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Summary

In June2000atwo-yearjoint programmeby FokkerSpace(FS),Centreof LightweightStructures

(CLC), andtheNationalAerospaceLaboratoryNLR wasstartedto develop,manufacture,and

qualify ademonstratorfairing. Theprogrammeis fundedby theNetherlandsAgency for

AerospaceProgrammes(NIVR) within theframework of thenationalNRT programme.Within

thejoint programmeNLR contributedto thepreliminarydesignandwasresponsiblefor the

designoptimisation.Thedesignoptimisationwasperformedwith theB2000code.

In thepreliminarydesignphasetheloadson,andtherequirementsfor, theLiquid Oxygen(LOX)

fairing wereinvestigated.Differentoptionswereconsideredfor materials,manufacturing

processesanddesignconcepts.Trade-offs supportedby preliminaryanalysesshowedthata

CFRPstiffenedskinconceptin combinationwith VacuumAssistedResinTransferMoulding

(VARTM) technologywasthemostpromisingconceptin termsof costreduction,weight

reductionandpossibilitiesto usethesameconceptfor otherfairingsaswell.

For thedesignoptimisation,first theLOX fairing wasdiscretisedinto a FEM analysismodel.

ThishasbeendonemanuallyusingtheInputDescriptionLanguage(IDL) of theB2000code.

Usingthisscriptinglanguageit is possibleto build themodelin substructures.Also loads,

boundaryconditionsandmaterialsweretranslatedinto B2000FEM-format.Next, aFEM

optimisationmodelwasmade.Theoptimisationmodeldescribeswhichdesignparametersmay

vary, whichconditionsshouldbemet,andhow thesearchfor betterdesignsis controlled.The

descriptionwasdonemanuallyusingtheOptimisationModel Input DescriptionLanguage

(OMIDL) of theB2000code.Thesamekind of structuringhasbeenusedasfor theanalysis

model.

Severalinitial designs,eachwith adifferentnumberof stiffeners,have beenanalysedand

optimised,resultingin a rangeof optimiseddesigns,from whichonedesignhasbeenselected

andanalysedin detail.Thisdesignis theresultof analysesandoptimisationswith estimated

materialproperties.B-basisallowableswill becomeavailablefrom a testprogramme,whichwill

becompletedin thebeginningof 2001.TheB-basisallowableswill beusedin anew setof

optimisationsandanalyses,resultingin afinal design.Thisdesign,whichwill befurtherdetailed

andanalysed(e.g.connections),will resultin theissueof productiondrawingsof amouldandof

a full scalefairing demonstratorin theyear2001.



- 4 -
NLR-TP-2001-150

Contents

List of Abbreviations 6

List of Symbols 7

1 Introduction 9

2 Loads on the LOX line cover 10

3 Design requirements 11

3.1 Geometricalrequirements 11

3.2 Stressrequirements 11

3.3 Buckling requirements 12

3.4 Eigenfrequency requirements 12

4 Preliminary design, the different design concepts 12

5 The analysis model 14

5.1 Geometryandtopology 15

5.2 Materials 16

5.3 Loadingon theLOX fairing 16

5.4 Boundaryconditions 17

6 The optimisation model 17

6.1 Designvariables 17

6.2 DesignvariableLinking 18

6.3 Constraints 18

7 Optimisation procedure 19

8 Optimisation results 21

9 Conclusions 23



- 5 -
NLR-TP-2001-150

10 References 24

25 Figures

Appendix A B2000 analysis model input deck, ’prismatic section.inp’ 29

Appendix B B2000 optimisation model input deck, ’LOX.opt’ 30

(32pagesin total)



- 6 -
NLR-TP-2001-150

List of Abbreviations

CFRP CarbonFibreReinforcedPlastics

CLC Centreof LightweightStructures

DOF DegreeOf Freedom

DUL DesignUltimateLoad

DV DesignVariable

FEM Finite ElementModel

FS Fokker Space

GFRP GlassFibreReinforcedPlastics

IDL InputDescriptionLanguage

LOX Liquid Oxygen

NIVR NetherlandsAgency for AerospaceProgrammes

NLR NationalAerospaceLaboratory

OMIDL OptimizationModel Input DescriptionLanguage

VARTM VacuumAssistedResinTransferMoulding



- 7 -
NLR-TP-2001-150

List of Symbols�����
componentin linking matrix���
naturalfrequency�
globalstiffnessmatrix�
	 �
globalstiffnessgradient�
stiffness
�� �
i’ th Model Parameter� mass�
globalforcevector��	 �
globalforcegradient���
Tsai-Hill criterion�
globaldisplacementvector��	 �
globaldisplacementgradient� � j’ th DesignVariable� normalstress� allowablenormalstress� shearstress� allowableshearstress



- 8 -
NLR-TP-2001-150

Thispageis intentionallyleft blank.



- 9 -
NLR-TP-2001-150

1 Introduction

Fokker Space(FS)is a Europeansupplierof launcherstructuralsystems.FShasbeen

collaboratingon thedevelopmentof theAriane5 launchvehicle(seeFig. 1). However, for the

Fig. 1 The Ariane 5 launch vehicle

traditionalexpendablelaunchvehicles,commercialcompetitionis increasingwith theassociated

demandfor dramaticcostreductions.Arianespaceis looking for asubstantialreductionin

recurringcosts.A greatdealof costreductioncanbeachievedby designoptimisation.However,

it is recognisedthatadditionalsavingscanberealisedby theintroductionof new manufacturing

technologies.A survey on thecomponentsandassembliesof themainengineframeof Ariane5
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indicated,thatsignificantsavingscanbeachievedon thefairingsover thefuel linesthroughthe

introductionof acompositeproductionprocess.Thecurrentfairingsaremadeoutof formed,

stiffenedandrivetedaluminiumsheet.Themanufacturingprocessis labourintensive andhence

costly. FSproposesto replacethesemetalassembliesby compositecomponentswith ahigh level

of partintegration.Theaim is to reducetherecurringcostsby 50%.Reductionof weightis nota

requirement,but thecompositefairingsshouldnotbecomeheavier thanthecurrentmetal

fairings.ThreefairingsarecoveringtheLOX line (seeFig. 2). It wasdecidedto redesignthe

upperLOX line cover, becauseit is themostcomplex of thethreefairings.

Fig. 2 Fairings on the Ariane 5

In June2000a two-yearjoint programmeby Fokker Space,Centreof LightweightStructures

(CLC), andtheNationalAerospaceLaboratoryNLR wasstartedto develop,manufactureand

qualify ademonstratorfairing. Theprogrammeis sponsoredby theNetherlandsAgency for

AerospaceProgrammes(NIVR) within thenationalNRT programme.Within thejoint

programmeNLR contributedto thepreliminarydesignandwasresponsiblefor thedesign

optimisation.Thedesignoptimisationhasbeenperformedwith B2000(Ref.1- 5).
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2 Loads on the LOX line cover

Duringflight, differentmissionphases,eachwith theirown loads,canbedistinguished.During

missionphase1 (ignition) only acousticloadsoccur. Duringmissionphase2 (at take-off) blast

wave loadsandacousticloadsoccur. Duringmissionphase3 (atmosphericflight) acousticloads

andaerodynamicloadsoccur. Theseloadshave beenconvertedby FSto staticpressureloadsfor

thedimensioningof theLOX fairings.For theacousticloadstwo loadlevelsduringatmospheric

flight canbedistinguished.Whentheeigenfrequency of theLOX fairing is highenough,

considerablylower pressureloadscanbeapplied.Thedimensioningloadsduringthe

optimisationwerethecombinedacousticandaerodynamicloads.An ultimatesafetyfactorequal

to 1.25shallbeappliedto theselimit mechanicalloadsfor dimensioningwith respectto failureof

theLOX fairing.

In additionto thepressureloads,a thermalloadhasbeendefined.Therefore,theLOX fairing is

coveredwith a layerof thermalprotection.Thepeaktemperatureof theskinunderthelayerof

thermalprotectionis foundto beapproximately������� � .

3 Design requirements

3.1 Geometrical requirements

Thecompositefairing shouldhave thesameinterfacesasthealuminiumfairing,with the

exceptionof asupportrig in thetaperedsectionof thefairing. Thissupportrig canberedesigned

if necessary. Alterationsto theoutergeometryof thefairing areallowed,but thenew composite

upperfairing shouldnotexceedtheenvelopeof thecurrentmetallicstructuretoomuch.Further,

astay-outzoneat theinsideof thefairing hasbeendefinedwheretheLOX line is placed.This

restrictsthegeometryof thecompositefairing in suchaway thatonly smallvariationsare

possible.Thegeometryof thecompositefairing will beverysimilar to thealuminiumfairing.

3.2 Stress requirements

Failureof thestructureis notallowedbelow DesignUltimateLoad.As stressfailurecriterionthe

Tsai-Hill criterionhasbeenchosen:���! #" $ �&%�'%)(�*�+ $ � *� * (�*-,
�&%/.0� *�'%/. � * +

$ ��% *�1% * (�*
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3.3 Buckling requirements

Local buckling shouldnotoccurbelow limit load.Globalbuckling of thestructureshouldnot

occurbelow ultimateload.

3.4 Eigenfrequency requirements

No actualrequirementhasbeendefinedfor theeigenfrequency of thestructure.However, when

thenaturalfrequency is highenough(
� �32 �4�6587:9 �<;

) theacousticloadsduringatmospheric

flight becomeconsiderablylower. Therefore,two differentdesignmethodscanbeused:

1. Use”heavy loads”for calculationof stresses,donotapplyconstrainton eigenfrequency.

2. Use”light loads”for calculationof stresses,applyconstrainton eigenfrequency.

Theoptimisationwill show whichdesignis preferred.

For thecalculationof theeigenfrequency theinfluenceof thethermalprotectionhasto betaken

into account.It is assumedthatthethermalprotectiondoesnot contribute to thestiffness(and

strength)of thestructure.However, themassof thethermalprotectioncannotbeneglected.The

eigenfrequency variesapproximatelylinearly with = >? in which
�

is thestiffnessand � is the

mass.As thecontribution of massof thethermalprotectioncanbeup to 50%of thetotalmass,

theeigenfrequency of thestructurecanbereducedwith 30%.

4 Preliminary design, the different design concepts

In thepreliminarydesignphasethreedifferentdesignconceptswereconsidered:

1. A sandwichconstructionwith CFRP/GFRPfacingsandfoamcoreproducedby vacuum

prepreg.

2. A CFRP/GFRPsingleskinproducedby VacuumAssistedResinTransferMoulding

(VARTM) or vacuumprepreg.

3. A CFRP/GFRPstiffenedskinproducedby VARTM or vacuumprepreg.

Trade-offs supportedby preliminaryanalysesshowedthattheCFRPstiffenedskin in

combinationwith VARTM wasthemostpromisingconceptin termsof costreduction,weight

reductionandpossibilitiesto usethesameconceptfor otherfairingsaswell. Becauseof thehigh

operatingtemperaturesof thefairing,a resinsystemwith asufficiently high
�A@

( BDC6EFEF� � ) has

beenchosen.This resinsystemis relatively expensive,makingthetotal costsof thefairing

stronglydependentof theamountof materialused(andthusof thestructuralmassof thefairing).
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Thecurrentmetallicfairing is composedof aprismaticsectionanda taperedsection(seeFig. 3).

In thepreliminarydesignit wasrecognisedthatthesharpcornersin thetaperedsectionarea

Fig. 3 The outer geometry of the current metallic upper LOX fairing

problemareain termsof stressesandin termsof manufacturing.Therefore,anew geometryhas

beendesigned(seeFig. 4) whichslightly exceedstheenvelopeof themetallicfairing. As stiffener

Fig. 4 The outer geometry of the composite upper LOX fairing
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concept,hat-stiffenerswerechosen(seeFig. 5). Thesidesof thestiffenersonly containangle

plies( B��HG � fabric).Extralongitudinalpliesareplacedin thetopof thestiffener( E �0I6J E � fabric).

Theskinonly containsthe EF� I6J EF� fabric.Thefabricis a 2x2Twill with anequalamountof tows

in warpandweft direction.The EF� directionis in thelongitudinaldirectionof thestiffener.

K�L�MON
fabric

P NRQTS P N
fabric

Fig. 5 The hat-stiffener concept

At theedgesof thefairing thestiffenerswill have to end.To compensatefor thelossof bending

stiffness,extra longitudinalplieswill beaddedto theskin. Further, extra angleplieswill be

addedto theskin to increasethebearingstrength(theedgesareboltedto themainstageengine

thrustframe).Theseextrapliesstartat theedgeof thefairing andrununderneaththestiffenerto

acertainextent.Extraangleplieswill beaddedto theendof thestiffeneraswell to createa load

pathfrom thetopof thestiffenerto theskin.

5 The analysis model

Thestructureof theLOX line cover, definedin thepreviouschapter, is discretisedinto aFEM

analysismodel. This hasbeendonemanuallyusingtheadvanced”Input DescriptionLanguage”

(IDL) of theB2000code(Ref.4). Usingthisscriptinglanguageit is possibleto build themodel

in substructures.Themodelis almostcompletelyparametrised.A few patchesin themodelhad

to beimportedfrom Patran,whichhasmorepossibilitiesfor modellingandmeshing.The

parametrisationenablesquickchangeswithin themodel,suchasnumberof stiffeners,width and

heightof thestiffeners,lay-upandmeshdensityof theLOX fairing. Also loads,boundary

conditionsandmaterialsaretranslatedinto B2000FEM-format.
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Theentiremodelis split up in differentfiles,eachfile modellingadifferentpartof thestructure,

i.e.,skin prismaticsection,stringerprismaticsection,skin taperedsection,stringertapered

section,etc.Thesesubstructuresaresplit upagainin sub-substructures,i.e.,stringerfoot, stringer

top,etc.TheB2000inputprocessorhandlesthesefiles asakind of subroutinesin acomputer

code.Thereis a ”main programme”(thefile ’LOX.inp’) whichcallsall theothercomponents.

Thedifferentparametersusedin themodel,aredefinedandexplainedin afile called

’global def.inp’. Whenacomponent,i.e. thestringerin theprismaticsection,is calledin a loop,

it is possibleto vary thenumberof stringers.An exampleof the”subroutine”

’prismatic section.inp’canbeseenin appendixA.

5.1 Geometry and topology

A FEM modelof theconfigurationwith 3 stiffenersin theprismaticsectionand2 stiffenersin the

taperedsectionis shown in figure6. Only half thestructurehasbeenmodelled,becauseboth

structureandloadingsaresymmetric.All elementsin theFEM modelarefour-nodedStanley

typeshellelements.Thetheoryof theseelementsis describedin reference5.

Fig. 6 The FEM model of the composite upper LOX fairing (3-2 configuration)
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5.2 Materials

Thematerialpropertiesof theCFRPpliesusedin theanalysismodelareestimatedproperties.

B-basisallowableswill beobtainedin a testprogrammeaccordingto ASTM STP460(Ref.6),

whichwill becompletedin thebeginningof 2001.Oncetheseallowablesbecomeavailable,they

will beusedin a new setof optimisationsandanalysesof theLOX fairing.

All shellelementsaremodelledaslaminates.Someof theseelementshave to begivenanoffset

(e.g.theskin beneaththestiffeners).This hasbeendoneusing’air plies’, seefigure7 and

reference3. Air pliesareplieswith a thickness,but withoutany significantelasticpropertiesor

mass.Thethicknessof theair pliesshiftstheeffective centerline. Thisenablesfor examplethe

shiftingof thenodalgrid lines,preservingacorrectrepresentationof propertiesleadingto correct

secondarybendingmoments.

neutralaxisof theelements

material

in thecenterof thestructural

Grid linesof FEM-model

at thebottomof thestructural

material

Grid linesof FEM-model

’air plies’

Fig. 7 The usage of air plies in the FEM-model

As saidbefore,for thecalculationof theeigenfrequency of thestructurethemassof thethermal

protectionhasto betakeninto accountwhile thestiffnesspropertiescanbeneglected.Againplies

with a thicknessandwithout any significantelasticpropertiesareaddedto thelaminates.Only

this time theplieshave masspropertiesequalto themasspropertiesof thethermalprotection.

5.3 Loading on the LOX fairing

Thedifferentloadcasesaredescribedin chapter2. Blastwave,acousticandaerodynamicloads

wereconvertedby FSto staticpressureloads.Thesepressureloadshave beenappliedon the

elementsin theskinaselementloads.Thenon-linearpressureloadin thefront of theprismatic

sectionhasbeenconvertedto aconstantpressureloadfor eachelementusinglinearinterpolation.

Themagnitudeof thepressureloaddependson thex-coordinatesof thecornersof theelements.

TheB2000input processor(’b2ip’) convertstheelementloadsto nodalforces.
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5.4 Boundary conditions

Along theedgesthefairing is boltedto themainstageenginethrustframe.Theboltedconnection

is assumedto givesimplesupportto theedgesof thefairing. Thesupportrig in thetapered

sectiononly carriesradialandtangentialloads.

As boththestructureandtheloadingon theLOX fairing aresymmetric,only half thefairing has

beenmodelledand,for thecalculationof stressesin thefairing,symmetricboundaryconditions

have beenappliedto thenodesin thesymmetryplane.For thedeterminationof the

eigenfrequency andbuckling loadof thestructure,calculationshave beendonebothwith

symmetricboundaryconditionsandwith anti-symmetricboundaryconditions,to find themode

with thelowesteigenfrequency or buckling load,whichcanbesymmetricor anti-symmetric.

6 The optimisation model

An analysismodeldescribestheFEM modellingof thestructurein termsof nodes,elements,

materials,boundariesandloads.An optimizationmodeldescribeswhich (material/geometric)

propertiesmayvary, whichconditionsshouldbemetandhow thesearchfor betterdesignsis

controlled.Thedescriptionis donemanually, usingtheadvanced”OptimizationModel Input

DescriptionLanguage”(OMIDL) of theB2000code(Ref.2). Thesamekind of structuringof

theinputdecksis usedasfor theanalysismodel:a ”main programme”called’LOX.opt’ (shown

in appendixB) controlstheinput andcalls”subroutines”.

Thechangesin designarerepresentedby designvariables,like thethicknessof thelongitudinal

pliesin theskin. In orderto link thesevariablesto thepliesof individual elementstheso-called

linking matrix is used.Theoptimizationis subjectto allowablestresslevels,allowablebuckling

loads,aminimumeigenfrequency andgeometricconstraints.

6.1 Design variables

Thefinal lay-upof thestructureis determinedby theoptimisation.Thereforethefollowing

thicknesseshave beendefinedasdesignvariables:

1. Ply thicknessof thelongitudinalpliesin theskin.

2. Ply thicknessof theanglepliesin thestiffeners.

3. Ply thicknessof thelongitudinalpliesin thetopof thestiffeners.

4. Ply thicknessof theextraanglepliesin theendof thestiffeners.

5. Ply thicknessof longitudinalpliesin theflat rearpartof thefairing.
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Further, two geometricalvariableshave beendefined:

6. Width of thestiffeners.

7. Heightof thestiffeners.

Theangleof thesidesof thestiffenerwith respectto theskin remainsconstant( 56EF� ), sowhenthe

topof thestiffenerbecomeswider, naturallythebasebecomeswider aswell. Noticethatthebase

alsobecomeswider, whenthestiffenerbecomeshigher.

6.2 Design variable Linking

Hereashortdescriptionof thelinking of designvariablesto FEM detailsis given.Thetheoretical

backgroundcanbefoundin reference1.

Theprincipleof designvariablelinking is simple:thelinking matrix reflectsthelinear

combinationof changesin designvariables,which resultsin thechangeof modeldetails.U 
V� ���WYX , 
�� ��[Z]\�^  `_ �����Ra . U � � �6WbX , � � �cZ:\ ^
In this relationMP standsfor ModelParameter, x is theDesignVariable(DV) and

_ � ��� a
is the

linking matrix.

For example,DesignVariable6 is called’width of thestiffeners’.WhenDV 6 increases,thishas

to resultin anew modelwith wider stiffeners.Thex-coordinatesof thenodesin thestiffeners

will have to beadapted.Thex-coordinateof eachnodeis aModelParameterandthemagnitude

of thechangeis definedin thelinking matrix. Noticethatwhenthestiffenersbecomewider, the

skinhasto becomenarrower, soDV 6 is notonly linkedto thenodalcoordinatesof thestiffeners,

but to thenodalcoordinatesof theskinaswell.

6.3 Constraints

Constraintson thedesignarestressconstraints,buckling constraintsandeigenfrequency

constraintsin case”light loads”areapplied.They have beendeductedfrom thedesign

requirements(chapter3). As stressfailurecriteriontheTsai-Hill criterionis used.Eachply in

eachelementhasto satisfytheTsai-Hill criterion,but only theouterplieswithin anelementhave

to bechecked.

Globalbuckling is notallowedbelow DesignUltimateLoad.Local buckling is notallowed

below DesignLimit Load.Thebuckling constraintprovedto benotanactive constraintduring

theoptimisation.Therefore,only a final checkwhetherthisconstraintis satisfied,is reported,

whichsavedlotsof computingeffort duringtheoptimisation.
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”Light loads”insteadof ”heavy loads”maybeappliedto theLOX fairing whenthe

eigenfrequency is higherthan �4�6587:9 �d;
. This resultsin two separateoptimisations:

1. Use”heavy loads”for calculationof stresses,donotapplyconstrainton eigenfrequency.

2. Use”light loads”for calculationof stresses,applyconstrainton eigenfrequency.

Theconstraintis imposedon thefirst four eigenmodesof thestructurewhenthe”light loads”are

applied.

Anothertypeof constraintwithin B2000is theobjective itself. Theobjective is thestructural

massof theentireLOX fairing,becausethetotal costsarestronglyrelatedto themass.

7 Optimisation procedure

Severalconfigurationsof thefairing wereanalysedandoptimised,first with theheavy loadsand

thenwith thelight loadsin combinationwith theeigenfrequency constraint.To achieve a fully

optimiseddesignthefollowing optimisationprocesshasbeenused:

1. build analysismodelwith initial geometryandthicknesses(’b2ip’)

2. build optimisationmodelwith initial geometryandthicknesses(’b2omip’)

3. runoptimisation(’b2opt’) with amaximumof 6 Maxi-cycles

4. Convergence?e No: returnto 1. usingtheresultsof theoptimisationfor theinitial geometryand

thicknessese Yes:stop

Thismethodhasbeenusedbecauseof thefollowing. Thestructureis in astateof static

equilibrium:� . �  �
Theoptimisationusesthederivative with respectto theDesignVariableof thisequationto

calculatethedisplacement/stressgradients:�f	 � . � + � . ��	 �  �/	 �
Usuallytheright handtermcanbeneglected(

��	 �  E ). However, this is notallowedhere.As

saidbefore,thepressuredistribution is convertedto nodalloadsby theinput processor. The

changeof geometrycausesanon-uniformpressuredistribution on theLOX fairing (illustratedin

figure8), which in reality is not thecase.In otherwords,thenodalforcesdependon the

geometricalvariables(stiffenerwidth andheight)andtherefore
� 	 �
g E . Figure9 shows the

influenceof theneglectionof
��	 �

on theoptimisationfor theconfigurationwith 3 stiffenersin the



- 20 -
NLR-TP-2001-150

Optimiseddesign

Initial design

h[i:jki

hclnmYo
pqlnmYo

pri:jsi

Fig. 8 The nodal loads due to the internal overpressure on the LOX fairing (before and after
optimisation)
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Fig. 9 The optimisation history with/without neglection of the force gradient
� 	 �

for the 3-2 config-
uration. The curve without neglection of the force gradient is an expectation, the procedure
is not operational yet

prismaticsectionand2 stiffenersin thetaperedsection.In Maxi-cycle 5 and6 thedeclineof the

objective is only very smallandtheoptimisationhasalmostachievedconvergence,but thenew

optimisationwith a redistribution of thenodalforcesshows amuchstrongerdeclineof the

objective (Maxi-cycles7, 8, and9). If theoptimisationwouldnothave beenrestarted,thenodal

forceswouldnothave beenredistributedandthewrongoptimumwouldhave beenfound.Of
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coursethereareotherwaysto solve thisproblem.Thechangeof nodalforcescouldbesolvedby

linking thegeometricaldesignvariablesto thenodalforces,but ideally this problemwouldbe

solvedby theoptimisationitself. This featurewill beprogrammedinto thedevelopmentcode(in

theinputprocessor’opip’), but it is not fully operationalyet. In figure9 theoptimisationis

shown asis expectedfor theproceduretakinginto accounttheforcegradient
��	 �

.

8 Optimisation results

Severalfairing configurationshave beenoptimised.Theresultsshowedthattheconfiguration

with 4 stiffenersin theprismaticsectionand3 stiffenersin thetaperedsectionhasthelowest

weight.Theoptimisationresultsof this configurationwill bediscussedherein greaterdetail.

Thehistoryresultsof theoptimisationcanbeseenin figures10 to 17. Theoptimisationwith the

heavy loadsstartedwith aninitial designthatwasalreadycloseto theoptimiseddesign.As

startingpoint for theoptimisationswith thelight loadsandtheextraconstrainton the

eigenfrequency, thepreviously optimiseddesign(for theheavy loads)wasused.It canbeseen

thattheresultsof bothoptimisations(heavy loads/lightloads)for this configurationdonotdiffer

much.Thestressesin thestructurecanbeseenin figures18and21. Stressesarelower

throughoutagreatpartof thefairing for thedesignoptimisedwith thelight loads.

Theeigenfrequency of thedesign,optimisedwith thelight loadsandwith theextraconstrainton

theeigenfrequency, endsupbeingcloseto thecritical eigenfrequency. Theeigenfrequency of

(andthereforetheloadson) thisdesignwill besensitive to changesin thermalprotectionmass;a

0

0.2

0.4

0.6

0.8

1

1.2

1 2 3 4 5 6 7 8 9 10

pl
y 

th
ic

kn
es

s 
[m

m
]

Maxi-cycle

longitudinal plies skin
angle plies stiffener

longitudinal plies stiffener
extra angle plies stiffener

longitudinal plies rear part

Fig. 10 Ply thicknesses during the optimi-
sation (heavy loads) for the 4-3
configuration

0

0.2

0.4

0.6

0.8

1

1.2

1 2 3 4 5 6 7 8 9 10

pl
y 

th
ic

kn
es

s 
[m

m
]

Maxi-cycle

longitudinal plies skin
angle plies stiffener

longitudinal plies stiffener
extra angle plies stiffener

longitudinal plies rear part

Fig. 11 Ply thicknesses during the optimi-
sation (light loads) for the 4-3 con-
figuration



- 22 -
NLR-TP-2001-150

10

15

20

25

30

35

40

1 2 3 4 5 6 7 8 9 10

w
id

th
/h

ei
gh

t [
m

m
]

Maxi-cycle

stiffener width
stiffener height

Fig. 12 Stiffener width/height during the
optimisation (heavy loads) for the
4-3 configuration

10

15

20

25

30

35

40

1 2 3 4 5 6 7 8 9 10

w
id

th
/h

ei
gh

t [
m

m
]

Maxi-cycle

stiffener width
stiffener height

Fig. 13 Stiffener width/height during the
optimisation (light loads) for the 4-
3 configuration

5

5.5

6

6.5

7

1 2 3 4 5 6 7 8 9 10

W
ei

gh
t [

kg
]u

Maxi-cycle

Fig. 14 The weight of the fairing during the
optimisation (heavy loads) for the
4-3 configuration
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Fig. 15 The weight of the fairing during the
optimisation (light loads) for the 4-
3 configuration
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Fig. 16 Constraint values during the opti-
misation (heavy loads) for the 4-3
configuration
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Fig. 17 Constraint values during the op-
timisation (light loads) for the 4-3
configuration
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highermassof thethermalprotectionwill leadto a lower eigenfrequency andcouldpossiblylead

to failureof thestructure,while (for thisparticularconfiguration)only avery smallweight

reductionis offeredby thisdesigncomparedto thedesignoptimisedwith theheavy loads.

Thereforeit wasdecidedto usethedesign,whichwasoptimisedwith theheavy loads,in the

furtherdevelopmentof thedemonstratorfairing. All ply thicknessesof thisoptimiseddesign

weretranslated/roundedup to adiscretenumberof plies.On thisdesignastressanalysishas

beenperformed(not shown here).Further, thefirst two eigenfrequency modesandbuckling

modesof this designcanbeseenin figures22 to 25. Finally, thecompositeLOX fairing offersa

structuralweightreductionof almost50%comparedto thecurrentmetallicfairing.

9 Conclusions

Severalfairing configurations,eachwith adifferentnumberof stiffeners,have beenanalysedand

optimisedwith theFinite ElementcodeB2000.By usingthe”Input DescriptionLanguage”and

the”OptimisationModel InputDescriptionLanguage”themodelhasbeenalmostcompletely

parametrisedandthisenabledthequickchangesof numberof (hat-)stiffeners,lay-up,mesh

density, etc.

On eachconfigurationtwo separateoptimisationshave beenperformed.In oneoptimisation

heavier loadswereappliedwith stressconstraints.In theotheroptimisationlower loadswere

appliedwith thesamestressconstraintsandwith anadditionalconstrainton theeigenfrequency.

Thefairing configurationwith four stiffenersin theprismaticsectionandthreestiffenersin the

taperedsectionresultedin thedesignwith thelowestweight.Theeigenfrequency of the”light

load” designendedup beingcloseto thecritical eigenfrequency. Theeigenfrequency of (and

thereforetheloadson) thefairing wouldbesensitive to changesin thermalprotectionmass.A

highermassof thethermalprotectionwould leadto a lower eigenfrequency (with heavy loads)

andcouldpossiblyleadto failureof thestructure,while (for thisparticularconfiguration)only a

very smallweightreductionis offeredby thisdesigncomparedto thedesignoptimisedwith the

heavy loads.Thereforeit wasdecidedto usethedesign,whichwasoptimisedwith theheavy

loads,in thefurtherdevelopmentof theLOX fairing (translationof ply thicknessesto discrete

numberof plies,buckling analyses,etc.).

Initial calculations(involving theamountof material,labour, etc.)showedthattheaimof a50%

reductionof therecurringcostswill beachieved. In addition,thecompositeLOX fairing offersa

structuralweightreductionof almost50%comparedto thecurrentmetallicfairing. The
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compositeLOX fairing designis theresultof analysesandoptimisationswith estimatedmaterial

properties.B-basisallowableswill becomeavailablefrom a testprogramme,whichwill be

completedin thebeginningof 2001.TheB-basisallowableswill beusedin anew setof

optimisationsandanalyses,resultingin afinal design.Thisdesignwhichwill befurtherdetailed

andanalysed(e.g.connections)andtheseactivities will resultin theissueof productiondrawings

of amouldandof a full scalefairing demonstratorin theyear2001.
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Fig. 18 The Tsai-Hill criterion (heavy loads) in the elements of the LOX fairing (initial design)

Fig. 19 The Tsai-Hill criterion (heavy loads) in the elements of the LOX fairing (optimised design)
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Fig. 20 The Tsai-Hill criterion (light loads) in the elements of the LOX fairing (initial design)

Fig. 21 The Tsai-Hill criterion (light loads) in the elements of the LOX fairing (optimised design)
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Fig. 22 The first eigenmode of the final design,
� �  �4�6w �<;

Fig. 23 The second eigenmode of the final design,
� �  � J E �<;
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Fig. 24 The first buckling mode of the final design, x  �67:CFw . Limit Load

Fig. 25 The second buckling mode of the final design, x  �67:wFG . Limit Load
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Appendix A B2000 analysis model input deck, ’prismatic section.inp’

(phi1_psr=(phi1_ps*pi/180));

(phi2_psr=(phi2_ps*pi/180));

(chi_psr=(chi_ps*pi/180));

(phi_str=(phi_st*pi/180));

#skin form x0 to first stringer

(x=(x0_ps));

(width=(x1_ps-(s_ft_ps+s_st_ps/2+h_st_ps/tan(phi_str))-x0_ps));

(nnx=(nnsk1_ps));

(ibound=1);

@skin_ps.inp;

#first stringer

(x_st=(x1_ps));

(ibound=2);

@stringer_ps.inp;

#second, third, n’th stringer + skin between stringers

(k=1);

if (n_str_ps>1) (

(x_strpch=((xn_ps-x1_ps)/(n_str_ps-1)));

);

while ( k<(n_str_ps) ) (

(k=(k+1));

(x=(x_st+s_ft_ps+s_st_ps/2+h_st_ps/tan(phi_str)));

(width=(x_strpch-(2*s_ft_ps+s_st_ps+2*h_st_ps/tan(phi_str))));

(nnx=(nnski_ps));

(ibound=2);

@skin_ps.inp;

(x_st=(x_st+x_strpch));

(ibound=2);

@stringer_ps.inp;

);

#skin form n’th stringer to x=L_psts

(x=(x_st+s_ft_ps+s_st_ps/2+h_st_ps/tan(phi_str)));

(width=(L_psts-x));

(nnx=(nnskn_ps));

(ibound=2);

@skinn_ps.inp;
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Appendix B B2000 optimisation model input deck, ’LOX.opt’

#****************************************************************************

# This is the Optimization Model Input file for the B2000 FE-optimizations

# on the Lower Drag Brace Design. It consists of an intuative input

# language (IDL), with which the entire model is created in parametrized form

#

# This input file ’calls subroutines’ ie. other input files for modelling

# specific parts. There are the following ’subroutines’:

#

# global_def ; consists out of all user defined parameters which

# make up the entire structure

# cons_weight ; Defines the total weight of the structure (Obj.)

#

#****************************************************************************

#****************************************************************************

# Global definitions

#

@global_def.inp

#****************************************************************************

# Start input deck: Design variable definition

#

DESV

MI=0.9 MA=1.1111

SCORDV=1.0

# idv name xlb xanal xinit xub

# (xlb=0.050); (xub=10.00);

# 1 T_angle_skin (xlb) (tply_ask*1.e3) (0.220) (xub)

(xlb=0.050); (xub=0.2933);

2 T_longi_skin (xlb) (tply_lsk*1.e3) (0.257) (xub)

(xlb=0.220); (xub=10.00);

3 T_angle_stif (xlb) (tply_ast*1.e3) (0.270) (xub)

(xlb=0.050); (xub=10.00);

4 T_longi_stif (xlb) (tply_lst*1.e3) (0.550) (xub)

(xlb=(tply_aov*1.e3)); (xub=((tply_aov+3*tply)*1.e3));

5 T_angle_over (xlb) (tply_aov*1.e3) (xub) (xub)

# (xlb=0.220); (xub=0.220);

# 6 T_longi_over (xlb) (tply_lov*1.e3) (0.220) (xub)

(xlb=0.050); (xub=10.00);

7 T_longi_rear (xlb) (tply_rea*1.e3) (0.260) (xub)
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(xlb=20.00); (xub=50.00);

8 Stiffener_width (xlb) (s_st_ps*1.e3) (s_st_ps*1.e3) (xub)

(xlb=20.00); (xub=30.00);

9 Stiffener_height (xlb) (h_st_ps*1.e3) (h_st_ps*1.e3) (xub)

END

#****************************************************************************

# Design variable linking

LINK

MODEL=1;

AMP=TH;

# IDV=1 (coeff=1.0e-3); @link_t_angle_skin.opt;

IDV=2 (coeff=1.0e-3); @link_t_longi_skin.opt;

IDV=3 (coeff=1.0e-3); @link_t_angle_stif.opt;

IDV=4 (coeff=1.0e-3); @link_t_longi_stif.opt;

IDV=5 (coeff=1.0e-3); @link_t_angle_over.opt;

# IDV=6 (coeff=1.0e-3); @link_t_longi_over.opt;

IDV=7 (coeff=1.0e-3); @link_t_longi_rear.opt;

INDEX=1;

IDV=8 (coeff=1.0e-3); @link_stfwdth.opt;

IDV=9 (coeff=1.0e-3); @link_stfhght.opt;

ENDMODEL

END

#****************************************************************************

# Constraint definition

CONS

# Total Mass (Objective)

(coeff=one); lo=(zero); up=(large); index=0

CID=1; METH=1; CTYPE=mass name=total_weight; @cons_weight.opt;

SINGLE=ON;

# cid=11; ctype=freq; name=eigen_frequency_mode_1; meth=1

# (coeff=(one)); lo=176.8; up=(large); coef=(coeff); 1

#

# cid=12; ctype=freq; name=eigen_frequency_mode_2; meth=1

# (coeff=(one)); lo=176.8; up=(large); coef=(coeff); 2

#

# cid=13; ctype=freq; name=eigen_frequency_mode_3; meth=1

# (coeff=(one)); lo=176.8; up=(large); coef=(coeff); 3

#

# cid=14; ctype=freq; name=eigen_frequency_mode_4; meth=1

# (coeff=(one)); lo=176.8; up=(large); coef=(coeff); 4

cid=401; meth=4; ctype=buck; name=buckling;

(coeff=one); case=4 ; lo=(-0.1); up=(0.8); coef=(coeff) 1 2 3 4;
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# Stress constraints

# cmp=17 => Tsai-Hill/ Von Mises

# cmp=13,14,15 => Principal stresses (sorted in ascending order)

# cmp=25 => Maximum shear stress max[ (P1-P2)/2 , (P1-P3)/2 , (P2-P3)/2 ]

#

SCORCN=-1.0;

cid=1001; meth=+3; ctype=sigm; name=stress;

cmp=17; (coeff=one); case=1; lo=(-(large)); up=(one); @cons_stress.opt;

END

#****************************************************************************

# Optimization control

OPTC

OBJ=1;

MAXCYC=6; REPS=1.0E-6; EPS=1.0E-6;

CVM=4; HTRESS=-0.1; FTRESS=-0.3; IAL=2;

END

RUN
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