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Brake noise, is a complex issue in automotive and industrial systems caused by friction-induced vibrations
between the brake pad and disc. This noise impacts vehicle performance, accelerates component wear, and
diminishes consumer satisfaction. Squeal can be categorized into low frequency (1-5 kHz) and high frequency
(6-20 kHz) types, explained by mechanisms such as stick-slip, sprag-slip, and mode coupling, which involve
interactions among friction, component geometry, and vibration modes. While experimental studies often
face budget constraints, advancements in computational techniques like the Finite Element Method (FEM) provide
new insights into brake noise dynamics. FEM, combined with complex eigenvalue analysis, offers a cost-effective
way to study brake squeal. This study aims to develop a FEM model to analyze brake squeal, focusing on
variations in friction coefficients in solid and ventilated disc brakes for cars, motorcycles, and trains, as well as
drum brake systems. The findings indicate that solid motorcycle disc brakes exhibit minimal low squeal, with
high squeal occurring only at maximum friction levels, while vented motorcycle disc brakes show high squeal at
all levels, maintaining lower Total Unstable Frequencies (TUF) and Noise Index (NI). The model offers valuable
insights that can be applied in both education and research.

Keywords: Brake squeal, Friction-induced vibrations, Finite Element Method, Complex eigenvalue analysis,

Brake systems.

1. Introduction

Brake noise is a complex phenomenon that occurs
during the braking process in automotive and industrial
systems. It primarily manifests as unwanted acoustic
vibrations, which can range from high-pitched sounds
(squeal) to low-frequency noises (groans). These noises
not only affect consumer’s perception of vehicle qual-
ity but also indicate potential performance issues and
excessive component wear. The study of brake noise is
fundamental in automotive engineering, as it involves
the interaction of multiple factors, including friction
materials, the structural characteristics of the disc and
brake pads, contact forces, the stiffness and damping
properties of the components, and the contact dynamics
between surfaces.

Interfacial friction events are known to be quite
complex, and brake squealing can be triggered when a
rotating brake disc rubs against the brake pad under
certain operating conditions. Due to the friction gener-
ated between the pads and the disc, the kinetic energy
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of the vehicle is primarily dissipated as heat, causing the
vehicle to lose speed [I]. The difference between static
and dynamic friction coefficients is well established in
scientific knowledge, with the first two laws proposed
by Amonton in 1699 [2]. According to Akay [I], when
the friction condition provides more energy than the
system is able to dissipate in the form of thermal
energy, part of this energy is converted into dynamic
instability (vibrations) which in turn generate sound
radiation. The discontinuity in the friction regime is
closely related to the occurrence of vibrations in brake
systems, as it causes energy dissipation peaks. However,
as living standards improve and environmentally friendly
regulations are established, consumers are increasingly
prioritizing noise pollution reduction and comfort levels
in vehicle.

Engineers and researchers have classified brake noise
into several categories, with squeal being the most signif-
icant due to its friction-induced nature [I, BH6]. Squeal
is an auto-excited noise that creates self-sustained
vibrations for a short period [TH9]. Two definitions of
squeal exist: Low-frequency squeal, with spectrum bands
varying from 1 to 5 kHz, and high-frequency squeal,
occurring between 6 and 20 kHz [11, [6] [T0} [TT]. Currently,
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there are three explanations for the occurrence of brake
squeal: Stick-slip, sprag-slip, and mode coupling [T}, 6]
TT]. The stick-slip explanation is primarily based on the
assumption that the coefficient of friction between the
brake pad and the brake disc decreases with increasing
sliding speed. In systems where the coefficient of friction
declines with increased speed, negative damping factors
can occur, leading to unstable oscillation modes and
resulting in brake squeal [I2HI4]. The sprag-slip expla-
nation arises from the geometrical deformation of the
brake components, primarily the friction material. This
deformation leads to variations in normal and tangential
forces, making the system prone to brake squeal [I5].
The third explanation, mode coupling, occurs when
the vibration modes of the brake components coincide.
It has been shown that this can happen even if the
friction coefficient remains constant [16] It has also been
demonstrated that a brake squeal occurs only when at
least two of these events occur simultaneously [T}, 12].

Experimental investigations into the dynamic insta-
bility of brake systems influenced by various parameters
frequently encounter substantial difficulties, with budget
limitations being a primary obstacle. In recent years, due
to great advances in computing, researchers have used
the Finite Element Method to deal with the phenomenon
of vibration generation [I7H22]. Liles [23] was one of
the first to use the finite element method to try to
understand the phenomenon of vibrational instabilities
in brake systems. According to Liles [23], knowing the
unstable modes of the brake system facilitates several
courses of action during design; the modal frequencies
could be moved by changing the components or damping
could be added so that the unstable mode in question
becomes stable.

According to Ouyang [12], the simulations and analy-
sis methods for the Squeal of the brakes can be divided
into two broad categories: Analysis of complex eigenval-
ues in the frequency domain and transient analysis in
the time domain. In the complex eigenvalue analysis,
it is possible to find some or all of the eigenvalues
at once, while the transient analysis program must
be run several times, until a cycle limit movement is
found. Therefore, the complex eigenvalue method yields
lower computational costs [I2]. Over the past thirty
years, numerous numerical studies have been conducted
across a wide range of brake systems, aiming to better
understand the underlying phenomena and the factors
that influence them [4] [5] 14l [17H22] [24H29].

The aim of this work is to develop a finite element
model that facilitates the analysis of the brake squeal
phenomenon through complex eigenvalue analysis in the
frequency domain. The main focus will be to investigate
the influence of friction coefficient variation in different
brake systems, including solid and ventilated disc brakes
for cars, motorcycles, and trains, as well as heavy,
simplex, and duplex drum brakes. By relating these
friction variations to the occurrence of brake squeal,
the model is expected to provide a more detailed
understanding of the factors that contribute to the
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unstable behavior of these systems. This study aims to
make a valuable contribution, allowing the model to be
applied in both educational contexts and academic and
industrial research.

2. Nomenclature

The main notations adopted in this document are
reported in in Table

Table 1: Parameter nomenclature.

Symbol Name
Pressure P
Contact pressure P
Static pressure at interface Po
Maximum pressure Pmax
Normal contact force Fu
Frictional contact force Fe
Normal stress Ox
Shear stress Txy
Elongation or compression offset of the dL
component

Length of the component L
Friction coefficient o
Disc Speed w
Force F
Disc Young’s modulus Episc
Back Plate Young’s modulus EBack Plate
Pad Material Young’s modulus Epad
Disc density YDisc
Back Plate density YBack Plate
Pad Material density YPad
Disc Poisson’s ratio VDisc
Back Plate Poisson’s ratio VBack Plate
Pad Material Poisson’s ratio VPad
Disc thickness hpisc
Back Plate thickness hBack Plate
Pad Material thickness hpaa
Disc diameter Dpisc
Pad Material contact area Apad
Complex eigenvalues i
Real part eigenvalue oi
Imaginary part eigenvalue wi
Nodal normal force row matrix {fn}
Nodal friction force row matrix {f¢}
System mass square matrix M]
System rigidity square matrix K]
System damping square matrix [C]
System friction matrix K]
System contact stiffness matrix K]
System contact-friction matrix K]
Eigenvector rectangular matrix \Y8
System nodal acceleration row matrix {0}
System nodal velocity row matrix {U}
System nodal displacement row matrix {U}

System applied resulting force row matrix {F}

{Fbrakc }
Displacement boundary conditions B.C.

Nodal braking force
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3. Methodology

The process driven by this analysis (Figure begins
with the development of brakes finite element model.
For the analysis, solid and ventilated disc brakes for
cars, motorcycles, and trains were considered, as well
as heavy, simplex, and duplex drum brakes (see Fig-
ure . Five components are considered in the brake
disc assembly: the disc itself, two backing plates, and
two brake pads. For the drum brakes, five components
are also considered: the drum itself, two friction linings,
and two brake shoes. It is worth mentioning that the
models developed for this work are intentionally in a
basic level. This is quite important not only to avoid
additional complexities due to detailed constraints, but
also to facilitate the introduction of variable geometries.

Figure |3 presents the boundary conditions considered
in this work. The same understanding will be applied
to all other disc brake systems, as well as to the drum
brakes. It is important to note that for the drum
brakes, the analysis will consider variations only at the
pressure application point, given that their operational
mechanisms differ from those of disc brakes. This model
include, as input parameters, the material modulus of
elasticity (E) and friction coefficient (u) owing to contact
between the brake pad and the disc during its rotation.

7
Dynamic Instability
Analysis

Finite Element
Model Development

(Disc / Back Plate / Pad Materia? '

Parametrization
Linear Static Structural
Analysis

Input Parameters :
1 - Young Modulus;

2 - Friction Coefficient;

3 - Applied Force;
4 - Rotational speed;
5 - Geometric Dimensions;

Output Parameters :

1-F ;
FeAUBney; Complex Modal
Analysis

2 - Instability.

A4

Complex Eigenvalue
Extraction
. J/

. J/

Figure 1: Flowchart for the Analysis of Drum and Disc Brake
Systems.
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The brake disc is fixed to the hub that is modeled with
a fixed support (Sticker A on Figure [3)). The brake pad
(Friction Material and Back Plate) are modeled with
the remote displacement (Sticker B on Figure ,though
with activation force on the opposite extremity (Sticker
A on Figure [3). The term remote displacement is an
approach adopted when the component to be displaced
is activated indirectly. In our case, both brake pads and
linings are touch the disc and drus, respectively, through
a force applied on their fixtures. The support fixes the
body for translational and rotational movements while
providing freedom for displacement normal to the disc.

The brake disc mesh comprises 5,439 elements and
13,310 nodes for the ventilated disc. The elements
of contact between the friction material and disc are
CONTA174 and TARGE170, respectively. According
to Ansys APDL Theory Reference CONTA174 is a
3-D and 8-node element located on the surfaces of
solids. It is adopted quadrilateral elements on friction
material surfaces through the command KEYOPT (4).
For the disc internal surface, TARGE170 permits the
rotational displacement input (w) on the elements using
CMROTATE command. Furthermore, it is performed by
the following processes, (1) a static analysis of the brake
disc operation, without disc rotation, to achieve the pre-
stress conditions, and (2) a frequency calculation of the
complex eigenvalues during disc rotation while the brake
pad are coupled on it. Moreover,with all calculations
finished, the output parameters are extracted. The
quadrilateral elements are flexible for mesh generation
and also fitted our actual processing capability. Improve-
ments in the model mesh are tasks of our future updates.
These are consisted by unstable vibration modes, that
is, the complex eigenvalues with a positive real part
and its frequencies. Hence, these data are used for the
generation of the bar chart, relating input and output
parameters, dot plot chart, and relating the imaginary
part and real part of the eigenvalue and the response
surface graphs that are statistical representations of
the output parameter behaviors in relation to input
parameters.

The brake disc design procedure is applied on models
illustrated by Figure |3 The small circle illustrates the
contact between the pad material and the disc being
F, the normal force, F¢ is the friction force and K.
the contact stiffness. Hence, considering that disc is
rotating with constant velocity, unidirectional sliding,
and permanent contact, then according to Coulomb’s
law of friction:

ft = _:ufn (1)

There are two stresses generated in section of contact,
therefore, Coulomb’s law can also be written in terms of
shear stress 7 and normal stress o as follows:

T=—up (2)
o=p 3)
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Figure 2: Simulated Disc and Drum Brake Models; (a) Solid car disc brake; (b) Vented car disc brake; (c) Solid motorcycle disc
brake; (d) Vented motorcycle disc brake; (e) Solid railway disc brake; (f) Vented railway disc brake; (g) Simplex drum brake; (h)

Duplex drum brake; (i) Heavy drum brake.

Figure 3: Boundary conditions of the vented railway brake disc.

The equivalent stress is evaluated by ANSYS using
von Mises theory:

o' =4/02 4372 (4)

Finally, it is known that Young’s modulus E is a
relation between stress (o) and strain (e); thus, pad
material Young’s modulus can be expressed by:

B - o \oZ+3T%y )
pad = T 4L Ly

To model the contact between the pad material and
disc, an interface of finite elements of mass, mechanical
springs,and dash-pots is used. The rigidity of the contact
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k. is estimated by:

EL.qA
ko = Cmada ()
pad
Hence, substituting the Ep.q(equation [5) in equa-

tion [6] it can be observed that p impacts on contact
rigidity:

k. — pLOApad \V 1+ 3#2

dLhpaq

(7)

The pad material is discretized into a set of spring-
modified elements of rigidity k. and friction coefficient
i [3]. The equation below:

fn - kcun — ft = _/l’fn - _:U/kcun (8)

results in elementary matrix equations [J] and [I0] Equa-
tion 9] is given as

(Kc]
——
1 =1 |Um| _ |Faon
R 1 R e B
Expanding to the node canvas and adding [K.] and
[K¢] to form the contact-friction element [Kcf] results in

[KfczKC+Kf]
kc 0 _kc 0 U2n F2n
—pke 0 pke O Usay _ Fy (10)
—kc 0 kc 0 Uln Fln
,ukc 0 —,ukc 0 Ult Flt
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After Ky, definition, the approach to model the system
without approximation on the pad and to create an
FEM model of the pad and join it to the FEM model of
the back plate is the Lagrange’s multipliers. Therefore,
the coupling model between the brake pad and the disc
and the contact-friction model are acquired by the full
system matrix equation

[M{U} + [CHU} + ([K] + [Ke]){U} = {Forake} +l?1.%

Equation can be solved including Fyake = F(t),
and this type of analysis is reserved for full transient
studies. The pseudo-rotating hypothesis that will be
adopted consists in considering a fixed mesh for the
disc. It is important to mention that the pad material
and back plate mesh is also fixed. The rotating part
has to be axisymmetric, and the contact nodes stay
opposite. In addition, the disc rotation is considered
for displacement, velocity, and acceleration of it. This
affects the manner that centrifugal forces and gyroscopic
damping matrix could be added to the equation [4
T7HI9]. From this, a homogeneous equation is obtained
removing Fp,ake from the second member of it. However,
Flhrake is internally involved at the contact. Hence, before
removing it, a static computation is carried out which
gives pg, the static pressure at the interface, for a given
value of the force, Fyrae = Fo. The contact and friction
stresses now are reformulated:

Pn = Do + Kkcun, T = —pup = —pkcun (12)

This results in [K¢| that is modified to [Kg] + [Kpol,
where [Kpo] is the pre-stressed contact-friction stiffness
matrix for a given load Fy. Therefore,the homogeneous
equation to be studied is written as follows:

[M{U} + [CHU} + (K] + [Kg] + [Kre(Fo)){U} zg)

Those equations require that components of the brake
models have node coordinates in agreement with the
contact surfaces. This was ensured by the building
the brake system inside the Ansys environment, the
Design Modeler. Such solution was adopted to avoid
model exporting. Additionally, it was adopted due to the
possibility to set not only the mesh orientation correctly,
but also the brake components being part of the same
file. Hence, once this was ensured, the APDL codes
set for each component surface configure the contact
between the nodes.

3.1. Static structural analysis

The static structural analysis is a simulation of these
brake systems in which the pad material,fixed on the
back plate, initiate a frictional contact with the disc
surface without rotation (Figure [3). The inertial and
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rigidity influences of components are considered for the
eigenvalue and eigenvector calculations [20].

((K]+ [Ke){U} = {Forare} + B.C. (14)

Simulation process starts with a static structural anal-
ysis, in which the disc is considered immobile and the
brake pressure is applied, imposing the contact between
the pads and the disc. This situation is represented
by the following boundary conditions: The internal
face of the fixing hole in the disc were considered as
fixed supports (Figure , the outer faces of the back
plates were constrained in all degrees of freedom, except
for translation in the direction normal to the contact
surface (Figure, and a distributed force is also applied
to the surface of the outer faces of the back plates
(Figure [3).The brake disc operation (Figure [3)) begins
with pressure of 0.5 MPa [30] applied on back plate
(F sticker); The Ansys contact element terminology is
CONTA 174 — TARGET 170, a sophisticated contact
based on Lagrange’s multipliers.

3.2. Complex modal analysis

This analysis uses the static structural stress field and
results. The disc rotates at constant 5 rad/s speed [30],
while the 0.5 MPa pressure [30] pushes the brake pad
against the disc. In this analysis, the movement equa-
tion internal dissipation (damping) is neglected without
drastic penalties to the results [21]. Hence, the dynamic
equation of equilibrium is given by

[M{U} + [Kus{U} = {F} (15)

The contact-friction elements are used to integrate
the incompatibility of the meshes and also to take
into account the pre-loads and friction that lead to
an unsymmetrical matrix. Therefore, the term [K is
renamed to [K,s] owing to non-symmetry of the contact-
stiffness matrix. The asymmetry arises from the pad
material and disc contact, with relevant influence of their
material characteristics. The eigenvalue problem to be
solved is written as follows:

[MI{U} + [Kus{U} =0 (16)

As [K,] is non symmetric contact stiffness, the system
will exhibit complex eigenvalues, A;, written as

)\i = 0j ijwi (17)

The extraction of the complex eigenvalues and eigen-
vectors is fulfilled through the Ansys QR damped
method that results in a reduced system of equations:

[kns] = [V]" [Kus][V] (18)

Hence, the complex eigenvectors and eigenvalues of
the reduced system are extracted allowing the study of
the stability looking for the sign of the real part of the
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Figure 4: Instability occurrence in drum and disc brake systems; (a) Solid and vented motorcycle disc brakes; (b) Solid and vented
car disc brakes; (c) Solid and vented railway disc brakes; (d) Heavy, duplex and simplex drum brakes.

eigenvalues (Figure. The brake instability occurs when
eigenvalues with positive real parts are generated [[23]].
Generally, the real part of the complex eigenvalues is
plotted against the associated natural frequencies, in
order to visualize the general occurrence of instability.
A preliminary implementation of the model, with the
reference values from Table[2] was carried out to evaluate
the consistency of the model. All operational, geometric,
and material parameters of the different brake systems
were obtained from the literature [3H6, [17] 18] 25] B0H36] .

As can be seen from Figure [d both brake systems
generated several modes of instability. The results of the
motorcycle disc brake systems (Table reveal that both
solid and vented systems show a low incidence of low
squeal, with no occurrences recorded. Regarding high
squeal, the solid and vented systems present only 2 and
3 cases, respectively. Furthermore, both types of systems
have a TUF of 2 for the solid systems and 3 for the
vented systems, indicating similar performance in terms
of friction efficiency. The results showed that, for both
types of car disc brakes, there was no occurrence of
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low-frequency squeal (Table. However, high-frequency
squeal was observed in both systems, with 4 occurrences
in solid brakes and 6 in vented brakes. Additionally, the
analysis of Total Unstable Frequencies (TUF) indicated
a nearly similar amount of instabilities, with 4 occur-
rences in solid brakes and 6 in vented brakes. These
findings suggest that vented brakes tend to exhibit a
slightly higher level of instability and high-frequency
squeal, but both systems display similar performance
regarding low-frequency squeal.

The results of the railway disc brake systems indicate
that both types, solid and vented, exhibit a considerable
incidence of high squeal, with 114 cases recorded for the
solid systems and 79 for the vented systems. Regarding
low squeal, the solid systems have 6 cases, while the
vented systems show a slightly better performance, with
8 cases. Additionally, the TUF is 120 for the solid
systems and 87 for the vented systems, suggesting that
the solid systems have lower friction efficiency compared
to the vented systems. The results (Table indicate
that heavy drum brake systems exhibit a significant
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Table 2: Instability occurrence in disc and drum brake systems.

Drum brake systems

Heavy Duplex Simplex

Low squeal 9 0 0

High squeal 81 18 25

TUF 90 18 25

Car disc brake systems

Solid  Vented

Low squeal 0 0

High squeal 4 6

TUF 4 6

Motorcycle disc brake systems

Solid  Vented

Low squeal 0 0

High squeal 2 3

TUF 2 3

Railway disc brake systems

Solid  Vented

Low squeal 6 8

High squeal 114 79

TUF 120 87

prevalence of high squeal, while Duplex and Simplex
systems demonstrate inferior performance in this aspect.
Furthermore, the Heavy systems have a total number of
unstable(TUF) of 90, suggesting considerably superior
friction efficiency compared to the other configurations.
However, not all of these modes result in squeal. Vibra-
tional modes that are slightly unstable in theory may
never become unstable in reality due to dissipative
damping in an actual brake system [38]. These unstable
modes, while not generating noise, can cause other issues
in the structure such as gaps, structural damage, and
increased wear on components, ultimately reducing their
useful life.

This article presents the design of various brake
systems (Figure [2)) aimed at developing a finite element
model that facilitates the analysis of the brake squeal
phenomenon through complex eigenvalue analysis in the
frequency domain. The modal analysis was performed to
extract the complex eigenvalues for the vibrating modes
of the disc brake system up to 25 kHz. When there
are modes coupled at the same frequency, one of them
becomes unstable. The unstable modes can be identified
during complex eigenvalue analysis, because the real
parts of the complex eigenvalues are positive (Figure {)).
Those modes are prone to generate instabilities [22)].

4. Results and Discussions

The instability prediction model for brake systems dis-
cussed in this paper employs a partially disturbed modal
analysis. Figure [I| presents a flowchart outlining the
adopted process to investigate the influence of input
parameters on instability generation, also known as
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sensitivity analysis. By varying the input parameters,
we can observe their effects on the output parameters.
This analysis facilitates the development of a parameter
sensitivity profile. All operational and material param-
eters were taken from Table [3] varying only the friction
coefficient for each brake system model, with a maximum
friction coefficient of 0.4 and a minimum of 0.15.

To evaluate the performance of brake systems, three
objectives were established, relating the effect of friction
variation in solid and ventilated brake systems for cars,
motorcycles, and trains, as well as in heavy, simplex,
and duplex drum brakes (Figure [2)). By analyzing these
friction variations, the study aims to gain a deeper
understanding of how different brake systems respond
to changes in friction, particularly in terms of their
tendency to produce brake squeal.

1. Maximize first unstable frequency FUF, min w ;
for o positive;

2. Minimize TUF, the total number of unstable
frequency, ; for o; positive (in the given frequency
range of analysis);

3. Minimize NI, noise index. In terms of the noise
index (NI), an brake system may exhibit many
unstable vibration modes within the audible fre-
quency range. However, not all of these modes
result in squeal. Vibrational modes that are slightly
unstable in theory may never become unstable in
practice due to dissipative damping in a real brake
system. To compare the squeal propensity among
unstable vibrational modes, the magnitude of the
instability has traditionally been used as a noise
index. In this study, the noise index was defined as
Yuan [37, 38] for each vibration mode;

Wi
R /wi2 + O-i2

Where, o; is the instability of the system (real
part) and w ; is the natural frequency of the system
(imaginary part). The greater the noise index the
more likely the corresponding mode was considered
to cause audible squeal noise.

NI = x 100% (i =1,2...)  (19)

4.1. Solid and vented motorcycle disc brakes

Table[d and Figure[5] present the analysis of the influence
of friction coefficient variation (0.15, 0.30, 0.45) on solid
and vented motorcycle disc brakes in terms of squeal,
total unstable frequencies (TUF), first unstable fre-
quency (FUF), and noise index (NI).For solid motorcycle
disc brakes, the results indicate that low squeal does not
significantly occur except at a friction coeflicient of 0.30,
where a minor presence of squeal was detected. High
squeal appears only at the highest coefficient (0.45), with
a corresponding rise in TUF from 0 to 12 and 4. The FUF
values suggest that instability begins around 21,376 Hz
as friction increases. The noise index also rises notably
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Table 3: Nominal brake systems parameters.

Parameter name Notation Value
Vented and Solid Car Disc Brakes
Friction coefficient I 0.30
Disc Speed w 5 rad/s
Pressure P 0.7 MPa
Disc Young’s modulus EDisc 1.25 E +11 Pa
Back Plate Young’s modulus  Epack plate 2.1 E 411 Pa
Pad Young’s modulus Epaa 2.6 E +9 Pa
Disc density YDisc 7155 kg/m3
Back Plate density YBack Plate 7850 kg/ m®
Pad Material density YPad 2045 kg/ m?
Disc Poisson’s ratio Ubisc 0.23
Back Plate Poisson’s ratio VBack Plate 0.3
Pad Material Poisson’s ratio VPad 0.34
Vented and Solid Motorcycle Disc Brakes
Friction coefficient I 0.30
Disc Speed w 2.2 rad/s
Pressure P 11.85 MPa
Disc Young’s modulus EbDisc 1.25 E +11 Pa
Back Plate Young’s modulus  Epgack Plate 2.1 E +11 Pa
Pad Young’s modulus Epad 11.13 E 4+9 Pa
Disc density YDisc 7155 kg/m3
Back Plate density YBack Plate 7850 kg/ m®
Pad Material density YPad 2045 kg/ m?
Disc Poisson’s ratio Ubisc 0.23
Back Plate Poisson’s ratio VBack Plate 0.3
Pad Material Poisson’s ratio VPad 0.34
Vented and Solid Railway Disc Brakes
Friction coefficient I 0.30
Disc Speed w 0.5 rad/s
Pressure P 0.5 MPa
Disc Young’s modulus EbDisc 1.20 E +11 Pa
Back Plate Young’s modulus  Epgack Plate 2 E +11 Pa
Pad Young’s modulus Epad 757 E +9 Pa
Disc density YDisc 7550 kg/m3
Back Plate density “YBack Plate 7850 kg/m®
Pad Material density YPad 2516 kg/ m?
Disc Poisson’s ratio Ubisc 0.3
Back Plate Poisson’s ratio VBack Plate 0.3
Pad Material Poisson’s ratio VPad 0.25

Heavy, Duplex and Simplex Drum Brakes

Friction coefficient I 0.30
Drum Speed w 20 rad/s
Force F 10000 N
Drum Young’s modulus Eprum 1.25 E +11 Pa
Shoes Young’s modulus Eshoes 1.7 E +10 Pa
Lining Young’s modulus ELining 1.1 E +11 Pa
Drum density YDrum 7200 kg/m3
Shoes density “YShoes 7200 kg/m®
Lining density “YLining 2000 kg/m3
Drum Poisson’s ratio VDrum 0.28
Shoes Poisson’s ratio VShoes 0.28
Lining Poisson’s ratio VLining 0.20
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Table 4: Analysis of the variation in the coefficient of friction
in solid and vented motorcycle disc brakes.

Solid motorcycle disc brake

0.15 0.30 0.45
Low squeal 0 2 0
High squeal 0 0 4
TUF 0 12 4
FUF 0 Hz 21376 Hz 21371 Hz
NI 0 0.2 2.4
Vented motorcycle disc brake
0.15 0.30 0.45
Low squeal 0 0 0
High squeal 2 3 6
TUF 2 3 6
FUF 24198 Hz 22211 Hz 13455 Hz
NI 0.05 0.2 0.3
| MORPRRRE 1 [ | S Ry LEER
P et P et
(a) (b)

Figure 5: Noise index for variations in the coefficient of friction;
(a) Solid motorcycle disc brake; (b) Vented motorcycle disc
brake.

from 0 to 2.4, signaling increased instability and noise
at higher friction levels.

For vented motorcycle disc brakes, the trend is slightly
different. High squeal is present at all friction levels,
but the TUF remains relatively low. The first unstable
frequency (FUF) decreases as friction rises, moving from
24,198 Hz to 13,455 Hz, implying that higher friction
leads to more frequent low-frequency instability. The
NI remains fairly low, suggesting a reduced noise risk
compared to solid disc brakes, even as friction increases.

Overall, vented motorcycle brakes show better per-
formance with lower NI values, indicating less noise
potential compared to solid brakes, especially at higher
friction levels. However, both systems demonstrate
increasing instability with a higher coefficient of friction,
especially in high squeal and total unstable frequencies
(TUF).

4.2. Solid and vented car disc brakes

Table [ and Figure [6] present the analysis of the
influence of friction coefficient variation (0.15, 0.30,
0.45) on solid and vented car disc brakes in terms of
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Table 5: Analysis of the variation in the coefficient of friction
in solid and vented car disc brakes.

Solid car disc brake

0.15 0.30 0.45
Low squeal 0 0 0
High squeal 2 5 7
TUF 2 5 7
FUF 185154 Hz  5445.1 Hz 5466.2 Hz
NI 0.24 1.5 2.3
Vented car disc brake
0.15 0.30 0.45
Low squeal 0 0 0
High squeal 2 6 9
TUF 2 6 9
FUF 19081 Hz 15929 Hz 15451 Hz
NI 0.1 0.4 0.5
o Lol 1 Lowsavea High Squeal
, les 2 ;%f’ ! S g ap G
* Frequeney () R * Frequency () R
(a) (b)

Figure 6: Noise index for variations in the coefficient of friction;
(a) Solid car disc brake; (b) Vented car disc brake.

squeal, total unstable frequencies (TUF), first unsta-
ble frequency (FUF), and noise index (NI). For solid
brakes, no low squeal was detected across all friction
levels. High squeal occurrences increased significantly
with friction, alongside a rise in TUF. Additionally,
the FUF decreased substantially, while the NI showed
a considerable increase, indicating higher noise suscep-
tibility as friction increased. For vented brakes, the
trend was similar regarding the absence of low squeal.
However, high squeal and TUF were higher compared
to solid brakes, though the FUF values also decreased.
Despite these increases, the NI remained relatively low,
suggesting vented brakes are slightly more stable in
terms of noise generation compared to solid brakes.

The overall results indicate that vented brakes exhibit
better performance at lower friction levels, particularly
in terms of noise risk, but both brake types show
increased instability and noise generation with rising
friction.

4.3. Solid and vented railway disc brakes

Table[6]and Figure[7]present the analysis of the influence
of friction coefficient variation (0.15, 0.30, 0.45) on solid
and vented railway disc brakes in terms of squeal, total
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Table 6: Analysis of the variation in the coefficient of friction
in solid and vented railway disc brakes.

Solid railway disc brake

0.15 0.30 0.45
Low squeal 6 6 12
High squeal 70 114 157
TUF 76 120 169
FUF 3627.4 Hz  3632.9Hz  2916.9 Hz
NI 1.2 3.3 5.9

Vented railway disc brake

0.15 0.30 0.45
Low squeal 5 8 11
High squeal 39 79 132
TUF 44 87 143
FUF 3458.2 Hz  3362.9 Hz 3389.2 Hz
NI 0.6 2.2 6.1

Solid railway disc brake Vented railway disc brake

Low Squeal High Squeal O =015 Low Squeal High Squeal O p=015
s oh Sa o =030 | o 1oh Sa o 030

8 > O =045 6 o ums‘

s %
g
o 4 <65 SR
o 05 1 15 2 25

Frequency (Hz) «10*

15 2 25
Frequency (Hz) <10*

(a) (b)

05

Figure 7: Noise index for variations in the coefficient of friction;
(a) Solid railway disc brake; (b) Vented railway disc brake.

unstable frequencies (TUF), first unstable frequency
(FUF), and noise index (NT).

For the solid brake disc, as the friction coefficient
increases, there is a rise in the TUF and in both low and
high-frequency squeal. TUF ranges from 76 to 169, and
high-frequency squeal increases significantly (from 70 to
157). The FUF decreases with the increase in friction,
indicating that instabilities occur at lower frequencies as
friction increases. For this brake disc model, the NI also
grows significantly, from 1.2 to 5.9, indicating a higher
propensity for noise with increased friction.

For the vented brake disc, the trend is similar, with
TUF and high-frequency squeal increasing as the friction
coefficient rises. However, the values are generally lower
than for solid brakes. FUF decreases slightly with the
increase in friction but remains within a close range
(3458.2 Hz to 3389.2 Hz). NI rises sharply, ranging from
0.6 to 6.1, suggesting a greater susceptibility to noise at
higher friction coefficients.

Vented brakes demonstrate better performance in
terms of instability (lower TUF and NI) compared to
solid brakes, especially at lower friction coeflicients. This
indicates that vented brakes may be more stable and less
prone to noise generation, even with variations in friction
coefficient. However, both systems show substantial
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increases in instability risk as friction increases, with the
NI in vented brakes being slightly more controlled than
in solid brakes.

4.4. Heavy, duplex and simplex drum brakes

Table[7|and Figure[§|present the analysis of the influence
of friction coefficient variation (0.15, 0.30, 0.45) on
Heavy, Duplex and Simplex drum brakes in terms of
squeal, total unstable frequencies (TUF), first unstable
frequency (FUF), and noise index (NI).

For the heavy drum brake, the number of low squeals
increases significantly from 4 to 14 as the coefficient
of friction rises from 0.15 to 0.45, indicating a greater
likelihood of low-frequency noise at higher friction levels.
The occurrences of high squeal increase from 37 to 117
with the rise in friction, suggesting that higher friction
is correlated with a greater incidence of high-frequency
squeals, which may contribute to perceived noise and
instability. The Total Unstable Frequencies (TUF) show
a notable increase from 41 to 131, reinforcing the idea
that increased friction leads to more unstable behavior
in the braking system. The First Unstable Frequency
(FUF) decreases significantly from 4144.8 Hz to 1415.4
Hz as friction increases, indicating that instabilities
manifest at lower frequencies with higher friction levels.
The Noise Index (NI) rises from 0.4 to 3.0, suggesting
that higher levels of friction not only contribute to more
occurrences of squeals but also to a greater potential for
noise generation.

Table 7: Analysis of the variation in the coefficient of friction
in Heavy, Duplex and Simplex drum brakes.

Heavy drum brake

0.15 0.30 0.45
Low squeal 4 9 14
High squeal 37 81 117
TUF 41 90 131
FUF 4144.8 Hz 22499 Hz 1415.4 Hz
NI 0.4 2.0 3.0

Duplex drum brake

0.15 0.30 0.45
Low squeal 0 0 0
High squeal 8 18 25
TUF 8 18 25
FUF 19256 Hz  6113.9 Hz 6099.4 Hz
NI 0.4 1.5 2.65

Simplex drum brake

0.15 0.30 0.45
Low squeal 0 0 1
High squeal 14 25 35
TUF 14 25 36
FUF 6469.5 Hz 6459.6 Hz 3961.3 Hz
NI 0.6 1.2 2.2
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Heavy Drum Brake Duplex Drum Brake
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Figure 8: Noise index for variations in the coefficient of friction;
(a) Heavy drum brake;(b) Duplex drum brake;(c) Simplex drum
brake.

The Duplex Drum Brake does not exhibit occurrences
of low squeals at any friction levels, indicating effective
control over low-frequency instability. The occurrences
of high squeals increase from 8 to 25, demonstrating that
although duplex brakes are less prone to low squeals,
they still experience an increase in high-frequency
squeals with rising friction. Corresponding to the high
squeal values, the TUF varies from 8 to 25, indicating a
consistent relationship between the two parameters. The
FUF starts at 19256 Hz and decreases to about 6099.4
Hz, suggesting that higher frictions cause instabilities to
occur at lower frequencies. The NI increases from 0.4 to
2.65, indicating that duplex drum brakes, while generally
stable, are still susceptible to increased noise as friction
grows.

For the simplex drum brake, there is a minimal
increase in occurrences of low squeals, rising from 0
to 1 as the coefficient of friction increases, reflecting
stable performance in this regard. The occurrences of
high squeals show a substantial increase from 14 to 35,
indicating a greater likelihood of high-frequency noise
with increased friction. The TUF values increase from
14 to 36, indicating a clear relationship between high
squeal occurrences and overall instability. The FUF
remains relatively stable, oscillating between 6469.5 Hz
and 3961.3 Hz, suggesting a more consistent response in
terms of instability frequency across all friction levels.
The NI increases from 0.6 to 2.2, suggesting a mod-
erate correlation between friction and noise potential,
although this is lower than that observed in heavy drum
brakes.

This analysis illustrates that an increase in the coef-
ficient of friction generally leads to a higher number of
occurrences of both low and high squeals in all types
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of drum brakes analyzed. The heavy drum brake is the
most affected, with significant increases in TUF and NI,
indicating a higher risk of instability and noise. On the
other hand, the duplex drum brake is more effective
at mitigating low squeals, but still shows increases in
high-frequency noise. The simplex drum brake shows
moderate performance, with a notable increase in high
squeals but minimal occurrences of low squeals.

5. Conclusion

Solid motorcycle disc brakes show minimal low squeal,
occurring only at higher friction levels, while high squeal
appears only at the highest coefficient, linked to an
increase in TUF. Instability begins at higher friction,
with a notable rise in the Noise Index (NI), indicating
increased noise.

In contrast, vented motorcycle disc brakes exhibit
high squeal at all friction levels, though TUF remains
low. The FUF decreases with increased friction, sug-
gesting more frequent low-frequency instability, while
NI stays low, indicating reduced noise risk compared
to solid brakes. In general, vented brakes demonstrate
superior performance with lower NI values; however,
both systems encounter heightened instability as friction
increases, especially concerning high squeal and TUF.

For car solid brakes, no low-frequency squeal was
detected at any friction level, while high-frequency
squeal increased as friction rose. Instabilities occurred
at lower frequencies with higher friction, and noise
generation tendencies also grew. In car vented brakes,
there was no low-frequency squeal across all friction
levels. However, high-frequency squeal and instability
were slightly more prominent compared to solid brakes.
Despite this, vented brakes showed lower noise risks.
Overall, while vented brakes offer better stability against
low-frequency squeal, they are slightly more susceptible
to high-frequency squeal and instabilities at higher
friction levels than solid brakes.

The analysis of railway brake disc systems reveals
that as the friction coefficient increases, solid brake discs
experience a significant rise in TUF and occurrences of
both low and high-frequency squeal. The FUF decreases,
indicating that instabilities occur at lower frequencies
with higher friction, while the Noise Index NI increases,
suggesting a greater likelihood of noise generation.

In contrast, vented brake discs show improved sta-
bility, with lower TUF and NI compared to solid
discs, especially at lower friction levels. Although vented
brakes exhibit similar trends in increasing TUF and
high-frequency squeal with rising friction, their values
remain lower than those of solid brakes. The FUF for
vented discs decreases slightly but stays within a narrow
range, and the NI rises sharply, indicating increased
noise susceptibility at higher friction coefficients.Overall,
although both systems show greater instability and
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increased noise risks as friction rises, vented brakes typi-
cally provide better performance and stability compared
to solid brake discs.

The analysis of drum brake systems shows varying
behaviors as friction levels increase. Heavy drum brakes
experience a significant rise in both low and high-
frequency squeals, alongside increases in TUF and NI.
The simplex drum brake exhibits minimal low squeals,
with moderate increases in high squeals and correspond-
ing TUF values, indicating a link between high squeal
occurrences and instability. The duplex drum brake
effectively prevents low-frequency noise, recording no
low squeals, but shows an increase in high squeals and a
consistent rise in TUF, along with a decrease in the FUF.
Overall, all drum brake types demonstrate a correlation
between higher friction and increased noise occurrences,
with differing susceptibility to instability and squealing.

The developed model has demonstrated a significant
capability to simulate the phenomenon of noise in brake
systems, providing a comprehensive analysis of the main
characteristics involved. By focusing on the variables
that affect noise generation, such as the coefficient of
friction, the frequency of instabilities, and the noise
index, the model offers valuable insights that can be
applied in both education and research. For students,
this tool can be especially useful as a teaching resource,
allowing them to visualize and understand the complex
dynamics occurring in brake systems. For researchers,
the model serves as a robust platform for investigating
new materials and designs for brake systems.
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