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Abstract

The present work concerns the new capability of LSDYNA® in solving acoustic and vibro-acoustic problems. In
vibro-acoustic problems, which are assumed to be weak acoustic-structure interactions, the transient structural
response is computed first. By applying the FFT, it is transformed into a frequency response. The obtained result is
taken as boundary condition for the acoustic part of the vibro-acoustic problem. Consequently, the radiated noise at
any point into space can be calculated. The new developed LS-DYNA keyword is based on boundary element method
(BEM) in which only the surface of the acoustic domain needs to be discretized. Besides BEM that solves the
Helmholtz equation as a linear system, the new card allows, also, to use two other approximative Rayleigh and
Kirchhoff methods. Both methods do not require a system of eguations to be assembled and solved. Consequently,
they are faster than BEM. Rayleigh method assumes that the radiating structure is a plane surface clamped into an
infinite rigid plane. In Kirchhoff method, BEM is coupled to FEM used for acoustics in LS-DYNA by prescribing
non reflecting boundary condition. In this case, at least one fluid layer needs to be merged to the vibrating structure.
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I ntroduction

In the last years, several numerical methods have been used to ssimulate acoustic and vibro-
acoustic problems. The finite element method (FEM) is the most popular and used one.
However, it needs the discretization of the whole acoustic domain. Consequently, when the
observation point is situated far from the acoustic source, the mesh becomes very large. In
addition, in order to simulate the acoustic radiation in an infinite medium, absorbing boundary
conditions are to be applied.

Recently, the boundary element method (BEM) solving the Helmholtz equation became widely
used namely in electromagnetism [1], acoustics [2]. Its development is now well documented in
literature [3]. Compared to FEM, the chief advantage of the BEM is that only the boundary of
acoustic domain needs to be meshed. In addition, the radiation in an infinite medium given by
Sommerfeld condition is automatically satisfied so that the external domain doesn’'t need to be
bounded.

Besides *MAT_ACOUSTIC keyword [4] usually used to solve acoustic problems in the LS
DYNA®, users can actually use another new acoustic card
(BOUNDARY_ELEMENT_METHOD_ACOUSTIC) based on BEM. It alows the simulation of
acoustic as well as vibro-acoustic problems. It is to be emphasized that in a vibro-acoustic case,
this method is only used for weak coupling when the structure isn't affected by the acoustic
propagating waves (Air acoustics). Otherwise, the use of *MAT_ACOUSTIC card is necessary.
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Ancther feature of this coupling is that the acoustic calculations are done in the frequency
domain; however, the structural response is computed using LS-DYNA temporal analysis. The
temporal response of the structure is stored into a binary file and is transformed, therefore, into
frequency domain by using FFT in order to be applied as boundary condition for the BEM.

Besides the BEM which gives exact results, this new module allows to use two other
approximation methods. The simpler is Rayleigh method in which each element is assimilated to
a plane surface mounted in an infinite rigid plane and vibrating independently from other
elements. In the second one, called Kirchhoff method, at least one fluid layer is merged to the
structure. Thisfluid layer is treated by using the already existing acoustic module of LS-DY NA.
Non reflecting boundary conditions are to be applied on the fluid layer to model the propagation
into an infinite medium. Finally, the obtained results from this strong coupling analysis could
permit to calculate the pressure at any point of the fluid medium using boundary integral
discretization.

In this paper, we present some simple numerical applications of this new card for acoustic
problems as well as vibro-acoustic ones in which the LS-DY NA structural analysis is calculated
first. The outline of this paper is as follows. In the first section, an overview of the governing
equations is presented. The different methods will be briefly described. In the last section some
numerical simulations are presented.

M athematical Background

In frequency domain, the acoustic wave propagation in an ideal fluid in absence of any volume
acoustic sourceis governed by Helmholtz equation given as follows:

Ap+k*p=0 (Ea. 1)

where k = w/c denotes the wave number, c isthe sound velocity, = 2af isthe pulsation
frequency, p(r) isthe pressure at any field point.

Equation 1 can be transformed into an integral equation form by using Green’s theorem. In this

case, the pressure at any point in the fluid medium can be expressed as an integral, of both
pressure and velocity, over a surface as given by the following equation:

C(r)p(r) = J-[G(r, ry)ap(r) b oGlr, ry )}dsy (Eq. 2)

5, any any

e—ik‘r—ry
where G(r,r, )= ———

4n|r - ry|
term resulting from the treatment of the singular integral involving Green's function. The normal

derivative of the pressure is related to the normal velocity by% =—iwpv,, .

isthe Green's function, n isthe normal on the surface S and C isthe jJump

The knowledge of pressure and velocity on the surface allows calculating the pressure of any
field point. This constitutes the main idea of the integral equation theory. In practical cases, the
problems are either Neumann, Dirichlet or Robin ones. In Neumann problem, the velocity is
prescribed on the boundary while in Dirichlet case the pressure is imposed on the surface.
Finally, for Robin problems the acoustic impedance, which is a combination of velocity and
pressure, is given on the boundary. Hence, only the half of the variables is known on the surface
domain.
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To deduce the other acoustic variables on the surface, BEM can be used to discretize the integra
equation. The simplest one is caled collocation method. In this technique, the integral equation
iswritten for each node of the boundary. Assembling the produced elementary vectors yieldsto a
linear system for which the solution alows to deduce the other half of the acoustic variables.
Although this method uses simple integrals, it involves non symmetric complex and fully
populated system. In the variational BEM, the equation is multiplied by a test function and
integrated over the surface. As for the FEM, the variational BEM provides a symmetric linear
system. However, it is still complex and fully populated. Another feature compared to the
collocation is that the variational approach involves double integrals. It is to be emphasized that
in BEM the linear system depends on the frequency via Green's function. For each frequency,
the system has to be solved. For this reason, we have used an iterative solver which is more
efficient for thiskind of problems than the direct solver.

Description of BEM Card of LS-DYNA®

Computing acoustic pressure, in a non meshed infinite medium, due to a mechanical response is
possible now in LS-DY NA thanks to * BOUNDARY_ELEMENT_METHOD_ACOUSTIC card.
In order to use it, a unique name must be specified on the execution line by adding bem= bfile
where bfile is the name of the binary file. Depending on which method is to be applied, velocity
or both velocity and pressure are stored in this file at a time increment given by the user in the

keyword.

In this keyword, fluid density and sound speed are to be given. Other input variables are minimal
and maximal frequencies as well as the total required number of output frequencies for which the
acoustic pressure will be calculated. The user can impose his own velocity profile for each node
in frequency domain by using *DEFINE_CURVE card. In this case, LS-DYNA anaysis is not
taken into account. However, in case the user prefers applying LS-DY NA analysis, the tempora
calculated mechanical response is considered as boundary conditions for the acoustic part of the
problem. Consequently, FFT is applied in order to transform the temporal response into the
frequency domain. Hence, if required the minimal and/or maximal input frequencies can be
shifted, respectively, to minimal and/or maximal FFT freguencies. Due to the use of FFT, the
user can choose among several windows in order to overcome the problem of leakage [5].

The geometry of the vibrating structure, forming the surface for which integral equation is
considered, can be specified by *SET_SEGMENT, *SET_PART or *PART. In the same
manner, the field points constituting the observation points can be given by *SET_SEGMENT or
*SET _NODE. If the user is interested by the pressure in dB, he has to provide a reference
pressure as an input variable. Otherwise, the pressure will be calculated only in the problem
units.

Several acoustic methods are proposed in LS-DYNA. The first one is the BEM as described
above. In this case, the keyword can be used for Neumann and Robin closed interior or exterior
problems. For open domains, only Neumann problems can be considered. If LS-DYNA analysis
is used before, the binary file contains only velocities. To solve the linear system, the user can
choose direct or iterative solver. Besides this exact method, the user can choose between two
other approximation methods. Both methods do not require a system of equations to be
assembled and solved. They are faster than BEM but they are used only for external problems.

In Rayleigh method, only the velocity of the surface is needed in the integral equation and
therefore stored in the binary file. In Kirchhoff method, BEM is coupled to FEM for acoustics of
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LS DYNA (*MAT_ACOUSTIC) with Non Reflecting Boundary condition. In this case, at least
one fluid layer, having the same acoustical characteristics as in the BEM card, with non
reflecting boundary condition, is to be merged to the vibrating structure. Consequently, the saved
pressure and the velocity at the surface are transformed into frequency domain in order to use
them for the calculation of the pressure at any point of the fluid.

Numerical Applications
Pulsating sphere

In order to calculate the externa radiation of a pulsating sphere we can use BEM as well as
Kirchhoff method. The sphere of a radius of 0.5 m surrounded by air is modeled by shell
elements. In contrast with BEM, in Kirchhoff method, a fluid layer with fluid non reflecting
boundary conditions may be merged to the vibrating structure (see Figure 1). The sphere is
excited uniformly by a harmonic velocity of 100 Hz. Figure 2 represents the variation of the
pressure outside the sphere for different points as shown in Figure 1. A good agreement between
LS-DY NA results and theoretical solutionsis achieved.

When BEM is used, only the shell mesh is considered in the model. In Figure 3, we have
compared the numerical solution given by LS-DYNA and the theory for a pulsating sphere of
radius of 1 m. The pressure is calculated for a frequency range [10, 1000] Hz at a point distant
from the sphere center by 4m. LS-DYNA BEM compares well with analytical solution.

Figure 1: Pulsating sphere model used in case of Kirchhoff method
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Figure 2: External radiated pressure from a pulsating sphere at 100Hz using Kirchhoff method
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Figure 3: Variation of external radiated pressure of a pulsating sphere with respect to
frequency: validation of LS-DYNA BEM

Vibrating plate

The vibrating plate is assumed to be elastic and clumped at its edges. Contrary to the sphere case,
Rayleigh method can be applied to the plate problem since the surface is planar. Consequently,
we can use for this problem Kirchhoff, Rayleigh and Boundary Element methods. In order to
compare the solution of Kirchhoff method to the FEM of LS-DYNA, we have considered two
3D meshes as depicted in Figure 6. In order to simulate the propagation in an infinite medium,
we have applied absorbing boundary conditions on the boundaries of the fluid volume (see
Figure 5). We have performed the calculations for a punctual force exciting the structure. The
pressure is calculated for a field point as shown in Figure 6. The mesh corresponding to
Kirchhoff method is given by Figure 4. When the acoustic analysis is completely done by LS

DYNA, we applied FFT to the calculated pressure in order to compare it to the result of
Kirchhoff method.
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Figure 4: Vibrating plate model used in Kirchhoff method
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Figure 6: 3D FEM meshes

In Figure 7 we have compared the result given by LS-DYNA for mesh 1 and mesh 2 to the
solution given by Kirchhoff method. Good agreement is obtained between Kirchhoff method and
the result given by *MAT_ACOUSTIC card of LS-DYNA.
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Figure 7: Comparison of Kirchhoff method to FEM of LS-DYNA

In Figure 8 we can show that for the plate problem, Rayleigh method can represent a good
approximation of BEM. Thisis because the surface plate is plane. Since this plate is not mounted
into arigid baffle, there are some differences between BEM and Rayleigh method.
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Figure 8: Comparison between BEM and Rayleigh method

Summary and Conclusions

In this paper we have presented a new card of LS-DY NA based on boundary element method for
acoustics. We have validated it for simple cases. In this card, the user can choose between BEM
and two other approximative methods. Rayleigh and Kirchhoff which can be only used for some
particular cases. Despite the good results obtained for the studied problems, this new card needs
more validations for complex geometries.

8-43



Simulation Technology (2) 10" Inter national LS-DYNA® Users Conference

References

P. L'Eplattenier, G. Cook, C. Ashcraft, M. Burger, A. Shapiro, G. Daehn, M. Seth,” Introduction of an
electromagnetism module in LS-DY NA for coupled mechanical-thermal -el ectromagnetic simulations “, 9"
International LS-DYNA User Conference, 17-1:17-8, 2006.

Alia. A, J. Charley, " Numerical simulation of fluid-structure interaction: application to vibro-acoustic
problems’, Revue Européenne de M écanique Numérique, 16(3-4), 437-450, 2007.

T.W. Wu, Boundary element acoustics: Fundamentals and computer codes. Advances in boundary
elements, Southampton, Boston, Wit press, 2000.

LS-DYNA Keyword User's Manual Version 970, Livermore Software Technology Corporation, Livermore,
2003.

W. Press, SA. Teukolsky, W.T. Vdlerling, B.P. Flannery, “Numerical recipes in Fortran 77. Art of
scientific computing”, vol.1, 2001.

8-44




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


