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Numerical and Experimental Analysis of the Heat Transfer Process 
in a Railway Disc Brake

Andrzej WOLFF1, Jacek KUKULSKI2

Summary
Whether railway brakes are eff ective or not substantially depends on the thermal condition of the disc brake and friction 
linings. An eff ective research method of the heat transfer in brakes is computer simulation as well as experimental testing 
on a full-size dynamometric test bench. A 2-dimensional, axisymmetric numerical model of transient heat conduction in 
the railway brake is presented. Relevant boundary conditions concerning heat generated in the brake and dissipated to the 
environment are used. Th e problem is solved with the use of the fi nite element method. Th e experimental test and simula-
tion results related to intensive braking of the train from 320 km/h to a halt are preliminary compared. Th e approximate 
values of maximum temperatures at the end of braking are obtained – ca. 500°C with a certain divergence of temperature 
profi les during the process under consideration. It is advisable to further develop research concerning this problem.
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1. Introduction
1.1. Th ermal phenomena in brakes

Th e operation of railway and car brakes is insepa-
rably accompanied by thermal processes. Practice 
shows that they have a signifi cant impact on the op-
eration of brakes and intensity of friction pair wear, 
and also contribute to the damage of cooperating 
elements. A considerable infl uence on the course of 
tribological phenomena emerging at the contact 
of friction pairs is attributed to temperature. With its 
substantial growth, the friction coeffi  cient changes 
and usually its value drops. In eff ect, the braking ef-
fectiveness declines [1, 7, 13, 15, 17]. In addition, the 
resistance of cooperating elements to abrasive wear 
lowers. Subject to considerable thermal loads, the re-
sult may also be the structural and chemical degrada-
tion of the frictional material [1, 13, 15]. In turn, ther-
mal expansion is accompanied by deformation and 
heat stresses leading to short-term disruption of the 
cooperation between friction elements. As a result of 
cyclical stress, the material of a disc brake may break, 
starting from friction surfaces and going deeper into 
the material [1, 8].

Bearing the above in mind, the thermal phenom-
ena which accompany the operation of brakes are 
subject to numerous studies, both theoretical and ex-
perimental [113,1519].

1.2. Railway brakes testing

Th e braking system is one of the major solutions 
infl uencing the operational reliability and safety of 
rail vehicles. It is used in all types of vehicles. Th e op-
eration of braking systems in challenging conditions, 
related to the growth of operating speed, loads and 
frequency of operation, leads to a need to include ef-
fects related to structure dynamics in the design pro-
cess. Th e rise in driving speed and vehicle weight as 
well as the use of new materials for elements of fric-
tion pairs result in new obstacles in braking systems.

As a result of friction occurring in disc brakes, me-
chanical energy converts into thermal energy. With 
regard to braking systems used in mechanical vehi-
cles (road and rail vehicles), this phenomenon results 
from frictional interaction between the brake lining 
and surface of the disc brake. Th e heat accumulated 
in frictional elements of such units leads to thermal 
disturbances which, in turn, result in the emergence 
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of unfavorable phenomena, such as hot spots, cracks, 
etc. [5, 6].

Many researchers have dealt with the analysis of 
braking systems. Th e authors of one work [5] pre-
sented their research results obtained from a real rail 
vehicle braking system, showing the generation of hot 
areas during tribological tests of friction pairs of rail-
way brakes. Such phenomena reduce the   eff ectiveness 
of braking and cause chemical changes in the struc-
ture of braking elements made of organic materials. 
Another work [6] was dedicated to the study of heat 
distribution caused by friction in braking systems in 
high-speed rail vehicles. In [4], in turn, the author 
presented bench tests of sintered brake linings from 
the initial speed of 300 km/h; tribological results of 
the frictional material covered by these studies were 
demonstrated there.

2. Heat transfer model in railway brakes

2.1. Mathematical model of heat conduction

Th e heat transfer in the brake should be considered 
as transient process. Th is is the case due to the fact that 
the following are variable in time: heat generated dur-
ing braking and dissipated to the environment, as well 
as the temperature fi eld of brake frictional elements. 
he primary task is to choose a suitable mathematical 
model of heat transfer in railway brakes (Fig. 1). In 
practice, a major role is played by the heat conduction 
through the brake rotor (here: disc).

Fig. 1. General physical model of heat transfer in a disc brake: 
a) heat generated on the frictional surface Γq of the brake, b) heat 

dissipated to the environment from whirling surfaces Γk [18]

Analyzing the geometric shapes of full (i.e. non-
ventilated) railway brake discs, we can assume that 
they are axisymmetric. Such symmetry does not ap-

ply to boundary conditions of the heat transfer prob-
lem under consideration. It is necessary to note that 
friction pads, at the contact with which the heat fl ux 
is generated, cover only a part of the disc perimeter 
(brake rotor). Apart from this, the pressure distri-
bution on the perimeter of the disc is uneven, and 
therefore the heat fl ux is not uniformly distributed. 
We need to remember, however, that the rotor moves 
in relation to linings. For this reason, the assumption 
of axisymmetry of the heat fl ux on frictional surfaces 
means only time – averaged boundary conditions in 
the period corresponding to one rotation of the disc 
brake. Th is kind of simplifi cation ends up with a mi-
nor mistake, particularly at high rotational speeds of 
the brake rotor.

For the aforesaid reasons, a two-dimensional, axi-
symmetric model was chosen for simulation studies 
of the heat transfer phenomena in railway brakes.

In this case, the heat conduction equation will take 
the following form [14]:
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where: 
ρ, c, λ  mass density, specifi c heat and thermal 

conductivity of the rotor,
r, z – cylindrical coordinates,
T – temperature,
t – time.

Th e heat fl ux q is generated on friction surfaces of 
the rotor Γq (Fig. la). Here are boundary conditions of 
the II type, in the form [1418]:
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where:

 'q q   and q pv , (3)

where:
ξ – coeffi  cient of heat fl ux distribution between the 

rotor and friction linings,
μ – friction coeffi  cient,
p – pressure (between the rotor and brake lining),
v – slip velocity.

Th e heat transfer with the environment occurs on 
the free surfaces Γk (Fig. lb). Th is is described by bound-
ary conditions of the III type, in the form [1418]:
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where:
 
 k pr    , (5)

where:
αk – convection-based heat transfer coeffi  cient,
αpr – radiation-based heat transfer coeffi  cient,
T – ambient temperature.

Th e form of the initial condition for the problem 
under consideration is as follows [1418]:

  0 0, ,T r z t T , (6)

where: T0 – initial temperature.

2.2. Boundary conditions of the problem

Integral parts of every mathematical model are 
boundary conditions. First of all – heat fl ux distrib-
uted between a disc (brake rotor) and friction linings 
is generated on frictional surfaces. Th e biggest part of 
this fl ux is transferred to the rotor due to the consid-
erable diff erence between:
1) values of thermal parameters of friction pair mate-

rials,
2) areas of active frictional surface of both elements 

of the pair [1518].

Th e heat fl ux generated in the brake examined on 
the inertia test bench was established in the way spec-
ifi ed in subsection 4.2 of this article – equation (7).

Secondly – there is a complex heat transfer with the 
environment on the free surfaces of the brake, based 
primarily on convection, and to a  lesser extent on 
radiation. Th e impact of radiation rises substantially 
only at very high temperatures (range: 300–500°C). 
A highly diffi  cult task is to establish the value of the 
coeffi  cient of the convection-based heat transfer with 
the environment. Th is is mainly the result of the com-
plexity of conditions of the brake fl ow by the cool-
ing air, as well as the variability of these conditions. 
As a  rule, the above-stated parameter is determined 
with the use of criterion formulas of similarity theory 
[1418]. Our own computer soft ware for generat-
ing boundary conditions of the II and III type, called 
GENTGV, has been developed, eq. (2)–(5).

Interestingly, in the last couple of years, the fl ow 
around brakes and convection-based heat transfer 
have been modelled with the use of CFD soft ware 
(Computational Fluid Dynamics) [10, 12].

2.3. Th e numerical method used to solve 
the problem

In the fi rst place, the possibility of solving the issue 
of thermal conductivity in brakes with the use of three 
numerical methods was studied: the fi nite diff erence, fi -
nite element and boundary element methods [14, 20]. As 
a result of the aforesaid analysis, the fi nite element meth-
od was chosen. Th is was primarily due to the following 
factors: the all-purpose nature of its algorithm and wide-
spread presence, as well as the capability of precise ap-
proximation of the edge of the analyzed objects. Elements 
of axisymmetric shape were used. In their axial sections, 
these are four-sided, 8-node elements, with straight or 
curved edges (2-order isoparametric elements) [15, 20]. 
For the purposes of analysis of the heat transfer in brakes, 
the relevant computer program of the fi nite element 
method called FEMHEAT was developed [15].

3. Experimental testing

3.1. Dynamometer stand

Th e experimental tests were conducted on the spe-
cial inertial braking bench intended to test friction 
pairs of brakes of rail vehicles of the Railway Institute. 
Th e test bench has been certifi ed by UIC (Internation-
al Union of Railways) for all-purpose braking benches 
with the max. speed up to 420 km/h. Th e design of 
the test bench allows friction pairs of railway brakes, 
dedicated to high-speed fi xed-formation trains, train 
units, locomotives and rail buses of natural size cor-
responding to reality, to be tested. Fig. 2 shows the 
stationary test stand as well as a test cabin view.

Th e basic technical parameters of the inertial test 
stand are presented in Table 1.

3.2. Research program

Th e research procedure encompassed bench tests 
in a steel axial disc without ventilation of the following 
dimensions: 640x45 mm. Th ese discs were used in the 
fi rst TGV trains manufactured by Alstom. Th e tests ad-
opted sintered brake linings with a total contact surface 
with the disc brake of 400 cm2 (Fig. 3a). Table  2 de-
picts selected research programs for the full disc brake 
mounted on the axis (without ventilating ducts).

Braking no. 2 was completed shortly aft er braking 
no. 1 without any additional procedure for cooling the 
disc brake down. Cooling took place when gathering 
speed with a constant acceleration of 0.3 m/s2 to reach 
the required speed of 320 km/h. Due to the lack of 
ventilating ducts, the temperature of the full friction 
disc surface was measured with the use of special slip 
thermocouples (Fig. 3b).
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Fig. 2. Stationary test stand: (a) general view, (b) test cabin [photos by J. Kukulski]

Table 1
Basic technical parameters of the inertial test stan

Item Parameter Value
1. Range of vehicle speed (for wheel Ø 890 mm) [km/h] 3.5÷420
2. Maximum rotational speed [r./min.] 2500
3. Driving motor power at 1150 r./min [kW] 536
4. Torque up to 1150 r./min. [Nm] 4450

5.
Max. braking torque:
‒ braking to a halt [Nm],
‒ continuous braking [Nm].

3000
4450

6. Range of moments of mass inertia with electric simulation [kgm2] 150÷3000
7. Maximum simulated mass per friction pair [t] 15
8. Range of total pressure force adjustment for brake shoes in the disc brake [kN] 0÷60
9. Range of temperatures for the disc brake (road wheel) [°C] 0÷1000

[Own study].

Table 2
Research program for full disc brake mounted on the axis

Test parameters

Test no. Vmax [km/h] pressure force of brake 
linings F [kN] braking weight m [kg] temperature at the outset 

of braking Ta [°C]
Braking 1 320 14/18 4000 60
Braking 2 320 19/25 4500 150

[Own study].

3.3. Test results

Th e results of experimental tests of two cases of 
braking are demonstrated in Table 3 and in Figs. 47.

Th e fi gures illustrate registered parameters, such as 
average temperatures on the surface of the disc from 
six slip thermocouples, the pressure of the linings on 
the friction surface of the disc, braking energy, as well 
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as temporary friction coeffi  cient in the linear speed of 
the whirling object.

Analyzing the diagrams above, you can notice that 
throughout braking the temperature rises almost lin-
early to reach the maximum value. A distinctive ef-

fect was not recorded; the eff ect was concerned with 
a slight drop in temperature of the disc friction sur-
face at the end of the braking process (with low speed 
and amount of heat generated). Th is may arise from 
imperfect slip thermocouple measurements.

Fig. 3. Research object: a) brake disc and linings, b) sliding thermocouples [photos by J. Kukulski]

Table 3
Results of experimental tests of two cases of braking

Test no. Vp [km/h] Braking energy 
[MJ]

Braking power 
[kW]

Braking 
distance [m]

Average friction 
coeffi  cient Mean valueTmax [°C]

1 320 15.45 186 6859 0.278 338

2 320 17.19 257 5287 0.297 465

[Own study].

Fig. 4. Friction coeffi  cient and 
average temperature of the disc 
surface versus time for braking 
from V = 320 km/h (braking 

no. 1) [own study]
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Fig. 5. Pressure force of linings, 
average temperature of disc surface 
and braking energy versus time for 

test braking from V = 320 km/h 
(braking no. 1) [own study]

Fig. 6. Friction coeffi  cient and 
average temperature of disc surface 

versus time for braking from 
V = 320 km/h (braking no. 2) 

[own study]

Fig. 7. Pressure force of linings, 
average temperature of disc surface 
and braking energy versus time for 

test braking from V = 320 km/h 
(braking no. 2) [own study]
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4. Simulation investigations

4.1. Research object

Th e simulations were performed for the disc brake 
of a high-speed rail vehicle (Fig. 8). Th e basic param-
eters of this brake are presented in Table 4.

It is important that we emphasize the fact that one 
wheel of the rail car axle applies to two brake discs. 
For this reason, a symmetry plane can be found on the 
right side of Fig. 8a.

Fig. 8b shows the mesh of fi nite elements of the disc 
(without disc hub) initially adopted. Further analy-
ses are intended to supplement the mesh to include 
skipped parts connected to the disc brake. Fig. 8b dis-
tinguishes also mesh nodes in which the temperature 
variations over time were calculated. Th ese points ap-

ply to frictional surface and 4 diff erent depths (4, 8 
and 15.25 mm) under this surface up to the center of 
the disc thickness (22.5 mm).

In turn, Fig. 8c presents the location of slip ther-
mocouples of the brake under consideration (see 
Fig.  3). In further analyses, it is planned to slightly 
correct the mesh of fi nite elements so that the points 
of thermocouple location coincide with the location 
of corner nodes, or nodes in the middle of the edges 
of elements.

4.2. Results of simulation investigations

Th e purpose of numerical simulations was to re-
construct the heat transfer conditions available dur-
ing previously described (point 3) experimental tests 
of the disc brake on the inertial test bench.

Table 4
Technical data of rail vehicle brake

General parameters of the brake

External diameter of the disc brake [mm] 640

Th ickness of the disc brake [mm] 45

Frictional surface Brake rotor Friction linings

Disc brake [m2] 0.2099 0.0400

Material parameters Steel disc brake Friction linings

Heat conduction coeffi  cient [W/mK] 37.2 2.4

Density [kg/m3] 7300 5250

Specifi c heat [J/kgK] 615 1600

[Own study].

Fig. 8. Axial section of a high-speed train brake disc: a) overview drawing, b) marking of friction lining and initially adopted mesh of 
fi nite elements of the brake rotor (without disc hub), c) location of thermocouples of the disc under consideration [own study]
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Th e calculations were made for braking no. 2 
(Tab. 2). Figure 9 shows the time trends for train for-
ward speed and angular velocity of the disc brake re-
constructed on the inertial test bench. In the case of in-
tensive braking until a halt, both values decline almost 
linearly over braking time. Th e initial speed of the rail 
vehicle is high and equals 320 km/h, which applies to 
an angular velocity of the disc brake ca. 200 rad/s.

Th e inertial test bench ensured suffi  ciently high 
brake thermal loads, similar to the ones existent when 
the rail vehicle brakes in real conditions and similar 
sliding speed of brake friction pairs [5, 6].

Th e heat transfer rate generated in the brake Q’(t) 
was established on the basis of known time trends of 
braking torque MH(t) and angular velocity ω(t) of the 
inertial bench shaft , and therefore the disc brake un-
der consideration:

 ( )( ) ( ) ( ) ( )
30H r r
n tQ t M t t F t r 

      (7)

where:
Fr(t), n(t)  measured time trends of the force on 

the reaction arm rr and rotational speed of the 
test bench shaft .

Next, the time trend for heat fl ux q’(t) which pen-
etrates the disc was established, equation (3). Th e size 
of the friction surface of the rotor and linings as well 
as the distribution of the heat fl ux at the contact of 
friction pairs were taken into account. Th e time trends 
of Q’(t) and q’(t) are depicted in Fig. 10.

Due to the two-stage braking of the rail vehicle, near 
44 s a clear growth in the heat fl ux generated in the brake 
can be observed. Th en, both Q’(t) and q’(t) drop almost 
linearly to zero as the braking time passes. Fig. 11 shows 
the time trends for the heat transfer coeffi  cients αi on 
free surfaces (Γki , I = 1,…,4) of the disc brake.

On the right side of the diagram we can fi nd the as-
sumed free surfaces Γk of the disc brake, from which heat 
fl ows out to the environment. Th e dependencies con-
cerning the coeffi  cients of heat transfer on these surfaces 
(disc, external and internal cylindrical) were given in 
another work [15]. Th e heat transfer coeffi  cient values 
(Fig. 11) decline along with a drop in rail vehicle speed, 
and consequently a drop in the brake fl ow-round inten-
sity. Interestingly, in the preliminary analysis of the heat 
conduction through the brake rotor, the disc hub was 
not taken into account. Th e heat transfer to this area was 
replaced with a  suitable outfl ow into the environment 
through the internal cylindrical surface Γk4.

Fig. 9. Simulated train forward speed 
and angular velocity of the disc brake 

tested on the inertial bench versus 
time. Braking from the initial speed of 

v0 = 320 km/h until a halt 
(braking no. 2)

Fig. 10. Heat transfer rate Q’[W] 
generated in the disc brake and heat 

fl ux q’ [W/m2] on its frictional surface 
versus time. Two-stage braking from 

the initial speed of v0 = 320 km/h until 
a halt [own study]
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Th e time trends presented in Fig. 11 served as 
boundary conditions of the III type in the developed 
heat conduction model.

Fig. 12 shows the time trends for temperatures at 5 
chosen points of the disc section (Fig. 8b), including the 
friction surface. As expected, the temperature trends at 
all points are nearly monotonous. Th e fastest growth 
in temperature is observed on the disc friction surface 
where heat is generated. Th e further from this surface, 
the milder the growth of temperature at this point. Th e 
calculated temperatures apply to frictional surface and 
4 diff erent depths under this surface (Fig. 8b) up to the 
center of disc thickness. In the fi nal braking stage, when 
a small amount of heat is generated, the temperature on 
the frictional surface drops slightly. Th e outfl ow of heat 
to further parts of the brake rotor rises.

Such a nature of temperature trends in disc brakes 
has been confi rmed in many works, including some 
by one of the authors of this publication [1518].

5. Comparison of simulation and experi-
mental test results

Fig. 13 presents the time trends for temperatures 
on two friction surfaces of the disc, measured by 6 slip 
thermocouples (Fig. 8c). Th e calculated time trend for 
the temperature in the center of the frictional surface, 
that is, near the thermocouples T2 and T5 (Fig. 8c), is 
illustrated. Simultaneously, the results of experimen-
tal tests and simulations were subject to preliminary 
comparison. Similar values of maximum tempera-
tures at the end of braking were achieved – ca. 500oC. 
We can clearly observe a  certain divergence of time 
trends for temperatures during the process under 
consideration. Th is may result from imperfect slip 
thermocouple measurements. It is advisable to de-
velop further studies of this issue.

Fig. 11. Heat transfer coeffi  cients αi 
on free surfaces (Γki , I = 1,…,4) of the 
disc brake vesus time. Braking from 

the initial speed of v0 = 320 km/h until 
a halt [own study]

Fig. 12. Temperatures Ti at selected 
points (Fig. 8b) of the disc brake versus 

time. (Th e calculated temperatures 
concern frictional surface and 

4 various depths under this surface, up 
to the center of disc thickness). Vehicle 
braking with the average deceleration 

ah ≈ 0.8 m/s2 from the initial speed 
of v0 = 320 km/h until a halt. Th e disc 
initially heated up to the temperature 

of T0 ≈ 150°C [own study]
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6. Conclusions
Th e experimental tests and simulations carried out 

serve as an introduction to further research and are 
aimed at using the authors’ application in testing the rail-
way brake. Th e tests will be continued in order to check 
other variants and assumptions related to friction pairs.

Based on the comparison of the results of bench 
tests and simulations, similar values of maximum 
temperatures at the end of braking were obtained, 
that is ca. 500oC. However, certain divergence in the 
time trends of temperatures during the process under 
consideration was recorded. Th is may result from im-
perfect slip thermocouple measurements or material 
assumptions of the simulation model.

Th e tests on the inertial bench and simulation 
program can be used to analyze the heat transfer in 
railway brakes, assess or forecast changes in braking 
eff ectiveness due to the thermal condition of brakes 
and optimization of the brake design.
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