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Executive Summary

The work describedhereis directedat optimizing passve vibration / acousticabsorberdo
minimize the transmissiorof low frequeng rocket motor noiseinto structureghat represent
launchvehicle fairings. The work was divided into two stagesand this reportis primarily
intendedto provide the resultsfor the secondstageof the work, which is a continuationof the
work reportedn thefirst stagestudy?.

In the stagel studythe optimal configurationof a passve Vibro-AcousticDevice (VAD)
mountedo theinterior of asmallcylinder wasinvestigatedThe VAD consistedf anacoustic
absorbelanda vibration absorber(TunedMassDamper TMD) in the onedevice, andit was
mountedto a flexible aluminumpanelusedasthe cylinder endcap. The studyfound thatthe
optimal VAD designusedthe TMD essentiallyasamassastheuncoupledesonancéequeng
of the TMD was just below the upperboundof the frequeny bandof interestand that the
optimal loudspeakr diaphragmconfigurationwas highly lossy so that it reducedthe modal
amplitudeof a singleacoustiomode.

The objectvesof the stage2 taskwereto transferthe techniquesievelopedin the stagel
taskto the optimizationof structureghat morerealisticallyrepresenteal launchvehicles;in
particular alarge compositecylinder underconstructiorat Boeing,anda Representate Small
LaunchVehicleFairing (RSLVF).

Thenew structuresisecompositematerials soextensve validationof the ANSY S program
andcomparisowith NASTRAN modelssuppliedoy AFOSRwereconductedThemodalmodel
of theBoeingcylinderandRSLVF wereconstructedndvalidated,alongwith a CoMET model
of thefairing excitationfield.

It wassoonidentifiedthatthetechniquedevelopedin thestagel studyfor analyzingthere-
sponseof the coupledsystemincludingthe VADs to externalexcitationwould be infeasiblefor
thesegeometricallylarger structuresandwould have to bemodified. The existing modelof the
vibro-acousticsystemallowedthe calculationof theinterior soundfield arisingfrom structural
or acousticsourcesusinga modal couplingmethod,summarizedn the stagel final report'.
This methodprovidesa way of calculatingthe vibro-acousticsystemresponsen termsof the
uncouplednodesof thefluid andthestructure Thecodewasimplementedn MATLAB, andthe
uncouplednodeswerecalculatedusingANSYs. This approaclshoveda vastimprovementn
computatiorspeedvertheequialentfinite elementanalysisput still requiredthecomputation
of the normalmodesof the structureandcavity atthe startof eachiteration. This involvedthe
useof the ANSY S programwhich wasa computationallytime consumingprocessgspecially
with large models,implying thatany kind of meaningfuloptimizationwould not be possible.

Additional objectveswereaddedto allow the developmentof modelsof the structuraland
acousticcomponentsf theVAD thatdo notusethe ANSY s program but ratherallow the effect
of the VAD onthefrequeng respons&o beadequatelyepresentecandto developmethodsof
reducingthe computatiortime taken by the modalcouplingmethod.Thesewereimplemented
by addingadditionalequivalentmodesto the existing modal model of the structure,and by
removing modesthat do not couplewell from the solution. The VAD modelswerevalidated
againstANSY s resultsand performedwell. The modelsmust, however, be usedwith caution
sincesomeof theassumptionsised suchasthe volumedisplacedoy the VAD having no mod-
ifying effect on the cavity modes,caneasilyleadto VADs thatareimpossible/ too expensve
to constructwith existing materials.

The removal of modesthat do not couplewell was performedby examiningthe coupling
matrixandremoving structuralor cavity modeghatdid not contributesignificantlyto thesound
transmissioly comparisorio anappropriatehreshold.Thistechniquenadexcellentsuccesin
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reducingthe time requiredfor a singlecomputationandin factmadethe searchfor a solution
using an optimizationtechniquefeasiblefor the large Boeing model. The downsideof this
techniquds thatinformationis lostif thethresholdings too aggressie.

A GeneticAlgorithm (GA) wasimplementedo optimizethe VAD designandlocation. In
general GAs areusedwhenanexhaustve searchof all possibilitiesis impracticalandgradient
basedsearchmethodsare ineffective in searchingfor a global optimum (thesemethodsare
likely to find locally optimum solutions). A GA canbe regardedasa guidedrandomsearch,
taking somecuesfrom evolutionary theory (“survival of the fittest”). It wasfound that GA
techniquesanoptimizethelocationandparameter®f multiple VADs, at leastwith the small
cylinder usedin the stagel report(Figurel). Onedifficulty is thatthe GA musthave alarge
populationsizeandrun for mary generationgo be effective. It wasalsofound thatfor large
problems,the modal coupling techniqueis still too slow for the GA, and measuresnust be
takento reducethetime taken,or long runtimesmustbe accepted.
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Figurel: GA corvergencefor variousnumbersof VADs. Thereductionin costfunctionversesyenera-
tion of the GA is shawn.

The GA wasusedto optimizethe positionandparametersf 4 VADs in the Boeingcylin-
der. Resultsfor frequeng responsatfter59 generationgreshownn in figure 2, with anapprox-
imately 2.5 dB reductionachieved. The GA wasstoppedafter 59 generationbecausef time
constraintsandgreatereductionshouldbe possiblewith longerruntimes.
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Figure 2: Frequeng responsdor the bestsolutionafter 59 generationgor the reducedBoeing model
with no VADs and4 VADs. A reductionof approximately2.5dB is realised.

Mostof thestage2 objectveswereachiezedwithin thistask. Furtherwork needgo bedone
on the optimizationof the larger structureoncemoreefficient methodsof modalcouplingare
implemented.Thereshouldthenbe furtherwork relatedto justifying someof theassumptions
usedin developingthe VAD models,andthe developmentof alternatevVADs (multiple degrees
of freedom). Thesetaskswerenot completedwithin this stagedueto time constraintsarising
from the additionalobjectvesthathadto be undertalen but wherenot anticipated.

Futurework to speedup the modal coupling/ GA could involve interpolationof the fre-
gueng responsdor costfunction evaluation,a parallelimplementatiorof the GA andfurther
developmentof the thresholdingtechnique.Otheravenuesof investigationcould include dif-
ferentoptimizationtechniquedik e multilevel GAs or a“modetargeting” technique.
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1 Introduction

Theworkeddiscussedh thefollowing reportis anextensionof thework undertalenby Dr Steve
Griffin of the Air ForceResearchLab at Kirtland AFB, New Mexico during his participation
in the AFOSRWindows on Scienceprogramat the University of Adelaide,SouthAustraliain
1998.Thepreviouswork involvedaninvestigatiorof theapplicationof active feedbackcontrol
of launchvehiclestructuralvibrationusingradiationmodevibrationlevelsasthe costfunction
to minimize interior noiselevels andled to the publicationof threepapers.The small benefit
of active control, comparedto the passve effect of the un-excited actuatorsattachedto the
structurehasbeentheimpetusbehindthework conductedere,whichis directedat optimizing
the passve effect of vibrationreducingdevices. The currentwork wasdividedinto two stages
andthisreportis primarily intendedo provide theresultsfor the secondstageof thework.

1.1 Stage1l

In the stagel study', the optimal configurationof a passve Vibro-Acoustic Device (VAD)
mountedo theinterior of asmallcylinder wasinvestigatedThe VAD consistecf anacoustic
absorbeandavibrationabsorbe(TunedMassDamper TMD) in theonedevice. Thiswasreal-
izedin practiceusingaloudspeakr, whichhasanenclosedearsideandanexposedront side.
Theloudspeakr diaphragmandbackingcavity actasanacoustidunedabsorberwhile attach-
ing the entire device to the structureusing spring connectorgprovidesthe vibration absorber
device. The cavity systemusedfor stagel wasa 2.142mlong, 6.35mmthick steelcylinder
with anoutsidediameterof 0.514m.Oneendwascappedwith arigid plywoodend-capandthe
otherhada flexible aluminumpanelwith a thicknessof 3.376mm. The VAD wasattachedo
the aluminumpanel. Figure 3 shavs photograph®f the experimentalsetupof the exterior of
thesmallcylinder andthe VAD attachedo the panel.

(a) Steelcylinder (b) Vibro-acoustidevice

Figure3: Photographsf ExperimentalSetup.

In the previous study a numericalframenork wasdevelopedfor determiningthe response
of a coupledvibro-acousticsystem,usinga combinationof Modal Coupling AnalysisandFi-
nite ElementAnalysis,which enabledthe responsef the structureandinternal cavities to be
determined.BoundaryElementAnalysisprovided the solutionsfor the externalpressurdield
and Finite ElementAnalysis provided the structuraland cavity naturalfrequenciesand mode
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shapes.The modelswere coupledusingthe modal couplingtechniquewhich coupledthein-
vacuo modalmodelof the structureto the rigid-walled modalmodelof the cavity 2.

A variety of passve deviceswereinvestigatedandit wasfoundthatit wasvery difficult to
usea VAD asareactve device to control soundpressureover a broadbandwidth. The effect
of the VADs thatwereanalyzedvasto reducethe amplitudeof thein-phasepanelNAAD modes
by massloading the panelmodes. However, the VAD alsointroducedan out-of-phasanode
thatboostedhe soundtransmissiorat high frequenciesin betweerntheresonancérequencies
of the two lowestorderpanel- VAD modes,a stronganti-resonancexistedasa resultof the
uncoupledvVAD modewhich provided somereductionin soundtransmissionnto the cavity.

Theoptimal VAD designusedthe TMD essentiallyasa masswith theuncoupledesonance
frequeng just below the upperboundof the frequeny bandof interest. The optimal loud-
spealer diaphragmconfigurationwashighly lossysothatit reducedhe modalamplitudeof a
singleacousticmode. Local flexure of the cylinder end cap,to which the VAD wasattached,
reducedhe effectivenesf the VADs andalternatve attachmentechniquesvereinvestigated
to reducesuchflexure. Figure4 shavs FEA resultsof the out-of-phasepanelNAD modesfor
threedifferentspringattachments.

(b) 7 Spring,original attachment  (c) 7 Spring, larger attachment
diameter diameter

(a) 3 Spring, original attach-
mentdiameter

Figure 4: Finite elementmodel shawving the modeshapef the out-of-phasanodefor the 3 different
springconfigurations.

It shouldbe notedthatin almostall the casesconsideredihe equivalentmass(achieved
by simply smearingthe VAD massover the flexible panel),provided optimal passve control
over alargerbandwidth.This is not surprising,sincethe VAD introducesanotherhigherorder
modethatboostshigh frequeng transmissiorover thatachiezed by the emptystructure.The
only benefitof the VAD (apartfrom the massloading of the primary structuralmode)is the
anti-resonancgeneratedatthe uncoupledvAD naturalfrequeng).

1.2 Stage?

1.2.1 Original objectives

Theoriginalaim of thestage2 work wasto applytheanalysigoolsdevelopedn stagel to more
complex modelsrepresentatie of real launchvehicles. Specifically the following objectves
wereto beachieved:

1. Extendthemodalcouplingmodelingtechniquedevelopedin stagel to alarge composite
cylinderthatwill betestedatBoeing. This systemhasmary moremodesn thefrequeng
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rangeof interest(comparedo thesmallcylinderusedin stagel) andwill demonstrat¢éhe
effectivenessf the modalcouplingapproachn analyzinga realisticstructurefor which
fully-coupledFEA is unsuitable.

2. Extendthe modalcouplingmodelingto a Representate Small LaunchVehicle Fairing
(RSLVF).

3. Developamodelof thefairing excitationfield to determinegherequiredloadingparame-
tersfor thenumericalmodel. A steadystatefree-fieldexternalpressuresxcitationin the
frequeny rangefrom 50Hz to 300Hzwill be usedasa first orderapproximationof the
morecomple launchervironment.

4. Investigataheeffectivenesof multi-degree-of-freedonalevicesin reducingsoundtrans-
mission. This will involve multiple coupledelementanakingup a single device. The
relatve meritsof suchdevicescomparedo simplerdevicestunedto differentfrequencies
will beevaluated.

5. Investigatepassve absorbeoptionsfor minimizing interior noiselevelsin a launchve-
hicle excited with a realistic pressurdield. This task presentsiewv challengesdecause
in the previous tasks,a volume occupiedby the VAD was subtractedrom the volume
for the cavity, andthena modalanalysisof the cavity wasperformed.In stagel it was
assumedhat the size andlocationof the VAD would not changewhich meantthatthe
modeshape®f thecavity would notchangelf thelocationof theVAD is to beoptimized
thenthe modeshapeof the cavity will changeslightly whenthe VAD is putin the new
location. An approximatiorwill be developedfor the effect of VAD(S) locationandsize
onthemodeshape®f the cavity. A geneticalgorithm(GA) will beusedto optimizethe
locationsof the VADs on the structure.Theresultsachiezedusingreactve elementswill
be comparedagainstanequivalentmassapproach.

1.2.2 Additional tasks

In additionto the above tasks,it was decidedthat the stagel methodof modelingthe VAD
neededo berevised. The stagel modelingusingthe modalcouplingtechniqueshoveda vast
improvementin computationrspeedover the equialentfinite elementanalysis.This modeling
approachhowever, still requiredthe computationof the normal modesof the structureand
cavity at the startof eachiteration. This involved the use of the ANSYS programandis a
computationallyexpensve process,especiallywith large models,implying that ary kind of
meaningfuloptimizationwith a geneticalgorithmwould not be possible.
Specifically thefollowing additionalobjectveswereachieved:

1. Develop modelsof the structuraland acousticcomponent®f the VAD thatdo not use
the ANSYS program,but allow the effect of the VAD on the frequeng responsedo be
adequatelyepresented.

2. Developmethod=f reducingthe computatiortime takenby themodalcouplingmethod.

1.2.3 Work completed

Of the original objectves, tasks1-3 were fully completedin this work, aswell asall of the
additionaltasks. The portion of the original task5 relatingto the implementatiorof Genetic
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Algorithmswascompletedalthoughthesealgorithmsneedmoretimeto run (or needto bemore
efficient) to producean “optimal” solutionfor comparisorwith an equivalentmassapproach.
The original task 4 objective was not achieved due to time constraints. The portion of the
original task5 relatingto the effect of the VAD on the existing cavity modeshapeswasnot
completedbecausehe additionaltask 1 requiredthe assumptiorof zero additionalvolume.
With thelargermodelsusedin this stage(the Boeingcylinder andthe RSLVF), thisassumption
wasdeemedeasonable.

2 Modeling procedure

2.1 Modal coupling

Priorto evaluatingtheeffectivenes®f thenoisecontrolsystemit is first necessaryo predictthe
responsef the physicalsystem(coupledstructural/acoustido someexcitation. This requires
thateitherananalytical,numericalor experimentalmodelof the vibro-acousticsystembe de-
velopedwhichthenallows the calculationof theinterior soundfield generatedby structuralor
acousticsources.

The modal coupling methodwas usedto develop the vibro-acousticmodelin stagel of
the projectandit is summarizedn the stagel final report. It wasdevelopedby Lyon and
Maidanik®, Fahy*, Pope andDowell etal.® andelegantlysummarizedy Fahy?. This method
providesa way of calculatingthe vibro-acousticsystemresponsén termsof the uncoupled
modesof thefluid andthe structure.

For the stagel implementationof the modal couplingtechniquein MATLAB, the normal
modesof the in-vacuo structureandrigid walled fluid are calculatedby the Finite Element
Analysisprogram(ANSYS). The MATLAB codeis generalenoughto allow calculationof and
modificationto thesemodesby analyticalmeansf required.

The modelingtechniquedevelopedherehasbeennumericallyverified in the stagel final
report! for the caseof soundtransmissiorthrougha cylindrical structureinto a contiguous
cavity.

2.2 VAD coupling

In the stagel modeling,the normalmodesof the structureand cavity includingthe VAD had
to be resohed using FEA for eachiteration of the vibro-acousticmodeling. For the stagel

geometrythis approachwasnecessaryasthe volumeoccupiedby the VAD wasa significant
proportionof the total volume, andthe VAD attachmenmethodwas found to be critical in

termsof its performancelt wasrealizedthatthe stage2 structurespnamelythe Boeingcylinder
andthe RSLVF, aremuchlargerandhencethe VAD volumeasa percentagef thetotal volume
is muchsmaller Theassumptiorwasthenmadethatthe acoustionodesof thesearge cavities
could be modeledindependenthof the volumetaken up by the VAD. The effect of the VAD

couldthenbe modeledby addingadditionalmodesto the systemto representhe effect of the
mass-springystemandthe acousticesonancaystem.

2.2.1 Mass-spring system

The additionof a mass-springystemto a structurein the currentmodal couplingframewvork
canbe representedby the addition of an equivalentacousticmodeto the systemat the point
of attachment.This is illustratedin figure 5, wherea structuralsystem(the beam)is coupled
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with (a) amass-springystemattachechat a pointand(b) the equivalentcoupledvibro-acoustic
system,a Helmholtzresonatomlacousticallycoupledvia a masslessliaphragmto a smallarea
aroundthe structuralattachmenpoint.

K S

(a) Structuralmass-springystem (b) Equivalentcoupledvibro-acousticsystem

Figure5: Structuralmassspringsystenrepresentethy equivalentcoupledvibro-acousticsystem.

In termsof the acousticmodal parametersisedin the implementation,t is possibleto
modify thecavity naturalfrequeng wy (equalto themassspringnaturalfrequeng), theacoustic
modeshapefunction @ andthe modalvolume/;. FromHanseretal.! section2.1.1.1Rigid-
Walled AcousticResponset canbe shownn thatthe point acoustiampedance,(T) is

P 2 aa()
Za(F) = @ Jpowéﬁ (1)

wherep(T) andqc(7) arethe acousticpressureandvolumevelocity respectiely at pointT, po
is the densityof the air, w is the frequeng of interestandZ is therigid-walled acousticnput
impedancef thelth cavity modewithout damping.

7= ) @

The modalvolume, A\, of thelth cavity mode,is definedasthe volumeintegrationof the
squareof themodeshapdunction,

A= [ @)V (D) 3)

If the acousticmodeshapefunction@ = 1 over the point of attachmen{and@ = 0O else-
where), andonly onemodeis considered thenequation(1) becomes

o jpoctw
Zy(7) = A(6Z— D) (4)

From Pierce it canbe shavn thatthe acoustidmpedancef a mass-springystemcanbe
written as

1

- - 5
jolCa+ 1k ©)

jooMa

Z,(T)

whereC,; andM, aretheacousticcomplianceandacoustianassof themechanicasystem.The
acousticcompliance
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A2
Ca = K_ (6)
m
andtheacoustionass M
Ma = A_;_n (7)

arerelatedto K., and My, the springconstantandmassof the singledegreeof freedommass
springsystenrespectrely, andA is the surfaceareaof contact.
Thenaturalfrequeny of the systemcanbewritten as

o=\ ®

andsubstitutingequationg8) and(6) into (5) gives

Kmjw

Za(F) = PR — D) 9)
Equatingequationg9) and(4) gives
2A2
=R (10)

In summaryto corverta massspringsystemwhich is attachecdver a discretearea,to an
equialentacousticsystem,it is necessaryo setthe acousticmodeshapedo ¢ = 1 over the
attachmennodes,then calculatethe effective areaA by summingthe individual nodal areas
over the attachmenarea,thenfinally calculatethe modalvolumeusingequation(10) andthe
naturalfrequeng usingequation(8). Dampingterms(the modallossfactorn ~ 2¢, where( is
thedampingratio) canbeaddedo theimpedancdermif required.

Thevalidationof themass-springystemmplementatiorappearsn AppendixA. Excellent
agreemenbetweenANSY s andMATLAB wasfound.

2.2.2 Acoustic resonator

The implementatiorof the acousticresonatomwas similar to the implementatiorof the mass-
springsystemjn thatadditionalmodesvereaddedo thecoupledsystem.Therealizationof the
acousticresonatotin the physicalsystemis a structuralcomponenta loudspeakr diaphragm
andbackingcavity. Equivalentfinite elementgeometryandassociategtructuralmodesyepre-
sentingthis loudspeakr, wereaddedo the modalmodelto representhe effectsof theacoustic
resonatar The acousticmodesof the VAD volumewere modeledas an equivalentstructural
springstiffness.Figure 6 shavs a typical structuralfinite elementmodel(a half sectionview)
includinganacoustiaesonatar

In termsof the structuralmodal parameteraisedin the implementationit is possibleto
modify the cavity naturalfrequeng wj, the modeshapefunction J; and the modal massM;
givenby

M; = /S m(%) Y2 (X)dA(X) (11)

wherem(X) is thesurfacedensityof thestructure If thestructuraimodeshapesresetto g = 1
overtheattachmenhodeshenthemodalmasss equalto themassof thediaphragnused.The
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Figure6: Typical structuralfinite elementmodelincludinganacousticresonatofhalf view). Thegreen
elementepresenttheloudspeakr diaphragm.

cavity naturalfrequeng wy for theadditionalmodeis the acoustiaesonatonaturalfrequeng,

whichis governedby the stiffnessof boththe loudspeakr diaphragmandthe enclosed/olume
behindthe diaphragm.Dampingterms(the modallossfactorn ~ 2¢, where( is the damping
ratio) canbe addedto theimpedanceermif required.

In the implementatiorof the acousticresonatoiin the MATLAB code,an additionalstruc-
tural“shell element’is createdo representhediaphragmandthecorrespondingepresentatie
normaloutward vectorsand areasare calculated. Theseareasarethenscaledso that the size
of the acousticattachmentoesnot vary with nodalelementdensity(i.e. the meshsizeof the
elements)Theareais keptconstan{(in thecurrentimplementationt is equvalentto a6” diam-
eterdiaphragm).This doesnot limit the choiceto afixed attachmenarea,sincean equivalent
structuralmasscanbe derivedusingequation(7).

AL
A

Equation(12) implies that a large diameterspealer is acousticallyequivalentto a small
diameterspealer with a smallermass.For the caseof loudspeakrs,this smallmasscanin fact
beimpracticalto construct.

The validation of the acousticresonatorsystemimplementationappearsn Appendix B.
ReasonablagreemenbetweerANSYs andMATLAB wasfound.

Mml = Mm2 (12)

2.3 Thresholding

The modalcouplingmethod,whencomparedvith the directinversionfinite elementmethod,
hasbeenfoundto be severalordersof magnitudgaster Table1l compare<CPUtimes(in CPU
Secondspf amediumsizecoupledvibro-acoustianodelcalculatedwvith both ANSY s andthe
modalcouplingtechnique.

In light of thenumberof iterationsrequiredin ary optimizationtechniquethis performance
couldstill beimproved. It wasdecidedthatthe numberof structuralandacousticnodesin an
analysisshouldbereducedandthecriterionchoserfor moderemoval shouldbe basedn how
well particularstructuralandacousticnodescoupled.A non-dimensionatouplingcoeficient
B, ,i betweerthelth acoustianodeandtheith structuraimode® canbedefinedandis utilized in
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Method Total time Numberof Time/ Relatve
(CPUSeconds) frequencieg frequeny | performance
ANSYS 70084.0 15 4672.3 1059.5
Modal 1357.5 300 4.5 1.0
Modal (Threshold) 637.4 300 2.1 0.48
Tablel: Performanceomparisorof modalcouplingversedirectinversionmethod.
themodalcouplingcode.
1
BLi= 3 L@ ()W (T)IA) 13)

Figure 7 shavs an image of a typical B;; matrix. Eachentry hasbeensquaredto remove
negative entries,andthe matrix hasbeennormalizedo its largestentry. This figure showvs that
alarge percentagef the matrix entriesarecloseto zero,i.e. thematrixis sparse.
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Figure7: Representatioof thematrix (B ; )2— shaws large numberof entriescloseto zero.

Structural(or cavity) modeswereremovedfrom the matrix whenthe sumof the column(or
row), normalizedoy the maximumvalueof thatsumwaslessthana predefinedralueknown as

athresholdcoeficient. In MATLAB parlance,

strmask=find((sumBli.”"2,1)/ max(sum Bli.”"2,1)))>threshol d);
cavmask=find((sun(Bli.”"2,2)/ max(sum Bli."2,2)))>threshol d);
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wherethest r mask andcavnask vectorscontainthe matrix row andcolumnentriesto be kept.

The successf this techniqueis demonstratedn Figure 8, wherethe acousticpotential
enegy estimateof a large modalmodel(the Boeingcylinder with a point force excitation) is
plottedwith andwithout thresholding. The two resultsarevirtually identical. Table1 showvs
thatthis methodhasapproximatelyhalvedthetime of computation.
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Figure8: Medium sizedmodal modelwith andwithout thresholding- thresholdingcoeficient of 0.01
(1%).

Figure9 showvstheeffectsof varyingthethresholdcoeficientonasmallmodel. Theacous-
tic potentialenegy summedover thefrequeng rangeof interest(the costfunctionreportedin
thefigure legend)varieslittle with the level of thresholding.However, the effect of threshold-
ing on modal modelsin generalhasnot beenlooked at in greatdetail, andit shouldbe used
with greatcare.It wasfoundthatif thethresholdingvastoo “aggressie”, thenthethresholded
modelresultsdid not resemblethe original modelat all. It wasalsofound that thresholding
oftenremovedtheadditionalVAD modes.In the MATLAB modelused theseadditionalmodes
wereexplicitly notremoved,evenif thethresholdingcriterionwasmet.

2.4 Cost function

The costfunctionchoseno representhe responsef the systemto the externalexcitationwas
theacoustigpotentialenegy. The acoustigpotentialenegy wascalculatedoy®

(0= 3 Al () (14
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Figure9: Smallmodalmodelwith varyinglevels of thresholding.

where/\; is themodalvolumefor modei andp; (w) is themodalparticipationfactorfor acoustic
modei at frequeny w. The costfunction wasthe sum of the potentialenegies acrossthe

frequeng rangeof interest.
w0y

J=Y E(w) (15)

W=

2.5 Genetic algorithm (GA)

A GeneticAlgorithm (GA) wasimplementedo allow global optimizationof the noisetrans-
mittedinto theinterior of themodeledstructuresin general GAs areusedwhenanexhaustve
searchof all possibilitiesis impracticaland gradientbasedsearchmethodsare ineffective in
searchingor a global optimum (sincethesemethodsarelikely to find locally optimumsolu-
tions). Geneticalgorithmshave beenusedpreviously by theauthordo find optimallocationsfor
controlsourcedor theactive controlof noiseandvibration®. HanserandCazzolatd® provides
agoodoverview of the subject.

A geneticalgorithm can be regardedas a guidedrandomsearch taking somecuesfrom
evolutionarytheory(“survival of thefittest”). A GA usuallyconsistof a numberof steps;

1. Specificatiorof initial population(sizeandrandomselectionof properties),
2. Fitnessevaluation(determinatiorof costfunctionandranking),

3. Selectionof appropriatgarents,
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4. Breedingof theparentgo produceanew populationwith (hopefully)thebesttraitspassed
on from the previousgeneration.

5. A “mutation” stageis alsousedto bring in new geneticmaterialto the genepool. This
preventsthe solutionstallingon local minima.

The GA hasbeenimplementedn MATLAB andit callsthemodalcouplingcodeto evaluatethe
fitnessof eachmemberof thepopulation.Currentlythe numberof VADs in the systemis fixed,
but thelocationof eachVAD canmigrateoverthe surfaceof thestructure. Thefrequenyg, mass
anddampingof boththemass-springystemandtheacoustiacesonatoarealsoallowedto vary.
Thefitnessevaluationranksthe populationso thatfitter solutionsaremorelik ely to be chosen
asparentsThebreedingprocessandomlyselectgparentcharacteristicsln thecurrentGA, two
formsof mutationareperformed Firstly, arandomchanceof mutationof a singleparametem
a child allows the introductionof newv geneticmaterial. The secondform of mutation(which
we call migration)is usedto bringin completelynen randomgeneticmaterialeachgeneration.
Thebestsolutionof eachpopulationwaskeptfor the next generatiorto ensurethatthis “elite”
geneticmaterialwasnotlost.

3 Model validation

StructuralFEA modelsof the RSLVF andthe Boeingcylinder wereavailablefrom AFOSRIn
the form of NASTRAN models. Unfortunatelythesemodelscould not be utilized directly for
two reasons;

e TheUniversitydoesnotuseNASTRAN but rathercurrentlylicensesandusesANSY S,

e The modal couplingtechniqueusesthe resultsof separatestructuraland cavity acous-
tic modalanalysedo solve the coupledsolution. The currentversionof the codemust
have geometricallycoincidentnodesbetweenthe structuraland acousticmodels. The
NASTRAN modelsonly suppliedthe structuralelementswith no acousticcavity.

As aconsequencehe modelshadto bereluilt andvalidatedin ANSYS.

3.1 Composite structures

As discussedn the preliminary report'! for stage2, model validation was requiredfor the
implementatiorof compositestructuresn ANSY s andin themodalcouplingcode.Thisappears
in AppendixC.

3.2 Boeing cylinder

The ANSYs Boeing cylinder model was validatedagainstthe Nastranversionin Appendix
D. The extremely good correlationbetweenthe NASTRAN and ANSY S resultsindicatesthe
compositepropertieshave beenenteredcorrectlyandthatthe ANSY s modelcanbe usedwith
confidence.

The modalmodelof the Boeingcylinder wasvalidatedagainsthe ANSY s resultsin figure
10. The cylinder wasexcited by a point force on the surfaceof the cylindrical structure.The
correlationbetweenANSsY s resultsandthe modalmodelis very good.
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Figure10: Comparisorof ANSYS andMATLAB resultsfor the Boeingcylinder.

3.3 RSLVF

The ANsYs RSLVF modelwasvalidatedagainstthe NASTRAN versionin AppendixE. The
extremelygoodcorrelationbetweerthe NASTRAN andANSY s resultsindicatesthe composite
propertieshave beenenteredcorrectlyandthatthe ANSY s modelcanbe usedwith confidence.
Sincethe techniqueusedto analyzethe Boeing cylinder wasidenticalto the one usedfor
theRSLVF, it wasdeemedinnecessario comparehe ANSY s andmodalmodelsagain.

4 Fairing excitation model

The CoMET version4.0BoundaryElementAnalysis(BEA) software? wasusedto predictthe
externalpressuresn the surfaceof the Boeingcylinder andthe RSLVF. COMET is acommer
cial BEA programthatutilizesa preprocessasuchasANSY s to generatéhe boundaryelement
mesh.Thestagel final reportt (andMorgans®) describethetechniquemorefully andvalidate
it by comparingt to theanalyticalsolutionfor scatteringrom a sphere.

Both modelswererun assuminga soundsourceof 1 [m?/s], locatedl meteraway from the
aluminumplate alongthe axis of revolution. The analysiswas performedfor 40 frequencies
from 10to 400Hz. Resultsat 400 Hz for the Boeingcylinder andthe RSLVF appeartbelow in
figuresll andl12respectiely. Thepressureesultsfrom COMET werethencorvertedto nodal
forcesusingANsY s andfrequeng interpolatedusingMATLAB asdescribedn thestagel final
report!, section3.6.5.2“Frequeng Interpolationof the ExternalPressurdield”. It wasfound
thatthe spatialinterpolationroutinesdevelopedin stagel wereunnecessargueto the needto
usetheleastnumberof elementgossible(6 elementd wavelength)in bothmodels.
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The external point sourcemodel of excitation waschosenbecauset canbe easilyimple-
mentedexperimentallyby aloudspeakr, andmay exhibit someof the spatiallyvaryingcharac-
teristicsof rocket motorlaunchexcitation. The BEA methodof excitationwaschoserbecause
it allows almostarbitrary placemenf any numberof sourcesandthe calculationof the fre-
queng dependensurfacepressurdor almostary geometry In future work, it may be more
prudentto usepressurdoadingsmorerepresentatie of thoseexperiencedduring launchwhen
optimizingthe VADs.

5 Boeing cylinder response

Thefairing excitationmodelwascombinedwith the modalmodelof the Boeingcylinder (Fig-
ure 13). Structuralandcavity modeswereextractedto a maximumfrequeng of 600Hz, with
327 cavity modesand360structuralmodedying within this bandwidth.
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Figure13: Acousticrespons@f the Boeingcylinderto fairing excitation.
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6 RSLVF response

Thefairing excitation modelwascombinedwith the modalmodelof the RSLVF (Figure 14).
Structuralandcavity modeswereextractedto amaximumfrequeng of 600Hz, with 205cavity
modesand73 structuralmodedying within this bandwidth.
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Figure14: Acousticresponsef the RSLVF to fairing excitation.
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7 Genetic Algorithm (GA) results

Thegeneticalgorithmswererun usingthe parameterdistedin table2, unlessotherwisespeci-
fied.

Parameter Value

Numberof generations 100

Populatiorsize 50
Mutationrate 10%
Migration rate 10%

Table2: GA parameters.

7.1 VAD parameter s

Thegeneticalgorithmwasusedto optimizethe positionandparametersf the VAD. The num-

ber of VADs in eachsimulationwas kept constantandthe parametespacegiven a rangeof

discretevalues(the “searchspace”). Table 3 shows the rangeof parametersisedin the simu-

lations. The parametersarevariedlinearly betweenthe minimum andmaximumvalues. The

numberof discretevaluesshaw theresolutionof the particularparametespace.Larger num-

bersgiveincreasedesolutionbut increasehe sizeof the searchspace The effect of the search
spaceesolutionon the optimumsolutionhasnot beeninvestigatedt this stage.

VAD parameter Minimum | Maximum | Discretevalues Comment
VAD position 1 936 936 All structuralelements

Mass-springnass 0.05 0.5 10 [ko]

Mass-sprindgrequeng 1 1000 1000 [Hz]
Mass-springdamping(n) 0.01 0.25 10

Acousticresonatomass 0.005 0.05 10 [kq]

Acousticresonatofrequeng 1 1000 1000 [Hz]
Acousticresonatodamping(n) 0.01 0.25 10

Table3: VAD parameterange(searchspace).

In selectingtheseparametersthe physicalrealizationof the VADs mustbe keptin mind.
Thessizeof diaphragmis fixedin the MATLAB simulationto 6”. The acousticresonatomass
minimum value givenin table 3 (5 grams)is belown the physicallimits of constructionfor a
standardb” loudspeakr diaphragm.We can,however, useequationl?2 to relatethe equivalent
structuraimassof diaphragmsvith differentareas A moving masf 5 gramsfor a6” diameter
loudspeakrdiaphragms equialentto an80grammoving masdor a12” diametetoudspeakr
diaphragmwhichis physicallyachievable.

With the currentsearchspace an exhaustve searchfor the optimum solutionfor a single
VAD would requireapproximatelyd.4 x 102 differentsolutionswhichis clearly notfeasible.
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7.2 Small test cylinder

A numberof optimizationrunswereperformedusingthe baselinenodelgeometry(Appendix
C.2.1). This modelis relatively small physically andthe assumptiorthat the VAD hasno
effecton the cavity is probablynotvalid. However, themodelis small, quick to run andallows
the investigationof characteristic®f the geneticalgorithm. The time takento complete100
generationgor a solutionwasof the orderof 2 hours.

Figure 15 shaws curvesof the reductionin costfunctionin dB versusgeneratiomumber
for differentcases.Therun 1 to run 4 curvesshaow the resultsof the runswith the numberof
VADs varyingfrom 1 to 4 respectiely. Runlashawstheresultsof therunwith asingleVAD,
but with the massbudgetsetto 4 timesa singleVADs maximum(i.e. canwe achieze thesame
reductionby simply addingmass).
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Figurel5: GA cornvergencefor variousnumbersof VADs.

Theresultsseento indicatea numberof things;

1. For the 1, 2 and3 VAD solutiontherewasan increasingreductionin noisetransmitted
into theinterior of thestructure.This appearseasonablastheextra VADs addmassand
the opportunityto targetmoremodesn thereductionsearch.

2. ThesingleVAD solutionsappeato reachaplateauvithin 30 generationgndicatingsome
corvergenceof the GA. Hanseret al.1* (figure 1.7) shovs a plateauin the costfunction
reductionin the optimizationof the control sourcelocationin the active control of an
aircraftstructure put aftermary 10005 of iterations.

3. Thatthe3 VAD solutionwasbetterthanthe4 VAD solution. Thisseemsountelintuitive,
andit washypothesizethatasthesizeof thesearcltspacencreasedaddingextraVADS),

Contract Number : F6256299M9179 Commercial-In-Confidence 31st May 2001



Passive Control Devices Commercial-In-Confidence Page 24

the cornvergenceslowed - in this casetherewere simply not enoughgeneration®f the
GA performed. Figure 16 shaws the resultsof run 4a, the 4 VAD solutionrun for 300
generationsThisshavsthatthe4 VAD solutioncanindeedproducemorenoisereduction
thanthe 3 VAD solutionif enoughiterationsarecarriedout.
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Figurel6: GA corvergenceof Run4a.

4. Thattheadditionalmassof solutionlahaslittle effectonthenoisereduction.Thisagain
seemedcounterintuitive. A secondsearch(run 1b) with exactly the sameparameters
choserwasrun (Figure17). This shavs the solutionstartingfrom a largerreductionand
corvergingto alargervalue. This shovsagaintheimportanceof runningthe GA for more
generationgaswell astheimportanceof theinitial startingpopulation.In thesecasesve
have run with a populationof 50. Hansenand Cazzolatd® sugges#0-100. Theremay
also be a needfor higherlevels of mutationand populationdiversity as the algorithm
seemdo getstuckon local minima.

Thevaluesof VAD parameterfor thesevarious‘optimal” solutionsafterthemaximumnumber
of generationsvasreachecappearsn AppendixF, alongwith frequeng responselots of the
reductionscorrespondingo theseVAD parametersin generafor acorvergedGA, theseresults
shaw thattheeffect of the mass-springesonators to masdoadthecompliantsurface. The GA
chooseshe maximummassanda high frequeng alongwith high damping.

In the single VAD simulations,the GA predictsan optimal VAD locationasslightly off-
setfrom the centerof the panel. The GA may have found a solutionthat tries to modify the
structuraimodeshapegmodalrearrangementatherthanreducethem(modalreduction).The
modalrearrangementeduceghe couplingefficiency of the fundamentapanelmodeinto the
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Figurel7: Corvergenceof run laandlh

longitudinalcavity mode(which dominateghe pressureesponse)therebyreducingthe sound
transmission.

Theacoustiaesonators generallychoserto targeta singleacousticnode,againwith high
damping.This seemseasonabléor systemghatare“modally sparse’suchasthetestcylinder,
andthesestratgiesshav excellentlevelsof noisetransmissiomeduction.For realsystemghat
are“modally dense”suchlarge levelsof reductionmaynot be possible.
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7.3 Boeing cylinder

The GA usedin the previous solutionswas appliedto the Boeing cylinder. An estimateof
the time requiredto completel00 generationsvith a populationof 50 with mild thresholding
was 34 days. This wasobviously unacceptableand solutionsto reducethe computatiorntime
weresought. The MATLAB codewasprofiled andit wasfound that minimal improvementin
speedcould be managedas mostof the time for large modelsis spentin performingmatrix
inversionsandthesetasksarealreadydelegatedin MATLAB to optimizedFORTRAN routines
suchasLAPACK. A moreaggressie thresholdingcriterionwasexamined,aswell asreducing
the upperlevel of modeextractionfrom 600 Hz to 350 Hz. Resultsfrom an empty VAD run
of the Boeingmodelwith variousthresholdevelsis shovn in figure 18. Themild thresholding
hadlittle effect on eitherthe resultsor the speeddf the solution. More aggressie thresholding
reducedhetime takenatthe expenseof changingthe frequeng response.
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Figure18: Boeingmodelwith no VAD, with modesup to 600Hz andvariousthresholdevels.

Resultsfrom anemptyVAD run of the Boeingmodelwith the highestmodalfrequeng re-
ducedirom 600Hz to 350Hz is shavnin figure 19. Thereducednodelprovedto bereasonably
effective in speedingup the solutionwith very little changen frequeng responsebut it was
still to slow for the efficientimplementatiorof the GA.

Resultsfrom an empty VAD run of the Boeing modelwith the highestmodalfrequeng
reducedrom 600 Hz to 350 Hz andwith aggressie thresholdings shown in figure 20. The
reducedmodel proved to be most effective in speedingup the solution, but it changedthe
magnitudeof someof the peaksdramatically The overalllower level of thefrequeng response
may be dueto the missingstiffnessresidualsof thesehigherordermodes,in which casethe
changein frequeng responsalueto the additionof the VAD modeswould be similar to the
full model. If by usingthis modetruncationwe are missingmodesthat couplewell, thenwe
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Figure19: Boeingmodelwith no VAD, with nothresholdingandhighestmodalfrequeng reducedrom
600Hz to 350Hz.

may not seethe samechangen responsavhenaddingthe VAD modes.It wasdecidedto use
the truncated,aggressiely thresholdednodelfor the evaluationof the costfunctionthento
evaluatethefull modelatthe endof the optimizationwith thegivenparameters.

The GA wasrun with 4 VADs for 59 iterationsover approximately36 hours. The small
numberof iterationsperformedwould probablyimply that the GA hasnot fully cornverged,
especiallyin light of thefindingsof section7.2 point 3, andtheseresultsshouldbe considered
preliminary Thecorvergence(figure21) shovs anapproximately2.5dB reductionin potential
enegy.

Figure 22 shaws the frequeng responsdor the bestsolutionafter 59 generationgor the
reducedBoeing modelwith 4 VADs, and comparest to a baselinesolutionwith no VADs.
Table 4 shavs the VAD parametergroducedafter 59 generationsand figure 23 illustrates
the positionsof the VADs. For this solution, it appearsas thoughthe mass-springsystems
aretendingtowardsmassloadingby having a maximummassandnaturalfrequeng, andthey
all lie on the compositecylinder, asexpected ratherthanon the woodenend-caps.Acoustic
resonator8408 appeardo be tamgeting the first longitudinal acousticmodeat 62 Hz, andis
positionedcloserto oneendof the cylinder to be at a pressureanti-node. The otheracoustic
resonatorsre closerto the centerof the cylinder and may be targeting harmonicsof the first
longitudinalacousticmode,or they may be targeting structuralmodessincethis areis where
the shellmodeshave thelargestdisplacementThe systemis somodally densat is difficult to
determinevhetherthe controlis structuralor acoustic.An interestingfeatureof this solutionis
thatall acousticresonatorarereasonablyightly damped.No firm conclusionsanbe dravn
from this simulationasit may not be anoptimumsolution.

The currentsearchshouldbe with beingrun for mary moregenerationsaswell aswith a
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Figure20: Boeingmodelwith no VAD, with modesup to 300Hz andvariousthresholdevels.
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Figure22: Generatiorb9 frequeng responsdor thereducedBoeingmodelwith no VADs and4 VADs.

VAD parameter Optimumvalue
VAD position 7911 8408 8314 8203
Mass-springnass 0.4Kg 0.45Kg | 0.45Kg 0.5Kg
Mass-springrequeny 325Hz | 584Hz | 344Hz | 287Hz
Mass-springlamping 25% 25% 22% 25%

Acousticresonatomass | 0.005Kg | 0.015Kg | 0.005Kg | 0.015Kg
Acousticresonatofrequeny | 262Hz 62Hz 246Hz 181Hz

Acousticresonatodamping 4% 6% 4% 6%

Table4: Generatiorb9 optimumVAD parameters.

Contract Number : F6256299M9179 Commercial-In-Confidence 31st May 2001



Passive Control Devices Commercial-In-Confidence Page 30

Figure23: Generatiorb9 optimumVAD positions.

largerpopulation.Thiswould, however, leadto muchlargersolutiontimes. A restartcapability
hasnow beencodedinto the GA but unfortunatelythe existing Boeing searchdid not sare
enoughinformationto performa cleanrestart(the GA wasrun for approximatelys days,but
was stoppedtwice during this time, unintentionallyrestartingit eachtime). A nice feature
of the GA framawork is thatit will (almost)alwaysfind a “better” solutionwhile searching
for the optimum, so that even after only 59 generationsye canstill seea reductionin noise

transmission.
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8 Conclusions

Of the original objectves(sectionl1.2.1), tasks1-3 werefully completedin this work. This
work hasshown that;

the ANSY s Finite Elementmodelsof thetwo launchvehiclesareaccurate,

thefairing excitationcanbe modeledusingCoMET for anarbitrarily shapedrehicle,

themodalcouplingtechniquewith its associateflastercomputingtime producesccurate
estimatesof the interior soundfield when comparedwith that predictedusing a fully
coupledFE model,

The modal coupling techniqguecan model the responseof the Boeing cylinder andthe
RSLVF,

All additionaltasks(sectionl.2.2)hase beencompleted.This work hasshavn that;

e the VAD modelscanbe incorporatedn the modal couplingtechnique eliminatingthe
needfor anormalmodeanalysisheforeeachrun, contrilbuting to a significantspeedupn
solutiontime.

Someof the original objectveswere not achieved for reasonsdocumentedn section1.2.3.
Partial completionof task5 hasshown that;

e GeneticAlgorithm (GA) techniquesanoptimizethelocationandVAD parameters,
e the GA musthave alarge populationsizeandmustbe runfor mary generations,

e For large problemsthe modalcouplingtechniques still too slow for the GA, andmea-
suresmustbetakento reducethe computationatime.
9 Future work

In orderto investigatethe optimum position, parameters&nd numberof VADs, future work
shouldconcentrat®n two differentareas;

1. methodghatincreaseahe speedf the currentGA

2. “smarter’methods.
Possiblesolutionsto area(1) couldinvolve;

e Distributedcomputing;utilizing the ComputerAided TeachingSuite (CATS) within the
Facultyof Engineeringatthe Universityof Adelaide.With approximatelyl00computers
we could effectively speedup the solution by a factor of at least50 (given that these
computersarenot stateof the art workstations).The GA is perfectlysuitedto this form
of parallelizationasit requiresvery little interprocessocommunication.
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e Tweakingof the GA; thereis no onebestGA for every problem,they arevery problem
specific. Onething that hasbeennoticedwhile usingthe GAs is thatthereis no oppor
tunity for “local” searcheshroughmutation. A local searchwould allow solutionsthat
arenearan optimumto corverge quickly. Of coursethe global searchnatureof the GA
muststill be kept. Changingthe methodof mutationto allow therandomselectionof the
searclspacedo be normallydistributedaroundthe currentvalueratherthana completely
randomselectiorwould allow for a“local” searchlincreasinghe numberof generations
andpopulationsizewould alsobe helpful.

e Thresholding/ reducingthe numberof modes;thesemethodsneedto be looked at in
more detail to examinethe effect on the corvergenceof the GA. The currentmethod
of thresholdingappeardo be very problemdependent.lt may be valuableto examine
differentthresholdcriteriaandtheir sensitvity to VAD parameters.

¢ Interpolation;the currentmethodof calculatingthe frequeng responseequireswo ma-
trix inversionseachfrequeng, andthe frequeng spacinghasto be fine enoughnot to
miss ary features. If a function could be fitted to the responsecalculatedat sparsely
spacedrequenciesthenthe overalltime for calculationwould bereduced?®.

Possiblesolutionsto direction(2) couldinvolve;

e DifferentGA methodologiesncluding multilevel GAs® which try to limit the overall
searchspaceby breakingthe probleminto differentlevels andoptimizing on eachlevel
individually. The costfunctioncouldincludethetotal additionalmassof the system.

¢ A "modetargeting” approactihatwould look for modeghatcouplewell andareexcited,
andthenpick the massor resonatofocationby looking at the modeshape.Maybethere
wouldstill betheneedto optimizethe VAD parametersisingaGA, but atleastthesearch
spacewould have beenreduced.The next modecouldthenbetargetediteratively.

e Theuseof amultiple regressioranalysisto optimizethe locationsof theresonatory’.
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A Mass-spring resonator validation

The mass-springesonatosystemwasvalidatedfor two testlocationson the aluminumpanel
of the stagel testcylinder, shavn in figure 24. A forcedresponseanalysisusingtwo modal
modelsof the structurewerecomparedpnecalculatedirectly by ANSY s, theothercalculated
usingtheoriginal structuraimodesandthe additionalcavity moderepresentinghe massspring
system. The loadingwas a point force in the centerof the panel. The comparisongor both
locations shavn in figure 25 shav excellentagreement.

(a) Testlocation1 (b) Testlocation2

Figure24: Positionof mass-springesonatofor validation.
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Figure25: Frequeng responseomparisorbetweemANSY s dervedmodalmodeland“additionalmode”
MATLAB model.

Contract Number : F6256299M9179 Commercial-In-Confidence 31st May 2001



Passive Control Devices Commercial-In-Confidence Page 36

B Acoustic resonator validation

Theacousticresonatosystemwasvalidatedfor atestlocationin the cavity of the stagel test
cylinder. Figure26 shonvsthelocationof thefluid elementheacoustiaesonators attachedo.
Theresonatois “standingoff” the surfaceby onefluid elementhickness.

N\

Figure26: Positionof acoustiaresonatofor validationfor thetestlocation.

Thefrequeng responsef two modalmodelsof thestructureverecomparedopnecalculated
asa fluid-structurecoupledmodelin ANSYs by the direct method,the othercalculatedusing
the modal coupling techniqueand the addition of a structuralelementand associatednode
representinghe additionof the diaphragm.The loadingwasan acousticsourcein the center
of thewoodenpanel(the otherendof the cylinder from the aluminumpanel)Figure27 shovs
thefrequeng responseomparisorbetween”ANSY s andMATLAB. Theagreemenis good,but
with theselected/AD parametergheeffect of theacoustiaesonatoris localizedto 80 Hz, and
the ANSY s frequencieslo not fall nearthis range.

The frequeng rangewaszoomedin aroundthe 80 Hz resonanc@nda finer ANSYS sim-
ulation performed. With the additionalstructureonly (i.e. no structuralmodesexceptthe di-
aphragm)the agreementvas excellent (Figure 28). Unfortunatelywhenthe structureis re-
tainedin the ANSYS andMATLAB simulationsthe agreemenis poorer(Figure29). Theanti-
resonances atthecorrectfrequeng, but thefrequeng shiftsof theresonanceeakss different.
A possibleexplanationfor this could be that higherorderresidualsassociateavith modesof
wavelengthof similar sizeto theacoustiaesonatoaremissingfrom themodalsolution,chang-
ing the couplingbetweernthe aluminumplateandthe diaphragm.The shift in frequenciesear
thecompliantsurfacewererelatively small,anddid not affect the magnitudeof the peaks soit
wasdecidedthatthe agreementvassufficiently accurateo be usedasa modelof the acoustic
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Figure28: Frequeng responseomparisorbetweermNsy s dervedmodalmodeland“additionalmode”
MATLAB modelfor testlocation1, with no structure zoomedn about80 Hz.
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resonatgrespeciallygiventheadwantagesffordedby theassociatedecreasé computational
time resultingfrom the eliminationof the ANSY S modalanalysis.
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C ANSsYs composites implementation

The Representate SmallLaunchVehicleFairing (RSLVF) andBoeingcylinder experimental
rigs are both madeof compositematerials. This hasled to a considerablencreasen model
compleity over the modelin stagel of the project whereonly isotropic thin shellswere
considered.The ANsys!8 finite elementprogramallows the analysisof compositematerials
by usingspecializedayeredelements.

C.1 Layup Definitions

ANSYs SHELL99 linearlayeredstructuralshellelementis an 8 node,3D shellelementwith 6
DOF ateachnode.lIt allowstheapplicationof materialpropertiedy two methods,

1. layer thickness(with up to 250 Layers),orientationand individual material properties
(which aregenerallyorthotropic),or

2. the ABBD matrix method®.

ABBD matrix methodis a more generalform for defining compositematerial properties. It
allows oneto definethe relationshipsbetweenforcesand momentsto strainsand curvature
respectrely (stiffness). Thesematricesare usually calculatedautomaticallyby the FE code
given layer propertiesand orientations(method1), but canbe calculateddirectly by external
programsf required.

C.2 Fluid Structure validation

ThesHELL99 elementin ANSY s containsmid-sidenodes.The FLUID30 elementtheacoustic
elementwith apressurddOF is only availablewithout mid-sidenodes.

Therewasconcerrasto whetherthemodalcouplingvia thefluid / structurenterfacewould
be calculatedcorrectly with only the outer nodesof the structuralelementsconnectedo the
fluid nodes.In orderfor the couplingto work, threeconditionsneededo be satisfied:

e displacemen(or velocity) at the couplednodesneededo be equal. Achieved by default
throughthe Fluid-Structurdnterfaceflag.

e theareasassociateavith eachof the couplednodesshouldberepresentatie of theactual
interfacecondition. Thatis, the surfaceintegral mustusethe correctnodalareas. This
necessarilyexcludesthe mid side nodesof the structuralelements. It was found that
this conditionis satisfiedby default sinceit is the acousticelementswvhich are usedto
calculatethe effective nodal areafor the surfaceintegral (seebelow for more detailed
discussion).

¢ the wavelengthof the highestacousticandstructuralmodemustbe considerablyarger
thanthe distancebetweemnodes. This is automaticallysatisfiedwith the constraintsal-
readyplacedon the meshdensity

Thematerialbelow confirmsthatthe above criteriaaresatisfiedandthatthe modalcouplingis
accuratelycalculated.

Oneconcernwashow ANSY s would calculatethe areaassociateavith eachcouplednode.
This is a non-standardise of the programandis was necessaryo validatethe use of both
ANSYs andthe MATLAB basedmodalcouplingtechniquewith this combinationof elements
andwith variousexternalloadingcombinations.
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C.2.1 Baseline model

The modelchosento validatethe techniquesvas basedon the Stagel reportempty cylinder
modef'; namelya steelcylinder cappedat one endwith an aluminumplate, andat the other
with a stiff woodencap. Figure 30 shovs a half view of the structuralelementmeshof the
emptycylinder.

Figure30: Baselinemodelgeometry(stagel emptycylinder) - half view of structuralelementsonly.

The parametemsedto validate the resultswas the sum of the squarednodal pressures
throughoutthe cavity. This is a good estimateof the acousticpotentialenegy andwasused
ratherthanthe true acoustigpotentialenegy (volumeintegral of the squaredpressureyinceit
wasdirectly availablefrom ANSYS.

Calculationsvereperformedfor a4 nodedshellelement(SHELL63) andan8 nodedshell
element(with mid-sidenodes,SHELL99). Sincethe useof the SHELL63 elementfor modal
couplinghadbeenpreviously validated, if the two elementtypesgave the sameresultsthen
it could be concludedhatcouplingwith the SHELL99 elementss accurate Both ANSYs and
MATLAB wereusedto calculatethe systenresponsdor threeloadingconditions;namely:

¢ A singlepointforceappliedto the centerof thealuminumpanel(seeFigure31),

e A unit pressureppliedover the aluminumpanelaimedat testingthe frequeng interpo-
lation routinein the MATLAB code(seeFigure32),and

e PressuresalculatedusingCoMET andappliedoverthewholebody (seeFigure33).

Figures31 to 33 shav thatthe correlationbetweenthe SHELL63 and SHELL99 resultsis
excellent. We canconfidentlyusesHELL 99 elementsn modalcouplingcalculations.Thereis
aslightdiscrepang betweertheresultsusingShell63andShell99neartheresonancérequen-
cies.Thisis simply dueto thesHELL 99 elementeinglessstiff thanthe SHELL63 elementand
suchbehaior is expectedirom a quadraticelement.
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D Boeing cylinder validation with AFOSR NASTRAN model

D.1 Physical Description

Thecylinderis madeof acompositdayup,with woodenend-capsThegeometryof thedevice
is showvn in figure 34. Theoverall dimensionsf thecylinder arereportedn table5.

Figure34: Boeingmodelgeometry- view of structuralelementonly.

Property Value
CylinderDiameter 97" (2.46m)
CylinderLength 110" (2.79m)
Endcapthickness 5"(0.127m)
Wood Young’s modulus(E) 10e9Pa
Wooddensity(p) 800kg/m?®

Table5: Boeingcylinder generabroperties.

D.1.1 Composite Definition

Thelayupis a5 layercompositewith 2 orthotropicmaterials.The layup specificationsappear
in Table6. Theweave andcorematerialpropertiesappeatelow in Table7 and8 respectiely.

Layer 1 2 3 4 5

Property weave | wease | core | weave | weave
Angle (degrees)|| O 45 0 -45 0

Table6: Boeingcylinder layup specification.
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Property Value
Ex 9ebpsi(0.621el11Pa)
Ey = Ex
E; = Ex
Vxy .045
Vyz = Vyy
Vyz = Vyy
Gyxy 0.75e6psi (0.517el1Pa)
Gyz = Gyy
Gy = Gyy
Density(p) | .000140snails/inck (1494kg/m°)
Thickness 0.0105"(0.27mm)

Table7: Boeingcylinder weave property

Property Value
Ex 100psi (0.690e+6Pa)
Ey = Ex
E; = Ex
Vxy .01
Vyz = Vyy
Vxz = Vyy
Gy 10 psi(0.690e+5Pa)
Gyz 20000psi (0.138e+%a)
Gyxz 14000psi (0.965e+8Pa)
Density(p) | .0000105snails/inck (112kg/m?3)
Thickness 0.1875"(4.76mm)

Table8: Boeingcylinder coreproperty
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D.2 FEA Models

The AFOSRNASTRAN modelconsistedof the compositecylindrical shell only. Stiff beams
tied the edgeof the shellto masselementsat the center andrepresentethe effect of the end-
caps.Thefirst 4 non-rigidbody naturalfrequencie®f the shell,withoutthe stiff beams& mass
(i.e. a“free-free” endcondition)weresuppliedasvalidation.

An ANSY S modelwasgeneratedvith endcaps,andpropertiesof thewoodwereassumed.
This allows a contiguousmodelfor the COMET calculations.

D.2.1 Comparison

For comparisorwith theNASTRAN modelstheend-capsvereignored.Thenaturalfrequencies
of thefirst 4 non-rigidbodymodesarelistedin Table9. Thecorrespondingnodeshapesppear
in Figure35.

Mode | NASTRAN | ANSYS

7 3.8587 | 3.7760
8 3.8587 | 3.7760
9 4.6588 | 4.6272
10 4.6588 | 4.6272

Table9: Boeingcylinder naturalfrequeny comparisor(Hz).
The extremely good correlationbetweenthe NASTRAN and ANSY S resultsindicatesthe

compositepropertieshave beenenteredcorrectlyandthatthe ANSY s modelcanbe usedwith
confidencdor furtherstudy
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(a) Mode Shaper (b) Mode ShapeB

(c) Mode Shape9 (d) Mode Shapel0

Figure35: Boeingcylinder modeshapes.
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E Representative small launch vehicle fairing (RSLVF) Validation with
AFOSR NASTRAN model

E.1 Physical Description

The RSLVF (Figure 36) is an axi-symmetridaunchvehicle,madeof compositematerial,that
couldbeconsideredypical for smalllaunchvehicles.Theoveralldimension®f thevehicleare
reportedn Tablel0.

Figure36: RSLVF geometry

Property Value

MaximumDiameter| 1.552m
Overall Length 5.33m

Table10: RSLVF generaproperties.

E.2 Composite Definition

The propertiesof the RSLVF weresuppliedin ABBD matrix form, ratherthanasa composite
layup. Thereasorfor thiswasthatthe RSLVF has*ribs”, andthe ABBD matrix methodallows

theeffect of theseribs to beincludedin the materialpropertiesratherthanexplicitly modeling
themandincreasingsolutiontime. The ABBD matrix propertiesaregivenin Table11. Since
the propertiesveresuppliedin 3x3 matrix form, whichis appropriatdor thin shells,they were
corvertedto amoregeneralbx6 formatasusedby ANSY s, accordingto Equation14.990f the

ANSY s theorymanuaf®.
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Property| Value(N/m?) | Property| Value(N/m) | Property| Value(N)
A11 1.4008e+008 Bii 277760 D11 5.3840e+003
A1 2.4660e+007 Bi2 62880 D12 1.0360e+003
A13 0 B13 0 D13 0
Aoo 7.7720e+007 Boo 604800 D22 5.9427e+003
Ao 0 B2s 0 D23 0
A3 2.5020e+007, Bs3 66200 D33 1.0747e+003

Table11l: RSLVF ABBD matrix properties.

E.3 FEA Models

Two RSLVF modelswereanalyzedesultingin thetwo differentmeshessillustratedin Figure
37.The“old” modeluseshe elementdefinitionof the NASTRAN modelimporteddirectly into
ANsSYsS. The“new” modelusesa quaddominantmeshdirectly generatedn ANSYS. This
modelalsogenerateshe cavity meshfor the acousticnodesat the sametime asthe structural
mesh,andhencehascoincidentodes.

(a)Old Mesh (b) New Mesh

Figure37: RSLVF mesh.
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E.4 Comparison

The naturalfrequencie®f thefirst 14 structuralmodesarelistedin table12. Thefirst 4 mode
shapesappearin figures38 to 41. The extremely good correlationbetweenthe NASTRAN

and ANSY s resultsindicatethe compositepropertieshave beenenteredcorrectlyandthatthe
ANSYs modelcanbeusedwith confidencdor furtherstudy

Mode | NASTRAN | ANsYs(old) | Difference(old) | ANSYS (new) | Difference(old)
1 49.00 47.56 -3% 48.70 -1%
2 49.16 47.56 -3% 48.70 -1%
3 102.72 98.79 -4% 100.95 -2%
4 103.73 98.80 -5% 100.95 -3%
5 120.99 118.71 -2% 120.55 0%
6 122.98 118.77 -4% 120.55 -2%
7 170.33 165.85 -3% 169.09 -1%
8 178.42 180.02 1% 177.33 -1%
9 179.48 180.14 0% 177.33 -1%
10 181.46 180.86 0% 186.07 3%
11 188.29 180.89 -4% 186.07 -1%
12 194.29 181.30 -71% 188.54 -3%
13 194.87 181.37 -71% 188.54 -3%
14 206.81 202.48 -2% 205.34 -1%

Table12: RSLVF naturalfrequeng comparisor(Hz).
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(a) Old Isometric (b) New Isometric

(c) Old Side (d) New Side

(e)Old End (f) New End

Figure38: RSLVF modeshapel.
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(a) Old Isometric (b) New Isometric

(c) Old Side (d) New Side

(e)Old End (f) New End

Figure39: RSLVF modeshape2.
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&5

(a) Old Isometric (b) New Isometric

(c) Old Side (d) New Side

(e)Old End (f) New End

Figure40: RSLVF modeshape3.
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(a) Old Isometric (b) New Isometric

(c) Old Side (d) New Side

(e)Old End (f) New End

Figure41: RSLVF modeshapéed.
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F Genetic algorithm optim um solutions

F.1 Baseline modes

Thesstructuralandcavity modesof the stagel cylinder appearfor referencen Table13.

Structural| Cavity

112.297 | 0.000

116.452 | 80.335
122.465 | 160.891
140.372 | 241.888
200.705 | 323.548
201.044 | 397.967
220.459 | 397.967
235.078 | 405.994
235.115 | 405.994
276.100 | 406.095
277.722 | 429.259
315.764 | 429.259
329.199 | 465.712
341.853 | 465.712
376.887 | 489.752
377.174 | 512.895
385.632 | 512.895
393.092 | 568.586
394.055 | 568.586
403.049 | 574.746
404.098
429.311
443.151
443.764
447.505
472.182
475.044
476.366
541.362
576.995
577.034
591.236
593.487

Table13: Structuralandcavity modesof the stagel cylinder (Hz)

F2 Runl

A singleVAD masdoadsthealuminumpanelby placingtheanti-resonancatahighfrequeng
relative to the excitation. The VAD is slightly offsetfrom the centerof the panel. Theacoustic
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resonatoattackghefirst acoustianodeat 80 Hz. Dampingis maximumin boththeresonators.

VAD parameter

Optimumvalue

VAD position 3247
Mass-springnass 0.5kg
Mass-springrequeng 989Hz
Mass-springlamping 25%
Acousticresonatomass 0.005Kg
Acousticresonatofrequengy 75Hz
Acousticresonatodamping 25%

Tablel4: Runl optimumparameters.

Figure42: Run1 optimumVAD position.
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F.3 Run la

A singleVAD masdoadsthealuminumpanelby placingtheanti-resonancatahighfrequeng
relative to the excitation. The VAD is slightly offsetfrom the centerof the panel. Theacoustic
resonatoattackshefirst acoustianodeat 80 Hz. Dampingis maximumin boththeresonators.
The GA haschosenthe mass-springnassto be far lessthanthe maximumallowed (2.0 kg),

indicatingstallingon alocal minima.

VAD parameter Optimumvalue
VAD position 3483
Mass-springnass 0.4534kg
Mass-springrequeny 986Hz
Mass-springdamping 25%
Acousticresonatomass 0.005
Acousticresonatofrequeny 79Hz
Acousticresonatodamping 25%

Table15: Runlaoptimumparameters.

Figure44: RunlaoptimumVAD position.
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Figure45: Runlabaselineandoptimumfrequeng response.
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F4 Run 1b

A singleVAD masdoadsthealuminumpanelby placingtheanti-resonancatahighfrequeng
relatveto theexcitation. The VAD is slightly offsetfrom thecenterof thepanel.It is notknown
which acousticmodethe acousticresonatoiis trying to reduce. Dampingis maximumin for
the structuralresonators.The GA haschosenthe mass-springnassto be nearthe maximum
allowed(2.0kg). Theacoustiaesonatomaybeineffective,or theGA maynothaveyetreached
anoptimalsolution.

VAD parameter Optimumvalue
VAD position pwd
Mass-springnass 1.94Kg
Mass-springrequeng 989Hz
Mass-springdamping 25%
Acousticresonatomass 0.005Kg
Acousticresonatofrequeny 203Hz
Acousticresonatodamping 17%

Table16: Run1b optimumparameters.

Figure46: Run1b optimumVAD position.
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Figure47: Run1bbaselineandoptimumfrequeng response.
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F5 Run?2

Dual VADs massload the aluminumpanelby placingthe anti-resonanceat high frequencies
relative to the excitation. The VADs are diagonallyoppositeon the panel. The acousticres-
onatorsattackthe first acousticmodeat 80 Hz. Dampingis nearmaximumin all resonators.

Contract Number : F6256299M9179

VAD parameter Optimumvalue
VAD position 3959 3485
Mass-springnass 0.45Kg 0.5Kg
Mass-springrequeng 902Hz | 975Hz
Mass-springdamping 25% 25%
Acousticresonatomass | 0.005Kg | 0.005Kg
Acousticresonatofrequeny | 73Hz 98Hz
Acousticresonatodamping 22% 25%

Table17: Run2 optimumparameters.

Figure48: Run2 optimumVAD position.
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ThreeVADs masdoadthe aluminumpanelby placingthe anti-resonanceat high frequencies
relative to theexcitation. Two of the VADs have migratedto the centerof thepanel,with athird
slightly off center Two of theacoustiaresonatorgppeaito attackthefirst acoustionodeat 80
Hz, andit is not known which acousticmodethe third acousticresonatoiis trying to reduce.

Dampingis nearmaximumin all resonators.

Contract Number : F6256299M9179

VAD parameter

Optimumvalue

VAD position 3487 3955 3243
Mass-springnass 0.5Kg 0.5Kg 0.45Kg
Mass-springrequeng 983Hz | 976Hz | 784Hz
Mass-springlamping 25% 22% 25%
Acousticresonatomass | 0.005Kg | 0.005Kg | 0.010Kg
Acousticresonatofrequeny | 50Hz 208Hz 61Hz
Acousticresonatodamping 25% 22% 25%

Table18: Run3 optimumparameters.

Figure50: Run3 optimumVAD position.
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Figure51: Run3 baselineandoptimumfrequenyg response.
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Only oneof the VADs (3613)is trying to massload the aluminumpanelby placingthe anti-
resonanceat a high frequeng relative to the excitation, andits positionis probablynot yet
optimal (it would be moreeffective in the center).The otherthreeVADs have migratedaround
the structureand have smallermass-springnasses.One of the acousticresonatorappearso
attackthefirst acoustianodeat 80 Hz, andit is notknown which acoustianodegheotherthree
aretrying to reduce.This run probablyrepresents solutionthatis not optimal, andcould be

runfor mary moregenerations.

VAD parameter Optimumvalue

VAD position 3722 3991 3613 3653
Mass-springnass 0.3Kg 0.15Kg 0.5Kg 0.05Kg

Mass-springrequeng 922Hz | 665Hz | 927Hz 9Hz

Mass-springlamping 22% 25% 22% 22%
Acousticresonatomass | 0.005Kg | 0.005Kg | 0.005Kg | 0.005Kg
Acousticresonatofrequeny | 111Hz 183Hz 92Hz 257Hz

Acousticresonatodamping 25% 17% 25% 12%

Table19: Run4 optimumparameters.

Figure52: Run4 optimumVAD position.
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Figure53: Run4 baselineandoptimumfrequenyg response.
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F.8 Run 4a

Threeof the VADs massload the aluminumpanelby placingthe anti-resonanceat high fre-
guenciegelative to the excitation. Two of the VADs have migratedto the centerof the panel,
with a third slightly off center The fourth VAD is on the rearwoodenpanel. Threeof the
acousticresonatorappearto attackthe first acousticmodeat 80 Hz, andthe third trying to

reducethe 160Hz acoustionode.Dampingis nearmaximumin all resonatorsgxceptthe VAD

attachedo thewoodenpanel.

VAD parameter Optimumvalue
VAD position 4067 3955 3712 3487
Mass-springnass 0.5Kg 0.5Kg 0.25Kg 0.5Kg
Mass-springrequeny 965Hz | 999Hz | 359Hz | 998Hz
Mass-springlamping 25% 25% 12% 25%
Acousticresonatomass | 0.005Kg | 0.005Kg | 0.005Kg | 0.005Kg

Acousticresonatofrequeny | 58Hz 152Hz 86 Hz 50Hz
Acousticresonatodamping 17% 25% 25% 17%

Table20: Run4aoptimumparameters.

Figure54: Run4aoptimumVAD position.
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Figure55: Run4abaselineandoptimumfrequeng response.
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