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Abstract

The temperature of a brake friction surface influences significantly the braking effec-
tiveness. The paper describes a heat transfer process in car brakes. Using a developed
program of finite element method, the temperature distributions in brake rotors (disc
and drum brake) of a light truck have been calculated. As a preliminary consistency
criterion of the brake thermal state in road and roll-stand braking conditions, a balance
of the energy cumulated in the brake rotor has been taken into account. As the most
reliable consistency criterion an equality of average temperatures of the friction surface
has been assumed. The presented method allows to achieve on a roll-stand the analogical
thermal states of automotive brakes, which are observed during braking in road condi-
tions. Basing on this method, it is possible to calculate the braking time and force for a
high-speed roll-stand. In contrast to the previous papers of the author, new calculation
results have been presented.
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1. Introduction

Thermal processes play important role when braking effectiveness is considered.
It should be noticed that typical friction material characteristics are strongly influ-
enced by the temperature. It usually results in reduction of braking effectiveness.
That is the reason of carrying out road tests for cold and heated brakes [14].
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Periodical car tests take place on stands at service stations due to weather
condition independence, lower costs and higher repeatability of results.

Basing on a developed heat transfer model [19], the author has applied a method
for the roll-stand test to achieve the analogical thermal states of automotive brakes
corresponding with that occurring during the road braking [10, 11].

2. Mathematical model of heat transfer in brakes

In the paper the heat transfer in the rotor of brake is considered. In lots of
scientific articles different modelling approaches for the thermal analysis of car
brakes can be found. The models ranging from one—dimensional [12,13], two—
dimensional [2,10,11,17,19,20], to complex three—dimensional [3,20,21] are used.

The two—dimensional, axi-symmetrical model of transient heat transfer has been
chosen by the author of this paper. It should be noticed that the geometry of a car
brake rotor is axi-symmetrical. However the boundary conditions on the friction
surface are not axi-symmetrical. It’s because the brake linings contact with the rotor
on a certain part of the brake circumference. Furthermore the pressure distribution
between pad and rotor is not uniform. Nevertheless the rotational movement between
mentioned parts of the brake should be remarked. In this case the assumption of
axi-symmetric heat flux on the friction surface means only time - averaged boundary
conditions over a rotor revolution. It should cause relatively slight error, especially
at high angular velocity, when the heat flux is very intensive. The two - dimensional
approach is mostly used by the scientists.

The mathematical model of unsteady heat transfer in automotive brake presents
the partial differential equation of second order, which in case of two-dimensional,
axi-symmetrical model can be written in the following form:

or 1|0 oT 0 oT
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where: p — density, ¢, — specific heat, A — coefficient of heat conduction,
T — temperature, r, z — coordinates, ¢ — time

On the friction surface of a brake rotor I'; (Figs. 1a and Ic), where the heat flux
q is generated, the boundary condition of second type has the form [16,18,19]:

—ﬁa—T =g (r,z,1) (2)
on

where: A — coeflicient of heat conduction, 7' — temperature of friction surface,
n — normal to the boundary surface, ¢’ — heat flux generated on friction surface,
r, 7 — coordinates, ¢ — time

The heat flux distribution between brake rotor and linings is described by the
following equation:

q=&q 3)
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where: ¢ — coeflicient of heat flux distribution between brake rotor and linings, g —
heat flux generated in the brake, ¢’ — heat flux transferred from the friction surface
to brake rotor.

The heat flux density g is derived by equating the decrease in kinetic energy
to heat dissipated by the brake [19]. It depends on friction coefficient u, pressure p
between the rotor and brake lining and slip velocity v.

q=upv “4)

where: u — friction coefficient, p — pressure between the rotor and brake lining, v —
slip velocity of friction elements

On free surfaces of a brake rotor I'y (Figs. 1b and 1c), we have the boundary
conditions of third type, which describe the heat transfer with ambient air [16,18,19]:

oT
A— =a (T (r,z,t) — Ts) 5
on
where: A — coeflicient of heat conduction, @ — heat transfer coefficient, T — free
surface temperature of brake rotor, T, — ambient air temperature, n — normal to
the boundary surface, r, z — coordinates, ¢ — time

Fig. 1. Two-dimensional, axi-symmetrical model of unsteady heat transfer in brake rotors: a) heat
flux ¢’ generated on the friction surface I'; of disc brake, b) heat transferred to ambient air from free
surfaces I’ of disc brake, ¢) boundary conditions of heat transfer in brake drum

The heat transfer coefficient « is the sum of the convective heat transfer coeffi-
cient @,y and radiative heat transfer coefficient «,,,. The convective heat transfer
coeflicient a.,,, depends on several parameters of ambient air in thermal boundary
layer like: viscosity, density, thermal conductivity and specific heat [16,18]. These
parameters are functions of air temperature and pressure (in less extent). But first
of all the coefficient @,,,, depends on air flow conditions (laminar or turbulent) and
its velocity [5,8,9,15,19].
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Convective heat transfer between the air and the brake rotor surfaces is the pri-
mary mean of heat rejection. Radiation heat transfer is less important especially for
the low surface temperatures. However it was also taken into account in the analysis
— the averaged radiation heat transfer coefficients for the predicted temperature range
were calculated. The evaluation of the convective heat transfer coefficient a ., i
one of the most difficult tasks in the thermal analysis of a brake system. It varies
over the brake surface and is a complex function of many factors such as geometry,
air flow conditions, wheel angular velocity, surface temperature etc. Convective
heat transfer coefficients for the various geometric segments of the brake rotor were
estimated in this paper by relationships available in the heat transfer literature —
functions of car speed and average surface temperature [5,8,9,15].

It need to be noticed that in order to obtain more accurate values of these
coeflicients experimental temperature measurements ought to be made and the iden-
tification procedure could be carried out. Such a procedure has been presented by the
author of this paper in [19]. The values of the mentioned parameters are especially
of great importance for the thermal analysis of long lasting continued braking or
repeated brake applications.

The initial condition of the analysed heat transfer problem can be written as
follows [16,18,19]:

T (r,z,t9) =Ty (6)

where: r, z — coordinates, ¢y — initial time, 7Ty — initial temperature of brake rotor.
3. Numerical method

The transient heat conduction problem was solved using the finite element
method. Formulation was based on the Galerkin method, a subclass of the method
of weighted residuals. The relevant equations of finite element method for the prob-
lem are presented in [19]. For the space discretization of the problem domain the
axisymmetrical, 8 — nodes, isoparametric elements with the curved or straight edges
were applied [6,22]. The resulting set of differential equations was numerically in-
tegrated using the Crank — Nicolson recursion scheme [6,19], this method is second
— order accurate and unconditionally stable.

4. Simulation results for short duration braking on the
road

Vehicle model parameters corresponded with fully loaded light truck Polonez-
Truck (2380 kg total mass). Details are shown in Table 1.
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The vehicle is equipped in front disc brakes and rear drum brakes. The brake
disc is made of cast iron, but the brake drum consists of two parts: one — cast iron
ring and the second — cast aluminium drum.

At first the calculations were carried out for a vehicle braking rapidly with the
constant average deceleration of 4.4 m/s> from initial speed 70 km/h to 0 km/h —
according to [14]. In this case the total braking period is 4.42 s.

In Fig.2 the assumed surfaces I, of brake rotors (i.e. disc and drum brake)
concerning heat transfer to ambient air are shown. Furthermore in Fig. 3 the heat
flux generated in the front disc brake as a function of time is presented. It was
calculated as a part of kinetic energy of a braking car, which was dissipated in the
brake. Heat transfer calculations were carried out for the front disc brakes and rear
drum brakes of the analyzed car. Inspection of Fig. 3a and Fig. 3b shows that more
heat is generated in rear drum brakes than in front disc brakes.

Table 1
Technical data of analysed vehicle Polonez-Truck

Aerodynamic drag coefficient [-] 0.46
Front area of the car [m?] 2.385
Total mass of the car [kg] 2380
Braking forces distribution coefficient (front/rear) [-] 0.736
Tyre dynamic radius [m] 0.306
Friction area of brakes: Brake rotor Brake linings
Front brake (disc) [m?] 0.02184 0.003157
Rear brake (drum) [m?] 0.03848 0.024910
Material parameters of front brake: Cast iron disc Brake linings
Thermal conductivity [W/mK] 46 0.78
Density [kg/m’] 7100 2400
Specific heat [J/kgK] 500 980
Material parameters of rear brake: Bimetallic drum: Brake linings

Cast iron ring | Cast aluminium
Thermal conductivity [W/mK] 46 160 0.78
Density [kg/m®] 7100 2650 2400
Specific heat [J/kgK] 500 883 980

An earlier developed two-dimensional, axi-symmetrical model of transient heat
conduction for the brake was applied [19]. The relevant boundary conditions that
describe the heat generated in the brake and the heat transferred to ambient air were
used. The problem was solved by use of the finite element method [1,3,4,6,7,19,22].

In Fig. 4 the temperature response of the friction surface during braking time
is shown. As one can see the temperature rise is quick and high. The highest value
of temperature is nearly 144°C (for the front disc brake) and 132°C (for the rear
drum brake). The thermal capacity of drum brakes is simply higher than for disc
brakes. At the end of braking period on the road the temperature of friction surface
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Fig. 2. Assumed surfaces of brake rotor concerning heat transfer to ambient air:
a) disc brake (I, i=1,..., 6), b) drum brake (I7y;, i=1,2)

(for disc and drum brakes) decreases a little bit (from 144°C to 138°C for the disc
brake and from 132°C to 99°C for the drum brake) due to the decrease of the heat
flux generated in the brake (see Fig. 3).

5. Consistency criterions of brake thermal states after
braking on the road and on the roll-stand

It is advantageous to use stands of the constant test velocity of rolls if the
simplicity of their design is considered. For the constant brake force the braking
time ¢, is the main factor that decides on the amount of the dissipated energy.

As a preliminary consistency criterion of the brake thermal state in road braking
conditions and on the roll-stand a balance of the energy cumulated in the brake rotor
was assumed (criterion I). In that way the braking time #, on the roll-stand for the
assumed values of the rolls test velocity vy and the brake force F, can be determined
(Fig. 3):

road roll
A ly

f [q;gaa’ = @road (T — Too)]dt = f[q;oll = ot (Tay — Teo)]dt @)
0

0

where: ¢’ — heat flux transferred from the friction surface to brake rotor, @ - heat
transfer coefficient to ambient air, T — free surface temperature of brake rotor, T,
— average value of temperature, T, T, — ambient air temperature, ¢, — braking time.

In the previous papers of the author [10, 11] the braking time #;, on the roll-stand
as a function of the brake force F, for stands of different test velocities of rolls was
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Fig. 3. Balance of thermal energy generated in car brakes during braking period. Braking on the
road: initial velocity vy = 70 km/h, average deceleration a,=4,45 m/s?, braking time. £,=4,42 s.
Braking on the Clayton roll-stand: test velocity vy = 62 km/h, brake force F,=1000 N. Braking time
on the roll-stand: a) £,=6 s for the front disc brake, b) #,=7 s for the rear drum brake

presented. It should be noticed that the most interesting and valuable tests can be
made on high-speed roll-stands like Clayton stand (vy= 17.22 m/s = 62 km/h).

As the most reliable consistency criterion of the brake thermal state in road
braking conditions and on the roll-stand an equality of average temperatures of the
friction surface was assumed (criterion II). It results from the fact that the friction
coeflicient between the brake rotor and linings is dependent on the temperature of
the friction surface. Finally it influences significantly the braking effectiveness. The
satisfying of the criterion Il makes possible to carry out on a roll-stand the tests of
braking effectiveness for heated brakes (Fig. 4).

The braking time #;, is predetermined from the criterion I of the energy balance.
The accurate value of this parameter is calculated in an iterative way basing on the
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criterion Il of the equality of average temperatures of the friction surface. For this
purpose the heat transfer process for the brake is simulated and average temperature
of the friction surface is calculated.
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Fig. 4. Temperatures of the friction surfaces of car brakes versus time. Braking on the road: initial
velocity vy = 70 km/h, average deceleration a,=4,45 m/s?, braking time ¢,=4,42 s. Braking on the
Clayton roll-stand: test velocity vz = 62 km/h, brake force F,=1000 N. Braking time on the
roll-stand: a) £,=6 s (for the front disc brake), b) #,=7 s (for the rear drum brake)

The temperature field in the brake can be examined in convenient way, when
temperature isolines are observed. Fig. 5a shows isothermal lines in the cross-section
of the front disc brake at the end of the car braking on the road. The maximum
temperature of the disc equals 144°C. The average temperature of the friction sur-
faces reaches the value of 118.6°C. Fig. 5b presents the temperature isolines at the
axial cross-section of the brake disc at the end of braking time on the high-speed
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Clayton roll-stand for the brake force F,= 1000 N. The highest temperature reaches
the value of 142.9°C. The average temperature of friction surfaces is 119.1°C. In
addition the applied finite element mesh of the front brake disc is shown in Fig. Sc.

Furthermore isothermal lines in the cross-section of the rear drum brake at the
end of braking on the road are presented in Fig 6a. The maximum temperature
of the drum friction surface equals 96.8°C and the average temperature of the
friction surfaces (at the end of braking) reaches the value of 88.6°C. Similarly the
temperature field of the brake drum at the end of braking (¢, = 7 s) on the Clayton
roll-stand (v = 62 km/h, F,= 1000 N) is shown in Fig. 6b. The highest temperature
reaches the value of 95.6°C. The average temperature of friction surfaces is 88.6°C
(the same as after braking on the road). In addition the applied finite element mesh
of the brake drum is presented in Fig. 6c¢.

The comparison of the simulation results for braking the car on the road and
on the Clayton roll-stand (Figs. 5a, 5b and 6a, 6b) indicates the qualitative and
quantitative consistency of the temperature profile in the material of disc and drum
brakes. The maximum temperatures are almost equal (144°C and 142.9°C for the
disc brake / 96.8°C and 95.6°C for the drum brake). The braking times are also
comparable: 4.42 s (on the road) and 6 s for the disc brake and 7 s for the drum
brake (on the roll-stand). In addition the temperatures of the disc hub (Figs. 5a and
5b) and of the drum hub (Figs. 6a and 6b) are almost the same at the end of braking
on the road and on the roll-stand. But in case of braking on the roll-stand, a higher
temperature gradient near the friction surface (of the disc and drum brake) can be
observed.

>

}

70 —wu— 70

Fig. 5. Isothermal lines [°C] in the cross-sections of front disc brake at the end of braking: a) on
road from vy = 70 km/h, b) on the Clayton roll-stand (F, = 1000 N, vy = 62 km/h, £, = 6 s),
¢) applied finite element mesh of brake disc
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Fig. 6. Isothermal lines [°C] in the cross-sections of rear drum brake at the end of braking:
a) on road from vy = 70 km/h, b) on the “Clayton” roll-stand (F, = 1000 N, vy = 62 km/h,
t, =7 s), ¢) applied finite element mesh of brake drum

6. Simulation results for repeated brake applications on
the road and braking on the roll-stand

It is known that maximum increase of temperature during repeated brake ap-
plications [14] can be much higher than during a single stop. In this case the heat
energy dissipated in every brake application cumulates in the rotor material.

b)

Fig. 7. Assumed surfaces of brake concerning heat transfer to ambient air in case of repeated brake
applications: a) disc brake (I}, i=1,...,11), b) drum brake (/;, i=1,....,9)

In case of such a high thermal load of car brakes, the thermal capacity of
additional parts connected to the brake rotor (the hub of disc brake and a part of
axle for drum brake) should be taken into account. In addition the assumed surfaces
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I'y of brake rotors (i.e. disc and drum brake) concerning heat transfer to ambient
air are shown in Fig. 7.

The braking schedule [14] consisted of simulated 2.8 m/s?> deceleration from
100 km/h to 50 km/h (the braking period 5 s), followed immediately by a 0.278
m/s? acceleration back to 100 km/h (the acceleration period 50 s). Computations of
temperatures of front disc brake and rear drum brake were made for as many as 15
successive cycles.

The periodic fluctuations in temperature for friction surface of disc brake at-
tained during the whole braking process on the road are shown in Fig. 8a. The
maximum temperature of friction surface reaches approximately 600°C. The simi-
lar friction temperature of front disc brake can be observed for roll-stand braking
(Fig. 8a) after £, = 40 s using brake force F;, = 1000 N on the high-speed Clayton
roll-stand.

In addition temperature fluctuations concerning the friction surface of rear drum
brake during 15 repeated brake applications on the road are presented in Fig. 8b.
The maximum temperature of friction surface reaches approximately 400°C, which
is about 200°C lower than for the front disc brake (see Fig. 8a). Although more heat
is dissipated in rear drum brakes than in front disc brakes, the thermal capacity of
drum brakes is much higher than for disc brakes. The friction temperature of 400°C
for the drum brake can be achieved on the roll-stand (Fig. 8b) after braking time
t, = 65 s (vp = 62 km/h, F;, = 1000 N).

The temperature isolines in the cross-section of the front brake disc after 15
successive cycles of repeated braking (t = 775 s) are illustrated in Fig. 9a. For the
comparison in Fig. 9b isothermal lines in the cross-section of the brake disc at
the end of braking on the roll-stand are shown. This is an analogical result as the
result presented in Figs. 5a and 5b, but the friction temperature is much higher. In
addition the applied finite element mesh of the front brake disc and its hub is shown
in Fig. 9c.

In both cases (i.e. braking on the road and on the roll-stand) the average temper-
ature of the whole friction surfaces is 553°C (Figs. 9a and 9b), but the temperatures
of the disc hub near wheel bearings are quite different (160°C for repeated brake
applications on the road and 20°C for constant braking on the roll-stand).
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Fig. 8. Temperatures of the friction surfaces of car brakes during 15 repeated brake applications on
the road (from v; = 100 km/h to v, = 50 km/h) and during constant braking on the Clayton
roll-stand: test velocity vy = 62 km/h, brake force F;,=1000 N. Total braking time on the roll-stand:
a) t,=40 s (for front disc brakes), b) #,=65 s (for rear drum brakes)
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Fig. 9. Isothermal lines [°C] in the cross-section of front disc brake after: a) 15 repeated brake
applications on the road (from v; = 100 km/h to v, = 50 km/h), b) braking on the Clayton roll-stand
(F, = 1000 N, vy = 62 km/h, ¢, = 40 s), ¢) applied finite element mesh of brake disc and hub
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a) b) c)

Fig. 10. Isothermal lines [°C] in the cross-sections of rear drum brake after: a) 15 repeated
brake applications on the road (from v; = 100 km/h to v, = 50 km/h), b) braking on the Clayton
roll-stand (F, = 1000 N, v; = 62 km/h, ¢, = 65 s), ¢) applied finite element mesh of brake drum and
a part of axle

Temperature isolines in the cross-section of the rear brake drum are presented
in Figs. 10a and 10b. In both cases (i.e. braking on the road and on the roll-
stand) the average temperature of friction surfaces is 379°C. For the drum brake the
temperatures observed near wheel bearings are quite different (170°C in Fig. 10a
and 20°C in Fig. 10b). In addition the applied finite element mesh of the rear brake
drum and a part of axle is shown in Fig. 10c.

It should be noticed that road tests according [14] are much more dangers
for the front and rear wheel bearings than shorter braking tests on the high-speed
roll-stand.

The comparison of the simulation results for braking on the road and on the
Clayton roll-stand (Figs. 9a, 9b and 10a, 10b) indicates the differences of qualitative
character, although the criterion II is satisfied. Due to the long lasting schedule
(t =775 s) of repeated brake applications on the road and the resulted longer heat
transfer time, the temperature distributions in materials of disc and drum brakes are
more uniform than in the case of shorter braking on the roll-stand (¢, = 40 s for disc
brakes and £, = 65 s for drum brakes). In addition much higher temperatures near
front and rear wheel bearings are observed in case of repeated brake applications
on the road than after braking on the roll-stand.

For this reason a few successive cycles of repeated braking on the roll-stand
could be planned using the proposed computational method.
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7. Conclusions

The method presented above allows to achieve on a roll-stand the analogical
thermal state of automotive brake, which is observed during braking in road condi-
tions.

Basing on this method it is possible to determine for a high-speed roll-stand:

— Dbraking time ¢,

— brake force F,.

In addition the developed mathematical model and simulation program can be uti-

lized for:

— analysis of heat transfer process in automotive brakes,

— evaluation or forecasting of the change in braking effectiveness due to the thermal
state of brakes,

— designing of diagnostic tests for automotive brakes,

— optimization of brake design.
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