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Summary:

Acoustic resonators have a large range of applications, ie.ghe intake and exhaust sections of combustion
engines or the generation and playback of music. It is tlsik to filter out certain frequencies or a frequency
band in order to attenuate the sound intensity as well ag¢otehe complex tone. An important measure for the
assessment of the outcome of a resonator is the frequenendepmt transmission loss.

Examples from the literature are used for comparison withegrnental and numerical results based on FEM

simulations. In the following all steps such as modelingnpatation and evaluation, needed for computation

of the transmission loss will be illustrated. It turns oub®a basic process that facilitates a fast comparison of
different geometry variants with respect to the acoustipprties.

Zusammenfassung:

Akustische Resonatoren werden in vielen Anwendungsherieingesetzt (u.a. im Ansaugtrakt und Abgasstrang
von Verbrennungsmotoren oder bei Musikerzeugung und ewigde). lhre Aufgabe ist es, aus einem Schallfeld

bestimmte Frequenzen oder ein Frequenzband herauszyfilterdamit sowohl die Lautstérke als auch den Klang

zu beinflussen. Ein wichtiges MalR zur Beurteilung der Witkwines Resonators ist das frequenzabhéngige
Schallddmmmal.

Zunachst werden Verifikationsbeispiele aus der Literatngestellt und die Ergebnisse mit Finite-Elemente-
Berechnungen verglichen. AnschlieRend werden ausgetmndiner gegebenen Geometrie des Resonators alle
Schritte zur Ermittlung des Schallddmmmalfies mit finitemrigleten vorgestellt (wie Modellaufbau, Berechnung,
Auswertung). Dabei zeigt sich ein einfacher Prozess, deG&bmetrievarianten einen schnellen Vergleich des
akustischen Verhaltens ermdglicht.
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1 Introduction

Silencers with complicated internal acoustic componemt$ &s inlet/outlet tubes, thin buffles, perforated tubes,
and sound absorbing materials have been introduced in abites, industrial equipments and environmental
facilities [22]. The acoustic performance of a muffler mayevaluated using either the transmission loss (TL)
or the insertion loss (IL), while the flow performance is exéed using the pressure loss (PL), also named the
backpressure [7]. IL values are preferred for most appdoatas a final design criteria [9], [23]. However we will
focus on TL in this work. The transmission loss in decibel¥dBned as the difference between the incident sound
power and transmitted sound power, assuming a reflectiertérenination. As long as the inlet and outlet regions
of the silencer are of the same cross section, and the piepeftthe fluid (density, temperature) do not change,
then the TL can be expressed as [9]:
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whereP; and P, denote the rms pressure of the incident and transmitted, wespectively.P..; = 2 - 1075 Pa
is a reference rms pressure value.

In case of 2D single expansion chambers the theoretical Tleatan be calculated by
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wherem is the area ratio of inlet/outlet section to expansion chemdection and. denotes the length of the
expansion chamber.

Different numerical techniques e. g. FEM [9], [18], [32]ngle and multi-domain BEM [12], [13], [26] Green’s
functions [29], Munjals’s approach [20] and the transfetn®anethod [24], [30] have been applied to the analysis
and design of complicate acoustic systems. Most simulatioties in duct acoustics are using the transfer matrix
method or the four-pole method, which is based on the assomet plane wave propagation. This assumption
is reasonable in the low-frequency region, which is relewammany engine applications [6]. While analytical
methods are applicable in case of simple geometries, noateriethods such as the finite element method are
easy to be employed for acoustical systems with complexratestructures. They are also more flexible with
respect to varying boundary conditions and material pararse

Various experimental measurement techniques for the mdetation of the transmission loss are discussed in
[21],[27], [28] and [33].

2 Governing Equations

The governing equations of the sound field is the linear timenonic wave equation in three dimensions for
acoustic pressure is given by
Vi k=0, k=", (3)
C
wherew is the angular frequency, is the wave numbey; is the speed of sound andis the acoustic pressure.
Different types of boundary conditions are available, e.g.

Jp
et 4
o =0 4)
at the rigid walls of the chamber,
=0 ®)
when a pressure source is assumed. The bulk modulakan acoustic medium is defined by
K =pc (6)

Flow effects have been neglected and can be found elsewt@re [

3 Visper

VisPER (Visual PERMAS) is a GUI based model editor [3]. It Bed to complete finite element models for
specific applications with PERMAS [1]. To this end VisPERSf#ffficiently the gap between FE models generated
by a standard pre-processor such as Medina [5], and PERM)&ddels which are ready to run. VisPER can
also be used for model verification and post-processingtask
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3.1 FS Wizard

A wizard establishes a workflow for a model completion tagke Wizard is aimed to guide the user step-by-step
through the different steps, which are given below:

* Basics
First, the fluid material is defined through the density anmpessibility of the fluid.defined according to
the requirements of the model such as the size of internakhal the highest frequency to be considered.
In addition, a recommended mesh size is calculated basedrequency range for subsequent analysis.

* Hole detection
Hole detection is performed automatically. Only those b@ee detected which are larger than the previ-
ously specified mesh size. The hole detection algorithm tedidpere searches for free element edges, i.e.
element edges belonging to only one 2D-element. A hole is éhelosed path of free element edges.

* Hole definition:
Due to difficult topological situations, some holes canrotletected automatically. Therefore, undetected
holes may be specified in addition.

* Hole meshing
Hole meshing is performed automatically. For this purpgeeesl elements (PLOTA3, PLOTA4) are used
which do not introduce any mass or stiffness. They are jusd ts define the topology of the corresponding
hole and to limit the subsequent cavity meshing process.

« Mesh generation
Perform the fluid meshing process.The basic fluid mesh israraigical voxel mesh, that grows from an
interior seed point towards the outer structural mesh. Thelvmesh is being completed by appropriate
elements (FLTET4, FLPYR5, FLPENT®6) at the structural mesfases.

* Relaxation:
When meshing is finished, there are some elements penetitagitgll of the cavity. These penetrations are
resolved by a relaxation process which performed automiitic

e FS coupling
Finally, the interface elements and the MPC conditions egated to establish the coupling conditions be-
tween fluid and structure meshes. The nodes of these integfaments have both pressure and displacement
degrees of freedom.

4 Examples

The speed of sound used in the computational study is 34& &t/ = 25° C. A uniform velocity excitation
is imposed at the inlet section of the muffler. To apply velpotype boundary conditions, interface elements are
used in PERMAS (FSINTA3,FSINTA4). The velocity boundarynddion is converted to a displacement using
the relationship

u=1uexp(iQ), v=1u=IiQuexp(iQt). @)

The inlet boundary condition can thus be specified with aaiglanagnitude equal to unity. These interface
elements are applied at the inlet section of the muffler. Apeidance

zZ=poc ®)

is applied to the outlet end to simulate anechoic terminafidchis condition is realized by addirignquist-Majda
elements (denoted by RBCEM1A3, RBCEM1A4 in PERMAS) at thiéebsection.

4.1 Short chamber

The first example is taken from [19]. The speed of sound istalse;=343.1382 ms! in the first two examples.
The major and minor axis of the elliptical chamhb®y and D, respectively as well as the port diameters of the
end inletdg and side outletls are fixed agD; = 0.25m, D,=0.15m andiz = dg = 0.04m. The side walls are
rigid so that the normal pressure gradient (4) vanishes.
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Fig. 1. Surface mesh of a short chamber, = 0.05m

The transmission loss curves are compared in Figure 2. Aegeajreement over the whole frequency range is
visible.
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Fig. 2: Transmission loss for an axially short chamberl, = 0.05m

4.2 Long chamber

The second example is also taken from [19]. The mesh is a&biotFigure 3. Again the numerical results of
PERMAS are in good accordance with the results of Mimani Fégu
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Fig. 3: Mesh of a long chamberl, = 0.3m
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Fig. 4: Transmission loss of an axially long elliptic chambe L = 0.3m

4.3 Single chamber design

The following three examples are taken from [14],[15]. Thweywe compared several commercial acoustic FEA
software. To fill the gap the results by PERMAS have been affatatbmpleteness. All computations have been
carried in the direct frequency domain. However, PERMASI$® @ble to conduct the analyses in the modal
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domain. The modal basis may be enriched by additional stadide shapes. Compressible and incompressible
fluids can be handled by PERMAS. The first model is illustratefigure 5.

A,

Fig. 5: Model of the single chamberL = 0.05m

Figure 6 compares the transmission loss results obtaingtidoshort chamber by using different solvers. There
are no result for one competitor since it was not possibleeteegate a suitable mesh in that case [14]. That is due
to the quality of the underlying geometry with many intetseg curved surfaces. Some slight deviations between
the different curves become apparent, especially for hiffequencies. Several reasons, such as different element

types, meshes and varying approaches come into consateraliogether the global behaviour is predicted very
well.
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Fig. 6: Transmission loss for a single chamber design
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Interconnected chamber design
The mesh of the interconnected chamber is depicted in Figure

4.4

Nov 6 - 7, 2012, Wiesbaden, Germany
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Fig. 7: Surface mesh of the interconnected chamber
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Fig. 8: Transmission loss for an interconnected chamber dégn
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Figure 8 compares the transmission loss results obtairretthdanterconnected chamber muffler using different

FE modelling software packages. The deviations increagbsfi@quency. The predicted resonance frequencies

match very well.
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4.5 Integrated chamber design

Figure 9 illustrates the mesh of the integrated chamber.
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Fig. 9: Surface mesh of the integrated chamber

Figure 10 compares the transmission loss results obtaoretié integrated chamber muffler using different FE
modelling software packages. Again a good agreement isl@ialthough one commercial solver yields deviations
even in the low frequency range.
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Fig. 10: Transmission loss for an integrated chamber design
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4.6 Industrial application

The last example is an industrial application.The hexadledvminant mesh generated by Visper is depicted in
Figure 11. The element size clearly decreases in the woafithe surface layer and the coupling links between

the different chambers of the resonator Figure 13. Intetpmi elements (IQUADA4) are used in the transitions
regions in order to couple incompatible parts of the solidime

Fig. 11: Section of a hexahedral-dominant fluid mesh of the gonator

Fig. 12: Detail of Figure 11
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Fig. 13: Section of a hexahedral-dominant mesh of the resotw: blue - fluid part; grey - structural part

Figure 14 illustrates the transmission loss curves obthfoe the industrial resonator. It should be noted that
PERMAS can handle different analyses types with one motat,is the structural part is simply neglected in
a pure fluid vibration analysis and vice versa. The structaresists of plastic materiaF{ = 2320MPa v =
0.3, p = 1040kg/m®).
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Fig. 14: Transmission loss for an industrial resonator

5 Conclusions

The acoustic behaviour of different chambers is examinddrims of transmission loss. 3D simulations in PER-
MAS of different chamber configurations are performed andgared with results from the literature.

Possible extensions of the presented material include:
« The internal partition configuration of a resonator afesignificantly its acoustical transmission charac-

teristics. For this reason it becomes obvious to use togabpgmization of muffler internal partitions for
improving acoustical attenuation performance [16], [17].
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» Shape optimization for getting optimized positions ofetfbutlet is studied in [6], [8]. In that context
Airaksinen [6] introduced a multiobjective optimizatiomoplem for acoustic mufflers. It is defined to
maximize the TL at two frequency ranges simultaneously. @pen-source Netgen mesh generator by
Schoberl [25] is used to create tetrahedral meshing of thdated) muffler geometry. Yeh et. al. [31]
applied simulated annealing and a genetic algorithm in tia@e optimization of double-chamber mufflers.

These topics will be investigated in the near future.
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