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Executive Summar y

The work describedhere is directedat optimizing passive vibration / acousticabsorbersto
minimize the transmissionof low frequency rocket motor noiseinto structuresthat represent
launchvehicle fairings. The work was divided into two stagesand this report is primarily
intendedto provide theresultsfor thesecondstageof thework, which is a continuationof the
work reportedin thefirst stagestudy1.

In the stage1 studythe optimal configurationof a passive Vibro-AcousticDevice (VAD)
mountedto theinterior of asmallcylinderwasinvestigated.TheVAD consistedof anacoustic
absorberanda vibration absorber(TunedMassDamper, TMD) in the onedevice, andit was
mountedto a flexible aluminumpanelusedasthecylinder endcap. Thestudyfound that the
optimalVAD designusedtheTMD essentiallyasamass,astheuncoupledresonancefrequency
of the TMD was just below the upperboundof the frequency bandof interestand that the
optimal loudspeaker diaphragmconfigurationwas highly lossy so that it reducedthe modal
amplitudeof asingleacousticmode.

Theobjectivesof thestage2 taskwereto transferthe techniquesdevelopedin thestage1
taskto the optimizationof structuresthat morerealisticallyrepresentreal launchvehicles;in
particular, a largecompositecylinderunderconstructionatBoeing,andaRepresentativeSmall
LaunchVehicleFairing (RSLVF).

Thenew structuresusecompositematerials,soextensivevalidationof theANSYS program
andcomparisonwith NASTRAN modelssuppliedby AFOSRwereconducted.Themodalmodel
of theBoeingcylinderandRSLVF wereconstructedandvalidated,alongwith a COMET model
of thefairing excitationfield.

It wassoonidentifiedthatthetechniquedevelopedin thestage1 studyfor analyzingthere-
sponseof thecoupledsystemincludingtheVADs to externalexcitationwouldbeinfeasiblefor
thesegeometricallylargerstructures,andwouldhaveto bemodified.Theexistingmodelof the
vibro-acousticsystemallowedthecalculationof theinterior soundfield arisingfrom structural
or acousticsourcesusinga modalcouplingmethod,summarizedin the stage1 final report1.
This methodprovidesa way of calculatingthevibro-acousticsystemresponsein termsof the
uncoupledmodesof thefluid andthestructure.Thecodewasimplementedin MATLAB, andthe
uncoupledmodeswerecalculatedusingANSYS. Thisapproachshoweda vastimprovementin
computationspeedovertheequivalentfinite elementanalysis,but still requiredthecomputation
of thenormalmodesof thestructureandcavity at thestartof eachiteration.This involvedthe
useof the ANSYS programwhich wasa computationallytime consumingprocess,especially
with largemodels,implying thatany kind of meaningfuloptimizationwouldnotbepossible.

Additional objectiveswereaddedto allow thedevelopmentof modelsof thestructuraland
acousticcomponentsof theVAD thatdonotusetheANSYS program,but ratherallow theeffect
of theVAD on thefrequency responseto beadequatelyrepresented;andto developmethodsof
reducingthecomputationtime takenby themodalcouplingmethod.Thesewereimplemented
by addingadditionalequivalentmodesto the existing modalmodel of the structure,andby
removing modesthat do not couplewell from the solution. The VAD modelswerevalidated
againstANSYS resultsandperformedwell. Themodelsmust,however, beusedwith caution
sincesomeof theassumptionsused,suchasthevolumedisplacedby theVAD having no mod-
ifying effect on thecavity modes,caneasilyleadto VADs thatareimpossible/ too expensive
to constructwith existingmaterials.

The removal of modesthat do not couplewell wasperformedby examiningthe coupling
matrixandremoving structuralor cavity modesthatdid notcontributesignificantlyto thesound
transmissionby comparisonto anappropriatethreshold.Thistechniquehadexcellentsuccessin
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reducingthetime requiredfor a singlecomputation,andin factmadethesearchfor a solution
usingan optimizationtechniquefeasiblefor the large Boeing model. The downsideof this
techniqueis thatinformationis lost if thethresholdingis tooaggressive.

A GeneticAlgorithm (GA) wasimplementedto optimizetheVAD designandlocation. In
general,GAs areusedwhenanexhaustivesearchof all possibilitiesis impracticalandgradient
basedsearchmethodsare ineffective in searchingfor a global optimum (thesemethodsare
likely to find locally optimumsolutions). A GA canbe regardedasa guidedrandomsearch,
taking somecuesfrom evolutionary theory (“survival of the fittest”). It was found that GA
techniquescanoptimizethelocationandparametersof multiple VADs, at leastwith thesmall
cylinder usedin thestage1 report(Figure1). Onedifficulty is that theGA musthave a large
populationsizeandrun for many generationsto be effective. It wasalsofound that for large
problems,the modal coupling techniqueis still too slow for the GA, andmeasuresmustbe
takento reducethetime taken,or long run timesmustbeaccepted.
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Figure1: GA convergencefor variousnumbersof VADs. Thereductionin costfunctionversesgenera-
tion of theGA is shown.

TheGA wasusedto optimizethepositionandparametersof 4 VADs in theBoeingcylin-
der. Resultsfor frequency responseafter59 generationsareshown in figure2, with anapprox-
imately2.5 dB reductionachieved. TheGA wasstoppedafter59 generationsbecauseof time
constraints,andgreaterreductionshouldbepossiblewith longerrun times.
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Figure2: Frequency responsefor the bestsolutionafter 59 generationsfor the reducedBoeingmodel
with no VADs and4 VADs. A reductionof approximately2.5dB is realised.

Mostof thestage2 objectiveswereachievedwithin thistask.Furtherwork needsto bedone
on theoptimizationof thelargerstructuresoncemoreefficient methodsof modalcouplingare
implemented.Thereshouldthenbefurtherwork relatedto justifying someof theassumptions
usedin developingtheVAD models,andthedevelopmentof alternateVADs (multiple degrees
of freedom).Thesetaskswerenot completedwithin this stagedueto time constraintsarising
from theadditionalobjectivesthathadto beundertakenbut wherenotanticipated.

Futurework to speedup the modalcoupling/ GA could involve interpolationof the fre-
quency responsefor costfunctionevaluation,a parallelimplementationof theGA andfurther
developmentof the thresholdingtechnique.Otheravenuesof investigationcould includedif-
ferentoptimizationtechniqueslikemultilevel GAsor a “modetargeting” technique.
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1 Intr oduction

Theworkeddiscussedin thefollowing reportis anextensionof theworkundertakenbyDr Steve
Griffin of the Air ForceResearchLab at Kirtland AFB, New Mexico during his participation
in theAFOSRWindows on Scienceprogramat theUniversityof Adelaide,SouthAustraliain
1998.Thepreviouswork involvedaninvestigationof theapplicationof activefeedbackcontrol
of launchvehiclestructuralvibrationusingradiationmodevibrationlevelsasthecostfunction
to minimize interior noiselevelsandled to thepublicationof threepapers.The small benefit
of active control, comparedto the passive effect of the un-excited actuatorsattachedto the
structurehasbeentheimpetusbehindthework conductedhere,which is directedatoptimizing
thepassiveeffect of vibrationreducingdevices.Thecurrentwork wasdividedinto two stages
andthis reportis primarily intendedto provide theresultsfor thesecondstageof thework.

1.1 Stage 1

In the stage1 study1, the optimal configurationof a passive Vibro-AcousticDevice (VAD)
mountedto theinterior of asmallcylinderwasinvestigated.TheVAD consistedof anacoustic
absorberandavibrationabsorber(TunedMassDamper, TMD) in theonedevice. Thiswasreal-
izedin practiceusinga loudspeaker, whichhasanenclosedrearsideandanexposedfront side.
Theloudspeakerdiaphragmandbackingcavity actasanacoustictunedabsorber, while attach-
ing the entiredevice to the structureusingspringconnectorsprovidesthe vibration absorber
device. The cavity systemusedfor stage1 wasa 2.142mlong, 6.35mmthick steelcylinder
with anoutsidediameterof 0.514m.Oneendwascappedwith arigid plywoodend-capandthe
otherhada flexible aluminumpanelwith a thicknessof 3.376mm.TheVAD wasattachedto
thealuminumpanel. Figure3 shows photographsof theexperimentalsetupof theexterior of
thesmallcylinderandtheVAD attachedto thepanel.

(a)Steelcylinder (b) Vibro-acousticdevice

Figure3: Photographsof ExperimentalSetup.

In thepreviousstudy, a numericalframework wasdevelopedfor determiningtheresponse
of a coupledvibro-acousticsystem,usinga combinationof Modal CouplingAnalysisandFi-
nite ElementAnalysis,which enabledthe responseof thestructureandinternalcavities to be
determined.BoundaryElementAnalysisprovidedthesolutionsfor theexternalpressurefield
andFinite ElementAnalysisprovided the structuralandcavity naturalfrequenciesandmode
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shapes.Themodelswerecoupledusingthemodalcouplingtechnique,which coupledthe in-
vacuo modalmodelof thestructureto therigid-walledmodalmodelof thecavity 2.

A varietyof passivedeviceswereinvestigated,andit wasfoundthatit wasvery difficult to
usea VAD asa reactive device to control soundpressureover a broadbandwidth.The effect
of theVADs thatwereanalyzedwasto reducetheamplitudeof thein-phasepanel/VAD modes
by massloadingthe panelmodes.However, the VAD also introducedan out-of-phasemode
thatboostedthesoundtransmissionat high frequencies.In betweentheresonancefrequencies
of the two lowestorderpanel- VAD modes,a stronganti-resonanceexistedasa resultof the
uncoupledVAD modewhichprovidedsomereductionin soundtransmissioninto thecavity.

TheoptimalVAD designusedtheTMD essentiallyasamasswith theuncoupledresonance
frequency just below the upperboundof the frequency bandof interest. The optimal loud-
speaker diaphragmconfigurationwashighly lossysothat it reducedthemodalamplitudeof a
singleacousticmode. Local flexureof thecylinder endcap,to which theVAD wasattached,
reducedtheeffectivenessof theVADs andalternativeattachmenttechniqueswereinvestigated
to reducesuchflexure. Figure4 shows FEA resultsof theout-of-phasepanel/VAD modesfor
threedifferentspringattachments.

(a) 3 Spring, original attach-
mentdiameter

(b) 7 Spring,originalattachment
diameter

(c) 7 Spring, larger attachment
diameter

Figure4: Finite elementmodelshowing the modeshapesof the out-of-phasemodefor the 3 different
springconfigurations.

It shouldbe notedthat in almostall the casesconsidered,the equivalentmass(achieved
by simply smearingthe VAD massover the flexible panel),provided optimal passive control
overa largerbandwidth.This is not surprising,sincetheVAD introducesanotherhigherorder
modethatboostshigh frequency transmissionover thatachievedby theemptystructure.The
only benefitof the VAD (apartfrom the massloadingof the primary structuralmode)is the
anti-resonancegenerated(at theuncoupledVAD naturalfrequency).

1.2 Stage 2

1.2.1 Original objectives

Theoriginalaimof thestage2 work wasto applytheanalysistoolsdevelopedin stage1 to more
complex modelsrepresentative of real launchvehicles. Specifically, the following objectives
wereto beachieved:

1. Extendthemodalcouplingmodelingtechniquedevelopedin stage1 to a largecomposite
cylinderthatwill betestedatBoeing.Thissystemhasmany moremodesin thefrequency
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rangeof interest(comparedto thesmallcylinderusedin stage1) andwill demonstratethe
effectivenessof themodalcouplingapproachin analyzinga realisticstructurefor which
fully-coupledFEA is unsuitable.

2. Extendthemodalcouplingmodelingto a Representative Small LaunchVehicleFairing
(RSLVF).

3. Developamodelof thefairingexcitationfield to determinetherequiredloadingparame-
tersfor thenumericalmodel.A steadystatefree-fieldexternalpressureexcitationin the
frequency rangefrom 50Hz to 300Hzwill be usedasa first orderapproximationof the
morecomplex launchenvironment.

4. Investigatetheeffectivenessof multi-degree-of-freedomdevicesin reducingsoundtrans-
mission. This will involve multiple coupledelementsmakingup a singledevice. The
relativemeritsof suchdevicescomparedto simplerdevicestunedto differentfrequencies
will beevaluated.

5. Investigatepassive absorberoptionsfor minimizing interior noiselevels in a launchve-
hicle excited with a realisticpressurefield. This taskpresentsnew challengesbecause
in the previous tasks,a volumeoccupiedby the VAD wassubtractedfrom the volume
for thecavity, andthena modalanalysisof thecavity wasperformed.In stage1 it was
assumedthat the sizeandlocationof the VAD would not changewhich meantthat the
modeshapesof thecavity wouldnotchange.If thelocationof theVAD is to beoptimized
thenthemodeshapeof thecavity will changeslightly whentheVAD is put in thenew
location.An approximationwill bedevelopedfor theeffect of VAD(s) locationandsize
on themodeshapesof thecavity. A geneticalgorithm(GA) will beusedto optimizethe
locationsof theVADs on thestructure.Theresultsachievedusingreactiveelementswill
becomparedagainstanequivalentmassapproach.

1.2.2 Additional tasks

In addition to the above tasks,it wasdecidedthat the stage1 methodof modelingthe VAD
neededto berevised.Thestage1 modelingusingthemodalcouplingtechniqueshoweda vast
improvementin computationspeedover theequivalentfinite elementanalysis.This modeling
approach,however, still requiredthe computationof the normal modesof the structureand
cavity at the start of eachiteration. This involved the useof the ANSYS programand is a
computationallyexpensive process,especiallywith large models,implying that any kind of
meaningfuloptimizationwith ageneticalgorithmwouldnotbepossible.

Specifically, thefollowing additionalobjectiveswereachieved:

1. Develop modelsof the structuralandacousticcomponentsof the VAD that do not use
the ANSYS program,but allow the effect of the VAD on the frequency responseto be
adequatelyrepresented.

2. Developmethodsof reducingthecomputationtimetakenby themodalcouplingmethod.

1.2.3 Work completed

Of the original objectives, tasks1-3 were fully completedin this work, aswell asall of the
additionaltasks. The portion of the original task5 relatingto the implementationof Genetic
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Algorithmswascompleted,althoughthesealgorithmsneedmoretimeto run(or needto bemore
efficient) to producean “optimal” solutionfor comparisonwith anequivalentmassapproach.
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 modeshapes,wasnot
completedbecausethe additionaltask1 requiredthe assumptionof zeroadditionalvolume.
With thelargermodelsusedin thisstage(theBoeingcylinderandtheRSLVF), thisassumption
wasdeemedreasonable.

2 Modeling procedure

2.1 Modal coupling

Priorto evaluatingtheeffectivenessof thenoisecontrolsystem,it is firstnecessaryto predictthe
responseof thephysicalsystem(coupledstructural/acoustic)to someexcitation. This requires
thateitherananalytical,numericalor experimentalmodelof thevibro-acousticsystembede-
veloped,which thenallows thecalculationof theinterior soundfield generatedby structuralor
acousticsources.

The modalcoupling methodwasusedto develop the vibro-acousticmodel in stage1 of
the projectand it is summarizedin the stage1 final report1. It wasdevelopedby Lyon and
Maidanik3, Fahy4, Pope5 andDowell etal.6 andelegantlysummarizedby Fahy2. Thismethod
providesa way of calculatingthe vibro-acousticsystemresponsein termsof the uncoupled
modesof thefluid andthestructure.

For the stage1 implementationof the modalcouplingtechniquein MATLAB, the normal
modesof the in-vacuo structureand rigid walled fluid are calculatedby the Finite Element
Analysisprogram(ANSYS). TheMATLAB codeis generalenoughto allow calculationof and
modificationto thesemodesby analyticalmeansif required.

The modelingtechniquedevelopedherehasbeennumericallyverified in the stage1 final
report1 for the caseof soundtransmissionthrougha cylindrical structureinto a contiguous
cavity.

2.2 VAD coupling

In thestage1 modeling,thenormalmodesof thestructureandcavity including theVAD had
to be resolved usingFEA for eachiterationof the vibro-acousticmodeling. For the stage1
geometry, this approachwasnecessary, asthevolumeoccupiedby theVAD wasa significant
proportionof the total volume,and the VAD attachmentmethodwas found to be critical in
termsof its performance.It wasrealizedthatthestage2 structures,namelytheBoeingcylinder
andtheRSLVF, aremuchlargerandhencetheVAD volumeasapercentageof thetotalvolume
is muchsmaller. Theassumptionwasthenmadethattheacousticmodesof theselargecavities
could be modeledindependentlyof the volumetaken up by the VAD. The effect of the VAD
couldthenbemodeledby addingadditionalmodesto thesystemto representtheeffect of the
mass-springsystemandtheacousticresonancesystem.

2.2.1 Mass-spring system

Theadditionof a mass-springsystemto a structurein the currentmodalcouplingframework
canbe representedby the additionof an equivalentacousticmodeto the systemat the point
of attachment.This is illustratedin figure5, wherea structuralsystem(the beam)is coupled
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with (a) amass-springsystemattachedat a point and(b) theequivalentcoupledvibro-acoustic
system,a Helmholtzresonatoracousticallycoupledvia a masslessdiaphragmto a small area
aroundthestructuralattachmentpoint.

K

(a)Structuralmass-springsystem

V

(b) Equivalentcoupledvibro-acousticsystem

Figure5: Structuralmassspringsystemrepresentedby equivalentcoupledvibro-acousticsystem.

In termsof the acousticmodal parametersusedin the implementation,it is possibleto
modify thecavity naturalfrequency ωl (equalto themassspringnaturalfrequency), theacoustic
modeshapefunctionφl andthemodalvolumeΛl. FromHansenet al.1 section2.1.1.1Rigid-
WalledAcousticResponse,it canbeshown thatthepoint acousticimpedanceZa

���
r � is

Za
���
r ��� p

� �
r �

qc
� �
r � � jρ0ω

∞

∑
l � 1

φl
� �
r � φl

� �
r �

ΛlZl
(1)

wherep
���
r � andqc

���
r � aretheacousticpressureandvolumevelocity respectively at point

�
r, ρ0

is thedensityof theair, ω is thefrequency of interestandZl is therigid-walledacousticinput
impedanceof the lth cavity modewithout damping.

Zl � �
ω2

l � ω2 �
c2 (2)

Themodalvolume,Λl, of the lth cavity mode,is definedasthevolumeintegrationof the
squareof themodeshapefunction,

Λl �
	
V

φ2
l
� �
r � dV

� �
r � (3)

If the acousticmodeshapefunction φl � 1 over the point of attachment(andφl � 0 else-
where), andonly onemodeis considered, thenequation(1) becomes

Za
� �
r ��� jρ0c2ω

Λ1
�
ω2

1 � ω2 � (4)

FromPierce7 it canbeshown that theacousticimpedanceof a mass-springsystemcanbe
writtenas

Za
� �
r ��� 1

jωCa � 1
jωMa

(5)

whereCa andMa aretheacousticcomplianceandacousticmassof themechanicalsystem.The
acousticcompliance
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Ca � A2

Km
(6)

andtheacousticmass

Ma � Mm

A2 (7)

arerelatedto Km andMm, thespringconstantandmassof thesingledegreeof freedommass
springsystemrespectively, andA is thesurfaceareaof contact.

Thenaturalfrequency of thesystemcanbewrittenas

ω1 ��
 1
CaMa

(8)

andsubstitutingequations(8) and(6) into (5) gives

Za
� �
r ��� Km jω

A2
�
ω2

1 � ω2 � (9)

Equatingequations(9) and(4) gives

Λ1 � ρ0c2A2

Km
(10)

In summary, to convert a massspringsystem,which is attachedover a discretearea,to an
equivalentacousticsystem,it is necessaryto setthe acousticmodeshapesto φl � 1 over the
attachmentnodes,thencalculatethe effective areaA by summingthe individual nodalareas
over theattachmentarea,thenfinally calculatethemodalvolumeusingequation(10) andthe
naturalfrequency usingequation(8). Dampingterms(themodallossfactorη � 2ζ, whereζ is
thedampingratio)canbeaddedto theimpedancetermif required.

Thevalidationof themass-springsystemimplementationappearsin AppendixA. Excellent
agreementbetweenANSYS andMATLAB wasfound.

2.2.2 Acoustic resonator

The implementationof the acousticresonatorwassimilar to the implementationof the mass-
springsystem,in thatadditionalmodeswereaddedto thecoupledsystem.Therealizationof the
acousticresonatorin the physicalsystemis a structuralcomponent,a loudspeaker diaphragm
andbackingcavity. Equivalentfinite elementgeometryandassociatedstructuralmodes,repre-
sentingthis loudspeaker, wereaddedto themodalmodelto representtheeffectsof theacoustic
resonator. The acousticmodesof the VAD volumeweremodeledasan equivalentstructural
springstiffness.Figure6 shows a typical structuralfinite elementmodel(a half sectionview)
includinganacousticresonator.

In termsof the structuralmodalparametersusedin the implementation,it is possibleto
modify the cavity naturalfrequency ωi, the modeshapefunction ψi and the modalmassMi

givenby

Mi � 	
S

m
� �
x � ψ2

i
� �
x � dA

� �
x � (11)

wherem
� �
x � is thesurfacedensityof thestructure.If thestructuralmodeshapesaresetto ψi � 1

overtheattachmentnodesthenthemodalmassis equalto themassof thediaphragmused.The
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Figure6: Typical structuralfinite elementmodelincludinganacousticresonator(half view). Thegreen
elementrepresentstheloudspeaker diaphragm.

cavity naturalfrequency ωi for theadditionalmodeis theacousticresonatornaturalfrequency,
which is governedby thestiffnessof boththeloudspeakerdiaphragmandtheenclosedvolume
behindthediaphragm.Dampingterms(themodallossfactorη � 2ζ, whereζ is thedamping
ratio)canbeaddedto theimpedancetermif required.

In the implementationof theacousticresonatorin the MATLAB code,anadditionalstruc-
tural“shell element”is createdto representthediaphragm,andthecorrespondingrepresentative
normaloutward vectorsandareasarecalculated.Theseareasarethenscaledso that the size
of theacousticattachmentdoesnot vary with nodalelementdensity(i.e. themeshsizeof the
elements).Theareais keptconstant(in thecurrentimplementationit is equivalentto a6” diam-
eterdiaphragm).This doesnot limit thechoiceto a fixedattachmentarea,sinceanequivalent
structuralmasscanbederivedusingequation(7).

Mm1 � Mm2
A2

1

A2
2

(12)

Equation(12) implies that a large diameterspeaker is acousticallyequivalent to a small
diameterspeaker with asmallermass.For thecaseof loudspeakers,this smallmasscanin fact
beimpracticalto construct.

The validation of the acousticresonatorsystemimplementationappearsin Appendix B.
ReasonableagreementbetweenANSYS andMATLAB wasfound.

2.3 Thresholding

Themodalcouplingmethod,whencomparedwith thedirect inversionfinite elementmethod,
hasbeenfoundto beseveralordersof magnitudefaster. Table1 comparesCPUtimes(in CPU
Seconds)of a mediumsizecoupledvibro-acousticmodelcalculatedwith bothANSYS andthe
modalcouplingtechnique.

In light of thenumberof iterationsrequiredin any optimizationtechnique,thisperformance
couldstill be improved. It wasdecidedthat thenumberof structuralandacousticmodesin an
analysisshouldbereduced,andthecriterionchosenfor moderemoval shouldbebasedonhow
well particularstructuralandacousticmodescoupled.A non-dimensionalcouplingcoefficient
Bl � i betweenthelth acousticmodeandtheith structuralmode5 canbedefinedandis utilized in
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Method Total time Numberof Time/ Relative
(CPUSeconds) frequencies frequency 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

Table1: Performancecomparisonof modalcouplingversesdirectinversionmethod.

themodalcouplingcode.

Bl � i � 1
S
	

S
φl
� �
r � ψi

� �
r � dA

� �
r � (13)

Figure 7 shows an imageof a typical Bl � i matrix. Eachentry hasbeensquaredto remove
negativeentries,andthematrix hasbeennormalizedto its largestentry. This figureshows that
a largepercentageof thematrixentriesarecloseto zero,i.e. thematrix is sparse.
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Figure7: Representationof thematrix � Bl � i � 2- shows largenumberof entriescloseto zero.

Structural(or cavity) modeswereremovedfrom thematrixwhenthesumof thecolumn(or
row), normalizedby themaximumvalueof thatsumwaslessthanapredefinedvalueknown as
a thresholdcoefficient. In MATLAB parlance,

strmask=find((sum(Bli.^2,1)/max(sum(Bli.^2,1)))>threshold);
cavmask=find((sum(Bli.^2,2)/max(sum(Bli.^2,2)))>threshold);
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wherethestrmask andcavmask vectorscontainthematrix row andcolumnentriesto bekept.
The successof this techniqueis demonstratedin Figure 8, wherethe acousticpotential

energy estimateof a large modalmodel(the Boeingcylinder with a point force excitation) is
plottedwith andwithout thresholding.The two resultsarevirtually identical. Table1 shows
thatthis methodhasapproximatelyhalvedthetimeof computation.
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Figure8: Medium sizedmodalmodelwith andwithout thresholding- thresholdingcoefficient of 0.01
(1%).

Figure9 showstheeffectsof varyingthethresholdcoefficientonasmallmodel.Theacous-
tic potentialenergy summedover thefrequency rangeof interest(thecostfunctionreportedin
thefigure legend)varieslittle with the level of thresholding.However, theeffect of threshold-
ing on modalmodelsin generalhasnot beenlooked at in greatdetail, andit shouldbe used
with greatcare.It wasfoundthatif thethresholdingwastoo“aggressive”, thenthethresholded
modelresultsdid not resemblethe original modelat all. It wasalsofound that thresholding
oftenremovedtheadditionalVAD modes.In theMATLAB modelused,theseadditionalmodes
wereexplicitly not removed,evenif thethresholdingcriterionwasmet.

2.4 Cost function

Thecostfunctionchosento representtheresponseof thesystemto theexternalexcitationwas
theacousticpotentialenergy. Theacousticpotentialenergy wascalculatedby8

E
�
ω ��� n

∑
i � 1

Λi � pi
�
ω � � 2 (14)
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Figure9: Smallmodalmodelwith varyinglevelsof thresholding.

whereΛi is themodalvolumefor modei andpi
�
ω � is themodalparticipationfactorfor acoustic

mode i at frequency ω. The cost function was the sum of the potentialenergies acrossthe
frequency rangeof interest.

J � ω2

∑
ω � ω1

E
�
ω � (15)

2.5 Genetic algorithm (GA)

A GeneticAlgorithm (GA) wasimplementedto allow global optimizationof the noisetrans-
mittedinto theinteriorof themodeledstructures.In general,GAs areusedwhenanexhaustive
searchof all possibilitiesis impracticalandgradientbasedsearchmethodsare ineffective in
searchingfor a global optimum(sincethesemethodsarelikely to find locally optimumsolu-
tions).Geneticalgorithmshavebeenusedpreviouslyby theauthorsto find optimallocationsfor
controlsourcesfor theactivecontrolof noiseandvibration9. HansenandCazzolato10 provides
agoodoverview of thesubject.

A geneticalgorithmcanbe regardedasa guidedrandomsearch,taking somecuesfrom
evolutionarytheory(“survival of thefittest”). A GA usuallyconsistsof anumberof steps;

1. Specificationof initial population(sizeandrandomselectionof properties),

2. Fitnessevaluation(determinationof costfunctionandranking),

3. Selectionof appropriateparents,
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4. Breedingof theparentsto produceanew populationwith (hopefully)thebesttraitspassed
on from thepreviousgeneration.

5. A “mutation” stageis alsousedto bring in new geneticmaterialto thegenepool. This
preventsthesolutionstallingon local minima.

TheGA hasbeenimplementedin MATLAB andit callsthemodalcouplingcodeto evaluatethe
fitnessof eachmemberof thepopulation.Currentlythenumberof VADs in thesystemis fixed,
but thelocationof eachVAD canmigrateoverthesurfaceof thestructure.Thefrequency, mass
anddampingof boththemass-springsystemandtheacousticresonatorarealsoallowedto vary.
Thefitnessevaluationranksthepopulationsothatfitter solutionsaremorelikely to bechosen
asparents.Thebreedingprocessrandomlyselectsparentcharacteristics.In thecurrentGA, two
formsof mutationareperformed.Firstly, a randomchanceof mutationof asingleparameterin
a child allows the introductionof new geneticmaterial. The secondform of mutation(which
wecall migration)is usedto bring in completelynew randomgeneticmaterialeachgeneration.
Thebestsolutionof eachpopulationwaskeptfor thenext generationto ensurethatthis “elite”
geneticmaterialwasnot lost.

3 Model validation

StructuralFEA modelsof theRSLVF andtheBoeingcylinder wereavailablefrom AFOSRin
the form of NASTRAN models. Unfortunatelythesemodelscould not be utilized directly for
two reasons;� TheUniversitydoesnot useNASTRAN but rathercurrentlylicensesandusesANSYS,� The modalcoupling techniqueusesthe resultsof separatestructuralandcavity acous-

tic modalanalysesto solve the coupledsolution. The currentversionof the codemust
have geometricallycoincidentnodesbetweenthe structuralandacousticmodels. The
NASTRAN modelsonly suppliedthestructuralelementswith noacousticcavity.

As aconsequence,themodelshadto berebuilt andvalidatedin ANSYS.

3.1 Composite structures

As discussedin the preliminary report11 for stage2, model validation was requiredfor the
implementationof compositestructuresin ANSYS andin themodalcouplingcode.Thisappears
in AppendixC.

3.2 Boeing cylinder

The ANSYS Boeing cylinder model was validatedagainstthe Nastranversionin Appendix
D. The extremelygoodcorrelationbetweenthe NASTRAN andANSYS resultsindicatesthe
compositepropertieshave beenenteredcorrectlyandthat theANSYS modelcanbeusedwith
confidence.

Themodalmodelof theBoeingcylinder wasvalidatedagainsttheANSYS resultsin figure
10. Thecylinder wasexcitedby a point forceon thesurfaceof thecylindrical structure.The
correlationbetweenANSYS resultsandthemodalmodelis verygood.
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Figure10: Comparisonof ANSYS andMATLAB resultsfor theBoeingcylinder.

3.3 RSLVF

The ANSYS RSLVF modelwasvalidatedagainstthe NASTRAN versionin AppendixE. The
extremelygoodcorrelationbetweentheNASTRAN andANSYS resultsindicatesthecomposite
propertieshavebeenenteredcorrectlyandthattheANSYS modelcanbeusedwith confidence.

Sincethe techniqueusedto analyzetheBoeingcylinder wasidenticalto theoneusedfor
theRSLVF, it wasdeemedunnecessaryto comparetheANSYS andmodalmodelsagain.

4 Fairing excitation model

TheCOMET version4.0BoundaryElementAnalysis(BEA) software12 wasusedto predictthe
externalpressureson thesurfaceof theBoeingcylinder andtheRSLVF. COMET is a commer-
cial BEA programthatutilizesapreprocessorsuchasANSYS to generatetheboundaryelement
mesh.Thestage1 final report1 (andMorgans13) describethetechniquemorefully andvalidate
it by comparingit to theanalyticalsolutionfor scatteringfrom asphere.

Bothmodelswererunassumingasoundsourceof 1 [m3 � s], located1 meteraway from the
aluminumplatealongthe axis of revolution. The analysiswasperformedfor 40 frequencies
from 10 to 400Hz. Resultsat 400Hz for theBoeingcylinder andtheRSLVF appearbelow in
figures11 and12 respectively. Thepressureresultsfrom COMET werethenconvertedto nodal
forcesusingANSYS andfrequency interpolatedusingMATLAB asdescribedin thestage1 final
report1, section3.6.5.2“Frequency Interpolationof theExternalPressureField”. It wasfound
thatthespatialinterpolationroutinesdevelopedin stage1 wereunnecessarydueto theneedto
usetheleastnumberof elementspossible(6 elements/ wavelength)in bothmodels.
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Figure11: Boeingcylinderpressurefield at400Hz.
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Figure12: RSVLF pressurefield at400Hz.
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The externalpoint sourcemodelof excitation waschosenbecauseit canbe easily imple-
mentedexperimentallyby a loudspeaker, andmayexhibit someof thespatiallyvaryingcharac-
teristicsof rocket motorlaunchexcitation. TheBEA methodof excitationwaschosenbecause
it allows almostarbitraryplacementof any numberof sourcesandthe calculationof the fre-
quency dependentsurfacepressurefor almostany geometry. In future work, it may be more
prudentto usepressureloadingsmorerepresentative of thoseexperiencedduringlaunchwhen
optimizingtheVADs.

5 Boeing cylinder response

Thefairing excitationmodelwascombinedwith themodalmodelof theBoeingcylinder (Fig-
ure13). Structuralandcavity modeswereextractedto a maximumfrequency of 600Hz, with
327cavity modesand360structuralmodeslying within this bandwidth.
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Figure13: Acousticresponseof theBoeingcylinder to fairing excitation.
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6 RSLVF response

Thefairing excitationmodelwascombinedwith themodalmodelof theRSLVF (Figure14).
Structuralandcavity modeswereextractedto amaximumfrequency of 600Hz,with 205cavity
modesand73 structuralmodeslying within this bandwidth.
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Figure14: Acousticresponseof theRSLVF to fairing excitation.

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



Passive Control Devices Commercial-In-Confidence Page 22

7 Genetic Algorithm (GA) results

Thegeneticalgorithmswererun usingtheparameterslistedin table2, unlessotherwisespeci-
fied.

Parameter Value

Numberof generations 100

Populationsize 50

Mutationrate 10%

Migration rate 10%

Table2: GA parameters.

7.1 VAD parameter s

Thegeneticalgorithmwasusedto optimizethepositionandparametersof theVAD. Thenum-
ber of VADs in eachsimulationwaskept constantandthe parameterspacegiven a rangeof
discretevalues(the“searchspace”).Table3 shows therangeof parametersusedin thesimu-
lations. The parametersarevariedlinearly betweentheminimum andmaximumvalues.The
numberof discretevaluesshow theresolutionof theparticularparameterspace.Largernum-
bersgive increasedresolutionbut increasethesizeof thesearchspace.Theeffectof thesearch
spaceresolutionon theoptimumsolutionhasnotbeeninvestigatedat this stage.

VAD parameter Minimum Maximum Discretevalues Comment

VAD position 1 936 936 All structuralelements

Mass-springmass 0.05 0.5 10 [kg]

Mass-springfrequency 1 1000 1000 [Hz]

Mass-springdamping � η � 0.01 0.25 10

Acousticresonatormass 0.005 0.05 10 [kg]

Acousticresonatorfrequency 1 1000 1000 [Hz]

Acousticresonatordamping � η � 0.01 0.25 10

Table3: VAD parameterrange(searchspace).

In selectingtheseparameters,the physicalrealizationof the VADs mustbe kept in mind.
Thesizeof diaphragmis fixed in the MATLAB simulationto 6”. Theacousticresonatormass
minimum valuegiven in table3 (5 grams)is below the physicallimits of constructionfor a
standard6” loudspeaker diaphragm.We can,however, useequation12 to relatetheequivalent
structuralmassof diaphragmswith differentareas.A moving massof 5 gramsfor a6” diameter
loudspeakerdiaphragmis equivalentto an80grammoving massfor a12” diameterloudspeaker
diaphragm,which is physicallyachievable.

With the currentsearchspace,an exhaustive searchfor the optimumsolutionfor a single
VAD would requireapproximately9 � 4 � 1012 differentsolutions,which is clearlynot feasible.
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7.2 Small test cylinder

A numberof optimizationrunswereperformedusingthebaselinemodelgeometry(Appendix
C.2.1). This model is relatively small physically, and the assumptionthat the VAD hasno
effecton thecavity is probablynot valid. However, themodelis small,quick to run andallows
the investigationof characteristicsof the geneticalgorithm. The time taken to complete100
generationsfor asolutionwasof theorderof 2 hours.

Figure15 shows curvesof the reductionin costfunction in dB versusgenerationnumber
for differentcases.Therun 1 to run 4 curvesshow the resultsof the runswith thenumberof
VADs varyingfrom 1 to 4 respectively. Run1ashows theresultsof therun with a singleVAD,
but with themassbudgetsetto 4 timesa singleVADs maximum(i.e. canwe achieve thesame
reductionby simplyaddingmass).
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Figure15: GA convergencefor variousnumbersof VADs.

Theresultsseemto indicateanumberof things;

1. For the 1, 2 and3 VAD solutiontherewasan increasingreductionin noisetransmitted
into theinteriorof thestructure.ThisappearsreasonableastheextraVADs addmassand
theopportunityto targetmoremodesin thereductionsearch.

2. ThesingleVAD solutionsappearto reachaplateauwithin 30generationsindicatingsome
convergenceof theGA. Hansenet al.14 (figure1.7) shows a plateauin thecostfunction
reductionin the optimizationof the control sourcelocation in the active control of an
aircraftstructure,but aftermany 1000’sof iterations.

3. Thatthe3 VAD solutionwasbetterthanthe4 VAD solution.Thisseemscounterintuitive,
andit washypothesizedthatasthesizeof thesearchspaceincreased(addingextraVADs),
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the convergenceslowed - in this casethereweresimply not enoughgenerationsof the
GA performed.Figure16 shows the resultsof run 4a, the 4 VAD solutionrun for 300
generations.Thisshowsthatthe4 VAD solutioncanindeedproducemorenoisereduction
thanthe3 VAD solutionif enoughiterationsarecarriedout.
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Figure16: GA convergenceof Run4a.

4. Thattheadditionalmassof solution1ahaslittle effecton thenoisereduction.Thisagain
seemedcounterintuitive. A secondsearch(run 1b) with exactly the sameparameters
chosenwasrun (Figure17). This shows thesolutionstartingfrom a largerreductionand
convergingto alargervalue.Thisshowsagaintheimportanceof runningtheGA for more
generationsaswell astheimportanceof theinitial startingpopulation.In thesecaseswe
have run with a populationof 50. HansenandCazzolato10 suggest40-100. Theremay
also be a needfor higher levels of mutationandpopulationdiversity as the algorithm
seemsto getstuckon localminima.

Thevaluesof VAD parametersfor thesevarious“optimal” solutionsafterthemaximumnumber
of generationswasreachedappearsin AppendixF, alongwith frequency responseplotsof the
reductionscorrespondingto theseVAD parameters.In generalfor aconvergedGA, theseresults
show thattheeffectof themass-springresonatoris to massloadthecompliantsurface.TheGA
choosesthemaximummassanda high frequency alongwith highdamping.

In the singleVAD simulations,the GA predictsan optimal VAD locationasslightly off-
set from the centerof the panel. The GA may have found a solutionthat tries to modify the
structuralmodeshapes(modalrearrangement)ratherthanreducethem(modalreduction).The
modalrearrangementreducesthe couplingefficiency of the fundamentalpanelmodeinto the
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Figure17: Convergenceof run1aand1b.

longitudinalcavity mode(which dominatesthepressureresponse),therebyreducingthesound
transmission.

Theacousticresonatoris generallychosento targetasingleacousticmode,againwith high
damping.Thisseemsreasonablefor systemsthatare“modally sparse”suchasthetestcylinder,
andthesestrategiesshow excellentlevelsof noisetransmissionreduction.For realsystemsthat
are“modally dense”suchlargelevelsof reductionmaynot bepossible.
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7.3 Boeing cylinder

The GA usedin the previous solutionswas appliedto the Boeingcylinder. An estimateof
the time requiredto complete100generationswith a populationof 50 with mild thresholding
was34 days. This wasobviously unacceptable,andsolutionsto reducethecomputationtime
weresought.The MATLAB codewasprofiledandit wasfound thatminimal improvementin
speedcould be managedasmostof the time for large modelsis spentin performingmatrix
inversions,andthesetasksarealreadydelegatedin MATLAB to optimizedFORTRAN routines
suchasLAPACK. A moreaggressive thresholdingcriterionwasexamined,aswell asreducing
theupperlevel of modeextractionfrom 600Hz to 350 Hz. Resultsfrom an emptyVAD run
of theBoeingmodelwith variousthresholdlevelsis shown in figure18. Themild thresholding
hadlittle effect on eithertheresultsor thespeedof thesolution.More aggressive thresholding
reducedthetime takenat theexpenseof changingthefrequency response.
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600 Hz modes, no thresholding Cost = 54.3
600 Hz modes, mild thresholding Cost = 54.3
600 Hz modes, aggresive thresholding Cost = 54.0

Figure18: Boeingmodelwith no VAD, with modesup to 600Hz andvariousthresholdlevels.

Resultsfrom anemptyVAD run of theBoeingmodelwith thehighestmodalfrequency re-
ducedfrom 600Hz to 350Hz is shown in figure19. Thereducedmodelprovedto bereasonably
effective in speedingup the solutionwith very little changein frequency response,but it was
still to slow for theefficient implementationof theGA.

Resultsfrom an emptyVAD run of the Boeingmodelwith the highestmodal frequency
reducedfrom 600 Hz to 350 Hz andwith aggressive thresholdingis shown in figure 20. The
reducedmodel proved to be most effective in speedingup the solution, but it changedthe
magnitudeof someof thepeaksdramatically. Theoverall lower level of thefrequency response
may be dueto the missingstiffnessresidualsof thesehigherordermodes,in which casethe
changein frequency responsedueto the additionof the VAD modeswould be similar to the
full model. If by usingthis modetruncationwe aremissingmodesthat couplewell, thenwe
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Figure19: Boeingmodelwith noVAD, with nothresholdingandhighestmodalfrequency reducedfrom
600Hz to 350Hz.

maynot seethesamechangein responsewhenaddingtheVAD modes.It wasdecidedto use
the truncated,aggressively thresholdedmodel for the evaluationof the cost function then to
evaluatethefull modelat theendof theoptimizationwith thegivenparameters.

The GA wasrun with 4 VADs for 59 iterationsover approximately36 hours. The small
numberof iterationsperformedwould probablyimply that the GA hasnot fully converged,
especiallyin light of thefindingsof section7.2point 3, andtheseresultsshouldbeconsidered
preliminary. Theconvergence(figure21)showsanapproximately2.5dB reductionin potential
energy.

Figure22 shows the frequency responsefor the bestsolutionafter 59 generationsfor the
reducedBoeingmodelwith 4 VADs, andcomparesit to a baselinesolutionwith no VADs.
Table 4 shows the VAD parametersproducedafter 59 generations,and figure 23 illustrates
the positionsof the VADs. For this solution, it appearsas thoughthe mass-springsystems
aretendingtowardsmassloadingby having a maximummassandnaturalfrequency, andthey
all lie on the compositecylinder, asexpected,ratherthanon the woodenend-caps.Acoustic
resonator8408 appearsto be targeting the first longitudinal acousticmodeat 62 Hz, and is
positionedcloserto oneendof the cylinder to be at a pressureanti-node.The otheracoustic
resonatorsarecloserto the centerof the cylinder andmay be targetingharmonicsof the first
longitudinalacousticmode,or they may be targetingstructuralmodessincethis areis where
theshellmodeshave thelargestdisplacement.Thesystemis somodallydenseit is difficult to
determinewhetherthecontrolis structuralor acoustic.An interestingfeatureof thissolutionis
thatall acousticresonatorsarereasonablylightly damped.No firm conclusionscanbedrawn
from this simulationasit maynotbeanoptimumsolution.

Thecurrentsearchshouldbewith beingrun for many moregenerations,aswell aswith a
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Figure20: Boeingmodelwith no VAD, with modesup to 300Hz andvariousthresholdlevels.
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Figure22: Generation59 frequency responsefor thereducedBoeingmodelwith no VADs and4 VADs.

VAD parameter Optimumvalue

VAD position 7911 8408 8314 8203

Mass-springmass 0.4Kg 0.45Kg 0.45Kg 0.5Kg

Mass-springfrequency 325Hz 584Hz 344Hz 287Hz

Mass-springdamping 25% 25% 22% 25%

Acousticresonatormass 0.005Kg 0.015Kg 0.005Kg 0.015Kg

Acousticresonatorfrequency 262Hz 62 Hz 246Hz 181Hz

Acousticresonatordamping 4% 6% 4% 6%

Table4: Generation59optimumVAD parameters.
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Figure23: Generation59optimumVAD positions.

largerpopulation.Thiswould,however, leadto muchlargersolutiontimes.A restartcapability
hasnow beencodedinto the GA but unfortunatelythe existing Boeing searchdid not save
enoughinformationto performa cleanrestart(the GA wasrun for approximately5 days,but
was stoppedtwice during this time, unintentionallyrestartingit eachtime). A nice feature
of the GA framework is that it will (almost)alwaysfind a “better” solutionwhile searching
for the optimum,so that even after only 59 generations,we canstill seea reductionin noise
transmission.
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8 Conc lusions

Of the original objectives(section1.2.1) , tasks1-3 werefully completedin this work. This
work hasshown that;� theANSYS Finite Elementmodelsof thetwo launchvehiclesareaccurate,� thefairing excitationcanbemodeledusingCOMET for anarbitrarily shapedvehicle,� themodalcouplingtechniquewith its associatedfastercomputingtimeproducesaccurate

estimatesof the interior soundfield when comparedwith that predictedusing a fully
coupledFEmodel,� The modalcoupling techniquecanmodel the responseof the Boeingcylinder and the
RSLVF,

All additionaltasks(section1.2.2)havebeencompleted.Thiswork hasshown that;� the VAD modelscanbe incorporatedin the modalcouplingtechnique,eliminatingthe
needfor anormalmodeanalysisbeforeeachrun,contributing to asignificantspeedupin
solutiontime.

Someof the original objectiveswere not achieved for reasonsdocumentedin section1.2.3.
Partial completionof task5 hasshown that;� GeneticAlgorithm (GA) techniquescanoptimizethelocationandVAD parameters,� theGA musthavea largepopulationsizeandmustberun for many generations,� For largeproblems,themodalcouplingtechniqueis still too slow for theGA, andmea-

suresmustbetakento reducethecomputationaltime.

9 Future work

In order to investigatethe optimum position, parametersandnumberof VADs, future work
shouldconcentrateon two differentareas;

1. methodsthatincreasethespeedof thecurrentGA

2. “smarter”methods.

Possiblesolutionsto area(1) couldinvolve;� Distributedcomputing;utilizing theComputerAided TeachingSuite(CATS) within the
Facultyof Engineeringat theUniversityof Adelaide.With approximately100computers
we could effectively speedup the solution by a factor of at least50 (given that these
computersarenot stateof theart workstations).TheGA is perfectlysuitedto this form
of parallelization,asit requiresvery little interprocessorcommunication.

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



Passive Control Devices Commercial-In-Confidence Page 32

� Tweakingof theGA; thereis no onebestGA for every problem,they arevery problem
specific. Onething thathasbeennoticedwhile usingtheGAs is that thereis no oppor-
tunity for “local” searchesthroughmutation. A local searchwould allow solutionsthat
arenearanoptimumto convergequickly. Of coursetheglobalsearchnatureof theGA
muststill bekept.Changingthemethodof mutationto allow therandomselectionof the
searchspaceto benormallydistributedaroundthecurrentvalueratherthanacompletely
randomselectionwouldallow for a “local” search.Increasingthenumberof generations
andpopulationsizewouldalsobehelpful.� Thresholding/ reducingthe numberof modes;thesemethodsneedto be looked at in
more detail to examinethe effect on the convergenceof the GA. The currentmethod
of thresholdingappearsto be very problemdependent.It may be valuableto examine
differentthresholdcriteriaandtheir sensitivity to VAD parameters.� Interpolation;thecurrentmethodof calculatingthefrequency responserequirestwo ma-
trix inversionseachfrequency, andthe frequency spacinghasto be fine enoughnot to
miss any features. If a function could be fitted to the responsecalculatedat sparsely
spacedfrequencies,thentheoverall time for calculationwouldbereduced15.

Possiblesolutionsto direction(2) couldinvolve;� DifferentGA methodologiesincluding multilevel GAs16 which try to limit the overall
searchspaceby breakingtheprobleminto differentlevelsandoptimizingon eachlevel
individually. Thecostfunctioncouldincludethetotal additionalmassof thesystem.� A “modetargeting”approachthatwould look for modesthatcouplewell andareexcited,
andthenpick themassor resonatorlocationby looking at themodeshape.Maybethere
wouldstill betheneedto optimizetheVAD parametersusingaGA, but at leastthesearch
spacewouldhavebeenreduced.Thenext modecouldthenbetargetediteratively.� Theuseof amultiple regressionanalysisto optimizethelocationsof theresonators17.
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A Mass-spring resonator validation

Themass-springresonatorsystemwasvalidatedfor two testlocationson thealuminumpanel
of the stage1 testcylinder, shown in figure 24. A forcedresponseanalysisusingtwo modal
modelsof thestructurewerecompared,onecalculateddirectlyby ANSYS, theothercalculated
usingtheoriginalstructuralmodesandtheadditionalcavity moderepresentingthemassspring
system.The loadingwasa point force in the centerof the panel. The comparisonsfor both
locations,shown in figure25 show excellentagreement.

(a)Testlocation1 (b) Testlocation2

Figure24: Positionof mass-springresonatorfor validation.

0 50 100 150 200 250 300 350 400
−120

−100

−80

−60

−40

−20

0

Frequency (Hz)

M
ob

ili
ty

 (
dB

 r
ef

 1
 m

/s
/N

ansys
additional acoustic mode

(a)Testlocation1

0 50 100 150 200 250 300 350 400
−120

−100

−80

−60

−40

−20

0

Frequency (Hz)

M
ob

ili
ty

 (
dB

 r
ef

 1
 m

/s
/N

ansys
additional acoustic mode

(b) Testlocation2

Figure25: Frequency responsecomparisonbetweenANSYS derivedmodalmodeland“additionalmode”
MATLAB model.
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B Acoustic resonator validation

Theacousticresonatorsystemwasvalidatedfor a testlocationin thecavity of thestage1 test
cylinder. Figure26showsthelocationof thefluid elementtheacousticresonatoris attachedto.
Theresonatoris “standingoff ” thesurfaceby onefluid elementthickness.

Figure26: Positionof acousticresonatorfor validationfor thetestlocation.

Thefrequency responseof twomodalmodelsof thestructurewerecompared,onecalculated
asa fluid-structurecoupledmodelin ANSYS by thedirectmethod,theothercalculatedusing
the modal coupling techniqueand the addition of a structuralelementand associatedmode
representingthe additionof the diaphragm.The loadingwasan acousticsourcein the center
of thewoodenpanel(theotherendof thecylinder from thealuminumpanel)Figure27 shows
thefrequency responsecomparisonbetweenANSYS andMATLAB. Theagreementis good,but
with theselectedVAD parameters,theeffectof theacousticresonatoris localizedto 80Hz, and
theANSYS frequenciesdo not fall nearthis range.

The frequency rangewaszoomedin aroundthe80 Hz resonanceanda finer ANSYS sim-
ulationperformed.With theadditionalstructureonly (i.e. no structuralmodesexceptthedi-
aphragm),the agreementwasexcellent (Figure28). Unfortunatelywhen the structureis re-
tainedin theANSYS andMATLAB simulations,theagreementis poorer(Figure29). Theanti-
resonanceis atthecorrectfrequency, but thefrequency shiftsof theresonancepeaksis different.
A possibleexplanationfor this could be that higherorderresidualsassociatedwith modesof
wavelengthof similarsizeto theacousticresonatoraremissingfrom themodalsolution,chang-
ing thecouplingbetweenthealuminumplateandthediaphragm.Theshift in frequenciesnear
thecompliantsurfacewererelatively small,anddid not affect themagnitudeof thepeaks,soit
wasdecidedthat theagreementwassufficiently accurateto beusedasa modelof theacoustic
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Figure27: Frequency responsecomparisonbetweenANSYS derivedmodalmodeland“additionalmode”
MATLAB modelfor testlocation1.
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Figure28: Frequency responsecomparisonbetweenANSYS derivedmodalmodeland“additionalmode”
MATLAB modelfor testlocation1, with no structure,zoomedin about80 Hz.
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Figure29: Frequency responsecomparisonbetweenANSYS derivedmodalmodeland“additionalmode”
MATLAB modelfor testlocation1, with thestructure,zoomedin about80 Hz.
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resonator, especiallygiventheadvantagesaffordedby theassociateddecreasein computational
time resultingfrom theeliminationof theANSYS modalanalysis.
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C ANSYS composites implementation

TheRepresentative SmallLaunchVehicleFairing (RSLVF) andBoeingcylinder experimental
rigs areboth madeof compositematerials. This hasled to a considerableincreasein model
complexity over the model in stage1 of the project1 whereonly isotropic thin shellswere
considered.The ANSYS18 finite elementprogramallows the analysisof compositematerials
by usingspecializedlayeredelements.

C.1 Layup Definitions

ANSYS SHELL99 linear layeredstructuralshellelementis an8 node,3D shellelementwith 6
DOFat eachnode.It allows theapplicationof materialpropertiesby two methods,

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

2. theABBD matrixmethod19.

ABBD matrix methodis a moregeneralform for definingcompositematerialproperties. It
allows one to definethe relationshipsbetweenforcesand momentsto strainsand curvature
respectively (stiffness). Thesematricesareusually calculatedautomaticallyby the FE code
given layer propertiesandorientations(method1), but canbe calculateddirectly by external
programsif required.

C.2 Fluid Structure validation

TheSHELL99 elementin ANSYS containsmid-sidenodes.TheFLUID30 element,theacoustic
elementwith apressureDOF is only availablewithoutmid-sidenodes.

Therewasconcernasto whetherthemodalcouplingvia thefluid / structureinterfacewould
be calculatedcorrectlywith only the outernodesof the structuralelementsconnectedto the
fluid nodes.In orderfor thecouplingto work, threeconditionsneededto besatisfied:� displacement(or velocity) at thecouplednodesneededto beequal.Achievedby default

throughtheFluid-StructureInterfaceflag.� theareasassociatedwith eachof thecouplednodesshouldberepresentativeof theactual
interfacecondition. That is, the surfaceintegral mustusethe correctnodalareas.This
necessarilyexcludesthe mid side nodesof the structuralelements. It was found that
this conditionis satisfiedby default sinceit is the acousticelementswhich areusedto
calculatethe effective nodalareafor the surfaceintegral (seebelow for more detailed
discussion).� the wavelengthof thehighestacousticandstructuralmodemustbe considerablylarger
thanthedistancebetweennodes.This is automaticallysatisfiedwith theconstraintsal-
readyplacedon themeshdensity.

Thematerialbelow confirmsthattheabovecriteriaaresatisfiedandthatthemodalcouplingis
accuratelycalculated.

Oneconcernwashow ANSYS wouldcalculatetheareaassociatedwith eachcouplednode.
This is a non-standarduseof the programand is was necessaryto validatethe useof both
ANSYS andthe MATLAB basedmodalcouplingtechniquewith this combinationof elements
andwith variousexternalloadingcombinations.
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C.2.1 Baseline model

The modelchosento validatethe techniqueswasbasedon the Stage1 reportemptycylinder
model1; namelya steelcylinder cappedat oneendwith an aluminumplate,andat the other
with a stiff woodencap. Figure30 shows a half view of the structuralelementmeshof the
emptycylinder.

Figure30: Baselinemodelgeometry(stage1 emptycylinder) - half view of structuralelementsonly.

The parameterusedto validate the resultswas the sum of the squarednodal pressures
throughoutthe cavity. This is a goodestimateof the acousticpotentialenergy andwasused
ratherthanthetrueacousticpotentialenergy (volumeintegral of thesquaredpressure)sinceit
wasdirectly availablefrom ANSYS.

Calculationswereperformedfor a 4 nodedshellelement(SHELL63) andan8 nodedshell
element(with mid-sidenodes,SHELL99). Sincethe useof the SHELL63 elementfor modal
couplinghadbeenpreviously validated1, if the two elementtypesgave the sameresultsthen
it couldbeconcludedthatcouplingwith theSHELL99 elementsis accurate.Both ANSYS and
MATLAB wereusedto calculatethesystemresponsefor threeloadingconditions;namely:� A singlepoint forceappliedto thecenterof thealuminumpanel(seeFigure31),� A unit pressureappliedover thealuminumpanelaimedat testingthefrequency interpo-

lation routinein theMATLAB code(seeFigure32),and� PressurescalculatedusingCOMET andappliedover thewholebody(seeFigure33).

Figures31 to 33 show that the correlationbetweenthe SHELL63 and SHELL99 resultsis
excellent.We canconfidentlyuseSHELL99 elementsin modalcouplingcalculations.Thereis
aslight discrepancy betweentheresultsusingShell63andShell99neartheresonancefrequen-
cies.This is simplydueto theSHELL99 elementbeinglessstiff thantheSHELL63 elementand
suchbehavior is expectedfrom aquadraticelement.
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(a) ComparisonbetweenAnsys FSI with shell63
andshell99,andMatlab results(modal coupling)
for shell63
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(b) ComparisonbetweenMatlab results (modal
coupling)for shell63andshell99

Figure31: Interior acousticpotentialestimatefor singlepoint loadingfor stage1 emptycylinder.
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(a) ComparisonbetweenAnsys FSI with shell63
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(b) ComparisonbetweenMatlab results (modal
coupling)for shell63andshell99

Figure32: Interior acousticpotentialestimatefor unit pressureendloadingfor stage1 emptycylinder.
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(b) ComparisonbetweenMatlab results (modal
coupling)for shell63andshell99

Figure33: Interior acousticpotentialestimatefor COMET calculatedpressureloadingfor stage1 empty
cylinder.
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D Boeing cylinder validation with AFOSR NASTRAN model

D.1 Physical Description

Thecylinder is madeof acompositelayup,with woodenend-caps.Thegeometryof thedevice
is shown in figure34. Theoverall dimensionsof thecylinderarereportedin table5.

Figure34: Boeingmodelgeometry- view of structuralelementsonly.

Property Value

CylinderDiameter 97" (2.46m)

CylinderLength 110" (2.79m)

Endcapthickness 5" (0.127m)

WoodYoung’smodulus(E) 10e9Pa

Wooddensity(ρ) 800kg/m3

Table5: Boeingcylindergeneralproperties.

D.1.1 Composite Definition

Thelayupis a 5 layercompositewith 2 orthotropicmaterials.Thelayupspecificationsappear
in Table6. Theweaveandcorematerialpropertiesappearbelow in Table7 and8 respectively.

Layer 1 2 3 4 5

Property weave weave core weave weave

Angle (degrees) 0 45 0 -45 0

Table6: Boeingcylinder layupspecification.
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Property Value

Ex 9e6psi (0.621e11Pa)

Ey = Ex

Ez = Ex

νxy .045

νyz = νxy

νxz = νxy

Gxy 0.75e6psi (0.517e10Pa)

Gyz = Gxy

Gxz = Gxy

Density(ρ) .000140snails/inch3 (1494kg/m3)

Thickness 0.0105"(0.27mm)

Table7: Boeingcylinderweave property.

Property Value

Ex 100psi (0.690e+6Pa)

Ey = Ex

Ez = Ex

νxy .01

νyz = νxy

νxz = νxy

Gxy 10 psi (0.690e+5Pa)

Gyz 20000psi (0.138e+9Pa)

Gxz 14000psi (0.965e+8Pa)

Density(ρ) .0000105snails/inch3 (112kg/m3)

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 theedgeof theshell to masselementsat thecenter, andrepresentedtheeffect of theend-
caps.Thefirst 4 non-rigidbodynaturalfrequenciesof theshell,without thestiff beams& mass
(i.e. a “free-free” endcondition)weresuppliedasvalidation.

An ANSYS modelwasgeneratedwith endcaps,andpropertiesof thewoodwereassumed.
Thisallowsacontiguousmodelfor theCOMET calculations.

D.2.1 Comparison

For comparisonwith theNASTRAN models,theend-capswereignored.Thenaturalfrequencies
of thefirst 4 non-rigidbodymodesarelistedin Table9. Thecorrespondingmodeshapesappear
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 naturalfrequency comparison(Hz).

The extremelygood correlationbetweenthe NASTRAN and ANSYS resultsindicatesthe
compositepropertieshave beenenteredcorrectlyandthat theANSYS modelcanbeusedwith
confidencefor furtherstudy.
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(a)ModeShape7 (b) ModeShape8

(c) ModeShape9 (d) ModeShape10

Figure35: Boeingcylindermodeshapes.
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E Representative small launc h vehic le fairing (RSLVF) Validation with
AFOSR NASTRAN model

E.1 Physical Description

TheRSLVF (Figure36) is anaxi-symmetriclaunchvehicle,madeof compositematerial,that
couldbeconsideredtypical for smalllaunchvehicles.Theoveralldimensionsof thevehicleare
reportedin Table10.

Figure36: RSLVF geometry.

Property Value

MaximumDiameter 1.552m

Overall Length 5.33m

Table10: RSLVF generalproperties.

E.2 Composite Definition

Thepropertiesof theRSLVF weresuppliedin ABBD matrix form, ratherthanasa composite
layup.Thereasonfor thiswasthattheRSLVF has“ribs”, andtheABBD matrixmethodallows
theeffect of theseribs to beincludedin thematerialproperties,ratherthanexplicitly modeling
themandincreasingsolutiontime. TheABBD matrix propertiesaregivenin Table11. Since
thepropertiesweresuppliedin 3x3 matrix form, which is appropriatefor thin shells,they were
convertedto amoregeneral6x6 formatasusedby ANSYS, accordingto Equation14.99of the
ANSYS theorymanual20.
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Property Value(N/m2) Property Value(N/m) Property Value(N)

A11 1.4008e+008 B11 277760 D11 5.3840e+003

A12 2.4660e+007 B12 62880 D12 1.0360e+003

A13 0 B13 0 D13 0

A22 7.7720e+007 B22 604800 D22 5.9427e+003

A23 0 B23 0 D23 0

A33 2.5020e+007 B33 66200 D33 1.0747e+003

Table11: RSLVF ABBD matrixproperties.

E.3 FEA Models

Two RSLVF modelswereanalyzedresultingin thetwo differentmeshesasillustratedin Figure
37. The“old” modelusestheelementdefinitionof theNASTRAN modelimporteddirectly into
ANSYS. The “new” modelusesa quaddominantmeshdirectly generatedin ANSYS. This
modelalsogeneratesthecavity meshfor theacousticmodesat thesametime asthestructural
mesh,andhencehascoincidentnodes.

(a)Old Mesh (b) New Mesh

Figure37: RSLVF mesh.
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E.4 Comparison

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

andANSYS resultsindicatethecompositepropertieshave beenenteredcorrectlyandthat the
ANSYS modelcanbeusedwith confidencefor furtherstudy.

Mode NASTRAN ANSYS(old) Dif ference(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 -7% 188.54 -3%

13 194.87 181.37 -7% 188.54 -3%

14 206.81 202.48 -2% 205.34 -1%

Table12: RSLVF naturalfrequency comparison(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 modeshape1.
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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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(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 modeshape4.
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F Genetic algorithm optim um solutions

F.1 Baseline modes

Thestructuralandcavity modesof thestage1 cylinderappearfor referencein 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 thestage1 cylinder (Hz)

F.2 Run 1

A singleVAD massloadsthealuminumpanelby placingtheanti-resonanceatahighfrequency
relative to theexcitation. TheVAD is slightly offsetfrom thecenterof thepanel.Theacoustic
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resonatorattacksthefirst acousticmodeat80Hz. Dampingis maximumin boththeresonators.

VAD parameter Optimumvalue

VAD position 3247

Mass-springmass 0.5kg

Mass-springfrequency 989Hz

Mass-springdamping 25%

Acousticresonatormass 0.005Kg

Acousticresonatorfrequency 75Hz

Acousticresonatordamping 25%

Table14: Run1 optimumparameters.

3247        

Figure42: Run1 optimumVAD position.
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Figure43: Run1 baselineandoptimumfrequency response
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F.3 Run 1a

A singleVAD massloadsthealuminumpanelby placingtheanti-resonanceatahighfrequency
relative to theexcitation. TheVAD is slightly offsetfrom thecenterof thepanel.Theacoustic
resonatorattacksthefirst acousticmodeat80Hz. Dampingis maximumin boththeresonators.
The GA haschosenthe mass-springmassto be far lessthanthe maximumallowed (2.0 kg),
indicatingstallingon a local minima.

VAD parameter Optimumvalue

VAD position 3483

Mass-springmass 0.4534kg

Mass-springfrequency 986Hz

Mass-springdamping 25%

Acousticresonatormass 0.005

Acousticresonatorfrequency 79Hz

Acousticresonatordamping 25%

Table15: Run1aoptimumparameters.

3483        

Figure44: Run1aoptimumVAD position.

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



Passive Control Devices Commercial-In-Confidence Page 58

50 100 150 200 250 300
20

25

30

35

40

45

50

55

60

65

70

Frequency (Hz)

A
co

us
tic

 p
ot

en
tia

l e
ne

rg
y 

es
tim

at
e 

(d
B

)

no VAD,    Cost = 33.4
Optimized, Cost = 21.1

Figure45: Run1abaselineandoptimumfrequency response.
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F.4 Run 1b

A singleVAD massloadsthealuminumpanelby placingtheanti-resonanceatahighfrequency
relativeto theexcitation.TheVAD is slightly offsetfrom thecenterof thepanel.It is notknown
which acousticmodethe acousticresonatoris trying to reduce.Dampingis maximumin for
the structuralresonators.The GA haschosenthe mass-springmassto be nearthe maximum
allowed(2.0kg). Theacousticresonatormaybeineffective,or theGA maynothaveyetreached
anoptimalsolution.

VAD parameter Optimumvalue

VAD position pwd

Mass-springmass 1.94Kg

Mass-springfrequency 989Hz

Mass-springdamping 25%

Acousticresonatormass 0.005Kg

Acousticresonatorfrequency 203Hz

Acousticresonatordamping 17%

Table16: Run1b optimumparameters.

3247        

Figure46: Run1b optimumVAD position.
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Figure47: Run1bbaselineandoptimumfrequency response.
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F.5 Run 2

Dual VADs massload thealuminumpanelby placingtheanti-resonancesat high frequencies
relative to the excitation. The VADs arediagonallyoppositeon the panel. The acousticres-
onatorsattackthe first acousticmodeat 80 Hz. Dampingis nearmaximumin all resonators.

VAD parameter Optimumvalue

VAD position 3959 3485

Mass-springmass 0.45Kg 0.5Kg

Mass-springfrequency 902Hz 975Hz

Mass-springdamping 25% 25%

Acousticresonatormass 0.005Kg 0.005Kg

Acousticresonatorfrequency 73 Hz 98Hz

Acousticresonatordamping 22% 25%

Table17: Run2 optimumparameters.

3959        

3485        

Figure48: Run2 optimumVAD position.
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Figure49: Run2 baselineandoptimumfrequency response.
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F.6 Run 3

ThreeVADs massloadthealuminumpanelby placingtheanti-resonancesat high frequencies
relativeto theexcitation.Two of theVADs havemigratedto thecenterof thepanel,with athird
slightly off center. Two of theacousticresonatorsappearto attackthefirst acousticmodeat 80
Hz, andit is not known which acousticmodethe third acousticresonatoris trying to reduce.
Dampingis nearmaximumin all resonators.

VAD parameter Optimumvalue

VAD position 3487 3955 3243

Mass-springmass 0.5Kg 0.5Kg 0.45Kg

Mass-springfrequency 983Hz 976Hz 784Hz

Mass-springdamping 25% 22% 25%

Acousticresonatormass 0.005Kg 0.005Kg 0.010Kg

Acousticresonatorfrequency 50 Hz 208Hz 61Hz

Acousticresonatordamping 25% 22% 25%

Table18: Run3 optimumparameters.

3487        

3955        

3243        

Figure50: Run3 optimumVAD position.
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Figure51: Run3 baselineandoptimumfrequency response.
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F.7 Run 4

Only oneof the VADs (3613)is trying to massload the aluminumpanelby placingthe anti-
resonancesat a high frequency relative to the excitation, and its position is probablynot yet
optimal(it wouldbemoreeffective in thecenter).TheotherthreeVADs havemigratedaround
thestructureandhave smallermass-springmasses.Oneof theacousticresonatorsappearsto
attackthefirst acousticmodeat80Hz,andit is notknown whichacousticmodestheotherthree
aretrying to reduce.This run probablyrepresentsa solutionthat is not optimal,andcouldbe
run for many moregenerations.

VAD parameter Optimumvalue

VAD position 3722 3991 3613 3653

Mass-springmass 0.3Kg 0.15Kg 0.5Kg 0.05Kg

Mass-springfrequency 922Hz 665Hz 927Hz 9 Hz

Mass-springdamping 22% 25% 22% 22%

Acousticresonatormass 0.005Kg 0.005Kg 0.005Kg 0.005Kg

Acousticresonatorfrequency 111Hz 183Hz 92Hz 257Hz

Acousticresonatordamping 25% 17% 25% 12%

Table19: Run4 optimumparameters.

3613        

3653        

3722        

3991        

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

Threeof the VADs massload the aluminumpanelby placingtheanti-resonancesat high fre-
quenciesrelative to theexcitation. Two of theVADs have migratedto thecenterof thepanel,
with a third slightly off center. The fourth VAD is on the rearwoodenpanel. Threeof the
acousticresonatorsappearto attackthe first acousticmodeat 80 Hz, and the third trying to
reducethe160Hz acousticmode.Dampingis nearmaximumin all resonators,excepttheVAD
attachedto thewoodenpanel.

VAD parameter Optimumvalue

VAD position 4067 3955 3712 3487

Mass-springmass 0.5Kg 0.5Kg 0.25Kg 0.5Kg

Mass-springfrequency 965Hz 999Hz 359Hz 998Hz

Mass-springdamping 25% 25% 12% 25%

Acousticresonatormass 0.005Kg 0.005Kg 0.005Kg 0.005Kg

Acousticresonatorfrequency 58Hz 152Hz 86Hz 50 Hz

Acousticresonatordamping 17% 25% 25% 17%

Table20: Run4aoptimumparameters.

3487        

3955        

4067        

3712        

Figure54: Run4aoptimumVAD position.
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Figure55: Run4abaselineandoptimumfrequency response.
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