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Abstract

In the automotive industry, like in other transport industries, predictingendising design cycle is a nec-
essary step. Well-known methods exist to answer this issue in low freguemeain. Among these, Fi-

nite Element Methods, adapted to closed domains, are quite easy to implemesasvBeundary Element
Methods are more adapted to infinite domains, but may induce singularity preble this article, a new

method based on the well-known elastodynamics Substructure Deletion Methie$ented. Analogies be-
tween acoustical and seismic problems are made to transpose the methogidisco dividing a complex

unbounded problem into two easier ones to solve finite and infinite problesteall of considering a geo-
metrically complex structure, a prismatic bounding volume is first studied. Tldassical Finite Element

computation is performed on the volume left between the box and the cortsiteneture. The advantage
of this technique is that when testing and comparing several geometriegneahita such a box, only one
boundary element calculation is needed. Efficiency of this method is destirsthe present document.

1 Introduction

In the automotive industry, evaluating the emitted noise is an important step duritsgydimensioning

or during the vehicle design cycle as vehicles have to respect the Eurdggislation concerning noise.
Moreover, acoustics have become an important choice criteria whengoagiar. To achieve this, two main
methods exist that is Finite Element Methods ([1], [2], [3], [4]) and Bidany Element Methods ([3], [5],

[6]). When dealing with radiation problems, Boundary Elements are usualptoged. Since they may
induce singularity problem, they are not really easy to use whereas Finiteckle are. They are well
adapted to bounded media as this is impossible to discretize the infinity into finte cells.

The idea developped in this paper is to take advantage of both methodsreBemied method is inspired
from the Substructure Deletion Method is described. The SDM was fiesepted by Dasgupta in the late
70’s [7], and developped in Civil Engineering [8], [9], [10]. Indar to investigate the dynamic response
of a building embedded foundation under seismic loading, the non-exdas@itempedance matrix is first
calculated. Then the embedment region composed of the same material a# ithetadied. At last the
impedance matrices are combined according to the continuity and equilibriwmpissns to obtain the
impedance matrix of the embedded foundation.
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2 Theoretical formulation of the method

2.1 General formulation of a radiation problem in acoustics

A complex vibrating structure, as shown in Fig! 1, is considered. Thesticaliradiation problem is
governed by the Helmholtz equation and conditions on the finite and infinitediadies (cf Eq. 1).

Figure 1: General radiation problem presentation
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In this article, only Neumann and Sommerfeld conditions will be considerebdasnson the equation (1),
that is to say the normal velocities resulting from a frequency respone aftructure are assumed to be
known.
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Jkp — e O(r) Sommerfeld condition at infinity

After having multiplied the Helmholtz equation by a test functign the weak formulation (or integral
formulation) can be derived by applying the Green-Gauss theorem.

b(p, dp) = (q,0p) 12(0), Yop regular test function it 3)



Where:
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The functiond is a sesquilinear form whereés-) is a linear operator.

As it will be demonstrated in the next paragraphs, whatever Finite Elemdddwrdary Element methods
are used for the discretization, the integration leads to the following disatetqeation:

0
p=hg (4)

The present method aims at calculating the admittance m¥atrix
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Figure 2: Global problem division into two subdomains

As in elastodynamics, this is achieved by dividing fhedomain into two domains as illustrated in Fig. 2,
where ), is an unbounded domain aity a bounded domain. The weak formulation (cf E¢. 3) can then
be decomposed on these two domains and the integral equation (Eg. 3)cnintipéex problem (Figl 1)
becomes:

b(p1,0p) + b(p2,0p) = (41,0D) 12(00,)) + (42, 0P) L2(02y)» Y0P € HY (1) UH' () (5)

The most suitable discretization method is then chosen for each type ofmproble

2.2 Exterior problem

A main advantage of Boundary Element methods is they are well adapted fteiaiomain studies. Let’s
consider again the integral equation written on [Eq. 3, substit@imgth 2. After applying a second time
Green theorem, the fundamental solutigrcalled Green function, is introduced.is the exact solution of
the following equation :

Ag + k*g = § whered is the dirac function, (6)



Hence, the boundary integral equation is obtained:
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where the elementary matrices are such@Qg7¢ = H + ¢;; (8)
_ ag
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di; is the kronecker symbol.

Finally, the following expression is derived:
p1 = Ajung 9)

2.3 Interior problem

In this case, the use of finite elements avoids the difficulties due to singularitesigtered with boundary
elements. Moreover this discretization method is more adapted to bounded domain

As in structural dynamics mass-like and stiffness-like matrices can beadféiom the variational formula-
tion described by Ed. 3 by introducing suitable shape functions. As a&qaesace the interior problem is
governed by:

Kf—/// ] [
(Kf —w2Mf) p2 = Fupe,  with: 5 / / /Q NNt dV (10)
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To be compatible with the boundary integral formulatiortlg, these matrices have to be reduced on the
domain boundary degrees of freedom. An exact condensation or @Gasgluction is proceeded to obtain
the transformation matri¥ such as:

M, g = T'MIT
K,eq = T'K/T
Hence a similar expression as equation (9) can be derived :

[Kred — wQMred] pa = Fupe
& p2=Ajuy (11)



2.4 The Substructure Deletion Method

Since the FE and BE matrices have been calculated, only boundary cosdiiwan below Eq/ 12) are
lacking to solve the problem. These conditions guarantee the compatibility arithegm between the two
problems described before.
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3 Application and results

3.1 Presentation of the studied models
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(a) First model : straight edge (b) Second model : curved edge

Figure 3: Unbounded complex problems meshes

The Substructure Deletion Method is applied here on two-dimensional exanigie different models are
presented on figure 3. These problems are divided into two subprobdspesctively illustrated on figures 4
and 5. The same mesh is used to solve the two unbounded problems.



(a) First model : straight edge (b) Second model : curves edge

Figure 4: Bounded problems meshes

Figure 5: Common unbounded problem mesh

3.2 Results

Figures 7| 8 and 9 show the pressure level at different points on thiedwv&urface. Those points can be
located on figure 6. The results of only three representative nod@semented here.

SDM results are compared with BEM results. These were computed with theb\dgttan source OpenBEM
routines. For all nodes, the Substructure Deletion Method shows a qoitcagmeement with BEM.

Figure 6: Visualization points
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(a) First model : straight edge (b) Second model : curved edge

Figure 7: Sound Pressure Level at node 2
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Figure 8: Sound Pressure Level at node 9

Even if some inaccuracies remains, qualitative behaviour is generallgatesh) and quantitative behaviour
is satisfying for a use during preliminary architectural studies
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(a) First model : straight edge (b) Second model : curved edge

Figure 9: Sound Pressure Level at node 14



Number of SDM (Matlab routines) BEM (Matlab routines)
lterations CPU Time CPU Time
1 BEM computation : 2h30 1 BEM computation : 2h30
1 1 FEM and SDM computation : 3 mir
Total : 2h33 Total : 2h30
1 BEM computation : 2h30 10 BEM computations : 102h30
10 10 FEM and SDM computations : 30
min
Total : 3h Total : 25h

Table 1: CPU Time depending on the number of iterations

4 Conclusion

In this article, a new method has been described. It consists in dividinghpler radiation problem into
two subproblems : a bounded one, solved thanks to Finite Elements, andandebl one studied here
with Boundary Elements. The application on an academical two-dimensioaaipde shows quite good
agreement with reference BEM results. Since this method is to be used on sdgkifbmetries during
prospecting phase, the results may be accurate enough to compaeg amstdtectural concepts. More, as
it is illustrated by the table/1, this method is adapted to optimization : the more numeronegies to be
tested, the more CPU time may be gained by using the Substructure Deletion Method

At last, if the Substructure Deletion Method shows good results on an mealecase, its accuracy on an
industrial case remains to be demonstrated. If it is, this method should allowmc¢eige better and earlier.
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