Using HPC BEM to Resolve Large Wind Noise Problems
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Abstract From turbulent flow to vehicleinterior SPL

The coupled structural-acoustic Boundary Element bkth A turbulent flow generated outside a vehicle cateptially
(BEM) has been widely used in vibro-acoustic analyer be transmitted to the interior of a vehicle andde&imental
decades now, due to its ease of model set up and loto the sound quality experienced by occupants (Eidl).
dispersion error characteristics. Recently, evohgiof BEM  The turbulent flow outside a vehicle generates etdiating

to solve Aero-Vibro-Acoustic (AVA) problems havedme surface pressure field on the side glass whichuded a
introduced. However, the large-frequency range ofconvective and an acoustic component. The conwectiv
excitations, sometimes compounded by the largersbgre  component is related to the pressure field gengrate

of the models at hand implies that such problemget@ eddies travelling at the convection speed. The stou
large number of degrees of freedom. As a conseguenccomponent is related to acoustic waves travellifthia the
while BEM can provide an accurate solution, the timmel  flow and being generated on various surfaces before
memory requirements related to model size and &gy reaching the side glass.

range tend to create practical limitations.

The advent of affordable large-scale distributed omym
computing power enables a new generation of BEMesslv
to push these limitations away. It enables couhelirect
BEM problems to be solved on large clusters andiblige
all CPU-intensive steps on a large number of CPlghis
paper, the theory behind DMP for BEM will be introdd,

and applications to Aero-Vibro-Acoustic will be st Figure 1: Turbulent flow generated behind sideroniand

based on work done over several years with a Gexmirach A-pillar

noise workgroup of car manufacturers including Audi The acoustic component is typically very small inpiitade

Mercedes, Porsche and Volkswagen. compared to the convective component and as wishosvn
later in this paper, can be the major contributdr a

Introduction coincidence frequency of the side glass. Furtheemtre

In order to model wind noise it is necessary toesstand acoustic waves reaching the side glass are higrdgtanal.

the source, the paths which typically involve dirgibro- The turbulences at .the rear face of the mirror anthe A-
acoustic transmission through certain regions oé th P_lllar create_acousUc waves that travel rearwawhtds the
structure, transmission through nearby leaks/semisl side glass with a specific heading.

isolation and absorption provided by the interi@mursd
package and the receiver and in particular, thquiacy
range(s) in which wind noise provides an audible
contribution to the interior noise in the occupangars.
While many regions of a vehicle can contribute tmdwv
noise, the fluctuating surface pressures on that feide
glass due to vortices and separated flow genelstede A-
pillar and mirror are often an important contrilbiuto

This paper presents an overview of different apgreacthat
can be used to efficiently predict wind noise citnittion to
overall SPL at the driver’'s ear. After describihg physical
phenomena involved in wind noise simulation, a eevf
major wind noise source characterization methods i Figure 2: Sketch of acoustic waves propagatingfrap
presented. Following is a description of vibroastics side glass to driver's ear, b) from side mirrodtver's ear,
methods used to predict interior SPL for a givendwioise ¢) from A-Pillar to driver's ear, d) away from AdRr, side
source model. Finally, the latest validation casesAero- mirror and side glass and interfering with eacreothefore

Vibro-A ics (AVA tod reaching side glass.
ibro-Acoustics are presented. . . . .
( ) P This source term is associated to a dipole souradate

terms). The acoustic waves travelling towards the gilass
are likely to be transmitted inside the vehicleotigh the
side glass and to the driver's ear as illustrated-igure




3a,b,c. with any surfaces can also generate nomk a acoustics can be added to an

therefore constitute acoustic sources. These soatess
quadrupole acoustic sources and are referred tmlasne
source terms. These acoustic sources are at clozamjty

to the side glass. At automobile speeds, thesecederms
are considered negligible since Mach number isvbdl3.

Pressure fluctuations on the side glass also genacaustic
waves that propagate away from side glass. Thesesa@n
interfere with incoming acoustic waves from A-Rilland
mirror. It is believed to have a negligible impact driver's
ear SPL (Figure 3d).

Using BEM to propagate exter nal acoustics

Several methods of representing the wind noisecegurave
been investigated over the past 10 years in thenaitive
industry. Empirical methods have shown their mesitsl
limitations especially when the geometry of theusiure
changes significantly compared to previous comprtat
[1,2,3,4]. A more predictive approach, based orathiity of

simulation.

For wind noise automotive application, this measng

BEM to propagate acoustic waves generated from the

fluctuating surface pressure locations such asomand A-
Pillar surfaces towards the side glass (see Figure

Figure 4: CFD fluctuating surface pressure imgbde mirror and
A-Pillar (left) applied as a boundary source tenmaoBEM model
that propagates acoustic waves from mirror and [RPto side
glass (Right)

New derivation of the acoustic analogy based onleGur

coupling time domain turbulent flow data to a vibro integral version of the Lighthill equation for BEMaks the

acoustics model has opened new possibilities.
computation process is illustrated in Figure 3. Téfe side
of Figure 3 shows the source characterization @eeind the
right side the vibro-acoustics methods that cacdrebined
to compute the interior SPL. In this paper, the loim@tion
of the aero-acoustic (CAA) models and a vibro-atious
(VA) model is called an aero-vibro-acoustic (AVA)odel.
The focus of this paper is on the use of BEM to dua t
acoustic component to an incompressible CFD sinaulaf\
more complete description of the other methodslaviai in
Figure 3 is included in [5].

Source characterization Vibro-Acoustic model
reE £
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Figure 3: The computation scheme: Using BEM to acllistics to
an incompressible CFD computation.

The Navier-Stokes equations are notoriously diffictd

solve numerically and a wide range of approximate

strategies has been developed (LES, RANS, etc) sndn
particular it is very difficult to solve for botlutbulent flow
and acoustic radiation at the same time, sinceutenige is
small scale and requires a very fine grid of corapoial
mesh points and acoustic waves and sound radiggaprire
a large spatial region to be modelled. Most CFDesoalvoid
this problem by assuming that the flow is incompitgle
which removes the acoustics. This section discussesthe

Thaise of CFD incompressible analysis to model thbulent

flow.

M odal forces

When FEM is used to represent the side glass, one ca
directly use the time domain fluctuating surfacessure and
convert them into modal forces. The process istitisd in
Figure 5. The time domain pressures are convertam in
forces and projected onto the modes of the sidesgla
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Figure 5: Using modal forces to represent forcimcfion

from turbulent flow
The full time domain modal force signal is then eithised
in its entirety as a single window and used in AéA
model as a deterministic excitation or the timenalgs post-

processed and averaged using overlapping segments t

generate a random source.

Figure 6 shows the averaged interior SPL obtainéra
compressible CFD time domain fluctuating surfacespures
coupled to a FEM side glass using modal forces wthie
interior fluid is modelled in BEM. It compares the
simulation and measurements results for the cagbsawd
without mirror. When an incompressible CFD simiolatis
performed, the acoustic component is not includedhie
time domain fluctuating pressure and BEM can be used
add this acoustic component. As shown in figureh®,
incompressible CFD time domain fluctuating pressuran
be coupled to a BEM and the Curle’s integral versibthe
Lighthill equation can be used to compute surfacercs

incompressible CFD



terms to apply to the BEM fluid representing theeexdl  complexity, this phase needs O(N3) operations. The

----- Exp. No mirror |

sound field of a car. calculation of the external point phase is comprisethree
nested loops. The inner loop, over the Gauss pants
s e— sequential calculation of the approximation to plogential.
== @ The intermediate loop is over the target elementd, the
= = = d  inteiior average pressure outer loop is over the external points. In terms of
E— | i == = (with vs no mirror) complexity, this phase needs O(NxM) operations Witthe
oot ety ey number of elements of the mesh and M the numbeiat#
° —BEM with Mirror | recovery.

For complex physics like wind noise on three dinnemesl
geometry case, both constrains on CPU time and RAM
requirements limit strongly the capacity of the BEM a
sequential approach on a single processor. By allglar
approach, these limitations are pushed furthenbpducing

----- BEM no mirror |

SPL, dB (2e-5Pa)

0

© MPI instructions in the source code in those thiee and
e e 9 memory consuming phases. During the matrix sethgse,
Feduancy ife) both intermediate and outer loops are distributest @ 2D-

cyclic grid of processors to reduce considerably @PU
time. The O(N2) operations are dealed in parallethsy P
processors; each one storing a part of the glolgERDGb
of RAM. During the solution of linear equation pbkashe
HPC BEM well-known SCALAPACK linear algebra library is usén
The Boundary Element Method (BEM) is a well establishsolve the dense system of equations efficiently VP
technique for the solution of problems in engimegrand  architectures with a 2D-cyclic grid of process@aring the
applied science. The BEM is a technique which oftencalculation of the external point phase, the intatiate loop
presents important advantages over domain typetieuu is distributed over the P processors linearly.

since it provides a great economy in computatiaftdrts

by discretizing only the boundary of the domains.
Consequently, much smaller systems of equationsoabe
solved. However for complex geometry, as in thesehr
dimensional case, dense meshes are required squitata
large system of equations still remains, which make
solving step slow by a sequential approach. Devedoy of So = Tseq/ Trara (@

parallel fcglrznl\auter QZS received consliderart]) Ie' atm:nh"y where TEeqis the CPU time necessary for the computation in
Users o . to address more complex PRYSICS AUMG  soqyential approach i.e. using only one procesEbMay,is
acceptaple time. The. best-adapted ngh Performanc?ne CPU time necessary for the computation using P
Computing (HPC) architecture to deal with large s#en ,-0qors in parallel. The perfect scalability teid to Sp
system of equations is for sure the Distributed Mgm _ meaning the CPU time is exactly divided byrbeber
Processing. In this architecture, every unit of patation or ¢ processors. It is not possible in reality beeadse

processor works in parallel with its own memory dhese processors spend some time to communicate and regeha
processors do not have tq be Iocatled In the sampuie.r. some data between them during the computation.
The more common machine of this kind of system & th
well-known Linux cluster with its nodes of CPUs. The table lillustrates the scalability of the BEMvsolfor

) . , . the wind noise application below on a Intel S26006R
There are esser]tlally three phases in BEM: (|)' Thetrixna | +ol xeon E5-2680/2.7 GHz/128Gb computer.
set-up phase, (ii) The solution of linear equatitlage and
(iii) The calculation of external points phase. Table 1: Scalability of HPC BEM implementation on a

large wind noise problem

Figure 6: Interior averaged SPL for case with amithout mirror
using BEM for interior fluid modelling

We illustrate the scalability of the BEM solver ormand
noise application solving the Lighthill-Curle anayoBEM
equation. The number of nodes of the BEM mesh is3&R 2
Usually, the scalability is presented through theesl-up Sp
parameter. Sp is defined by:

The system equation set-up phase is a fine-graineckgs
comprising a set of three nested loops. The inmep,lover Computational Speed-Ups
the Gauss points, contains the straightforwardutation of "
the contribution to the global integral operatofEhe e
intermediate loop is over the target elements amally the
outer loop is over the source elements. In terms of
complexity, this phase needs O(N2) operations hitkthe
number of elements of the mesh. In terms of memory
requirements, it is necessary to store the glohtdgral 4 9 16
operators so O(N2) Gb of RAM. The Humber of Processors

solution of linear equation is based on Gauss phtion It is important to note every phase of the comparafs
with partial pivoting like LU factorization. In tesnof  dealed in parallel approach. Moreover, the speedeup
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every step of the computation is very good. It éemlio
reduce considerably the global CPU time. For examible
speed-up is around 10 using 16 processors.

Finally, Figure 7 shows the propagation pattern tloé
acoustic waves generated on the A-Pillar, the gldss and
the side mirror. This computation was performedhgighe
HPC version of the BEM solver implemented in comnadrc
software in [6].

i-, @ vaone™

Figure 7: Top: Surfaces used to compute acousticce terms
using Curle formulation, Bottom: BEM acoustic waygepagation
patterns from A-Pillar, side mirror and side glassrce terms

Conclusion

This paper has presented an overview of availabkhods
for characterizing windnoise sources. The abilitcdmbine
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Definitions/Abbreviations

SEA Statistical Energy Analysis
BEM Boundary Element Method
FSP Fluctuating Surface Pressure
TBL Turbulent Boundary Layer:
PWF Propagating Wave Field

FEM Finite Element Method

DAF Diffuse Acoustic Field

SPL Sound pressure level

CFD Computational Fluid Dynamics
HPC High Performance Computing

various vibro-acoustic methods such as FEM, BEM and

SEA offers flexibility in the way wind noise can bedeled
and has a positive impact on the time needed tll lauid
run AVA models. The Aero-Vibro-Acoustics correlatio
results show a high level of accuracy for the cagh and
without mirror and confirm that today’s approacloas be
used for design changes since the underlying phyaie

well represented by the CFD, VA and AVA models.

Furthermore, a HPC implementation of BEM has been

introduced and scalability results presented. Talhic a
scalability of 10 can be expected for the case eiiérCPU
are used for the large wind noise case presented.
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