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Abstract

Due to the poor conditions of wet brake cooling and the high temperature of the working
characteristics, this paper intended to introduce the oil film vadose between the brake linings, considered
the variation of volume of grooves on the friction plate, and then proposes the three-dimensional transient
dynamic response of fluid-solid coupling mathematical model. By parameter analysis of the disc transient
thermal stress field distribution on the friction plate, and according to the real dimension of the brake disc,
the distribution of the temperature and the stress of the wet brake disc during the braking are analyzed, the
variation of temperature field and stress field in friction plate are obtained. The data curves shown the
temperature and the stress are coupled. Finally, the results shows that the mathematical model is effective
and feasible.
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1. Introduction

Because of the characteristics of the strong ability to resist pollution, the large brake
torque, wear-resistance and long lifespan and so on, the wet brake disc is widely used in the
system of mechanical braking engineering [1-2]. However, during the working process of brake,
the wet brake disc can bear extremely severe wear, rising temperature and thermal elastic
deformation, resulting in deteriorating the stability of vehicle braking, impacting on the comfort of
passengers and reducing its service life [3-5].

The fluid-structure interaction of brake is analyzed by the virtual simulation, which has
been widely used. Xing Yutao made a research on the pressure field of the contact surface on
the fully enclosed wet multiple disk brake, the transient temperature field of friction plate and the
stress field [6]. Payvar P introduces the moving fluid and solid wall flowing boundary layer and
thermal boundary layer theory into distribution of the numerical calculation of the square groove
fluid velocity field and temperature field [7]. Zagrodzki R carried out the experiment and
research on the distribution of temperature field and stress field of the friction pair on the wet
multiple disk brake [8].

This paper established the fluid-solid coupling mathematical model of wet-type brake
friction plate, through the example to analyze of the wet multiple disk brake of fluid-solid
coupling dynamic response, aimed at improving the accuracy of the mathematical model of
dynamic response of the braking system, and then delved into wet brake friction mechanism.

With the continuous development and progress of science and technology, the running
speed of machinery and equipment is constantly improved, while the wet brake operation
condition is getting worse and worse and the study of the theory of the wet brake friction
mechanism is not clear. Therefore, it is imperative to conduct the theoretical research of the the
wet brake fluid-structure interaction.

2. Structure and Systematic Principle of Wet Brake Disc

Wet multiple brake disk is mainly composed of brake shell, brake piston, friction plate,
oil seal and end plate, etc. Several fixed and rotating braking friction plates are mutually
staggered and installed in the brake casing filled with cooling the oil seal; while the fixed friction
plates are collected to the brake shell by the spline, and the rotating friction slices rotating with
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the hub, are linked with the hub by the internal spline. When the oil liquid from the brake valve
flows into the brake, the brake piston presses the braking friction plates installed crisscross,
which makes the rotating friction plates moves slowly till stop, thus achieving the goal of the
brake. The structure diagram of wet brake is shown in Figure 1.
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Figure 1. Structure Diagram of Wet Brake
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represents the overall response
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3. Dynamic Response of Fluid-Solid Coupling Mathematical Model

Because of existing a large number of grooves in wet brake discs, considering that the
friction braking system exists in the two-phase medium as the form of fluid-structure interaction
term, assuming that the friction pairs are of isotropy linear elastic material, when braking, two
phase flow of the liquid and the solid are in a heat balance, and the brake linings suffer small
deformation during braking, and its constitutive relation can be expressed as follow:
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The brake fluid-heat coupling equation of motion:
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Assuming the volume of friction pair is V, including the volume of the friction lining V1,
the static friction piece volume V,, and the volume of the groove V,, The relationship among the
four can be expressed as:
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So the volume change of friction pair can be written in the follow form:
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Where, m=[1 1 1 0 0 0], According to the solid model h=025_ h,=0.75, Friction
pair's volume will change accordingly when the temperature, oil pressure and effective stress of
groove changed.

The variation of groove volume be expressed as:
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Simultaneous Equation (3), (4) and (5), the flow continuity equation may be written in
the following form:
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The heat flux is expressed as a friction linear function of forces which act on the brake;
the equation of fluid motion can be expressed as:
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Brake fluid have a significant impact to the brake thermal conductivity, the heat flow rate
can be defined as:

A = p,0,C,T —[ h@=1)k,, +h,(1=Dk,, + 1k, [kVT —(T +T,)D; Vp 8)
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Assumed the solid-liquid fluid thermal equilibrium between friction and brake, the heat
balance equation can be expressed as:
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The friction pair and brake fluid are in mass conservation:
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Simultaneous Equation (8), (10), the heat balance equation can be expressed as
|:(1—|)(hlpplcpl+thpchl)-prC/:'a +(T, +T)(Ka ‘2 +a K Vg, ] an
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Brake fluid equation of state is obtained as follows:
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According to Equation (11), (12), (13), another form can be obtained:
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The changes of groove porosity can get according to Equation (3), (4):
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The Equation (15) can be simplified as:
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The porosity gradient of friction pair can be expressed as:
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Simultaneous the Equation (14) and (17):
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Overall, the Equation (18) is the wet brake friction pairs fluid-solid coupling equation.

4. The Numerical Analysis of Fluid-Structure Interaction

In order to test the accuracy of the establishment of wet heat flow fluid-solid coupling
model on the brake friction pair, this section will make a comparative analysis of the data of the
wet brake emergency braking measured by the numerical calculation and experiment of heat
flow and solid coupling model.

Setting a certain wet brake actual structure as an example, the related parameters of
calculation and analysis are shown in Table 1 to 3. The total braking time is 3.5s and the original
braking speed is 50km/h

Table 1. Wet Brake Characteristic Parameters of each Component Materials

Parameter pl(kgrim™®) E/GPa v ATWIM™K™) ¢/ IkgK)™ a/K?
Dynamic friction plate 7900 210 0.3 42 480 1.27e-5
Friction linings 1125 0.3 0.25 0.241 385.2 1.3e-5
Static friction tablets 7900 210 0.3 42 480 1.27e-5
Brake oil 857 — — 0.126 9.85 3e-4

Note: the brake viscosity 12 = 20x107°(m?(s ™)

Table 2. Geometrical Dimensions mm
Parts Inside diameter Major diameter Thickness
Dynamic friction plate 32 155 3
Friction linings 115.3 155 1.56
Static friction tablets 111.4 156 2.5

Table 3. Calculation Parameters

Variable G K, K [\ T I Dy
Parameter 1 4.1 0.2 175 293 0.253 1.7e-11
Unit Mpa Gpa Gpa Gpa K —  m?/s-C

During braking, since heat generated is much higher than the speed of transfer to the
internal, this makes the friction surface temperature is higher than the internal, and there is a
large axial temperature gradient. With the passage of time, the heat impact on the temperature
field is decreased with the input intensity decreases. Because the surface of the cooling
conditions were better, the disc surface temperature decreased rapidly. Finally, the temperature
of axial points gradually unified.

As it can be seen from the curves in Figure 2, dynamic friction piece outer has
particularly tremendous changes in temperature fluctuations, due to the large linear velocity at
external of friction disk, and the turbulence of brake oil has a relatively large impact on the
temperature; The other hand, due to the inside friction disk small linear velocity, brake oil exists
only within the narrow groove, brake temperature fluctuations is smaller. Finally, and the brake
temperature is stable at about 134 °C when the brake time to reach 3.26s, and the brake disc
temperature stabilized at between 122 “Cand 134°C,
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From the Figure 4, another discovery is gained. In the contact area of the disc, due to
the combination effect of the braking pressure, friction force and thermal stress, at the beginning
of braking, with the temperature rising, the parts of the equivalent stress value and the
maximum stress has reached or exceed the material yield limit stress. Although it does not
reach the strength of the material limit, the partial plastic deformation will occur, further more,
with braking increasing and the temperature decreasing, the corresponding circulation of stress
adds and the fatigue crack damage accumulation of plastic deformation will lead to fatigue
crack. However, if the braking strength is intensified in a single emergency brake, and the
temperature gradient is big, which may result that the hermal stress of the friction surface may
exceed the strength of the steel plate material limit, at this time, the outer space of the material
will suffer great damage and then the initial crack happens. Compared with Figure 2 and 3, we
can clearly see that the circumferential stress is much larger than the radial stress. With the
increasing number of brake, the alternating thermal stress will lead to the common brake disc
crack in actual situation, the radial thermal fatigue crack. In the case of the unreasonable of the
brake, the stress of the brake cannot apply the force evenly on the on friction lining, and the
contact area of the contact pressure will be more unreasonable, seriously, which is easy to
cause the thermoelastic instability phenomenon.
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Figure 4. Different Point Circumferential Stress at r =114.5mm

In the Figure 2~4, we can find that the brake disc temperature field and stress field are
coupled. At the beginning of the brake, the disc temperature rises fast, and at the same time the
stress also changes fast. When the temperature of the disc trends to uniformity, the stress of the
plate on the same axial section also has the tendency to be more consistent. While more closer
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to the surface of the friction, more prominently the temperature curve behaves, and these
fluctuations are due to the exchange effect between the heat stroke of moving heat source and
the heat convection. With the time extension and the decreasing strength of the inputting heat
flow, the tendency of the frequency of the fluctuation is showed from fast to slow. This kind of
heat stroke and uneven temperature distribution of the corresponding thermal stress led to
fluctuations, which will cause thermal shock and thermal fatigue.

5. Conclusion

(1) This paper sets up the wet brake friction pair of fluid-solid coupling mathematical
model, taking the actual size, materials, oil groove form and the influence of fluid-structure
coupling effect into consideration, which can better response the dynamic property of the
temperature field, stress field and seepage field in the braking process of the wet brake.

(2) In the process of braking, the friction pair exists strong thermal shock, and the brake
disc temperature field, stress and seepage field have the coupling relationship, varying from the
time constantly.

(3) The theoretical calculation data curves is in accord with the classic trend data, thus it
shows that the establishment of the wet brake fluid solid coupling mathematical model of this
paper is accurate in certain degree.

(4) This research considers the oil film between the brake linings state of motion as
seepage, and gives an example of fluid-solid coupling for wet brake disc. Through analysis and
validation, this may conclude that the proposed method makes good use of the advantages of
the wet brake disc for heavy truck, and gets an efficiency and accuracy mathematical model.
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