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Adapting a scaled twin-disc device for tread braking investigations based on 
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A B S T R A C T

The present paper shows the design of a scaled tread braking system to be included in a scaled twin-disc system, 
to carry out thermomechanical investigations on wheel and shoe materials. The test bench consists of two discs, 
pressed against each other, simulating the wheel-rail contact. A pneumatic cylinder pushes scaled brake shoes 
against the wheel tread surface, and a fan-nozzle device improves convection cooling. As a major novelty, both 
systems are designed to comply with a new thermal scaling method, that is specifically identified to obtain the 
same temperature field on the scaled twin-disc as for a full-scale system. The paper thoroughly describes the 
mathematical background of the new thermal scaling method, which is then preliminarily validated with finite 
element thermal models for both the brake block and wheel. The greatest advantage of the final twin-disc 
configuration is that it allows to carry out investigations of wheel-rail wear phenomena as well as studies on 
the thermomechanical interaction between wheels and brake shoes, while adhering to scaling rules that 
corroborate the validity of the experimental results.

1. Introduction

Tread braking in railway vehicles works by pressing brake blocks 
against the wheel tread surface, generating friction that dissipates ki
netic energy as heat, thus raising the wheel temperature. The wheel 
tread simultaneously transfers part of this heat through convection with 
ambient air and through conduction to the colder rail at the wheel-rail 
contact patch, a process known as “rail chill” [1]. The repeated cycle 
of heating and cooling may cause detrimental effects, including micro
structural changes near the contact surface and high tensile stresses on 
the wheel surface [2,3]. These stresses may lead to thermomechanical 
crack formation on the wheel tread, thus compromising vehicle safety 
and requiring more frequent wheel profile maintenance. Therefore, a 
deep understanding of the interaction between railway wheels and 
brake blocks is essential. Several studies have been carried out to study 
the damage on railway wheels, and they have been conducted on the 
field [4], in laboratory environments using full scale [5,6] or small-scale 
test rigs [7–12] and even via simulated experiments [13–15].

While full-scale testing allows to simulate phenomena with great 
fidelity and accuracy, they are expensive and not suitable for small 
laboratory facilities. Alternatively, small-scale benches allow to gather 
useful insights on the tribological behaviour of wheels, while also 

maintaining low construction and setup costs. Scaled test rigs however 
require a scaling strategy to be defined, which is chosen depending on 
the goals of the experimental activities. In fact, size scaling translates to 
the scaling of all other physical quantities to ensure compatibility be
tween the scaled system and the full-scale counterpart. This means that 
to effectively correlate data from scaled test rigs to full-scale systems, a 
similitude model (or scaling rule) is essential. A detailed mathematical 
analysis of the derivation of scaling factors relevant to railway dynamics 
is thoroughly discussed and presented in the review by Bosso et al. [16].

Among the small-scale test rigs commonly used to study the tribo
logical properties of steels used in wheel-rail systems, twin-disc ma
chines have attracted attention from researchers over the last years, as 
they allow to replicate contact phenomena better than tribometers such 
as the pin-on-disc and ball-on-disc machines, while still maintaining 
reduced costs with respect to full-scale and on-field tests [17].

Twin-disc test rigs are usually adopted to analyse a multitude of 
tribological parameters on the steels used in wheel-rail systems, such as 
wear rate, crack nucleation and propagation, coefficient of friction 
(COF) [17–24]. Whilst common twin-disc systems do not comply with 
specific scaling rules, the railway research group from Politecnico di 
Torino (PoliTo) recently designed a novel scaled twin-disc device [25] 
based on Pascal’s similitude model, which allows to obtain the same 
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contact pressure as for a full-scale system [16,26]. The main novelty of 
the test bench is that both the rail and wheel discs are machined to the 
actual scaled profile shapes, and the lateral rail profile is adjusted to 
compensate for the longitudinal roller curvature. A detailed description 
of the original configuration of the novel test rig can be found in 
Ref. [25]. The novel twin-disc was originally designed to perform wear 
tests on wheel and rail steels, in order to validate numerical models for 
the prediction of the wheel and rail profile evolution [27,28]. To 
investigate thermomechanical phenomena related to the wheel-block 
contact, the PoliTo research group was initially planning to design and 
build a separate scaled test bench. However, to optimize costs and 
minimize laboratory space requirements, it was decided to adapt and 
upgrade the novel twin-disc. As the bench was originally conceived for 
wear investigations following Pascal’s similitude model, the adaptation 
required the definition of a different scaling rule for the investigation of 
thermal phenomena, to ensure a strong correlation between the data 
gathered from the scaled tests and the real-world scenarios. The present 
paper shows in detail the derivation of an ad-hoc scaling rule for thermal 
phenomena and the consequent design of the new components to be 
installed on the bench to perform tread braking tests with the scaled 
twin-disc.

The paper is organised as follows. Section 2 describes the original 
configuration of the novel twin-disc rig designed in past activities by the 
PoliTo railway research team, which represents the starting point for the 
upgrades with installation of the scaled tread braking system. Section 3
focuses on the derivation of the new thermal similitude model and on its 
validation through finite element (FE) analysis. Next, Section 4 describes 
the design of the scaled tread braking system with scaled shoes based on 
the design constraints applied by the new thermal scaling rule, and then 
shows the final configuration of the twin-disc. The final configuration of 
the scaled twin-disc with the scaled tread braking system allows to 
execute wear tests as well as to investigate the thermal behaviour caused 
by tread braking operations. Finally, the Conclusion section summarises 
the activity that was carried out and discusses other types of tests that 
can be possibly executed in the future with the upgraded twin-disc 
configuration.

2. Original design of the bench

The novel twin-disc was originally designed for the investigation of 
wear at the wheel-rail interface. The bench CAD model is shown in 
Fig. 1.

The test rig is connected to a rigid frame (1) with a series of bolts. The 
core components of the twin-disc tribometer are the disc specimens (5) 
and (6), each driven by a brushless motor (7), allowing to reach the 

desired creepage between them. Both wheel and rail rollers include a 
hub (8), which is connected to the corresponding shaft (9). Two steel 
traction rods (2) connect the upper (3) and lower (4) plates and support 
the load application system. The latter is based on helical springs (10) 
which apply the normal load at the contact interface between the rollers, 
thus reproducing the required axle-load value. These springs, positioned 
between the loading beam (11) and the upper plate (3), ensure a limited 
loss of the contact load as profiles wear over time. Additionally, a linear 
potentiometer (12), mounted parallel to the compression springs, allows 
to accurately measure the load applied by the system.

The bench adheres to Pascal’s similitude model [16,26], which aims 
at keeping the same pressure on the scaled and full-scale systems. 
Table 1 shows the values of the scaling factors according to Pascal’s 
scaling rule for the main quantities of interest, given as a function of the 
scaling factor for sizes φL. The novel bench has a scaling factor for sizes 
φL = 5, i.e., sizes on the bench are smaller by a factor 5 with respect to 
the full-scale values.

To also ensure a consistent scaling of the contact area, which is not 
inherently addressed by Pascal’s similitude model, the rail disc profile 
was modified. In fact, although Pascal’s similitude model theoretically 
allows to keep the same normal pressure in the full-scale and scaled 
systems, the rail roller features a finite longitudinal curvature, which 
differs from the infinite longitudinal curvature of a real rail. Therefore, 
as a major novelty of the new test bench, a change in the lateral cur
vature of the rail roller profile was performed, to compensate for the 
roller radius in longitudinal direction.

The bench is designed to perform different types of tests. By con
trolling the angular speed of each motor and adjusting the normal load, 
tests can be carried out at different values of creepage, reference speed 
and contact pressure. The amount of worn material can be measured 
using a laser system already available in the laboratories of the research 
group, which will be installed on the bench in future upgrades of the 
activities. The wear tests will be run to tune wear coefficients adopted in 
several heuristic wear laws for different operating conditions of railway 
vehicles [29,30]. Alternatively, adhesion tests can be performed by 
setting a constant speed for one disc while progressively increasing the 
resistant torque on the other roller, allowing measurement of adhesion 
curves in dynamic conditions.

It is believed that the key features of the newly designed bench, 
namely the use of scaled profiles and the correction of the lateral cur
vature of the rail disc profile, will allow to derive data that more closely 
matches real-world operating conditions of railway vehicles.

As an upgrade of the original configuration, the activity shown in the 
present paper aims at adding a scaled tread braking system on the novel 
twin-disc. This upgrade enables the investigation of the thermal 
behaviour of wheels and shoes during the application of braking forces. 
However, to effectively correlate data from scaled test rigs to full-scale 
wheel-brake contact, a suitable thermal similitude model is essential.

Fig. 1. (a) CAD model of the novel twin-disc tribometer and (b) detail of the 
wheel and rail rollers. (1) Rigid frame, (2) Traction rods, (3) Upper plate, (4) 
Lower plate, (5) Wheel disc, (6) Rail disc, (7) Brushless motor, (8) Disc hubs, (9) 
Disc shafts, (10) Helical springs, (11) Loading beam, (12) Linear potentiometer.

Table 1 
Scaling factors according to Pascal’s similitude model.

Quantity Scaling Factor

Length φL
Density 1
Young’s modulus 1
Contact Pressure 1
Area φL

2

Time φL
Speed 1
Acceleration φL

− 1

Mass φL
3

Force φL
2

Weight φL
3

M. Magelli et al.                                                                                                                                                                                                                                 Wear 574–575 (2025) 206105 

2 



3. Thermal scaling for drag braking operations

3.1. Derivation of the thermal scaling rule

A novel similitude model must be developed for thermal investiga
tion purposes, considering the constraints represented by design choices 
previously made to obtain the original bench configuration and due to 
the original Pascal’s similitude model. A novel thermal scaling rule is 
essential to correlate the results obtained on the scaled test rig to full- 
scale quantities. The main advantage of employing the novel thermal 
scaling rule during experimental campaigns is that the thermal field of 
the scaled components is the same as the one on the full-scale systems. 
This means that data obtained from experimental tests run with the 
scaled test rig are indicative of real drag braking scenarios.

According to a well-established literature approach, in this paper the 
thermal similitude model is obtained by writing the system of partial 
derivatives differential equations (PDE) governing the thermal problem 
for the full scale and scaled systems. The idea is to identify a set of non- 
dimensional groups that should have the same value on the scaled and 
full-scale systems.

If constant thermal properties are considered, thus neglecting the 
dependency of material properties on temperature, a PDE with pre
scribed boundary conditions (BCs) and initial conditions (ICs) in the 
following form can be derived for both the wheel and brake block: 
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

ρcṪ = λ∇2T, Ω

− λ∇T⋅n = Φin(t), Γ1

− λ∇T⋅n = U(TB − T), Γ2

T(x, t = 0) = T0(x)

(1) 

where T is temperature, Ṫ is the temperature time derivative, t is time, x 
is the vector of coordinates defining points belonging to the computa
tional domain Ω, Γ1 is a domain border where heat flux Φin is prescribed, 
Γ2 is a domain border where convection is prescribed, with fluid tem
perature TB and convection coefficient U, T0 is the function providing 
the initial temperature field over the domain and finally ρ is density, c is 
specific heat and λ is thermal conductivity. It can be easily noticed that 
in Equation (1) the first expression is the diffusion equation, governing 
the thermal problem in a solid body, the second and third expression 
state the BCs of prescribed heat flux and convection, respectively, and 
finally the last expression prescribes the IC in terms of the initial tem
perature field over the computational domain, i.e., the wheel/brake 
block.

When considering either a full scale or scaled system, it is possible to 
identify reference values for the main quantities that appear in the PDE 
system as stated by Equation (1), so that all the expressions can be re- 
written in terms of non-dimensional variables. Therefore, it is possible 
to define the following normalized quantities: 

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

T =
T
T*

x =
x
L*

t =
t
t*

Φ =
Φin

Φ*

U =
U
U*

TB =
TB

TB
*

(2) 

where the asterisk is used to identify the reference values and the line 
over each symbol is used to refer to a non-dimensional quantity. By 
including Equation (2) into Equation (1), it is possible to obtain the 
following system of PDEs in terms of non-dimensional variables:  

From the PDE system written in terms of non-dimensional variables 
as stated by Equation (3), it is possible to identify the following four non- 
dimensional groups: 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

A1 =
λ
ρc

t*

L*2

A2 =
Φ*L*

λ

A3 =
U*L*TB

*

λT*

A4 =
U*L*

λ

(4) 

among which the reader can observe that A4 corresponds to the well- 
known Biot number Bi, i.e., A4 = Bi. Furthermore, in case a reference 
speed is defined, such that: 

V* =
L*

t*
(5) 

it can be observed that the first non-dimensional group corresponds to 
the inverse of the Peclet number Pe, i.e., A1 = Pe− 1.

The identification of the four non-dimensional groups in Equation 
(4) allows to state that a full-scale and scaled system have the same 
thermal behaviour if the non-dimensional groups feature the same value 
on the two systems. This means that if scaling quantities are defined for 
the non-dimensional groups as: 

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Ṫ =
λ
ρc

t*

L*2∇
2T, Ω∇T⋅n = −

Φ*L*

λ
Φ(t), Γ1∇T⋅n = −

U*L*

λT* U(TB
*TB − T*T), Γ2T(x, t = 0) = T0(x) (3) 
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φAj =

(
Aj
)

f
(
Aj
)

s

(6) 

where j = 1–4 and subscripts f and s refer to the full-scaled and scaled 
system respectively, they should be unitary to ensure perfect thermal 
similarity. Equation (6) allows to relate the scaling of the non- 
dimensional groups to the scaling factor of the individual quantities 
appearing on the right-hand side of the expressions in Equation (4). 
Hence, considering that the scaled wheel and brake blocks are made of 
the same materials as for the real components, the following expressions 
hold: 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

φA1 =
φt

φL
2

φA2 = φΦφL

φA3 =
φUφLφTB

φT

φA4 = φUφL

(7) 

where again φQ refers to the scaling factor for the generic quantity Q. 
Considering that temperature inside the body T and temperature of the 
ambient air TB should be scaled according to the same factor, only three 
scaling factors can be defined, as φA3 = φA4 = φBi. It is easy to 
demonstrate that with Pascal’s similitude model, see Table 1, the three 
scaling factors for the non-dimensional quantities are: 
⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

φA1 =
1
φL

φA2 = φL

φBi = φUφL

(8) 

which hinders a perfect thermal similitude on the scaled bench. How
ever, when using the bench for thermal investigations, less attention will 
be paid to the wheel-rail contact interaction, and focus will be mostly on 
the wheel-shoe contact. Therefore, a different similitude model is 
developed to enable the execution of thermal investigations on the 
upgraded test bench including scaled brake blocks. Precisely, in this 
paper, a model that enables perfect thermal scaling for drag braking 
operations is developed and its validity is proved with finite element 
(FE) analyses.

In drag braking operations, a braking effort is applied to keep a 
constant speed over a downhill track section. Drag braking operations 
are used to assess the thermal capacity of brake blocks and wheels, as the 
well-known European “TSI Wag” rule [31] defines a reference drag 
braking scenario. The latter corresponds to the braking power required 
to keep a constant speed of 70 km/h on a downhill section with slope 
equal to the one of the Gotthard tunnel on a vehicle with axle load of 
22.5 tons, and it should be applied for a total duration of 34 min.

For drag braking operations, a thermal similitude model can be 
easily defined considering a proper scaling of the thermal flux. A perfect 
thermal scaling of the diffusion equation can be obtained by applying 
the braking power for a much shorter time on the scaled bench, such that 
φt = φL

2. This scaling is different from Pascal’s model, that prescribes a 
scaling factor of time equal to the scaling factor of length, but it allows to 
obtain a unitary factor for the first non-dimensional group, i.e., φA1 = 1. 
Similarly, if the applied thermal flux is amplified on the scaled test 
bench, such that φΦ = 1

φL
, then the second non-dimensional number has 

a unitary scaling, namely φA2 = 1. Finally, to obtain a unitary scaling for 
the last non-dimensional group, i.e., the Biot number, the convection 
coefficient should be magnified on the scaled twin-disc bench such that 
φU = 1

φL
. The main design challenges for a perfect scaling of the thermal 

behaviour in drag braking operations are hence represented by the need 
for an amplification of the thermal flux and of the convection coefficient.

The average thermal flux generated by friction at the wheel-shoe 

contact interface can be calculated as: 

Φws =
μFsV
LsHs

(9) 

where μ is the friction coefficient, Fs is the shoe pressing force, V is the 
wheel linear speed, Ls is the shoe circumferential length and Hs is the 
shoe axial width. By writing Equation (9) above for both the full-scale 
and scaled systems, and neglecting the scaling of the friction coeffi
cient, the scaling factor for the flux can be calculated as: 

φΦ =
φFsφV

φL
2 (10) 

As time scales as φt = φL
2, a consistent scaling of speeds would 

require φV = 1
φL

, i.e., speed should be amplified on the scaled twin-disc 
bench. However, this would lead to huge values of rotational speeds 
of the wheel and rail discs, that are not compatible with the electric 
motors available at the laboratories of the research group and installed 
on the novel twin-disc. Furthermore, the design of a speed multiplier is 
not an option as very high rotational speeds could represent a concern in 
terms of safety. To tackle this issue, an inconsistent scaling of speed is 
performed, by setting φV = 1, thus leaving this factor unchanged with 
respect to the standard Pascal’s stating strategy. Hence, to achieve φΦ =
1

φL
, the shoe pressing force should be scaled such that φFs = φL, which 

differs from Pascal’s similitude scaling, that prescribes a scaling factor of 
forces φF = φL

2. Please note that with this inconsistent scaling of speed, 
it is still possible to scale drag braking operations, where the braking 
effort is unchanged for the whole duration of the operation, while it is 
not possible to achieve a perfect thermal similitude in stop braking op
erations, that would require the scaling factors for speed and accelera
tion to be consistent with the scaling factors defined for length and time. 
Therefore, the scaling strategy adopted for drag braking operations 
cannot be extended to stop braking operations. In fact, the perfect 
scaling of the diffusion equation would lead to φV = 1

φL
, which is 

impossible to achieve with the motors installed on the bench. Therefore, 
at this stage of the activity, focus is mainly addressed to the perfect 
similarity of drag braking operations. Table 2 shows the scaling factors 
for the relevant quantities in thermal tests for both the original Pascal’s 
model and the new thermal scaling rule.

Future upgrades of the activity will deal with the identification of a 
non-linear correlation of the temperature values recorded on the bench 
with full-scale data for stop braking operations. Stop braking tests will 
be carried out using the default Pascal’s similitude model to ensure 
consistency of length, speed and time scaling factors. The nonlinear 
correlation between the measurements obtained on the scaled system 
and the corresponding quantity for a full-scale system will be derived 
thanks to the interpolation of the results of FE thermal models of wheel 
and shoe shown in the following section.

Table 2 
Comparison between Pascal scaling factors and the novel similitude novel 
scaling factors (*the scaling factor for speed is inconsistent with the scaling 
factors for length and time, as it is incompatible with the current laboratory 
limitations).

Quantity Pascal Scaling rule Novel Scaling rule

Length φL φL
Area φL

2 φL
2

Time φL φL
2

Speed 1 1*
Force φL

2 φL

Weight φL
3 φL

3

Flux 1 φL
− 1

Thermal energy φL
3 φL

3

Convection coefficient Not addressed φL
− 1

Temperature Not addressed 1

M. Magelli et al.                                                                                                                                                                                                                                 Wear 574–575 (2025) 206105 

4 



3.2. Numerical validation of the thermal scaling rule

To validate the developed thermal scaling rule, FE models are 
developed to run transient analysis of drag braking operations for both 
the wheel and brake block. The FE models are developed in the ANSYS 
Mechanical APDL environment, with APDL scripts that allow to easily 
switch between a full-scale simulation and a scaled one by applying the 

scaling factors defined in the previous subsection for the new thermal 
scaling rule, see Table 2.

The FE model for the brake block, shown in Fig. 2 with dimensions 
for the 1:5 scaled system, is a plane model, that considers the temper
ature field in the radial and circumferential coordinates. As the FE model 
is built with the aim of validating the scaling technique rather than to 
accurately calculate the temperature values, a simplified geometry is 
considered, and the shoe is modelled as a circular sector, meshed with 
ANSYS PLANE55 thermal elements. Furthermore, the plane model al
lows to speed up the simulation times with respect to 3D models [32]. 
This design corresponds to the actual brake shoe used in the test bench 
and aligns with the dimensions of brake shoes commonly employed in 
railway vehicles with Bg brake block configurations. The brake block 
holder is modelled in a simplified manner, as a lumped thermal capac
itance (MASS71) connected to the outer surface of the shoe through 
conduction links (LINK33). A heat flux is applied to the side of the brake 
shoe in contact with the wheel, while a convective BC is applied on the 
upper and lower faces.

On the other hand, the FE thermal model of the wheel, shown in 
Fig. 3 with dimensions in mm for the scaled system, is built as a plane 
axisymmetric model, hence neglecting the temperature variation along 
the circumferential direction, using a solid approach in the literature 
[33,34]. Again, since this paper aims to validate the derived thermal 
scaling rule, the geometry is obtained as a simplified version of the 
actual scaled wheel disc, to simplify meshing operations. A heat flux is 
prescribed on the tread surface, while a convection BC is prescribed on 
all free surfaces, see again Fig. 3.

The scaled tread braking system to be included in the twin-disc test 
rig is designed to be equipped with scaled brake shoes made of any 
desired material of interest, ranging from traditional P10 cast iron to 
new engineered composite materials. However, for the sake of vali
dating the novel thermal scaling rule, the FE simulations shown in this 
paper are run for P10 cast iron shoes. In fact, cast iron is the traditional 
material adopted for brake shoes, hence solid data about its physical and 
thermal properties can be found in the literature. Conversely, the 
properties of composite shoes have a wider variability and depend on 
the specific considered engineered product. Precisely, Table 3 provides 
the reference values of the main material properties of the wheel and 
cast iron brake shoe adopted in a first set of FE simulations, run with 
constant material properties. An additional set of simulations is run 
considering the temperature-dependent behaviour of both materials, 
using polynomial regressions obtained from the experimental data 
provided by Vernersson et al. [34]. The trend of the polynomial re
gressions is shown in Fig. 4.

For both models, transient simulations are run for a 2Bg block 
configuration considering the aforementioned TSI Wag reference drag 
braking operation of a 22.5-ton axle-load vehicle running at 70 km/h on 
a downhill slope of 21 ‰. Th average friction heat flux at each wheel- 
shoe contact interface on the full-scale system can be calculated as: 

(Φws)f =
Qax

2⋅ Nb
⋅g isV⋅

1
LsHs

(11) 

where Qax is the reference vehicle axle-load, g is the gravity, is is the 
reference downhill slope, V is the reference speed and Nb is the number 

Fig. 2. Plane FE model of the brake block (dimensions given for the scaled 
system in mm).

Fig. 3. Plane axisymmetric FE model of the wheel (dimensions given for the 1:5 
scaled system in mm).

Table 3 
Thermal properties of the brake shoes and wheel, used in the FE simulations.

Brake shoe (cast iron 
P10)

Wheel 
(Steel)

Unit of 
measurement

λ (thermal 
conductivity)

48 50 W
m K

ρ (density) 7100 7818 kg
m3

c (specific heat) 500 487 J
kg K
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of brake blocks per wheel. The total heat flux is partitioned between 
wheel and shoe according to a partitioning factor β, as: 

Φw = Φws⋅β
Φs = Φws⋅(1 − β) (12) 

where subscripts w and s refer to wheel and shoe, respectively. The 
partitioning factor can be calculated from literature equations as a 
function of wheel and shoe material properties [35,36] and brake block 
configuration. For the considered operating scenario, the total heat flux 
generated by friction at each wheel-shoe contact is 880170 W/m2 on the 
full-scale system. Since the partitioning factor is estimated around 81.90 
%, for each contact interface, a heat flux of 720849 W/m2 flows towards 
the wheel, while the remaining heat flux of 159320 W/m2 enters the 
brake block.

Fig. 5a shows the evolution of temperature for a node located in the 
middle of the wheel tread, while Fig. 5b plots the temperature of a node 
in the middle of the block inner surface. To simplify the comparison, the 
x-axis is non-dimensional, i.e., for the full-scale and scaled systems, time 
is divided by the simulated time, which is 34 min for the full-scale 
system and 81.6 s for the scaled one. In both plots, the results are 

given for the full-scale and scaled systems for the two types of simula
tions, namely simulations run with application of constant material 
parameters, see Table 3, and simulations run considering the de
pendency of wheel and brake block material parameters on temperature, 
see Fig. 4.

It can be observed that the results of the scaled system align perfectly 
with the output obtained on the full-scale system for both types of 
simulations, thus proving the validity of the derived thermal scaling 
rule. For both the wheel and brake block, it can be observed that a higher 
temperature is obtained when considering the thermal dependency of 
material parameters. This is because according to the aforementioned 
literature data, at higher temperature, the thermal conductivity de
creases, while the thermal capacity tends to increase, see Fig. 4.

To further prove the validity of the thermal scaling rule, Fig. 6 pro
vides the temperature field in the wheel at the end of the drag braking 
operation, while Fig. 7 shows the final temperature field in the block. 
For the sake of brevity, these results are given for the simulations with 
constant material parameters only, but the same conclusions can be 
drawn from simulations accounting for the thermal dependant behav
iour. In fact, since temperature has a unitary scaling factor with the 

Fig. 4. Polynomial regression of temperature-dependent parameters for brake shoes and wheel.

Fig. 5. Temperature evolution of the reference nodes on a) wheel model and b) brake block FE model for full-scale and scaled systems.
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novel thermal scaling rule, the non-linear dependency of material 
properties on temperature do not compromise scaling. It can be 
observed from Figs. 6 and 7 that not only the temperature on the 
reference nodes is well aligned, but also the same temperature field is 
produced on the two systems. Therefore, it is concluded that the pro
posed thermal scaling can effectively be used to simulate drag braking 
operations on the scaled system, allowing to easily correlate data ob
tained from scaled tests to the corresponding quantities on a full-scale 
system.

It should be noted that while these simulations were run using the 
materials listed in Table 3, the effectiveness of the thermal scaling rule 
does not depend on the adopted materials. In fact, the scaling rule does 
not require changes in the material properties on the scaled system and 
ensures that temperature values on the scaled and full-scale systems is 
the same. The thermal properties of the materials used in the FE model 
have been extensively investigated in the literature, therefore their 
values can be easily determined. On the other hand, the properties of 

composite materials for railway brake shoes strongly depend on the 
specific product and are overall more variable. Nonetheless, the simili
tude model is valid regardless of the material and brake shoes made of 
composite materials will be among the ones investigated using the 
updated test bench. However, as the thermal similitude model pre
scribes higher contact pressures, depending on the composite material 
used, some axle load-braking pressure combination might not be feasible 
as they could exceed the composite material tensile strength.

4. New design

The twin-disc was upgraded to include a scaled tread braking system, 
designed based on the novel thermal scaling rule shown in the previous 
section. Namely, this required finding a brake application system 
capable of producing a pressing force scaled a factor φL and a system that 
increases the air speed to achieve the desired convection coefficient, 
which is scaled by φU = 1

φL
, see Table 2.

The modified scaling factor for wheel-shoe pressing forces, namely 
setting φFs = φL, poses some constraints on the design of the pneumatic 
brake cylinder that is used to press the brake shoes against the wheel 
tread surface on the novel twin-disc. The pressing force on a full-scale 
tread braked wheel in a drag braking operation can be estimated from 
a wheel rotational equilibrium as: 

(Fs)f =
Qax

2
gis

μNB
(13) 

where Qax is the vehicle axle-load, g is gravity, is is the track downhill 
slope and NB is the number of blocks per wheel. Considering the oper
ating conditions of the reference scenario defined in international rules 
and recognizing that the critical configuration is with a single block per 
wheel, with the assumption of a value μ = 0.2, that is in the range of 

Fig. 6. Temperature field at the end of the drag braking operation for the full- 
scale and scaled wheel FE models (values in K).

Fig. 7. Temperature field at the end of the drag braking operation for the full- 
scale and scaled brake block FE models (values in K).

Fig. 8. CAD model of the test rig including braking systems on both sides of 
the wheel.
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both traditional P10 shoes and innovative composite materials, the 
pressing force on the full-scaled system is equal to 11.6 kN. Therefore, 
the force on the scaled system is equal to approximately 2.3 kN. To apply 
this force, the FESTO ADN-S-50-25-I-P-A pneumatic cylinder is selected 
considering that the maximum air pressure that can be applied by the 
pneumatic circuit in the laboratories of the research group is limited to 
10 bar and considering additional dimensional and mounting 
constraints.

The new configuration of the scaled twin-disc device includes two 
braking systems, each mounted on the sides of the wheel-disc in order to 
perform both 1Bg and 2Bg test configurations, as shown in Fig. 8.

The detailed CAD model of the newly designed tread braking system 
is shown in Fig. 9. Each system consists of the same components: two 
plates, a vertical one (1) and a horizontal one (2), two gussets (3), a 
pneumatic cylinder (4), a self-aligning ball bearing (5), a circlip (6), a 
housing plate for the brake (7), two small plates (8) that fix the block to 
the housing and finally the scaled brake shoe itself (9). Please note that 
Fig. 9d includes the design of a fan cooling system, which will be 
described in depth below.

Each system is mounted to the upper plate of the main rig via the 
horizontal plate (2) and bolts, passing through slotted holes that enable 
minor adjustments along the brake shoe pressing direction. The braking 
system is mounted on the vertical plate (1), which is secured with screws 
and gussets, providing rigidity and minimizing relative motion between 
the braking system and the rest of the bench. The vertical plate (1) 
features two holes at the bottom, which can be used to include a 
threaded rod, to minimize the plate deformation, see Fig. 8. The brake 
cylinder (4) is bolted to the lower part of the vertical plate (1), with 
screws passing through slotted holes to allow for small lateral adjust
ments to ensure that the brake block is in contact with the wheel tread. 
The piston rod of the pneumatic brake cylinder (4) pushes the scaled 
brake shoe (10) against the wheel tread surface. The brake shoe lays on 
the housing plate (7), and its position is fixed by means of screws used to 
mount a couple of small plates (8) to the housing plate (7). The system is 

designed so that the shoes can be easily mounted and dismounted, thus 
allowing to possibly test different materials, ranging from cast-iron to 
different types of composite shoes. To ensure contact even after the 
profiles of shoe and wheel are worn out, a self-aligning ball bearing (5) is 
mounted between the housing plate (7) and a screw (10), with the latter 
tightened to the brake cylinder piston rod (4). The inner ring of the self- 
aligning ball bearing (5), integral with the screw (10), is axially located 
by a shoulder on the piston rod and a washer placed below the screw 
head. The outer ring, instead, is integral with the housing plate (7), and 
the axial position is fixed by a shoulder and a circlip (6). The use of the 
self-aligning ball bearing (5) allows the brake block to make small 
rotational adjustments on the wheel disc axis. This allows the brake to 
adapt to the profile of the wheel, so that the two surfaces can easily 
match, especially after initial wear of the components.

During both drag and stop braking tests, only a single motor is 
required, as slip between the two discs will be kept to a minimum to 
avoid damage of the wheel and rail rims. The system will be powered by 
the AC motor installed on the rail disc shaft. In drag braking operations, 
the motor will be controlled to provide a torque balancing the torque 
produced by the braking system on the wheel disc shaft. On the other 
hand, for stop braking operations, the motor will be controlled in speed 
to obtain the desired braking curve based on the applied braking torque. 
Therefore, this removes the need for a second motor, freeing space to 
another system, mounted on top of the upper plate. This system, 
equipped with two fans, allows to control the air flow and thus obtain an 
increased convection coefficient, as required by the new thermal 
similitude model, see Table 2.

As stated above, perfect thermal scaling of the thermal problem 
would require increasing the convection coefficient on the scaled system 
by φU = 1

φL
. The convection coefficient is probably the parameter 

affected by the largest uncertainty in thermal problems, and it is usually 
estimated from experimental correlations as a nonlinear function of the 
well-known Prandtl (Pr) and Reynolds (Re) non-dimensional groups. For 
wheel and shoes, the following literature correlation [37,38] can be 

Fig. 9. (a) CAD Model of the braking system (b) Detail of the piston and brake shoe housing (c) Cross section view of the piston and brake shoe housing. (d) Detail of 
the brake shoes in position. (1) Vertical plate, (2) Horizontal plate, (3) Gussets, (4) Pneumatic cylinder, (5) Self-aligning ball bearing, (6) Circlip, (7) Housing plate, 
(8) Small plate, (9) Brake shoe, (10) Screw.
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adopted: 

U =
0.037λair

2Rw
Re0.8 Pr0.33 (14) 

Re =
2RwVρair

μv,air
,Pr =

cairμv,air

λair
(15) 

where Rw is the wheel radius, subscript air refers to ambient air prop
erties, ρ, c and λ are used again for density, specific heat and thermal 
conductivity, and finally μv is the dynamic viscosity. Equations (17) and 
(18) can be applied to both full-scale and scaled systems, obtaining the 
trends shown in Fig. 10.

It can be observed that speed should increase approximately by a 
factor 5 to achieve the desired increase of convection coefficient on the 
scaled twin-disc rig. Of course, changing the rotational speed of the discs 
is not feasible. Therefore, a fan system, shown in Fig. 11a, is designed to 
provide air flow, improving the convection cooling. The system relies on 
a plate (1), secured to the top of the upper plate of the bench frame, 
using the existing bolts from the wheel support. The plate (1) is partially 
bent in a 90◦ angle to point the airflow directly towards the brake block. 
By installing the fans (2) in the free space, on the opposite side of the 
wheel flange, it is possible to cool the contact point of the wheel as well. 
The selected fans (2) are Orion Fans OD180APL-24H*B series, which are 
mounted side by side on the bent section of the plate (1), where two 
holes allow air intake. Using fans of a compact size requires the addition 
of a convergent nozzle (3), installed in front of the fan and designed to 

further accelerate the airflow. The nozzle (3), designed using standard 
fluid machinery equations, accelerates the air and directs it precisely to 
the brake block, due to the elliptical shape of the nozzle outlet section.

From the theory of ideal nozzle expansion for a subcritical flow, the 
mass flow rate Ṁ of air flowing inside the nozzle is given by the 
following equation: 

Ṁ = Ao

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2⋅
γ

γ − 1
⋅ρt

i p
t
i ⋅
[(

po

pt
i

)2
γ
−

(
po

pt
i

)γ+1
γ
]

√
√
√
√ (16) 

Where A is the area of the cross section of the nozzle, γ is the heat ca
pacity ratio for air, ρ is density, p is pressure, the subscripts i and o 
represent respectively the conditions on the inlet and outlet of the pipe, 
and the superscript t represents the total conditions. The equations used 
to design the nozzle, including the conservation of mass and the ideal 
gas law are as follows: 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Ṁ = ρAv
p
ρ = R*⋅T

Tt = T +
v2

2cp

p
ργ = cost

(17) 

where v is the fluid speed, R* is the specific gas constant for air and cp is 
the specific heat capacity at constant pressure. By setting the pressure of 
the air at the outlet of the nozzle and its speed to the desired value, a 
value for the area of the cross section is obtained. Despite the back
pressure created by the nozzle, the chosen fan is sufficiently powerful to 
maintain the required airflow.

The updated twin-disc bench will be adopted for both wheel-rail 
wear studies and investigations into the thermomechanical behaviour 
of wheel and brake shoe materials such as cast iron and composites. The 
experimental campaign aiming to investigate the thermal behaviour of 
wheel and shoes will be run considering different values of braking force 
and rotational speed, for different shoe materials and block configura
tions. Data collected from the tread braking tests will be used to calibrate 
the test rig, as well as to refine, tune and validate the developed FE 
models. Drag braking tests, run in both 1Bg and 2Bg configurations, will 
adhere to the proposed thermal scaling rule, with the rail disc, powered 
by its brushless motor, driving the wheel-disc. Rotational speed and 
torque values will be recorded via the motor drive, while the brake shoe 
and wheel roller temperatures will be measured using a thermal imaging 
camera and thermocouples. The planned experimental campaign will 
lead the path towards gaining further understanding of the thermal 
behaviour of wheels and brake blocks comparing different shoe 

Fig. 10. Convection coefficient for the Full scale and Scaled system vs. 
vehicle speed.

Fig. 11. (a) CAD model of the fan system (b) Cross section view of the fan system aiming at the brake shoe, highlighted in red. (1) Plate, (2) Fans, (3) Nozzles. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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materials.

5. Conclusions

A scaled tread braking system was designed as an upgrade to the 
novel twin-disc bench previously designed by the Politecnico di Torino 
railway research team. The activity focused on the development of ad- 
hoc thermal scaling rule and its validation through FE analysis. The 
main outcomes of the activity are given in the following bulleted list. 

• A thermal scaling rule for drag braking operations was derived to 
make sure that the thermal field obtained on the scaled twin-disc rig 
is identical to the one of a full-scale system. FE simulations proved 
the effectiveness of the derived thermal scaling rule.

• The thermal scaling rule requires that, when sizes are scaled by a 
factor φL, the heat flux and convection coefficient should both be 
scaled by a factor φL

− 1, while time should be reduced by a factor φL
2.

• The scaled tread braking system was designed to comply with the 
newly conceived thermal scaling rule. The derived thermal scaling 
factors were used to select the proper pneumatic cylinder, that is able 
to apply the desired pressing force, and to design the fan-nozzle 
system that increases convection cooling coefficient on the scaled 
bench.

• The final configuration of the twin-disc test bench allows to inves
tigate the thermomechanical properties of wheel, rail and brake 
block materials. Namely, the bench, which previously could only be 
used to carry out wheel-rail wear tests, was improved as it now al
lows to conduct brake thermal tests as well.

The new thermal scaling rule cannot be directly extended to stop 
braking operations, since this would require the scaling factors for speed 
and acceleration to be consistent with those for time and length, which is 
incompatible with the adopted motors and could represent a risk in term 
of safety. Therefore, future developments of the activity will focus on 
extending tests to stop braking operations, identifying a non-linear 
correlation between the data obtained from experimental scaled tests 
and full-scale braking operations. The stop braking tests will be run 
following Pascal’s scaling rule, which keeps a unitary scaling factor for 
speed, and the non-linear correlation will be derived from an interpo
lation of the results of FE simulations run with the models developed in 
this paper, which are going to be validated and tuned against data 
collected in experimental tests.
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