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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 the AFOSRWindows on Scienceprogramat the University of Adelaide,SouthAustralia
in 1998. The previous work involved an investigationof the applicationof active feedback
control of the launchvehiclestructuralvibration usingradiationmodevibration levels asthe
costfunction to minimiseinterior noiselevels. The small benefitof active control, compared
to thepassive effect of theun-excitedactuatorsattachedto thestructure,hasbeenthe impetus
behindthework conductedherewhich is directedat optimisingthepassive effect of vibration
reductiondevices.

1.1 Stage 1

Thework presentedin the following reportcontinuesthe work reportedin the stage1 study1

wheretheoptimalconfigurationof a passiveVibro-AcousticDevice (VAD) mountedto thein-
terior of a small cylinder wasinvestigated.TheVAD consistedof anacousticabsorberanda
vibrationabsorber(TunedMassDamper, TMD) in theonedevice. This is realisedin practice
usingaloudspeaker, whichhasanenclosedrearsideandits front sideexposed.Theloudspeaker
diaphragmandbackingcavity actasanacoustictunedabsorber, while attachingtheentirede-
viceto thestructureusingspringconnectorsprovidesthevibrationabsorberdevice. Thesystem
usedfor stage1 wasa 2.142mlong, 6.35mmthick steelcylinder with an outsidediameterof
0.514m. Oneendwascappedwith a rigid plywoodend-capandthe otherhada flexible alu-
minium panelwith a thicknessof 3.376mm.The VAD wasattachedto the aluminiumpanel.
Figure1 shows photographsof theexperimentalsetupof theexterior of thesmallcylinder and
theVAD attachedto thepanel.

(a)Steelcylinder (b) Vibro-acousticdevice

Figure1: Photographsof ExperimentalSetup.

In thepreviousstudyanumericalframework wasdevelopedfor determiningtheresponseof
acoupledvibro-acousticsystemusingacombinationof ModalCouplingAnalysisandFiniteEl-
ementAnalysisthatenabledtheresponseof thestructureandinternalcavities to bedetermined.
BoundaryElementAnalysisprovidedthesolutionsfor theexternalpressurefield andFiniteEl-
ementAnalysisprovidedthestructuralandcavity resonantfrequenciesandmodeshapes.The
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modelswerecoupledusingthemodalcouplingtechnique,which coupledthe in-vacuo modal
modelof thestructureto therigid-walledmodalmodelof thecavity.

A varietyof passivedeviceswereinvestigated,andit wasfoundthatit wasvery difficult to
useaVAD asareactivedevice to controlsoundpressureoverabroadbandwidth.Theeffectof
theVADs thatwereanalysedwasto reducetheamplitudeof thein-phasepanel/VAD modesby
massloadingthepanelmodes.However, theVAD alsointroducedanout-of-phasemodethat
boostedthe soundtransmissionat high frequencies.In betweenthe resonancefrequenciesof
the two lowestorderpanel/VAD modes,a stronganti-resonanceexisted,which resultedfrom
theuncoupledVAD modeanddid providesomereductionin soundtransmissioninto thecavity.

The optimal VAD designusedthe TMD as a highly reactive device with an uncoupled
resonancefrequency justbelow theupperboundof thefrequency bandof interest.Theoptimal
loudspeaker diaphragmconfigurationwashighly lossyso that it reducedthemodalamplitude
of asingleacousticmode.Localflexureof thecylinderendcapto whichtheVAD wasattached
reducedtheeffectivenessof theVAD’sandalternativeattachmenttechniqueswereinvestigated
to reducesuchflexure. Figure2 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

Figure2: 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

Theaimof thecurrentwork is to applytheanalysistoolsdevelopedin stage1 to morecomplex
modelsrepresentative of real launchvehicles. Specifically, the currentwork is focussedon
achieving thefollowing objectives:

1. Extendingthemodalcouplingmodellingtechniquedevelopedin stage1 to a largecom-
positecylinder thatwill be testedat Boeing. This systemhasmany moremodesin the
frequency rangeof interest(comparedto the small cylinder usedin stage1) and will
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demonstratethe effectivenessof the modal coupling approachin analysinga realistic
structurefor which fully-coupledFEA is unsuitable.

2. Extendingthemodalcouplingmodellingto aRepresentativeSmallLaunchVehicleFair-
ing (RSLVF).

3. Developinga modelof the fairing excitationfield to determinetherequiredloadingpa-
rametersfor thenumericalmodel.A steadystatefree-fieldexternalpressurefield excita-
tion in thefrequency rangefrom50Hzto300Hzwill beusedasafirstorderapproximation
of themorecomplex launchenvironment.

4. Investigatingthe effectivenessof multi-degree-of-freedomdevices in reducingsound
transmission.This will involve multiple coupledelementsmakingup a singledevice.
The relative meritsof suchdevicescomparedto simplerdevicestunedto differentfre-
quencieswill beevaluated.

5. Investigatingpassive absorberoptionsfor minimising interior noiselevels in a launch
vehicleexcitedwith 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 beoptimisedthenthemodeshapeof thecavity will change
slightly whentheVAD is put in thenew location. An approximationwill bedeveloped
for the effect of VAD(s) locationandsizeon the modeshapesof the cavity. A genetic
algorithmwill beusedto optimisethelocationsof theVADs on thestructure.Theresults
achievedusingreactiveelementswill becomparedagainstanequivalentmassapproach.

The following text describesthe work achieved to date. It is primarily focussedon realising
accuratenumericalmodelsof thetwo platformsunderinvestigation(RSLVF andBoeingcylin-
der)aswell asvalidatingtheanalysistechniquesthatwill beusedto evaluatetheperformance
of thenoisecontrolmeasuresin thefinal stageof theproject.

2 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.TheANSYS2 finite elementprogramallows theanalysisof compositematerialsby
usingspecialisedlayeredelements.

2.1 Layup Definitions

The ANSYS SHELL99 linear layeredstructuralshell elementis an 8 node,3D shell element
with 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 matrixmethod3.
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TheABBD matrix methodis a moregeneralform for definingcompositematerialproperties.
It allows oneto definethe relationshipsbetweenforcesandmomentsto strainsandcurvature
respectively (stiffness). Thesematricesareusually calculatedautomaticallyby the FE code
given layer propertiesandorientations(method1), but canbe calculateddirectly by external
programsif required.

2.2 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:

� the displacement(or velocity) at the couplednodesneededto be equal. Achieved by
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.

2.2.1 Baseline model

The modelchosento validatethe techniqueswasbasedon the Stage1 reportemptycylinder
model1; namelya steelcylinder cappedat oneendwith an aluminiumplate,andat theother
with astiff woodencap.Figure3 showsahalf view of thestructuralelementmeshof theempty
cylinder.

The parameterusedto validate the resultswas the sum of the squarednodal pressure
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:

Contract Number : F6256299M9179 Commercial-In-Confidence 14th February 2001



Passive Control Devices Commercial-In-Confidence Page 7

Figure3: Baselinemodelgeometry(stage1 emptycylinder) - half view of structuralelementsonly

� A singlepoint forceappliedto thecentreof thealuminiumpanel(seeFigure4),

� A unit pressureappliedover thealuminiumpanelaimedat testingthefrequency interpo-
lation routinein theMATLAB code(seeFigure5), and

� PressurescalculatedusingCOMET andappliedover thewholebody(seeFigure6).
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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

Figure4: Interioracousticpotentialestimatefor singlepoint loadingfor stage1 emptycylinder

Figures4 to 6 show that thecorrelationbetweenthe SHELL63 andSHELL99 resultsis ex-
cellent.We canconfidentlyuseSHELL99 elementsin modalcouplingcalculations.Thereis a
slight discrepancy betweenthe resultsusingShell63andShell99nearthe resonancefrequen-
cies.This is simplydueto theSHELL99 elementbeinglessstiff thantheSHELL63 elementand
suchbehavior is expectedfrom aquadraticelement.
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(b) ComparisonbetweenMatlab results (modal
coupling)for shell63andshell99

Figure5: Interior acousticpotentialestimatefor unit pressureendloadingfor stage1 emptycylinder
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(b) ComparisonbetweenMatlab results (modal
coupling)for shell63andshell99

Figure6: Interior acousticpotentialestimatefor COMET calculatedpressureloadingfor stage1 empty
cylinder
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3 Experimental / Numerical models

StructuralFEA modelsof theRSLVF andtheBoeingcylinder wereavailablefrom AFOSRin
the form of NASTRAN models. Unfortunatelythesemodelscould not be utilised directly for
two reasons;

� TheUniversitydoesnot useNASTRAN but rathercurrentlylicensesandusesANSYS,

� Themodalcouplingtechniqueusestheresultsof separatestructuralandcavity acoustic
modalanalysesto analysethecoupledcomponent.Thecurrentversionof thecodemust
have geometricallycoincidentnodesbetweenthe structuralandacousticmodels. The
NASTRAN modelsonly suppliedthestructuralelementswith noacousticcavity.

3.1 Boeing cylinder

3.1.1 Physical Description

Thecylinder is madeof acompositelayup,with woodenend-caps.Thegeometryof thedevice
is shown in figure7. Theoveralldimensionsof thecylinderarereportedin table1.

Figure7: Boeingmodelgeometry- view of structuralelementsonly

Table1: Boeingcylinder generalproperties

Property Value

CylinderDiameter 97" (2.46m)

CylinderLength 110" (2.79m)

Endcapthickness 5" (0.127m)

WoodYoung’smodulus(E) 10e9Pa

Wooddensity(ρ) 800kg/m3
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3.1.2 Composite Definition

Thelayupis a 5 layercompositewith 2 orthotropicmaterials.Thelayupspecificationsappear
in Table2. Theweaveandcorematerialpropertiesappearbelow in Table3 and4 respectively.

Table2: Boeingcylinder layupspecification

Layer 1 2 3 4 5

Property weave weave core weave weave

Angle (degrees) 0 45 0 -45 0

Table3: Boeingcylinderweave property

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)

3.1.3 FEA Models

The AFOSRNASTRAN modelconsistedof the compositecylindrical shell only. Stiff beams
tied theedgeof theshell to masselementsat thecentre,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.

3.1.4 Comparison

For comparisonwith theNASTRAN models,theend-capswereignored.Thenaturalfrequencies
of thefirst 4 non-rigidbodymodesarelistedin Table5. Thecorrespondingmodeshapesappear
in Figure8.
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Table4: Boeingcylindercoreproperty

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)

Table5: Boeingcylindernaturalfrequency comparison(Hz)

Mode NASTRAN ANSYS

7 3.8587 3.7760

8 3.8587 3.7760

9 4.6588 4.6272

10 4.6588 4.6272

Contract Number : F6256299M9179 Commercial-In-Confidence 14th February 2001
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(a)ModeShape7 (b) ModeShape8

(c) ModeShape9 (d) ModeShape10

Figure8: Boeingcylindermodeshapes
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The extremelygood correlationbetweenthe NASTRAN and ANSYS resultsindicatesthe
compositepropertieshave beenenteredcorrectlyandthat theANSYS modelcanbeusedwith
confidencefor furtherstudy.

3.2 Representative small launc h vehic le fairing (RSLVF)

3.2.1 Physical Description

TheRSLVF 9 is an axi-symmetriclaunchvehicle,madeof compositematerial,that couldbe
consideredtypical for smalllaunchvehicles.Theoveralldimensionsof thevehiclearereported
in Table6.

Figure9: RSLVF geometry

Table6: RSLVF generalproperties

Property Value

MaximumDiameter 1.552m

Overall Length 5.33m

3.2.2 Composite Definition

Thepropertiesof theRSLVF weresuppliedin ABBD matrix form, ratherthanasa composite
layup.Thereasonfor thiswasthattheRSLVF has“ribs”, andtheABBD matrixmethodallows
theeffectof theseribs to beincludedin thematerialproperties,ratherthanexplicitly modelling
themandincreasingsolutiontime. The ABBD matrix propertiesaregiven in Table7. Since
thepropertiesweresuppliedin 3x3 matrix form, which is appropriatefor thin shells,they were
convertedto amoregeneral6x6 formatasusedby ANSYS, accordingto Equation14.99of the
ANSYS theorymanual4.
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Table7: RSLVF ABBD matrix properties

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

3.2.3 FEA Models

Two RSLVF modelswereanalysedresultingin thetwo differentmeshesasillustratedin Figure
10. 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

Figure10: RSLVF mesh

3.2.4 Comparison

The naturalfrequenciesof the first 14 modesare listed in table8. The first 10 modeshapes
appearin AppendixA, Figures11to 20. TheextremelygoodcorrelationbetweentheNASTRAN

andANSYS resultsindicatethecompositepropertieshave beenenteredcorrectlyandthat the
ANSYS modelcanbeusedwith confidencefor furtherstudy.
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Table8: RSLVF naturalfrequency comparison(Hz)

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%

4 Conc lusions

Thework to datehasshown thattheANSYS Finite Elementmodelsof thetwo launchvehicles
areaccurate.It hasalsobeenshown thatthemodalcouplingtechniquewith its associatedfaster
computingtime producesaccurateestimatesof theinterior soundfield whencomparedagainst
that predictedusinga fully coupledFE model. The moreefficient modalcouplingtechnique
cannow beusedin theabsorberoptimisationprocedure,which is the lastobjective discussed
in theintroduction.Prior to doingthis work, thethird andfourthobjectivewill beaddressed.
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A RSLVF Mode shapes.
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(a)Old Isometric (b) New Isometric

(c) Old Side (d) New Side

(e)Old End (f) New End

Figure11: RSLVF modeshape1
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(a)Old Isometric (b) New Isometric

(c) Old Side (d) New Side

(e)Old End (f) New End

Figure12: RSLVF modeshape2
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(a)Old Isometric (b) New Isometric

(c) Old Side (d) New Side

(e)Old End (f) New End

Figure13: RSLVF modeshape3
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(a)Old Isometric (b) New Isometric

(c) Old Side (d) New Side

(e)Old End (f) New End

Figure14: RSLVF modeshape4

Contract Number : F6256299M9179 Commercial-In-Confidence 14th February 2001



Passive Control Devices Commercial-In-Confidence Page 22

(a)Old Isometric (b) New Isometric

(c) Old Side (d) New Side

(e)Old End (f) New End

Figure15: RSLVF modeshape5
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(a)Old Isometric (b) New Isometric

(c) Old Side (d) New Side

(e)Old End (f) New End

Figure16: RSLVF modeshape6
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(a)Old Isometric (b) New Isometric

(c) Old Side (d) New Side

(e)Old End (f) New End

Figure17: RSLVF modeshape7
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(a)Old Isometric (b) New Isometric

(c) Old Side (d) New Side

(e)Old End (f) New End

Figure18: RSLVF modeshape8
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(a)Old Isometric (b) New Isometric

(c) Old Side (d) New Side

(e)Old End (f) New End

Figure19: RSLVF modeshape9
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(a)Old Isometric (b) New Isometric

(c) Old Side (d) New Side

(e)Old End (f) New End

Figure20: RSLVF modeshape10
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