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ABSTRACT

Thermal problems of brake system of a heavy duty engine are analyzed in the article.
The agricultural motor vehicle is able to travel at 40 kph speed and its weight is 30000
kg. Owing to friction of brake discs, significant amount of heat is released when brake
of this vehicle of large weight is applied. For the brake to operate in a reliable way, it is
essential to prevent overheating.

Design of brake system is described in the article. Description of experiments con-
ducted for inspecting heating and evaluation of results are also included in it. After
that, the heat released during brake application is determined. It is also discussed
when the brake is operating in a thermally safe way under various conditions of cool-
ing down. The article shows at which temperature damage of cooling oil occurs. This
essay means further development of the results described in work [11]. The analysis
constitutes part of the project aiming at optimization of wheel body.

1. Thermal description of process of braking

During the operating time of the motor vehicle, the brake system can be in two dif-
ferent modes: open or closed.

If the vehicle performs translational motion and no brake application occurs, then
the brake device itself is in open condition.

At the time of brake application, the hydraulic system presses the rotating discs and
the oil removes from between the discs. Efficient flow of oil is facilitated by that the
brake discs are equipped with fluted friction pad. When the discs are closed, friction
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occurs; as a result, the vehicle's kinetic energy is
transformed into friction work while heat is pro-
duced.

When brake application is finished, discs open
again, so the brake oil flows between the brake
discs again. Oil is heated there and lashes against
the housing under the effect of the centrifugal
force produced by the rotational motion. The oil
transfers one part of the produced heat amount
to the environment. The heat amount remaining in
the system is removed from the system by means
of a water-cooled heat exchanger. Oil is conveyed
to the oil cooler connected to the inspected unit
by means of a pump ensuring 16 litre/min volume
flow rate.
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Fig. 1: Main elements of the brake device found in the wheel body.

2. Measurement, measuring results

The measurement was performed by means of
wheel brake structure and brake efficiency testing
instrument of Greening type. With proper load-
ing, comparative wear measurement and brake
efficiency test can also be made with it. The instru-
ment can be applied for slow-down or permanent
speed drive.

Data recording was done by means of Hottinger
Spider Mobil 16-channel data recorder.

An assembly of half of a bridge body closed with
a clamping disc and a wheel body supported in
bearings on it is mounted on the instrument as
a test unit. The half of bridge body closed with a
clamping disc can be found in the stator of the
equipment.
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Because of the limited inertia of the equipment,
the rotating flywheel is not connected directly to
the wheel body, but to the properly designed sun
wheel. The flywheel imitates the inertia of the ve-
hicle.

In order to achieve realistic results, it is neces-
sary to create and use the outside cooling effect
of wind. It is provided by the air flow produced by
a ventilator through a pipe system of 0,4 x 0,6 m
section.

Fig. 2: Temperature values measured on the bridge bodly.

The temperature measurement on the separat-
ing disc was done as follows:

The separating disc is 12 mm wide. The ther-
mometer is placed in the centre of the separating
disc in a hole of 3mm diameter and 50 mm depth.

3. Temperature form of the disc brake
When the heat produced during brake applica-
tion is transmitted by heat convection, density of
heat flux can be generated as follows [1]:

G =% —r) Wim) (1)
Rell = % (2)

Where: ¢- Density of heat flux (W/m?), A - Coef-
ficient of thermal conduction (W/mK), 6 — Wall
thickness (m), t1; t2 — Temperature values of the ele-
ments participating in heat conduction (K), Rell -
Resultant resistance (m?K/W)
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Where: Asz - Coefficient of thermal conduction of
grey cast-iron, Aa - Coefficient of thermal conduc-
tion of steel, As - Coefficient of thermal conduction
of the friction layer

Resultant resistance can be generated as sum of
partial resistances:

Rell = Relvt + Rlsr + Rﬂ + RZsr + th

i (3)
Rell = 7,54271’}’1 KIW

Transposing the equation and from the measure-
ment knowing the temperature of the separating
disc teni=298°C, we can get amount of density of
heat flux:

G = 28902,227 ~ 29 10° W
m

Then we can determine temperature of each
wall step by step:

fewies = taw — G Raw = 294,521°C

tep = taw—s — q R, = 197,854°C

ties = tien— q - Ry = 194,483°C

teww = tiear = Ly — g R, = 97,817°C

tue = tiew — q Ry = 79,262 = 80°C

tior—a = ti—an — G " Ra = 94,338°C

Q=q A 7=>5254,8J (4)

Where:

Ren — resultant resistance (m?K/W), Raor — resistance
of the disc on the piston side (m2K/W), Ris- — resis-
tance of friction pad 1 (m?K/W), Ry — resistance of
the brake disc (m?K/W), Rzsr — resistance of friction
pad 2 (m’K/W), R« — resistance of the supporting
disc (m’K/W), Rew — resistance of the separating
disc (m?K/W), tewe — temperature of the separating
disc (°C), tem—s — temperature of the contact surface
of the separating disc and the friction pad (°C), ts—z
— temperature of the contact surface between the
friction pad contacting the separating disc and the
brake disc (°Q), tp—s — temperature produced be-
tween the brake disc and the friction pad contact-
ing the supporting disc (°C), ts—m — temperature
of the contact surface between the friction pad
and the supporting disc (°C), tu — temperature of
the outside surface of the supporting disc (°C), ts—
4ot — temperature of the contact surface between
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the friction pad and the piston side disc (°C), tdor—
a— temperature of contact surface between the
piston side disc and the piston (°C), O — Amount
of heat flow through the wall (J), 7 — Time (sec)),
A — Surface (m?).
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Fig. 3: Temperature distributiony.

4, Determination of amount of heat released dur-
ing brake application
Using the energy equation of the process of
braking:

2
lemking:%'l'wz-i_m'v? (J) (5)

_2-mn
w—760 (6)

Where: / - Moment of inertia of the total rotating
mass participating in the process of braking (598.4
kg’m), w - Rotational speed (55.07 rad/sec), m - Ve-
hicle mass (30000 kg), v - Rate of travel of vehicle
(40 kph), n — Revolution number of sun wheel
(525.9 rev/min).

Supposing that power efficiency of sun-and-
planet gear is 97%, the amount of heat released



during one brake application is Q1 braking =
2682.63 MJ

The amount of heat calculated with the en-
ergy equation, which is the sum of the rotational
and translational motion, is the same as the heat
amount removed from the system after brak-
ing. The heat released at the time of braking is
removed by means of air and oil cooling as men-
tioned above.

Prior to this article, a study was published by the
author (Thermodynamical examination of the oily
disc brake of an agricultural motor vehicle, Peri-
odica Politechnica, Transportation Engineering,
Budapest. Just being published) in which values of
coefficient of heat transfer necessary for the deter-
mination of heat removal are calculated for the air
outside the brake drum (20°C) and the internal co-
efficient of heat transfer of the wheel body is also
calculated by means of criterion equations.

The external coefficient of heat transfer can be
given as follows by the number Nu from Article [6]:

Nu-A
= (7)
Where: d — Diameter of wheel body (0.62 m), v - Ki-
nematic viscosity for ambient temperature of 20 C°
(15.7:10° m%/sec), A — Coefficient of heat conduc-
tion (0.025 W/mK).

The value of Reynolds number is 438343.949.

a,

Table 1: Thermodynamic characteristics.
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Nu = c-Re" (8)
Values of ¢ and n constants can be determined

from Table 16 [4]: n — In case of flow becoming

eddy, the tangent of angle of obliquity of curve.

It can be seen in the diagram showing the rela-
tion between numbers Re and Nu [4] that the func-
tion is linear therefore we can give the Nu number
belonging to the wheel body of 0.62 m diameter.

Substituting then extrapolating, we get value of
Nu number:

Nug, = 952,416

Value of coefficient of heat transfer sz is:

Ay = 38,4072
m°sK
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Fig. 4: Heat transfer of cylinder in case of perpendicular air flow [4].

Rate of travel Heat-transfer Heat amount 1 Heat-transfer Heat amount 2 Total heat amount

(kph) coefficient 1 removed by air coefficient 2 removed by air removed by air
(J/m?sK) cooling (J) (J/m2sK) cooling (J) cooling (J)

10 9,60 203,04 8,0 197,13 400,17

20 19,02 401,98 16,02 394,32 796,31

30 28,83 609,27 24,03 591,52 1200,79

40 43,83 926,26 38,40 945,1 1871,36

Heat-transfer coefficient 1 means the heat trans-
fer coefficient for the flat plate of wheel body,
while heat-transfer coefficient 2 for the cylindrical
surface of wheel body. Similarly, heat amount 1
removed by air cooling means the heat removed
through the flat plate of the brake drum, while
heat amount 2 through the cylindrical shell of the
brake drum. Note that the brake drum is limited
with two flat plates, so amount of heat removed
through these surfaces will be double of this value.

Under normal operating circumstances, heat is

removed by air cooling and oil cooling.

The study determines the greatest number of
brake applications possible in one hour under vari-
ous circumstances.

In each case, the vehicle is slowed down from the
rate of travel with a very short emergency braking
in 2 seconds till full stop. Rate of travel of vehicle
will be 10, 20, 30, 40 kph in the following.

The following cases are examined in the article:
m [t determines how many is the greatest number
of brake applications permitted when air cooling
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and oil cooling are operating simultaneously.

m/t analyses the critical event when the oil cooler
does not operate, and heat removal is done only by
air cooling.

m After that it shows how the change of wall tem-
perature of wheel body influences number of brake
applications.

5. Demonstration of results
Determination of possible number of brake applications in
case of only air cooling:

When stopping full from rate of travel of 40 kph,
heat of 2 682 963.67 will be produced during one
brake application.

By means of air cooling, total amount of Qair
cooling =1 871.36 J can be removed.

The oil cooler can remove heat of O, = 7 396,73
W. If the air cooling is operating alone, we can re-
move heat amount produced of 2 694 758.4 J in 24
minutes. Well, it can be seen from this that emer-
gency braking is possible only 2 times in one hour
in case of air cooling. Therefore, necessity of oil
cooling is confirmed.

If in addition to the air cooling oil cooling is also
operating as we can expect it, then the brake can
be applied 12 times for 2 seconds in one hour.

In the following, under various conditions we
will examine tendency of number of brake applica-
tions done safely from the viewpoint of failure of
equipment.

Let us change the speed of the vehicle. It will be
10 kph in the first case, after that 20 kph, 30 kph
and then 40 kph. Examine how much time will be
necessary for removing the heat produced in case
of 55°C wheel body wall temperature if air cooling
is applied alone.

When applying the brake, we will apply it until
the vehicle fully stops. Therefore the number of
permitted brake applications is relatively low. In
reality, we will not apply the brake till full stop, so
number of brake applications may be higher in ac-
tual events. If in reality we always applied the brake
till full stop, air cooling alone would not already be
sufficient.

It can be seen in Figure 5 that in case of slow-
ing down from higher and higher speeds, the time
necessary for removal of heat produced will also
increase.

Let us determine the number of brake applica-
tions for 2 seconds of vehicles travelling at various
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Fig. 5: The time necessary for removing the heat produced by
air cooling when stopping a vehicle travelling at various rates by
means of 2 seconds’ braking.
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Fig. 6: Number of brake applications per hour of vehicle stopped
from various speeds, in case of heat removal by air cooling and oil
cooling.

speeds if the permitted wheel body wall tempera-
ture is 55°C. Heat removal is done by air cooling
and oil cooling.

From Figure 6 we can see that if during the slow-
ing down of a vehicle travelling at various speeds
both air cooling and oil cooling take part in remov-
al of heat produced, then tendency of possible
number of brake applications can be approximat-
ed with an exponential curve.

With the agricultural vehicle travelling at a rate of
40 kph, let us increase temperature of wheel body
wall from 55°C to 80°C, 90°C then 120°C. The heat
produced is removed by air cooling and oil cool-
ing. As temperature of wheel body wall increases,
temperature of cooling oil increases proportional-
ly. If wall temperature is 80°C, then oil temperature
is 90°C, while in case of wall temperature of 90°C,
oil temperature increases to 100°C, and in case of
120°C to 110°C. The oil heater cools back the heat-
ed cooling oil to 640C in each case.

See how many brake applications can be done
safely in one hour. Time of brake application con-
tinues to be 2 seconds.

It can be seen from Figure 7 that number of
brake applications permitted hourly increases as
the wheel body wall temperature increases.

Let us inspect number of brake applications as a



function of wheel body wall temperature in case
of slowing down from various speeds (10 kph, 20
kph, 30 kph, 40 kph). Both air cooler and oil heater
participate in heat removal.
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Fig. 7: Number of brake applications permitted hourly for the ag-
ricultural vehicle travelling at a rate of 40 kph as a function of the
wheel body wall temperature.
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Fig. 8: Number of brake applications possible in one hour in case of
stopping the vehicle travelling at various speeds.

6. Inspection of oil

In order for the equipment to operate properly,
it is necessary to inspect not only the temperature
form of each disc but also at what temperature the
oil will damage.

According to the measurements done with plati-
num detectors placed in the separating disc, the
maximum temperature of the separating disc after
brake application is 298°C. When the brake appli-
cation is completed, the oil flowing between the
separating disc and the brake disc heats up to the
temperature of the separating disc, then the oil
temperature significantly decreases while flowing
towards the wheel body root. Life of oil is deter-
mined by the temperature at which the thermal
decomposition occurs during the brake applica-
tion.

6.1. DSC Measurement

The measurement was done by means of Dif-
ferential Scanning Calorimeter (DSC) in inert at-
mosphere (nitrogen). Compensation principle
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is applied for the operation of the DSC device.
High-pressure cell of equipment is suitable for the
inspection of thermal oxidation of lubricating oils
and heat stability as well.

DSC device can measure the heat flow taken
up or given off by the chemical reaction of the oil
sample and the temperature as the function of
time. The enthalpy and specific heat capacity of
the material as well as the temperature at which
these changes take place can be defined by the
help of this equipment.
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Fig. 9: Scheme of the Differential Scanning Calorimeter [7].

Main part of the device is the furnace, with two
cells in equal positions found in it. The sample pot
is placed in one of the testing cells, while the inert
reference material is placed in the other reference
cell. The sample material and the reference mate-
rial separated in space are heated up in accordance
with the same temperature program. Tempera-
tures of the sample oil and the reference material
are measured by a thermoelectric element each of
the same type.

P

Sample pot Reference pot

=
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Fig. 10: Scheme of the temperature controlled unit [8].

6.2. Measurement

The calorimeter is operated in such a way that a
pressure value is set, then the device is heated up
quickly, after that the temperature of the oil cap-
suleisincreased continuously making sure that the
process does not last for a long time.

Intensive damage of oil is shown by change of
pressure or change of energy demand of heating.
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Fig. 11: Differential thermo-analytical diagram.

In this case, we evaluated the change of energy
demand of heating.

The differential thermo-analytical diagram shows
temperature in °C on the X-axis, while heat flow
rate in mW on the Y-axis.

Oxidation of oil is a complicated process, con-
sisting of two principal stages. The two peaks seen
also in the measurement diagram represent it. The
first peak is the oxidation at low temperature.

In this case, it can be observed already at 100°C at
20 bar pressure.

Water and organic oxidation products (alcohols,
oxo compounds and acids) are released from the
sample material. Then a residue rich in carbon is
formed which is oxidized in the second stage.

During the measurement, the second stage oc-
curs at 340°C temperature. The organic member
compounds of large molecules go through ther-
mal decomposition during the process. Since re-
lease of substance from the oil can be observed, it
cannot be used any more.

Therefore we can state that the thermal stability
limit of oil is between 340-350°C.

Intensive damage of oil occurs at the tempera-
ture of 400 +/- 10°C. At this temperature, the de-
composition takes place at the greatest rate. Hy-
drocarbons decompose, evaporate and the heat
flow taken up by the system decreases to 0 mW.

The disc temperature of 300°C may be permitted
if oil is loaded by the high temperature for a short
time.

In the following, my study will aim at determi-
nation of average temperature of disc changing
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in the direction of radius. For the heat removal of
the disc part dipping in the oil, the average tem-
perature of the disc is authoritative. The tempera-
ture of the disc part is higher than that of the oil
during the whole process. Temperature of the oil
between the separating disc and the brake disc is
approximately the same as the temperature of the
discs. The disc part cooling in the oil significantly
cools the disc part of greater diameter towards the
root of the wheel body, while heating up the oil.
Thereby, it influences the life of the oil.

7. Summary

The article describes how much time is neces-
sary for the removal of the heat produced during
brake application in case of safe slowing down of
the vehicle travelling at various rates, with the heat
removed by only air cooling or both air cooling
and oil cooling.

It gives possible number of brake applications for
various cases and values of heat transfer coefficient
for different rates of travel.

It states the temperature above which the cool-
ing oil will damage.
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