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ABSTRACT

The main purpose of this thesis is to investigate the dynamic centre of pressure
during a noisy brake application. A novel tech@gs employed to measure the
centre of pressure and contact pressure distribution betihealisc/pad interfaces
during braking events.

The test rig was developed to study the contact pressure distribution between
disc/pad interfaces. The caliper antl gepads were modified to measure both static
and dynamic centre of pressure during braking events. The brake uses a 12 piston
opposed caliper arranged to allow a number of the pistons to be controlled
independently using 4 master cylinders. This allowesinterface centre of pressure

to be adjusted both along the length of the pad and radially. The tests included static
pressure measurements with the sensor film between the pad friction face and the
disc, the centre of pressure being adjusted using tstemcylinders to provide a
SVA\VWHP EHQFKPDUN" 2QFH WKH VWDWLF FKDUDFWHU|
established, the centre of pressure variation is measured under dynamic conditions.
This allows the movement of the centre of pressure to biegl against brake
pressure and rotor speed.

Furthermore, a detailed finite element model of a disc brake assembly is developed.
Contact analysis was performed to determine the pressure distribution, interfacial
contact area and normal contact forcedarrnboth frictionless =0) and frictional
braking conditions. The effect of varying friction coefficients and the brake hydraulic
pressure is also examined. Preliminary finite element results of contact pressure
distribution betweerthe disc/pad interfaces were compared witle experimental
results, followed by a detailed modal analysis of disc brake to predict the natural
frequencies and the mode shapes of disc brake. In addition, a stability analysis of
brake assembly is carried out to distinguish the unstable frequelstiesture
modification of disc brake assembly was also investigated to understand the
characteristics behaviour of brake system in terms of squeal noise performance.

It is established from the results that there is a strong relationship between the
interface pressure distribution, the effective centre of pressure and the propensity of
the brake to generate noise. It is noticed that the centre of pressure may vary both
along the pad and radially during braking which adds to the complex analysis of

instability.

The finite element resultsomparedvell with the experimental results. It is observed
that the contact pressure distribution and the magnitude of normal contact forces are
much higher towards the leading edge of the pads comparing to the trailsndtasg

also established yet agaithat with a leading centre of pressure the brake is more
prone to noise whereas with a trailing centre of pressure the system is more likely to
be stable.
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Chapter 1

Introduction

1.1 Brake Instabilities

Disc brake noise remains a fugé problem in the automotive industry. In order to
manufacture high quality automobiles, the occurrence of disc brake noise and
vibration must be minimised. Brake noise isamoyancdo consumers who may
assume that the brake is not functioning propard files a warrantglaim, even
though the brake is in excellent working condition [1lheflefore noise generation
and suppression has becoareimportant consideration in brake coament design

and manufacturéWarranty costs associated to brake squreal been estimated to

100 million Euros annually, in Europe alorig.[

There are several types of disc brake instabilities associated with disc brake systems.

However they are usually classified into two main categories

Judder- A low frequency mechanat instability with a frequency related to wheel
speed. The frequency is typically less than B@Gand is caused by a variatiohtbe
geometryalongthe disc rubbing path. The variation may be caused by corrosion,
uneven surface film transfer, disc thagss variation or thermoelastic/plastic
deformation where the disc adopts a wavelike shape. The vibration generally results
in brake torque variation leading to brake load variation which causes vibration of
the wheel and brake assembly about the suspe[@ioAlthough of major concern

it does not form part of the studies described herein

Squeal- The other instability issue is a dynamic instability between B2Go 2

kHz with frequencies in the region of kHz being the most annoying because it
relaes to most sensitive frequency of human ear. Such noises are generally referred
to as brake squeal with higher frequencies referred to as s[fjeBkake squeal is a
phenomenon of dynamic instability that occurs at one or more of the natural

frequencie®f the brake system. There are mamngdries to explain brake squdait
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the excitation comes from the friction coupiethe disc/pad interfacand the rotor
acts like an amplifier with sound waves radigtifrom the rotor surfaces. Padd

rotor couplig hasa major impact on mid to high frequency (4 16 kHz) squeal.
Low frequency (1 to 3kHz) squeal typically involvescaliper, anchor bracket,

knuckle and suspension, in additiorthe pads and rotor.

1.2 Historical Overview

Disc brake noise is acceptenl be a complexsubject as indicated through the vast
range of literature already published on the subject. The comprebaestew by
Kinkaid etal [1] in their review of brake squeal provides an excellent insight into the

numerous approaches tgp2003.

With very few exceptions it is accepted that the principal vibration characteristic of
the disc is a diametrical mode and it has been shown by Fieldhouse and Newcomb
[4] that in all cases of disc brake noise, whether the system is a sliding fist or rigid
opposed piston type caliper, the dynamic noise frequency may be related directly to
the free mode vibrain characteristic of the disc.

In an attempt to explain the mechanisms involved a variety of mathematical models
have been proposed, each of whichsgme way to explain the phenomenon over a
specific frequency range. The overview of research fields and activities of friction
induced vibration in brakes, as detailed by Hoffman and (Zduprovides another
insight into the work up to the present daylatearly demonstrates the vast range of
work in the areas of brake noise. No single mathematical model is curraptple

of expressing the differing mechanisms involhacer the frequencyranges of 300

Hz to 20 WKHz, as this range is too broathr a dyamically unstable system.
Regardless of how the mathematical models are limited they do allow theetdsign
introduce basic parametand criteria at the design stage in an attempt to reduce the
propensity of a brake to generate noisds generally acepted that the higher the
coefficient of friction at the pad/disc interface the greater the tendency will be for the
brake to promote noig@a detailed finite element analysiss performed inChapter

6 to confirm the latter statemenf)his increase iffriction ccefficient increases the

disc/padin-plane interface force for a given pressure which in turn tssul a
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greater braking torqu&Vhat it does not show is why there is a greater tendency for

the disc to be excited in an eoftplane mode, the nvement of a disc vibrating in a
diametrical mode order. It is some time ago that work by §plirad shown that a
spraggingeffect could cause instability resulting in a variable normal force if the

sprag angle equated to the interface friction coefficigvhen the inclination angle

ZDV VHW DW WK HafiVBRD J DD WHU RV KHL W WKW DRXIPG C
force to the rubbing surface would then increase until flexure of the system allowed a
secondary strut arrangement to be establishedellighe sprag angle was reduced,

the normal force would reduce and the strut would then continue to slide. The
mechanism washown by a semiigid strut (P29 ZKLFK ZDV LQFOLQHG WHE

surface and pushed horizontal to the surface as shown in Higure

Figure 1.1  Sprag Model as proposed by Spir

The lever POis considered to be rigid and pivoted at O'. Flexibility within the
system is provided by a second cantilever O'O" which allows pivot O' to move under
load. The lever PO', of length, is loaded against a moving surface AB with a

normal force L.

Resolving vertically gives:

R L Ftan7 (1.1)
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and taking moments about O’ gives:
LuwosT MRwsin T RuosT O (1.2)
which redues to:

L MRtan7 R O (1.3)

substitutingR from equation (1) in the above gives:

L AL Ftan7tan7 (L Ftan7) O (1.4)
resulting in:
B RtanT F 0 (1.5)

and rearranging gives:

B F@L ARanT) (1.6)

so that:

F B (1.7)
@ Aan7)

with F approaching infinity asF tends towardscot T when spragging will occur.

This work was continued on discs with Jarvis and Millsajnd Earlest al [8-12]. A

detail review of these theories and models is discusske literature review.

Clearly because of the construction of the test rigs, and theilinflexibility of the

members, the system was able to establish more than one sprag angle for it to work.
The caliperis D VLPLODU VA\VWHP ZLWK D PXOWLSOH RI 3V
mechanism, in relation to the coefficient of friction at the pad/disc interface, which

this thesis examines.

For a caliper to be capable of spragging it is a requirementhéhaentre of pressure
which provides the force normal to the disc surface, as generated by the caliper
pistons, would need to be offset from tlkentrdine of the caliper mounting
arrangemen{13]. This normal force combined with the-ptane frictionalforce
would provide the resultant spragging force and thus aofepitine excitation force.

This thesis will consider a theoretical approach as a means to explain how this may
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occur and then an empirical approach to examine the effects of an imposeéd offse

centreof pressure.

However prior tca detailed study, it was essentidb explore a number of techniques
available to measure the contact pressure distributiontf@dentre of pressure
(CoP) movements effectivelirhe subject of interface pressuretdimitions in disc
brakes has been studied by a number of researchers. Dub&dAkkgdd pressure
sensitive paper and Tumbrinkg employeda ball pressure methodamie and
Sheridan 16] used a commercial pressusensitive film to measure the static
pressure distribution between the disc/pad interfadeetdhouse 18] inserted a thin
steel wire between the piston face and the pad back plate to offset the pressure
distribution towards the trailing side. A common observation found that the contact
presswue distributions shifted towards the leading side. Toiselatel well with the
observatiormade by Limpert19] that more wear appears on the leading side than
the trailing side.

Although the static pressure distribution may be calculated, and measingd u
pressure sensitive films, thewmgas little information regarding its calculated or
measured position during a dynamic braking evétttile collaborating with Bosch

prior tothe PhD researciork, Bosch Braking Systems weegperiencinga squeal

noiseat around 2 kHz on one of thdirakingsystens. Extensive experimental work
wasconsidered using laser techniques and modal analys&flyat solution was not

identified or secured. This promotedh investigation othe friction pair interface

with regad to possible geometric relationships and tfzen examination othe
caliperPRXQWLQJ SRVLWLRQ DQG SRVVLELOLW\ RI 3VvSUDJ
of pressure in relation tine calipe¥carrier bracket mounting plane. It was proposed

by a researh team R0} to make use of pressure sensitive films to understand the
characteristic behaviour of pads centre of pressure under static and dynamic
conditions.The technique was to use an embedded pressure sensitive film within the

pad. This method alload the dynamic centre of pressure to be measured during a
normal noisy brake applicatiolA pad was prepared to receive the laminate by
PDFKLQLQJ D UHFHVV DQG 23S0 XJ ins@rtettintdi@ Pec€sB PL QD W
DQG WKH 3S0OXJ" XVHG WitRe fimnUdPirateV Th@ad wasterR



Chapter 1 Introddion

machined to give a level rubbing surface and the assembly used to measure the
dynamiccentreof pressure on a test rifj.wasestablished byheresearclieam p0|

thatthe centreof pressure (CoPyariedmost at lowpressures but teed to be less

erratic as pressuri@creasedlt was observedhat at low brake pressuréhere was
greater leadingcentre of pressure and greater instability. Thentre ofpressure
hardly evershifted towardghe trailing side ofthe piston centre This is generally

what is experienced on a vehicleoise is most prevalent as brake pressure is
reduced.Ilt was alsodeterminedthat the position of the mounting plane for the
caliper carrier bracketvas important because of its influence owke spragging

angle. It needs to be as close to the plane of theraldzng surface as possibk.

detailed case studyf this workcan be found i\ppendix A

Clearly the precedingesearctwork demonstrated that the centre of pressure would
move dumg a braking event but the exploratory work gave no indication as to how
much it would move due to a varyimgdial and tangentigdressure distributionlhe
purpose othe reseach carried out as part of this thesiasto extend the knowledge
and understnding by deliberately inducing a variety of braking conditions and

pressure distributions.

Theresearch carried out in this thedisterming the basic mechanisms involved in
instability generation resulting in brake squeal via the use of experimedtéihda
element models. Fromreviousstudies[18, 44, it can be perceived that the-co
planar forces acting on the pad/caliper contact regions and its influence on the
position of the disc/pad centre of pressure plays critical roles in the generation of
brake squeal. Thus, the scopetbis thesis wado analyse the contact pressure
distribution between disc/pad interfaces and tleamire the movement ofhe CoP

during braking.
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1.3 Aimsand Objectives of Current Research

The overall aim of thishesisis to gain insight intdahe influence of thdriction pair,
contactpressureistribution ondisc brakesquealto providea basic understanding of
the contributing mechanisms which causelitekeinstability.

The objectives of the current research are:

1 The designand development of test repquipmentto measure the static and

dynamic pressure distribution during braking events

2. To investigate the methedio measurethe contact pressure distribution
betweenthe disc/pad interfaceunder both stic and dynamic conditionand then

examine the movement of centre of pressure during braking events.

3. The development of a detailed finite element madel thencomparingthe

FE resultsof contact pressure distribution amrmal contact forceswith the
experimental resultsExecuing a modal analysis at components level and then
correlae it with the real brake componentxamine the effects of varying friction

coefficients and the brake hydraulic pressure on disc brake squeal.

4. To conduct a comprehsive FE modal analysis using complex eigenvalue
methodto establish the natural frequencies andrtioele shapes of brake assembly
Furthermore a stabilityanalysis of brake assembly is executeddistinguish the
unstablegrequenciedo validateit with the experimental results.

5. To perform a numbewof parametricstudieson disc brake assembly to
understandthe characteristicbehaviourof disc brake in terms of squeal noise

performance.
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1.4 Outline of Thesis

This thesionsistf eight chapters olimed as follows:
Chapter 2: Literature Review

The literature re\dw covers aaumber ofbackgroundheories and maals relating to
brakenoise. This chapter also comprisededailedliterature review on experimental

and finite element methadelating b brake squeal noise.

Chapter 3: Development of Test Rig for Dynamic Pressure Distribution

Measurements

Chapter 3 presents detailed informationtba development of test rig for both

static and dynamic pressure distribution measurements.
Chapter 4: Experimental Studies

Chapter 4 concentrates on the resultthefexperimental studie$\ number of tests
arecarried out to measure tlventactpressure distribution betwedne friction pair
of disc/pad under various conditionk also presents a detadl study onthe
behaviour ofthe centre of pressure along the lengthtlte pad and radially during

squeal events.
Chapter 5: Finite Element method

Chapters outlinesa detailed proceduren the development oé finite elementmodel

of adisc brakeasserbly. A finite element model is developed to accommodate both
contact pressure distribution analysis as well as complex eigenvalue analysis.
Various types of contact methodare considered and compare&urthermorea
number of extraction methodswere examired to solve the eigevalue and

eigenvector problems.
Chapter 6: Finite Element Results

Chapter 6 concentrates on finite element results. This chapter discusses the effect of
coefficient of friction and hydraulic brake pressures the contact pressure

distribution andon the normalcontactforce Hnite elementresults are compared
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with the experimental data to verify the accuracy of the finite elemeihod
Furthermore, a detailedFE modal analysis is performed usindpe complex
eigenvalue method to eartain the instability measurement, natural frequencies and

modes of vibration athe discbrakeassembly
Chapter 7: Parametric Studies

This chapter presents a number of paramsttidiesto determine a set of contriih

parameters which can be emy#dto suppressr eliminatethe brake squeal noise
Chapter 8: Conclusions

Chapter 8 provides thenain conclusions contributions to knowledge and novel
outcomesof the present study. This thesigncludeswith the recommendatiorfer

future work.
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Chapter 2

Literature Review

2.1 Automotive Disc Brake §/stem

The main purpose d disc brake is to generateetliriction between the pads and

rotor to dissipate #hkinetic energy of the vehicle [1]. The foundation brake consists

of thedisc,a caliper and sedf brake pads. The disc is securely mounted on the axle
hub and the caliper body is attached with the mounting bracket to the vehicle as
shown in Figure 2.1. The brake pad consists of a steel backplate with the friction
material bound to the surface ottbackplate. The caliper botipuses théydraulic

pistons which actuate the pad assemblies causing them to be pushed against the disc,

in order to generate a frictional torque to slow the vehicle.

Pin on which Inspection hole for
checking pad thickness

Figure 2.1  Solid model of a disc brake assembly

It is well known phenomenon that the tangential fofitietion force) betweernhe
disc/padinterfacess an important factor related &brake system. It isvidentfrom

10
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&RXORPEYV |UHaF tAhigéhtal @ideZis directly grortional to hydraulic
pressue. The relationship between the normal forcg, &d the friction force,

can be formulated as:
P=F_IFy (2.1)
where As the coefficient of friction

It was also found by Eriksson [21]that no squealoccurswhen the coefficient of
friction ( Pis below the squeal threshafd typical value ofhis threshold found to
be A= 0.4. However he level of the threshold depends on the design of the brake

system, the material parameters and the friction charactertics [

2.2 Brake Instability

A large number of theories and nedsl relating to brakeoise,squeal in particular
have beerdeveloped to achieve an understagdif the problem of brake noised
then discover deasible solution ensuring quiet brakes. A detail review of these

theories and models is discussed below.

2.2.1 Stick-Slip Theory

Stick-slip motion accompanies oscillatory vibration of friction force and is
responsible for squeal, cregpoan and jerking of brakes. Stiskp vibration
generally occurs because the static friction coefficient is greater than the sliding
friction coeffiaent[23]. The relationship between the sliding friction coefficiqng,
and the relative velocity, is:
wWR
WO

0 (2.2)

Figure 2.2 exhibg a diagram of sticlslip motion.The velocity of the belt is called
the relative velocityy,. The surface between the blocks and the belt is rough so that

the belt exerts a dry friction force on blattiat sticks on it.

11



Chapter 2 Literature Review
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Figure 2.2 A simple elastic rubbing systerJ]

For diminishing relative velocity(sticking phase wittvy, 0) the magnitude of the

friction force depends on the relative force governed by the equation of motion and

its direction depends on the tendency of the motion. To calculate the responses of the
VI\VWHP LW LV QHFHVVDU\ WR VHSDOD\SH QUKSKPRW L E
SVWLFNLQJ Srikddia/foirsliptd<skick transition are

Slipping phase F AN (2.3)

S

Sticking phase: TEL R, (2.4)

If both criteria aremet, the mass will stick to the belHowever,if only the first
criterion is met the massvill not stick to the belt but will accelerate beyond the
speed of the belt. At this point the friction force will reweits direction so as to
oppose further motion of the mass and, eventutilly velocity of the mass will be
reduced to the belt velocity arslick-slip transition will occur.Stick-slip motion
occurs when the friction force reaches its maximum allowahlgeyiN. The mass
then slipsbackward relative to the belt andhdlly oscillates repeatedly and the

system enters the limdycle vibration[23].
2.2.2 Sprag-Slip Theory

In 1962, Spurr24] established aovel theory of brake squeal called spsip, by
which the unstable oscillation in the system could occur even with corfistaion

coefficient. This spragslip phenomenon occsidue to locking action of the slider

12
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into the sliding surfaceSpurr[24] demonstratedhis by rubbing a flexible spring

against various grades of emery paper and went on to confirm it with more practical
examples using a railway brake shoe with an adjustable pin bearing on the wheel. To
relate spragging to disc brake squeal, a modified brake disc also showed this to be

the @ase P4]. In this example the pad was restricted from moving by studs in the rear

of the pads and the pads then ground in such a manner as to allow only a small radial
strip to be in contact with the disc. The line of action was then the contact strip

WR WKH UHVWUDLQLQJ VWXGV ZLWK EHLQJ PHDVXUF
disc face as shown in Figure 23purr[24] found that squeal was only generated

ZKHQ WKLV FRQWDFW VW14 lthe IgaDivg &tyd gftheH@oWw&as\ FORVH
also found that lbake squeal depends upon the magnitude of the coefficient of
friction andalsoon the position of the contact areas between the friction material and
surface of the disdHe concludedthat gjueal is therefore fugitive and occurs only at
certainpressures and is very dependent upon how the friction material is bedded

A detailed review of this theollyas been present@dChapter 1.

brake |"iLk| contact |";Ll-;|1

.\.I. p

i —

“ /
R v
——

Figure 23 % UDNH SDGV FRQWDFWLQJ D -BiRMEBYW[IWR H[KLE

2.2.3 Jarvis and Mills Mo del

Jarvis and Mills 7] developed the spraglip theorywith their "cantileverdisc”

model, as shown in Figure 2.dnd although the apparatus vmas on a brake system

itself, it was readily amenable to mathematical analysis and the experimental work
was the first to be accompanied by significant mathematical analysis. In their study
of system behaviour they concluded that the amplitude of vibration of the disc
remained stationary in space, being located by the action of the cantilever on the disc
surfa@. They also observed that there were no true node positions and by scanning

the surface of the disc determined that the amplitude was seen to vary about a mean

13
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level with the phase changing continuously. It was explained that this behaviour was
due to theexistence of at least two vibrations of the same mode order but with
different phases in time and space. The analysis considered two situatiewsh a

varying coefficient of friction with speed anide othemwith constant friction. In both

cases it vas assumed that the complex motion of the disc involved two simultaneous
modes and that this situation accounted for a number of phenomena. It was possible
that either mode could exist or that the amplitude around the periphery could vary
about a mean leVewith a steadily changing phase. The relative amplitudes

determined which possibility actually occurred.

It was shown by calculation that the practical variation of coefficient of friction with
velocity was not enough to maintain oscillation. The theémakanalysis showed that
instability could arise and this was generally confirmed by experimental
investigation where the variables considered were the cantilever length, the
cantilever slope, the radius of contact on the disc and the applied load.ftiunds

that the difference between the predicted and actual results could be due to the
predicted results making use of constants, such as damping factors, which were

obtaired from forced vibration tests.

Figure 24  CeantileverDisc Model[7]

14
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It was concluded by Jarvis and Mills that the cause of vibration was due to the nature
of coupling between the two components of the system and it was shown that there
was a limiting minimum radius at which point the system becdai#es this radius

being dependent upon the length of the cantilever. It was suggested that it should be
possible to prevent undesirable vibrations by a suitable choice of parameters in the
initial design stage of the system but the application of thergletieory of coupling
depends on the ability to analyse the vibration modes of the individual components,
an approach favoured by Sp{2d].

2.24 Pin-Disc Modek by Earles

The work was extended further extended by ésagt al [8-12] with the "pindisc”

model. The single headst rig, shown in Figure 2abcomprises a "rigid" pin held in

a pivoted arm which is loaded onto the face of a rotating disc. The mechanism is
modelled as shown in Figure 2xth four degrees of freedom. The disc is assumed
to vibrate in a single dominant mode and therefore has only one axial degree of
freedom whereas the pin has three, two translational and one rotational. Without

exception it was observed that squeal was developed when the pin was in torsional
mode with the codition of pin angletan® P! T !0, where 7 is the angle of pin

orientation to disc surface. It was concluded that noise was generated as a result of
geometrically induced instability, the region of instability being dependson the
coefficient of friction and the physical parameters of the system. It is argued that the
model contains the essential squeal noise producing characteristics the model being
developed to be more representative of a braking system but it is ditbcrdtate

the findings to that of a real brake system. The situation has been recognised by
Earles and in the later papers the criticism has been addressed, to some degree, with
the consideration of an opposed two pin system, one either side disc a shown

in Figure 2.5 yet even with this model the disc still had only one degree of freedom.

In this case it was concluded that for instability to be possible it was necessary for at
least one of the pin mechanisms to fall within the instability boundiéingugh this

in itself was not sufficient to cause noise. Sufficient conditions were again dependent

upon the magnitudes of the system parameters and in particular the ratio of the

15
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corresponding pin support parameters with certain ratios giving stakienmdhe
general finding was that unstable motion was again as a result of geometrically
induced instability and that this was essentially the mechanism by which squeal noise
is generated in a disc brake.

—
LOAD = w
PIVOT BLOCK C
( J
J}I'\— PIN
ARM
CANTILEVER

Figure 2.5  Pin- Disc model(Single heaypl

T "IN
X CANTILEVER

Figure 2.9 Pin- Disc model (Double head)

—i
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Figure 2.6  Fourdegreeof-freedommodel for gpin-on-discsystem

225North TV %LQDU\ JOXWWHU ORGHO

North [25] proposed a mathematical model which was designed to repiesksc

brake system as shown in Figure 2.7. His proposal was an eight degree of freedom
model which treated the disc in the vicinity of the pads as a solid beam. He modelled
the disc, pads and the caliper as lumped masses and inertias, each with egs degr
of freedom, transverse and rotational, giving a total of eight degrees of freedom. The
principal feature of this approach was the recognition of the need to give the disc two
degrees of freedom, these being necessary to represent the generalise@itioéion

disc in the vicinity of the pads as described by Jaf¥jislh this sense the disc is
considered to hold two independent modes of vibration, these being a sine mode and
a cosine mode about the mpdint of the pads. If a pad sized portion of disc
considered the cosine mode provides a mainly translational displacement in a
direction parallel to the axis of the disc whereas the sine mode results in a largely
rotational displacement. The disc was therefore represented as a lumped parameter
with an equivalent mass and equivalent physical characteristics which adequately
represented the complex distributed nature of the disc. A simplified two degree of
freedom model by North2fp] consideredthe disc sandwiched between the pads
which are in turn bounde by immovable planes. The predominant motion
considered is that of the disc where it is related to the instability experienced by

aircraft wings andis referred to as binary flutter. To achieve good agreement

17
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between measured results and calculated sgsuith the eight degree of freedom
model, it was necessary to make slight adjustments to the measured stiffnesses.
Agreement was also close for the measured mode shapes and for the phases of the

pad with the largest amplitudes.

Schematic representation of
calliper axis system

e —
[
e

\\\ ‘ >X

\

\ Y Iy/

\ jg
Schematic representation
\’\ of brake system dimensions
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Figure 2.7  Eight degreeof-freedommodel[25]
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2.3 Experimental Work

In the past,all research on brake noise and vibration were carried out using
experimental methods. It is still the most popular and effective way to measure brake
vibration fregquenciesand identifying noise sources anstill the most important
methodfor verifying solutions. An experimental approach can directly expose the
nature of vibration and subsequently can reveal the precise noise sources within the
brake system. Accordinto Yang R7], experimental methods are the only means to
judge or verify any possible solutions or designs to make quiet or powerful brakes
This sectionexplores a number of experimental techniques available to investigate

the brake instabilities in adéke system.

2.3.1 Experiments using Holographic Interferometry Techniques

The most importanearlier work using holography technigueas performedby
Felskeet al[28]. Their analyss of selfexcited brake systemsing "yoke" and "fist"

type calipers clearlyemonstrates the versatility and usefulness of this technique
when both time average and double pulsed techniques were employed. Contrary to
the findings of other workers the conclusions of this work are that the caliper and
pads transmit the main parttbie noise energy and in particular that the frequency of
squeal is a function of the yoltgpe or fisttype caliper resonant frequency. With
regard to the disc it is commented that frequently the noise level transmitted by the
disc is of little consequenc@&his latter belief is based on an assumption that there is
acoustic short circuiting in front of the disc as a result of the sound waves being
emitted from adjacent antinodes which are 180° out of phase with each other. The
majority of the investigatiowasbased on the yokiype caliper where the pad is of
square format but in essence the technique is used smdely modal analysis

technique 29].

Nishiwaki et al [30] also made usef holographic interferometry with thefmite
element modelling forheir analysis of a pin slider "fist" type caliper. A high
coefficient of friction material was specifically produced for the trials and the same
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noise frequencies which were found on the vehicle were able to be recreated on the
test rig, a detail which letb the belief that brake squeal was not influenced by the
suspension parts. This is an important consideration when endeavouring to simulate
the brake system mounting as on the vehicle. Early tests revealed that the frequency
components of the pads andiper were not necessarily close to the brake squeal
frequencies whereas their findings revealed that the vibration modes of the disc
during brake squeal generation were strongly influenced by the natural frequency and
mode of the disc component. The haolghic analysis concluded that the pads
vibrated in a bending mode but more importantly that the disc vibrated in a diametral
mode which remained static with respect to the ground despite the fact that the disc
was rotating. Furthermore, it was observedat thhen the disc was excited artificially

the point of maximum excitation occurred at the point of excitation. It was this
combination of events which promptettheir belief that the introduction of
asymmetry into the rotor may reduce the formation of syiroa¢ diametral modes

of vibration and propensity to generate squeal ndiseeffect if the point of
excitation can be decoupled from the mode of vibration then squeal will not be
possible. It was because of this hypothesis that the work tends to cateemnt the
analysis and modification of the disc. Both the analysis and experimental work
consider either added masses to or from the disc in an attempt to fix the mode of
vibration relative to the disc. Finite element analysis showed that for low disc
stiffness the mode was fixed to the disc but at high stiffness the mode remained
stationary. Pad pressure was also found to affect the situation. Modified vented discs
were tested and it was found that the vibration mode rotated with the disc and that
therewas an improvement in noise generation. The authors concluded that brake
squeal was strongly influenced by the natural frequency of the disc and that a cure
could possibly be achieved by a modification in the mass distribution of the disc.
This infers thathere is a need to build asymmetry into the disc in order to disrupt the

symmetrical modes of vibration.

A combination of experimental modal analysis measurements and finite element
modelling wasalso used by Lang and Newcontil] in their study of drunbrake

squeal. They found thdrum modes to be stationary in spaoed hence rotating
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relative to the drum. They established the presence of two identical normal modes,
superimposed but phase shifted spatially and temporally to each other. They also
proposeé and concluded that if asymmetry can be introduced into the drum by added
masses then theormalmodes can be split and the mode ceased to adopt a preferred
position on the drum, and would therefore rotate with dnem. Their work
continued B2] with theandysis of awide drum brake with a predominant frequency

of 580 Hz having a complex squeal mode comprising two modes displacedgby 90
The investigation considered coincidences of component natural frequencies but
concluded thattake component modal analysis was not a reliable indicator of squeal
frequency or potential but did support the proposals that the binary flutter mechanism
as proposed by North[25] was consistent with measured squeal modal
characteristics. The theoreticabnsiderations for decoupling the two drum modes
indicated that to decouple all potential squeal modes two diametrically opposed
masses were requiretiwo dimensional finite elememinalysis examined the limit of

effectiveness of a distributed mass over tircumference.

Fieldhouse and Newcombl][ made excellentuse of holographidnterferometry
technique They found that squealing frequency was near the individual natural
frequencies of the components, concluding that noise propensity might be influence
by the coupling of these natural frequencies when they are close togHtlegr.
demonstrated thahe pad excitation plays a vital contribution in the generation of
noise.It was also confirmed that the disc mode is always diametral but sometimes
mode tavel around the disc and the instability in the system is probablyndoiye

the pad vibration.

Fieldhouseet al [33] also investigated a twin caliper brake system using holographic
interferometry technique. They presented a holographic study of a dygiegear

disc brake to predict the possible noise frequency based on disc/pad interface
geometry. They noted that when the caliper setting of A& been applied to brake
system, the squeal noise reduckdstically It was alsoobservedhat twin calpers

may behave differently, one holding an antinode below the pad and the other a node
however they may also behave in a similar manner with either both holding an
antinode or node below the pad.
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Steelet al [34] examined the measurement and analykisoth outof-plane and in

plane vibration of a twin caliper disc rotor during squeal generation. They once again
madeexcellentuse ofthe noncontact technique of holographic interferometry to
recad a set of three interferogranviewed from different \v@wing perspectives.
Additionally, they developed a Nab algorithm from holographic theory to separate
in-plane and oubf-planemotionand developed 3D displacement models of the real
disc rotor. They recommended tltansiderablattention should be gan not only to

out-of-plane but also to the4plane contribution of displacement.

2.3.2 Experiments Using Accelerometes

For years, acceleromesdrave beemsed to measure the vibrationadbrake and its
components such alsedisc, caliper and pads. Onae accelerometer is mounted on
the test component, its vibration amplitude, frequency, phase angle and even mode

shape can be measured with respect to a reference pdint [

In 1993, Ichiba and Nagasawd5[ considered the problem of brake noise from a
purely experimental approach in an attempt to determine the mechanisms involved.
The proposal was to record discrete excitation, using small accelerometers, at several
points along the backplate of the pad including one mounted into the vented disc. In
doing so it was possible to construct the mode of vibration of the pair and establish
their phase relationship. ik interesting to note that they had selected this method of
study simply because holographic interferometry could not provide phase
information. Modal analysis of the disc, byjammer testssuggested that the disc
mode was comprised of two waveforms, a sine and cosine which resulting in a
compound stationary wave. It would app¢hat the disc waveform was stationary
with respect to the disc althgln an accelerometer inset into the disc would not be
able to detect a moving wave which travelled at a speed relating to the disc mode
order, it would see it as a stationary wave excitation. It was concluded that instability
was as a result of the changes the friction force and not theRvelocity

characteristic and that noise was as a result of fluctuations in surface pressure.
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In 1996, Ishiharat al [36] used accelerometers to measure the vibrating motion of
the caliper. The itor was rotated at 3fev/minwhile hydraulic pressure was applied.
Random oscillation waves were applied to the caliper by an electromagnetic shaker
in the normal and circumferential direction of the rotor. It was found that the
FDOLSHUYV GL DohrRudDhe ligedrl fifthed3 of the lining material had a
great effect on the generation of squéak also confirmed that when the coeffiote

of friction is constant, lowrequency brake squeal was generated due to geometric
dynamic instabilities.It was also revealed that brake squeal can be reduced by
decreasing thpad/disc coefficient of frictiorghanging the linear stiffness thfe pad
material and by minimising the vibration characteristicsthaf caliper and rotor.
Since rotor frequency can lentrolled relatively easily by changing rotor material
and structural shape, the propensity of squeal instabdityd bereduced by shifting

rotor frequencywhich had most influence on squeala higher region. Theoretical
analysis based on the expeental results also showed that low frequency brake
squeal is a dynamic unstable phenomenon caused by kinetic energy influencing the
systemvibrationwhena pressure fluctuation between rotor and pads is coupled with

relative displacement in the rotostating direction.

In 2003, James3/] used norcontact displacement transducers to measure the
vibration at the disc surfacéle investigated three different brake systems a Rover
solid disc, Mercedes solid and vented discs. -Slamtact displacement transuius

were used to measure the normal displacement of the disc during a squeal event and
located at 11 egtspaced positions near the outer disc radius. He clatifigdthe
displacement signals produced by a squealing disc could be processed to determine
the mode shapes of the disc and the behaviour of the waves that produce the squeal
noise in brake systenthe leastsquares approach was used successfully to produce
detailed analysis of the behaviour of the wave motion in the disc from the available
data.Squeal frequencies up to 8 kHz were analysed. He established that the Rover
disc brake experiendefour main squeal diametrical modes whidleth Mercedes
brakes expéencedfive squeal diametrical modes. These diametral modes tivene
compared with thedmmer test results. It was also shown that a squeal mode in the

discs could produce either a stationary wave or travelling waves (backward or
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forward). In general itwas recognised that the squeal modes most commonly

consisted of stationary waves and sdueauld occur at temperatusdovel00°C.

In 2004, Kumamotet al [38] studiedthe correlation between the contact and squeal
generation. They measured pressure, noise level and contact load between pad and
the caliper A Piezoelectric accelerometer wasumted orthe caliper to measure the
vibration waveform and contact pressure distribution was measured by using
pressure sensors between pad and caliperasfoundthat squealvasgenerated at

two different frequencies d kHz and 2.5 kHz respectivegnd squealsgeneration

was due to the disturbance of the movementhefpad inthe tangential direction
causinginstability in the pads because ofhe soft connection between the pad and
caliper.The results clearly demonstrdtihat squeal performanceudd be improved

with a rigid and stable connection between the pad abutment and the [Z8iper
Lubrication on the abutmentan also preservenoise as the friction dependent
variable abutment oscillating force goes to zero and the resulting offsetatagsen

a spragging angle. Their investigation was restricted to contact pressure of
pad/caliper interfaces however in this thesis; more focus is given on measurements of

CoP betweethedisc/pad interfaces to perceive its effect on squeal instability.

2.3.3 Experiments Using Piezoelectric Beams (PTZ)

Fieldhouse[39] used a number of piezoelectric (PTZ) beams (a description of the
piezoelectric (PTZ) beams is given in Appen8ixto investigate the frequency and
phase relationship of different componemts a brake assembly. A number of
piezoelectric (PTZ) beams were mounted at relevant points on the principal
component parts of a brake assembly to measure their frequency and phase
relationshipsAn Alfred Teves (AT) brake assembly was investigated as show

Figure 2.8 which indicatethe position of PTZ beams.
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Figure 2.8  TheAT brake systenas used by Fieldhou$g9]

The brake generated an intermittent noise with an audible frequency of 8vitkHz

an additionaharmonicfrequency of 31.4 kHzln order to capture full sequence of
the results, fouexcitation waveform traces were detected simultaneoltshyas
found that the piston pad trailing end appearto start modulation tca lower
frequency. During this progression of frequency shiifé trailing end of the piston
pad plagd an important part in the development of the audible noise frequéncy.
was explainedby Fieldhouse 39 that perhaps the onset of noise was always
preceded by a very high frequency vibration which develops by o@nte
mechanical coupling of components until all are excited at a lower, audible,

frequency.

It was suggested that duettos effect the piston pashay be WKH 3WUmdstHU" LQ
brake system generating noidde other possibleeasonsnight bethe dampng or

frictional forces atthe abutment face that causes such a major frequency change.
This may also answer the question as to why noise propensity increases as the brake
force is reduced or noise is most pronounced during light braking. If this isdbe ca

there may be a relationship between the braking force and the pad abutment force

leading to some form of spragging as proposed by $@jrr
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2.3.4 Experiments Using High Speed Electronic Speckle Pattern

Interferometry

Recently new developments in ESPI tecjug@s allow three dimensional
measurements for complete 3D analysis of complex structures. In 1997, Wang &
Ettemeyer 40] demonstrated that the pulsed ESPI techniqgue can be employed
successfully to investigate the noise and vibration in a brake systenbrakeewas
excited at 2 kHz by light braking at rotational speed ofeéd8min. It was explained

that there was no influence of rotation on the measurements uprev/4in and
precise results can be measured without any special optical alignmemas It
explained further that the phase map due to rotation can be compensated numerically
after evaluation. It was concluded that the pulsed ESPI technique is a distinctive tool
for brake noise analysis and that this technique can be used for three dimensional

measurements to measure theplane and oubf-plane components of the vibration.

In 2000, Reeveset al [41] also used high speed electronic speckle pattern
interferometry (ESPI) technique to measure theadytlane vibration of a brake disc
during naturlly excited squeal. The complex mode was generated by the
superposition of two diametral modes of the same order that had a spatial and
chronological phase difference. It was concluded that thedpgkd ESPI provided

a realtime visualisation of surface deformation equivalent to doubprilsed
holographic interferometry, with the benefit of giving a true time series of the surface

deformation during a single vibration cycle.

2.3.5 Experimental Study of Abutment Effects on Noise Ropensity

During noise geeration it is generally observed that the trailing end of the pad will

vibrate even though it is abutting against the caliper carrier finger. Clearly the
abutment force will be related to the braking force. If it is accepted that the pad is
vibrating, andthe abutment force is varying with brake load, then the pad/caliper

interface, abutment, force will vary with brake 1d44].

It was demonstratedy Fieldhouseet al [42] through ceplanar analysis that the
centre of pressure of a brake pad varied aldhg pad axis due to the
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backplate¢aliperfinger friction variation during pad vibraticend his subsequently
leads to a dynamic situation where ttaiper PD\ 3VSUDJ" FObpdheQJ RXW
vibration of the disc initiating noisélowever n a practical $uation there will be an
interaction between frictional effects at the pad abutraedthe various dimensions

of thebrakepad when it is in equilibriumThis equilibriumcanvary with different

pad abutmenarrangemerst asshown in Figure 2. It was estblishedby Fieldhouse

[42] that with such abutment arrangementsyats possible to analyse the-glanar
geometry with a trailing, leading or combined abutment arrangeréetr work
correlated well withthe results fromLiles [43] who also observed thanoise
propensityreducedas the pad weark practice the variousabutmentonditionscan

be achieved by using a combined abutment pad and appropriate shimming of the
abutmentsThe summary of the analysis is showrAppendix C.

Figure 2.9  Free body diagram of brake pad assuminglemar frictional forces

and differing abutment arrangememg][
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2.3.6 Experimental Investigation of Imposed Offset Centre of

Pressure

In hisresearctwork, Fieldhousd 18] employeda simpe methodto examine the noise
propensity of the brakéy varying the centre of pressure between the piston and
piston pad The centre of pressuveas varied by using a 0.75mm diameter silver steel
wire inserted between the piston face and pad backplateoas in Figure 2QA The
offset of the wire was varied 18mm either side of the piston centre, generally in
increments of 6mm but in increments of 3mm at critical points. The wire was
supported by a backing plate to prevent local indentation of the svmer@sult of the

piston wall [L8]. The method of testing was, at each wire setting, to increase the disc

surface temperature to over 160and then to vary the system pressure from 1MPa, in
increments of 0.136MPa (20psi) down to zero and then back upMRa.1The

temperature was then allowed to fal’@oand the process repeated. During this cycle
of events the noise frequency, duration and amplitude was noted over several

revolutions of the disc to ensure a steady situation was being recorded.

Figure 2.10 Diagram showing position of wire between piston and g&H [
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MAGNITUDE (dB)

OFFSET (mm)

Figure 2.11 Offsetandnoisemagnitude q_eq(tot)) for arange ottemperaturegl8]

It was established by FieldhousH], as shown in Figw 2.11 that with a leading

offset of between 12mm and 15mm the system generally generated noise regardless
of temperature, the more stable situations being obtained with a zero or trailing offset
arrangement. It was furthewidentthat as the temperatureduced, with a resulting
increase in coefficient of frictio(u), the critical offset changfrom 12mm at 12@¢

( A~ 0.51t0 0.6) towards 15mm at O ( 2= 0.6 t00.7). A detailed case study of this

work can be found in AppendR.
2.4 Finite Element Models

A number of analyses have been performed on disc brake syssamgghe finite
element method to understand the problem of noise and therefore develop a
predctive design tool. The most commonly used technique is the complex
eigenvalue analysi€omplex eigenvalues usually result from the frictional coupling

of brake components due to the-dfagonal terms that arise in the stiffness matrix of

the system caug it to be unsymmetrical. Complex eigenvalues with positive real
parts are labelled as unstable modes, which always appear in complex conjugate
pairs. Such unstable modes are more prone to squeal noise. Traditionally, pads and
rotors have been connectied sacalled friction springs. In recent years, researchers

have suggested an alternative method associated with the direct connection of stator

29



Chapter 2 Literature Review

DQG URWRU DQG WKH HOLPLQDWLRQ RI WKHVH 3LPD
combined the above method withvestigations related to pressure distribution and
nontuniform contact between the brake components. The major disadvantage of
performing a complex eigenvalue analysis through finite element analysis is that it is

time consuming and consequently requiressiderable computing powet4].

Liles [43] was one of the earliest researchers to present a paper associated with a
complex eigenvalue analysis of a finite element disc brake assembly. The finite
element model of brake components was generated usiith edeinents and the
brake components were then coupled together in a system model, including friction
coupling terms between the rotor and linings. A complex eigenvalue formulation was
derived to provide the frequency and damping for each vibration maddefifite
element modelsvereverified using vehicle test results on the same brake system. It
wasfound by Liles[43] that shorter and stiffer brake lining assemblies reditoce
tendency to squeal. Mvas also established that the likelihood of squeat te
decreased using a slightly softer rotor and higher coefficients of friction could
increase the likelihood of squeal. These explanations suggested that the flexure of the
pad plays an important role in the generation of brake noise and needs to be

accainted for in future brake analyses.

Tirovic and Day 17] also studied the influence of various parameters such as friction
material compressibility, coefficient of friction and disc stiffness on the interface
pressure distribution. ltwas established fromtheir results thatthe pad/disc
coefficient of friction plays a vital role in the interface pressure distribution and the
leading part of the pad maintainontact while the trailing part loses contact with

higher coefficient of friction resulting in sqaiein the brake system.

Contact pressure distribution followed by complex eigenvalue analysis has been
investigated by Leet al [45, 46]. A nonlinear contact analysis was performed to
study the interfacial contact behaviour of a disc brake assemblheFuore, the
modal analysis was performed, using complex eigenvalue analysis, to extract the

natural frequencies and the mode shapea ditc brake system. They emphasised
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that the key to the linearisation process lies in replacing only théimear eEments,
which are closed (kzontact) as a result of the applied force with equivalent linear
interface elements. The propensity of the system to squastepresented by a
single number as against a set of eigenvalues. The numdsderived from the
standard deviation of all positive instability measures of those eigenvalues within a
pre-determined frequency range from the mean value of zenadestablished that

the instability standard deviatiomas directly related to the magnitude of rubbing
interface friction coefficient but independent of the brake hydraulic pressumasit
also found from the finite elementodelthat squeal propensityasreduced if the

interface contact between the pad and digsengineered to be uniform.

Nack [47] constricted a largescale finite element model under steady sliding
conditiors with constant coefficientof friction. A finite element model was
developed with solid elements containing approximately 120@@@ees of freedom.

The model consistl of rotor, pad, aliper and mounting bracket. A ndinear
contact analysis was performed followed by a complex eigenvalue analysis to
investigate the instability in a brake system. Linearised stability method and a
friction stiffness matrix were considered to model thatact between the pad and
rotor using a geometric nonlinear solution.was established that the dynamic
instabilities can occur due to coupled motions due to friction which need to decouple
to stabilise the system. It was shown that the complex modgsanahssensitive to

the variation in pressure and velocity. The degree of nonlinearity during brake squeal
was observed from experimental results. The coupled modes were verified

experimentally witha laser vibrometer.

AbuBakar 8] proposed a new mettof predicting squeal using the finite element
method. A finite element model of a disc brake was constructed and validated
through contact analysis where static contact pressure distribution and its contact
area correlattwell with the experimental rels. Inthe FE analysie considered a

real surface topography of which measuremem@secarried out in order to obtain a
realistic contact interface model. Complex eigenvalue analgsslso performed to

predict squeal generation. Was shown that th real contact interface model
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prediced squeal occurrences much better than the perfect contact interface model by
considHULQJ WKH HIIHFW QR SHH DMWLMH. FWLRQ GBIPSLQJ 7
that with the inclusion of wear, squeal eventyepredicted to appear and disappear

as wear progresdeeven though similar boundary conditions and operating
conditionswereimposed to apparently the same disc brake model. This phenomenon
explains the fugitive nature of squeal behaviour adding complexities to a brake

system.

2.5 Summary

It was esthlished from the literature review théte stick-slip phenomenon can
generatevibration and cause instability in brakes but it cannot function at higher
speeds where squeal is also observEterefore this theory is limited to low
frequency noisdess than 200Hz (such as creep groan nase) can be used to

explain low frequency rises.

It is evident from a number of studigk8, 24]thatthe spragging does occur on both

test rigs and vehicle trials. It was obvious from the previous res¢a8thhat a

mechanical instability that is not influenced by temperature or pressureatiocis

is possible within a brake system. Such a mechanical instability is caused by
3VSUDJJLQJ” RI WKH V\VWHP ZKLFK ZRXOG HQFRXUDJI
(squeal) It is also obvious that the position of the mounting plane for the caliper

carrig bracket is important because of its influence over the spragging[a8ple

It was evidentfrom the literature reviewthat squeal is considered to arise from
geometrically induced or kinematic constraint instability of the systemasinoted

that theconditions for instability were dependent upon the coefficient of friction, the
mass and stiffness parameters of the assembly and the contact configuration of the

pad and piston.
The finite element method has become an important tool to predict irtgtaii

brake system. Most of the researchers favour complex eigenvalue analysis because it

is a much faster andmore cost efficient solutioncomparedto experimental
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techniques. Thdinite element method can effectively predict mode shapes of the
disc br&e componentsvhich aresimilar to a real disc brake. Reasonably accurate
predictions against experimental squeal results can be obtained. Nonetheless the
finite element method is only a predictive tool rather than a diagnostic tool.

A binary flutter modeplays a significant role in the generation of brake squeal. Most

RI WKH PDWKHPDWLFDO PRGHOV VX$[R5,26] LadFRV KTV EL¢
model 5] DQG S$SEX%DNDUV ) arePdR<adi@@y with t@e complex
eigenvaluesanalysis It is dismveredthat even when the friction coefficient is

constant, the model can be unstable if the friction force couples two defrees
freedom together. A larggcale finite element analysis of the stabilityadinearised

brake systenfil] also confirnedthatinstability arises when two modes merge under

the influence of friction.

A number of techniques and equipment are available to capture squeal behaviour
through experiments. Accelerometemezoelectric (PTZ) beamand norcontact
transducers can be eroged to identify the mode shapes of brake components but
laser holography and EPSI have the edge over accelerometers awdntent
transducers. Laser holography and EPSI have the ability to visualise begitameit

and inplane modes of vibration of mawg components which makdkem an
excellent tool to identify the mode shapes of the brake components under dynamic
conditions however one must considéne coss associated with these expensive

systems.

It was found fromthe literaturereview that the meement of the CoP is a very
important factor to control the noise in disc brakes a leading centre of pressure
(CoP) tended to have a high propensity to generate noise in brakes. A number of
researchers2D, 18, 43, 46] have conducted detaileludiesto measurehe static and
dynamic contact pressure distribution between the disc/paerfaces. However

these studies did not fully identify the influence on brake noise of the position of the
dynamic centre of pressure. Some studies considered marmpuwéthe static CoP

in the tangential direction on[{L8], whilst others considered the dynamic (a#s],
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but were only able to conclude that large variations in position led to more instability
(noise). Thereforgthereremainsa clearknowledge gap thahe work contained in

this thesisintends to fill. The rext chapterdetailsthe design and development af

test rigand associatedquipmento study the contact pressure distribution and CoP

movementainderboth static andlynamic conditions
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Chapter 3

Development of Test Rig for Dynamic Pressure

Distribution Measurements

3.1 Introduction

There are many theories attributed to brake noise but at the higher frequencies the
mechanism is generally related to the friction pair of disc/pad and itsigtesbc
interface geometry. The interface pressure distribution is considered to be important
since the dynamic frictiofiorce at the disc/pads interface normally depends on the
local pressure. Contact between the friction material pad and the rotor isllyener
considered to occuacrossthe full length ofthe pad however in practice irregular
contact may be observed during brake operation. The variation of brake contact
pressure or contact area distribution between rotor and pad may have significant
influence on squeal generation. It is now universally established that there is a strong
relationship between the interface pressure distribution, the effective centre of
pressure and the propensity of the brake to generate [fidis®Q 46€]. It is also
knownthat the centre of pressure may vary both along the length of pad and radially
during braking which adds to the complex analysis of instability. The matter is
further complicated by the relative sliding between the disc and the pads, leading to
an interfaceressure offset to the leading edge.

A number of researchers have previously measured static pressure distribution
between friction pair of disc/pad in disc brakes but thesee limited experimental
method available for the direct measurement of dynanmterface pressure
distribution during a braking event. Measurement of the dynamic centre of pressure
during braking remains difficult until now. In this study, a distinctive experimental
method is employed to determine the movement of dynamic centreesgupe as

well as contact pressure distribution between friction pairs of disc/pad during braking

events.
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The test rig was developed to study the contact pressure distribution and centre of
pressure (CoP) movement during both static and braking evemaliper and set

of pads were modified to measure both static and dynamic centre of pressure during
braking events. The brakeseda 12 piston opposed caliper arranged to allow a
number of the pistons to be controlled independently using 4 master cylifdhés

allowed the interface centre of pressure to be adjusted both along the length of the
pad and radially. The tests included static pressure measurements with the sensor
film between the pad friction face and the disc, the centre of pressure beistpdd,]
XVLQJ WKH PDVWHU F\OLQGHUV WR SURYLGH D 3V\V
characteristic behaviour of the modified pads established, the centre of pressure
variation was measured under dynamic conditions. Tallewed the movement of

the centreof pressure to be plotted against brake pressure and rotor speed.
3.2 Brake mponents

The Alcon brake assembly was selected for this particular investigation. The brake

system consists of a caliper, a vented disc and set of pads.
3.2.1 Caliper

The caliper used in this experimental woslasa BrabugAlcon caliper, part number
CAR88118 as shown in Figure B(see Appendix for detailed drawing)The Alcon

caliper is a fixed type caliper consists of 6 pistons at each side of the edihioér
provides loading on each brake pad. Under normal use this arrangement allows the
pressure to be distributed uniformly on both sides of the caliper allowing greater

control of the clamping forces on the rotor and thus wear

Figure 3.1  Alcon/Brabus caliper
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The pistons are normally interconnected by small cross drillings and cast voids
within the caliper body. To allow individual pressure at each piston the fluid
passages between each piston were sealed by inserting tapered cylindrical plug
smeared with epoxy sen on both ends of the passages to prevent the leakage of
brake fluid from intercylindrical passagesThe aim was to control all 6pistons
independentlyhowever the fluid passages between two pairs (leading and trailing
pistons) could not be sealed besawf the large cast voids within the caliper as
shown in Figure 2. A number of attempts were made to isolate all pistons in the
caliperhowever the fluidchannelsbetween two pairgleading and trailing pistofs
could not be sealedndinserted plugdailed to prevent the leakage between these
two channelsAnother alternativemethodwas to machine a new caliper with all
pistons isolated within the caliper but it was not feas#bléhat timebecause of the
financial and timeconstraints. lwastherefoe decided to control four different sets

of pistons as shown in Figure231n the present study the opposing pistons on each

half of the caliper were controlled by the same master cylinders.

Figure3.2 $UUDQJIJHPHQW RI SLVWRQV IingswWe&&k ZzZV ZKHUF
blocked off)

3.2.2 Pads

In order to measure the dynamic pressure distribution during braking, a set of
standardSDGV ZHUH FDUHIXOO\ SUHSDUHG E\ PDFKLQLQJ L
Figure3.3. The sensor was then embedded to the rec@sGaWKH 3SOXJ" XVHG V
a sandwich of the sensor film as shown in Fidiide A thin metalplate was glued to

recess patb provide a smooth and even surface for the sensor film. This eliminates

the possibilities of uneven pressure distribution duertegular contact surface

between the sensor and the p@lde pad was then machined to give a level rubbing
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surface and the assembly used to measure the dynamic centre of pressure on a test

rig.

Figure 3.3 SHFHVVHG SDG DQG DVVRFLDWHG 3SC

Figure 3.4  Pad assembly with embedded pressure sensor

3.3 Overview of Test Rig Design

A dedicatedest rig wasdevelopedspecifically toperform theseests. The disc was
mounted on &olid shaftof @100mmthat was held in taper roller bearings, loaded to
give zero axial float, and held in a bearing housing. The housing had two end
flanges. One flange allowed the housing to be aligned to the driveshaft and bolted to
the rig frame and the second front flange allowed mounting and circumferential
adjustment of thecalipers using slotted hole$he brake disc was driven through
partial flexible couplings direct from a 45 kW, 2440 rev/mBiphase a.c. motor
through a 30:.vorm gear speetkducer.The couplings were used to accommodate
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theradialand angulamisalignmeat betweerthe shaft, flange anthe gearbox.Disc

brake peed was controlled by using a vector controller that provided variable speed
down t01.0 rev/min. The maximum speed of 80 rev/miisachievel by drivingthe

motor to its maximum output powevhilst the shaftcould be rotated in both the
clockwise and amntlockwise directionsThe test rigwas mounted on a rigid base

plate fixed securely ta bedplate as indicated in Figures 3.5.

=

Gearbox

-

L)

3 Kllekscan system

Bedplate

Figure 35  General view of test rig

The brakeuseda 12 pston opposedalipermodifiedto allowthe centre of pressure
to be controlled manually. Pressure was limited taumber of the pistorgiving 4
sets of pistong;ontrolled independently using 4 master cylindensch were applied
manually using screwedlpusters (see section 3.4)his allowedthe interface centre
of pressure to be adjusted both along the length of the pad and rathalgaliper
was bolted toa bracketand bracket itseltvas mounted to the flange as shown in
Figure 3.6 The line presse wasobservedon four different pressure gawgyélhe

maximum hydraulic pressure of 4MPa (40 baould be recorded omach of the
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pressure gauge however brake squeal raragcurredat such high pressures. It is
known by experience that the majoritysufueal instability occurs at brake pressures
less than 2MPa (20 bar).

|
s
[

Figure 3.6  Caliper mounting arrangements

3.4 Development of Control Panel

A control panel was developed to control four different sets of pigtaadingand

trailing pair andiwo middle individual pistons The control panel consest of four

master cylinders with screwed knobs and pressure gauges. The outlet from the master
cylinder connected to individual pressure gauges and then branched out to the caliper
at the centre of ea cylinder piston as shown in Figure 3This ensured that each
master cylindemwas capable of providing independent pressure to each connected
pistons.lt was also ensured that each master cylinder distddeal line pressure

to both inboard and obward padsA standarchydraulic brake fluig Ferodo DOT 4,

was used in theurrent investigation

Figure 3.8 shows a detailed layouttbé modified caliper. As shown ifigure 3.8,
the pistons pairs at the leading edtjeare connected together by castds and are
supplied with a common pressure arahtrolled by a single master cylinder. The
same principal applied fqiston pais at the trailing edgand its opposite pai@),

which was controlled by another mastglinder. The central pistons out@iston 2)
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and inner (piston 3) are pressurised independently using two master cylinders so

giving control over the radial pressure distribution.

Pressurggauges

Screwed Knobs
Master cylinder

Figure 3.7  Showing various view of control panel with tubes configuration

Outer central Inner central  Trailing Pair

~,
\ " 2

Leading Pair

Figure 3.8 Pistons arrangement at each cylinder position.
3:" LQGLFDWHYV ZKHUH EUDNH IOXLG '27 SDVVD
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3.5 Instruments
3.5.1 Presare Distribution Measurement System

3511 Introduction

The Tekscampressure mapping system (mode] h&carf) wasused to measure the
contact area, contact foradistribution and the movement of centre pfessure
during braking events.

I-Scarf is an inclusive systemwhich converts aMlicrosoft PC into an advanced
pressure distribution measurement systéims comprised of both hardware and
software components. The hardware components collect pressure information from
the system and make the data klde to the system software to view the collected
pressure datd49]. PC Interface Board is a data acquisition card installethén
computerexpansion slot and the Parallel Interface cossi$ta parallel interface

module, a parallel extension calleda sensor handle as shown in Figure 3.9.

' Parallel Interface module

Computer’s parallel ——=____ ’ -
(printer) port S Printer

Cable supplied =1

with system
il k Rl i
P g i \ Parallel Interface Module
TEKSCAN Bower connection to printer
power adapter adapter

plug

; /— Parallel Interface
/ Module
Front of i
Module \
o Power indicator

N light (LED)

Tekscan ]

handle

Figure 3.9  Schematic layout of Tekscan systeri][4
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3512 Tekscan Pressure Sensors

Tekscansensors consist of two thin, flexible polyester sheets which have electrically
conductive electrodes placed in viay patterns. They also contain a thin semi
conductive ink coating as an intermediate layer between the electrical contacts. The
ink provides the electrical resistance at each of the intersection points (called sensels)
and this resistance changes as tiness across the cell changes. By measuring the
changes in current flow at each intersecting point, the applied force distribution
pattern can be measured and recorded by the Tekscan system. The lattice of the mat
allows the software to determine the laoatof the load.The sensor tab is placed

into the sensor handle which connedisectly to the interface board to parallel
interface module and gathers the data from the sensor and processes it s@athat it ¢

sendit to the computer49].

A sensor type B05 was used in this investigation to measure the pressure
distribution between disc/pad interfaces (see data sheet in Appé&rb)ix The
sensing area of this particular sena@s 111.8mmx 111.8mm numberof sensing
elemens was 1936 with the spatial retution of 15.7 sensels per énand the
operationapressure rang&asfrom 0 to 3.4MPa (34bar). The sensor was trimmed to
fit into the pad recess. Aexplanation of theutting process of the sensors is given in
AppendixE.2.

3.5.1.3 Conditioning the Sensor

It is important thatthe sensos were SURSHUO\ pFRQGLWLRQHGYT SU
calibrated This proces$elpedto lessen the effect of drift and hysteresis (hysteresis

is the difference in the sensor output response during loading and unloading, at the
same applied force)All Sensors were conditioned atbeake pressure oR.4MPa

(120% of the maximum pressure) for 3 seconds andttieepressure was removed

and the entire process was repeated four times to emstuwmteaesults.

35.1.4 Calibrating the Sensor

Prior to using sensors, Wwasimportant to show that the results they\pded were

accurate under theequiredtest conditions. ltvastherefore necessary to calibréte
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sensors toeduce uncertainties in the resulBalibration alschelpedto compare the
same sensor in various environments and atbgomparson ofoutputs of vapus
sensors. For calibration the software calcul@e average applied pressure based on
the area of loaded intersection points (sensels) and the entered faree Mas
mear carehad tobe taken to ensure the loadm@a of sensors remaihconstant for

all calibration points. The sensors were calibrated using the Tekscan guidelines from
the Tekscan manud#9]. Tekscan provides two methods of calibrating ses)sa

one point calibration or a twpoint calibration. A one point calibration assumes a
linear output from the sensor with zero force (pressure) applied resulting in zero total
raw sum of output. In this case the Tekscan system uses two points totedloala
calibration relationship. This type of calibrationattractivefor applications where
similar loads are applied in the tests. The other type of calibration is-powb
calibration, which takes into account the dmearity of theintersectionpoints
(senselk It determines a power logarithmic curve using two other calibration points.
This isthe preferred method when the applied load varies during tegtibgo-point
calibration methodvas employed in this worlas thebrake line pressure \ad
substantially during testsRose and Stith[50] also found that the two point
calibration providd much better results comgatto a one point calibration and this

method also gvemore accurate mean and total contact forces

In order to evaluate theensorcalibration, a number of uniform pressucé$.5, 1.0,

1.5 and 2MPa were applie@ihe contact forces were calculated and compared to the
appliedloads (pressureslorce measurement err@b) wascalculatedoy taking the
difference between calibed Tekscamutput and applied forces to each sen$be
calibration results indicated (Appendix F.1) that the overall sensel pressures,
obtained by Tekcan sensors, were found toibegoodcorrelation withthe pressure
applied tothe sensor.The calibraion results showd an overall error varying
between +4%It should be noted that at the higher pressure of 2MPa, the measured
force error wasnuchhigherin the range 08-11%. This could bebecause atehigh
pressure settingthe pressure sensor wasilject to high deformation and shear
stressesvhich canadverselyaffect the accuracy dhe pressure distribution results.

A studyinto the sensitivity of the pressute change in brakeemperaturavas also

undertaken These tests included static pressuneeasuremds at various brake
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temperaturesith the sensor filmplacedbetween thedisc/pad interfacesAgain,
force measurement err¢¥) was calculatedby taking thedifference betweethe
calibrated Tekscanutput anl applied forces to each senslrwasfound from the
results,asshown in Appendix F.Zhatat room temperature of 23°C, the measured
force error (%) at the inboard pacas about 2% comparing tthe outboard pad
which was about 1.6% whereasthée higher temperatureof 200°C the measured
force error (%) at thenboardpadwas much higher in the range @ comparing to
theoutboard padvhich was aboub%. It was confirmedhatthe pressure sensare
sensitive tothe elevatedbrake temperatureand they should be usedwithin the
temperatee rangespecified by the manufacturdo ensure accurate resulté

detailedcalibrationresults arelisplayedn AppendixF.1andF.2.
3.5.2 Other Instruments

Disc temperature was measured using acguwrtact laser infrared thermometer with
a range of0 to 250C. According to the manufacturer, the accuracy ohis
thermocouple was approximately +2% of the nominal range.

A condensing type microphone was placed at distance of 200mm outboard from the
disc face and 500mm above and perpendicular to therebné of the disc. The
microphone was connected with the B&K FFT analyser type 2031 to identify the

generated noise frequency.

3.6 Brake Tests

The following procedurgwerecarried out to ensure that all the tastiatedwith

similar conditions.

3.6.1 Bedding-in Process

The beddingn process involve a gradual builelp of heat in the brake disc and pad

lining. This proces$aid down a thin layer of transfer film on to the rotor surface. All
EUDNH SDGV ZHUH IXOO\ 3EHGGH®@ pe@fmhd sKnas& H EUD
tests to ensure consistent and reliable results. The beadm@cedure involved

performing short drag braking events at different spéeas 10-80 rev/min during
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which the brake pressure was applied to varying sebeltween0-2MPa hydraulic
pressurewhilst allowing the brake disc temperature to steadily increas&QtC2
Temperature rise during each braking event was in the region-29°1D and the

GLVF WHPSHUDWXUH DW WKH EHJLQQLQJ RI WKH 3SEHC
disc temperature of8D°C had been reached, the disc was allowed to cool down to

20°C. Following this process the brake was examinggally and the disc and pad

surfaces inspected to ensure full contact between disc and pad had been achieved
and, by obervation, that the surface transfer was com@eteindthe discrubbing

surface
3.6.2 SystemStabilisation

This procedure was carried out to ensure that all the vests carried out with

similar conditions. The disc speed was set to 80 rev/min amuiferm hydraulic
pressure of 0.7MPa was applied to the brake until the brake temperature was in the
range of 200°C. Once the temperature exceeded 200°C, the disc speed was reduced
to 60 rev/min and the hydraulic pressure in the caliper reduced to 0.6MiP#he

disc cooled down to 100°C. This procedure can also be used to induce noise in a
brake system. The squeal nowaschecked during this cooling period by increasing

the pressure quickly to 1.4MPa and then reducing it gradually to zero. The brake
noise was audible readily below 100°C.

The brake squeal evaluation processbased on subjective rating for brake squeal
annoyance. It providka reliable prediction of the annoyance of brake squeal on a
rating scale from 1 (very loud squealyt@no sgieal) as shown in Table 3.1.

Table 3.1 Squeal annoyance rating scale

1 2 3 4

Veryloud squeal| Sgqueal(moderate squeal] Intermittent squeal | Quiet(no squedl

3.7 Summary

In this chapter,a unique experimental technique was developed to nedker

movement othe dynamic centre of pressure as well as contact pressure distribution
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between friction pairs of disc/pad during braking eveatsiodified caliper and set
of pads were developed, whilstcantrol panel was constructed to apply individua

pressure at various pistons.

The pressure mapping system was evaluated prior to use and the pressure sensors
were conditioned andcalibrated to ensure accurate results. Once the calibration
process was conducted and evaluated, an immediate insighthétoehaviour of
contact forcesand pressure distribution of disc/pad interfacesld be examined.

The next chapter is focused tme detaiked experimental study of contact pressure
distribution of the disc brake assembly and the dynamic movement of ecagitr

pressure during braking events.
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Chapter 4

Experimental Studies

4.1 Introduction

In this chapter, the results of experimental studies on contact pressure distribution of
discbrake assemblgire presented. A number of tests were carried out touretse
pressure distribution between friction pair of disc/pader various conditions. The

mainexperimental measurements conducted in this chaptésted as follows:

x Contact pressure distribution measurements
x Effect of different parameters on dant pressure distribution

x Contact pressure distribution measurements during squeal
4.2 Contact Pressure Distribution Analysis

The pressure distribution measurements between friction pair of disc/pad were
captured over a period of set time through a imoecording.The advantage of
taking movie recording is that all the recorded information can be viewed in a variety
of graphical representation and the measured results can be accessible at aay time.
typical recorded image of force distributioan be seen in Figure 4.1t should be
noted that Figure 4.1 showing a single frame taken from the recorded movieeand t

centre of pressure is shown as a grey and white diamond as indicated.

In addition the total contact force and contact area distributiaridcbe measured
and plotted under various conditions. The graphical images of contact pressure
distribution map and force distribution map of both outboard and inboard pad were
captured simultaneously to exhibit the characteristics behaviour of each mddbe

as shown irFigure 4.1
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1 1 1 1 1 1 1 1 1 1
1 11 22 32 42 52 B2 72 33 93 103 10 ElE 22 2a2 4‘2 52 62 72 83 93 103
[Frame 2500f 700 | [Area: 3381 mn? |Force: 23 |Frame 250 of 700 |Area; 3252 mn |Force: 24

Figure 4.1  Typical display of dorce distributiormap reading for both outboard
(LHS) and inboardRHS) pad

4.2.1 Movement of Centre of Ressure(CoP)

The movement of centre of pressureoRBC was measured fothe duration ofa
recorded movie. The centre of pressureRCcan be tracked by playingsa movie,

one frame ah time

In order to allow the movement of the centre of pressure to be phaitedst brake
pressure and disspeed, the centre of pressufCoP) data was imported inta
Microsoft Excel spread sheet programme. However the imported data rwas i
unformatted text andt was therefore required toreformat the data to obtain

meaningtl results

To undertake a meaningful investigation of the uafice of variables, the
investigation was divided into 3 parts, with each part subdivided into more detailed

studies.

Speed- The first part,section 4.3part 1a, was to determine the effect of speed and
so the pistons were each set to a specific unifinessure and the speed varied over
a given range. The pressure was then adjusted and the tests repeated. This provided

information on CoP movement with respect to speed and CoP movement with
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respect to pressure variatiddection 4.3.1, @t 1b was to uséhe same information
to investigate the effect of CoP movement duertidorm pressure variation.

Pressure variationLongitudinal +The speed was set at 10 rev/min and the pressure

was principally varied along the length of the pad.

Pressure variation Radial + The speed was set at 10 rev/min and pressure was

varied principally intheradial direction.
4.2.2 Comparison of Static Pressure Measurements

These tests included static pressure measurdmerith the sensor filmplaced
between the pad fricih face and the disd.otal mntactforces at each padere
measuredht various brakepressures of 0.4, 0.6, 0.8, 1.0, 1.5MF& The graphical
images of contact pressure distribution map of both outboard and inboard pad were

captured to exhibit the chasteristic behaviour of each of the pads.

The pressuresensorfilm was then embeddeidto the reces of the padsand the
3S0XJ" XfdgrrhG sahdwich of the sensor. The entire test was then repeated as
mentioned above and the contact forces obtainea ffee Tekscan system were
compared with the initial static tastThe contact force measurement errors between
these two testsvere in the range of about £8 A detail comparison of static

pressure measurements are shown in Appeadix

4.3 Effect of Rotational Speed of the Disc and Contact Pressure on

Contact Pressure Distibution +Part 1a

It wasimportant to determine at the outset if disc spegdiany effect on the centre

of pressure. The reason for thwasthata typical vehiclébraking event is aariable

speed event and if speed was an issue it would be necessary to establish the range of
speeds of concern. In this section, the effect of the disc speed on the contact pressure
distribution of disc/pad interface was investigated. The modified wadsinitially

calibrated to the static interface pressure measurements. Once the static characteristic
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behaviour and sensitivity of the modified pgadvere established, the pressure
distribution between disc/pad was measured under dgramditions.

The measurements were conducted at six different rotational speeds: 5, 10, 15, 20, 30
and 40 rev/mir(this equivalentto vehicle speed 02.6 km/h). The caliperpressure
setting on all pistons was initlgl set at0.2MPa. Thestatic value was established
initially and then the disspeed wa@creased irvarious stages, each stage being for
theduration of 50 second$his provided700 movie framesfor each pressure setting

with a period of0.5 second between each frame. The recorded information provided

seven sis of images of contact force, pressure and contact area distribution.

The sametest was repeated again withArious hydraulic pressures 0.4, 0.6, 0.8,
1.0, 1.5, 2MPa

The measured centre of pressure was plotted against a different set of discaspeed
shown in Figures 4.2 and 4.3 for the outboard pad longitudinal and radial movement
and Figures 4.4 and 4.5 for the inboard pad. In all cases it can be seen from the
Figures that disc speed does not appear to have any real noticeable effect on the
postion of centre of pressure. Howevewiasnoted that the centre of pressure of the
outboard pad teradito be more erratic than the inboard pad, possibly because of the
less rigid condition of the outboard pad. The similar movemeastevident radially

with the centre of pressure of the outboard padwvds also observed that the
fluctuation movement of the centre of pressure, of both outboard and inboard pad,
tends to decrease with the higher caliper pressure. It is felt that this reduction may be
as a reglt of the increased pad/carrier abutment force and so a greater damping effect

on any movement.
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4.31 Effect of Hydraulic Pressure of the Giliper on Contact

PressureDistribution *Part 1b

In this section, the effect of the caliper pressure on the contact pressure distribution
of the disc/pad interface wasxamined. Thesame procedure used in the previous
section4.3 allowed movement ahe centre of pressure ¢B) against various caliper
pressures to be plottetloweverin this particular testhie hydraulic pressure was
increasedafter an interval of 80 framesecording with a total 0660 framesbeing

recorded7 tests x 80 frames).

The measured centre of presswvas plotted againsa different set of caliper
pressuresas shown in Figures 4.6, 4.7, 4.8 and 4.9. FromFigares, it is clearly
evidentthat the centre of pressure (Caiehded to be positioned towards leading
offset at low brake pressure (0.2MPa). the caliper pressuriacreasd it wasseen
that the centre of pressumoveal towards the central section of the pad (Figures 4.6
outer pad and 4.8 inner pad)wasalso seen that by increasing the caliper pressure,
the centre of pressure of both outboartl inboard padiended to move radially
inwards (Figures 4.7 and 4.9). From the resultgas apparent that the longitudinal
centre of pressure (CoP) of the inboard pexded to have more leading offset
compaed to the outboard pad. Similar results che seen for the radial centre of
pressure (CoP). Wasalso evident that the centre of pressure (CoP) of the outboard

padmoved more erratically than the inboard pad, as seen with Figu2ds 4.5.
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The averages of each of the pressure settings in Figurever8calculated and re

plotted A clearer trend of CoP movememéasseen as shown fRigure 4.0 whereby

as pressure increased the CoP moved towards the pad centre

N

40

—— 10RPM —8— 20RPM

30RPM —¢— 40RPM

30

g S N
N

NN

AN

25

20 \\

15 \\’\

10 X—— —— R
0 0.5 1 15 2

Figure 4.10 Average CoP for pressure series shown in Figue

Each of these curvesinbe represented a cubic equation of the form

y aX bx cx d

4.1)

with the constants for each of these curves being as shown in Table 4.1

Table 4.1 Constants in cubic equatidlongitudinal)for each speed setting
Speed 10 RPM 20 RPM 30 RPM 40 RPM
Constant
a -10.16 -11.95 -13.2 -14.68
b 51.8% 58.98 64.13 69.%4
c -86.78 -94.65 -99.89 -105.95
d 56.76 57.93 5840 58.8

If these constants are plotted against speed then it is possible to better evaluate the

effects of speed and so extrapolate the curves to determine the constants at any other

speed, and thus prietithe position of the CoP due to speed variation.

57



Chapter 4 Experimentaluslies

The plots fo the constants shown in Table &represented in Figure 411
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Figure 4.11 Plots of cubic equation constarfksngitudinal)against disc speed
(Refer to Tablet.1)

Note howcadQVWDQW 3G LV DOPRVW OHYHO ZKHUHDV FRQV
QHIJDWLYH JUDGLHQW ZKHUHDV B3E" KDV D SRVLWLYH J
constants would tend to compensate for each othersaniddicate an overall
independence of speedgarding the CoPsupporting the general observation made

earlier on Figures 4.21t0 4.5

If an overall average of the curvelown in Figure4.10 is calculated (that is the
influence of speed is considered minimal) anel tbsultis then plotted therigure

4.12 provides the general equation as
y 1253x* 6120x* 96.82x 58.02 (4.2)

ZKHUH 3\" LV WKH RIIVHW DQG 3[" LV WKH RYHUDOO DS¢

If this is then compared to the actudleoretical cubiccurve a comparison of

accuracy may be made slown in Figure 412. Accepting this as correct then the
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CoP for any reasonable pressure setting may now be calculagzd 3\~
longitudinal &R3 D QG 3[ " Bpplie@ Pistonptessure.
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Figure 4.12 Overall average curve for all speetssarying pressures

If this is accepted then there is now an equation that will allow the longitudinal CoP

to be predicted if the pressure is known.

A similar analysisvascarried out for the radial movement as shown in Figure 4.13
that shows the avega CoP radial movement of the curves shown in Figure 4.9.
Again the constants may be determined for each curve, these being shown in Figure
4.14 and listed in Table 4.2. By observation it can again be inferred that speed has

minimal effect on the radial & as with the longitudinal CoP.

Table 4.2 Constants in cubic equatigRadial)for each speed setting
Speed 10 RPM 20 RPM 30 RPM 40 RPM
Constant
a -10.16 -3.26 -3.67 -5.85
b 16.2 15.41 17.14 24.52
c -25.8% -25.17 -27.27 -34.61
d 25.00 24.19 24.53 26.01
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If an overall average of the curves shown in Figure 4slcalculated (that is the
influence of speed is considered minimal) and the result is then plotted then Figure

4.15 providesthe general equation as

y 409x° 1832x> 2823x 2493 (4.3)

ZKHUH 3\" dudl offdétHrobhpad cere LQ WKLV FDVH DQG 3[" LV

applied piston pressure.

If this is then compared to the actudleoretical cubiccurve a comparison of
accuracy may be made as showrFigure 4.5. Accepting this as correct then the
CoPfor any reasonable pressure setting may nowabeulatedwvhere 3\" EHLQJ WKH
radial & R3 DQG 3[ " RBplie@ pistdnptessure.
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Figure 4.13 Plots of radial movement with speed
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Figure 4.14 Plots of cubic equation constants (Rad#gainst disc speed.
(Refer to Tablet.2)

y 409 1832x* 2823x 2493

-E
-
I
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Figure 4.15 Overall average curve for all speeds at varying pressures.

The effect of hydraulic pressure on the contact force distribution with various caliper
pressures was also examindeigure 4.5 shows that as the caliper pressure
increasd, the total contact force also incredses would be expected. The magnitude
of the applied hydraulic pressureas relatively proportionalto the total contact
force. Both inboard and outboard pads dest@tel the same effectThe curves
plotted were not strictly linear because of thgherforce measurement error (%

the pressure dIMPa as shown in Appendi1. If the last reading at the pressure of
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2MPa is excluded from the overall results, theve would be linear anthe brake
line pressure would be proportional to the total contact forces.
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Figure 4.16 Total contact force at various brake hydraulic pressure

Total contact area was also plotted against different hydraulic pressuskowrnin

Figure 4.17 The results clearly demonstrate that the interface contact area between
the disc/pad interfaces does vary with the different brake hydraulic pressures and the
relation between the total contact areas and applied hydraulic pressure rictipt st

linear. Both inboard and outboard pads exhkibisimilar trend.
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Figure 4.17 Total contact area at various hydraulic pressure
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4.4 Contact Pressure Distribution Measurements during §ueal

In this section, thegressure applied to the pistomas adjusted to various settings to
observe its effect on the squeal characteristiem different ses of test were carried
out withthe pressuresariedalong the length of pad aradisoradidly. The movement
of centre of pressure for both outboard andoard padswas plotted at different

stages.

The total contact force and contact area distribution werena¢ssured and plotted
at variousstages.In this investigation the total contact force andontactarea

distributionwas measured from the centretbé pad to display the characteristics
behaviourof bothleading and trailingideof the pads under various caliper pressure

settings.

4.4.1 Condition 1 £tMovement of Longitudinal Centre of Pressure

The test was carried out in eight different stagest@own in Table 8. At each

stage, the piston pressure was adjusted by four master cylinders to offset the position
of the centre of pressure at the disc/pad interfabe. focus was on varying the
longitudinal pressure and so the longitudinal positibthe CoP.The movement of
centre of pressure for both outboard and inboard padphtted at different stages

as presented within Table 4.3

The brake was stationary (without any rotation) trebstatic pressure measurements

at disc/pad interface werebtained (Stage 1). Alisc speedof 10 rev/min was
selected for use throughout the téstiage 2) Immediately the disc was rotated a
squeal noisan the region of 1820 Hz coulde heard.This frequency eventually
became sustained and remained the donifraquency generated throughout the
rest of the testThe otherapparent frequencies generated by the brake system were
3042Hz, 4150Hz, 4835Hz and 6430Hdthough theseadditional frequenciesare

not discussed in more detail in tlaisapter, they have ba usedor validation of the

FE modelsand araliscussedurtherin Section6.4.
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At stagetwo, the pair of leading and outer centre pistons were pressurised to 1.4Mpa
and the pairs of trailing andner centre pistons were adjusted to 0.1MPa as shown in
Table4.3. The pressure settings are represented as a bar chart in Figure 4.18 where it

is seen more clearly that a leading CoP leads towards brake noise.

Table 4.3 Details of variation of pressure at each cylinder position and affect on

noise propensity

(-

- - @ J

Pressure (MPa}for each piston set| Speed Comments
Stage 1 2 3 4 (rom)

1 14 1.4 0.1 0.1 Static N/A
2 1.4 1.4 0.1 0.1 10 Squealing
3 1.4 1.4 1.4 0.1 10 Very loud squealing
4 1.4 1.4 1.4 1.4 10 Intermittent noise
5 14 14 1.4 2.0 10 Quiet
6 1.4 1.4 0 1.4 10 Intermittent noise
7 14 1.4 2.0 2.0 10 Quiet
8 0.7 0.7 2.0 2.0 10 Quiet
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Figure 4.18 Piston pressure settings as listed in Table 4.3

At stage three, the pressure was increased on Pigtone® centre pistongjom 0.1
to 1.4MPa so causing the centre of pressure (CoR)mbife towards theentreof
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thecentre of pressure (CoP) offset towards the leasiohg of thepad This increased
leading offset of around 15mm on the inboard pad results in more instability and

promotes most noisa the brake.

At stagefour, a uniform pressure of 1.4MPa was applied to all pistonksit is clear

from Figure 4.19 thathe CoPreducedimmediately to around 6mm leading is
apparent from theesult that by applying a uniform even pressure along the length of
the pad it doegend to provide a leading offset, of about 6mm in this case, resulting
in intermittent noise. lis suggested that the movement towards the centre of the pad
is tending towards stabilitthence the intermittent noise as opposed to continuous

noise.

At stagefive, the pressure was increased to Z7aMt the pair of trailing pistons
pistons 4 This induced a trailing CoP and as such theke was quietlt is

concluded that an induced trailing CoP would pronaoteore stable and quiet brake.

At stagesix, the pressuren Piston 3 was reduced to zero. This arrangement tended
to reestablish the 6mneading CoPon the inboard padnd the intermittent noise
returned. At the same time, Figure 4.20 shows the radial movement of the CoP, when
piston 3 set to zero, to move radially out towards the centre of pad. It is suggested
that an arrangement with aalding CoP, and it being central to the pad, would tend

towards a more unstable system and so noisy brake hence intermittent noise.

For thefinal two stageg7 & 8), the hydraulic pressure tite trailing pistong4) was
maintained high It is most apparénfrom the resultsthat by establishg more
pressure towards the trailing edge of pte brake tends more towards stability and
thus a quiebrake.lIt is noticed that th@osition of centre of pressuredl) remains

eithervery close to the centre of ghar tovards the trailing edge of pad.

Although it is not feltthat the pressure distribution on the outboard pad is such a

significant influencat is also observed that in general the centre of pressure (CoP) of
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the outboard pad tends to trail morernthhe inboard pad and both inboard and
outboard pad follow the similar trend.
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441.1 Contact Force Measurements

To complement the CoP results in Figure 4.19 it is possible to show the disc/pad
interface contact forces of the leading and trailing ends of both the inboard and
outboard padsln this section, the total contafdrce and contact area distribution
was measured from the centre of the pads to display the characteristic behaviour of
both leading and trailing side of the pads under varmalper pressure settings.
Figure 4.21 and 4.22 clearly demonstrate that titensity of the squeal noise
increasedas the total contact foradistribution towardghe leading side of the pad
increasedAgain it mustbe notedthat the brakevasvery noisy at condition 3 and
quiet at conditions 5, 7, and 8. It is particularly nalge in Figure 4.22 that when

the contact forcevas greatest within the trailing section the brakasquiet. When
marginal, as in condition &s shown irFigure 4.22, the noiseas intermittent. It

was evident from the results that the braemdedto be quiet with higher contact
force distributiontowardsthe trailing side of the pad. Was also visible from the
graphs that the brake would be more stable if the total contactviascenore evenly
distributed between the leading and trailing sidggperdix H displays full graphical

images of pressure mappifay both pads.
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Figure 4.21 Total contact forces at leading and trailing section of pad (Outboard
pad)
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Figure 4.22 Total contact forces at leading and trailing part of pad (Inboard pad)

4.41.2 Contact Area Measurements

The total contact area was also meaguwat leading and trailing sidef the pads.
Figures 4.23 and 4.24 shows that the instability within the brake systendedto
increase as the contact area variabetweenthe leading andhe trailing side of the
padincreased The brake systertendedto be unstable with the higher contact area
towards the leading sidef the pad Both outboard and inboard padghibited a
similar trend AppendixH displays full graphical images of pressumapping of both

pads at varioustages
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4.4.2 Condition 2 tMovement of RadialCentre of Pressure

This test varied the pressures in each caliper piston as indicated in Table 4.4. In this
investigation the focus was on varying the radial pressurettardforethe radial
position of the CoP. It can be seen that pistons 1 and 2 retheamstant at 1.0MPa

and pistons 3 and 4 were used to vary the radial and longitudinal CoP.

Table 44 Details of variation of pressure at each cylinder positionaffiedt on
noise propensitfemphasis on radial variatipn

Pressure (MPa}for each piton set | Speed Comments

Stage 1 2 3 4 (rom)

1 1.0 1.0 0.4 0.3 Static N/A

2 1.0 1.0 0.4 0.3 10 Squeal

3 1.0 1.0 2.0 0.3 10 Very loud squealing

4 1.0 1.0 2.0 0.5 10 Squeal

5 1.0 1.0 0 0.3 10 Squeal

6 1.0 1.0 0.5 0.3 10 Squeal

7 1.0 1.0 2.0 0 10 Squal

8 1.0 1.0 0.4 0.7 10 Intermittent squeal

9 1.0 1.0 0.4 1.4 10 Quiet

The piston pressure settings are shown in Figugsfdr stages 2 to 9, stage 1 being
the same as stage 2. Tloagitudinal offsetplot during each pressure setting/stage

shown h Figure4.26 and the radial offset shown in FigutR7.
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Figure 4.25 Piston pressure settings as listed in Table 4.
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Figure 4.27 Radial centre of pressure across pad with varying pressurething

pad- emphasis on radial pressure adjustment (Refer to Tad)le 4

Considering Figurd.26, it is seen that when the longitudinal offseareund15mm
for the inboad pad the brake is very noisy. When this increases in stage 4 the brake
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becomes less noisy and when the offset reduces in stages 7, 8 & 9 the noise becomes
intermittent and then quiet. With radial offset, Figdt27, it is seen that when the
loudest squal was experienced at stage 3 the CoP was deliberately induced towards
a zero (centre of padkthat is radially towards the centre of the disc. If this offset

was increasedo become positive, as with case 4, the brake was less noisy. The
radial offset n the case of stage 7 was not so appartent but the agdi@al noise

was still evident The quietest arrangement appears to be when the CoP was
generally close to 2mm positive offset (radially outwards) and 5mm leading. As the
CoP migrates further radig outwards the noise begins to becomeestgablished

(stage 5 & stage 6] he reason for this is still unclear

Overall it is seernthatthe outboard pad is less sensitive to pressure variatioiss.
apparent from Figure 4.2Rattheradial centre ofpressure (CoP) of the inboard pad

tended to offsemorewith variouspressureettingscomparing ta¢he outboard pad.
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Figure 4.28 Pressure map of outbahfleft) and inboard pad (right),
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It can be seen from the pressure map of both pads as shown in Figure 4.28 that the
inboard pad appeared to carry significantly more load than the outboard pad. Without
further evidence it is suggested that the oathl pad transmits less force than the
LQERDUG SDG 7KLV FDQ EH H[SODLQHG DV 2ORVW HQ
caliper. The more rigid the caliper the more force is transferred to the outboard pad.

An infinitely rigid caliper will give an equahnd opposite force whereas the sliding

fist caliper will lose energy in deforming the relatively weak pins. In the case of
BrabugAlcon caliper (12 pistos caliper), it is two halves bolted together so less

rigid and therefore less load at the outboardl [Buch a situation can lead to possible

thermal issues and cross disc thickness temperature gradient.

45 Discussion of Results

In the fird study described in section 4l8 effect of disc speed @ontact pressure
distribution was investigated. It wdound that the disc spekddvery little effect on

the position of centre of pressurewiisalso observed that the disc spekd not

have any significant effect on the total contact force and contact area distribution.
The overall contact area andetpressure distributh mapping remaedalmostsame

for different disc speeds.

In the next studydescribed irsection4.3.1 the effect ofuniform hydraulic pressure
on contact pressure distributiomas studied. lwas apparent from the results that
with uniform caliper pressure, the position of the centre of pressasealways
towards the leading edge tie pad resulting in squeallt was found that as the
caliper pressure increased tbagitudinalcentre of pressurendedto move towards
the centre bthepad and at the same time move radially inwtaxdards the centre of
the disc.It wasalsoconfirmedthat the magnitude of applied hydrayticessurevas
proportional to the total contact foradnich gave good confidence in the resulike
results ato showed that the contact area also fluctlatieh the applied pressure.
The overall results illustrated that the longitudinal centre of pressufe) (&f the

inboard padendedto have more leading offset comparinghieoutboard pad.
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In section 4.4e piston pressusevere adjusted to various settingo observethe

effect on the squeal characteristicswlsfound that centre of pressunasa very
important factor to control the noigd the brake system. The disc brakeasmore

prone to noise whethe centre of pressuveastowards the leading edge of the pad.

It wasnoticed that when the centre of pressureRGvasclose tothe centre ofthe

pad or trailing then the brakeas quiet. In order to reduce the intensity of noise
within the brake systm, the position othe centre of pressure must be towards the
trailing edge of the pad. This can be achieved successfully by offsetting the pistons
towards the trailing end of the pad. It is observed that in order to ensure consistent
disc brake performae with regards to taper weahe interface distribution must be
carefully controlled to maintain a uniform pressure distribution along the length of

pad.

It was also apparent that the centre of pressuraPjf the outboard pachoved

more vigorously thn the inboard pad as indicated by the graphical traces in Figures

4.19 and 4.20. It is felt that thvgasdue to the caliper construction with the inboard

SDG EHLQJ FORVHU WR WKH PRXQWLQJ SODQH VR PRU
load. This tendd to be supported by observation of the pressure maps, typically
Figure 4.29 which showed a greater loading on the inboard pad. Further
investigation of the@ressurenaps,as sho