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Abstract

igh-temperature distributions in disc brake mounted

within in-wheel motor-driven vehicles have several

negative effects on braking performance. This is
mainly due to the enclosed nature of the brake components.
This paper aims to determine the effect of contact geometry
on temperature distribution and thermal buckling in such a
brake. Numerical analysis is conducted to investigate the
variation of temperature field on the brake disc at different
cover angles of pads while maintaining the same moment of
friction. The effect of different radial positions of the pads is
a second consideration in the current work, using a transient

1. Introduction

here are increasing demands and research on in-wheel

motor-driven vehicles for both hybrid and fully electric

vehicles due to several advantages provided by this
technology [1]. The innovation makes it easier to develop
simple intelligent brakes with an appropriate control strategy
for the anti-lock brake system and it has the potential to create
an all-wheel-drive [2]. More importantly, this technology
provides the opportunity to independently control the steering
and speed of individual wheels since each wheel is driven by
an electric motor as seen in Fig 1.

Besides, because the brake components are mounted
within the wheels, the brake system is referred to as an
in-wheel brake system. Despite these advantages, a major chal-
lenge with this technology is the design of the disc brake
system, which is usually mounted within the wheels. The space
available inside the wheels for the design of the disc brake
components is limited, even in the case of heavy vehicles.
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modeling approach. To validate the simulation results, an
approximate, analytical solution is derived according to
energy conservation. The results show that, for the same work
done by the pads, the maximum temperature on the disc
increases with a decrease in the pad cover angle. Also, the pad
positions were found to affect temperature distribution signifi-
cantly on the friction disc surface. More importantly, the effect
of the resulting temperature distribution on thermal buckling
of the disc is also considered. It was found that, for the same
friction work, certain contact geometry can cause the braking
temperature to exceed the critical thermal buckling tempera-
ture, leading to buckling during brake operations.

This makes it difficult to design appropriate disc brake compo-
nents which can minimize the onset of thermal buckling and
thermoelastic instability during braking. The enclosed nature
of the brake system makes it even more difficult to control
heat resulting from braking. Therefore, heat is not effectively
and efficiently dissipated quickly from the sliding components
to the outside environment. This can lead to the damage of
the electric motor and also onset thermo-mechanical insta-
bility during braking as a result of a high rise in temperature.

In this paper, a disc brake system designed for a 10x10
multi- in- wheeled motor-driven vehicle is studied during
braking at full vehicle load. The main objective is to investigate
the influence of different cover angles of the pads and the pad
positions on temperature field distribution. Also, to investigate
the effect of the resulting temperature field on thermal
buckling during braking. At present, there are few works on
the brake system of an in-wheeled vehicle that considers the
full vehicle dynamics and the effect of contact geometry on
temperature field distribution and thermal buckling.
Moreover, due to the high torque demands of the reference
vehicle, each wheel is designed to have four brake pads
mounted within it. Each side of the rotor has two brake pads
of the same parameters and alignments which is pressed
against the rotor upon brake application. In order to decide
on the appropriate positions and cover angles of the pad for
the 10X10 multi- in- wheeled vehicle brake system, a fully
coupled temperature displacement analysis is performed using
ABAQUS. Thermal stresses and thermal expansion resulting
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from braking were not considered in the heat analysis but
were considered in the thermal buckling analysis. The brake
system of the reference vehicle comprised of a rotor disc that
can move axially, a fixed brake pad, and at least one axially
moving brake pad provided on each side of the rotor disc
(Fig.2). Frictional heat is produced when the fixed and axially
moving pad is clamped against the rotating disc. The gener-
ated frictional heat can cause several negative effects on the
brake system such as thermal buckling, thermal cracks,
thermal hot spots, brake fade and also damage to the electric
motor due to the enclosed nature of the brake components
[3, 4, 5, 6]. Therefore, it is very crucial to carry out thermal
analysis to predict the effect of the resulting temperature
distribution on the brake components during braking [7, 8].
Research has shown that non-uniform temperature distribu-
tion in brake disc influences thermal buckling, which in turn
promotes thermoelastic instability [9, 10]. Chen et al. [9]
carried out a numerical study on the coupling between ther-
moelastic instability and thermal buckling in clutches. They
discovered that unstable temperature modes induced by ther-
moelastic instability can change the temperature profiles for
thermal buckling. Furthermore, a Fourier finite element
model developed by Chen et al. [11] for identifying thermal
buckling in disc clutches and brakes revealed that there is a
specific wave number with which the buckling temperature
approaches a minimum value. Therefore, it is very important
to predict the thermal buckling phenomenon of brakes during
the design stage in order to prevent uncertainties in brakes
performance [12]. Moreover, at high sliding speed, the temper-
ature of the disc rotor becomes unstable leading to high
temperature at localized regions known as hot spots on the
sliding interface [13, 14]. This hot spot appears on the contact
surface of the disc as a result of thermoelastic instability (TEI)
caused by thermal buckling [10, 15]. Lee & Barber [16] studied
the thermoelastic instability in the disc brake system and
found that the onset of instability is always characterized by
an antisymmetric perturbation. The energy generated at the
interface of the pad and rotor during braking is transferred
into the two bodies [17, 18]. As a result, the rotor which absorbs
most of the heat must be designed to effectively and efficiently
dissipate the absorbed heat. Due to the high cost of conducting
experimental studies on temperature field, numerical methods
and analytical methods are widely used by researchers to
obtain appropriate results before proceeding to the production
phase of the disc brake [19, 20]. Talati and Jalalifar [18]

conducted a study on the heat conduction in a disc brake
system using an analytical approach. A microscopic model
was used to investigate the heat generation and the results
showed that there is heat partition during sliding due to
thermal resistance. Furthermore, several research works have
proven that numerical simulations correlate best with experi-
mental results than the analytical approach. This was observed
in a study conducted by Yevtushenko et al. [20]. The braking
performance of a vehicle is greatly influenced by temperature
distributions in the brake components. Therefore, it is impor-
tant to predict the temperature rise in the brake components
at the early stages, in order to design appropriate
brake components.

2. Thermal Analysis of the
Disk Rotor and Pad
Contact

The temperature distribution field and buckling analysis are
carried out on a three-dimensional axisymmetric rotor of the
10X10 in-wheeled vehicle brake system. The total vertical
loads F,(L,R) acting on each wheel during braking are
obtained by performing dynamic simulation using TRUCK
SIM (Fig.3).

For analysis purposes, the first right wheel (F,_R1) of the
reference vehicle is considered due to the highest vertical force
exhibited during braking. Braking was applied to the vehicle
moving with an initial velocity of 30 km/h at t = 4.2 s and the
dynamic loads acting on the vehicle wheels are observed.
From the resulting forces, the required parameters needed to
carry out the numerical studies were computed. The disc
brake which is subjected to high axisymmetric thermal load
may result in non-uniform temperature distribution in the
rotor. The influence of contact geometry and the resulting
temperature field effect on thermal buckling of the disc
are investigated.

m Vertical load acting on each wheel of the vehicle

65000

60000 p

55000

50000

Vertical force (N)

45000

40000

L
-
.

35000 - L - L
0 .

Time (s)

© SAE International.



Downloaded from SAE International by Yun-Bo Yi, Monday, October 05, 2020

TRANSIENT HEAT TRANSFER SIMULATION AND BUCKLING ANALYSIS OF DISC BRAKES -

3. Analytical Model

During brake application, the vehicle starts to decelerate from
its initial velocity to a final velocity. The energy of the vehicle
during this process is expressed in Eq. (1).

Eb:%[M(vf—vﬁ)+I<wi2—w}ﬂ (1)

When the driver completely brings the vehicle to rest, the
final velocity and angular velocity becomes zero and

Eq. (1) becomes:
Ep =%[M(v§)+ I(wf)] 2)

The decelerating power of the brake is obtained by finding
the derivative of the vehicle kinetic energy during braking as
expressed below:

d( My dv )
p=2 MY = MR (t)a, 3
! dt[ 2 j g~ MRl R

Where o(t)=w,+ot

Here, o, represents the angular acceleration and v repre-
sents the velocity of the vehicle. Also, it was assumed that the
brake decelerating power is equivalent to the total friction
heat during braking.

P=P

Moreover, since the whole vehicle has forty brake pads,
the friction heat rate can be expressed by the integral below:

By =40[[(f;.v)dA, =(-40)f; (1) [ rda, @

Equations 3 and 4 can be combined to obtain the total

friction force f; generated by the vehicle during braking:
MR’a,

- 5

1= 4on,4p ®

From Egq. (5), the total heat generated by the vehicle is

obtained by finding the dot product of the vehicle velocity and
the friction force.

a(rt)=y.frv(t)= y( MR

401, Ap
Where, v is the heat partition coefficient.

r(a, +att)j 6)

Also, by considering the following conditions:

Weight distribution on all the four front wheels =0.59;
Only one front brake rotor is considered=1/4;

Only one side of the rotor is considered=0.5.

The heat flux on one side of a single rotor for a single front
wheel can be computed as:

: MR’a,
q(rt)=Qu=7.f;v(t)= (0.59)i(0.5)y[ 40“; r(w, +at)
(7

The equilibrium equation for the heat generated can
be expressed as:

dar

E = Qin ( Qbmke_heat ) - Qout (anduction - Qconvection ) (8)

Cp.md.

cpmd%= Qn—Kida(T.~T.)~hA(T.~T,) )

To estimate the heat transfer coefficient, Reynold’s
number [21] was computed using Eq. (10).

2
Re=2" <2.4x10° (10)

v

Also, knowing Reynold’s numberRe < 2.4 x 10°, the heat
transfer coefficient for the disc having a laminar flow [22, 23]
is computed from Eq. 11.

h= 0.70(%}1&&55 (11)

Combining these equations, an expression for the change
in temperature within the disc during braking is obtained. A
Simulink model is developed based on this expression to
compute the change in temperature.

dT _ K4AJ,  hAT,
dt Cpmd

(0.59)1(0.5)3/( MR«

4 407, Ap

+
Cpﬂ’ld

(12)

r(w, + att)J + K AT, + hAT,

Cpmd

3.1. Numerical Modeling

Figure. 2 shows the complete structure of the in-wheeled-
mounted disc brake system. In this analysis, only the pad and
brake disc were considered in the finite element analysis due
to the high cost of computing the complete structure [24].
Moreover, since both the disc and pads are symmetric,
only half of the sections were considered, and the variables used
for the boundary conditions are defined as shown in Fig.4. The
discand the annular pads have an inner radius: 7, = 112mmand
r, = 173.5mm respectively, and outer radius r, = 232mm and
r, = 237mm respectively. The friction ring section and the pad
are 5mm and 10mm in thickness respectively. The radial
distance of the friction ring section which is from the outer
radius (R,) of the disc hub to the outer radius of the disc R; is
dx =90mm. A coupled temperature-displacement analysis was
carried out using ABAQUS dynamic temp-disp explicit scheme
to determine the influence of pad cover angle (¢,) and its posi-
tions on the temperature field distribution by ensuring the same
moment of friction irrespective of the change in geometry or
position. The 3-D model of the disc and pad are modeled in
ABAQUS using an 8-node thermally coupled brick, trilinear

m Geometry of the brake disc and pad
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displacement and temperature, reduced integration, hourglass
control element (C3D8RT element) Fig. 5. Surface to surface
contact is defined for the friction between the element faces in
the contact region. Due to the enclosed structure of the
in-wheeled-mounted disc brake system, thermal radiation was
not taken into consideration. The average convection heat coef-
ficient was computed for the disc (h = 5W/m?/ ° C) to define the
convection boundary conditions.

Tables 1 & 2 show the material properties and parameters
used in the simulation process. It was assumed that all friction
resulting from the braking process is dissipated as heat. The
heat flux generated at the contact interface Z = 0 enters the
pad and the disc respectively according to the equations below:

6 (r.0.0:t) =7 frpor(t)r,
n<r<R,0<0<0,0<t<t,

94(r,0,0,t) = (1=7) fypor(t)r,
1, Sr<R,0<0<27m,0<t<t,

Where v is the heat partition ratio [18, 25, 26] calculated as:

K
Ko + Kfoy

IEETEEEN 3-D mesh of the brake disc and pads

(13)

(14)

(15)
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TABLE 1 Parameters & thermoelastic properties used in the
simulation

Dimension Disc (65Mn) Pad
Elastic modulus, E; 4GPa 21 100
Poisson’s ratio,o 0.288 0.25
Thermal conductivity, K,W/m?’C 48 0.5
Specific heat, Cp 4,d/K'C 450 1000
Mass density, pp,q, (Kg/m3) 7820 1400
Mass of the brake disc my,kg 2.0

Initial Velocity Vo km/h 30

Vehicle mass M,kg 50,000

TABLE 2 Dimensions and application parameters

Dimension Disc (65Mn steel) Pad

Inner radius r, gm onz2 0173
Initial outer radius, R, m 0.237 0.232
Hub Outer radius ro,m 0.147

Friction ring thickness 6, q4m 0.005 0.010
Thickness (hub portion) d,m 0.025

Effective radius, re, om 0.340 0.374
Wheel radius R,m 0.6

© SAE International.

© SAE International.

Here, K is the thermal conductivity, a is the thermal diffu-
sivity and the subscripts p and d represent pad and disc respec-
tively. The governing equations for the three-dimensional
temperature fields T = (,0,z,¢) of the pad and disc are
presented as follows.

Considering the disc:

o’'T 10T 10T 0T oT V(t)or
K, D e el e o B sl
or- ror r 00" o0z ot R 06
1 <r<R;,0<0<2m,—0;<z<0,t<0<t,, (16)
1 <r<t,0<0<2m,0<z<+5,t<0<t,
Considering a single Pad:
T 10T 10T o°T oT
KP st Tt oo T A TP L
or- ror r 00" o0z ot 17)

1, <r<R,,0<0,0<z<6,0<t<t,

The boundary conditions for a single pad and disc rotor
were considered, and the following initial boundary condi-
tions were assumed:

First, taking the pad and the disc to be at ambient temper-
ature. The boundary conditions are defined as:

T(r,O,z,O):I;,rP <r<R,, (18)

T(r,0,2,0) =T,y <r<R;,0<0<27,-5,<z<0 (19)

T(r,@,z,O) =T, <r<n,0<0<21,0<z<+6,; (20)

Also, the initial boundary condition for the contact
region is defined as:

s
0z

e T

P :q(r,G,O,t),(r,Q)eAs,0£t£t5 (21)
z=0" 0z

z=0"

Considering the initial contact surface between the pad
and the brake disc, the boundary condition can be expressed as:
T(r,e,o+,t) = T(r,e,o-,t),(r,e) eA,0<t<t,  (22)

In this study, convection boundary conditions for the
disc were defined for all the free surface area of the disc.

4. Simulation Results

4.1. Influence of the Cover
Pad Angle 6, on
Temperature Distribution

The simulation was carried out for single braking at t,=4.2s
for the vehicle decelerating with an initial velocity of 30km/h
to standstill. The discs were labeled S1, S2, S3, S4, S5, S6, S7,
S8 and §9 with corresponding pad cover angles (6,): 20°, 30°,
40°, 50°, 60°, 70°, 80°, 90° and 100° respectively. Where the
pad cover angle 0, is the size of the pad in the circumferential



© SAE International.

Downloaded from SAE International by Yun-Bo Yi, Monday, October 05, 2020

‘ TRANSIENT HEAT TRANSFER SIMULATION AND BUCKLING ANALYSIS OF DISC BRAKES i

m Variation of temperature field on the disc at
pads cover angles ¢, of 20°,30°,90° and 100°

m Variation of maximum temperature with time at
different cover angles of the pads

direction. It is quite clear that increasing the cover angle of
the pad will increase the area of the pad which in turn increases
the force applied on the rotor, resulting in a difference in the
moment of friction. Therefore, the corresponding applied
pressures for each cover angle of the pad 6, to produce the
same moment of friction or work done were computed. This
approach was also used by Grze$ [27]. Figure 6 shows the
temperature field distribution on the disc at the various cover
angles of the pads. The temperature field distributions on the
discs are non-uniform as expected but appeared to have a
similar distribution pattern. The red zone of the temperature
distribution appeared close to the circumferential region of
each disc. This could be attributed to velocity being maximum
at the circumferential region. Velocity increases along disc
radial to the circumferential region of the disc, hence the
expected results. The similarity in the temperature field distri-
bution pattern was because the friction force generated
between each pad and the disc is the same. However, the
maximum temperature values of the distributions appeared
to be different. The highest maximum temperatures obtained
were in the order of discs with decreasing pads cover angles.
Disc S1 showed the highest maximum temperature
Tipax = 355.40°C at the end of the t, = 4.2 s of braking whereas
disc S9 showed the lowest maximum temperature
T,ax = 311.64°C. This means that, for the same work done,
braking with a small pad area will lead to high-temperature
distributions at localized areas on the disc. Meanwhile,
braking with a larger brake pad such as S9 will increase the
unsprung mass of the reference vehicle. From Fig. 7, the
temperatures of the discs have a great relationship with the
cover angle of the pads. The increasing trend of temperature
with time for each disc was observed to have a similar profile
pattern. However, the order of increasing value of temperature
with time differs from each disc, with the highest being the
disc with the smallest pad cover angle. Moreover, since the
angular velocity of the disc is higher at the earlier stage of the
braking process, the temperature rises faster in all the discs
at the early stage, and then slows its rise at the latter stage of

© SAE International.
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the braking process. It then decreases slightly downward when
the disc was brought to a standstill due to the convection heat
transfer defined. The resulting difference in the maximum
temperature field distribution from S1 to S9 may also be attrib-
uted to the heat partition ratio. This is because the heat parti-
tion coeflicient depends strongly on the geometry of the
pads [28].

In order to verify these simulation results, a comparison
with an analytical model was considered. The numerical and
analytical solutions are not well correlated as there were
several assumptions made like different heat transfer coeffi-
cients, boundary conditions etc. Moreover, the FEA analysis
assumes more realistic modeling of the component geometry,
material properties and boundary conditions [29]. Therefore,
the expected qualitative and quantitative differences. For
example, comparing the analytical and numerical results for
braking with the pad cover angle of 30° as shown in Fig. 8,
the evolution of temperature for the analytical and the numer-
ical simulation begins at room temperature of 25°C and
reached maximum values of 305°C and 353°C respectively.

Figure 9 depicts the radial temperature distribution on
the friction ring section of the disc at certain cover angles of
the pads. The temperature field distribution for all the discs

IGIEEEEY Temperature distribution through the disc rotor
at 30° pad cover angles
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m Distribution of temperature along the radial of
the disc for different cover angles of the pads

m Variation of temperature field on the disc for
different positions of the pads
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has a similar pattern along the radial direction. The highest
radial temperature for each disc occurred at the same radial
distance dx = 73.0 mm. This is expected because the friction
work is the same. Nonetheless, peak temperature distribution
values were found to be different. This behavior forms an
important part of this work. The observed phenomenon can
lead to some discs undergoing buckling even though the same
work is considered for all braking conditions. This phenom-
enon was investigated and discussed in Section 4.3.

4.2. Influence of Pad
Positions on Temperature
Distribution

The pad positions on the disc were varied at different positions
to investigate its influence on temperature field distribution.
The inner and outer radius of each pad were altered such that
it provided the exact positions needed to be placed on the disc
rotors while maintaining the same contact area and the same
friction work. It is obvious that at different positions, the
braking torque will be different. Therefore, the braking time
and torque required to generate the same friction force on
each disc during braking were computed. The disc labeled P1,
P2, P3, P4, P5, P6, P7 and P8 have corresponding pads posi-
tioned at R,=Ry 1,=172.1 mm <r <R, =236 mm, r,=170.
8mm<r<RP:235 mm, 1, = 169.4mm<r<Rp:234mm,
r,= 168.0 mm < r<Rp:233 mm, 1, = 166.6mm<r<RP:2
32mm,r,=1652mm <r<R,=231 mm,r,=163.8 mm <r
< R, =230 mm respectively. More precisely, the outer radius
of the pads is positioned at 0 mm, 1 mm, 2 mm, 3 mm, 4 mm,
5 mm, 6 mm and 7 mm away from the circumference of the
disc respectively. The corresponding temperature field distri-
butions on the discs from P1 to P8 are observed as shown in
Fig. 10. It is more evident that the pad positions play a signifi-
cant role in the temperature field distribution on the disc.
Each disc exhibited a non-uniform temperature field distribu-
tion on its surface.

For P1, P2, P3 and P4 the non-uniform temperature field
distribution appeared to have a similar distribution pattern
but different magnitudes during the braking period. The deep
red zone appeared to have a more spread area compared to

© SAE International.

the light red zone. This observation is because, at these posi-
tions, the temperature distribution is influenced by the sliding
velocity compared to convection losses on the free surfaces of
the disc. For P5, P6 and P7, the light red zone appeared to have
the same radial distance as the deep red zone. This is because
there is a reduction in sliding velocity along the radial direc-
tion at these positions. Meanwhile, the temperature distribu-
tion for P8 was found to be significantly different, with a
highly concentrated red zone and an irregular temperature
field distribution in some regions on the disc. It was noted
from all the discs that the more spread and uniform the red
zones, the lower the peak temperature exhibited. Figure.11
shows the variation of maximum temperature in each disc at
the various pad positions with time. Heating of the disc at P1,
P2, P3 and P4 rises faster at the beginning of the braking
process compared to P5, P6 and P7, reaching maximum values
of 374.19°C, 370.19°C, 371.20°C and 370.94°C respectively, it
then turned down slightly due to convection. Furthermore,
the disc labeled P6 showed the lowest rise in temperature with
time compared to all the other discs during the braking
process. The maximum temperature exhibited for P6 is found

© SAE International.
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m Variation of maximum temperature with time at
different pad positions on the disc
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m Distribution of temperature along the radial of
the disc for different pad positions
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to be 333.78°C, which makes it more appropriate for the refer-
ence vehicle in terms of temperature distribution. Figure 12
depicts the temperature field distribution along the radial of
the friction ring section. The radial temperature field distribu-
tion for P1, P2, P3 and P4 assumed a similar distribution
profile pattern while P5, P6, P7 and P8 also assumed the same
profile pattern. Nevertheless, a significant sharp rise in
temperatures was observed at a radial distance ranging from
dx =65 mm to dx =80 mm for P1, P2, P3 P4 and P8. The effect
of this behavior on braking is investigated in Section 4.3. This
phenomenon shows that, for the same work done, friction heat
generated is significantly different, which may lead to ther-
moelastic instability [2, 16, 19].

4.3. Effects of Resulting
Radial Temperature
Distribution on Thermal
Buckling

In this section, the eigenvalue-based buckling analysis is used
to estimate the critical thermal buckling temperature of the
rotor during braking. A linear perturbation procedure is used
because, even if the disc has non-linearity in terms of
geometry, material, etc., a general eigenvalue buckling mode
can render useful information on the deformation mode.
ABAQUS script was written to compute the thermal buckling
mode of the rotor for the resulting radial temperature distri-
bution during the braking period. The preloaded temperature
fields (Figs. 9 & 12) applied on the friction ring section of the
disc were expressed in polynomial functions of the sixth-
order. The solution gives the deformation modes and the force
multipliers 4; for the temperature loads f; defined. The force
multipliers also referred to as the eigenvalues are required to
compute the critical buckling temperatures. When the
computed critical buckling temperature is less than the

© SAE International.

m Deformation modes for thermal Buckling a)
First-Order buckling mode b) Second-Order buckling mode c)

third-Order buckling mode

braking temperature or the applied temperature load, the
rotor disc is said to have undergone deformation or buckling.
The first three deformation modes of the disc when the
pads cover angles (¢, = 20°) and positions R, = R were varied
are shown in Fig. 13. The first three deformation modes for
the cover angles of the pads were the same as when the pad
positions were varied but with different eigenvalues or force
multipliers. This could be attributed to the close-range
temperature distribution in both contact geometry simula-
tion. The corresponding eigenvalues for mode 1, mode 2 and
mode 3, by varying the cover pad angles (6, = 20°) were found
to be 1.007, 1.073 and 1.104 respectively while the corre-
sponding eigenvalues for the modes by varying the pad
position at R, = R; were 1.154, 1.227 and 1.270 for modes 1, 2
and 3 respectively. The total or critical buckling temperature
f., was computed by finding the product of the applied
maximum temperature load and its corresponding eigenvalue
or buckling load multiplier i.e. f., = A,f. Tables 3 & 4 show the
critical thermal buckling temperatures for the first six modes
when the angles and positions of the pads were varied respec-
tively. It was observed that varying the cover angles of the
pads while maintaining the same friction work have less effect
on the critical thermal buckling of the disc. This result could
be because the temperature field distribution differences
exhibited were not so significant for each cover angle of the
pad. The critical buckling temperatures were found to
be higher than the braking temperature for all varied angles
(6,). Hence, no buckling occurred during braking by varying
the cover angles. Meanwhile, at a pad cover angle of 20°, the
difference in the critical temperature (357°C) and braking
temperature (355.4°) was quite close. This could result in
buckling of the disc during multiple braking of the vehicle.
Furthermore, considering the various position of the pads,
deformation of the disc occurred at these positions r, = 172.1
mm <r<Rp=236 mm, 1, = 170.8 mm < r<RP=235 mm, 1,
=168.0mm<r< Rp =233 mm, rp= 166.6 mm<r< Rp =232mm
and r,=163.8 mm <r <R, =230 mm. At these positions, the
braking temperature exceeded the critical buckling tempera-
ture. The reason for these results is due to the highly non-
uniform temperature distributions from the inner to the outer
radius of the disc during braking. The corresponding eigen-
values for the first deformation mode at these positions were
0.817, 0.900, 0.991, 0.873 and 0.755 respectively. This means
that for an eigenvalue of 0.817 at r, = 172.1 mm <r <R, = 236
mm, the corresponding buckling temperature (302.4°C) is
smaller than the maximum braking temperature (370.1°C).
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TABLE 3 Buckling temperatures on the disc for various pad cover angles

Buckling Temperature along the radial

mode 20° 30° 40° 50° 60° 70° 80° 90°

1 3579 356.2 374.9 389.9 410.8 467.1 437.6 457.5
2 381.3 379.4 399.3 415.2 4374 496.8 465.8 486.6
3 392.3 390.4 4111 4278 451.0 514.3 480.7 503.3
4 434.7 432.6 455.3 473.4 498.7 566.1 5311 554.6
5 508.6 506.2 532.9 554.2 583.9 662.8 621.9 649.5
6 -583.7 -581.2 -608.9 -631.2 -661.3 -738.0 -702.0 -725.8

TABLE 4 Buckling temperatures on the disc for various pad positions on the disc

Buckling Temperature along the radial

r,=172.1 r,=170.8 r,=169.4
<r<R,=236 <r<R,=235 <r<R, =234

1 4317 3027 3341 574.8

2 4592 3226 35611 608.5

3 4749 3310 365.7 637.3

4 5234 3675 405.8 6912

5 6129 4293 4746 8071

6 -6875  504.9 -552.7 -875.9

Therefore, the rotor will deform at this braking temperature.
The negative temperatures obtained at the sixth mode for
certain positions of the pads indicate that the corresponding
eigenvalues were negative and that deformation will occur
when the applied temperature load direction is reversed. From
the results in Table 4, it can be concluded that pad positions
on the disc have a significant effect on the thermal buckling
of the rotor during braking of the reference vehicle even by
considering the same moment of friction.

5. Conclusion

In this paper, a study on the temperature field distribution of
an in-wheeled-mounted disc brake component of a fully-
loaded 10x10 multi-in-wheeled vehicle decelerating to a stand-
still with an initial velocity of 30km/h on a flat road was
presented. The effect of contact geometry on the temperature
field distribution and the effect of the resulting temperature
on thermal buckling during braking were investigated. The
cover angle of the pads (¢,) and the pad positions on the disc
were varied. Based on the results, the following conclusions
are drawn:

1. For the same friction work by different cover angles of
pads on the disc during braking, the minimum
temperature is reached on the disc with the largest
cover angle of pad whereas the maximum
temperature is reached for the disc with the smallest
cover angle of pad. However, the maximum
temperature difference for the disc at various cover
angles is approximately equal and the temperature
field distributions on the disc assumed a similar
profile pattern. Besides, the resulting temperature
field had no significant effect on the thermal buckling
of the disc during braking.

r,=168.0

<r<R,=233

3415 2915 2541 518.0
363.5 310.5 270.6 548.9
374.6 319.3 2779 573.7
4143 353.6 307.9 623.9
484.7 413.3 359.3 729.0
-556.6 -482.5 422.0 -795.7

2. Also, considering the same work done by the brake
pads at different locations on the disc rotor, the
maximum temperatures and temperature fields were
greatly influenced during braking. Depending on the
position of the pad, the peak temperatures varied on
the disc surface. The temperature distribution for
disc P1 where R, = R;and P8 where r, = 163.8 mm <r
< R, =230 mm were found to be inappropriate for the
in-wheeled brake system in terms of temperature
field distribution. However, at these positions and
also atr, = 169.4 mm < r < R, =234 mm and
r,=165.2mm <r<R, =231 mm, thermal buckling
did not occur during braking. In general, the
position of pads on the disc surface has a significant
effect on the thermal buckling of the disc
during braking.
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a, - Contact on the disc, (m?)

A, - Contact surface area (m?)

a; - Deceleration of the vehicle, (m/s%)

D - Disc diameter, (m)
F, - Vertical force on the wheel, (N)
P, - Decelerating power (W)
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q(r, t) - Heat flux (W)

I - Mass moment of inertia for all rotating parts (200kgm?)

p - Contact pressure (MPa)

R,, - Wheel radius, (m)

T, - Ambient/Initial temperature, (°C)
T,,qx - Maximum temperature, (°C)

T - Temperature

h - Heat coefficient (W/m?/ ° C)

Z - Axial position

r - radius, (m)

(,0,0,1) - Cylindrical-coordinate system
v - velocity (m/s)

t - Time (s)

Q;, - Amount of heat generated

Q,.: - Amount of heat dissipated

p - Density (kg/m?)

@, - Angular velocity (rad/s)

a, - Angular acceleration (rad/s*)

v - Kinematic viscosity of air (m?/s)

a - Thermal diffusivity (m?/s)

K - Thermal conductivity (W/m?’C)
6, - Thickness of the disc (m)

7 - heat partition coefficient

Subscript

p» d, s - Pad, disc, surface

R, L - Right wheel, Left wheel
i, f - Initial, final

a - air
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