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Abstract. Thermoelastic vibration is the main cause of brake jitter and noise, including significant
fluctuations in temperature, thermal stress, structure size and braking moment. In order to improve
the reliability of thermoelastic vibration results, a multi-physical field coupling modeling method
is proposed in this paper, which can realize the simultaneous calculation of temperature field,
stress field and air flow field. Firstly, the theoretical analysis of the whole braking coupling
process and feasibility analysis is carried out. Secondly, ABAQUS solid model and FLUENT fluid
model are established respectively, and MPCCI is used to share the parameters of the two models,
including temperature, node displacement and heat transfer coefficient. Finally, different paths are
constructed to study the fluctuation of thermoelastic parameters in different directions. The
research conclusion of thermoelastic vibration can provide important basis for optimization of
brake NVH (Noise Vibration and Harshness).

Keywords: thermoelastic vibration, multi-physical field coupling, disc brake, modeling, NVH.
1. Introduction

When disc brake is working, a large amount of heat generated by friction between brake disc
and brake pad is transmitted to the friction pair through the thermal diffusion process of different
materials [1]. This thermal instability will generate a tropical zone on the surface of the brake disc,
which will lead to significant fluctuations in thermoelastic vibration, including temperature,
thermal stress, deformation and brake moment. In general, the thermoelastic vibration generated
during braking not only affects the comfort and safety of automobiles, but also accelerates the
aging and fatigue damage [2] of the relevant components of the braking system, affects the safety
and reliability of automobiles, and increases the cost of quality assurance and maintenance of the
braking system.

Essentially, the whole friction braking is a complex coupling process of temperature field,
stress field and air flow field. At present, coupled calculation of three physical fields has been
applied in some fields, but rarely in the field of braking. Basically, all the research on braking is
simplified and limited to only two physical fields coupling because of the complexity of
computation, including thermo-mechanical coupling [3-7] and fluid-structure coupling [8, 9]. The
coupled calculation of temperature field and stress field can be realized precisely by
thermo-mechanical coupling, but the dynamic change of heat transfer coefficient in time and space
that caused by air flow cannot be considered by this method, which will occur errors in
temperature field results inevitably. The heat transfer calculation between air and brake disc
surface can be realized by fluid- structure coupling, but it cannot realize the calculation of stress
field, and the error of heat source equation is quite obvious.

In order to solve the current research deficiencies, the fluid-solid-thermal coupling method is
presented and proved to complete the frictional thermodynamic analysis of the brake in the paper
for the first time, including the designed numerical simulation scheme and NVH bench test. In
addition, considering the computational efficiency and accuracy, the coupling calculation of
temperature field, stress field and air flow field would be realized by both tight coupling (realized
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by coupled equations) and loose coupling (realized by iterative calculation of shared parameters),
which is quite different from other experts’ existing research. The scheme can accurately calculate
the temperature field, stress field, size fluctuation and braking moment fluctuation of the brake
disc.

2. Construction and setting of coupling model
2.1. Theoretical analysis of coupling process

The thermodynamics characteristic of brake disc caused by friction is one kind of
non-equilibrium problem [10]. The phenomenological equation can be expressed in space V as
follows:

a0z _ d(pz) _
E_f g dV—Vf(—V-]Z+aZ)dV, (1

14

where pz is density of extensive quantity Z, J, is density of for extended flow, o is generation
rate of extensive quantity, 7 is time. Assume that there are i kinds of forces in the friction system.
According to Newton’s second law and the symmetry of the stress tensor, the momentum equation
of the brake disc can be deduced as follows:

du
P =P )R @
L

where U is the velocity vector of center of mass of brake disc, p is density of the disc, P is stress
tensor, F; is the volume force of each function component.

Ignoring chemical reaction factor between the brake disc and brake pad, the entropy balance
equation of brake disc can be deduced by the momentum equation, mass and energy conservation
laws as followed:

g - V. [sU +]7‘*—%]k] +Jq- v(%) + - [—V (HT_R) + M%Fi] ~ G, ®

T
where s is the entropy density, J, is density of heat flow rate, J, and p; are respectively diffusion
flow and chemical potential of the material, T is temperature, M is the molar mass, II is interfacial
stress tensor. The entropy balance equation can fully express the fluid-thermal-structural coupling
state of the brake disc.
According to the energy conservation equation, the three-dimensional transient heat transfer
control equation of the brake disc can be obtained as follows:

oT 02T 92T 9%T b
+ “4)
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where a is the thermal diffusivity of brake disc, which is related to material quality, unit of m?/s.
T is temperature, unit of K. ® is internal heat source, unit of J/m®.

Convective heat transfer is a ubiquitous physical phenomenon in nature, which is more
complicated than pure heat conduction. Therefore, the static convective heat transfer coefficient
is generally calculated in engineering, but the accuracy is limited. In order to obtained more
accurate results, the dynamic change of convection heat transfer coefficient in space is considered
in the paper.

The contact surface between the brake pad and brake disc is discrete. Therefore, the actual
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contact area consists of all the contact points and determines the size of the friction heat source.
According to Uppal and Probert’s research, it can be known that the contact points will remain or
even decrease along with the increase of the actual contact area if the brake pressure increases to
the critical load. Thus, it can be seen that the braking torque will not always increase when the
brake pressure is increasing.

In the braking process, the contact of friction pair has three statuses, including elastic, plastic
and middle (elastic-plastic) forms, and the increase rate of the actual contact area in the elastic
state is smaller than that of the plastic state [11]. According to the contact point of the spherical
micro convex body theory, when Py = 2.76t, (where P, is actual contact area center pressure, T,
is ultimate tangential stress), plastic deformation will occur at the contact surface. The condition
of the elastic-plastic deformation on the surface of the brake disc can be expressed by Tabor’s
depth of press calculation method as follows:

ac or(1—u?)
Ly L T2 5
r kn E ) ( )

where a. is the contact spot radius, r is spherical micro convex body radius, g denotes the
average shear stress, k,, is a scaling factor (determined by ratio of the average shear stress and the
effective yield stress).

The influence of surface profile on the elastic-plastic state can be expressed by Williamson
and Greenwood index method as shown in Eq. (6):

E’ 05 1/1—u?2 1-—u? 0.5
o=5®) =5l E 0" ®

where o is the standard deviation of the profile, E' is the average elastic modulus of brake pad and
brake disc, H is hardness of the brake disc, y; and E;, p, and E, are respectively Poisson’s ratio
and elastic modulus of brake disc and brake pad. In unit load, when ¢ < 0.6, elastic state will
remain, and when ¢ > 1, the plastic state will occur.

In the frictional thermal analysis of disc brake, many scholars assume that the heat flux on the
two contact surfaces is equally distributed, which is unreasonable in practice. The frictional heat
flux on the interface caused by sliding is related to the thermal resistance of the two friction
surfaces. At present, it is still quite difficult to quantitatively determine the thermal resistance
between friction interfaces. According to the calculation principle of friction and wear, the
reasonable thermal conduction boundary conditions between the friction pairs can be
approximated as follows. In the real contact area, the temperature of each contact point pair
composed of the contact point of the brake pad and the brake pad must be equal, but outside the
real contact area, the surface temperature is not necessarily equal, that is, the temperature of the
contact point pair is not necessarily equal:

=T, q¢+q.=q (7

where T; and T, is the characteristic temperature of contact point between the brake pad and brake
disc, unit of K. g; and g, is heat flux density of contact surfaces between brake disc and brake
disc , unit of J/(m?'s). q is the total heat flux, unit of J/(m?-s).

The heat flux distribution coefficient of brake pad is:

A1€1p1
_ , (8)
& A2C2p2

where A; and A, are the thermal conductivity of the brake pad and the brake disc, unit of W/(m-K).
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¢, and c, are the specific heat of the brake pad and the brake disc, unit of J/(kg-K). p; and p, are
the density of the brake pad and the brake disc, unit of kg/m®.

According to Eq. (8), the brake pads of different materials have important influence on heat
flow distribution. For example, the heat flow distribution coefficient of semi-metallic materials is
9.8, and the heat flow accounts for only 9.3 %.

According to Hooke’s law, the total strain component of the thermoelastic element in Cartesian
coordinate system Oxyz can be obtained as follows:

1
& = I [ox - u(ay + JZ)] + aT,

1
gy = E [O'y — u(o, + O'x)] + aT, 9)
1
&, = I [O‘Z - ,u(ax + ay)] + aT,
(21 +w
2= g ym
2(1+p)
7x = T zZx (10)
21+
xy = foyt

where a is the thermal expansion coefficient of brake disc, &, €, €, is positive strain in different
direction, ¥y, Vzx» Yxy i shear strain, gy, gy, 0, is positive stress, T,,, T,x, Txy 1S shear stress, u
is Poisson ratio; E is modulus of elasticity.

It can be obtained in two-dimensional Oxy plane as followed:

1
& = 7 [O‘x - uay] +aT,

1
&y =E[ay—,uo*x] + aT, (11)

2(1+w)
oy = Tay

The geometric equation of strain components can be expressed as:

(e, = 24
* 7 ax’
ov
G=5 (12)
dv Jdu
Vxy =a+@-

The two-dimensional temperature-displacement coupling differential equation (expression of
tight coupling) of brake disc can be derived as followed:

(62u+1—,uazu+1+u 0*v
46x2 2 0y? 2 0xdy
Lazv 1—ud®v 1+4+pu 0%u

1+ _6T 0
— Ma = )
ox (13)
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During the heat exchange calculation (loose coupling) between the brake disc and air, the
convection heat transfer coefficient (also called surface heat transfer coefficient) is dynamic.
Generally, the key physical quantities include air physical properties, flow rate, flow state,
coupling surface shape, etc. In the paper, assume air velocity at the coupling point (x,y) is
(ug,vy), temperature is T, . Ignoring internal energy that produced by viscous dissipation,
according to the conservation of energy law, the energy equation of convective heat transfer in
two-dimensional space can be deduced as follows:

(BTa 4 aT, + aTa) =2 02T, 4 02T, "
Pao\Tgr "% ox TV y) T a\axz Ty ) (14)
The mass conservation equation can be expressed as:
du, dv,
= 0. 15
dx  0dy (15)
The momentum conservation equation can be expressed as:
ou, ou, 6ua> 0pg 0%u, 0%u,
=F — , 16
pa<6t+u6x+v6y * o a2 | ay? (16)

v, v, ou, 0p, 0%v, 0%y,
-4 — =F, —— , 1
p“(at+”“ax+”“ Oy) v~y "M%z T 52 (17

where Ty, pq, Cp, A, are respectively temperature, density, specific heat, time, heat conductivity
coefficient of air, p, stands for air pressure, F, and F, are respectively the volume force in x
direction and y direction.

It can be seen from Egs. (14-17) that these equations are closed and there are only four
unknown boundary parameters. But due to the complexity and nonlinear characteristics of the
momentum equation, the mathematical computation cannot be completely obtained [12]. In order
to solve the problem, boundary layer conditions are introduced, so that the loose coupling method
of temperature field and air flow field calculation is proposed and achieved by node data sharing
platform of MPCCI in the paper.

2.2. Coupling implementation scheme

In order to realize the fluid-thermal-structural coupling calculation of the brake disc, a
numerical simulation method based on multi physics field coupling standard MPCCI, nonlinear
structural analysis software ABAQUS and fluid analysis software FLUENT is presented as shown
in Fig. 1. The principle of coupling calculation is that ABAQUS and FLUENT will calculate
solid-thermal model and fluid-solid model [12, 13] respectively and simultaneously according to
the FEA (Finite Element Analysis) method. The FEA models [14, 15] of solid and fluid (air flow
direction is parallel to the disc transverse plane) should be established in the same coordinate
system, and the coupling area should be defined in each software as shown in Fig. 2. In the
coupling calculation process, ABAQUS performs the function of coupling data receiving and
provides parameters such as node displacement and wall temperature. FLUENT performs the
function of coupling data exchanging, and provides parameters such as the convection temperature
and the convective heat transfer coefficient. Meanwhile, MPCCI will make sure the coupling data
has synchronization, which means that the whole interpolation calculation step is the same, and
the boundary conditions of the coupling region are continuously updated.

During the interpolation calculation, MPCCI will use the bucket pre-contact search algorithm
to determine the grid matching attribute between the fluid model and the solid model. According
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to the physical quantity, the coupling data can be divided into non-conservation data (such as
displacement, velocity, temperature, etc.) and conservation data (such as quality, flow, etc.). In
the pre-processing of MPCCI, the coupling area and calculation time step will be defined. In order
to ensure the data is shared properly, the fluid model is set as “data exchange”, and the solid model
is set as “data receiving”.

sliding grid
ABAQUS FLUETT

. model model
model pre-processing

definition of coupling area §caning scaning

and code inp file MPCCI cae file

GUI
exchange exchange .
couping area 400 (mm)
read read
wall film

ABAQUS| temperature MP]CC] temperature FLUENT|
solver solver solver

convective heat
transfer coefficier

iterative operation

post-processing “e"‘*’;""elg"e stress ‘ coupling ‘ ar ‘
Fig. 1. Principle of coupling calculation Fig. 2. The FEA model of coupling calculation

2.3. Model pretreatment and analysis of ABAQUS

In order to ensure the computational efficiency and convergence, the element partition and
local optimization method are used in hexahedral mesh division of both model as shown in Fig. 2.
The mesh type of C3D8HT in ABAQUS model is chosen, of which cells number is 17370 and
nodes number is 25821. Temperature effects are considered during the material properties setting,
so that the results can be more accurate.

Table 1. Material properties of friction pairs in different temperature

Friction pairs | T/°C | A/(W-m"K) | ¢/(J-kg"" KD | a/(10°K") | E/GPa
20 42.38 503 4.39 105
Disc brake 100 43.06 530 11.65 95
200 44.23 563 12.84 90
300 45.55 611 13.58 90
20 0.9 1200 10 2.2
Disc pad 100 1.1 1250 18 1.3
200 1.2 1295 30 0.53
300 1.15 1320 32 0.32

In the preprocessing of the model, the main parameters and boundary conditions are set as
follows.

(1) The analysis step is established by means of temperature-displacement coupling.
Considering the convergence and calculation efficiency, the time step is 0.001 s and the load step
is 10000. The surface coupling reference point method is applied to the degree of freedom
constraint of brake disc and brake pad. The radiant emissivity is defined as 0.28, the heat flux
distribution coefficient is calculated by Eq. (8), and the interface thermal conductivity is defined
as followed:

0.94

ktanf (P) , (18)

h, = 1.13 o

where h, is interface thermal conductivity between brake disc and brake pad, unit of K/W. k is
the minimum value of thermal conductivity of friction pairs, W/(m-K). tan6 is mean value of

6 JOURNAL OF VIBROENGINEERING. FEBRUARY 2020, VOLUME 22, ISSUE 1



THERMOELASTIC VIBRATION ANALYSIS OF DISC BRAKE BASED ON MULTI-PHYSICAL FIELD COUPLING METHOD.
SEN ZHANG, JIAN ZHANG

absolute slope of contour. P is brake pressure, unit of Pa. H is microhardness, kg/m?. ¢ is contact
stress, unit of Pa.

(2) The brake pressure amplitude is set as 3 MPa, the brake force acting time is set as 1 s, and
the brake disc speed amplitude is set as 46.4 rad/s. In order to match the test conditions, the initial
temperature of the brake disc brake is defined as 100 °C, and set the surface of the brake disc as
coupling surface.

2.4. Model pretreatment analysis of FLUENT

The fluid model includes the moving region and the static zone. The moving region is mainly
used to simulate the rotation of the brake disk and calculate the flow field around the coupling
surface. The static region is mainly used to provide the inlet and outlet of air flow. Considering
the working load and calculation efficiency of the fluid model, the sliding grid method [16, 17] is
used to realize the wall movement in the paper. In each time step, the flow variables on the
interface nodes need to be transferred to realize the coupling solution of the two regions. This
method can save a lot of calculation costs compared with the grid reconstruction method, and is
conducive to improving the calculation efficiency of multi-physical field coupling.

As a typical near-wall mesh, boundary layer meshes have different grid requirements for
different near-wall treatments [18]. In order to guarantee the quality of the boundary layer mesh,
the dimensionless sublayer velocity u* and the distance to the wall y* should be defined:

y+ _ YVa "+ Twpa’ ut = Ug . (19)
n VTw/Pa

where u, is air velocity, unit of m/s. 7,, is wall shear stress, Pa. y, is normal distance along the
wall, unit of m.

According to Plante’s theory, the relationship between dimensionless parameters ut and y*
can be obtained by different test method as shown in Fig. 3. It can be seen that there are mainly
three different boundary layer structures as follows.

Laminar sublayer: 0 < y* <5, ut = y™*.

Buffer layer: 5 < y* <30, u" = 5lny* — 3.25.

Turbulent core layer: y* > 30, ut = 2.5Iny* + 5.5.

According to the Reynolds number formula, it can be known that the braking process is a
typical high turbulence model. Under the condition of multi-physical field coupling analysis, the
wall function method is more reasonable. The initial conditions of the fluid model and the settings
of the solver are shown in Table 2, and the high turbulence RNG k-¢ model [19] is used.

Table 2. Initial conditions and solver settings

Parameter Value setting
Air inlet U =20m/s, t;;; =26.8°C
Air outlet P =101325 Pa, t,,,; =26.8 °C
Coupling wall Stationary wall, t = t,,.;
Interface Angular velocity in moving zone, @ = @Wyqn
Flux algorithm Second order upwind
Solution strategy Simple
Turbulence model Rng k-& model, unbalanced wall function

The non-equilibrium wall function is used to calculate the turbulent flow energy of the near
wall controlled body. Sublayer structures under the wall rule can be divided into laminar boundary
layer (also known as linear or viscous sublayer) and turbulent boundary layer (turbulent core layer)
as shown in Fig. 4. According to the average velocity wall method defined by FLUENT wall
function, the expressions of dimensionless sublayer velocity U* and height y* in the first layer
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grid of node p are given as follows:

*

nG e,

20
Tw/Pa 7 0

U=

where y,, is the distance from point p to the coupling wall, U, is the average velocity of air at
point, u is dynamic viscosity coefficient of air, k,, is turbulent kinetic energy at point p, C, is the
coefficient of RNG turbulence model, value of 0.0845.

In the non-equilibrium wall function, the temperature wall rule is still consistent with the
standard wall function, but the average velocity of turbulent core layer is more sensitive to the
pressure gradient.

laminar buffer
sublayer layer turbulent core layer
F - — -
| © Nikuradse I a
20} ® Reichardt ! Fo

* Reichardt —Schuh

5 turbulent core <
layer =
« D
viscous sublayer EN
o U L . — i /
12 5 10 20 50 100 200 5001000 coupling wall
»*

Fig. 3. The distribution of the boundary layer Fig. 4. Sublayer structure under wall function

2.5. Convergence judgment and analysis of simulation

In this paper, the control of convergence in simulation mainly comes from grid optimization.
Under the condition of near-wall function, the mesh generation in boundary layer is very
important. The height of the first layer of mesh should be set in the logarithmic rate layer. This is
because the laminar flow (linear) criterion is used when y* < 12.25 in CFD calculation, so the
first layer mesh need not be too dense, because the wall function does not work in the viscous
bottom layer. For standard wall function and non-equilibrium wall function, the y* value of the
first grid node is required to be 11.5-30 < y* < 200-400. According to the checking results, for
the non-equilibrium wall function, when the y* value of the first grid node is between 30 and 60,
good convergence can be obtained. However, the grid with good quality needs to be adjusted
repeatedly. Whether y* meets the requirement in the result of trial calculation must be checked.
If not, the height of the first layer of grid should be redefined. The value of y* in the radial
direction of the coupled surface mesh is derived as shown in Fig. 5.

1.60e+02

1.40e+02

1208402
& 100402
S

800401

B.00e+01

4 00e+01

2.00e+01

0.00e+00 T T T T T T T d
015 01 005 0 005 0.1 015 02

o
=y

Fm

Fig. 5. The y* value of the coupling surface in radial direction
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It can be seen that the value of y* in the first layer mesh node is 32.5, and the height and
density of the mesh meet the requirements. Through the continuous adjustment and optimization,
the number of elements in the fluid model is 618114, the number of nodes is 118445, and the
maximum value of skewness is 0.85.

The residual curve of numerical simulation model is shown in Fig. 6. It can be seen that in the
process of iteration, the residual value of energy is less than 107, the residual value of other
variables is less than 1073, and the mass, momentum and energy of the whole system are conserved.
Therefore, it can be judged that the digital simulation is convergent well.

1402 %
1e+00 /\f

\

1e-02

1e-04
1e-06
1608 =

1e-10 —+ T T 1
0 200 400 600 800 1000 1200

Iterations

Fig. 6. Residual curve of numerical simulation model
2.6. Experimental verification

The experimental verification for fluid-thermal-structural coupling calculation is realized by
bench test method of Link3900 NVH platform. At present, the Link3900 NVH device is one of
the most advanced tribology experimental machine for disc brake currently, of which detected
parameters includes temperature, pressure, friction coefficient, rotate speed, humidity, torque,
moment of inertia, noise, etc. The overall installation diagram of the disc brake and sensor is
shown in Fig. 7, the high precision thermocouple is used in temperature detection. The drill hole
is inserted into the brake disk and the conducting wire is directly connected to the test machine as
shown in Fig. 8.

air inlet

[RS—— temfaerarure

Sensor \

temperature ~ conducting
sensor

sensor

air outlet

Fig. 7. The overall installation diagram Fig. 8. The thermocouple installatio method

The experimental parameters are set up in accordance with the simulation boundary
conditions, in other words, the simulation models are built based on experimental conditions,
especially friction coefficient [20, 21]. Then the temperature comparison between temperature
sensor node and corresponding node of FEA model can be obtained as in Fig. 9. It can be seen
that the simulation results of temperature match well with the experimental results, with an
average deviation of 3.9 %. As the braking time continues, there is a small phase difference
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fluid-thermal-structural multi-physical field of disc brake has high accuracy and reliability.
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a) Comparison of 0-1 s temperature changes b) Comparison of 1-10 s temperature changes
Fig. 9. Comparison of simulation results and test results

3. Results analysis and discussion
3.1. Path definition

In order to study the variation of the convective heat transfer coefficient in different conditions
and directions, two paths (lines) are designed for the structure of the coupling surface, including
the path of PS in the radial direction of the end face of the brake disc and the path of PF in the
radial direction of the bottom face of the ventilation channel. Path of PS and path of PF are defined
in static coordinates, and their directions are perpendicular to the velocity direction of the air and
parallel to the x-axis of the static coordinate system, as shown in Fig. 10(a). In order to study the
characteristics and regularity of temperature and stress field imbalance, different paths (points)
are defined for the end face of the brake disk (path of PA) and the side face of the fin (path of PB).
The schematic diagram of the path definition is shown in Fig. 10(b).

path of PF
path of PS

path of PA

path of PB{=—=

A -
a) Path definition of FLUENT model b) Path definition of ABAQUS model
Fig. 10. Path definition in different face

3.2. Fluctuation of flow field

At the time of 1.0s, the velocity along the Oxy plane and the convective heat transfer
coefficient h,, along the coupling surface are shown in Fig. 11 and Fig. 12, respectively.

As can be seen in Fig. 11, the air flow field is the result of the interaction of the inlet speed
and the brake disk speed, and the streamline direction is obviously affected by the rotation of the
brake disk. The wind speed and flow direction of air in different ventilation ducts are quite
different, and the wind speed perpendicular to the windward surface is larger.

As can be seen from Fig. 12, the convective heat transfer coefficients at different positions on
the surface of the disk vary greatly. The convective heat transfer coefficients near the windward
surface are the largest and decrease gradually along the x-direction. When the air passes through
the ventilation slot, the upwind surface appears again, and the convective heat transfer coefficient
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shows the same trend. It also can be seen that the greater air speed and pressure will come out
greater heat transfer coefficient.

Va /(m's) hy, | (Wm2-T)
27.7 186
254 167
23.1 — =
149
20.8 Ty
; ’
S

13.8

11.5

9.23

6.92 .
372
4.62
18.6
2.31 “ | X‘é
0.00 0.0

Fig. 11. Velocity pathline of profile Fig. 12. Heat transfer coefficient of coupled faces

In order to study the influence of vehicle speed on the heat transfer coefficient of the coupling
surface, the flow field characteristics were calculated under three wind speeds of 10 m/s (brake
disc speed 23.2 rad/s), 20 m/s (brake disc speed 46.4 rad/s) and 30 m/s (brake disc speed
69.6 rad/s). Then the convective heat transfer coefficient at different speeds of path PS and path
PF can be obtained as in Fig. 13. From Fig. 13, it can be seen that the heat transfer coefficients
along both path show the same change characteristics under three different wind speeds. Along
the x direction, the values increases slowly and then increases rapidly.
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Fig. 13. Fluctuation of convective heat transfer coefficient in different path
3.3. Fluctuation of temperature field

The overall transient temperature field nephogram at the specific time of 1.0 s and 5.0 s is
shown in Fig. 14. It can be seen that the “hot spot” phenomenon in the temperature field is quite
obvious, but it would be gradually disappeared as heat transfer process went on. From the direction
of temperature conduction, the temperature of the brake disc in the axial direction is greater than
the radial conduction velocity.

The curves of temperature variation on different paths are shown in Fig. 15. From Fig. 15(a),
it can be seen that during the braking process (0-1 s), the temperatures of the four nodes (nodes
1-4) in the friction plane all show a serrated upward trend. The temperature at the center of the
brake pad (node 2) is the highest because the heat source area of the brake pad is large and the
heat transfer rate at the center is relatively low compared with the heat generation rate. From
Fig. 15(b), it can be seen that the radial temperature of the central node on the side of the fin
always increases with time, but does not show zigzag characteristics. The farther away from the
center of the friction surface, the lower the rate of temperature rise, and the more obvious the

linear change.
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Fig. 15. Fluctuation of transient temperature in different path
3.4. Fluctuation of stress field

The overall transient stress field nephogram at the specific time of 1.0 s and 5.0 s is shown in
Fig. 16. It can be seen that the “hot spot” phenomenon is more obvious, especially in initial braking
stage. It is mainly caused by the fin structure, which will result in unbalancing brake pressure on
the contact surface. The brake pressure on the overlapping position of the brake pad and fin is
larger than both sides, and the “hot spot” phenomenon in stress field does not last long because
the elastic deformation is recovered very soon.
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Fig. 16. Transient stress field of disc brake

The curves of stress variation on different paths are shown in Fig. 17. From Fig. 17(a), it can
be seen that the stress change in radial direction (nodes 1-4) of friction plane is consistent with the
change of temperature in the braking process. The stress variation of node 5 shows more obvious
fluctuation, but it remains relatively small because it is far from the friction surface. From
Fig. 17(b), it can be seen that there is a significant difference between the law of stress change and
the law of temperature change, especially in the braking stage. The phenomenon of stress mutation
is very obvious because the brake pad has a direct compressive effect on the ribs. When the brake
pad skips the joint, the stress decreases instantaneously and there is almost no time delay
phenomenon.
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Fig. 17. Fluctuation of transient stress in different path
3.5. Fluctuation of thickness size and braking torque

Within the friction radius range, the fluctuations of the average brake disc thickness and the
braking moment are extracted as shown in Fig. 18 and Fig. 19, respectively. It can be seen that
with the increase of braking pressure, the fluctuation value of the brake disc thickness is negative,
that is, the brake disc pressure thickness is thinner than the original brake disc, and the thickness
will gradually recover when leaving the brake disc, so the reciprocating motion will fluctuate. At
the beginning of braking, with the increase of static braking moment caused by pedal force, the
braking moment also shows an upward trend. When the static braking moment reaches its
maximum and remains constant, the change trend of braking moment and braking pressure tends
to be gentle, but then the braking moment shows a slow downward trend. This is because the
friction coefficient between the disc and the disc decreases with the increase of temperature.
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Fig. 18. Fluctuation of brake disc thickness size Fig. 19. Fluctuation of braking torque

4. Conclusions

The thermoelastic vibration phenomenon of brake is studied by means of multi-physical field
coupling in the paper. Compared with the current mainstream research methods, although the
construction of the model is very complicated, its operation efficiency and accuracy are excellent.
Besides, the boundary conditions are more accurate and the results are more reliable. The bench
test shows that the simulation results of temperature match well with the experimental results,
with only an average deviation of 3.9 %. The research method can provide quite a reliable basis
for the design of brake system and NVH research. Thermoelastic vibration parameters show
significant fluctuation and imbalance. For instance, the “hot spot” phenomenon in the temperature
field and stress field of brake disc is quite obvious, and these node parameters in the friction radius
show the trend of zigzag deformation. A great deal of heat is generated between the brake disc
and the brake pad, which will cause the temperature of the brake disc surface increasing rapidly
and produce annular tropical zone in the friction radius. Thermal stress will cause thermal
deformation of the brake disc, and lead to fluctuations in the displacement and braking pressure
of the brake pad. At the same time, the friction coefficient will change with the increase of
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temperature, which will eventually lead to fluctuations in the thickness and braking moment of
the brake disc.
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