP233

Mass-CoG-Mol: STEP-MCI (subset of AP214)

Results of Analysis, Test and
Operation Campaigns: STEP-NRF

Optical analysis: NODIF

... (other discipline oriented protocols)

system product definition analysis & simulation & test results & delivery
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Eesa ttochanicat Enginooring Dopartmont

- E @ EERs Thermal and Structures Division

Bigger picture:
Open standards based exchange
between disciplines in space projects

ERP & Integrated Logistics Support
I AP2 1 oM

ccC
AP209 AP208 CC1 ihema
s Manufacturing

Assembly
Integration Opera- -
CAD AP2i4 Test tional
AP203

“AP203 support

PDM ihema
CC1

Systems engineering & PDM
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- E @ EERs Thermal and Structures Division

Main characteristics STEP-NRF (7)
Network-model Results Formatk

» Targets engineering-discipline independent exchange of bulk
results data from analysis, test or operation

— Representation of engineering objects by network models consisting of
discrete nodes and node-rel ationships

— Hierarchical tree of network models/ submodels
— Déefinition of properties
* Quantitative, descriptive and functional properties
» Scalar, vector and tensor property values
» Property values only at discrete locations/ discrete states
— Full annotation of analysis/ test / operation context
e Campaign, case, phase, run
» Facility/tool, environment, date and time, organisation, person, ...
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@ esa Mechanical Engineering Department
= pEE AN E T Es Thermal and Structures Division

Main characteristics STEP-NRF (2)
NRF dataspace

Each gridpoint in the 3D

> : i
2 : dataspace is a property
2e value
Dz :
ST :
S ] Each can be scalar,
35 vector, tensor
cJ\Q_ :
T Qi
Je T i Data model and
g : 2 implementation

designed to handle
sparsely populated
dataspace efficiently

(model

Sheet 7
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@ esa Mechanical Engineering Department
= pEE AN E T Es Thermal and Structures Division

Main characteristics STEP-NRF (3)
Proposed NRF/HDF architecture

STEP-NRF
protocol

discipline-specific dictionaries

(discipline- | | | |
NRF NRF NRF NRF
Dictionary Dictionary Dictionary Dictionary

Structural Thermal Electrical

User Application
(Reading or Writing
Results Data)

A

independent)

\ 4

STEP-NRF SDAI
programming library

reference to product (-part),
shape, location

NRF — HDF mapping

HDF 5 reference to FEM / FE

programming library

AP203
STEP file

AP209
STEP file
(future)

HDF5
binary
resultsfile | e £ ) COTS or PD
S Data Analysis / Visualisation
< Application with HDF i/f
(also via WWW)

\ 4

Sheet 8
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@esa Mochanical Enginosring Dopartmont

- E @ EERs Thermal and Structures Division

Main characteristics of STEP-TAS (7)

Self contained, complete Application Protocol
— AAM, ARM, Mapping Table, AIM, Express-G (586 pages)
— Conformsto TC184/SC4 methods and guidelines
Geometry defined as AP203 CC4 surfaces

Thermal-radiative model faces added as associated features
— Including possibility to support hierarchical submodel tree
— Associated notional thickness, surface material and bulk material
— Thermo-optical, thermo-physical properties for named material
— Concept of material property environment (Part 45)

Kinematic model conform STEP Part 105
— for articulated rigid bodies (e.g. rotating solar arrays, gimballed antennas)
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@esa Mochanical Enginooring Dopartmont

- E @ EERs Thermal and Structures Division

Main characteristics of STEP-TAS (2)

» Space mission aspects
— orbit arc (Keplerian and discrete ephemeris)
— gpace co-ordinate system, celestial bodies
— orientation, general and named pointing, spinning, linear rotation rates
— gpace thermal environment, including constant or lat/long dependent
albedo / planetshine tables
» Boolean construction surfaces available for advanced tools

o STEP-TAS CC1 Abstract Test Suite

— conform STEP Part 3xx series
— test suite has been used in validation of TAS processors
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@esa Mochanical Enginosring Dopartmont

m oI E T @EEEnED Thermal and Structures Division

STEP-TAS geomeifry
and rthermal-radiative models

o Shapes
— Primitives: triangle, rectangle,
quadrilateral, disc, cylinder, cone,
sphere, paraboloid
— Compound shapes
direction-1 — Shapes conform to AP203 CC4
non-manifold surfaces
* Thermal-radiative model
— associates thermal -radiative faces

Jy with surface shapes
diameter /ection-z

, — thermal mesh
start_angle" (uniform and non-uniform)
— surface and bulk material

properties by reference to material
9+10 Oct 2001 15th European Workshop on Thermal and ECLS Software Sheet 11

end_angle
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@esa Mochanical Enginooring Dopartmont

- E @ EERs Thermal and Structures Division

IHHlustration of basic STEP-TAS
Keplerian orbit arc definition
ENTI TY keplerian_orbit_arc

SUBTYPE OF (orbit_arc);
kepl er _paraneters : kepl er_paraneter_set;

END_ENTI TY;
eccentricity < 1 . ENTI TY kepl er _par anet er _set;
ty main body (of spacecraft) sem _maj or _axis : |ength_measure;

eccentricity : REAL;
inclination : plane_angl e_neasure;
true_anoraly ri ght _ascensi on_of _ascendi ng_node :
pl ane_angl e_neasur e;
argunent _of _periapsis : plane_angl e_neasure;

apoapsis 18psis true_anomal y_at _start : plane_angl e_neasure;
U VWHERE
governing celestial body wrl: sem _major_axis >= 0.0;

w2: eccentricity >= 0.0;
wr3: (-180.0 < inclination) AND
(inclination <= 180.0);

wr4: (-360.0 < right_ascensi on_of _ascendi ng_node)
AND (right_ascensi on_of _ascendi ng_node <= 360.0);

wr5: (0.0 <= argunent_of _periapsis) AND
(argunent _of _periapsis < 360.0);

wr6: (-360.0 < true_anonaely_at_start) AND
(true_anomal y_at _start <= 360.0);

END_ENTI TY;
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@ esa Mechanical Engineering Deparfment
=S EInNInNNnNECO@EEIRS Thermal and Structures Division

STEP-TAS :
Product structure and kinematic

+Y panel 2 main body
+Y panel 1
-Y shaft +Y shaft
+Y yoke
+Y shaft
-Y yoke +Y yoke

+Y main body

-Y panel 1 +Y panel 1
+Z -Y shaft
X -Y yoke
-Y panel 2 +Y panel 2
-Y panel 1
is a kinematic_link
-Y panel 2 is a kinematic_joint
(a) Schematic shape model of a typical (b) The corresponding kinematic_mo del
com munications satellite with two fully presented as a topological graph

deployed solar array wings
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@ esa Mechanical Engineering Deparfment
=TI E T @EERD Thermal and Structures Division
STEP-TAS Conformance Classes
thermal-radiative model kinematic constructive space mission

with basic geometry model geometry aspects

CC-1

CC-2

CC-3

CC-4

CC-5

CC-6
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c;' esa - e e 1 e £ Mechanical Engineering Department

Thermal and Structures Division

STEP-TAS CDT
Converfter Development Toolkir
(developed by Simulog)

* Programming interface is close to thermal tools
— hides STEP complexity
— full set of reading/writing functionsin ANSI-C and F77
— full documentation, examples and test suite
— Baghera-View to perform independent visual inspection
» Avallableto tool developers at nominal cost (from Simulog)
— Platforms: Windows, Sun/Solaris, HP-UX, Compag/Tru64, SGl/Irix

» Enables efficient converter implementation
— Reduces validation / verification effort
— All converters share reading/writing approach - increased reliability

» Extensibility at affordable cost - e.g. for HDF5 and XML
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c;' esa - e e 1 e £ Mechanical Engineering Department

Thermal and Structures Division

STEP-TAS Converfter Architecture

Native
T ool
Format

STEP-TAS
EXPRESS [ STEP-TAS
data models |_| S
SDAI C Library (1SO 10303-24) physical file
ST-Developer (STEP ToolsInc., USA) SO 10303-21
\&' or Open Source STEP/XML (1SO 10303-28) or
XML
9+10 Oct 2001 15th European Workshop on Thermal and ECLS Software \/_ Sheet 16




Eesa ttochanicat Enginooring Dopartmont

- E @ EERs Thermal and Structures Division

Stfalte of STEP-TAS implementaftions
Sep 20017

Can use beta from Thermal Desktop o .
ES‘\;;;';,{,RAgfﬁT;P-TAS.;:;g;vitH;OO,ﬂQg TRASYS ESARAD e A1 Sncemid 1068
©madereey avartable for downioa (NASA JSC) (ALSTOM Power UK) | | arge model cross-validation initiated

TSS

(Space Design) ~ STEP-TASCCL converter
developed - industrial
One shot Mars Rover demonstrator 1998\ ! (HAES»[F?'X‘J:T]CA r;v eagg 2001I/r:2:tlJ "
NASA-JPL demonstrator Large model cross-
validation initiated
Thermal Desktop / Radcad
(Cullimore & Ring) SI’EP TAS
NASA-JPL demonstrator 4_ I CORATHERM
(Alcatel Space)

Industrial betareleaseln\64
TAS & - Ianned start implementation 2001 /Q4
(Harvard Thermal) /
* Baghera View
(Simulog)

NASA-JPL demonstrator \
SINDA/ATM (FEMAP) I-DeasTMG Nevada Part of STEP-TASCDT
(Network Analysis) Patran Femap/TM G
(MSC) (SDRC & Maya) (TAC Inc)
NASA-JPL demonstrator : : NASA-JPL demonstrator
Beta release implementation 2001/Q3 Planned start implementation 2001 /Q4
9+10 Oct 2001 funded by NASA-LaRC 15th European Workshop on Thermal and ECLS Software Sheet 17

@esa__, ttochanicat Enginooring Dopartmont

H =R IR RN Thermal and Structures Division

TRASYS/STEP-TAS and
TRASYS/ESARAD converfers

* Full stand-alone TRASY S/ STEP-TAS CC1 converter
— Development by Simulog started Jan-2001
— Currently in betatesting / closing out phase
— User option for English/SI unit conversion

e Inpardle: TRASY Sto-ESARAD converter

— Reference implementation by ESA (TOS-MCV) for independent validation of
TRASY SISTEP-TAS converter

— Supports break up of non-uniform meshes
— Supports conversion of complex shapes (ogive, toroid, spheroid)
— Full test suite
* Both will be made available at www.estec.esa.int/thermal
— Freefor download - target release November 2001
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@esa__,

Mechanical Engineering Deparfment
HnnnECD@msEinda

Thermal and Structures Division

TRASYS/ESARAD converfer
STS 390 Node Model - Open Doors

noGHM T oE e

* £ ¢ 39@-Mode On-Crkit Open-PLE-Door Shuttle Mideectiol

ACTIVITY
W AcTivE ESARAD
B vacTivE
VIEW = 3-D
SCALE = .B4B9
Ny =1
9+10 Oct 2001
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@esa__,

Mechanical Engineering Deparfment
HnnnECD@msEinda

Thermal and Structures Division

TRASYS/ESARAD converfer

* 99B-Node Shuttle Midsestion

Launch Pod GHIT + *

STS 390 Node Model - Closed Doors

3-D
SCALE y 1@
ACTIVITY
B acTive
B nacTIvE
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@esa Mochanical Enginosring Dopartmont

- E @ EERs Thermal and Structures Division

Profotype SINDA-85 / ESATAN
converfter

Developed at ESTEC

Use: STS/ ISS interface model conversion

Currently Eng/Sl unit conversion is being implemented
Will be made available free of charge 2001/Q4

9+10 Oct 2001 15th European Workshop on Thermal and ECLS Software
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@esa Mochanical Enginooring Dopartmont

- E @ EERs Thermal and Structures Division

Road Ahead (1)

» \Web-based collaboration on further development:
STEP-TAS Implementors' Forum (start 2001/Q4)
— ftp://ftp.estec.esa.nl/step-tas/index.html as a start
— Will use sourceforge.net open source software development environment
» distribution of documentation and code
* bug tracking, configuration control, test suites
— E-mail tech support

o Take European/ US collaboration to a next stage
— Action ESA and NASA together with Simulog
— Clarify/establish intellectual property rights and support

9+10 Oct 2001 15th European Workshop on Thermal and ECLS Software
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@esa Mochanical Enginosring Dopartmont

- E @ EERs Thermal and Structures Division

Road Ahead (2)

o Trade-off for best ‘Return on Investment’ next 5 years

— Appropriate level of formal publishing (1SO, ESA and NASA)

— Much smplified exchange model (STEP-TAS ARM)

— Most likely moving to XML physical file (STEP part 28)

— Upgrade high level API to support all STEP-TAS constructs

* e.g. submodelling, non-uniform meshing and node numbering

» Upgrade STEP-TAS CDT (planned 2001/Q4-2002/Q1)

— Resolve all reported issues/ bugs

— Use open source software approach

— Upgrade converter options (e.g. length unit selection / conversion)
» Complete test suite for large model cross-validation

9+10 Oct 2001 15th European Workshop on Thermal and ECLS Software
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Cesa__,. mechptct sty overimens

- E @ EERs Thermal and Structures Division

Road Ahead (3)

o« TRASYS/ISTEP-TAS-CC1 bi-directional converter
— Stand-alone tool by Simulog on ESA funding
— Will be made available freely
» Upgrade BagheraView capabilities
— By Simulog sponsored by CNES
— Release v1.3 betaready Sep-2001 (now supports Windows 2000)
* Resume NRF developments
— HDFS5 binding (co-operation with EDF, NCSA and others)
— ESATAN, SINDA/G, SINDABSS converters via STEP-NRF (with NASA)
— Linkswith STEP Engineering Analysis modules - 1SO 10303-50 series
— Pilot web-based remote consultation of structural test results

9+10 Oct 2001 15th European Workshop on Thermal and ECLS Software
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Announcement

NASA/ESA Workshop
Aerospace Product Data Exchange based on Open Standards

9-12 April 2002, ESTEC, Noordwijk

3rd edition after 2 successful previous workshops at NASA-JPL
— See step.jpl.nasa.gov for archive of previous presentations

Domains. Engineering Anaysis, CAD, PDM

Standards: STEP/ISO 10303, XML/W3C, OMG, ECSS, NASA
STEP AP 209 (FEM exchange) Seminar

If interested send e-mail to Hans-Peter.de.K oning@esa.int
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Appendix Q: Thermicav4

Thermica
v4

P. Renard
Astrium-SAS
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astriumn

Patrice Renard

Astrium
» Short description
 Demo
ESTEC, Noordwilk, Oetober 6.10 2001 © Astrium
astriumn
» Increase in 2001 of the engineering software distribution
(Thermica and others) inside Astrium and outside the
company
» User interface getting old. Graphics not taking advantage
of the potential of PC computers
» Improvements optimizing ROI (avoid cosmetics !)
Team reinforcement
N Interactivity as main driver for the new interface
New functions
15th European Thermal Workshop © Astrium

ESTEC, Noordwijk, October 9-10 2001




astriumn

PC look and feel
Portable code for Unix and PC (windows and Linux)

Interactivity for model building,
for mission modelling,
for conduction modelling

User-friendly menu-driven functions to reduce the
learning time and avoid programming

Up compatibility with previous version to facilitate
transition for the current users ;

also in the way to use the software

15th European Thermal Workshop

ESTEC, Noordwijk, October 9-10 2001 © Astrium

astriumn

* Developed :
- Interactive model builder
- Interactive conduction module
- Orbit and Kinematics calculation modules with
enhanced features
- Prototype interface
e Under development :
- New shapes
- Sub-models
- Kinematics user interface
- Albedo and IR models
e Schedule :
- Beta version in March 2002

15th European Thermal Workshop

ESTEC, Noordwijk, October 9-10 2001 © Astrium




astriumn

First part :
- Interactive model builder
- Interactive conduction module

shows functions in a temporary user interface

Second part :
- Prototype interface

15th European Thermal Workshop

ESTEC, Noordwijk, October 9-10 2001 © Astrium
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Developments in

ESARAD,
ESATAN
and
User Support

F. du Laurens d’Oiselay
Alstom
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15" European Workshop on
Thermal and ECLS Software

ESTEC, The Netherlands

October 9-10, 2001

Developments in
ESARAD, ESATAN and
User Support

Henri Brouquet — Frédéric du Laurens d’'Oiselay
ALSTOM Power Technology Centre
+44 116 284 5748
esa.support@power.alstom.com

ALSTOM

() summary ALSTOM

e Status on:
« ESARAD v-4.3.2
« ESATAN/FHTS v-8.6 — CPL
« ESATAN v-8.7

* Developments on user support
* Web site
e Future developments
» Contact details

FLO / HB - Developments in ESARAD, ESATAN and Support - © ALSTOM Power UK Ltd Page 2 /20




ALSTOM

* Released end of May 2001
 Stabilisation improvements

* Feedback so far:
« Better stability
* Few minor bugs or problems identified

* Performance problem through Unix network

FLO / HB - Developments in ESARAD, ESATAN and Support - © ALSTOM Power UK Ltd Page 3/ 20

9 ESARAD — Next Step ALSTOM

* Maintenance release planned
* No new feature
 Numerous minor bugs fixed
* Windows 2000 porting
* Performance issue still outstanding on network
* Tune eXceed

 VNC environment could be an alternative

FLO / HB - Developments in ESARAD, ESATAN and Support - © ALSTOM Power UK Ltd Page 4/ 20



ALSTOM

* New version planned Q2 2002

* Improved visualisation

* Mission enhancements
 Pointing

* New license mechanism: FLEXIm®

FLO / HB - Developments in ESARAD, ESATAN and Support - © ALSTOM Power UK Ltd Page 5/ 20

ALSTOM

FLO / HB - Developments in ESARAD, ESATAN and Support - © ALSTOM Power UK Ltd Page 6/ 20



) ESATAN/FHTS v-8.6 — CPL ALSTOM

o ESATAN/FHTS v-8.6 released in June 2001
e Capillary Pumped-Loop facility implemented
* Four new elements to model a CPL (and LHP)

» Capillary evaporator EvARORATOR

. Tube - HJM p——

« Capillary filter

* Two-phase reservoir T l
. Two new facilities U ®

« Evaporative link v § %

FILTER CONDENSER

* Phase separation

FLO / HB - Developments in ESARAD, ESATAN and Support - © ALSTOM Power UK Ltd Page 7/ 20

ALSTOM

* Release planned mid-October 2001

* Two new major facilities
e Cyclic transient solver
* Min/max routine

* Feature requests & bugs fixed

* New license mechanism: FLEXIm®

FLO / HB - Developments in ESARAD, ESATAN and Support - © ALSTOM Power UK Ltd Page 8/ 20



ESATAN v-8.7 —- SOLCYC ALSTOM

* SOLCYC is a ‘meta-solver’ to attain a steady cyclic
solution

e Consecutive runs of a standard transient solver
until convergence is reached according to the user-
defined criteria

* Convergence calculated on temperature and on its
derivatives w.r.t. time

* Report at the end of each cycle
 Number of the cycle
 Maximum AT and node corresponding
« Maximum A(dT/dt) and node corresponding

FLO / HB - Developments in ESARAD, ESATAN and Support - © ALSTOM Power UK Ltd Page 9/ 20

() ESATANV-8.7-SOLCYC-Ex.  ALSTOM

Temperature vs time

* One thermal boundary node o m— I .

e One thermal node

Sinusoidal temperature applied :
to the boundary node

* GR between the two nodes o .
e SLFWBK solver
T e w0 om0 iobo
$EXECUTI ON
CALL SOLCYC(' SLFWBK', 0.01D0, 0.05D0, 3600.0D0, 10, ' ', NONE')

FLO / HB - Developments in ESARAD, ESATAN and Support - © ALSTOM Power UK Ltd Page 10/ 20




ESATAN v-8.7 — STORMM ALSTOM

* Used to store the minimum and maximum values
attained at each node during a transient solution

* For all nodal entities (T, C, P) and user-defined
entities

e User-defined nodal entities have to be defined In
USRNOD.DAT

$VARI ABLES2
CALL STORM' T, "MnT, "TimreMnT , *MaxT', ' Ti meMaxT")

FLO / HB - Developments in ESARAD, ESATAN and Support - © ALSTOM Power UK Ltd Page 11 /20

k ' 3) ESATAN v-8.7 — Enhancements ALSTOM

e New minor enhancements

 TAB character is now allowed in the ESATAN input
deck

* Very large models are now supported without getting
an unrecoverable error condition in SICOPY

« SETNDR, SETNDI, SETNDZ set the value of a nodal
entity

$INITI AL
CALL SETNDR(’ ', "M nT , 1.0D+10, CURRENT)

FLO / HB - Developments in ESARAD, ESATAN and Support - © ALSTOM Power UK Ltd Page 12/ 20




ESATAN v-8.7 — Bugs fixed ALSTOM

* The following bugs have been fixed:

e Maximum length for $LOCALS and $CONSTANTS
iIncreased to 255 characters

» 3-digits exponent allowed in an array definition
« HXKL3 element corrected for the GP calculation

e On HP-UX, the output format for the temperature
depending on the node number is fixed (ex: T1000)

 The limit value of DYSTOR as it is defined in the user
manual is now usable for the user

FLO / HB - Developments in ESARAD, ESATAN and Support - © ALSTOM Power UK Ltd Page 13 /20

) Web Site — Introduction ALSTOM

&,:1

* ww. t echcent r euk. power. al stom com
e Launched Q1 2001
* Facilities available:
* News
* Download
» Self help
 Forum
* Impact on support
* Future plans

ALSTOM Power Technology Centre
rvices in en

world class service: engineering technology

[E2 [ [ mternet 7

FLO / HB - Developments in ESARAD, ESATAN and Support - © ALSTOM Power UK Ltd Page 14 / 20




- Web Site — Member Login ALSTOM

echnology Centre Extranet - ALSTOM Fower Technology Cen

=1 E3

Edit “iew Go Favoites Help

e

%
Back Fonward Stop Refresh  Home ‘ Seach  Favoites  Histoy  Channels

2 5

Fullscreen bl PFrint Edit

J Address I@ hittp: /¢ vawarn techoentreuk. power. alstom. comy j |J Lirks
E S} \ I al \ D == logout mm site map | mm contact us = search

Power Technology Centre: Software Products - News

Product Overv it =J\mhmhm|m||
Software Product FAQ -

User Self Help

You are currently viswing news items for the last quarter.

5 licd i If you would like to only display news iterns for a specific topic,
ownloads . - lﬁ
bl A please select the topic from the list:

E S A B A S E Return to Home There are no news stories available for this month or topic,

Please change your topic selection, or click here to access the news stary archives

DLguest

© Copyright ALSTOM 2001

e 5
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LSTOM Power Technology Cenl =] B3
J Fil= & Help
& L Q B 5
Back Forward Stop Refresh Home Search Favarites  History  Channelz: | Fullscreen Mail Print Edit
| address [ http: Avwns techcentreuk. power. alstom.com/ =1 || Links
= logout mm Site map | == contact us mm search
Power Technology Centre: Software Products - Downloads

Product Overview u

Software Product FAQ

User Self Help

Latest Software News
SiW News Archive

wielcorne to the Software Downloads section.

Frorm here are able to request and/or download files, patches and documentation for our products,

Technical Briefs

ESARAD

Return to Home

ESARAD Getting Started Guide

Documentations, step by step guide to create your first model in ESARAD (zip formsat 432 pownload
archivel.

ESARAD User Manual [3.TMb] b
Manual containing details of the various aspects of ESARAD, from building

a model, through thermal radiastive analysis to interfacing to the thermal

solver ESATAN. The manual is task oriented, and contains basic 432 Download
explanations, instructions to followe for numerous practical tasks, and o

ilustrations of those tasks with realistic examples. In addition, it contains

explanations of some of the fundamentals of radiative analysis, and

concepts helpful for using ESARAD.

Documentstion

ESATAN

Copyright ALSTOM 2001

ESATAH User Manual

PDF wersion of the ESATAN w3 6 User Manual (in & Zip format archive). a6 S
Contains background information on ESATAN and FHTS including a

dezcription of all the library routines:

PcESATAH User Guide as Download
& simple guide to the user interface for ESATAN on PC windows )

l_ l_ l_ @ Internet zone

Documertation

Documentation

sl
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Back Fonwyarn o Stop R h Home 5 h  Favoril tes  History  Channels ‘ Fullscies: b ail Print Edit

J Address I@ hittp: /v techoentreuk. pos

ALSTO}M Power Technology Centre: Software Products - User Self Help

Welcome to the Software Support FAQ, This self-help infobase is updated and expanded on an ongoing
=, If you cannot find the answer to your problem here, please contact our user support helpdesk at
.support@power.alstom.com

selected topic:
Problem in running ESARAD v-4.3

Please select the module that best fits your problem:

,_ ,_ ,_ @ Internet 2one

A
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Page 17/ 20

ALSTOM

e User Self Help
* Record common and freguent issues
* Include ‘top tips’
» Users should check this section before
submitting a problem

* Next step:
* On-line recording problems
* On-line progress and management

e Forums

FLO / HB - Developments in ESARAD, ESATAN and Support - © ALSTOM Power UK Ltd
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ALSTO

ALSTOM Power Technology Centre

world class services in engineering technology

FLO / HB - Developments in ESARAD, ESATAN and Support - © ALSTOM Power UK Ltd Page 19/ 20

' 5) User Support — Contact Details ALSTOM

* Frédéric du Laurens — Support Manager 11 S
* +44 116 284 5748 (direct line)
o +44 116 284 5464 (fax)
« email: esa.support@power.alstom.com
* Helene Harris — Admin Support B B> S
e +44 116 284 5521 (direct line)
* +44 116 284 5463 (fax)
« email: helene.harris@power.alstom.com

FLO / HB - Developments in ESARAD, ESATAN and Support - © ALSTOM Power UK Ltd Page 20/ 20
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List of Participants

15" Eur opean Workshop on
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ESTEC Conference Bureau
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Tel: +31 71 5655005

Fax: +31 71 5655658
Email: confburo@estec.esa.nl

241



15th Thermal and ECL S Software Workshop ESA-WPP-193

242



15th Thermal and ECLS Software Workshop

Aguilar, A.

Space Contact

Juan Alvarez Mendizabal 74
28008 Madrid

SPAIN

Tel:  +34 91 5400225

Fax: +34 915471536

Email: aguilar@spacecontact.com

Attilio, C
FIAT AVIO

Tech. Direction

Corso Garibaldi 22

00034 Colleferro

ITALY

Tel: +39 0697 285682

Fax: +39 06 97285316

Email: CRETELLA.ATTILIO@FIATAVIO.IT

Basset, Th.
ALCATEL SPACE

Thermics

100 bd du Midi BP 99

06156 Cannes La Rocca

FRANCE, METROPOLITAN

Tel:  +33(0)4 92 92 67 29

Fax: +33(0)4 92926160

Email: thierry.basset@space.alcatel.fr

Bodendieck, F.
OHB - System GmbH

Thermal Design and Verification
Universitaetsallee 27 - 29

28359 Bremen

GERMANY

Tel:  +49 (0) 421 2020 722

Fax: +49 (0) 421 2020610

Email: bodendieck@ohb-system.de

Brouquet, H.E.
ALSTOM Power

Software & Methods Development
Cambridge Road

Whetstone LE8 6LH Leics.

UNITED KINGDOM

Tel:  +44 116 2845748

Fax: +44 116 2845464

Email: henri.brouquet@power.alstom.com

Caire, K
ALCATEL Toulouse

Toulouse

FRANCE

Tel:

Fax:

Email: karine.caire@space.alcatel.fr

Checa-Cortes, E.
Atos-ODS

Product Engineering Area
Keplerlaan 1

2201AZ Noordwijk
NETHERLANDS

Tel: +31 71565 3875

Fax: +31 71565 6142
Email: elena@thermal.esa.int

Colangelo, G.

ESA ESTEC

TOS-MCT

P.O. Box 299

2200 AG Noordwijk
NETHERLANDS

Tel: +31 71565 3873

Fax: +31 71565 6142

Email: Giovanni.Colangelo@esa.int

Cosson, E
EADS Launch Vehicles

Thermics & Hydrodynamics
66, route de Verneuil

78130 Lea Mureaux
FRANCE, METROPOLITAN
Tel: +3313906 7893
Fax: +3313906 3993

Email: Emmanuel. COSSON@launchers.eads.net

Darmon, P.
CNES

Mechanical & Thermal Department
Rond-Point de I'Espace

91023 Evry

FRANCE

Tel: +33(0)1 6087 7319

Fax: +33(0)1 60 87 74 93

Email: Pierre-Yves.Darmon@cnes.fr

DeKoning, H.P.

ESA/ESTEC

TOS-MCV

Keplerlaan 1

2201 AZ Noordwijk

NETHERLANDS

Tel: +31 71565 3452

Fax: +31 71565 6142

Email: Hans-Peter.de.Koning@esa.int

Defise, J-M.
CENTRE SPACTIAL LIEGE

Space Instruments

Av Pre Aily

B-4031 Angleur

BELGIUM

Tel: +32 43 676668
Fax: +32 43675613
Email: jmdefise@ulg.ac.be

ESA-WPP-193



15th Thermal and ECL S Software Workshop

Dolce, S.

ESA ESTEC
D-TOSMCT

P.O. Box 299

2200 AG Noordwijk
NETHERLANDS

Tdl: +31 71 565 4570
Fax: +31715656142
Email: Silvio.Dolce@esa.int

du Laurens d'Oiselay, F.
ALSTOM Power

Aerospace Software

Cambridge Road

Whetstone

Leicestershire LES 6LH

UNITED KINGDOM

Tel:  +44 116 2845748

Fax: +44 116 284 5464

Email: esasupport@power.astom.com

Dudon, J-P.
Alcatel Space Industries

Research Dept.
100 Bd. du Midi (BP 99)
06156 Cannes laBocca

FRANCE
Td:  +33(0)4 92926713
Fax: +33(0)4 92 926970

Email: jean-paul.dudon@space.alcatel.fr

Gibson, D.

ESA ESTEC

TOS-MCV

P.O. Box 299

2200 AG Noordwijk
NETHERLANDS

Tel:  +31715654013

Fax: +3171565 6142

Email: Duncan.Gibson@esa.int

Heuts. M

Fokker Space BV

Advanced Systems & Engineering
Newtonweg 1

2333CP Leiden

NETHERLANDS

Tel:  +31715245781

Fax:

Email: m.heuts@kokkerspace.nl

Jacquiau, M
ASTRIUM

Modelling Tools & Simulation
31 avenue des Cosmonautes
31402 Toulouse cedex 4

FRANCE
Tel:  +335621954 77
Fax: 4335621977 90

Email: marc.jacquiau@astrium-space.com

ESA-WPP-193

Kasper, S.

Jena - Optronik GmbH

JIG

Pruessingstrasse 41

07745 Jena

GERMANY

Tel:  +49 3641200176

Fax:  +49 3641 200220

Email: stefan.kasper@jena-optronik.de

Koorevaar, F. H.

Fokker Space

PO Box 32070

2303 DB Leiden

NETHERLANDS

Tel:  +31 715245849

Fax:

Email: F.koorevaar@fokkerspace.nl

Labuhn, D.

OHB - System GmbH

Thermal Design and Verification
Universitaetsallee 27 - 29

28359 Bremen

GERMANY

Tel:  +49 (0) 421 2020 658
Fax:  +49 (0) 421 2020 610
Email: labuhn@ohb-system.de

Lamela, F.

EADA CASA Espacio
Anaysis

Avda Aragon 404

28022 Madrid

SPAIN

Tel:  +34 91586 3851

Fax: +34 91747 4799
Email: lamela@casa-de.es

Lebrun, W.

ESA/ESTEC

TOS/MCT

Keplerlaan 1

2201 AZ Noordwijk
NETHERLANDS

Tel:  +31715654018

Fax: +31715656142
Email: Willy.Lebrun@esa.int

Loetzke, H-G.

DLR German Aerospace Centre
System Conditioning

Rutherfordstr. 2

D-12489 Berlin

GERMANY

Tel:  +49 30 67055 617

Fax:  +49 30 67055 8617

Email: horst-georg.loetzke@dlr.de



15th Thermal and ECL S Software Workshop

Luengo-Roldan, V.

Instituto Universitario Ignacio Da Riva
Aerodinamica

Escuela Tech. Superior de Ingenieria Aeronauticos
Plaza Cardenal Cisnerosg/n

28040 Madrid

SPAIN

Tel:  +3491 3366353

Fax:  +34 91 3366363

Email: vluengo@idr.upm.es

Menendez Aparicio, M
INTA

Scientific Payload and Instrumentation
Crta. Torrgjon-Ajalvir Km4

28850

SPAIN

Tel:  +3491520 1866

Fax:  +34 915201945

Email: menendezam@inta.es

Molina, M.

Carlo Gavazzi Space SpA
Thermal Dept.

ViaGallarate 150

20151 Milano

ITALY

Tel:  +3902 38048243

Fax:  +39 02 3086458

Email: mmolina@cgspace.it

Pauw, A

NLR

Space Department

PO Box 153

8300AD Emmeloord
NETHERLANDS

Tel:  +31(0)527 248273
Fax:  +31(0)527 248210
Email: pauw@nlr.nl

Perotto, V.P.

Alenia Spazio Turin
Corso Marche 41

10146 Turin

ITALY

Td: +39 011 7180215

Fax: +39011 7180239
Email: vperotto@to.alespazio.it

Persson, J.

ESA/ESTEC

MSM-MCS

Keplerlaan 1

Postbus 299

2200AG Noordwijk
NETHERLANDS

Tel:  +31715653814
Fax: +31715655579
Email: Jan.Persson@esa.intl

ESA-WPP-193

Pin, O.
ESA/ESTEC

TOS-MCV

P.O.Box 299

2200AG Noordwijk
NETHERLANDS

Tel:  +31 715655878
Fax: +31 715656142
Email: Olivier.Pin@esa.int

Price, S.G.
ASTRIUM

Earth Observation and Science
Gunnels Wood Road

Stevenage

SG1 2AS Herts.

UNITED KINGDOM

Tel:  +44 1438 778920

Fax: +44 1438 778913

Email: steve.price@astrium-space.com

Puillet, Ch.

CNES

Thermal Control Department
18, Avenue Edouard Belin
31401 Toulouse Cedex 4
FRANCE, METROPOLITAN
Tel:  +33(0)561282305
Fax: +33(0)561273446
Email: christian.puillet@cnes.fr

Rathjen, H.
ASTRIUM GmbH

RIT65

Huenefeldstrasse 1 - 5

28199 Bremen

GERMANY

Tel:  +49421539-4173

Fax:  +49 421 539-5582

Email: Harold.Rathjen@astrium-space.com

Reina Aranda, M.

INTA

Scientific Payload and Instrumentation
CrtaTorrejon - Ajalvir Km 4

28850

SPAIN

Tel:  +3491520 1479

Fax:  +34 915201945

Email: reinam@inta.es

Renard, P.

ASTRIUM SAS

Modelling

31, Rue des Cosmonautes

31402 Toulouse Cedex 4

FRANCE

Tel:  +33562196227

Fax: +33562197790

Email: patrice.renard@astrium-space.com



15th Thermal and ECL S Software Workshop

Renouf, I.
ASTRIUM

Earth Observation and Science
Gunnels Wood Road

Stevenage

SG1 2AS Herts.

UNITED KINGDOM

Tel:  +44 1438 774361

Fax: +44 1438 778913

Email: ian.renouf @astrium-space.com

Robson, A.
ASTRIUM

Earth Observation and Science

Gunnels Wood Road

Stevenage

SG1 2AS Herts.

UNITED KINGDOM

Tel:  +44 1438 774358

Fax: +44 1438 778913

Email: andrew.robson@astrium-space.com

Romera, J.
ESA/ESTEC

Thermal and Structures Division

Postbus 299

2200AG Noordwijk

NETHERLANDS

Tdl: +31 71 565 3979

Fax: +31715656142

Email: Jose.Antonio.Romera.Perez@esa.intl

Rubiales, P.

EADS Casa Espacio
Analysis

Avda. Aragon 404

28022 Madrid

SPAIN

Tel:  +34 915863800
Fax: +34 917474799
Email: rubiales@casa-de.es

Santoni, M.

Officine Galileo Alenia Difesa
Electro-Optical Products Design & Development
ViaA. Einstein 35

50013 Campi Bisenzio

ITALY
Tel:  +39 055 8950796
Fax:  +39 055 8950613

Email: massimo.santoni @officine-galileo.finmeccanica.it

Santovincenzo, A.

ESA/ESTEC

TOS-MCT

PO Box 299

2200AG Noordwijk

NETHERLANDS

Tel:  +31 71565 3966

Fax: +31715656142

Email: Andrea.Santovincenzo@esa.int

ESA-WPP-193

Schwaller, D.

ESA/ESTEC

TOS-MCT

Postbus 299

2200AG Noordwijk
NETHERLANDS

Tel:  +31 71565 5246

Fax: +31715656142
Email: david@thermal.esa.int

Schwar zinger, C.

MIDA AG & CoKG

System Engineering

Puchstrasse 85

A-8020 Graz

AUSTRIA

Tel:  +43 316 404 6227

Fax: +43 316 404 3883

Email: christian.schwarzinger @sft.steyr.com

Shaughnessy, B.

Rutherford Appleton Laboratory
Space Science and Technology Department
Chilton

Didcot

Oxfordshire OX11 0QX

UNITED KINGDOM

Tel:  +44(0)1235 445061

Fax: +44 (0)1235 445848

Email: b.m.shaughnessy@rl.ac.uk

Sorensen, J.

ESA ESTEC

TOS-EMA

P.O. Box 299

2200 AG Noordwijk
NETHERLANDS

Tel:  +31 715653795

Fax: +31 715655420
Email: john.sorensen@esa.int

Stedlant, J.

ESA ESTEC

TOSM

Keplerlaan 1

2201AZ Noordwijk
NETHERLANDS

Tel:  +31 71565 5552

Fax: +31715656142
Email: johan.steelant@esa.int

Stroom, Ch.

ESA/ESTEC

TOS-MCV

Keplerlaan 1

2201 AZ Noordwijk
NETHERLANDS

Tel:  +31715654014

Fax: +31715656142

Email: Charles.Stroom@esa.int



15th Thermal and ECL S Software Workshop

Tan, G.

ESA/ESTEC

TOS-MCT

Keplerlaan 1

2201 AZ Noordwijk
NETHERLANDS

Tel:  +31 715654016
Fax: +31715656142
Email: Gijsbert. Tan@esa.int

Tondlotto, G.

ATOS ODS Origin

Martinez Villergas 49

28027 Madrid

SPAIN

Tel:  +34 91566 9138

Fax: +3491 326 1092

Email: Giulio.Tonellotto@atosodsorigin.com

Torres, A.

EADS Casa Espacio
Analysis

Avda. Aragon 404

28022 Madrid

SPAIN

Tel:  +34 91586 3755
Fax:  +34 91 747 4799
Email: atorres@casa-de.es

Van Lejenhorst, P.

Fokker Space BV

Advanced Systems & Engineering
Postbus 32070

2303DB Leiden

NETHERLANDS

Tel:  +31(0)71 524 5799

Fax: +31(0)71524 5725

Email: p.van.leijenhorst@fokkerspace.nl

Werling, E
CNES

Thermique

18 Avenue E. Belin

31401 Toulouse cedex 4
FRANCE

Tel:

Fax:

Email: eric.werling@cnes.fr

Williamson, C.
Eutelsat SA

Engineering

70 rue Balard

75015 Paris

FRANCE

Tel:  +3315398 3850
Fax: +33 153984999
Email: cwilliam@eutel sat.fr

ESA-WPP-193



15th Thermal and ECL S Software Workshop ESA-WPP-193



	Table of Contents
	Final Programme
	1. Tuesday 9th October: Morning Session
	1.1. Welcome and Introduction
	1.2. Managing the Interface between ThermXL and ESARAD
	1.3. An Introduction to G-DELTAN V3 - An Interactive Thermal Analysis Tool
	1.4. Improving Ray-Tracing Algorithms for Monte-Carlo Simulations.
	1.5. New Ray-Tracing Technique for THERMICA
	1.6. Report on TFAWS and Introduction to ThermPlot

	2. Tuesday 9th October: Afternoon Session
	2.1. Artifis/Topic/ThermXL
	2.2. Stochastic Approach to Spacecraft Thermal Control Subsystem
	2.3. ESARAD
	2.4. Round Table Discussion

	3. Wednesday 10th October: Morning Session
	3.1. Temperature Control Loop Analyzer (TeCLA) Software
	3.2. Analysis of Spacecraft Thermal Stability
	3.3. An Overview of Bepi-Colombo Thermal Analysis
	3.4. ECSS Initiative
	3.5. Application of CORATHERM for Spacecraft Thermo-Elastic Analysis
	3.6. Transient CPL modelling with ESATAN/FHTS and SINDA/FLUINT
	3.7. Status of Model Data Exchange

	4. Wednesday 10th October: Afternoon Session
	4.1. Thermica v4.
	4.2. Developments in ESARAD, ESATAN and User Support
	4.3. Workshop Close

	Appendix A: Welcome and Introduction
	Appendix B: Managing the Interface between ThermXL and Esarad
	Appendix C: Introduction to G-DELTAN V3
	Appendix D: Improving Ray-Tracing for Monte Carlo Simulations
	Appendix E: New Ray-Tracing Technique for THERMICA
	Appendix F: Report on TFAWS and Introduction to ThermPlot
	Appendix G: Artifis / Topic / ThermXL
	Appendix H: Stochastic Approach to Spacecraft Thermal Control
	Appendix I: ESARAD
	Appendix J: Round Table Discussion
	Appendix K: Temperature Control Loop Analyzer (TeCLA) Software
	Appendix L: Analysis of Spacecraft Thermal Stability
	Appendix M: Overview of Bepi-Colombo Thermal Analysis
	Appendix N: CORATHERM for Spacecraft Thermo-Elastic Analysis
	Appendix O: Transient Capillary Pumped Loop Modelling
	Appendix P: Status on Model Data Exchange
	Appendix Q: Thermica v4
	Appendix R: Developments in ESARAD, ESATAN and User Support
	Appendix S: List of Participants

