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ELMER is asoftwarepackagédor solvingPartial DifferentialEquationgPDES)
by Finite ElementMethod (FEM). ELMER hasbeendevelopedat CSCin
collaborationwith TechnicalResearchCenterof Finland (VTT), Helsinki
University of TechnologyandUniversity of Jyvask/la.

In this article we presenia casestudyof a new featureincludedin ELMER,
vibroacousticsVibroacoustigproblemconsistsof solving the naturalvibra-
tion modesof elasticbodies,andthe pressuravavesgeneratedby thevibra-
tion.

Examplesof vibrating elasticbodiesarea guitar stringor a tuningfork; you
can propably come up with betterexamplesyourself. The computational
domainfor the pressurevavesis usuallytheair surroundinghe elasticbody.
Othersolid bodies,f presentwill scatterthe pressuravaves.

We will go throughan examplestepby step.We will first presenthe math-
ematicalmodel, createthe elementmesh, define material parametersand
boundaryconditionsandfinally solve the systemandvisualizetheresults.

The mathematical model for vibroacoustic problems

Thelinearizeddynamicakquationgor elastichodieswithoutexternalforces
canbewrittenas
P vow=0 ®
P - T =0,
otz

whereu is thedisplacemenvectorandr is the stresstensor

T(U) = AV -u)l + w(Vu+(Vu)T). )



Here A and 1 arethe first and secondLamé parametersespectiely. The
Laméparametersredirectly relatedto the morecommonlyavailablemate-
rial parameterglasticmodulusE andPoissorratioo:
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Fourier transformof the elasticity equationswith respectto time variable
gives
—w?pU—-V-7(U) =0, (4)

which, by standardfinite elementmethodology may be written in matrix
formas
KU = »’MU, (5)

wherethe K and M arethe stiffnessand massmatricesrespectiely. This
equationmay be consideredsa generalizecigervalueproblem,giving the
naturalvibrationmodesof the elasticbody.

Thewave equation ,
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describegpressurevavesin the air. The pressureanddensityvariationsand
air speedareconsideredosmallthatdissipatve effectsandcorvective trans-
portof momentummaybe negglegted. The parametec is the speedf sound.
TheFouriertransformof thewave equations calledthe Helmholtzequation

—k?*P - V2P =0, (7

wherethe wave numberk is givenby k = w/c. With a linear materiallaw
thewhole equationis linearandno dispersiorof harmoniccomponentsvill

occur It is thenpossibleto computethe responséo ary signal,for example
theresponseo vibrationof anelasticbody, oneFouriercomponenatatime.

To completethe systemwe needboundaryconditions. In our examplethe
elasticbodyis atuningfork fixedatthebottomof thegrip. For theHelmholtz
equationwewill needthreekindsof boundaryconditions.Thefirst boundary
conditionis at the boundarybetweenthe vibrating body andthe air, where
we have to specifyacceleratiorof the body:

VP.-n=pw?U-n, (8)

wherep is thedensityof air. Thesecondoundaryconditionis atthebound-
ary betweerthe solid bodiesandthe air:

VP-n=0, 9



describingreflectionof the pressuravavesfrom solid walls. Thelastbound-
ary conditionwe will useis the socalledSommerfeldor far field boundary
condition,which approximateshe continuationof the physicaldomainfrom
wherewe have to cutthe computationamesh:

VP.n=+ikP. (20)
In time domainthis equationis

lap
-Vp-n=+-—. 11
P c at (11)
The sign of the time derivative term on the right representsncoming and
outgoingwavesrespectiely.

Setting up the computation: mesh generation, material parameters and
boundary conditions

The ELMER packagehasa graphicalinterfacecalledELMER Front. This
programis usedasa tool to describethe computationaproblem. Defining
the geometrygeneratinghe computationamesh selectingthe equationgo
be solved, settingthe materialparametersnd boundaryconditionsmay all
be donethroughELMER Front.

ELMER Fronthasits own simple2D geometryinput formatwhich will be
usedin this example.In addition,ELMER Frontcanreadsomeof the most
commongeometryformatsexportedby variousCAD programs.Even pre-
definedmeshegnay be importedto ELMER Front for boundarycondition
settingsandcorversionto ELMER Solverformat.

The geometryandthe computationameshof our exampleareshown in fig-
urel. Figure2 shovsthe ELMER Frontpanelwherewe definemeshparam-
eters,suchas meshdensityand elementtypes. For the elasticity equations
it is alwaysa goodideato usehigherorderelementghanlinear, andsowe
have selectedjuadraticelements.

Figure 3 shavs how to setboundaryconditions,in this casethe boundary
conditionsfor fixing the bottomof thevibratingtuningfork.

The Solution of the equations

ELMER Solver discretizesthe equationsby Finite ElementMethod, and
solvesthe resultinglinear or nonlinearsystemsproviding input for further
analysisand visualizationof the results. In additionto the equationsused
in this example,ELMER Solver may solve seseral other setsof equations:
the Navier-Stokesequationsn bothcompressiblendincompressibldéorms,
magnetidnductionequation heatequationincluding diffusegray radiation,



Figure 1: Meshandgeometryof thetuningfork andthe air.
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Figure 2: Meshparametesettingpanelof ELMER Front.
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Figure 3: Boundaryconditionsettingpanelof ELMER Front.

andnonlinearelasticityandwave equationsalsoin thetime domain.A gen-
eral adwection-difusion-reactiorequationfor scalarvariablesis also avail-
able. Any combinationof theseequationswith variousinterdependencies
may be solved at the sametime. The solver is alsoeasilyextensible,sothat
usermay definehis/herown setsof equations.

Herewe will computehesecondowestnaturalvibrationmodeof thetuning
fork, anduseit asinputfor the Helmholtzequationsolver.

In thisexample thelinearequationsystemfrom the Helmholtzequationvas
solvedby iterative solutionmethod(BiCG Stab)usingincompletelLU factor
ization (ILU(T)) asa preconditioner

The generalizecigervalueproblem,for the structuralvibrationmodeswas
solvedusingthe ARPACK packagedevolopedatthe Departmenbf Compu-
tationalandApplied Mathematicsat Rice University, Texas.

Visualizing the results

ELMER Solveroutputis alargetext file of talbularizednumbersin this case
thenumbersarethevibrationamplitudef materialpointsof thetuningfork,
andcoeficientsof the Fouriercomponentsf pressurdor eachof thenatural
frequencies.

ELMER Postmay be usedto displaythe resultsin a more understandable
form. ELMER Postcandisplay for example,the deformedgeometryof the



Figure 4: Thevibrationmodeshapeof thetuningfork.

Figure 5: Enegy densityof the pressurdield.

elasticbody It mayalsobeusedo computethetimevariationof thepressure
field,

P(t) = Re(P) cost) + Im(P) sin(wt), (12)

anddisplaythe time evolution asan animation. The vibration of the elastic
bodymaybedisplayedn the samemanner

Figure4 shavs the vibration modeshapeof the tuningfork. Figure5 is the
enegy density containedin the pressurefield at this particularfrequeng.
Figure6 shavsthepressurdield at oneinstance.

Additional information

The ELMER packagés availablefrom CSC;for moreinformationcontact
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Figure 6: Thepressurdield.

theauthors For academiaisethe packages providedwithout chage.

Also checkoutourwebpagedrom:
http://ww.csc.fi/elnmer/
InformationaboutARPACK is availablefrom

http://ww. caamri ce. edu/ sof t war e/ ARPACK



