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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 AFOSR Windows on Scienceprogramat the University of Adelaide, South Australia
in 1998. The previous work involved an investigationof the applicationof active feedback
control of the launchvehicle structuralvibration using radiationmodevibration levels asthe

costfunctionto minimiseinterior noiselevels. The small benefitof active control, compared
to the passve effect of the un-excited actuatorsattachedo the structure hasbeenthe impetus
behindthe work conductecherewhich is directedat optimisingthe passve effect of vibration

reductiondevices.

1.1 Stagel

The work presentedn the following reportcontinuesthe work reportedin the stagel study*

wherethe optimal configurationof a passve Vibro-AcousticDevice (VAD) mountedto thein-

terior of a small cylinder wasinvestigated.The VAD consistedof anacousticabsorbeianda
vibrationabsorbelTunedMassDamper TMD) in the onedevice. This s realisedin practice
usingaloudspeakr, whichhasanenclosedearsideandits front sideexposed.Theloudspeakr
diaphragmandbackingcavity actasanacoustictunedabsorberwhile attachingthe entirede-
viceto thestructureusingspringconnectorprovidesthevibrationabsorbedevice. Thesystem
usedfor stagel wasa 2.142mlong, 6.35mmthick steelcylinder with an outsidediameterof

0.514m. Oneendwascappedwith arigid plywood end-capandthe otherhada flexible alu-

minium panelwith a thicknessof 3.376mm. The VAD wasattachedo the aluminiumpanel.
Figurel shows photograph®f the experimentalketupof the exterior of the smallcylinderand
theVAD attachedo thepanel.

(a) Steelcylinder (b) Vibro-acoustidevice

Figurel: Photographsf ExperimentalSetup.

In the previousstudya numericalframenork wasdevelopedfor determiningheresponsef
acoupledvibro-acoustisystenusingacombinatiorof Modal CouplingAnalysisandFinite El-
ementAnalysisthatenabledherespons®f the structureandinternalcavities to bedetermined.
BoundaryElementAnalysisprovidedthe solutionsfor the externalpressurdield andFinite El-
ementAnalysisprovidedthe structuralandcavity resonanfrequenciesandmodeshapes.The
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modelswere coupledusingthe modalcouplingtechnique which coupledthe in-vacuo modal
modelof thestructureto therigid-walled modalmodelof the cavity.

A variety of passve deviceswereinvestigatedandit wasfoundthatit wasvery difficult to
useaVAD asareactve device to controlsoundpressurever a broadbandwidth.The effect of
the VADs thatwereanalysedvasto reducethe amplitudeof thein-phasganelNAAD modeshy
massloadingthe panelmodes.However, the VAD alsointroducedan out-of-phasenodethat
boostedthe soundtransmissiorat high frequencies.In betweenthe resonancdrequencieof
the two lowestorderpanelNAD modes,a stronganti-resonancexisted, which resultedfrom
theuncoupledVAD modeanddid provide somereductionin soundtransmissiorninto the cavity.

The optimal VAD designusedthe TMD as a highly reactve device with an uncoupled
resonancérequeny justbelowr theupperboundof thefrequeng bandof interest.The optimal
loudspeakr diaphragmconfigurationwashighly lossyso thatit reducedhe modalamplitude
of asingleacoustianode.Local flexure of the cylinderendcapto whichthe VAD wasattached
reducedheeffectivenesof the VAD’ s andalternatve attachmentechniquesvereinvestigated
to reducesuchflexure. Figure2 shavs FEA resultsof the out-of-phaseanelNAD modesfor
threedifferentspringattachments.

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

(@) 3 Spring, original attach-
mentdiameter

Figure 2: 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?2

Theaim of thecurrentwork is to applytheanalysigoolsdevelopedin stagel to morecomplex
modelsrepresentatie of real launchvehicles. Specifically the currentwork is focussedon
achieving thefollowing objectves:

1. Extendingthe modalcouplingmodellingtechniquedevelopedin stagel to alarge com-
positecylinder thatwill be testedat Boeing. This systemhasmary moremodesin the
frequeny rangeof interest(comparedo the small cylinder usedin stagel) and will
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demonstratehe effectivenessof the modal coupling approachin analysinga realistic
structurefor which fully-coupledFEA is unsuitable.

2. Extendingthe modalcouplingmodellingto a Representate SmallLaunchVehicleFair-
ing (RSLVF).

3. Developinga modelof the fairing excitationfield to determinethe requiredloading pa-
rameterdor the numericalmodel. A steadystatefree-fieldexternalpressurdield excita-
tionin thefrequeng rangefrom 50Hzto 300Hzwill beusedasafirst orderapproximation
of themorecomplex launchernvironment.

4. Investigatingthe effectivenessof multi-degree-of-freedomdevices in reducing sound
transmission. This will involve multiple coupledelementsmaking up a single device.
The relative merits of suchdevicescomparedo simplerdevicestunedto differentfre-
guencieswill beevaluated.

5. Investigatingpassve absorberoptionsfor minimising interior noiselevelsin a launch
vehicleexcitedwith arealisticpressurdield. This taskpresentsiew challengedecause
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
assumedhatthe size andlocation of the VAD would not changewhich meantthat the
modeshape®f the cavity would notchange.

If thelocationof theVVAD isto beoptimisedthenthemodeshapeof thecavity will change
slightly whenthe VAD is putin the new location. An approximatiorwill be developed
for the effect of VAD(S) locationandsize on the modeshapesf the cavity. A genetic
algorithmwill beusedto optimisethelocationsof the VADs onthestructure.Theresults
achievedusingreactve elementswill be comparedagainsianequivalentmassapproach.

The following text describeghe work achievedto date. It is primarily focussedon realising
accuratenumericalmodelsof thetwo platformsunderinvestigationRSLVF andBoeingcylin-
der)aswell asvalidatingthe analysistechniqueghatwill be usedto evaluatethe performance
of thenoisecontrolmeasure# thefinal stageof the project.

2 ANSYs 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 projectt whereonly isotropic thin shellswere
consideredThe ANsy s? finite elementprogramallows the analysisof compositematerialsby
usingspecialisedayeredelements.

2.1 Layup Definitions

The ANSYs sSHELL99 linear layeredstructuralshell elementis an 8 node, 3D shell element
with 6 DOF at eachnode.lIt allows the applicationof materialpropertiedy two methods,

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

2. the ABBD matrix methodb.
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The ABBD matrix methodis a moregeneralform for definingcompositematerialproperties.
It allows oneto definethe relationshipbetweenforcesand momentso strainsandcurvature
respectrely (stiffness). Thesematricesare usually calculatedautomaticallyby the FE code
given layer propertiesand orientations(methodl), but canbe calculateddirectly by external
programsf required.

2.2 Fluid Structure validation

The sHELL99 elementn 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 the displacemen({or velocity) at the couplednodesneededo be equal. Achieved by
defaultthroughthe Fluid-Structurdnterfaceflag.

e theareasassociateavith eachof the couplednodesshouldberepresentate 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 acousticelementsvhich are usedto
calculatethe effective nodal areafor the surfaceintegral (seebelow for more detailed
discussion).

e the wavelengthof the highestacousticandstructuralmodemustbe considerablylarger
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 useof both
ANsSYs andthe MATLAB basedmodalcouplingtechniquewith this combinationof elements
andwith variousexternalloadingcombinations.

2.2.1 Baseline model

The modelchosento validatethe techniquesvas basedon the Stagel reportempty cylinder
model'; namelya steelcylinder cappedat one endwith an aluminiumplate,andat the other
with astiff woodencap.Figure3 shavs a half view of thestructuralelemenimeshof theempty
cylinder.

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

Calculationswereperformedfor 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 concludedhat couplingwith the SHELL99 elementds accurate Both ANSY s and
MATLAB wereusedto calculatethe systenresponsdor threeloadingconditions;namely:
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Figure3: Baselinemodelgeometry(stagel emptycylinder) - half view of structuralelementonly

e A singlepointforceappliedto the centreof thealuminiumpanel(seeFigure4),

A unit pressurappliedover thealuminiumpanelaimedattestingthefrequeng interpo-

lation routinein the MATLAB code(seeFigure5), and

100

PressuresalculatedusingCoMET andappliedover thewholebody (seeFigure6).
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Figure4: Interior acoustigpotentialestimatefor singlepointloadingfor stagel emptycylinder

Figures4 to 6 shaw thatthe correlationbetweenthe SHELL63 and SHELL 99 resultsis ex-
cellent. We canconfidentlyusesHELL99 elementsn modalcouplingcalculations.Thereis a
slight discrepang betweenthe resultsusing Shell63and Shell99nearthe resonancdrequen-
cies.Thisis simply dueto thesHELL 99 elementeinglessstiff thanthe SHELL63 elementand
suchbehaior is expectedrom a quadraticelement.
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3 Experimental / Numerical models

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

e TheUniversitydoesnotuseNASTRAN but rathercurrentlylicensesandusesANSY s,

e The modalcouplingtechniqueusesthe resultsof separatestructuralandcavity acoustic
modalanalysedo analysehe coupledcomponent.The currentversionof the codemust
have geometricallycoincidentnodesbetweenthe structuraland acousticmodels. The
NASTRAN modelsonly suppliedthe structuralelementsvith no acousticcavity.

3.1 Boeing cylinder

3.1.1 Physical Description

Thecylinderis madeof acompositdayup,with woodenend-capsThegeometryof thedevice
is shovn in figure 7. The overalldimensionof the cylinder arereportedn tablel.

Figure7: Boeingmodelgeometry view of structuralelementsonly

Tablel: Boeingcylinder generabproperties

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

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

Thelayupis a5 layercompositewith 2 orthotropicmaterials.The layup specificationappear
in Table2. Theweave andcorematerialpropertiesappeatelow in Table3 and4 respectiely.

Table2: Boeingcylinder layup specification
Layer 1 2 3 4 5

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

Table3: Boeingcylinder weare property

Property Value
Ex 9e6psi(0.621ellPa)
Ey = Ex
E; = Ex
Vxy .045
Vyz = Vyy
Vyz = Vyy
Gy 0.75e6psi (0.517e1CPa)
Gyz = Gyy
Gxz =Gy
Density(p) | .000140snails/inck (1494kg/m°)
Thickness 0.0105"(0.27mm)

3.1.3 FEA Models

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

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

3.1.4 Comparison

For comparisorwith theNASTRAN modelstheend-capsvereignored.Thenaturalfrequencies

of thefirst 4 non-rigidbodymodesarelistedin Table5. Thecorrespondingnodeshapesppear
in Figure8.
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Table4: Boeingcylinder coreproperty

Property Value
Ex 100psi (0.690e+6Pa)
Ey = By
E; = Ex
Vxy .01
Vyz = Vyy
Vyz = Vyy
Gyxy 10 psi(0.690e+5Pa)
Gy, 20000psi (0.138e+%Pa)
Gxz 14000psi (0.965e+8Pa)
Density(p) | .0000105snails/inck (112kg/m3)
Thickness 0.1875"(4.76 mm)

Table5: Boeingcylinder naturalfrequeny comparisor(Hz)

Contract Number : F6256299M9179

Mode | NASTRAN | ANSYS

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

Commercial-In-Confidence
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(a) Mode Shaper (b) Mode ShapeB

(c) Mode Shape9 (d) Mode Shapel0

Figure8: Boeingcylinder modeshapes
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The extremely good correlationbetweenthe NASTRAN and ANSY S resultsindicatesthe
compositepropertieshave beenenteredcorrectlyandthatthe ANSY s modelcanbe usedwith
confidencdor furtherstudy

3.2 Representative small launc h vehic le fairing (RSLVF)
3.2.1 Physical Description

The RSLVF 9 is an axi-symmetriclaunchvehicle, madeof compositematerial,that could be
consideredypical for smalllaunchvehicles.Theoveralldimensionf thevehiclearereported
in Table6.

Figure9: RSLVF geometry

Table6: RSLVF generaproperties
Property Value

MaximumDiameter| 1.552m
OverallLength 5.33m

3.2.2 Composite Definition

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

the effect of theseribs to beincludedin the materialpropertiesratherthanexplicitly modelling

themandincreasingsolutiontime. The ABBD matrix propertiesaregivenin Table7. Since
thepropertiesveresuppliedin 3x3 matrix form, whichis appropriatdor thin shells,they were
corvertedto amoregeneralbx6 formatasusedby ANSY s, accordingto Equation14.990f the

ANSsY s theorymanuaf'.
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Table7: RSLVF ABBD matrix properties

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
A 7.7720e+007 Bz 604800 D22 5.9427e+003
Ao 0 B2s 0 D23 0
Az 2.5020e+007, Bs3 66200 D33 1.0747e+003

3.2.3 FEA Models

Two RSLVF modelswereanalysedesultingin thetwo differentmeshessillustratedin Figure
10. The“old” modeluseshe elemenidefinitionof 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

Figure10: RSLVF mesh

3.2.4 Comparison

The naturalfrequenciesof the first 14 modesarelisted in table8. The first 10 modeshapes
appeain AppendixA, Figuresl1to 20. Theextremelygoodcorrelationbetweerthe NASTRAN
and ANSY s resultsindicatethe compositepropertieshave beenenteredcorrectlyandthatthe
ANsSYs modelcanbeusedwith confidencdor furtherstudy
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Table8: RSLVF naturalfrequeng comparisor{Hz)

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 -7% 188.54 -3%
13 194.87 181.37 -T1% 188.54 -3%
14 206.81 202.48 -2% 205.34 -1%

4 Conclusions

Thework to datehasshavn thatthe ANSY s Finite Elementmodelsof the two launchvehicles
areaccuratelt hasalsobeenshowvn thatthe modalcouplingtechniquewith its associatedlaster
computingtime producesaccurateestimate®f the interior soundfield whencomparecdagainst
that predictedusinga fully coupledFE model. The more efficient modal couplingtechnique
cannow be usedin the absorbeloptimisationprocedurewhich is the last objectve discussed
in theintroduction.Prior to doingthis work, thethird andfourth objectve will 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

Figurell: RSLVF modeshapel
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(a) Old Isometric (b) New Isometric

(c) Old Side (d) New Side

(e)Old End (f) New End

Figurel2: 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

Figurel13: RSLVF modeshape3
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(a) Old Isometric (b) New Isometric

(c) Old Side (d) New Side

(e)Old End (f) New End

Figurel4: RSLVF modeshape4
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(a) Old Isometric (b) New Isometric

(c) Old Side (d) New Side

(e)Old End (f) New End

Figurel5: RSLVF modeshapeb
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(a) Old Isometric (b) New Isometric

(c) Old Side (d) New Side

(e)Old End (f) New End

Figurel6: RSLVF modeshapes
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(a) Old Isometric (b) New Isometric

(c) Old Side (d) New Side

(e)Old End (f) New End

Figurel7: 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 modeshape
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& £

(a) Old Isometric (b) New Isometric
(c) Old Side (d) New Side

(e)Old End (f) New End

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

(c) Old Side (d) New Side

(e)Old End (f) New End

Figure20: RSLVF modeshapel0
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