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Abstract

A long operation of the brake pads of the brake disc causes uneven wear of the friction surface. This applies
both to the friction pads of organic material and from sintered metal. For larger braking power is the reason for
overheating the blade, resulting in varying temperature distribution on the brake disc cooperating with the friction pad.
The first study of this phenomenon has shown that it is highly speed-dependent braking. Therefore, it was observed
during the train's braking from a speed of 300 km/h. At these speeds the brake disc there are known. Hot spots between
which are areas with a substantially lower temperature. However, in areas of high temperatures it occurs following the
formation of the protrusions due to the expansion of the target material. This phenomenon is further enhanced during
each rotation of the disc, while on each bulge of material stresses acting on each surface of the friction pad. Occurring
grooves on the facing (the space between the surfaces of friction) have proved insufficient to absorb the heat produced
during braking. They take a small part of the thermal energy, which on the face have areas with different temperatures,
100 °C at the periphery of the disc 800 and 900 °C protrusions. This phenomenon is very complicated because it
involves in addition to the properties of the material for brake discs presented and described dependency of the breaking
function of temperature. Thus, many manufacturers brake disc determines the maximum mean temperature of the disc at
400 °C in cooperation with the organic friction pad and 550 °C in cooperation with the pad of sintered metal. Type of
braking understood speed beginning of braking pressure to the brake disc pads and the mass of the slowdown and the
strength properties of the target material impact on the number of hot spots on the disc, ie. The distance between hot
spots. In order to eliminate the phenomenon, the manufacturers of friction pads modify the shape of the contact surface
pads of brake discs to ensure even distribution of pressure on the dial. However, during the long service there is a
phenomenon of laying a liner with respect to the brake disc, the reasons for the backlash in the mechanism of the brake
lever which, due to wear of the brake disc itself. Then, in some cases, a phenomenon arises hotspots. Cladding without
causing the phenomenon is facing divided into several friction elements hinged. This solution will ensure even
distribution of the pressure of all the friction elements on the shield throughout the life of the pad. As a result, the brake
disc does not tend to create "hot" areas that are the reason the formation of bulges in the material of the disc.

The article presents the possibility of using the thermal imaging camera studies disc brakes in order to identify
the phenomenon of hot spots. The results allow to evaluate the temperature distribution on the brake disc in which there
is a tendency to create hot spots.

1. Introduction

In rail vehicles, both trains, trams and metro, a disc brake is the primary friction brake (Fig. 1a).Furthermore,
only in traction vehicles, the electrical traction units or trams the disc brake cooperates with the electrodynamic brake
(ED).

a) b)

Fig. 1. ltalian fast train"F‘\récciarossa 1000: ai) view of the train, b) view of the bogie of train with brake discs
mounted on axle wheelset [11]
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In the case of rolling cars there is only a disc brake. It sometimes also cooperates with the rail brake which in
this case is a safety. Depending on the design speed of the wagon, on the axle of the wheelset two, three or even four
brake discs are mounted (Fig. 2b).

Long operation of disc braking systems both with pads made of organic materials and sintered metal causes an
irregular wear of the friction pads surface. Consequently, there is an irregular pressure distribution of friction pads to the
brake disc, which leads to hot spot phenomenon.
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Fig. 2. The temperature distribution on the brake disc cooperates with a pad material: a) an organic, b) sintered

The phenomenon of hotspots or hot areas occurs most often when braking with a strong emphasis of pad to the
disc. Figure 2 shows the temperature distribution on the brake disc that cooperates with the pad made of sintered metal
during braking from the speed of 300 km/h. Then, on the disc appear Hot spots between which there are areas with a
substantially lower temperature. In the areas of high temperature the protrusions are created. They appear due to the
expansion of the disc material. This phenomenon is further enhanced at every rotation of the disc. This situation happen
when on each bulging of the material work pressures of the individual friction pad. Grooves (spaces between the friction
surfaces that appear on the pad are insufficient to absorb the heat produced during braking. They receive a small part of
the thermal energy, which on the disc have areas with different temperatures, 100 °C at the periphery of the disc 800 to
900 °C and the protrusions [13]. The increase in temperature (hot spots) is calculated from equation (1):
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Fig. 3. The temperature distribution on the brake disc after braking from a speed of v=200 km/h with pressure
contact N=28 kN and weight to brake M = 6.7 t: a) thermographs with marked lines L1 to hot spots and L2 between the
hot spots, b) temperature distribution within the target on the lines L1 and L2, Rw- inner radius, Rz-outer radius

Figure 3a) shows an infrared image of railway brake disc after braking from a speed of v=200 km/h, where
some hot areas were observed. Figure 3b) shows the temperature distribution on the radius of the disc in place where
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the hot areas appear. In order to observe the temperature rise for the hot spot on the radius of the disc, the graph
presents the temperature distribution in another place without the hot area. Observation of the temperature distribution
on the disc by using thermal imaging camera has shown that hot spots appear in the final braking phase and lasts few
seconds to the stop time.

In extreme cases the temperature rise on a hot spot in accordance with [13] may amount to 8.8 relatively to the
area with the lowest temperature. However, such high values are obtained when braking with pads made from sintered
metal. The rest of the article shows the increases in temperature (hot spots) on the brake disc during braking with
organic pads. It should be pointed out that the phenomenon of hot spots is widely considered by many researchers who
deal with the both brake systems and the friction clutches of the means of transport [1, 2, 5, 8, 16]. Number of papers
presents the results of studies that allow to identify the phenomenon in respect of the location and number of hot spots
on the brake disc [5, 6]. Part of the articles present the simulation results conducted at the ANSYS environment also
paying attention to the phenomenon of hot spots as the papers [3, 4, 7, 14, 15].

1. The research methodology

Research in the field of railway braking process of the disc brake evaluation was conducted on a brake position
at the Institute of Rail Vehicles TABOR in Poznan. The position allows conducting a test of the block brake and the disc
brake. The proving reflects the actual conditions that occur during car or traction vehicle braking. The study covered a
disc brake, consisting of the brake disc with outer diameter of 590 mm and with the ventilation blades and a set of the
friction pads type 175 FR20.H.2. with a thickness of 35 (new brake pad), 25 and 15 mm (wear brake pads).

The research of the brake disc temperature was conducted by using six thermocouples installed on the disc,
three on each side of the disc. During the research the IR camera was also used.
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Fig. 4. Research methodology of the brake disc temperature: a) view of thermocouples distribution on the brake
disc in accordance with the [9], b) Scheme of the research methodology, 1 - IR camera, 2 - friction ring, 3 - ventilating
blade 4 - elastic bush, 5 - TP-213K-a-200-200 thermocouple, ry - inner radius, rs - thermocouple assembly ray, ¢ -
emissivity, Wop;. 1,2 - radiation of the object 1, 2
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The holes for thermocouples (&2,5mm) were drilled at 120° on three rays of the disc, r1 = rw+ %4 (r—rw), r2 = rw+
Y2 (r—rw), and r3 = ry + % (r—rw) (rz- outer radius of the disc, ry, - radius of the inner disc), as shown in Figure 4a.

Thermocouples against the friction surface of the disc were embedded 1 mm in the disc so that the ends of
thermocouples, according to [9] were not destroyed by the friction pad. In the holes which are close to the outer diameter
of the disc, the thermocouples with the longest operating part were installed (TP-213K-a-300-200 thermocouples). On
the other rays TP-213K-A-200-200 thermocouples were installed. On the other side of the disc are holes which have
been shifted by 60° to the first side in order to avoid overlapping of thermocouples. The method of temperature
measurement by using thermocouples and an infrared camera is shown in Figure 4b. In the position test, which is not a
requirement of UIC 541-3 card, the FLIR thermal imaging camera E60 was used. It was used for the qualitative
assessment of the braking process.

The position tests for the railway brakes were carried out in accordance with one of the programs contained in
the UIC 541-3 card. Parameters for the 2B program, of the tests were as follows:

- Pressure of pad to the disc (pressure contact) p=25 and 36 kN,

- Beginning of braking speed: v=120, 160 and 200 km/h,

- The braking mass per one disc: M=5.7 t.

- The temperature of the disc at the beginning of braking T=50°C.

722



10.21611/qirt.2016.115

Table 1. The values of the thermal imager configured for stand tests disc brake

Emissivity 0.97
The reflected apparent temperature 18 °'C
Distance 2m
Relative humidity 50 %
Air temperature 18 °C
The temperature of the external optical system that it 20 °C

The study was divided into two phases. In the first stage, due to the lack of information about the real value of
the emissivity factor, the coefficient €=0.97 was entered to the camera because of the fact that the brake disc was coated
with a black heat-resistant paint on its thickness, including ventilation ducts. Later the temperature was read from these
surfaces. Other parameters like temperature of the atmosphere and reflection, humidity and the distance from the object
(Disc) were entered to the camera and the values were shown in Table 1. At this stage, thermal images of the disc brake
were recorded on the brake position, and the temperature of the friction surface of the disc with 6 thermocouples was
recorded simultaneously. Zdjecia termowizyjne wykonano w chwili zatrzymania mierzgc zaréwno termoparami jak i
kamerg termowizyjng — temperature konca hamowania Tk. Thermal images were taken in the stop time, measuring Tk -
the temperature of the end of braking by the use of thermocouples and thermal imaging camera.

In the second stage, thermal images were modified in FLIR Tools software. Then on the disc as shown in Figure
5, on the working surface of the disc (contact surface with friction pad), an ellipse was marked, calculating the average
value of the temperature from the polished surface. Then, based on the results of the temperatures recorded by the
thermocouples attached to the friction surface, the emissivity value was changed in FLIR Tools software. It was made to
get the same temperature of the disc friction surface as in the case of thermocouples. This is a colorimetric method for
determining the coefficient of emissivity described inter alia in [10, 12].

Fig. 5. Thermographic image of the FLIR E60 camera generated in the FLIR Tools: a) for 0,97 value of the
emissivity, b) for emissivity amended

On the basis of this studies it was found that after 40 brakings the coefficient value stabilized at the value of
0.113, obtained from the arithmetic mean of 30 brakes i.e., calculated from the 41 brake to the 70 brake.

2. The research results

Figure 6 shows the thermal images after braking from a speed of 120, 160 and 200 km/h with a pressure of 25
and 36 kN. For better observation of the hot spot phenomenon each span was changed. The evaluation of the
temperature distribution of the brake disc after determining the emissivity, was performed in Flir Reporter software. On
the infrared image with the visible friction surface of the disc brake, three line segments - from the inner radius of the
brake disc to the outer radius was applied. This is presented in Figure 3a). Then on the graphs of temperature
distribution (as shown in Figure 3b) the maximum and minimum were observed. All the line segments L1, L2 and L3
were led through three selected hot spots.
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Fig. 6. Thermal gradients classification illustrated by thermographs from several speed for the two pressure contact: a)
v=120km/h, N=25kN, b) v=160km/h, N=25kN, c) v=200km/h, N=25kN, d) v=120km/h, N=36kN, e) v=160km/h, N=36kN,
f) v=120km/h, N=25kN

Figure 7 and 8 shows the value of the average maximum and a minimum temperature defined form linear
segments between the inner and outer radius of the brake disc, passing through the hot spots. Then, by using the
equations (1). The values of temperature rise in the hot area was calculated. In the case of Figure 8a (braking from a
speed of 120 km / h), there was no hot areas on the disc and only for one heat disc a maximum, minimum temperature
and AT.
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Fig. 7. The temperature difference in the radius of the brake disc and the temperature rise (HS-hot spots) after braking
with pressure contact N=36 kN for three thickness of brake pads: a) speed braking v=120km/h, b) speed braking
v=160km/h, c) speed braking v=200km/h
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Fig. 8. The temperature difference in the radius of the brake disc and the temperature rise (TD-without hot spots, only
hot band, HS-hot spots) after braking with pressure contact N=25 kN for three thickness of brake pads: a) speed braking
v=120km/h, b) speed braking v=160km/h, c) speed braking v=200km/h
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Figure 9 shows collective specification of the disc temperature rise in the place of hotspots for three analyzed
braking speeds (120, 160 and 200 km/h), three thicknesses of the friction pads (35, 25 and 15 mm) and two pressures of
the pads to the disc (25 and 36 kN) which were performed during braking.
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Fig. 9. Dependence value hot spots on the speed brake and the thickness of the friction pads of the braking pressure
contact: a) N=36 kN, b) N=25 kN

Courses of AT at hotspots were approximated by linear functions for the selected speed brakes, the pressure
and the thickness of the friction pads which is represented by the relationships (2-7).

HSN _36, G1-35mm = —0,2566v +2,2015 R?=0,78 )
HSN _s6cN, G2—25mm = —0,2458V +21417 R? =0,99 A3)
HSN _36kN. G3-15mm = —0,0502v +15377 R?=0,98 4)
HSN _osn. G1—asmm=-0,057v+1589 R? =0,98 (5)
HSN_o5\. G2—25mm = —0,058%v +15276 R? =089 (6)
HSN —25cN, G3-15mm =—0,0269v +1,3692 R% =0,98 @)

By analyzing Figure 9 it is stated that the biggest increases in temperature (hot spots values) occur after braking
from a speed of v=120 km/h on the new pads (with thickness of 35 mm) and with pressure N=36 kN. Lower values at
hotspots occur after braking from a speed of v=200 km/h even though the average value of the disc temperature is
higher than after braking from v=120 km/h. Dependencies (2-7) allow to estimate the value of hot spots for three
breaking speeds, three thickness of the friction pads and two pressures of the pad to the disc with the coefficient of
determination above 0.78 (the lowest R? value for the linear approximating function ).

In addition, by analyzing recorded thermal images, it was found that even at a lower pressure pads to the disc
N = 25 kN while braking from v -120 km/h hot spots are not observed. Only hot bands appear for which a maximum and
minimum value of temperature has been assigned. It was done in order to calculate AT temperature rise. What is more,
for the brakings from a speed of v=160 and 200 km/h the phenomenon of hot spots do not occur regularly, but hot bands
with slightly visible hot areas appear.
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On the basis of the recorded videos by using the infrared camera a model of temperature distribution on the
brake disc with a diameter of 590 mm was proposed. This disc brake is cooperates with the friction pad made of organic
material. Figure 10 presents a model of a hot band formation (two of three) in the first two seconds of braking to two and
then to one hot band in the last seconds of braking. In the case of implementation of the biggest pressure N=36 kN in
the last seconds hot spots can be most often observed in the vicinity of the inner radius.
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Fig. 10. Pressure distribution models of the pad to the brake disc based on the results of the thermal tests for
braking speeds 200km/h: a) pressure contact 25 kN, b) pressure contact 36 kN

Conclusions

On the basis of conducted research and analysis the following conclusions can be put forward:

1. The organic material used for friction linings for railway brake discs with a diameter of 590 mm causes that the
hot spots slightly exceed the value of 2 at the braking speed v=200km/ h. In the case of friction pads made
from sintered metal, and braking at the same speeds the hotspots on the basis of the studies in [13] amount to
8.

2. Hot areas (hot spots) occur only after braking from higher speeds (above 120 km/h). This was found when

implementing the pressure to the disc N=36 kN. At lower speeds hot bands are observed. Their number
changes during braking from three or four bands at the beginning of braking to one or two bands in the last
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seconds of deceleration. For smaller pressures of pad to the disc for example. N=25 kN and for speed v=120
km/h hot spots are not observed. Hot areas are present only at the speed of 160 and 200 km/h.

The greater pressure of friction pads to the disc promotes the phenomenon hot spots formation (braking from
N=36 kN against the braking N=25 kN).

The research on organic linings have shown that higher values of hotspots occur after braking from a speed of
v=120 km/h than after braking from a speed of v=200 km/h. Although average values of disc temperature
increases when the braking speed increases.

Braking on new (lapped) friction pads promotes the formation of the hot areas than in the case of worn pads.
The organic material that belongs to the group of plastics, hinders the heat conducted to the further areas of the
braking system. In this case, the brake housings. Previous studies have shown that the braking with worn pads
slightly lower the value of the average brake disc temperature and raising the temperature of the brake holders.

The proposed linear regression models allow for the estimation of hotspots values for the value of hot spots for
the three braking speeds and two pressures of the pads to the disc and for three thicknesses of the friction
pads.

The phenomenon of hot spots, which resulted in irregular temperature rise on the disc is mainly a consequence

of alternating pressure distribution of friction pads with a brake disc, as observed on the recorded videos by
using the infrared camera.
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