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Disc brakes have been more widely used in recent years due to its many merits such as fast
heat absorption and dissipation, and resistance to water fade. Since it’s difficult to describe
the failure of brakes under complex working conditions in only a few times of thermal-
structural coupling simulations, this paper analyzed the coupling between temperature and
thermal stress of disc brakes under multiple continuous braking conditions. At first, a 3D
model of bus disc brake was built in ABAQUS, and its braking motion and dynamic
parameters, heat flux density, convective heat dissipation coefficient, heat flux distribution
coefficient, and other thermodynamic parameters were calculated. Then, the numerical
simulation of the temperature field of disc brake and the coupling analysis of thermal stress
under different braking conditions were completed. At last, experimental results gave the
analysis results of the temperature distribution characteristics of brake disc surface, and the

comparison and demonstration of the finite element analysis were conducted.

1. INTRODUCTION

Brakes are the key components to ensure the driving safety
of vehicles [1-4]. According to statistics of traffic accidents
released by relevant departments, more than 30% of the
driving accidents on slippery roads are related to vehicle
sideslip or braking deviation caused by poor braking [5-7]. As
people want the vehicles to be faster, it’s required that the
brakes should be able to absorb and dissipate heat in a shorter
time, and better resist to the water fade phenomenon [8-11].
Due to the many merits listed above, disc brakes have been
used more widely in vehicles that require high braking
performance, especially large motor buses and trucks [12-13].

Chi et al. [14] constructed a 3D transient temperature-stress
coupling calculation model for disc brakes with different
structures under emergency braking conditions, and used it to
simulate the braking process based on the finite element
method. Yevtushenko and Kuciej [15] compared and analyzed
the radial distribution of temperature field of disc brakes with
different structures, calculated the peak thermal stress, and
explored the impact of brake structure on the law of thermo-
elastic deformation and braking effect. Based on theories of
heat transfer and tribology, in order to determine the loading
method of thermal load, Evtushenko et al. [16] constructed a
mathematical model of the heat transfer of disc brakes in finite
element simulation software, and conducted simulation and
experimental analysis on the distribution of transient
temperature field of disc brakes under different loading
conditions. Belhocine et al. [17] built a 3D thermal-
mechanical coupling finite element model of disc brakes,
analyzed the thermal-coupling characteristics and frictional
vibration characteristics of brakes under two modes of drag
braking and start-stop braking, and explored the impact of
different deceleration behaviors on thermal-mechanical
coupling and vibration characteristics under the start-stop
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braking mode. Stevens and Tirovic [18] adopted the finite
difference method to analyze the adiabatic state and thermal
structure of disc brakes with cooling air duct, and obtained the
braking heat distribution ratio under braking state and the
distribution of temperature field and stress field.

Most existing literatures are numerical studies on
temperature field and stress field of brakes with various
structures, and they generally employed finite element
analysis and simulation to study the braking process of brakes
[19-26]. However, it’s difficult to describe the failure problem
of brakes under complex working conditions in only a few
times of thermal-structural coupling simulations, so this paper
attempts to analyze the coupling between temperature and
thermal stress of disc brakes under multiple continuous
braking conditions. The specific research contents are as
follows: 1) Construct a 3D model of bus disc brake with a
complex structure in ABAQUS; 2) Calculate the braking
motion and dynamic parameters, heat flux density, convective
heat dissipation coefficient, heat flux distribution coefficient,
and other parameters; 3) Analyze the temperature field of disc
brake based on numerical simulation method; 4) Perform
thermal stress coupling analysis on disc brake under different
braking conditions; 5) Obtain temperature distribution
characteristics of brake disc surface through experiment, and
complete the comparison and demonstration of finite element
analysis.

2. CONSTRUCTION OF THE FINITE ELEMENT
MODEL OF DISC BRAKE

The stable braking efficiency of disc brakes and its
advantage in braking performance have met the requirements
of passengers for safety and comfort, so they have been used
more widely in recent years. When modeling disc brake in the
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finite element analysis software ABAQUS and analyzing it,
it’s necessary to set 5 kinds of boundary conditions for it,
including: fixed initial boundary temperature, fixed ambient
airflow temperature and convective heat transfer coefficient,
the friction pair temperature field is only affected by heat
conduction and heat convection, the material of the brake disc
is isotropous, and the wear of brake disc is not considered.

Based on ABAQUS, this paper built a 3D model of bus disc
brake with a complex geometric structure, meshed it using
Hypermesh to control the density and size of the meshes to be
within a reasonable range.

The vehicle braking process is actually the process of the
vehicle to do work to overcome braking resistance and
generate friction heat, wherein a large part of the generated
friction heat is absorbed by the disc and friction pad of the
brake, and a small part of the energy is absorbed by the ground.
During the thermal stress coupling analysis of disc brakes, the
heat flux density applied to the friction surface of brake disc
can be equivalently regarded as the energy absorbed by the
friction pair. Assuming: Zg represents the gravity of the
vehicle when fully loaded, K represents the wheelbase of the
vehicle, Lz represents the height of the center of mass, and
dv/dr represents the rate of speed change when the vehicle is
braking, then, the normal force of the front-axle wheels of the
vehicle F; can be calculated using Formula 1:

N L, dv

)

The normal force of the rear-axle wheels of the vehicle />
can be calculated using Formula 2:

L, va
+__
z dr

Assuming: e(e=dv/dr) represents the braking intensity; Hgri
and Hgr, respectively represent the ground braking force of
front and rear wheels, then the total ground braking force Hgr
of the vehicle during normal braking is the sum of inertial
braking forces of the front and rear axles, that is:

Zs
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K

F, 2

Zg dv_

Hor = Hgr + —
GR GR1 7 dT
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Assuming y represents the adhesion coefficient, then the
calculation formula of Hgr is:

dv
Her =H, ZZGW:nd_z'

“4)

Formula 5 gives the formula for calculating the normal
reactive force of the ground acting on the front wheels of the
vehicle:

Z
F= ?G(Kz + Lz':”) (%)

The normal reactive force of the ground acting on the rear
wheels of the vehicle is:
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Z
F, = ?G(Kl + Lz‘//) (6)

The adhesive force of the front wheels of the vehicle can be
calculated by Formula 7:

K L,
[ZG ?2+ Hor KJ‘//

Z
=?G(K2 +ol, )y

H

ol

()

The adhesive force of the rear wheels of the vehicle can be
calculated by Formula 8:

Kl

H,, :(ze?+ H,, o

GR ?j'//
¥

:Z?G(K1+a)Lz)l//

When the vehicle is fully loaded, the braking torque of
front-axle brake wheels can be calculated by Formula 9:

MO,; = HerimaWs = H,, Wy ©

Similarly, under the same condition, the braking torque of
rear-axle brake wheels can be calculated by Formula 10:

Mogz = Horom Wt = H.,/zwf (10)

When a vehicle is braking, if the front wheels lock first, the
vehicle is prone to loss of steering control and braking
deviation; and if the rear wheels lock first, it’s prone to tail
drift. Only by simultaneously locking the front and rear wheels
under the maximum braking intensity can the vehicle lose its
steering ability, this is a better braking situation, and the
utilization of adhesion conditions of this braking method is the
highest. Assuming: Hy represents the braking force generated
by front wheel brakes of the vehicle, Hgri represents the
braking force generated by the contact between front-axle
wheels and the ground, then there is Hg=Heri=wCi. Hg
represents the braking force generated by rear wheel brakes of
the vehicle, Hgr, represents the braking force generated by the
contact between rear-axle wheels and the ground, then there is
Hgp=Hgr=wC,. The expression for the braking method of
locking the front and rear wheels at the same time is:

Hg1+Hg2:HGR1+HGR2:V/'ZG (11)

Assuming: K and K, represent the distance from the center
of mass of the vehicle to the front and rear axles, then there is:

H
H

_ K2+WL2

HGRl —
HGR2 K1 _'/’Lz

9l _

(12)

g2

Formula 13 gives the ratio o of the braking force of the front
axle of vehicle to the total braking force:



H

a=—%=—*& (13)
H, Hgu+H,
By combining Formulas 12 and 13, we can get:
K, +
a=—2—"7=1 vi, (14)

K

For the target bus studied in this paper, the distance from
the center of mass of the vehicle to the front axle is 2.15m, the
height of the center of mass is 0.95m, the adhesion coefficient
takes a value of 700, and the wheelbase of the vehicle is 6.25m,
then Formula 15 can calculate the braking force distribution
coefficient when the vehicle is fully loaded:

215+0.7x0.8
6.25

=0.4336 (15)

Assuming uo represents the initial braking speed, ¢
represents the proportion of energy transferred to the brake
disc, then the average braking power of a single front wheel
can be calculated by Formula 16:

GV=1a
2

Z, dv

z

S
Ho dr

(16)

Assuming FA represents the friction area, then the heat flux
density could be calculated by Formula 17:

GV

DE, = —
FA

(17

When a vehicle is braking, heat transfer occurs between air
and the surface of brake disc, that is, there’s heat loss through
convection between the two. When analyzing the convective
heat dissipation process, if the rotate speed of brake disc
changes, the convective heat transfer coefficient 7xc changes
accordingly. The convective heat dissipation between air and
vent hole and the heat dissipation of the friction disc surface
are the two primary heat dissipation methods that need to be
considered for vent disc brakes. The heat dissipation method
of solid disc brakes is mainly convective heat dissipation, and
Formula 18 gives the empirical formula for calculating its
convective heat transfer coefficient #xc:

0.70| 7R, |Re®5 Re < 2.4x10°
EX

e = (18)

0.04(’@} Re®® Re > 2.4x10°
EX

Assuming: #xgzp represents the thermal conductivity
coefficient of the air; EX represents the outer diameter of brake
disc; 6 represents the angular speed of brake disc; orp
represents the air density; Azp represents the air viscosity, SHrp
represents the specific heat, and Re=60-orp"SHrp/Arp represents
the Reynolds number.

Vent disc brakes have both heat dissipation methods of heat
dissipation through brake disc surface and heat dissipation
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through vent hole. Assuming Re” represents the Reynolds
number, FS; represents the hydrodynamic diameter, 4
represents the average airflow speed, K represents the
characteristic length of brake disc, and 7TUp represents the
Prandtl number, then Formula 19 gives the formula for
calculating nuc”, namely the heat transfer coefficient of heat
dissipation through vent hole of the vent disc brake:

Re )(FS, \*®
3.723| —— || =4
(TUPJ( Kj Mrp

FS,

. |Re <10*
Mue = o 0 (19)
0.46 1+(de L2 TU %700

FS,

Re” <10*

The corresponding Reynolds number Re” can be calculated
by Formula 20:

Re® — HpTrpldy

20
P (20)

Assuming: drr represents the width of vent hole, Szp
represents the area of brake disc, then the hydrodynamic
diameter F'Sy can be calculated by Formula 21:

2dTF Exi(wEXO - Szoj
360
FS, = (1)
‘ wEX,
EX, dTF + W —S»
The average airflow speed 4 is:
1, =0.0260, EXZ —EX? (1+ ';iOJ (22)
The characteristic length of brake disc X is:
K =(EX,—EX,)/2 (23)

By introducing parameters of the studied bus, we can get:

3.173/0,6<22.32
3.173/6,0 > 22.32

*

e = (24)

In summary, the convective heat dissipation coefficient of
vent disc with both heat dissipation methods (disc surface heat
dissipation and vent hole heat dissipation) is:

M= "Nuc + e (25)



The convective heat transfer coefficient #xc is:

3.176°% +3.193/0,0 < 22.32

77 =
" 11.550° £3.19%0,0 > 22.32
And the heat transfer coefficient of vent hole heat
dissipation #7xc” is:
3.17x(34.27-14.1t)"%
+3.17x3/34.27-14.1t 0<t<16s
h, = o 27)

1.55x(34.27 -14.1t)"
+3.17x3/34.27-14.1t t >16s
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Figure 1. Fitting curve of convective heat dissipation of vent
disc

Figure 1 shows the fitting curve of convective heat
dissipation of vent disc. During the thermal stress coupling
analysis of disc brake, it’s assumed that the heat flow between
air and brake contact surface is continuous and the average
temperature is equal, then the total friction heat flow density
RL is equal to the sum of the heat flux density of friction pad
RLpp and the heat flux density of brake disc RLgp:

RL=RL_,+RL,, (28)

Assuming: f represents the heat flux distribution coefficient,
nep represents the thermal conductivity coefficient of brake
disc, SHgp represents the specific heat of brake disc, ozp
represents the density of brake disc, 7rp represents the thermal
conductivity coefficient of friction pad, SHrp represents the
specific heat of friction pad, orp represents the density of
friction pad, then the expression of the heat flux distribution

coefficient is:
_ ,UEDSH en%ep
NeoSH 0

Based on heat flux distribution coefficient £, the proportion
of heat flux input to the friction pad can be calculated:

- Rleo
RLFD

(29)
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3. SIMULATION ANALYSIS
FIELD OF DISC BRAKE

OF TEMPERATURE

The changes in transient temperature of the friction contact
area of brake disc during vehicle braking and the degree of
thermal stress coupling are the main contents of the study on
the distribution characteristics of temperature field in thermal
stress coupling analysis of disc brakes. In this paper, the heat
energy transfer during vehicle braking was calculated, the
vehicle load was taken as the boundary condition that applies
on disc brake surface to realize the simulation of temperature
distribution of brake disc during braking processing and its
change trend.

Based on the first law of thermodynamics, thermodynamic
analysis of the brake disc was carried out. Assuming: SYp
represents the heat energy of the system, 4Cy represents the
work done, AE represents the internal energy, AEM represents
the kinetic energy of the system, ASE represents the potential
energy of the system, the disc brake is regarded as a closed
system, and the total energy in the system remains constant all
the time:

SY, — AC,, = AE + AEM + ASE 31)

For the transient temperature field of disc brake, the rate of
energy entering or leaving the system can be equivalent to the
heat transfer efficiency of internal energy in the system.
Assuming: vy represents the initial speed of the vehicle when
braking, v; represents the final speed of the vehicle by the end
of the braking process, Oy represents the mass of the vehicle,
g represents the gravitational acceleration, y represents the
braking distance, y represents the road slope coefficient and its
sign (positive or negative) is determined by the state of the
ramp, ¢ represents the rolling resistance coefficient, and
Formula 32 gives the vehicle kinetic energy conversion
formula during vehicle braking:

1 1
sY, =§QMv§ _EQM“12 +QuaEr—-¢ly (32

Heat conduction, heat convection, and heat radiation are the
main heat transmission modes in vehicle braking process,
wherein heat radiation has little effect on the temperature
change of brake disc in the actual analysis process, so it can be
ignored.

The heat transfer parameters of the model were determined
by heat flux density, convective heat transfer coefficient, and
initial ambient temperature. Taking time as the reference
system, loads were applied in the thermal analysis unit of
ANSYS, and the loading step was set to 0.2S.

When performing transient thermal analysis on the disc,
heat flux density boundary conditions related to time change
should be introduced, using the change of heat flux density,
calculations could be carried out based on the limit conditions
of braking and the specific attributes of the vehicle. Assuming
TR represents the conversion rate between kinetic energy and
thermal energy, GH represents the axle load, BA represents the
braking acceleration, m represents the number of single axle



brake discs, Jy and Jy represent the inner and outer diameters
of friction contact, then the value of heat flux density RL(z) at
time moment 7 can be calculated by Formula 33:

—~GH(BAYz+GH -v,-BA
2mz(3,° -3,°)

RL(z)=TR (33)

Assuming: v represents the vehicle speed, @ represents the
empirical formula coefficient, then Formula 34 gives the
calculation formula of convective heat transfer coefficient
during transient thermal analysis of the disc:

15 = 0.92+ dv*exp(—v/328) (34)
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Figure 2. Distribution of radial, axial and circumferential
temperature of the brake disc

Figure 2 (a), (b), and (c) respectively show the distribution
of radial, axial, and circumferential temperature of the brake
disc. According to the curve of radial temperature, the overall
temperature changes in the contact area of brake disc exhibited
characteristics of zigzag rise first and decline later. At nodes
at the inner and outer sides of the brake disc, there’re obvious
differences in the maximum temperature in the radial direction,
and the maximum temperature difference reached 109.1°C.
According to the curve of axial temperature, under the joint
action of friction heat generation and heat conduction, due to
the effect of heat flux input, the temperature values at nodes
on the disc contact surface all fluctuated greatly, while the
change trend of temperature inside the disc formed by the
temperature diffusion of component structure showed down,
and the maximum internal temperature was far lower than the
maximum surface temperature. According to the curve of
circumferential temperature, different circumferential nodes at
a same radius position showed little difference in temperature,
and there’s a certain temperature gradient and time lag. At the
radial, axial and circumferential nodes farther away from the
braking contact area, the temperature change was not obvious
because of the weak temperature diffusion effect.

4. THERMAL STRESS COUPLING ANALYSIS OF
DISC BRAKE

The coupling between temperature field and stress field of
brake disc during vehicle braking is a complex process. In
order to figure out the correlation between the two under
thermal stress coupling state, this paper constructed a friction
contact model of friction pad and brake disc to simulate the
moving heat source based on their relative sliding.

Assuming: the road condition of the contact ground surface
is ordinary concrete with an adhesion coefficient yrp of 0.8,
because e'L.=dv/dv=wrpL., then at this time, the maximum
normal reactive force generated by the ground acting on a
single-side tire during vehicle braking is:

max

F :Z?G(KZ +0.8L,) (35)

Bringing relevant parameters, it could be calculated that
Fae was 13256.24N. Considering the peak value wpp, the
maximum vehicle braking force corresponding to the concrete
ground could be calculated further:

Yeo
H - Yr
EB-max max 2 (3 6)

=0.4x13256.24N =5302.5N

Assuming: the rolling radius of the tire J, is 0.3m, then the
maximum braking torque can be calculated based on Formula
37:

LJ,.,=H J

max EB-max ~Vr 37)

=0.3x5302.5N =1590.7N

Assuming: the initial speed of the vehicle is 120 km/h, the
braking pressure and braking time are 3.5 MPa and 4.5s
respectively, then the initial rotate speed of the disc was
calculated to be 87.45 rad/s. In this paper, under a 3.7MPa



braking pressure, the maximum braking pressure was selected
at 0.0012s, and the braking duration was determined to be 4.5s,
then they were substituted into formulas to obtain the
parameter values.

5. EXPERIMENTAL RESULTS AND ANALYSIS

Based on the constructed 3D finite element model of disc
brake, heat flux density and other parameters, and various
boundary conditions, the disc of the disc brake was simulated
in ABAQUS to reveal the variation laws of transient
temperature and quasi-static stress of each part of the disc.
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Figure 3. Comparison of brake disc temperature under
different loads and initial speeds

The initial braking speed of the bus was set to be 90km/h,
and the load capacity of the bus was set with a few different
values between 1.4t-4t, then Figure 3(a) shows the
corresponding changes of the maximum temperature of the
disc, according to the figure, the maximum temperature of the
disc rises with the increase of load. This is because within the
short braking time, the input heat flux density increases
approximately linearly with the increase of load, thus the
maximum temperature of the brake disc surface has an
approximately linear relationship with the load of the bus.
Moreover, the load capacity of the bus was fixed, and the
initial braking speed of the bus was set with a few different
values between 60km/h-140km/h, then Figure 3(b) shows the
changes of disc temperature under different initial braking
speeds. According to the figure, compared with the impact of
initial speed on the maximum temperature of the disc, the
impact of load is greater, and this obtained conclusion is
consistent with the actual situation.
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Figure 4. The curve of the maximum temperature of disc
under multiple brakes

For brake discs of two different structures, vent disc and
solid disc, their temperature field under multiple brakes was
simulated respectively, and curves are shown in Figure 4, as
can be seen from the figure, in the non-braking stage without
heat flux density input, under the action of heat conduction and
convective heat dissipation, the contact area between a solid
disc and air was smaller than that between a vent disc (with
vent openings) and air, so the maximum temperature of vent
disc was lower.

Table 1. Analysis of estimation errors

Maximum Maximum
equivalent braking
stress torque

ThicknessBraking Maximum

Experiment of disc intensitytemperature

1 13.086 6.791 195.498  185.289 1273.654
2 11.671 13.365 192815  187.466 1276.895
3 13.284  9.556 185.657  192.925 1325.195
4 13.847 9.191 184.652  195.412 1108.565
5 13.865 9.563 181.894  189.891 1127.912
6 11.969 12157 186.359  196.714 1135.750
7 12.156  13.782  182.153  197.165 1254.894

The real values and estimated values of 7 experimental
sample points were analyzed, the corresponding estimation
errors are given in Table 1, and the error analysis of the
approximate model of maximum temperature, maximum
braking torque, and maximum equivalent stress is given in
Figure 5. The optimized mathematical model obtained based
on the analysis results can replace the complex finite element
model for the temperature-thermodynamic coupling analysis

of the disc brake.
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Figure S. Error analysis of the approximate model of
maximum temperature, maximum braking torque, and
maximum equivalent stress

In this paper, the maximum temperature, maximum braking
torque, and maximum equivalent stress of brake disc were
taken as constraint functions for the iterative optimization of
the mathematical model. To ensure reliable optimization
variables obtained from the optimized mathematical model,
the optimization variables need to be substituted into the finite
element analysis model for simulation and calculation, and to
ensure the effectiveness of model iteration through
comparative demonstration.

Table 2. Comparison of real values, estimated values, and
simulated values

Real Optimized Simulated Experimental

value solution value value value
Maximum 4¢3 5 g6 65 188.34 198.7
temperature
Maximum 35 45 47845 143526 1541.68
braking torque
Maximum
equivalent  217.2 234.67 239.85 246.162

stress

Table 2 compares the real values, estimated values, and
simulated values of the maximum temperature, maximum
braking torque, and maximum equivalent stress of the brake
disc. According to the data in the table, the optimized model
can well meet the performance optimization indicators of the
disc brake of bus braking system. The errors between

simulated values, estimated values, and experimental results
were relatively ideal, which had verified the feasibility and
accuracy of the optimized model, and can provide references
and ideas for the design of bus braking system in the future.
Table 3 gives a comparison of the structural parameters of
brake disc, and its structure was adjusted in terms of 3
parameters of the number of vent openings, the height of vent
openings, and the proportion of central angles.

Table 3. Structural parameters of vent brake disc

Numberof — Height of Proportion of
Group vent vent central angles
openings openings

1 30 15 5/12
2 30 15 6/12
3 30 15 7/12
4 34 15 7/12
1 20 15 6/12
2 26 15 7/12
3 30 15 7112
4 34 15 6/12
1 30 14 6/12
> 30 15 6/12
3 30 16 6/12
4 30 17 6/12

To further figure out the degree of impact of the three
parameters on the maximum temperature of brake disc, this
study designed an orthogonal experiment, and its specific
scheme and results are given in Table 4. The range values of
the three parameters (number of vent openings, height of vent
openings, proportion of central angles) were 26.5, 5.40, and
7.5 respectively. Therefore, from large to small, the impact
weights of the three parameters on brake disc temperature
were: number of vent openings, proportion of central angles,
and height of vent openings. The brake disc model structure
under the combination of 6/12 central angle proportion, 15mm
vent opening height and 34 vent numbers was the best.

Table 4. Scheme and results of the orthogonal experiment

Number of Height of
Experiment  vent vent
openings  openings

Proportion of Experimental
central angles results

1 1 1 1 643.5
2 2 1 1 631.2
3 3 1 1 627.6
4 4 2 1 645.3
5 2 1 2 625.1
6 2 3 2 631.6
7 1 2 3 642.9
8 4 2 3 634.5
9 2 2 2 646.3
10 1 4 1 637.8

Mean 1 634.625  634.540 627.300

Mean 2 628.850  627.315 629.500

Mean 3 641.520  637.865 632.100

Mean 4 632.600 631.100 635.400

Range 26.500 5.400 7.600

6. CONCLUSION

This paper conducted temperature-thermal stress coupling
analysis on disc brake under multiple continuous braking
conditions. At first, a 3D model of bus disc brake was built in



ABAQUS, and its thermodynamic parameters were calculated.

Then, numerical simulation of the temperature field of disc
brake was conducted and the thermal stress coupling under
different braking conditions was analyzed. In this paper, the
finite element analysis software ABAQUS was adopted to
simulate the disc of the disc brake, and the variation laws of
the transient temperature and quasi-static stress of each part of
the disc were obtained. After that, experimental results
compared the changes of disc temperature under different
loads and initial speeds, and diagrams of error analysis of the
approximate model of maximum temperature, maximum
braking torque, and maximum equivalent stress were plotted.
At last, the feasibility and accuracy of the optimized model
were verified by experimental results, which could provide
references and ideas for the design of bus braking system in
the future.
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