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Abstract: For the unique structural characteristics of ventilated brake discs and the complex problem
of energy conversion during braking, a calculation method for energy conversion of the ventilated
brake disc based on simultaneous heat generation and heat dissipation is proposed. The transient
heat transfer model of the ventilated brake disc for high-speed trains is established. Considering the
control equations of heat generation-heat dissipation and plate—cylinder convection heat transfer,
the virtual simulation of the energy change of the ventilated brake disc during the braking process
is carried out. The temperature and stress distribution of contact friction surface and clearance
structure of the ventilated brake disc are analysed from the perspective of function conversion. The
results show that the heat generated by the ventilated brake disc increases nonlinearly, and the heat
dissipated increases linearly. The heat of ventilated brake disc increases with the increase of braking
time, but its growth rate decreases continuously. The maximum temperature of the ventilated brake
disc is 268 °C, which appears on the friction surface. After braking, its heat is 6.636 x 10° J. The
analysis results and methods provide a basis for optimizing the structure of ventilated brake discs.

Keywords: high-speed trains; ventilated brake disc; fluid-solid thermal coupling method; heat
production-dissipation law

1. Introduction

Disc brakes play an important role in the field of rail transit. When the train brakes, the
brake disc and the brake pads generate a great deal of heat through friction, which causes
the brake disc to bear a huge thermal load, resulting in hot cracks, hot spots, and other
phenomena. The speed of high-speed trains continues to increase, and the requirements for
braking performance are also becoming higher and higher. The rotation of the gap structure
inside the ventilated disc brake disc brings a large amount of air into contact with the outer
surface of the brake disc. The convective heat transfer of the brake disc is enhanced, and its
resistance to thermal decay is improved. Figure 1 shows a ventilated brake disc used on a
high-speed train.

To improve the braking efficiency of ventilated brake discs, many scholars have con-
ducted more in-depth research on the temperature and stress distribution of brake discs
generated by frictional heat during the braking process. Sainath et al. used finite-element
analysis to model the frictional heat generation of brake discs and obtained their heat flux
and nodal temperature distribution [1]. Qi et al. established a coupled model of the thermal
structure of a ventilated brake disc, analysed the transient temperature field of the disc
under braking conditions, and obtained the temperature variation curves of the disc along
the radial and circumferential directions [2]. Belhocine et al. used a thermal-structural
coupling method to carry out transient thermal analysis of ventilated brake discs to obtain
the temperature and stress distribution of discs of different materials during the braking
process, respectively [3]. Heerok et al. used the finite-element method to analyse the
effect of the brake pad position on the brake disc temperature during the braking process.
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They obtained the temperature between the brake disc and the brake pad and the stress
distribution law [4]. On this basis, some scholars considered the influence of different
parameters on the brake disc temperature and stress distribution. Yang et al. obtained the
temperature field distribution of brake discs under ramp braking conditions by considering
the friction coefficient and slope variation [5]. Carmona et al. combined modal reduction,
the conjugate gradient method, and the adjoint method to predict brake disc heat flux
changes over time, obtaining the temperature change at different locations [6]. Mithlesh
et al. analysed the stress distribution of brake discs during the braking process and showed
that changing the contact area between the disc and brake pad can effectively reduce
stress [7]. Dubale et al. carried out numerical simulations of heat transfer analysis on
different brake discs. They obtained the temperature and stress distribution of different
kinds of discs under emergency braking conditions [8].To improve the accuracy of the finite-
element model, Bauzin et al. used the Fourier and Hankel integral transform to calculate
the heat transfer problem in the braking process and obtain the temperature distribution
of the brake disc [9]. Grzes proposed a method for calculating the maximum temperature
of the friction surface of a brake disc during repeated braking, and the results showed
that the maximum point temperature decreases as the number of brakes increases [10].
Zhang et al. proposed a displacement gradient cycle method for loading frictional heat
flow and established a three-dimensional transient heat transfer finite-element model for
brakes. The analysis results showed that the temperature decreases in a counterclockwise
direction from the contact position between the brake disc and the brake pad [11]. Jiregna
et al. performed a coupled thermal-structural analysis of the brake disc based on the FEM
method. They obtained the temperature gradient distribution of the brake disc and the
maximum temperature on the friction surface of the brake disc [12]. Although the principle
of frictional heat generation in the braking process of the brake disc has been studied
in-depth, the temperature field and stress field distribution laws under different working
conditions have been obtained. However, the energy generated by the frictional work of
the brake disc in the braking process affects the temperature and stress changes of the disc
at different braking moments. The specific values of the energy generated and the influence
of the variation pattern on the temperature distribution and stress fields have not been
considered, resulting in some differences in the distribution of the temperature and stress
fields obtained.

Figure 1. Ventilated brake discs for high-speed trains.

Most heat generated by friction during the braking process is dissipated in heat transfer
to the different media. Researchers have studied the many factors that affect the ability
of brake discs to dissipate heat. Yan et al. developed a numerical model and performed
heat transfer measurements on standard commercial brake discs. The results showed that
enhanced airflow properties around the brake disc increased the heat dissipation area and
improved the heat dissipation capacity of the brake disc [13]. Garcia-Leon et al. used the
mathematical theory of heat transfer and numerical calculations to study ventilated brake
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discs. The results showed that the faster air circulates through the internal structure of
a ventilated brake disc, the higher its heat dissipation rate during braking [14]. Fomina
et al. used CFD simulations to analyse the flow field of the internal structure of a ventilated
brake disc. The results showed that the flow state of the fluid had a significant effect
on the thermal performance of the brake disc [15]. Duan et al. conducted numerical
simulation on the temperature distribution of the battery cooling system and found that
increasing the inlet water flow rate can significantly improve the heat transfer capacity
of the battery [16]. To explore the influence of different parameters on heat dissipation
capacity, Zhang et al. analysed the convective heat transfer coefficient of a brake disc. They
established a relationship between the Nusser numbers, Reynolds number, and the disc-to-
wheel-diameter ratio to obtain a more accurate convective heat transfer coefficient for the
heat dissipation process of the brake disc [17]. Kumar et al. analysed the effect of varying
Reynolds numbers on the thermal convection of brake discs. The brake disc temperature
distribution was obtained in laminar flow and forced convection [18]. Moraveji et al. used
numerical methods to study the influence of different structural parameters of vortex tube
on temperature and mass flow rate. The results showed that the increase of the number of
vortex tube inlets would lead to the decrease of outlet temperature [19]. Esfe et al. discussed
the effects of Reynolds number, temperature, nano particle volume fraction, nano particle
diameter, and other parameters on convective heat transfer by using numerical methods
and found that the addition of nano particles had a significant impact on the heat transfer
characteristics [20]. Ghandouri et al. used the finite-element volume method to consider
the influence of fins with different structures on temperature and heat transfer coefficient
and found that the new type of fins enhanced the heat dissipation capacity [21]. Song et al.
used the numerical analysis method to find that piercing on the fin increases the area of
contact with the air, which is helpful to improve the heat dissipation performance [22]. You
et al. used different treatment methods to form different microstructures on the surface of
the heat sink and found that adding thermal radiation coating is helpful to improve the
surface heat dissipation problem [23]. To reduce the error of simulation results, Stevens
et al. used first-order differential equations to predict the temperature of the brake disc
and obtained the pattern of variation of convection and radiation heat dissipation from the
brake disc during the cooling process [24]. Mashayekhi et al. developed an engineering
technology and found that the volume fraction of nano particles in conventional thermal
fluid is increased, which can improve the heat transfer rate [25]. Toghraie proposed a
numerical method to simulate the subcooled jet passing through the high-temperature
surface [26]. It was found that increasing the water jet velocity and decreasing the fluid
temperature would increase the convective heat transfer coefficient. Xu et al. proposed
a heat-management system. It was found that the heat dissipation effect of this method
is enhanced, and the temperature uniformity is satisfied [27]. Zhang et al. established a
three-dimensional, consistent heat dissipation channel model with both heat conduction
and fluid channels. It was found that the optimal heat dissipation parameters can improve
the heat dissipation performance of electronic equipment [28].

In summary, most of the research on ventilated brake discs has focused on the process
of frictional heat generation, the distribution of temperature and stress fields, and the
factors affecting their heat dissipation. During the braking process, the energy generated
and dissipated into the air by the brake disc due to frictional work is constantly changing.
Energy changes affect brake disc temperature and stress changes. The above studies seldom
consider the simultaneity of the heat generation and heat dissipation of the ventilated brake
disc during the braking process. The influence of its numerical value and variation law on
the temperature field and stress field distribution has not been considered. The temperature
and stress distribution of the ventilated brake disc were obtained inaccurately. As a result,
the thermal decay resistance of the ventilated brake disc cannot be significantly improved.
This paper takes the ventilated brake disc of the high-speed train as the research object. The
forced convection heat dissipation form of the outer surface of the ventilated brake disc
and the air is considered. The frictional contact between the brake disc and the brake pads
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generates energy. At the same time, the internal gap structure of the brake disc dissipates
energy through contact with the air. The generation and dissipation of energy are studied
from the perspective of functional conversion. The temperature and stress distribution
on the surface of the ventilated brake disc and the internal clearance structure, and its
variation with time is studied. During the braking process, the time-varying law of the heat
generation and heat dissipation energy of the ventilated brake disc is obtained.

2. Mathematical Description of the Braking Process for High-Speed Trains
2.1. Characterization of the Three Heat Transfer Forms in the Braking Process

During the braking process, the macroscopic energy change of high-speed train brak-
ing is the process of converting mechanical energy into internal energy. At the same time,
the internal energy of the ventilated brake disc is constantly dissipated into the air in the
form of thermal convection and thermal radiation under the effect of forced convection
of the external air. This phenomenon is known as heat transfer. According to its physical
nature, heat transfer [14] can be divided into three types, including thermal conduction,
thermal convection, and thermal radiation. Heat transfer occurs when there is a tempera-
ture difference between the friction interface of the ventilated disc and the gap structure.
The heat transfer depends on the distribution of the temperature field of the ventilated
brake disc. Heat conduction is represented by Fourier’s law [29]:

dT
chond = _Acond/\a (1)

where ¢.onq is the conduction heat flux and represents the heat passing over the friction
interface; T is the temperature; A is the thermal conductivity; A.ng is the contact area
between the ventilated brake disc and the brake pad. —A% is the heat flow density for heat
conduction in the x-direction; “—" indicates that the direction of heat transfer is opposite to
the direction of the temperature gradient.

Thermal convection occurs only in a moving fluid (liquid or gas) medium. It is the
action of heat transfer caused by the relative displacement of masses in a fluid and is
expressed in terms of Newton’s law of cooling for convective heat transfer [14]:

¢C0nd = AcondhAT (2)

where ¢cony is the amount of thermal convection; Acony is the contact area between the
ventilated disc and the air; & is the convective heat transfer coefficient between the ventilated
disc and the air, and the greater the coefficient means, the higher the rate of heat transfer
between the two media; AT is the temperature difference between the ventilated disc and
the air, usually taking a positive value.

Thermal radiation is the phenomenon of an object radiating electromagnetic waves due
to its temperature and is usually expressed by the Stefan-Boltzmann law [30] as follows:

(Prad = SUbArad (Tgisc - T::lnv) (3)

where ¢,,q is the amount of thermal radiation, ¢ is the emissivity of the object, ¢} is the
Stephan-Boltzmann constant, ¢, = 5.67 x 1078 W/m? k%; A,.q is the area exposed to
thermal radiation; Tg4;s. is the temperature of the ventilated brake disc; Teny is the ambient
temperature around the ventilated brake disc.

During braking, heat energy is generated by friction between the ventilated brake
disc and the brake pad, and the heat energy is transferred along the friction surface to the
brake disc and the brake pad in the form of heat conduction, as shown by the red arrow in
Figure 2. Due to the high braking speed of high-speed trains during the braking process,
the brake disc and brake pad will form convective heat exchange with the surrounding
air, dissipating most of the heat in the ventilated brake disc into the air, as shown by the
yellow arrow in Figure 2. As the braking time continues, the surface temperature of the
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brake disc will continue to rise. When the surface temperature of the brake disc is high, the
surface forms a radiation heat exchange with the surrounding air due to thermal radiation,
as shown by the blue arrow in Figure 2.

I Thermal conduction
[ Thermal convection
[ Thermal radiation

Figure 2. Three heat transfer forms of the brake pad and the brake disc.

2.2. Physical Modelling of the Braking Process in High-Speed Trains

The working principle of the ventilated disc brake is that the kinetic energy generated
by the operation of the train is transformed into thermal energy by the frictional action
of the axially moving brake pads and rotating brake discs, which enables the braking of
high-speed trains. To analyse the variation of temperature at each position during braking
of a ventilated brake disc with time and the variation over time of the heat generated in the
frictional contact zone and the heat dissipated by the surface of the ventilated brake disc,
the following mathematical model is developed [31]:

oT
PCP +PCPH VT +V-g=0Q+ Qted 4)

g=—kVT )

where p is the density of the brake disc; Cp is the specific heat capacity of the brake disc; u is
the speed of the brake disc; V is the differential operator; k is the heat transfer coefficient at
different locations of the brake disc; Q is the heat source; Qyeq is the thermoelastic damping,
and g is the heat transferred by the ventilated disc.

The surface of ventilated brake discs and brake pads make contact with air during the
braking process. The friction disc surface of the ventilated brake disc is set up with the
brake pad as a flat plate, creating forced convection with the outside air. The ventilated
disc fan-shaped gap structure is a cylindrical bypass, creating forced convection with the
outside air [32]. These are expressed as

q0 = h(Text — T) (6)

1/3p,1/2
% 0.3387Pr 21/%361‘1/4 (REL S 5 % 105)
Iy = (1+(092)°") @)
2%4i:Pr(0.087Ref/® — 871) (Rep, > 5 x 10°)

4/5
. 0.62Rel/2pyl/3 5/8
hy = M | 054 o 7 14+ (Rep ®)
D TN 282000
(1 + (W> )

where g is the energy dissipated by convective heat transfer h; is the convective heat
transfer coefficient of the friction surface of the brake disc, h, is the convective heat transfer
coefficient of the fan-shaped gap structure, Teyt is the external temperature, L is the differ-
ence between the outer diameter and inner diameter of the ventilated brake disc, D is the
outer diameter of the fan-shaped gap structure, A, is the air thermal conductivity, and
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Aair = 2.67 x 1072 W/ (m-K); Pr is the Prandtl number, which is the number of causeless
combinations indicating the interaction of energy and momentum migration processes
in the fluid, indicating the relationship between the temperature boundary layer and the
flow boundary layer, Pr = 0.701; and Re;, and Rep are Reynolds numbers, which can be
expressed as

REL _ Pairvair(t)L (9)
M
ReD _ pairva;(t)D (10)

where i, is the density of air, p,, = 1.205 kg/m®, u is aerodynamic viscosity,
u=16 x 1076 m? /s, and v,j, is the air flow rate.

The presence of radiant heat exchange between ventilated brake discs and brake pads
is expressed as [30]

et = €0 ( Tomy — T*) a1

where ¢ is surface emissivity, and Ty, is ambient temperature.

During braking, a large amount of heat is generated on the friction disc surface in a
short period of time, which forms a temperature gradient inside the brake disc. The thermal
stress generated due to the influence of thermal field cooling can be expressed as [33]

oc=uaE(T—Tp) (12)

where ¢ is thermal stress, « is the expansion coefficient, E is the elastic modulus, Ty is the
initial temperature, and T is the temperature at some point in time.

2.3. Numerical Calculation of Energy Conversion of Ventilated Brake Discs

The braking power p can be given by the negative value of the time derivative of
kinetic energy, which can be expressed as [34]

mo? v
P(t) = _jt[ z(t)} = —mv(t)dd(:) (13)

where m is the overall mass of the train, v is the train speed, and t is the braking time. A
single train contains four axles, three ventilated discs, and six brake pads mounted on each
axle, so the source of frictional heat on each brake pad, Py, can be expressed as

1 do(t) 1

Py(t) = —ﬂmv(t) Tl —ﬂmv(t)a(t) (14)

where a is the acceleration during braking of the train.
The heat generated in the frictional contact zone of the brake disc and the heat dissi-
pated on the outer surface of the disc can be expressed as

to m o
Wprod - /0 QprodcuL - 24A10n /0 [vl - a(t)t]a(t)dt (15)
1t
Waiss = T/ (‘70 + I]rﬂux)dt (16)
sur /0

where W04 is the energy generated in the contact area between a single brake pad and
the disc, W is the energy dissipated by the disc in the form of convective heat transfer as
well as thermal radiation, g,q, is the energy dissipated by thermal radiation, Ay is the
area of the contact friction zone, Agy; is the contact area between the disc and the outside
world, and ¢ is the train braking time.

During braking, mechanical energy changes into heat energy through friction. The
heat energy of the ventilated brake disc is dissipated into the air in the form of convection
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heat transfer and changes with its heat generation and heat dissipation. According to
Formula (15) and Formula (16), the heat energy it has can be expressed as

Wo = Wprod — Waiss (17)
where Wy represents the heat possessed by the ventilated brake disc.

3. Finite-Element Modelling of Ventilated Brake Discs under the Action of Flow Fields
3.1. Model Simplification and Assumptions for Ventilated Brake Discs on High-Speed Trains

A single high-speed train usually has four axles. Three ventilated brake discs are
mounted on each axle. The mechanical assembly of a high-speed train’s axle-disc con-
nection consists of the brake devices, the shaft plate connectors, the axle, and the wheel,
as shown in Figure 3. During the braking process, the brake pads are pressurized by a
hydraulic machine, which pushes the brake pads against the brake discs to achieve the
train’s braking.

Braking devices
Wheel Axle Ventilated brake disc

Shaft plate
50 connectors R325mm

@

Figure 3. High-speed train disc brake assembly diagram. (a) Axle-disc connection assembly;
(b) Ventilated brake disc; (c) Gap structure of ventilated brake discs; (d) Brake pad.

To improve the efficiency of finite-element simulation calculations and improve the
quality of meshing, components such as the bolts of the brake are simplified. Ignoring the
internal and surface-related components of the brake, as each brake is subjected to the same
braking torque during the braking process, a pair of ventilated brake discs and pads were
selected for the study. The assembly and geometric parameters are shown in Figure 3b,d.
Due to the complex internal clearance structure of the ventilated disc, a large amount of
air is introduced into the clearance structure while the wheel is rotating, increasing the
convective heat transfer capacity of the ventilated disc and accelerating heat dissipation.
The ventilated discs have a total of 72 gap structures, uniformly distributed along the
circumference, with the geometrical parameters shown in Figure 3b,c.

As the finite-element simulation cannot achieve complete uniformity with the actual
working conditions, the following assumptions are made for the finite-element model:

1.  Ventilated brake discs in contact with the brake pad are the ideal interface;

2. Ventilated brake discs, brake pads, and initial air temperature of 26.85 °C;

3. The braking process follows a uniform deceleration motion;

4.  The ventilated brake disc and brake pad conform to Hooke’s law, and the friction
coefficient remains unchanged during braking;

5. Ignore phenomena such as wear and material damage to brake discs and pads during
the braking process.
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3.2. Finite-Element Modeling

The geometric model meshes with a free hexahedral network for the brake pad and
the internal clearance structure of the ventilated brake disc and a free tetrahedral mesh
for the ventilated brake disc surface. There are 59,744 cells in the model, consisting of
2520 hexahedral cells and 51,926 tetrahedral cells. The ventilated brake disc material
is made of low-alloy steel. The brake pad material is made of copper-based powder
metallurgy; the relevant parameters of the materials are shown in Table 1.

Table 1. Material properties of the ventilated brake disc and brake pads.

Material Properties Brake Disc Brake Pads
Density (kg/m?) 7850 5250
Elastic modulus (GPa) 208 180
Poisson’s ratio 0.31 0.3
Conductivity (W/m-K) 48 30
Specific heat (J/kg-K) 462 550
Linear expansion coefficient (/K) 1.28 x 107° 1.5 x 107°
Surface emissivity 0.28 0.8

The initial speed of the high-speed train before the emergency braking is set to
V1 = 250 km/h, the radius of the train wheels is r, = 0.43 m, the initial temperature
of the brake and environment is set to T = 26.85 °C, the total mass of a single car-
riage is m = 6.88 x 10* kg under full load conditions, and the friction coefficient is set
to yp = 0.25 when the brake pad is in contact with the ventilated brake disc. The rotational
motion of the ventilated brake disc is converted into a translational movement in coordinate
form and loaded onto the disc, thus realizing its braking process.

The heat generated by the brake disc and brake pad is loaded on the contact surface of
the brake disc and brake pad in the form of a frictional heat source and is evenly distributed
on the frictional contact surface. The brake disc friction contact surface and gap structure
are set up as a longitudinal swept plate convection heat transfer boundary, a transverse
swept tube boundary, and radiant heat exchange at all edges of the brake disc in contact
with the air. The finite-element model of the high-speed train ventilated brake disc and
brake pad was finally obtained by constraining the three degrees of freedom of the disc in
the x, y, and z directions, as shown in Figure 4.

Point 2 Point 1

Point 3

Figure 4. Finite-element model of ventilated brake disc and brake pad.

Before the start of numerical simulation, it is necessary to check the grid indepen-
dence [35]. Three coordinate points are selected on the ventilated brake disc friction surface,
as shown in Figure 4. The coordinate points are, respectively, (—0.26, 0, 0.054), (0, —0.26,
0.054), and (0.26, 0, 0.054). It can be seen from Table 2 that the number of grids in Grid 3 and
Grid 4 increases, but the change of the number of grids has little impact on the temperature
nodes. Therefore, the third grid number is adopted for calculation in this paper.
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Classification  Total Elements Total Nodes  Timax (°C)  Tomax CC)  T3max CC)
Gird 1 17,655 6818 6818 308.34 307.81
Gird 2 30,331 15,647 15,647 284.26 283.74
Gird 3 59,744 21,390 21,390 263.99 263.19
Gird 4 92,525 30,593 30,593 263.61 262.83

3.3. Test Verification

Compared with the solid brake disc, the ventilated brake disc has a unique heat
dissipation structure, which can quickly dissipate the heat energy inside the brake disc
into the air. In order to verify the accuracy of the finite-element model, the brake test
was completed on a 1:1 high-speed train brake-testing machine, as shown in Figure 5.
The test function was applied to both drum brake and disc brake, so some parts of the
testing machine were simplified in the simulation model. The braking initial velocity and
braking pressure in the initial test condition are the same as those in the finite-element
simulation condition. Therefore, the data results can provide validation for the simulation
model. Using the thermocouple measurement method, a thermocouple was arranged at
the theoretical friction radius of the brake disc to effectively collect the contact temperature
of the brake disc. The comparison between the temperature measurement results of the
thermocouple node and the simulation results is shown in Figure 6. The x-axis indicates
braking time, and the y-axis indicates temperature.

Figure 5. High-speed train brake-testing machine.
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Figure 6. Comparison of experimental and simulation results.

It can be seen from the figure that the maximum temperature value during the test
differs by 19% from the simulated maximum temperature value at the same time. The
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initial temperature of the test is about 50 °C, and the initial temperature of the simulation
is 26.85 °C. Before braking for 29 s, the contact between the brake disc and the brake pads
is uneven during the test, resulting in a lower temperature-rise rate than in the simulation.
However, after 29 s, the finite-element simulation considers that the ventilated brake disc is
subjected to forced convection during the braking process, resulting in faster heat dissipa-
tion, so the temperature will be slightly lower than the test temperature. During the test,
there is a vibration between the brake disc and the brake pad, resulting in fluctuations in the
temperature measured by the thermocouple. Comprehensively considering the influence
of the test error, the simulation temperature change curve of the ventilated brake disc and
the test brake temperature change curve are both parabolic, and the temperature change
law is the same, so the test results demonstrate the correctness of the simulation model.

4. Simulation Analysis Results and Discussion

In the simulated braking process in 70 s, the maximum temperature, speed, and
acceleration curves of the ventilated brake disc during the braking process with time are
shown in Figure 7. It can be obtained from the figure that the speed of the ventilated
disc decreases evenly throughout the braking process, from 250 km/h to 0 km/h. The
initial temperature is 26.85 °C and the highest temperature appears at 41 s of braking, and
its maximum temperature reaches 268 °C. After the 70 s of braking, the brake disc stops
rotating, at which time its maximum temperature is 239 °C. In the initial braking stage, due
to the rapid rise in the temperature of the brake disc, the temperature of the friction surface
of the brake disc rises rapidly. The gap structure temperature difference is significant so
that the thermal stress reaches its maximum value. Still, with the increased braking time,
heat transfer, and dissipation into the air, the temperature of the brake disc changes slowly
so that its thermal stress gradually decreases.

b3

Velocity(m/s)
1
gle
[EE
Acceleration(m/s?)

Temperature(°C)
8
T
1

1
)

—=— Temperature
50 —v— Velocity 116
—— Acceleration

1

O 1 1 1 1 1 1 1 1 1 1 1 1 0
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Time(s)

Figure 7. Maximum temperature, velocity, and acceleration time variation curves.

4.1. Temperature Distribution Pattern during Braking
4.1.1. Analysis of Friction Surface between Ventilated Brake Disc and Brake Pad

Figure 8 shows the temperature field distribution of the ventilated disc at different
braking moments. From the figure, it can be seen that the temperature of the ventilated disc
increases and then decreases with the braking time, and the distribution is not uniform.
The high-temperature zone is mainly concentrated on the friction surface of the ventilated
brake disc and the brake pad, and the maximum temperature is related to the geometry
of the brake pad contact position. As shown in Figure 8a, the friction surface in contact
with the brake pad is at the highest temperature at the beginning of the braking period,
reaching 29.5 °C, with heat transfer to other parts along the radial and axial directions.
With the counter clockwise rotation of the brake disc, a temperature difference is formed
between the disc contact friction surface and its surrounding surface. As the braking time
increases, the heat generated by the frictional contact area is continuously transferred to
the surrounding area, as shown in Figure 8b, causing the brake disc friction surface to form
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a ring-like temperature zone extension phenomenon. Figure 8c shows that the temperature
generated by friction on the brake pad at the end of braking is transferred to the friction
surface by heat transfer. During the braking process, the air around the friction surface
of the brake disc is present in the form of turbulence, and the temperature of the friction
surface reduces. The outer side of the brake disc friction surface has a higher linear velocity
than the inner side, making the heat generated by friction on the outer side of the friction
surface high. Still, the outer side has a larger contact area with the air compared to the
inner side, making the heat dissipation effect on the outer side of the brake disc friction
surface better under the joint action of the two, making the highest temperature of the
friction surface concentrated near the friction radius. After braking, the temperature at the
friction radius is 239 °C.

()

Figure 8. Surface temperature clouds of ventilated discs at different braking moments. (a) Braking
0.05 s; (b) braking 35 s; (c) braking 70 s.

To make it easier to observe the temperature variation pattern on the friction surface of
the ventilated brake disc, a three-dimensional position-time-temperature cloud was fitted
along the radial direction to generate a three-dimensional map of the friction surface of
the ventilated brake disc, as shown in Figure 9. In Figure 9, the x-axis indicates the radial
position of the surface of the ventilated disc; the y-axis indicates braking time and the
z-axis temperature. The temperature reaches a maximum of 268 °C at 41 s. Combined with
Figure 8a, the heat generated by the friction surface of the ventilated disc is higher than
the heat dissipated by convective heat dissipation with air before 41 s, and combined with
Figure 8b,c, the heat dissipated by convective heat dissipation on the friction surface of
the ventilated disc is higher than the heat generated after 41 s, so its temperature tends to
decrease. The temperature decreases from the frictional contact zone to the inner and outer
diameter. When the brake disc speed is low, the adhesion of the air is more excellent in
the brake disc surface to form laminar flow; when the brake disc speed is high, the air on
the brake disc surface follows an irregular flow, creating turbulence. The air pattern on its
surface influences the heat dissipation on the surface of the brake disc. Under high-speed
rotation, a convective heat exchange exists between the ventilated disc and the air. The
contact area between the outer diameter and the atmosphere is larger than between the
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inner diameter and the air. However, the heat generated outside the contact friction zone is
higher than that generated inside the area.
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Figure 9. Three-dimensional cloud of time-temperature along the radial direction of a ventilated
brake disc.

4.1.2. Analysis of Internal Gap Structure of Ventilated Brake Discs

During the braking process of a high-speed train, the high-speed rotating ventilated
brake disc introduces the surrounding air into its internal gap structure. Due to the high
fluid-flow velocity, the irregular flow along the gap structure forms turbulence. At the same
time, the air is thrown out by the centrifugal force generated by the rotating disc, and the
heat of the ventilated disc is carried away. The internal gap structure of the ventilated disc
dissipates the heat generated by the braking process in the form of convective heat transfer.
The highest temperature of the braking process occurs at the friction contact surface at
41 s of braking, and the temperature field cloud is shown in Figure 10. The axial section

temperature cloud of the gap structure at 41 s and its section amplification temperature
cloud are shown in Figure 11.
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Figure 10. Temperature cloud at 41 s of braking for ventilated discs.

Figure 11. Temperature clouds in the axial section of the interstitial structure.



Appl. Sci. 2022,12, 10739

13 0of 19

It can be seen from Figure 8 that the high-temperature zone is mainly distributed
in the contact friction zone between the brake disc and the brake pad, with the highest
temperature reaching 268 °C. At the same time, under the action of heat conduction, the
temperature generated in the friction contact zone is continuously transferred to the gap
structure along the axial direction, reaching 100 °C in the middle of the gap structure. It
can be concluded from Figure 11 that the heat generated on the outer side of the friction
surface makes the temperature transfer along the axial side of the gap structure more
evident than the gradient on the inner side. During the braking process, the ventilated
disc is subjected to a pair of symmetrical brake pads, resulting in a balanced temperature
distribution along the axial direction. To make it easier to observe the temperature changes
in the gap structure of the ventilated disc, a three-dimensional position-time-temperature
cloud was fitted along the axial direction at the highest temperature point of the disc
surface during the entire braking process, as shown in Figure 12. In Figure 12, the x-axis
represents the axial position of the ventilated disc clearance structure, the y-axis represents
the braking time, and the z-axis represents the temperature. The temperature of the part
of the ventilated disc clearance structure closer to the disc surface rises first and then falls.
In the initial stage of braking, the amount of the gap structure is far from the disc surface,
and the heat generated by the contact friction contact area has not yet been transferred
to the centre of the gap structure. In contrast, the air introduced inside the gap structure
forms an irregular flow on its surface, taking away its surface heat. The heat dissipated by
the gap structure in convective heat transfer is higher than the heat transferred to the gap
structure. The temperature of the gap structure part drops continuously during the initial
braking stage.
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Figure 12. Three-dimensional time-temperature cloud along the axial direction of the ventilated
brake disc gap structure.

To more intuitively study the temperature variation law of the gap structure with time,
the temperature variation with time of the nodes selected at equal spacing along the axial
direction at the radius of the highest temperature point of the disc surface during the whole
braking process, according to Figure 11, is shown in Figure 13. It can be seen from Figure 13
that the temperature of the nodes near the friction contact surface changes significantly
with time. In the initial braking stage, the heat generated by the friction between the
ventilated disc and the brake pad is higher than the heat dissipated by the ventilated brake
in convective heat dissipation. Hence, its temperature rises continuously with time. In
the node near the middle of the gap structure, in the initial stage of braking, due to the
high-speed rotation of the brake disc, the gap structure of the ventilated disc introduces a
large amount of air, forming turbulence under the action of high-speed fluid, and the heat
dissipated by convection heat dissipation on its surface is higher than the heat transferred
from the friction contact surface to the node due to heat conduction, so the temperature of
the node near the centre of the gap structure drops first. As the braking time increases, the
heat generated in the friction contact area of the ventilated disc is continuously transferred
from the friction disc surface to the gap structure using heat conduction. At the same
time, the speed of the disc decreases, and the airflow rate introduced into its gap structure



Appl. Sci. 2022,12, 10739

14 of 19

gradually decreases, making the convective heat exchange between its surface and the air
less efficient. As a result, the convective effect between the gap structure and the air is
weakened, so the temperature of the gap structure is on the rise, as the energy transferred
by heat conduction is greater than the energy dissipated in the form of convective heat
dissipation after about 10 s.
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Figure 13. Temperature profile of the nodes along with the axial distribution of the gap structure as a
function of time.

4.2. Stress Distribution Pattern during Braking
4.2.1. Analysis of Friction Surface between Ventilated Brake Disc and Brake Pad

From the results of the temperature field analysis, it can be seen that during the braking
process, the form and rate of airflow through the outer surface of the brake disc of the
high-speed rotating disc are different, which makes the convective heat dissipation of the
brake disc surface and the clearance structure and air different, resulting in different rates of
temperature change on its surface. Under the effect of thermal expansion and contraction,
higher thermal stress will be generated at the connection between the brake disc surface
and the gap structure; Figure 14 shows the stress cloud diagram of the surface of the
ventilated brake disc at different braking moments. The initial stage is shown in Figure 14a;
as the ventilated disc is subjected to the brake pad’s friction, the high-stress area is mainly
concentrated in the friction contact area between the ventilated disc and the brake pad. At
the same time, the other locations have a more uniform stress distribution. However, with
the increase in braking time, the friction surface stress shows a circular distribution.

Figure 15 shows a three-dimensional position-time-stress cloud along the radial direc-
tion of the friction surface of the ventilated brake disc. In Figure 15, the x-axis represents
the radial position of the surface of the ventilated brake disc, the y-axis represents the time
by braking, and the z-axis represents the equivalent force. Compared with Figure 9, it can
be seen that the rate of temperature rise in the friction contact area is higher than the rate of
temperature rise around it; the air forms turbulence on the surface around it, taking away
most of the brake disc friction surface temperature, but the friction contact area continu-
ously generates heat in the brake disc surface to form a temperature difference, resulting in
the stress induced in the friction contact area being higher than the stress around it. The
highest stress in the friction contact area reaches 439 MPa. Its stress distribution law is
consistent with the distribution law of the temperature field.
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Figure 14. Stress cloud on the surface of a ventilated brake disc at different braking moments.
(a) Braking 0.05 s; (b) braking 35 s; (c) braking 70 s.
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Figure 15. Three-dimensional cloud of time-stress along the radial direction of a ventilated brake disc.

4.2.2. Analysis of Internal Gap Structure of Ventilated Brake Discs

The gap structure is the central part of the ventilated brake disc heat dissipation; in its
connection with the disc surface of the brake disc, it is easy to produce significant stress,
and during the braking of 19 s, in the gap structure and the disc surface connection, the
maximum pressure is reached, and its surface equivalent force cloud diagram is shown
in Figure 16. The surface equivalent stress cloud is also shown in Figure 16. The axial,
tangential stress field cloud of the gap structure is shown in Figure 17. In the whole braking
process, because of the brake disc surface and heat dissipation rib connection, air mobility
is poor, and local irregular flow is easily formed. The surface temperature at the connection
is not easy to be lost. The surrounding air has strong fluidity, and the temperature loss rate
at the junction is inconsistent, resulting in its more considerable stress. Combined with
Figure 15, it can be concluded that the maximum pressure of 773 MPa is generated at the
connection between the disc surface of the brake disc and the clearance structure.
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Figure 17. Stress cloud in the axial section of a ventilated brake disc.

To make it easier to observe the stress variation in the ventilated brake disc clearance
structure, a three-dimensional position-time-stress cloud was plotted along with the axial
position at the radius of the maximum stress point, as shown in Figure 18. In Figure 18, the
x-axis represents the axial position of the ventilated disc gap structure, the y-axis represents
the time by braking, and the z-axis represents the stress. Combined with Figure 13, the
middle part of the gap structure has a large contact area with the air, and its surface airflow
is better. In the early braking stage, the air flows through its surface and takes away
more heat, forming a temperature difference with the part near the disc surface, leading
to a rise in stress. As the disc speed decreases, the airflow rate inside the gap structure
decreases so that the energy dissipated on its surface decreases. At the same time, the heat
generated in the friction contact area is continuously transferred to the gap structure so
that the difference in temperature dissipation rate is more minor. Hence, the stress shows a
decreasing trend again.
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Figure 18. Three-dimensional cloud of time-stress along the axial direction of a ventilated brake disc

gap structure.



Appl. Sci. 2022,12, 10739

17 of 19

4.3. Heat Production and Heat Dissipation Pattern during Braking

During the braking process of high-speed trains, the ventilated brake disc constantly
generates heat in the contact friction zone, and at the same time, the surface of its structure
is affected by turbulent air, which dissipates the heat of the disc into the air continuously,
as shown in Figure 19. The ventilated brake disc in the braking process generates and
dissipates heat with time-change curve. From the figure, it can be seen in the braking
period that its heat production rises more violently; Figure 8 shows that in the early stage
of braking, the temperature rise more apparent; this is due to the high-speed train’s initial
speed being higher. It can be seen from Formula (15) and Formula (16) that more heat
is generated by the friction between the ventilated brake disc and the brake pad in unit
time, which makes the energy of the ventilated brake disc rise faster As the braking time
increases, the heat generated by friction decreases due to the decreasing speed of the high-
speed train, and the rate of growth of the energy of the ventilated disc decreases. The air
around the ventilated disc flows differently and carries away the energy transferred from
its interior to the surface. Through convection heat dissipation as well as thermal radiation
and dissipation into the air, and from the graph of the change curve, the difference between
heat production and heat dissipation compared to the heat production curve can be seen
in the middle and late stages of braking. Heat dissipation has a significant effect on the
energy of ventilated brake discs, resulting in the temperature of the ventilated brake disc
after 41 s of braking showing a decreasing trend.

Energy(él 0°J );)1 - .
T T T T

w
T

—a— Heat production
—e— Heat dissipation
—A— Variations

)
T

o 1 1 ! 1 1 1 1

0 5 10 15 20 25 30_35 40 45 50 55 60 65 70
Time(s)

Figure 19. Heat production-heat dissipation curve with time.

5. Conclusions

This paper deduces the energy conversion of the heat generation-radiation process of
the ventilated brake disc of a high-speed train during the braking process. Three different
heat transfer modes were considered for transient thermal analysis of ventilated disc brakes.
The heat generation-dissipation theory was used to analyse the temperature and stress
distribution of the friction disc surface of the ventilated brake disc and the gap structure
from the perspective of function conversion. The following conclusions were obtained:

1.  During the braking process of high-speed trains, the temperature of the friction
surface of the ventilated brake disc shows a circular distribution, with the highest
temperature reaching 268 °C. The high-temperature area mainly concentrates on
the friction contact area and gradually decreases along the radial direction. A high-
velocity flow field exists around the gap structure portion. Under the combined action
of heat conduction, heat radiation, and heat convection, its temperature shows a trend
of first decreasing and then increasing with time.

2. Ventilated brake disc friction-surface stress distribution and temperature distribution

trend are consistent. Different parts of it have different contact areas with the air,
so they have different heat dissipation rates. The gap structure has a larger heat
dissipation rate around the connection between the gap structure and the disc surface
of the brake disc. The maximum stress at the connection reaches 773 MPa.
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3. Combined with the numerical calculation of the energy conversion of the ventilated
brake disc during braking, the variation law of the heat production and heat dissipa-
tion energy of the ventilated brake disc with time during braking is obtained: The heat
generated in the friction contact zone increases nonlinearly; the heat dissipated by
convection heat transfer and thermal radiation on the outer surface of ventilated brake
disc increases linearly; and under the combined effect of heat generation and heat
dissipation, the heat of the ventilated brake disc increases with the increase of braking
time, but its growth rate decreases gradually due to the continuous enhancement of
convection heat transfer.
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