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Operating temperature range is one of the primary design considerations for
developing effective disc brake system performance. Very high braking
temperatures can introduce effects detrimental to performance such as
brake fade, premature wear, brake fluid vaporization, bearing failure, thermal
cracks, and thermally-excited vibration [2].
This project is concerned with investigating deficiencies and proposing
improvements in brake system Finite Element (FE) models in order to
provide high quality descriptions of thermal behaviour during braking events.
The work focuses on brake disc/pad models and the degree of rotational
freedom allowed for the pad. Conventional models [10] allow no motion/or
free motion of the pad. The present work investigates the effect on disc/pad
interface temperature and pressure distributions of limited relaxations of this
rotational restriction. Models are proposed, developed and validated that
facilitate different rotational degrees of freedom (DoF) of the pad.
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An important influencing factor in friction brake performance is the
development of an interface tribo-layer (ITL). It is reasonable to assume that
allowing limited rotational motion of the pad will impact the development of
the ITL (e.g. due to different friction force distributions) and hence influence
temperature. Here the ITL is modelled in the numerical simulations as a
function of its thickness distribution and thermal conductivity. Different levels
of ITL thermal conductivity are defined in this work and results show that
conductivity significantly a1qwffects interface temperature and heat partition
ratio.
The work is based around a set of test-rig experiments and FE model
developments and simulations. For the experimental work, a small-scale test
rig is used to investigate the friction induced bending moment effect on the
pad/disc temperature. Significant non-uniform wear is observed across the
friction surface of the pad, and reasons for the different wear rates are
proposed and analyzed together with their effect on surface temperature.
Following on from experiment a suite of models is developed in order to
evidence the importance of limited pad motion and ITL behaviours.
A 2D coupled temperature-displacement FE model is used to quantify the
influence of different pad rotational degrees of freedom and so provide
evidence for proposing realistic pad boundary settings for 3D models.
Normal and high interface thermal conductance is used in 2D models and
results show that the ITL thermal conductivity is an important factor
influencing the maximum temperature of contact surfaces and therefore
ii

brake performance. The interface heat partition ratio is calculated by using
the heat flux results and it is confirmed that this value is neither constant nor
uniform across the interface surfaces.
Key conclusions from the work are (i) that ITL thermal conductivity is an
important factor influencing the interface temperature/heat flux distribution
and their maximum values, (ii) that allowed motion of the pad significantly
affects the interface pressure distribution and subsequently the temperature
distribution, (iii) that the transient heat partition in friction braking is clearly
quite different to the conventional friction-pair steady heat partition (the heat
partition ratio is not uniformly distributed along the interface) and (iv) that the
thickness of the ITL increases through braking events, reducing the heat
transfer to the disc, and so providing a possible explanation for increasing
pad temperature observed over the life time of a brake pad.
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Chapter 1 Introduction
1.1.

Background

The braking system is an essential part of a vehicle, primarily for safety but also
as a control measure in ‘typical’ vehicle dynamics situations. The disc brake
system has been widely used in all kinds of vehicle because of its high brake
power, relatively small size, and good thermal and hydrodynamic stability.
With developments in automotive engineering technology, generally the top
speed of vehicles is increasing, and a consequence of this is how to maintain
braking functionality that reduces the speed to a safe level within an acceptable
time. Therefore, understanding and re-optimizing brake system design becomes
imperative.
During a braking event most of the mechanical energy of a moving vehicle is
converted into heat through friction between the brake disc/pad friction pair, and
99% of this heat energy is dissipated through the pair. The temperature of the
brake components rises after braking applications, which in turn can affect
subsequent braking performance; e.g. an increase in the temperature of brake
system components may cause a decrease in the friction coefficient. Detrimental
braking behaviour, such as brake fade, thermal cracking, and thermally-excited
vibration can all be a consequence of these elevated temperatures [1,2]. Thus, it
is very important to be able to accurately predict the potential temperature rise of
a given brake system and assess the impact upon braking performance.

1

The temperature increase of a brake system is influenced by the nature of the
brake disc/pad contact interface during braking. A better understanding of the
disc/pad contact nature, and representing it adequately in modelling and
simulation of braking heat transfer, will result in a more accurate prediction of the
interface temperatures of a given brake system. The main objective of this
research is to clarify how the imperfect disc/pad contact nature affects heat
partitioning in friction braking. FE analysis is a proven and effective method to
study the behaviour of friction brakes in terms of stress/strain, temperature,
thermos-elastic instability (TEI), vibration/noise, and service life in vehicle braking.
Different approaches and assumptions have been used for model simpliﬁcation
in different FE analyses.
In this investigation, a small-scale test rig is used to observe non-linear wear rate
at the contact surfaces and show the existence of a non-uniform pressure
distribution along the interface. Therefore, both 2D and 3D FE models are used
to simulate and visualize the brake interface temperature and heat partition ratio
during friction braking under different contact condition assumptions, in terms of
thermal contact conductance and contact pressure distribution. Simulation results
suggest increasingly limited confidence in the ability of standard uniform pressure
models to deliver sufficient descriptions of non-linear effects present in real
braking events.

2

1.2.

Aims and objectives

This research presents investigations of the temperature, pressure and heat flux
distribution at the contact surfaces, used then to calculate and analyze the heat
partition ratio distribution with finite element simulation (ABAQUS) and
experiments. Based on the finite element analysis results, methods and
suggestions for improving accuracy of braking system simulation are introduced.
Using the small scale test rig, we measure the pad’s inside temperature and disc
surface temperature to investigate the dissipation of heat and thereby clarify
fundamental understanding of interface heat transfer and interface tribolayer/boundary condition effects.
The objectives of this research are:
I.

To design and deliver an experimental program to measure and
investigate heat transfer at the interface during braking in order to support
simulation validation.

II.

To explain why non-uniform wear is observed at pad contact surface.

III.

To measure the temperature at different locations along the contact
surface and at different depths to identify how temperature changes under
different pressures.

IV.

To implement FEA to introduce descriptions of new physical features of
contact surfaces

V.

To characterize the factors that affect the temperature/pressure/heat flux
distribution at the interface
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VI.

To simulate and explain how the pad rotational boundary condition affects
the temperature distribution at the interface.

VII.

Based on simulation settings and results, to analyze why temperature
changes rapidly at both leading and trailing edges.

VIII.

Using heat flux output, to calculate heat partition ratio (HPR) along
interface and explain how HPR changes with pressure/temperature
distribution.

IX.

To identify how ITL thermal conductivity affects interface temperature,
pressure and heat flux distribution, and their maximum values.

1.3.

Publications

Based on work completed in this research project, the following research articles
have been published:
i.

Qiu, L., Qi, H.S., and Wood, A.S. A new paradigm for disc-pad interface
models in friction brake system, EuroBrake 2015, 4-5 May, Dresden,
Germany (2015)

ii.

Qiu, L., Qi, H.S., and Wood, A.S. Analysis of the interface heat partition in
a friction brake system with 2D FE models, EuroBrake 2016, 13-15 June,
Milan, Italy (2016)

iii.

Qiu, L., Qi, H.S., and Wood, A.S. 2D FEA investigation of the heat
partition ratio of a friction brake, Proceedings Institution of Mechanical
Engineers: Part J Journal of Engineering Tribology, 232(12), 1489-1501
(2018)
4

1.4.

Thesis Structure

This dissertation comprises eight chapters, including this introduction,
Chapter 2: a literature review of the overall FE modelling and simulation
framework for friction brake systems is followed by detailed reviews of key
performance-influencing features: the interface tribo-layer, heat generation ratio,
friction coefficient and wear.
Chapter 3: the methodology of the research is introduced, which includes 2D and
3D FE model to study critical factors, small-scale brake test rig history. Key
response correlations and profiles are developed and analyzed.
Chapter 4: a small-scale test rig is used to study and confirm FEA results. A
brand-new pad is used in bedding-in process for wear rate study, then different
types of thermocouples are tested. Primary (the fourth) and verify (the fifth)
experiments are designed to find out how shaft speed, braking load and braking
duration affect brake system temperature.
Chapter 5: a series of 2D coupled temperature-displacement FE models are built
within ABAQUS in order to investigate the relationship between pad rotational
boundary conditions, interface thermal conductance and contact surface
temperature, pressure, and heat flux distribution.
Chapter 6: a 3D model to present multiple rotations of disc is created by using 2D
model results and experimental results. The simulation results are used to
compare with experiment results to verify conclusions.
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Chapter 7: results from 2D/3D models and experiment are compared and
discussed, followed by general discussions on the work and its context.
Chapter 8: the work of the project is summarized, conclusions are drawn, and
recommendations for future work are proposed.

6

Chapter 2 Literature Review
This chapter critically reviews current and historical research output across a
range of themes that are considered relevant to this project in order to provide
context and importance to the current work. The scope identified for the review is
split into two parts. The first part considers the critical parameters:
•

Interface tribo-layer (ITL)

•

Heat generation ratio

•

Heat partition ratio

•

Friction coefficient

•

Wear

The second part discusses existing research around simulation and experiment.

2.1.

Interface Tribo-layer

The tribo-layer formation at the interface, the contact pressure distribution, and
the actual contact area distribution all affect the fraction of the total heat that is
dissipated into the pad and disc components of a friction braking system. Filip et
al. [3] demonstrated that the friction performance of a specific composite material
was determined by characteristics of the friction layer. Their experimental results
showed that with increasing testing temperature (i) the friction coefficient
decreased, (ii) wear increased, and (iii) the amount of surface covered by
smeared materials increased. The ITL (Interface tribo-layer) is a layer of different
material(s) generated by physical and chemical processes at the brake’s friction

7

interface. The friction materials used for the pad often contain more than ten
different materials that include metals, ceramic fillers, aramid fibres, rubber, solid
lubricants, and phenolic resin [4]. Filip et al. [3] identified a mixture of oxides and
carbonaceous products in films and wear particles. Due to the complexity of
friction phenomena in polymer matrix composites, the mechanisms of friction
layer formation are still not fully understood.
Pin-on-disc experimental results showed that a third body with a different
structure and composition to the pin and disc had been trapped in an
approximately 10 µm wide gap between the pin and disc [5]. It is introduced
during the course of the bedding-in process: fine-grained wear debris comprising
a mixture of pad and disc constituents is produced and trapped in troughs at the
surface of the pin. Since this trapped material differs in respect to composition
and microstructure from pin and disc, it is defined as a third body. Once sufficient
third-body material is created at the interface and its structure has stabilized,
consistent friction behaviour can be expected [5,6].
An axial symmetric FE model showed that a third layer between disc and pad
affected the pad temperature rather than the disc temperature. The research also
showed that important ITL properties included thickness and thermal conductivity
[7]. When heat flows across the interface between two contacting bodies, a
temperature discontinuity occurs at the interface. Thermal contact conductance is
the parameter that quantifies the conductive heat flow across such contact
interfaces [8]. Therefore, the material properties of the ITL are difficult to
measure. In some research a contact conductance of 10000-30000 W/m2C was
8

used and agreed well to the measured conductance values of common
engineering materials [9].
Another ITL thermal conductance definition was based on ABAQUS. To include
the ITL in the FE model without physically creating it, the modelled ITL had a
thickness of 5mm and four rows of elements, and the contact thermal
conductance was estimated as 1974000 W/K [10]. Traditionally this ITL thermal
conductance was assumed to take a constant value, but in real applications a
component is exposed to diverse loads and temperature over time [8].
It appears that the ITL thermal conductance is influenced by operational history.
Stainless steel was loaded and unloaded for numerous cycles between
pressures of 0.845-6.425 MPa and the increment of thermal contact conductance
was up to 16% in the first five load cycles and a further 2% in the 30 th cycle [11].
Similar research was conducted by Wahid and Madhusudana [12] and a similar
conclusion was reached: an increment of 10% in thermal contact conductance
values for the first 25 cycles.
Pad-disc thermal contact was assumed to be perfect in early research [13], but in
reality perfect contact never exists and a thermal contact resistance is used for
modeling the imperfect situation [14]. Imperfect contact means that heat
resistance between disc and pad is considered [2], and accurate determination of
temperature and pressure distribution in the brake system requires consideration
of the imperfect thermal contact conditions at the interface.
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2.2.

Heat generation ratio

For a short emergency brake application, the total heat generated at the interface
is almost equal to the heat absorbed by the disc and pads [13]. Day and
Newcomb [15] examined the role of interface contact resistance in the calculation
of heat ﬂow and temperature generated in brake friction pairs using a ﬁve-phase
model: Phase 1: virgin friction material; Phase 2: reaction zone; Phase 3: surface
char layer; Phase 4: Interface layer; Phase 5: metal mating body. They
postulated that frictional heat is generated in the friction material (the softer of the
friction pair) and is then transferred across the interface to the rotor. The
interface layer (Phase 4) plays an important role in predicting interface
temperatures and heat ﬂows. Schaaf [16] assumed that heat generation
depended upon the type of friction interface, i.e. lubricated/wet friction or dry
friction. Under a lubricated friction interface condition, friction heat is generated at
the middle of the lubrication film. Under a dry friction interface condition, however,
the friction heat is generated on each of the two contact surfaces, i.e. there are
two heat fractions, 𝑓𝑞 and (1 − 𝑓)𝑞 (see Figure 2.1), separated by a single
friction layer, where 𝑓 is the heat generation ratio and 𝑞 is the friction induced
heat flux. Nosko et al. [17] assumed that generated friction heat had two basic
components, adhesive (interfacial bonds between the bodies) and deformational
(deformation of the roughness asperities and neighbouring volumes of materials),
where the deformational component contributed to volume heat generation in the
subsurface layers. As Barber [18] pointed out, the heat generated during sliding
is associated with the plastic deformation caused by mechanical interaction
10

between the solids at or near the actual contact areas, and the plastic
deformation that results in heat generation extends some depth below the
contact surface. The exact location of the heat source become practically
important if the metallic contact at the interface is reduced by oxide layers. In
other words, if there is zero thermal resistance (i.e. metallic contact) at the
contact interface (ignoring effects of ITL, oxide layers, and imperfect contact),
then the location of friction heat generation becomes insignificant as far as heat
transfer/partition is concerned. Although the value of 𝑓 within a braking process is
not clear, based on the fact that more heat is expected to be generated at the
pad side (since the pad material is softer and much easier to plastically deform
and wear than the steel disc), it is reasonable to argue that the value of 𝑓 should
lie between 0.5 to 1 in a friction braking process [15, 19].

2.3.

Heat partition ratio

In conventional braking thermal analysis, the heat partition ratio is often assumed
to be constant and/or uniform on the contact interface, even though it is reported
as varying in transient thermal states. Factors that can affect it include the ITL
formation, the contact pressure and area, and contact area distribution [20,21].
The heat flux, 𝑞, is defined as the friction induced heat per unit area of friction
surface per unit time (or the friction power per unit area of friction surface):
𝑞 = 𝜇𝑣𝑝
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(1)

𝜇 denotes the coefficient of dynamic friction, 𝑣 is the relative velocity of the sliding
bodies, and 𝑝 is the contact pressure. For steady state with no heat dissipation
into the surrounding environment at the interface,
𝑞 = 𝑞1 + 𝑞2

(2)

𝑞1 is the heat dissipated into the pad, 𝑞2 is the heat dissipated into the disc, and 𝛾
is the heat partition ratio, and
𝑞1 = 𝛾𝑞 and 𝑞2 = (1 − 𝛾)𝑞

(3)

The concept of heat partition ratio was introduced in 1937 by Blok [22] and is
commonly used in the study of friction induced heat transfer problems.
Under transient conditions the temperature, 𝑇𝑗 , for the semi-infinite body, 𝑗, with
heat flux 𝑞𝑗 applied at the contact surface can be determined by equation (4),
from Carslaw and Jaeger [23],
𝑇𝑗 (𝑥, 𝑡) =

2𝑞𝑗 √𝑘𝑗 ∙𝑡
𝐾𝑗

ierfc (2

𝑥

√𝑘𝑗 ∙𝑡

)

(4)

𝑥, 𝑡, 𝑘𝑗 , and 𝐾𝑗 are, respectively, the distance from the contact surface, time (s),
thermal diffusivity and thermal conductivity of material of the semi-infinite body, 𝑗.
This equation is used for two bodies (𝑗 = 1,2) in contact at 𝑥 = 0 with the frictional
heat flux 𝑞 = 𝑞1 + 𝑞2 generated at the interface. Equation (4) is based on the
assumption that the two semi-infinite bodies in contact have equal temperature at
the interface, i.e. thermal contact conductance ℎ𝑐 = ∞ or thermal contact
resistance 𝑅𝑐 = 0. Consequently, the heat partition ratio, 𝛾, is given by equation
(5), the so-called Charron’s formula,
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𝛾=

√𝐾1 𝜌1 𝑐1
√𝐾1 𝜌1 𝑐1 +√𝐾2 𝜌2 𝑐2

(5)

For a disc brake friction pair where the pad contact area 𝐴1 , is much smaller than
the disc swept area, 𝐴2 , the heat partition ratio in braking system is given by
equation (6),

𝛾=

𝐴
( 1 )√𝐾1 𝜌1 𝑐1
𝐴2

𝐴
( 1 )√𝐾1 𝜌1 𝑐1 +√𝐾2 𝜌2 𝑐2

(6)

𝐴2

𝐴

(𝐴1 ) is the contact area ratio. Equations (5) and (6) indicate that the heat partition
2

ratio is a constant if the material thermal properties for the friction pair (density 𝜌,
specific heat capacity 𝑐, and thermal conductivity 𝐾) are themselves constant.
Some research shows, however, that the partition ratio is not a constant but
varies along the contact interface, particularly in friction braking applications [16,
24]. It is anticipated that the magnitude and distribution of the heat partition ratio,
𝛾, is affected by many factors in braking, such as the relative velocity of the
moving body, the interface contact length, ITL, the thermo-physical properties of
the two bodies in relative sliding, the Peclet number, 𝑁𝑃𝑒 , and the contacting
bodies’ mechanical boundary conditions. Clarifying the nature of some of these
influences by means of 2D finite element modelling/simulation is the main aim of
this research.
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Figure 2.1 Friction pair heat partition models adapted from [17], (a) for imperfect
thermal contact, and (b) for perfect thermal contact
Two typical models adapted here from Nosko et al. [17] are shown in Figure 2.1.
The heat partition model in Figure 2.1(a) schematically illustrates how factors,
particularly the heat generation ratio 𝑓 and the thermal contact conductance ℎ𝑐
(or its inverse interface thermal resistance, 𝑅𝑐 ), may affect the heat transfer in a
friction braking process. By comparison, Figure 2.1(b) shows a schematic
representation of the conventional friction-pair heat partition model that is
mathematically described by equations (2-6). The model shown Figure 2.1(a) is
used to describe the 2D FE model developed in the present work, particularly the
imperfect disc/pad contact interface.

2.4.

Friction coefficient

In brake systems, characteristic structures are formed by the flow of wear
particles in the contact area. Modulated by the friction power, the wear particles
are used to build up hard contact patches on the brake pad [25]. With respect to
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wear, equilibrium of flow of growth and destruction of hard patches is to be found
on the contact surface. These patches modulate the friction coefficient of the
brake system [2].
The magnitude and fluctuations of the coefficient of friction during braking
depend on the mechanical and thermo-physical properties of materials, speed,
load, temperature regimes of frictional contact as well as the nature of physical
and chemical processes [26]. The process of braking results in continuous and
interdependent changes in both external factors (speed, load, temperature) and
the properties of sub-surface layers of materials and the intensity of frictional
contact processes [27]. Usually the friction coefficient 𝜇 has values between 0.1
and 0.7 [25] and decreases with disc heat and friction power. In brake systems,
the friction coefficient shows a decreasing behaviour, when the tangential
velocity v or the normal load N on the brake pad is increased. A constant friction
coefficient value of 0.4 is widely used in ITL research [10].
The traditional method of friction coefficient calculation includes use of a
measured brake torque value, piston pressure and calculated effective radius.
The value of friction coefficient was simulated approximately 8% larger than
traditional method by the new model which developed by Barton [28]. This new
three dimensional analytical model determines the centre of pressure (CoP)
position in both circumferential and radial directions. In the circumferential
direction, at the same radius sliding distance is constant, then higher contact
pressure could result in more heat generated and more wear. In the radial
direction, larger radius means longer sliding distance which results in more heat
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generated. Therefore, find the position of CoP means find the area with the
highest temperature. The position of CoP could be viewed as the instantaneous
position of the reaction force and the friction force at the pad/disc interface. The
CoP has been observed had an influence on the onset of brake squeal in the
recent experimental work [29]. Research shows the trailing end of the piston pad
influences the position of the CoP and this centre moves as the pad abutment
vibrates against the abutment [30]. In previous research, it was found a trailing
centre of pressure will tend towards a stable, quiet brake and a leading centre of
pressure will result in the brake having a higher propensity to generate noise and
the centre of pressure moves constantly as the pad wears and as the pressure
varies [31], this concept explained the contact surfaces wear phenomena which
were observed in experimental work (Section 4.3). Pad abutment is important,
with a trailing abutment being found to be the most stable arrangement. This
conclusion supports the method of defining pad part boundary condition in this
project.
High- 𝑔 decelerations typical of passenger vehicles are known to generate
temperatures as high as 900 ℃ in a fraction of a second [2]. These large
temperature events have two possible outcomes: a thermal shock that generates
surface cracks and/or large amounts of plastic deformation in the brake rotor.
Frictional heating, thermal deformation and elastic contact in sliding contact
systems all affect the contact pressure and temperature on the friction surfaces.
The coupled thermal and mechanical behaviours can be unstable leading to
localized high temperatures if the sliding speed is excessively high [2, 25].
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2.5.

Wear

Passenger car disc brakes are safety-critical components whose performance
depends strongly on contact conditions at the pad-to-rotor interface. The
interface can be classified as a conformal dry sliding contact. During braking both
brake and rotor surfaces are worn, affecting the useful life of the brake as well as
its behaviour [32]. Wear is a dynamic process that quite often involves
progressive dimensional loss from the surface of a solid body due to mechanical
interaction between two or more bodies in frictional sliding contact. Wear of
engineering components in most cases is regarded as a critical factor influencing
the product life and product performance [33]. Ouyang et al. found that the
contact area of a new and unworn friction material increases, and initial rough
surfaces later become smoother or glazed, as wear progresses. The leading
edge is prone to more wear than the trailing edge. Their experiments showed
that the contact pressure distributions vary as wear progress in time and the area
in contact is gradually increases [34].
In delamination wear, the sliding speed is low enough that surface heating can
be neglected. The model that describes this mechanism is the well-known
Archards’ linear wear equation [35,36], firstly proposed by Holm, given as:
𝑃

𝑊𝐻 = 𝐾𝐻 𝐻 𝑆𝐻
0

(7)

𝑊 𝐻 is the volumetric material loss of the body in consideration, 𝐻 = {𝐴, 𝐵}, 𝐾 𝐻
the wear coefficient, 𝐻0 is the hardness of the softer body in contact, 𝑃 is the
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applied load, and 𝑆 𝐻 is the sliding distance the body has travelled. For any pair of
materials that slide over each other, a specific constant 𝐾 𝐻 can be determined
through experiment.
In the two-dimensional case, the above model described the volume of material
loss per unit thickness, with respect to the sliding distance, when a specific load
𝑃 per unit thickness was applied. Therefore, differentiating the above equation
with respect to the width of the bearing surface results in:
ℎ𝐻 (𝑋, 𝑠) = 𝑘 𝐻 𝑝(𝑋, 𝑠)𝑠 𝐻

(8)

ℎ𝐻 is the wear depth on point X of body 𝐻 = {𝐴, 𝐵} after 𝑆 𝐻 sliding distance, 𝑝 is
the pressure distribution developed inside the contact area, and 𝑘 𝐻 is the
modified wear coefficient given by 𝑘 𝐻 = 𝐾 𝐻 ⁄𝐻0 . Both pressure and wear depth
are functions of the location and the sliding distance as the bodies lose material
during the wear process and the topography of their bearing surfaces changes.
Rhee’s wear formula [37] postulates that the material loss ∆𝑊 of the friction
material at fixed temperature is dependent upon the following parameters:
∆𝑊 = 𝑘𝐹 𝑎 𝑣 𝑏 𝑡 𝑐

(9)

𝑘 is the wear rate coefficient obtained from experiments, 𝐹 is the contact normal
force, 𝑣 is the disc speed, 𝑡 is the sliding time and 𝑎 , 𝑏 and 𝑐 are the set of
parameters that are specific to the friction material and the environmental
conditions. This original formula (9), however, cannot be used because of the
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mass loss due to wear is directly related to the displacement that occurs on the
rubbing surface in the normal direction, Rhee’s wear formula is then modified as:
∆ℎ = 𝑘𝑃𝑎 (Ω𝑟)𝑏 𝑡 𝑐

(10)

∆ℎ is the wear displacement, 𝑃 is the normal contact pressure, Ω is the rotational
disc speed (rad/s), 𝑟 is the pad mean radius (m), and 𝑎, 𝑏 and 𝑐 are all constants
to be determined.
Wear prediction is an important part of engineering because of it is often a critical
factor influencing product service life. Podra and Andersson [38] Proposed a
modelling and simulation procedure used with the linear wear law and the Euler
integration scheme. They treated the wear process as a dynamic process,
depending on many parameters and the prediction of that process as an initial
value problem. The wear rate may then be described by a general equation
𝑑ℎ
= 𝑓(𝑙𝑜𝑎𝑑, 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦, 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒, 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 𝑝𝑎𝑟𝑎𝑚𝑒𝑡𝑒𝑟𝑠, 𝑙𝑢𝑏𝑟𝑖𝑐𝑎𝑡𝑖𝑜𝑛, … )
𝑑𝑠
(11)
ℎ is the wear depth (m) and 𝑠 is the sliding distance (m). Many wear models are
available in the literature and their mathematical expressions vary from simple
empirical relationships to complicated equations relying on physical concepts and
definitions.
The finite element method (FEM) has been used widely for simulating standard
wear simulation problems [38,39], for simulating machining processes [40,41]
and for simulating wear in bioengineering (such as total hip and knee prosthesis).
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An alternative numerical method for wear simulation is the boundary element
method (BEM), which can reduce the computational time and computer storage
requirements due to modelling only the boundary. Another advantage in wear
simulation is that the BEM accurately calculates the wear depth as it is directly
related to the pressure distribution inside the bearing surfaces [42].

2.6.

Simulation and experiment

The finite element method is a numerical approach for solving elastic problems.
In the early 1950s the finite element method was first used in the continuous
physical field of aircraft structure’s static and dynamic analysis whereby the
deformation of structure, stress, inherent frequency of structure, and mode of
vibration were simulated. From the effectiveness of the finite element method, it
has been used in nonlinear problems, on plastic materials, visco-elastic materials,
visco-plastic materials, composite materials, and for discontinuous systems. The
original idea of the finite element method was to divide a large structure into a
finite number of areas called elements. In each element the assumed
deformation and stress of a structure was simplified so that the deformation and
stress of the large structure could be obtained by ‘solving’ every element.
When the element size is small enough, the results of deformation and element
stress will be closer to reality since smaller elements provide better degree of
approximation, which means more accurate calculation results. However, in
theory, when the number of elements is large so the finite element solution will
converge to the exact solution, but the calculation effort will increase. Therefore,
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an equilibrium point has to be found between calculation effort and calculation
accuracy. The finite element program uses nodal displacement as the basic
variable, calculating the nodal displacements and then calculating the elemental
stresses, the so-called displacement method. Essentially the finite element
method is a numerical method for solving (systems of) differential equations.
Starting from the 1970s, application areas of finite elements have been extended
from solid mechanics to fluid mechanics, heat transfer, electromagnetism, and
acoustics. The primary significance of the finite element method in industry is
structure optimization, such as structure shape optimization, structure strength
analysis, and vibration analysis. In more than half a century of development and
practical application, the finite element method has been shown to be an
effective simulation method, particularly when the cost of product testing or
prototype build is high. The finite element analysis can effectively simulate
experimental testing and meet the experimental aims.
In the numerical modelling of contact problems, even if the contacting bodies are
linear materials, contact problems are nonlinear because the contact area does
not change linearly with the applied load. The thermal expansion coefficient and
the elastic modulus of pad materials have a large effect on the thermoelastic
behaviours of disc brakes. When the elastic modulus of a pad material is halved,
all friction surfaces between the disc and pad are in perfect contact for all of the
brake steps. Therefore, a softer pad improves the contact pressure distribution
and results in a more even temperature distribution. Similar analysis was carried
to investigate the effects of disc material properties by Choi and Lee [43]. It was
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found that the thermal expansion coefficient and the specific heat of disc
materials have a large influence on the thermoelastic behaviours. In automotive
applications, the disc generally has a conductivity of at least one order of
magnitude higher than the pad and hence the disturbance moves slowly over the
pad. Therefore, the expansion coefficient of the friction material should have little
effect on the critical speed [44].
Small-scale models of the thermal-mechanical behaviour of the disc brake which
includes real three-dimensional geometry of the disc pad couple are proposed by
many researchers [10, 45]. Real body geometry and thermo-elastoplastic
modeling of the disc-pad materials are specially introduced. This model aims to
provide predictions of the thermal gradients varying with time and pad boundary
conditions. Predictions of the temperature distribution are compared with
experimental results obtained by thermocouples. The model is suitable for the
study of the thermal dissipation and the thermo-mechanical behaviour and for the
introduction of local friction effects.
Cameron et al. [46] investigated surface temperatures caused by the frictional
heat source between rubbing surfaces in rolling/sliding contact. In their
simulations they assumed that there was no temperature discontinuity over the
contact zone and considered perfect matching of the interfacial temperature for
the case of uniform heat intensity distribution.
Based on the equations for the steady-state temperature rise in the moving and
stationary bodies, Ling [47] developed a singular integral equation for the
interface temperature in terms of the unknown rate of heat input per unit area.
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This method was found to speed up the rate of convergence to determine the
solution.
Qi and Day [48] reported on an investigation into brake friction pair interface
temperatures based on experimental and numerical approaches. For the
experiments a small-scale test rig was used and brake load, shaft speed, cooling
temperature and braking duration could be controlled. Barton [45] also used the
scaling methodology to evaluate the thermal performance of a disc brake at a
reduced scale and validated the methodology by comparing the results for the
full- and small-scale discs using a conventional brake dynamometer.
2.7.

Summary

In this chapter, a literature review of different research related to this project was
presented. It demonstrated that fundamental focus has to be given to the point of
energy transformation on the pad-disc contact interface in order to gain a good
understanding of heat generation and heat partition. The ITL thermal conductivity
was found to be affected by many aspects such as the pressure and wear. Due
to the complexity of the problem, both experimental and FEA methods have been
used.
Key highlights of research to date are:
•

A wide range of ITL thermal conductance has been used, low level value
taken as 10000-30000 W/m2C and high level values about 2 MW/m2C.
Influence of ITL thermal conductance to pressure, temperature and heat
flux distribution must be considered in the simulations.
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•

Thermal resistance of the ITL was evidenced, so that the location of heat
generation becomes important, meaning that the value of heat generation
has to be determined.

•

The relationships between heat generation, ITL thermal resistance and
heat partition ratio was schematically presented [17]. The heat partition
ratio is not constant in friction braking applications.

•

The range of friction coefficients was 0.1-0.7, and a constant friction
coefficient 0.4 was widely used in braking simulations.

•

Wear is a dynamic process, and its value is not constant and is affected
by many factors such as velocity, load, temperature, etc.

•

FEM is an effective simulation method for implementing braking
application models.

•

Scaling methodology is an important tool for evaluating the thermal
performance of disc brakes [10, 45].

24

Chapter 3 Methodology
This chapter presents the overall methodology employed to implement the work
described in the project (see Figure 3.1). The approach comprises a combination
of experimental work, FE simulation, and derived calculations (e.g. HPR).

3.1.

Overview of Research Methodology

It is known that full-size brake dynamometers, a pin-on-disc rigs, and small-scale
test rigs are widely used to experimentally evaluate the performance of friction
pairs (disc and pad). Advantages of a small-scale test rig are low cost and
reduced development time.
Barton et al. [45] validated scaling methodology by comparing results from both
full discs and small-scale discs using a conventional brake dynamometer. In this
project, therefore, the small-scale test rig approach was adopted to investigate
the thermal performance of a disc brake at a reduced scale. Several experiments
were carried out, including one experiment under a bedding-in process condition
to investigate the wear effect resulting from a friction induced bending moment
on the pad. Two designed experiments under different shaft speed and braking
load situations were used to investigate the relationship among shaft speed,
braking load, and temperature at different depths with different rotating radius.
The pad and disc material properties used in experiments and finite element
analyses are listed in Table 3.1. The disc material is grey cast iron and the pad is

25

a Ford Mondeo economy brake pad set, same as Loizou used in his research
[10], therefore the material properties of this brake pair were used.

Table 3.1 Pad/disc material properties [10]

Based on the experimental conditions and settings, a coupled 2D temperaturedisplacement finite element model was built to investigate the influence of
element size, heat generation, pad boundary conditions and interface thermal
conductance on temperature, pressure, and heat flux distributions.
According to the literature review, different interface thermal conductance values
were used by other researchers. In this project, two values were used in the 2D
models, a normal (low) value of (104 W/m2K) and a high value of (106 W/m2K).
The heat partition ratio was analyzed using two methods, one using the nodal
element heat flux values obtained from the 2D models and the other using
classical equations, disc/pad contact area ratio, and their material properties.
Finally, 3D FE models with the same dimensions as the test rig disc and pad
components were built, and the boundary conditions and initial FE conditions
were set up based on the given recommendations obtained from the 2D FE
models. As the total number of elements and the computing time was increased
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in comparison with the 2D model, a non-uniform large element mesh method had
to be used in the 3D model. Temperature, pressure and heat flux distribution
were plotted and analyzed. The heat partition ratio, however, could not be
calculated at selected time instants because of the limited computer capacity.
Final conclusions are made by comparing and analyzing the 2D/3D model results
and experiment data.

Figure 3.1 Methodology flow chart
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Figure 3.1 is a flowchart, which summarizes the main research methods and
actives carried out in the project in a logical manner.

3.2.

Numerical analysis using FE modelling and simulation

The FEM is the main method in this research to approximate the solutions of the
governing partial differential equation. ABAQUS has gained a reputation for
solving difficult contact problems in part because of its ability to simulate contact
with friction using features such as the asymmetric solver, as well as the different
friction models available (including user defined models). ABAQUS was used for
the FEM analysis in this project, to solve a coupled temperature-displacement FE
model with identical conditions to the test rig based on the implicit and/or explicit
coupled temperature-displacement algorithms. Based on previous research, the
explicit procedure was suitable for giving the overall picture of a problem (in
terms of averages), and the time dependent data (temperature). The implicit
algorithm allowed a better investigation of instantaneous conditions due to a
lower standard deviation compared to the explicit [10].
Some key assumptions used in this research are:
•

The interfaces are flat and smooth, therefore implying perfect thermal
contact conditions in models;

•

All material properties are constant. For the steel disc this is a reasonable
assumption (with properties typically changing by 6.25% over the
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understood temperature ranges in friction braking. For the pad material we
use quoted constant values (Table 3.1).
•

Cooling coefficient (convection to environment) is constant in simulation,
room temperature is always 20˚C and cooling fan is working at same
power.

•

Friction coefficient is assumed as constant in FE models, although in the
real braking applications, the friction coefficient value is changing.

•

Uniform load is applied at the upper surface of pad via the steel back-plate:
a constant and uniform load is assumed on the pad, but the contact
pressure at interface is variable.

For the 2D coupled temperature-displacement FE model, to set the model
properly, parameters such as model element size, heat generation, pad
boundary condition, etc., have been simulated with different values and after
comparing results of different settings, reasonable values have been selected for
use for further analysis (and were considered for setting-up the 3D FE models).
Detail of the 2D and 3D FE modeling system setup can be found in Chapter 5
and Chapter 6 respectively.

3.3.

Analysis using engineering tribology theory

One outcome of the simulations described in chapter 5 is to allow an estimate of
the heat partition ratio to be calculated. Here we present the calculation details
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(so in chapter 5 we can simply tabulate the results of these calculations based
upon the simulation responses).
Calculation of the heat partition ratio is presented by two methods in this chapter.
One method is based on theory from literature. Material are found in literature
and brake parts dimensions are measured in lab for the equations, the result is a
constant value. The other method is based on the heat partition ratio definition;
heat flux values are read from ABAQUS finite element models.

3.3.1. HPR calculation based on classic HPR equations
Based on the classic HPR equation (3.1)
1

𝛾=

(3.1)

1+√𝜌𝑝 𝐶𝑝 𝑘𝑝⁄𝜌𝑑 𝐶𝑑 𝑘𝑑

The fraction of frictional heat flux entering the disc is 86.7% (using the material
properties from Table 3.1).
Based on the classic equation (3.2) that accounts for the contact area,
𝑞1
𝑞1 +𝑞2

=

1
𝐴 𝐾
𝑘
1+ 2 2 √ 1
𝐴1 𝐾1 𝑘2

,

(3.2)

the fraction of frictional heat flux entering the disc reaches 99.4%.
3.3.2. HPR calculation by selected pairs of nodes
Estimation of the heat partition ratios at the contact interface using the FE
method are carried out in this project as detailed in Chapter 4 and Chapter 6,
respectively. Figure 3.2 shows an example of the analysis, i.e. three adjacent
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contact pairs of nodes A&D, B&E, and C&F, are selected. The three nodes A, B
and C are at the contact surface of the pad and the three nodes D, E and F are
at the contact surface of the disc. At the beginning of the simulation, there is no
deformation in the 𝑥-direction, so the disc nodes D, E and F have the same
coordinates as the pad nodes A, B, and C, respectively. During the simulation,
however, the nodes on the disc surface do not have exactly the same
coordinates as the corresponding nodes on the pad surface because of elastic
deformations of the pad and the disc, in the 𝑥-direction. Therefore, the nearest
nodes are chosen on the disc’s contact surface as nodes D, E and F to match
the pad nodes A, B, and C, respectively. ABAQUS/Standard provides the heat
flux per unit area (HFL) across the thermal gap elements as an output. For each
unique nodal point, there are three choices of HFL output: Magnitude, HFL1, and
HFL2. Magnitude means heat flux per unit area leaving the surface; HFL1 means
heat flux in the 𝑥-direction and HFL2 means heat flux in the 𝑦-direction (4). For
the calculation of the heat partition, HFL2 is used as the output in this work.

Figure 3.2 Six single nodes selected for calculating partition ratio.
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3.4.

Summary

This chapter has outlined experimental and numerical simulation approaches to
help the reader interpret results in chapters 4, 5 and 6. Additionally, the
calculation of the HPR was elaborated to avoid detracting from the numerical;
results presented in later chapters.
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Chapter 4 Experimental Work
4.1.

Introduction

This chapter presents the results of an experimental programme undertaken on a
small-scale test rig. There are five groups of experiment.
•

The first experiment uses a new pad sample, bedded-in through 30 tests. The
thickness of different areas was measured and recorded after each test. The
aim of this first experiment is to observe the wear at different locations of the
pad contact surface.

•

The next four experiments use fully bedded-in disc/pad sets. Thermocouples
were embedded into pad after being bedded-in.
o The second experiment tests the thermocouple at different depths in
disc and pad components.
o The third experiment tests different types of thermocouple, one
normally used in full-size test rig and a tiny one that may be better to
use in small-scale components.
o The fourth and fifth experiments form the main part of the experimental
program using a design of experiments approach.
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4.2.

Small scale test rig

4.2.1. Structure of test rig

Figure 4.1 Small-scale test rig (shaft, disc, pad-holder, dust collector pipe)

The small-scale test rig includes a controller PC, a data logger and the
experimental target. Figure 4.1 shows the pad, holder and seat parts. The pad is
located in the holder that is then fixed in the seat which is not movable. Figure
4.2 shows the experiment part: the thermocouples for the pad are fixed with high
temperature adhesive and passed through the pad holder to connect to the data
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logger. The thermocouples for the disc are fixed in the disc by the same adhesive
and then pass through the hollow shaft to connect to the slip ring at the end of
shaft. The sockets of the thermocouple wires are fixed to the shaft surface by
high temperature tape.
4.2.2. Test rig control and Data logger: Sensor measurement and System
set-up

Figure 4.2 Diagram of test rig
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The test rig was controlled and monitored by a controller PC, which controlled the
shaft speed, braking load, braking duration, and the number of applications when
braking started. Figure 4.3 shows the location of the thermocouples in the pad.

T2 – Disc surface temperature (rubbing thermocouple)
T3 – Disc inside temperature (1.0mm from interface)
T4 – Disc inside temperature (0.5mm from interface)
T5 – Pad inside temperature (1.5mm from interface, leading side)
T6 – Pad inside temperature (1.5mm from interface, trailing side)
T7 – Pad inside temperature (1.0mm from interface, leading side)
T8 – Pad inside temperature (1.0mm from interface, trailing side)
Figure 4.3 Pad thermocouple locations
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4.2.3. Experimental conditions
•

Disc rotating speed: for the bedding-in test, the shaft speed was fixed as
800RPM which approximates to 56mph of a mid-range family car. In the
primary and verification tests, the shaft speed was changed to investigate
the relationship between shaft speed and braking temperature.

•

Preheating load and pad load: a preheating load of 250N was used to heat
the sample to ensure that the brake started at a proper temperature. A
pad load of 500N was used in the bedding-in process. However, different
pad loads were used in the primary and verification tests to investigate
how brake load affects braking temperature.

•

Preheating and cooling temperature: the preheating temperature was set
to 120˚C and the cooling temperature was set to 100˚C. The controller PC
applied a preheating load when the disc surface temperature was lower
than 120˚C and applied a brake load when it reached the preheating
temperature.

•

Braking phase time: the braking time was 10 seconds during the beddingin test, changed to 20 seconds for the primary test, and returned to 10
seconds in the verification tests.

4.3.

Experiments

4.3.1. First experiment: Bedding-in
This experiment was used to observe different wear rate at different locations on
the pad contact surface caused by different (non-uniform) interface pressure
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distributions as shown in Figure 4.4. Controller PC settings are shown in Table
4.1. In the first experiment there was no thermocouple inside the disc. One
conventional K-type thermocouple was embedded in the pad for testing the data
logger and one rubbing thermocouple (Figure 4.1) was used to measure the disc
surface temperature and transfer the signal to the controller PC. The controller
PC was used to manage the phase change among preheating, braking, and
cooling based on the signal from the rubbing thermocouple. Figure 4.4 shows
that, during bedding-in, the bedded area gradually developed from the leading to
trailing side.

(a)

(b)

Figure 4.4 The bedding-in process (a) after 400 braking applications, (b) after
800 braking applications
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BEDDING-IN EXPERIMENT

Test
Code
BE_01
BE_02
.
.
.
BE_30

Cooling
Preheating
Shaft
No. of
Braking
Preheating Pad
Temperature Temperature
Speed
Load (N) Load (N) Time (s) Applications
(˚C)
(˚C)
(RPM)
100
120
20
10
500
250
1000
100
120
20
10
500
250
1000

1000

250

120

20

10

500

100

Table 4.1 Bedding-in experiment controller PC inputs

Thickness (mm)

Thickness of different locations
12.80
12.70
12.60
12.50
12.40
12.30
12.20
12.10
12.00
11.90
11.80
11.70
11.60
11.50
11.40
11.30
11.20
11.10
11.00
10.90
10.80
10.70
10.60
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
A

B

C

D

Figure 4.5 . Pad corner thickness changes due to wear (A, B, C, D corners
shown in Figure 5.4)
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Figure 4.5 shows the thickness changes at different corners during the beddingin process. The inner radius corner of leading side B changes rapidly, and the
outer radius corner of the leading side D has a similar decrease rate to corner B.
The trailing side thickness decreases much more slowly, particularly the outer
radius corner C of the trailing side. It clearly shows, because of the difference of
contact pressure distribution at different corners, that the thickness of the four
corners changed at different rates until the contact surface was fully bedded-in.
At this point, the thickness changed at similar rates due to friction induced
bending moment effect.

Figure 4.6 Temperature history of the thermocouple inside pad part: (a)
temperature history in a complete experiment; (b) session of temperature history

Figure 4.6(a) shows how the pad temperature changed in a complete experiment,
included preheating, cooling, and braking periods in each application (and the
number of applications in each test). For preheating, the preheating load was
applied to the pad and the disc was warmed up to 120˚C. A cooling period then
allowed the experiment part to reach 100˚C at which point a brake load was
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applied. Figure 4.6(b) shows details of each single application (the brake and
cooling periods are marked on the figure). There was a small temperature rise
during the cooling period, caused by the controller PC. After the braking period,
the pad was released from the contact surface and the temperature dropped.
The controller PC was then changed to preheating period, however, the rubbing
thermocouple tested the disc temperature was higher than 120˚C, so that in a
very short time of preheating, the system was returned to cooling.

4.3.2. Second experiment: Depth
This experiment was designed to ensure that the method of embedded
thermocouples at different depths could provide the required temperature values.
There were two thermocouples in the disc part at different depths. One was
0.5mm from the contact surface and the other was 1.0mm from the surface.
There were two thermocouples in the pad part at different depths (0.5mm and
1.0mm), and the rubbing thermocouple was connected to both the controller PC
and the data logger.
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Figure 4.7 Thermocouples at different depths

Figure 4.7 shows the holes in the pad at different depths for the thermocouples.
Near the upper surface, there are two wide ramps for the thermocouple insulation
layer and high temperature adhesive.

4.3.3. Third experiment: Comparison
The third experiment was designed to use different types of thermocouple
(Figure 4.8) to collect data in tests with same settings which are then compared
in order to make a decision of which thermocouple should be used in the
subsequent experiments.
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(a)

(b)

Figure 4.8 (a) Embedded brake pad thermocouple temperature sensor (b) Type
K welded tip fast response thermocouple sensor

Based on the outcomes of the second and third experiments, the fourth and fifth
experiments were then set up for the main investigation.

4.3.4. Fourth experiment: Primary
The fourth experiment of nine tests (two factors, three levels) used three shaft
speeds (1000, 1250, and 1500 RPM) and three brake loads (600, 750, and 900
N), as shown in Table 4.2. Six thermocouples were used in this experiment: two
thermocouples in the disc side at the same locations as for the second
experiment, and four thermocouples separated into two groups and embed in the
pad. One group was close to the leading side (T5 and T7) and the other group
was close to the trailing side (T6 and T8), as shown in Figure 4.2 and 4.3.
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PRIMARY EXPERIMENT

TEST
Code
PE_01
PE_02
PE_03
PE_04
PE_05
PE_06
PE_07
PE_08
PE_09

Shaft
Speed
(RPM)
1000
1000
1000
1250
1250
1250
1500
1500
1500

Preheating
Cooling
Preheating
Pad
Braking
No. of
Temperature Temperature
Load (N) Load (N) Time (s) Applications
(˚C)
(˚C)
250
600
20
20
120
100
250
750
20
20
120
100
250
900
20
20
120
100
250
600
20
20
120
100
250
750
20
20
120
100
250
900
20
20
120
100
250
600
20
20
120
100
250
750
20
20
120
100
250
900
20
20
120
100

Table 4.2 Primary experiment controller PC inputs

4.3.5. Fifth experiment: Verification
In the fifth experiment, the rubbing thermocouple signal was collected via a data
logger. The primary experiment order was reversed so that the results could be
used to verify conclusions from the primary experiment, and the brake time was
reduced to 10 seconds to make the experiment much closer to a real application.
Other parameters are the same as the fourth experiment, shown in Table 4.3.
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VERIFICATION EXPERIMENT

Test
Code
VE_01
VE_02
VE_03
VE_04
VE_05
VE_06
VE_07
VE_08
VE_09

Shaft
Preheating
Cooling
Preheating Pad
Braking
No. of
Speed
Temperature Temperature
Load (N) Load (N) Time (s) Applications
(RPM)
(˚C)
(˚C)
1500
250
900
10
20
120
100
1500
250
750
10
20
120
100
1500
250
600
10
20
120
100
1250
250
900
10
20
120
100
1250
250
750
10
20
120
100
1250
250
600
10
20
120
100
1000
250
900
10
20
120
100
1000
250
750
10
20
120
100
1000
250
600
10
20
120
100

Table 4.3 Verification experiment controller PC inputs

4.4.

Main results (fourth and fifth experiment): friction temperature

4.4.1. Temperature signal (thermocouples T3, T4) in disc part (Test PE_02)
This test collected temperature results at different depths in the disc under similar
contact pressure. Two thermocouples (T3 and T4) were embedded in the disc at
different depths (Figure 4.7): thermocouple T3 was 1mm from the contact surface
and T4 was 0.5mm from the contact surface. T4 was closer to the contact
surface so its temperature should be higher than T3, established by the data in
Figure 4.9. Also, due to the depth difference, temperature T4 increased and
decreased faster than T3 (Figure 4.9).
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Two thermocouples in disc part at different depths
250.0
230.0
1068, 212.6

Temperature (˚C)

210.0

1242, 218.4

1403, 223.1

880, 200.9

190.0
170.0

880, 162.8

1068, 171.8

1242, 177.1

1403, 182.2

150.0
130.0
852, 111.0

110.0

853, 95.9

90.0

1215, 112.7
1215, 98.5

1042, 106.7
1042, 93.7

1376, 120.6
1375, 105.1

70.0
50.0
840

890

940

990 1040 1090 1140 1190 1240 1290 1340 1390 1440 1490 1540

Selected Time Instants (s)
T3

T4

Figure 4.9 Thermocouples in disc at different depths
1st Brake 2nd Brake 3rd Brake 4th Brake Average
T3 Start temperature (˚C)
95.9
93.7
98.5
105.0
98.3
T3 Stop temperature (˚C)
162.8
171.8
177.1
182.2
173.5
T4 Start temperature (˚C)
111.0
106.7
112.7
120.6
112.7
T4 Stop temperature (˚C)
200.9
212.6
218.4
223.1
213.8
ΔT of each brake (T3) (˚C)
66.9
78.1
78.7
77.3
75.2
ΔT of each brake (T4) (˚C)
89.9
105.9
105.7
102.6
101.0
ΔT of maximum temperature (˚C) 38.1
40.8
41.3
40.9
40.3

Table 4.4 Data logger results of disc thermocouples T3 and T4 (Test PE_02)

The preheat temperature was 120˚C. Since T4 was closer to the surface, during
the first braking event in Figure 4.9, T4 reached a higher start temperature at
200.9˚C compared to T3 that reached just 162.8˚C. During each braking event,
on average the temperature T4 increased by 101˚C and T3 increased by 75.2˚C.
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The average maximum temperatures difference of T3 and T4 was 40.3˚C. The
maximum temperature of both thermocouples increased after braking (Table 4.4).

4.4.2. Thermocouples in the pad leading edge (T5, T7)
This test was designed to find out how different rotating radii affect the
temperature changes under similar contact pressures at the leading side.
Thermocouples at the pad leading edge showed similar heating and cooling rates.
The difference was simply the maximum temperature, which was mainly because
of different thermocouple depths. T7 was closer to the contact surface, so it
reached a higher temperature (Figure 4.10).

Two thermocouples in pad leading side at different depths
200.0
190.0

1242, 185.1

180.0

1068, 179.3
880, 170.0
879, 164.7

Temperature (˚C)

170.0
160.0

1242, 175.4

1402, 189.0
1402, 179.9

1068, 168.8

150.0

140.0
130.0
120.0
110.0
1375, 101.7

100.0
852, 93.7

90.0

853, 93.0

80.0
840

890

940

1215, 95.2

1042, 90.4
1042, 89.8

1216, 94.6

1376, 100.9

990 1040 1090 1140 1190 1240 1290 1340 1390 1440 1490 1540

Selected Time Instants (s)
T5

T7

Figure 4.10 Thermocouples in pad leading edge with different depth
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T5 Start temperature (˚C)
T5 Stop temperature (˚C)
T7 Start temperature (˚C)
T7 Stop temperature (˚C)
ΔT of each brake (T5) (˚C)
ΔT of each brake (T7) (˚C)
ΔT of maximum temperature (˚C)

1st Brake 2nd Brake 3rd Brake 4th Brake Average
93.0
89.8
94.6
100.9
94.6
164.7
168.8
175.4
179.9
172.2
93.7
90.4
95.2
101.7
95.3
170.0
179.3
185.1
189.1
180.9
71.8
79.0
80.8
79.0
77.6
76.3
88.9
89.9
87.4
85.6
5.3
10.5
9.7
9.2
8.7

Table 4.5 Data logger results of thermocouples T5 and T7 in pad part

During each braking event, temperature T5 increased by about 77.6˚C and T7
increased by about 85.6˚C. The difference in maximum temperature was less
than 10˚C on average and much smaller than the disc thermocouples (40.3˚C
temperature difference). Compared with disc thermocouples, the thermocouples
closer to the contact surface reached higher maximum temperatures. T4 reached
213.8˚C on average and T7 reached 180.9˚C. However, thermocouples far away
from the contact surface achieved 170˚C.

4.4.3. Thermocouples in pad trailing edge (T6, T8)
This test investigated how different rotating radii affect temperature changes
under similar contact pressures at the trailing edge.
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Two thermocouples in pad trailing side at different depths
200.0
190.0

Temperature (˚C)

180.0
170.0
1068, 161.4

160.0

1242, 166.0

1402, 170.6

879, 154.1

150.0
140.0
130.0

882, 126.8

1246, 132.8

1074, 128.2

1405, 137.2

120.0
110.0
100.0

852, 91.1

90.0

853, 85.6

80.0
840

890

940

1215, 92.5

1042, 88.3

1216, 86.9

1042, 82.9

1375, 98.7
1376, 92.6

990 1040 1090 1140 1190 1240 1290 1340 1390 1440 1490 1540

Selected Time Instants (s)
T6

T8

Figure 4.11 Thermocouples in pad trailing edge at different depths (Test PE_02)
1st Brake 2nd Brake 3rd Brake 4th Brake Average
T6 Start temperature (˚C)
85.6
82.9
86.9
92.6
87.0
T6 Stop temperature (˚C)
126.8
128.2
132.8
137.2
131.3
T8 Start temperature (˚C)
91.1
88.3
92.5
98.7
92.7
T8 Stop temperature (˚C)
154.1
161.4
166.0
170.6
163.1
ΔT of each brake (T6) (˚C)
41.2
45.3
45.9
44.6
44.2
ΔT of each brake (T8) (˚C)
63.0
73.2
73.5
71.9
70.4
ΔT of maximum temperature (˚C) 27.3
33.2
33.2
33.4
31.8

Table 4.6 Data logger results of thermocouples T6 and T8 in pad

Although thermocouples were embedded at the same depth in the pad trailing
and leading edges, temperature distributions and maximum values showed large
differences due to the non-uniform pressure distribution (Figure 4.11). Table 4.6
showed that, at locations closer to the contact surface, the leading edge
thermocouple T7 reached a maximum temperature of 180.9˚C on average but
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the trailing edge thermocouple T8 reached just 163.1˚C (temperature difference
was 17.8˚C). At locations more distant from the contact surface, the leading edge
thermocouple T5 reached 172.2˚C and the trailing edge thermocouple T8
reached 131.3˚C on average (difference was 40.9˚C). The non-uniform pressure
distribution was not only from leading to trailing edge, but also from inner radius
to outer radius.

4.4.4. Tests of 1000RPM shaft speed and different loads (Test PE_01/02/03)
This test was designed to determine how brake load affects temperature
changes with time.

Thermocouple T7 temperature history with different brake
load
220.0
200.0

Temperature (˚C)

180.0
160.0

1615, 195.0
1597, 181.9
1590, 156.9

2036, 195.7

1828, 193.3

1986, 179.6

1805, 174.9
1760, 160.7

2249, 193.0
2168, 171.1

1928, 155.9

2092, 156.5

140.0
120.0
100.0

1570, 95.9
1589, 89.1

80.0

1733, 90.4

1801, 88.9 1958, 92.9
2222, 88.9
2065, 91.5 2140, 94.1
2315, 94.4
1902, 91.7
2009,
89.7
2216,
94.3
1777, 90.0
2435, 88.2

1563, 92.8
60.0
1550 1600 1650 1700 1750 1800 1850 1900 1950 2000 2050 2100 2150 2200 2250 2300 2350 2400 2450

Selected Time Instants (s)
600T7

750T7

900T7

Figure 4.12 Thermocouple T7 (pad) temperature history at different brake loads
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600T7 Start temperature (˚C)
600T7 Stop temperature (˚C)
Cooling duration (s)
750T7 Start temperature (˚C)
750T7 Stop temperature (˚C)
Cooling duration (s)
900T7 Start temperature (˚C)
900T7 Stop temperature (˚C)
Cooling duration (s)
ΔT of each brake (600T7) (˚C)
ΔT of each brake (750T7) (˚C)
ΔT of each brake (900T7) (˚C)

1st Brake 2nd Brake 3rd Brake 4th Brake Average
92.8
90.4
91.7
91.5
91.6
156.9
168.7
155.9
156.5
159.5
143.0
142.0
137.0
109.0
132.8
95.9
90.0
91.7
94.1
92.9
181.9
174.9
179.6
171.1
176.9
180.0
153.0
154.0
147.0
158.5
89.1
88.9
89.7
88.9
89.2
195.0
193.3
195.7
193.0
194.3
186.0
181.0
186.0
186.0
184.8
64.1
78.3
64.2
65.0
67.9
86.0
84.9
87.9
77.0
83.9
105.9
104.4
106.0
104.0
105.1

Table 4.7 Data logger results of thermocouple T7 (pad) in different load
experiments

Figure 4.12 showed thermocouple T7 reached different temperature values when
brake load changed. When brake load increased, a higher maximum temperature
was reached, and the cooling time was longer.
When brake load increased from 600N to 750N to 900N, the maximum
temperature of T7 reached 159.5˚C, 176.9˚C and 194.3˚C, on average.
Accordingly, cooling the duration lasted longer to let the disc surface return to
100˚C, shown in Table 4.7 as the start temperature was always about 90˚C. The
start temperature was not exactly 100˚C because the controller PC could only
receive the temperature signal from the rubbing thermocouple and control the
phase change. The actual contact surface may reach a higher temperature and
the embedded thermocouple may be at a lower temperature.
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4.4.5. Thermocouples at 750N load at different shaft speeds (Test
PE_02/05/08)
This test was designed to investigate how shaft speed affects temperature
change (T7) with time when the brake load was set to 750N.

300.0

Temperature (˚C)

250.0

Thermocouple T7 temperature history with different brake
load
1688.0, 262.8

2143.0, 259.8

1916.0, 257.8

1872.0, 218.6

1642.0, 217.5

2370.0, 257.4
2323.0, 218.8

2099.0, 218.6

200.0
1598.0, 180.0

1986.0, 179.6

1805.0, 174.9

2169.0, 169.4

150.0

100.0
1662.0, 90.6
50.0

2141.0, 93.9

1890.0, 90.4

2072.0, 86.8 2117.0, 90.8

1615.0, 87.0 1846.0, 87.2

1778.0, 89.9 1959.0, 93.0
1570.0, 95.9
0.0
1550.0 1650.0 1750.0 1850.0 1950.0 2050.0

2343.0, 90.3

2296.0, 87.2
2150.0

2250.0

2566.0, 90.6

2315.0, 94.4

2350.0

2522.0, 87.0
2450.0

2550.0

Selected Time Instants (s)
1000T7

1250T7

1500T7

Figure 4.13 Thermocouple T7(pad) temperature history with different shaft speed

Figure 4.13 shows that, under the same braking load (750N) condition, when the
shaft speed is increased, so the maximum temperature of T7 at the end of the
braking event is increasing and required a longer cooling time.
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1000T7 Start temperature (˚C)
1000T7 Stop temperature (˚C)
Cooling duration (s)
1250T7 Start temperature (˚C)
1250T7 Stop temperature (˚C)
Cooling duration (s)
1500T7 Start temperature (˚C)
1500T7 Stop temperature (˚C)
Cooling duration (s)
ΔT of each brake (1000T7) (˚C)
ΔT of each brake (1250T7) (˚C)
ΔT of each brake (1500T7) (˚C)

1st Brake 2nd Brake 3rd Brake 4th Brake Average
95.9
89.9
93.0
93.9
93.2
180.0
174.9
179.6
169.4
176.0
180.0
154.0
155.0
146.0
158.8
87.0
87.2
86.8
87.2
87.1
217.5
218.6
218.6
218.8
218.4
204.0
200.0
197.0
199.0
200.0
90.6
90.4
90.8
90.3
90.5
262.8
257.8
259.8
257.4
259.5
202.0
201.0
200.0
196.0
199.8
84.1
85.1
86.6
75.5
82.8
130.5
131.4
131.8
131.6
131.3
172.2
167.4
169.0
167.1
168.9

Table 4.8 Data logger results of thermocouple T7(pad) in different shaft speed
experiments

Table 4.8 shows that it took about 158.8 seconds (on average) to cool down the
parts to 100˚C when the shaft speed was 1000RPM, and when shaft speed was
increased to 1250RPM so the maximum temperature reached 218˚C and cooling
lasted about 200 seconds. However, when the shaft speed was increased to
1500RPM, although the maximum temperature reached 259.5˚C, the cooling
phase still required about 200 seconds. The difference of maximum temperature
after a braking event increased with similar temperature, when the shaft speed
increased from 1000RPM to 1250RPM. The maximum temperature increased by
about 42˚C. When the shaft speed increased from 1250RPM to 1500RPM, the
maximum temperature increased by about 41˚C.
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4.4.6. Thermocouples at both sides of the interface (Test PE_02)
This test was designed to investigate temperature difference between
thermocouples that were close to the pad and disc contact surfaces.

Thermocouples at both sides of the interface
250.0
230.0

Temperature (˚C)

210.0

880, 200.9

190.0
170.0
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Figure 4.14 Thermocouple T4(disc) and T7(pad) temperature history

Figure 4.14 shows the temperature difference between thermocouples in pad
and disc, details listed below.
1st Brake 2nd Brake 3rd Brake 4th Brake Average
T4 Start temperature (˚C)
110.8
106.7
112.5
120.6
112.7
T4 Stop temperature (˚C)
200.9
212.3
218.4
223.1
213.7
T7 Start temperature (˚C)
93.7
90.4
95.4
101.8
95.3
T7 Stop temperature (˚C)
170.0
179.0
185.1
188.9
180.8
ΔT of each brake (T4) (˚C)
90.1
105.6
105.9
102.5
101.0
ΔT of each brake (T7) (˚C)
76.3
88.6
89.7
87.1
85.4
ΔT of maximum temperature (˚C)
-30.9
-33.3
-33.3
-34.2
-32.9

Table 4.9 Data logger results of thermocouples T4(disc) and T7(pad)
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Table 4.9 shows that even with a similar distance to the interface, the
thermocouples reach different temperature in the pad and disc parts. When the
rubbing thermocouple reached 100˚C, disc thermocouple T4 reached about
112.7˚C on average but pad thermocouple T7 reached just 95.3˚C. In each
braking phase, the disc thermocouple increased by 101˚C on average but pad
thermocouple increased by only 85.4 ˚C.

4.4.7. Temperature difference with same RPM and different loads

0.0

Temperature (˚C)

-5.0

Temperature difference between pad and disc
(1000RPM,600/750/900N)
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-10.0
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-30.0
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Selected Time Instants (s)
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(a)
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Figure 4.15 Temperature differences in selected applications

Figure 4.15(a) shows that for a shaft speed of 1000RPM, when the brake load
increased, so the temperature at the pad side increased more rapidly than that at
the disc side, and a higher brake load caused the temperature difference to
increase faster.
Figure 4.15(b) shows that when the shaft speed was 1500RPM, the temperature
difference between the two contact surfaces were about 17.5˚C in the first 7
seconds, then increased with time. When the brake load was 600N, the
temperature difference increased until about 14 seconds then remained constant
for few seconds. After that, the temperature of the pad increased faster than the
disc. When the brake load was 750N, the temperature difference increased until
about 16 seconds then the temperature of the pad side started to increase more
rapidly than the disc side. When the brake load was 900N, the temperature
difference increased until about 18 seconds then stayed constant.
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4.4.8. Verification experiment 1000/750 + rubbing TC

Thermocouples at both sides of the interface
230.0
210.0
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Figure 4.16 Temperature of thermocouple at both sides of interface and rubbing
surface thermocouple readings

T4 Start temperature (˚C)
T4 Stop temperature (˚C)
T7 Start temperature (˚C)
T7 Stop temperature (˚C)
T2 Start temperature (˚C)
T2 Stop temperature (˚C)
ΔT of each brake (T4) (˚C)
ΔT of each brake (T7) (˚C)
ΔT of each brake (T2) (˚C)

1st Brake 2nd Brake 3rd Brake 4th Brake Average
105.4
107.0
105.6
107.0
106.3
181.3
167.5
176.0
188.2
178.3
92.7
94.1
94.0
95.4
94.1
188.0
175.0
186.3
201.2
187.6
85.1
86.2
85.7
86.5
85.9
141.6
136.4
130.6
133.8
135.6
75.9
60.5
70.4
81.2
72.0
95.3
80.9
92.3
105.8
93.6
56.5
50.2
44.9
47.3
49.7

Table 4.10 Start and stop thermocouple readings at both sides of interface and
rubbing surface thermocouple readings
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Figure 4.16 clearly shows the rubbing thermocouple temperature T2 was much
lower than thermocouple temperature T4&7. It also shows that during each brake
phase, the pad side start temperature T7 was lower than the disc side
temperature T4, but the pad side temperature increased faster than the disc side,
finally reaching a higher temperature at the end of the braking phase (i.e.
temperature increased 93.6˚C for T7 and 72.0˚C for T4).
Table 4.10 shows that the disc side temperature increased from 106.3˚C to
178.3˚C on average, with a 72˚C difference, and the pad side temperature
increased from 94.1˚C to 187.6˚C, with a 93.6˚C difference. The rubbing
thermocouple had a lower start and stop temperature and smaller growth rate
which is to be expected due to its location (indicated in Figure 4.1).

4.4.9. Comparison of disc side thermocouples in PE and VE
This test investigated the influence of ITL thickness on disc temperature.
Figure 4.17 showed when the shaft speed was 1000rpm and the brake load was
750N, so the temperature changed during the first ten seconds in each brake
event. PE_02 was the second test in the primary experiment, and it can be
treated as the beginning of the series of tests. Test VE_08 was almost the last
verification experiment and it can be treated as the end of the series of tests. It
clearly shows that the temperature decreased from beginning to end of the
experiment at both thermocouples (T4 decreased by about 10˚C and T3
decreased by about 5˚C).
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Temperature changes in each braking phase
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Figure 4.17 Disc side temperature changes in each braking phase in PE and VE

PE_02
T3
T4
Start Temperature (˚C)
96.5
1st Brake Stop Temperature (˚C)
120.0
ΔT of each brake (˚C)
23.5
Start Temperature (˚C)
93.7
2nd Brake Stop Temperature (˚C)
121.8
ΔT of each brake (˚C)
28.1
Start Temperature (˚C)
98.5
3rd Brake Stop Temperature (˚C)
126.1
ΔT of each brake (˚C)
27.6
Start Temperature (˚C)
105.1
4th Brake Stop Temperature (˚C)
130.9
ΔT of each brake (˚C)
25.8
Average Temperature (˚C)
124.7

VE_08
T3
T4
111.0
92.9
140.0
129.2
29.0
36.2
106.7
94.7
140.9
121.5
34.2
26.8
112.7
94.2
144.5
123.3
31.9
29.1
120.8
95.3
150.9
127.1
30.1
31.8
144.1
125.3

105.4
131.3
25.8
107.0
130.1
23.1
105.6
134.7
29.1
107.0
138.0
31.0
133.5

Table 4.11 Disc side temperature changes in each braking phase in PE and VE
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Table 4.11 lists the start and stop temperature readings of each brake phase
shown in Figure 4.17, and their temperature changes. In test PE_02, the average
maximum temperature difference between T3 and T4 was about 20˚C, but in
VE_08, this average maximum temperature difference was less than 10˚C.

4.4.10.

Comparison of pad leading edge thermocouple in PE and VE

This test was to investigate how temperature changes responded after the pad
surface was worn out at its leading edge.

Temperature changes in each braking phase
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Figure 4.18 Pad leading edge temperature change of each braking phase in PE
and VE
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Figure 4.18 shows that, in tests PE_02 and VE_08, the temperature of both
leading edge thermocouples (T5 and T7) was very similar in most brake phases.
PE_02
Start Temperature (˚C)
1st Brake Stop Temperature (˚C)
ΔT of each brake (˚C)
Start Temperature (˚C)
2nd Brake Stop Temperature (˚C)
ΔT of each brake (˚C)
Start Temperature (˚C)
3rd Brake Stop Temperature (˚C)
ΔT of each brake (˚C)
Start Temperature (˚C)
4th Brake Stop Temperature (˚C)
ΔT of each brake (˚C)
Average Temperature (˚C)
Table

T5
93.1
123.1
30.0
89.8
122.9
33.1
94.6
126.8
32.2
101.0
132.2
31.2
126.2

T7
93.7
123.3
29.5
90.4
123.9
33.4
95.2
126.5
31.3
101.7
132.0
30.3
126.4

VE_08
T5
93.2
128.0
34.8
92.1
124.8
32.6
93.5
137.0
43.5
94.1
141.2
47.0
132.7

T7
94.1
128.6
34.6
93.0
129.7
36.6
94.3
137.9
43.6
94.9
132.8
37.8
132.2

4.12 Pad leading side temperature changes of each brake in PE and VE

Table 4.12 shows that both start and stop temperature of T5 and T7 were very
similar in most tests within PE_02 and VE_08.

4.4.11.

Comparison of pad trailing side thermocouple in PE and VE

This test was to investigate how temperature changes responded after the pad
surface was worn out at its trailing edge. Figure 4.19 shows that at the trailing
edge, thermocouple T8 always had the same change rate in both primary and
verification experiments, but thermocouple T6 had significant change. The
change rate of temperature T6 in the VE_08 test was higher than in the PE_02
test.
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Temperature changes in each braking phase
125.0

120.0

Temperature (˚C)

115.0
110.0
105.0
100.0
95.0
90.0

85.0
80.0
0

5

10

15

20

25

30

35

40

45

Selected Time Instants (s)
PE_02_T6

PE_02_T8

VE_08_T6

VE_08_T8

Figure 4.19 Pad trailing edge temperature change in each braking phase in PE
and VE

PE_02
Start Temperature (˚C)
1st Brake Stop Temperature (˚C)
ΔT of each brake (˚C)
Start Temperature (˚C)
2nd Brake Stop Temperature (˚C)
ΔT of each brake (˚C)
Start Temperature (˚C)
3rd Brake Stop Temperature (˚C)
ΔT of each brake (˚C)
Start Temperature (˚C)
4th Brake Stop Temperature (˚C)
ΔT of each brake (˚C)
Average Temperature (˚C)

T6
85.7
98.1
12.4
82.9
96.4
13.5
87.1
98.8
11.7
92.8
104.1
11.3
99.3

T8
91.1
114.3
23.2
88.3
114.5
26.2
92.5
116.2
23.7
98.7
121.9
23.2
116.7

VE_08
T6
83.0
97.6
14.6
82.1
96.7
14.6
83.3
101.0
17.8
83.8
104.5
20.7
100.0

T8
89.0
112.6
23.7
87.9
114.4
26.5
89.1
117.4
28.3
89.7
115.8
26.2
115.1

Table 4.13 Pad trailing edge temperature change in each braking phase in PE
and VE

62

Table 4.13 shows that the average stop temperature of T6 and T8 was very
similar in primary and verification experiments. In test PE_02 the value of the
difference of the average stop temperature between thermocouple T6 and T8
was 17.4˚C. In VE_08 this value was 15.1˚C. In PE_02, temperature T6
increased 11˚C to 13˚C in each brake phase, temperature T8 increased 23˚C; in
test VE_08, temperature T6 increased about 14˚C, temperature T8 increased
around 26˚C in each brake phase.

4.4.12.

Comparison of thermocouple T7 in PE & VE (Shaft speed

=1000rpm)
This test aimed to find out after a few applications, when thermocouple was
getting closer to contact surface, how the load affects temperature changes.
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Temperature changes in each brake
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Figure 4.20 T7 temperature change in each braking phase in PE and VE (Shaft
speed =1000rpm)

Figure 4.20 shows that when the shaft speed was 1000rpm, with same brake
load of 600N and 750N, the temperature of thermocouple T7 in the verification
experiment increased faster and reached higher temperature in each brake
phase. However, with a load of 900N, the temperature T7 had a similar change
rate in both primary and verification experiments.
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PE_01
1st Brake ΔT of each brake (˚C)
29.6
2nd Brake ΔT of each brake (˚C)
31.2
3rd Brake ΔT of each brake (˚C)
28.6
4th Brake ΔT of each brake (˚C)
29.2
Average Change Temperature (˚C) 29.7
Average Stop Temperature (˚C)
121.3

PE_02
30.3
25.3
24.1
26.7
26.6
119.9

PE_03
32.2
27.7
28.6
27.6
29.0
118.1

VE_09
36.2
46.5
52.0
44.9
44.9
137.1

VE_08
41.0
36.0
35.0
37.6
37.4
130.1

VE_07
33.9
30.9
28.1
29.1
30.5
123.9

Table 4.14 T7 temperature change in PE & VE braking (Shaft speed: 1000rpm)

Table 4.14 lists the temperature changes of each brake phase shown in Figure
4.20. When the brake load was 600N, the primary experiment thermocouple T7
increased by 29.7˚C on average and the verification experiment thermocouple
temperature increased by 44.9˚C on average; when brake load increased to
750N, the average temperature difference decreased to 26.6˚C in PE tests and
to 37.4˚C in VE tests; when the brake load increased to 900N, the average
temperature change increased to 29.0˚C in PE tests and decreased to 30.5˚C in
VE tests. Temperature T7 decreased in PE and VE tests with increasing brake
load.

4.4.13.

Comparison of thermocouple T7 in PE and VE (Brake load=750N)

This test aimed to find out after a few applications, when thermocouple T7 was
getting closer to contact surface, how the shaft speed affects temperature
change.
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Temperature changes in each brake
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Figure 4.21 T7 temperature change of each brake in PE & VE (Brake load =750N)

Figure 4.21 shows that when the brake load was 750N, with the same shaft
speed, the thermocouple in the verification test increased faster and reached a
higher temperature than the primary experiment thermocouples.

1st Brake ΔT of each brake (˚C)
2nd Brake ΔT of each brake (˚C)
3rd Brake ΔT of each brake (˚C)
4th Brake ΔT of each brake (˚C)
Average Change Temperature (˚C)
Average Stop Temperature (˚C)

PE_02
30.3
29.2
30.0
26.7
29.0
122.2

PE_05
21.8
25.4
23.3
19.4
22.5
109.5

PE_08
21.7
20.2
20.8
19.6
20.6
111.1

VE_08
41.0
36.0
35.0
45.6
39.4
132.3

VE_05
28.2
30.9
34.6
36.4
32.5
128.1

VE_02
33.9
42.6
38.2
36.2
37.7
132.0

Table 4.15 T7 temperature change in PE and VE braking phase (Brake load
=750N)
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Table 4.15 shows that in the primary experiment, when the shaft speed
increased, the average temperature change in each brake event decreased. In
both primary and verification experiment, the 1000rpm shaft speed test showed
higher average temperature change values and higher stop temperatures than
the 1250 and 1500 RPM shaft speed tests.

4.4.14.

Comparison of thermocouple T4&T7 in PE and VE

This test was aiming to investigate the influence from ITL thickness on
temperature of both pad and disc side after a few applications.

Temperature changes in each brake
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Figure 4.22 Temperature changes of both side in primary and verification
experiments
Figure 4.22 clearly shows the thermocouple at disc side reaches higher final
temperature in primary experiment, but the thermocouple at the pad side had
higher rate of increase in verification experiment.
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PE_02
Start Temperature (˚C)
1st Brake Stop Temperature (˚C)
ΔT of each brake (˚C)
Start Temperature (˚C)
2nd Brake Stop Temperature (˚C)
ΔT of each brake (˚C)
Start Temperature (˚C)
3rd Brake Stop Temperature (˚C)
ΔT of each brake (˚C)
Start Temperature (˚C)
4th Brake Stop Temperature (˚C)
ΔT of each brake (˚C)
Average Temperature (˚C)

T4
111.0
140.0
29.0
106.7
140.9
34.2
112.7
144.5
31.9
120.8
150.9
30.1
144.1

VE_08

T7
93.7
123.3
29.5
90.4
123.9
33.4
95.2
126.5
31.3
101.7
132.0
30.3
126.4

T4
105.4
131.3
25.8
107.0
130.1
23.1
105.6
134.7
29.1
107.0
138.0
31.0
133.5

T7
94.1
128.6
34.6
93.0
129.7
36.6
94.3
137.9
43.6
94.9
132.8
37.8
132.2

Table 4.16 Temperature change of both sides in primary and verification
experiments
Table 4.16 listed start and stop thermocouple temperature of each brake phase.
It showed, after a series of experiment, stop temperature of thermocouple at disc
side decreased on average; but at pad side, it increased.

Discussion on temperature difference across the interface
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Temperature difference between pad and disc
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Figure 4.23 Temperature difference with same shaft speed and different load
Figure 4.23(a) showed when shaft speed was 1000rpm, temperature was getting
closer between T4 and T7 with brake load increased. When load was increased
to 750/900N, at the end of braking phase, pad side thermocouple temperature
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was higher than disc side. Figure 4.23(b) showed when apply load was 600/750N,
the temperature distribution was similar during brake and temperature difference
was decreasing with time, but when apply load was increased to 900N, the
temperature of pad side increased much faster than disc side. Figure 4.23(c)
showed when shaft speed was 1500rpm, when brake load was 600/750N, the
temperature difference was about constant at 15 ˚C, but when brake load was
900N, after 7seconds, temperature at pad side increased much faster than disc
side.

4.6.

Other results from the main experiments

4.6.1. Friction force and friction coefficient

Average Load

Average Friction Foce

Average Friction Coefficient

1000.0

0.70
0.60

800.0

0.50
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400.0

0.30
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200.0
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LOAD AND FRICTION FORCE (N)

AVERAGE LOAD, FRICTION FORCE &
FRICTION COEFFICIENT

0.10

0.0

0.00
0
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5
6
No. Of Test

7
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10

Figure 4.24 Primary experiment controller PC data
Figure 4.24 and Figure 4.25 showed the average load, friction force and friction
coefficient in test of primary and verification experiment. Table 4.17 and Table
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4.18 list values of Figure 4.24 & 4.25, and as the test went on, so the friction
coefficient decreased.

Average Friction
Force(N)
366.5
469.3
565.4
391.5
471.6
511.3
348.8
410.8
460.8

Average Load(N)
PE _ 01
PE _ 02
PE _ 03
PE _ 04
PE _ 05
PE _ 06
PE _ 07
PE _ 08
PE _ 09

576.1
714.0
879.1
606.9
761.2
861.6
601.9
757.4
879.0

Average Friction Coefficient
(N)
0.64
0.65
0.64
0.65
0.62
0.59
0.58
0.54
0.52

Table 4.17 Primary experiment average load/friction force/friction coefficient

LOAD AND FRICTION FORCE (N)

Average Load

Average Friction Foce

Average Friction Coefficient

1000.0

0.66

800.0

0.64
0.62

600.0

0.60
400.0

0.58

200.0

0.56

0.0

0.54
0

1
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4

5
6
No. Of Test

7

8

9

10

Figure 4.25 Verification experiment controller PC data
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FRICTION COEFFICIENT

AVERAGE LOAD, FRICTION FORCE &
FRICTION COEFFICIENT

VE _ 01
VE _ 02
VE _ 03
VE _ 04
VE _ 05
VE _ 06
VE _ 07
VE _ 08
VE _ 09

Average Load
(N)
861.7
710.2
594.7
876.5
723.8
552.4
891.6
744.8
581.5

Average Friction Force Average Friction Coefficient
(N)
(N)
0.56
480.1
0.57
402.1
0.58
346.6
0.59
520.1
0.62
447.8
0.58
320.2
0.64
569.8
0.60
446.1
0.56
325.3

Table 4.18 Verification experiment average load/friction force/friction coefficient
4.6.2. Thickness Changes and pad wear
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Pad Thickness Change
Thickness Before Experiment

Thickness After Experiment
A

12.58
H

B
12.37
11.95

12.24
11.74

12.09

11.41
G

11.7

12.03

11.28
11.24

12.35 C

11.58

11.57
11.52

11.88

F

D

E

Figure 4.26 Thickness changes in each corner of pad part
Nodes
Thickness Before
Experiment (mm)

Nodes
Thickness After
Experiment (mm)

a

Before Experiment
b
c
d

e

f

g

h

12.58 12.37 12.35 11.88 11.52 11.57 11.70 11.95

a

After Experiment
b
c
d

e

f

g

h

12.24 12.09 12.03 11.58 11.24 11.28 11.41 11.74

Table 4.19 Thickness changes in each node of pad part
Comparing Table 4.19 and Figure 4.26, the location A thickness of pad part
decreased fastest.

73

4.7.

Summary

In this chapter, we investigated and compared experimentally the dynamic wear
characteristics of a brand-new pad and a fully bedded-in pad.
Figure 4.5 (new pad) shows the wear rate at different corners of the pad in the
order B>D>A>C. However, in Figure 4.26 (fully bedded-in pad), the wear rate at
different corners of the pad changed to the order C>A>D>B, which suggests that
the pad wear is affected by the limited rotational behaviour of the pad braking
phase.
The bedding-in experiment not only provided detailed thickness change data for
comparing with final results, but also showed pad contact surface bedding-in
progress during the procedure. It strongly suggests that the friction induced
bending moment is significant, and therefore it is necessary to take this effect
into consideration when developing 3D models (Chapter 6).
Different types of thermocouple (see Figure 4.8) gave similar results after the
second experiment, but since the test rig was small-scale, embedding several
normal size thermocouples in the pad may damage its structure. Therefore, the
small tip thermocouple should be considered and used in the main experiments
(4th and 5th experiment).
Primary and verification experiments confirmed that the shaft speed, pad load,
and braking duration affected the heat transfer at the interface. An important
result that could be observed was that the color of tribo-layer at the disc side was
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getting darker through experiment and this layer affected the heat transfer from
interface to disc part.
A summary of observations shows that:
•

In the early stage of experiment, the ITL doesn’t significantly affect heat
transfer. Therefore, material with higher thermal conductivity transfers
heat faster and reaches higher temperature at the same depth. (Section
4.4.6) And in the same part, the closer to the interface the higher
temperature can be reached in shorter time. (Section 4.4.1)

•

At the leading edge of the pad contact surface, the location with larger
rotating radius and further distance to interface reaches lower final
temperature; the location with smaller rotating radius but less distance to
the interface reaches higher final temperature. Temperature change rate
of both thermocouples are similar. (Section 4.4.2) At the trailing edge of
pad contact surface, results show a similar behaviour but temperature
change rates are different. (Section 4.4.3)

•

When shaft speed or brake load is fixed, higher brake load or shaft speed
result higher maximum temperature at the end of each brake phase.
(Section 4.4.4&4.4.5)

•

Increasing brake load under lower shaft speed condition results in a lower
pad temperature and larger temperature difference between disc and pad;
decreasing brake load under higher shaft speed condition results in a
higher pad temperature and smaller temperature difference between disc
and pad (Section 4.4.7)
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•

Cooling system of test rig works properly, temperature of rubbing
thermocouple is much lower than thermocouples in pad and disc. And pad
temperature change rate is larger than disc (Section 4.4.8, 4.4.14, and
4.4.15)

•

Pad thermocouple T7 starts from a lower temperature but reaches a
higher temperature than disc thermocouple T4, opposite to results in
section 4.4.6 because of the higher wear rate on pad

•

After about 200 brakes, amount of heat transfer to disc part is decreasing.
Or, thickness of ITL is increasing. (Section 4.4.9)

•

Under higher pressure condition, after a long time of friction, sliding
distance affects wear rate significantly. (Section 4.4.10); Under lower
pressure condition, after a long time of friction, sliding distance rarely
affects wear rate. (Section 4.4.11)

Experimental results showed that wear rates at different locations of the pad
contact surface were different due to the friction induced bending moment.
Contact

surface

temperature

was

different

along

radius

and

rotating

circumference. Heat transfer coefficient to disc side was reduced either because
of the thickness change or ITL thermal conductance change, therefore, at the
initial stage, disc temperature was higher than pad temperature, however, after a
few braking phases, pad temperature was getting higher than disc.
Based on the experiment results from this chapter, 2D and 3D FE model was
introduced in the following chapters.
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Chapter 5 2D Finite Element Model
5.1.

Introduction

A two-dimensional coupled temperature-displacement finite element model is an
efficient way to simulate and identify sensitive parameters in disc-pad brake
systems and is used here (i) to identify the critical parameters by a comparison of
simulation results with different element sizes, heat generation (f), and pad
boundary conditions models; (ii) to determine the influence of different thermal
contact conductance hc on the contact surface temperature, pressure and heat
flux distribution.
In this section, the term ‘normal’ is used to denote a ‘low’ value of conductance,
104 W/m2K, since this is representative of the most commonly accepted value, as
opposed to a ‘high’ value, taken as 106 W/m2K in this work.
5.2.

Model setup through simulation and testing

The size of the pad in the 2D FE model has dimensions 30 mm x 15 mm, shown
in Figure 5.1, based on the small-scale test rig used for experiments (see
Chapter 4). The disc length in the 2D FE model is taken as 200 mm (equivalent
to the disc sliding on the pad for one revolution in 33ms under the experimental
condition) and 1000mm (set up for analysis of the heat transfer state and the
heat transfer/partition during a friction application of 190ms). Other settings are
listed in Table 5.1 and material properties are listed in Table 3.1. The minimum
element size in this FE model was 0.30mm at the contact area and the maximum
element size was 1.25mm at the disc bottom surface and pad backplate. The
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type of element used is CPE4T, a 4-node plane-strain type of element (thermally
coupled quadrilateral, bilinear displacement and temperature) in ABAQUS.
Model settings
Heat generation, f

0.5, 0.75, 1

Friction coefficient, µ

0.4

Load, p (MPa)

1, 10

Sink temperature, T0 (˚ C)

20

Predefined temperature, Tp
(˚ C)

100

Degree of Freedom (Pad)

NR, FR (At Pivot A), LR
(At Pivot D)

Thermal conductance, hc
(W/m2K)

104, 3x104, 106, 109

Disc sliding speed, v (m/s)

5

Time instant (ms)

33, 190
𝐴

Contact area ratio (𝐴1 )

3/20 (30mm/200mm)

2

Uniform: 1, 0.5, 0.25, 0.2;
Element size (mm)
Non-uniform: 0.33-1
Table 5.1 2D FE model settings

5.3.

General Simulation steps

The model had to be defined as a sequence of several steps. The sequence
provides a convenient way to capture changes in model loading and boundary
conditions and allows us to change the analysis procedure, the data output, and
various controls. ABAQUS starts with an initial step and then follows with step 1,
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step 2 and so on. In this project, the two-dimensional model had three steps:
initial step, step one with load on pad, and step two with displacement on disc.
5.3.1. Initial Step

Figure 5.1 2D model structures and interaction properties

The initial step can be used to define boundary conditions, predefined fields, and
interactions applicable at the beginning of the analysis. The initial step had two
boundary conditions for the beginning of the simulation. One was on the padbackplate (this allowed the pad-backplate to move only in the U2 direction) and
the other was on the disc and did not allow the disc to move in any direction.
Figure 5.1 shows that the initial temperature of the surrounding air was set to
20˚C. The interaction type between the model and surrounding environment was
surface film condition that defined convection from model surfaces. The sink
temperature was a uniform 20˚C and the film coefficient was 100 W/m2K.
The other interaction was at the contact surface between pad and disc. The
interaction type was surface-to-surface contact (Standard). The bottom pad
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surface was the slave surface, since it was softer than the disc, and the top disc
surface was the master surface. The sliding formulation was ‘finite sliding’ that is
the most general and allows arbitrary motion of the surfaces (small sliding
assumed although two bodies might undergo large motions). This surface-tosurface contact interaction has four important factors: Tangential Behavior,
Normal Behavior, thermal conductance, and heat generation.
5.3.2. Step One (Apply Load)

Figure 5.2 . 2D model boundary condition in step one

Disc boundary condition remained as in the initial step, a load of 1MPa is
uniformly applied at the top surface of pad and backplate. The pad was allowed
to move vertically only (Figure 5.2).
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5.3.3. Step Two
As shown in Figure 5.3, the boundary conditions were redefined and the disc was
allowed to move in the horizontal direction with a speed of 5m/s. The pad
boundary condition was defined in three different ways: NR, FR and LR.

Figure 5.3 2D model boundary condition in step two

5.4.

Special issue setup

5.4.1. Set up heat generation (Comparison of 0.5/0.75/1)
The heat generation factor, 𝑓, in ABAQUS is used to define the fraction of friction
induced heat energy initiated at the slave surface (lower pad surface in the
present 2D model). When 𝑓 = 1, 100% of the heat energy is initiated on the pad
side; when 𝑓 = 0, all heat energy is initiated on the disc (master) side. When 𝑓 =
0.5 (typical value) the friction heat energy is initiated equally on both sides.
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It is known that friction induced heat is generated mainly at the pad side instead
of the disc side due to the fact that the pad is softer and deforms in a more
plastic/elastic mode than the disc during a braking event [3]. Thus, it is expected
that f should be larger than 0.5 and smaller than 1. In addition, the existence of
an ITL between the two contact surfaces means that it is possible for the contact
surface temperature at the pad side to be not equal to that at the disc side. 𝑓 is
expected to affect the contact surface temperature of the disc (and that of the
pad), and the heat partition ratio. Here values of 𝑓 equal to 0.5, 0.75, and 1 are
used. To magnify the effect of 𝑓 on the contact surface temperatures at the discpad interface, the thermal conductance value ℎ is set to 0 W/m2K, which means
that there is no heat exchange at the interface. The pad boundary condition is FR
(Figure 5.9) and the element size is 1×1 mm.

(a)

(b)

Figure 5.4 (a) Results of 2D model with f=0.5, hc=0; (b) Temperature distribution
at the disc upper surface

Figure 5.4 shows that, since 𝑓 = 0.5 implies that half of the friction heat is
generated at the pad side and half at the disc side, as expected a temperature
increase is observed on both pad and disc contact surfaces during the friction
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braking event. Approximately the pad maximum temperature increases from
20C to 900C, and the disc maximum temperature increases from 20C to 50C.
For further analysis of the combined effect of 𝑓 and ℎ𝑐 , ℎ𝑐 = 104 W/m2K and ℎ𝑐 =
106 W/m2K are used. Results are shown in Figure 5.5 and Table 5.2.

Temperature distribution

Temperature distribution
5000

f=0.5

Temperature(˚C)

Temperature(˚C)

200

4000

150
f=0.5

100

f=0.75

3000

f=1

2000

f=0.75

50

1000

f=1

0

0

0

0.5

0

1

Trailing edge (0), leading edge (1)

0.5

1

Trailing edge (0), leading edge (1)

(a)

(b)

Figure 5.5 Pad contact surface temperature distribution f=0.5, 0.75, and 1, (a) h c
=106W/m2K, (b) hc =104W/m2K

Conductance

Temperature (˚C)

(W/m2K)

𝑓 = 0.5

𝑓 = 0.75

𝑓=1

106

113.09

117.54

121.98

104

517.08

747.11

977.18

Table 5.2 Temperature at the mid-point of the pad’s contact surface

Figure 5.5(a) shows the difference in heat generation with different values of 𝑓.
The temperature is low under high interface thermal conductance, with a
maximum of 160˚C at the pad’s trailing edge (around 0 to 0.1 at the 𝑥-axis). For
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the models with 𝑓 = 0.75 and 𝑓 = 1 the temperature distributions are similar to
those for 𝑓 = 0.5 however, the temperature is slightly lower. Excluding the trailing
edge part, the temperature distributions of all three models are similar and the
difference between them is only around 3.8%, as shown in Table 5.2.
Figure 5.5(b) shows that when the conductance is low (104 W/m2K), the
temperature at the lower pad surface becomes very high (over 500˚C) and the
temperature difference between them is always over 30%, as shown in Table 5.2.
It is clear that correctly setting the value of 𝑓 in FE modelling/simulation of friction
braking is very necessary. The 𝑓 value of 0.75 is assumed to be the appropriate
representation of the heat generation situation at the disc-pad interface in braking
processes (see Section 2.2) and is recommended for this type of disc-pad FE
thermal-stress analysis.

5.4.2. Set up conductance
The contact thermal conductance, hc, due to the existence of an ITL at the discpad interface and its effect on the interface heat transfer are investigated. It is
difficult to actually measure or quantify this factor due to its complex nature. Lee
[9] and Loizou [10] used value of ℎ𝑐 equal to 3x104 W/m2K and 2x109 W/m2K,
respectively, in their disc-pad thermal analyses. Values of 104 W/m2K, 3x104
W/m2K, 106 W/m2K, and 109 W/m2K are selected for this factor analysis.
The other factors/settings, kept constant, are: pad is FR at RP-A, 𝑓 = 0.5
(default), and the size of the element is 1×1 mm.
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Pressure distribution

Temperature distribution
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Trailing edge (0), leading edge (1)

0.5

1
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(a)

(b)

Figure 5.6 (a) Pressure distributions and (b) temperature distributions on the pad
contact surface (with four different thermal conductance values)

Conductance

Average

Maximum

Temperature Temperature

Average

Maximum

Pressure

Pressure

(W/m2K)

(˚C)

(˚C)

(MPa)

(MPa)

104

313.10

1006.00

10.19

32.86

3x104

248.88

790.50

10.21

33.70

106

67.82

86.11

10.26

35.73

109

57.50

81.35

10.26

35.82

Table 5.3 Average/maximum temperature and pressure values at pad’s contact
surface under different conductance values

Figure 5.6 shows the pressure and temperature distributions on the pad’s contact
surface with different conductance values, and Table 5.3 shows the
average/maximum temperature and pressure values at the pad’s contact surface.
It is clear that changes in the thermal conductance has little effect on the contact
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pressure, in terms of average/maximum pressure and pressure distribution. The
average pressure is around 10MPa, consistent with the uniform pressure applied
to the pad’s upper surface.
The pad contact surface temperature, however, is significantly affected by the
thermal conductance, in terms of average/maximum value as well as distribution.
When the conductance values are 104 W/m2K and 3x104 W/m2K, as shown in
Figure 5.6(b), the temperature increases dramatically from the pad’s trailing edge
to its leading edge. When the conductance values are at high values of 10 6
W/m2K and 109 W/m2K, however, the temperature tends to decrease slightly from
the pad’s trailing edge to its leading edge. The average/maximum temperatures
are shown in Table 5.3, and the distributions become less sensitive to the
conductance value at high conductance conditions. Modeling incorporating
higher conductance requires much smaller time increments, which in turn means
longer and unnecessary computing time. It is therefore recommended to use 106
W/m2K to represent a high conductance scenario, and 10 4 W/m2K to represent
normal friction braking conditions (a ‘benchmark’ value that has been used in the
literature) for this type of disc-pad FE thermal analysis.

5.4.3. Set up clearance effect on thermal conductance
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Figure 5.7 Thermal contact conductance as a function of interface clearance

There are several factors influencing the existence of local gaps at a micro level
scale between the pad and disc contact surfaces, such as the disc run out, roll
back, installed RC, and surface roughness of the disc/pad contact surfaces, Ra,
which is around 5-50μm. In this study, the effective clearance between the pad
and disc contact surfaces, used in setting up the 2D FE interface condition, lies
between 0 and 10μm. ℎ𝑐 = 104 W/m2K (a normal value used in much literature)
and ℎ𝑐 = 106 W/m2K (a high value representing a perfect contact interface
thermal condition) are used as the interface conductance values in this study.
Figure 5.7. shows the ITL thermal conductance/clearance setting. It is clear that
proper

consideration

of

the

interface

thermal

conductance

in

FE

modelling/simulation of friction braking process is very necessary. It is not
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acceptable to either assume no thermal contact resistance (where ℎ𝑐 = ∞) or
assume no heat exchange (where ℎ𝑐 = 0) at disc-pad interface.

5.4.4. Set up element size
It is known that smaller element sizes normally mean more accurate simulation
results but with longer computing time. An appropriate element size can provide
reliable results in a reasonable time. To develop an effective FE analysis, the
influence of element size is studied. Different square element sizes are examined:
1mm, 0.5mm, 0.25mm, and 0.2mm. Other factors/settings are kept constant: pad
FR at RP-A, ℎ𝑐 = 106 W/m2k, and 𝑓 = 0.5.

Temperature distribution with different element size
160

Temperature (°C)

140
120
100
80
60

1
0.5
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0.2
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20
0
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Trailing edge (0), leading edge (1)

Figure 5.8 Simulation results of the temperature distributions on the pad contact
surface using different element sizes (1mm, 0.5mm, 0.25mm and 0.2mm)

Figure 5.8 shows plots of the pad contact surface temperature distribution from
the pad’s trailing edge to its leading edge as a function of the element size. This
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figure shows that the element size does affect temperature distribution
predictions, i.e. the highest temperature region moves from the trailing edge to
the middle area as the element size decrease. It also affects the value of the
maximum temperature. It clear that when the element size changes from 0.25mm
to 0.2mm, the distribution curve is no longer changing significantly. Further test
was simulated and 0.3mm element size could also result in similar distribution
curve and save more computing time. An element size of around 0.3mm is,
therefore, preferred.
Element Size (mm)

1

0.5

0.25

0.2

0.25-1

Computational Time

t

12t

15.6t

24t

10.8t

Table 5.4 Estimated computing time required for different element sizes

To reduce the computing time, a non-uniform meshing strategy is adopted, which
is based on the understanding that the high variation in terms of the values of
stress/strain and temperature is expected to occur only at location adjacent/close
to the interfaces. Therefore, a fine mesh is created only in regions close to the
interfaces. A non-uniform 0.3-1 mm mesh is set up, in which the element size
next to the interface is 0.3mm and the element size next to the upper side of the
pad (as well as the lower side of the disc) is 1mm. Some additional tests are
carried out using element sizes of 0.5mm, 0.25mm, 0.2mm, and non-uniform 0.31 mm, respectively. Table 5.4 shows the computing times. The computational
time under non-uniform 0.3-1mm meshing is less than 4 hours for a single
simulation, reduced from 8 hours under uniform 0.25mm meshing. A non-uniform
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0.3-1mm mesh is, therefore, recommended for this type of 2D FE thermal
analysis.

5.4.5. Pad rotational degree of freedom
As far as the pad mechanical boundary condition is concerned, there are two
boundary conditions that are commonly used for FE modelling in literature. One
is a No-Rotation (NR) condition (maintain the pad with no rotational degree of
freedom about the z-axis).

Figure 5.9 Boundary conditions of NR, FR and LR models

As shown in Figure 5.9(a), it assumes that there is no friction induced bending
moment effect. The other is a Free-Rotation (FR) condition assuming that the
pad can rotate freely about the 𝑧-axis at the pivot point A, shown in Figure 5.9(b),
which is 15mm above the friction interface. Arguably neither of these two
conditions represent the true dynamic behaviour of brake pads in a real braking
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event. The pad normally has a Free-Rotation (FR) condition, i.e. it can rotate
slightly about the 𝑧 -axis due to the friction/reaction forces and clearance fit
between the pad and the caliper in a braking event. Consequently, the disc-pad
interface contact pressure and temperature distributions could be affected. A
limited rotational effect is implemented in this report by selecting the pivot point D,
which is 5mm above the friction interface (indicated in Figure 5.9(c)). This setting
provides the pad with a restricted (limited) rotational degree freedom (LR) that
minimizes (instead of eliminates) the friction induced bending moment effect on
braking behaviours.

5.4.6. Effect of pad rotational degree of freedom in 33ms models
5.4.6.1.

No-Rotation (NR) and Free-Rotation (FR) boundary conditions

The effect of NR and FR boundary settings is assessed first, shown in Figure 5.2,
where the 𝑥-axis represents the pad contact surface from its trailing edge (0) to
its leading edge (1). The results shown in Figure 5.10 are obtained at a time of
𝑡 = 33ms, which is equivalent to one revolution of the brake disc with respect to
the stationary brake pad, with normal and high interface thermal conductance,
respectively.
Figure 5.10(a) shows that, under a NR boundary condition, pad pressure and
surface temperature are distributed nearly uniformly at the interface (at 100℃
and 1MPa). However, under a FR condition, the pressure and temperature
change significantly, from about 0 MPa at the trailing edge to about 6 MPa at the
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leading edge, and from about 20℃ at the trailing edge to about 500℃ at the
leading edge, respectively.
Figure 5.9(b) shows that the pad pressure is nearly uniformly distributed at the
interface under a NR boundary condition but changes significantly under a FR
boundary condition (from 0 to 7MPa). As far as temperature is concerned, the
NR and FR conditions both affect the distributions significantly with the high
interface thermal conductance. The pad temperature increases from 30℃ at the
trailing edge to its maximum 33℃ at the middle of the contact region before
decreasing to 25℃ at the leading edge.
It is clear that the pressure distribution is significantly affected by the pad
boundary condition settings (NR or FR) in both normal and high thermal
conductance situations. Since NR does not represent actual brake pad
conditions in braking and FR overestimates the effects of the friction induced
bending moment on contact pressure, a limited rotational pad boundary condition
should be considered in 2D-FE modelling/simulation of this type. The pivot point
D, which is 5mm from the friction interface (Figure 5.9) is assumed to represent a
limited rotational (LR) degree of freedom of the pad and is used in setting the pad
boundary condition in this report.
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Figure 5.10 Pad pressure and temperature distributions with FR and NR when
t=33ms.

5.4.6.2.

Limited-Rotation (LR) boundary condition

Figure 5.11 Pad pressure and temperature distributions in LR models with
different thermal contact conductance
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Figure 5.11 shows that the pressures at the pad/disc interface under an LR
condition are higher at the leading edge than that at the trailing edge, which is
due to the friction induced moment effect. Similarly, the temperature is higher at
the leading side than that at the trailing edge due to the combined effect of the
contact pressure and the heat flux/transfer.
The results in Figures 5.10 and 5.11 show that values near the trailing edge and
the leading edge normally change dramatically, e.g. Figure 5.9(a) shows that for
an FR condition, the pressure changes from 2MPa to 7MPa and the temperature
changes from 200 to 500˚C within a region of 10% of the contact length adjacent
to the leading edge.
The results for region that are within 10% of the trailing edge and 10% of the
leading edge are not included/presented in the results section. The reasons are:
•

We are simply looking for general trends from the 2D-FE simulation, in
terms of how the interface thermal conductance affects the pad/disc
interface heat partitioning and temperature distribution

•

Due to the trailing/leading edge temperature being difficult to measure in
the experiments (embedding thermocouples at the edge area will damage
the pad structure and simulation results cannot be used to compare with
experiment data as well), the data near the leading and trailing edges are
largely excluded in the remainder of this report.

The 𝑥-axis shown in later figures start from 0.1 and end at 0.9 of the pad contact
surfaces.
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5.4.6.3.

Interface temperature distribution in FR, NR and LR models

Due to the existence of an ITL at the brake pad/disc interface, the contact
surface temperature of the pad will be different to that of the disc. Figures 5.12(a)
and (b) show simulation results under all conditions considered in this research,
i.e. pad degree of freedom and interface thermal conductance.
Figure 5.12 shows normal and high thermal conductance LR-models. As shown
in Figure 5.12(a) the temperature at the disc side is about uniform 110℃ and the
pad temperature slightly decreases from 253℃ at the trailing side to 210℃ in the
middle before increasing to 240℃ at the leading side under normal thermal
conductance. The difference between pad temperature and disc temperature is
about 130℃. By contrast, under high thermal conductance, the disc temperature
decreases from the pad trailing side to the pad leading side. The difference
between pad temperature and disc temperature is about uniform 2℃.
Figures 5.13 and 5.14 show temperature differences under NR and FR
respectively. Clearly the pad boundary condition and the contact surface thermal
conductance condition both affect the pad temperature and disc temperature at
the contact interface in terms of magnitude as well as distribution.
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Figure 5.12 LR temperature distribution for different ITL thermal conductance
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Figure 5.13 NR temperature distribution for different ITL thermal conductance
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Figure 5.14 FR temperature distribution for different ITL thermal conductance

5.4.7. Summary of 2D FE model setup
Model settings
Heat generation, f

0.75

Friction coefficient, µ

0.4

Load, p (MPa)

1

Sink temperature, T0 (˚C)

20

Predefined temperature, Tp (˚C)

100

Degree of Freedom (Pad)

LR (At Pivot D)

Thermal conductance, hc
(W/m2K)

104, 106

Disc sliding speed, v (m/s)

5

Time instant (ms)

190
𝐴

Contact area ratio ( 1 )

3/20 (30mm/200mm)

Element size (mm)

Non-uniform: 0.33-1

𝐴2

Table 5.5 Final 2D model settings summary
To summarize the outcomes of this chapter, Table 5.5 lists the 2D model settings
used in further analyses.
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5.5.

2D FE Simulation results and discussion

In this section we present a range of results and observations for contact
pressure (section 5.5.1), temperature (section 5.5.2), and heat flux (section 5.5.3),
and finish with a consideration of heat partition ratio calculation (section 5.5.5).
5.5.1. Pad contact pressure evolution
In order to understand the heat transfer behaviour during the friction sliding
process, the application time is extended from 33ms (used in authors’ previous
work [27,36]) to 190ms. Figures 5.15 and 5.16 show the effect of the thermal
contact conductance on contact pressures and temperatures over the sliding
time period (from 0 to 190ms) under the LR boundary condition.

(a)
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(b)
Figure 5.15 LR pressure distribution with thermal contact conductance values
(W/m2k). (a) normal hc=10^4; (b) high hc=10^6.

We now provide a few key observations from Figure 5.15 that shows the time
variation of contact pressure (𝑧-axis) as a function of sliding time (𝑦-axis, 10ms to
190ms). The patterns of pressure variation under normal and high thermal
contact conductance are similar in distribution and magnitude (1-2% difference).
Specifically, in Figure 5.15(a) (normal) throughout the sliding period, pressure:
•

remains at 1.26MPa the trailing edge of the pad contact surface

•

decreases from 1.16 MPa to 0.9MPa (-22.4%) in the middle area of the
pad contact surface

•

increases from 1.16MPa to 1.21MPa (+4.3%) at the leading edge of the
pad contact surface

For high thermal contact conductance (Figure 5.15(b)), the pressure:
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•

decreases from 1.23 MPa to 0.97MPa (-21.1%) at the trailing edge of the
pad contact surface

•

slightly decreases from 0.94 MPa to 0.91MPa (-3.2%) in the middle area
of the pad contact surface

•

slightly increases from 1.15MPa to 1.19MPa (+3.4%) at the leading edge
of the pad contact surface

Looking now at the leading and trailing edge (𝑥-axis), for normal conductance
(Figure 5.15(a)), the pressure:
•

decreases from 1.26MPa to 1.16MPa (-7.9%) then remains at 1.16MPa
along the pad contact surface (trailing-to-leading edge) at 𝑡 = 10ms

•

decreases from 1.26MPa to 0.9MPa (-28.6%) then increases to 1.21MPa
(+34.4%) along the contact surface (trailing-to-leading edge) at 𝑡 = 190ms

For high conductance (Figure 5.15(b)), pressure:
•

decreases from 1.23MPa to 0.94MPa (-23.6%) then increases to 1.15MPa
(+22.3%) along the contact surface (trailing-to-leading side) at 𝑡 = 10 ms

•

remains at 0.97MPa then increases to 1.19MPa (+22.7%) along the
contact surface (trailing-to-leading side) at 𝑡 = 190 ms
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5.5.2. Pad contact surface temperature evolution

(a)

(b)
Figure 5.16 LR pad temperature distribution for different thermal contact
conductance values (W/m2k). (a) (normal) hc=10^4; (b) (high) hc=10^6.
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We now provide a few key observations from Figure 5.16 that shows the time
variation of contact temperature (𝑧-axis) as a function of sliding time (𝑦-axis,
10ms to 190ms). Patterns of temperature variation for normal and high thermal
contact conductance are significantly different in distribution and magnitude.
Specifically, in Figure 5.15(a) normal conductance, the temperature:
•

increases from 143.9℃ to 253.6℃ (+43.3%) at the trailing edge of the pad
contact surface

•

increases from 133℃ to 211.4℃ (+37.1%) in the middle area of the
contact surface

•

increases from 140.3℃ to 240.2℃ (+41.6%) at the leading edge of the
contact surface

For high thermal contact conductance (Figure 5.16(b)), temperature:
•

slightly decreases from 113.1℃ to 112.8℃ (-0.3%) at the trailing edge of
the pad contact surface

•

slightly increases from 109.7℃ to 109.8℃ (+0.1%) in the middle area of
the contact surface

•

slightly increases from 105.2℃ to 105.4℃ (+0.2%) at the leading edge of
the contact surface

Looking now at the leading and trailing edge (𝑥-axis), for normal conductance
(Figure 5.16(a)), the temperature:
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•

decreases from 143.9℃ to 133℃ (-7.6%) then increases to 140.3℃
(+5.5%) from trailing-to-leading edge at 𝑡 = 10𝑚𝑠

•

decreases from 253.6℃ to 211.4℃ (-16.6%) then increases to 240.2℃
(+13.6%) from trailing-to-leading edge at 𝑡 = 190𝑚𝑠

For high conductance (Figure 5.16(b)), the temperature:
•

decreases from 113.1℃ to 109.7℃ (-3%) then to 105.2℃ (-4.1%) from
trailing-to-leading edge at 𝑡 = 10𝑚𝑠

•

decreases from 112.8℃ to 109.8℃ (-2.7%) then to 105.4℃ (-4%) from
trailing-to-leading edge at 𝑡 = 190𝑚𝑠

5.5.3. Pad contact surface heat flux evolution

(a)
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(b)
Figure 5.17 LR pad Heat flux into the pad for different thermal contact
conductance (W/m2k). (a) normal hc=10^4; (b) high hc=10^6

We provide a few key observations from Figure 5.17 that shows the time
variation of heat flux (𝑧-axis) as a function of sliding time (𝑦-axis, 10ms to 190ms).
The patterns of heat flux variation under normal and high thermal contact
conductance are significantly different in distribution and magnitude. Specifically,
in Figure 5.15(a) for normal conductance, heat flux:
•

rapidly increases from 0.303MW/m2 to about 0.6MW/m2 (+98%) in 50ms
then decreases to 0.438MW/m2 (-27%) at the trailing edge of the pad
contact surface

•

rapidly increases from 0.227MW/m2 to about 0.4MW/m2 (+76.2%) in 50ms
then decreases to 0.314MW/m2 (-21.5%) in the middle area of the contact
surface
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•

rapidly increases from 0.277MW/m2 to about 0.5MW/m2 (+80.5%) in 50ms
then decreases to 0.402MW/m2 (-19.6%) at the leading edge of the
contact surface

For high thermal contact conductance (Figure 5.17(b)), heat flux:
•

slightly increases from 0.083MW/m2 in the first 25ms then decreases to
0.031MW/m2 at the trailing edge of the pad contact surface

•

decreases from 0.059MW/m2 to 0.025MW/m2 (-57.6%) in the middle area
of the contact surface

•

decreases from 0.031MW/m2 to 0.014MW/m2 (-54.8%) at the leading edge
of the pad contact surface

Looking now at the leading and trailing edges (𝑥-axis), for normal conductance
(Figure 5.17(a)), the heat flux:
•

decreases from 0.303MW/m2 to 0.227MW/m2 (-25.1%) then increases to
0.277MW/m2 (+22%) from trailing-to-leading edge at 𝑡 = 10𝑚𝑠

•

decreases from 0.438MW/m2 to 0.314MW/m2 (-28.3%) then increases to
0.402MW/m2 (+28%) from trailing-to-leading edge at 𝑡 = 190𝑚𝑠

For high conductance (Figure 5.17(b)), the heat flux:
•

decreases from 0.083MW/m2 to 0.059MW/m2 (-28.9%) to 0.031MW/m2 (47.5%) along trailing to middle to leading edge at 𝑡 = 10𝑚𝑠

•

decreases from 0.031MW/m2 to 0.025MW/m2 (-19.4%) to 0.014MW/m2 (44%) along trailing-to-leading edge at 𝑡 = 190𝑚𝑠
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5.5.4. Discussion: contact surface pressure, temperature, and flux distribution
•

As a consequence of the limited rotational boundary condition set for the
pad, the motion of the pad results in a non-uniform pressure distribution
along the contact surface. The contact pressure is higher at the trailing
and leading edges (Figure 5.15).

•

For fixed contact thermal conductance, higher pressure means higher
heat transfer, therefore the contact temperature reaches higher values
with normal thermal conductance since heat energy cannot transfer
through interface as fast as with high thermal conductance (Figure 5.16).

•

Heat flux distribution shows a similar pattern of temperature distribution,
(since heat flux can be defined as the rate of heat energy transfer through
a given surface which means larger heat flux into unit surface results in a
higher temperature in this application) along both interface (𝑥-axis) and
sliding time (𝑦-axis). (Figure 5.17)

5.5.5. Heat Partition Ratio
In this section we describe the calculation part for HPR and analyse the results.
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Figure 5.18 2D model setting with different pivot point A and D along the pad
trailing edge
Calculation Method
We select five ‘nearly’ uniformly-distributed nodes on the lower pad surface but
exclude leading and trailing edges (Figure 5.18). At different time instants during
the simulation, we select nodes on the disc closest to the five selected pad nodes
and plot the heat flux at each pad-disc node pair for each time instant. The heat
fluxes are used to determine the partition ratio.
Results
For further insight into the heat transfer behaviour at the disc/pad interface, five
nodes on the pad bottom surface (a, b, c, d and e in Figure 5.18), and five
corresponding nodes at the middle of the top surface of the disc are selected for
analysis of the heat flux and partition ratio. Figures 5.19 and 5.20 show the
temporal history of the heat fluxes during the disc block sliding under the pad
block as shown in Figure 5.18. In Figures 5.19 and 5.20, nodes 1007, 1023, 1042,
1062 and 1078 lie on the disc contact surface (locations a, b, c, d, e in Figure
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5.18), and the values of heat flux are negative indicating that heat flows towards
the disc. Nodes 226, 242, 262, 281 and 297 (locations a, b, c, d, e in Figure 5.18)
are the nodes on the pad contact surface with positive values of heat flux.
35ms Simulation

Figure 5.19 Heat flux at selected nodes (h=104 W/m2K)

Figure 5.20 Heat flux at selected nodes (h=106 W/m2K)
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In Figure 5.19 (normal conductance) we observe that the heat flux at the nodes
along the lower pad surface continuously increases during the braking
application without reaching a steady value. Figure 5.20 (high conductance)
shows the nodes along the pad’s lower surface do reach a steady heat flux value
after about 10ms (marginally decreasing afterwards).
For the associated nodes on the disc side, the maximum heat flux reaches
0.7MW/m2 under normal conductance (Figure 5.19) and reaches 1.3MW/m2
under high conductance (Figure 5.20). In addition, the maximum heat flux value
of the disc contact surface nodes increases towards the trailing edge (Figure
5.19) and the maximum flux of these nodes is constant, 1.3MW/m2 (Figure 5.20).
190ms Simulation
Heat flux of selected nodes (h=104 W/m2K)
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Figure 5.21 Heat flux at selected nodes (h=104 W/m2K)
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Figure 5.22 Heat flux at selected nodes (h=106 W/m2K)

Figure 5.21 shows when thermal contact conductance is 104 W/m2K, the heat
flux transfer to the pad side increases rapidly at the beginning and reaches the
maximum value of about 0.58MW/m2 after about 400ms and then decreases
slowly. The heat flux towards the disc side increases monotonically. In Figure
5.22 (thermal contact conductance is 106 W/m2K) the heat flux towards the pad
side reaches its maximum value in a shorter time, at 100ms. The maximum heat
flux towards the pad side is much smaller than the value for normal thermal
conductance, less than 0.1MW/m2. The heat flux towards the disc side also
reaches its maximum value in a short time then decreases through the simulation.
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5.5.6. HPR at different time instant in LR models

Figure 5.23 Heat partition ratio for different time instants at selected nodes

Five snap-shot times (5ms, 10ms, 15ms, 20ms, and 25ms) are selected during
the simulation at which heat flux data is plotted and the heat partition ratio is
calculated (Figure 5.23). Figure 5.23(a) shows that the heat partition ratio
(normal conductance) increases slightly at the trailing edge then decreases and
increases again along the contact surface. We can see that initially the heat
partition ratio increases rapidly, reaching about 36% at 25ms. By comparison,
Figure 5.23(b) shows the heat partition ratio (high conductance) decreasing from
the trailing edge to the leading edge (heat partition ratio decreases from 6% to 5%
within the first 25ms of the braking event studied).
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5.6.

Summary

A 2D coupled temperature-displacement model has been introduced in this
chapter. Simulation has been implemental at normal (low) and high contact
thermal conductance value with a view to determine, their influence upon
pressure, temperature, heat flux, and HPR.
The key findings for the simulations are:
•

Pressure distribution is not uniform with both normal and high thermal
conductance (section 5.5.1)

•

Pressure distribution shows highly similar pattern with both normal and
high conductance along interface (x axis) and sliding time (y axis)

•

Temperature of pad lower surface reaches higher temperature with normal
interface thermal conductance because the heat cannot be transferred to
disc side as fast as it with high interface conductance (section 5.5.2)

•

Pad’s lower surface temperature is not uniformly distributed. Leading edge
temperature is significantly higher than middle area because of the limited
rotational DoF setting on pad causes a high pressure at this edge; trailing
edge temperature is slightly higher than middle area because of the
material thermal expansion and fixed pivot point on pad causes the
leading edge contact pressure is higher than middle area.

•

Pad’s lower surface temperature is increasing with sliding time with normal
interface conductance because heat cannot transfer to disc side easily but
slightly decreasing with sliding time after reaches its maximum value in a

112

short period with high interface conductance since the high heat transfer
ability of the ITL.
•

Heat flux distribution shows same pattern with temperature distribution in
both x axis (trailing to leading edge) and y axis (sliding time) (section 5.5.3)

•

The heat partition ratio is not constant (section 5.5.5).

•

HPR is increasing (from about 26%) and reaching a steady value about 36%
with normal conductance; decreasing from about 6% to 5% and keep
decreasing with high conductance (section 5.5.6).

5.7.
I.

Recommendation
The pad boundary conditions (NR, LR and FR) significantly affect the
interface pressure distribution which in turn affects the temperature
distribution. A limited rotational boundary condition, LR, is suggested.

II.

Thermal

contact

conductance

affects

both

interface

temperature

distribution and heat flux distribution at the pad/disc interface during
braking. Application of different values of interface thermal conductance is
a line of further research.
III.

The heat partition ratio reaches a steady state (~6%) within very short
period (20ms) for high thermal contact conductance but takes a much
longer time to reach steady state for normal thermal contact conductance.
It is worth investigating this finding in 3D simulation.
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Chapter 6 3D Finite Element Model
6.1.

Introduction

Based on the 2D FE model study (Chapter 5) and the small-scale test rig
experiments, a 3D coupled temperature-displacement FE model is built. The
meshing method, interactions, boundary conditions, and predefined fields are
presented in this chapter. Results of contact pressure, nodal temperature and
heat flux are presented.

6.2.

Model setup

The FE model includes two components: a disc and a pad with back-plate, which
was located directly on the upper surface of the disc (Figure 6.1). The material
properties were introduced in chapter 5.

Figure 6.1 3D model assembly without meshing
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6.2.1. Mesh
As discussed in chapter 5, a 0.25mm element size can provide reasonably
accurate results for temperature and pressure distributions but at the expense of
much longer computing times (2D FEM). In a 3D model, with this small element
size, the computing time is likely to be much longer than for a 2D model.
Therefore, to reduce the computing time, the element size has to be larger.
C3D8T 8-node coupled temperature-displacement elements were used from the
ABAQUS library for all the models. Since one of the research aims was to
analyze the heat partition ratio of selected locations, the same element size was
used in both pad and disc (Figure 6.2).

Figure 6.2 Mesh method of 3D model
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6.2.2. Interactions
The same interactions with 2D FE models were created (see section 5.3.1.).
6.2.2.1.

Interface

The surface to surface contact interaction was created (Figure 6.3) with the lower
pad surface as the slave surface and the upper surface of disc as the master
surface. The sliding formulation was ‘finite sliding’. The ‘hard’ contact pressureoverclosure definition was defined. The friction formulation was ‘penalty’ and the
friction coefficient was taken as 0.4. The heat generation value was defined as
0.75 (Chapter 5).
For the thermal conductance/clearance definition, the same normal and high
thermal conductance was assumed as for the 2D model. 0-10µm was assumed
as an effective clearance value.

Figure 6.3 Surface to surface interaction
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6.2.2.2.

Convection

A surface film condition is used to describe convection heat transfer (Figure 6.4),
which represents the heat transfer due to air flow during the braking process (for
properties, see Section 5.3.1). The disc circumference uses the same settings.

Figure 6.4 Film condition

6.2.3. Translational boundary conditions
From observations of pad contact surface wear during braking progress, a limited
rotational degree of freedom was deemed reasonable to use in a 3D FE model.
Partition pad part for creating limited rotational pivot line (Figure 6.5).
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Figure 6.5 Pad part partition
6.2.3.1.

Pad

A pad translational boundary condition was applied at two locations. The braking
load was applied to the top surface of the backplate and the limited DoF was built
along the partition line (Figure 6.6(a)).

(a)

(b)

Figure 6.6 (a) Pad boundary condition during braking application, (b) Disc
constraint with reference point
A pressure of 1MPa is applied on the backplate resulting in a load of 750N.
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6.2.3.2.

Disc

A reference point at the disc centre is constrained with the disc inner surface
(Figure 6.6(b)). The reference point is only unrestricted along the UR3 direction
(see Figures 5.2 5.3).

6.2.4. Predefined temperature
Based on the test rig inputs, the preheat temperature value of the controller PC
was defined as 100˚C. The basic temperature of components in the 3D model
were then defined as 100˚C. The 3D FE model settings are listed in Table 6.1.
Model settings
Heat generation, f

0.75

Friction coefficient, µ

0.4

Load, p (MPa)

1

Sink temperature, T0 (˚C)

20

Predefined temperature, Tp
(˚C)

100

Degree of Freedom (Pad)

LR

Thermal conductance, hc
(W/m2K)

104, 106

Disc rotating speed, ω
(radians/s)

100

Time instant (s)

1

Element size (mm)

Non-uniform: 3.2 to 10

Table 6.1 3D FE model settings
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6.2.5. Steps
The principal set-up steps are the same as the 2D model. The initial step allowed
the pad to move only in a vertical direction (perpendicular to the disc contact
surface) and the disc is not allowed to move in any direction. Step one provides
the load on the back-plate (boundary conditions of the two parts are the same).
Step two defines an angular velocity on disc: the disc boundary condition was
edited to allow it to rotate with the 𝑍-axis.

6.3.

FEM results (normal contact thermal conductance)

All node selections are shown in Appendix D.

6.3.1. Contact pressure
Figure 6.7 shows the pressure changes at three nodes from each side (disc/pad).
On the pad side, the pressure at the node with large radius (1021) increased at
the beginning then decreased to a value below 1MPa. The pressure at node
(1026) in the middle of the pad contact surface and at a smaller radius (1031)
changed slightly during simulation. The pressure at nodes on the disc side
increased rapidly when in contact with the pad. However, the maximum pressure
value that the nodes can reach during simulation was neither constant nor linear
changed.
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Figure 6.7 Pressure changes at selected nodes

6.3.2. Temperature
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Figure 6.8 Pad surface temperature changes at different radii
Figure 6.8 shows that the pad temperature at nodes with a larger radius
increases more rapidly than at nodes with smaller radius (along central line
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through the reference point). After a period of time the temperature at all nodes

Temperature (˚C)

starts to become stable (about 275˚C).
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Figure 6.9 Pad leading edge node temperatures at different depths
Figure 6.9 shows that the temperature at nodes at the same distance to the
contact surface (nodes 1644, 1654) slowly increases during simulation due to the
low thermal conductivity of pad material and the pad contact surface temperature
being much higher than the disc temperature (see Figure 6.11), therefore most of
the generated heat transfers towards the disc side. On the contact surface, the
temperature increased rapidly since more heat is generated at pad side and low
thermal conductivity doesn’t allow heat to dissipate fast; the temperature at the
node with larger radius (node 963) increased faster and reached a higher
maximum temperature since the sliding distance is longer.
Figure 6.10 shows that the trailing edge temperature at nodes some distance to
the contact surface change slightly and larger radii result in lower temperatures.
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However, the temperature at nodes on the contact surface initially increased then
decreased and increased again after a period, it is possibly because of the pad
material’s low thermal conductivity. Temperature at nodes at a large radius
increase more slowly and the maximum temperature is lower than nodes with
smaller radius.
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Figure 6.10 Pad trailing edge node temperatures at different depths
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Figure 6.11 Disc surface temperature changes at different radii
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Figure 6.11 shows the temperature change at three nodes with different radii on
the disc surface. At the beginning, the temperature of the middle area node
(node 46) reaches a higher temperature (compared to nodes with smaller radius
36 and larger radius 41). However, after several contacts with the pad, the node
at larger radius (node 46) reached a similar maximum temperature to the central
node (41); this value is higher than the maximum temperature of the node with
smaller radius (node 36) meaning after a few contacts, sliding distance becomes
an important factor of influencing temperature.
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Figure 6.12 Disc node temperature changes
Figure 6.12 shows that in the disc at some distance from the contact surface, the
temperature always increases with time but increases more slowly than contact
surface nodes and reaches a lower temperature after contact with the pad.
Sliding distance is one of the factors influencing maximum temperature. A
contact node with larger rotating radius (i.e. 28716) reaches a higher temperature
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during braking phase (this also affects node 28752 which lies away from the
contact surface, although this influence is not significant).
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Figure 6.13 Disc node temperature changes
Figure 6.13 shows similar results to figure 6.12; the temperature of nodes at
some distance from the contact surface increase slightly. However, at the contact
surface, nodes with larger rotating radius achieve a lower temperature than
nodes with smaller rotating radius during the first three contact periods with the
pad. After that, nodes with larger rotating radius reach a higher temperature.
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(c)
Figure 6.14 Temperature change at selected nodes on both pad and disc sides
Figure 6.14(a) shows temperature changes at all eight nodes on the pad and disc.
Only temperatures at nodes on the pad leading edge increase rapidly to higher
temperatures. The node with a larger rotating radius (node 963) reaches a higher
temperature than nodes with smaller rotating radius (node 973). Figure 6.14(b)
eliminated the nodes at pad leading side and clearly shows the temperature of
nodes at the pad trailing edge changes up and down with time. Figure 6.14(c)
shows temperature changes of nodes on the disc side, at the beginning of the
simulation, and nodes with small rotating radius reach higher temperatures. After
a few rotations, no matter at trailing or leading edge, disc nodes with larger
rotating radii reach significantly higher temperatures.
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6.3.3. Heat flux
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Figure 6.15 Heat flux at selected nodes on both pad and disc sides
Figure 6.15 shows heat flux at the middle node (1026) of the pad side increased
for 80% of the simulation and then approached a constant value. However, node
41 on the disc side showed a rapid heat flux increase during contact with the pad
and then decreased (since no contact heat generated) until the next pad contact.
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6.4.

FEM results (high contact thermal conductance model)

6.4.1. Pressure
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Figure 6.16 Pressure changes at selected nodes
Figure 6.16 shows the pressure at selected nodes on the pad did not undergo
significant change (compared to Figure 6.7). However, the pressure at nodes on
the disc side increases rapidly when in contact with the pad and the maximum
pressure at the nodes were neither constant nor linearly changing.
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6.4.2. Temperature
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Figure 6.17 Pad surface temperature changes at different radii
Figure 6.17 shows the temperature at selected nodes were increasing rapidly at
the beginning of the simulation and then increased with time through the whole
simulation regularly. The node at the centre of the pad reached the highest
temperature at the beginning of simulation, but after a few rotations nodes with
larger rotating radius reached higher temperatures due to the longer sliding
distance.
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Figure 6.18 Pad leading edge node temperature changes at different radii and
depths
Figure 6.18 shows that at the leading side of the pad, the temperature at nodes
some distance to the contact surface slightly increased during simulation;
however, at the contact surface, nodal temperatures reached higher values and
with larger rotating radius, temperature increased faster and resulted in higher
temperature.
At the trailing edge of the pad, the temperature at nodes with the same rotating
radius showed similar behaviour with nodes at the leading edge (Figure 6.19).
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Figure 6.19 Pad trailing edge node temperature changes (different radii and
depths)
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Figure 6.20 Disc surface temperature at different radii
Figure 6.20 shows that at the beginning of the simulation, the central node (node
41) reached highest temperature in one rotation. After a few rotations the
temperature at nodes with larger radius (node: 46) reached similar value to node
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41, but the temperature of nodes with smaller radius were still lower than the
other two.
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Figure 6.21 Disc node temperature changes: (a) pair with pad leading edge
nodes; (b) pair with pad trailing edge nodes
The temperature at nodes at some distance to the contact surface was similar for
different rotating radii and at both leading/trailing edges. However, at the contact
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surface, nodes at a larger radius (node 28716 in Figure 6.21(a) and node 656 in
Figure 6.21(b)) reached a lower temperature after the first few rotations and then

Temperature (˚C)

reached higher temperature than nodes at smaller radii.
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(c)
Figure 6.22 Temperature change at selected nodes: (a) nodes on both disc/pad
sides; (b) nodes on pad side; (c) nodes on disc side
Figure 6.22(a) shows temperature at nodes from both pad and disc side changed
by less than 5˚C per rotation with time. At the beginning, the influence of different
rotating radius to temperature was not significant; after a few rotations,
temperature at node with larger rotating radius had larger change rate.
Figure 6.22(b) shows the temperature difference between nodes from pad
leading and trailing side with same and different rotating radius. In the first few
rotations, temperature changed significantly during each contact, but this
temperature difference was getting smaller with time. At both of the leading and
trailing side of pad, node with larger rotating radius reached higher temperature
with time.
Figure 6.22(c) shows that the temperature of the disc side changed similar to pad
side. At the beginning of simulation, temperature of nodes with smaller rotating
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radius changed faster, but after few rotations, larger rotating radius resulted in
larger temperature change with time.
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Figure 6.23 Heat flux at selected nodes at both sides
Figure 6.23 shows the heat flux at the centre node of the pad and the node with
the same rotating radius on the disc side. The disc side nodal heat flux changed
rapidly when in contact with the pad side and the maximum heat flux value was
almost steady after few rotations. However, the heat flux of the pad side
increased with time.

6.5.

Summary

A 3D coupled temperature-displacement model was introduced in this chapter.
Simulation was implemented at normal (low) and high contact thermal
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conductance values with a view to determining the influence on pressure,
temperature, and heat flux. The maximum contact pressure of nodes on both
sides were neither constant nor linearly-changing in 3D models. Key findings for
the simulations are:
•

Pressure distribution is not uniform because of the bending moment
caused by the limited rotational DoF boundary of pad for normal and high
thermal conductance and shows highly similar pattern meaning contact
surfaces pressure distribution is less affected by ITL thermal conductivity.

•

Nodes with a larger rotating radius at contact surfaces reach higher
temperatures because larger rotating radius means longer sliding distance
in our model.

•

Lower ITL thermal conductance means lower heat transfer ability of ITL
which means heat is difficult to transfer through ITL to the disc, therefore
results in higher pad contact surface temperature.

•

Disc temperature changes do not vary significantly with different ITL
thermal conductance because high thermal conductivity allows heat
transfer through disc part easily and convect to environment easily as well.
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Chapter 7 General Discussion
In this chapter, based on the experimental and FE simulation results, the
influences on brake-system response of different parameters (e.g. DoF, interface
thermal conductance) are discussed. Results from experiments and simulations
are compared to support conclusions and suggestions for future work.

7.1.

DoF effect

The results of 2D FE model simulations show that the pad rotational degree of
freedom is an important factor affecting the temperature distribution along the
pad contact surface.
For normal interface thermal conductance (104 W/m2K), the location of the
highest temperature on the pad contact surface occurred at the leading and
trailing edges in LR model (Figure 5.16(a)), the reasons being high contact
pressure at the leading edge due to the friction induced bending moment and
thermal expansion since the pivot point is sitting at the middle of pad trailing edge
(this pivot point is fixed, not movable in the horizontal direction). However, for the
NR model the temperature along the pad contact surface was almost uniform
(Appendix A, Figure A-2(b)) and for the FR model the temperature increased
from trailing to leading edge (Appendix A Figure A-2(a)).
For high interface thermal conductance (106 W/m2K) the location of the highest
temperature was located at the trailing edge (and slightly higher than the leading
edge) in LR, FR and NR models (Figure 5.16(b), Appendix A Figure A-5). The
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reason of this thermal behaviour is that a high ITL thermal conductance allows a
larger amount of heat transfer to the low temperature side (disc). At the trailing
edge, due to the clearance/conductance setting (section 5.4.3), thermal transfer
coefficient is still low.

7.2.

Interface thermal conductance effect

Based on the literature review, two values of interface thermal conductance are
used to study the interface heat transfer behaviour in a disc brake system, a
normal level (104 W/m2K) and a high level (106 W/m2K).
It was found that when the interface thermal conductance was ‘normal’, the heat
generated at the pad side slowly dissipated and transferred to the disc side
through the ITL. The pad side temperature could exceed 200˚C at the end of a
190ms simulation (in 2D models, Figure 5.16(a)). In the 3D model, the braking
duration was increased to simulate the pad sliding on the disc surface for multiple
rotations, in which case the maximum pad temperature could reach 400˚C
(Figure 6.9).
However, for high thermal conductance in LR models, the highest temperature
locations were always at or close to the trailing edge. The maximum temperature
of the pad was around 110˚C (Figure 5.16(b)). The heat could easily dissipate
and transfer through the ITL to the disc due to the high interface thermal
conductance of the ITL.
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Experimental results showed that the temperature at the pad side reached about
200˚C after each braking application; this range of temperature lies between
results of ‘normal’ ITL thermal conductance models and ‘high’ thermal
conductance models, suggesting that a thermal conductance value between
‘normal’ and ‘high’ should be used.
Results showed that the value of the interface thermal conductance is another
factor significantly influencing the temperature distribution and the maximum
temperature of the contact surfaces.

7.3.

Heat partition analysis

The heat partition ratio can be estimated by using the classical equations (see
section 3.4.1); the value is 13.3% to the pad side without considering contact
area (equation 3.1), and 0.6% to the pad side after including the contact area
ratio (equation 3.2).
To analyze the interface heat partition ratio using the FE models, the nodal heat
flux was plotted. The high thermal conductance resulted in much greater heat
dissipation through the ITL to the disc side, aligning with physical expectations.
The FE model results show that the calculated interface heat partition ratio based
on the nodal heat flux values is not constant. As discussed in section 5.5.5, the
heat partition ratio increases with time (and successive braking events) and its
maximum value was at the leading edge using a normal thermal conductance.
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However, with high thermal conductance the heat partition ratio decreases with
time and the maximum value lies at the trailing edge of the pad.

7.4.

Test rig load and speed effect

A small-scale test rig was used for experimental investigation in this project. A
brand-new pad was used for the bedding-in process to study the wear rate at
different locations along the pad contact surface, confirming that a friction
induced bending moment influence takes place (Figure 4.5). Two controllable
factors, the braking load and the braking speed, were studied in the designed
experiments.
The primary experiment results show that braking load significantly affects the
maximum temperature (Figure 4.12), and a higher braking load results in a
higher maximum temperature. The shaft speed also affects the temperature
increase during braking (Figure 4.13), with higher shaft speeds resulting in higher
maximum temperatures.
A key finding from the experimental work was that, under the same experimental
settings, in the verification experiment the disc thermocouple did not reach a
temperature as high as in the primary experiment. This suggests that less heat
was being transferred to the disc after a few braking events (see Figure 5.17).
Possible reasons are that the ITL thermal conductance was increasing or the
‘notional thickness’ of the ITL was increasing.
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7.5.

Comparison of 2D and 3D simulations

Simulation results from the 3D FE model, built based on the results of the 2D FE
model and the experiments, show that the contact pressures at selected nodes
on the pad side change slightly with time, but the pressures on the disc side
change periodically with time as it slid over the pad surface. Meanwhile, the
maximum pressure value changed non-linearly.
In terms of the temperature distribution, it is found that the pressure affected the
temperature value more significantly at the beginning of a braking application,
and the location along the rotating radius direction became the dominant factor
affecting the temperature magnitude (location with larger rotating radius means
longer sliding distance).
The heat flux at selected nodes provided more complete results in 3D models
(not just one rotation simulation on disc surface). The results not only verified the
conclusions based on 33ms-duration 2D models (e.g. the interface thermal
conductance affects pad side temperature distribution and maximum value
directly), but also provided more data for longer braking duration heat partition
analysis. It is seen that in the 2D model (Figure 5.19), with normal interface
thermal conductance, the heat flux values at both pad and disc sides could not
reach a stable value at the end of the simulation because the simulation time was
very short. The 3D model shows that when the simulation duration was increased
to 1000ms, the heat flux at both sides started to reach a steady-state value after
14 rotations (Figure 6.15). By contrast, with high interface thermal conductance,
the heat flux at selected nodes on the pad and disc sides achieved a steady142

state value in a very short time in the 2D model (Figure 4.20), and the heat flux at
disc side nodes was still able to reach a stable value after a short time in the 3D
model. However, the value of the heat flux on the pad side continuously
increased with time until the end of the 1000ms braking simulation (Figure 6.23).
This phenomenon can only be observed in the 3D FE model as it is capable of
simulating the (whole) history of the pad/disc friction heat transfer during a
braking application.
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Chapter 8
Summary, Conclusions, and Recommendations

In this chapter we present a summary of the work described in this thesis, list a
number of technical outcomes and general conclusions arising from the work,
and propose several recommendations for improvements and future work that
could provide additional evidence to further establish the project outcomes.
The aim of the research was to investigate the influence of a range of proposed
pad boundary conditions on temperature, pressure, and heat flux distributions at
the disc-pad contact surface (interface) during friction braking, together with the
impact upon the (associated property of) interface heat partition ratio.
8.1.

Summary

A literature review showed that existing models of friction braking largely assume
no rotational freedom for the pad (and therefore uniform interface pressure), and
the development of an interface tribo-layer (ITL) of heat/pressure treated material
arising from braking events. More recently Loizou et. al. [20, 21] included full
rotational freedom of the pad and therefore a friction-induced bending moment.
This work set out to investigate partial rotational freedom and its influence on
braking temperature and pressure (and associated properties) across a range of
ITL thermal conductivities that covered commonly-used values from ‘normal’
104 W/m2K to ‘high’ 106 W/m2K.
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A small-scale test rig was used for experimental work in order to determine FE
model dimensions/inputs, boundary conditions and investigate parameters that
affect interface thermal behaviours. Thermocouples embedded in the pad and
disc captured thermal data:
(i) to support analyses of temperature behaviour throughout the disc and
pad under different rotational restrictions on pad motion;
(ii) to provide empirical evidence for the hypothesis that rotational restrictions
on pad motion significantly influence thermal and pressure distributions
during braking and therefore need to be correctly incorporated in
(improved FE) models of friction braking.
Armed with this data the remainder of the project set out to incorporate the
rotational restrictions in 2D and 3D FE models and so allow a detailed simulation
experiment and analysis of the impacts of parameter changes upon temperature
and pressure in friction braking. The reasons for considering 2D and 3D models
were:
(i) 2D models only simulate the pad sliding across the disc surface for one
rotation, and so simulate a short period during a braking application (that
would normally last for 10s of rotations). However, 2D models are
computational efficient to implement and allow trends to be established;
(ii) 3D models support a longer simulation duration of a braking event with the
pad sliding across the disc surface continuously for multiple rotations,
computationally very expensive but more realistic from a simulation pointof-view.
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Simulation results were used to compare with experimental results (section 7.2).
Finally, a 3D FE model was created to cross-compare interface thermal
behaviour with 2D model results.
8.2.
i.

Technical outcomes

Mesh independence tests suggested that a 0.25mm element size would
be sufficient for robust and accurate FE simulation results in 2D models,
but additionally considering the computational time, 0.25-0.3mm and
1.0mm are suggested as the minimum and maximum element sizes
implemented within a non-uniform mesh (used in this project).

ii.

The heat generation ratio has little influence on the pad temperature
(<10˚C) when the ITL thermal conductance is ‘high’ (i.e. 106W/m2K). This
is not surprising since high ITL thermal conductivity allows heat transfer
through ITL material to the lower temperature (disc) side more easily. ITL
conductance does, however, have a major impact on pad temperature
(>100˚C) when at a low/normal value (i.e. 104W/m2K) since a large
amount of heat energy cannot easily transfer through the ITL material and
so ‘remains’ on the high temperature (pad) side.

iii.

Experimental results confirmed that a limited rotational DoF applied to the
pad does influence brake system thermal and pressure responses, and
therefore that there is potentially an ‘optimal’ pivot point.
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8.3.

General conclusions

Figure 8.1 shows that both ITL thermal conductance and pad pivot point
(restricted DoF) have significant influences upon the thermal response of a
disc/pad friction system (Location of A and D, see Figure 5.9).
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Figure 8.1 Pad lower-surface temperature distribution with different ITL thermal
conductance or/and rotational pivot point (RP)
i.

From results of experimental work, the existence of an ITL was indicated
since as successive braking events were applied, so the amount of heat
transfer to the disc was not constant, decreasing through the experiments.
This suggests changes to material properties at/near the surface of the
disc/pad – the so called ITL. This ITL represents an unidentified thickness
of continuously varying material properties (see recommendation (iv)) –
effectively heat treatment - that at some distance from the contact surface
reach the originally-specified (disc or pad) material values.
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ii.

The friction induced bending moment is one of the (known) main factors
affecting the pressure and temperature distribution at the interface [10],
particularly affecting the pad side. However, the method of implementing
this bending moment in FE models is still debatable. The influence has
been observed in the experimental work (the non-uniform wear at pad
lower surface shown in Figures 4.4 and 4.5). The interface thermal contact
condition, as well as the pad boundary condition, affect the interface
pressure distribution, which in turn affects the interface temperature
distribution at the contact interface. The pad/disc interface temperature
difference can be as small as 2℃ and as large as 130℃. For 2D and 3D
FE simulations this factor requires further study.

iii.

Thermal contact conductance, ℎ𝑐 , affects the heat flux distribution and
interface temperature distribution at the pad/disc interface during braking
process. Neither normal thermal conductance (104W/m2K) model nor high
thermal conductance (106W/m2K) model simulation results are perfect in
terms of like-for-like comparison with experimental results, therefore
identifying an intermediate value (see recommendation (i)) is a possible
way forward for describing normal thermal contact conductance for friction
braking applications.

iv.

The transient heat partition in the modelled friction braking in this project is
clearly different to the conventional friction-pair steady heat partition that
assumes two semi-infinite bodies in contact with zero thermal contact
resistance. The heat partition ratio is not uniformly distributed along the
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interface under the thermal contact conditions studied in this work. (see
Figure 5.23).
8.4.

Recommendations for further work

In order to investigate the disc/pad interface heat behaviour more adequately,
there are several recommendations for future work.
(i) For the 3D FE, both normal and high interface thermal conductance
values are not physically measured from interface materials. After
comparing FE simulation results and experiment results, exploring contact
thermal conductance around 105 W/m2K could be worthy of investigation
in order to compare with experimental work data.
(ii) The influence of a limited rotational degree of freedom for the pad was
seen in FE models, but the location of an ‘optimal’ pivot point still needs
further study. The middle point of the pad’s trailing edge was selected as
the pivot point in this project and simulation results showed interface
temperature distribution was significantly affected (compared to rotation
and free rotation). Points at higher and lower locations are worth exploring
with FE models. After comparing simulation results with experiment results,
a better pivot point for simulating the pad’s limited rotational DoF contact
could be suggested.
(iii) The test rig could be built using full-size size parts, then the thermocouple
could be embedded in the part at the certain locations to furnish more
accurate and better data.
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(iv) Finally, the ITL itself is worthy of a full experimental programme of work in
order to establish and verify a suitable model for the latter. It is clearly not
a well-defined layer with ‘constant’ thermal properties, the thickness of
which is progressively increasing. However, the immense heat at the
interface surface suggests a ‘heat treatment’ effect that will change the
surface material and its properties and continue this through a certain
‘depth’ (at reducing but still high temperatures) into the disc and pad
bodies. A verified ITL model would be invaluable for braking simulation
model simulations. Similar models have been developed and used in
models for the diffusion of oxygen and drugs through (skin) tissue, for
example,
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Appendix A Additional 2D model results
Interface pressure/temperature/heat flux distribution in 2D model with
normal/high contact thermal conductance under FR/NR/LR boundary conditions
Comparison of NR/FR/LR in Normal ITL conductance (190ms models)
I.

Pressure distribution/maximum value

In order to understand the heat transfer behaviour during the friction sliding
process, the application time is extended from 33ms to 190ms. Figures 4.14
shows the effect of pad boundary conditions on contact pressure, temperature,
and heat flux over the sliding time period (from 0 to 190ms) under the NR, FR
and LR boundary conditions.

(a)
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(b)

(c)
Figure A-1. Pad pressure distribution in FR (a), NR (b) and LR (c) model with
normal thermal conductance
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Figure A-1(b) shows in NR model, the interface pressure distribution is nearly
uniform during brake, in FR model (Figure A-1(a)), it clearly shows the contact
pressure is decreasing from leading side to trailing side; and during the brake,
contact pressure is increasing with time at the leading side (from about 1.57MPa
to 1,73MPa) but decreasing at the trailing side. In LR model (Figure A-1(c)), the
pressure at both leading and trailing side is higher than the middle area pressure.

II.

Temperature distribution/maximum value

(a)
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(b)

(c)
Figure A-2. Pad temperature distribution in FR (a), NR (b) and LR (c) model with
normal thermal conductance
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Figure A-2(a) shows in FR model, at the beginning of simulation, temperature is
increasing from trailing (about 128.4˚C) to leading side (about 154.8˚C) and
during brake, temperature at leading and middle area is increasing with time but
temperature at trailing side is increasing at the beginning and then after it
reaches a maximum value, it decreases with time. At the leading side,
temperature increases from about 154.8˚C to 298.8˚C and in the middle area,
temperature increases from about 144.5˚C to 229.4˚C. Figure A-2(b) shows in
NR model, temperature is almost uniform from trailing to leading side and
increasing with time. Figure A-2(c) shows during brake, temperature at trailing
and leading side is higher than middle area temperature and increasing with time.

III.

Heat flux distribution/maximum value

(a)
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(b)

(c)
Figure A-3. Pad heat flux distribution in FR (a), NR (b) and LR (c) model with
normal thermal conductance
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Figure A-3(a) shows in FR model, heat flux at leading side and middle area is
increasing fast to its maximum value and then slightly decreases with time, but at
the trailing side, after reaches its maximum value, heat flux decreases faster than
leading side and middle area. And during the whole simulation, heat flux is
decreasing from leading to trailing side at each time instant. Figure A-3(b) shows
heat flux is about uniform at each time instant along the interface and after
reaches the maximum value, it decreases slightly with time. Figure A-3(c) shows
at each time instant, trailing, and leading side heat flux value is higher than
middle area. And after reaching their maximum value, heat flux deceases with
time.

Comparison of NR/FR/LR in High ITL conductance (190ms models)
IV.

Pressure distribution/maximum value
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(a)

(b)

(c)
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Figure A-4. Pad pressure distribution in FR (a), NR (b) and LR (c) model with
high thermal conductance
Figure A-4(a) shows in FR model, pad contact pressure is increasing from trailing
to leading side at every time instant. At the leading side, pressure increases
slightly with time from about 1.57 to 1.71MPa; at the middle area, pressure
slightly decreases with time (from about 1.26 to 0.98MPa) and at the trailing side,
contact pressure decreases significantly with time.
Figure A-4(b) shows in NR model, pad contact pressure is nearly uniform from
trailing to leading side and during the whole simulation.
Figure A-4(c) shows at each time instant, contact pressure at middle area is
lower than trailing and leading side. And during simulation, leading side pressure
is slightly increasing with time but middle area and trailing side pressure is
slightly decreasing.

V.

Temperature distribution/maximum value

165

(a)

(b)
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(c)
Figure A-5. Pad temperature distribution in FR (a), NR (b) and LR (c) model with
high thermal conductance
Figure A-5(a), (b) and (c) shows in all different boundary condition models, pad
contact temperature reaches a maximum value in short time and nearly uniform
with time. And the maximum temperature is at trailing side.

VI.

Heat flux distribution/maximum value

Figure A-6(a), (b) and (c) shows heat flux decreases from trailing to leading side
in all three type models and also decreases with time
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(a)

(b)
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(c)
Figure A-6. Pad heat flux distribution in FR (a), NR (b) and LR (c) model with
high thermal conductance
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Appendix B Comparison of thermocouple T7 in tests
with different loads
Comparison of thermocouple T7 in PE and VE (Shaft speed=1000rpm)
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Appendix C Comparison of thermocouple T7 in tests
with different shaft speed
Comparison of thermocouple T7 in PE and VE (Brake load=750N)
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Appendix D Node Selection
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