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Abstract 

 

A thermal imaging camera is widely used in railway, it allows evaluating 
the wheel-rail contact while rolling the wheel set on the rails [3], cracks of 

the railway tracks [22] or identify overheated axle bearings of the wheel 

sets of the railway cars. In studies of braking systems both railway and 
vehicular ones on brake positions, the thermal imaging measurements are 

little used. Only in the qualitative assessment, an IR camera can identify 

the phenomenon of "hot spots" on the brake disc [1, 12, 15]. When testing 
the disc brake friction pairs, the most difficult is the brake disc and 

determination of its actual temperature which, due to the polished smooth 

surface by friction with the friction pad, is a low-carbon object. This type 
of objects force the person who makes the measurements to do a very 

precise configuration of the thermal imaging camera in order to determine 

the emissivity factor. An additional difficulty in the thermal imaging of 
braking systems is a dynamically  changeable nature of the work 

associated with changes in the rotational speed of the brake disc and a non-

linear increase in its temperature. The paper presents the results of the 
studies conducted parallel with the thermal imaging measurements by 

using thermocouples to determine  variability of the experimental 

emissivity factor of the brake disc supported by the λ-Kolmogorov 
compatibility test. 
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1. The methods of determining the emissivity 
factor 

 

In order to accurately measure the temperature of an object by 

using a thermal imaging camera, it is necessary to compensate the 

different sources of radiation. It is done automatically by the 

camera after entering to its memory parameters like emissivity of 

the object, ambient temperature as well as reflected apparent 

temperature, camera distance, relative humidity and atmospheric 

temperature. 

The most important parameter determining the reliability of  

temperature values, obtained in the research, is the actual thermal 

imaging emissivity of the surface. Other conditions may cause  

a measurement error in the range 1 or 2°C. The emissivity is 

defined as the ability to emit the radiation of an actual tested 

surface with respect to the ideal blackbody. It is equal to the ratio 

of the actual surface radiation intensity to the intensity of  the 

blackbody radiation when  assuming that both bodies have the 

same temperature [4]. This relationship is represented by the 

equation (1): 

 

DC

CR

W

W
  (1) 

 

where: WDC – black body radiation, WCR – Real body radiation.  

The total capacity of the blackbody emission is the Stefan-

Boltzmann law described by the equation (2):  

 

 4TWDC   (2) 

 

where: σ – Stefan-Boltzmann constant (≈5,67·10-8  [W/m2·K4]),  

T4 – temperature in Kelvin. 
Polished (mirror) surfaces are characterized by emission below 

0.1 while burnished surfaces or painted with black paint on the 

matte surface are best characterized  by a factor of ε=0.98. 

The simplest and quickest method for determining the factor is 

the use of emissivity tables for the tested material. A fragment of 

such an emissivity table is shown in Table 1. 

 

Tab. 1. Emissivity table , T - total spectrum, SW - 2-5 μm LW- 8-14 . μm,  

LLW - 6,5-20 μm, 1 - material 2 - description 3 - temperature [C]  

4 - spectrum, 5 - emissivity [3] 

 

1 2 3 4 5 

… … … … … 

Iron and 

steel 

electrolytic, carefully 

polished 
175-225 T 

0.05-0.06 

Iron and 

steel 
polished 100 T 

0.07 

Iron and 

steel 
polished 400-1000 T 

0.14-0.38 

Iron and 

steel 
shiny, pickled 150 T 

0.16 

Iron and 

steel 
heavily rusted 17 SW 

0.96 

Iron and 

steel 
strongly oxidized 500 T 

0.98 

… … … … … 

 

It should be noted that the emissivity tables refer to particular 

values of temperature or temperature range of the material and the 

quality of its surface. In most cases, it is an oxidized surface 

(covered in black) or polished. In real studies, it is very difficult to 

choose an emissivity factor for materials not included in the table, 

as it is in the case of cast iron used in brake discs. In other 

emissivity tables [11, 13] for substances not defined as steel and 

cast steel or in the case of cast iron, the emissivity value is  

ε = 0.81 and temperature T = 50°C without specifying the surface 

type. Other sources [13, 14] indicate that for the polished iron 

ε=0.21 and for the raw casting ε=0.8 at the temperature of  

T = 0°C, even without specifying the nature of the surface 

(roughness of the surface). In [17, 18], the temperature of the cast 

iron of the brake disc was determined, but the measurement was 

made by measuring the temperature on the thickness of the brake 

disc  not at the contact point with the brake disc. The obtained 

values were lower than those obtained from a measurement with 

thermocouples mounted 1 mm into the material of the brake disc 

as prescribed by the standard [16] in the research  of railway brake 

discs. 

Another frequently used method to determine the emissivity of 

the tested element is the method using black electrical tape with 

known emissivity. In this method, an IR camera is configured in 

terms of the measured apparent temperature, atmosphere, 

humidity and the distance from the object. The insulation tape is  

glued on the tested object. Then, in the thermal imaging camera 

the emissivity of 0.97 is intentionally introduced and the 

temperature of the tape, by using the function as an isotherm, is 

measured, point (straight) or rectangle. It is recommended, 

according to [4], to heat the object to a temperature higher by 

20°C relatively to  the ambient temperature. After writing the 

temperature on the black sample, the IR camera is moved to 

another area of the object (of varying roughness and color) and the 

emissivity in the camera is adjusted as long as the temperature will 

be the same as in the place with the black tape on the object. 

 In the case of brake discs, the said method can only determine 

the emissivity at a low disc temperature of  about 50°C, having 

regard to a surplus of the object temperature relatively  to the 

ambient temperature. However, due to the fact that the range of 

operation of the brake disc at higher temperatures averages 200-

400°C,  for the iron, depending on the simulated speed of braking 

and because of changes in roughness of the disc surface - the value 

of the emissivity will be different than that at a lower temperature. 

In [10], there are presented the results of laboratory tests which 
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determined the dependence of ε of the brake on the braking  

process parameters. The study explained the  change of emissivity 

by means of precipitation of the  friction material on the brake 

disc. 

The rest of the paper shows the method of determining the 

actual value of the ε coefficient, in a dozens of braking series with 

additional thermocouples mounted on the brake disc. 

 

2. The research methodology 
 

Research 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 brake discs with the outer diameter of 590 and 

640 mm and ventilation blades and a set of the friction pads of 

type 175 and 200 FR20.H.2. with a thickness of  35 mm. 

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 an IR camera was also used.  

 

 

 
 

Fig. 1.  View of thermocouples distribution on the brake disc in accordance  

with the [16] 

 

The holes for thermocouples (2,5mm) were drilled at 1200  

on three rays of the disc, r1 = rw + ¼ (rz   rw), r2 = rw+ ½ (rz   rw), and 

r3 = rw + ¾ (rz   rw) (rz- outer radius of the disc, rw - radius of the 

inner disc), as shown in Figure 1.  

Thermocouples against the friction surface of the disc were 

embedded 1 mm in the disc so that the ends of thermocouples, 

according to [16] were not destroyed by the friction pad. In the 

holes which were 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, there were holes shifted by 600 in relation 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 2. 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 the pad to the disc p=25 kN, 

–  beginning of the braking speed: v=120 km/h, 

–  braking mass per one disc: M=5.7 t. 

–  temperature of the disc at the beginning of braking T=100°C. 

 

 

 
 

Fig. 2.  Research methodology of  the brake disc temperature: 1-IR camera,  

2-friction ring, 3-ventilating blade 4- elastic bush, 5- TP-213K-a-200-200 

thermocouple,   rw-inner radius r3- thermocouple assembly ray , ε-emissivity, 

Wobj.1,2-radiation of the object 1, 2 

 

A view of the brake disc with mounted thermocouples and 

thermal imaging camera used for tests of the average temperature 

distribution of the disc brake is shown in Figure 3. 

 

 

 
 

Fig. 3.  Temperature measurement of the disc brake systems: a) thermocouples 

installed on the disc friction ring, b) thermal image of the disc brake system, 

c) thermal imaging camera FLIR E60 

 

 
Tab. 2. Values of the thermal imager configured for stand tests disc brake 

  

Emissivity 0.97 

Reflected apparent temperature 18˚C 

Distance 2 m 

Relative humidity 50% 

Air temperature 18˚C 

Temperature of the external optical system that it 20˚C 

Transmission of the optical external system  1.0 

 

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 ε=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 are shown in Table 2. 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. 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. Thermocouples were chosen based on [16]. The 

accuracy of temperature measurement using thermocouples on  

a validated brake according to [7] did not exceed 1%.  
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In place of study of the brake disc, there was no other source of 

heat, the engine driving position was separated by a cover and 

rotating masses and located at a distance of 5.5 m [7]. In addition, 

the test disc brake was protected from the environment three walls 

(front, rear and top), while on the left side there was additional 

protection from the rotating masses (Fig. 4b). In addition, during 

the study using the infrared camera illumination position was 

switched off. 

The temperature of the components located in the vicinity of the 

brake disc (e.g. elements of lever mechanism) did not exceed 30° C 

because of the forced cooling air to simulate movement of the 

train before braking in accordance with [9]. It should be stressed 

that more inhibition was followed by the descending disc at 50°C. 

In the second stage, thermal images were modified in  FLIR 

Tools software. Then, on the working surface of the disc (contact 

surface with the friction pad), an ellipse was marked (see Figure 

4), calculating the average value of the temperature from the 

polished surface. Next, 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 the method described in the [21]. 

 

 

 
 

Fig. 4.  Thermographic image of the FLIR E60 camera generated in the FLIR Tools: 

a) for 0,97 value of the emissivity, b) for emissivity amended 

 

Figure 4 shows an example of the thermal image of the brake 

disc in order to determine the real value of the emissivity. 

Analyzing Figure 4a) one can recognize that the temperature at the 

friction surface of the rail brake disk is lower than in the central 

portion (the fan blades). It is associated with several medium. 

Firstly, the braking friction surface cools faster because of the 

forced air in the front brake disc. In addition, the phenomenon of 

thermal conduction is a phenomenon, thus slow register 50°C 

before braking the thermocouple does not mean that the entire disc 

is cooled to that temperature. The thickness of the rail brake disc 

in accordance with [16] is 110 mm, which can cause the higher 

temperature of the central portion. The central part of the shield 

has a rough surface to the casting and in addition to the 

introduction of fixed (constant) values of emissivity (ε = 0.97), it 

was painted with black heat-resistant. Only in a subsequent step of 

image analysis in the FLIR Tools, the emissivity was changed to 

the temperature of the thermocouple and was the same as the area 

marked on the disc in the FLIR Tools. 

 

3. Research results 
 

During the tests, 70 brakes were investigated. The tests were 

conducted in the same initial conditions, i.e. at the same braking 

speed, pads pressure to the disc, braking mass and the temperature 

of the beginning of the braking. By changing the emissivity factor 

in FLIR Tools, the same values of disc temperature, measured by 

the use of  the thermocouples and IR camera were obtained. The 

values of the ε factor in the subsequent  brakings are shown in 

Figure 5. 

 

 

 
 

Fig. 5.  Change of the coefficient of variation in subsequent brakings in unchanged 

initial conditions. The dashed line represents a rational function, dotted  

line - the exponential function 

 

This was followed by approximation for different functions 

describing a change of the variation in the subsequent brakings by 

the highest value of the coefficient of determination according to 

the equation (3): 
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where:  



y – predicted value based on the model, y  – average 

value, yt  – real value. 

The highest values of the coefficient of determination R2 was 

obtained for two functions describing the change of the emissivity 

factor in the next brakings. It is a rational function described  

by equation (4), and the exponential function described by 

equation (5). 
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where: p– Number of the next braking p = 1, 2, 3, ... 

Both functions described in equations (4) and (5) approach 

asymptotically the value of 0.11 which corresponds to the 

normalized emissivity in the next brakings. However for further 

analysis, an approximating yε2 exponential function was used  

because of the  higher  R2 rate. On the basis of these 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 41th brake to the 70th brake. 

Figure 6 presents the average values of 10 brakings carried out 

one after another  in a series of 70 brakings. Additionally, the error 

bars with a standard error are  indicated on the graph. 
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Fig. 6. Comparison of the average emissivity factor  values of the brake disc from  

the tests on the braking position, from the next 10 brakings written as 1-10.  

It  means that it is the average value from  brakings from 1 to 10 
 

 

4. Compatibility of the λ-Kolmogorov test  
for the distribution of the brake disc 
emissivity factor 

 

The purpose of conducting  the λ-Kolmogorov compatibility test  

is a  hypothesis that the tested trait, i.e. a change in the emissivity 

of the brake disc, specified a theoretical distribution in the general 

population. The general population consisted of 70 brakings 

(n=70) on the braking position. For this population, 13 intervals 

with a width of 0.011  were established, as the maximum value of 

emissivity for this population was 0.18 and the lowest value – 

0.008 which gave a gap of 0.1. With the 13 class intervals,  it was 

possible to construct the histogram at which the value changed 

every 0.011. 

Using equations (6-7), the average value and standard deviation 

for the emissivity were calculated. They respectively were  

μ=0.1237 and S=0.01889, for the population of 70 measurements.   

The average value 
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where: xi – i- this value is variable, x = 1, 2, ..., n, n –  number of 

measurements. 

The standard deviation: 
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where: x  – average value, xi – i - this value is variable, x = 1,  

2, ..., n. 

The size distribution of the coefficient ε during the subsequent 

brakings, as shown in Figure 6, is approximated by a normal N 

distribution with an average μ  and S equivalent to δ2 standard 

deviation variance. 

The coefficient of determination R2 calculated from the equation 

(3) of the adjustment of the ε histogram distribution, measured 

relatively to the normal distribution N, was 0.947. 

 

 

 
 

Fig. 7. Comparison of the emissivity factor distribution number relatively to the 13 

interval classes 

 

On the basis of Figure 7, we hypothesized that the tested 

characteristic, i.e. the distribution of the emissivity of the brake 

disc, has  70 measurements  and the normal distribution N  

(0.1237 0.01889) in a given population, is described by equation 

(8) [5, 8] 
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The cumulative distribution of the exponential distribution is 

given by relationship (9) [5, 8]: 
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The λ-Kolmogorov Compatibility Test was carried out under the 

following conditions [2, 6]: 

1) the distribution of the general population with a continuous 

random variable F distribution function  was optional. 

2) a sample size n≥6. 

The following hypothesis were made: 

1) Ho : F = Fo, 

2) H1 : F ≠ Fo. 

To verify the hypotheses, the following statistics described by 

equations (10) and (11) [2, 6] were used: 

 

   nDU n   (10) 

 

   )()(max ioinn xFxFD   (11) 

 

where: Fn(xi) - empirical cumulative distribution function of the 

normal distribution, Fo(xi) - theoretical distribution function of the 

normal distribution. 

The critical area for the λ-Kolmogorov test is given by the 

relationship (12) [2, 6]: 

 

      ,1  KR  (12) 

 

where: K1-α - quantile of the Kolmogorov limiting distribution. 

The method of determining the statistic U is presented in Table 

3. Figure 8 shows the distribution course of  the theoretical and 

empirical normal distribution N. 
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Tab. 3. Verification of the hypothesis Ho with the λ-Kolmogorov compliance test,  

the change of the emissivity factor of the brake disc has 70 braking in  

a given population and the normal distribution N (0.1237 0.01889) 
 

Lp. xd - xg ni Fn(xg) nisk F(xg) F(xg)-Fn(xg)  

1 (0.047-0.058> 0 0 0 0.0010 0.0010  

2 (0.058-0.069> 0 0 0 0.0054 0.0054  

3 (0.069-0.080> 1 0.0143 1 0.0252 0.0109  

4 (0.080-0.091> 3 0.0571 4 0.0778 0.0207  

5 (0.091-0.102> 6 0.1429 10 0.1997 0.0568  

6  (0.113-0.124> 13 0.3286 23 0.3861 0.0575 maxDn 

7 (0.124-0.135> 19 0.6 42 0.6092 0.0092  

8 (0.135-0.146> 13 0.7857 55 0.7956 0.0098  

9 (0.146-0.157> 7 0.8857 62 0.9174 0.0317  

10 (0.157-0.168> 4 0.9429 66 0.9700 0.0272  

11 (0.168-0.179> 2 0.9714 68 0.9946 0.0232  

12 (0.179-0.190> 2 1 70 0.9990 0.0010  

13 (0.190-0.201> 0 1 70 1 0.0000  

ni- number of observations, 

nisk- cumulative numbers 

 

 

 
 

Fig. 8.  Fig. 8 Empirical and normal  distribution function for changing the emissivity 

factor of the brake disc. 

 

With the biggest difference in the distribution of empirical and 

theoretical  function which is 0.0575,  the tested function was 

calculated according to equation (10), which was: 

 

48,0700575,0 U  

 

The critical area was evaluated on the level of significance  

α = 0.01. From tables included in  [6] the Kolmogorov limiting 

quanta distribution: 

K1-α = 0.192 

 

because 

),( 1  KU  

 

 

 
 

Fig. 9.  Graphic representation of the test function and the critical area for three levels 

of significance  

 

The H0
 Hypothesis (read: the random variable which is an 

emissivity factor of the brake disc), has in a given population 70 

measurements and the  normal distribution N (0.1237 0.01889) 

has to  be rejected. 

 

5. Conclusions 
 

In this paper, there is assessed the variability of the emissivity 

factor of the brake disc as a low-carbon object. The study and 

review of the literature indicate a variability of ε coefficient in 

subsequent measurements (i.e. in the next brakings  carried out in 

constant, initial conditions). The obtained results show that the 

emissivity factor can be approximated by the exponential function 

represented by equation (5) with a high coefficient of 

determination R2 = 0.995. The studies carried out on the braking 

position showed that the ε coefficient changed from 0.18 and 

stabilized at a value of 0.11, which is included in emissivity tables 

presented in some guidebooks or in polished steel articles. 

However, it should be noted that the value of 0.11 is obtained after 

a few brakings  (in these tests after 30 brakings) at a temperature 

of about 170-180°C of the brake disc, measured with 

thermocouples during the stop time. The main cause of variability 

of the emissivity factor should be explained, which is already 

reported in the literature, by transferring the  friction material to 

the brake disc and change of the  brake disc  roughness in the first 

brakings. A cast brake disc is turned to size and in subsequent 

brakings the friction surface is similar to the polished one. The 

next stage is to find a dependence of the emissivity factor on the 

surface roughness measured by Ra parameter. Then more accurate 

determination of the thermo-mechanical model will be possible, 

not only dependent on the number of brakings. 

The practical aspect of the analyzes of infrared images is to 

develop a non-linear model of the emissivity (thereby giving its 

dispersion). In addition, equation (5) allows you to specify the 

number of brakings after the ε ratio stabilizes at a constant level. 

Another practical aspect of research conducted on the brake disc 

using a thermal imaging camera is the ability to identify surface 

defects on the disc such as surface cracks. A simpler method of 

indirect measurement of the temperature of the target is the 

measurement on high-emission parts on e.g. on its thickness. In 

[17, 18], it is shown, however, that the main limitation of this 

method is the need to introduce correction coefficients that allow 

converting the temperature with thick blades or a forced 

ventilation temperature friction ring. 

In the second part of the paper, an attempt to present the 

variability of emissivity with the N normal N distribution with an 

average μ and standard S deviation was made. However, the test 

of λ-Kolmogorov, conducted on a sample of 70 brakings did not 

show clearly that this is a normal distribution. We could only 

assume an empirical distribution despite the high coefficient of 

determination R2=0.94 and adjustment of the empirical 

distribution to the normal distribution with the arithmetic mean of 

70 measurements μ=0.1237 and S=standard deviation of  

S=0.01889 
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