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Abstract

Braking is mainly controlled by the engine. Friction between a pair of pads
and a rotating disc converts the kinetic energy of the vehicle into heat. High
temperatures can be reached in the system which can be detrimental for both,
components and passenger safety. Numerical techniques help simulate load
cases and compute the temperatures field in brake disc and brake pads. The
present work implements a Finite Element (FE) toolbox in Matlab/Simulink
able to simulate different braking manoeuvres used for brake dimensioning
mainly in the early phase of car development process. The brake pad/disc
geometry is considered as an axisymmetric body assuming negligible
temperature gradient along the circumference of the disc. Calibration using
three control factors namely: heat coefficient during braking (hy),
acceleration ( h,) and emissivity (&) for the implemented thermal model is
performed using experimental investigation at Volvo Car Corporation (VCC)
for three specific severe load cases. The thermal model is extended to
measure brake fluid temperatures to ensure no vaporisation occurs.
Simulation results of the brake disc and brake pad show good correlation
with the experimental tests. A sensitivity analysis with the control factors
showed convective coefficient during acceleration h, the most sensitive,
with temperature change of around 16%.

Keywords: Brake disc, Brake dimensioning, Heat transient analysis, Finite
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NOTATIONS

® Angle subtended by the pad at the centre ~ radians
of friction surface
Te Ambient temperature °C/K
Opad Amount of radiation heat absorbed by the -
pad from the disc
W Angular velocity of the wheel rad.s™!
Acatiper Area of caliper m?
Agdisc Area of disc m?
Afriction Area of friction surface m?
Apad Area of pad m?
F Boundary load vector -
P Brake power W
Ty Brake torque N-m
[C] Capacity matrix -
k Conductivity Wm'K!
u Coefficient of friction -
h Convection heat coefficient Wm2K!
p Density kg.m
€ Emissivity -
Teff Effective radius of the brake disc m
0 Heat flux W.m?>
f Heat source \%
Odisc Heat partition to the disc -
Opad Heat partition to the pad -
Iy Inner radius of the friction surface m
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Internal energy

Normal vector

Number of Iterations

Outer radius of the friction surface
Pressure on the brake pedal
Shape function

Specific heat

Stefan Boltzmann constant
Stiffness matrix
Temperature

Time

Tolerance limit

Wear coefficient
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ABBREVIATIONS

CAE...oooiiieieeeeeee, Computer Aided Engineering
FE oo Finite Element

FDM ..coiiiiiiiiiieieeee Finite Difference Method
FEM....oooiiiiiiiice Finite Element Method
VCC..ooiiiiiiiiiiieiceeeen, Volvo Car Corporation
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DEFINITIONS

Brake caliper ......the assembly housing the brake pads and pistons which
help initiate braking action.

Brake disc .......... is the component of the disc brake system against which
the pads act generating friction thereby retarding the
vehicle.

Brake pad........... is a part of the caliper assembly which produces friction on
the brake disc surface and initiates braking.

CALFEM............ Computer Aided Learning of the Finite Element Method
developed by Division of Structural Mechanics, Lund
University.
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1 Introduction

Over the years, car manufacturers are constantly seeking enhancement of
vehicle dynamics and passenger comfort, simultaneously maintaining
vehicle aesthetics and quality. A key component of the safety feature is the
brake system, while there are other active and passive safety components to
support the system in an attempt to mitigate injuries. The need for safe
transportation has brought about developments with the brake system
making it withstand and fulfil rigorous braking manoeuvres under various
situations such as dry, humid, wet, cold or warm environment and traffic
conditions.

Early invention of the brake system saw two variants namely “band” and
“drum” brakes, both using the principle of mechanical linkage. Band brakes
had a prolific use throughout the 18" century having a compact wooden
block [1]. The brake application was fulfilled by pulling a lever at a hands
distance, see Figure 1.1 (left). Drum brakes, see Figure 1.1 (right), were
invented by Louis Renault in 1902 [1]. Inherent performance and robust
design of drum brakes is the reason for their rapid use even today in the rear
axle in some vehicles.

Backing Plate

i oe
Retum Sprin ;
prina -D. Secondary Shoe

Return Spring
BUK[

LE'\"EK
Primary Shoe
FULCRUM

Wheel Gylinder
Assembly

Cable Guide

Parking Brake Strut

Parking Brake Lever

Adjusting Gable

Secondary Shoe
Adjuster Lever

Adjuster Assembly

Figure 1.1. Band brake (left) and drum brake (right) [2], [3].

Subsequently, Malcolm Loughead brought the concept of hydraulic powered
brakes, also known as “disc brakes”, which found application in the latter
half of 19" century [1]. Brake discs are capable of dissipating heat from its
surfaces as the friction area and vents are open to air compared to drum
brakes. When driven through water, brake discs are able to wipe off the water
quickly. However a noted disadvantage of brake disc is that they are open to
corrosion from water and wear. Brake discs are classified based on their
surface as cross-drilled, slotted or flat. They are further classified based on
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their design as solid or ventilated discs. The ventilated discs consist of
straight, tangential vanes, curved vanes or pillars, see Figure 1.2.

Figure 1.2. Different vane types of brake discs (from front to back: curved
vane, radial vanes and pillars) [4].

Background

Volvo Car Corporation (VCC), one of the leading car manufacturer, has been
the face of safety innovations such as seatbelt and child seat. Volvo’s
vehicles are globally known for their reliability and safety engineering
attributes. As competitors in the global market, Volvo has been able to
produce a wide range of passenger cars for different customer needs. Also
Volvo is successful in maintaining and improving standards creating a
healthy atmosphere of support. Moreover, Volvo is highly involved in
sustainability and autonomous driving which demands much higher advance
active safety features compared to the traditional technologies.

Nowadays, CAE simulations are becoming more prominent to verify
different design specifications in an attempt to decrease cost, development
time and number of test vehicles. The process of finding the most optimum
brake components combination for each vehicle specification is called brake
dimensioning. The brake discs, brake pads and calipers at the front and rear
of the vehicle are only few examples of those common components which
should be decided on during the brake dimensioning process. The output of
current thesis will be used in such phases at VCC as part of the brake
dimensioning toolbox.

Brake System Description.

The brake system is composed of a brake pedal (main actuator), vacuum
booster, modulation unit, a master cylinder, caliper assembly, see Figure 1.3,
and brake disc.
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EXPLODED VIEW OF

BRAKE CALIPER ASSEMELY Guide Pin

Caliper Body
Pin Boot

Piston Bo _\ Lt
BootFtinlzmn > . /"
\ \ \ Lock Pin

Shim
Pad

o Bush
- Piston Seal
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Support Bracket
Pad Clip

Wear Indicator

Bleeder Screw

A

Figure 1.3. “Exploded” view of brake caliper assembly [5].

The force on the brake pedal determines the pressure generated in the master
cylinder. A vacuum booster has been an addition to the brake system which
helps generate about 10 times the force exerted on the brake pedal. The
booster creates additional pressure to reduce excessive brake pedal thrust and
movement. Further, the force on the brake pedal is distributed via the
hydraulic unit shown in Figure 1.4 to actuate the calipers. Thus creating a
frictional force on the disc in turn retarding the wheel. The hydraulic unit
comprises of a master cylinder which contains two inlet ports, compensation
ports and a couple of piston rods to transfer the fluid from the reservoir into
the caliper assembly. The piston transfers the fluid from the master cylinder
to enable braking through brake pads which are a part of the caliper assembly.
Generally, fixed and floating are the two caliper types used.

Master cylinder
and ABS
hydraulic unit

Rear disc brakes

ABS wiring

Front disc brakes

Figure 1.4. Detailed view of brake system [6].
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1.1 Aim and Objectives

The aim of the present work is to implement a thermal model which
calculates brake disc and brake pad temperatures for brake dimensioning in
the early stages of car development process. The simulations results from the
thermal model are calibrated against three test cases with the experimental
test data obtained from VCC. The FE tool is implemented in Matlab while
the braking manoeuvres are tested in Simulink. The present work is based on
the coordinated approach shown in Figure 1.5.

Simulation

ﬁ

Virtual . Experimental
2 Coordination 3
Modelling Investigation

4

Optimization/(Re)design

% \

New Technology Modified Product

Figure 1.5. Coordinated Problem Approach [7].

The aim is met through the following guidelines:

1.

Literature study of 1) brake system types and functioning and 2)
thermal models to get an insight of transient heat transfer equations,
heat distribution and temperature evolutions in brake disc and brake
pads.

Veritying the CALFEM/Matlab FE code with a simple rectangular 2-
D axisymmetric plate in Simulia/Abaqus.

Extension of the model to the actual brake disc geometry by
implementing appropriate boundary conditions.

Calibration of the model against experimental data for three different
test cases.

Implement the thermal model in Simulink to integrate with car
software for future simulations.
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1.2 Research Questions

1. How do the braking manoeuvres influence brake disc and brake pad
temperatures?

2. What is the impact of temperature and velocity on heat dissipation
coefficients?

3. How to handle brake fluid temperatures in an axisymmetric model?
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Literature study

Secrist D.A. and Hornbeck R.W. [8] analyse the heat transfer and fade
(gradual decrease in the ability to stop due to continuous braking) in brake
disc based on the following assumptions: 1) braking effort (brake torque) is
shared equally between the each of the wheels in case of both, the front and
rear axles and 2) the temperature of the disc varies only with radial position
and time.

Talati F. and Jalalifar S. [9], states that modelling the thermal contact
between the brake pad and brake disc has two approaches: 1) perfect thermal
contact or 2) imperfect thermal contact. The imperfect thermal contact can
be further modelled based on the case as uniform pressure or uniform wear.

Rao S.S.[10] and Broman G. [7] outline Fourier’s heat equations and the
finite element formulations for non-linear problems to obtain nodal
temperatures. Kythe P.K. [11] examines axisymmetric FE equations for heat
transfer problems with linear triangular elements which are implemented in
the present work.

According to Yevtushenko A. A. and Grzes P. [12], heat partitioning
coefficient is calculated from the disc and pad material properties for heat
distribution in the disc brake system. The paper explains the influence of
formulae for heat partition on temperatures for two different brake disc
systems. The accuracy of temperature evolution will depend on the heat
partition ratio formula. In addition, greater thickness of the brake pad and
smaller heating depth have constant heat partition ratios. Heat partition
coefficient is calculated according to the standard formulae stated in the
literatures [9], [12].

The heat dissipation coefficients and the boundary conditions of the
transient analysis are considered from Eisengréber R. et al. [13].

17



2 Modelling

CAE modelling approach, concepts related to heat transfer and the governing
equations used in the thermal model are presented in the following. The brake
disc and brake pad geometry and their respective material properties are
provided by VCC. Generally, heat transfer problems can be modelled using
two approaches: Finite Difference Method (FDM) or Finite Element Method
(FEM). FDM is based on the application of Taylor series expansion to
approximate Partial Differential Equations (PDE). It uses square line
network topology to discretize elements. The method is simple for extending
to a higher order accuracy though taking a lot of computational time. FEM
on the other hand involves mapping a set of functions from vector space to
real numbers. This method is suitable for complex geometries and domains
involving discontinuities. Higher order accuracy is obtained with the help of
shape functions. FEM is usually preferred over FDM because of its ease in
incorporation of boundary conditions as well as it’s compatibility for
complex geometries. FEM generates solutions by using piecewise defined
functions which help interpolate smoothly over the domain without losing
much accuracy [14]. Based on the above reasoning, thermal model for brake
disc is implemented using FEM in the present work.

2.1 Finite element formulation of pad/disc system

The brake disc thermal model makes use of axisymmetric modelling. In an
axisymmetric model, a two dimensional section, when revolved, yields to a
three dimensional model. The temperature gradient in the circumferential
direction is neglected for heat transfer problems in this model. The use of
symmetry is beneficial to avoid repetitive boundary conditions. Also, the size
of stiffness matrix i.e. number of elements can be reduced considerably
leading to a decrease in cost and computational time [11].

Axisymmetric finite element equations for heat transfer from a body

The heat is dissipated through three heat transfer modes: conduction,
convection and radiation which are explained as follows:

e Conduction is the heat transfer between adjoining regions of contact
(while both materials are not in motion) through molecular agitation
where heat is transferred directly through the material due to
difference in temperatures or electric potential.

18



e Convection is defined as the heat transfer involving motion of a fluid
against a solid when the heated fluid expands and moves away from
the heat source either under the influence of buoyancy or forced by
external agents. The former process is called as natural convection
and the latter forced convection.

e Radiation is the transfer of energy by vacuum or through a solid or
fluid medium by means of electromagnetic waves carrying thermal
energy. The possible boundary conditions of all three modes of heat
transfer (i.e. conduction, convection and radiation) are implemented
in this work to identify the temperature evolution at the brake disc
and brake pad surfaces respectively.

The transient heat conduction equation in a three dimensional solid having
convection and gradient boundaries is based on Fourier’s law as outlined in
Kythe P.K. [11] which is expressed as

k(aZT 0°T 62T> oT

—f— po— 1
oxz Tayz Tz ) T Py M

where T [K] is the temperature, f [W] is the heat source, ¢ [Jkg'K™!] is the
specific heat, p [kg.m™] is the density, ¢ [s] is the time, [x, y, z] are the
respective co-ordinate planes, k [Wm'K"!] is the heat conductivity which is
constant in all three planes.

T = T on boundary C1
where T is the time dependent temperature derivative.
—kVT -n = h(T — T,) on boundary C2

where V is partial double differential operator, n is the normal vector,
h [Wm?2K!] is the convection heat coefficient, T,, [K] is the ambient
temperature.

The steps followed in FE formulation and solution of a problem are [7]

e Transform the strong form in equation (1) into the weak form.

e Choose trial functions, i.e. element type(s), and mesh the solution
domain.

e Multiply the differential equation with a weight function and
establish a system of algebraic equation for each element.
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e Assemble these element equations into a global algebraic system of
equations.

e Incorporate boundary conditions into the global system of equations.

e Solve the global system of equations for the unknowns and interpret
the results.

The variables f,T,k, 8, T., in equation (1) are assumed to be functions of
polar coordinates (r, z) to imply an axisymmetric case. Following the steps
described above, the three dimensional transient heat equation according to
Kythe P.K. [11] is solved for the weak form as

kaT-n-(D(e) rds +th - 0® rds +f @®© frdrdz

Uf ( 09© a((b(e))

00®©@ g(p©
+ 2 M rdrdz| T
0z 0z

+ [ f ho© (0(©)'rds ] 7@
+ U chS(e)((ZS(e))’rds] T

2)

where @ [-] is the shape function, (m)’ represents transpose of the equation,
(m)(® represents element form.

Equation (2) can be reformulated as
cefl L gl = fl 4 e
3)

00 2(09)" | 20 2(0©)
or 0z 0z

where Stiffness matrix K= |f k( ) rdrdz +

[hp®@(6®) rds

Capacity matrix C = [ pc @(©® ((Z)(e))’rds

Boundary load for convection F, = [ hT,,0®rds + [[ 8 fr drdz
Internal energy L = [ kVT - n@® rds
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Heat transfer equation in a body involving radiation

The general mathematical expression for heat transfer influenced by
radiation is given as

Qradiation = GSA(T4 - T4oo) 4)

where o [-] Boltzmann constant, € [-] is the emissivity of the surface, A is the
surface area in m?.

The radiation heat transfer can be transformed from equation (4) into [10]
Qradiation = GS(TZ + Tzoo)(T + Te,) ®)

For radiation, stiffness and boundary load terms Kr(e) and Fr(e) are added to
equation (2) whose values are given as

[Kr(e)] — ff h(@(e))TQ)(e) ds (6)

F® = j j hT.,(9©) " ds (7
Equation (3) of heat transfer including radiation, is then expressed as

COT®@ 4 (K® + K, O)7©® = F© 4 L© 4 F,© (8)

The iterative procedure for the initial temperature will then be incorporated
by the following

1. Consider the iteration number n as 1, assuming the value for h(e),

2. With the help of updated h® value, generate K, and F.(®), see
equations (6) and (7),

3. The element matrices and vectors are assembled to obtain the
overall equation (8). Equation (9) and (10) show the assembled
[K] and F(® matrices.
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E
K= ) ([K@]+ K1) ©)

E
FO = > (R + [5©) (10
e=1

4. Solve equation (11) to obtain T,

[C]@©T® 4 [K]@©T® = F© (11)

5. From the obtained nodal temperatures T, deduce new h(®) values.
The average of the nodal two temperatures of the element,

(Tl- + T]) /2 can be used as Tav(e) instead of 7"as in equation (12).

RO = e (To® +T?) (Tu® + Tio) (12)

If n >1, test for convergence is given by equation (13) and (14),

|h(e)|b_ |h(e)|b_1 13
|n(e)] | <A (13)
b-1
and
||(Ttotal)b _ (Ttotal)b_1|| < )\2 (14)

where A; and A, are the tolerance limits. If the method is said to be
converged, then stop the iteration by considering T'(correct) = T, if it
doesn’t satisfy the condition then change the iteration number to
b = b + 1 and continue the procedure from step 2.
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2.2 Numerical brake disc model implementation in
Matlab

The brake disc and brake pad system are modelled by the FE method using
CALFEM (Computer Aided Learning of the Finite Element Method)
functions in Matlab developed at Lund University during the late 1970’s. Its
application is for pure solid structures, heat transfer problems and modal
analysis. CALFEM is used for its versatility, problem handling and the ease
of understanding FEM [15]. In this thesis, a combination of default and
modified CALFEM functions are used to generate the mesh over the brake
disc and brake pad system (see Appendix).

The model considers a rectangular cross-section for the brake disc and brake
pad geometries. Using the geometrical parameters shown in Table 2.1, the
vertices, line segments and surfaces are defined to obtain the brake disc and
brake pad geometry displayed in Figure 2.1.

Initially, all cross-sections are constructed from the parameters in Table 2.1
given as an input to Matlab. Finally, the brake disc geometry is divided into
sub-sections to fulfil the mesh compatibility across the boundaries. The mesh
compatibility criteria in the brake disc model is explained in detail by
illustrations. For instance, the section 1 (bottom) and section 2 (top) in
Figure 2.2 had to be divided because of incompatibility between nodes at the
contact interface.

Figure 2.2 (right) illustration is for a better understanding whereas in reality
the two sections are in contact i.e. the distance between them (say d) is zero.
The two independently meshed sections with different sizes (length and
width) produce different node numbers at the contact interface. For the heat
to propagate between the two sections with a different mesh size, the
intermediate nodal values should be defined as a function of the adjacent
nodal values for the two sections, i.e. node 52 should be defined in Matlab
as a function of adjacent nodes 44 and 60 as
T(52) =axT(44) + b X T(60) and nodal value 44 must be equal to the
value at node 25. To avoid this complexity in defining the heat distribution
between the two sections for numerical solving they are chosen to have an
identical mesh size.

As shown in Figure 2.3, even though the sections have the same mesh size,
the domain mesh using CALFEM produces two different node numbers at
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the same contact interface. Thus, the geometry was divided using
intermediate sections as seen in Figure 2.4. The mesh for the brake disc and
pads geometry is generated using linear triangular elements using a mesh
density of Imm across the domain of the brake disc.

The reasons for discretizing the brake disc geometry into Imm fine element
mesh are listed below:

e To maintain ideal aspect ratio, i.e. 1. A larger aspect ratio will have
the effect of an interpolation error [16].

e For having mesh compatibility between adjacent components for
example, brake disc and brake pads (as explained in the above
figures). The possible mesh sizes which could be used are of the

orderé,where q=123..

However, the pad has a mesh size of 0.5 mm to obtain the required
propagation of heat within the pad by having a finer mesh. The CPU
time for the analysis would increase as the mesh size decreases.
Hence to strike a balance between CPU time and a good mesh, the
element size was considered as 1mm for the brake disc and 0.5 mm
for the brake pad.

Use of triangular mesh is more suited for applications involving unstructured
grids (complex geometries comprising curved surfaces, discontinuities) in
comparison to a quadrilateral mesh. Importing the unstructured mesh
geometries having a triangular mesh into Matlab from FE solvers such as
Simulia/Abaqus, ANSA, etc. produces a well-defined calculation domain
[16].
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Table 2.1. Parameters for creating the brake disc and brake pad geometry.

Disc outer radius R,
Friction surface radial width (inner- R,
outer)

Hub outer radius Rh,
Hub inner radius Rh;
Driveshaft hole radius R,
Discl thickness (if vent.) Zd,4
Disc2 thickness connected to hat Zd,
Hub total axial length Zy
Dist. from hub outer surf. to disc Zg
Dist. from hub outer surf. to neck Zn
Dist. from hub inner edge to neck Zs
Hub outer surface thickness Z,
Ventilation section axial width Z,
Pad thickness P;
Pad height Py
Effective radius Resr

Figure 2.1. Ventilated (left) and solid (right) brake discs.
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Figure 2.2. [llustration of two independent sections with different mesh
sizes. Note that the right figure has the two sections separated for better
clarity whereas it defines the same body.
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Further in the model, convection and radiation boundaries are prescribed to
the corresponding line segment numbers. The convection and radiation heats
are calculated at each time step for every element in the domain and the
element matrices are finally assembled into global stiffness [K], capacity [C]
and boundary load [F] matrices respectively.

The temperature at the brake disc and brake pad is then calculated with the
formula specified below [7]:

{Thper = [[C1+0- K] [[€] = (1—6)-AK]] - (T}, (19

where Atfis time increment,
0 = 0, for forward difference Euler,

0 = 0.5, Trapezoidal rule; Crack-Nicholson,
0 = 1, for backward difference Euler.

According to Broman [7], for 8 = 0 (forward difference approximation) and
0 = 1 (backward difference approximation) the truncation error is of the first
order. While the error is of second order if and only if

0 = 0.5, i.e. Crank Nicholson method. Also, the marching procedure of the
solution is unconditionally stable for 8 > 0.5. Thus having 6 = 0.5 provides
accuracy and stability to the solution [7]. The temperature iteration given by
equation (15) continues until the difference between temperatures reaches
below the set tolerance limit.

2.3 Specific Assumptions and Boundary Conditions
considered for modelling

The brake disc and brake pads are modelled based on the following
assumptions:

e The thermal model of brake disc is axisymmetric. The conductivity
of the brake pad is scaled according to %, i.e. the ratio of frictional

surface to pad area, (where ¢ is the angle subtended by the pad at the
centre of the friction surface) as they cover only a sector of the
friction surface.

e Vanes are modelled as a solid because they are complex to implement
in an axisymmetric model. However, convection and radiation
boundaries are given to the brake disc surface to have the behaviour
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of the ventilated vanes. In addition, a part of brake disc section has a
specific heat ¢ of 50 [Jkg 1K ~1].

The heat flux on the hat side and piston side in the brake disc is
distributed equally. The phenomenon of brake disc coning is
neglected, when the temperature on the hat side is around 10% higher
than that of the piston side.

Constant values of convection heat transfer coefficient h and
emissivity € are considered at the boundaries. Those values are
tweaked in order to calibrate the brake disc temperatures against the
experimental tests (see section 3).

Radiation from the disc during cooling phase is considered to
dissipate homogenously to the pads.

Caliper and shims are together modelled as a simple axisymmetric
rectangular block.

The convection and radiation boundaries in the brake disc, brake pads and

caliper

are shown in Figure 2.5. Convection heat transfer is most important

in case of cooling while radiation is prominent as the temperatures are higher.
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Figure 2.5. Heat input and dissipation from the brake disc and brake pads
during heating phase (left) and cooling phase (right).
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2.4 Heat flow in brake disc system

Disc/pad heat distribution.

In the following, friction modelling of the brake disc and brake pad contact
interface is explained. The friction contact model has two approaches:
uniform pressure and uniform wear given by Talati F. and Jalalifar S. [9].

Uniform pressure

Uniform pressure is displayed in Figure 2.6, having p = ppax = Y, Where y
1s a constant and pp,ax 1S the maximum pressure in pad-disc interface. For a
new pair of brake pads, the uniform pressure model is valid. A constant
pressure model has heat flux increasing in the radial direction [5].

Uniform wear

Uniform wear distribution is defined as & = k,,pr = constant, yielding p =
Pmax X %2 where § represents wear, k,, is wear coefficient, r, is inner radius
of the pad and p is the pressure at radial position r.

For the case of uniform wear, see Figure 2.7, there are two consequences
associated with the braking action [5] First, during the sliding contact the
relative velocity increases with increase in radial direction. This velocity
difference generates a higher temperature at the outer radius than at the inner
radius. Second, there is a temperature gradient along the longitudinal
direction of the pad. Apart from the area which is in contact with the disc
surface, the remaining part of the brake disc gets time to cool before it comes
into contact with the leading edge (the edge where disc initially comes in
contact) of the pad. Thus, creating a temperature gradient between the
leading edge and trailing edge of the pad [5].

In addition, the pad begins to wear due to repeated frictional force. This
induced wear reduces the contact area of the pad thereby reducing the contact
pressure. Reduced contact pressures lead to less heat generation considering
a constant heat distribution over the pad surface. Hence over a period of time,
the constant wear model is valid [5].
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Figure 2.6. Uniform pressure model in brake disc (left) and brake pad
(right) [9].
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Figure 2.7. Uniform wear model in brake disc (left) and brake pad
(right) [9].

Uniform pressure and uniform wear can be further modelled as perfect
thermal contact or imperfect thermal contact. Perfect thermal contact at the
brake disc and brake pad interface assumes identical surface temperatures on
both the brake pad and brake disc, at the time of their contact. In reality,
existence of perfect thermal contact is not possible because of the pad wear
and thermal expansion due to repeated use. Imperfect thermal contact on the
other hand assumes a temperature gradient between the pad and disc interface
[9]. Hence the assumption of imperfect contact is used in the current work.

The imperfect thermal contact assumption can be modelled as a third body
layer between the pad and disc as described in Talati F. and Jalalifar S. [9].
The so called third body layer is formed from plastic deformation, wear
particles and chemical reaction which affects the friction behaviour between
the pad and disc [9]. It is introduced to account for the friction behaviour at
the time of contact between the brake disc and brake pad.
In this work, an attempt to include a third body layer in the brake disc and
brake pad model was made. However, due to difficulty in the estimation of
heat distribution between disc and pad in presence of the third body, the idea
was not carried forward. Hence, heat distribution between disc and pad in
this work is calculated using standard formulae for heat partition coefficient

[9].
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Heat partition coefficient refers to the amount of heat generated which is
“absorbed” by the disc and the amount “transferred” or “dissipated” to the
pads and surroundings Heat partition coefficient can be theoretically
calculated for a thermal model according to Talati F. and
Yevtushenko A. et. Al. as [9], [12]

EdiscAdisc

Odisc = 16
e EdiscAdisc + EpadApad ( )

Opad = 1 — Ogisc (17)

where 0gisc[-], Opaq [-] are the disc, pad heat partition coefficients and are
related as shown by equation (17) respectively, Agisc [m?] is the contact area
of disc, Apaq [m?] is the contact area of pad and thermal effusivity & given in
equation (16) is defined as the ability of a component to exchange thermal
energy with the surroundings. Thermal effusivity & is calculated
mathematically by equation (18) as [9]

¢ = ykpc (18)

However, the response to the change in temperature is neglected in the
empirical formulae [17]. In this work, the heat partition for the disc and pad
is calculated as 98% and 2% respectively.

Brake power

Brake power is generated from brake torque. Brake torque is defined as the
moment of braking force at the centre of rotating disc while, braking force is
the tangential clamping force (the force of each pad against the disc) of
friction acting at the brake disc and brake pad interface. The total power
distribution in the brake system is described by the flow chart in Figure 2.8.

Total brake power P [W] on the wheel and brake torque T;, [N-m] are
expressed in equation (19) and equation (20) as [18]

Ty=2-up- Acaliper " Teff (20)

where T}, [N-m] the braking torque is defined as the braking force moment at
the centre of the rotating brake disc, . [-] is coefficient friction between brake
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disc and brake pad, p [Pa] is the pressure applied on the wheel, Acaiper [m?]

is area of caliper, rog [m] is effective radius and w [rad.s'] is the angular
velocity of the wheel.

The pressure at the front and rear axle are test case dependent meaning that
they differ for different braking manoeuvres. The detailed derivation of brake
power is explained in brake technology handbook [18].

‘ Total Power ‘

Front axle Rear axle
Left wheel Right wheel Left wheel ‘ Right wheel
’ 3 . N - ~
l::r’ranz Pjranz Brsar Lrsayr
2 2 2 2
p A A e

' ‘ ' ‘ | |

BrakePad BrakePad BrakeDisc BrakePad BrakePad BrakeDisc
S S B I
Pfrortr Pfrorrr Pfrcmt Beear Frear Brear .
4 " Opad T " Opad 2 " Tdisc 4 " Opad 4 " Opad 2 Tdise
A AN - .

Figure 2.8. Brake power distribution flowchart.

Disc Temperature

As the angular velocity of the wheel increases, the brake disc temperature
evenly spreads across the circumferential direction. The brake disc absorbs
the maximum amount of brake energy. This energy input conducts through
the brake disc and is dispersed to air by convection and radiation. The process
of heat input and emission are a bit complex in reality depending on
aerodynamics of the hub and type of disc explained by Thuresson A. [19].

Disc heat input. Input heat flux to the disc Q [W.m™] given by equation (21)
is calculated using brake power acting on the brake disc surface, heat
partition coefficient of the brake disc, brake disc geometry and area of
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friction contact. The mathematical equation is given by Pevec M. et al.

as [20]

Odisc * Pfront/rear
2+ Areagriction

Qaisc front/rear(t) = (21

where Prront /rear [N.m™] is the braking power at the front or rear axle and

Areagiction [M?] is the area of the friction surfaces i.e. the interface between
the pad and disc surfaces during braking.

The frictional area is calculated from the brake pad geometry, see Figure 2.9.
As there are two pads acting against the brake disc, the expression for area
of friction surface is doubled and is given as

Areagiction = 2.1'[(1‘% - I‘%) (22)

where r3 [m] and r, [m] are the outer and inner radius of the friction ring
respectively

Disc heat output. Convection heat transfer is predominant in the brake disc
at high speed (forced convection). According to Newton’s law of cooling the
heat loss is prescribed in equation (23) as

Qconvection = N * Areagriction " (T — Two) (23)
where Areagiction [M?] is calculated from equation (22).

The other mode of heat dissipation is radiation, which according to [5] is
estimated from equation (24) as

Qradiation = €~ Areagjsc "0 - (T4 - Too4) (24)

In addition to the heat dissipation through convection, there is also radiation
from the pad and the back plate that affects the disc.

Figure 2.9. Contact surface element in disc (left) and pad (right) [9].
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Pad Temperature

Conduction of the incoming heat during and after braking passes through the
pad surface into the back plate. Heat is further conducted through to the
calipers via the metal back plate of the pads. The function of the shim is to
insulate the piston and mitigate noise during friction contact. It is composed
of layers stacked with rubber and metal. The back plate has higher
conductivity and hence enhances heat transfer. Heat is also radiated to the
surroundings [5].

When observed microscopically, the sliding friction contact between the pad
and disc results in limited pressurized contact points at the friction contact at
each time instant. Such areas spread nominally over the entire disc surface
during braking action. These limited points have temperature effect forming
hot spots [5].

Pad heat input during braking. Input heat flux to the pad follows on the
similar lines to that of the brake disc. The equations are formulated for the
pad as below:

Input heat flux Q [W.m™] to the pad is expressed in equation (25)

Opad * Pfront/rear
4 - Areap,q

Qpad front/rear ®) = (25)

Pad heat input after braking. A major influencer in heat dissipation from the
pad surface during the cooling phase is radiation [21]. The heat exchange [5]
from the disc to the pad in the form of radiation given by equation (26) is

Qabs,pad = Opad " l:‘ij * Qradiation (26)

where Q,qgiation [W.m™] is the total heat radiation from energy absorbed by
the pad, ap,q[-] is the percentage of energy absorbed by the brake pad whose
magnitude is 30 % [S]. Fj; is the ratio of pad front surface area to the total
disc surface area, expressed by equation (27) as

B Areay,q

F.. = 27
Y Areagisc (27)

Pad heat output after braking. Heat is dissipated from the pad by means of
conduction to the caliper and combined effect of convection and radiation to
the surrounding air.
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Fluid/Caliper Temperature. The back plate, shim and the piston conduct heat
from the pad during and after the braking action. The heat “spreads” into the
piston hose and to the area surrounding the calipers. The heat inflow from
the back plate through conduction is spread to the surrounding air from the
caliper by convection and radiation. Also there is heat input through radiation
from the disc.

Brake caliper model. The interface between the brake pad and caliper
comprises of the back plate, shim and piston. However, since it is difficult to
have the shim, caliper in an axisymmetric model, a rough estimate for shims
and caliper is considered in the form of a simple axisymmetric rectangular
block to mimic the thermal behaviour. For calibration, the conductivity of
the caliper is adjusted to correlate with the experimental data.
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2.5 Simulink Implementation

Simulink is a block diagram based tool for analysing multi domain dynamic
systems. It has block libraries for simulating dynamic systems and is
integrated within Matlab. Matlab allows importing models into Simulink and
exporting results from it for further analysis. In the present work, the thermal
model of brake disc is implemented in Simulink so that it can be integrated
with other already in-house developed models in VCC for complete virtual
vehicle simulations. The model consists of block diagrams for power input,
brake disc and brake pad heat partition as shown in Figure 2.10.

DiecTemp

Power_Disc

Disc Temp.

Power_Pad

Hest_Parttion

Pad Temp

Pad

Figure 2.10. Block diagram of brake disc thermal model in Simulink

The combination of these blocks is used to calculate the output temperatures
on the disc and pad surfaces. The s-function block is used to link the code
written in Matlab to the Simulink model. Within the s-function block there
are four sub categories: Setup, Start, Output and Update.

Setup block: The setup up block contains information about the number of
input and output parameters, dimensions of geometry. Constant parameters

necessary for the temperature calculation are given as a graphic user interface
(GUD).
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Start block: Start block controls model initialization. The block comprises
creation of geometry, stiffness matrix, capacity matrix and incorporation of
convection and radiation boundaries into the model.

Output block: In the output block, the temperatures of the disc and pad are
calculated using the axisymmetric finite element equations. While radiation
is a function of temperature and has to be updated at each instant of time, the
radiation heat calculations are a part of this block.

Update block: This block updates the initial temperature obtained from
previous time step for the each time instant during the transient analysis.
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3 Calibration and Verification

3.1 Commercial Software

Initial investigation involved two test cases: transient heat transfer analysis
on an axisymmetric model with rectangular and simplified brake disc cross
sections. The test cases are created to check for accuracy of FE Matlab
scripts. Abaqus FE solver is used as a validation of the two test cases.

Case I:

The model considers a rectangular block with the following boundary
conditions:

a) Heat flux at one edge,
b) Convection and radiation at adjacent edges.

The material properties for the transient analysis are stated in Table 3.1.

Table 3.1. Parameters for transient analysis

Parameter Magnitude
Heat flux 106 Wm™2

Convective coefficient 15 Wm™2K~1
Emissivity 0.5
Ambient temperature 20 °C

Initial temperature 527°C

The rectangular model is simulated for a time period of 10 seconds. Heat flux
is given at the top boundary, see Figure 3.1 while linear triangular elements
are used for the transient analysis. The scale in Figure 3.2 represents the
temperature gradient across the geometry at the end of the braking cycle, i.e.
10 seconds. While there is convection and radiation at the adjacent
boundaries in the heating phase, heat dissipation occurs at all boundaries
excluding the symmetry line during cooling phase.
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Figure 3.1. Axisymmetric rectangular block undergoing heat dissipation
via three modes of heat transfer.
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Figure 3.2. Transient heat model undergoing convection and radiation heat
transfer on an axisymmetric rectangle from both MATLAB (above) and

ABAQUS (below). Note the temperatures mentioned in the axis are in Kelvin
scale.
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Case 2:

The axisymmetric model with simplified brake disc geometry is evaluated in
the second case. The same material properties as Table 3.1 are used in this
case. The heat flux is imposed on two edges as shown in
Figure 3.3 for a period of 5 seconds. Heat dissipates from all edges (including
regions of imposed heat flux) during the transient analysis. The nodal
temperatures tabulated in Table 3.2 computed from Matlab and Abaqus
models correlate with a good level of agreement as observed in Figure 3.4,
Figure 3.5 and Figure 3.6.

Figure 3.3. Indicates brake disc with the regions of imposed heat flux
boundary.
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Results of the transient analysis:
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Figure 3.4. Transient analysis with convection and radiation during heating
phase at time t=5 s in Abaqus (above) and Matlab (below). Note that the

temperatures mentioned in the axis are in Kelvin.
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Figure 3.5. Transient analysis with convection and radiation during heating
phase at time t=10 s in Abaqus (above) and Matlab (below). Note the
temperatures mentioned in the axis are in Kelvin.
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Table 3.2. Temperature evolution table for the transient analysis.

Time step(sec) Maximum Temperature
Heating phase [K] Cooling phase [K]
Matlab ~ Abaqus Matlab Abaqus
1 358 357.9 401 402
2 394 393.4 386 385.2
3 421 420.7 377 377
4 445 4442 373 372.2
5 467 465.7 370 368.9
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Figure 3.6. Nodal temperature difference between Matlab and Abaqus
model at the end of the heating phase (left) and at the end of the cooling
phase (right).

3.2 Measurement

Test procedure description

The tests are performed at VCC test tracks in Gothenburg. Thermocouples
are used to record temperature evolutions on the brake disc and brake pad
surfaces. Thermocouples are devices that measure temperature by correlating
voltage difference between the junction of two metal alloys against a
reference voltage. They are made of two thin metal wires welded to form a
junction. The reason for their widespread application is that they can
withstand large temperature gradients. To measure the temperature at the
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brake disc and brake pad surfaces, class 1 thermocouple of type K is used
which has a tolerance of + 3.2 °C for temperatures around 800 °C. Accurate
measurements require the thermocouple wires to remain isolated to avoid
short circuit. A short circuit between the uninsulated thermocouple wires
causes deviation from the measurement point resulting in errors. For the test
cases, thermocouples are embedded as close as possible to the centre of the
pad as seen in Figure 3.7. Likewise, thermocouples are embedded at a
distance of 2 mm below the brake disc surface at the effective radius of the
disc, see Figure 3.8.

Figure 3.7. Position (marked by red circles) of thermocouples on the front
(left) and rear (right) pads.

Figure 3.8. Position (marked by red circles) of thermocouples embedded at
a distance of 2mm inside the front (left) and rear (right) disc.
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Results

In the following, the calibration of the FE thermal model with the test data
for three different load cases are presented. The developed Matlab toolbox
for thermal brake dimensioning is generic for calculating brake disc
temperatures independent of the load case. Since the airflow around the
wheel base on the front and rear axle changes for different vehicles and at
different speeds, the values for convection coefficient and emissivity are
calibration based in the current work. The results of the model based
calibration are chosen to be conservative, i.e. over predicting the
temperatures. The calibration values for convective heat transfer coefficient
and emissivity are tabulated under each test case respectively. The calibrated
measures are load case dependent. The brake power distribution between the
front and rear axle is calculated from the pressure given in the test data. The
mathematical relation to estimate the brake power distribution from the
pressure on the brake pedal is given by equation (20).

Test case I: 10 consecutive brake cycles

The test consists of 10 successive stop braking from 130 km.h' or
110 km.h! to a full stop with a maximum deceleration of 11 [m.s]. The
calibration parameters for Test case I are shown in Table 3.3. The results
show good agreement between experiments and simulation for the brake disc
and brake pad as observed in Figure 3.9 and Figure 3.10 respectively. The
calibration parameters mentioned in Table 3.3 are applicable for the Test case
having the same speed range irrespective of the change in geometry of the
brake disc and brake pads.

Table 3.3. Parameters for the calibration of Test case 1.

Parameter Front axle Rear axle
Heat distribution at 98 % to disc and 2 % 98 % to disc and 2 % to
the friction contact to the pads the pads
Heating Cooling Heating Cooling
phase phase phase phase
hgise [Wm K] 60 90 30 60
hpad [WmK'] 20 40 10 30
€ [-] 0.6 0.6 0.6 0.6
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Figure 3.9. Test Case I calibration (Sim) and experimental (Exp)
temperature results for the front disc (left) and the front pad (right). Note
the different temperature scales for the vertical axis.
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Figure 3.10. Test Case [ calibration (Sim) and experimental (Exp)
temperature results for the rear disc (left) and the rear pad (right). Note the
different scales on the vertical axis.
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Test Case I1: High-speed deceleration

The test consists of 15 braking with a deceleration at 6 m.s on a half loaded
vehicle, from 90 % of the maximum speed to 90 km.h"!. The calibration
parameters are tabulated in Table 3.4. In Figure 3.11 and Figure 3.12, you
can observe a sudden rise in temperature for alternate brake cycles. These are
due to the formation of hot spots, which produce localized high temperatures
by virtue of uneven pressure distributions at the contact interface of brake
disc and brake pads [22]. Since the axisymmetric model cannot capture this
phenomenon, the temperatures for this Test case are calibrated to the
maximum temperatures.

Table 3.4. Parameters for calibration of Test case II.

Parameter Front axle Rear axle
Heat distribution at 98 % to disc and 2 % 98 % to disc and 2 % to
the friction contact to the pads the pads
Heating ~ Cooling Heating ~ Cooling
phase phase phase phase
hgise [Wm'K1] 70 120 70 120
hpaq [Wm'K!] 30 60 20 50
800 700 :
600 N
b n _\“ N
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Figure 3.11. Test Case II calibration (Sim) and experimental (Exp)
temperature results of the front disc (left) and the front pad (right). Note the
different scales on the vertical axis.
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Figure 3.12. Test Case Il calibration (Sim) and experimental (Exp)
temperature results of the rear disc (left) and the rear pad (right). Note the
different scales on the vertical axis.

Test Case I1I: Downhill braking

This test consists of drag braking at a constant speed on a 10 % slope for
about 50 minutes. Drag braking is of longer duration as compared to the

previous two test cases. Material properties and calibration parameters are
shown in Table 3.5 and Table 3.6.

Figure 3.13 and Figure 3.14 show the temperature evolution in the brake disc
and brake pad at the front and rear axle for Test Case III The experimental
temperature of the brake fluid at the rear axle in Figure 3.15 has a dip in
temperature. The reason for this could be faster cooling of the rear since it
has low energy accumulated than the front as a result of less braking action.
Since the caliper at the front and rear axle should be calibrated with the same
parameters, the calibration is conservative in case of the rear fluid
temperature.
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Table 3.5. Material properties of brake disc system.

Parameters Disc Pad Caliper
Density [kg.m™] 7200 2000 7200
Conductivity [Wm'K''] 48 2 15
Specific heat [Jkg'K''] 540 1000 540
Table 3.6. Parameters for calibration of Test case Il
Parameter Front axle Rear axle
Heat distribution at ~ 98% to disc and 2% 98% to disc and 2% to
a friction contact to the pads the pads
Heating  Cooling Heating ~ Cooling
phase phase phase phase
hgise [Wm'K™!] 10 40 10 40
hpaq [Wm'K1] 2 25 2 25
hbrake fluid - 2 - 2
[Wm'K!]
700 : 500 ¥ r r
o i E?(p. Front D]_SC ——Exp. Front Pad
600 v% /—Sim. Front Disc 200 > *Sim. Front Pad
o 500 5
‘o 400 // \ = 300 f(
g 00 :gl 200 /(
E 200 / § / nevy
,{ = 100
100 z
©) %
0 0
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Time [min]

40 50 60 0 10 20 30 40 50 60
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Figure 3.13. Test Case III calibration (Sim) and experimental (Exp)
temperature results of front brake disc (left) and the front brake pad (right).
Note the different scales on the vertical axis.
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Figure 3.14. Test Case Il calibration (Sim) and experimental (Exp)
temperature results of the rear brake disc (left) and the rear brake pad
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Figure 3.15. Test Case III calibration (Sim) and experimental (Exp)
temperature results of brake fluid at the front axle (left) and rear axle (right).
Note the different scales on the vertical axis.
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3.3 Sensitivity analysis

Sensitivity analysis is carried out for Test Case I: 10 successive braking to
understand the significance of change in emissivity and convection
coefficient while braking and acceleration.

Case I:

Two tests are carried out with calibrated convection coefficients from
experimental data, i.e. convection coefficient, while braking h; = 60,
convection coefficient while accelerating h, = 90.

Test (a): Having h, constant while increasing and decreasing hy, by 50 %
Test (b): Having h;, constant while increasing and decreasing h, by 50 %

Table 3.7 and Table 3.8 show the effect of increasing h;, by 50 % while h,
is constant and vice versa. The convection coefficient during acceleration h,
is more sensitive and has a change in temperature of around 16 % as
compared to the convection factor during braking hy,. The elaborate effect of
change in parameters on temperature can observed in Figure 3.16.

Table 3.7. Percentage change in temperature for test Case I Test (a).

h, (convection  hy (convection Maximum Percentage
coefficient while coefficient while Temperature[°C] change in
accelerating) braking) temperature:
90 60 (reference) 815 NA
90 90 (increased by 792 -2.8%
50 %)
90 30 (decreased by 840 +3 %
50 %)
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Table 3.8. Percentage change in temperature for test Case I Test (b).

h}, (convection h, (convection Maximum Percentage
coefficient while coefficient while Temperature change in
braking) accelerating) [°C] temperature:
60 90 (reference) 815 NA
60 135 (increased by 705 -13.5%
50 %)
60 45 (decreased by 946 +16 %
50 %)
1000 '
800
S 600 e —
3 el ] © D
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2 400 I
ool = —%—hb=60,ha =90
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0
0 20 40 60 8¢ ' 120 140 160 180 200
Ti Time [s]
1000
800
g 600 N 1N Y
2 400 A -
£ [ B )
200 [ —X 'ha=90,hb =60 I
f ©—ha=90,hb =90
ha=90,hb =30
0 T T
0 20 40 60 80 100 120 140 160 180 200

Figure 3.16. Sensitivity analysis correlation with convection coefficient
while braking and accelerating with h, = 90 and hy,= 60.
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Case 2:

Two tests are carried out by changing the original emissivity from
experimental data, i.e. € = 0.6.

Test (c): increasing € by 50 %
Test (d): decreasing € by 50 %

Table 3.9 shows the percentage influence in temperature with change in
emissivity. From Figure 3.17 we can observe the difference with change in
emissivity as the temperature increases because of influence of radiation at
higher temperatures.

Table 3.9. Percentage change in temperature for test Case 2.

Emissivity Maximum Percentage change in
Temperature[°C] temperature:
0.6 (reference) 815 NA
0.9 (increasing € by 50 %) 788 -3.3%
0.3 (decreasing € by 50 %) 850 +4.3 %
1000
800
= A“ l\ﬂ T \\? |
% 600 A l’; \“‘}@\9‘@ ‘\)\J ~J
g« 400 ’ (}t@““w;f{; -
2000~ ——e=0.6
| Se=0.9
e=0.3
% 20 40 60 8 100 120 140 160 180 200
Time [s]

Figure 3.17. Sensitivity correlation compared with emissivity 0.6.
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4 Discussion and Conclusion

A FE toolbox able to run thermal brake dimension calculations has been
proposed and implemented. The work presents modelling approach, power
distribution and calibration of simulation results with respect to experimental
data. The axisymmetric brake disc and brake pad thermal model has a good
correlation with the experimental test data as observed in the results. The
questions addressed in the research are outlined as follows

1. What is the influence of braking manoeuvres on brake disc and
brake pad temperatures?

The research has considered three specific severe test cases which
are critical in the context of brake dimensioning. The test cases
are namely: 10 consecutive brake cycles, High speed deceleration
and Downhill braking. As observed in the /0 consecutive brake
cycles test, vehicle undergoes maximum deceleration when
compared to the other two test cases i.e. the brake energy at the
front axle is greater thereby resulting in greater heat generation at
the front wheels than the rear. Hence, temperature evolution on
the brake disc at the front is higher. While, in the case of High
speed deceleration and Downhill braking, the brake energy
distribution at the front and rear are balanced leading to quite
similar temperature fields at the front and the rear axles.

Temperature graphs in the case of High speed deceleration show
the effect of hot spots and banding, a phenomenon prominent
during braking action at higher speeds. This behaviour is
observed by the rise and drop of temperatures during consecutive
brake cycles. Banding and hotspots form on brake disc surfaces
due to sliding friction, thermal expansion and disc thickness
variation involving contribution from residual stresses to an
extent. Hotspots produce high localized temperature effects and
sometimes appear at the disc mid radius while having a shift in
their position for different brake cycles. These hotspots move in
the direction opposite to the brake disc rotation. Since the
axisymmetric thermal model cannot capture hot spotting, brake
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disc and brake pad temperatures have been calibrated to the
maximum temperatures.

For obtaining brake fluid temperatures, the thermal brake disc
model was extended using a rectangular block. The reason for a
dip in brake fluid temperature at the rear axle is due to low brake
energy stored as a result of less braking action which is dissipated
during vehicle acceleration. Overall, the temperature fields
during different braking manoeuvres are a consequence of vehicle
speed and heat distribution transferred due to the braking action
which we have successfully captured with the help of an axis
symmetric model. In addition, the brake disc model can be
calibrated using the magnitudes for heat coefficient during
braking, heat coefficient during acceleration and emissivity
tabulated in this work for different braking actions irrespective of
the vehicle type or brake disc geometry (16, 17, 18 or 19-inch
brake disc).

2. What is the influence of temperature and velocity on heat
dissipation coefficients?

The brake disc cooling is a complex phenomenon governed by
Fourier’s law occurring on the lines of the three heat transfer
modes namely conduction, convection and radiation. The heat
dissipation is based on several factors such as vehicle speed,
temperature, aerodynamics of the wheel and design of the
wheelbase. The aerodynamics around the wheel base shows
complex behaviour depending on the design of the wheel base,
air flow and vehicle velocity. There are instances when the air
flow is blocked due a certain design of the wheel base and vice
versa. The thermal model has accounted for these phenomena
during calibration by changing the emissivity and convective heat
transfer coefficients respectively. However, emissivity and
convection heat coefficient could be made temperature and
velocity dependent to improve the model accuracy. Another
ideology could be to run an optimization experiment with the
temperature and velocity dependent factors with the objective of
minimizing the area under the curve. Apart from the
approximations in the thermal model, there are possible sources

56



of error during vehicle testing as well such as technical error in
thermocouples, incorrect placement of the sensors etc.

An interesting observation with respect to the sensitivity analysis
as observed in the graph showcasing the effect of change in
emissivity with the brake temperatures is the prominence of
emissivity at higher temperatures.

3. How to handle brake fluid temperatures in an axisymmetric model?

The thermal model is extended to measure brake fluid
temperatures to ensure that no vaporization can occur as
temperature propagates via the pads to the caliper. A rectangular
block is modelled with the pad for the temperature of the brake
fluid as an approximation for the piston and surrounding
components which would otherwise be a complex task in case of
an axisymmetric model. Therefore, a rough estimate in the form
of a rectangular block is used to obtain the brake fluid
temperatures. It is observed that even though the brake fluid is
calibrated for maximum temperatures, we observe that the fluid
temperature is well within the bounds of evaporation.

In addition to the questions raised in the research, other aspects of interest
which have come to light are also presented.

The consideration of axis symmetry has a drawback. In reality,
there is banding and hotspot formation on the disc surface.
Banding and hotspots form on brake disc surfaces due to sliding
friction, thermal expansion and disc thickness variation involving
contribution from residual stresses to an extent. Hotspots produce
high localized temperature effects and sometimes appear at the
disc mid radius while having a shift in their position for different
brake cycles. These hotspots move in the direction opposite to the
brake disc rotation. Though, the axisymmetric model can capture
uniform surface banding, it is impossible for the model to handle
hot spots and replicate the realistic brake disc cooling channels.

Design of the thermal model has the effect of vanes in the brake
disc incorporated by having convection and radiation boundaries
at the section separating the two disc surfaces on the hat and
piston side. In addition, the section is given a reduced specific
heat value. The cooling effect of vanes from the experiments is
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calibrated using the combined effect of change in specific heat of
the section and convective heat coefficient, emissivity.
More investigation can be laid on the design of vanes in the model
to predict accurate cooling curves.

The quality of a mesh and a robust solver play an important role
in predicting the accuracy of a solution. Rate of convergence
depends on mesh quality, with accuracy increasing as the mesh
size decreases. The mesh size considered for the brake disc and
brake pads are Imm and 0.5 mm respectively. The mesh quality
is considered based on compatibility with adjacent boundaries
and heat propagation across and within elements. The use of
triangular elements are suitable in case of finite element problems
having complex geometries and discontinuities along the
calculation domain. Another aspect concerning the FE analysis is
its computational time. It is important to have a balance between
solution accuracy and computation time requiring the code to be
as robust as possible. The computed performance-cost ratio for
the considered test cases are 0.25, 0.25 and 10.41 for Test Case I,
Test Case II and Test Case III respectively. A performance-cost
ratio below 1 is common, for any ordinary solver takes more time
to compute compared to the real test while, if the ratio is greater
than 1, the simulation performance has good credibility.

Power distribution is calculated from the pressure on the brake
pedal by decoupling the brake pad and brake disc system, i.e. the
thermal model has the heat flux distribution controlled by the
user. The introduction of a so called third body layer into the
model will be an effective way to have thermal continuity
between the disc and pad interface based on their material
properties respectively. In addition, the heat is assumed to be
distributed equally on the disc surface, on both sides (hat side and
piston side) in the brake disc model. However, in reality, the
temperature on the disc surface at the hat side is slightly
(around 10 %) higher than the temperature on the piston side. This
difference in temperature is due to thermal distortion of the brake
disc known as coning which occurs due to uneven distribution of
temperature on the brake disc and brake pad surface. The coning
can be taken into account by having a full scale 3-D model.
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The brake disc thermal model in this work is a fundamental tool in brake
dimension development. The axisymmetric brake disc FE model has a good
correlation with the test cases examined. This justifies the use of an
axisymmetric model for performing brake dimension calculations in future.
The above outlined practical limitations in the model could be studied by
making a transformation towards a 3-D model. However, a switch to a full
scale 3-D model will require the use of high computational resources and
time.
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5 Future Work

For the improvement of the brake disc thermal model, there are possible
developments which could be beneficial to have. Six suggestions for model
improvement are outlined as follows

Temperature and velocity dependent boundary conditions. The
current model has constant convection coefficient and emissivity
factors around the whole geometry of the brake disc. For calibration
these factors were tweaked based on test results. However, since the
aerodynamics around the wheel base is a complex phenomenon,
having the heat dissipation coefficients, temperature and velocity
dependent would be of immense help to have better cooling
characteristics in the model.

Implementation of realistic vane design. The current brake disc
model has a solid vane with hypothetical material properties to
replicate the ventilated vane. However, a ventilated vane design
demands a 3-D model and cannot be modelled with the current
axisymmetric model. It would also be useful to study the effect of
different vane designs on brake disc cooling.

Geometry import from ANSA/Beta CAE. For the future CAE
applications, a possible way to have the brake disc geometry as close
as possible to the reality would be to create the mesh and geometry
in ANSA or any other commercial FE solver and import it to
Matlab/Simulink.

Modelling the thermal behaviour between the brake disc and brake
pad. The thermal interaction at the brake disc and brake pad interface
is a complex phenomenon with hot spotting and banding effects. The
process is complex and requires lot of computation time. Though the
current model has good calibration tendency, it would be useful to
have a 3-D model to study the thermoelastic instabilities like hot
spotting.
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Modelling the friction surface using third body layer. The heat
partition between the brake disc and brake pads are calculated using
the test data. The use of third body layer at the friction contact would
simultaneously account for the heat transfer depending on material
properties of the brake disc and brake pad. The task of finding the
material properties of the third body layer though is time consuming
and requires a detailed study since it depends on a lot of conditions,
but the process is worth the time.

Brake fluid model using thermal resistance. Modelling the interface
between the pad and caliper comprises the back plate, shims and
piston which is tough to accommodate in an axisymmetric model.
The brake fluid temperature was estimated by adjusting the
conductivity of the rough rectangular block. The concept of thermal
resistance would thus be an interesting addition in the full scale 3-D
model.
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7 Appendix

Creating a mesh geometry using CALFEM

To create a geometry and mesh, we have to define vertices coordinates, line
segments from vertex index, and surfaces from the segment index.

Example:

1. Creating L shaped cross section shown in Figure 7.1 using
CALFEM functions.

3m

Tm

| 12m | Em |

Figure 7.1. L-shaped cross-section

Identify all vertices and segments as in Figure 7.2,
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Figure 7.2. Element and node numbers defined for the cross-section

1e, Vertices 1 and 2 makes line segment 1,

Vertex 2 and 3 makes line segment 2 and so on.
Now identify the surfaces from line segments index defined in Figure 7.3
1.e, Line segment 1, 9, 10, 8 makes surface 1

Line segment 2, 3, 4, 9 makes surface 2

Line segment 10, 5, 6, 7 makes surface 3

Vertices=[0 0
12 0
17 0
17 7
12 7
12 10
0 10
0 7]; % Defining Vertices cordinates( X ,Y)

Segments=[1 2
23

34
45
56
6 7
T8
81
25
8 5]; % Defining the Tine segments from vertex index

Surfaces=[1 9 10 &
2349
10 5 6 7]; % Defining the surfaces from segment index

Figure 7.3. Matlab geometry definition.
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Next step is to define the element size on each line segment and mesh type
(triangular or quadrilateral) shown in Figure 7.4,

Segp=[9 4 7 4 39 37 7 9];% Define number of element on each segment
nen=3; % traingular element =3, quadrilateral =4

dofspernode=1; % degrees per node

mp=[dofspernode, nen];

Figure 7.4. Element and mesh configurations in Matlab.

Now we create a geometry seen in Figure 7.5, using these vertices, segments,
surfaces.

Figure 7.5. Geometry with boundary compatibility between sections.

Plot geometry using geomdraw function.

geomdraw2 (Vertices,5egments, Surfaces,Segp,mp); % Drawing geometry

Next is to generate the element mesh and element coordinates.

These can be done using strMeshgen and coordxtr functions
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[Coord,Edof,Dof ,meshdb]=strMeshgen(Vertices,Segments ,Surfaces,Segp,mp); % function to
Generate element mesh

[Ex,Ey]=coordxtr(Edof,Coord,Dof,nen); % Generate Element coordinates

Plot see in Figure 7.6, the mesh using e/draw function.

figure;

eldraw2(Ex,Ev,[1 4 1],Edof(:,1)); % Draw the element meshg with element numbering

figure;

eldraw2 (Ex,Ev,[1 4 0]);

text (Coord(:,1),Coord(:,2) ,,num2str(Dot(:)})); % Draw the element meshg with node numbering
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Figure 7.6. Mesh configuration of cross-section showing node numbers
(left) and element numbers (right).
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