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ABSTRACT

Due to significantly reduced interior noise as a result ofiotidn of noise from internal combustion engine and tyradroontact
noise and the use of lightweight composite materials forcdmebody, disc brake squeal has become increasingly a cotaer
automotive industry because of the high costs in warrarigtee claims. While it is now almost standard practice to tiee
complex eigenvalue method in commercial finite element sddepredict unstable vibration modes, not all predictedabis
vibration modes will squeal and vice versa. There are vemydfiteempts to calculate the acoustic radiation from predicinstable
vibration modes. Guidelines on how to predict brake squegbensity with confidence are yet to be established. In thidys
three numerical aspects important for the prediction okésqueal propensity are examined: how to select an apptepriesh;
comparisons of methods available in ABAQUS 6.8.-4 for harimdorced response analysis; and comparisons of boundary
element methods (BEM) for acoustic radiation calculatiorisMS VL Acoustics and ESI VA. In the mesh study, results oale

that the mesh has to be sufficiently fine to predict mesh inudgr® unstable modes. While linear and quadratic tetrahedr
elements offer the best option in meshing more realisticstres, only quadratic tetrahedral elements should lfossolutions

to be mesh independent. Otherwise, linear hexahedral alsmepresent an alternative but are not as easy to applyntpler
structures. In the forced response study, the modal, sobspal direct steady-state response analysis in ABAQU Soanpared

to each other with the FRF synthesis case in LMS/VL AcousResults show that only the direct method can take into atcou
friction effects fully. In the numerical analysis with astic boundary elements, the following methods are comparéegrms

of performance and accuracy for a model of a sphere, a cat'sagljator, a pad-on-plate and a pad-on-disc model: a plane w
approximation, LMS's direct (DBEM) & indirect BEM (IBEM), MS's indirect fast multipole BEM (IFMM) and fast multipole
BEM with Burton Miller (DFMM) implemented in ESI/VAOne. Theesults suggest that for a full brake system, the plane wave

approximation or ESl‘'s DFMM are suitable candidates.

INTRODUCTION

Disc brake squeal is of major concern to the automotive itngas
well as customers. It appears in the audible frequency rabgee
kHz [1, 2]. Below 1kHz, structure-borne noises are dominant, as in
brake moan and groan, but airborne noises such as brake jigjide
are also present. Low-frequency squeal is defined as noish wb-
curs below 5kHz and below the first rotor-in-plane mode whitgh-
frequency squeal usually appears above 5kHiZlhe most compre-
hensive review papers on brake squeal are: Kinkaid etjviiich
covers analytical, numerical and experimental methodduding
squeal mechanisms discovered; the work by AkZlywhich dis-
cusses the contact problem and friction-induced noisett@don-
tribution made by Ouyang et ab][where the advantages and limi-
tations of the complex eigenvalue method and the trandimetdo-
main analysis using the finite element method are prese®tier
literature reviews have been written b§ fand, more recently, 7]
and B] which discuss various methods for analysing brake squeal i
cluding probabilistic methods to incorporate uncertasitand their
implications for practical industry applications. Thedahgand ap-
plication of numerical methods in acoustics and their dgwelents
have been reviewed by Marburg and Nol€. [An excellent com-
parison between the acoustic finite element method (FEM}tlaed
acoustic boundary element method (BEM) is presentedGh [n
Thompson 11] and Harari 2], the focus is rather on the time-
harmonic acoustic FEM. A good book on the acoustic BEM is-writ
ten by Wu [L3] and it explains the direct (exterior, interior) boundary
element method (DBEM) and indirect boundary element method
(IBEM, including the collocation method, Galerkin apprbado-
gether with ready to use 2D/3D BE code using a continuouseziém
formulation. In contrast, discontinuous elements wheed={& nodes
are not congruent with the BE nodes, can have some advargades
have been investigated i14]. In the past, methods for analysing
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and predicting disc brake squeal have been focussed predottyi

on analytical models to consider some fundamental frietimuced
mechanisms and numerical methods for analysis of vibratiodes

in the frequency domain. Interestingly, the FE time-dommgthod
has mostly been neglected due to its high computationabcwsthe
numerical prediction of acoustic radiation has largelyrbigmored

as only the radiation of brake rotorsq] or simplified annular discs
[16-19] have been analysed in the absence of friction. Only regentl
an analysis was presented in which the FEM was used to ctdcula
the unstable vibration modes by means of the complex eigiezva
analysis (CEA) and the BEM was used to determine the acoustic
radiation PQ].

The aim of this paper is, therefore, to introduce the acouEM

to predict disc brake squeal in order to complement existimayvl-
edge focussed on structural analysis of FEM models by mefans o
CEA [21]. The finite element methods for structural analysis and
boundary element methods for acoustic analysis and the esmm
cial software in which these methods are implemented arengiv
in Table 1. Figurel depicts the four models used in this study for
performance testing (in terms of their accuracy and conmpuie-
ning times): a sphere, a cat’s eye radia#][ a pad-on-plate model
and a simplified brake system in the form of a pad-on-discesyst
[20]. Two different contact formulations available in ABAQU®a
studied, specifically investigating the contact openingsveen the
pad and the disc. A mesh study using tetrahedral and hexahedr
elements for the simplified brake system (pad-on-disc maslein-
dertaken to explore the convergence behaviour of unstéation
modes calculated by the CEA available in ABAQUS 6.8-4. In-Fig
urel (d), tetrahedral elements are shown. Then after a suitagdhm
is chosen for structural FE analysis, a method for generatimface
velocities for subsequent acoustic radiation calculatiesing BEM

is selected by examining the forced response of pad-oe/pdidc
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systems obtained from the modal, the subspace projectidrdian
rect steady-state method available in ABAQUS 6.8-4. Thifois

Table 1: Software and treatment of non-uniqueness/inteBso-
nance problem@GHIEF (C), Impedance (l)Burton-Miller (BM))

FE-Software

Method () Modal  Subspace Direct

ABAQUS 6.8-4 0 0 0

BE-Software

Method () Direct Indirect Fast Multipole ERP
LMS/VL 8B [C [l I O
ESI/VAOne 2009 0B

AKUSTA

lowed by a comparison of the acoustic power calculationgHer
sphere, the cat's eye radiator, and the pad-on-plate/rdigtels us-
ing the commercial BE tools of LMS/VL Acoustics and ESI/VA
(FMM) and the code AKUSTA developed at the Technical Univer-
sity Dresden. Firstly, the sphere and the cat's eye rada®used

to evaluate the performance of acoustic BE codes in termswf h
capable and suitable different methods are for overcontiaghon-
uniqueness/internal resonance probléh Secondly, for the pad-
on-plate/disc model, the numerical effect on acousticutations

of having two bodies in direct contact or by using a wrappirgsm

is studied. The effect on acoustic radiation of a possilfteoff of

the pad due to contact variations and the application of éenis
studied to determine the possibility of a horn effect. Basethe re-
sults presented in terms of accuracy and computing timesresty
recommendations for developing a FE/BE model to analyse dis
brake squeal are given. For both the structural and acoststiies,

a Hewlard Packard HP xw4600 workstation with an INT@&E600
quad core CPU, 8B of RAM and Windows Vista 64-bit is used to
run all simulations.

MODEL DESCRIPTIONS
The four models used in this study (Figueand described below.

D = 500mm

v=1m/s

(a) Sphere (b) Cat’s eye radiator

(c) Pad-on-plate

(d) Pad-on-disc

Figure 1: Test cases: (a) Sphere; (b) Cat’s eye radiatds@topic
pad-on-plate; and (d) Isotropic pad-on-disc

Sphere  The sphere is used as a test case for the non-uniqueness
problem in acoustic analysig3, 24, 9] in order to validate how the
direct boundary element method (DBEM) using CHIEF pointd an
the indirect boundary element method (IBEM) using an impeda
are able to overcome the non-uniqueness/internal resenaob-
lem. Itis a simple structure in the form of a monopole radiatith

an imposed surface velocity of 1is1 The material properties of the
sphere can be arbitrarily chosen, as the surface velocitypssed
on the structural mesh, without having generated surfaloeities

in a forced response case. The sphere has 96 hexahedra2 péisat
hedral elements with a diameter o5f. In LMS/VL a surface mesh
consisting of 204 quadrilaterial elements is generatecthwhorre-
sponds to more than 6 elements/wavelength at 3kHz. Thetsessl
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ing the DBEM and the IBEM of LMS/VL Acoustics are compared
with those from the analytical solution of this model.

Cat's Eye (Benchmark /) The second model is a cat’s eye, as
investigated in 25] based on that of9], which serves as the first
performance benchmark mode¥|j. The cat's eye's spherical sur-
face consists of a one octant cut-out, as shown in Fig(log The
spherical surface has a velocity boundary condition of/4rm-
posed whereas the element faces of the cut-out octant sl#aio
velocity. As in the case of the sphere, arbitrary materiapprties
can be chosen. The solid structure has 8129 linear tetraledt the
surface mesh has 973 triangular elements. The charaiéeisgth

of the elements, is 3cm which corresponds to at least 6 elesrpen
wavelength below 2kHz and at least 4 elements per wavelermth
to 3kHz [26]. Four to six elements is recommended practi2g [
but for complex geometries at shorter wavelengths and londsr
elements, it is recommended to take 10 or more elements p&-wa
length R8]. For the DBEM, 480 CHIEF points are applied. The di-
ameter of the sphere is reduced from 1m (&etp 0.5m and the
frequency range is increased fronbkHz to 3kHz. Here, the focus
is on calculating the acoustic power as a global measureaabgein
[9], the sound pressure at some locations in the fluid was caémll

Pad-on-plate  The pad-on-plate model, as shown in Figl(e),
is a simplification of the pad-on-disc model: a plate street(a)
does not give any splitting modes; (b) requires shorteriraeg be-
cause the matrices have smaller bandwidths than annulatstes;
(c) fewer elements are required over a (d) smaller frequeacyge
(2.5—6.5kHz instead of + 7kHz). It is a minimalist structure with
imposed contact and friction and is, therefore, often entaved as
a benchmark model in studies of analytical friction ostilta [29].
Here, the pad-on-plate model serves as a bridge to a sinadbifeke
system composed of one pad in contact with a disc. Young‘s-mod
ulus, Poisson's ratio and density of the plate/pad are asguim
be 210'180GPa, (805/0.300 and 7748/802478kg/m?, respec-
tively. In total, 6312 hexahedr@l3D8I elements, with incompatible
modes properties for improved bending behaviour (incoibleatle-
formation modes are added internally to the elements whiotease
the degrees of freedom from 8 to 13), are used for the straicnal-
ysis, resulting in 4198 quadrilateral acoustic elemente &cous-
tic elements are surface elements forming the acoustic raegh
do not necessarily have the same coincident nodes as tloéusaiu
mesh [L4]. The boundary element mesh consists of 4198 (LMS/VL)
or 4523 (ESI/VAOne) triangular elements, respectivelyhvatmin-
imum of 10 elements per wavelength for a frequency up.5&l8z.
The plate moves with 1yts in thex— direction (Figurel), with
p = 1kPa applied to the pad.

Pad-on-disc (Benchmark %) The annular disc (case iron) in con-
tact with a steel pad serves as a second benchmark m@jlé(the
validation of various numerical models for the purpose @flgsing
disc brake squeal (Figurgd)). Young‘'s modulus, Poisson's ratio
and density of the disc/pad are JPA0GPa, ®8/0.30 and 7800
7200kg'm3, respectively. Further, the disc rotates with a velocity of
10rad's, and a constant pressure of 100@M is applied uniformly

to the back of the pad. The pad's outer edges are constrairtbé i
U; andU, directions, which are orthogonal to the disc's plane. The
disc's inner edge is constrained in all three global co@tiia. As
mentioned in19, 20], an annular disc structure can reproduce major
vibration characteristics of a real brake rotor, such asobylane
bending motion, which are especially efficient in radiats@und
[30]. Unless otherwise mentioned, in structural simulatidine fric-
tion coefficient is set to a constapt= 0.5 in a finite sliding regime;
the pressurep = 1kPa; and, in acoustic simulations, the speed of
sound is set ta = 340ny's and the fluid's density tp = 1.3kg/mq.

MAJOR PARAMETERS TESTED

Four element types, boundary conditions, sliding definiiad con-
tact for structural vibration analysis implemented in ABAS are
described here. For more detailed description, 3&e32].

ICA 2010



Proceedings of 20th International Congress on Acousti&,2010

Mesh and Element Convergence Study

It is essential that a sufficiently large number of an appederel-
ement type is used to approximate a structural continuunhao t
the physical results are mesh-independent. Since probiétméric-
tional contact impose a highly non-linear problem, rangdirgn
micro- to macroscopic effect88, 34], the number of elements in
the actual contact zone is a critical fact@2]. Thus the disc and
plate have a partitioned area around the contact zone whaksa
for a locally refined mesh. But, how is the accuracy of complex
eigenvalues affected by the mesh quality and element ty et &6ls
the frequency error due to mesh resolution can be estimgterthns
of a normal modes analysiwithout considering the instability of
the modes, complex mode shapes have to be calculated taexplo
the convergence behaviour of unstable modes. In this stuays
ement types are assessed: (1) linear tetrahedral fullgriated el-
ements (C3D4); (2) quadratic tetrahedral fully integradéements
(C3D10M) modified to reduce shear/volumetric locking; (Behr
hexahedral reduced integrated elements (C3D8R) with plass
control; and (4) linear hexahedral incompatible modesyfirdte-
grated elements (C3D8I). Whereas linear and quadratiattetiral
elements have the advantage of being easier to apply to atreet
ture, numerical convergence is better for (3) and (4) duaupeis
convergence points. Quadratic hexahedral 20-node elsm@ab
costly/difficult to apply to real geometry) are not evaluhte

Tetrahedral Elements C3D4/C3D10M  C3D4 is alinear, first order
fully integrated element. To calculate both stress andaigment
values, only one integration point with a constant valuesisd, but
three integration points are used on elements where thes aatied.
Tetrahedral elements are very stiff, due to their lack oégnation
points, which is associated with problems of so-cakéeéar lock-
ing and volumetric lockingwhich is a prevalent problem for fully
integrated elements. Shear locking gives rise to parasitesses.
Volumetric locking, due to almost incompressible matepiaper-
ties, occurs only after severe straining of the structyserisus pres-
sure stresses make the structure too stiff and, in partjdofauence
bending behaviour, resulting in a smaller number of unstaisdes.
With a fine mesh, the structure is very stiff and calculatedjfien-
cies may lie several hundred Hz above the frequency obtaipes-
ing other elements. Moreover, the calculation convergagesi than

a mesh composed of hexahedral elements due to its lack of-supe
convergence points3f]. To produce accurate results, the mesh has
to be very fine and it has to be ensured that numerical loclkdng i
absent. An advantage of tetrahedral elements is that mastinge
works well with them when it comes to complex structures bke
brake rotor. To overcome the effect of shear and volumetrkihg,

a 10-node quadratic tetrahedral element (C3D10M) is available;
requires longer computer run times but provides the eassingu
the ABAQUS mesher for complicated geometry.

Hexahedral Elements C3D8R/C3D8I  C3D8R is a linear reduced
integrated hexahedral-&ode brick element with second-order ac-
curacy and has fast converging behaviour. Reduced integi@auss
points are BRLOW points 6] which give very accurate strains,
calculated as averaged element strains. Reduced intayfatihex-
ahedral elements has the advantage that no locking willrcenod
that the computational costs are much lower due to lessriatieg
points used. However, a drawback of reduced integratidmaisthe
stiffness matrix is rank-deficient which results in spusanodes
due to numerical singularities, so-calledur-glass modesWhen
hour-glassing appears, more modes than usual can be othspree
dominantly in the low-frequency regime. C3D8l is a fullyegtated
linear 8-node brick element, with second-order accuracy and an ad-
ditional so-calledncompatible modeproperty, is applied. The in-
compatible modes improve bending behaviour due to pacasigar
stresses and preveslhear and volumetric lockindf the elements
are almost rectangular in shape, their performance appeaigs the
performance of quadratic elements; reduced integratinotiseces-
sary and hour-glassing does not appear. However, the catignal
costs are approximately3times higher37], especially for meshes
which involve a large number of elements.
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Boundary Conditions

Constrained Nodes ~ For the pad’s boundary conditions, all 4 top
corner nodes are fixed in-plane but is allowed to move ouyilafie.

For the pad-on-disc system, this constraint reduces tloygiérecies

of those modes related to the pad in the range of OkHz to 7kHz.
In this study, models with this type of boundary conditionC(B
are calledcompliant (). Another type of boundary condition for
the pad-on-disc system, has the four top corner nodes asawell
10% of the top edges next to the corner nodes constrainedlisatch
certain in-plane pad modes are not found below 7kHz, and-is re
ferred to as thestiffenedtype. In Figure2, the results from a mesh
with C3D8I elements are depicted. The unstable mode is denoted
by (m,n,l,q), where m and are the number of out-of-plane nodal
circles and diameters respectively andnd q are the number of
in-plane nodal lines in the radial and tangential diretioespec-
tively [17]. In terms of the number of unstable modes predicted, the
system with stiffened BC converges faster than that with gem
ant BC (see Figur®). For analysis of brake squeal that involves
mode-coupling only, stiffened BC is used to eliminate padieson

the frequency range of interest below 7kHz. For analysisraké
squeal that involves both mode-coupling and pad-modebiiiias

[38, 39, compliant BC have to be used. It has been found that stiffer
lining materials are more sensitive to changes in stiffriese also
[40)) introduced by alterations in the friction coefficientetmesh
(element type and mesh density) and the material due to tise ex
tence of pad modes. Thus meshes for steel linings with camipli
BC are studied here. Once the solution for a mesh with stiffigj
materials and compliant BC is mesh independent, the BC can be
stiffened or softer lining materials can be applied, andsthletion

will still converge. An investigation of these pad modesgitteffects

on instabilities and sound radiation will be treated38,[39, 41].
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Figure 2: Mesh convergence for systems wiii tompliant and

o" stiffened boundary conditions. The arrows indicate mesh-
convergence for the compliant and stiff boundary condition
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Contact and Sliding Definition In this study,surfaceto-surface
contact, (no need of matching meshes) is chosen. athematic
shrink fitprocedure is enabled to ensure that the two surfaces are in
contact before the analysis is run. In Abaqus, as intenagtioperty,
for tangential behaviour, thgenalty methodvith a constant friction
coefficient is used; and, for normal behavitiard overclosurewith
allowable separation, is chosen. The penalty method aflomgome
elastic slip of the two surfaces when they should be sticiify A
hard overclosure of the two contacting surfaces allowsifoitéd
penetration set here to8inm. Two sliding definitions are available
in ABAQUS: thesmallandfinite sliding The former is traditionally
taken in the CEA as it is not as demanding on computer run times
because only relatively little sliding of the surfaces imt@&zt is as-
sumed. The finite sliding allows any arbitrary motion (sepian,
sliding, rotation) of the surfaces. For the small slidingnfialation,
the same slave node will interact with the same area (radiato
ment length) of the master surface throughout the analggis Ih
the finite sliding formulation, connectivity of the slaved®s to the
master surface changes with relative tangential motiofie®inces
between the two contact algorithms are exemplified in Fi@ui&
mesh of 15665C3D8R elements withu € [0.05,0.65) and stiffened
BC is taken. The values of the real part of the complex eidarga
with small sliding contact are found to be higher than thogé fi
nite sliding. It can be observed that the frequencies foutistable



23-27 August 2010, Sydney, Australia

modes with small sliding contact are slightly lower thanstavith
finite sliding and the critical friction coefficients are faifent.

In Figure5, the contact opening at around 4060Hz is depicted. The
small sliding contact formulation in Figu&{a) shows for this fre-
guency no lift-off and the contact remained closed. Thedisliding
contact condition in Figurg(b), however, shows much higher devi-
ations of up to I5mm; the elements in the contact zone lift up and
penetrate and areas without contact appear to have opefingse
than a millimetre, illustrating more realistic effects ¢ tstructural
dynamics. Even though the dynamic effects like the impulsa o
lift-off and re-attachment are not modelled with CEA, in tirae
domain, it represents a very severe discontinuity and ackimi
mechanism43]. The effects of acoustic radiation might also be im-
portant and will be discussed in a later section.

Mesh Study

Firstly, a model of the pad-on-disc system with linear tetdral
fully integrated elements is used for the mesh study. Sdgcenghin
tetrahedral elements, but with quadratic shape functib@spdes)
and modified bending behaviour are used. After that, hexahed
8—node elements with reduced integration and enhanced hass-g
stiffness (see ABAQUS manual 6.8.-81]), are studied. Finally,
hexahedral 'incompatible modes’ elements, which allowlfetter
bending behaviour are investigated. For each element tgumus
meshes are used and the difference in predicted frequesfdiese
prominent out-of-plane split modes with= 3,4 and 5 nodal diame-
ters, between a given mesh and the finest mesh is evaluatedaino
mode analysis). The total number and the number of unstatdies
extracted (complex modes analysis) are also included inréig
For the linear tetrahedral elements (Figdr&)), it is obvious that
the number of unstable modes does not converge as the ot@pies
mode is thg0,5,0,0)-disc mode which even becomes stable again
for a finer mesh. Also, the total number of extracted normadl@eso
alternates between 18 and 19. The smaller the average dlsinen
chosen, the more compliant the structure becomes. In Fgy(iog,
guadratic tetrahedral 10-node elements are evaluatedchfte §lid-
ing contact. The solution converges to two unstable modies,is,
then= 3 andn =5 modes. Also, the errors in frequency of the three
dominant out-of-plane modes of the disc are significantiyelofor
coarser mesh compared with those of the linear tetrahelérakats.
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Figure 3:(a) and(b) give the development of real parts over friction
coefficientu. In (c) and(d), the modes frequency is depicted for the
-{- finite and the-o- small sliding definition

The frequencies of the = 3,4 and 5 modes of the finest mesh for
quadratic tetrahedral elements (C3D10M) are around 200txerl
than those for the linear tetrahedral elements (C3D4).dnrfe4(c),
8-node reduced integrated linear elements are used for iffes-d
ent contact formulations: small and finite sliding. The $iolu con-
verges to two unstable modes from a total of 26 extracted mode
The first is, again, 40,5,0,0)—mode at around 6kHz and the sec-
ond a(0,4,0,0)-mode at around 4050Hz. However, for the coarser
mesh, the total number of modes extracted is too high ancedsce
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even 300 which is due to artificial hour-glassing effectg tinesh

is distorted in an uncontrolled way due to zero strain valuthe
only integration point, resulting in overprediction of nesdand an
overly compliant mesh. For the finite sliding contact, thenber
and kind of unstable modes no longer change after a mesh with
5642 elements although, still, hour-glassing can be obserand,
for the small sliding regime, the unstable modes converdg afi

ter the " step. By comparing the number and quality of unstable
modes as well as the frequency errors, it can be observedhihat
number of unstable modes converges for a mesh with total aumb
of at least 6000 elements for the finite sliding contact and,ado

for the small sliding contact, with an error in frequency e$d than
3% and 2%, respectively. For thecompatible modeglements

[ No. of unstable'modes (finite sfiding}

L1 No. of unstable modes (finite sliding) Total No. of modes (finite slidin
[ Total No. of modes (f\n_\\e sliding) ! &5 (n=3- mode, me(slh: 2608Hzg))
— &3 (n=3- mode, mesh: 2777Hz ) - & (n=4- mode, mesh’ 4217Hz
--- & (n=4- mode, mesh: 4418Hz) & (n=5- mode. mesh: 6074Hzg °
& (n=5- mode, mesh: 6281Hz) ’ i 2
o !—‘g'
g N gig
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Figure 4: (colour online) Mesh study: (a) linear tetrah&d(k)
quadratic tetrahedral; (c) hexahedral, reduced integraed (d)
hexahedral, instantaneous modes elements

(Figure 4 (d)), the solution no longer shows hour-glassing effects
and converges with mesh I-4 which has @80 elements (stiffened
BC:5,600). The(0,n= 3,0,0) and(0,n=5,0,0) modes become un-
stable (stiffened BCn = 4,n = 5). The error estimate in frequency
is low and does not exceed 4%.

FORCED RESPONSE STUDY

To find the most suitable methods for generating surfacecitgjo
three procedures available in ABAQUS are evaluated: theamod
method which relies on a linear description of the modal ezl
does not take into account unsymmetrical contributionéostiff-
ness matrix; the subspace projection method which is basea o
reduced modal space with complex modes, by incorporatiiegtsf
due to friction-induced stiffness, friction damping andat®n ef-
fects; and the direct steady-state analysis which direclgulates

the forced response based on the system's degrees of fre@tiem
last method is the most accurate but also takes around 1@ time
longer than the subspace projection meth2{.[Next, the influence

of different types of excitation on the forced responsetidistd. Fig-
ure 6 compares the point receptance due to (a) a point force with
that due to (b) an equivalent uniform pressure, for threeutation
methods are used with a mesh of 15,665 C3D8R elements: modal,
subspace and direct. The responses of a disc alone, a dispit
stressed contac(= 0.0) and no rotation and a disc with rotation
and in frictional contact with a pad are given. For a pointégrit is
obvious that the response of the disc alone differs from dh#te
coupledpad-on-disc system. The disc’s response is higher at some
frequencies between the dominant frequencies because diftér-
ence in the nature of the excitation. The pad is excited byseping
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force, which transfers its energy through the pad to theamtrarea
of the disc in the form of pressure excitation. On the othardha
for the disc alone, it is directly excited by a concentrateaé and
an indirect pressure effect is not available. However, thaidant
frequencies match, indicating the dominant charactereflibc for
the pad-on-disc system. Further, the pre-stressed steubghaves
similarly to the system with friction and only very smallféifences
in the response witly = 0.05 can be observed. Clearly, additional
modes, which lie around 2 and2kHz, correspond to pad modes
with predominantly in-plane motions. The positions of tnesodes
are determined by (1) boundary conditions (such as contgt)
material properties and (3) the element type used. Closdysia
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Figure 5: (colour online) Contact opening depicted in cowates
of z—displacement for (a) small sliding and (b) finite sliding défi
tion for pad-on-disc system with friction coefficient pf= 0.5 at
frequency of 4059Hz (finest mesh Figuk)).

0] (ii)

Receptance dB re 16m

1 35 1 3 5 1 7 3
Frequency kHz

(a) Point receptance, concentrated force (centre of pad)
(ii) (iii)

Receptanc&AG dB re 10 5m

Frequency kHz
(b) Point receptance, uniform pressure (top surface of pad)

Figure 6: (colour online) Forced response cases: (a) corated
force on centre node of the pad; and (b) uniform pressure pn to
surface of the pad for model IV: (i) modal method, (ii) subspa
projection method and (iii) direct harmonic response

shows that a pad mode becomes active at 2kHz &idH2 in mostly
the radial and tangential directions, respectively. Thmedes have
out-of-plane components coupled with a vibrational at{Chen
[44)) (0,3,0,0) disc mode which lies at around3®kHz. In 45]
by means of a time domain simulation of the same simplifiedléra
system, the pad modes cause higher vibration amplitudégsdte-
quency, which is not predicted by CEA. For the point receptan
(Figure6), this is also discernible from the disc's response which
does not show peaks at these frequencies. Then, when fristio
applied, the changes in displacement become visible, ediyeat
frequencies of these pad modes. In the investigation of uHface
mobility due to contact area excitation by Ddi], an additional
moment in the contact area is found to be responsible fotiadél
modes which is confirmed here by additional peaks in the peint
ceptance. Further, due to the in-plane character of thedesnteed-
in energy due to the self-exciting characteristics max@siand in-
creases the response of the system at these frequencissffEui
is highlighted in the subspace method and the direct hamn@ni
sponse as these two methods support asymmetrical stifffiesss
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due to friction while linear modal solutions are unable tsotge
these effects. In Figuréb), the structure is analysed by a harmoni-
cally varying uniform pressure of 1kN. In order to simulategsure
on the disc alone, the contact area of the pad is partitioneth®
disc and pressure is applied to only this region. This tirhe,disc
alone is directly pressurised, the response of the diseasotompa-
rable in terms of excitation with the forced response of thd-pn-
disc system and in general, lower at the dominant frequertbin
that of the system with friction. Whereas the modal apprcauth
the subspace projection method do not differ significantynf the
concentrated force, the direct steady-state method shaxmdre
obvious differences: a lifting up of the response spectinot only
observed at frequencies of the pad modes but over the whaott ba
width.

Figure7(a) displays a comparison of the pad-on-plate‘s forced re-
sponse in terms of kinetic energ8q], calculated by the subspace
projection method and the direct steady-state responsa foes-
sure of 0.5MPa. The results of the modal method are not iedud
in Figure7 because it has already been shown in Fiduteat fric-
tion effects are not considere@] in this method. The four domi-
nant frequencies are indicated Ibyto f4. With an increasing fric-
tion coefficient, both the direct steady-state and subspagjection
methods show increases in the kinetic energy. Clearly, fieete
of friction are underestimated by the subspace projectiethod,
resulting in lower kinetic energy amplitudes. For the sazgppro-
jection method, all modes in the frequency range of kHz.&kidz
but without residual modes are used. Including modes up k6120
improves the behaviour slightly but also results in longamputer
run times, thus reducing the advantage it has over the diaet
culation approach. Similary Couyedras et al. found by medrs
comparison of the direct time integration with the consiedi har-
monic balance method, that many more harmonics are negdesar
receive the steady state nonlinear solutions for a brakersy@7].

In Figure 7(b), the development of external work , which includes
work due to all external forcing terms and friction, caldath by
the subspace projection method is depicted for frictiorffaments
from 0.05 to 0.65, together with the direct steady-statenoafor

U = 0.05. The external work represents the change in potential en-
ergy stored in penalty springs due to fricti@V]: negative external
work increases their spring load which is missing at thigdiency
to increase the potential energy of the structure due toraeftion
[48]. However, the external work usually becomes higher ataert
frequencies with increasing external loads and only whesrgn
due to friction-induced excitation is fed into the system tiee sign
of energy be reversed. The storage of potential energy igsopro
tional to fed-in energy. Increased feed-in energy is ongible at
frequencies off, to f4 at which the feed-in energy for the direct
steady-state analysis is much higher than it is for the sadespro-
jection method. By looking at the reference level (dottee)j one
can clearly see that the overall level of external work of divect
steady-state analysis is lower, indicating that more gnierfed into
the system thus lowering contributions due to external work

ACOUSTIC RADIATION

For the evaluation of the acoustic radiation problem, wegimeth-
ods are assessed. For that, in LMS/VL Acoustitg] the integra-
tions in are set to region limits dd/L in the range of integer val-
ues or 0 to 5 for the near- and far-fields respectively. Heie the
distance between two boundary elements aigithe longest edge.
The quadrature is set tg& 1 for the near, medium and far regions,
respectively, with up to 100 Gauss points. In AKUSTA, the &au
quadrature order is set{@,4,6,8,12,16,24,30; 30 which is lower
than in LMS, as a polynomial transformation is implementeiich
allows to reduces significantly computational cost due tegration
with at the same time higher accura&0]. The convergence crite-
rion for the fast multipole solvers in LMS and ESI have bedrtse
as 55 x 104, after an integration convergence study at some arbi-
trarily chosen resonance frequencies.
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Numerical Methods used in Acoustic Simulations

Numerical methods suitable for exterior acoustics aresagskbusing
the models depicted in Figude

Analytical Sphere A sphere as a test object represents simple ge-
ometry which can show irregular frequencies/internal nesces for
external acoustic radiation calculations. For that puepes analyti-

cal closed solution for the sound pressyr) = \/%—k;;z as a func-

tion of the wavenumber was taken frod]. Here,p = 1.3kg/mq,
c=340m/s,v=1m/s,R=0.25m andk = w/c € [6.28,18.48] are
the fluid's density, the sonic velocity, the velocity in thermal di-
rection applied to each node, the radius of the sphere, thierwm-
ber and circular frequency respectively.
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Figure 7: (colour online) Comparison of subspace projeatiethod
and direct steady-state analysis: (a) kinetic energy;Xtgreal work
subspace projection methpdnd (c) external worldirect steady-
stateanalysis p = 0.5MPa u = 0.05))

ERP (LMS/VL) The method of equivalent radiated power (ERP)
implemented in LMS VL (Virtual Lab Acoustics), as a planevea
approximation, sets the radiation efficienzyto 1 so that the acous-
tic power l in the far-field is calculated by taking only the surface
velocity into account. The typical BE matrices do not havbeas-
sembled and reflections are not considered in the solutiacadis-
tic power. An integration error, due to calculating the pree of
two contacting surfaces, is not expected because the pedssuot
calculated by setting up and solving the BE matrices. Theistto
power is directly calculated by equating=lo = pc52v2>‘ Here,p

is the fluid's densityc is the speed of soun&is the radiating sur-
face andk v2 > is the time and space averaged surface velo2# [

Direct BEM (DBEM) of LMS/VL Direct boundary element formu-
lations work by directly solving the Kirchhoff-Helmholtzjeation
[52] through discretising the surface and then using for ircgan
the collocation method53]. The interior of the volume of the ra-
diating body is not described mathematically and, in thgdency
spectrumirregular frequenciegnon-uniqueness problem) can be ob-
served. These frequencies are physically not explainetiegsare
only mathematical artefact8][ To overcome the problem, the sys-
tem of equations can be enlarged by overdetermination$winich
are placed inside the volume of the radiating body. The ndjaw-
back of this method is that, as the geometry becomes conwgilica
[9], the exact location of these over determination pointmshe
volume of the radiating body is no longer known so that moiietgo
than necessary have to be applied, each of them increagrgy$h
tem matrices by one dimension.

Indirect BEM (IBEM) of LMS/VL This method is based on the so-
lution of the exterior and interior acoustic radiation byane of a
Galerkin approachlf3]. As the interior is mathematically described
in this model, the previously described non-uniquenesbleno be-
comes physical and can be described by internal resondfices
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wants to use the indirect method in order to calculate ordyetkte-
rior acoustics, the internal effects of the radiating bodyehto be
eliminated. This is usually done by applying a layer of chteastic
impedances, inside the volume. For air, the characteiispedance
isZ=10"3Nsm 3.

DBEM/Burton-Miller (BM) AKUSTA, developed at the technical
university of Dresden is able to use, besides other methbes,
Burton-Miller approach, which treats irregular frequesscdue to
mathematical singularities (opposed to physical/ gedoatsingu-
larities [54]), by forming a linear combination of matrices of the dis-
cretised Kirchhoff-Helmholtz equation with its second idatives
and a weighting function, the Burton-Miller constaB®[55]. In or-
der to have defined second derivatives at the nodes of the BE me
for additional integrands of the Burton-Miller component®des
of the BE mesh have to B&! continuous. This means that unique
derivatives have to exist; this is not the case, if a contisuglement
formulation as in FEM is chosen. Practically, this can beetlby
using a discontinuous element formulati&@®[57]).

(indirect) Fast Multi-pole BEM (IFMM) of LMS/VL  Fast multipole
solvers work by means of substructuring the fluid domain liexels

of cluster trees (or sub-domains) and subsequent approxisotu-
tion at these levels5B, 9]. The IFMM has some restrictions (see
also [B9]) due to this substructuring process. The length of level
zero is the maximum length of the geometric body which ishi t
case of the cat’s eye radiator, the diameter.6f2 This cube is di-
vided into & cubes withN being the level counter, so that, for level
one, there are 8 sub-domains created. The length dfitheube is
calculated byLy = Lo/2V < )‘Z whereA is the shortest wavelength
with 11.3cm for a sonic velocity of 340y at a frequency of 3kHz.
Hence, the number of levels is8B, that is, 3 and there are 512
sub-domains. The IFMM far-field approximations can only bedu
when the cubes are not adjacent, that is, only cubes at thenomim
level, 2, can be calculated by the ACTIFMM solver while, foet
rest, the classic ¥SNOISESsolver is used. It is expected that the so-
lution of the IFMM is the most reliable in the frequency intalr of
607Hz to 2000Hz. The advantage of the fast multipole in garigr
that it substructures and solves for the acoustic domaithauaistic
manner and uses only a fraction of the computer memory even fo
very large models. Further, due to the use of approximatiesise-
cially at high frequencies, the computer run times are ss@pdo
be much lower. As a result, model sizes with up to 1Mio. doéia c
be solved §0].

(direct) Fast Multi-pole BEM (DFMM) of ESI/VAOne The second
fast multi-pole solver, implemented in ESI VAOne, is basadee-
vious pre-conditioning and subsequent iterative solviitty & flex-
ible Generalized Minimal Residual Method (fGMRES), tragtir-
regular frequencies by means of the Burton-Miller Meth6di [In
contrast to the Burton-Miller method implemented in AKUSTAe
element formulation is continuous and the regularisatibthe in-
tegrals is based on an approximation. However, in this stoaolyr-
regular frequencies in the acoustic power or pressure ¢mifdund
which means, that the BM approach used is working fine, atfhou
the elements are n@t continuous.

Irregular Frequencies/ Internal Resonances

For external acoustics based on a direct formulation, ttegudar
frequencies are not physical as the interior of the volunm®igyov-
erned by its underlying integral equations. For the direethad,
CHIEF or the Burton-Miller approach can be chosen to overom
the so-called non-uniqueness probleb3][ For the indirect meth-
ods, radiation modes due to internal resonances can bedrbgt
applying a layer of impedance inside the volume. The firgiur
lar frequency of a cavity can be estimated frefn, whereL and

¢ are the characteristic length and the speed of sound résggct
For a sphere with diameteD, an irregular frequencies may ap-
pear for frequencies greater than 340Hz. The same can b@edsu
for the cat's eye, as it is derived from the sphere with simila
mensions. However, more irregular frequencies are exgetite to
the more complicated geometr9][ For the plate and disc struc-
tures, irregular frequencies/internal resonances atedesing the
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acoustic FEM in ABAQUS. The interior of the disc is meshedhwit
quadratic 26-node acoustic brick elements. The outer surfaces are
constrained with a zero pressure boundary condition (ort&eu-
mann problem). The bulk modulus of elasticity of the fluid iair
set toK = 150,280Pa, the density is assumed todye= 1.3kg/m?
and the speed of soundds= 340ny's. The first irregular frequency
for a plate of thickness of 1@mm is calculated at 1863Hz (see
Figure8(a)). By using-, the first irregular frequency is estimated
to be above 13193Hz. For the disc, the first fluid’s radiation mode,
corresponding to an irregular frequency of the exteriobfam, is
found via the acoustic FEM at 5140Hz (estimate 4857Hz which ¢
responds roughly to a wavelength 056m (see Figur8(b)). For the

(a) 13863Hz

(b) 5,1409Hz

Figure 8: Firstirregular frequencies of: (a) plate; anddist

pad of the pad-on-disc system, the first irregular frequexppears
at around 9041 Hz (estimate 8500Hz), which is out of the range of
interest in this study, as only frequencies up to 7kHz arestigated.
The pad of the pad-on-plate system showed irregular frezieemt
around 14kHz.

Test for Irregular/Internal Frequencies

Sphere  The acoustic radiation of a sphere is calculated using the
direct exterior BEM and the IBEM, both of which are availabie
LMS/VL Acoustics. The direct method is calculated once with
CHIEF points and, in the second run, 480 over determinatint®

are applied, similar as i2p]. The indirect method calculates the
interior and exterior problems at the same time. In orderlitie
nate the effect of interior resonances, an absorbing ort@anel,
with a characteristic impedance of air Bf= 10 3Nsm 3, is ap-
plied [26]. As can be seen in Figu@® the DBEM shows the effect

(E)] (b)

no impedance
impedance = 10 3Nsm 3
— analytical solution

M dB re 1012w

125 --=- no CHIEF point
480 CHIEF points
— analytical solution

100 300 500 700 900 100 300 500 700 900
Frequency Hz Frequency Hz

Figure 9: (colour online) (a) DBEM and (b) IBEM applied to ratd
ing sphere

of irregular frequencies on the acoustic power at 680Hz|enthie
indirect method gives an internal resonance at 961Hz. Biyayp
(a) overdetermination points or in (b) a layer of impedanodthe
interior of the sphere's surface, both methods work wellompar-
ison with the analytical solution shows no differences.sT$imple
example also shows that irregular frequencies are notiagrb
internal resonances as the integral equations involved ifszent
and that CHIEF points or the characteristic impedance oveeche
non-uniqueness/internal resonance problem.

Cat's Eye (Benchmark /) Next the cat's eye radiation properties
are studied in terms of acoustic power. The performanceringef
irregular frequencies/internal resonances of variousist@oBE for-
mulations suitable for analysis of disc brake squeal isyaeal. It is
interesting to determine whether some methods can be ectlogl
examining the acoustic powen] as a global measure alone. Then,
selected methods are assessed in terms of their perforrtmanal-
yse the acoustic pressure at the centre and backside pébittise o
spherical part9]. In Figure10, the different methods are compared
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with each other. If the acoustic powBris expressed in dB, almost
no difference can be seen for frequencies above about 750Hdz.
IFMM follows the IBEM very closely as it is based on the same
formulation. Here, for frequencies between 250 and 750hizsd
indirect methods seem to over-predict the acoustic powerpened
with the other methods. As can be observed in the magnifitatio
of Figure 10, the DBEM/CHIEF also suffers from the effects of ir-
regular frequencies, especially at higher frequencieschwsimply
means that more CHIEF points have to be applied. All methibda's
thatl approximates the ERP method very closely. The DBEM/BM
(AKUSTA) and the DFMM of ESI‘'s VAOne both working with
Burton-Miller formulation do not show any irregularitienc are
relatively easy to apply. Figurkl depicts the sound pressures in the
centre and back of the cat's eye for these two methods workitig
the Burton-Miller approach. The sound pressure is genenatire
sensitive than acoustic power to the effects of irreguleqdiencies
due to singularities. In the center of the cat's eye, the dquassure
diverges very strongly for the fast multipole method. THéedénces

at the center node are probably due to (1) the continuousesiem
formulation of the DFMM which is different from the constatis-
continuous elements used in DBEM/BM (AKUSTA) which G2
continuous 2] and (2) the different choice of the Burton-Miller
coupling parameter which was chosen to beds a compromise be-
tween performance and accuracy for the DFMM accordindi [
and the optimal choice of Bp] in AKUSTA. Important here is, that
the divergent behaviour at the centre node is expected atdah
both methods, the DFMM of ESI and the DBEM/BM (AKUSTA),
work well for approximating the sound pressure at the bacthef
cat's eye surface with a smooth function to that of a sphehe T
behaviour of the center node is related to the characteriofytn-
metric singularity at which the effect of irregular frequés gets
amplified P2 and which can get remedied by different mapping
approachesd4], which however, is beyond the scope of the paper.

Test for Integration Error in Contact Patch

For a pad-on-disc or the pad-on-plate in which two bodiesirare
frictional contact, it is likely that integration errors the contact
surfaces influencB. The significance of integration errors is depen-
dent on the method used but can be circumvented by wrappéng th
pad and disc with one additional mesh, together with sulesgqu
mapping of the surface velocities onto this new mesh.

Pad-on-plate  In Figure 12, the significance of different sliding
regimes and a possible integration error due to the contafaces

is evaluated for the pad-on-plate model. The DBEM, whiclpssgp
edly has additional integration errors due to the contgctimmfaces,
but also considers reflection due to geometry, is comparddtie
ERP, in which the integration error of the BEM is minimised be
cause the surface pressure and also reflections are nofatattun
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Figure 10: (colour online) Acoustic power levels of cat'sépr
various numerical methods

Figure 12(a), the acoustic power levélof the ERP method is de-
picted for both the smalll(f) and finite sliding (1']3) regimes and
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almost no differences can be observed. There is also naefiffe
between the acoustic power level for the small and the firite s
ing contact using direct BEM, indicated 5y andN¢. In Figure
12(b), two curves show the difference in acoustic power esged

in % based on Watts, between small and finite sliding for bbéh t
DBEM (Apjrect) and the ERPAgrp) method.Apjrect represents a
measure for the integration error, reflections and diffeesrin the
sliding regimes whileAgrp only gives a measure for differences in
the sliding regimes plus an overestimation due to the useR® E
which is supposed to be rather small for the high-frequeange
[9]. Differences of up to 13% can be observed for both the DBEM
and the ERP which are almost congruent, indicating thatisgia-
tion error is rather small. In Figure 12(@pijrect is deducted from
Agrpand depicted in %. The differences do not exceed 2%, thus in-
dicating that the effects of reflection plus integratioroeire very
small compared with the effects due to different sliding migfins.
That the effects of reflection are small for the pad-on-ptatetem
has previously been shown i8] where energy area contributions
do not show major differences compared to acoustic interistias
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Figure 11: (colour online) Sound pressure levels of DBEM and
DFMM, both using Burton-Miller approach

to be noted that a possible lift-off of the pad, as depicteigure5,

is not applied to the BE methods with regard to the reflectaanthe
structural mesh was taken in its undeformed state from tharfel:
ysis. For the plate or disc models it can be stated, that DBEM ¢
be usedwithout considering a wrapping mesh. However, for a real
brake system in order to circumvent any problems associatitd
an additional integration error, a wrapping mesh is recondad.

In Figure 13, M is calculated by the ERP, the DBEM (no CHIEF
points, as no irregular frequencies are expected at thifreyuency)
and the DFMM for the pad-on-disc model. The last approach is
used in calculations for three different wrapping mesheishwhave

(i) 2,551 nodes (B7mm EL), (ii) 6952 nodes (53mm EL) and

(iif) 23,022 nodes (®05mm EL).EL is thedesired element length
which should correspond to at least 6 elements per wavdlempgts
element length is not to be confused with theerage characteristic
lengthin the contact zone defined by ABAQUS. The former is ho-
mogeneously distributed over the surface and does notdemitie
partitioned contact area. The contact area was seeded asitedhe
with an element length of.83mm in the contact partition and as can
be seen from Figuré3, exactly the same desired element length
has to be applied to the wrapping mesh in order to obtain tesul
which match the non-wrapped structure of DBEM and DFMM with
the ERP as upper bound, as this method overestimates thstiacou
power B]. When no wrapping mesh is applied, the results do not de-
viate greatly from the results of the LMS/VL Acoustics DBEMd&
the medium-sized wrap with &L of 1.63 mm which is as small as
the element size in the contact zone.

Pad-on-disc (Benchmark %) In order to use the DBEM for the
pad-on-disc system, overdetermination points, have topipdieal.
Care has to be taken that these points are only applied totée i
rior of the disc and that no points lie the contact patch or pad
volume If this is guaranteed, an overdetermination study can be pe
formed for which the acoustic power level should converge (Sig-
ure 11). As a more strict convergence criterion, the sound pressur
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at (arbitrarily) chosen field points can also be specifiedefaam-
plified in Figurel1). Ideally, the convergence has to be checked at
as many frequencies as possible; however, as this is nablesis

is suggested to choose frequencies corresponding to peoirtiisc
modes. In Figurd4, an overdetermination point convergence study
is presented for the pad-on-disc model, here for the digsttfiree
out-of-plane modes. It has been found that convergenceacheel

if at least 3000 overdetermination points are applied (sger€14),

so that 3500 overdetermination points were taken.

Next shown in Figurel5 is the radiated acoustic power for differ-
ent calculation methods for the pad-on-disc model. The 1B
IFMM, have characteristic impedanceszdt 10 3Nsm 3 (air) ap-
plied. The DBEM/BM (AKUSTA) does not converge fast enough
and no results are presented here. Only for ESI/VAOne's DEMM
both a wrapped and a non-wrapped structure are calculatelddya
are insignificant differences between the two. All methqojsear to
work well and the modes which contribute most to the overalhsl
radiation are able to be identified and no method can be exdlud
However, by zooming in (magnifications; — A), differences in
the methods can be distinguished, but are not significanthisr
pad-on-disc system. However, one has to bear in mind, thiat wi
higher geometric complexity and more parts, the modal densi
creases, so that stronger irregularities due to integratimors or the
non-uniqueness/internal resonance problem are potsotiates of
misinterpretation. At around 2kHz, the IFMM shows a peakahihi
does not correspond to a regular frequency. More exposeks pea
lie at frequencies of around3kHz and, at around.2kHz and the
IBEM is not smooth. Integration errors are preserjrio Az which
are associated with not using a wrapping mesh becauselardmp+
guencies/internal resonances are only found abolkHy. Above
5kHz, the irregularities of the DFFM without wrapping areedio
integration errors as the curve of the wrapped structurs@ogh.

Computational Costs

Not only performance but also computational costs are itapbr
As all models used in numerical simulations represent oppraxi-
mations, itis the trade-off between accuracy (physicatamngful)
and computational cost (feasibility) that determines traeficabil-
ity of the method to be employed. Therefore, the computimgs re-
quired to calculate the sound pressure from the surfaceitgland
then the acoustic power are compared in Figlédor the various
methods. All simulations used in-core solvers and no othaom
process ran on the workstation. The main advantage of thenfas-
pole formulations (DFFM, IFFM) is that their memory usagéess
than those of the non-heuristic methods, such that it besdasesi-
ble to analyse large models. This could be particularly irtga for
simulating a full brake system. As can be seen in Fidiég)for
the cat's eye radiator, the DBEM with Burton-Miller and tf&vMM
do not offer significant advantages in terms of computaticpat.
In Figure16the performance of codes in numerical acoustics is pre-
sented in terms of normalised time/frequency for (a) thésaate
model () and in (b) for the pad-on-disc system®). For the cat's
eye model, the performance of AKUSTA is significantly lowear
that of the commercial codes. This is because the parabedusiul-
tiple processors for one step is not possible. The IFMM do¢per-
form well as the model size of the cat's eye radiator is farsall.
The IBEM performs much faster. However, for the indirect inoet,
the internal resonance frequencies remain problematibatchere
the impedance of water is better used. The DBEM performs, well
provided that enough overdetermination points (CHIEF) m@ap-
erly assigned to the structure. The DFMM is slower than th&MB
or the IBEM but its performance is convincing for the cat's exdi-
ator. Although the DBEM and the IBEM of LMS/VL perform well,
here the preference is for the DBEM as the IBEM sulffers framda
errors, due to either internal resonances still being ptesgardless
of an applied impedance or due to integration errors. Thenus-
advantage of the DBEM is the large memory consumption which
gets even worse when CHIEF points have to applied, rendéniag
method as non-applicable for large models.
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A second benchmark, with its focus being on not having a wrap-
ping mesh applied, is performed on the pad-on-disc modgl Due

to the non-matching meshes in the contact zone, integrafitime
methods using the DBEM/BM approach suffer; this could be ob-
served in the very slow convergence rates of the iterativeerge
alized minimal residual method (GmRes). The performanc#- of
erative solvers can be found id4]. The convergence rate of the
DBEM/BM (AKUSTA) is too low and calculations were prema-
turely aborted for the pad-on-disc model. For the DFMM, tvab c
culations are depicted in Figudb(b). The large bar gives the av-
erage times/frequencies for a structure without wrappieghrand
highlights the problems the Burton-Miller approaches haith the
contacting surfaces. However, the application of a wrappiresh
speeds up calculations considerably due to a faster cavesgate

of the iterative solver and, at the same time, has very low angm
consumption (small bar). Thus the DFMM method implemented i
ESI VAOne with a wrapping mesh is recommended for future cal-
culations of a real brake system as it combines accuracy asel e
of handling due to the Burton-Miller approach and fast cialtons
with low memory consumption frorkD of 0.0025 up tokD of 250
(‘which is going to be increased up k& = 500 in VAOne 2010),
wherek is the wavenumber anB is the diameter of the acoustic
domain.
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Figure 12: (color online) (a) Acoustic power for DBEM and méa
wave approximation (superscripisand p) for small and finite slid-
ing regimes (sub-scriptsand f); (b) Aerp andApirect Of acoustic
power inW; (¢) Aerp— Abirect
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Figure 13: (colour online) Acoustic power levels of padmate

model for different wrapping meshg & 0.05, p = 1kPa)

Possible Consequences of Pad Lift-off and Chamfers

As there are cavities, due not only to contact patch defoomst
and lift-offs (Figure5) but also naturally to the different geometries
(form factorsFF) of the pads, a possible gap between disc and pad
is studied. In this parametric study at 4060Hz, the padtisdibff the
disc, starting from Omm (in contact) overStnm and then in 1mm
steps up to 7mm, using the DFMM solver of ESI. Only the finiig-s|
ing contact algorithm in ABAQUS is taken and the field-poirgsh

is evaluated at 1m distances. Figdi&a)shows a (distorted) dipole
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[51]. In Figure17(b), the shape of a lateral quadrupot] can be
discerned which becomes clearer for a contact opening5ohio.
Leaving a gap between the disc and the pad results in a horn ef-
fect with significant amplification, a well-known phenomenand
leads also to undesired sound pressures in for instancedsice
contact noise calculation83]. Of course, due only to different con-
tact regimes, it is not very likely that the pad lifts off at #mthus,

this scenario has to be seen as hypothetical. However, daecal

+£20

410

Error estimate %

g
‘ 10t 107 10° 10t

) ) Ov.erdetermina}tion points . . .

Figure 14: Error estimate in acoustic power relative to fiaesustic

mesh R— 1 Figure4(c)) and acoustic power of three out-of-plane
modes

pad having slots and chamfers, itis suggested in the ngxtisaéthe
pad's form factor be modified. Four cases are depicted inrEib@i
(Case 1) baseline configuration with steel pad and a contpB&h
(Case Il) Case | with chamfers and a compliant BC; (Case d§eC
I with chamfers and stiffened BC; and (Case V) Case | withncha
fers and stiffened boundary conditions such that the weighpad
() and pad (1V) are equal. For case | tf@24+,0,0) mode becomes
unstable. For case I, due to its higher mass and less rigiddary
conditions, pad modes, previously at around24- 4.82kHz, now
appear at AkHz. For this case, th@®, 4+, 0, 0) split mode becomes
stable and th¢0,3+,0,0) mode at around 2500Hz is unstable. In
order to maintain the same unstable modes for all 4 case$inthe
ing material is changed (density) and the boundary comnditare
altered to constrain more nodes. Again, {l@e4+,0,0) mode be-
comes unstable, with pad modes lying at arourtb4and 556kHz.
In the upper right corner of FigurE9(b), the acoustic power level,
I, for Cases I-1V is denoted. The results clearly show thaeffext
of chamfer is to amplify the acoustic pressure. This is diaath-
geous and has to be further evaluated to determine if and, bys
how much, the acoustic pressure is shielded by e.g. th@enrbis-
sembly.

DISCUSSIONS AND CONCLUSIONS

Boundary Conditions and Mesh Study It is found that, for stiff-
ened boundary conditions, convergence of the solutiorering un-
stable modes predicted by the CEA, is much faster as pad naoeles
not found in the frequency range investigated. However,mpades,
vibrating in-plane either radially, tangentially or ratibnally, could
be unstable and initiate or amplify underlying or neightiogimode
coupling B8]. They are very sensitive to changes in mesh resolution
or contact stiffness and influence predictions in termsettmplex
eigenvalues: Therefore, a mesh study for converged sohkitias to
concentrate on a frequency range where pad modes are pregent
contact formulations, small and finite sliding, are studdgdneans
of C3D8I elements without considering pad modes. The finite slid-
ing contact is stiffer as the frequencies of predicted ubistmmodes
are higher. The criticalt predicted is different for the two contact
conditions (see Figur8). The contact patch, of the finite sliding
contact shows a lift-off which definitely changes the dynzsrand
could itself be responsible for higher acoustic radiatiDnerefore,
the finite sliding regime is recommended as the local surlféeeff

is more realistic. Extra calculation time required is so lb@mto be
almost not measurable for the pad-on-disc model. The tedtrah4-
node and 10-node elements are benchmarked against the&eod
ahedral elements. The typical drawback of the lirg2D4 becomes
obvious since the frequencies of the modes are very highsttbe-
ture is far too stiff compared with the other elements. Thi®lated
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to the out-of-plane motion where elements lock into eackr#iso
referred to ashear lockingwhich is a numerical error and results
in sometimes only one mode being predicted to be unstabkes®h
lution is not mesh independent. Therefore, the tetrahedieahents
should be avoided and only used to fill ‘gaps’ whenever it seya

to apply tetrahedral elements in the support of the mesltsiiel
[31]. The 10-node tetrahedral element performs better and ean b
easier meshed. However, it suffers from large computingsias it
has many more nodes than the 4-node tetrahedral elemerdcid |
super-convergence. The use of fully integrated hexaheteaients
results in large computer running times. Therefore, ofterhexahe-
dral C3D8R element, is taken. This element type suffers from hour-
glassing and serious over-prediction of unstable modégifrtesh is
too coarse. The incompatible mode elen@BD8I produces better
results than does th&é3D8R element and no hour-glassing is ob-
served. The numbers of total modes and unstable modes genver
A drawback is, that for the pad-on-disc system, the computer
times are more than 4 times larger than thatG8D8R.

Acoustic power dB re 102W
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Figure 15: (colour online) Acoustic power levels for paddisc

system for methods implemented in LMS/VL: IBEM; IFMM; ERP;

DBEM and for the DFMM solver implemented in ESI/VAOne
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Forced Response Study  The extraction of surface velocities is
essential in order to calculate the acoustic radiation bpmeof
BEM. The differences in the forced response due to diffecaftu-
lation methods (modal, subspace, direct) and due to difteypes
of excitation (point force vs uniform pressure) have beemate
strated (Figuret). For pure mode-coupling instability in the fre-
quency range of interest, without in-plane pad modes, sdaspro-
jection methods can be used to obtain good estimates otewa
locities, as discussed i2(]. However, the direct steady-state analy-
sis is far more accurate as it calculates the system's resptirectly
in terms of its degrees of freedom and captures pure frigtidnced
effects (such as pad-mode instabiliti88,[39, 41]) much better. Fur-
ther, a pressurised pad delivers a more realistic forcgmbree, with

a higher relative change between different loading regirrested
for the disc alone, a pre-stressed disc and a disc in frigtioontact.
The computer run times, as investigated20][ are longest for the
direct steady-state analysis which is a severe disadvarghthis
method, especially if larger models are investigated.

Acoustic Study  Next, the acoustic power of the cat's eye radia-
tor as a global measure is analysed as it could thin out some of
the methods before analysing, in detail, by means of morsisen
tive parameters concerned with irregular frequenciegfiat res-
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Figure 17: (color online) Directivity plots for gaps off) 1, 3 and
7mm.
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Figure 18: Depicted are three different geometries usetbfordif-
ferent models: (Case I) baseline configuration with sted| f@ase
II) chamfers; (Case lll) stiffened type boundary conditipmand
(Case IV) density such that weights of pad (I) and pad (IV)aqu

onances. To begin with, the analytical sphere is calculatet] a
plane-wave approximation is applied to the structure wisicbw
that the sphere radiates higher power than does the catin ¢lye
far-field. It is expected that the acoustic power level of ta¢'s
eye is slightly lower than that of a sphere as one octant ioatit
which has an imposed zero velocity BC. The DBEM/BM imple-
mented in AKUSTA, performs well and approximates the adoust
power level of a sphere. The two indirect methods of LMS bathkw
fine, the modelling requests the correct impedance to béeabjbut
mostly the one of air is found to be sufficient. The IFMM, based
on the formulation of the indirect method, follows the cupfethe
IBEM. The DBEM/ CHIEF (LMS) seems to perform fine in terms
of the overall sound power level compared with the other wdth
The DBEM/BM (AKUSTA) performs well as does the DFMM with
Burton-Miller formulation. As mentioned earlier, acoastiower as
an integral measure is not very sensitive to pressure fltiohsa
Hence, the DFMM and DBEM, both working with a Burton-Miller
formulation are studied in terms of their sound pressurenitagdes

in the centre, and at the back, of the cat's eye radiatorelteected,
that on the back of the cat's eye, the sound pressure levedptiere

is approximated and it is found, that both methods perforih we

Next, the second benchmark with contacting surfaces isestuth

order to evaluate firstly the pad-on-plate then the padiso-slys-
tem, the acoustic power level is calculated. Here, a passitie-
gration error due to contacting surfaces of two radiatindié® is
of special interest. Hence, for the pad-on-plate systero,possi-
bilities are evaluated: (1) the use of a wrapping mesh; apa@2
wrapping mesh.

It is found, by means of a pad-on-plate system, that the ehofc
wrapping mesh is not arbitrary as tbesired element lengtias to
be chosen such, that the seeding of the structural anatységions
of high acoustic significance (e.g., contact patch) is nmedcht can
be assumed, that too coarse or too fine a mesh either underemr o
estimates the acoustic power level, respectively (see&id). If no
wrap is taken, an integration error does not seem to be tge k-
cept that, depending on the numerical method used, the gEvee
and, therefore, the computational performance, mighesuff com-
parison of different methods shows that, indeed, the deviatare
not too large, and that all methods tested perform suffilgievetll in
the prediction of radiated power. However, shortcomingsthere,
due mainly to integration errors or irregular frequencidsol, how-
ever, are only visible under magnification. In terms of cotapianal
cost regarding only the cat’s eye radiator, preferencedhs given
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to the DFMM since it seems to be a sufficiently accurate method
capable of calculating results very quickly due to its itiseasolver.

Also, the IFMM seems to have an advantage because of the inca-

pability of the DBEM and IBEM to solve large problems at high
frequencies due to large memory consumption but suffers frigh
computational costs, due to the large proportion of catmra in
the low frequency range. Both models, definitely the cates ayd
also the pad-on-disc were also too small for the IFFM. Duééo t
low frequency range involved and the relatively small siz¢he
models, either the slower sysnoise solver was used mora ofte
sub-leveling of the acoustic domain was in efficie#@][ Also, the
problem of internal resonances is not overcome, which vaiigoa
problem for a real brake system with an increased modal tefiar

M, =56.7d8
My = 626dB

Degrees

Degrees
() (b)

Figure 19: (colour online) Acoustic pressure (dB)g for Gaké/
(Figure18)

ble 2 gives an overview of the test results. Hefg,, |, Mem, Cost
stand for irregular frequencies, integration error, mgne@msump-
tion and computational cost in average time/frequencyeetvely.
Further, the category 'Model size (sma/med/lar)’ givesamnemen-
dation as to whether it is feasible to calculate (small/mediarge)
models by the method, respectively. Values in brackets nareval-
uated here, and only estimated.

Then, by means of a gap study, the lift-off of the pad up in con-
text with a horn effect is evaluated. No additional integnaterrors
due to contacting surfaces are expected. The outcome ofttidy

is, that lifting the pad up results in a horn effect which aifigs

the sound pressure. As a consequence, the amplificationaofi-ch
fered pads is studied. Results show that pads with chamfedsipe
higher sound pressure and acoustic power levels.

Table 2: Results from BEM benchmarks modgland. %

Method firr T Mem Cost Model Size
() (%) (A 19) (A1) sma/med/lar
ERP NA NA 7 7l ()
DBEM/CHIEF O O o/;o 0/o o/on)
DBEM/BM I 0 /0 oo /0I(0)
IBEM 0 0 o/o /o 0/0/(0)
IFMM 0 O o/o /o /o ()
DFFM I 0 / 0/ 1000

In conclusion it can be said, that the DFMM solver implemédnte
in ESI/VA performed accurately (no irregular frequenciesisibly
higher integration errors due to contact), was easy to agaptythe
fastest. Apart from that, the plane-wave approximation avgsod
alternative for obtaining preliminary estimates of acaugbwer.
Due to a lifting-off of the pad, a horn effect was evidenced aas
also present for pads with chamfers which resulted in higinfypli-
fied sound pressure/power levels.

Further work should be directed towards the understandiagaus-
tic radiation of simplified brake systems for which comptgxdéan
be built up step by step. Also, the findings for pad-on-disteyns
have to be validated for a brake system with realistic gepmehich
is done at the moment. The effects of high sound power at érequ
cies not predicted by the CEA should be validated and stuelked
perimentally using a pad-on-disc system. Again, this cbeldnder-
taken using a simplified brake system or a laboratory brakg, @s

ICA 2010

23-27 August 2010, Sydney, Australia

in Giannini et al. p4]). For all analyses, especially the for realistic
geometry, a high-performance workstation or a server aadifie
of the FAST MULTI-POLEBEM over a wide range dfD values is
recommended.
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